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Âñòóï
Äëÿ ñòâîðåííÿ íîâèõ ñîðò³â òà ë³í³é àìô³äè-

ïëî¿äíî¿ ïøåíèö³ çàëó÷àþòü ¿¿ ð³çíîìàí³òí³ 
ôîðìè, ÿê³ ìàþòü ãîñïîäàðñüêî-ö³íí³ îçíàêè 
³ç ìàêñèìàëüíèì ïðîÿâîì. Äî òàêèõ îçíàê â³ä-
íîñÿòü ñóìàðíó ìàñó 1000 çåðåí, âèñîòó ðîñ-
ëèí, ¿¿ îï³ðí³ñòü âèëÿãàííþ, âèñîêèé óì³ñò 
á³ëêà â çåðí³, ñò³éê³ñòü ïðîòè óðàæåííÿ õâîðî-
áàìè òà óøêîäæåííÿ øê³äíèêàìè òîùî. Íà-
ðàç³ ó ñâ³ò³ ñïîñòåð³ãàþòü çá³äíåííÿ ãåíîôîíäó 
àìô³äèïëî¿äíèõ ïøåíèöü. Âîíî ïîâ’ÿçàíå ³ç 
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Ìåòà. Äîñë³äèòè åêñïðåñ³þ ãåí³â gus òà gfp â êàëþñíèõ åêñïëàíòàõ àìô³äèïëî¿äíî¿ ïøåíèö³ ñïåëüòè (Triticum spelta L.) ï³ñëÿ 
Agrobacterium-îïîñåðåäêîâàíî¿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿. Ìåòîäè. Äëÿ òðàíñôîðìàö³¿ áóëî îáðàíî ñîðò ïøåíèö³ ñïåëüòè 
îçèìî¿ ‘ªâðîïà’. ßê åêñïëàíòè âèêîðèñòîâóâàëè êàëþñè, îòðèìàí³ ³ç çð³ëèõ çàðîäê³â. Ïðåêóëüòèâàö³þ êàëþñ³â çä³éñíþâàëè 
íà æèâèëüíîìó ñåðåäîâèù³ ÌÑ (Ìóðàñ³ãå–Ñêóãà), äîïîâíåíîìó 2 ìã/ë 2,4-Ä (2,4-äèõëîðôåíîêñèîöòîâà êèñëîòà) òà 10 ìã/ë 
í³òðàòîì ñð³áëà. Äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ âèêîðèñòîâóâàëè Agrobacterium tumefaciens Conn., øòàì GV3101, òà ãåíåòè÷-
íó êîíñòðóêö³þ ç ðåïîðòåðíèìè ãåíàìè gus [ãåí áåòà-ãëþêóðîí³äàçè (β-glucuronidase)] òà gfp [ãåí çåëåíîãî ôëþîðåñöåíò-
íîãî á³ëêà (Green Fluorescent Protein, GFP)]. Êàëþñè òðàíñôîðìóâàëè øëÿõîì ³íîêóëÿö³¿ ç àãðîáàêòåð³ÿìè òà âàêóóìíîþ 
³íô³ëüòðàö³ºþ. Äàë³ ¿õ êî-êóëüòèâóâàëè íà ñåðåäîâèù³ ÌÑ ³ç 2 ìã/ë 2,4-Ä òà 10 ìã/ë AgNO

3
, àëå áåç àíòèá³îòèê³â. Åêñïðåñ³þ 

ãåíà gus ïåðåâ³ðÿëè çà äîïîìîãîþ ã³ñòîõ³ì³÷íîãî, à ãåíà gfp – â³çóàëüíîãî àíàë³çó (ôëóîðåñöåíö³ÿ á³ëêà GFP â ÓÔ ñâ³òë³). 
Ð³âí³ åêñïðåñ³¿ ãåí³â gfp òà gus îö³íþâàëè çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ ImajeJ. ²íòåãðàö³þ ãåí³â gfp òà gus â 
ãåíîì ñïåëüòè ïåðåâ³ðÿëè ìåòîäîì ÏËÐ. Ðåçóëüòàòè. Ãåíåòè÷íà òðàíñôîðìàö³ÿ êàëþñíèõ åêñïëàíò³â ñïåëüòè øëÿõîì ¿õíüî¿ 
³íîêóëÿö³¿ â æèâèëüíîìó ñåðåäîâèù³ ç àãðîáàêòåð³ÿìè òà âàêóóìíîþ ³íô³ëüòðàö³ºþ â³äáóâàëàñü ç ð³çíîþ ÷àñòîòîþ. Ð³âåíü 
åêñïðåñ³¿ ãåíà gus çà âàêóóìíî¿ ³íô³ëüòðàö³¿ ñòàíîâèâ 4,66 ± 0,74%, çà ³íîêóëÿö³¿ – 4,00 ± 0,91%; à ãåíà gfp çà âàêóóìíî¿ 
³íô³ëüòðàö³¿ – 3,66 ± 0,74%, çà ³íîêóëÿö³¿ – 4,66 ± 1,39%. Ð³âåíü åêñïðåñ³¿ ãåíà gfp áóâ âèùèì ó ðàç³ âèêîðèñòàííÿ ³íîêóëÿö³¿ 
ç àãðîáàêòåð³ÿìè, à ãåíà gus – ïðè âàêóóìí³é ³íô³ëüòðàö³¿. Çà äîïîìîãîþ ÏËÐ-àíàë³çó áóëî ï³äòâåðäæåíî ³íòåãðàö³þ ãåí³â 
gfp òà gus â ãåíîì êàëþñ³â ñïåëüòè. Äîâæèíà ÏËÐ ïðîäóêòó ³ç ïðàéìåðàìè äî ãåíà gus ñòàíîâèëà 240 ï. í., à äî ãåíà 
gfp – 717 ï. í. Âèñíîâêè. Âèêîðèñòàííÿ ìåòîä³â âàêóóìíî¿ ³íô³ëüòðàö³¿ òà ³íîêóëÿö³¿ äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ ñïåëü-
òè äàëè ð³çí³ ðåçóëüòàòè. ×àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êîëèâàëàñü â³ä 3,66 äî 4,66%. Agrobacterium-îïîñåðåäêîâàíà 
ãåíåòè÷íà òðàíñôîðìàö³ÿ àìô³äèïëî¿äíî¿ ïøåíèö³ ñïåëüòè äîçâîëÿº äîñë³äèòè åêñïðåñ³þ ðåïîðòåðíèõ ãåí³â gus òà gfp çà 
âèêîðèñòàííÿ êàëþñíèõ åêñïëàíò³â, îòðèìàíèõ ³ç çð³ëèõ çàðîäê³â.
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âèêîðèñòàííÿì ó ðîáîò³ áàãàòüîõ ãåíîòèï³â, 
ùî íå ñèëüíî ð³çíÿòüñÿ ì³æ ñîáîþ. Êð³ì òîãî, 
ôàêòè÷íî êîæíå äåñÿòèë³òòÿ ç’ÿâëÿþòüñÿ íîâ³ 
øòàìè çáóäíèê³â ³íôåêö³éíèõ õâîðîá ðîñëèí 
³ çì³íþþòüñÿ êë³ìàòè÷í³ óìîâè.

Òðàäèö³éíà ñåëåêö³ÿ íå çàâæäè âñòèãàº çà-
äîâîëüíèòè ïîòðåáè ñóñï³ëüñòâà, à ³íîä³ öå 
ïðîñòî íåìîæëèâî. Òîìó äîö³ëüíî âäàâàòèñü 
äî ³íøèõ ìåòîä³â îäåðæàííÿ íîâèõ ôîðì àì-
ô³äèïëî¿äíî¿ ïøåíèö³. Äî òàêèõ íîâèõ ìåòî-
ä³â â³äíîñÿòü ãåíåòè÷íó òðàíñôîðìàö³þ ðîñ-
ëèí, ÿêà áóâàº ÿê ïðÿìîþ, òàê ³ íåïðÿìîþ. 
Ïðÿìà ãåíåòè÷íà òðàíñôîðìàö³ÿ â³äáóâàºòü-
ñÿ ïðè á³îáàë³ñòè÷íîìó áîìáàðäóâàíí³ åêñ-
ïëàíò³â ðîñëèí ÷àñòèíêàìè çîëîòà àáî âîëü-
ôðàìó, íà ÿê³ íàøàðîâóþòü ïëàçì³äíó ÄÍÊ 
[1]. Íåïðÿìà â³äáóâàºòüñÿ çà ó÷àñò³ â³äïîâ³ä-
íîãî øòàìó àãðîáàêòåð³é òà º äîñèòü ïîøèðå-
íèì ìåòîäîì [2]. Agrobacterium-îïîñåðåä-
êîâàíà òðàíñôîðìàö³ÿ ìîæå â³äáóâàòèñü 
øëÿõîì ³íîêóëÿö³¿ åêñïëàíò³â àãðîáàêòåð³ÿ-
ìè â ð³äêîìó æèâèëüíîìó ñåðåäîâèù³ âïðî-
äîâæ ïåâíîãî ÷àñó, ïðîòÿãîì ÿêîãî àãðîáàêòå-
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ð³¿ ïîñòóïîâî ïðîíèêàþòü â òêàíèíè åêñ-
ïëàíò³â [2–4], àáî øëÿõîì âàêóóìíî¿ ³íô³ëü-
òðàö³¿ – êîëè â ñïåö³àëüíèõ óìîâàõ ñòâîðþ-
þòü ð³çíèöþ òèñêó ì³æ çàìêíóòîþ êàìåðîþ 
òà íàâêîëèøí³ì ñåðåäîâèùåì, ùî äîçâîëÿº 
àãðîáàêòåð³ÿì ïðîíèêàòè äî òêàíèí [5, 6].

Âàæëèâèì åòàïîì ðîáîòè º âèá³ð ðîáî÷îãî 
øòàìó Agrobacterium tumefaciens Conn. Ç ë³-
òåðàòóðíèõ äæåðåë â³äîìî, ùî äëÿ ãåíåòè÷-
íî¿ òðàíñôîðìàö³¿ âèêîðèñòîâóþòü øòàìè 
EHA105 [7], AGL-1 [2, 8, 9, 10], GV3101 [11], 
LBA4404 [2] òà ³íø³. Çàçâè÷àé, âèêîðèñòîâó-
þòü í³÷íó êóëüòóðó àãðîáàêòåð³é, ÿêó íàðî-
ùóþòü ó ð³äêîìó æèâèëüíîìó ñåðåäîâèù³ 
LB (Ëóð³ÿ–Áåðòðàí³) çà òåìïåðàòóðè 28 °Ñ 
[10, 12]. Åêñïëàíòàìè äëÿ ãåíåòè÷íî¿ òðàíñ-
ôîðìàö³¿ â àìô³äèïëî¿äíî¿ ïøåíèö³ ìîæóòü 
áóòè ÿê çð³ë³ [10, 13], òàê ³ íåçð³ë³ çàðîäêè 
[8, 14]. Ïåðåä òðàíñôîðìàö³ºþ ïðîâîäÿòü 
ïðåêóëüòèâàö³þ åêñïëàíò³â íà æèâèëüíîìó 
ñåðåäîâèù³ ÌÑ ç àóêñèíîì. Äëÿ ì’ÿêî¿ ïøå-
íèö³ íàéêðàùå ï³äõîäèòü 2,4-Ä ó êîíöåíòðà-
ö³ÿõ 2–4 ìã/ë [2, 13, 15]. Çàçâè÷àé ïðåêóëü-
òèâàö³ÿ ïðîõîäèòü ó òåìðÿâ³ òà ìîæå òðèâàòè 
ê³ëüêà ä³á [2, 16]. Öå çàëåæèòü â³ä îñîáëèâîñ-
òåé îáðàíîãî ãåíîòèïó ïøåíèö³ òà â³ä óìîâ 
êóëüòèâóâàííÿ (òåìïåðàòóðà, â³äíîñíà âîëî-
ã³ñòü, ñêëàä æèâèëüíîãî ñåðåäîâèùà òîùî).

