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Ôîðìóâàííÿ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó ïðîõîäèòü 
ñåð³þ ñêîîðäèíîâàíèõ åòàï³â, îñíîâíèì ³ç ÿêèõ º äèñ-
òàíö³éíà âçàºìîä³ÿ ñèìá³îíò³â, ÿêà çä³éñíþºòüñÿ çà 
ðàõóíîê îáì³íó ìîëåêóëÿðíèìè ñèãíàëàìè ì³æ ìàêðî- 
³ ì³êðîñèìá³îíòàìè. ²ñíóâàííÿ ÷³òêî¿ ðåãóëÿö³¿ ïðè 
âçàºìîä³¿ ì³æ ïàðòíåðàìè ñèìá³îçó: ðèçîá³ÿìè ç ¿õ 
àñîö³éîâàíèìè ìîëåêóëÿðíèìè ïàòåðíàìè (MAMPs) 
òà ðîñëèíîþ, ÿêà ôîðìóº äâà òèïè ³ìóííî¿ â³äïîâ³ä³ 
(ÌÒ²/ÅÒ²) íà ³íô³êóâàííÿ, ïðèçâîäèòü äî àêòèâàö³¿ 
ñèìá³îòè÷íèõ ïðîöåñ³â ó ðîñëèíè-õàçÿ¿íà òà ïðèãí³÷åí-
íÿ ôóíêö³îíóâàííÿ éîãî çàõèñíèõ ñèñòåì. Ðîçâèòîê 
çàõèñíèõ ðåàêö³é ðîñëèí áîáîâèõ íà ³íâàç³þ ðèçîá³é 
ìàº çíà÷íó ïîä³áí³ñòü ³ç ïðîöåñàìè ïàòîãåíåçó, îäíàê, 
ðåçóëüòàòîì ñèìá³îòè÷íî¿ âçàºìîä³¿ º íå ³íàêòèâàö³ÿ 
ì³êðîîðãàí³çìó, à ðåãóëÿö³ÿ éîãî ðîçìíîæåííÿ ³ ìå-
òàáîë³÷íî¿ àêòèâíîñò³, ùî â ïåðøó ÷åðãó ðåãóëþºòüñÿ 
ìàêðîñèìá³îíòîì. ×³òêà ðåãóëÿö³ÿ äîêîíòàêòíèõ ì³æ-
ìîëåêóëÿðíèõ ïîä³é ì³æ îáîìà ïàðòíåðàìè ñèìá³îçó 
ïðèçâîäèòü äî àêòèâàö³¿ îñíîâíèõ øëÿõ³â òðàíñäóêö³¿ 
ñèìá³îòè÷íèõ ñèãíàë³â òà óñï³øíîãî ðîçâèòêó ïðîãðàì 
îðãàíîãåíåçó áóëüáî÷êè – åï³äåðìàëüíî¿ òà êîðòèêàëü-
íî¿. Â³äçíà÷åíî âàæëèâó ó÷àñòü àêòèâíèõ ôîðì êèñíþ 
ó ðåãóëÿö³¿ ñèìá³îòè÷íèõ ïðîöåñ³â, ÿê³ â³äáóâàþòüñÿ 
íà ðàíí³õ åòàïàõ âçàºìîä³¿ ìàêðî- ³ ì³êðîñèìá³îíò³â 
(ïðå-³íô³êóâàííÿ, ³íô³êóâàííÿ, ôîðìóâàííÿ ³íôåêö³éíî¿ 
íèòêè), à òàêîæ ïåðñïåêòèâí³ñòü ïîäàëüøèõ äîñë³ä-
æåíü öèõ ñèãíàëüíèõ ìîëåêóë â ³íòåãðàö³¿ ç ³íøèìè 
òðàíñäóêö³éíèìè øëÿõàìè ïðè ôîðìóâàíí³ áîáîâî-
ðèçîá³àëüíîãî ñèìá³îçó. Â îãëÿä³ óçàãàëüíåíî ñó÷àñí³ 
íàóêîâ³ â³äîìîñò³ ùîäî îñíîâíèõ ìîëåêóëÿðíî-ãåíå-
òè÷íèõ ìåõàí³çì³â, ÿê³ ëåæàòü â îñíîâ³ ðåãóëÿö³¿ 
ñèìá³îòè÷íî¿ âçàºìîä³¿ áîáîâèõ ðîñëèí ³ç áóëüáî÷êî-
âèìè áàêòåð³ÿìè, à òàêîæ ó÷àñòü àêòèâíèõ ôîðì 
êèñíþ ïðè ôîðìóâàíí³ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó. 

Êëþ÷îâ³ ñëîâà: áîáîâî-ðèçîá³àëüíèé ñèìá³îç, àêòèâí³ 
ôîðìè êèñíþ, ÍÀÄÔÍ-îêñèäàçà, ì³êðîá-àñîö³éîâàí³ 
ìîëåêóëÿðí³ ïàòåðíè, Nod-ôàêòîðè, ðåöåïòîð-ïîä³áí³ 
ê³íàçè, ðåìîðèíè, ôëîòèë³íè, ÌÒ² / ÅÒ²-³ìóíí³ ñèñòå-
ìè ðîñëèíè, êàëüö³é/êàëüìîäóë³í-çàëåæíà ê³íàçà, ôàê-
òîðè òðàíñêðèïö³¿ GRAS-òèïó, åï³äåðìàëüíà/êîðòè-
êàëüíà ïðîãðàìè îðãàíîãåíåçó áóëüáî÷êè.

Ñèìá³îç áîáîâèõ ðîñëèí (Fabaceae) ³ç áóëü-
áî÷êîâèìè áàêòåð³ÿìè (Rhizobiaceae) º îäí³ºþ 
ç íàéá³ëüø åôåêòèâíèõ á³îëîã³÷íèõ àçîòô³ê-
ñóâàëüíèõ ñèñòåì, ùî ìàº âàæëèâå åêîëîã³÷íå 
òà ïðàêòè÷íå çíà÷åííÿ. À äåòàëüíå ðîçóì³ííÿ 
ìîëåêóëÿðíèõ ³ ãåíåòè÷íèõ ìåõàí³çì³â ðåãóëÿ-
ö³¿ áîáîâî-ðèçîá³àëüíî¿ âçàºìîä³¿ íåîáõ³äíå
äëÿ ö³ëåñïðÿìîâàíîãî êåðóâàííÿ öèì ïðîöå-
ñîì ³ ï³äâèùåííÿ ðåàë³çàö³¿ ñèìá³îòè÷íîãî ïî-
òåíö³àëó áîáîâèõ çà â³äïîâ³äíèõ óìîâ âèðîùó-
âàííÿ.

Ïðè âñòàíîâëåíí³ ñèìá³îòè÷íî¿ âçàºìîä³¿ 
ì³æ ïàðòíåðàìè ñèìá³îçó â³äáóâàºòüñÿ îáì³í 
ñïåöèô³÷íèìè ñèãíàëàìè òà ³íäóêóºòüñÿ êàñ-
êàä ìîëåêóëÿðíèõ ïîä³é, ùî ïðèçâîäÿòü äî 
àêòèâàö³¿ îñíîâíèõ ñèìá³îòè÷íèõ ïðîöåñ³â ó 
ðîñëèíè-õàçÿ¿íà é âîäíî÷àñ äî ïðèãí³÷åííÿ
éîãî çàõèñíèõ ñèñòåì (Berrabah et al, 2015).
Ââàæàþòü, ùî ñàìå öåé åòàï áîáîâî-ðèçîá³-
àëüíîãî ñèìá³îçó º îäíèì ³ç íàéâàæëèâ³øèõ
äëÿ óñï³øíîãî ³íô³êóâàííÿ áàêòåð³ÿìè êîðå-
íåâî¿ ñèñòåìè òà óòâîðåííÿ áóëüáî÷îê, ÿêèé 
çàëåæèòü â ïåðøó ÷åðãó â³ä éîãî ðåãóëÿö³¿ ìà-
êðîñèìá³îíòîì (Glyanko, 2016). 

²íâàç³ÿ ðèçîá³é ó êë³òèíè êîðåíåâèõ âî-
ëîñê³â áîáîâèõ ðîñëèí ïîä³áíî äî ïðîöåñó 
ïàòîãåíåçó âèêëèêàº ³íòåíñèô³êàö³þ îêèñíþ-
âàëüíèõ ïðîöåñ³â ó ðîñëèííèõ êë³òèíàõ, ùî ñó-
ïðîâîäæóºòüñÿ ï³äâèùåííÿì ãåíåðàö³¿ àêòèâ-
íèõ ôîðì êèñíþ (ÀÔÊ), ÿê³ ³íäóêóþòü íèçêó 
ðåàêö³é ó ðîñëèííîìó îðãàí³çì³ (Murray, 2011). 
ÀÔÊ ìîæóòü âèêîíóâàòè ÿê ñèãíàëüíó, òàê ³ 
òîêñè÷íó ôóíêö³¿ çà ä³¿ íà ðîñëèíè ñòðåñîâèõ 
ôàêòîð³â (Mhamdi and Van Breusegem, 2018). 
²ñíóº ÷³òêà ðåãóëÿö³ÿ ãîìåîñòàçó ðîñëèííîãî 
îðãàí³çìó, ùî âêëþ÷àº áàãàòîôàêòîðíó ñèñ-
òåìó ïðîäóêóâàííÿ ÀÔÊ òà ¿õ çíåøêîäæåííÿ 
(Laxa et al, 2019). Âèð³øàëüíó ðîëü ó ï³ä-
òðèìàíí³ áàëàíñó öèõ ïðîöåñ³â â³ä³ãðàþòü âîä-
íî÷àñ äâ³ ñèñòåìè ðîñëèííîãî îðãàí³çìó – 
àíòèîêñèäàíòíà äëÿ óòèë³çàö³¿ íàäëèøêó ÀÔÊ
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òà ñèãíàëüíà, ÿêà çàáåçïå÷óº âêëþ÷åííÿ çà-
õèñíèõ ìåõàí³çì³â (Noctor et al, 2018).

ÀÔÊ º êëþ÷îâèìè êîìïîíåíòàìè øëÿõ³â 
òðàíñäóêö³¿ ñèãíàë³â, ÿê³ âèêëèêàþòü ðåàêö³¿ 
íà ñòðåñ (Czarnocka and Karpi�ski, 2018; Singh 
et al, 2019), áåðóòü ó÷àñòü ó ïðîöåñàõ ðîçâè-
òêó ðîñëèí (Sierla et al, 2016; Hasanuzzaman 
et al, 2020) òà ðîñëèííî-ì³êðîáíèõ âçàºìîä³-
ÿõ (Nanda et al, 2010; Segal and Wilson, 2018). 
Íàóêîâ³ äîñë³äæåííÿ çîñåðåäæåíí³ íà âèâ÷åí-
í³ òàêèõ àñïåêò³â ðîë³ ÀÔÊ, ÿê äèíàì³ö³ òà 
ñïåöèô³÷íîñò³ ¿õ ñèãíàë³íãó âñåðåäèí³ êë³òèí 
òà çà ¿¿ ìåæàìè, òðàíñäóêö³¿ öèõ ñèãíàë³â â 
³íòåãðàö³¿ ç ³íøèìè ìåòàáîë³÷íèìè øëÿõàìè 
(Mittler et al, 2011). Íåçâàæàþ÷è íà ïîøèðåíå 
âèçíàííÿ ðîë³ ÀÔÊ, ÿê ðåãóëÿòîðíèõ ³ ñèã-
íàëüíèõ ìîëåêóë ó ðîñëèííèõ êë³òèíàõ, çàëè-
øàþòüñÿ íåçðîçóì³ëèìè ïèòàííÿ, ÿêèì ñàìå 
÷èíîì ö³ ñèãíàëè ñïðèéìàþòüñÿ, ïåðåäàþòüñÿ 
òà âèêëèêàþòü ïåâíó ðåàêö³þ. Îñîáëèâèé íà-
óêîâèé ³íòåðåñ ïîëÿãàº ó âèâ÷åíí³ ðîë³ ÀÔÊ 
ïðè âñòàíîâëåíí³ ñèìá³îòè÷íèõ ðîñëèííî-
ì³êðîáíèõ âçàºìîä³é. 

Ìåòîþ ïðåäñòàâëåíîãî îãëÿäó º óçàãàëüíåííÿ 
ñó÷àñíèõ íàóêîâèõ â³äîìîñòåé ùîäî îñíîâíèõ 
ìîëåêóëÿðíî-ãåíåòè÷íèõ ìåõàí³çì³â, ÿê³ ëåæàòü 
â îñíîâ³ ðåãóëÿö³¿ ñèìá³îòè÷íî¿ âçàºìîä³¿ 
áîáîâèõ ðîñëèí ³ç áóëüáî÷êîâèìè áàêòåð³ÿìè, 
à òàêîæ ó÷àñò³ ÀÔÊ ïðè ôîðìóâàíí³ áîáîâî-
ðèçîá³àëüíîãî ñèìá³îçó. 

Ìîëåêóëÿðíî-ãåíåòè÷í³ àñïåêòè ðåãóëÿö³¿ ñèì-
á³îòè÷íî¿ âçàºìîä³¿ áîáîâèõ ðîñëèí ³ç áóëüáî÷-
êîâèìè áàêòåð³ÿìè. Ðîçï³çíàâàííÿ ïàðòíåð³â 
ñèìá³îçó ðîçïî÷èíàþòüñÿ ³ç âèä³ëåííÿ ðîñëè-
íîþ ó ðèçîñôåðó ðå÷îâèí ôåíîëüíî¿ ïðèðîäè, 
ôëàâîíî¿ä³â, ÿê³ ñïðè÷èíÿþòü õåìîòàêñèñ ðè-
çîá³é äî êîðåíÿ (Suzaki et al, 2015). Ó â³äïîâ³äü 
áàêòåð³¿ ïðîäóêóþòü ì³êðîá-àñîö³éîâàí³ ìîëå-
êóëÿðí³ ïàòåðíè (MAMPs). Äî íèõ â³äíîñÿòüñÿ 
áàêòåð³àëüí³ ïîçàêë³òèíí³ ïîë³ñàõàðèäè, òàê³ ÿê
åêçîïîë³ñàõàðèäè, ë³ïîïîë³ñàõàðèäè òà êàïñó-
ëüí³ ïîë³ñàõàðèäè, à òàêîæ ôëàãåë³í-ïîä³áí³ 
ìîëåêóëè (flg22) òà åôåêòîðí³ ìîëåêóëè òèïó
III (Lopez-Gomez et al, 2012). Îäíî÷àñíî ó 
áàêòåð³é çà ó÷àñòþ ðåãóëÿòîðà òðàíñêðèïö³¿
NodD àêòèâóºòüñÿ åêñïðåñ³ÿ ãåí³â íîäóëÿö³¿ 
(nod), ùî ïðèçâîäèòü äî ñèíòåçó ðèçîá³àëüíèõ 
ñèãíàëüíèõ ìîëåêóë, íàçâàíèõ Nod-ôàêòîðàìè
(NFs), ÿê³ º ë³ïîõ³òîîë³ãîñàõàðèäàìè òà ñêëà-

äàþòüñÿ ³ç 3-6 çàëèøê³â N-àöåòèëãëþêîçàì³íó
³ ðàäèêàëó íåíàñè÷åíî¿ æèðíî¿ êèñëîòè (Ñ16–
Ñ20) (Limpens et al, 2015). 

Ðîçï³çíàâàííÿ NFs îïîñåðåäêîâóºòüñÿ ðî-
äèíàìè ðåöåïòîð-ïîä³áíèõ ê³íàç RLK (Recep-
tor-Like Kinases) ³ NFR (Nod Factor Receptors), 
ÿê³ ðîçòàøîâàí³ íà ïëàçìàòè÷í³é ìåìáðàí³ ðîñ-
ëèíè-õàçÿ¿íà (Wang et al, 2018). Âîíè àêòèâóþòü 
ñèìá³îòè÷íó ïåðåäà÷ó ñèãíàë³â, ùî ïðèçâîäèòü 
äî áàêòåðèçàö³¿ òà óòâîðåííÿ áóëüáî÷îê. Ñïðèé-
íÿòòÿ ðèçîá³àëüíèõ NFs ó áîáîâèõ êóëüòóð â³äáó-
âàºòüñÿ çàâäÿêè ðåöåïòîðàì MtLYK3/MtLYK4
³ MtNFP ó Medicago truncatula; LjNFR1/LjNFR5 –
Lotus japonicus; PsSYM2A òà PsSYM10 – Pisum 
sativum; GmNFR1a/b ³ GmNFR5a/b – Glycine 
max (Mbengue et al, 2010; Kawaharada et al, 2015).

