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Èçìåíåíèå ðàñïðåäåëåíèÿ ìîáèëüíûõ ãåíåòè÷åñêèõ ýëåìåíòîâ â ãåíîìå Drosophila melanogaster

Èññëåäîâàëè ðàñïðåäåëåíèå ñàéòîâ ãèáðèäèçàöèè òðàíñïîçîíà hobo è ðåòðîòðàíñïîçîíà Dm412 íà
ïîëèòåííûõ õðîìîñîìàõ ñëþííûõ æåëåç ëè÷èíîê èçîãåííîé ëèíèè 51 Drosophila melanogaster, èñïîëü-
çóåìîé äëÿ àíàëèçà âëèÿíèÿ ïåðåìåùåíèÿ ìîáèëüíûõ ãåíåòè÷åñêèõ ýëåìåíòîâ (ÌÃÝ) íà ñåëåêöèþ êîëè-
÷åñòâåííûõ ïðèçíàêîâ. Ïîêàçàíî, ÷òî íå áîëåå ïîëîâèíû ñàéòîâ ãèáðèäèçàöèè Dm412 ñîõðàíÿåòñÿ ñïóñ-
òÿ 15 ëåò ïîñëå èçîãåíèçàöèè. ×àñòîòà ïåðåìåùåíèÿ Dm412 ìîæåò âàðüèðîâàòü îò 2.0�10–4 äî 8.8�10–5 â
ïåðåñ÷åòå íà ñàéò íà ãåíîì çà ïîêîëåíèå â çàâèñèìîñòè îò òîãî, ñ÷èòàòü ïîÿâëåíèå îäíèõ è òåõ æå ñàéòîâ
ãèáðèäèçàöèè ó ÷àñòè îñîáåé íåçàâèñèìûìè ñîáûòèÿìè èëè ðåçóëüòàòîì ïðîÿâëÿþùåéñÿ ãåòåðîãåííî-
ñòè âûáîðêè. Ðàñïðåäåëåíèå ñàéòîâ ãèáðèäèçàöèè òðàíñïîçîíà hobo â äâóõ èçîñàìî÷üèõ ëèíèÿõ, ïîëó-
÷åííûõ èç èçîãåííîé ëèíèè 51, ðàçëè÷àåòñÿ íàìíîãî çàìåòíåå: ÷èñëî ñàéòîâ hobo â îäíîé èç îòâîäîê â
3 ðàçà ìåíüøå, ÷åì â äðóãîé, è òîëüêî ÷àñòü ñàéòîâ îáùèå. Ñêîðîñòü èçìåíåíèÿ ðàñïðåäåëåíèÿ ðàçëè÷-
íûõ ÌÃÝ â ëèíèè 51 ñîîòâåòñòâóåò èõ ñïîíòàííîé ñêîðîñòè ïåðåìåùåíèÿ. Ïîñêîëüêó èçîãåííàÿ ëèíèÿ
íàêàïëèâàåò ïîëèìîðôèçì ïî ðàñïðåäåëåíèþ ÌÃÝ áåç ñåëåêöèè, ÌÃÝ — ñêîðåå ìàðêåðû ñåëåêöèîííûõ
ñîáûòèé, ÷åì èõ èíäóêòîð. Òàêèì îáðàçîì, ïðè èññëåäîâàíèè âëèÿíèÿ ðàçëè÷íûõ ôàêòîðîâ ñðåäû íà ïå-
ðåìåùåíèå ÌÃÝ äàæå â èçîãåííûõ ëèíèÿõ íåîáõîäèìî äîïîëíèòåëüíî ïðîâîäèòü òåñíûé èíáðèäèíã,
÷òîáû óìåíüøèòü óðîâåíü âîçìîæíîãî ïîëèìîðôèçìà (íàïðèìåð, èñïîëüçóÿ îäíó è òó æå èçîñàìî÷üþ
ëèíèþ â êîíòðîëå è ýêñïåðèìåíòå).

Ê ë þ ÷ å â û å ñ ë î â à: ìîáèëüíûå ãåíåòè÷åñêèå ýëåìåíòû, Drosophila melanogaster, ÷àñòîòà ìóòèðî-
âàíèÿ, èçîãåííûå ëèíèè.

Íîðìà ðåàêöèè æèâîãî îðãàíèçìà íà âíåøíèå âîçäåé-
ñòâèÿ äîâîëüíî øèðîêà, ïîýòîìó ïðè èçó÷åíèè âëèÿíèÿ
ðàçëè÷íûõ ôàêòîðîâ ñðåäû íåîáõîäèìî èñïîëüçîâàòü ãå-
íåòè÷åñêè ãîìîãåííûå âûáîðêè. Îáû÷íî äëÿ ýòîé öåëè
èñïîëüçóþò èíáðåäíûå ëèíèè, ïîëó÷åííûå â ðåçóëüòàòå
áëèçêîðîäñòâåííîãî ñêðåùèâàíèÿ, èëè èçîãåííûå ëèíèè,
â êîòîðûõ ãîìîëîãè÷íûå õðîìîñîìû ïîëíîñòüþ ãîìîçè-
ãîòíû áëàãîäàðÿ ðÿäó ñêðåùèâàíèé ñ ëèíèÿìè, ñîäåðæà-
ùèìè áàëàíñåðíûå õðîìîñîìû ñ ôåíîòèïè÷åñêè ïðîÿâëÿ-
þùèìèñÿ ìóòàöèÿìè-ìàðêåðàìè.

