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Âàðèàáåëüíîñòü ñòðóêòóðû öåíòðîìåðíîãî ãèñòîíà H3 è ôèëîãåíèÿ ðîäà Secale

Àíàëèç âàðèàáåëüíîñòè êîäèðóþùèõ ïîñëåäîâàòåëüíîñòåé öåíòðîìåðíîãî âàðèàíòà ãèñòîíà H3
(CENH3) ïðîâåäåí ñðåäè 15 âèäîâ è ïîäâèäîâ ðæè (ðîä Secale) ñ èñïîëüçîâàíèåì çíà÷åíèÿ íóêëåîòèä-
íîãî ðàçíîîáðàçèÿ (p) è îöåíêè êîëè÷åñòâà ïîëèìîðôíûõ ñàéòîâ (S) äëÿ N-òåðìèíàëüíîãî ðàéîíà (NTT)
è êîíñåðâàòèâíîãî äîìåíà (HFD) ãåíà. Çíà÷åíèÿ p äëÿ NTT ïðåâûøàþò ñîîòâåòñòâóþùèå çíà÷åíèÿ äëÿ
ðàéîíà HFD. Íå îáíàðóæåíî çàâèñèìîñòè —ìåæäó çíà÷åíèÿìè p è äëèòåëüíîñòüþ îíòîãåíåçà è ñèñòå-
ìîé ðàçìíîæåíèÿ. Ó ìíîãîëåòíåãî âèäà Secale strictum C. Presl è îäíîëåòíåãî S. cereale L. çíà÷åíèÿ p

äëÿ NTT äîñòîâåðíî íå ðàçëè÷àþòñÿ, ïðåâûøàÿ ñîîòâåòñòâóþùèå çíà÷åíèÿ, ïîëó÷åííûå äëÿ âèäà S. sil-
vestre. Îöåíêè p äëÿ ñàìîîïûëÿþùèõñÿ ïîäâèäîâ ñðàâíèìû ñî çíà÷åíèÿìè äëÿ ïåðåêðåñòíîîïûëÿþ-
ùèõñÿ ïîäâèäîâ. Ðåçóëüòàòû ïðîâåäåííîãî àíàëèçà äàþò îñíîâàíèÿ óòâåðæäàòü, ÷òî ñóùåñòâîâàíèå âè-
äîâ ðîäà Secale â óñëîâèÿõ óçêîé ýêîëîãè÷åñêîé íèøè, ýâîëþöèîííûé âîçðàñò âèäîâ è âëèÿíèå ñåëåê-
öèè ìîæåò ïðèâîäèòü ê óìåíüøåíèþ íóêëåîòèäíîãî ðàçíîîáðàçèÿ â ñòðóêòóðå ãåíà CENH3.

Ê ë þ ÷ å â û å ñ ë î â à: Secale L., öåíòðîìåðíûé ãèñòîí H3, íóêëåîòèäíûé ïîëèìîðôèçì.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: CENH3 — öåíòðîìåðíûé ãèñòîí H3, HFD — Ñ-êîíöåâîé äîìåí
CENH3 (histone fold domen), êÄÍÊ — êîìïëåìåíòàðíàÿ ÄÍÊ, NTT — N-òåðìèíàëüíûé ðàéîí CENH3,
ï. î. — ïàðû îñíîâàíèé, ÎÒ-ÏÖÐ — ïîëèìåðàçíàÿ ðåàêöèÿ ñ îáðàòíîé òðàíñêðèïöèåé.