NFR-ðåöåïòîðè ñêëàäàþòüñÿ ç ê³ëüêîõ äî-
ìåí³â – ³íòðàöåëþëÿðíîãî ê³íàçíîãî òà òðàíñ-
ìåìáðàííîãî, ÿê³ íåîáõ³äí³ äëÿ òðàíñäóêö³¿ ñèã-
íàë³â ³ç çîâí³øíüîãî ñåðåäîâèùà âñåðåäèíó 
êë³òèíè, à òàêîæ åêñòðàöåëþëÿðíî¿ ÷àñòèíè –
LysM-äîìåíó, ùî ìàº N-àöåòèë-D-ãëþêîçà-
ì³í çâ’ÿçóâàëüí³ ë³çèíîâ³ êîìïëåêñè (Kirienko
et al, 2018). Â³äçíà÷åíî, ùî ó ðåöåïòîð³â LjNFR1, 
PsSYM2A, MtLYK3, MtLYK4 ³ GmNFR1a/b 
ïðèñóòí³é ñåðèí/òðåîí³í-ê³íàçíèé äîìåí, òîä³ 
ÿê ó ðåöåïòîð³â LjNFR5, PsSYM10, MtNFP, 
GmNFR5a/b öåé äîìåí, òàê çâàíà àêòèâàö³é-
íà ïåòëÿ, â³äñóòí³é (Stracke et al, 2002; Murray, 
2011). Ó àêòèâàö³éí³é ïåòë³ ðîçì³ùåíèé ñàéò 
ôîñôîðèëþâàííÿ á³ëüøîñò³ åóêàð³îòè÷íèõ ïðî-
òå¿íê³íàç, à çà ¿¿ â³äñóòíîñò³ äâà àêòèâíèõ ê³-
íàçíèõ äîìåíè LysM RLK ìîæóòü çáèðàòèñÿ ó 
ãåòåðîäèìåðíèé ðåöåïòîð äëÿ ó÷àñò³ ó òðàíñ-
äóêö³¿ ñèãíàë³â. Âèÿâëåíî é ³íø³ ðåöåïòîð ïî-
ä³áí³ ê³íàçè – NORK/PsSYM19/LjSYMRK/
MtDMI2/GmNORK, ÿê³ ì³ñòÿòü áàãàò³ íà ëåé-
öèí ïîâòîðè (LRR) òà ñåðèí/òðåîí³í-ê³íàçí³ 
äîìåíè, ùî ðîçòàøîâàí³ íà ïëàçìàòè÷í³é ìåì-
áðàí³ êë³òèí êîðåíÿ ³ ìåìáðàíàõ ³íôåêö³éíî¿ 
íèòêè (Nakagawa et al, 2011). Âîíè çàëó÷åí³ ó 
ñèãíàë³íã NFs òà â³ä³ãðàþòü âàæëèâó ðîëü íà 
ð³çíèõ åòàïàõ ñèìá³îòè÷íî¿ âçàºìîä³¿. 

Àêòèâàö³ÿ NFP ³ RLK ðåöåïòîð³â º íåîáõ³ä-
íîþ óìîâîþ äëÿ çàïóñêó ãåíåòè÷íèõ ïðîãðàì 
³íô³êóâàííÿ. Öå ñóïðîâîäæóºòüñÿ âèâ³ëüíåí-
íÿì ÿäåðíîãî Ca2+, ùî êîíòðîëþºòüñÿ çà ó÷àñ-
òþ êàëüö³é / êàëüìîäóë³í-çàëåæíî¿ ïðîòå¿í-
ê³íàçè CCaMK òà äâîõ ôàêòîð³â òðàíñêðèïö³¿ 
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GRAS-òèïó – NSP1 òà NSP2 (Nodulation Sig-
naling Pathway) (Hirsch and Oldroyd, 2014). 

Ðîäèíà ðîñëèííèõ ñïåöèô³÷íèõ á³ëê³â, ùî
ì³ñòèòü GRAS-äîìåí, â³ä³ãðàº îñîáëèâó ó÷àñòü 
ó ðîñò³, ðîçâèòêó, ñèãíàë³íãó òà òîëåðàíòíîñò³ 
ðîñëèííèõ êë³òèí äî ä³¿ ñòðåñ³â. GRAS-äîìåí
íàçâàíèé íà ÷åñòü ïåðøèõ òðüîõ òðàíñêðèï-
ö³éíèõ ôàêòîð³â: GIBBERELLIC ACID INSEN-
SITIVE (GAI), RE-PRESSOR OF GA1-3 (RGA) 
³ SCARECROW (SCR) ó Arabidopsis thaliana 
(Xue et al, 2015). Äâà ³ç íèõ, GAI ³ RGA, ÿâëÿ-
þòüñÿ DELLA-á³ëêàìè, ÿê³ º íåãàòèâíèìè ðå-
ãóëÿòîðàìè ãèáåðåëîâî¿ â³äïîâ³ä³ ó ðîñëèí (Sa-
lanenka et al, 2017). Îäí³ºþ ³ç âàæëèâèõ ôóíê-
ö³é öèõ á³ëê³â º ó÷àñòü ó ðåãóëÿö³¿ áîáîâî-
ðèçîá³àëüíî¿ âçàºìîä³¿ (Jin et al, 2016; Fonou-
ni-Farde et al, 2017). GRAS-äîìåí â³äïîâ³äàº 
çà òàê³ ôóíêö³¿ GRAS-á³ëê³â, ÿê ïåðåì³ùåí-
íÿ ç êë³òèíó ó êë³òèíó ³ âçàºìîä³ÿ ç ³íøèìè 
òðàíñêðèïö³éíèìè ôàêòîðàìè. Ó á³ëîê-á³ëêî-
âèõ âçàºìîä³ÿõ íàéâàæëèâ³øó ðîëü â³ä³ãðàþòü 
LHR-ìîòèâè (Luteinizing Hormone Receptor) 
GRAS-äîìåíó (Sidhu et al, 2020). 

Íà ìîäåëüíèõ ðîñëèíàõ áîáîâèõ Medicago 
truncatula òà Lotus japonicus âèÿâëåíî äâà á³ëêè 
GRAS-äîìåíó, NSP1 ³ NSP2, ÿê³ íåîáõ³äí³ äëÿ 
ñèãíàë³íãó NFs òà ìîðôîãåíåçó áóëüáî÷êè. Ïî-
êàçàíî, ùî NSP1 áåçïîñåðåäíüî çâ’ÿçóºòüñÿ ç
îêðåìèìè ïðîìîòîðíèìè ä³ëÿíêàìè NF ó ïðè-
ñóòíîñò³ NSP2 (Kumar et al, 2018). À ìóòàö³ÿ 
îäíîãî íóêëåîòèäó â äîìåí³ LHR 1 NSP2, ÿêà 
íåîáõ³äíà äëÿ âçàºìîä³¿ ç NSP1, ñïðè÷èíÿº 
ïðèãí³÷åííÿ óòâîðåííÿ áóëüáî÷îê ³ ô³êñàö³¿ 
àçîòó (Hirsch and Oldroyd, 2014; Sidhu et al, 
2020). Öå ï³äêðåñëþº çíà÷åííÿ GRAS á³ëêî-
âîãî êîìïëåêñó äëÿ ñèìá³îòè÷íîãî ñèãíàë³íãó 
òà íîäóëÿö³¿ ó áîáîâèõ.

Ðèçîá³àëüí³ NFs, îêð³ì âèùå çàçíà÷åíèõ ðîñ-
ëèííèõ ðåöåïòîð³â ìîæóòü ñïðèéìàòèñÿ ó ìåì-
áðàííèõ ì³êðîäîìåíàõ çà ó÷àñòþ ðåìîðèí³â 
(SYMREM1) òà ôëîòèë³í³â (FLOT2/4) (Desbros-
ses and Stougaard, 2011). Ïðèïóñêàþòü, ùî ö³
á³ëêè ìîæóòü ôóíêö³îíóâàòè, ÿê Scaffold Pro-
teins òà áðàòè ó÷àñòü ó ïðîñòîðîâ³é ðåãóëÿö³¿ 
ñèãíàëüíèõ êîìïëåêñ³â ï³ä ÷àñ ñèìá³îòè÷íî¿ 
âçàºìîä³¿ (Garbetta and Bretscher, 2014). Âîíè 
ì³ñòÿòü çáåðåæåíèé Ñ-ê³íöåâèé äîìåí ³ âàð³à-
áåëüíó N-ê³íöåâó ä³ëÿíêó, ÿêà âèçíà÷àº ø³ñòü 
ð³çíèõ ãðóï á³ëêà. Îáèäâ³ N- ³ Ñ-ê³íöåâ³ ä³ëÿí-
êè ðåìîðèí³â íàëåæàòü äî îäí³º¿ ³ ò³º¿ æ ô³ëî-

ãåíåòè÷íî¿ ãðóïè òà ñõîæ³ ì³æ ñîáîþ â óñüîìó 
ðîñëèííîìó ñâ³ò³. Îäíàê, N-ê³íöåâ³ äîìåíè ðå-
ìîðèí³â ãðóïè 2 â³äð³çíÿþòüñÿ ó áîáîâèõ êóëü-
òóð òà äåìîíñòðóþòü âèñîêèé ñòóï³íü äèâåð-
ãåíòíîñò³ ïîñë³äîâíîñòåé, ùî ñâ³ä÷èòü ïðî ¿õ 
ñïåöèô³÷í³ñòü (Bagam et al, 2017). Äîâåäåíî, 
ùî äåÿê³ ðåìîðèíè, ëîêàë³çóþ÷èñü ó ë³ï³äíèõ 
ðàôòàõ, çäàòí³ ñïðèéìàòè ñèãíàëüí³ êîìïëåêñè 
â³ä á³ëê³â öèòîïëàçìè ³ ïëàçìàëåìè (Ott, 2017).

Ïðè âñòàíîâëåí³ ñèìá³îòè÷íî¿ âçàºìîä³¿ áî-
áîâèõ ðîñëèí ³ç ðèçîá³ÿìè ñïîñòåð³ãàºòüñÿ íà-
êîïè÷åííÿ ðàôò-àñîö³éîâàíîãî á³ëêà ðåìîðè-
íó MtSYMREM1, ÿêèé áåðå ó÷àñòü ó ñïðèéíÿò-
ò³ ðèçîá³àëüíîãî ñèãíàëó íà ïî÷àòêîâèõ åòàïàõ 
³íô³êóâàííÿ ðîñëèíè-õàçÿ¿íà, à òàêîæ ó ðîñò³ 
³íôåêö³éíî¿ íèòêè (Lefebvre et al, 2010). Áóëî 
³äåíòèô³êîâàíî òà îõàðàêòåðèçîâàíî îðòîëîã 
MtSYMREM1 ó Lotus japonicus LjSYMREM1, 
íàäì³ðíà åêñïðåñ³ÿ ÿêîãî ïðèçâîäèëà äî çá³ëü-
øåííÿ óòâîðåííÿ áóëüáî÷îê íà êîðåíÿõ òðàíñ-
ãåííèõ ðîñëèí. Ïðåäñòàâëåí³ äàí³ ï³äêðåñëþ-
þòü âàæëèâó ó÷àñòü öèõ ìîëåêóëÿðíèõ á³ëê³â 
ï³ä ÷àñ ñèìá³îòè÷íî¿ âçàºìîä³¿ (Tóth et al, 2012).

Äîâåäåíî âèð³øàëüíó ðîëü ðîñëèííèõ ôëî-
òèë³í³â íà ïî÷àòêîâèõ åòàïàõ ñèìá³îòè÷íî¿ 
âçàºìîä³¿. Âèçíà÷åíî ñ³ì ãåí³â FLOTs (Flotil-
lin-Like Genes) ó ãåíîì³ Medicago truncatula, 
äâà ³ç ÿêèõ, FLOT2 ³ FLOT4, àêòèâíî ðåãóëþ-
þòüñÿ íà ðàíí³õ åòàïàõ âñòàíîâëåííÿ ñèìá³-
îçó òà çàëåæàòü â³ä çäàòíîñò³ ðîñëèíè ñïðèé-
ìàòè ðèçîá³àëüí³ NFs. Çà äàíèìè ì³êðîñêîï³¿ 
çðîáëåíî ïðèïóùåííÿ, ùî FLOT2 ³ FLOT4 ó 
Medicago truncatula ëîêàë³çóþòüñÿ ó ìåìáðàí-
íèõ ì³êðîäîìåíàõ, à íàÿâí³ñòü FLOT4, ÿêèé 
ëîêàë³çóºòüñÿ íà ¿¿ ìåìáðàíàõ, îäíîçíà÷íî íå-
îáõ³äíà äëÿ ïîäîâæåííÿ ³íôåêö³éíî¿ íèòêè 
(Haney and Long, 2010). 

Äëÿ ðèçîá³àëüíèõ ³ ïàòîãåííèõ áàêòåð³é ïðè-
òàìàíí³ ïîä³áí³ ñòðàòåã³¿ êîëîí³çàö³¿, ïðîíèê-
íåííÿ òà âñòàíîâëåííÿ åôåêòèâíîãî ³íô³êó-
âàííÿ êë³òèí ðîñëèíè-õàçÿ¿íà (Tonelli et al, 
2020). Ïðè öüîìó â³äáóâàºòüñÿ ÷³òêà ðåãóëÿö³ÿ 
ó âçàºìîä³¿ ì³æ áàêòåð³ÿìè ç ¿õ àñîö³éîâàíèìè 
ìîëåêóëÿðíèìè ïàòåðíàìè (MAMPs) ³ ðîñëè-
íîþ, ÿêà ðîçâèâàº äâà òèïè ³ìóííî¿ â³äïîâ³ä³
íà ³íô³êóâàííÿ – MAMP-triggered immunity 
(ÌÒ²) ³ Åffector-triggered immunity (ETI) (ðèñ. 1).

Ïðè ôîðìóâàíí³ áîáîâî-ðèçîá³àëüíîãî ñèì-
á³îçó ÌÒ² âèíèêàº, ÿê çàõèñíà ðåàêö³ÿ ðîñëèí 
íà ïðîäóêóâàííÿ ðèçîá³ÿìè ôëàãåë³í-ïîä³áíèõ 
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ìîëåêóë (flg22), ÿê³ ðîçï³çíàþòüñÿ ðåöåïòîðàìè 
FLS2 (FLagellin-Sensing) (Cao et al., 2017). Ó 
â³äïîâ³äü íà ö³ ìîëåêóëè ó êë³òèíàõ ðîñëèíè-
õàçÿ¿íà ³íäóêóºòüñÿ êàñêàä åôåêò³â, òà-
êèõ ÿê âèêèä ³îí³â Ñà2+ ³ ïðîäóêóâàííÿ ÀÔÊ 
(Nanda et al, 2010), ï³äâèùåííÿ ðåãóëÿö³¿ òðàíñ-
êðèïö³éíîãî ôàêòîðó ERS (Åthylene Response
Sensor) (Cho and Yoo, 2015) òà PR-á³ëê³â (Patho-
genesis-Related Proteins) (Hoffmann-Sommergr-
uber, 2020). Â ñâîþ ÷åðãó áàêòåð³¿ åâîëþö³îíó-
âàëè äëÿ ïðîòèä³¿ öèì åôåêòàì, âèä³ëÿþ÷è åê-
çîïîë³ñàõàðèäè òà ë³ïîïîë³ñàõàðèäè, ïåðø³ ç
ÿêèõ ãàëüìóþòü óòâîðåííÿ ÀÔÊ, à äðóã³ – 
õåëàòóþòü ³îíè Ñà2+(Gourion et al, 2015). 

Ó ôîðìóâàíí³ ETI îñíîâíó ðîëü â³ä³ãðàþòü 
äâîêîìïîíåíòí³ ñèñòåìè NB-LRR (Nucleotide 
Binding – Leucine Rich Repeat), ÿê³ âêëþ÷àþ-
òüñÿ ó ôóíêö³îíóâàííÿ ÿê íà ïî÷àòêîâèõ, òàê ³ 
íà ï³çí³õ åòàïàõ áîáîâî-ðèçîá³àëüíî¿ âçàºìîä³¿ 
(Zamioudis and Pieterse, 2012). Ñïî÷àòêó ö³ ñèñ-
òåìè áóëè ³äåíòèô³êîâàí³ ó ïàòîãåííèõ áàêòå-
ð³é, à çãîäîì âèÿâëåíî, ùî ñåêðåòîâàí³ íèìè 
á³ëêè-åôåêòîðè (T3SS; T3E) òàêîæ ôóíêö³î-
íóþòü ïðè ðèçîá³àëüíîìó ³íô³êóâàíí³. Ïðè öüî-
ìó, äåÿê³ ðèçîá³¿ ìîæóòü ïðîäóêóâàòè êîìï-
ëåêñ åôåêòîð³â Nops ïðîòå¿í³â, ùî ñïðèéìàþ-
òüñÿ ðîñëèíàìè, ÿê àâ³ðóëåíòí³ ôàêòîðè òà ïî-
ñèëþþòü ¿õ çàõèñí³ ðåàêö³¿ (Tonelli et al, 2020). 

