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È. Ã. Êè÷èãèí, Â. À. Òðèôîíîâ
Ñòðóêòóðà ãåíîìà è îïðåäåëåíèå ïîëà ÷åøóé÷àòûõ (Squamata)

×åøóé÷àòûå (Squamata) — ñàìûé êðóïíûé ïî ÷èñëó âèäîâ îòðÿä ïðåñìûêàþùèõñÿ, çàíèìàþùèé
êëþ÷åâóþ ïîçèöèþ â ôèëîãåíèè àìíèîò. Ïî ñðàâíåíèþ ñ ìëåêîïèòàþùèìè èëè ïòèöàìè ýòîò òàêñîí
äîëãîå âðåìÿ áûë îáäåëåí âíèìàíèåì ìîëåêóëÿðíûõ ãåíåòèêîâ. Îäíàêî â ïîñëåäíåå âðåìÿ ïîÿâèëîñü
ìíîãî ðàáîò, âûïîëíåííûõ íà âûñîêîì óðîâíå è ïîñâÿùåííûõ èçó÷åíèþ ãåíîìîâ è êàðèîòèïîâ ÷åøóé-
÷àòûõ. Â çíà÷èòåëüíîé ñòåïåíè ïîâûøåííûé èíòåðåñ ê äàííîìó òàêñîíó áûë ñïðîâîöèðîâàí íàêîïëå-
íèåì äàííûõ î ðàçíîîáðàçíûõ ìåõàíèçìàõ îïðåäåëåíèÿ ïîëà ó ÿùåðèö (ïîäîòðÿä Sauria), ãäå ðàçíûå âèäû
è äàæå ïîïóëÿöèè èìåþò êàê ãåíîìíîå îïðåäåëåíèå ïîëà (âêëþ÷àÿ ñèñòåìû XY è ZW ), òàê è îïðåäåëå-
íèå ïîëà, çàâèñÿùåå îò òåìïåðàòóðû. Èññëåäîâàíèå ýâîëþöèè ïîëîâûõ õðîìîñîì ÷åøóé÷àòûõ ìîæåò
ïðîëèòü ñâåò íà ïîíèìàíèå ýâîëþöèè îïðåäåëåíèÿ ïîëà îñòàëüíûõ àìíèîò è ïîçâîíî÷íûõ â öåëîì. Â
íàñòîÿùåé ðàáîòå ìû ïðèâîäèì êðàòêèé îáçîð ïîëó÷åííûõ íåäàâíî äàííûõ ïî ìîëåêóëÿðíîé öèòîãåíå-
òèêå è àíàëèçó ãåíîìîâ ÷åøóé÷àòûõ, ýâîëþöèè èõ ïîëîâûõ õðîìîñîì è ìåõàíèçìîâ îïðåäåëåíèÿ ïîëà.

Ê ë þ ÷ å â û å ñ ë î â à: ÷åøóé÷àòûå, ÿùåðèöû, ïîëîâûå õðîìîñîìû, îïðåäåëåíèå ïîëà, êàðèîòèï.

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÃÖ — ãóàíèí è öèòîçèí, ï. í. — ïàðà íóêëåîòèäîâ, G-áýíäèíã — ðè-
ñóíîê îêðàñêè õðîìîñîì êðàñèòåëåì Ãèìçà, R-áýíäèíã — òèï îêðàñêè õðîìîñîì, ïðîòèâîïîëîæíûé
G-áýíäèíãó, LINE — long interspersed element (äëèííûé ðàññåÿííûé ïîâòîð ãåíîìà).

Â îòðÿä ÷åøóé÷àòûå (Squamata) âõîäÿò ÿùåðèöû
(~5600 âèäîâ), çìåè (~3400 âèäîâ) è àìôèñáåíû (~120 âè-
äîâ), ÷òî ñîñòàâëÿåò îêîëî 96 % èçâåñòíûõ âèäîâ ïðåñìû-
êàþùèõñÿ. Âàæíåéøåé îñîáåííîñòüþ ×åøóé÷àòûõ ÿâëÿ-
åòñÿ ìíîãîîáðàçèå ìåõàíèçìîâ ðàçìíîæåíèÿ è îïðåäåëå-
íèÿ ïîëà (â íàèáîëüøåé ñòåïåíè ýòî îòíîñèòñÿ ê
ÿùåðèöàì). Ê ýòèì ìåõàíèçìàì îòíîñÿòñÿ ðàçäåëüíîïî-
ëîñòü è ïàðòåíîãåíåç, æèâîðîæäåíèå, êëàäêà ÿèö è ÿéöå-
æèâîðîæäåíèå, îïðåäåëåíèå ïîëà ÷åðåç ãåíîòèï ñ ãåòåðî-
ãàìåòíîñòüþ êàê ñàìöîâ (XX/XY), òàê è ñàìîê (ZZ/ZW), à
òàêæå îïðåäåëåíèå ïîëà â çàâèñèìîñòè îò òåìïåðàòóðû.
Áëàãîäàðÿ áàçàëüíîìó ïîëîæåíèþ ïðåñìûêàþùèõñÿ íà
ôèëîãåíåòè÷åñêîì äðåâå àìíèîò çíàíèÿ îá ýâîëþöèè ãå-
íîìîâ âíóòðè ýòîãî òàêñîíà î÷åíü âàæíû äëÿ ïîíèìàíèÿ
îáùåé êàðòèíû ðàçâèòèÿ ïîçâîíî÷íûõ. Â ïîñëåäíåå
âðåìÿ ñòàëî ïîÿâëÿòüñÿ âñå áîëüøå ðàáîò ïî ãåíîìèêå
ðåïòèëèé, âûïîëíåííûõ ñîâðåìåííûìè ìåòîäàìè ìîëå-
êóëÿðíîé öèòîãåíåòèêè è ìîëåêóëÿðíîé ãåíåòèêè è ïî-
çâîëÿþùèõ ïî-íîâîìó âçãëÿíóòü íà ýâîëþöèþ ãåíîìîâ è
ñèñòåì îïðåäåëåíèÿ ïîëà àìíèîò.