Ãåíåòè÷íó òðàíñôîðìàö³þ êàëþñíèõ åêñ-
ïëàíò³â çàçâè÷àé ïðîâîäÿòü, çàíóðèâøè ¿õ ó 
ñóñïåíç³þ â³äïîâ³äíîãî øòàìó àãðîáàêòåð³é 
ó ð³äêîìó æèâèëüíîìó ñåðåäîâèù³. Äëÿ ðî-
áîòè àãðîáàêòåð³àëüíà ñóñïåíç³ÿ ìàº áóòè 
ïåâíî¿ êîíöåíòðàö³¿, îïòè÷íà ù³ëüí³ñòü 
(OD

600 
– Optical Density) ÿêî¿ çàëåæèòü â³ä 

âèáðàíîãî ðîáî÷îãî øòàìó ³ ñêëàäó êóëüòó-
ðàëüíîãî ñåðåäîâèùà òà ìîæå âàð³þâàòè â 
ìåæàõ â³ä 0,4 äî 3 [2, 14, 17, 18].

Ï³ä ÷àñ ³íîêóëÿö³¿ àãðîáàêòåð³¿ ðàçîì ç 
åêñïëàíòàìè âíîñÿòü äî ð³äêîãî ³íîêóëÿö³é-
íîãî ñåðåäîâèùà, ñêëàä ÿêîãî ìîæå â³äïîâ³-
äàòè ñåðåäîâèùó ÌÑ [18, 19] àáî áëèçüêîìó 
äî íüîãî òà ì³ñòèòè ðåãóëÿòîðè ðîñòó [17]. 
Â³äîìî, ùî äëÿ ïîêðàùåííÿ ïîçèòèâíîãî õå-
ìîòàêñèñó àãðîáàêòåð³é äî ¿õíüî¿ ñóñïåíç³¿ 
ìîæíà äîäàâàòè ñïîëóêè ôåíîëüíî¿ ïðèðîäè, 
çîêðåìà àöåòîñ³ð³íãîí â êîíöåíòðàö³¿ 200–
400 µÌ [14, 20]. ²íîêóëÿö³ÿ ìîæå òðèâàòè â³ä 
15 õâ äî ê³ëüêîõ ãîäèí, çàëåæíî â³ä òèïó 
åêñïëàíò³â. Äëÿ ñâ³æîâèä³ëåíèõ íåçð³ëèõ 
çàðîäê³â àìô³äèïëî¿äíèõ ïøåíèöü âîíà 
ìîæå òðèâàòè äî 3 ãîä ïðè òåìïåðàòóð³ 23–
25 °Ñ, íàòîì³ñòü äëÿ ïðåêóëüòèâîâàíèõ íå-
çð³ëèõ çàðîäê³â – äî 1 ãîä, à äëÿ åìáð³îãåí-
íîãî êàëþñó – äî ê³ëüêîõ ãîäèí [2].

Ï³ñëÿ ³íîêóëÿö³¿ â æèâèëüíîìó ñåðåäîâè-
ù³ ç àãðîáàêòåð³ÿìè ðîñëèíí³ åêñïëàíòè ïå-
ðåíîñÿòü íà ñåðåäîâèùå áåç àíòèá³îòèê³â ³ 

í³òðàòó ñð³áëà â òåìðÿâó íà ê³ëüêà ä³á äëÿ 
êî-êóëüòèâóâàííÿ. Äàë³ ¿õ â³äìèâàþòü â³ä 
àãðîáàêòåð³é â ðîç÷èí³ àíòèá³îòèêó, íàïðè-
êëàä, öåôòðèàêñîíó àáî ò³ìåíòèíó [2, 16], à 
â³äìèò³ êàëþñí³ åêñïëàíòè ïåðåíîñÿòü íà 
æèâèëüíå ñåðåäîâèùå äëÿ ðåãåíåðàö³¿, ÿêå 
ìîæå ì³ñòèòè ñåëåêòèâíèé àãåíò. Íàé÷àñò³-
øå ñåëåêòèâíèìè ðå÷îâèíàìè ìîæóòü áóòè 
ãåðá³öèäè – ôîñô³íîòðèöèí [2, 17] àáî ãë³ôî-
ñàò [21]. Âèá³ð ñåëåêòèâíîãî àãåíòà çàëåæèòü 
â³ä ïåðåíåñåíîãî ãåíà ñò³éêîñò³, ÿêèé ³íòå-
ãðóþòü â ðîñëèííèé ãåíîì ï³ä ÷àñ òðàíñôîð-
ìàö³¿. Òàê, äëÿ ãåíà bar (ôîñô³íîòðèöèí 
N-àöåòèëòðàíñôåðàçà) âèêîðèñòîâóþòü ôîñ-
ô³íîòðèöèí [22], à äëÿ ãåíà epsps (5-åíîë-
ï³ðóâ³ëøèêèìàò-3-ôîñôàò ñèíòàçà) – ãë³ôî-
ñàò [21]. Äëÿ â³äáîðó ðîñëèí-òðàíñôîðìàíò³â 
êð³ì ñåëåêòèâíèõ ãåí³â òàêîæ âèêîðèñòîâó-
þòü ðåïîðòåðí³ ãåíè, íàïðèêëàä, ãåí gfp. 
Ïðîäóêò éîãî åêñïðåñ³¿ ïðîÿâëÿº çåëåíó ôëó-
îðåñöåíö³þ ïðè óëüòðàô³îëåòîâîìó îïðîì³-
íåíí³ (ÓÔ) [23, 24]. ²íøèì ìàðêåðíèì ðåïîð-
òåðíèì ãåíîì º ãåí gus. Ïðîäóêò éîãî åêñ-
ïðåñ³¿ ïðè ã³ñòîõ³ì³÷í³é ðåàêö³¿ âçàºìîä³¿ ³ç 
X-Gluc (5-áðîìî-4-õëîðî-1H-³íäîë-3-¿ë β-D-ãëþ-
êî ï³ðàíîçèäóðîíîâà êèñëîòà) çàáàðâëþº òêà-
íèíè òðàíñôîðìàíò³â ó áëàêèòíèé êîë³ð [4].

Âàæëèâèì äëÿ ïîäàëüøî¿ ðåãåíåðàö³¿ ðîñ-
ëèí º ðÍ ñåðåäîâèùà äëÿ ³íîêóëÿö³¿, êîí-
öåíòðàö³ÿ àöåòîñ³ð³íãîíó ³ òåìïåðàòóðà. Ïî-
êàçàíî, ùî ïðè ðÍ 5,8 òà 200 µÌ àöåòîñ³ð³í-
ãîíó â ñåðåäîâèù³ ïðè òåìïåðàòóð³ 22 °Ñ 
÷àñòîòà ðåãåíåðàö³¿ òðàíñôîðìîâàíèõ åêñ-
ïëàíò³â ïøåíèö³ áóëà á³ëÿ 10,5%, íàòîì³ñòü 
ïðè ðÍ 5,0, 200 µÌ àöåòîñ³ð³íãîíó ³ òåìïå-
ðàòóð³ 22 °Ñ ÷àñòîòà âæå ñÿãàëà 22,3%. Ïðè 
êîíöåíòðàö³¿ 400 µÌ àöåòîñ³ð³íãîíó, ðÍ 5,0 
òà òåìïåðàòóð³ 19 °Ñ, ÷àñòîòà ðåãåíåðàö³¿ 
çðîñòàëà äî 30,3% [20].

Ñïåëüòà (Triticum spelta L.) íàëåæèòü äî 
ð³äêèõ âèä³â àìô³äèïëî¿äíèõ ïøåíèöü. Íà 
â³äì³íó â³ä ì’ÿêî¿ ïøåíèö³, äëÿ ñïåëüòè â³ä-
ñóòíÿ ³íôîðìàö³ÿ ùîäî ¿¿ ãåíåòè÷íî¿ òðàíñ-
ôîðìàö³¿ ç ìåòîþ îòðèìàííÿ íîâèõ òðàíñ-
ãåííèõ ë³í³é. Çâàæàþ÷è íà öå, íîâèçíà ðî-
áîòè ïîëÿãàëà ó òîìó, ùî âïåðøå áóëî ïðåä-
ñòàâëåíî äàí³ ç ãåíåòè÷íî¿ òðàíñôîðìàö³¿ 
êàëþñíèõ åêñïëàíò³â ñïåëüòè, ÿê³ áóëî 
îòðèìàíî ç³ çð³ëèõ çàðîäê³â.

Ìåòà äîñë³äæåíü – äîñë³äèòè åêñïðåñ³þ 
ãåí³â gus òà gfp â êàëþñíèõ åêñïëàíòàõ àì-
ô³äèïëî¿äíî¿ ïøåíèö³ ñïåëüòè (Triticum spel-
ta L.) ï³ñëÿ Agrobacterium-îïîñåðåäêîâà íî¿ 
ãåíåòè÷íî¿ òðàíñôîðìàö³¿.