Ðèñ. 1. Ôîðìóâàííÿ ³ìóí³òåòó ðîñëèí çà ³íô³êóâàííÿ ì³êðîîðãàí³çìàìè (àäàïòîâàíî çà Cao et al, 2017). 
MAMP-triggered immunity (ÌÒ²) ó ðîñëèí çàïóñêàþòü ì³êðîáàñîö³éîâàí³ ìîëåêóëÿðí³ ñòðóêòóðè «ïàòåðíè» 
(MAMPs), ÿê³ ñïðèéìàþòüñÿ çà äîïîìîãîþ ðîçï³çíàâàëüíèõ ðåöåïòîð³â (PRR) – ðåöåïòîð-ïîä³áíèìè 
ê³íàçàìè (RLK/RLÐ), ùî ðîçòàøîâàí³ íà ïëàçìàòè÷í³é ìåìáðàí³ (ÐÌ) êë³òèíè. Öå ïðèçâîäèòü äî 
ôîðìóâàííÿ MÒ² ³ìóí³òåòó ó ðîñëèí òà ðîçâèòêó ñòðåñ-çàõèñíîãî ñòàíó, â ðåçóëüòàò³ ÷îãî çíåøêîäæóþòüñÿ 
ïîòåíö³éíî íàéá³ëüø øê³äëèâ³ ì³êðîáè. Ðîñëèíè çäàòí³ ðîçï³çíàâàòè ñïåöèô³÷í³ ì³êðîáí³ åôåêòîðí³ á³ëêè, 
ÿê³ âèä³ëÿþòüñÿ ñèñòåìàìè ñåêðåö³¿ III/IV òèïó (T3SS/T4SS) ³ íàáóâàòè ñïåöèô³÷íî¿ çàõèñíî¿ ðåàêö³¿, â³äîìî¿ 
ÿê ³ìóí³òåò, âèêëèêàíèé åôåêòîðîì Åffector-triggered immunity (ÅÒ²). Ó ôîðìóâàíí³ ÅÒ² ³ìóí³òåòó îñíîâíó 
ðîëü â³ä³ãðàþòü äâîêîìïîíåíòí³ NB-LRR-ðåöåïòîðí³ ñèñòåìè. Çàâäÿêè ÌTI ³ ETI îáìåæóºòüñÿ ïðîíèêíåí-
íÿ òà ðîçïîâñþäæåííÿ ì³êðîá³â ó êë³òèíè ðîñëèíè-õàçÿ¿íà
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Ðèçîá³àëüí³ åôåêòîðí³ á³ëêè âèä³ëÿþòüñÿ 
ñèñòåìàìè ñåêðåö³¿ III/IV òèïó (T3SS/T4SS) 
òà çàáåçïå÷óþòü ñïåöèô³÷íó äëÿ ñîðòó ³ øòàìó 
âçàºìîä³þ. Çàëåæíî â³ä ãåíîòèïó ðîñëèíè-
õàçÿ¿íà, ðèçîá³àëüí³ åôåêòîðè, â³äîì³ ÿê Nops 
ïðîòå¿íè, ìîæóòü ñïðèÿòè àáî ïåðåøêîäæàòè 
óòâîðåííþ áóëüáî÷îê íà êîðåíÿõ. Çîêðåìà, ó
Sinorhizobium fredii NGR234, NopM ä³º ÿê óáèê-
â³òèí-ë³ãàçà E3 òà ñïðèÿº áóëüáî÷êîóòâîðåí-
íþ, ïîòåíö³éíî çìåíøóþ÷è ãåíåðóâàííÿ ÀÔÊ 
ó ðîñëèíè-õàçÿ¿íà ï³ä ÷àñ ³íô³êóâàííÿ. Òîä³ 
ÿê NopL ìîæå áóòè ñóáñòðàòîì äëÿ MAPK-
ê³íàçè òà ³íã³áóâàòè ¿õ ñèãíàëè, ùî ñòèìóëþº 
ïåðåä÷àñíå â³äìèðàííÿ êîðåíåâèõ áóëüáî÷îê 
(Pongsilp and Nimnoi, 2020). ETI ÷àñòî àñîö³-
þºòüñÿ ç ðåàêö³ºþ çâåðõ-÷óòëèâîñò³, ÿêà çóïè-
íÿº ðèçîá³àëüíå ³íô³êóâàííÿ. 

Ó âñòàíîâëåíí³ ³ìóííî¿ â³äïîâ³ä³ ðîñëèí 
îñîáëèâå ì³ñöå çàéìàþòü ô³òîãîðìîíè – ñàë³-
öèëîâà ³ æàñìîíîâà êèñëîòè òà åòèëåí, òðàíñ-
äóêö³éí³ øëÿõè ÿêèõ ïîâ’ÿçàí³ ³ç ñèãíàëàìè 
öèòîê³í³í³â òà àóêñèí³â, à òàêîæ ³ç á³ëêàìè 
DELLA ïðî ùî îïèñàíî ó íàóêîâèõ äîñë³ä-
æåííÿõ (Salanenka et al, 2017; Liu et al, 2018;
Kots and Hryshchuk, 2019). Ïðè öüîìó ïåðå-
õðåñíà âçàºìîä³ÿ ì³æ òðàíñäóêö³éíèìè øëÿ-
õàìè åòèëåíó, æàñìîíîâî¿ ³ ñàë³öèëîâî¿ êèñëîò 
ìîäóëþº â³äïîâ³äü ðîñëèí íà ³íô³êóâàííÿ òà 
ïðèçâîäèòü äî ôîðìóâàííÿ ñèñòåìíî íàáóòî¿ 
ñò³éêîñò³, ³íäóêîâàíî¿ ðèçîáàêòåð³ÿìè (Rhizo-
bacteria-Induced Systemic Resistance) (Tonelli et 
al, 2020). Äåòàëüíå îáãîâîðåííÿ öüîãî ïèòàí-íÿ 
âèõîäèòü çà ðàìêè òåìàòèêè ïðåäñòàâëåíî-ãî 
îãëÿäó. Òàêèì ÷èíîì, â³äáóâàºòüñÿ âçàºìî-ä³ÿ 
çàõèñíèõ ³ ñèìá³îòè÷íèõ ñèãíàëüíèõ øëÿõ³â. 
Ïðè öüîìó çàõèñí³ ðåàêö³¿ ³íäóêîâàí³ ðîñëè-
íîþ, øâèäêî ïðèãí³÷óþòüñÿ, ùî äîçâîëÿº ðè-
çîá³ÿì óñï³øíî ïðîíèêàòè ó êë³òèíè ðîñëèíè-
õàçÿ¿íà òà ïðèçâîäèòü äî ôîðìóâàííÿ áóëüáî÷îê 
íà êîðåíÿõ. 

×³òêèé ðîçâèòîê äîêîíòàêòíèõ ì³æìîëåêó-
ëÿðíèõ ïîä³é ì³æ îáîìà ïàðòíåðàìè ñèìá³îçó, 
ï³ñëÿ ñïðèéíÿòòÿ NF, ïðèçâîäèòü äî àêòèâàö³¿ 
îñíîâíèõ øëÿõ³â òðàíñäóêö³¿ ñèãíàë³â: SYMRK, 
CASTOR/POLLUX, NUP85/NUP133 ³ NENA, 
CCaMK ³ CYCLOPS. 

SYMRK (Symbiosis Receptor-Like Kinase) –
ôóíêö³îíàëüíî çáåðåæåíèé öåíòðàëüíèé êîì-
ïîíåíò ñèìá³îòè÷íîãî ñèãíàë³íãó, ÿêèé âàæëè-
âèé äëÿ ïåðåá³ãó ìîëåêóëÿðíèõ ïðîöåñ³â ó åï³-

äåðì³ñ³ òà êîðòåêñ³ êîðåíÿ íà ïî÷àòêîâèõ åòà-
ïàõ âñòàíîâëåííÿ áîáîâî-ðèçîá³àëüíîãî ñèì-
á³îçó (Saha et al, 2017). Öÿ ïðîòå¿íê³íàçà ëî-
êàë³çîâàíà íà êë³òèíí³é ìåìáðàí³ òà ì³ñòèòü 
ïîçàêë³òèííèé åêòîäîìåí, ÿêèé âì³ùóº áàãàò³ 
íà ëåéöèí ïîâòîðè òà ìàëåêòèí-ïîä³áíó ä³-
ëÿíêó (Kosuta et al, 2011). Âñòàíîâëåíî, ùî 
LjSYMRK ó Lotus japonicus âçàºìîä³º ç NFR5 
÷åðåç ñâ³é åêòîäîìåí òà çàñâ³ä÷óº ðîëü SYMRK 
â ³í³ö³þâàíí³ ñèìá³îòè÷íîãî ñèãíàë³íãó ñï³ëü-
íî ç NFR (Li et al, 2018).

Ñïîð³äíåí³ á³ëêè CASTOR òà POLLUX º 
àíàëîãàìè ðîäèíè ÿäåðíèõ ³îííèõ êàíàë³â 
DMI1 (Does not Make Infections 1) ó ðîñëèí. 
Âîíè íåîáõ³äí³ äëÿ âñòàíîâëåííÿ ñèìá³îçó 
ì³æ áîáîâèìè òà ðèçîá³ÿìè øëÿõîì ãåíåðàö³¿ 
ÿäåðíèõ ³ ïåðèíóêëåàðíèõ âèêèä³â ³îí³â Ca2+. 
Ïîêàçàíî, ùî CASTOR ó Lotus japonicus – 
öå âèñîêîñåëåêòèâíèé êàíàë Ca2+, àêòèâàö³ÿ
ÿêîãî ïîòðåáóº öèòîçîëüíîãî/íóêëåîçîëüíîãî 
Ca2+ (Chen et al, 2009). CASTOR ì³ñòèòü äâà 
òàíäåìí³ äîìåíè òà ÷îòèðè ñóáîäèíèö³, ùî 
çà ñâîºþ ñòðóêòóðîþ ïîä³áí³ äî ïðîâ³äíîñò³ 
Ca2+-ðåãóëüîâàíèõ K+ êàíàë³â. POLLUX ìàº 
³äåíòè÷íó ä³ëÿíêó ô³ëüòðà ñåëåêòèâíîñò³ äî 
CASTOR, ùî â³äçíà÷àºòüñÿ ïðîíèêí³ñòþ äëÿ 
K+. Ââàæàþòü, ùî ö³ á³ëêè â³ä³ãðàþòü âàæëè-
âó ðîëü ó ìîäóëÿö³¿ ìåìáðàííîãî ïîòåíö³àëó 
ÿäåðíî¿ îáîëîíêè (Kim et al, 2019).

Äîñë³äæåííÿ ìóòàö³é ó ãåíàõ íóêëåîïîðè-
í³â Lotus japonicus, NUP85, NUP133 òà NENA
(SEH1), ïîêàçàëè ïîÿâó äåôåêò³â ó ñèìá³îòè÷-
íîìó ñèãíàë³íãó ðîñëèí ³ ì³êðîîðãàí³çì³â 
(Groth et al, 2010). Ãîìîëîã³÷í³ á³ëêè ó äð³æäæ³â 
³ õðåáåòíèõ º ÷àñòèíîþ êîíñåðâàòèâíîãî ñóá-
êîìïëåêñó NUP84/NUP107-160, ÿêèé â³ä³ãðàº 
êëþ÷îâó ðîëü ó ñêëàä³ êîìïëåêñó ÿäåðíèõ ïîð. 
Çàâäÿêè öüîìó êîìïëåêñó îïîñåðåäêîâóºòüñÿ 
ìàêðîìîëåêóëÿðíèé òðàíñïîðò ì³æ ÿäðîì òà 
öèòîïëàçìîþ. Âòðàòà òà çíèæåííÿ ðåãóëÿö³¿ 
÷ëåí³â NUP84/NUP107-160 ó Lotus japonicus 
ïðèçâîäèòü äî ïîÿâè ñïåöèô³÷íèõ ôåíîòèï³â. 
Çîêðåìà, ìóòàö³ÿ NUP85-2 ïðîÿâëÿëàñü ó íàä-
ì³ðí³é ÷óòëèâîñò³ äî òåìïåðàòóðè ó ñôîðìîâà-
íîãî ñèìá³îòè÷íîãî ôåíîòèïó, ÿêèé íå ñïðî-
ìîæíèé óòâîðþâàòè êîðåíåâ³ áóëüáî÷êè (Binder
and Parniske, 2014). Ïðèïóñêàþòü, ùî âòðàòà 
á³ëüøå í³æ îäíîãî ÷ëåíà NUP107-160 ìîæå 
âïëèâàòè íà áàçàëüí³ ôóíêö³¿ ³íøèõ á³ëê³â 
öüîãî êîìïëåêñó. Ðàçîì ³ç ñèìá³îòè÷íèì íóê-
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ëåîïîðèíîì NUP133 ó Lotus japonicus NUP85 
ìîæå áóòè ÷àñòèíîþ ñïåöèô³÷íîãî ï³äêîìï-
ëåêñó ÿäåðíèõ ïîð, ÿêèé ìàº âèð³øàëüíå çíà-
÷åííÿ äëÿ êîëîí³çàö³¿ ðèçîá³é òà óòâîðåííÿ 
áóëüáî÷îê (Braun et al, 2018).

Àêòèâàö³ÿ ñèãíàëüíîãî øëÿõó ïðèçâîäèòü 
äî âèíèêíåííÿ ïåð³îäè÷íèõ êîëèâàíü ð³âíÿ 
êàëüö³þ â ÿäð³ êë³òèí êîðåíÿ, ùî ñïðèÿº àê-
òèâàö³¿ êàëüö³é/êàëüìîäóë³í-çàëåæíî¿ ê³íàçè 
(CCaMK), ÿêà â ñâîþ ÷åðãó ñòèìóëþº ðîáîòó 
ê³ëüêîõ òðàíñêðèïö³éíèõ ôàêòîð³â, òàêèõ ÿê 
IPD3/CYCLOPS, à òàêîæ NSP1, NSP2, ERN1 
³ NIN, ùî ðåãóëþþòü åêñïðåñ³þ ãåí³â-ì³øå-
íåé (Hayashi et al, 2010).

Òðàíñêðèïö³éíèé ôàêòîð CYCLOPS áåçïî-
ñåðåäíüî ³íäóêóº åêñïðåñ³þ äâîõ ãåí³â ERN1 
(Required for Nodulation1) ³ NIN (Nodule In-
ception), ÿê³ íåîáõ³äí³ äëÿ ïðîöåñó íîäóëÿö³¿ 
(Yoro et al, 2014; Kawaharada et al, 2017). ERN1 
ôóíêö³îíóº ÿê ðåãóëÿòîð òðàíñêðèïö³¿, ÿêèé 
áåðå ó÷àñòü ó ôîðìóâàíí³ ³íôåêö³éíèõ íèòîê 
³ ðîçâèòêó çà÷àòê³â áóëüáî÷îê, à òàêîæ ìîæå 
êîîðäèíóâàòè ö³ äâà ïðîöåñè (Miyata et al, 2013). 
Äîñë³äæåííÿ ôóíêö³îíàëüíèõ ïðîìîòîð³â ïî-
êàçàëè, ùî CYCLOPS ó ÷³òêî âñòàíîâëåí³é ïî-
ñë³äîâíîñò³ çâ’ÿçóºòüñÿ ³ç ìîòèâîì ó ïðîìîòîð³ 
ERN1 ³ çà ó÷àñòþ CCaMK ïîçèòèâíî ðåãóëþº 
òðàíñêðèïö³þ ERN1, ùî º âàæëèâèì åòàïîì 
êîíòðîëþ îïîñåðåäêîâàíîãî (÷åðåç ³íôåêö³éíó
íèòêó) ïðîíèêíåííÿ ðèçîá³é ó ðîñëèíí³ êë³-
òèíè (Jin et al, 2018). Â ñâîþ ÷åðãó ERN1 áåðå 
ó÷àñòü ó ðåãóëÿö³¿ åêñïðåñ³¿ NIN òà ðàçîì ³ç 
CYCLOPS óñ³ ö³ òðàíñêðèïö³éí³ ôàêòîðè ñêî-
îðäèíîâàíî ñïðèÿþòü ðåàêö³¿ êîðåíåâèõ âî-
ëîñê³â (ñêðó÷óâàííþ) íà ³íô³êóâàííÿ ðèçî-
á³ÿìè òà ðîçâèòêó ³íôåêö³éíî¿ íèòêè (Liu et
al, 2019).

Ôàêòîð òðàíñêðèïö³¿ NIN (Nodule Incepti-
on) â³äíîñèòüñÿ äî ðîäèíè NIN-ïîä³áíèõ á³ëê³â 
(NLP), ùî â³ä³ãðàþòü âàæëèâó ðîëü ó ïðîöå-
ñàõ íîäóëÿö³¿ â óñ³õ âèä³â áîáîâèõ (Vernié et 
al, 2015). Â³í âèñòóïàº â ÿêîñò³ öåíòðàëüíîãî 
êîîðäèíàòîðà ïðîãðàì ðîçâèòêó ñèìá³îòè÷íèõ 
ïðîöåñ³â, ùî â³äáóâàþòüñÿ ó ð³çíèõ òèïàõ òêà-
íèí êîðåíÿ (åï³äåðì³ñ ³ êîðòåêñ), ïîºäíàííÿ
ÿêèõ íåîáõ³äíå äëÿ âñòàíîâëåííÿ áîáîâî-ðèçî-
á³àëüíîãî ñèìá³îçó (Nishida et al, 2018). 