Îäíîé èç ýïèãåíåòè÷åñêèõ õàðàêòåðèñòèê öåíòðîìåð
â ýóêàðèîòèî÷åñêîé êëåòêå ÿâëÿåòñÿ íàëè÷èå öåíòðî-
ìåð-ñïåöèôè÷åñêîãî âàðèàíòà ãèñòîíà H3, CENH3, ïåð-
âîíà÷àëüíî îïèñàííîãî êàê CENP-A ó ÷åëîâåêà (Earn-
shaw, Rothfield, 1985). Ïðèñóòñòâèå CENH3 ÿâëÿåòñÿ íå-
îáõîäèìûì óñëîâèåì äëÿ ñáîðêè âñåõ îñòàëüíûõ
êîìïîíåíòîâ êèíåòîõîðà, ê êîòîðîìó ïðèêðåïëÿþòñÿ
íèòè âåðåòåíà äåëåíèÿ (Warburton et al., 1997). Â îòëè÷èå
îò êàíîíè÷åñêèõ ãèñòîíîâ H3, êîòîðûå âåñüìà êîíñåðâà-
òèâíû è ïî÷òè èäåíòè÷íû ïî ïîñëåäîâàòåëüíîñòè îò En-
tamoeba äî ÷åëîâåêà, CENH3 ÿâëÿåòñÿ áîëåå âàðèàáåëü-
íûì: ïîëàãàþò, ÷òî öåíòðîìåðíûé ãèñòîí èçìåíÿåòñÿ
âìåñòå ñ áûñòðî ýâîëþöèîíèðóþùèìè öåíòðîìåðíûìè
ïîâòîðàìè, ïîääåðæèâàÿ êîíñåðâàòèâíûå ôóíêöèè öåíò-
ðîìåðû (Roach et al., 2012). Ñòðóêòóðíî CENH3 ñîñòîèò
èç äâóõ ÷àñòåé — âàðèàáåëüíîãî (ïî äëèíå è ïîñëåäîâà-
òåëüíîñòè) NH2-òåðìèíàëüíîãî êîíöà è áîëåå êîíñåðâà-
òèâíîãî C-òåðìèíàëüíîãî äîìåíà (histone fold domain,
HFD). Äëÿ Arabidopsis thaliana ïîêàçàíî, ÷òî N-òåðìèíà-
ëüíàÿ ÷àñòü CENH3 ó÷àñòâóåò â ñåãðåãàöèè õðîìîñîì â
ìèòîçå è ìåéîçå (Lermontova et al., 2011). Â ñîñòàâå HFD
CENH3 íàõîäèòñÿ ôóíêöèîíàëüíî âàæíûé ðàéîí, ñîñòîÿ-
ùèé èç ïåòëè 1 è a2-ñïèðàëè, êîòîðûé íåîáõîäèì äëÿ ëî-
êàëèçàöèè CENH3 íà öåíòðîìåðå (Vermaak et al., 2002).
Ñ÷èòàåòñÿ, ÷òî ó äèïëîèäíûõ îðãàíèçìîâ ïðèñóòñòâóåò
åäèíñòâåííàÿ êîïèÿ ãåíà CENH3, íî äëÿ ðÿäà äèïëîèä-
íûõ âèäîâ ðàñòåíèé ïîêàçàíî ñóùåñòâîâàíèå äâóõ è áî-
ëåå êîïèé CENH3 (Ishii et al., 2015).

Ðîä Secale, îòíîñÿùèéñÿ ê ñåìåéñòâó çëàêîâ Poaceae,
ñîãëàñíî êëàññèôèêàöèè, ïðåäëîæåííîé Ôðåäåðèêñåíîì
è Ïåòåðñåíîì (Frederiksen, Petersen, 1998), ñîñòîèò èç
òðåõ áèîëîãè÷åñêèõ âèäîâ: ïåðåêðåñòíîîïûëÿþùåãîñÿ
ìíîãîëåòíåãî S. strictum Presl., ïåðåêðåñòíîîïûëÿþùåãî-
ñÿ îäíîëåòíåãî S. cereale L. è êëåéñòîãàìíîãî îäíîëåòíå-
ãî S. silvestre Host. Âèä S. silvestre ñ÷èòàåòñÿ íàèáîëåå
äðåâíèì, òîãäà êàê âèä S. cereale ÿâëÿåòñÿ ýâîëþöèîííî
íàèáîëåå ìîëîäûì. Èññëåäîâàíèé ñòðóêòóðû ôóíêöèî-
íàëüíûõ CENH3 ó äèïëîèäíûõ âèäîâ äèêîé ðæè (2n = 14,
RR) (Lundqvist, 1956) ðàíåå íå ïðîâîäèëè. Òàêîå èññëåäî-
âàíèå ïðåäñòàâëÿåò íåñîìíåííûé èíòåðåñ âñëåäñòâèå âû-
ñîêîé èçìåí÷èâîñòè ñèñòåì ðàçìíîæåíèÿ ðæè. Êðîìå
òîãî, âèäû è ïîäâèäû ðæè øèðîêî èñïîëüçóþò â ñêðåùè-
âàíèÿõ ñ ðàçëè÷íûìè âèäàìè ïøåíèöû è â ñîçäàíèè ðæà-
íî-ïøåíè÷íûõ äîïîëíåííûõ è çàìåùåííûõ ëèíèé, êîòî-
ðûå íàõîäÿò äàëüíåéøåå ïðèìåíåíèå â ñåëåêöèè ïøåíè-
öû (Feuillet et al., 2007).

Â íàñòîÿùåé ðàáîòå ìû ïðîâåëè ñðàâíèòåëüíûé àíà-
ëèç íóêëåîòèäíîé èçìåí÷èâîñòè êîäèðóþùèõ ïîñëåäîâà-
òåëüíîñòåé ãåíà CENH3 ó øèðîêîãî íàáîðà âèäîâ è ïîä-
âèäîâ ðîäà Secale ñ öåëüþ îïðåäåëèòü, â êàêîé ñòåïåíè
êîíñåðâàòèâíîñòü ñòðóêòóðû CENH3 çàâèñèò îò ïðîèñ-
õîæäåíèÿ, ýâîëþöèîííîãî âîçðàñòà, ñèñòåìû ðàçìíîæå-
íèÿ, ñðåäû îáèòàíèÿ, ïðîäîëæèòåëüíîñòè îíòîãåíåçà,
äåéñòâèÿ ñåëåêöèîííîãî îòáîðà.
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Ìàòåðèàë è ìåòîäèêà