Ìàòåð³àëè òà ìåòîäèêà äîñë³äæåíü
Äëÿ ðîáîòè âèêîðèñòîâóâàëè çåðíî îçèìî¿ 

àìô³äèïëî¿äíî¿ ïøåíèö³ ñïåëüòè (Triticum 
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spelta L.) ñîðòó ‘ªâðîïà’ (2n = 42), ÿêå áóëî 
íàäàíî ÒÎÂ ‘Âñåóêðà¿íñüêèé íàóêîâèé ³í-
ñòèòóò ñåëåêö³¿’ (ÒÎÂ ‘ÂÍ²Ñ’). Äëÿ ãåíåòè÷-
íî¿ òðàíñôîðìàö³¿ áóëî îáðàíî ñàìå öåé ãåíî-
òèï ñïåëüòè, îñê³ëüêè ïîïåðåäí³ äîñë³äæåí-
íÿ ïîêàçàëè, ùî ñîðò ‘ªâðîïà’ íàéêðàùå 
äåìîíñòðóº ñåáå â êóëüòóð³ in vitro [25]. ßê 
åêñïëàíòè äëÿ ââåäåííÿ â êóëüòóðó in vitro 
âèêîðèñòîâóâàëè çð³ë³ çàðîäêè. Ïîâåðõíåâó 
ñòåðèë³çàö³þ çåðíà ïðîâîäèëè â 96% åòèëî-
âîìó ñïèðò³ ïðîòÿãîì 5 õâ, ó 5% ðîç÷èí³ 
ã³ïîõëîðèòó íàòð³þ – ïðîòÿãîì 10 õâ, ³ òðè-
÷³ â³äìèâàëè ñòåðèëüíîþ äèñòèëüîâàíîþ 
âîäîþ.

²íäóêö³þ êàëþñîãåíåçó ïðîâîäèëè íà 
ñòàíäàðòíîìó ñåðåäîâèù³ MÑ [19] ³ç óì³ñòîì 
ìàëüòîçè 3% («Duchefa Biochemie», Í³äåð-
ëàíäè), ùî áóëî äîïîâíåíî 2,5 ìã/ë 2,4-Ä 
(«Duchefa Biochemie», Í³äåðëàíäè), 10 ìã/ë 
í³òðàòó ñð³áëà òà 300 ìã/ë öåôòðèàêñîíó 
(«Àðòåð³óì», Óêðà¿íà), ÿêèé äîäàâàëè â ñå-
ðåäîâèùå äëÿ çàïîá³ãàííÿ áàêòåð³àëüí³é 
êîíòàì³íàö³¿ ñàìå â òàê³é êîíöåíòðàö³¿. Åêñ-
ïëàíòè êóëüòèâóâàëè â òåìðÿâ³ çà òåìïåðà-
òóðè 24 °Ñ âïðîäîâæ 14 ä³á.

Äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êàëþñíèõ 
åêñïëàíò³â âèêîðèñòîâóâàëè í³÷íó êóëüòóðó 
àãðîáàêòåð³é Agrobacterium tumefaciens Conn., 
øòàì GV3101. Äëÿ öüîãî àãðîáàêòåð³¿ âèðî-
ùóâàëè â ð³äêîìó æèâèëüíîìó ñåðåäîâèù³ 
LB [12] ³ç äîäàâàííÿì àíòèá³îòèê³â (50 ìã/ë 

ðèôàìï³öèíó («Áîðùàã³âñüêèé ÕÔÇ», Óêðà-
¿íà), 100 ìã/ë êàíàì³öèíó («Àðòåð³óì», Óêðà-
¿íà) òà 25 ìã/ë ãåíòàì³öèíó («Àðòåð³óì», 
Óêðà¿íà) ïðè òåìïåðàòóð³ 28 °Ñ. Ê³íöåâó 
îïòè÷íó ù³ëüí³ñòü àãðîáàêòåð³é äîâîäèëè 
äî OD

600
 = 0,8.

Äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êàëþñíèõ 
åêñïëàíò³â âèêîðèñòîâóâàëè ãåíåòè÷íó êîí-
ñòðóêö³þ pSPN2401, ÿêà ì³ñòèëà äâà ðåïîð-
òåðíèõ ãåíè: ãåí gfp, âèä³ëåíèé ç Aequorea 
victoria Marbach & Shearer, ï³ä êîíòðîëåì 
ïðîìîòîðó ãåíà lhb, ùî êîäóº õëîðîô³ë a-b 
çâ’ÿçóþ÷³ á³ëêè (LHB), ÿêèé áóëî âèä³ëåíî ç 
ð³çóøêè Òàëÿ [Arabidopsis thaliana (L.) 
Heynh.], òà ãåí gus ï³ä êîíòðîëåì ïðîìîòîðó 
ãåíà rbc, ùî êîäóº ìàëó ñóáîäèíèöþ ðèáó-
ëîçîá³ñôîñôàòêàðáîêñèëàçè (RuBisCo), òà-
êîæ âèä³ëåíîãî ç A. thaliana (L.) Heynh. 
Îáèäâà ãåíè çíàõîäèëèñü ï³ä êîíòðîëåì 35S 
òåðì³íàòîðà â³ðóñó ìîçà¿êè öâ³òíî¿ êàïóñòè 
(CaMV  – Cauliflower Mosaic Virus) ðàçîì ç 
ñèãíàëîì ïîë³àäåíþëþâàííÿ òà 3’-ïîñë³äîâ-
í³ñòþ, ùî íå òðàíñëþºòüñÿ. Êð³ì öüîãî îáè-
äâ³ òðàíñêðèïö³éí³ îäèíèö³ ì³ñòèëè 5’-ïîñ-
ë³äîâí³ñòü Ω, ùî íå òðàíñëþºòüñÿ (UTR), ç 
â³ðóñó òþòþíîâî¿ ìîçà¿êè TMV (â³ðóñ òþòþ-
íîâî¿ ìîçà¿êè – Tobacco Mosaic Virus) (ðèñ. 1). 
Ãåí gfp êîäóº çåëåíèé ôëóîðåñöåíòíèé á³-
ëîê GFP (Green Fluorescent Protein), à ïðî-
äóêòîì àêòèâíîñò³ ãåíà gus º ôåðìåíò 
β-ãëþêóðîí³äàçà.

Ðèñ. 1. Ñòðóêòóðí³ åëåìåíòè Ò-ÄÍÊ âåêòîðó pSPN2401 
äëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êàëþñíèõ åêñïëàíò³â ñïåëüòè

LB RB

GUSGUSGFPGFPΩΩ ΩΩ35S35S 35S35SLHB-pLHB-p Rbc-pRbc-p

Ãåíåòè÷íó òðàíñôîðìàö³þ êàëþñíèõ åêñ-
ïëàíò³â ñïåëüòè ïðîâîäèëè øëÿõîì ¿õíüî¿ 
³íîêóëÿö³¿ ñóñïåíç³ºþ àãðîáàêòåð³é òà âàêó-
óìíîþ ³íô³ëüòðàö³ºþ. Ðåçóëüòàòè äëÿ îáîõ 
âèä³â òðàíñôîðìàö³¿ ïîð³âíþâàëè ì³æ ñî-
áîþ. Ó ïåðøîìó âèïàäêó äëÿ ³íîêóëÿö³¿ âè-
êîðèñòîâóâàëè àíàëîã³÷íå äëÿ êàëþñîãåíåçó 
æèâèëüíå ñåðåäîâèùå ç äîäàâàííÿì 40 ìã/ë 
àöåòîñ³ð³íãîíó. Êàëþñí³ åêñïëàíòè êóëüòè-
âóâàëè ³ç ñóñïåíç³ºþ àãðîáàêòåð³é â òåìðÿâ³ 
ïðè 24 °Ñ óïðîäîâæ 2 ãîä. Êî-êóëüòèâàö³þ 
ïðîâîäèëè â æèâèëüíîìó ñåðåäîâèù³ ÌÑ 
äëÿ êàëþñîãåíåçó, àëå áåç àíòèá³îòèê³â ³ í³ò-
ðàòó ñð³áëà, â òåìðÿâ³ óïðîäîâæ 3 ä³á. Äàë³ 
êàëþñè ïåðåíîñèëè íà ñåðåäîâèùå ³ç àíòè-
á³îòèêîì ³ êóëüòèâóâàëè â òåìðÿâ³ ùå 5 ä³á.

Ó ðàç³ âàêóóìíî¿ ³íô³ëüòðàö³³ êàëþñí³ åêñ-
ïëàíòè âíîñèëè ó ð³äêå æèâèëüíå ñåðåäîâèùå 
ç àãðîáàêòåð³ÿìè, àíàëîã³÷íå çà ñêëàäîì äî 
ñåðåäîâèùà äëÿ ³íîêóëÿö³¿. Äëÿ öüîãî âèêî-

ðèñòîâóâàëè ñêëÿíèé åêñèêàòîð ³ç øë³ôîâà-
íèìè êðàÿìè îá’ºìîì 2 ë, äî ÿêîãî øëàíãîì 
ï³ä’ºäíóâàëè íàñîñ, ùî âèêà÷óâàâ ³ç íüîãî ïî-
â³òðÿ òà ñòâîðþâàâ óìîâè âàêóóìó. Âñåðåäèí³ 
åêñèêàòîðà ðîçì³ùóâàëè áàíêè ³ç ð³äêèì æè-
âèëüíèì ñåðåäîâèùåì, â ÿêîìó çíàõîäèëèñü 
êàëþñí³ åêñïëàíòè òà ñóñïåíç³ÿ àãðîáàêòåð³é. 
Åêñèêàòîð ù³ëüíî çàêðèâàëè òà âèêà÷óâàëè ç 
íüîãî ïîâ³òðÿ. ²íô³ëüòðàö³þ ïðîâîäèëè ó äâà 
åòàïè, êîæåí òðèâàë³ñòþ 10 õâ ïðè 0,6 àòìîñ-
ôåðàõ. Óìîâè êî-êóëü òè âóâàííÿ áóëè àíàëî-
ã³÷íèìè ÿê ïðè ïðåêóëüòèâàö³¿.

Äëÿ åë³ì³íàö³¿ àãðîáàêòåð³é êàëþñí³ åêñ-
ïëàíòè â³äìèâàëè ó ðîç÷èí³ àíòèá³îòèêó 
öåôòðèàêñîíó ïðè êîíöåíòðàö³¿ 300 ìã/ë.

×àñòîòó ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êàëþñ-
íèõ åêñïëàíò³â ñïåëüòè âèçíà÷àëè ï³ñëÿ 5 
äîáè. Äëÿ âèÿâëåííÿ ïðîäóêòó åêñïðåñ³¿ ãåíà 
gfp òðàíñôîðìîâàí³ êàëþñè îïðîì³íþâàëè 
óëüòðàô³îëåòîâèì ñâ³òëîì òà ïðîâîäèëè ï³ä-



ISSN 2518-1017  Plant Varieties Studying and protection, 2020, Т. 16, №1

Á³îòåõíîëîã³ÿ òà á³îáåçïåêà

106

ðàõóíîê çåëåíèõ êàëþñ³â, ó ÿêèõ ñïîñòåð³ãà-
ëè åêñïðåñ³þ ãåíà gfp. Äëÿ àíàë³çó ð³âíÿ åêñ-
ïðåñ³¿ ãåíà gus â êàëþñíèõ åêñïëàíòàõ áóëî 
ïðîâåäåíî ã³ñòîõ³ì³÷íèé àíàë³ç åêñïðåñ³¿ ãåíà 
β-ãëþêóðîí³äàçè çã³äíî ìåòîäèêè Jefferson 
(1987) â 100 ìÌ ôîñôàòíîìó áóôåð³ pH 7,0, 
ÿêèé ì³ñòèâ 1 ìÌ X-Gluc [26]. Íà 6-é äåíü 
ï³ñëÿ òðàíñôîðìàö³¿ ôðàãìåíòè êàëþñ³â ³í-
êóáóâàëè ïðîòÿãîì 24 ãîäèí â 1 ìÌ ðîç÷èí³ 
X-Gluc ïðè òåìïåðàòóð³ 37 °Ñ ç íàñòóïíèì â³ä-
ìèâàííÿì â 70% ðîç÷èí³ åòèëîâîãî ñïèðòó 
òàêîæ ïðè 37 °Ñ äî 48 ãîä.

