
188 ISSN 2518-1017  Plant Varieties Studying and protection, 2019, Т. 15, №2

Ô³ç³îëîã³ÿ ðîñëèí

Фізіологія рослинізіологія рослинФФізіологія рослинізіологія рослин

Âñòóï
Äåô³öèò âîëîãè º îäíèì ç îñíîâíèõ àá³î-

òè÷íèõ ñòðåñ³â, ùî âïëèâàº íà âðîæàéí³ñòü, 
òîìó àêòóàëüíîñò³ íàáóâàº äîñë³äæåííÿ ìå-
õàí³çì³â àäàïòàö³éíèõ ìîæëèâîñòåé ðîñëèí, 
çîêðåìà ñ³ëüñüêîãîñïîäàðñüêèõ êóëüòóð. Â³-
äîìî, ùî îäí³ºþ ç ïåðâèííèõ ì³øåíåé çîâ-
í³øíüîãî ñòðåñó º öèòîïëàçìàòè÷íà ìåìáðà-
íà êë³òèí [1], ÿêà ðåàãóº íà íåñòà÷ó âîëîãè 
á³îõ³ì³÷íèìè ïåðåáóäîâàìè ë³ï³äíîãî á³øà-
ðó òà çì³íîþ éîãî â’ÿçêîñò³. Ïëèííèé ñòàí 
öèòîïëàçìàòè÷íî¿ ìåìáðàíè òà àêòèâí³ñòü 
àêâàïîðèí³â çàáåçïå÷óþòü ñòàëå ôóíêö³îíó-
âàííÿ ìåìáðàíè â óìîâàõ íåñòà÷³ âîëîãè. 

Íåâåëèê³ ã³äðîôîáí³ á³ëêè àêâàïîðèíè (27–
30 êÄà) ó ìåìáðàíàõ êë³òèí îðãàí³çîâàí³ ó 
âèãëÿä³ âèñîêîêîíñåðâàòèâíèõ òåòðàìåðíèõ 
ñòðóêòóð [2–4]. Àêâàïîðèíè ôîðìóþòü 
òðàíñìåìáðàíí³ êàíàëè, çàâäÿêè ÿêèì ì³æ 
êë³òèíàìè â³äáóâàºòüñÿ ïàñèâíèé òðàíñïîðò 
âîäè òà ðîç÷èíåíèõ ðå÷îâèí, ùî º îñíîâíèì 
âîäíèì øëÿõîì â óìîâàõ ïîñóõè [5]. Ó ãåíî-
ì³ Zea mays L. âèÿâëåíî 36 ãåí³â, ÿê³ êîäó-
þòü àêâàïîðèíè [6]. Íàé÷èñåëüí³øà ðîäèíà 
àêâàïîðèí³â ðîñëèí – öå Ð²Ð-àêâàïîðèíè 
öèòîïëàçìàòè÷íî¿ ìåìáðàíè (plasma 
membrane intrinsic proteins), ÿêó ïîä³ëÿþòü 
íà äâ³ ãðóïè: Ð²Ð1 òà Ð²Ð2. Àêâàïîðèíè ãðó-
ïè Ð²Ð2 åêñïðåñóºòüñÿ ïåðåâàæíî â êîðåíÿõ 
ðîñëèí ³ õàðàêòåðèçóþòüñÿ á³ëüøîþ çäàò-
í³ñòþ ïðîïóñêàòè âîäó ïîð³âíÿíî ç Ð²Ð1-
àêâàïîðèíàìè [5, 7].

Îñê³ëüêè Ð²Ð2-àêâàïîðèíè â³ä³ãðàþòü âàæ-
ëèâó ðîëü ó âîäíîìó áàëàíñ³ êë³òèí, ð³âåíü 
åêñïðåñ³¿ ¿õí³õ ãåí³â ìîæå çì³íþâàòèñÿ ï³ä 
÷àñ çíåâîäíåííÿ ´ðóíòó. Â³äîìî, ùî äåô³öèò 
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Ìåòà. Äîñë³äèòè åêñïðåñ³þ àêâàïîðèíó PIP2;1 ó ã³áðèä³â êóêóðóäçè ‘Äîñòàòîê’ ³ ‘Ôëàãìàí’ (ïîñóõîñò³éê³), à òàêîæ 
ó ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’ (ïîì³ðíî ïîñóõîñò³éê³), ÿê³ 10 ä³á çðîñòàëè â óìîâàõ çíèæåíî¿ âîëîãîñò³ ñóáñòðàòó (30%). 
Îö³íèòè ìîæëèâèé âïëèâ ë³ï³ä³â òà æèðíèõ êèñëîò öèòîïëàçìàòè÷íî¿ ìåìáðàíè íà ôóíêö³îíóâàííÿ PIP2;1 çà òàêèõ óìîâ. 
Ìåòîäè. Á³îõ³ì³÷í³: âèÿâëåííÿ ñêëàäó ë³ï³ä³â òà æèðíèõ êèñëîò ôðàêö³¿ öèòîïëàçìàòè÷íî¿ ìåìáðàíè êîðåí³â ðîñëèí 
(ð³äèííà õðîìàòîãðàô³ÿ); ìîëåêóëÿðíî-á³îëîã³÷í³: äîñë³äæåííÿ â³äíîñíî¿ åêñïðåñ³¿ àêâàïîðèíó PIP2;1 (ïîë³ìåðàçíà 
ëàíöþãîâà ðåàêö³ÿ, ÏËÐ); ìîðôîìåòðè÷í³ âèì³ðè òà ñòàòèñòè÷í³ ìåòîäè îáðîáêè ðåçóëüòàò³â. Ðåçóëüòàòè. Ïîêàçàíî, 
ùî â ã³áðèä³â êóêóðóäçè ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’ åêñïðåñ³ÿ PIP2;1 çíèæóâàëàñÿ, à â ‘Äîñòàòîê’ òà ‘Ôëàãìàí’, íàâïàêè, 
ï³äâèùóâàëàñÿ. Ó êîðåíÿõ ‘Äîñòàòîê’ ³ ‘Ôëàãìàí’ â óìîâàõ çíèæåíî¿ âîëîãîñò³ ñóáñòðàòó ô³êñóâàëè ìåíøèé äåô³öèò âîäè 
ïîð³âíÿíî ç ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’. Êð³ì òîãî, ó öèòîïëàçìàòè÷í³é ìåìáðàí³ âñ³õ ã³áðèä³â çá³ëüøóâàëàñÿ ê³ëüê³ñòü 
ñòåðèí³â ³ ôîñôîë³ï³ä³â. Âèñíîâêè. Çíèæåííÿ åêñïðåñ³¿ PIP2;1, â³äçíà÷åíå â ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’, º õàðàêòåðíèì 
äëÿ íåñò³éêèõ ðîñëèí ³ ñâ³ä÷èòü ïðî ¿õíþ ðåàêö³þ íà çíèæåííÿ âîëîãîñò³ ñóáñòðàòó òà ïðîòèä³þ çíåâîäíåííþ, îñê³ëüêè 
ìåíøà ê³ëüê³ñòü àêâàïîðèí³â çàáåçïå÷óº óòðèìàííÿ âîäè â êë³òèíàõ. Âîäíî÷àñ, çà âîëîãîñò³ ñóáñòðàòó 30% åêñïðåñ³ÿ 
PIP2;1 ó ïîñóõîñò³éêèõ ã³áðèä³â ‘Äîñòàòîê’ òà ‘Ôëàãìàí’, íàâïàêè, ï³äâèùóâàëàñÿ íà ôîí³ ìåíøîãî âîäíîãî äåô³öèòó 
êîðåí³â (ïîð³âíÿíî ç ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’). Ö³ëêîì ³ìîâ³ðíî, ùî ïîñèëåíà åêñïðåñ³ÿ ³çîôîðìè PIP2;1 ñàìå â 
‘Äîñòàòîê’ òà ‘Ôëàãìàí’ º ñïåöèô³÷íèì ³íäèêàòîðîì ïîñóõîñò³éêîñò³ ã³áðèä³â. Îòðèìàí³ äàí³ º âàæëèâèìè äëÿ âäîñêîíà-
ëåííÿ ñåëåêö³¿ ïîñóõîñò³éêèõ ã³áðèä³â êóêóðóäçè. 

Êëþ÷îâ³ ñëîâà: êóêóðóäçà; àêâàïîðèí PIP2;1; ñòåðèíè; ôîñôîë³ï³äè; íåíàñè÷åí³ æèðí³ êèñëîòè; êîðåí³; âîäíèé 
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âîëîãè ïîñèëþº ôóíêö³îíóâàííÿ àêâàïîðèí³â 
òà çá³ëüøóº ê³ëüê³ñòü ¿õí³õ òðàíñêðèïò³â [8]. 
Ôóíêö³îíóâàííÿ àêâàïîðèí³â çàëåæèòü òà-
êîæ â³ä æîðñòêîñò³ ë³ï³äíîãî á³øàðó öèòî-
ïëàçìàòè÷íî¿ ìåìáðàíè êë³òèí, òîìó äëÿ ðî-
çóì³ííÿ ïðèðîäè ïîñóõîñò³éêîñò³ ã³áðèä³â êó-
êóðóäçè âàæëèâî äîñë³äæóâàòè ñêëàä ë³ï³ä³â 
ìåìáðàíè, âèçíà÷àòè ð³âåíü ôóíêö³îíóâàííÿ 
àêâàïîðèí³â òà âèÿâëÿòè ¿õíþ ðîëü ó ðåàêö³¿ 
ðîñëèí íà çíèæåííÿ âîëîãîñò³ ´ðóíòó.

Ìåòà äîñë³äæåíü – äîñë³äèòè ìîëåêóëÿð-
í³ îçíàêè ïîñóõîñò³éêîñò³ ã³áðèä³â êóêóðó-
äçè, à ñàìå ê³ëüê³ñíèé òà ÿê³ñíèé ñêëàä ë³-
ï³ä³â öèòîïëàçìàòè÷íî¿ ìåìáðàíè êîðåí³â ³ 
ð³âåíü åêñïðåñ³¿ ³çîôîðìè àêâàïîðèíó 
PIP2;1. Â åêñïåðèìåíò³ ïîð³âíþâàëè ïîñó-
õîñò³éê³ ã³áðèäè êóêóðóäçè (‘Äîñòàòîê’, 
‘Ôëàãìàí’) ç ïîì³ðíî ïîñóõîñò³éêèìè (‘Ïå-
ðåÿñëàâñüêèé’, ‘ßõòà’) çà óìîâ çíèæåíî¿ âî-
ëîãîñò³ ñóáñòðàòó (30%). Ïîðÿä ³ç öèì, îö³-
íþâàëè ìîðôîëîã³÷í³ ïîêàçíèêè êîðåí³â 
(äîâæèíà), âèçíà÷àëè âîäíèé äåô³öèò êîðå-
í³â òà ëèñòê³â, à òàêîæ ñêëàä æèðíèõ êèñ-
ëîò öèòîïëàçìàòè÷íî¿ ìåìáðàíè. 

Ìàòåð³àëè òà ìåòîäèêà äîñë³äæåíü
Óìîâè âèðîùóâàííÿ ðîñëèí. Ó âåãåòàö³é-

íèõ äîñë³äàõ âèðîùóâàëè ðîñëèíè Z. mays 
÷îòèðüîõ ã³áðèä³â: ‘Äîñòàòîê’ (ïîñóõîñò³é-
êèé òà åêîëîã³÷íî ïëàñòè÷íèé), ‘Ïåðåÿñëàâ-
ñüêèé’ (ïîì³ðíî ïîñóõîñò³éêèé) – îðèã³íà-
òîð ²íñòèòóò ô³ç³îëîã³¿ ðîñëèí ³ ãåíåòèêè 
ÍÀÍ Óêðà¿íè (ì. Êè¿â), à òàêîæ ‘Ôëàãìàí’ 
(ïîñóõîñò³éê³ñòü âèñîêà) ³ ‘ßõòà’ (ïîñóõîñ-
ò³éê³ñòü ïîì³ðíà) – îðèã³íàòîð Ñåëåêö³éíî-
ãåíåòè÷íèé ³íñòèòóò – Íàö³îíàëüíèé öåíòð 
íàñ³ííºçíàâñòâà òà ñîðòîâèâ÷åííÿ (ì. Îäåñà). 
Çåðí³âêè ã³áðèä³â êóêóðóäçè îòðèìóâàëè ó 
2014–2017 ðð., çáåð³ãàëè çà òåìïåðàòóðè ïî-
â³òðÿ 12–14 °Ñ ó òåìðÿâ³ â ïàïåðîâèõ êîí-
âåðòàõ ³ç ñ³ë³êîãåëåì.