Â èññëåäîâàíèè èñïîëüçîâàëè îáðàçöû äèêîé, ñîðíîé
èëè êóëüòèâèðóåìîé ðæè. S. cereale subsp. cereale ñîð-
òà Otello (R1264), S. cereale subsp. vavilovii (R1027), S. ce-
reale subsp. dighoricum (R803), S. strictum subsp. kuprijano-
vii (R549), S. strictum subsp. ciliatoglume (R548), Secale sil-
vestre (R1116), S. cereale subsp. ancestrale (R62), Secale�
derzhavinii Tzvelev (R630) è S. cereale subsp. afghanicum
(HR566/86) áûëè ïîëó÷åíû èç Èíñòèòóòà ðàñòèòåëüíûõ
êóëüòóð (IPK, Ãåðìàíèÿ). S. cereale L. subsp. segetale
(PI 102) è S. strictum subsp. anatolicum (PI 206992) ïðåäî-
ñòàâëåíû USDA-ARS. S. strictum subsp. africanum (10289),
S. strictum subsp. strictum (10736), S. cereale subsp. cereale
ñîðòà Black Winter (9395) è S. cereale subsp. iranicum
(10431) ëþáåçíî ïðåäîñòàâëåíû Îòäåëîì ãåíåòè÷åñêèõ
ðåñóðñîâ îâñà, ðæè, ÿ÷ìåíÿ Âñåðîññèéñêîãî èíñòèòóòà
ðàñòåíèåâîäñòâà èì. Í. È. Âàâèëîâà (Ðîññèÿ).

Îáùóþ ÐÍÊ ýêñòðàãèðîâàëè èç ëèñòüeâ ìîëîäûõ ðàñ-
òåíèé ñ ïðèìåíåíèåì TRI Reagent (MRC, Inc., ÑØÀ) ñî-
ãëàñíî ðóêîâîäñòâó ïðîèçâîäèòåëÿ. Äëÿ ñèíòåçà êÄÍÊ
èñïîëüçîâàëè Reverse Aid Minus First Strand cDNA Syn-
thesis kit (Fermentas, Thermo Fisher Scientific), êÄÍÊ èñ-
ïîëüçîâàëè â ÎÒ-ÏÖÐ. Äëÿ àìïëèôèêàöèè N-òåðìèíàëü-
íîãî ðàéîíà èñïîëüçîâàëè ïðàéìåðû 5R-ATGGCCCG-
CACCAAGCAC (F) è 5R-GAAACTCGACCGACTTCTG
(R). Äëÿ àìïëèôèêàöèè HFD — 5R-GTRGCRCTGCGGGA-
GATCAGGA (F) è 5R-CTBGCRAGYTGYATGTCCTTTT

(R) (Nagaki et al., 2015). Îáå öåïè êëîíèðîâàííûõ
ÏÖÐ-ïðîäóêòîâ ñåêâåíèðîâàëè ñîãëàñíî ñòàíäàðòíîìó
ïðîòîêîëó â ÖÊÏ «Ãåíîìèêà» ÑÎ ÐÀÍ (Íîâîñèáèðñê), ïî-
èñê ãîìîëîãèè íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé ïðî-
âîäèëè ñ èñïîëüçîâàíèåì àëãîðèòìà BLAST (Altschul
et al., 1990) â áàçå äàííûõ NCBI (http://blast.ncbi.nlm.nih.
gov/Database/). Ïðîãðàììó DnaSP âåðñèè 5.10 (Librado,
Rozas, 2009) ïðèìåíÿëè äëÿ ïîäñ÷åòà óðîâíÿ ãåíåòè÷å-
ñêîé âàðèàöèè âíóòðè âèäîâ, èñïîëüçóÿ çíà÷åíèå p êàê
îöåíêó âíóòðèâèäîâîãî ïîëèìîðôèçìà.

Ðåçóëüòàòû è îáñóæäåíèå

Ïîñëåäîâàòåëüíîñòè ÄÍÊ öåíòðîìåðíîãî âàðèàíòà
ãèñòîíà H3 âûäåëåíû è ñåêâåíèðîâàíû èç 15 îáðàçöîâ
ðæè, ïðèíàäëåæàùèõ òðåì âèäàì Secale. Ïîëíîðàçìåð-
íûé âàðèàíò ïîñëåäîâàòåëüíîñòè CENH3 ðæè (ScCENH3)
ñîñòàâëÿåò 501 ï. î., ïîëíàÿ äëèíà ïîñëåäîâàòåëüíîñòè
N-òåðìèíàëüíîãî ðàéîíà (NTT — N-terminal tail) —
216 ï. î., ðàçìåð ïîñëåäîâàòåëüíîñòåé HFD — 211 ï. î.
(ïîñëå óäàëåíèÿ îáëàñòè ïðàéìåðîâ, âêëþ÷àÿ ìàëîâàðèà-
áåëüíûå ó ðæè ó÷àñòêè aN-ñïèðàëè è a3-ñïèðàëè). Ïðè
ýòîì àíàëèçèðîâàëè ôóíêöèîíàëüíî âàæíûå ðàéîíû
HFD — a1-ñïèðàëü, ïåòëþ 1, a2-ñïèðàëü, ÷àñòü a3-ñïè-
ðàëè.