Îö³íþâàëè ð³âåíü åêñïðåñ³¿ ãåí³â gus òà 
gfp, ÿêèé ïðîÿâëÿâñÿ ó âèãëÿä³ áëàêèòíîãî 
çàáàðâëåííÿ àáî ÿñêðàâî çåëåíîãî ñâ³÷åííÿ â 
óëüòðàô³îëåòîâîìó ñâ³òë³, â³äïîâ³äíî, çà äî-
ïîìîãîþ ïðîãðàìè ImajeJ [27]. Òðàíñôîðìî-
âàí³ êàëþñí³ åêñïëàíòè ôîòîãðàôóâàëè, çîá-
ðàæåííÿ îáðîáëÿëè â ðåñóðñ³ ImajeJ, ó ðå-
çóëüòàò³ ÷îãî ä³ëÿíêè åêñïðåñ³¿ ãåí³â â òêà-
íèíàõ íàáóâàëè ñ³ðîãî çàáàðâëåííÿ ð³çíî¿ 
³íòåíñèâíîñò³. Ï³ñëÿ âèì³ðþâàííÿ ³íòåíñèâ-
íîñò³ ñ³ðîãî êîëüîðó îòðèìóâàëè â³äïîâ³ä-
íèé ãðàô³ê. Ð³âåíü ³íòåíñèâíîñò³ ñ³ðîãî çà-
áàðâëåííÿ â³äïîâ³äàâ ð³âíþ åêñïðåñ³¿ ãåí³â 
gus òà gfp. ×èì âèùîþ áóëà ³íòåíñèâí³ñòü 
ñ³ðîãî êîëüîðó, òèì âèùèì áóâ ð³âåíü åêñ-
ïðåñ³¿ ãåí³â gus òà gfp (ðèñ. 2).

×åðåç 30 ä³á ï³ñëÿ ãåíåòè÷íî¿ òðàíñôîðìà-
ö³¿ ³ç çðàçê³â òðàíñôîðìîâàíèõ êàëþñ³â ç åêñ-
ïðåñ³ºþ ãåí³â gfp òà gus âèä³ëÿëè ñóìàðíó 
ðîñëèííó ÄÍÊ ìåòîäîì ÖÒÀÁ (öåòèëòðèìå-
òèëàìîí³óì áðîì³ä) [28]. Êîíöåíòðàö³þ âèä³-
ëåíî¿ ÄÍÊ âèçíà÷àëè ñïåêòðîôîòîìåòðè÷íèì 
ìåòîäîì (ÿê íåãàòèâíèé êîíòðîëü áðàëè mQ 
H

2
O). ÏËÐ ðåàêö³þ ïðîâîäèëè ç ïðàéìåðàìè 

äî ãåí³â gus òà gfp. Òàê, äëÿ ãåíà gus âèêîðèñ-
òîâóâàëè íàñòóïíó ïîñë³äîâí³ñòü ïðàéìåð³â: 
GUS-F – ATGGGTCAGTCCCTTATGTTA, 
GUS-R – ATAAAGACTTCGCGCTGAT; à äëÿ 
ãåíà gfp – GFP-F – GTGAGCAAGGGCGAGGA, 
GFP-R – TTACTTGTACAGCTCGTCCAT. Ïîñë³-
äîâíîñò³ ïðàéìåð³â ï³äáèðàëè, âèêîðèñòîâó-
þ÷è îíëàéí-ðåñóðñ NCBI BLAST (blast.ncbi.
nlm.nih.gov).

Ïðîäóêòè àìïë³ô³êàö³¿ ÏËÐ ðîçä³ëÿëè â 
1% àãàðîçíîìó ãåë³. Ó ðîë³ ìàðêåðà ìîëåêó-
ëÿðíî¿ äîâæèíè âèêîðèñòîâóâàëè 3 Kb «DNA 
Ladder M25» («Sib Enzyme», ÐÔ). Äëÿ ÏËÐ 
áðàëè ðåàêö³éíó ñóì³ø çàãàëüíèì îá’ºìîì 
20 ìêë, ÿêà ì³ñòèëà 10Õ ÏËÐ-áóôåð (100 ìÌ 
Òðèñ-HCl, ðÍ 8,8, 500 ìÌ KCl, 1% Òðèòîí 
X-100); 1,5 ìÌ MgCl

2 
(«Thermo Fisher 

Scientific», ÑØÀ); ïî 0,2 ìÌ êîæíîãî dNTP 
(«Thermo Fisher Scientific», ÑØÀ); ïàðó â³ä-
ïîâ³äíèõ ïðàéìåð³â, êîæåí ó êîíöåíòðàö³¿ 
12,5 pÌ; Taq-ïîë³ìåðàçó â êîíöåíòðàö³¿ 1 U 
(«Sib Enzyme», ÐÔ). Êîíöåíòðàö³ÿ ðîñëèííî¿ 

ÄÍÊ â ÏËÐ-ñóì³ø³ ñòàíîâèëà 100 íã. Ó ðîë³ 
ïîçèòèâíîãî êîíòðîëþ âèêîðèñòîâóâàëè 
ïëàçì³äíó ÄÍÊ, à äëÿ íåãàòèâíîãî – H

2
O.

Âèõîäÿ÷è ç òîãî, ùî ïðàöþâàëè ç äâîìà 
ðåïîðòåðíèìè ãåíàìè òà çà äâîìà ìåòîäèêà-
ìè òðàíñôîðìàö³¿, áóëî âèä³ëåíî 4 ãðóïè 
åêñïåðèìåíò³â – gus:³íô³ëüòðàö³ÿ, gus:³íîêóëÿ-
ö³ÿ, gfp:³íô³ëüòðàö³ÿ òà gfp:³íîêóëÿö³ÿ. 
Êîæíà ãðóïà ñêëàäàëàñü ç 5 ïîâòîð³â ïî 60 
êàëþñíèõ åêñïëàíò³â êîæåí. Çàãàëüíà ñóìà 
åêñïëàíò³â ïî ãðóï³ ñêëàäàëà 300 øò.

×àñòîòó ãåíåòè÷íî¿ òðàíñôîðìàö³¿ âèçíà-
÷àëè çà ôîðìóëîþ, ÿêó áóëî âçÿòî òà àäàïòî-
âàíî ç³ ñòàòò³ Gouranga U. ç³ ñï³âàâò. [29]:            
(Ò / Å) × 100, äå Ò – ê³ëüê³ñòü êàëþñ³â, â ÿêèõ 
äåòåêòóâàëè ïðîäóêò åêñïðåñ³¿ â³äïîâ³äíèõ 
ãåí³â, Å – çàãàëüíà ê³ëüê³ñòü êàëþñíèõ åêñ-
ïëàíò³â, ÿê³ áóëî âèêîðèñòàíî äëÿ ãåíåòè÷-
íî¿ òðàíñôîðìàö³¿.

Ðåçóëüòàòè äîñë³äæåíü
Ï³ñëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êàëþñíèõ 

åêñïëàíò³â ñïåëüòè øëÿõîì ³íîêóëÿö³¿ ç àã-
ðîáàêòåð³ÿìè ÷åðåç 8 ä³á ñïîñòåð³ãàëè åêñ-
ïðåñ³þ ãåí³â gus òà gfp, ÿêà ìîæå áóòè ÿê 
òðàíç³ºíòíîþ, òàê ³ ñòàá³ëüíîþ. Çà â³çóàëü-
íèìè ñïîñòåðåæåííÿìè åêñïðåñ³þ ãåíà gfp â 
êë³òèíàõ êàëþñíèõ åêñïëàíò³â âèÿâëÿëè 
âæå íà 5-ó äîáó ï³ñëÿ ¿õíüî¿ òðàíñôîðìàö³¿. 
Ï³ä óëüòðàô³îëåòîâèì îñâ³òëåííÿì êàëþñè, 
â ÿêèõ ñïîñòåð³ãàëè öþ åêñïðåñ³þ, ñâ³òèëèñü 
ÿñêðàâî çåëåíèì êîëüîðîì (ðèñ. 3À). Ñâ³÷åí-
íÿ ìîãëî áóòè ÿê òî÷êîâèì, òîáòî åêñïðåñ³þ 
ñïîñòåð³ãàëè ëèøå â îêðåìèõ êë³òèíàõ êà-
ëþñó, òàê ³ ïîâíèì – ñâ³òèâñÿ âåñü åêñïëàíò. 
×àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ äëÿ ãåíà 
gfp ó ðàç³ ³íîêóëÿö³¿ ç àãðîáàêòåð³ÿìè ñêëà-
ëà 4,66 ± 1,39% (òàáë. 1).