CYCLOPS º ñóáñòðàòîì ïðÿìîãî ôîñôîðè-
ëþâàííÿ CCaMK (Liu and Bisseling, 2020). Âè-
ÿâëåíî, ùî 70 % ãåí³â ðåãóëþþòüñÿ NFs ³

çàëåæàòü â³ä ñèãíàëüíîãî øëÿõó CCaMK, àê-
òèâàö³ÿ ÿêîãî çàïóñêàº âñþ ñèìá³îòè÷íó ïðî-
ãðàìó, âêëþ÷àþ÷è îðãàíîãåíåç êîðåíåâèõ áóëü-
áî÷îê (Singh et al, 2014). CCàMK-ñèãíàë³íã íå-
îáõ³äíèé äëÿ ñïðèéíÿòòÿ òà ãåíåðàö³¿ ñèãíàë³â 
Ca2+, ÿê³ áåðóòü ó÷àñòü ó çàïóñêó åï³äåðìàëü-
íî¿ òà êîðòèêàëüíî¿ ïðîãðàì ðîçâèòêó îðãàíî-
ãåíåçó áóëüáî÷êè (Hayashi et al, 2010). Åï³äåð-
ìàëüíà ïðîãðàìà îõîïëþº âñ³ åòàïè, ùî âêëþ-
÷àþòü áàêòåðèçàö³þ: ñêðó÷óâàííÿ êîðåíåâèõ âî-
ëîñê³â, ôîðìóâàííÿ òà ð³ñò ³íôåêö³éíî¿ íèòêè, 
òîä³ ÿê íèçêà ïðîöåñ³â, ùî â³äáóâàþòüñÿ ó êîð-
òèêàëüíîìó øëÿõó â³äïîâ³äàþòü çà ôîðìóâàííÿ 
ñòðóêòóðè áóëüáî÷êè (Oldroyd, 2013).

Åï³äåðìàëüíà ïðîãðàìà ðîçâèòêó áóëüáî÷êî-
óòâîðåííÿ âêëþ÷àº ïåðåäà÷ó ñèãíàë³â ÷åðåç 
CCaMK-ñèãíàë³íã, ùî çàïóñêàº óáèêâ³òèí ë³-
ãàçó PUB1 (íåãàòèâíèé ðåãóëÿòîð NFR1) ³ 
ôàêòîð òðàíñêðèïö³¿ NIN (nodule inception) 
(Liu and Bisseling, 2020). 

Ôàêòîð òðàíñêðèïö³¿ NIN ðàçîì ³ç NSP1 ³
NSP2, à òàêîæ ³ç VAPYRIN (VPY) ãåíîì âïëè-
âàþòü íà ôîðìóâàííÿ ³íôåêö³éíî¿ íèòêè (Cer-
ri et al, 2012). VPY êîäóº á³ëêè, ùî ì³ñòÿòü 
äîìåí Major Sperm Protein òà áåðóòü ó÷àñòü ó 
ìåìáðàííîìó òðàíñïîðò³ òà á³îãåíåç³, à òàêîæ 
ìàþòü ñåð³þ àíê³ðèíîâèõ ïîâòîð³â. Äëÿ ðîñ-
ëèí, ó ÿêèõ º ìóòàö³¿ çà öèì ãåíîì, õàðàêòåð-
íèé àíîìàëüíèé ðîçâèòîê ³íôåêö³éíî¿ íèòêè 
òà ìåíøà ê³ëüê³ñòü óòâîðåíèõ áóëüáî÷îê (Mur-
ray et al, 2011).

Äëÿ ðîçâèòêó åï³äåðìàëüíî¿ ïðîãðàìè âàæ-
ëèâèé åêçîïîë³ñàõàðèäíèé ðåöåïòîð EPR3, 
ÿêèé êîíòðîëþº ïðîíèêíåííÿ áàêòåð³é â 
åï³äåðìó, ùîá ðîçð³çíÿòè åêçîïîë³ñàõàðèäè ñó-
ì³ñíèõ òà íåñóì³ñíèõ ðèçîá³é (Kawaharada et
al, 2015). Éîãî åï³äåðìàëüíà åêñïðåñ³ÿ ³íäóêó-
ºòüñÿ ñïðèéíÿòòÿì NF ³ ïðèçâîäèòü äî ñêðó-
÷óâàííÿ êîðåíåâîãî âîëîñêà. Êð³ì òîãî íå-
îáõ³äíà íàÿâí³ñòü ðåìîðèí³â (MtSYMREM1 
äëÿ SYMbiotic REMorin1) (Lefebvre et al, 2010) 
òà ôëîòèë³í³â (MtFLOT2 ³ MtFLOT4) (Haney 
and Long, 2010), ÿê³ ìîæóòü âçàºìîä³ÿòè ³ç 
ðîñëèííèìè ðåöåïòîðíèìè á³ëêàìè MtLYK3 ³ 
MtNFP òà âêëþ÷àòè ¿õ äî ñâî¿õ ì³êðîäîìåí³â ó 
ïëàçìàëåì³. 

Ó ðîçâèòêó åï³äåðìàëüíî¿ ïðîãðàìè îðãàíî-
ãåíåçó áóëüáî÷êè áåðóòü ó÷àñòü á³ëêè, ÿê³ âàæ-
ëèâ³ äëÿ ïîáóäîâè öèòîñêåëåòó, òàê³ ÿê ARPC1 
(Actin-Related Protein Component1), NAP1 (NCK-
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Associated Protein1), PIR1 (21F-Specific P53 Indu-
cible RNA). Ââàæàþòü, ùî âîíè â³ä³ãðàþòü ñïå-
öèô³÷íó ðîëü ó ôîðìóâàíí³ òà ðîñò³ ³íôåêö³é-
íî¿ íèòêè, îñê³ëüêè ó ìóòàíòíèõ ðîñëèí Lotus 
japonicus ïðèñóòí³ àáîðòèâí³ ³íôåêö³éí³ íèòêè â 
åï³äåðì³ñ³ òà óòâîðþþòüñÿ íå êîëîí³çîâàí³ áóëü-
áî÷êîâ³ çà÷àòêè (Hossain et al, 2012).

Êîðòèêàëüíà ïðîãðàìà îðãàíîãåíåçó áóëü-
áî÷êè ïåðåäáà÷àº ñïðèéíÿòòÿ ðîñëèíàìè áàê-
òåð³àëüíî¿ ñèãíàëüíî¿ ìîëåêóëè NF, ùî º íå-
îáõ³äíèì äëÿ ïî÷àòêó ôîðìóâàííÿ áóëüáî÷-
êîâèõ ïðèìîðä³¿â ó êîðòåêñ³ êîðåíÿ. Ïðè öüî-
ìó ðîçâèòîê ìîëåêóëÿðíèõ ïðîöåñ³â ñóïðîâîä-
æóºòüñÿ ³íäóêö³ºþ äâîõ ôàêòîð³â òðàíñêðèïö³¿ 
GRAS-òèïó NSP1 ³ NSP2, à òàêîæ ôàêòîð³â 
òðàíñêðèïö³¿ ERN1, NIN, ERF òà VPY ãåíó, ÿê³ 
íåîáõ³äí³ äëÿ äèôåðåíö³àö³¿ áóëüáî÷êè (Bao 
and Howell, 2017). Ï³ñëÿ çàâåðøåííÿ ðîçâèò-
êó ìîëåêóëÿðíèõ ïðîöåñ³â ó êîðòåêñ³ êîðåíÿ 
ñòðóêòóðà áóëüáî÷îê º äîáðå îðãàí³çîâàíîþ.

Äëÿ ðîçâèòêó åôåêòèâíî¿ áóëüáî÷êè, ìîëå-
êóëÿðí³ ïðîöåñè, ÿê³ â³äáóâàþòüñÿ â åï³äåð-
ìàëüí³é ³ êîðòèêàëüí³é òèïàõ òêàíèí êîðåíÿ,
ïîâèíí³ áóòè íå ò³ëüêè æîðñòêî ðåãëàìåíòî-
âàíèìè, àëå é òî÷íî îðãàí³çîâàíèìè (Guinel 
et al, 2009a). Ïðàâèëüíà åêñïðåñ³ÿ ãåí³â, ùî 
áåðóòü ó÷àñòü â îñíîâíèõ øëÿõàõ òðàíñäóêö³¿ 
ñèìá³îòè÷íèõ ñèãíàë³â, íåîáõ³äíà äëÿ óñï³øíî¿ 
íîäóëÿö³¿, à ÿêùî áóäü-ÿêèé ³ç öèõ ãåí³â ìó-
òóº, òî ïðîöåñ íîäóëÿö³¿ çóïèíÿºòüñÿ (Guinel et 
al, 2009b). Ó âèïàäêó â³äñóòíîñò³ óñï³øíîãî ³í-
ô³êóâàííÿ áîáîâèõ ðèçîá³ÿìè ìîæóòü óòâîðþâà-
òèñÿ ïñåâäîáóëüáî÷êè, òîìó ïðèïóñêàþòü ìîæ-
ëèâ³ñòü ôóíêö³îíóâàííÿ îêðåìî öèõ äâîõ ïðî-
ãðàì ðîçâèòêó áóëüáî÷êîóòâîðåííÿ. Ó òàêèõ 
âèïàäêàõ êîðòèêàëüíà ïðîãðàìà àêòèâóºòüñÿ ñà-
ìîñò³éíî é íåçàëåæíî â³ä åï³äåðìàëüíî¿ ïðî-
ãðàìè (Guinel, 2009à, 2009b). Òàê, ó âèïàäêó ìó-
òàö³¿ ãåíó CCaMK/SNF1, ùî êîäóº êàëüö³é/êàëü-
ìîäóë³í-çàëåæíó ê³íàçó, áóëüáî÷êè íà êîðåíÿõ
Lotus japonicus óòâîðþâàëèñü ñïîíòàííî (Groth 
et al, 2010). Òàêå æ ñïîñòåð³ãàºòüñÿ òîä³, êîëè 
â³äáóâàºòüñÿ ôîñôîð ì³ìåòè÷íà êîíâåðñ³ÿ ãåíó
CYCLOPS, ùî âèêîðèñòîâóºòüñÿ ÿê ôîñôî-
ðèëþþ÷èé ñóáñòðàò CCaMK (Singh et al, 2014). 

CCaMK-ñèãíàë³íã çàïóñêàº ðåöåïòîð öèòî-
ê³í³íó (CRE1). Âèêîðèñòàííÿ ìóòàíò³â nsp1,
nsp2 òà cre1 ìîäåëüíî¿ ðîñëèíè Medicago trun-
catula äîçâîëèëî ðîçøèôðóâàòè âàæëèâ³ñòü öèõ 

ãåí³â äëÿ îáîõ ïðîãðàì ðîçâèòêó îðãàíîãåíåçó 
áóëüáî÷êè. Âèÿâèëè ôîñôîòðàíñôåðàçó ã³ñòè-
äèíó (MtHP1) – á³ëîê-ðåãóëÿòîð ïåðåäà÷³ ñèã-
íàë³â ³ â³äïîâ³ä³ öèòîê³í³í³â (Plet et al, 2011). 
Â³í ñïåöèô³÷íî âçàºìîä³º ç öèòîê³í³íîâèìè 
êîìïîíåíòàìè, ³íäóêîâàíèìè ï³ä ÷àñ ñèìá³î-
çó: ðåöåïòîðîì MtCRE1 òà ðåãóëÿòîðàìè â³ä-
ïîâ³ä³ MtRR1 òà MtRR4 (Laffont et al, 2020). 

Ïîêàçàíî, ùî ðèçîá³àëüí³ Nod-ôàêòîðè òà 
öèòîê³í³íè ³íäóêóþòü ñïåöèô³÷íèé äëÿ ñèì-
á³îçó ãåí CEP (symbiosis-specific gene), ÿêèé 
ïîçèòèâíî ðåãóëþº ðèçîá³àëüíó ³íôåêö³þ òà 
ñèñòåìíî âïëèâàº íà çá³ëüøåííÿ ê³ëüêîñò³ 
áóëüáî÷îê ó Medicago truncatula çà äîïîìîãîþ 
ðåöåïòîðà MtCRA2 (Gamas et al, 2017). Åêñ-
ïðåñ³ÿ MtCEP7 òà MtCLE13 ó êîðåíÿõ Medi-
cago truncatula, ³íîêóëüîâàíèõ ðèçîá³ÿìè, çàëå-
æèòü â³ä ðåöåïòîðà öèòîê³í³íó MtCRE1 ³ ôàê-
òîðó òðàíñêðèïö³¿ MtNIN, ÿêèé çâ’ÿçóº òà 
òðàíñàêòèâóº MtCEP7 òà MtCLE13. À äëÿ 
éîãî ñèìá³îòè÷íî¿ àêòèâàö³¿ íåîáõ³äíèé NIN-
ñàéò çâ’ÿçóâàííÿ NBS (NIN-binding site), ÿêèé
âèÿâëåíèé ó ïðîêñèìàëüíîìó ïðîìîòîð³ MtCEP7 
(Laffont et al, 2020). Ö³ ðåçóëüòàòè äåìîíñòðó-
þòü, ùî ðåãóëÿòîðíèé ìîäóëü öèòî-ê³í³í-
MtCRE1-MtNIN êîîðäèíóº åêñïðåñ³þ äâîõ
àíòàãîí³ñòè÷íèõ, ïîâ’ÿçàíèõ ³ç ñèìá³îçîì ïåï-
òèäíèõ ãîðìîí³â ³ç ð³çíèõ ðîäèí äëÿ òî÷íî¿ 
ðåãóëÿö³¿ ê³ëüêîñò³ áóëüáî÷îê.

Áîáîâ³ êóëüòóðè ÷³òêî ðåãóëþþòü ê³ëüê³ñòü 
áóëüáî÷îê, ùîá çáàëàíñóâàòè åíåðãåòè÷í³ çàò-
ðàòè íà ï³äòðèìàííÿ ñèìá³îòè÷íîãî òà àçîò-
ô³êñóâàëüíîãî ïîòåíö³àëó ðèçîá³é (Schwember,
2019). Êîäîâàí³ íà C-ê³íö³ ïåïòèäè CEPs (En-
coded Peptides) òà CLAVATA3-ïîä³áí³ (CLE) 
ïåïòèäè, â³äïîâ³äíî, ïîçèòèâíî òà íåãàòèâíî 
ðåãóëþþòü óòâîðåííÿ áóëüáî÷îê çà äîïîìîãîþ 
íåçàëåæíèõ ñèãíàëüíèõ øëÿõ³â (Hastwell, 2014), 
àëå ÿê ö³ ðåãóëÿòîðè êîîðäèíóþòüñÿ, ùå íå 
äîñë³äæåíî. Îñòàòî÷íî ùå íå ç’ÿñîâàíèé ìå-
õàí³çì ÿêèì ñàìå ÷èíîì NFs áåðóòü ó÷àñòü â 
îïîñåðåäêîâàíîìó ïðîíèêíåííÿ ðèçîá³é, ìî-
äåëþþ÷è çàõèñí³ ðåàêö³¿ ðîñëèí, à òàêîæ ¿õ
ïîäâ³éíà ôóíêö³ÿ ó ðåãóëÿö³¿ ðîçâèòêó åï³äåð-
ìàëüíî¿ òà êîðòèêàëüíî¿ ïðîãðàì îðãàíîãåíåçó 
áóëüáî÷êè. Êð³ì òîãî, çàëèøàºòüñÿ òàêîæ íå-
çðîçóì³ëîþ ðîëü, ÿêó â³äãðàº êîæåí ³ç òðàíñ-
êðèï³éíèõ ôàêòîð³â â àêòèâàö³¿ îñíîâíèõ øëÿ-
õ³â òðàíñäóêö³¿ ñèìá³îòè÷íèõ ñèãíàë³â. 
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Ó÷àñòü ÀÔÊ ïðè ôîðìóâàíí³ áîáîâî-ðèçîá³-
àëüíîãî ñèìá³îçó. ÀÔÊ â³ä³ãðàþòü êëþ÷îâó ðîëü
ó ñêëàäí³é ñèãíàëüí³é ñèñòåì³ æèâèõ îðãàí³ç-
ì³â. Äèíàì³÷íèé ³ øâèäêèé õàðàêòåð ñèãíà-
ë³íãó ÀÔÊ ó êë³òèíàõ º ðåçóëüòàòîì ïåðåá³ãó 
äâîõ ïðîöåñ³â – ¿õ ïðîäóêóâàííÿ òà óòèë³çàö³¿. 
Ïîðóøåííÿ öüîãî áàëàíñó ³íäóêóº çì³íè ð³â-
í³â ÀÔÊ, ÿê³ ãåíåðóþòü ñèãíàëè (Mhamdi and 
Van Breusegem, 2018). Òðàíñäóêö³þ ñèãíàë³â 
ÀÔÊ ðîçãëÿäàþòü, ÿê ñâîºð³äíèé äèíàì³÷íèé 
ïðîöåñ, ÿêèé ïåðøîïî÷àòêîâî â³äáóâàºòüñÿ
ì³æ ð³çíèìè îðãàíåëàìè âñåðåäèí³ êë³òèí, à 
ïîò³ì ïîøèðþºòüñÿ ì³æ êë³òèíàìè íà äàëåê³ 
â³äñòàí³. Ïðè öüîìó íà øëÿõó öüîãî ñèãíàë³í-
ãó êîæíà îêðåìà êë³òèíà àêòèâóº âëàñíèé ìå-
õàí³çì ïðîäóêóâàííÿ ÀÔÊ (Mittler et al, 2011).