Äëÿ îöåíêè âíóòðèâèäîâîãî ïîëèìîðôèçìà äîìåíîâ
CENH3 îïðåäåëÿëè ãåíåòè÷åñêîå ðàçíîîáðàçèå íà óðîâíå
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Íóêëåîòèäíîå ðàçíîîáðàçèå ïîñëåäîâàòåëüíîñòåé CENH3 ó âèäîâ è ïîäâèäîâ Secale

Âèäû è
ïîäâèäû Secale

Ñïîñîá
ðàçìíî-
æåíèÿà

Êîäèðóþùàÿ îáëàñòü CENH3

NTT HFD

ptot � SD (�10–2)á Sn
â ptot � SD (�10–2) Sn

Âèä S. strictum Presl. 1.39 � 0.15 (n = 51)ã 0.83 � 0.09 (n = 92)

Ì í î ã î ë å ò í è å ï î ä â è ä û

S. anatolicum ï 1.42 � 0.26 15 (6; 9) 1.22 � 0.24 10 (4; 6)

S. africanum ñ 1.41 � 0.24 8 (5; 3) 1.02 � 0.16 13 (4; 9)

S. strictum ï 1.22 � 0.19 9 (2; 7) 1.13 � 0.33 13 (4; 9)

S. ciliatoglume » 1.25 � 0.23 6 (4; 2) 0.84 � 0.10 14 (6; 8)

S. kuprijanovii » 0.65 � 0.26 3 (2; 1) 0.200 � 0.073 5 (2; 3)

Secale � derzhavinii » 0.23 � 0.12 1 (0; 1) 2.12 � 0.51 11 (2; 9)

Âèä S. cereale L. 1.22 � 0.15 (n = 57) 0.88 � 0.11 (n = 106)

Î ä í î ë å ò í è å ï î ä â è ä û

S. ancestrale » 1.38 � 0.19 8 (3; 5) 1.13 � 0.19 15 (5; 10)

S. iranicum ñ 1.37 � 0.22 6 (3; 3) 0.95 � 0.27 5 (1; 4)

S. afghanicum ï 1.24 � 0.12 5 (5; 2) 0.81 � 0.25 11 (7; 4)

S. vavilovii ñ 1.21 � 0.40 6 (5; 2) 0.71 � 0.21 6 (5; 1)

S. segetale ï 0.94 � 0.32 4 (4; 0) 0.95 � 0.18 13 (7; 6)

S. cereale, Otello » 0.770 � 0.099 7 (4; 3) 0.170 � 0.092 2 (2; 0)

S. cereale, B. Winter » 0.90 � 0.26 7 (4; 3) 1.47 � 0.49 15 (8; 5)

S. dighoricum » 0.39 � 0.19 3 (1; 2) 0.053 � 0.046 1 (0; 1)

Î ä í î ë å ò í è é â è ä

Âèä S. silvestre Host. ñ 0.91 � 0.16 9 (4; 5) 0.87 � 0.16 15 (8; 8)

Ï ð è ì å ÷ à í è å. à ï — ïåðåêðåñòíîå îïûëåíèå, ñ — ñàìîîïûëåíèå. á Ïðèâåäåíû îáùåå ðàçíîîáðàçèå äëÿ ñèíîíèìè÷íûõ è íåñèíîíèìè÷íûõ çà-
ìåí è åãî ñòàíäàðòíîå îòêëîíåíèå (SD). â Êîëè÷åñòâî ïîëèìîðôíûõ ñàéòîâ, â ñêîáêàõ óêàçàíî ÷èñëî ñèíîíèìè÷íûõ è íåñèíîíèìè÷íûõ çàìåí. ã Îá-
ùåå êîëè÷åñòâî ïîñëåäîâàòåëüíîñòåé âèäà äëÿ äîìåíà.



íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé (p) è êîëè÷åñòâî ïî-
ëèìîðôíûõ ñàéòîâ (S). Íóêëåîòèäíîå ðàçíîîáðàçèå p —
ñðåäíåå ÷èñëî íóêëåîòèäíûõ ðàçëè÷èé íà ñàéò ìåæäó
äâóìÿ ïîñëåäîâàòåëüíîñòÿìè (Nei, Li, 1979), àíàëèçèðî-
âàëè îòäåëüíî äëÿ NTT è HFD, ïðèíèìàÿ âî âíèìàíèå
ðàçëè÷íûå ôóíêöèè äîìåíîâ CENH3 (ñì. òàáëèöó).