Ó ðàç³ á³îáîìáàðäóâàííÿ íåçð³ëèõ çàðîä-
ê³â ïøåíèö³ ì’ÿêî¿ ñîðòó ‘AvocetYr10’ ÷àñ-
òèíêàìè çîëîòà ³ç ãåíåòè÷íîþ êîíñòðóêö³-
ºþ, ùî ìàº ðåïîðòåðíèé ãåí gfp, Kronbak R. 
ç³ ñï³âàâò. (2014) â³çóàëüíî â³äì³÷àëè òðàí-
ç³ºíòíó åêñïðåñ³þ ãåíà gfp â åíäîñïåðì³ 
ïøåíèö³ ì’ÿêî¿ [30]. Äëÿ ïîð³âíÿííÿ, â³äî-
ìî, ùî ÷àñòîòà ñòàá³ëüíî¿ ãåíåòè÷íî¿ òðàíñ-
ôîðìàö³¿ ç âèêîðèñòàííÿì êîíñòðóêö³é, ùî 
ì³ñòÿòü ñåëåêòèâí³ ãåíè äëÿ â³äáîðó òðàí-
ñãåííèõ ë³í³é ïøåíèö³ íà â³äïîâ³äíèõ ñå-
ëåêòèâíèõ ñåðåäîâèùàõ, 14-äåííèõ åìáð³î-
ãåííèõ êàëþñ³â àìô³äèïëî¿äíî¿ ÿðî¿ ïøå-
íèö³ øëÿõîì ³íîêóëÿö³¿ ç àãðîáàêòåð³ÿìè 
ñêëàäàëà 1,2–3,9%, à ³íîä³ âîíà ñÿãàëà äî 
5,9% [2]. ßê çàçíà÷àº Dale P. J. òà ñï³âàâò., 
ÿêùî ïðîâîäèòè âàêóóìíó ³íô³ëüòðàö³þ 
ïðè 6 ï³äõîäàõ çàãàëüíîþ òðèâàë³ñòþ 1 ãîä, 
òî ÷àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ ìîæå 
áóòè á³ëÿ 8% [5].
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Ó íàøèõ åêñïåðèìåíòàõ çà âàêóóìíî¿ ³í-
ô³ëüòðàö³¿ ÷àñòîòà ãåíåòè÷íî¿ òðàíñôîðìà-
ö³¿, âèõîäÿ÷è ç ðåçóëüòàò³â ïî ãåíó gfp, áóëà 
òðîõè ìåíøîþ, í³æ ïðè ³íîêóëÿö³¿, à ñàìå 
3,66 ± 0,74%. Âîäíî÷àñ ³ç òèì, ³íòåíñèâí³ñòü 
ôëóîðåñöåíö³¿ á³ëêà GFP â êàëþñíèõ åêñ-
ïëàíòàõ òàêîæ áóëà ìåíøîþ ïîïåðåäíüîãî 
âàð³àíòó. Çîêðåìà, äëÿ îö³íêè ð³âíÿ åêñïðå-
ñ³¿ ãåíà gfp ï³ñëÿ ³íîêóëÿö³¿ ç àãðîáàêòåð³ÿ-
ìè ð³âåíü ³íòåíñèâíîñò³ ñ³ðîãî êîëüîðó áóâ ó 
ìåæàõ çíà÷åíü 210–255, à äëÿ âàêóóìíî¿ ³í-
ô³ëüòðàö³¿ ïåðåâàæàëè çíà÷åííÿ 100–250. 
Ïðèêëàä îö³íþâàííÿ ð³âíÿ åêñïðåñ³¿ ãåíà 
gfp ó êàëþñíèõ åêñïëàíòàõ ñïåëüòè ç âèñî-
êèì ³ íåâèñîêèì ð³âíåì åêñïðåñ³¿ ïðåäñòàâ-
ëåíî íà ðèñóíêó 2.

Äàë³ áóëî ïðîâåäåíî ÏËÐ àíàë³ç ç ïðàéìå-
ðàìè äî ãåíà gfp, ÿêèé ïîêàçàâ íàÿâí³ñòü ³í-
òåãðàö³¿ ãåíà gfp â ãåíîì êàëþñíèõ åêñïëàí-

ò³â ç³ çð³ëèõ çàðîäê³â ñïåëüòè ÿê ó âèïàäêó 
¿õíüî¿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ øëÿõîì ³íî-
êóëÿö³¿, òàê ³ âàêóóìíîþ ³íô³ëüòðàö³ºþ 
(ðèñ. 4). Çà ðåçóëüòàòàìè àíàë³çó áóëî âèÿâ-
ëåíî ÏËÐ ïðîäóêò äîâæèíîþ á³ëÿ 717 ï. í.,                     
ùî â³äïîâ³äàëî î÷³êóâàíèì ðîçì³ðàì ãåíà 
gfp [23].

Òàêèì ÷èíîì, åêñïðåñ³ÿ ãåíà gus â êàëþñ-
íèõ åêñïëàíòàõ çà âèêîðèñòàííÿ ³íîêóëÿö³¿ ç 
àãðîáàêòåð³ÿìè ñêëàëà 4,00  ± 0,91%. Íàòî-
ì³ñòü ó ðàç³ âàêóóìíî¿ ³íô³ëüòðàö³¿ âîíà áóëà 
òðîõè âèùîþ – 4,66 ± 0,74% (òàáë. 1). ßê çà-
çíà÷àº Dattgonde N. òà ñï³âàâò. [6], ïðè âàêó-
óìí³é ³íô³ëüòðàö³¿ çð³ëèõ çàðîäê³â â³âñà ïî-
ñ³âíîãî (Avena sativa L.) ÷àñòîòà ãåíåòè÷íî¿ 
òðàíñôîðìàö³¿ ïî ãåíó gus çà ðåçóëüòàòàìè 
ã³ñòîõ³ì³÷íîãî àíàë³çó ñêëàäàëà 11–21%.

Äëÿ ïîð³âíÿííÿ, â³äîìî, ùî ãåíåòè÷íà 
òðàíñ ôîðìàö³ÿ øëÿõîì ³íîêóëÿö³¿ íåçð³ëèõ 

Ðèñ. 2. Îö³íêà ð³âíÿ åêñïðåñ³¿ ãåíà gfp ó êàëþñíèõ åêñïëàíòàõ ñïåëüòè ç âèñîêèì (À–Â) òà íåâèñîêèì (Ã–Ä) 
ð³âíåì åêñïðåñ³¿ (ïðîãðàìà ImajeJ): À) òà Ã) – ‘RGB’ òà ‘HSB’ çîáðàæåííÿ êàëþñíèõ åêñïëàíò³â, â òêàíèí³ ÿêèõ áóâ 

âèñîêèé (À) òà íåâèñîêèé (Ã) ð³âåíü åêñïðåñ³¿ ãåíà gfp (÷åðâîíîþ ë³í³ºþ âêàçàíî ä³ëÿíêó âèì³ðó ð³âíÿ ³íòåíñèâíîñò³, 
÷åðâîíèì ïóíêòèðîì ïîçíà÷åíî êàëþñ äëÿ êðàùî¿ îð³ºíòàö³¿); Á) òà ¥) – ãðàô³êè ð³âíÿ ³íòåíñèâíîñò³ ñ³ðîãî êîëüîðó, 

ùî â³äïîâ³äàþòü çåëåíîìó ñâ³÷åííþ ïðè åêñïðåñ³¿ ãåíà gfp; Â) òà Ä) – 3-D ìîäåë³ ñï³ââ³äíîøåííÿ ð³çíèõ â³äò³íê³â 
ñ³ðîãî êîëüîðó äëÿ êàëþñó ç âèñîêèì òà íåâèñîêèì ð³âíåì åêñïðåñ³¿, â³äïîâ³äíî
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çàðîäê³â àìô³äèïëî¿äíî¿ ïøåíèö³ ñîðòó 
‘Bobwhite’ ç àãðîáàêòåð³ÿìè, ùî ì³ñòÿòü ãå-
íåòè÷íó êîíñòðóêö³þ ç ãåíîì gus, äàº äî 76% 
òðàíç³ºíòíî¿ åêñïðåñ³¿ [18]. Öå â³äáóâàºòüñÿ 
çà íàÿâíîñò³ àöåòîñ³ð³íãîíó â êîíöåíòðàö³¿ 
40 ìã/ë. ßêùî òðàíñôîðìàö³þ ïðîâîäèòè áåç 
àöåòîñ³ð³íãîíó, òî, ÿê çàçíà÷àþòü Wu H. òà 
ñï³âàâò. [18], ê³ëüê³ñòü åêñïëàíò³â ³ç åêñïðå-
ñ³ºþ ãåíà gus áóäå íà ð³âí³ 52%.

Åêñïðåñ³þ ãåíà gus â òêàíèíàõ êàëþñíèõ 
åêñïëàíò³â ïðè ïðîâåäåíí³ ã³ñòîõ³ì³÷íîãî 
àíàë³çó åêñïðåñ³¿ β-ãëþêóðîí³äàçè âèÿâëÿëè 
ç ð³çíèì ð³âíåì ³íòåíñèâíîñò³ (ï³ñëÿ ðåàêö³¿ ³ç 
X-Gluc êàëþñí³ òêàíèíè íàáóâàþòü áëàêèòíî-
ãî êîëüîðó ð³çíî¿ ³íòåíñèâíîñò³) (ðèñ. 3Á, 3Â). 
Âîíà ìîãëà îõîïëþâàòè àáî âñ³ êàëþñí³ êë³-
òèíè, àáî ìîãëà ñïîñòåð³ãàòèñü ëèøå â îêðå-
ìèõ êë³òèíàõ. Ïðèêëàä îö³íþâàííÿ ð³âíÿ 

åêñïðåñ³¿ ãåíà gus ó êàëþñíèõ åêñïëàíòàõ 
ñïåëüòè ç âèñîêèì òà íåâèñîêèì ð³âíåì åêñ-
ïðåñ³¿ ïðåäñòàâëåíî íà ðèñóíêó 5.

Ð³âåíü ³íòåíñèâíîñò³ ñ³ðîãî çàáàðâëåííÿ 
äëÿ äâîõ âàð³àíò³â ãåíåòè÷íî¿ òðàíñôîðìàö³¿ 
äåùî â³äð³çíÿâñÿ. Òàê, çà âèêîðèñòàííÿ âà-
êóóìíî¿ ³íô³ëüòðàö³¿ ³íòåíñèâí³ñòü áóëà âè-
ùîþ ³ âàð³þâàëà â ä³àïàçîí³ 0–250 çíà÷åíü 
(çäåá³ëüøîãî òðèìàþ÷èñü â ìåæàõ 160–250). 
Íàòîì³ñòü çà ³íîêóëÿö³¿ ð³âåíü ³íòåíñèâíîñò³ 
ñ³ðîãî êîëüîðó ð³äêî ïåðåâèùóâàâ çíà÷åííÿ 
160 ³ çäåá³ëüøîãî òðèìàâñÿ â ìåæàõ çíà÷åíü 
â³ä 130 äî 160.

Äàë³ áóëî ïðîâåäåíî ÏËÐ àíàë³ç ³ç ïðàé-
ìåðàìè äî ãåíà gfp, ÿêèé ïîêàçàâ íàÿâí³ñòü 
³íòåãðàö³¿ ãåíà gus â ãåíîì êàëþñíèõ åêñ-
ïëàíò³â ³ç çð³ëèõ çàðîäê³â ñïåëüòè ÿê ó ðàç³ 
¿õíüî¿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ øëÿõîì 
³íîêóëÿö³¿, òàê ³ âàêóóìíîþ ³íô³ëüòðàö³ºþ 
(ðèñ. 6). ÏËÐ àíàë³ç ³ç ïðàéìåðàìè äî ãåíà 
gus âèÿâèâ àìïë³êîí äîâæèíîþ á³ëÿ 240 ï. í., 
ùî â³äïîâ³äàº î÷³êóâàíèì ðîçì³ðàì ãåíà gus 
³ òàêîæ ñêëàäàº á³ëÿ 240 ï. í. [31].