Îñîáëèâ³ñòþ öèõ ìîëåêóë º òå, ùî ð³çí³ ¿õ 
âèäè âîëîä³þòü ñïåöèô³÷íèìè ìîëåêóëÿðíè-
ìè âëàñòèâîñòÿìè (ðèñ. 2). Çîêðåìà, ìîëåêóëà 
ñóïåðîêñèäíîãî àí³îí-ðàäèêàëó (O•–

2) íå çäàò-
íà ïàñèâíî ïåðåíîñèòèñü ÷åðåç ìåìáðàíó, îä-
íàê, ó ðåçóëüòàò³ ðåàêö³¿ äèñìóòàö³¿ çà ó÷àñòþ 
ñóïåðîêñèääèñìóòàçè (ÑÎÄ) âîíà çäàòíà ëåãêî 
ïåðåòâîðþâàòèñü íà ïåðîêñèä âîäíþ (H2O2),
ÿêèé ìîæå äèôóíäóâàòè ñêð³çü ìåìáðàíè ïà-
ñèâíî àáî ÷åðåç âîäí³ êàíàëè (Czarnocka and 
Karpi�ski, 2018). O•–

2 ³ H2O2 òàêîæ ìîæóòü îïî-
ñåðåäêîâàíî áðàòè ó÷àñòü â óòâîðåí³ ïåðîêñè-
ä³â ë³ï³ä³â ó êë³òèííèõ ìåìáðàíàõ (Noctor et 
al, 2018). Ç îãëÿäó íà âëàñòèâîñò³ òà ðóõëè-
â³ñòü ÀÔÊ âñåðåäèí³ êë³òèí, ¿õ ðîçãëÿäàþòü ÿê 
óí³âåðñàëüí³ ñèãíàëüí³ ìîëåêóëè.

Íà òåïåð³øí³é ÷àñ äîâåäåíî, ùî íåçâàæàþ÷è 
íà ñâ³é òîêñè÷íèé ïîòåíö³àë, ÀÔÊ â³ä³ãðàþòü 
êëþ÷îâó ðîëü ó ñêëàäí³é ñèãíàëüí³é ñèñòåì³ 
ðîñëèííèõ êë³òèí, ùî ïîêàçàíî ó ÷èñåëüíèõ 
ïóáë³êàö³ÿõ (Czarnocka and Karpi�ski, 2018; 
Mhamdi and Van Breusegem, 2018; Noctor et al, 
2018). ²ñíóþòü ïåðåêîíëèâ³ äîêàçè òîãî, ùî 
ÀÔÊ â³ä³ãðàþòü âàæëèâó ðîëü ó ïðîöåñàõ ñèã-
íàë³íãó ïðè âñòàíîâëåíí³ áîáîâî-ðèçîá³àëü-
íîãî ñèìá³îçó. Çîêðåìà, O•–

2 ³ H2O2, âèÿâëå-
í³ íà ðàíí³õ åòàïàõ ñèìá³îòè÷íî¿ âçàºìîä³¿ ó
³íôåêö³éíèõ íèòêàõ ëþöåðíè (Medicago trun-
catula) òà ãîðîõó (Pisum sativum L.) (Jamet et al., 
2007; Nanda et al, 2010; Tsyganov and Tsygano-
va, 2020).

Çìåíøåííÿ ïðîäóêóâàííÿ O•–
2 ³ Í2Î2 ó ìàò-

ðèêñ³ ³íôåêö³éíèõ íèòîê Medicago truncatula 
íå ïðèçâîäèòü äî ôîðìóâàííÿ öèõ ñòðóêòóð 

(Damiani et al, 2016). Òàêîæ íå â³äáóâàëîñü 
ïðîäóêóâàííÿ O•–

2 ó ðîñëèí Medicago truncatu-
la çà ³íîêóëÿö³¿ ìóòàíòîì nod D1ABC Sinorhi-
zobium meliloti, ÿêèé íåñïðîìîæíèé âèðîáëÿòè 
NFs (Jamet et al., 2007). Ïîêàçàíî, ùî ó ìóòàí-
òà ãîðîõó (Pisum sativum L.) SGEFix-1 (sym40), 
Í2Î2 ëîêàë³çóºòüñÿ ó ñò³íêàõ ³ ìàòðèêñ³ ³íôåê-
ö³éíèõ íèòîê (Tsyganova et al, 2009). Ñïîñòåð³-
ãàëè ï³äâèùåííÿ ð³âíÿ ÀÔÊ ó ³íôåêö³éíèõ 
íèòêàõ êâàñîë³ (Phaseolus vulgaris) âïðîäîâæ 
äåê³ëüêîõ ñåêóíä ï³ñëÿ îáðîáêè NF (Cardenas 
et al., 2008). Âñòàíîâëåíî, ùî íà ï³çí³õ åòàïàõ 
ñèìá³îòè÷íî¿ âçàºìîä³¿ ãåíåðóºòüñÿ âèñîêà êîí-
öåíòðàö³ÿ ÀÔÊ ó êîðåíåâèõ áóëüáî÷êàõ, ùî 
îáóìîâëåíî ï³äâèùåíèì ð³âíåì ³íòåíñèâíîñò³ 
äèõàííÿ òà àâòîîêècíåííÿ ëåããåìîãëîá³íó (Ma-
tamoros et al, 2003). Ïðåäñòàâëåí³ äàí³ äîâîäÿòü, 
ùî ÀÔÊ º íåîáõ³äíèìè äëÿ îïòèìàëüíîãî ôîð-
ìóâàííÿ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó, îñîá-
ëèâî íà ïî÷àòêîâèõ åòàïàõ âçàºìîä³¿ ìàêðî-
³ ì³êðîñèìá³îíò³â. Âñòàíîâëåíî, ùî ï³äâèùå-
íà ãåíåðàö³ÿ ÀÔÊ íà ïî÷àòêîâèõ åòàïàõ ñèì-
á³îòè÷íî¿ âçàºìîä³¿ ìîæå âèêîíóâàòè ïîäâ³éíó 
ðîëü: ãàëüìóâàòè çàõèñí³ ðåàêö³¿ ðîñëèííîãî 
îðãàí³çìó ïðè ïðîíèêíåíí³ ðèçîá³é òà âîäíî-
÷àñ àêòèâóâàòè çàõèñí³ ìåõàí³çìè çà íåñïðè-
ÿòëèâèõ óìîâ äëÿ ñèìá³îçó (Marino et al, 2011). 
Äîñë³äæåíî, ùî NFs ìîæóòü ñòèìóëþâàòè îêèñ-
íþâàëüíèé âèáóõ òà áëîêóâàòè ³íäóêö³þ ãåí³â 
íîäóëÿö³¿ ó ðîñëèí áîáîâèõ çà íåñóì³ñíî¿ 
âçàºìîä³¿ ç ðèçîá³ÿìè (Ramu et al, 2002, Shaw 
and Long, 2002).

Áóëî âèÿâëåíî äåê³ëüêà ãåí³â, ùî ìîäóëþ-
þòü öåé ïðîöåñ, ñåðåä ÿêèõ ãåí, ùî êîäóº 
ìåìáðàííèé ÍÀÄÔÍ-îêñèäàçíèé åíçèìíèé 
êîìïëåêñ (ÊÔ 1.6.99.6) (Marino et al, 2012). 
ÍÀÄÔÍ-îêñèäàçà º ïðåäñòàâíèêîì âåëèêî¿ ðî-
äèíè NOX-á³ëê³â, ãîìîëîã³÷íèõ äî îêñèäàçè 
ôàãîöèò³â ³ êîäóºòüñÿ ãåíàìè Rboh (Respirato-
ry Burst Oxidase Homologue s) (Kim et al, 2019). 
NOX-á³ëîê ÿâëÿº ñîáîþ òðàíñìåìáðàííèé ðå-
äîêñ-ëàíöþã, ÿêèé çàáåçïå÷óº âçàºìîä³þ äî-
íîðà åëåêòðîí³â ÍÀÄÔÍ ³ç öèòîïëàçìàòè÷íî¿ 
ñòîðîíè ìåìáðàíè ç àêöåïòîðîì åëåêòðîí³â –
êèñíåì íà ¿¿ çîâí³øí³é ñòîðîí³, ùî ñóïðîâî-
äæóºòüñÿ óòâîðåííÿì O•–

2 (Khafi et al, 2020). 
Äîâåäåíî, ùî öåé åíçèì â³ä³ãðàº âàæëèâó ðîëü
ó ãåíåðóâàíí³ AÔÊ òà â ðåãóëÿö³¿ çàõèñíèõ ðå-
àêö³é ðîñëèííèõ êë³òèí (Yu et al, 2020), çîêðå-
ìà, é â ïðîöåñ³ ôîðìóâàííÿ áîáîâî-ðèçîá³-
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àëüíîãî ñèìá³îçó (Lohar et al, 2007). Òàê, ÷åðåç 
ãîäèíó ï³ñëÿ îáðîáêè êîðåí³â Medicago trunca-
tula NF ñïîñòåð³ãàëè çìåíøåííÿ ïðîäóêóâàí-
íÿ ÀÔÊ, ùî ñóïðîâîäæóâàëîñü ãàëüìóâàííÿì 
åêñïðåñ³¿ ãåí³â MtRbohs, ÿê³ êîäóþòü ÍÀÄÔÍ-
îêñèäàçó (Lang and Long, 2015). Êð³ì òîãî, 
ïîã³ðøåííÿ åêñïðåñ³¿ ãåíó MtRbohA ó áóëüáî÷-
ö³ çà äîïîìîãîþ ìåòîä³â ³íòåðôåðåíö³¿ ÐÍÊ 
ïðèçâîäèëî äî çìåíøåííÿ á³îëîã³÷íî¿ ô³êñàö³¿ 
àçîòó (Marino et al, 2011). Ïîä³áí³ ðåçóëüòàòè 
çàðåºñòðîâàí³ äëÿ êâàñîë³ (Phaseolus vulgaris), 
ÿê³ ïîêàçàëè âèð³øàëüíó ðîëü ãåíó ÍÀÄÔÍ-
îêñèäàçè äëÿ óñï³øíî¿ ðèçîá³àëüíî¿ êîëîí³çà-
ö³¿ òà ôîðìóâàííÿ ³íôåêö³éíî¿ íèòêè (Montiel 
et al, 2012).

Âèêîðèñòîâóþ÷è äèôåí³ë éîäîí³þ äëÿ ³íã³-
áóâàííÿ ÍÀÄÔÍ-îêñèäàç, ³äåíòèô³êîâàíî ãå-
íè, ÿê³ ðåãóëþþòüñÿ H2O2 ÷è ³íøèìè âèäàìè 
ÀÔÊ, çîêðåìà, O•–

2 ³ ã³äðîêñèëüíèì ðàäèêà-
ëîì, ï³ä ÷àñ âñòàíîâëåííÿ ñèìá³îçó Medicago 
truncatula – Sinorhizobium meliloti (Lang and 
Long, 2015). Ó Medicago truncatula âèÿâëåíî 22 
ãåíè (³ç 447 äîñë³äæóâàíèõ), ùî äåìîíñòðóâàëè 
ñõîæ³ñòü ïîñë³äîâíîñòåé ó 19 ãåí³â Arabidopsis, 
ðàí³øå çàðåºñòðîâàíèõ äëÿ ðåãóëÿö³¿ ÀÔÊ. Äâà 
³ç äîñë³äæóâàíèõ ãåí³â, MtSpk1 ³ MtSpk2 (Sym-
biotic Protein Kinases), ëîêàë³çóþòüñÿ ó ÿäð³ òà 
ìîæóòü âèêîíóâàòè ðîëü ðåãóëÿòîð³â òðàíñ-
êðèïö³¿, ïîä³áíî äî Arabidopsis OXI1 ãåíà, êîò-

ðèé êîäóº ñåðèí/òðåîí³í-ê³íàçó (Chou and
Shen, 2010). Âîíè àêòèâóþòüñÿ ó øëÿõàõ ñèã-
íàëüíî¿ òðàíñäóêö³¿ ó â³äïîâ³äü íà ä³þ ñòðå-
ñîð³â, ó òîìó ÷èñë³ òèõ, ùî ãåíåðóþòü H2O2 
ïðè âñòàíîâëåí³ ðîñëèííî-ì³êðîáíèõ âçàºìî-
ä³é (Inzieze et al, 2011). Ðàííÿ åêñïðåñ³ÿ ãåíà 
MtSpk1 ó Sinorhizobium meliloti ñïîâ³ëüíþâàëà 
ðåãóëÿö³þ ðåàêö³é çàõèñòó ðîñëèí, ùî ñïðèÿ-
ëî âñòàíîâëåííþ ñèìá³îòè÷íî¿ âçàºìîä³¿. À
éîãî ³íàêòèâàö³ÿ ïðèçâîäèëà äî çíà÷íî ìåí-
øî¿ ê³ëüêîñò³ áóëüáî÷îê, îäíàê öå íå âïëèâà-
ëî íà ðîçâèòîê êîðåí³â òà ñâ³ä÷èòü ïðî ðîëü 
ãåíà MtSpk1 ó âñòàíîâëåíí³ ñèìá³îòè÷íî¿ âçàº-
ìîä³¿ (Andrio et al, 2013). Êð³ì òîãî, éîãî 
³íäóêö³ÿ ñïîñòåð³ãàºòüñÿ íà ïî÷àòêîâèõ åòàïàõ 
³íô³êóâàííÿ Sinorhizobium meliloti, à òàêîæ ó
â³äïîâ³äü íà îáðîáêó ÿê NF, òàê ³ H2O2. Çîê-
ðåìà, çàô³êñîâàíî ïîäâ³éíå íàêîïè÷åííÿ H2O2

ó çîí³ ³íô³êóâàííÿ, äå áóëî âèä³ëåíî MtSpk1 
(Costa et al, 2010). Íàÿâí³ñòü ìîòèâó êàëüìî-
äóë³íó â N-ê³íöåâ³é ä³ëÿíö³ MtSpk1 âêàçóº íà 
éîãî ó÷àñòü ó ïåðåõðåñíèõ øëÿõàõ ³ç äîáðå 
â³äîìèì ïðîöåñîì ñèãíàë³íãó Ñà2+, ùî ïðîò³-
êàº ï³ä ÷àñ áîáîâî-ðèáîç³àëüíîãî ñèìá³îçó 
(Oldroyd et al, 2011).

Ïîêàçàíî, ùî MtSpk1 ìîæå áóòè çàëó÷åíèì 
äî äèôåðåíö³þâàííÿ êë³òèí áóëüáî÷îê ÷åðåç 
êëþ÷îâ³ ôàêòîðè òðàíñêðèïö³¿ – MtHAP2-1 ³
MtNIN (Combier et al, 2006). Ïðè öüîìó ãåíè 

Ðèñ. 2. Ïîåòàïíà ñõåìà ïåðåòâîðåííÿ ÀÔÊ ó êë³òèí³ (àäàïòîâàíî çà Wang et al, 2018). ÀÔÊ òà ¿õ ðàäèêàëè 
ïðîäóêóþòüñÿ ÿê ïðîì³æí³ ïðîäóêòè ó ðåàêö³ÿõ â³äíîâëåííÿ ìîëåêóëè êèñíþ (O2), ÿêèé â ê³íö³ â³äíîâíîãî 
øëÿõó ïåðåòâîðþºòüñÿ äî âîäè (H2O). Àíòèîêñèäàíòí³ åíçèìè: ñóïåðîêñèääèñìóòàçà êàòàë³çóº äèñìóòàö³þ 
ñóïåðîêñèäó (O2

•–), ãåíåðóþ÷è ïåðîêñèä âîäíþ (H2O2); êàòàëàçà òà ïåðîêñèäàçè çíåøêîäæóþòü H2O2 äî 
âîäè. H2O2 ìîæå ðåàãóâàòè ç ðåäîêñ-àêòèâíèìè ìåòàëàìè (íàïðèêëàä, çàë³çîì), óòâîðþþ÷è ã³äðîêñèëüíèé 
ðàäèêàë (OH•) çàâäÿêè ðåàêö³¿ Ôåíòîíà/Õàáåðà-Âàéñà 
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Ò.Ï. Ìàìåíêî

bHLH òèïó (ñï³ðàëü-ïîâîðîò-ñï³ðàëü) ìîæóòü
áðàòè ó÷àñòü ó ¿õ ðåãóëÿö³¿, à òàêîæ ó ïåð-
âèííèõ ðåàêö³ÿõ êë³òèí íà ä³þ ñòðåñîðà, îïî-
ñåðåäêîâàíîãî âèñîêèì ð³âíåì H2O2 (Andrio
et al, 2013). Òðàíñêðèïö³éí³ ôàêòîðè NSP1/
NSP 2, ERF òà MtNIN, ïðî ÿê³ çãàäàíî íàìè 
âèùå, ùî áåðóòü ó÷àñòü ó âñòàíîâëåíí³ ñèìá³-
îçó, òàêîæ ìîæóòü ñóòòºâî âïëèâàòè íà ðåãóëÿ-
ö³þ ð³âí³â ÀÔÊ, îäíàê òàêèõ äîñë³äæåíü ïîêè 
ùî íàäòî ìàëî. 