Çåðí³âêè ïîïåðåäíüî çàìî÷óâàëè âîäîþ 
íà ô³ëüòðóâàëüíîìó ïàïåð³ â òåìðÿâ³ âïðî-
äîâæ òðüîõ ä³á. Ñóáñòðàòîì äëÿ âèðîùóâàí-
íÿ áóëî îáðàíî ï³ñîê, âèçíà÷åíî éîãî ïîâíó 
âîëîãîºìí³ñòü òà ðîçðàõîâàíî íåîáõ³äíó âî-
ëîã³ñòü, ÿêà ñòàíîâèëà 15,9 ã âîäè íà 100 ã 
ñóõîãî ñóáñòðàòó (ï³ñêó) çà 70% â³ä ïîâíî¿ 
âîëîãîºìíîñò³ (êîíòðîëü) òà 6,8 ã âîäè íà 
100 ã ñóõîãî ñóáñòðàòó çà 30% â³ä ïîâíî¿ 
âîëîãîºìíîñò³ (åêñïåðèìåíò) [9]. Òðèäîáîâ³ 
ïðîðîñòêè êóêóðóäçè âèñàäæóâàëè ó âåãåòà-
ö³éí³ ïîñóäèíè (ä³àìåòðîì 28 ñì, ïî 20 ðîñ-
ëèí ó êîæí³é, çàïîâíåí³ ï³ùàíèì ñóáñòðà-
òîì ç âîëîã³ñòþ 70%. Ðîñëèíè çðîñòàëè ï³ä 
ïðîçîðèì òåíòîì óïðîäîâæ âåãåòàö³éíîãî 
ñåçîíó (òðàâåíü–ëèïåíü), âîëîã³ñòü ñóáñòðà-
òó ìîí³òîðèëè ÷åðåç äåíü. Â åêñïåðèìåíò³ 

âîëîã³ñòü ñóáñòðàòó ïîñòóïîâî äîâîäèëè äî 
30% â³ä ïîâíî¿ âîëîãîºìíîñò³ øëÿõîì ïðè-
ïèíåííÿ ïîëèâó é íà òàêîìó ñóáñòðàò³ ðîñ-
ëèíè âèðîùóâàëè âïðîäîâæ íàñòóïíèõ 10 
ä³á. Äëÿ åêñïåðèìåíò³â âèêîðèñòîâóâàëè 
ðîñëèíè ó ôàç³ ï’ÿòîãî ëèñòêà (çà Ô. Ì. Êó-
ïåðìàí), â³êîì 21–22 äîáè. Ìàòåð³àë äëÿ 
ìîëåêóëÿðíî-á³îëîã³÷íèõ ðåàêö³é â³äáèðà-
ëè íà 10 ãîäèíó â äåíü âèä³ëåííÿ ÐÍÊ ç 
ðîñëèí. Âèì³ðþâàëè äîâæèíó ãîëîâíîãî êî-
ðåíÿ (n = 75 äëÿ êîæíîãî çðàçêà) òà âèçíà-
÷àëè âîäíèé äåô³öèò ëèñòê³â òà êîðåí³â 
(n = 30 äëÿ êîæíîãî çðàçêà), ÿêèé ðîçðàõî-
âóâàëè çà ôîðìóëîþ: âîäíèé äåô³öèò = 100 
× [(ê³ëüê³ñòü âîäè, ÿêà íàñè÷óº îðãàí) – (âè-
õ³äíà ê³ëüê³ñòü âîäè)] / ê³ëüê³ñòü âîäè, ÿêà 
íàñè÷óº îðãàí [9]. Åêñïåðèìåíòè ïðîâîäèëè 
ó òðüîõ á³îëîã³÷íèõ ïîâòîðàõ. 

Äîñë³äæåííÿ åêñïðåñ³¿ ãåíà PIP2;1. Ïî-
øóê ãåíà àêâàïîðèíó PIP2;1 çä³éñíþâàäè çà 
äîïîìîãîþ ïðîãðàìè BLAST (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) ó ì³æíàðîäí³é 
áàç³ äàíèõ GenBank, ï³ä ÷àñ äîáîðó òà ïåðå-
â³ðêè ïðàéìåð³â äî ä³ëÿíêè ÄÍÊ, ÿêà êîäóº 
êîíñåðâàòèâíó ÷àñòèíó á³ëêà PIP2;1, âèêî-
ðèñòîâóâàëè ñåðâ³ñ BLAST on-line (http://
www.ncbi.nlm.nih.gov/). Ïðàéìåðè ñèíòåçó-
âàëè íà çàìîâëåííÿ êîìåðö³éíîþ êîìïàí³-
ºþ Metabion International AG (Germany).

Åêñïðåñ³þ ãåíà àêâàïîðèíó PIP2;1 îö³íþ-
âàëè ìåòîäîì íàï³âê³ëüê³ñíî¿ çâîðîòíî-
òðàíñêðèïö³éíî¿ ïîë³ìåðàçíî¿ ëàíöþãîâî¿ 
ðåàêö³¿ (ÏËÐ) íà ï³äñòàâ³ íàêîïè÷åííÿ ïðî-
äóêò³â ÏËÐ (àìïë³êîí³â). Äëÿ ³çîëþâàííÿ 
çàãàëüíî¿ ÐÍÊ áðàëè íàâàæêó 100 ìã êîðå-
í³â äîñë³äæóâàíèõ ðîñëèí, ãîìîãåí³çóâàëè â 
ñòóïö³ íà ëüîäó é ïðîâîäèëè âèä³ëåííÿ, çà-
ñòîñîâóþ÷è ðåàêòèâè íàáîðó innuPREP 
Plant RNA kit («AJ Innuscreen GmbH», 
Germany) çã³äíî ç ìåòîäèêîþ âèðîáíèêà. 
Ê³ëüê³ñíèé àíàë³ç ÐÍÊ çä³éñíþâàëè ñïåê-
òðîôîòîìåòðè÷íèì ìåòîäîì (óðàõîâóâàëè 
ïîêàçíèêè çà äîâæèíè õâèë³ 260 òà 280 íì), 
à ïåðåâ³ðêó ö³ë³ñíîñò³ ÐÍÊ – ÷åðåç åëåêòðî-
ôîðåç â 1%-ìó àãàðîçíîìó ãåë³. ÐÍÊ çáåð³-
ãàëè çà -70 °Ñ ùîíàéäîâøå âïðîäîâæ òðüîõ 
ä³á. Çâîðîòíó òðàíñêðèïö³þ ÐÍÊ (1 µg) ïðî-
âîäèëè íà àìïë³ô³êàòîð³ «Òåðöèê» (ÄÍÊ-
òåõíîëîã³ÿ, Ðîñ³ÿ), âèêîðèñòîâóþ÷è íàá³ð 
Revert AidH Minus First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific). 

Äëÿ âèçíà÷åííÿ åêñïðåñ³¿ ãåíà àêâàïîðèíó 
PIP2;1 çàñòîñîâóâàëè ñïåöèô³÷í³ ïðàéìåðè: 
5’- GTT CCA GAG CGC CTA CTT C -3’, 5’-  
GGG CTT GTC CTT GTT GTA GAT -3’ (äîâæè-
íà ïðîäóêòó – 297 ïàð íóêëåîòèäíèõ ïîñë³-
äîâíîñòåé). Ù³ëüí³ñòü àìïë³êîíó àêâàïîðè-
íó PIP2;1 ïîð³âíþâàëè ç òàêîþ ãåíà 18S rRNA 
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(internal control) ³ç ïðàéìåðàìè: 5’- GCG AAA 
GCA TTT GCC AAG G - 3’, 5’- ATT CCT GGT 
CGG CAT CGT TTA - 3’ (äîâæèíà ïðîäóêòó – 
104 ïàðè íóêëåîòèäíèõ ïîñë³äîâíîñòåé). 
Ïðîãðàìà àìïë³ô³êàö³¿ âêëþ÷àëà òàê³ åòàïè: 
ïî÷àòêîâà äåíàòóðàö³ÿ – 95 °Ñ, 3 õâ, 25 öèê-
ë³â: 95 °Ñ, 30 ñ; àñîö³àö³ÿ ïðàéìåð³â: 59 °Ñ, 
30 ñ; ñèíòåç: 72 °Ñ, 30 ñ; ³íêóáàö³ÿ: 72 °Ñ, 
1 õâ. Çóïèíÿëè ðåàêö³þ, îõîëîäæóþ÷è çðàç-
êè äî 4 °Ñ. Çà íåãàòèâíèé êîíòðîëü áðàëè 
ðîç÷èí äëÿ àìïë³ô³êàö³¿ áåç êîäóþ÷î¿ ÄÍÊ 
çðàçêà. Ïðîäóêò àìïë³ô³êàö³¿ ðîçä³ëÿëè ó 
1,5%-ìó àãàðîçíîìó ãåë³ ç TRIS-àöåòàòíèì 
áóôåðîì ó ïðèñóòíîñò³ áðîìèñòîãî åòèä³þ òà 
â³çóàë³çóâàëè â óëüòðàô³îëåòîâîìó ñâ³òë³ çà 
äîïîìîãîþ ñèñòåìè Bio-Vision (Vilber Louro-
mat). Ìàðêåð äëÿ ÄÍÊ – 1 Kb Plus DNA 
Ladder, Thermo Fisher Scientific. Ù³ëüí³ñòü 
àìïë³êîí³â âèì³ðþâàëè çà äîïîìîãîþ ïðîãðà-
ìè GelAnalyzer2010a (www.GelAnalyzer.exe). 
Ð³âåíü â³äíîñíî¿ åêñïðåñ³¿ àêâàïîðèíó PIP2;1 
ðîçðàõîâóâàëè, çâàæàþ÷è íà ñï³ââ³äíîøåííÿ 
ù³ëüíîñò³ â ãåë³ ïðîäóêò³â çðàçê³â ç³ ù³ëüí³ñ-
òþ ïðîäóêòó ãåíà 18S rRNA ó çðàçêàõ, ÿêèé 
áðàëè çà îäèíèöþ (ðèñ. 1). 

Äîñë³äæåííÿ ôðàêö³¿ öèòîïëàçìàòè÷íî¿ 
ìåìáðàíè. Ì³êðîñîìàëüíó ôðàêö³þ, çáàãà-
÷åíó ôðàãìåíòàìè ïëàçìàëåìè, îòðèìóâàëè 
ç êîðåí³â êóêóðóäçè ìåòîäîì äâîôàçíî¿ âîä-
íî-ïîë³ìåðíî¿ ñèñòåìè [10] ³ç âèêîðèñòàííÿì 
öåíòðèôóãè Optima L-90K (Beckman). ×èñòî-
òó ôðàêö³¿ ïåðåâ³ðÿëè çà äîïîìîãîþ åëåêòðîí-
íî¿ ì³êðîñêîï³¿ ï³ñëÿ ñïåöèô³÷íîãî çàáàðâ-
ëåííÿ âåçèêóë öèòîïëàçìàòè÷íî¿ ìåìáðàíè 
ôîñôîðíî-âîëüôðàìîâîþ êèñëîòîþ (ÔÂÊ) 
[11]. Äëÿ öüîãî ôðàêö³þ ïëàçìàëåìè ô³êñó-
âàëè ãëþòàðîâèì àëüäåã³äîì òà îáðîáëÿëè 

çã³äíî ç³ ñòàíäàðòíîþ ìåòîäèêîþ äëÿ åëåê-
òðîííî¿ ì³êðîñêîï³¿. Íà óëüòðàòîíêèõ çð³çàõ 
ï³äðàõîâóâàëè â³äíîøåííÿ ïîôàðáîâàíèõ 
ÔÂÊ âåçèêóë äî íåïîôàðáîâàíèõ (ðèñ. 2). 
×èñòîòà ôðàêö³¿ ñòàíîâèëà â ñåðåäíüîìó 52–
55% (n = 5).