Ñðàâíåíèå çíà÷åíèé p äëÿ òðåõ âèäîâ Secale ïîêàçà-
ëî, ÷òî äëÿ âèäîâ S. cereale è S. strictum C. Presl. îíè ïðè-
ìåðíî ðàâíû è íåñêîëüêî íèæå äëÿ âèäà S. silvestre,
ïðè ýòîì çíà÷åíèÿ p íèæå äëÿ êîíñåðâàòèâíîãî äîìå-
íà ïî ñðàâíåíèþ ñ NTT (çíà÷åíèÿ p äëÿ NTT ïåðå÷èñëåí-
íûõ âèäîâ áûëè ðàâíû 1.22, 1.39 è 0.91, äëÿ HFD — 0.88,
0.83 è 0.87). Îöåíêè íóêëåîòèäíîãî ðàçíîîáðàçèÿ êî-
äèðóþùåé ñòðóêòóðû CENH3 âèäîâ Secale áëèçêè ê îöåí-
êàì, ïîëó÷åííûì äëÿ HTR12 (àíàëîã CENH3) ïîäâèäîâ
Arabidopsis lyrata è A. lyrata ssp. petraea (Kawabe et al.,
2006).

Äëÿ ïîñëåäîâàòåëüíîñòåé CENH3 íåêîòîðûõ ïîä-
âèäîâ ðæè îöåíêè p áûëè íàìíîãî íèæå, ÷åì çíà÷åíèÿ
äëÿ âèäîâ. Ñðåäè ìíîãîëåòíèõ ïîäâèäîâ íàèáîëåå íèç-
êèå çíà÷åíèÿ p áûëè ó äèêîé ðæè S. kuprijanovii (ptot =
= 0.65 � 0.26 äëÿ NTT è ptot = 0.200 � 0.073 äëÿ HFD).
Ñðåäè îäíîëåòíèõ ïîäâèäîâ íèçêèé ïîëèìîðôèçì
ÑENH3 íàáëþäàëè ó êóëüòèâèðóåìîé ðæè S. cereale ñîð-
òà Îòåëëî (ptot = 0.770 � 0.099 äëÿ NTT è ptot =
= 0.170 � 0.092 äëÿ HFD) è ñîðíîé ðæè S. dighoricum
(ptot = 0.39 � 0.19 äëÿ NTT è ptot = 0.053 � 0.040 äëÿ HFD).
Ñïîñîá ðàçìíîæåíèÿ, ïî-âèäèìîìó, íå âëèÿåò íà íóêëåî-
òèäíîå ðàçíîîáðàçèå â ëîêóñå CENH3: çíà÷åíèÿ p äëÿ ñà-
ìîîïûëÿþùèõñÿ ïîäâèäîâ S. africanum (1.41 � 0.24 è
1.02 � 0.16), S. vavilovii (1.21 � 0.40 è 0.71 � 0.21) è ñà-
ìîôåðòèëüíîé ðæè S. iranicum (1.37 � 0.22 è 0.95 � 0.27)
ñðàâíèìû ñî çíà÷åíèÿìè, ïîëó÷åííûìè äëÿ ïåðåêðåñòíî-
îïûëÿþùèõñÿ ïîäâèäîâ.

Ìîæíî ïðåäïîëîæèòü, ÷òî íàáëþäàåìûé ó íåêîòî-
ðûõ ïîäâèäîâ íèçêèé ïàòòåðí íóêëåîòèäíîãî ðàçíîîáðà-
çèÿ â ëîêóñå CENH3 îáóñëîâëåí óçêèì ãåîãðàôè÷åñêèì
àðåàëîì ðàñïðîñòðàíåíèÿ äàííîãî ïîäâèäà. Íàïðèìåð,
äèêèé ïîäâèä S. kuprijanovii îáèòàåò â ïðèðîäíûõ, íå ïî-
òðåâîæåííûõ äåÿòåëüíîñòüþ ÷åëîâåêà ëàíäøàôòàõ (Tang
et al., 2011). Îòñóòñòâèå ïîëèìîðôíûõ ñàéòîâ è íèçêîå
íóêëåîòèäíîå ðàçíîîáðàçèå ïîñëåäîâàòåëüíîñòåé CENH3
ó ïåðåêðåñòíîîïûëÿþùåéñÿ ðæè S. dighoricum ìîæíî
îáúÿñíèòü òåì, ÷òî èçó÷åííûé íàìè îáðàçåö, âåðîÿòíî,
ïðîèñõîäèò èç ïîïóëÿöèè, ïðîèçðàñòàþùåé â î÷åíü îãðà-
íè÷åííîì àðåàëå â äîëèíå Áîëüøîãî Êàâêàçà (Öâåëåâ,
1976). Íåâûñîêèé óðîâåíü íóêëåîòèäíîãî ðàçíîîáðàçèÿ â
NTT ó êóëüòèâèðóåìîé ðæè ñîðòà Otello è èñêóññòâåííî-
ãî ôåðòèëüíîãî ãèáðèäà Secale�derzhavinii âîçíèê, ïî-
âèäèìîìó, âñëåäñòâèå óìåíüøåíèÿ ðàçíîîáðàçèÿ ïðè ñå-
ëåêöèè. Òàêèå ïîäâèäû îäíîëåòíåé è ìíîãîëåòíåé ðæè,
êàê S. afghanicum, S. ancestrale, S. vavilovii, S. segetale,
S. anatolicum è S. ciliatoglume, ÿâëÿþòñÿ ñîðíûìè, âñòðå-
÷àþòñÿ â ïîñåâàõ ïøåíèöû, íà îáî÷èíàõ äîðîã ðÿäîì ñ
ïîëÿìè (Tang et al., 2011). Ïîâñåìåñòíîå ðàñïðîñòðàíåíèå
â ñî÷åòàíèè ñ ïåðåêðåñòíûì ñïîñîáîì ðàçìíîæåíèÿ ìî-
æåò ïîääåðæèâàòü îòíîñèòåëüíî âûñîêèé óðîâåíü íóêëå-
îòèäíîãî ðàçíîîáðàçèÿ CENH3 ó ýòèõ ïîäâèäîâ.