Ââàæàþòü, ùî ÀÔÊ íàâðÿä ÷è ðåãóëþþòü 
áóäü-ÿêèé êîíêðåòíèé ãåí áåçïîñåðåäíüî (Mit-
tler et al, 2011). Ó öüîìó êîíòåêñò³ âèçíà÷åíî 
ê³ëüêà ìîæëèâèõ ãåí³â H2O2-ñàéò³â. Äåÿê³ ç íèõ 
(18 ãåí³â) çàëó÷åí³ äî ñèíòåçó àáî ñèãíàë³íãó
ô³òîãîðìîí³â ïðè âñòàíîâëåíí³ òà ôóíêö³î-
íóâàíí³ ñèìá³îçó (Liu 2018). Äðóãà ãðóïà ãåí³â 
(19 ãåí³â) öå ò³, ùî êîäóþòü ïîë³ãàëàêòóðîíàçè 
(ÊÔ 3. 2. 1. 15), ïåêòèíë³àçè (ÅÑ 4. 2. 2. 10) ³ 
öåëþëàçè (ÊÔ 3. 2. 1. 4). À òàêîæ äåê³ëüêà ãå-
í³â, ÿê³ êîäóþòü ñóáòèëàçè (ñåðèíîâ³ ïðîòå¿-
íàçè), ï³äâèùåííÿ ðåãóëÿö³¿ ÿêèõ çáåð³ãàºòüñÿ 
ïðè âñòàíîâëåí³ áîáîâî-ðèçîá³àëüíîãî ñèìá³-
îçó (Schaller et al, 2012). ¯õ çíà÷åííÿ áóëî 
çàïðîïîíîâàíî ï³ä ÷àñ îáì³íó ñèãíàëàìè ì³æ 
äâîìà ïàðòíåðàìè ñèìá³îçó àáî ìîäèô³êàö³¿ êë³-
òèííî¿ ñò³íêè ï³ä ÷àñ ðîñòó ³íôåêö³éíî¿ íèòêè. 

Âèÿâëåíî, ùî ðîçâèòîê ³íôåêö³éíî¿ íèòêè
ó áîáîâèõ ïðè ³íô³êóâàíí³ ðèçîá³ÿìè ñóïðî-
âîäæóºòüñÿ äèíàì³÷íèìè ïåðåáóäîâàìè öèòî-
ñêåëåòó, ùî îáóìîâëåíî ïîä³ëîì ³ ðîñòîì êë³-
òèí (Oldroyd et al, 2011). Îïèñàí³ âòðàòè 
ôóíêö³îíàëüíèõ ìóòàö³é ó ãåíàõ, ÿê³ êîäóþòü 
á³ëêè òà áåðóòü ó÷àñòü ó ïåðåáóäîâàõ àêòèíó ó 
áîáîâèõ ðîñëèí (Miyahara et al, 2010). Â³äïî-
â³äí³ ìóòàíòí³ ðîñëèíè ìàþòü äåôåêòè ó ïî-
ëÿðíîìó ðîñò³ êîðåíåâèõ âîëîñê³â, à òàêîæ ó 
ôîðìóâàíí³ òà ðîçâèòêó ³íôåêö³éíî¿ íèòêè. 
Ïðè öüîìó ãåíè, ÿê³ êîäóþòü ABL-ïîä³áíèé 
á³ëîê (ABlL; MtAblL), ó Medicago truncatula 
ðåãóëþþòüñÿ ³íô³êóâàííÿì Sinorhizobium meliloti
òà H2O2. Öåé á³ëîê íåîáõ³äíèé äëÿ àêòèâàö³¿ 
á³ëêà 2/3 (ARP2/3), ÿêèé áåðå ó÷àñòü ó çà-
ðîäæåíí³ ³ ðîçãàëóæåíí³ ì³êðîô³ëàìåíò³â àê-
òèíó, à ðåãóëÿö³ÿ MtAblL çà äîïîìîãîþ H2O2 
ìîæå ñïðèÿòè ðîñòó ³íôåêö³éíî¿ íèòêè (Miya-
hara et al, 2010).

×³òêèé ïåðåðîçïîä³ë H2O2 ó ìàòðèêñ³ ³í-
ôåêö³éíèõ íèòîê òà êë³òèííèõ ñò³íêàõ ðîñëè-

íè ñâ³ä÷èòü ïðî éîãî ïðîäóêóâàííÿ ñàìå ó 
êë³òèíàõ ðîñëèíè-õàçÿ¿íà, à íå ðèçîá³é (Wis-
niewski et al, 2000). Äëÿ òîãî, ùîá çðîçóì³òè 
ìåõàí³çì ðîñòó ³íôåêö³éíî¿ íèòêè, äîñë³äíèêè 
âèð³øèëè çì³íèòè âì³ñò H2O2 â ³íôåêö³éí³é 
íèòö³ âèêîðèñòîâóþ÷è øòàì Sinorhizobium me-
liloti ³ç íàäåêñïðåñ³ºþ îäí³º¿ ³ç ôîðì êàòàëàçè 
KatB, ÿêà â³ä³ãðàº êëþ÷îâó ðîëü íà âñ³õ åòàïàõ 
ñèìá³îòè÷íî¿ âçàºìîä³¿. Â ðåçóëüòàò³ ïîêàçàíî, 
ùî íàäì³ðíå ïðîäóêóâàííÿ H2O2, ó ³íôåêö³é-
íèõ íèòêàõ íå ³íäóêóº îêèñíþâàëüíèé ñòðåñ 
äëÿ áàêòåð³é, ïðîòå â³ä³ãðàº âèð³øàëüíó ðîëü 
äëÿ îïòèìàëüíîãî ðîçâèòêó ³íôåêö³éíî¿ íèòêè 
(Jamet et al, 2007). Äîâåäåíî âàæëèâó ó÷àñòü 
H2O2 ó á³îõ³ì³¿ ðîñòó ³íôåêö³éíî¿ íèòêè ÷åðåç 
çøèâàííÿ ãë³êîçèëüîâàíèõ ãë³êîïðîòå¿í³â ðîñ-
ëèí, à ñàìå åêñòåíñèí³â êîðåíåâèõ áóëüáî÷îê, 
ÿê³ ëîêàë³çîâàí³ ó ïîçàêë³òèííîìó ìàòðèêñ³ 
òêàíèí áîáîâèõ òà ó ïîðîæíèí³ ³íôåêö³éíî¿ 
íèòêè (Groten et al, 2005). Ïðè öüîìó çíèæåííÿ 
ð³âíÿ H2O2 ìîæå âïëèâàòè íà øâèäê³ñòü çøè-
âàííÿ öèõ åêñòåíñèí³â, êîìïðîìåòóþ÷è ïî-
ëÿðíèé ð³ñò ³íôåêö³éíî¿ íèòêè òà ïðèçâîäèòü 
äî ¿õ ðîçøèðåííÿ. Òàê³ äàí³ óçãîäæóþòüñÿ ³ç 
ïîä³áíèìè äîñë³äæåííÿìè, ó ÿêèõ ïîêàçàíà ïðè-
ñóòí³ñòü ³çîôîðì ïåðîêñèäàç ó êîðåíåâèõ âî-
ëîñêàõ çà ³íô³êóâàííÿ ðèçîá³ÿìè áîáîâèõ ðîñ-
ëèí (Wisniewski et al, 2000). 

Áóëüáî÷êîâ³ áàêòåð³¿ âîëîä³þòü á³ëüø âè-
ñîêîþ ÷óòëèâ³ñòþ äî ÀÔÊ, ó ïîð³âíÿíí³ ç ³í-
øèìè âèäàìè áàêòåð³é ³, áóäó÷è ñèìá³îòè÷íè-
ìè ì³êðîîðãàí³çìàìè, ìîæóòü âèêîðèñòîâóâà-
òè çàõèñí³ ðåàêö³¿ ðîñëèíè-õàçÿ¿íà ïðîòè òîê-
ñè÷íèõ ôîðì êèñíþ (Glyanko, 2016). Êð³ì òîãî 
ó ðåãóëÿö³¿ ïðîöåñ³â ³íô³êóâàííÿ òà íîäóëÿ-
ö³¿ êîðåíåâèõ áóëüáî÷îê áîáîâèõ ó ñèìá³îç³ ç
áóëüáî÷êîâèìè áàêòåð³ÿìè ìîæóòü áðàòè ó÷àñòü
á³îëîã³÷íî àêòèâí³ ñïîëóêè, òàê³ ÿê ô³òîãîð-
ìîíè, ôåíîëè, åíçèìè. Äîñë³äæåíî, ùî ðèçî-
á³àëüíèé àíòèîêñèäàíòíèé åíçèì ÑÎÄ º íå-
îáõ³äíèé äëÿ îïòèìàëüíîãî ïåðåá³ãó ïðîöåñ³â
³íô³êóâàííÿ áîáîâèõ ðîñëèí ðèçîá³ÿìè òà óñ-
ï³øíîãî áóëüáî÷êîóòâîðåííÿ, à ïîðóøåííÿ åêñ-
ïåðñ³¿ ãåíà sodA ³íäóêóº ïðèãí³÷åííÿ ñèìá³î-
òè÷íèõ âëàñòèâîñòåé Sinorhizobium meliloti ïðè 
ôîðìóâàíí³ ñèìá³îçó ³ç ëþöåðíîþ (Santos et
al, 2000). Ïðè öüîìó á³ëüø³ñòü òàêèõ ìóòàíò-
íèõ áàêòåð³é óòâîðþþòü äð³áí³ áóëüáî÷êè, äè-
ôåðåíö³àö³ÿ ÿêèõ íå äîõîäèòü äî ñòàä³¿ àçîò-
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ô³êñóâàëüíèõ áàêòåðî¿ä³â. Åôåêòèâí³ñòü áóëü-
áî÷êîóòâîðåííÿ ó ìóòàíò³â Sinorhizobium meli-
loti, äåôåöèòíèõ ïî øëÿõó á³îñèíòåçó ãëóòàò³-
îíó, áóëà äîñë³äæåíà ïðè ³íîêóëÿö³¿ ðîñëèí 
Medicago sativa øòàìàìè SmgshA ³ SmgshB. Ïî-
êàçàíî, ùî ìóòàíò SmgshA, ÿêèé íå ñèíòåçóº 
ãëóòàò³îí, òàêîæ íå óòâîðþâàâ áóëüáî÷êè íà 
êîðåíÿõ Medicago sativa, ïðîòå ïðîÿâëÿëèñü 
ïðèòàìàíí³ äëÿ ïî÷àòêîâèõ åòàï³â âçàºìîä³¿ 
ïðîöåñè ñêðó÷óâàííÿ êîðåíåâèõ âîëîñê³â ³ 
ôîðìóâàííÿ ³íôåêö³éíèõ íèòîê (Harrison et 
al, 2005). Âèÿâëåíî, ùî â ðåçóëüòàò³ ïîñèëåí-
íÿ îêèñíþâàëüíèõ ïðîöåñ³â áàêòåðî¿äè Rhizo-
bium leguminosarum bv. viceae ñòàþòü íåçäàòíèìè 
çäîëàòè öåé ñòðåñ ³ ïðîöåñ äèôåðåíö³þâàííÿ 
éäå íåïðàâèëüíî, ïðî ùî âêàçóº íàÿâí³ñòü 
àíîìàëüíèõ áàêòåðî¿ä³â ó öèòîïëàçì³ ³íô³êî-
âàíèõ êë³òèí áóëüáî÷îê òà ¿õ ðàííº ñòàð³ííÿ 
(Wisniewski et al, 2000). Ââàæàþòü, ùî ïðè 
ôîðìóâàíí³ ñèìá³îòè÷íèõ â³äíîñèí ÀÔÊ ìî-
æóòü áóòè çàëó÷åí³ ó ðåãóëÿö³þ ³íô³êóâàííÿ
êîðåí³â ðèçîá³ÿìè ÿê çà ðàõóíîê ïðÿìîãî àíòè-
áàêòåð³àëüíîãî âïëèâó, òàê ³ øëÿõîì ðåãóëÿö³¿ 
ôóíêö³îíàëüíî¿ àêòèâíîñò³ çàõèñíèõ ñèñòåì 
ðîñëèíè-õàçÿ¿íà (Vasileva et al, 2007). 

Ó ðåçóëüòàò³ ïðîâåäåíèõ íàìè äîñë³äæåíü 
ïîêàçàíî, ùî ôîðìóâàííÿ çàõèñíèõ ðåàêö³é 
ó ðîñëèí ñî¿ â ñèìá³îç³ ³ç ð³çíèìè øòàìàìè 
Bradyrhizobium japonicum çà ä³¿ çíåâîäíåííÿ ïî-
â’ÿçàíî ³ç ï³äâèùåííÿì àêòèâíîñò³ êëþ÷îâèõ 
àíòèîêñèäàíòíèõ åíçèì³â ÑÎÄ, êàòàëàçè òà åí-
çèì³â àñêîðáàò-ãëóòàò³îíîâîãî öèêëó, ÿê³ ³íäó-
êóâàëè ðåãóëÿö³þ âì³ñòó ïåðîêñèäó âîäíþ ³
ïðîäóêò³â ë³ïîïåðîêñèäàö³¿ (Mamenko et al, 2018;
Kots et al, 2019). Âñòàíîâëåíî, ùî àêòèâ³çàö³ÿ 
ïðîöåñó ïåðîêñèäíîãî îêèñíåííÿ ë³ï³ä³â º 
óí³âåðñàëüíîþ ðåàêö³ºþ ð³çíèõ çà åôåêòèâ-
í³ñòþ ñèìá³îòè÷íèõ ñèñòåì íà ä³þ ïîñóõè, ³í-
òåíñèâí³ñòü ðîçâèòêó ÿêî¿ çàëåæèòü â³ä ¿õ 
çäàòíîñò³ ðåàë³çóâàòè ñâ³é àäàïòàö³éíèé ïîòåí-
ö³àë çà íåñïðèÿòëèâèõ óìîâ âèðîùóâàííÿ (Mor-
gun et al, 2020). Çà ³íîêóëÿö³¿ íàñ³ííÿ ñî¿ 
ð³çíèìè çà åôåêòèâí³ñòþ ðèçîá³ÿìè òà îáðîá-
êè ôóíã³öèäíèìè ïðåïàðàòàìè ñïîñòåð³ãàëè çì³-
íè åíçèì³â ôåíîëüíîãî ìåòàáîë³çìó ó ñôîð-
ìîâàíèõ ñèìá³îòè÷íèõ ñèñòåìàõ, ÿê³ â ïåðøó 
÷åðãó áóëè îáóìîâëåí³ â³ðóëåíòí³ñòþ òà àêòèâ-
í³ñòþ øòàìó (Mamenko et al, 2019). Çà îá-
ðîáêè íàñ³ííÿ ñî¿ ôóíã³öèäàìè ñï³ëüíî ç

³íîêóëÿíòîì (øòàì B. japonicum 634á) ñïîñòå-
ð³ãàëè ï³äâèùåííÿ ð³âíÿ àêòèâíîñò³ åíçèì³â ³ç
ïåðîêñèäàçíîþ àêòèâí³ñòþ, ùî ñïðèÿëî çáåðå-
æåííþ åôåêòèâíîñò³ ðîáîòè ñèìá³îòè÷íîãî àïà-
ðàòó (Pavlyshche et al, 2018). 