Ðèñ. 2. Ì³êðîñîìàëüíà ôðàêö³ÿ êîðåí³â êóêóðóäçè, 
çáàãà÷åíà ôðàãìåíòàìè ïëàçìàëåìè 

(Ñòð³ëêîþ ïîçíà÷åí³ âåçèêóëè ïëàçìàëåìè. 
Ìàñøòàá: 0,5 ìêì)

Ë³ï³äíèé ñêëàä ôðàêö³¿ öèòîïëàçìàòè÷-
íî¿ ìåìáðàíè àíàë³çóâàëè çà äîïîìîãîþ âè-
ñîêîåôåêòèâíî¿ ôàçîâî¿ ð³äèííî¿ õðîìàòî-
ãðàô³¿ íà ñèñòåì³ Agilent 1100 â öåíòð³ 
ÂÅÐÕ, Íàö³îíàëüíèé áîòàí³÷íèé ñàä ³ìå-
í³ Ì. Ì. Ãðèøêà ÍÀÍ Óêðà¿íè (ì. Êè¿â). 
Äëÿ âèä³ëåííÿ ë³ï³äíèõ ñêëàäíèê³â â³äîê-
ðåìëåí³ â³ä áóôåðó ïðåïàðàòè öèòîïëàçìà-
òè÷íî¿ ìåìáðàíè åêñòðàãóâàëè ³çîïðîïàíî-
ëîì ç ðîçðàõóíêó 2 ìë íà 50 ìã ìàñè âèä³-
ëåíî¿ ìåìáðàíè. Ñåðåäíüî-, ìàëî- òà íåïî-
ëÿðí³ ìåòàáîë³òè, çîêðåìà ñòåðèíè òà ôîñ-
ôîë³ï³äè, îö³íþâàëè íàï³âê³ëüê³ñíî (çà-
ãàëüíèé ïóë, õðîìàòîãðàô³÷íèé ïðîô³ëü).

Äëÿ îòðèìàííÿ ë³ï³äíèõ ïðîô³ë³â, ùî âêëþ-
÷àþòü ñòåðèíè òà ¿õí³ åô³ðè ç ÆÊ, òà ôîñôî-
ë³ï³äè çàñòîñîâóâàëè òðèåëþåíòíó ñõåìó 
(åëþåíò A = 0,01 M âîäíèé ðîç÷èí îðòîôîñ-
ôîðíî¿ êèñëîòè; B íå âèêîðèñòîâóâàâñÿ; C = 
àöåòîí³òðèë; D = ³çîïðîïàíîë) íà êîëîíö³ 
Thermo Scientific Hypersil™ BDS C18, 3µm, 
2.1 × 100 mm. Òåêñòîâå òà ãðàô³÷íå îôîðìëåí-
íÿ äàíèõ âèêîíóâàëîñÿ â MS Word 2010, MS 
Excel 2010 òà Corel Draw X3. Ïîëîæåííÿ ôîñ-
ôîë³ï³ä³â íà õðîìàòîãðàì³ âèçíà÷àëè çà ñòàí-
äàðòíèì ïðåïàðàòîì ôîñôîë³ï³ä³â íàñ³ííÿ ñî¿ 
(Sigma), à ñòåðèí³â – çà ñòàíäàðòîì ñò³ãìàñòå-
ðîëó (ñòàíäàðòíèé ðîç÷èí ñò³ãìàñòåðîëó 
10 ìêã/ìë, ó õëîðîôîðì³, Supelco) (ðèñ. 3).

Àíàë³ç æèðíèõ êèñëîò (ÆÊ) ïðîâîäèëè 
ï³ñëÿ ëóæíîãî ã³äðîë³çó ìåìáðàííèõ ôîñôî-

Ðèñ. 1. Àãàðîçíèé ãåëü-åëåêòðîôîðåç ïðîäóêò³â 
ðåàêö³¿ çâîðîòíüî¿ òðàíñêðèïö³¿ àêâàïîðèíó PIP2;1: 
Ì – ìîëåêóëÿðíèé ìàðêåð; 1 – 18S rRNA – âíóòð³øí³é 

êîíòðîëü äëÿ óñ³õ ã³áðèä³â; 2 – PIP2;1 ã³áðèäà 
‘Ïåðåÿñëàâñüêèé’; 3 – PIP2;1 ã³áðèäà ‘Äîñòàòîê’;

4 – PIP2;1 ã³áðèäà ‘ßõòà’; 5 – PIP2;1 ã³áðèäà ‘Ôëàãìàí’. 
Ê – êîíòðîëü, âîëîã³ñòü ñóáñòðàòó 70%; Å – åêñïåðèìåíò, 

âîëîã³ñòü ñóáñòðàòó 30%

M     1E    4E    1K    5K    1E    5EM     1E    4E    1K    5K    1E    5E

1K   2K   1E  2E   1K  3K  1E   3E           M                  1K   4K   M1K   2K   1E  2E   1K  3K  1E   3E           M                  1K   4K   M
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ë³ï³ä³â ó âèãëÿä³ n-áðîìôåíàöèëîâèõ ïîõ³ä-
íèõ çà äîïîìîãîþ îáåðíåíî-ôàçîâî¿ âèñîêî-
åôåêòèâíî¿ ð³äèííî¿ õðîìàòîãðàô³¿ íà ñèñòå-
ì³ Angilent 1100. Âèêîðèñòîâóâàëè äâîåëþ-
åíòíó ñèñòåìó (åëþåíò À – 0,05 Ì âîäíèé 
ðîç÷èí îðòîôîñôîðíî¿ êèñëîòè; åëþåíò Â – 
ìåòàíîë) íà êîëîíö³ Angilent ZORBAX Eslipse 
XDB-C18, 5 ìêì, 4,6 × 250 ìì. Áàçîâå äåòåê-
òóâàííÿ ÆÊ ïðîâîäèëè íà 258 íì, ïîð³ã âè-
ÿâëåííÿ ÆÊ > 0,02–0,03-ìîëüíèõ %, àíàë³-
òè÷íà ïîõèáêà < 2%. Æèðí³ êèñëîòè ³äåíòè-
ô³êóâàëè, ïîð³âíþþ÷è â³äíîñíèé ÷àñ óòðè-
ìàííÿ ï³ê³â ç³ ñòàíäàðòàìè [12]. Êîåô³ö³ºíò 
íåíàñè÷åíîñò³ (Ê) ÆÊ âèçíà÷àëè ÿê â³äíîøåí-
íÿ: ∑ íåíàñè÷åíèõ ÆÊ / ∑ íàñè÷åíèõ ÆÊ.

Åêñïåðèìåíòè âèêîíóâàëè â òðüîõ á³îëî-
ã³÷íèõ ïîâòîðàõ. Ñòàòèñòè÷íî îòðèìàí³ äàí³ 
îáðîáëÿëè çà äîïîìîãîþ ïðîãðàìè Microsoft 
Excel 2013. Äëÿ êîæíîãî ïîêàçíèêà âèçíà-
÷àëè éîãî ñåðåäíº çíà÷åííÿ òà ñòàíäàðòíå 
â³äõèëåííÿ â³ä ñåðåäíüîãî çíà÷åííÿ. 

Ðåçóëüòàòè äîñë³äæåíü 
Äîñë³äæåííÿ ðîñòîâèõ ïàðàìåòð³â êîðåí³â 

ã³áðèä³â êóêóðóäçè âèÿâèëè òåíäåíö³þ äî 
çá³ëüøåííÿ çàãàëüíî¿ äîâæèíè ãîëîâíîãî 
êîðåíÿ ÿê ó ïîñóõîñò³éêèõ ã³áðèä³â – ‘Äî-
ñòàòîê’ òà ‘Ôëàãìàí’, òàê ³ â ïîì³ðíî ïîñó-
õîñò³éêîãî ã³áðèäà ‘ßõòà’ çà óìîâ âîëîãîñò³ 
ñóáñòðàòó 30% (ðèñ. 4). 

Ðèñ. 3. Õðîìàòîãðàô³÷í³ ïðîô³ë³ ë³ï³ä³â ïëàçìàëåìè, âêëþ÷íî ç³ ñòåðèíàìè òà ôîñôîë³ï³äàìè ã³áðèä³â 
êóêóðóäçè: ‘Ïåðåÿñëàâñüêèé’ (11 – êîíòðîëü: 70% âîëîãîñò³ ñóáñòðàòó, 12 – äîñë³ä: 30% âîëîãîñò³ ñóáñòðàòó); 

‘ßõòà’ (13 – êîíòðîëü, 14 – äîñë³ä); ‘Äîñòàòîê’ (15 – êîíòðîëü, 16 – äîñë³ä); ‘Ôëàãìàí’ (19 – êîíòðîëü, 20 – äîñë³ä)
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Çá³ëüøåííÿ äîâæèíè ãîëîâíîãî êîðåíÿ º 
íåñïåöèô³÷íîþ ðåàêö³ºþ ðîñëèí íà óìîâè 
çìåíøåííÿ âîëîãîñò³ ñóáñòðàòó, àäæå äîâøà 
òà ðîçëîã³øà êîðåíåâà ñèñòåìà çàáåçïå÷óº 
âèæèâàííÿ â óìîâàõ äåô³öèòó âîäè [13]. Ó 
çâ’ÿçêó ³ç öèì, ö³êàâèì âèÿâëÿºòüñÿ ìàéæå 
ñòàëà äîâæèíà ãîëîâíîãî êîðåíÿ ã³áðèäà 
‘Ïåðåÿñëàâñüêèé’ (ðèñ. 4). 

Äîñë³äæåííÿ âîäíîãî äåô³öèòó êîðåí³â 
âèÿâèëè ï³äâèùåííÿ öüîãî ïîêàçíèêà â ïî-
ì³ðíî ïîñóõîñò³éêèõ ã³áðèä³â ‘Ïåðåÿñëàâ-
ñüêèé’ òà ‘ßõòà’ (ó ‘ßõòà’ – ³ñòîòíî), ùî 
ñâ³ä÷èòü ïðî ðåàêö³þ ðîñëèí íà ñòðåñîâ³ 
óìîâè (ðèñ. 5).

Ó ïîñóõîñò³éêèõ ã³áðèä³â ‘Äîñòàòîê’ òà 
‘Ôëàãìàí’ âîäíèé äåô³öèò êîðåí³â çà âîëî-
ãîñò³ ñóáñòðàòó 30% áóâ íåçíà÷íèì, ùî äî-
âîäèòü ñò³éê³ñòü ðîñëèí äî òàêèõ óìîâ. Âè-

ì³ðè âîäíîãî äåô³öèòó ëèñòê³â, íàâïàêè, íå 
âèÿâèëè äîñòîâ³ðíî¿ çì³íè â óñ³õ ã³áðèä³â 
êóêóðóäçè (íå ïîêàçàíî), ùî ñâ³ä÷èòü ïðî 
òîé ôàêò, ùî 30%-âà âîëîã³ñòü ñóáñòðàòó 
âïðîäîâæ 10 ä³á ïîì³òíî íå âïëèâàº íà ñòàí 
ëèñòê³â äîñë³äæóâàíèõ ã³áðèä³â.