Ýêñïåðèìåíòû ïî àíàëèçó âëèÿíèÿ ìîáèëüíûõ ýëå-
ìåíòîâ íà ñåëåêöèþ êîëè÷åñòâåííûõ ïðèçíàêîâ (äëè-
íà ðàäèàëüíîé æèëêè íà êðûëå) ó îñîáåé èçîãåííîé ëè-
íèè 51 Drosophila melanogaster ïîêàçàëè, ÷òî ñåëåêöèÿ
îêàçûâàåòñÿ ýôôåêòèâíîé ïîñëå ïðåäâàðèòåëüíîãî òåïëî-
âîãî øîêà. Ïîñëå òåïëîâîãî øîêà íà ïîëèòåííûõ õðîìî-
ñîìàõ ñëþííûõ æåëåç ëè÷èíîê ýòîé ëèíèè áûë âûÿâëåí
òàêæå ïîëèìîðôèçì ïî ðàñïðåäåëåíèþ ðÿäà ìîáèëüíûõ
ýëåìåíòîâ (Àíèêååâà è äð., 1994; Áóáåíùèêîâà è äð.,
2002). Ñåëåêöèÿ â ñòîðîíó óêîðî÷åíèÿ è â ñòîðîíó óäëè-
íåíèÿ æèëêè ñîïðîâîæäàëàñü âîñïðîèçâîäèìûì â íåçàâè-
ñèìûõ ýêñïåðèìåíòàõ èçìåíåíèåì ðàñïðåäåëåíèÿ ìî-
áèëüíûõ ãåíåòè÷åñêèõ ýëåìåíòîâ (ÌÃÝ) ïî ãåíîìó. Ñó-
ùåñòâóåò íåñêîëüêî âåðñèé ïî ïîâîäó ïðè÷àñòíîñòè ÌÃÝ
ê ïðîÿâëåíèþ êîëè÷åñòâåííîãî ïðèçíàêà ïîä äàâëåíèåì
îòáîðà (Ðàòíåð, Âàñèëüåâà, 1996). Ñîãëàñíî îäíîé èç íèõ,

ìîáèëüíûå ýëåìåíòû ìîãóò âëèÿòü íà ýêñïðåññèþ ãåíîâ
áëàãîäàðÿ íàëè÷èþ â íèõ ðàçëè÷íûõ ôóíêöèîíàëüíûõ
ñàéòîâ è, òàêèì îáðàçîì, âëèÿòü íà ðåçóëüòàòû ñåëåêöèè.
Ñîãëàñíî äðóãîé âåðñèè, èçìåíåíèå êàðòèíû ðàñïðåäåëå-
íèÿ ÌÃÝ ÿâëÿåòñÿ ñëåäñòâèåì óñïåøíîé ñåëåêöèè ïî êî-
ëè÷åñòâåííîìó ïðèçíàêó. Â ýòîì ñëó÷àå ÌÃÝ ñëóæàò ìàð-
êåðàìè ñîîòâåòñòâóþùèõ ëîêóñîâ.

Âîçíèêàåò âîïðîñ î òîì, êàêàÿ èç ýòèõ âåðñèé áîëåå
ïðàâäîïîäîáíà è êàê äîëãî ñîõðàíÿåòñÿ ãîìîçèãîòíîñòü â
èçîãåííûõ ëèíèÿõ ïî ðàñïðåäåëåíèþ ÌÃÝ.

Äëÿ ðåøåíèÿ ýòîãî âîïðîñà ñ ïîìîùüþ ôëóîðåñöåíò-
íîé ãèáðèäèçàöèè in situ ìû èçó÷àëè ïîëèìîðôèçì ïî
ðàñïðåäåëåíèþ ñàéòîâ ãèáðèäèçàöèè òðàíñïîçîíà hobo è
ðåòðîòðàíñïîçîíà Dm412 â ïðîøåäøèõ ÷åòûðå ðàóíäà
òåñíîãî èíáðèäèíãà îòâîäêàõ èçîãåííîé ëèíèè 51, ïîëó-
÷åííîé 15 ëåò íàçàä è èñïîëüçóåìîé â ýêñïåðèìåíòàõ íà
ñåëåêöèþ ïî êîëè÷åñòâåííîìó ïðèçíàêó.

Ìàòåðèàë è ìåòîäèêà

Ë è í è è D r o s o p h i l a m e l a n o g a s t e r: èçîãåííàÿ
ëèíèÿ 51 (ïîëó÷åíà â 1991 ã.); èçîñàìî÷üè ëèíèè 51-2 è
51-5 — îòâîäêè ëèíèè 51, ïîëó÷åíû â ðåçóëüòàòå òåñíîãî
èíáðèäèíãà (îò îäíîé ïàðû ðîäèòåëåé) íà ïðîòÿæåíèè
4 ïîêîëåíèé â 2008 ã.
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Ï Ö Ð ãåíîìíîé ÄÍÊ ïðîâîäèëè, èñïîëüçóÿ íàáîð ðå-
àêòèâîâ (Ìåäèãåí, Íîâîñèáèðñê) ñ ïðàéìåðàìè íà îòêðû-
òóþ ðàìêó ñ÷èòûâàíèÿ (ORF) hobo-ýëåìåíòà: 1 —
tggtctcgtaggtagtcgagtcaa (5R), 2 — aacactctttcagctgctgcgcta
(3R), 3 — agg ctt tag agg gca ata ccc gtt (5R), 4 — aag caa tgc
tgc tgc aga aag gtc (3R).