Òàêèì ÷èíîì, óïåðøå ïîêàçàíî åêñïðåñ³þ 
ãåí³â gus òà gfp â êàëþñíèõ åêñïëàíòàõ 
ñïåëüòè (Triticum spelta L.) ï³ñëÿ ãåíåòè÷íî¿ 
òðàíñôîðìàö³¿ øëÿõîì âàêóóìíî¿ ³íô³ëü-
òðàö³¿ òà ³íîêóëÿö³¿ àãðîáàêòåð³ÿìè. Ñåðåä-
íÿ ÷àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ çà âè-
êîðèñòàííÿ îáîõ ìåòîäèê äåùî â³äð³çíÿëàñü. 
Òàê, äëÿ ðåïîðòåðíîãî ãåíà gus âàêóóìíà 
³íô³ëüòðàö³ÿ âèÿâèëàñü åôåêòèâí³øîþ çà 
³íîêóëÿö³þ (4,66% òà 4,00%, â³äïîâ³äíî). 
Íàòîì³ñòü äëÿ ãåíà gfp á³ëüøà ÷àñòîòà ãåíå-

Ðèñ 3. Äåòåêòóâàííÿ åêñïðåñ³¿ ãåí³â gfp òà gus â êàëþñíèõ åêñïëàíòàõ ñïåëüòè: À) åêñïðåñ³ÿ ãåíà gfp 
â 20-äåííèõ êàëþñàõ ñïåëüòè íà 6 äîáó ï³ñëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ (1 – ³íîêóëÿö³ÿ ³ç àãðîáàêòåð³ÿìè, 

2 – âàêóóìíà ³íô³ëüòðàö³ÿ); Á) òà Â) åêñïðåñ³ÿ ãåíà gus ó 20-äåííèõ (Á) òà 30-äåííèõ (Â) êàëþñàõ 
íà 7 äîáó ï³ñëÿ ãåíåòè÷íî¿ òðàíñôîðìàö³¿ (‘Ê-’ – íåãàòèâíèé êîíòðîëü, íåòðàíñôîðìîâàí³ êàëþñè; 

1 – âàêóóìíà ³íô³ëüòðàö³ÿ; 2 – ³íîêóëÿö³ÿ ³ç àãðîáàêòåð³ÿìè).

Ðèñ. 4. Åëåêòðîôîðåãðàìà ðîçä³ëåííÿ ïðîäóêò³â 
àìïë³ô³êàö³¿ ñóìàðíî¿ ðîñëèííî¿ ÄÍÊ òðàíñôîðìàíò³â 

ñïåëüòè (ïðàéìåðè äî ãåíà gfp): 1) ÄÍÊ 
òðàíñôîðìàíòó ï³ñëÿ ³íîêóëÿö³¿ ç àãðîáàêòåð³ÿìè, 

2) ÄÍÊ òðàíñôîðìàíòó ï³ñëÿ âàêóóìíî¿ ³íô³ëüòðàö³¿, 
‘Ê-’ – íåãàòèâíèé êîíòðîëü (H

2
O), ‘Ê+’ – ïîçèòèâíèé 

êîíòðîëü (ãåíåòè÷íà êîíñòðóêö³ÿ pSPN2401)
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Ðèñ 5. Îö³íêà ð³âíÿ åêñïðåñ³¿ ãåíà gus ó êàëþñíèõ åêñïëàíòàõ ñïåëüòè ç âèñîêèì (À–Â) òà íåâèñîêèì (Ã–Ä) 
ð³âíåì åêñïðåñ³¿ (ïðîãðàìà ImajeJ): À) òà Ã) – ‘RGB’ òà ‘HSB’ çîáðàæåííÿ êàëþñíèõ åêñïëàíò³â, â òêàíèí³ ÿêèõ áóâ 

âèñîêèé (À) òà íåâèñîêèé (Ã) ð³âåíü åêñïðåñ³¿ ãåíà gus (÷åðâîíîþ ë³í³ºþ ïîçíà÷åíî ä³ëÿíêó âèì³ðó ð³âíÿ 
³íòåíñèâíîñò³); Á) òà ¥) – ãðàô³êè ð³âíÿ ³íòåíñèâíîñò³ ñ³ðîãî êîëüîðó, ùî â³äïîâ³äàþòü áëàêèòíîìó çàáàðâëåííþ ïðè 

åêñïðåñ³¿ ãåíà gus; Â) òà Ä) – 3-D ìîäåë³ ñï³ââ³äíîøåííÿ ð³çíèõ â³äò³íê³â ñ³ðîãî êîëüîðó 
äëÿ êàëþñó ç âèñîêèì òà íåâèñîêèì ð³âíåì åêñïðåñ, â³äïîâ³äíî

Ðèñ. 6. Åëåêòðîôîðåãðàìà ðîçä³ëåííÿ ïðîäóêò³â 
àìïë³ô³êàö³¿ ñóìàðíî¿ ðîñëèííî¿ ÄÍÊ òðàíñôîðìàíò³â 

ñïåëüòè (ïðàéìåðè äî ãåíà gus): 
1) ÄÍÊ òðàíñôîðìàíòó ï³ñëÿ ³íîêóëÿö³¿ 

ç àãðîáàêòåð³ÿìè, 2) ÄÍÊ òðàíñôîðìàíòó 
ï³ñëÿ âàêóóìíî¿ ³íô³ëüòðàö³¿, 

‘Ê-’ – íåãàòèâíèé êîíòðîëü (H
2
O), ‘Ê+’ – ïîçèòèâíèé 

êîíòðîëü (ãåíåòè÷íà êîíñòðóêö³ÿ 
pSPN2401)

òè÷íî¿ òðàíñôîðìàö³¿ áóëà çà ³íîêóëÿö³¿, 
í³æ ïðè âàêóóìí³é ³íô³ëüòðàö³¿ (4,66% òà 
3,66%, â³äïîâ³äíî). Ó íàøèõ åêñïåðèìåíòàõ 
åêñïðåñ³ÿ ðåïîðòåðíèõ ãåí³â gus òà gfp ìîãëà 
áóòè ÿê òèì÷àñîâîþ (òðàíç³ºíòíîþ), òàê ³ 
ñòàá³ëüíîþ.

Âèñíîâêè
Òàêèì ÷èíîì, óïåðøå ïîêàçàíî åêñïðåñ³þ 

ãåí³â gus òà gfp â êàëþñíèõ åêñïëàíòàõ 
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åêñïëàíò³â ³ç çð³ëèõ çàðîäê³â ñïåëüòè ñîðòó 
‘ªâðîïà’ çà ãåíîì gfp ó ðàç³ ³íîêóëÿö³¿ ñêëàäà-
ëà 4,66 ± 1,39%. Íàòîì³ñòü äëÿ âàêóóìíî¿ ³í-
ô³ëüòðàö³¿ âîíà áóëà íà ð³âí³ 3,66 ± 0,74%. 
×àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ çà ãåíîì 
gus ïðè âàêóóìí³é ³íô³ëüòðàö³¿ ñòàíîâèëà 
áëèçüêî 4,66 ± 0,74%, à çà ³íîêóëÿö³¿ ç àãðî-
áàêòåð³ÿìè – 4,00 ± 0,91%. ÏËÐ àíàë³ç ïî-
êàçàâ íàÿâí³ñòü îáîõ ðåïîðòåðíèõ ãåí³â gus òà 
gfp ó êàëþñàõ ñïåëüòè (äîâæèíà ÏËÐ ïðîäóê-
òó ³ç ïðàéìåðàìè äî ãåíà gus ñêëàëà 240 ï. í.,
à äëÿ ãåíà gfp – 717 ï. í). Agrobacterium-
îïîñåðåäêîâàíà ãåíåòè÷íà òðàíñôîðìàö³ÿ 
àìô³äèïëî¿äíî¿ ïøåíèö³ ñïåëüòè (Triticum 
spelta L.) äîçâîëÿº äîñë³äèòè åêñïðåñ³þ ðå-
ïîðòåðíèõ ãåí³â gus òà gfp çà âèêîðèñòàííÿ 
êàëþñíèõ åêñïëàíò³â, îòðèìàíèõ ³ç çð³ëèõ 
çàðîäê³â
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Òàáëèöÿ 1
×àñòîòà ãåíåòè÷íî¿ òðàíñôîðìàö³¿ êàëþñíèõ åêñïëàíò³â ïøåíèö³ ñîðòó ‘ªâðîïà’

Ðåïîðòåðíèé ãåí /
âàð³àíò ãåíåòè÷íî¿ 

òðàíñôîðìàö³¿
Ïîâòîð Ê³ëüê³ñòü êàëþñíèõ 

åêñïëàíò³â (øò.)

Ê³ëüê³ñòü êàëþñ³â 
³ç åêñïðåñ³ºþ 

ðåïîðòåðíîãî ãåíà (øò.)

×àñòîòà 
òðàíñôîðìàö³¿

(%)

Ñåðåäíÿ ÷àñòîòà 
òðàíñôîðìàö³¿

(%), Õ ± S

gus / ³íô³ëüòðàö³ÿ

1 60 3 5,00

4,66 ± 0,74
2 60 2 3,33
3 60 3 5,00
4 60 3 5,00
5 60 3 5,00

gus / ³íîêóëÿö³¿

1 60 2 3,33

4,00 ± 0,91
2 60 3 5,00
3 60 3 5,00
4 60 2 3,33
5 60 2 3,33

gfp / ³íô³ëüòðàö³ÿ

1 60 2 3,33

3,66 ± 0,74
2 60 2 3,33
3 60 3 5,00
4 60 2 3,33
5 60 2 3,33

gfp / ³íîêóëÿö³¿

1 60 2 3,33

4,66 ± 1,39
2 60 3 5,00
3 60 4 6,66
4 60 2 3,33
5 60 3 5,00

Ïðèì³òêà. Õ – ñåðåäíº çíà÷åííÿ, S – ïîõèáêà âèá³ðêîâî¿ ñåðåäíüî¿.



ISSN 2518-1017  Plant Varieties Studying and protection, 2020, Vol. 16, No 1

Biotechnology and biosafety

111

Methods in Molecular Biology (pp. 215–223). (2nd  Ed.). Totowa, 
New Jersey: Humana Press. doi: 10.1385/1-59745-003-0:215

12. Luria, S. E., & Burrous, J. W. (1957). Hybridization between Es-
cherichia coli and Shigella. J. Bacteriol., 74(4), 461–476. 

13. Chauhan, H., & Khurama, P. (2017). Wheat genetic transfor-
mation using mature embryos as explants. Methods Mol. Biol., 
1679, 153–210. doi: 10.1007/978-1-4939-7337-8_10

14. Sparks, C. A., Doherty, A., & Jones, H. D. (2014). Genetic trans-
formation of wheat via Agrobacterium-mediated DNA deliver y. 
Methods Mol. Biol., 1099, 235–250. doi: 10.1007/978-1-
62703-715-0_19

15. Dargahlou, S. A., Uliaie, E. D., & Bandehagh, A. (2017). Cal-
lus induction and plant regeneration from mature embryos of 
some Iranian wheat (Triticum aestivum L.) genotypes. J. Bio. 
Env. Sci., 10(5), 275–283.

16. Karami, O. (2008). Factors affecting Agrobacterium-mediated 
transformation of plants. Transgenic Plant J., 2(2), 127–137. 