Âûñîêèé óðîâåíü íóêëåîòèäíîãî ðàçíîîáðàçèÿ ïîñëå-
äîâàòåëüíîñòåé CENH3 â NTT ñàìîôåðòèëüíîãî îáðàçöà
îäíîëåòíåé ðæè S. iranicum îáóñëîâëåí íàëè÷èåì òðåõ
íåñèíîíèìè÷íûõ è òðåõ ñèíîíèìè÷íûõ çàìåí â ïîçèöèÿõ
50, 66, 99, 126, 130 è 144 ORF. Á*îëüøàÿ ÷àñòü ýòèõ çàìåí
âñòðå÷àåòñÿ êàê ó îäíîëåòíèõ, òàê è ìíîãîëåòíèõ âèäîâ,
çà èñêëþ÷åíèåì çàìåíû â ïîçèöèè 50. Â ïîëó÷åííîì

íàìè íàáîðå ïîñëåäîâàòåëüíîñòåé CENH3 ýòî çàìåùåíèå,
ïðèâîäÿùåå ê çàìåíå àìèíîêèñëîòû (K17R), áûëî íàéäå-
íî â ïîñëåäîâàòåëüíîñòÿõ ìíîãîëåòíèõ S. anatolicum,
S. africanum è îäíîëåòíåé S. iranicum. Ïðèñóòñòâèå îá-
ùèõ âàðèàíòîâ N-òåðìèíàëüíîé ÷àñòè öåíòðîìåðíîãî ãè-
ñòîíà H3 ó ýòèõ îáðàçöîâ ìîæåò îáúÿñíÿòü íàëè÷èå îòíî-
ñèòåëüíî íåáîëüøîãî ðåïðîäóêòèâíîãî áàðüåðà ìåæ-
äó S. iranicum è S. strictum. Ïðè ñêðåùèâàíèè S. iranicum
è S. strictum ñòåðèëüíîñòü ïûëüöû ãèáðèäîâ ñîñòàâëÿ-
åò îêîëî 50 %, çàâÿçûâàåìîñòü ñåìÿí — 40 % (Êîáû-
ëÿíñêèé, 1983). Â èñïîëüçóåìîé íàìè ôèëîãåíåòè÷åñêîé
êëàññèôèêàöèè (Frederiksen, Petersen, 1998) S. iranicum
íå ÿâëÿåòñÿ ñàìîñòîÿòåëüíûì ïîäâèäîì S. cereale (ðÿä àâ-
òîðîâ ïîëàãàþò åãî îáðàçöîì S. vavilovii), íî ïî áèîëîãè-
÷åñêèì, öèòîëîãè÷åñêèì è ãåíåòè÷åñêèì îñîáåííîñòÿì
ýòîò ïîäâèä ñòîèò áëèæå ê S. strictum, ÷åì ê S. cereale. Ñî-
ãëàñíî ñèñòåìàòèêå ðæè, ïðåäëîæåííîé Êîáûëÿíñêèì
(1983), S. iranicum ÿâëÿåòñÿ îòäåëüíûì âèäîì. Ó ïîäâèäà
S. anatolicum ïîìèìî ïîëíîðàçìåðíîãî âàðèàíòà CENH3
îáíàðóæåí âàðèàíò, èìåþùèé äåëåöèþ äëèíîé 21 ï. î., â
ðàéîíå NÒÒ. Àíàëîãè÷íàÿ ïîñëåäîâàòåëüíîñòü CENH3 åñòü
è ó ïîäâèäà S. africanum, ÷òî ãîâîðèò â ïîëüçó ãèïîòåçû îá
îáîñîáëåíèè äàííîãî ïîäâèäà îò ïîäâèäà S. anatolicum.