Ì å ÷ å í è å Ä Í Ê. Äëÿ ìå÷åíèÿ ÄÍÊ èñïîëüçîâàëè
ìåòîä íèê-òðàíñëÿöèè. ÄÍÊ ìåòèëè bio-dUTP èëè
dig-dUTP (Ìåäèãåí, Íîâîñèáèðñê).

Ô ë ó î ð å ñ ö å í ò í à ÿ ã è á ð è ä è ç à ö è ÿ i n s i t u
( F I S H). Äëÿ âûÿâëåíèÿ êàðòèíû ðàñïðåäåëåíèÿ ho-
bo-òðàíñïîçîíà è Dm412-ðåòðîòðàíñïîçîíà íà äàâëåíûõ
ïðåïàðàòàõ ïîëèòåííûõ õðîìîñîì ñëþííûõ æåëåç D. me-
lanogaster ïðîâîäèëè FISH. Äàâëåíûå ïðåïàðàòû ãîòîâè-
ëè èç ñëþííûõ æåëåç ëè÷èíîê D. melanogaster, êàê îïèñà-
íî ðàíåå (Biemont et al., 2004). Ïðåïàðàòû ïåðåä ãèáðèäè-
çàöèåé ïîäâåðãàëè òåïëîâîé îáðàáîòêå â 2�SSC ïðè
60 °Ñ â òå÷åíèå 1 ÷. ÄÍÊ ïðåïàðàòà äåíàòóðèðîâàëè
1—2 ìèí â 0.07 N NaOH. Ñîñòàâ ãèáðèäèçàöèîííîãî áó-
ôåðà: 50%-íûé ôîðìàìèä, 10%-íûé äåêñòðàí-ñóëüôàò,
4�SSC, 1� Denhardt, 0.1 M ôîñôàòíûé áóôåð, pH 7.6, ìå-
÷åíàÿ ÄÍÊ çîíäà (20 íã íà ïðåïàðàò). Ãèáðèäèçàöèþ
ïðîâîäèëè ïðè 37 °Ñ âî âëàæíîé êàìåðå â òå÷åíèå íî-
÷è. Äåòåêöèþ hobo-ýëåìåíòîâ ïðîâîäèëè ñ ïîìîùèþ àâè-
äèí-ÔÈÒÖ, äåòåêöèþ Dm412 — ñ ïîìîùüþ àíòèäèãîêñè-
ãåíèíà. Äëÿ îêðàøèâàíèÿ õðîìîñîì èñïîëüçîâàëè DAPI ñ
àíòèôåéäîì (Vectashield, Vector).

Â ïðåäåëàõ îäíîãî ïðåïàðàòà ïîëèìîðôèçìà ïî ðàñ-
ïðåäåëåíèþ Dm412 îáíàðóæåíî íå áûëî, ïîýòîìó äëÿ ïî-
ëó÷åíèÿ äîñòîâåðíîé èíôîðìàöèè ïî ðàñïðåäåëåíèþ
Dm412 ïî ãåíîìó àíàëèçèðóåìîé îñîáè ìû ïðîâîäèëè
àíàëèç 2—4 õðîìîñîìíûõ íàáîðîâ íà ïðåïàðàò. Àíàëèç
ïðåïàðàòîâ ïðîâîäèëè íà ìèêðîñêîïå Axioskop-2 Plus
(Ãåðìàíèÿ). Ââîä öèôðîâîé èíôîðìàöèè îñóùåñòâëÿëè ñ
ïîìîùüþ ÷åðíî-áåëîé ÑÑD-êàìåðû VC 44 (Êàðë Öåéñ,
Ãåðìàíèÿ) ñ ìàòðèöåé 756 íà 581 ïèêñåëü, PÑ (Pro,
500 MH, 128 MB, 11 GB). Èñïîëüçîâàëè ïàêåòû ïðîãðàì-
ìíîãî îáåñïå÷åíèÿ ISIS3 (In Situ Imaging System, Meta-
Systems GmbH, Ãåðìàíèÿ).

Ïðè îöåíêå ÷àñòîòû ñïîíòàííûõ ïåðåìåùåíèé ÌÃÝ
êîëè÷åñòâî ïîêîëåíèé D. melanogaster â ãîä ñ÷èòàëè ðàâ-
íûì 10. ×àñòîòó ïåðåìåùåíèé ÌÃÝ ðàññ÷èòûâàëè ïóòåì
äåëåíèÿ ÷èñëà âíîâü ïîÿâèâøèõñÿ èëè èñ÷åçíóâøèõ ñàé-
òîâ ãèáðèäèçàöèè íà ïðîèçâåäåíèå ÷èñëà ïîêîëåíèé, êî-
ëè÷åñòâà èññëåäîâàííûõ ãåíîìîâ è êîëè÷åñòâà ðàíåå èç-
âåñòíûõ ñàéòîâ ãèáðèäèçàöèè.

Ðåçóëüòàòû è îáñóæäåíèå

Â ðàáîòå èññëåäîâàëè ïîëèìîðôèçì èçîãåííîé ëèíèè
51 Drosophila melanogaster ïî ðàñïðåäåëåíèþ äâóõ ìî-
áèëüíûõ ýëåìåíòîâ: òðàíñïîçîíà hobo è ðåòðîòðàíñïîçî-
íà Dm412.