17. Ishida, Y., Tsunashima, M., Hiei, Y., & Komari, T. (2015). Wheat 
(Triticum aestivum L.) transformation using immature embryos. 
Methods Mol. Biol., 1223, 189–198. doi: 10.1007/978-1-4939-
1695-5_15

18. Wu, H., Sparks, C., Amoah, B., & Jones, H. D. (2003). Factors 
influencing successful Agrobacterium-mediated genetic 
transformation of wheat. Plant Cell Rep., 21(7), 659–568.                           
doi: 10.1007/s00299-002-0564-7

19. Murashige, T., & Skoog, F. (1962). A revised medium for rapid 
growth and bio assays with tobacco tissue cultures. Phys. Plant., 
15(3), 473–497. doi: 10.1111/j.1399-3054.1962.tb08052.x

20. Manfroi, E., Yamazaki-Lau, E., Grando, M. F., & Roesler, E. A. 
(2015). Acetosyringone, pH and temperature effects on tran-
sient genetic transformation of immature embryos of Brazilian 
wheat genotypes by Agrobacterium tumefaciens. Genet. Mol. 
Biol., 38(4), 470–476. doi: 10.1590/S1415-475738420150026

21. Aramrak, A., Kidwell, K. K., Steber, C. M., & Burke, I. C. (2015). Mo-
lecular and phylogenetic characterization of the homoeologous 
EPSP Synthase genes of allohexaploid wheat, Triticum aestivum 
(L.). BMC Genomics., 16, 844. doi: 10.1186/s12864-015-2084-1

22. Bliffeld, M., Mundy, J., Potrykus, I., & FuKtterer, J. (1999). Ge-
netic engineering of wheat for increased resistance to pow-
dery mildew disease. Theor. Appl. Genet., 98, 1079–1086.                          
doi: 10.1007/s001220051170

23. Ma, B., Mayfield, M. B., Gold, M. H.  (2001). The Green fluores-
cent protein gene functions as a reporter of gene expression in 
Phanerochaete chrysosporium. Appl. Env. Micr., 67(2), 948–955. 
doi: 10.1128/AEM.67.2.948-955.2001

24. Jordan, M. C. (2000). Green fluorescent protein as a visual 
marker for wheat transformation. Plant Cell Rep., 19(11), 
1069–1075. doi: 10.1007/s002990000246

25. Kyriienko, A. V., Parii, M. F., Kuchuk, M. V., Symonenko, Yu. V., 
& Shcherbak, N. L. (2019). Optimisation of callusogenesis 
induction conditions for Triticum spelta L. and T. aestivum L. 
Plant Var. Stud. Prot., 15(3),  259–266. doi: 10.21498/2518-
1017.15.3.2019.181084

26. Jefferson, R. (1987). Assaying chimeric genes in plants: the 
GUS gene fusion system. Plant Mol. Biol. Rep., 5, 387–405.            
doi: 10.1007/bf02667740

27. Béziat, C., Kleine-Vehn, J., & Feraru, E. (2017). Histochemi-
cal staining of β-Glucuronidase and its spatial quantification. 
Methods Mol. Biol., 1497, 73–80. doi: 10.1007/978-1-4939-
6469-7_8

28. Porebski, S., Bailey, L. G., & Baum, B. R. (1997). Modification 
of a CTAB DNA extraction protocol for plants containing high 
polysaccharide and polyphenol components. Plant Mol. Biol. 
Rep., 15(1), 8–15. doi: 10.1007/BF02772108

29. Gouranga, U., Moutushi, S., & Amitava, R. (2015). In vitro cal-
lus induction and plant regeneration of rice (Oryza sativa L.) 
var. ‘Sita’, ‘Rupali’ and ‘Swarna Masuri’. Asian J. Plant Sci. Res., 
5(5),  24–27. 

30. Kronbak, R., Ingvardsen, R. C., Madsen, K. C., & Gregersen, L. P. 
(2014). A novel approach to the generation of seamless 

constructs for plant transformation. Plant Methods., 10, 10.                
doi: 10.1186/1746-4811-10-10

31. De Riso, V., Raniello, R., Maumus, F. et al. (2009). Gene silencing 
in the marine diatom Phaeodactylum tricornutum. Nucleic Acids 
Res., 37(14), e96. doi: 10.1093/nar/gkp448

Âèêîðèñòàíà ë³òåðàòóðà
1. Hamada H., Liu Y., Nagira Y. et al. Biolistic-delivery-based tran-

sient CRISPR/Cas9 expression enables in planta genome edi-
ting in wheat. Sci. Rep. 2018. Vol. 8. 14422. doi: 10.1038/
s41598-018-32714-6

2. Jones H.    D., Duherty A., Wu H. Review of methodologies and a 
protocol for the Agrobacterium-mediated transformation of 
wheat. Plant Methods. 2005. Vol. 1. 5. doi: 10.1186/1746-4811-1-5

3. Wu H., Doherty A., Jones H. D. Efficient and rapid Agrobacteri-
um-mediated genetic transformation of durum wheat (Triticum 
turgidum L. var. durum) using additional virulence genes. 
Transgenic Res. 2008. Vol. 17, Iss. 3. P. 425–436. doi: 10.1007/
s11248-007-9116-9

4. Hayta S., Smedley M. A., Demir S. U. et al. An efficient and re-
producible Agrobacterium-mediated transformation method 
for hexaploid wheat (Triticum aestivum L.). Plant Methods. 2019. 
Vol. 26. 121. doi: 10.1186/s13007-019-0503-z

5. Dale P. J., Marks M. S., Brown M. M. et al. Agroinfection of wheat: 
inoculation of in vitro grown seedlings and embryos. Plant Sci. 1989. 
Vol. 63, Iss. 2. P. 237–245. doi: 10.1016/0168-9452(89)90249-5

6. Dattgonde N., Tiwari S., Sapre S., Gontia-Mishra I. Genetic 
transformation of oat mediated by Agrobacterium is enhanced 
with sonication and vacuum infiltration Iranian. Iran J. Bio-
technol. 2019. Vol. 17, Iss. 1. e1563. doi: 10.21859/ijb.1563

7. Kumar R., Mamrutha H. M., Kaur A. et al. Optimization of Agro-
bacterium transformation in spring bread wheat using mature 
and immature embryos. Mol. Biol. Rep. 2019. Vol. 46, Iss. 2.                
P. 1845–1853. doi: 10.1007/s11033-019-04637-6

8. Hensel G., Marthe C., Kumlehn J. Agrobactrium-mediated trans-
formation of wheat using immature embryos. Methods Mol. Biol. 
2017. Vol. 1679. P. 129–131. doi: 10.1007/978-1-4939-7337-8_8

9. He Y., Jones H. D., Chen S. et al. Agrobacterium-mediated trans-
formation of durum wheat (Triticum turgidum L. var. durum cv 
Stewart) with improved efficiency. J. Exp. Bot. 2010. Vol. 61, 
Iss. 6. P. 1567–1581. doi: 10.1093/jxb/erq035

10. Medvecká E., Harwood W. A. Wheat (Triticum aestivum L.) trans-
formation using mature embryos. Methods Mol. Biol. 2015.         
Vol. 1223. P. 199–209. doi: 10.1007/978-1-4939-1695-5_16

11. Tague B. W., Mantis J. In planta Agrobacterium-mediated trans-
formation by vacuum infiltration. Arabidopsis Protocols. Vol. 
123. Methods in Molecular Biology. Totowa, New Jersey : Humana 
Press, 2006. P. 215–223. doi: 10.1385/1-59745-003-0:215

12. Luria S. E., Burrous J. W. Hybridization between Escherichia coli 
and Shigella. J. Bacteriol. 1957. Vol. 74, Iss. 4. P. 461–476

13. Chauhan H., Khurama P. Wheat genetic transformation us-
ing mature embryos as explants. Methods Mol. Biol. 2017.                      
Vol. 1679. P. 153–210. doi: 10.1007/978-1-4939-7337-8_10

14. Sparks C. A., Doherty A., Jones H. D. Genetic transformation of 
wheat via Agrobacterium-mediated DNA delivery. Methods Mol. Biol. 
2014. Vol. 1099. P. 235–250. doi: 10.1007/978-1-62703-715-0_19

15. Dargahlou S. A., Uliaie E. D., Bandehagh A. Callus induction 
and plant regeneration from mature embryos of some Iranian 
wheat (Triticum aestivum L.) genotypes. J. Bio. Env. Sci. 2017. 
Vol. 10, Iss. 5. P. 275–283.

16. Karami O. Factors affecting Agrobacterium-mediated transforma-
tion of plants. Transgenic Plant J. 2008. Vol. 2, Iss. 2. P. 127–137.

17. Ishida Y., Tsunashima M., Hiei Y., Komari T. Wheat (Triticum 
aestivum L.) transformation using immature embryos. Methods 
Mol. Biol. 2015. Vol. 1223. P. 189–198. doi: 10.1007/978-1-
4939-1695-5_15

18. Wu H., Sparks C., Amoah B., Jones H. D. Factors influencing 
successful Agrobacterium-mediated genetic transformation 
of wheat. Plant Cell Rep. 2003. Vol. 21, Iss. 7. P. 659–568.                  
doi: 10.1007/s00299-002-0564-7



ISSN 2518-1017  Plant Varieties Studying and protection, 2020, Т. 16, №1

Á³îòåõíîëîã³ÿ òà á³îáåçïåêà

112

19. Murashige T., Skoog F. A revised medium for rapid growth and 
bio assays with tobacco tissue cultures. Phys. Plant. 1962. 
Vol. 15, Iss. 3. P. 473–497. doi: 10.1111/j.1399-3054.1962.
tb08052.x

20. Manfroi E., Yamazaki-Lau E., Grando M. F., Roesler E. A. Ace-
tosyringone, pH and temperature effects on transient genetic 
transformation of immature embryos of Brazilian wheat geno-
types by Agrobacterium tumefaciens. Genet. Mol. Biol. 2015. Vol. 
38, Iss. 4. P. 470–476. doi: 10.1590/S1415-475738420150026

21. Aramrak A., Kidwell K. K., Steber C. M., Burke I. C. Molecular and 
phylogenetic characterization of the homoeologous EPSP Syn-
thase genes of allohexaploid wheat, Triticum aestivum (L.). BMC 
Genomics. 2015. Vol. 16. 844. doi: 10.1186/s12864-015-2084-1

22. Bliffeld M., Mundy J., Potrykus I., FuKtterer J. Genetic engi-
neering of wheat for increased resistance to powdery mil-
dew disease. Theor Appl. Genet. 1999. Vol. 98. P. 1079–1086.                   
doi: 10.1007/s001220051170

23. Ma B., Mayfield M. B., Gold M. H. The Green fluorescent pro-
tein gene functions as a reporter of gene expression in Phan-
erochaete chrysosporium. Appl. Env. Micr. 2001. Vol. 67, Iss. 2.              
P. 948–955. doi: 10.1128/AEM.67.2.948-955.2001