Âèçíà÷åííÿ â³äíîñíî¿ åêñïðåñ³¿ àêâàïîðè-
íó PIP2;1 âèÿâèëî ¿¿ çíèæåííÿ â ïîì³ðíî 
ïîñóõîñò³éêèõ ã³áðèä³â ‘Ïåðåÿñëàâñüêèé’ òà 
‘ßõòà’ (ðèñ. 6), ùî º ðåçóëüòàòîì ïðîòèä³¿ 
ðîñëèí óòðàò³ âîäè.

Öå º íåñïåöèô³÷íîþ îçíàêîþ íåñò³éêèõ äî 
ïîñóõè ðîñëèí, îñê³ëüêè àíàëîã³÷í³ ñïîñòåðå-
æåííÿ áóëè çðîáëåí³ äëÿ áàãàòüîõ ñ³ëüñüêî-
ãîñïîäàðñüêèõ êóëüòóð [14]. Çã³äíî ç [15], ³ â 
Arabidopsis thaliana ø³ñòü ãåí³â PIP2-ãðóïè, 
ÿê³ åêñïðåñóþòüñÿ â êîðåíÿõ, ï³ä âïëèâîì 
ïîñóõè âèÿâëÿëè ñóòòºâå çíèæåííÿ íàêîïè-
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Ðèñ. 4. Ñåðåäíÿ äîâæèíà êîðåí³â ã³áðèä³â Z. mays L. 
çà óìîâ âîëîãîñò³ ñóáñòðàòó 70 òà 30%

(n = 75 äëÿ êîæíîãî çðàçêà)
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Ðèñ. 5. Âîäíèé äåô³öèò êîðåí³â ã³áðèä³â Z. mays L. 
çà óìîâ âîëîãîñò³ ñóáñòðàòó 30 òà 70% 

(n = 30 äëÿ êîæíîãî çðàçêà)

‘Ïåðåÿñëàâñüêèé’   ‘Äîñòàòîê’            ‘ßõòà’             ‘Ôëàãìàí’

‘Ïåðåÿñëàâñüêèé’   ‘Äîñòàòîê’            ‘ßõòà’             ‘Ôëàãìàí’
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÷åííÿ mRNA. Àíàëîã³÷íî, ó Nicotiana 
tabacum, åêñïðåñ³ÿ àêâàïîðèí³â PIP-ðîäèíè 
çíèæóâàëàñÿ çã³äíî ç ð³âíåì ïîñóõè [8], ùî 
òàêîæ ïðèòàìàííå òàêèì âèäàì, ÿê Fragaria 
vesca [16] òà Camellia sinensis [17].   

Øòó÷íå ìîäåëþâàííÿ ñòðåñó çà äîïîìî-
ãîþ 250 ìÌ ðîç÷èíó ìàí³òîëó òàêîæ ïîçíà-
÷àëîñÿ íà øâèäêîìó çíèæåíí³ ìàéæå âäåñÿ-
òåðî åêñïðåñ³¿ Ð²Ð2;2, Ð²Ð2;3 òà Ð²Ð2;6 ³ 
ïðîëîíãîâàíîìó çíèæåíí³ åêñïðåñ³¿ Ð²Ð2;7 
òà Ð²Ð2;8 ó ðîñëèí A. thaliana L. [18]. Ñâîºþ 
÷åðãîþ, åêòîï³÷íà íàäåêñïðåñ³ÿ PIP2;5 ó 
N. tabacum ïðèçâåëà äî ïîñèëåíî¿ âòðàòè 
âîäè çà äåã³äðàö³¿ [19].

Çã³äíî ç íàøèìè äîñë³äæåííÿìè, çà óìîâ 
çíèæåíî¿ âîëîãîñò³ ñóáñòðàòó (30%) ó ïîñó-
õîñò³éêèõ ã³áðèä³â ‘Äîñòàòîê’ òà ‘Ôëàãìàí’, 
íà ïðîòèâàãó ïîì³ðíî ïîñóõîñò³éêèì ã³áðè-
äàì (‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’), âèÿâèëî-
ñÿ ïîñèëåííÿ åêñïðåñ³¿ PIP2;1 (ðèñ. 6). Ñë³ä 
çàçíà÷èòè, ùî â ðîñëèí íå ï³äâèùóâàâñÿ 
ð³âåíü óòðàòè âîäè (ðèñ. 5), ùî äîâîäèòü ¿õ 
ñò³éê³ñòü äî öèõ óìîâ. Âèÿâëåíà ï³äâèùåíà 
åêñïðåñ³ÿ Ð²Ð2;1 ó ïîñóõîñò³éêèõ ã³áðèä³â 
êóêóðóäçè äåùî ñóïåðå÷èòü çàãàëüí³é òåí-
äåíö³¿ çíèæåííÿ ê³ëüêîñò³ á³ëê³â àêâàïîðè-
í³â ó ðîñëèí çà óìîâ çíåâîäíåííÿ òà ïîñóõè 
[8, 14–17]. Òîìó íå âèêëþ÷åíî, ùî ï³äâè-
ùåíà åêñïðåñ³ÿ Ð²Ð2;1 çà óìîâ çíèæåííÿ 
âîëîãîñò³ ñóáñòðàòó º õàðàêòåðíîþ ðèñîþ 
ñàìå ïîñóõîñò³éêèõ ã³áðèä³â ‘Äîñòàòîê’ òà 
‘Ôëàãìàí’ ³ ìîæå áóòè ñïåöèô³÷íîþ îçíàêîþ 
ïîñóõîñò³éêîñò³ ã³áðèä³â êóêóðóäçè çàãàëîì.

Ïîñèëåííÿ åêñïðåñ³¿ Ð²Ð2;1 â³äì³÷àëè òà-
êîæ ï³ä ÷àñ â³äïîâ³ä³ äèêîðîñëèõ ðîñëèí íà 
ð³çíó âîëîã³ñòü ´ðóíòó. Çîêðåìà, çíà÷íó â³ä-
ì³íí³ñòü â åêñïðåñ³¿ Ð²Ð2;1 âèÿâèëè â ñóõî-
ä³ëüíîãî Sium latifolium L., ó ÿêîãî åêñïðå-
ñ³ÿ Ð²Ð2;1 çáåð³ãàëàñÿ ï³äâèùåíîþ ïðîòÿ-

ãîì îíòîãåíåçó ïîð³âíÿíî ç òàêîþ â ïîâ³òðÿ-
íî-âîäíèõ ðîñëèí Sium sizaroideum L. [20]. 
Ï³äâèùåííÿ ð³âíÿ åêñïðåñ³¿ PIP2;1 ó ñóõî-
ä³ëüíîãî S. latifolium L., ìîæëèâî, º âèäî-
âîþ îçíàêîþ àäàïòàö³¿ ðîñëèí äî ñóõîäîëó. 
Öå óçãîäæóºòüñÿ ç ïîâ³äîìëåííÿìè [21] ïðî 
òå, ùî åêñïðåñ³ÿ ãåíà àêâàïîðèíó TaAQP7 ³ç 
Triticum aestivum, ÿêèé òàêîæ â³äíîñÿòü äî 
ï³äãðóïè PIP2, âèçíà÷àâ ñò³éê³ñòü äî ïîñóõè 
òðàíñãåííîãî N. tabacum, ïðè öüîìó ðîñëè-
íè õàðàêòåðèçóâàëèñÿ ñò³éêèì âîäíèé ñòà-
òóñîì, çíèæåííÿì íàêîïè÷åííÿ àêòèâíèõ 
ôîðì êèñíþ é óïåðåäæåííÿì ðóéíóâàííÿ 
ìåìáðàíè [21]. Ñë³ä çàçíà÷èòè, ùî ïîïðè 
äîñòàòíüî äîâãó ³ñòîð³þ äîñë³äæåíü àêâàïî-
ðèí³â, áàãàòî ìåõàí³çì³â ïîñóõîñò³éêîñò³ çà 
¿õíüî¿ ó÷àñò³ äîñ³ çàëèøàþòüñÿ íåðîçêðèòè-
ìè. Ð³çíà åêñïðåñ³ÿ ãåí³â àêâàïîðèí³â ï³ä-
ãðóïè Ð²Ð2 ó â³äïîâ³äü íà âîäíèé ñòðåñ ïðè-
ïóñêàº, ùî ð³çí³ ³çîôîðìè àêâàïîðèí³â â³ä³-
ãðàþòü ð³çíó ðîëü ó ðåãóëÿö³¿ âîäíîãî òðàíñ-
ïîðòó [22], ùî, çàãàëîì, çíà÷íî ðîçøèðþº 
àäàïòàö³éí³ ìîæëèâîñò³ ðîñëèí.

Â³äîìî [23, 24], ùî òðàíñïîðò âîäè ÷åðåç 
àêâàïîðèíè ðåãóëþºòüñÿ ô³çè÷íèìè âëàñòè-
âîñòÿìè öèòîïëàçìàòè÷íî¿ ìåìáðàíè, à ñàìå 
¿¿ æîðñòê³ñòþ/ïëèíí³ñòþ, ùî  ñïðèÿº ôóíê-
ö³îíóâàííþ á³ëê³â. Ô³çè÷íèé ñòàí ìåìáðà-
íè âïëèâàº òàêîæ íà äèôóç³þ âîäè ÷åðåç 
ë³ï³äíèé á³øàð, à äèôóç³ÿ, ñâîºþ ÷åðãîþ, 
âèçíà÷àºòüñÿ çì³íàìè ñêëàäó ë³ï³ä³â (ê³ëü-
ê³ñòþ ôîñôîë³ï³ä³â, ñòåðèí³â òà íåíàñè÷å-
íèõ æèðíèõ êèñëîò) òà ¿õ ïàêóâàííÿì ó 
ìåìáðàí³ [25]. Äåÿê³ àâòîðè [26] ïðèïóñêà-
þòü, ùî çì³íè êîìïîçèö³¿ ë³ï³ä³â ìåìáðàíè 
ïðèçâîäÿòü äî çì³í ó ïðîíèêíîñò³ ÷åðåç àê-
âàïîðèíè.  

Íàø³ äîñë³äæåííÿ âèÿâèëè ï³äâèùåíèé 
ð³âåíü ñòåðèí³â â óñ³õ ã³áðèä³â çà óìîâ 30%-¿ 

Ðèñ. 6. Â³äíîñíèé ð³âåíü åêñïðåñ³¿ PIP2;1 ó êîðåíÿõ ã³áðèä³â Z. mays L.
çà óìîâ âîëîãîñò³ ñóáñòðàòó 30 òà 70%
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Ô³ç³îëîã³ÿ ðîñëèí