Ïî äàííûì Àíèêååâîé è ñîàâòîðîâ (1994), â èçîãåííîé
ëèíèè 51 áûë âûÿâëåí 31 ñàéò ãèáðèäèçàöèè Dm412. Ðèñó-
íîê ðàñïðåäåëåíèÿ Dm412 ñîâïàäàë íà âñåõ 17 ïðåïàðàòàõ,
âçÿòûõ â àíàëèç. Ïî íàøèì äàííûì 2008 ã., áîëüøàÿ ÷àñòü
ñàéòîâ ãèáðèäèçàöèè Dm412 â ýòîé ëèíèè ñîõðàíèëà ñâîè
ïîçèöèè. Îäíàêî áûë îáíàðóæåí ïîëèìîðôèçì ïî 17 ñàé-
òàì ãèáðèäèçàöèè Dm412: ïîÿâèëîñü 9 íîâûõ ñàéòîâ ãèá-
ðèäèçàöèè Dm412 ïî ñðàâíåíèþ ñ ðàíåå îïèñàííûìè (èí-
ñåðöèè â ðàéîíàõ 21D, 23C, 34B, 37B, 38E, 40B, 42B, 65C è
97D) è â 8 ðàéîíàõ (17C, 19A, 32C, 39C, 85E, 90B, 99A è
99B) áûëè îáíàðóæåíû ýêñöèçèè (òàáë. 1).
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Ò à á ë è ö à 1

Ñàéòû ãèáðèäèçàöèè Dm412 â ëèíèè 51,
â îòâîäêàõ 51-2 è 51-5,

ïîëó÷åííûõ ïóòåì òåñíîãî èíáðèäèíãà

Ñàéòû ãèá-
ðèäèçàöèè

Ëèíèÿ, ãîä (÷èñëî ïðåïàðàòîâ)

51, 1994 (17) 51, 2008 (5) 51-2, 2008 (19) 51-5, 2008 (3)

X

6E + + + +

16F + + + +

17C + + (3)* + +

19A + + (4) + +

20A + + + +

2L

21D – + + +

23C – + (1) – –

24E + + + +

25F + + + +

26C + + + +

30A + + – +

32C + + (2) + +

34AB – + (1) – +

37B – + (1) – –

38E – + (1) – –

39CE + – + –

2R

40AB – + (2) + –

42B – + (2) – –

42E + + + –

42F + + + –

45D + + + –

49CD + + + +

56F – – – +

60C + + + +

3L

64B + + + +

65C – + (2) – –

65E + + + –

66A – – + +

67D + + + +

67E – – + +

75A + + + +

76AB + + + +

3R

82E + + + +

84D + + + +

85E + + (3) + +

88E + + + +

88F + + + +

89B – – – +

90B + + (3) + +

96A + + + +

97D – + (3) + +

98C + + + +

99A + + (3) + +

99B + + (3) + +

Ï ð è ì å ÷ à í è å. Äàííûå çà 1994 ã. âçÿòû èç ñòàòüè Àíèêååâîé ñ
ñîàâòîðàìè (1994). * Â ñêîáêàõ — êîëè÷åñòâî ïðåïàðàòîâ, íà êîòîðûõ
îáíàðóæåí ñàéò ãèáðèäèçàöèè.



Ãîìîçèãîòíîå è ãåòåðîçèãîòíîå ñîñòîÿíèÿ ñàéòà ãèá-
ðèäèçàöèè íà ïîëèòåííûõ õðîìîñîìàõ äðîçîôèëû íå âñå-
ãäà ìîæíî ðàçëè÷èòü. Ïîýòîìó ìû ñäåëàëè äâå îòâîäêè
(51-2 è 51-5) îò ëèíèè 51, äëÿ ýòîãî â êàæäîé îòâîäêå â òå-
÷åíèå 4 ïîêîëåíèé îñòàâëÿëè ïîòîìêîâ îò îäíîé ñàìêè.
Àíàëèç ðàñïðåäåëåíèÿ Dm412 â ýòèõ îòâîäêàõ âûÿâèë ñó-
ùåñòâåííóþ ðàçíèöó ïî êîëè÷åñòâó è ðàñïðåäåëåíèþ
ñàéòîâ ãèáðèäèçàöèè Dm412 è îñîáåííî hobo-ýëåìåíòà.
Âíóòðè îòâîäêè ïîëèìîðôèçìà ïî ðàñïðåäåëåíèþ ýòèõ
ÌÃÝ íå íàáëþäàëè, ÷òî ãîâîðèò î âûñîêîì óðîâíå ãîìî-
çèãîòíîñòè â ýòèõ îòâîäêàõ (òàáë. 1). Íåñìîòðÿ íà åäèíî-
îáðàçèå ïî ðàñïðåäåëåíèþ Dm412 âíóòðè îòâîäêè, ìû íà-
áëþäàëè îòñóòñòâèå êîíúþãàöèè ãîìîëîãîâ â íåêîòîðûõ
ó÷àñòêàõ (ðèñ. 1). Ñ÷èòàåòñÿ, ÷òî îòñóòñòâèå êîíúþãàöèè
ãîìîëîãîâ íà ïðåïàðàòàõ ñëþííûõ æåëåç ìîæåò îçíà÷àòü
íåñîâïàäåíèå ïî íóêëåîòèäíûì ïîñëåäîâàòåëüíîñòÿì â
àíàëèçèðóåìîì ó÷àñòêå. Ò. å. ïîëíîé ãîìîãåííîñòè ïî
íóêëåîòèäíîìó ñîñòàâó äàæå â óñëîâèÿõ òåñíîãî èíáðè-
äèíãà â òå÷åíèå 4 ïîêîëåíèé èñõîäíîé èçîãåííîé ëèíèè
íå áûëî äîñòèãíóòî. Ðàçíèöà ìåæäó îòâîäêàìè 51-2 è
51-5 ïî ðàñïðåäåëåíèþ ÌÃÝ åùå ðàç ïîäòâåðæäàåò ãåòå-
ðîãåííîñòü èñõîäíîé èçîãåííîé ëèíèè 51. Êîëè÷åñòâî
ñàéòîâ ãèáðèäèçàöèè Dm412 â ëèíèè 51 è åå îòâîäêàõ
âàðüèðóåò îò 27 äî 35 øòóê. Ïîñëå òåñíîãî èíáðèäèíãà
êîëè÷åñòâî ñàéòîâ ãèáðèäèçàöèè íà ãåíîì íå óìåíüøè-
ëîñü, ò. å. óðîâåíü ãîìîãåííîñòè ïî ðàñïðåäåëåíèþ ÌÃÝ
â îòâîäêàõ, ïîäâåðãàâøèõñÿ òåñíîìó èíáðèäèíãó, íå îò-
ëè÷àåòñÿ ñóùåñòâåííî îò óðîâíÿ ãîìîãåííîñòè èñõîäíîé
èçîãåííîé ëèíèè.