Îòæå, ïðè âçàºìîä³¿ ìàêðî- ³ ì³êðîñèìá³-
îíò³â àêòèâóºòüñÿ êàñêàä á³îõ³ì³÷íèõ ðåàêö³é, 
ñïðÿìîâàíèõ íà ïîäîëàííÿ çàõèñíèõ ðåàêö³é 
ðîñëèííîãî îðãàí³çìó áîáîâèõ íà ³íâàç³þ áàê-
òåð³é òà ôîðìóâàííÿ åôåêòèâíèõ ìåõàí³çì³â 
îáì³íó ìåòàáîë³òàìè ì³æ ïàðòíåðàìè ñèìá³îçó, 
ùî ïðèçâîäèòü äî óñï³øíîãî ³íô³êóâàííÿ òà 
ôîðìóâàííÿ áóëüáî÷êè. Íà òåïåð³øí³é ÷àñ ïî-
êàçàíî âàæëèâó ó÷àñòü ÀÔÊ ó ðåãóëÿö³¿ ïðî-
ò³êàííÿ îñíîâíèõ ìîëåêóëÿðíèõ ïðîöåñ³â, ÿê³ 
â³äáóâàþòüñÿ íà ðàíí³õ åòàïàõ ñèìá³îòè÷íî¿ 
âçàºìîä³¿. Îäíàê, ïðåäñòàâëåí³ äàí³ ïîîäèíî-
ê³ òà ïîòðåáóþòü ïîäàëüøèõ ´ðóíòîâíèõ äî-
ñë³äæåíü. À ¿õ àíàë³ç äîâîäèòü âàãîìå çíà÷åííÿ 
ÀÔÊ, ÿê ðåãóëÿòîðíèõ ³ ñèãíàëüíèõ ìîëåêóë, 
â îñíîâíèõ øëÿõàõ òðàíñäóêö³¿ ñèìá³îòè÷íèõ 
ñèãíàë³â ì³æ ìàêðî- ³ ì³êðîñèìá³îíòàìè, ÿê³
ñë³ä âèâ÷àòè â ³íòåãðàö³¿ ç ³íøèìè ìåòàáîë³÷-
íèìè øëÿõàìè: ñèãíàëàìè êàëüö³þ, àêòèâíèõ
ôîðì í³òðîãåíó, àíòèîêñèäàíòíèõ ñèñòåì, ô³òî-
ãîðìîí³â. Öå çíà÷íî ðîçøèðèòü ðîçóì³ííÿ 
ôóíêö³é ÀÔÊ ó çàãàëüíîìó ìåõàí³çì³ ôîðìó-
âàííÿ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó ÿê çà 
îïòèìàëüíèõ óìîâ òàê ³ äîäàòêîâî¿ ä³¿ çîâí³ø-
í³õ ÷èííèê³â. Äëÿ óñï³øíîãî ñèìá³îòè÷íîãî 
ïðîöåñó íåîáõ³äíèé åôåêòèâíèé çàõèñò ïðîòè 
îêèñíþâàëüíîãî ñòðåñó íà ð³çíèõ åòàïàõ ôîð-
ìóâàííÿ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó. Òîìó
âàæëèâèìè º êîìïëåêñí³ äîñë³äæåííÿ ³ç âðà-
õóâàííÿì ó÷àñò³ ïðîîêñèäàíòíî-àíòèîêñèäàíò-
íèõ ñèñòåì ïðè ôîðìóâàíí³ çàõèñíèõ ðåàêö³é 
áîáîâèõ ðîñëèí ó â³äïîâ³äü íà ³íîêóëÿö³þ ðè-
çîá³ÿìè ð³çíî¿ åôåêòèâíîñò³. Ïðîâåäåííÿ òàêèõ
äîñë³äæåíü ñï³ëüíî ³ç âèçíà÷åííÿì ïàðàìåòð³â 
ôîðìóâàííÿ ñèìá³îòè÷íîãî àïàðàòó ó áîáîâèõ 
º âàæëèâèìè äëÿ ïîøóêó åôåêòèâíèõ ñèìá³î-
òè÷íèõ ñèñòåì, ÿê³ áóäóòü çäàòí³ äî ìàêñè-
ìàëüíî¿ ðåàë³çàö³¿ ñèìá³îòè÷íîãî ïîòåíö³àëó
òà âîäíî÷àñ â³äð³çíÿòèñÿ âèñîêîþ òîëåðàíò-
í³ñòþ äî íåñïðèÿòëèâèõ óìîâ âèðîùóâàííÿ. 

REGULATION OF LEGUME-RHIZOBIAL 
SYMBIOSIS: MOLECULAR GENETIC
ASPECTS AND PARTICIPATION
OF REACTIVE OXYGEN SPECIES
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The formation of legume-rhizobial symbiosis goes 
through a series of coordinated stages, the main of which 
is the distant interaction of symbionts, which is carried 
out through the exchange of molecular signals between 
macro- and microsymbionts. Clear regulation in the 
interaction between symbiosis partners: rhizobia with their 
associated molecular patterns (MAMPs) and the plant, 
which forms two types of immune response (MIT/EIT) 
to infection, leads to the activation of symbiotic processes 
in host plants and suppression of their functional systems. 
The development of protective reactions of legume plants 
to the invasion of rhizobia is very similar to the processes 
of pathogenesis, however, the result of symbiotic 
interaction is not the inactivation of the microorganism, 
but rather the regulation of its reproduction and metabolic 
activity, primarily regulated by macrosymbionts. Clear 
regulation of pre-contact intermolecular events between 
both partners of symbiosis leads to the activation of the 
main pathways of symbiotic signals transduction and 
the successful development of organogenesis programs 
of the nodule – epidermal and cortical. The important 
participation of the reactive oxygen species in the 
regulation of symbiotic processes that occur on the early 
stages of interaction of macro- and microsymbionts (pre-
infection, infection, formation of infectious threads), as 
well as the prospects for further studies of these signaling 
molecules in integration with other transduction pathways 
of legume-rhizobial symbiosis formation were highlighted. 
The review summarizes current scientific information on 
the main molecular genetic mechanisms that underlie the 
regulation of symbiotic interaction of legumes with nodule 
bacteria, as well as the participation of reactive oxygen 
species in the formation of legume-rhizobial symbiosis.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

Andrio E, Marino D, Marmeys A et al. (2013) Hydrogen 
peroxide-regulated genes in the Medicago truncatula –
Sinorhizobium meliloti symbiosis. New Phytol 198(1):
179–189. doi: 10.1111/nph.12120

Bagam P, Singh DP, Inda ME, Batra S. (2017) Unravel-
ing the role of membrane microdomains during mi-
crobial infection. Cell Biol and Toxicol 33(5):429–
455. doi: 10.1007/s10565-017-9386-9 

Bao Y, Howell SH. (2017) The unfolded protein 
response supports plant development and defense as 
well as responses to abiotic stress. Front Plant Sci 
8:344. doi: 10.3389/fpls.2017.00344

Berrabah F, Ratet P, Gourion B. (2015) Multiple 

steps control immunity during the intracellular 
accommodation of rhizobia. J Exp Bot 66:1977–
1985. doi: 10.1093/jxb/eru545

Binder A, Parniske M. (2014) Analysis of the Lotus 
japonicus nuclear pore NUP107-160 subcomplex re-
veals pronounced structural plasticity and functional 
redundancy. Front Plant Sci. 4:552. doi: 10.3389/
fpls.2013.00552

Braun DA, Khokha MK, Hildebrandt F. (2018) Mu-
tations in multiple components of the nuclear pore 
complex cause nephrotic syndrome. J Clin Invest 
128(10):4313–4328. doi: 10.1172/JCI98688

Cao Y, Halane MK, Gassmann W, Stacey G. (2017) 
The role of plant innate immunity in the legume-rhi-
zobium symbiosis. Annu Rev Plant Biol 68:535–561. 
doi: 10.1146/annurev-arplant-042916-041030

Cardenas L, Martinez A, Sanchez F, Quinto C. (2008) 
Fast, transient and specific intracellular ROS changes 
in living root hair cells responding to Nod factors 
(NFs). Plant J 56(5):802–813. doi: 10.1111/j.1365-
313X.2008.03644.x

Cerri MR., Frances L, Laloum T et al. (2012) Medicago 
truncatula ERN transcription factors: regulatory in-
terplay with NSP1/NSP2 GRAS factors and exp-
ression dynamics throughout rhizobial infection. 
Plant Physiol 160:2155–2172. doi: 10.1104/pp.112.
203190

Chen C, Fan C, Gao M, Zhu H. (2009) Antiquity 
and function of CASTOR and POLLUX, the twin ion 
channel-encoding genes key to the evolution of root 
symbioses in plants. Plant Physiol 149(1):306–317. 
doi: 10.1104/pp.108.131540

Chou KC, Shen HB. (2010) Plant-mPLoc: a top–down 
strategy to augment the power for predicting plant 
protein subcellular localization. PLoS ONE 5(6): 
e11335. doi: 10.1371/journal.pone.0011335

Cho YH, Yoo SD. (2015) Novel connections and gaps 
in ethylene signaling from the ER membrane to 
the nucleus. Front. Plant Sci. 5:733. doi: 10.3389/
fpls.2014.00

Combier JP, Frugier F, de Billy F. (2006) MtHAP2-1 
is a key transcriptional regulator of symbiotic 
nodule development regulated by microRNA169 in 
Medicago truncatula. Genes Dev 20(22):3084–3088. 
doi: 10.1101/gad.402806

Costa A, Drago I, Behera S et al. (2010) H2O2 in plant 
peroxisomes: an in vivo analysis uncovers a Ca2+-
dependent scavenging system. Plant J 62(5):760–
772. doi: 10.1111/j.1365-313X.2010.04190.x

Czarnocka W, Karpi�ski S. Friend or foe? (2018) 
Reactive oxygen species production, scavenging and 
signaling in plant response to environmental stresses. 
Free Radical Biology and Medicine 122:4–20. doi: 
10.1016/j.freeradbiomed.2018.01.011



65ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2021. Ò. 55. ¹ 5

Ðåãóëÿö³ÿ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó: ìîëåêóëÿðíî-ãåíåòè÷í³ àñïåêòè

Damiani I, Drain A, Guichard M. (2016) Nod factor 
effects on root hair-specific transcriptome of Medi-
cago truncatula: focus on plasma membrane transport 
systems and reactive oxygen species networks. Front 
Plant Sci 7:794. doi: 10.3389/fpls.2016.00794

Desbrosses GJ, Stougaard J. (2011). Root nodulation: a 
paradigm for how plant-microbe symbiosis influences 
host developmental pathways. Cell Host Microbe 
10(4):348–358. doi: 10.1016/j.chom.2011.09.005

Fonouni-Farde C, Kisiala A, Brault M et al. (2017) 
DELLA1-mediated gibberellin signaling regulates 
cytokinin-dependent symbiotic nodulation. Plant 
Physiol 175(4):1795–1806. doi: 10.1104/ pp.17.00919 

Gamas P, Brault M, Jardinaud MF, Frugier F. (2017)
Cytokinins in symbiotic nodulation: When, Where, 
What for? Trends Plant Sci 22(9):792–802. doi: 
10.1016/j.tplants.2017.06.012

Garbetta D, Bretscher A. (2014) The surprising dynamics 
of scaffolding proteins. Mol Biol Cell 25(16):2315–
2319. doi: 10.1091/mbc.E14-04-0878

Glyanko AK. (2016) Defensive mechanisms of rhizobia-
infected legume plants. Visn. Hark. nac. agrar. univ., 
Ser. Biol. 1(37):63–77

Gourion B, Berrabah F, Ratet P, Stacey G. (2015) 
Rhizobium-legume symbioses: the crucial role of 
plant immunity. Trends Plant Sci 20(3):186–194. 
doi: 10.1016/j.tplants.2014.11.008

Groth M, Takeda N, Perry J et al. (2010) NENA, a 
Lotus japonicas homolog of Sec13, is required for 
rhizodermal infection by arbuscular mycorrhiza 
fungi and rhizobia but dispensable for cortical 
endosymbiotic development. Plant Cell 22:2509–
2526. doi: 10.1105/tpc.109.069

Groten K, Vanacker H, Duttileul C et al. (2005) The 
roles of redox processes in pea nodule development 
and senescence. Plant Cell Environ 28:1293–1304. 
doi: 10.1111/j.1365-3040.2005.01376.x

Guinel F. (2009a) Getting around the legume nodule: I. 
The structure of the peripheral zone in four nodule 
types. Botany 87:1117–1138. doi: 10.1139/b09-074 

Guinel FC. (2009b) Getting around the legume nodule: 
II. Molecular biology of its peripheral zone and 
approaches to study its vasculature. Botany 87:1139–
1166. doi: 10.1139/b09-075

Haney CH, Long SR. (2010) Plant flotillins are required 
for infection by nitrogen-fixing bacteria. PNAS 
107(1):478–483. doi: 10.1073/pnas.0910081107

Harrison J, Jamet A, Muglia CI et al. (2005) Glutathione 
plays a fundamental role in growth and symbiotic 
capacity of Sinorhizobium meliloti. J Bacteriol 187(1):
168–174. doi: 10.1128/JB.187.1.168-174.2005

Hasanuzzaman M, Bhuyan MH, Zulfiqar F et al. (2020) 
Reactive oxygen species and antioxidant defense in 
plants under abiotic stress: revisiting the crucial role 

of a universal defense regulator. Antioxidants (Basel) 
9(8):681. doi: 10.3390/antiox9080681. 

Hastwell AH, Gresshoff PM, Ferguson BJ. (2014) The 
structure and activity of nodulation-suppressing 
CLE peptide hormones of legumes. Functional Plant 
Biology 42(3):229–238. doi: 10.1071/FP14222

Hayashi T, Banba M, Shimoda Y et al. (2010) A domi-
nant function of CCaMK in intracellular accom-
modation of bacterial and fungal endosymbionts. 
Plant J 63:141–154. doi: 10.1111/j.1365-313X.2010.
04228.x

Hirsch S, Oldroyd GED. (2014) GRAS-domain trans-
cription factors that regulate plant development. 
Plant Signaling and Behavior 4(8):698–700. doi: 
10.4161/psb.4.8.9176

Hoffmann-Sommergruber K. (2002) Pathogenesis-re-
lated (PR)-proteins identified as allergens. Biochem 
Soc Trans 30(6):930–935. doi: 10.1042/bst0300930

Hossain MdS, Liao J, James EK et al. (2012) Lotus 
japonicus ARPC1 is required for rhizobial infection. 
Plant Physiol 160(2):917–928. doi: 10.1104/pp.112.
202572

Jamet A, Mandon K, Puppo A, Herouart D. (2007) H2O2 
is required for optimal establishment of the Medicago 
sativa/Sinorhizobium meliloti symbiosis. J of Bacteriol 
189(23):8741–8745. doi: 10.1128/JB.01130-07

Jin Y, Liu H, Luo D et al. (2016) DELLA proteins 
are common components of symbiotic rhizobial 
and mycorrhizal signalling pathways. Nat Commun 
7:12433. doi: 10.1038/ncomms12433.

Jin JH, Wang M, Zhang HX et al. (2018) Genome-wide 
identification of the AP2/ERF transcription factor 
family in pepper (Capsicum annuum L.). Genome 
61(9):663-674. doi: 10.1139/gen-2018-0036

Inzieze A, Vanderauwera S, Hoeberichts FA et al. 
(2011) A subcellular localization compendium of 
hydrogen peroxide-induced proteins. Plant, Cell and
Environment 35(2):308–320. doi: 10.1111/j.1365-3040.
2011.02323.x

Kawaharada Y, Kelly S, Wibroe NM et al. (2015) Re-
ceptor-mediated exopolysaccharide perception controls
bacterial infection. Nature 523:308–312. doi: 10.
1038/nature14611

Kawaharada Y, James EK, Kelly S et al. (2017) The 
ethylene responsive factor required for nodulation 
1 (ERN1) transcription factor is required for in-
fection-thread formation in Lotus japonicas. Mol 
Plant Microbe Interact. (3):194–204. doi: 10.1094/
MPMI-11-16-0237-R

Khafi AS, Iranbakhsh A, Afshar AS et al. (2020) RBOH 
expression and ROS metabolism in Citrullus colo-
cynthis under cadmium stress. Brazilian J of Botany. 
43(1):35–43. doi: 10.1007/s40415-020-00581-z 

Kim S, Zeng W, Bernard Svet al. (2019) Ca2+-regulated 



66 ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2021. Ò. 55. ¹ 5

Ò.Ï. Ìàìåíêî

Ca2+ channels with an RCK gating ring control 
plant symbiotic associations. Nature Commun 
10(3703):1–12. doi: 10.1038/s41467-019-11698-5

Kim EJ, Kim YJ, Hong WJ et al. (2019) Genome-wide 
analysis of root hair preferred RBOH genes suggests 
that three RBOH genes are associated with auxin-
mediated root hair development in rice. J of Plant 
Biol 62(3):229–238. doi: 10.1007/s12374-019-0006-5

Kirienko AN, Porozov YB, Malkov NV et al. (2018) 
Role of a receptor-like kinase K1 in pea Rhizobium 
symbiosis development. Planta 248(5):1101–1120. 
doi:10.1007/s00425-018-2944-4 

Kosuta S, Held M, Hossain MS et al. (2011) Lotus ja-
ponicus symRK-14 uncouples the cortical and epi-
dermal symbiotic program. Plant J 67(5):929–940. 
doi: 10.1111/j.1365-313X.2011.04645.x

Kots SYa, Hryshchuk OO. (2019) Phytohormonal re-
gulation of legume-rhizobium symbiosis. Fiziologiya 
rasteniy i genetika. 51(1):1–27. doi: 10.15407/frg
2019.01.003