âîëîãîñò³ ñóáñòðàòó, ùî ñâ³ä÷èòü ïðî ðåàê-
ö³þ ïëàçìàëåìè êë³òèí êîðåí³â íà çîâí³ø-
í³é ñòðåñ, à ñàìå ïðî ïîñëàáëåííÿ ïëèííîñò³ 
òà äåÿêå «çàãóñò³ííÿ» ìåìáðàíè. Â³äîìî, ùî 
ôóíêö³îíóâàííÿ ñòåðèí³â áåçïîñåðåäíüî 
ïîâ’ÿçàíå ç ¿õíüîþ çäàòí³ñòþ âïëèâàòè íà 
ñòðóêòóðó ìåìáðàíè òà ¿¿ âîäîïðîíèêí³ñòü. 
×åðåç âçàºìîä³þ ç áîêîâèìè ëàíöþãàìè æèð-
íèõ êèñëîò ôîñôîë³ï³ä³â òà ³íòåãðàëüíèìè 
á³ëêàìè ìåìáðàíè ñòåðèíè âïëèâàþòü íà ïà-
êóâàííÿ ìåìáðàííîãî á³øàðó, çì³íþþ÷è ïðè 
öüîìó ïëèíí³ñòü ìåìáðàíè [27]. Âèÿâëåíî, 
ùî ïîñèëåííÿ æîðñòêîñò³ ìåìáðàíè ÷åðåç 
çá³ëüøåííÿ ê³ëüêîñò³ ñòåðèí³â ñïðèÿº ïîñè-
ëåííþ âîäîïðîíèêíîñò³ é ãàçîîáì³íó ñàìå 
÷åðåç á³ëêè àêâàïîðèíè. Çîêðåìà, ââàæàþòü, 
ùî åôåêòèâí³ñòü ôóíêö³îíóâàííÿ àêâàïîðè-
í³â ò³ñíî ïîâ’ÿçàíà ç ¿õíüîþ âçàºìîä³ºþ ç 
äîìåíàìè ìåìáðàíè, çáàãà÷åíèìè ñòåðîëàìè 
[28]. Öå òâåðäæåííÿ áàçóºòüñÿ íà òîìó ôàêò³, 
ùî âèñîêà ëîêàëüíà êîíöåíòðàö³ÿ àêâàïîðè-
í³â ìåìáðàíè ñïîñòåð³ãàºòüñÿ ó çáàãà÷åíèõ 
ñòåðèíàìè äîìåíàõ ç õàðàêòåðíîþ âèñîêîþ 
âîäîïðîíèêí³ñòþ [29]. Êð³ì òîãî, ïîâ³äîìëÿ-
ëîñÿ, ùî çá³ëüøåííÿ ÷àñòêè àêâàïîðèí³â ó 
äåòåðãåíò-ñò³éêèõ ôðàêö³ÿõ ìåìáðàíè (DRM-
detergent-resistant plasma membrane fraction), 
ÿê³ º çáàãà÷åíèìè íà ñòåðèíè ³ ñóòòºâî â³ä-
ð³çíÿþòüñÿ â³ä çàãàëüíî¿ ôðàêö³¿ ïëàçìàòè÷-
íî¿ ìåìáðàíè, çá³ëüøóº îñìîòè÷íå ïðîíèê-
íåííÿ âîäè â ïëàçìàëåìó çà íèçüêèõ òåìïå-
ðàòóð òà çàìîðîçê³â, ï³äâèùóþ÷è òèì ñàìèì 
âèæèâàííÿ îðãàí³çìó [30].

Äîñë³äæåííÿ ðåãóëÿö³¿ âíóòð³øíüîêë³-
òèííîãî òðàíñïîðòó àêâàïîðèí³â òà ¿õ ñóá-
êë³òèííî¿ ëîêàë³çàö³¿ ó â³äïîâ³äü íà çîâí³ø-
í³ ñòðåñè, íàïðèêëàä, çíåâîäíåííÿ òà ñîëüî-
âèé ñòðåñè, âèÿâèëè, ùî äîìåíè,  çáàãà÷åí³ 
íà ñòåðîëè, º êëþ÷îâèìè â äèíàì³ö³ êë³òèí-
íî¿ ïîâåðõí³ òà åíäîöèòîç³ àêâàïîðèí³â 
ïëàçìàòè÷íî¿ ìåìáðàíè [28, 31]. Çîêðåìà, 
óì³ñò ñòåðèí³â ïîâ’ÿçóþòü ³ç ïîñèëåíîþ àáî 
ïîñëàáëåíîþ ñò³éê³ñòþ äî ñîëüîâîãî ñòðåñó, 
äî ÿêî¿ òàêîæ çàëó÷åí³ àêâàïîðèíè [26, 32]. 
Ïîêàçàíî, ùî ï³äâèùåíèé óì³ñò ñîë³, çàçâè-
÷àé, çóìîâëþº çá³ëüøåííÿ çàãàëüíî¿ ê³ëü-
êîñò³ ñòåðèí³â [26, 33].

Ñïèðàþ÷èñü íà çâ’ÿçîê çíèæåííÿ ïëèí-
íîñò³ ìåìáðàíè ç ïîñèëåííÿì ôóíêö³îíó-
âàííÿ àêâàïîðèí³â, Frick òà ³í. [24] ïðèïóñ-
òèëè, ùî æîðñòê³ñòü ìåìáðàíè ìîæå âïëè-
âàòè íà êîíôîðìàö³éíèé ñòàí PIP2;1, çñóâà-
þ÷è ð³âíîâàãó â á³ê éîãî â³äêðèòî¿ êîíôîð-
ìàö³¿, ùî é ñïðèÿº ïðîõîäæåííþ âîäè. Òà-
êîæ âèÿâëåíî, ùî ã³äðàòàö³ÿ ìåìáðàíè 
çá³ëüøóº ïðîñò³ð ì³æ àöèëüíèìè ëàíöþãà-
ìè æèðíèõ êèñëîò [34]. Òàêèì ÷èíîì, ÷åðåç 
çá³ëüøåíó ê³ëüê³ñòü ìîëåêóë âîäè íà ìåæ³ 

ç’ºäíàííÿ ë³ï³ä/á³ëîê, óíàñë³äîê çá³ëüøåíî¿ 
íåíàñè÷åíîñò³ æèðíèõ êèñëîò, ñïîñòåð³ãàëè 
çá³ëüøåííÿ ïðîíèêíîñò³ ÷åðåç àêâàïîðèíè 
[35]. Ó íàøèõ äîñë³äæåííÿõ âèÿâëåíî, ùî 
âîëîã³ñòü ñóáñòðàòó 30%, çà ÿêî¿ ïîñèëþºòü-
ñÿ åêñïðåñ³ÿ PIP2;1 çàãàëîì, íå âïëèâàº íà 
âòðàòó âîäè â êîðåíÿõ ïîñóõîñò³éêèõ ã³áðè-
ä³â ‘Äîñòàòîê’ òà ‘Ôëàãìàí’. Íå âèêëþ÷åíî, 
ùî â öèõ ã³áðèä³â ³çîôîðìà PIP2;1 áåðå 
ó÷àñòü ó ðåãóëþâàíí³ ³íøî¿ ôóíêö³¿, 
ïîâ’ÿçàíî¿ ç òðàíñïîðòîì ðîç÷èííèõ ðå÷î-
âèí êð³çü ìåìáðàíó ï³ä ÷àñ çíåâîäíåííÿ. 
Òîìó, ìîæëèâî, ùî ï³äâèùåíà åêñïðåñ³ÿ 
PIP2;1 º ñïåöèô³÷íîþ îçíàêîþ ïîñóõîñò³é-
êîñò³ ñàìå ã³áðèä³â ‘Äîñòàòîê’ òà ‘Ôëàãìàí’ 
³ â³äð³çíÿºòüñÿ â³ä òàêî¿ â ïîì³ðíî ïîñóõîñ-
ò³éêèõ ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’.

Â óñ³õ äîñë³äæóâàíèõ ã³áðèä³â çá³ëüøóâà-
ëàñÿ ê³ëüê³ñòü ôîñôîë³ï³ä³â, ÿê³ òàêîæ 
ñòðóêòóðíî ³ ôóíêö³îíàëüíî çàëó÷åí³ äî ðå-
àêö³¿ ðîñëèí íà çîâí³øí³é ñòðåñ. Â³äîìî, ùî 
ñêëàä ôîñôîë³ï³ä³â, ¿õí³ ãîëîâí³ ãðóïè òà 
àöèë-ëàíöþãè âïëèâàþòü íà ô³çè÷í³ âëàñòè-
âîñò³ ïëàçìàëåìè, ùî º ñóòòºâèì äëÿ ôóíê-
ö³îíóâàííÿ á³ëê³â. Ïîêàçîâèì º ñï³ââ³äíî-
øåííÿ ôîñôàòèäèëõîë³íó (ÔÕ) äî ôîñôàòè-
äèëåòàíîëàì³íó (ÔÅ). Ââàæàþòü, ùî çá³ëü-
øåííÿ ñï³ââ³äíîøåííÿ ÔÕ/ÔÅ º îçíàêîþ 
çáåðåæåííÿ ³íòåãðàëüíîñò³ ìåìáðàíè é íîð-
ìàë³çàö³¿ ôóíêö³îíóâàííÿ á³ëê³â [36].

Â åêñïåðèìåíòàõ ñï³ââ³äíîøåííÿ ÔÕ/ÔÅ 
ñóòòºâî çá³ëüøóâàëîñÿ â ïîì³ðíî ïîñóõîñ-
ò³éêèõ ã³áðèä³â ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’, 
à â ïîñóõîñò³éêèõ íàâïàêè: íå çàçíàâàëî 
çì³í ó ã³áðèäà ‘Äîñòàòîê’ àáî íàâ³òü çíèæó-
âàëîñÿ â ã³áðèäà ‘Ôëàãìàí’ (òàáë. 1). 

Çá³ëüøåííÿ ñï³ââ³äíîøåííÿ ÔÕ/ÔÅ º íå-
ñïåöèô³÷íîþ ðåàêö³ºþ ³ ñâ³ä÷èòü ïðî ðåàãó-
âàííÿ ðîñëèí íà çíèæåíó âîëîã³ñòü ´ðóíòó. 
Çîêðåìà, äîñë³äæåííÿ ñêëàäó ïëàçìàëåìè 
ïøåíèö³ â óìîâàõ ïîñóõè âèÿâèëè ï³äâè-
ùåííÿ ñï³ââ³äíîøåííÿ ÔÕ/ÔÅ òà ð³âíÿ íå-
íàñè÷åíîñò³ æèðíèõ àöèëüíèõ ëàíöþã³â 
ôîñôîë³ï³ä³â. Ââàæàþòü, ùî öå çàáåçïå÷óº 
á³ëüø ïëèííèé ìàòðèêñ, ùî çáåð³ãàº ô³ç³î-
ëîã³÷í³ ôóíêö³¿ ë³ï³äíîãî á³øàðó [36]. Çá³ëü-
øåííÿ ïîêàçíèêà ÔÕ/ÔÅ ñïîñòåð³ãàëè òà-
êîæ ó öèòîïëàçìàòè÷í³é ìåìáðàí³ ñîíÿø-
íèêó â óìîâàõ âîäíîãî ñòðåñó [37]. Ó íàøî-
ìó âèïàäêó, çá³ëüøåííÿ ñï³ââ³äíîøåííÿ 
ÔÕ/ÔÅ â ïîì³ðíî ïîñóõîñò³éêèõ ã³áðèä³â 
‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’ ìîæå ñâ³ä÷èòè 
ïðî ïðîòèä³þ çíåâîäíåííþ íåàäàïòîâàíèõ 
äî ïîñóõè ðîñëèí, ùî ñïðÿìîâàíå íà ïîë³ï-
øåííÿ ïëèííîñò³ ìåìáðàíè òà çáåðåæåííÿ ¿¿ 
ôóíêö³îíàëüíîñò³. Ïðîòå, íåçâàæàþ÷è íà òå, 
ùî ñêëàä ôîñôîë³ï³ä³â ìîæå ìîäóëþâàòè 
ôóíêö³îíóâàííÿ àêâàïîðèí³â ÷åðåç âïëèâ 
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íà ïëèíí³ñòü ïëàçìàëåìè, çàãàëîì ââàæà-
þòü, ùî àäàïòàö³ÿ ðîñëèí äî ñòðåñó çàëå-
æèòü á³ëüøîþ ì³ðîþ â³ä àêâàïîðèí³â, í³æ 
â³ä ë³ï³äíîãî ñêëàäó [23].

Ï³äòðèìàííÿ ôóíêö³îíàëüíîãî ñòàíó 
ïëàçìàëåìè â óìîâàõ çíåâîäíåííÿ çàáåçïå-
÷óº òàêîæ ³ ñêëàä æèðíèõ êèñëîò, îñîáëèâî 
íåíàñè÷åíèõ (òàáë. 2).