Îñîáåííîñòè ãåíîìîâ
è êàðèîòèïîâ ÷åøóé÷àòûõ

Êàðèîòèïû ïîäàâëÿþùåãî áîëüøèíñòâà âèäîâ çà-
âðîïñèä (ñþäà îòíîñÿòñÿ âñå ñîâðåìåííûå àìíèîòû, êðî-
ìå ìëåêîïèòàþùèõ) ñîäåðæàò ìèêðîõðîìîñîìû, êîëè÷å-
ñòâî êîòîðûõ çàâèñèò îò âèäà, íî â ñðåäíåì èõ áîëüøå ó
ïòèö, ÷óòü ìåíüøå ó ÿùåðèö è åùå ìåíüøå ó êðîêîäèëîâ
è ÷åðåïàõ. Ìèêðîõðîìîñîìû ïòèö áîãàòû ãåíàìè (èõ

ïëîòíîñòü â 2—3 ðàçà âûøå, ÷åì â ìàêðîõðîìîñîìàõ)
(Smith et al., 2000) è èìåþò áîëüøóþ ÷àñòîòó ðåêîìáèíà-
öèè (Rodionov et al., 1992), òîãäà êàê ó ÷åøóé÷àòûõ òàêîé
÷åòêîé êàðòèíû ñâîéñòâ ìèêðîõðîìîñîì íåò (Olmo, 2008;
Alföldi et al., 2011). Îáùèé ðàçìåð ãåíîìà ÿùåðèö çàíè-
ìàåò ïðîìåæóòî÷íîå ïîëîæåíèå ìåæäó ïòèöàìè è ìëåêî-
ïèòàþùèìè (îêîëî 2 ìëðä ï. í.), à ó çìåé ãåíîìû åùå ìå-
íüøå, îêîëî 1.5 ìëðä ï. í., ÷òî áëèçêî ê ðàçìåðó ãåíîìîâ
ïòèö. Íåáîëüøîé ðàçìåð ãåíîìà îáúÿñíÿåòñÿ ïîòåðåé ïî-
âòîðåííûõ íåêîäèðóþùèõ ó÷àñòêîâ ÄÍÊ, â ÷àñòíîñòè
ìîáèëüíûõ ýëåìåíòîâ (Olmo et al., 1985; Shedlock et al.,
2007). ÃÖ-ñîñòàâ ÄÍÊ ÿùåðèö è çìåé â ñðåäíåì íèæå,
÷åì ó äðóãèõ ðåïòèëèé è ìëåêîïèòàþùèõ (Vinogradov,
1998; Olmo et al., 2002). Ñòåïåíü ìåòèëèðîâàíèÿ öèñòåèíà
îòëè÷àåòñÿ îò òàêîâîé ó ìëåêîïèòàþùèõ, íå çàâèñèò îò
ÃÖ-ñîñòàâà è áëèçêà ê íàáëþäàåìîé ó êîñòèñòûõ ðûá
(Varriale, Bernardi, 2006).

Àíàëèç öèòîãåíåòè÷åñêèõ äàííûõ ïîêàçàë íåêîòîðóþ
âàðèàáåëüíîñòü êàðèîòèïîâ ÷åøóé÷àòûõ: ÷àñòî âñòðå÷à-
þòñÿ âíóòðè- è ìåæâèäîâûå ïîëèìîðôèçìû àóòîñîì è
ïîëîâûõ õðîìîñîì, âîçíèêøèå â ðåçóëüòàòå ðàçíîîáðàçíûõ
ðîáåðòñîíîâñêèõ è íåðîáåðòñîíîâñêèõ ïåðåñòðîåê (Bick-
ham, 1984; Olmo, 1986; Olmo et al., 2002). Ê òîìó æå áûëè
îáíàðóæåíû ðàçëè÷èÿ â ñòðóêòóðå ãîìîëîãè÷íûõ õðîìî-
ñîì ó ðàçíûõ âèäîâ â ïðåäåëàõ îäíîãî ðîäà è òåíäåíöèè ê
ñíèæåíèþ êîëè÷åñòâà ìèêðîõðîìîñîì â íåêîòîðûõ ñå-
ìåéñòâàõ (Olmo et al., 2002). Èíòåðåñíî, ÷òî ýâîëþöèÿ íå-
êîòîðûõ ñåìåéñòâ è ðîäîâ ñîïðîâîæäàëàñü çíà÷èòåëüíû-
ìè õðîìîñîìíûìè ïåðåñòðîéêàìè, à âûñîêàÿ ÷àñòîòà
õðîìîñîìíûõ ïåðåñòðîåê â çíà÷èòåëüíîé ñòåïåíè êîððå-
ëèðóåò ñ êîëè÷åñòâîì âèäîâ â ñåìåéñòâàõ (Olmo, 2008).
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Èìåþòñÿ ãèïîòåçû, ïðåäïîëàãàþùèå, ÷òî íà ÷àñòîòó
õðîìîñîìíûõ ïåðåñòðîåê ìîãóò âëèÿòü ðàçìåð õðîìîñîì
è õàðàêòåð G-áýíäèíãà. Íà ïðèìåðå äðîææåé, ÷åëîâåêà è
ïòèö áûëî ïîêàçàíî, ÷òî ìåéîòè÷åñêàÿ ðåêîìáèíàöèÿ
ïðîõîäèò òåì ÷àùå, ÷åì ìåíüøå ðàçìåð õðîìîñîì (Ka-
back et al., 1992; Kaback, 1996; Hughes, Piontkivska, 2005).
Ê òîìó æå èçâåñòíî, ÷òî ðåêîìáèíàöèîííûå ñîáûòèÿ,
ïðèâîäÿùèå ê õðîìîñîìíûì ïåðåñòðîéêàì, ïðîèñõîäÿò
÷àùå ìåæäó R-áýíäàìè, ÿâëÿþùèìèñÿ ÃÖ-áîãàòûìè è
õàðàêòåðèçóþùèìèñÿ áîëåå ïëîòíûì ðàñïîëîæåíèåì ãå-
íîâ ïî ñðàâíåíèþ ñ G-áýíäàìè (Bernardi, 1993, 1995,
2004). Ó ðåïòèëèé ïðèñóòñòâóþò ýóõðîìàòèíîâûå ìèêðî-
õðîìîñîìû, ïðåäñòàâëÿþùèå ñîáîé ïðåêðàñíûé ñóáñòðàò
äëÿ ðåêîìáèíàöèîííûõ ñîáûòèé. Êðîìå òîãî, áûëî çàìå-
÷åíî, ÷òî ó ÷åøóé÷àòûõ åñòü òåíäåíöèÿ ê ñëèÿíèþ ìèê-
ðîõðîìîñîì ïóòåì òðàíñëîêàöèé íà ìàêðîõðîìîñîìû,
÷òî ïðèâîäèò ê ñìåíå êàðòèíû ðàñïðåäåëåíèÿ G- è R-áýí-
äîâ íà ìàêðîõðîìîñîìàõ è óñèëåíèþ ðåêîìáèíàöèè. Íå-
êîòîðûå àâòîðû ñ÷èòàþò, ÷òî ýòè ïåðåñòðîéêè ìîãëè ÿâ-
ëÿòüñÿ îäíîé èç ïðè÷èí çíà÷èòåëüíîãî âèäîâîãî ðàçíîîá-
ðàçèÿ ÿùåðèö è çìåé (Olmo, 2008).

Îäíà èç óíèêàëüíûõ ÷åðò ÷åøóé÷àòûõ ïî ñðàâíåíèþ
ñ äðóãèìè àìíèîòàìè — íàëè÷èå ïàðòåíîãåíåçà è ïîëè-
ïëîèäèè (Hall, 1970). Ôåíîìåíû ïàðòåíîãåíåçà è òðè- èëè
òåòðàïëîèäíîñòè çà÷àñòóþ ñâÿçàíû è áûëè îïèñàíû â íå-
ñêîëüêèõ ñåìåéñòâàõ ÿùåðèö (Peter, 1971; Darevsky et al.,
1984; Lamborot et al., 2006) è ó îäíîãî âèäà çìåé (Wynn,
Cole, 1987). Âîçíèêíîâåíèå òðèïëîèäíîñòè è ïàðòåíîãå-
íåçà ó íåêîòîðûõ âèäîâ ñâÿçàíî ñ ìåæâèäîâîé ãèáðèäèçà-
öèåé (Darevsky et al., 1985; Cole et al., 2010).