24. Jordan M. C. Green fluorescent protein as a visual marker for 
wheat transformation. Plant Cell Rep. 2000. Vol. 19, Iss. 11.              
P. 1069–1075. doi: 10.1007/s002990000246

25. Êèð³ºíêî À. Â., Ïàð³é Ì. Ô., Êó÷óê Ì. Â., Ñèìîíåíêî Þ. Â., 
Ùåðáàê Í. Ë. Ðîçðîáëåííÿ åôåêòèâíî¿ ìåòîäèêè ³íäóêö³¿ 

êàëþñîãåíåçó ç³ çð³ëèõ çàðîäê³â Triticum spelta L. òà T. aes-
tivum L. Plant Var. Stud. Prot. 2019. Ò. 15, ¹ 3. Ñ. 259–266.              
doi: 10.21498/2518-1017.15.3.2019.181084

26. Jefferson R. Assaying chimeric genes in plants: the GUS gene 
fusion system. Plant Mol. Biol. Rep. 1987. Vol. 5. P. 387–405. 
doi: 10.1007/bf02667740

27. Béziat C., Kleine-Vehn J., Feraru E. Histochemical staining of 
β-Glucuronidase and its spatial quantification. Methods Mol. 
Biol. 2017. Vol. 1497. P. 73–80. doi: 10.1007/978-1-4939-
6469-7_8

28. Porebski S., Bailey L. G., Baum B. R. Modification of a CTAB DNA 
extraction protocol for plants containing high polysaccha-
ride and polyphenol components. Plant Mol. Biol. Rep. 1997.               
Vol. 15, Iss. 1. P. 8–15. doi: 10.1007/BF02772108

29. Gouranga U., Moutushi S., Amitava R. In vitro callus induction 
and plant regeneration of rice (Oryza sativa L.) var. ‘Sita’, ‘Ru-
pali’ and ‘Swarna Masuri’. Asian J. Plant Sci. Res. 2015. Vol. 5, 
Iss. 5. P. 24–27

30. Kronbak R., Ingvardsen R. C., Madsen K. C., Gregersen L. P.  A 
novel approach to the generation of seamless constructs 
for plant transformation. Plant Methods. 2014. Vol. 10. 10.                 
doi: 10.1186/1746-4811-10-10

31. De Riso V., Raniello R., Maumus F. et al. Gene silencing in the 
marine diatom Phaeodactylum tricornutum. Nucleic Acids Res. 
2009. Vol. 37, Iss.14. e96. doi: 10.1093/nar/gkp448

Öåëü. Èññëåäîâàòü ýêñïðåññèþ ãåíîâ gus è gfp â êàë-
ëþñíûõ ýêñïëàíòàõ àìôèäèïëîèäíîé ïøåíèöû ñïåëüòû 
(Triticum spelta L.) ïîñëå Agrobacterium-îïîñðåäîâàííîé 
ãåíåòè÷åñêîé òðàíñôîðìàöèè. Ìåòîäû. Äëÿ òðàíñôîðìà-
öèè áûë âûáðàí ñîðò ïøåíèöû ñïåëüòû îçèìîé ‘Åâðîïà’. Â 
êà÷åñòâå ýêñïëàíòîâ èñïîëüçîâàëè êàëëþñû, ïîëó÷åííûå 
èç çðåëûõ çàðîäûøåé. Äëÿ ïðåêóëüòèâàöèè êàëëþñîâ èñ-
ïîëüçîâàëè ïèòàòåëüíóþ ñðåäó ÌÑ (Ìóðàñèãå–Ñêóãà), äî-
ïîëíåííóþ 2 ìã/ë 2,4-Ä (2,4-äèõëîðôåíîêñèóêñóñíàÿ 
êèñëîòà) è 10 ìã/ë íèòðàòîì ñåðåáðà. Äëÿ ãåíåòè÷åñêîé 
òðàíñôîðìàöèè èñïîëüçîâàëè Agrobacterium tumefaciens 
Conn., øòàìì GV3101, è ãåíåòè÷åñêóþ êîíñòðóêöèþ, ñîäåð-
æàùóþ ðåïîðòåðíûå ãåíû gus (ãåí áåòà-ãëþêóðîíèäàçû) è 
gfp (ãåí çåëåíîãî ôëþîðåñöåíòíîãî áåëêà GFP). Êàëëþñû 
òðàíñôîðìèðîâàëè ïóòåì èíîêóëÿöèè ñ àãðîáàêòåðèÿìè è 
âàêóóìíîé èíôèëüòðàöèåé. Äàëåå èõ êî-êóëüòèâèðîâàëè 
íà ñðåäå ÌÑ ñ 2 ìã/ë 2,4-Ä è 10 ìã/ë AgNO

3
, íî áåç àíòèáèî-

òèêîâ. Ýêñïðåññèþ ãåíà gus ïðîâåðÿëè ñ ïîìîùüþ ãèñòî-
õèìè÷åñêîãî àíàëèçà, à ãåíà gfp – âèçóàëüíîãî (ôëóîðåñ-
öåíöèÿ áåëêà GFP â UV ñâåòå). Óðîâíè ýêñïðåññèè ãåíîâ 
gfp è gus îöåíèâàëè ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷å-
íèÿ ImajeJ. Èíòåãðàöèþ ãåíîâ gfp è gus â ãåíîì ñïåëüòû 
ïðîâåðÿëè ìåòîäîì ÏÖÐ. Ðåçóëüòàòû. Ãåíåòè÷åñêàÿ òðàíñ-

ôîðìàöèÿ êàëëþñíûõ ýêñïëàíòîâ ñïåëüòû ïóò¸ì èõ èíîêó-
ëÿöèè â ïèòàòåëüíîé ñðåäå ñ àãðîáàêòåðèÿìè è âàêóóìíîé 
èíôèëüòðàöèåé ïðîèñõîäèëà ñ ðàçíîé ÷àñòîòîé. Óðîâåíü 
ýêñïðåññèè ãåíà gus ïðè âàêóóìíîé èíôèëüòðàöèè ñîñ-
òàâèë 4,66 ± 0,74%, à ïðè èíîêóëÿöèè – 4,00 ± 0,91%, à 
ãåíà gfp ïðè âàêóóìíîé èíôèëüòðàöèè – 3,66 ± 0,74%, à 
ïðè èíîêóëÿöèè – 4,66 ± 1,39%. Óðîâåíü ýêñïðåñèè ãåíà 
gfp áûë âûøå â ñëó÷àå èñïîëüçîâàíèÿ èíîêóëÿöèè ñ àãðî-
áàêòåðèÿìè, à ãåíà gus – ïðè âàêóóìíîé èíôèëüòðàöèè. 
Ïðè ïîìîùè ÏÖÐ àíàëèçà áûëà ïîäòâåðæäåíà èíòåãðà-
öèÿ ãåíîâ gfp è gus â ãåíîì êàëëþñîâ ñïåëüòû. Äëèíà ÏÖÐ 
ïðîäóêòà ñ ïðàéìåðàìè ê ãåíó gus ñîñòàâèëà 240 ï. í., à 
äëÿ ãåíà gfp – 717 ï. í. Âûâîäû. Èñïîëüçîâàíèå ìåòîäîâ 
âàêóóìíîé èíôèëüòðàöèè è èíîêóëÿöèè äëÿ ãåíåòè÷åñêîé 
òðàíñôîðìàöèè ñïåëüòû äàëè ðàçíûå ðåçóëüòàòû. ×àñòîòà 
ãåíåòè÷åñêîé òðàíñôîðìàöèè êîëåáàëàñü îò 3,66 äî 4,66%. 
Agrobacterium-îïîñðåäîâàííàÿ ãåíåòè÷åñêàÿ òðàíñôîð-
ìàöèÿ àìôèäèïëîèäíîé ïøåíèöû ñïåëüòû ïîçâîëÿåò èñ-
ñëåäîâàòü ýêñïðåññèþ ðåïîðòåðíûõ ãåíîâ gus è gfp ïðè 
èñïîëüçîâàíèè êàëëþñíûõ ýêñïëàíòîâ, ïîëó÷åííûõ èç 
çðåëûõ çàðîäûøåé.

Êëþ÷åâûå ñëîâà: Triticum spelta L.; ñïåëüòà; êàëëþñî-
ãåíåç; ãåí gus; ãåí gfp; ãåíåòè÷åñêàÿ òðàíñôîðìàöèÿ.
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Purpose. To study the expression of gus and gfp genes in cal-
lus explants of amphidiploid spelt wheat (Triticum spelta L.)
after Agrobacterium-mediated genetic transformation. 
Methods. Winter spelt wheat of ‘Europa’ variety was cho-
sen for transformation. Calli obtained from mature embryos 
were used as explants. Callus pre-cultivation was carried 
out on MS nutrient medium (Murashige–Skoog) supple-
mented with 2 mg/L 2,4-D (2,4-Dichlorophenoxyacetic 
acid) and 10 mg/L silver nitrate. For genetic transforma-
tion, Agrobacterium tumefaciens Conn., strain GV3101 and 
a genetic construct with reporter genes beta-glucuronidase 
(GUS) and green fluorescent protein (GFP) were used. Calli 
were transformed by inoculation with agrobacteria and vacu-
um infiltration. Then they were co-cultured on MS medium 
with 2 mg/L 2,4-D and 10 mg/L AgNO3, but without antibi-
otics. The expression of the gus gene was checked by histo-
chemical and the gfp gene by visual analysis (fluorescence 
of the GFP protein in UV light). Gfp and gus gene expression 
levels were evaluated using ImajeJ software. The integra-
tion of the gfp and gus genes into the spelt genome was 
verified by PCR. Results. Genetic transformation of spelt 
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callus explants by inoculation in a nutrient medium with 
agrobacteria and vacuum infiltration occurred at different 
frequencies. The level of expression of the gus gene dur-
ing vacuum infiltration was 4.66 ± 0.74%, with inoculation 

– 4.00 ± 0.91%; and the gfp gene with vacuum infiltration – 
3.66 ± 0.74%, with inoculation – 4.66 ± 1.39%. The level of 
expression of the gfp gene was higher when using inocula-
tion with agrobacteria, and the gus gene was higher du ring 
vacuum infiltration. Using PCR analysis, the integration 
of the gfp and gus genes into the callus of spelt genome 
was confirmed. The length of the PCR product with primers 
for the gus gene was 240 bp, and 717 bp for the gfp gene. 
Conclusions. The use of vacuum infiltration and inocula-
tion methods for spelt genetic transformation gave diffe rent 
results. The frequency of genetic transformation ranged 
from 3.66 to 4.66%. Agrobacterium-mediated genetic trans-
formation of amphidiploid spelt wheat allows us to study 
the expression of gus and gfp reporter genes using callus 
explants derived from mature embryos.

Keywods: Triticum spelta L.; spelt; callusogenesis; gus 
gene; gfp gene; genetic transformation.
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