Òàáëèöÿ 1
Óì³ñò ôîñôîòèäèëõîë³íó òà ôîñôîòèäèëåòàíîëàì³íó ó ôðàêö³¿ ïëàçìàëåìè êîðåí³â 

ã³áðèä³â êóêóðóäçè çà óìîâ çíèæåíî¿ âîëîãîñò³ ñóáñòðàòó
Ã³áðèä 

êóêóðóäçè
Âîëîã³ñòü 

ñóáñòðàòó, %
Óì³ñò ôîñôîë³ï³ä³â, ìêã/ìë Ñï³ââ³äíîøåííÿ 

ÔÕ/ÔÅôîñôàòèäèëõîë³í (ÔÕ) ôîñôàòèäèëåòàíîëàì³í (ÔE)

‘Ïåðåÿñëàâñüêèé’ 70 26,10 14,20 1,80
30 26,4 6,90 3,80

‘Äîñòàòîê’ 70 34,0 4,70 7,20
30 16,40 5,20 3,20

‘ßõòà’ 70 0,64 3,32 0,19
30 0,45 0,51 0,88

‘Ôëàãìàí’
70 0,77 0,13 5,90
30 0,57 0,77 0,74

Òàáëèöÿ 2 
ßê³ñíèé òà ê³ëüê³ñíèé ñêëàä æèðíèõ êèñëîò ôðàêö³¿ ïëàçìàëåìè êîðåí³â 

ã³áðèä³â êóêóðóäçè çà óìîâ çíèæåíî¿ âîëîãîñò³ ñóáñòðàòó

Óì³ñò ôîñôîë³ï³ä³â, 
ìêã/ìë

Ã³áðèä êóêóðóäçè
‘Ïåðåÿñëàâñüêèé’ ‘Äîñòàòîê’ ‘ßõòà’ ‘Ôëàãìàí’

Âîëîã³ñòü ñóáñòðàòó, %
70 30 70 30 70 30 70 30

Íàñè÷åí³ æèðí³ êèñëîòè
Ïàëüì³òèíîâà 16:0 34,1 34,6 36,9 36,4 25,5 25,3 30,6 29,7
Ñòåàðèíîâà 18:0 10,4 8,9 8,1 9,3 4,4 2,9 4,2 6,1

∑ 44,6 43,5 45,0 45,7 29,9 28,2 34,8 35,8
Íåíàñè÷åí³ æèðí³ êèñëîòè

Îëå³íîâà 18:1 4,5 5,0 6,6 6,0 6,3 3,7 4,2 4,9
Ë³íîëåâà 18:2 34,1 23,8 40,5 39,3 32,4 45,5 34,1 23,8
Ë³íîëåíîâà 18:3 1,9 1,7 2,2 2,8 2,6 2,8 1,9 1,7

∑ 40,9 30,4 49,3 48,1 41,3 52,0 40,9 30,4
Êîåô³ö³ºíò íåíàñè÷åíîñò³ 1,2 0,8 1,1 1,0 1,4 1,8 1,2 0,8

Â óñ³õ ã³áðèä³â (îêð³ì ‘ßõòà’) êîåô³ö³ºíò 
íåíàñè÷åíîñò³ áóâ áëèçüêèì äî 1, õî÷à ê³ëü-
ê³ñòü äåÿêèõ êèñëîò çì³íþâàëàñÿ (òàáë. 2). 
Ó ïîì³ðíî ïîñóõîñò³éêîãî ã³áðèäó ‘ßõòà’ êî-
åô³ö³ºíò íåíàñè÷åíîñò³ áóâ áëèçüêèì äî 2, 
ùî ñâ³ä÷èòü ïðî ïîñèëåííÿ ïëèííîñò³ ìåìá-
ðàíè êîðåí³â, ÿê ðåàêö³þ íà çíèæåííÿ âîëî-
ãîñò³ ñóáñòðàòó. Âàðòî çàçíà÷èòè, ùî ã³áðèä 
‘ßõòà’ õàðàêòåðèçóâàâñÿ òàêîæ íàéá³ëüøèì 
âîäíèì äåô³öèòîì ó êîðåíÿõ (ðèñ. 5), ùî º 
õàðàêòåðíèì äëÿ ðåàêö³é íà âîäíèé ñòðåñ 
íåàäàïòîâàíèõ ðîñëèí.

Âèñíîâêè
Çíèæåííÿ åêñïðåñ³¿ PIP2;1 º â³äì³òíîþ 

ðèñîþ ïîì³ðíî ïîñóõîñò³éêèõ ã³áðèä³â êó-
êóðóäçè ‘Ïåðåÿñëàâñüêèé’ òà ‘ßõòà’ ³ ñâ³ä-
÷èòü ïðî ðåàêö³þ ðîñëèí íà çíèæåííÿ âî-
ëîãîñò³ ñóáñòðàòó äî 30%. Öå ìîæå â³äáó-
âàòèñÿ ÷åðåç çìåíøåíó ê³ëüê³ñòü á³ëêà 
PIP2;1 ³ ðåçóëüòóþ÷ó ïðîòèä³þ âòðàò³ âîäè 
êð³çü ìåìáðàíó. Ïðî ðåàêö³þ êîðåí³â íà ö³ 
óìîâè âêàçóº òàêîæ çá³ëüøåííÿ ¿õíüî¿ äî-

âæèíè, êîðåíåâîãî âîäíîãî äåô³öèòó òà äå-
ÿêå ïîñèëåííÿ æîðñòêîñò³ öèòîïëàçìàòè÷-
íî¿ ìåìáðàíè. 

Âîäíî÷àñ, çà âîëîãîñò³ ñóáñòðàòó 30% åêñ-
ïðåñ³ÿ PIP2;1 ó ïîñóõîñò³éêèõ ã³áðèä³â êó-
êóðóäçè ‘Äîñòàòîê’ òà ‘Ôëàãìàí’ íàâïàêè 
ïîñèëþâàëàñÿ. Ïðè öüîìó âîäíèé äåô³öèò 
êîðåí³â áóâ ìåíøèì, í³æ ó ïîì³ðíî ïîñóõîñ-
ò³éêèõ ã³áðèä³â. Öå äàº çìîãó ïðèïóñòèòè, 
ùî òàêà îçíàêà ÿê åêñïðåñ³ÿ ñàìå PIP2;1 
ìîæå áóòè îäí³ºþ ç âèçíà÷àëüíèõ îçíàê ïî-
ñóõîñò³éêîñò³ çàçíà÷åíèõ ã³áðèä³â êóêóðó-
äçè. Íå âèêëþ÷åíî, ùî ³çîôîðìà PIP2;1 âè-
êîíóº ïåâíó ñïåöèô³÷íó ôóíêö³þ â çàáåç-
ïå÷åíí³ ïîñóõîñò³éêîñò³ ðîñëèí. Ö³ëêîì 
î÷åâèäíî, ùî ïîñóõîñò³éê³ñòü ã³áðèä³â êóêó-
ðóäçè º êîìïëåêñíèì ìåõàí³çìîì ³ îïîñå-
ðåäêîâóºòüñÿ òàêîæ áàãàòüìà ³íøèìè ìîëå-
êóëÿðíèìè ÷èííèêàìè. 

Âèÿâëåí³ ìîëåêóëÿðí³ îçíàêè ïîñóõîñò³é-
êîñò³ ìîæóòü âèêîðèñòîâóâàòèñÿ äëÿ ïîë³ï-
øåííÿ ñåëåêö³¿ êóêóðóäçè, ñïðÿìîâàíî¿ íà 
àäàïòàö³þ äî ïîñóõè. 



196 ISSN 2518-1017  Plant Varieties Studying and protection, 2019, Т. 15, №2

Ô³ç³îëîã³ÿ ðîñëèí

Âèêîðèñòàíà ë³òåðàòóðà
1. Gronnier J., Crowet J.-M., Habenstein B. et al. Structural basis 

for plant plasma membrane protein dynamics and organization 
into functional nanodomains. eLife. 2017. Vol. 6. e26404.               
doi: 10.7554/eLife.26404

2. Luu D. T., Maurel C. Aquaporins in a challenging environment: 
molecular gears for adjusting plant water status. Plant Cell 
Envir. 2005. Vol. 28, Iss. 1. P. 85–96. doi: 10.1111/                                       
j.1365-3040.2004.01295.x

3. Reizer J., Reizer A., Saier M. The Ì²Ð family of integral membrane 
channel proteins: sequence comparisons, evolutionary 
relationships, reconstructed pathway of evolution, and 
proposed functional differentiation of the two repeated halves 
of the proteins. Crit. Rev. Biochem. Ìîl. Biol. 1993. Vol. 28, 
Iss. 3. P. 235–257. doi: 10.3109/10409239309086796

4. Maurel C., Verdoucq L., Luu D. T., Santoni V. Plant aquaporins: 
membrane channels with multiple integrated functions. Annu. 
Rev. Plant Biol. 2008. Vol. 59, Iss. 1. P. 595–624. doi: 10.1146/
annurev.arplant.59.032607.092734

5. Chaumont F., Tyerman S. D. Aquaporins: highly regulated 
channels controlling plant water relations. Plant Physiol. 2014. 
Vol. 164, Iss. 4. P. 1600–1618. doi: 10.1104/pp.113.233791

6. Chaumont F., Barrieu F., Wojcik E. et al. Aquaporins constitute 
a large and highly divergent protein family in maize. Plant 
Physiol. 2001. Vol. 125, Iss. 3. Ð. 1206–1215. doi: 10.1104/
pp.125.3.1206

7. Chaumont F., Barrieu F., Jung R., Chrispeels M. J. Plasma 
membrane intrinsic proteins from maize cluster in two 
sequence subgroups with differential aquaporin activity. Plant 
Physiol. 2000. Vol. 122, Iss. 4. P. 1025–1034. doi: 10.1104/
pp.122.4.1025

8. Mahdieh M., Mostajeran A., Horie N., Katsuhara M. Drought 
stress alters water relations and expression of PIP-type 
aquaporin genes in Nicotiana tabacum plants. Plant Cell Physiol. 
2008. Vol. 49, Iss. 5. P. 801–813.  doi: 10.1093/pcp/pcn054

9. Âîéöåõ³âñüêà Î. Â., Êàïóñòÿí À. Â., Êîñèê Î. ². òà ³í. Ô³ç³îëîã³ÿ 
ðîñëèí. Ïðàêòèêóì / çà ðåä. Ò. Â. Ïàðøèêîâî¿. Ëóöüê : Òåðåí, 
2010. Ñ. 75–77.