Ñ å ê â å í è ð î â à í è å ã å í î ì à ê à ð î ë è í ñ ê î ã î
à í î ë è ñ à. Ïåðâûé âèä ÷åøóé÷àòûõ, ãåíîì êîòîðîãî áûë
ïî÷òè ïîëíîñòüþ ñåêâåíèðîâàí, — êàðîëèíñêèé àíîëèñ
Anolis carolinensis (Alföldi et al., 2011). Ïîäñåìåéñòâî Po-
lychrotidae (àíîëèñîâûå, ñåìåéñòâî èãóàíîâûå) ïðåäñòàâ-
ëÿåò ñîáîé äîñòàòî÷íî ðàçíîîáðàçíûé òàêñîí, ñîñòîÿùèé
ïðèìåðíî èç 400 âèäîâ, îáèòàþùèõ â íåîòðîïèêàõ. Àíî-
ëèñîâûå ðàçâèâàëèñü îáû÷íî êîíâåðãåíòíî, â ñàìûõ ðàç-
íîîáðàçíûõ ýêîëîãè÷åñêèõ íèøàõ è èñõîäÿ èç ýòîãî
ïðåäñòàâëÿþò ñîáîé ïðåêðàñíûé ïðèìåð àäàïòèâíîãî
ðàñïðîñòðàíåíèÿ. Áëàãîäàðÿ ýòîìó âèä A. carolinensis
ñ÷èòàåòñÿ ïîäõîäÿùèì ìîäåëüíûì îáúåêòîì áèîëîãèè
ÿùåðèö (Losos, 2009), ÷òî ïîâëèÿëî íà åãî âûáîð äëÿ ïîë-
íîãåíîìíîãî ñåêâåíèðîâàíèÿ.

Ðàçìåð ãåíîìà êàðîëèíñêîãî àíîëèñà ñîñòàâëÿåò
1.78 ìëðä ï. í. Ãàïëîèäíûé íàáîð âêëþ÷àåò â ñåáÿ 18 õðî-
ìîñîì, èç êîòîðûõ 6 ìàêðî- è 12 ìèêðîõðîìîñîì. Íåî-
áû÷íî, ÷òî çà 280 ìëí ëåò äèâåðãåíöèè ìåæäó àíîëèñîì è
êóðèöåé ïðîèçîøëî äîâîëüíî ìàëî õðîìîñîìíûõ ïåðå-
ñòðîåê: 19 èç 22 ñåêâåíèðîâàííûõ õðîìîñîì êóðèöû ãî-
ìîëîãè÷íû õðîìîñîìàì àíîëèñà ïî âñåé ñâîåé äëèíå,
òîãäà êàê òîëüêî 6 èç 23 õðîìîñîì ÷åëîâåêà ïîëíîñòüþ
ãîìîëîãè÷íû õðîìîñîìàì îïîññóìà, õîòÿ âðåìÿ äèâåð-
ãåíöèè ñóì÷àòûõ è ïëàöåíòàðíûõ ïî÷òè â 2 ðàçà ìåíü-
øå — 148 ìëí ëåò (Bininda-Emonds et al., 2007). Ãåíîì
àíîëèñà ïðèìåðíî íà 30 % ñîñòîèò èç ìîáèëüíûõ ýëåìåí-
òîâ, ê òîìó æå îí õàðàêòåðèçóåòñÿ âûñîêîé ïëîòíîñòüþ
(3.5 %) òàíäåìíûõ ïîâòîðîâ ñ äëèíîé è ÷àñòîòîé, áëèçêè-
ìè ê ïîâòîðàì â ìèêðîñàòåëëèòíîé ÄÍÊ ÷åëîâåêà (Shed-
lock et al., 2007).

Èçâåñòíî, ÷òî ãåíîìû àìíèîò ìîæíî ðàçäåëèòü íà
òðè îñíîâíûõ òèïà: 1) îáîãàùåííûå LINE-1 è ñ áîëüøîé
÷àñòîòîé íàêàïëèâàþùèå ìîáèëüíûå ýëåìåíòû, êàê ó
ìëåêîïèòàþùèõ; 2) ñîäåðæàùèå î÷åíü ìàëåíüêîå êîëè-
÷åñòâî ïîâòîðîâ ñ íåáîëüøîé àêòèâíîñòüþ ìîáèëüíûõ

ýëåìåíòîâ, êàê ó ïòèö; 3) òèï, ê êîòîðîìó îòíîñèòñÿ ãå-
íîì ÿùåðèö, îòëè÷àþùèéñÿ î÷åíü øèðîêèì ðàçíîîáðàçè-
åì ñåìåéñòâ àêòèâíûõ ìîáèëüíûõ ýëåìåíòîâ. Ïðè ýòîì
ìîáèëüíûå ýëåìåíòû ó ÿùåðèö îáëàäàþò íèçêîé ñêîðî-
ñòüþ íàêîïëåíèÿ, ÷òî íàïîìèíàåò ïðîôèëü ìîáèëüíûõ
ýëåìåíòîâ êîñòèñòûõ ðûá (Furano et al., 2004).

Ãåíîì àíîëèñà õàðàêòåðèçóåòñÿ î÷åíü íèçêîé ïî
ñðàâíåíèþ ñ ïòèöàìè è ìëåêîïèòàþùèìè ðåãèîíàëüíîé
âàðèàöèåé â ñîäåðæàíèè ÃÖ, ïðè÷åì ðàñïðåäåëåíèå íóê-
ëåîòèäîâ î÷åíü ïîõîæå íà ðàñïðåäåëåíèå èõ ó ëÿãóøêè
(Fujita et al., 2011). Ñêîðåå âñåãî, íèçêàÿ âàðèàöèÿ â
ÃÖ-ñîñòàâå ãîâîðèò î áîëåå èëè ìåíåå ïîñòîÿííîé ÷àñòî-
òå ðåêîìáèíàöèè ïî äëèíå õðîìîñîì. Âíóòðè ðîäà àíîëè-
ñîâûõ ïîïàäàþòñÿ âèäû ëèáî ñ ñèñòåìîé XY, ëèáî ñ íå-
îïðåäåëåííûìè ãîìîìîðôíûìè õðîìîñîìàìè (Viets et
al., 1994). Ñèòóàöèÿ ó A. carolinensis áûëà íåîïðåäåëåí-
íîé èç-çà ìàëåíüêîé ðàçíèöû ìåæäó X- è Y-õðîìîñîìà-
ìè, íî áîëåå ãëóáîêèé àíàëèç ìåòàôàçíûõ õðîìîñîì ñà-
ìîê è ñàìöîâ ñ ïîìîùüþ FISH ïîêàçàë íàëè÷èå ó íèõ
X-õðîìîñîì, êîòîðûå ãîìîëîãè÷íû õðîìîñîìå 15 êóðè-
öû (Alföldi et al., 2011).