Kots SYa, Mamenko TP, Khomenko YuA. (2019) The 
content of hydrogen peroxide and catalase activity in 
different on effectiveness of symbiotic systems Gly-
cine max – Bradyrhizobium japonicum under drought 
conditions. Mikrobiol Z 81(4):65–72. doi: 10.15407/
microbiolj81.04.062 

Kumar S, Kumar A, Mamidi P et al. (2018) Chikungunya 
virus nsP1 interacts directly with nsP2 and modulates 
its ATPase activity. Sci Rep 8(1):1045. doi: 10.1038/
s41598-018-19295-0

Laffont C, Ivanovici A, Gautrat P et al. (2020) The 
NIN transcription factor coordinates CEP and CLE 
signaling peptides that regulate nodulation antago-
nistically. Nature Commun 11:3167. doi: 10.1038/
s41467-020-16968-1

Lang C, Long SR. (2015) Transcriptomic analysis of 
Sinorhizobium meliloti and Medicago truncatula sym-
biosis using nitrogen fixation-deficient nodules. Mol 
Plant Microbe Intract 28(8):856–868. doi: 10.1094/
MPMI-12-14-0407-R

Laxa M, Liebthal M, Telman W et al. (2019) The role 
of the plant antioxidant system in drought tolerance. 
Antioxidants (Basel) 8(4):1–31. doi: 10.3390/an-
tiox8040094

Lefebvre B, Timmers T, Mbengue M et al. (2010) A 
remorin protein interacts with symbiotic receptors 
and regulates bacterial infection. PNAS 107(5):2343–
2348. doi: 10.1073/pnas.0913320107

Li H, Chen M, Duan L et al. (2018) Domain swap 
approach reveals the critical roles of different do-
mains of SYMRK in root nodule symbiosis in Lo-
tus japonicus Front Plant Sci 9:1–10. doi: 10.3389/
fpls.2018.00697

Limpens E, van Zeijl A, Geurts R. (2015) Lipochitooli-

gosaccharides modulate plant host immunity to en-
able endosymbiosis. Annu Rev Phytopathol 53:151–
154. doi: 10.1146/annurev-phyto-080614-120149

Liu J, Bisseling T. (2020) Evolution of NIN and
NIN-like genes in relation to nodule symbiosis. 
Genes 11:1–15. doi: 10.3390/genes11070777

Liu M, Soyano T, Yano K et al. (2019) ERN1 and 
CYCLOPS coordinately activate NIN signaling 
to promote infection thread formation in Lotus 
japonicas. J Plant Res 132(5):641–653. doi: 10.1007/
s10265-019-01122-w

Liu H, Zhang C, Yang J et al. (2018) Hormone modula-
tion of legume-rhizobial symbiosis. Integr Plant Biol 
60(8):632–648. doi: 10.1111/jipb.12653

Lohar DP, Haridas S, Gantt JS. (2007) A transient 
decrease in reactive oxygen species in roots leads 
to root hair deformation in the legume–rhizobia 
symbiosis. New Phytologist 173(1):39–49. doi: 
10.1111/j.1469-8137.2006.01901.x

Lopez-Gomez M, Sandal N, Stougaard J, Boller T. 
(2012) Interplay of flg22-induced defence respons-
es and nodulation in Lotus japonicus. J Exp Bot 
63:393–401. doi: 10.1093/jxb/err291

Mamenko TP, Khomenko YuO, Kots SYa. (2018) 
Activity of superoxide dismutase and enzymes of 
ascorbate-glutathione cycle in Glycine max – Bra-
dyrhizobium japonicum symbiotic systems with action 
drought. Mikrobiol Z 80(3):77–88. doi: 10.15407/
microbiolj80.03.077

Mamenko TP, Khomenko YO, Kots SY. (2019) Influ-
ence of fungicides on activities of enzymes of pheno-
lic metabolism in the early stages of formation and 
functioning of soybean symbiotic apparatus. Regula-
tory Mechanisms in Biosystems 10(1):111–116. doi: 
10.15421/021917

Marino D, Andrio E, Danchin EGJ et al. (2011) A Me-
dicago truncatula NADPH oxidase is involved in sym-
biotic nodule functioning. New Phytologist 189(2):
580–592. doi: 10.1111/j.1469-8137.2010.03509.x

Marino D, Dunand C, Puppo A, Pauly N. (2012) A 
burst of plant NADPH oxidases. Trends in Plant Sci 
17(1):9–15. doi: 10.1016/j.tplants.2011.10.001

Matamoros MA., Dalton DA., Ramos J et al. (2003) 
Biochemistry and molecular biology of antioxidants 
in the rhizobia-legume symbiosis. Plant Physiol 
133(2):499–509. doi: 10.1104/pp.103.025619

Mbengue M, Camut S, de Carvalho-Niebel F et et al. 
(2010) The Medicago truncatula E3 ubiquitin ligase 
PUB1 interacts with the LYK3 symbiotic receptor and 
negatively regulates infection and nodulation. Plant 
Cell 22:3471–3488. doi: 10.11105/tpc.110.075861

Mhamdi A, Van Breusegem F. (2018) Reactive 
oxygen species in plant development. Development 
145(15):1–12. doi:10.1242/dev.164376



67ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2021. Ò. 55. ¹ 5

Ðåãóëÿö³ÿ áîáîâî-ðèçîá³àëüíîãî ñèìá³îçó: ìîëåêóëÿðíî-ãåíåòè÷í³ àñïåêòè

Mittler R, Vanderauwera S, Suzuki N et al. (2011) 
ROS signaling: the new wave? Trends in Plant Sci 
16:300–309. doi: 10.1016/j.tplants.2011.03.007

Miyata K, Kawaguchi M, Nakagawa T. (2013). Two 
distinct EIN2 genes cooperatively regulate ethylene 
signaling in Lotus japonicus. Plant Cell Physiol 
54:1469–1477. doi: 10.1093/pcp/pct095

Miyahara A, Richens J, Starker C et al. (2010) Conser-
vation in function of a SCAR/WAVE component 
during infection thread and root hair growth in Me-
dicago truncatula. Molecular Plant-Microbe Inter-
actions 23(12):1553–1562. doi: 10.1094/MPMI-06-
10-0144

Montiel J, Nava N, Cardenas L et al. (2012) Phaseolus 
vulgaris NADPH oxidase gene is required for 
root infection by rhizobia. Plant and Cell Physiol 
53(10):1751–1767. doi: 10.1093/pcp/pcs120

Morgun VV, Kots SYa, Mamenko TP, Vorobey NA. 
(2020) Lipid peroxidation intensity in different on 
effectiveness of symbiotic systems Glycine max – 
Bradyrhizobium japonicum under drought conditions. 
Mikrobiol Z 82(4):23–30. doi: 10.15407/microbi-
olj82.04.023 

Murray JD. (2011) Invasion by invitation: rhizobial 
infection in legumes. Mol Plant Microbe Interact 
24(6):631–639. doi: 10.1094/MPMI-08-10-0181

Murray JD, Muni RRD, Torres-Jerez I et al. (2011) 
Vapyrin, a gene essential for intracellular progression 
of arbuscular mycorrhizal symbiosis, is also essential 
for infection by rhizobia in the nodule symbiosis of 
Medicago truncatula. Plant J 65(2):244–252. doi: 
10.1111/j.1365-313X.2010.04415.x.

Nakagawa T, Kaku H, Shimoda Y et al. (2011) From 
defense to symbiosis: limited alterations in the kinase 
domain of LysM receptor-like kinases are crucial for 
evolution of legume-Rhizobium symbiosis. Plant J 
65:169–180. doi: 10.1111/j.1365-313X.2010.04411.x

Nanda AK, Andrio E, Marino D et al. (2010) Reactive 
oxygen species during plant-microorganism early in-
teractions. J Integr Plant Biol 52(2):195–204. doi: 
10.1111/j.1744-7909.2010.00933.x.

Nishida H, Tanaka S, Handa Y et al. (2018) NIN-LIKE 
PROTEIN mediates nitrate-induced control of root 
nodule symbiosis in Lotus japonicus. Nat Commun 
9(1):499. doi: https://doi.org/10.1038/s41467-018-
02831-x

Noctor G, Reichheld JP, Foyerd CH. (2018) ROS-re-
lated redox regulation and signaling in plants. Semi-
nars in Cell & Developmental Biology 80:3–12. doi: 
10.1016/j.semcdb.2017.07.013

Oldroyd GE, Murray JD, Poole PS, Downie JA. (2011) 
The rules of engagement in the legume-rhizobial 
symbiosis. Annu Rev Genet 45:119–144. doi: 
10.1146/annurev-genet-110410-132549

Oldroyd GED. (2013) Speak, friend, and enter: signalling 
systems that promote beneficial associations in plants. 
Nat Rev 11:252–263. doi: 10.1038/nrmicro2990

Ott T. (2017) Membrane nanodomains and microdomains 
in plant–microbe interactions. Cur Opin in Plant 
Biol 40:82–88. doi: 10.1016/j.pbi.2017.08.008

Pavlyshche AV, Mamenko TP, Rybachenko LI, Kots 
SYa. (2018) Influence of fungicides on the forma-
tion, function and peroxidase activity of root soy-
bean nodules at inoculation by rhizobia incubated 
with lectin. Mikrobiol Z 80(5):76–89. doi: 10.15407/
microbiolj80.05.076

Plet J, Wasson A, Ariel F et al. (2011) MtCRE1-depen-
dent cytokinin signaling integrates bacterial and plant 
cues to coordinate symbiotic nodule organogenesis 
in Medicago truncatula. Plant J 65(4):622–633. doi: 
10.1111/j.1365-313X.2010.04447.x

Pongsilp N, Nimnoi P. (2020) Inoculation of Ensifer 
fredii strain LP2/20 immobilized in agar results 
in growth promotion and alteration of bacterial 
community structure of Chinese kale planted soil. 
Scientific Reports 10:15857. doi: 10.1038/s41598-
020-72986-5

Ramu SK, Peng HM, Cook DR. (2002) Nod factor 
induction of reactive oxygen species is correlated 
with expression of the early nodulin gene rip1 in 
Medicago truncatula. Mol PlantMicrobe Interact 
15(6):522–528. doi: 10.1094/MPMI.2002.15.6.522

Saha S, Paul A, Herring L et al. (2016) Gatekeeper 
tyrosine phosphorylation of SYMRK is essential for 
synchronizing the epidermal and cortical responses 
in root nodule symbiosis. Plant Physiol 171:71–81. 
doi: 10.1104/pp.15.01962

Salanenka Y, Verstraeten I, Lofke C et al. (2018) Gib-
berellin DELLA signaling targets the retromer 
complex to redirect protein trafficking to the plasma 
membrane. Proc Natl Acad Sci USA 115(14):3716–
3721. doi: 10.1073/pnas.1721760115

Santos R, Herouart D, Puppo A, Touati D. (2000) Criti-
cal protective role of bacterial superoxide dismutase in 
Rhizobium-legume symbiosis. Mol Microbiol. 38(4):
750–759. doi: 10.1046/j.1365-2958.2000.02178.x

Schaller A, Stintzi A, Graff L. (2012) Subtilases – 
versatile tools for protein turnover, plant develop-
ment, and interactions with the environment. Physiol 
Plantarum 145(1):52–66. doi: 10.1111/j.1399-3054
2011.01529.x

Schwember AR, Schulze J, Del PA, Cabeza RA. (2019) 
Regulation of symbiotic nitrogen fixation in legume 
root nodules. Plants (Basel) 8(9):333. doi: 10.3390/
plants8090333

Segal LM, Wilson R. (2018) Reactive oxygen species 
metabolism and plant-fungal interactions. Fungal 
Genet Biol 110:1–9. doi: 10.1016/j.fgb.2017.12.003



68 ISSN 0564–3783. Öèòîëîã³ÿ ³ ãåíåòèêà. 2021. Ò. 55. ¹ 5

Ò.Ï. Ìàìåíêî

Shaw SL, Long SR. (2003) Nod factor inhibition of 
reactive oxygen efflux in a host legume. Plant Physiol 
132(4):2196–2204. doi: 10.1104/pp.103.021113

Sidhu NS, Pruthi G, Singh S et al. (2020) Genome-wide 
identification and analysis of GRAS transcription 
factors in the bottle gourd genome. Scientific Reports 
10:14338. doi: 10.1038/s41598-020-71240-2

Sierla M, Waszczak C, Vahisalu T, Kangasjärvi J. (2016) 
Reactive oxygen species in the regulation of stomatal 
movements. Plant Physiol 171(3):1569–1580. doi: 10.
1104/pp.16.0 0328

S ingh S, Katzer  K, Lambert J et al. (2014) CYCLOPS, 
a DNA-binding transcriptional activator, orchestra-
tes symbiotic root nodule development. Cell Host
& Microbe 15(2):127–129. doi: 10.1016/j.chom.2014.
01.011

Singh A, Kumar A, Yadav S, Singh IK. (2019) Reac-
ive oxygen species-mediated signaling during abio-
tic stress. Plant Gene 18:10017. doi: 10.1016/j.plgene.
2019.100173

Stracke S, Kistner C, Yoshida S et al. (2002) A plant 
receptor-like kinase required for both fungal and 
bacterial symbiosis. Nature 417:959–962. doi: 10.
1038/nature00841

Suzaki T, Yoro E, Kawaguchi M. (2015). Legumi-
nous plants: inventors of root nodules to accom-
modate symbiotic bacteria. Int Rev Cell Mol Biol
316:111–158. doi: https://doi.org/10.1016/bs.ircmb.
2015.01.004

Tsyganov VE, Tsyganova AV. (2020) Symbiotic re-
gulatory genes controlling nodule development in
Pisum sativum L. Plants 9:1741. doi: 10.3390/plants
9121741

Tsygankova AV, Tsygankov V, Borisov AYu et al. (2009) 
Comparative cytochemical analysis of hydrogen per-
oxide distribution in pea ineffective mutant SGE-
FIX-1 (Sym40) and initial SGE. Ekologicheskaya 
genetika 7(3):1–9

Tonelli ML, Figueredo MS, Rodríguez J et al. (2020) 
Induced systemic resistance-like responses elicited
by rhizobia. Plant and Soil 448(4):1–14. doi: 10.
1007/s11104-020-04423-5

Tóth K, Stratil TF, Madsen EB et al. (2012) Functional 
domain analysis of the Remorin protein LjSYMREM1 
in Lotus japonicas. PLoS One 7(1):e30817. doi: 10.
1371/journal.pone.0030817

Vasileva GG, Glyanko AK, Mironova NV, Shmakov 
VN. (2007) The content of hydrogen peroxide and 
catalase activity in sites of pea roots with different 
sensitivity to infection by nitrogen-fixing bacteria. 
Visn. Hark. nac. agrar. univ. Ser. Biol. 1(10):59–64

Vernié T, Kim J, Frances L et al. (2015) The NIN 
transcription factor coordinates diverse nodulation 
programs in different tissues of the Medicago trun-
catula root. Plant Cell 27(12):3410–3424. doi: 10.
1105/tpc.15.00461

Wang Y, Branicky R, Noë A, Hekimi S. (2018) Su-
peroxide dismutases: Dual roles in controlling ROS 
damage and regulating ROS signaling. J. Cell Biol. 
217(6):1915–1928. doi: 10.1083/jcb.201708007

Wang Q, Liu J, Zhu H. (2018) Genetic and molecular 
mechanisms underlying symbiotic specificity in le-
gume-rhizobium interactions. Front Plant Sci 9:313. 
doi: 10.3389/fpls.2018.00313

Wisniewski JP, Rathbun EA, Knox JP, Brewin NJ et al. 
(2000) Involvement of diamine oxidase and peroxidase 
in insolubilization of the extracellular matrix: 
implications for pea nodule initiation by Rhizobium 
leguminosarum. Mol Plant Microbe Interact 13(4): 
413–420. doi: 10.1094/MPMI.2000.13.4.413

Xue L, Cui H, Buer B et al. (2015) Network of GRAS 
transcription factors involved in the control of ar-
buscule development in Lotus japonicus. Plant Physiol
167(3):854–871. doi: 10.1104/ pp.114.255430

Yoro E, Suzaki T, Toyokura K, Miyazawa H et al. 
(2014). A positive regulator of nodule organogenesis, 
Nodule Inception, acts as a negative regulator of 
rhizobial infection in Lotus japonicus. Plant Physiol 
165:747–758. doi: 10.1104/pp.113.23337 9

Yu S, K akar KU,  Yang Z et al. (2020) Systematic 
study of the stress-responsive Rboh gene family in 
Nicotiana tabacum: Genome-wide identification, 
evolution and role in disease resistance. Genomics 
112(2):1404–1418. doi: 10.1016/j.ygeno.2019.08.010

Zamioudis C, Pieterse CMJ. (2012) Modulation of host 
immunity by beneficial microbes. Mol. Plant Mi-
crobe Intract 25:139–150. doi: 10.1094/MPMI-06-
11-0179

Íàä³éøëà â ðåäàêö³þ 09.04.21 
Ï³ñëÿ äîîïðàöþâàííÿ 27.04.21 

Ïðèéíÿòà äî äðóêó 18.09.21



<<
  /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