Ïîñêîëüêó â ïðåäåëàõ êàæäîé îòâîäêè ðàñïðåäåëåíèå
ÌÃÝ îäíîòèïíî, ýòî ìîæåò îçíà÷àòü, ÷òî èíáðèäèíã íå
îêàçûâàåò âëèÿíèÿ íà àêòèâíîñòü Dm412 â ýòîé ëèíèè
(òàáë. 1).

Íå âñå ñàéòû, îòìå÷åííûå êàê èñ÷åçíóâøèå, èñ÷åçëè
âî âñåõ îñîáÿõ, âçÿòûõ â àíàëèç, òàê æå êàê è âíîâü ïî-
ÿâèâøèåñÿ ñàéòû ïîÿâèëèñü íå âî âñåõ îñîáÿõ. Åñëè âíîâü
ïîÿâèâøèéñÿ ñàéò âñòðå÷àåòñÿ â ëèíèè ñ áîëüøîé ÷àñòî-
òîé, òî åãî ìîæíî ðàññìàòðèâàòü êàê ãîðÿ÷óþ òî÷êó, ïî êî-
òîðîé èäåò âíåäðåíèå ÌÃÝ, èëè êàê ñàéò, âîçíèêøèé îä-
íàæäû è ðàñïðîñòðàíèâøèéñÿ ïî ïîïóëÿöèè ïî ñëó÷àéíûì
ïðè÷èíàì èëè â ñèëó åãî àäàïòèâíîé öåííîñòè.

Åñëè êàæäûé íîâûé èëè èñ÷åçíóâøèé ñàéò ñ÷èòàòü
íåçàâèñèìûì ñîáûòèåì, òî ñóììàðíàÿ ÷àñòîòà ïåðåìåùå-

íèé Dm412 çà 15 ëåò áóäåò ðàâíà 2.0�10–4 (25/(31 ñàéò çà
150 ïîêîëåíèé íà 27 ïðåïàðàòîâ)). Åñëè æå îäíàæäû ïî-
ÿâèâøèéñÿ ñàéò çàòåì ðàñïðîñòðàíèòñÿ ïî ïîïóëÿöèè è
âûÿâëåíèå îäíîãî è òîãî æå ñàéòà ó ÷àñòè îñîáåé ðàññìàò-
ðèâàòü êàê îäíî ñîáûòèå, òî ÷àñòîòà ïåðåìåùåíèé Dm412
áóäåò ñîñòàâëÿòü 8.8�10–5 (11/(31�150�27)). Ïîñêîëüêó
ëèíèÿ 51 íå ïîäâåðãàëàñü ñòðåññîâûì èëè èíûì âîçäåéñò-
âèÿì â ïðîöåññå êóëüòèâèðîâàíèÿ, ìû âïðàâå ñ÷èòàòü, ÷òî
÷àñòîòà ìóòèðîâàíèÿ â ýòîé ëèíèè äîëæíà áûòü áëèçêà ê
ñïîíòàííîé.

Ëèíèÿ 51 áûëà ïîëó÷åíà â 1991 ã. (Âàñèëüåâà, 2004).
Ïîëèìîðôèçìà ïî ðàñïðåäåëåíèþ Dm412 â 1994 ã. íå
áûëî îáíàðóæåíî, ò. å. ëèíèÿ îñòàâàëàñü èçîãåííîé ïî
Dm412 ïî êðàéíåé ìåðå 3 ãîäà. Ìàêñèìàëüíàÿ ñïîíòàííàÿ
÷àñòîòà ïåðåìåùåíèÿ Dm412 â ýòîé ëèíèè ìîæåò ñîñòàâ-
ëÿòü 6.3�10–5 (1/(31�30�17)). Íà îñíîâàíèè ýòèõ ðàñ÷å-
òîâ ìû ìîæåì ïðåäïîëàãàòü, ÷òî ãîðÿ÷èõ òî÷åê âíåäðåíèÿ
Dm412 â ëèíèè 51 íå íàáëþäàåòñÿ, ïîñêîëüêó ìàêñèìàëü-
íàÿ ÷àñòîòà ñïîíòàííîãî ìóòèðîâàíèÿ ïðàêòè÷åñêè ñîâïà-
äàåò ñ ÷àñòîòîé íåçàâèñèìîãî ïîÿâëåíèÿ íîâûõ ÌÃÝ.

Èçìåíåíèå ðàñïðåäåëåíèÿ ìîáèëüíûõ ãåíåòè÷åñêèõ ýëåìåíòîâ â ãåíîìå Drosophila melanogaster 489

Ðèñ. 1. Îòñóòñòâèå êîíúþãàöèè îäíîãî èç ãîìîëîãîâ (ïîêàçàíî
ñòðåëêîé) â îòâîäêå ëèíèè 51-2.