Â öåëîì ñåêâåíèðîâàíèå ïåðâîãî âèäà ÿùåðèö ïðîëè-
âàåò ñâåò íà íåêîòîðûå îñîáåííîñòè ãåíîìîâ ÷åøóé÷à-
òûõ, íî ýòîãî åùå ÿâíî íåäîñòàòî÷íî äëÿ òîãî, ÷òîáû ñ
óâåðåííîñòüþ ïåðåíîñèòü ýòè íàáëþäåíèÿ íà âñåõ îñòà-
ëüíûõ ïðåäñòàâèòåëåé îòðÿäà.

Ñèñòåìû îïðåäåëåíèÿ ïîëà ÿùåðèö

Ò è ï û ñ è ñ ò å ì è è õ ð à ñ ï ð å ä å ë å í è å ï î ò à ê -
ñ î í à ì. ßùåðèöû íàèáîëåå èíòåðåñíû ðàñïðåäåëåíèåì
ìåõàíèçìîâ îïðåäåëåíèÿ ïîëà ìåæäó âèäàìè. Ïîêàçàíî,
÷òî â íåêîòîðûõ ñåìåéñòâàõ ìåõàíèçìû îïðåäåëåíèÿ
ïîëà íå êîððåëèðóþò ñ ôèëîãåíåòè÷åñêèì ïîëîæåíèåì
(Janzen, Phillips, 2006; Organ, Janes, 2008; Pokorná, Kra-
tochvíl, 2009), ÷òî ìîæåò óêàçûâàòü íà ìíîãî÷èñëåííûå
ïåðåõîäû êàê ìåæäó òåìïåðàòóðíûì è ãåíîìíûì îïðåäå-
ëåíèåì ïîëà, òàê è ìåæäó ñèñòåìàìè XY è ZW. Èìåííî
ýòà íåîïðåäåëåííîñòü è ðàçíîîáðàçèå ïðèâëåêàþò âíèìà-
íèå ê ïîäîòðÿäó, ïîñêîëüêó ó îñòàëüíûõ àìíèîò (êðîìå
÷åðåïàõ) ñèñòåìû îïðåäåëåíèÿ ïîëà îòíîñèòåëüíî ñòàáèëü-
íû. Âàæíî îòìåòèòü, ÷òî ïðè ýòîì äàæå ó áëèçêîðîäñò-
âåííûõ âèäîâ ìîãóò ñèëüíî ðàçëè÷àòüñÿ êàê ñòåïåíü äå-
ãðàäàöèè ãåòåðîãàìåòíîé ïîëîâîé õðîìîñîìû, òàê è ñàì
ìåõàíèçì îïðåäåëåíèÿ ïîëà. Èç ïðèìåðíî 1000 âèäîâ
ÿùåðèö, êîòîðûå áûëè êàðèîòèïèðîâàíû, ìåíåå 200 èìå-
þò ãåòåðîìîðôíûå ïîëîâûå õðîìîñîìû, ïîêàçûâàþùèå
íåîáûêíîâåííîå ðàçíîîáðàçèå â ìîðôîëîãèè è ñòåïåíè
äåãåíåðàöèè. Áîëüøîå ðàçíîîáðàçèå ïîëîâûõ õðîìîñîì è
íàëè÷èå âèäîâ ñ òåìïåðàòóðíûì îïðåäåëåíèåì ïîëà ãîâî-
ðÿò î ðàçíûõ è íåçàâèñèìûõ ïóòÿõ ïðîèñõîæäåíèÿ ïîëî-
âûõ õðîìîñîì â ãåíîìàõ (Ezaz et al., 2009c).

Â íàøèõ çíàíèÿõ î ðàñïðåäåëåíèè è õàðàêòåðèñòèêå
ïîëîâûõ õðîìîñîì âíóòðè è ìåæäó ñåìåéñòâàìè åñòü áîëü-
øèå ïðîáåëû. Ìíîãèå âèäû ÿùåðèö èìåþò ïîëîâûå ìèê-
ðîõðîìîñîìû, êîòîðûå ñëîæíî îïîçíàòü ñ ïîìîùüþ
ñòàíäàðòíûõ òåõíîëîãèé îêðàøèâàíèÿ è áýíäèíãà. Ñî-
âðåìåííûå öèòîãåíåòè÷åñêèå ìåòîäû, òàêèå êàê ñðàâíè-
òåëüíàÿ ãåíîìíàÿ ãèáðèäèçàöèÿ, ïîçâîëÿþò õàðàêòåðèçî-
âàòü ïîëîâûå õðîìîñîìû ó áîëüøåãî ÷èñëà âèäîâ. Ýòè
ìåòîäû ïîçâîëÿþò èäåíòèôèöèðîâàòü õðîìîñîìû, êîòî-
ðûå ñëîæíî îïðåäåëèòü äðóãèìè ñïîñîáàìè, òàê êàê îíè
ÿâëÿþòñÿ ìèêðîõðîìîñîìàìè, èëè ïîòîìó, ÷òî îíè ïðå-
òåðïåëè íåáîëüøóþ ìîðôîëîãè÷åñêóþ äèôôåðåíöèðîâêó
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(Traut et al., 1999; Ezaz et al., 2005; Kawai et al., 2007). Èí-
ôîðìàöèÿ î êàðèîòèïå èçâåñòíà ïî êðàéíåé ìåðå äëÿ
1 âèäà â 29 (èç 32) ñåìåéñòâàõ ÿùåðèö (Olmo, Signorino,
2005; Vidal, Hedges, 2009). Â ñåìåéñòâàõ Cadeidae, Lant-
hanotidae è Shinisauridae íå áûëî èññëåäîâàíî íè îäíîãî
âèäà. Â 7 ñåìåéñòâàõ ïðèñóòñòâóåò ìóæñêàÿ ãåòåðîãàìåò-
íîñòü (Iguanidae, Scincidae, Sphaerodactylidae, Pygopodi-
dae, Dibamidae, Teiidae è Gymnophathalmidae), à â 6 äðó-
ãèõ (Bipedidae, Lacertidae, Varanidae, Chamaeleonidae,
Agamidae è Phyllodactylidae) îáíàðóæåíà æåíñêàÿ ãåòåðî-
ãàìåòíîñòü. Âåñüìà ïðèìå÷àòåëüíî ñåìåéñòâî Gekkoni-
dae, â íåì ïðèñóòñòâóþò îáà âàðèàíòà. Â îñòàëüíûõ ñå-
ìåéñòâàõ ïîëîâûå õðîìîñîìû íå âûÿâëåíû. Èç âñåõ èñ-
ñëåäîâàííûõ âèäîâ, ó êîòîðûõ îáíàðóæèëè ïîëîâûå õðî-
ìîñîìû (181 âèä), ó äâóõ òðåòåé (64 %, 115 âèäîâ) ïðè-
ñóòñòâóåò ñèñòåìà XY (Ezaz et al., 2009c). Ê ñåìåéñòâàì, â
êîòîðûõ ðàçíîîáðàçèå ñèñòåì îïðåäåëåíèÿ ïîëà òî÷íî
ïîäòâåðæäåíî, îòíîñÿòñÿ Agamidae, Gekkonidae è Chama-
eleonidae (Pokorná, Kratochvíl, 2009). Íåáîëüøàÿ ÷àñòü âè-
äîâ (23 %) ñîäåðæèò ìíîæåñòâåííûå ïîëîâûå õðîìîñî-
ìû, ïðîèçîøåäøèå â ðåçóëüòàòå ñëèÿíèÿ ïîëîâûõ õðîìî-
ñîì ñ àóòîñîìàìè (Wright, 1973; King, 1977; Odierna et al.,
2001; Ezaz et al., 2009c). Òàêèå ñèñòåìû ïðèñóòñòâóþò â
îñíîâíîì ó âèäîâ ñ XY, ÷àùå â ñåìåéñòâå Iguanidae.
Ìíîæåñòâåííûå õðîìîñîìû ñèñòåìû ZW íàéäåíû òîëü-
êî ó 4 âèäîâ ñåìåéñòâà Lacertdae (Olmo, Signorino, 2005).
Ê òîìó æå ïðîñòûå è ìíîæåñòâåííûå õðîìîñîìû ýâîëþ-
öèîíèðîâàëè âíóòðè îäíîãî ðîäà (íàïðèìåð, Anolis) è
äàæå áûëè îáíàðóæåíû â ðàçíûõ ïîïóëÿöèÿõ îäíîãî
âèäà: XY â ïîïóëÿöèÿõ Scincella lateralis (XX/XXY)
(Wright, 1973) è Sceloporus clarkii (Ezaz et al., 2009c), ZW
ó Lacerta vivipara (Z1Z1Z2Z2/Z1Z2W) (Odierna et al., 2001).