10. Larsson C., Sommarin M., Widell S. Isolation of highly purified 
plant plasma membranes and separation of inside-out and 
right-side-out vesicles. Methods Enzymol. 1994. Vol. 228. 
P. 451–469. doi: 10.1016/00766879(94)28046-0

11. Carde J.-P. Electron microscopy of plant cell membranes. Methods 
Enzymol. 1987. Vol. 148. P. 599–622. doi: 10.1016/0076-
6879(87)48058-0

12. Chen S.-H. S., Kou A. Y. Improved procedure for the separation 
of phospholipids by high-performance liquid chromatography. 
J. Chromatogr. B Biomed. Sci. Appl. 1982. Vol. 227, Iss. 1. 
P. 25–31. doi: 10.1016/S0378-4347(00)80352-7

13. Subbarao G. V., Nam N. H., Chauhan Y. S., Johansen C. Osmotic 
adjustment, water relations and carbohydrate remobilization in 
pigeonpea under water deficits. J. Plant Physiol. 2000. Vol. 157, 
Iss. 6. P. 651–659. doi: 10.1016/S0176-1617(00)80008-5

14. Moshelion M., Halperin O., Wallach R. et al. Role of aquaporins 
in determining transpiration and photosynthesis in water-
stressed plants: crop water-use efficiency, growth and 
yield. Plant Cell Environ. 2015. Vol. 38, Iss. 9. P. 1785–1793. 
doi: 10.1111/pce.12410

15. Jang J. Y., Kim D. G., Kim Y. O. et. al. An expression analysis 
of a gene family encoding plasma membrane aquaporins in 
response to abiotic stresses in Arabidopsis thaliana. Plant Mol. 
Biol. 2004. Vol. 54, Iss. 5. P. 713–725. doi: 10.1023/B:PLAN. 
0000040900.61345.a6

16. Surbanovski N., Sargent D. J., Else M. A. et al. Expression of 
Fragaria vesca PIP aquaporins in response to drought stress: 
PIP down-regulation correlates with the decline in substrate 
moisture content. PLoS One. 2013. Vol. 8, Iss. 9. e74945. 
doi: 10.1371/journal.pone.0074945

17. Yue C., Cao H., Wang L. et al. Molecular cloning and expression 
analysis of tea plant aquaporin (AQP) gene family. Plant 
Physiol. Biochem. 2014. Vol. 83. P. 65–76. doi: 10.1016/ 
j.plaphy.2014.07.011

18. Morillon R., Chrispeels M. J. The role of ABA and the transpiration 
stream in the regulation of the osmotic water permeability 
of leaf cells. Proc. Nat. Acad. Sci. USA. 2001. Vol. 98, Iss. 24. 
P. 14138–14143. doi: 10.1073/pnas.231471998

19. Jang, J. Y., Lee, S. H., Rhee, J. Y. et al. Transgenic Arabidopsis 
and tobacco plants overexpressing an aquaporin respond 
differently to various abiotic stresses. Plant Mol. Biol. 2007. 
Vol. 64, Iss. 6. P. 621–632. doi: 10.1007/s11103-007-9181-8

20. Áëþìà Ä. À. Åêñïðåñ³ÿ ãåí³â àêâàïîðèí³â ï³äãðóïè PIP2 â 
ðîñëèíàõ Sium latifolium L. â óìîâàõ ð³çíîãî âîäíîãî ðåæè-
ìó. Íàóê. çàï. Òåðíîï. íàö. ïåä. óí-òó ³ì. Â. Ãíàòþêà. Ñåð. : 
Á³îë. 2010. Ò. 45, ¹ 4. C. 3–8. 

21. Zhou S., Hu W., Deng X. et al. Overexpression of the wheat 
aquaporin gene, TaAQP7, enhances drought tolerance in 
transgenic tobacco. PLoS One.  2012. Vol. 7, Iss. 12. e52439. 
doi: 10.1371/journal.pone.0052439

22. Hachez C., Zelazny E., Chaumont F. Modulating the expression 
of aquaporin genes in planta: a key to understand their 
physiological functions? Biochim. Biophys Acta. 2006. Vol. 1758, 
Iss. 8. P. 1142–1156. doi: 10.1016/j.bbamem.2006.02.017

23. Carvajal M., Cooke D. T., Clarkson D. T. Response of wheat 
plants to nutrient deprivation may involve the regulation 
of water uptake. Planta. 1996. Vol. 199, Iss. 3. P. 372–381. 
doi: 10.1007/BF00195729

24. Frick A., Järvå M., Ekvall M. et al. Mercury increases water 
permeability of a plant aquaporin through a non-cysteine-
related mechanism. Biochem. J. 2013. Vol. 454, Iss. 3. P. 491–
499. doi: 10.1042/BJ20130377

25. Ho C., Kelly M. B., Stubbs C. D. The effects of phospholipid 
unsaturation and alcohol perturbation at the protein/lipid 
interface probed using fluorophore lifetime heterogeneity. 
Biochem. Biophys. Acta. 1994. Vol. 1193, Iss. 2. P. 307–315. 
doi: 10.1016/0005-2736(94)90167-8

26. López-Pérez L., Martínez-Ballesta M. C., Maurel C., Carvajal M. 
Changes in plasma membrane lipids, aquaporins and proton 
pump of broccoli roots, as an adaptation mechanism to salinity. 
Phytochem. 2009. Vol. 70, Iss. 4. P. 492–500. doi: 10.1016/ 
j.phytochem.2009.01.014

27. Da Silveira M. G., Golovina E. A., Hoekstra F. A. et al. Membrane 
fluidity adjustments in ethanol-stressed Oenococcus oeni ñells. 
Appl. Environ. Microbiol. 2003. Vol. 69, Iss. 10. P. 5826–5832. 
doi: 10.1128/AEM.69.10

28. Luu D. T., Maurel C. Aquaporin trafficking in plant cells: an 
emerging membrane-protein model. Traffic. 2013. Vol. 14, 
Iss. 6. P. 629–635. doi: 10.1111/tra.12062

29. Belugin B. V., Zhestkova I. M., Trofimova M. S. Affinity of PIP 
aquaporins to sterol enriched domains in plasma membrane 
of the cells of etiolated pea seedlings. Biochem. (Mosc.) 
Suppl. Ser. A Membr. Cell Biol. 2011. Vol. 5, Iss. 1. P. 56–63. 
doi: 10.1134/S1990747810051010

30. Minami A., Fujiwara M., Furuto A. et al. Alterations in detergent-
resistant plasma membrane microdomains in Arabidopsis 
thaliana during cold acclimation. Plant Cell Physiol. 2009. 
Vol. 50, Iss. 2. P. 341–359. doi: 10.1093/pcp/pcn202

31. Hachez C., Besserer A., Chevalier A. S., Chaumont F. Insights 
into plant plasma membrane aquaporin trafficking. Trends 
Plant Sci. 2013. Vol. 18, Iss. 6. P. 344–352. doi: 10.1016/ 
j.tplants.2012.12.003

32. Chalbi N., Martinez-Ballesta M. C., Youssef N. B., Carvajal M. Intrinsic 
stability of Brassicaceae plasma membrane in relation to changes 
in proteins and lipids as a response to salinity. J. Plant Physiol. 
2015. Vol. 175. P. 148–156. doi: 10.1016/j.jplph.2014.12.003

33. Silva C., Aranda F. J., Ortiz A. et al. Root plasma membrane lipid 
changes in relation to water transport in pepper: a response 
to NaCl and CaCl

2
 treatment. J. Plant Biol. 2007. Vol. 50, Iss. 6. 

P. 650–657. doi: 10.1007/BF03030609



197ISSN 2518-1017  Plant Varieties Studying and protection, 2019, Vol. 15, No 2

Plant physiology

34. Disalvo E. A. Membrane hydration: a hint to a new model 
for biomembranes. Subcell Biochem. 2015. Vol. 71. P. 1–16.                
doi: 10.1007/978-3-319-19060-0_1

35. Lee A. G. How lipids affect the activities of integral membrane 
proteins. Biochim. Biophys. Acta. 2004. Vol. 1666, Iss. 1–2. 
P. 62–87. doi: 10.1016/j.bbamem.2004.05.012

36. Vigh L., Huitema H., Woltjes J., van Hasselt P. R. Drought stress-
induced changes in the composition and physical state of 
phospholipids in wheat. Physiol. Plant. 1986. Vol. 67, Iss. 1. 
P. 92–96. doi: 10.1111/j.1399-3054.1986.tb01268.x

37. Navarri-Izzo F., Quartacci M. F., Melfi D., Izzo R. Lipid 
composition of plasma membranes isolated from sunflower 
seedlings grown under water stress. Physiol. Plant. 1993. 
Vol. 87, Iss. 4. P. 508–514. doi: 10.1111/j.1399-3054.1993.
tb0 2500.x

References
1. Gronnier, J., Crowet, J.-M., Habenstein, B., Nasir, M. N., Bayle, V., 

Hosy, E., … Mongrand, S. (2017). Structural basis for plant plasma 
membrane protein dynamics and organization into functional 
nanodomains. eLife, 6, e26404. doi: 10.7554/eLife.26404

2. Luu, D. T., & Maurel, C. (2005). Aquaporins in a challenging 
environment: molecular gears for adjusting plant water status. 
Plant Cell Envir., 28(1), 85–96. doi: 10.1111/j.1365-3040.2004. 
01295.x

3. Reizer, J., Reizer, A., & Saier, M. (1993). The Ì²Ð family of integral 
membrane channel proteins: sequence comparisons, 
evolutionary relationships, reconstructed pathway of 
evolution, and proposed functional differentiation of the two 
repeated halves of the proteins. Crit. Rev. Biochem. Ìîl. Biol., 
28(3), 235–257. doi: 10.3109/10409239309086796

4. Maurel, C., Verdoucq, L., Luu, D. T., & Santoni, V. (2008). Plant 
aquaporins: membrane channels with multiple integrated 
functions. Annu. Rev. Plant Biol., 59(1), 595–624. doi: 10.1146/
annurev.arplant.59.032607.092734

5. Chaumont, F., & Tyerman, S. D. (2014). Aquaporins: highly 
regulated channels controlling plant water relations. Plant 
Physiol., 164(4), 1600–1618. doi: 10.1104/pp.113.233791

6. Chaumont, F., Barrieu, F., Wojcik, E., Chrispeels, M. J., & Jung, R. 
(2001). Aquaporins constitute a large and highly divergent 
protein family in maize. Plant Physiol., 125(3), 1206–1215. 
doi: 10.1104/pp.125.3.1206

7. Chaumont, F., Barrieu, F., Jung, R., & Chrispeels, M. (2000). 
Plasma membrane intrinsic proteins from maize cluster in two 
sequence subgroups with differential aquaporin activity. Plant 
Physiol., 122(4), 1025–1034. doi: 10.1104/pp.122.4.1025

8. Mahdieh, M., Mostajeran, A., Horie, N., & Katsuhara, M. (2008). 
Drought stress alters water relations and expression of PIP-
type aquaporin genes in Nicotiana tabacum plants. Plant Cell 
Physiol., 49(5), 801–813.  doi: 10.1093/pcp/pcn054

9. Voitsekhivska, O. V., Kapustian, A. V., Kosyk, O. I., Musiienko, M. M., 
Olkhovych, O. P., Paniuta, O. O., Parshykova, T. V., & Slavny, P. S. 
(2010). Fiziolohiia roslyn. Praktykum [Plant Physiology. Workshop] 
(pp. 75–77). T. V. Parshykova (Ed.). Lutsk: Teren. [in Ukrainian]

10. Larsson, C., Sommarin, M., & Widell, S. (1994). Isolation of 
highly purified plant plasma membranes and separation of 
inside-out and right-side-out vesicles. Methods Enzymol., 228, 
451–469. doi: 10.1016/0076-6879(94)28046-0

11. Carde, J.-P. (1987). Electron microscopy of plant cell membranes. 
Methods Enzymol., 148, 599–622. doi: 10.1016/0076-
6879(87)48058-0

12. Chen, S.-H. S., & Kou, A. Y. (1982). Improved procedure for 
the separation of phospholipids by high-performance liquid 
chromatography. J. Chromatogr. B Biomed. Sci. Appl., 227(1), 
25–31.  doi: 10.1016/S0378-4347(00)80352-7

13. Subbarao, G. V., Nam, N. H., Chauhan, Y. S., & Johansen, C. 
(2000). Osmotic adjustment, water relations and carbohydrate 
remobilization in pigeonpea under water deficits. J. Plant Physiol., 
157(6), 651–659. doi: 10.1016/S0176-1617(00)80008-5

14. Moshelion, M., Halperin, O., Wallach, R., Oren, R., & Way, D. A. 
(2015). Role of aquaporins in determining transpiration and 
photosynthesis in water-stressed plants: crop water-use 
efficiency, growth and yield. Plant Cell Environ., 38(9), 1785–
1793. doi: 10.1111/pce.12410 

15. Jang, J. Y., Kim, D. G., Kim, Y. O., Kim, J. S., & Kang, H. (2004). 
An expression analysis of a gene family encoding plasma 
membrane aquaporins in response to abiotic stresses 
in Arabidopsis thaliana. Plant Mol. Biol., 54(5), 713–725.                           
doi: 10.1023/B:PLAN.0000040900.61345.a6