Â èññëåäîâàíèÿõ íà A. thaliana ïîêàçàíî âëèÿíèå åäè-
íè÷íûõ àìèíîêèñëîòíûõ çàìåí â ïîñëåäîâàòåëüíîñòè
CENH3 (êàê â NÒÒ, òàê â HFD) íà ïðîõîæäåíèå ìåéîçà.
Ðàñòåíèÿ ñ åäèíè÷íîé çàìåíîé àìèíîêèñëîòû â CENH3
äàþò ïîòîìñòâî ïðè ñàìîîïûëåíèè, íî ïðè ñêðåùèâàíèè
ñ ðàñòåíèÿìè äèêîãî òèïà íàáëþäàþòñÿ íàðóøåíèÿ â ðàñ-
ïðåäåëåíèè õðîìîñîì, àíåóïëîèäèÿ è ãèáåëü ñåìÿí, ñëå-
äîâàòåëüíî, ïðèðîäíûå ðàçëè÷èÿ â ñòðóêòóðå CENH3
äàæå áëèçêîðîäñòâåííûõ âèäîâ ìîãóò ñïîñîáñòâîâàòü ãå-
íåòè÷åñêîìó ðàçíîîáðàçèþ è ðåïðîäóêòèâíîé èçîëÿöèè
ïîïóëÿöèé (Kuppu et al., 2015).

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò çàêëþ÷èòü, ÷òî íà
óðîâåíü íóêëåîòèäíîãî ðàçíîîáðàçèÿ ïîñëåäîâàòåëüíî-
ñòåé CENH3 ó îäíîëåòíèõ è ìíîãîëåòíèõ ïîäâèäîâ ðæè
íå âëèÿåò ñïîñîá ðàçìíîæåíèÿ (ïåðåêðåñòíîå îïûëåíèå
èëè ñàìîîïûëåíèå). Ê óìåíüøåíèþ ðàçíîîáðàçèÿ ìîæåò
ïðèâîäèòü ñóùåñòâîâàíèå âèäà â óñëîâèÿõ óçêîé ýêîëî-
ãè÷åñêîé íèøè èëè ñåëåêöèÿ. Ïîëó÷åííûå ðåçóëüòàòû
óêàçûâàþò íà âàæíîñòü èçó÷åíèÿ âàðèàáåëüíîñòè íóêëåî-
òèäíûõ ïîñëåäîâàòåëüíîñòåé, êîäèðóþùèõ CENH3.
Îöåíêè íóêëåîòèäíîãî ðàçíîîáðàçèÿ CENH3, àíàëèç ðàñ-
ïðîñòðàíåíèÿ íåñèíîíèìè÷åñêèõ çàìåí äàþò âîçìîæ-
íîñòü ïðîñëåäèòü èñòîðèþ âîçíèêíîâåíèÿ îòäåëüíûõ
ïîäâèäîâ â ðîäå Secale. Ñ ó÷åòîì âàæíîé ðîëè CENH3 â
ôóíêöèîíèðîâàíèè öåíòðîìåðû è ñåãðåãàöèè õðîìîñîì
èññëåäîâàíèå ñòðóêòóðû ôóíêöèîíàëüíûõ CENH3 ìîæåò
ñëóæèòü îäíèì èç êðèòåðèåâ ïðè ïîäáîðå âàðèàíòîâ
ñêðåùèâàíèÿ äèêèõ è êóëüòèâèðóåìûõ âèäîâ ñ öåëüþ ïå-
ðåíîñà ýêîíîìè÷åñêè âàæíûõ ïðèçíàêîâ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå áþä-
æåòíîãî ïðîåêòà 0310-2014-0002 ÈÌÊÁ ÑÎ ÐÀÍ.

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Êîáûëÿíñêèé Â. Ä. 1983. Ôèëîãåíèÿ ðîäà Secale L. Òð. ïî
ïðèêë. áîòàíèêå, ãåíåòèêå è ñåëåêöèè. 79 : 38—45. (Kobyljans-
kij V. D. 1983. Phylogeny of the genus Secale. Trudy Prikl. Bot.
79 : 38—45.)

Öâåëåâ Í. Í. 1976. Ñèñòåìàòè÷åñêèé îáçîð çëàêîâ ôëîðû
ÑÑÑÐ. Â êí.: Çëàêè ÑÑÑÐ. Ë.: Íàóêà. 173 ñ. (Tzvelev N. N. 1976.
Poaceae URSS. L.: Nauka. 173 p.)

322 Å. Â. Åâòóøåíêî è äð.



Altschul S. F., Gish W., Miller W., Myers E. W., Lipman D. J.
1990. Basic local alignment search tool. J. Mol. Biol. 215 (3) : 403.

Earnshaw W. C., Rothfield N. 1985. Identification of a family
of human centromere proteins using autoimmune sera from patients
with schleroderma. Chromosoma. 91 : 313—321.