Ï ð î è ñ õ î æ ä å í è å ï î ë î â û õ õ ð î ì î ñ î ì ÿ ù å -
ð è ö. Ïðåäëîæåíî íåñêîëüêî ìåõàíèçìîâ äëÿ îáúÿñíåíèÿ
îáðàçîâàíèÿ ãåòåðîìîðôíûõ ïîëîâûõ õðîìîñîì ó ÷åøóé-
÷àòûõ (Cole et al., 1967; King, 1981; Bickham, 1984; Olmo,
1986; Olmo et al., 1987). Áîëüøèíñòâî èç íèõ îñíîâûâàåò-
ñÿ íà íàáëþäåíèÿõ, ñäåëàííûõ ñ ïîìîùüþ êëàññè÷åñêèõ
öèòîãåíåòè÷åñêèõ ìåòîäîâ (äèôôåðåíöèàëüíàÿ îêðàñêà è
áýíäèíã), è âêëþ÷àåò â ñåáÿ ïåðè- è ïàðàöåíòðè÷åñêèå
èíâåðñèè, ñëèÿíèå ïî öåíòðîìåðå, ãåòåðîõðîìàòèçàöèþ ñ
ïîñëåäóþùåé àìïëèôèêàöèåé òàíäåìíûõ ïîâòîðîâ, ãåòå-
ðîõðîìàòèçàöèþ ñ ïîñëåäóþùåé äåãðàäàöèåé, òðàíñëîêà-
öèþ àóòîñîìû íà ïîëîâóþ õðîìîñîìó. ×òî íåîáû÷íî, äå-
ãåíåðàöèè, ñâîéñòâåííîé õðîìîñîìàì Y è W, ÷àñòî íå íà-
áëþäàåòñÿ — ó ìíîãèõ ÿùåðèö, îáû÷íî â ðåçóëüòàòå
òàíäåìíîé àìïëèôèêàöèè ïîâòîðîâ, ýòè õðîìîñîìû
êðóïíåå ñâîèõ ãîìîëîãîâ. Íàïðèìåð, â ñåìåéñòâå Varani-
dae W-õðîìîñîìà êðóïíåå Z-õðîìîñîìû ó âñåõ 4 âèäîâ ñ
ãåíîìíûì îïðåäåëåíèåì ïîëà, ÷òî îáúÿñíÿåòñÿ òàíäåì-
íîé àìïëèôèêàöèåé ãåòåðîõðîìàòèíà (King, 1977). Áûëî
îáíàðóæåíî, ÷òî íåêîòîðûå ïîëîâûå õðîìîñîìû ÿùåðèö
è çìåé ÿâëÿþòñÿ ìèêðîõðîìîñîìàìè (Gorman, Atkins,
1966; Gorman, 1973; Ezaz et al., 2005, 2009b). Ïîëîâûå
ìèêðîõðîìîñîìû áûëè îáíàðóæåíû â áîëüøèíñòâå âè-
äîâ Iguanidae, âî âñåõ 4 âèäàõ Varanidae (èìåþòñÿ â âèäó
âèäû ñ ïîëîâûìè õðîìîñîìàìè) è ó 4 âèäîâ Agamidae
(Gorman, Atkins, 1966, 1968; King, King, 1975; King et al.,
1982; Ezaz et al., 2005, 2009b). Ïðèñóòñòâèå ãîìîìîðôíûõ
ïîëîâûõ õðîìîñîì âïîëíå îáû÷íî äëÿ ìíîãèõ âèäîâ ðûá,
àìôèáèé è ðåïòèëèé. Õîòÿ ó ðûá è àìôèáèé ïðåâàëèðóåò
ãåíîìíîå îïðåäåëåíèå ïîëà, èíôîðìàöèÿ î ãîìîìîðôíûõ
ïîëîâûõ õðîìîñîìàõ ó ïðåäñòàâèòåëåé ýòèõ òàêñîíîâ
èìååò îãðîìíîå çíà÷åíèå äëÿ âûÿñíåíèÿ òèïà îïðåäåëå-
íèÿ ïîëà ðåïòèëèé, ïîñêîëüêó ðàçëè÷èòü öèòîãåíåòè÷å-

ñêè âèäû ñ òåìïåðàòóðíûì îïðåäåëåíèåì ïîëà è ñ
ãîìîìîðôíûìè õðîìîñîìàìè íåâîçìîæíî. Äëÿ âûÿñíå-
íèÿ ìåõàíèçìà îïðåäåëåíèÿ ïîëà íåîáõîäèìî ñòàâèòü ýê-
ñïåðèìåíòû ñ èíêóáàöèåé ÿèö ïðè ðàçíûõ òåìïåðàòóðàõ,
ïðè ýòîì ðåçóëüòàòû ìîãóò îêàçàòüñÿ ëîæíûìè, åñëè âû-
áîðêà íåäîñòàòî÷íî áîëüøàÿ (Ewen et al., 2004; Silk et al.,
2005). Â êà÷åñòâå ìåõàíèçìîâ îáðàçîâàíèÿ ãîìîìîðôíûõ
ïîëîâûõ õðîìîñîì ïðåäëîæåíî ïîÿâëåíèå íîâûõ ïîëîîï-
ðåäåëÿþùèõ ãåíîâ (master sex gene) íà àóòîñîìàõ, ÷òî
ïðèâîäèò ê äàëüíåéøåé äåãåíåðàöèè Y- èëè W-õðîìîñîì
(Schartl, 2004; Volff et al., 2007), à òàêæå ïîÿâëåíèå íîâûõ
Y- è W-ãàïëîòèïîâ â ðåçóëüòàòå ñìåíû ïîëà, âûçâàííîé
òåìïåðàòóðîé (Perrin, 2009). Ðåãóëÿðíûå ïåðåõîäû ìåæäó
ñèñòåìàìè XY è ZW òîæå ìîãóò èãðàòü ñâîþ ðîëü.