Ò à á ë è ö à 2

Ðàñïðåäåëåíèå ñàéòîâ ãèáðèäèçàöèè hobo
íà ïîëèòåííûõ õðîìîñîìàõ ñëþííûõ æåëåç

îòâîäîê 51-2 è 51-5

Ñàéòû ãèáðèäèçàöèè 51-2 51-5

2B – +

5A + +

8D + +

30A – +

30D – +

35D – +

36C – +

38A – +

38C + +

41C + –

42A + –

43F – +

50A + –

53C – +

53D – +

56B – +

57B – +

58B

63A – +

64C – +

65A – +

65B – +

65C – +

66D – +

67E – +

69F – +

80A + –

82F + –

83D + +

86D – +

87E – +

87F – +

92A – +

93A +



Ñîâïàäåíèå âíîâü âîçíèêøèõ ñàéòîâ ãèáðèäèçàöèè ó ðàç-
íûõ îñîáåé ýòîé ëèíèè ÿâëÿåòñÿ ðåçóëüòàòîì ðàñïðîñòðà-
íåíèÿ ýòèõ ñàéòîâ â ïîïóëÿöèè èëè îòðàæåíèåì ïîëèìîð-
ôèçìà ïî ðàñïðåäåëåíèþ Dm412, íàêàïëèâàþùåãîñÿ ñî
âðåìåíåì â èçîãåííîé ëèíèè. Åñëè ìû ïðàâû, òîãäà ïåðå-
ìåùåíèå ÌÃÝ ñêîðåå ÿâëÿåòñÿ ìàðêåðîì ñåëåêöèîííîãî
ïðîöåññà, ÷åì ïðè÷èíîé, åãî èíäóöèðóþùåé.

Ìû ñðàâíèëè òàêæå îòâîäêè ëèíèè 51 ïî ðàñïðåäåëå-
íèþ hobo-ýëåìåíòîâ (òàáë. 2; ðèñ. 2). Â îòâîäêå 51-5 ho-
bo-ýëåìåíòîâ îêàçàëîñü áîëüøå, ÷åì â îòâîäêå 51-2, â
3 ðàçà (28 è 9 ñàéòîâ ãèáðèäèçàöèè ñîîòâåòñòâåííî). Èç
9 ñàéòîâ, îáíàðóæåííûõ â îòâîäêå 51-2, 4 ñàéòà ñîâïàäà-
ëè ïî ëîêàëèçàöèè ñ ñàéòàìè èç îòâîäêè 51-5. Ò. å. ïîëè-
ìîðôèçì ïî ðàñïðåäåëåíèþ hobo â ëèíèè 51 ñïóñòÿ 15 ëåò
ïîñëå åå ïîëó÷åíèÿ âûøå, ÷åì ïî Dm412, è, ñëåäîâàòåëü-
íî, ñêîðîñòü ïåðåìåùåíèÿ hobo â ýòîé ëèíèè âûøå, ÷åì
Dm412. Âûñîêàÿ ñêîðîñòü ïåðåìåùåíèÿ hobo â ýòîé ëè-
íèè îáúÿñíÿåòñÿ íàëè÷èåì ïîëíîðàçìåðíîãî âàðèàíòà ho-
bo, ñïîñîáíîãî êîäèðîâàòü àêòèâíóþ òðàíñïîçàçó (ðèñ. 3).

Ñõîäíûé ðåçóëüòàò ïîëó÷åí íà äðóãîé èçîãåííîé ëèíèè y
cn bw sp Drosophila melanogaster. ×èñëî ñàéòîâ hobo â ëè-
íèè y cn bw sp çà 15 ëåò óâåëè÷èëîñü âäâîå, òîãäà êàê
Dm412 áûë îòíîñèòåëüíî ñòàáèëåí (Zakharenko et al.,
2007). Ìàêñèìàëüíàÿ ñêîðîñòü ïåðåìåùåíèÿ hobo-ýëå-
ìåíòà, îòìå÷åííàÿ â ëèòåðàòóðå, äîñòèãàëà 10–1—10–2 íà
ñàéò íà ãåíîì çà ïîêîëåíèå (Harada et al., 1990).

Äàííûå î ñòàáèëüíîñòè ÌÃÝ â èçîãåííûõ ëèíèÿõ
ïðîòèâîðå÷èâû. Ïî îäíèì äàííûì, ÌÃÝ â èçîãåííûõ ëè-
íèÿõ îñòàþòñÿ ñòàáèëüíûìè, íî ïîä âëèÿíèåì âíåøíèõ
ôàêòîðîâ (òåïëîâîé øîê, ãàììà-ðàäèàöèÿ) ìîãóò ïåðåìå-
ùàòüñÿ (Junakovic et al., 1986; Àíèêååâà è äð., 1994; Çàáà-
íîâ è äð., 1995; Áóáåíùèêîâà è äð., 2002; Âàñèëüåâà è äð.,
2003). Ïî äðóãèì äàííûì, â èçîãåííûõ ëèíèÿõ ñòàáèëü-
íîñòü ÌÃÝ ÷åðåç íåñêîëüêî ïîêîëåíèé ïåðåõîäèò â
òðàíñïîçèöèîííûå âñïûøêè, ïðè ýòîì âëèÿíèÿ ðàçëè÷-
íûõ âíåøíèõ ôàêòîðîâ (òåïëîâîé øîê, ïåðåêèñü âîäîðî-
äà, äèõëîðôîñ) íå áûëî âûÿâëåíî (Biemont et al., 1987,
1990; Arnault, Biemont, 1989; Arnault et al., 1991; Biemont,

490 Ë. Ï. Çàõàðåíêî, Ì. Ï. Ïåðåïåëêèíà, Ë. À. Âàñèëüåâà

Ðèñ. 2. FISH Dm412 è hobo íà ïîëèòåííûõ õðîìîñîìàõ ñëþííûõ æåëåç îòâîäîê 51-2 (à) è 51-5 (á).