16. Surbanovski, N., Sargent, D. J., Else, M. A., Simpson, D. W., Zhang, 
H., & Grant, O. M. (2013). Expression of Fragaria vesca PIP 
aquaporins in response to drought stress: PIP down-regulation 
correlates with the decline in substrate moisture content. PLoS 
One, 8(9), e74945. doi: 10.1371/journal.pone.0074945

17. Yue, C., Cao, H., Wang, L., Zhou, Y., Hao, X., Zeng, J., Wang, X., & 
Yang, Y. (2014). Molecular cloning and expression analysis of 
tea plant aquaporin (AQP) gene family. Plant Physiol. Biochem., 
83, 65–76. doi: 10.1016/j.plaphy.2014.07.011

18. Morillon, R., & Chrispeels, M. J. (2001). The role of ABA and 
the transpiration stream in the regulation of the osmotic water 
permeability of leaf cells. Proc. Nat. Acad. Sci. USA., 98(24), 
4138–14143. doi: 10.1073/pnas.231471998

19. Jang, J. Y., Leem, S. H., Rhee, J. Y., Chung, G. C., Ahn, S. J., & 
Kang, H. (2007). Transgenic Arabidopsis and tobacco plants 
overexpressing an aquaporin respond differently to various 
abiotic stresses. Plant Mol. Biol., 64(6), 621–632. doi: 10.1007/
s11103-007-9181-8

20. Bliuma, D. (2010). Gene expression of the PIP2 subgroup 
aquaporins in Sium latifolium L. under different water regimes. 
Naukovi zapysky Ternopilskoho natsionalnoho pedahohichnoho 
universytetu imeni Volodymyra Hnatiuka. Seriia: Biolohiia 
[Scientific Issue Ternopil Volodymyr Hnatiuk National 
Pedagogical University. Series: Biology], 45(4), 3–8. [in 
Ukrainian]

21. Zhou, S., Hu, W., Deng, X., Ma, Z., Chen, L., Huang, C., … He, G. 
(2012). Overexpression of the wheat aquaporin gene, TaAQP7, 
enhances drought tolerance in transgenic tobacco. PLoS One, 
7(12), e52439. doi: 10.1371/journal.pone.0052439

22. Hachez, C., Zelazny, E., & Chaumont, F. (2006). Modulating the 
expression of aquaporin genes in planta: a key to understand 
their physiological functions? Biochim. Biophys. Acta., 1758(8), 
1142–1156. doi: 10.1016/j.bbamem.2006.02.017

23. Carvajal, M., Cooke, D. T., & Clarkson, D. T. (1996). Response of 
wheat plants to nutrient deprivation may involve the regulation 
of water uptake. Planta, 199(3), 372–381. doi: 10.1007/
BF00195729

24. Frick, A., Järvå, M., Ekvall, M., Uzdavinys, P., Nyblom, M., 
& Törnroth-Horsefield, S. (2013). Mercury increases 
water permeability of a plant aquaporin through a non 
cysteine-related mechanism. Biochem. J., 454(3), 491–499. 
doi: 10.1042/BJ20130377 

25. Ho, C., Kelly, M. B., & Stubbs, C. D. (1994). The effects of 
phospholipid unsaturation and alcohol perturbation at the 
protein/lipid interface probed using fluorophore lifetime 
heterogeneity. Biochem. Biophys. Acta, 1193(2), 307–315. 
doi: 10.1016/0005-2736(94)90167-8

26. López-Pérez, L., Martínez-Ballesta, M. C., Maurel, C., & Carvajal, M. 
(2009). Changes in plasma membrane lipids, aquaporins and 
proton pump of broccoli roots, as an adaptation mechanism 
to salinity. Phytochem., 70(4), 492–500. doi: 10.1016/ 
j.phytochem.2009.01.014

27. Da Silveira, M. G., Golovina, E. A., Hoekstra, F. A., Rombouts, F. M., 
&  Abee,, T. (2003). Membrane fluidity adjustments in ethanol-
stressed Oenococcus oeni ñells. Appl. Environ. Microbiol., 69(10), 
5826–5832. doi: 10.1128/AEM.69.10.5826-5832.2003

28. Luu, D. T., & Maurel, C. (2013). Aquaporin trafficking in plant 
cells: an emerging membrane-protein model. Traffic, 14(6), 
629–635. doi: 10.1111/tra.12062



198 ISSN 2518-1017  Plant Varieties Studying and protection, 2019, Т. 15, №2

Ô³ç³îëîã³ÿ ðîñëèí

Purpose. To investigate expression of aquaporin PIP2;1 
in maize cultivars ‘Pereiaslavskyi’ and ‘Dostatok’, (moderately 
drought-resistant) and ‘Yachta’ and ‘Flahman’ (drought-resis-
tant), which grew for 10 days in low humidity substrate (30%). 
To evaluate possible influence of lipids and fatty acids on the 
functional activity of PIP2;1 under above humidity condi-
tions. Methods. Biochemical: study of lipids and fatty acids 
in cytoplasmic membrane fraction from the roots (liquid chro-
matography); molecular: detection of the relative expression 
of aquaporin PIP2;1 in the roots (polymerase chain reaction, 
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Öåëü. Èññëåäîâàòü ýêñïðåññèþ àêâàïîðèíà PIP2;1 ó 
ãèáðèäîâ êóêóðóçû ‘Äîñòàòîê’ è ‘Ôëàãìàí’ (çàñóõîóñòîé-
÷èâûå), ‘Ïåðåÿñëàâñüêèé’ è ‘ßõòà’ (óìåðåííî çàñóõî-
óñòîé÷èâûå), êîòîðûå 10 ñóòîê ðîñëè ïðè ïîíèæåííîé 
âëàæíîñòè ñóáñòðàòà (30%). Îöåíèòü âîçìîæíîå âëèÿíèå 
ñîñòàâà ëèïèäîâ è æèðíèõ êèñëîò íà ôóíêöèîíàëüíóþ 
àêòèâíîñòü PIP2;1 â äàííûõ óñëîâèÿõ. Ìåòîäû. Áèîõèìè-
÷åñêèå: èññëåäîâàíèå ñîñòàâà ëèïèäîâ è æèðíèõ êèñëîò 
ôðàêöèè öèòîïëàçìàòè÷åñêîé ìåìáðàíû êîðíåé (æèä-
êîñòíàÿ õðîìàòîãðàôèÿ); ìîëåêóëÿðíî-áèîëîãè÷åñêèå: 
âûÿâëåíèå îòíîñèòåëüíîé ýêñïðåññèè àêâàïîðèíà PIP2;1 
â êîðíÿõ (ïîëèìåðàçíàÿ öåïíàÿ ðåàêö³ÿ, ÏÖÐ); ìîðôîìåò-
ðè÷åñêèå èçìåðåíèÿ è ñòàòèñòè÷åñêèå ìåòîäû îáðàáîòêè 
ðåçóëüòàòîâ. Ðåçóëüòàòû. Ïîêàçàíî, ÷òî ó ãèáðèäîâ êó-
êóðóçû ‘Ïåðåÿñëàâñüêèé’ è ‘ßõòà’ ýêñïðåññèÿ PIP2;1 ñíè-
æàëàñü, à ó ãèáðèäîâ ‘Äîñòàòîê’ è ‘Ôëàãìàí’, íàîáîðîò, 
ïîâûøàëàñü. Â êîðíÿõ ‘Äîñòàòîê’ è ‘Ôëàãìàí’ â óñëîâèÿõ 
ïîíèæåííîé âëàæíîñòè ñóáñòðàòà îòìå÷àëè ñíèæåííûé 
äåôèöèò âîäû ïî ñðàâíåíèþ ñ ‘Ïåðåÿñëàâñüêèé’ è ‘ßõòà’. 
Êðîìå òîãî, â öèòîïëàçìàòè÷åñêîé ìåìáðàíå âñåõ ãèáðè-

äîâ óâåëè÷èâàëîñü êîëè÷åñòâî ñòåðèíîâ è ôîñôîëèïè-
äîâ. Âûâîäû. Ñíèæåíèå ýêñïðåññèè PIP2;1, îòìå÷åííîå 
ó ãèáðèäîâ ‘Ïåðåÿñëàâñüêèé’ è ‘ßõòà’ ÿâëÿåòñÿ õàðàêòåð-
íûì äëÿ íåñòîéêèõ ê çàñóõå ðàñòåíèé è ñâèäåòåëüñòâóåò 
îá èõ ðåàêöèè íà ñíèæåíèå âëàæíîñòè ñóáñòðàòà, à òàêæå, 
ïðîòèâîäåéñòâèå îáåçâîæèâàíèþ, ïîñêîëüêó ìåíüøåå 
êîëè÷åñòâî àêâàïîðèíîâ îáåñïå÷èâàåò çàäåðæêó âîäû 
â êëåòêàõ. Â òî æå âðåìÿ, ïðè âëàæíîñòè ñóáñòðàòà 30% 
ýêñïðåññèÿ PIP2;1 ó çàñóõîóñòîé÷èâûõ ãèáðèäîâ ‘Äîñòà-
òîê’ è ‘Ôëàãìàí’, íàîáîðîò, óñèëèâàëàñü íà ôîíå ìåíüøåãî 
âîäíîãî äåôèöèòà êîðíåé (ïî ñðàâíåíèþ ñ ãèáðèäàìè 
‘Ïåðåÿñëàâñüêèé’ è ‘ßõòà’). Íå èñêëþ÷åíî, ÷òî óñèëåííàÿ 
ýêñïðåññèÿ PIP2;1 èìåííî ó äàííûõ ãèáðèäîâ ‘Äîñòàòîê’ è 
‘Ôëàãìàí’ ÿâëÿåòñÿ ñïåöèôè÷åñêèì èíäèêàòîðîì çàñóõî-
óñòîé÷èâîñòè. Ïîëó÷åííûå äàííûå âíîñÿò ñóùåñòâåííûé 
âêëàä â ñîâåðøåíñòâîâàíèå ñåëåêöèè çàñóõîóñòîé÷èâûõ 
ãèáðèäîâ êóêóðóçû. 

Êëþ÷åâûå ñëîâà: êóêóðóçà; àêâàïîðèí PIP2;1; ñòåðè-
íû; ôîñôîëèïèäû; íåíàñûùåííûå æèðíûå êèñëîòû; êîð-
íè; âîäíûé äåôèöèò; çàñóõîóñòîé÷èâîñòü.
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PCR); morphometric measurements and statistical methods 
for result processing. Results. Studies showed that in mod-
erately drought-tolerant maize cultivars ‘Pereiaslavskyi’ and 
‘Yachta’, PIP2;1 expression decreased, while in drought-toler-
ant ‘Dostatok’ and ‘Flahman’, on the contrary, it increased. In 
‘Dostatok’ and ‘Flahman’ smaller root water deficit compared 
with ‘Pereiaslavskyi’ and ‘Yachta’ in conditions of low humid-
ity of the substrate was recorded.  In addition, the quantity of 
sterols and phospholipids increased in the plasma membrane 
of all hybrids. Conclusions. Reduced expression of PIP2;1 
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observed in ‘Pereiaslavskyi’ and ‘Yachta’, is a characteristic 
feature of not drought tolerant plants and indicates reac-
tion to a decrease in substrate moisture and counteraction 
to dehydration, since a smaller amount of aquaporins ensures 
water retention in the cells. Contrary, at a substrate moisture 
content of 30%, PIP2;1 expression in drought-resistant hy-
brids ‘Dostatok’ and ‘Flahman’ increased which was accom-
panied by lesser root water deficiency (comparing to that of 

‘Pereiaslavskyi’ and ‘Yachta’). It is quite probable that the en-
hanced expression of the PIP2;1 isoform in cultivars ‘Dosta-
tok’ and ‘Flahman’ is a specific indicator of hybrids drought 
resistance. The obtained data are important for improving 
the selection of drought resistant maize hybrids.

Keywords: corn; aquaporin PIP2;1, sterols; phospholipids; 
unsaturated fatty acids; roots; water deficiency; drought tole-
rance.
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