Ïðîèñõîæäåíèå è ýâîëþöèÿ ñèñòåì
ïîëîâûõ õðîìîñîì àìíèîò

Êîëîññàëüíàÿ èçìåí÷èâîñòü â ñïîñîáàõ îïðåäåëåíèÿ
ïîëà ÿùåðèö íå õàðàêòåðíà äëÿ îñòàëüíûõ ðåïòèëèé. Ó
âñåõ èññëåäîâàííûõ çìåé Z-õðîìîñîìîé ÿâëÿåòñÿ ÷åòâåð-
òàÿ ïî ðàçìåðó õðîìîñîìà (Becak et al., 1963, 1964; Ohno,
1967; Solari, 1993), â òî æå âðåìÿ õðîìîñîìû 4 è 5 (ïî ðàç-
ìåðó) ÿâëÿþòñÿ Z-õðîìîñîìàìè ó âñåõ ïòèö (Suzuki,
1930; Ohno et al., 1964; Ohno, 1967; Solari, 1993). Ïîõîæèå
ðàçìåðû ó Z-õðîìîñîì ïòèö è çìåé ïîðîäèëè ãèïîòåçó îá
èõ äðåâíåé ãîìîëîãèè (Ohno, 1969). Îäíàêî ãåíåòè÷åñêîå
êàðòèðîâàíèå ïîêàçàëî, ÷òî ýòè õðîìîñîìû íå ÿâëÿþòñÿ
ãîìîëîãàìè: Z-õðîìîñîìà ïòèö ãîìîëîãè÷íà p-ïëå÷ó
õðîìîñîìû 2 çìåé, à Z-õðîìîñîìà çìåè ñîîòâåòñòâóåò
àóòîñîìàì 2 è 27 êóðèöû. Íåäàâíèå ðàáîòû ïî ñðàâíè-
òåëüíîìó ãåíåòè÷åñêîìó êàðòèðîâàíèþ ïîêàçàëè, ÷òî
ZW-õðîìîñîìû íå ÿâëÿþòñÿ ãîìîëîãàìè âíóòðè ãðóïï
ðåïòèëèé (Matsuda et al., 2005; Matsubara et al., 2006; Ka-
wai et al., 2007; Ezaz et al., 2009a; Kawagoshi et al., 2009).
Ýòè äàííûå ïîäòâåðæäàþò òåîðèþ î òîì, ÷òî ïîëîâûå
õðîìîñîìû ðåïòèëèé âîçíèêàëè íåçàâèñèìî íåñêîëüêî
ðàç. Îáíàðóæåíèå ÷àñòè÷íîé ãîìîëîãèè ìåæäó ïîëîâûìè
õðîìîñîìàìè îäíîïðîõîäíûõ è Z-õðîìîñîìîé êóðèöû
(Rens et al., 2007; Veyrunes et al., 2008), à òàêæå ãîìîëîãèÿ
ýòîé õðîìîñîìû ñ àíàëîãè÷íîé ó G. hokouensis (Kawai et
al., 2009) ïîðîäèëè ãèïîòåçó î ïðåäêîâîé ïòèöåïîäîáíîé
ñèñòåìå ZZ/ZW. Ñîãëàñíî ýòîé òåîðèè, ïðåäêè àìíèîò
èìåëè ñèñòåìó îïðåäåëåíèÿ ïîëà ZZ /ZW, à âñå ñîâðåìåí-
íûå ñèñòåìû ðàçâèëèñü èç íåå (Marshall Graves, 2008;
O’Meally et al., 2010). Îäíàêî áîëåå ãëóáîêîå èññëåäîâà-
íèå ýòîé ïðîáëåìû ïîêàçàëî, ÷òî ýòà òåîðèÿ ìîæåò áûòü
íåâåðíà. Íàïðèìåð, õðîìîñîìà Z êóðèöû ãîìîëîãè÷íà
îäíîìó ïëå÷ó ïàðû àóòîñîì ó çìåé èç ñåìåéñòâ Elapidae,
Viperidae è Colubridae (Matsubara et al., 2006; O’Meally et
al., 2010). Áûëî ïîêàçàíî, ÷òî ïîëîâûå õðîìîñîìû íåçà-
âèñèìî âîçíèêàëè êàê ìèíèìóì 2 ðàçà ó àãàìîâûõ ÿùå-
ðèö (Ezaz et al., 2009a, 2009b, 2009c; Pokorná, Kratochvíl,
2009). Äëÿ òîãî ÷òîáû îêîí÷àòåëüíî ðàçîáðàòüñÿ â ýòîì
âîïðîñå, áûëî ïðîâåäåíî îáøèðíîå ìîëåêóëÿðíî-öèòîãå-
íåòè÷åñêîå èññëåäîâàíèå ãîìîëîãèè Z-õðîìîñîìû êóðè-
öû â ãåíîìàõ îñíîâíûõ ñåìåéñòâ ÷åøóé÷àòûõ. Êàê îêàçà-
ëîñü, Z-õðîìîñîìà ïòèö ÷àñòî ãîìîëîãè÷íà ëèáî 2-é,
ëèáî 15-é ïàðå àóòîñîì ÷åøóé÷àòûõ. Òàêèì îáðàçîì, ó÷à-
ñòîê, ãîìîëîãè÷íûé Z-õðîìîñîìå êóðèöû, ñîõðàíèëñÿ â
âèäå åäèíîãî áëîêà â ãåíîìàõ ×åøóé÷àòûõ, íî òîëüêî â
åäèíñòâåííîì ñëó÷àå îáíàðóæåíà ãîìîëîãèÿ Z-õðîìîñî-
ìû ïòèö ïîëîâîé õðîìîñîìå ÿùåðèö (G. hokouensis).
Ýòîò ôàêò ïðîòèâîðå÷èò ãèïîòåçå î òîì, ÷òî ñèñòåìà
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ZZ/ZW ÿâëÿåòñÿ ïðåäêîâîé ó àìíèîò (Pokorná et al.,
2011).