Ñòðåëêàìè óêàçàíû ñàéòû ãèáðèäèçàöèè hobo.

Ðèñ. 3. ÏÖÐ-àíàëèç ãåíîìíîé ÄÍÊ ëèíèè 51 íà îòêðûòóþ ðàìêó ñ÷èòûâàíèÿ hobo-ýëåìåíòà.

à — ïðàéìåðû 1 è 2; 1 — H2O, 2 — ëèíèÿ 51, 3 — ìàðêåðíàÿ ãåíîìíàÿ ÄÍÊ (ïîçèòèâíûé êîíòðîëü), 4 — êëîíèðîâàííûé hobo, 5 — ìàðêåðû ìîëåêóëÿð-
íîé ìàññû; á: 1, 2 — ïðàéìåðû 1, 4; 3, 4 — ïðàéìåðû 3, 2; 1, 3 — ëèíèÿ 51; 2, 4 — êëîíèðîâàííûé hobo; 5 — H2O; 6 — ìàðêåð ìîëåêóëÿðíîé ìàññû.



1993; Arnault, Dufournel, 1994). Òàêèì îáðàçîì, âîçíèêàåò
âîïðîñ: êàê äîëãî èçîãåííîå ñîñòîÿíèå ìîæåò ñîõðàíÿòü-
ñÿ â èçîãåííûõ ëèíèÿõ?

Çíàÿ ñïîíòàííóþ ñêîðîñòü ïåðåìåùåíèÿ ÌÃÝ â èçî-
ãåííîé ëèíèè è îáùåå êîëè÷åñòâî ñàéòîâ êîíêðåòíîãî
ÌÃÝ, ìîæíî ðàññ÷èòàòü, ñêîëüêî ïîêîëåíèé ñîõðàíÿåòñÿ
èçîãåííîå ñîñòîÿíèå ëèíèè, ïî êðàéíåé ìåðå ïî ðàñïîëî-
æåíèþ ÌÃÝ. Ðàñ÷åò ïðîâîäèëè èñõîäÿ èç òîãî, ÷òî â àíà-
ëèç ïî ðàñïðåäåëåíèþ ÌÃÝ îáû÷íî áåðóò îêîëî 20 îñî-
áåé (ïðåïàðàòîâ). Ñîãëàñíî íàøèì ðàñ÷åòàì, ÷åðåç
2—3 ïîêîëåíèÿ ìû èìååì áîëüøóþ âåðîÿòíîñòü ïðè âû-
áîðêå èç 20 îñîáåé íàéòè õîòÿ áû îäíó ýêñöèçèþ èëè èí-
ñåðöèþ hobo-ýëåìåíòà (Zakharenko et al., 2007). Â ñâÿçè ñ
ýòèì, ïî íàøåìó ìíåíèþ, ïåðåä ïðîâåäåíèåì ýêñïåðè-
ìåíòîâ, ñâÿçàííûõ ñ èññëåäîâàíèåì âëèÿíèÿ ðàçëè÷íûõ
ôàêòîðîâ íà ÷àñòîòó ïåðåìåùåíèé ÌÃÝ, äëÿ ïîääåðæà-
íèÿ èçîãåííîãî ñîñòîÿíèÿ ëèíèè ñ âû÷èñëåííîé ïåðèî-
äè÷íîñòüþ íåîáõîäèìî ïîäâåðãàòü ëèíèþ èíáðèäèíãó.
Äëÿ ýòîãî íåäîñòàòî÷íî ïðîâîäèòü ìàññîâîå áëèçêîðîäñò-
âåííîå ñêðåùèâàíèå, íåîáõîäèìî îñòàâëÿòü ïîòîìñòâî îò
îäíîé ñàìêè â òå÷åíèå íåñêîëüêèõ ïîêîëåíèé.

Êðîìå ñïîíòàííîãî ïåðåìåùåíèÿ ÌÃÝ åñòü è äðóãèå
ôàêòîðû, îáåñïå÷èâàþùèå ãåòåðîãåííîñòü èçîãåííîé ëè-
íèè. Íàïðèìåð, îêîëî 20 % ãåíîìà ìîæåò íå áûòü èçîãåí-
íûì ïîñëå ïðîâåäåííîé èçîãåíèçàöèè, ïîñêîëüêó áàëàí-
ñåðíûå õðîìîñîìû, âèäèìî, íå çàïèðàþò êðîññèíãîâåð
ïîëíîñòüþ (Ôóðìàí, Áóõàðèíà, 1996; Âàñèëüåâà, 2004).