Feuillet C., Langridge P., Waugh R. 2007. Cereal breeding ta-
kes a walk on the wild side. Trends Genet. 24 : 24—32.

Frederiksen S., Petersen G. 1998. A taxonomic revision of Se-
cale. Nord J. Bot. 18 : 399—420.

Ishii T., Karimi-Ashtiyani R., Banaei-Moghaddam A. M.,
Schubert V., Fuchs J., Houben A. 2015. The differential loading of
two barley CENH3 variants into distinct centromeric substructures is
cell type and development-specific. Chromosome Res. 23 : 277—284.

Kawabe A., Nasuda S., Charlesworth D. 2006. Duplication of
centromeric histone H3 (HTR12) gene in Arabidopsis halleri and
A. lyrata, plant species with multiple centromeric satellite sequen-
ces. Genetics. 174 : 2021—2032.

Kuppu S., Tan E. H., Nguyen H., Rodgers A., Comai L.,
Chan S. W. L., Britt A. B. 2015. Point mutations in centromeric his-
tone induce post-zygotic incompatibility and uniparental inheritan-
ce. PLoS Genet. 11 : e1005494.

Lermontova I., Koroleva O., Rutten T., Fuchs J., Schubert V.,
Moraes I., Koszegi D., Schubert I. 2011. Knockdown of CenH3
in Arabidopsis reduces mitotic divisions and causes sterility
by disturbed meiotic chromosome segregation. Plant J. 68 : 40—50.

Librado P., Rozas J. 2009. DnaSP v5: a software for compre-
hensive analysis of DNA polymorphism data. Bioinformatics. 25 :
1451—1452.

Lundqvist A. 1956. Self-incompatibility in rye. I. Genetic cont-
rol in the diploid. Hereditas. 42 : 293—348.

Nei M., Li W.H. 1979. Mathematical model for studying gene-
tic variation in terms of restriction endonucleases. Proc. Nat. Acad.
Sci. USA. 76 : 5269—5273.

Nagaki K., Kashihara K., Murata M. 2005. Visualization of
diffuse centromeres with centromere-specific histone H3 in the ho-
locentric plant Nuzula nivea. The Plant Cell. 17 : 1886—1893.

Roach K. C., Ross B. D., Malik H. S. 2012. Rapid evolution of
centromeres and centromeric/kinetochore proteins. In: Evolution in
the fast lane: rapidly evolving genes and genetic systems. Oxford
Univ. Press. 83—93.

Tang Z. X., Ross K., Ren Z. L., Yang Z. J., Zhang H. Y., Chik-
mawati T., Miftahudin, Gustafson J. P. 2011. Secale. In: Wild crop
relatives: genomic and breeding resources, cereals. Berlin; Heidel-
berg: Springer-Verlag. 367—396.

Vermaak D., Hayden H. S., Henikoff S. 2002. Centromere tar-
geting element within the histone fold domain of Cid. Mol. Cell.
Biol. 22 : 753—756.

Warburton P. E., Cooke C. A., Bourassa S., Vafa O., Sulli-
van B. A., Stetten G., Gimelli G., Warburton D., Tyler-Smith C.,
Sullivan K. F., Poirier G. G., Earnshaw W. C. 1997. Immunolocali-
zation of CENP-A suggests a distinct nucleosome structure at the
inner kinetochore plate of active centromeres. Curr. Biol. 7 :
901—904.

Ïîñòóïèëà 1 XII 2015

VARIABILITY OF CENTROMERIC HISTONE H3 VARIANTS

AND PHYLOGENETIC RELATIONSHIPS IN SECALE

E. V. Evtushenko,1 D. Yu. Gaskov, S. S. Gatskaya, A. V. Vershinin

Institute of Molecular and Cellular Biology, SB RAS, Novosibirsk, 630090;
1 e-mail: evt@mcb.nsc.ru

We examined nucleotide sequence variation in centromeric histone H3 (CENH3) in fifteen rye species
and subspecies, including annuals, perennials, self-pollinating and cross-pollinated plants. Levels of genetic va-
riation within N-terminal tail (NTT) and histone fold domain (HFD) were estimated as average per site pairwise
nucleotide diversity (p) and as the number of segregating polymorphic sites (S). A comparison of nucleotide di-
versity (ptot) for NTT and HFD showed that estimates of diversity are consistently greater in NTT. Our estima-
tes of NTT nucleotide diversity for perennial Secale strictum C. Presl were similar to those observed in annual
S. cereale L., elevating those estimates for ancient species S. silvestre. A similar pattern of nucleotide polymor-
thism was observed between the self-pollinating and cross-pollinated subspecies. These results suggest that lo-
wer nucleotide diversity within CENH3 for some wild and cultivated subspecies of Secale may be attributable
to narrow ecological niche, either evolutionary age or breeding.

K e y w o r d s: Secale L., centromeric histone H3, nucleotide polymorphism.
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