Ñîâñåì íåäàâíî áûëà âûñêàçàíà ãèïîòåçà î òîì, ÷òî
âñå ïîëîâûå õðîìîñîìû, ïî êðàéíåé ìåðå ó çàâðîïñèä,
âîçíèêëè èç îäíîé äðåâíåé àóòîñîìíîé ïàðû (O’Meally et
al., 2012). Íà Z-õðîìîñîìå ÷åðåïàõè Pelodiscus sinensis è
õðîìîñîìå 15 êóðèöû èìååòñÿ ïÿòü ãîìîëîãè÷íûõ ãåíîâ,
ïðè ýòîì Z-õðîìîñîìà êóðèöû ãîìîëîãè÷íà õðîìîñîìå 6
÷åðåïàõè (Matsuda et al., 2005). Ïîñëåäíèé ôàêò ãîâîðèò î
òîì, ÷òî èñòî÷íèêîì ïîëîâûõ õðîìîñîì ó ýòèõ âèäîâ
ñëóæèëè ðàçíûå àóòîñîìû (Kawagoshi et al., 2009). Îäíà-
êî ó îïîññóìà è Xenopus ýòè ïÿòü ãåíîâ ñ Z-õðîìîñîìû
÷åðåïàõè ãîìîëîãè÷íû îðòîëîãàì ñ Z-õðîìîñîìû êóðè-
öû, ÷òî ãîâîðèò î ñöåïëåííîñòè äàííûõ õðîìîñîì â ïðî-
øëîì (Mikkelsen et al., 2007; Hellsten et al., 2010). Ê òîìó
æå X-õðîìîñîìà A. caroliensis òàêæå ãîìîëîãè÷íà õðîìî-
ñîìå 15 êóðèöû (Alföldi et al., 2011). Ïîëó÷àåòñÿ, ÷òî
X-õðîìîñîìà êàðîëèíñêîãî àíîëèñà è Z-õðîìîñîìû êó-
ðèöû è êèòàéñêîé ÷åðåïàõè ìîãóò ïðîèñõîäèòü èç îäíîé
ïðåäêîâîé àóòîñîìû (O’Meally et al., 2012).

Â çàêëþ÷åíèå âàæíî îòìåòèòü, ÷òî áëàãîäàðÿ êëþ÷å-
âîé ïîçèöèè ÷åøóé÷àòûõ â ôèëîãåíèè àìíèîò, ïîíèìàíèå
ýâîëþöèè èõ ãåíîìîâ è ïîëîâûõ õðîìîñîì ìîæåò ïîìî÷ü
íàì ïîíÿòü ýâîëþöèþ ãåíîìîâ è ìåõàíèçìîâ îïðåäåëå-
íèÿ ïîëà îñòàëüíûõ ïîçâîíî÷íûõ, âêëþ÷àÿ ìëåêîïèòàþ-
ùèõ. Ê ñîæàëåíèþ, â íàñòîÿùåå âðåìÿ áîëüøèíñòâî
ïðåäñòàâèòåëåé ÷åøóé÷àòûõ îñòàåòñÿ ñîâåðøåííî íåèñ-
ñëåäîâàííûì êàê êëàññè÷åñêèìè, òàê è ñîâðåìåííûìè
ìåòîäàìè. ×òîáû çàïîëíèòü ïðîáåë, íåîáõîäèìî ïðîäîë-
æàòü êàðèîòèïèðîâàíèå íîâûõ âèäîâ ÷åøóé÷àòûõ, ïðîèç-
âîäèòü ñðàâíèòåëüíîå êàðòèðîâàíèå ãåíîìîâ êàê âíóòðè
ýòîãî òàêñîíà, òàê è ñ äðóãèìè àìíèîòàìè è ðàçâèâàòü
ïðîåêòû ïî ñåêâåíèðîâàíèþ íîâûõ âèäîâ, êàê íàïðèìåð
ñåêâåíèðîâàíèå Python molurus (Castoe et al., 2011).

Àâòîðû âûðàæàþò ïðèçíàòåëüíîñòü Ñ. À. Ðîìàíåíêî
çà öåííûå ñîâåòû è êîììåíòàðèè.

Ðàáîòà áûëà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå
ïðîãðàììû «Ìîëåêóëÿðíàÿ è êëåòî÷íàÿ áèîëîãèÿ», Ðîñ-
ñèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé è èí-
òåãðàöèîííûõ ïðîåêòîâ ÐÀÍ.

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Alföldi J., Di Palma F., Grabherr M., Williams C., Kong L.,
Mauceli E., Russell P. et al. 2011. The genome of the green anole
lizard and a comparative analysis with birds and mammals. Nature.
477 : 587—591.

Becak W., Becak M., Nazareth H. 1963. Chromosomes of sna-
kes in shorth term cultures of leucocytes. Amer. Nat. 97 :
253—256.

Becak W., Becak M. L., Nazareth H. R., Ohno S. 1964. Close
karyological kinship between the reptilian suborder Serpentes and
the class Aves. Chromosoma. 15 : 606—617.

Bernardi G. 1993. Genome organization and species formati-
on in vertebrates. J. Mol. Evol. 37 : 331—337.

Bernardi G. 1995. The human genome: organization and evo-
lutionary history. Ann. Rev. Genet. 29 : 445—476.

Bernardi G. 2004. Structural and evolutionary genomics. Na-
tural selection in genome evolution. Oxford: Elsevier. 449 p.

Bickham J. 1984. Patterns and moles of chromosomal evoluti-
on in reptiles. In: Chromosomes in evolution of eukaryotic groups.
Boca Raton: CRC Press. 213—240.

Bininda-Emonds O. R. P., Cardillo M., Jones K. E., MacP-
hee R. D. E., Beck R. M. D., Grenyer R., Price S. A., Vos R. A., Git-

tleman J. L., Purvis A. 2007. The delayed rise of present-day mam-
mals. Nature. 446 : 507—512.

Catoe T. A., de Koning J. A. P., Hall K. T., Yokoyama K. D.,
Gu W., Smith E. N., Feschotte C., Uetz P., Ray D. A., Dobry J. et
al. 2011. Sequencing the genome of the Burmese python (Python
molurus bivittatus) as a model for studying extreme adaptations in
snakes. Gen. Biol. 12 : 406.

Cole C. J., Hardy L. M., Dessauer H. C., Taylor H. L., Town-
send C. R. 2010. Laboratory hybridization among North American
whiptail lizards, icluding Aspidoscelis inornata arizonae � A. tig-
ris marmorata (Squamata: Teiidae), ancestors of unisexual clones
in nature. Amer. Museum Novitates. 3698 : 1—44.

Cole C. J., Lowe C. H., Wright J. W. 1967. Sex chromosomes
in lizards. Science. 155 : 1028—1029.

Darevsky I. S., Kupriyanova L. A., Uzzell T. 1985. Parthenoge-
nesis in reptiles. In: Biology of the reptilia. New York: Wiley.
411—526.

Ewen J. G., Cassey P., Møller A. P. 2004. Facultative primary
sex ratio variation: a lack of evidence in birds? Proc. Biol. Sci. (The
Royal Soc.). 271 : 1277—1282.

Ezaz T., Moritz B., Waters P., Marshall Graves J. A., Geor-
ges A., Sarre S. D. 2009a. The ZW sex microchromosomes of an
Australian dragon lizard share no homology with those of other
reptiles or birds. Chromosome Res.: Int. J. Mol. Supramol. Evol.
Aspects of Chromosome Biol. 17 : 965—973.