Åñëè â ãåíîìå ñîäåðæèòñÿ 20 ñàéòîâ ÌÃÝ, ÷àñòîòà ïå-
ðåìåùåíèé ñîñòàâëÿåò 10–4 íà ñàéò íà ãåíîì çà ïîêîëåíèå,
è åñëè â àíàëèç áåðóò 20 ïðåïàðàòîâ, òî ïîëèìîðôèçì ïî
ðàñïðåäåëåíèþ ÌÃÝ õîòÿ áû â îäíîì ëîêóñå áóäåò çàìå-
÷åí ÷åðåç 25 ïîêîëåíèé èëè 2.5 ãîäà ñîäåðæàíèÿ â ëàáîðà-
òîðíûõ óñëîâèÿõ. Åñëè âñå îñòàëüíûå 100 ñåìåéñòâ ÌÃÝ
äðîçîôèëû ïðåäñòàâëåíû â ãåíîìå â òîì æå êîëè÷åñòâå è
ïåðåìåùàþòñÿ ñ òîé æå ÷àñòîòîé, òî â êàæäîì ïîêîëåíèè
ïî êðàéíåé ìåðå 4 ÌÃÝ ïîìåíÿþò ñâîå ïîëîæåíèå. Åñëè
ó÷åñòü, ÷òî áîëüøàÿ ÷àñòü ãåíîìà ïðåäñòàâëåíà íåêîäèðó-
þùåé ÄÍÊ, òî âåðîÿòíîñòü ïîâðåæäåíèÿ çíà÷èìûõ ãåíîâ
çà ñ÷åò ïåðåìåùåíèÿ ÌÃÝ íåâåëèêà, òåì áîëåå ÷òî íå-
óäà÷íûå âàðèàíòû áóäóò îòñåëåêòèðîâàíû. Ïî äàííûì
(B*egin, Schoen, 2006), óâåëè÷åíèå ÷àñòîòû òðàíñïîçèöèé
ÌÃÝ ó C. elegans â ëèíèÿõ ñ ïîâðåæäåííûì ìåõàíèçìîì
ÐÍÊ-èíòåðôåðåíöèè ïðèâîäèò ê íàêîïëåíèþ ÌÃÝ â ãå-
íîìå, ñîïðîâîæäàþùåìóñÿ íàêîïëåíèåì ìóòàöèîííûõ
ïîâðåæäåíèé ãåíîìà. Îäíàêî óâåëè÷åíèå ÷àñòîòû íàêîï-
ëåíèÿ ìóòàöèîííûõ ïîâðåæäåíèé â ýòèõ ãåíîìàõ áûëà íà
1—2 ïîðÿäêà íèæå, ÷åì ñêîðîñòü íàêîïëåíèÿ ÌÃÝ.

Ïîëíîñòüþ èñêëþ÷èòü âëèÿíèå ÌÃÝ íà ýêñïðåññèþ
êîëè÷åñòâåííûõ ïðèçíàêîâ, êîíå÷íî, íåëüçÿ, íî ãåòåðîãåí-
íîñòü ïî ðàñïðåäåëåíèþ ÌÃÝ â ëèíèè, ïîäâåðãàþùåéñÿ
ñåëåêöèè ïî êîëè÷åñòâåííîìó ïðèçíàêó, äàåò îñíîâàíèå
ïîëàãàòü, ÷òî íå ïåðåìåùåíèå ÌÃÝ â èññëåäóåìûõ ëèíèÿõ
ñ áîëüøîé âåðîÿòíîñòüþ ÿâëÿåòñÿ ïðè÷èíîé óñïåøíîé ñå-
ëåêöèè. Ñêîðåå âñåãî, ÌÃÝ — ìàðêåðû ëîêóñîâ, îïðåäåëÿ-
þùèõ óñïåõ îòáîðà ïî êîëè÷åñòâåííîìó ïðèçíàêó.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåêò
09-04-00213à) è ïðîãðàììû ÐÀÍ «Áèîëîãè÷åñêîå ðàçíî-
îáðàçèå» (ïðîåêòû 23.29 è 23.30).
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CHANGE IN THE DISTRIBUTION OF TRANSPOSABLE ELEMENTS

IN ISOGENIC STRAIN — CAUSE OR CONSEQUENCE

IN DROSOPHILA MELANOGASTER SELECTION FOR QUANTITATIVE TRAITS?

L. P. Zakharenko, M. P. Perepelkina, L. A. Vasilyeva

Institute of Cytology and Genetics, Siberian Department of the RAS, Novosibirsk;

e-mail: zakharlp@bionet.nsc.ru

The distribution patterns pf hobo transposon and Dm412 retrotransposon hybridization sites on the salivary
gland polytene chromosomes from the larvae of Drosophila melanogaster isogenic strain 51, used for analyzing
the effect of transposable element (TE) transposition on the selection for quantitative traits, were studied, It was
demonstrated that at least half Dm412 hybridization sites were retained 15 years after isogenization; the frequ-
ency of Dm412 transposition varied from 2.0�10–4 to 8.8�10–5 depending on whether the appearance of the sa-
me hybridization sites in some individuals were regarded as independent events or as a manifestation of the sam-
ple heterogeneity. The distribution patterns of hobo hybridization sites in two isofemale strains derived from
isogenic strain 51 differed more noticeably: the number of hobo sites in one of the derivative strains was three-
fold smaller than in another and only a fraction of the sites was common. Within each derivative strain, the TE
distribution was uniform, suggesting that inbreeding had no effect on the Dm412 activity in this strain. The rates
of change in the distribution patterns of various TEs in strain 51 corresponded to their spontaneous transposition
rates. As isogenic strain accumulates the polymorphism in TE distribution without selection, the TEs are more
likely to be the markers of selection events than their inducers. Thus, when studying the effects of various envi-
ronmental factors on TE transposition even in isogenic strains, it is necessary to perform rounds of close inbree-
ding to reduce the potential polymorphism.

K e y w o r d s: isogenic strains, Drosophila melanogaster, transposable elements.
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