Ezaz T., Quinn A. E., Miura I., Sarre S. D., Georges A., Mars-
hall Graves J. A. 2005. The dragon lizard Pogona vitticeps has
ZZ/ZW micro-sex chromosomes. Chromosome Res.: Int. J. Mol.
Supramol. Evol. Aspects of Chromosome Biol. 13 : 763—776.

Ezaz T., Quinn A. E., Sarre S. D., O’Meally D., Georges A.,
Graves J. A. M. 2009b. Molecular marker suggests rapid changes
of sex-determining mechanisms in Australian dragon lizards. Chro-
mosome Res.: Int. J. Mol. Supramol. Evol. Aspects of Chromoso-
me Biol. 17 : 91—98.

Ezaz T., Sarre S. D., O’Meally D., Graves J. A. M., Geor-
ges A. 2009c. Sex chromosome evolution in lizards: independent
origins and rapid transitions. Cytogen. Gen. Res. 127 : 249—260.

Fujita M. K., Edwards S. V., Ponting C. P. 2011. The Anolis
lizard genome: an amniote genome without isochores. Gen. Biol.
Evol. 3 : 974—984.

Furano A. V., Duvernell D. D., Boissinot S. 2004. L1 (LI-
NE-1) retrotransposon diversity differs dramatically between mam-
mals and fish. Trends in Genetics. 20 : 9—14.

Gorman G. 1973. The chromosomes of the Reptilia, a cytota-
xonomic interpretation. In: Cytotaxonomy and vertebrate evoluti-
on. London; New York: Acad. Press. 349—424.

Gorman G., Atkins L. 1966. Chromosomal heteromorphism in
some male lizards of the genus Anolis. Amer. Nat. 100 : 579—580.

Gorman G., Atkins L. 1968. Conformation of an X-Y sex de-
termining mechanism in lizards (Anolis). Copeia. 1 : 159—160.

Gorman I. S., Kupriyanova L. A., Roshchin V. V. 1984. A new
all-female triploid species of gecko and karyological data on the bi-
sexual Hemidactylus frenatus from Vietnam. J. Herpetol. 18 :
277—284.

Hall W. P. 1970. Three probable cases of parthenogenesis in
lizards (Agamidae, Chamaeleontidae, Gekkonidae). Experimentia.
26 : 1271—1273.

Hellsten U., Harland R. M., Gilchrist M. J., Hendrix D., Jur-
ka J., Kapinotov V., Ovcharenko I., Putnam N. H., Shu S., Taher L.
et al. 2010. The genome of the western clawed frog Xenopus tropi-
calis. Science. 328 : 633—636.

Hughes A. L., Piontkivska H. 2005. DNA repeat arrays in chic-
ken and human genomes and the adaptive evolution of avian geno-
me size. BMC Evol. Biol. 5 : 12.

Janzen F. L., Phillips P. S. 2006. Exploting the ecolution of
environmental sex determination, especially in reptiles. J. Evol.
Biol. 19 : 1775—1784.

Kaback D. B. 1996. Chromosome-size dependent control of
meiotic recombination in humans. Nature Genetics. 13 : 20—21.

Kaback D. B., Guacci V., Barber D., Mahon J. W. 1992. Chro-
mosome size-dependent control of meiotic recombination. Science.
256 : 228—232.

256 È. Ã. Êè÷èãèí, Â. À. Òðèôîíîâ



Kawagoshi T., Uno Y., Matsubara K., Matsuda Y., Nishida C.
2009. The ZW micro-sex chromosomes of the Chinese soft-shelled
turtle (Pelodiscus sinensis, Trionychidae, Testudines) have the
same origin as chicken chromosomes 15. Cytogenet. Gen. Res.
125 : 125—131.

Kawai A., Ishijima J., Nishida C., Kosaka A., Ota H., Koh-
no S., Matsuda Y. 2009. The ZW sex chromosomes of Gekko ho-
kouensis (Gekkonidae, Squamata) represent highly conserved ho-
mology with those of avian species. Chromosoma. 118 : 43—51.

Kawai A., Nishida=Umehara C., Ishijima J., Tsuda Y., Ota H.,
Matsuda Y. 2007. Different origins of bird and reptile sex chromo-
somes inferred from comparative mapping of chicken Z-linked ge-
nes. Cytogenet. Gen. Res. 117 : 92—102.

King M. 1977. The evolution of sex chromosomes in lizards.
In: Evolution and reproduction. Canberra: Australian Acad. Sci.
55—60.

King M. 1981. Chromosome change and speciation in lizards.
In: Essays on evolution and speciation. Cambridge: Cambridge
Univ. Press. 262—285.

King M., King D. 1975. Chromosomal evolution in the lizard
genus Varanus (reptilia). Australian J. Biol. Sci. 28 : 89—108.

King M., Mengden G., King D. 1982. A pericentric inversion
polymorphism and a ZZ/ZW sex chromosome system in Varanus
acanthurus Boulenger analyzed by G- and C-binding and Ag stai-
ning. Genetics. 58 : 39—45.

Lamborot M., Manzur M. E., Alvarez-Sarret E. 2006. Triploi-
dy and mosaicism in Liolaemus chiliensis (Sauria: Tropiduridae).
Genome / Nat. Res. Council Canada. 49 : 445—453.

Losos J. B. 2009. Lizards in an evolutionary tree: ecology and
adaptive radiation of Anoles. Berkeley: Univ. of California Press.
528 p.

Marshall Graves J. A. 2008. Weird animal genomes and the
evolution of vertebrates sex and sex chromosomes. Ann. Rev. Gen.
42 : 565—586.

Matsubara K., Tarui H., Toriba M., Yamada K., Nishida-Ume-
hara C., Agata K., Matsuda Y. 2006. Evidence for different origin
of sex chromosomes in snakes, birds, and mammals and step-wise
differentiation of snake sex chromosomes. Proc. Natl. Acad. Sci.
USA. 103 : 190—195.

Matsuda Y., Nishida-Umehara C., Tarui H., Kuroiwa A.,
Yamada K., Isobe T., Ando J., Fujiwara A., Hirao Y., Nishimura O.
et al. 2005. Highly conserved linkage homology between birds and
turtles: bird and turtle chromosomes are precise counterparts of
each other. Chromosome Res. 13 : 601—615.

Mikkelsen T. S., Wakefield M. J., Aken B., Amemiya C. T.,
Chang J. L., Duke S., Garber M., Gentles A. J., Goodstadt L., He-
ger A. et al. 2007. Genome of the marsupial Monodelphis domesti-
ca reveals innovation in non-coding sequences. Nature. 447 :
167—177.

Odierna G., Heulin B., Guillaume C.-P., Vogrin N., Aprea G.,
Capriglione T., Surget-Groba Y., Kupriyanova L. 2001. Evolutio-
nary and biogeographical implications of the karyological variati-
ons in the oviparous and viviparous forms of the lizard Lacerta
(Zootoca) vivipara. Ecography. 24 : 332—340.

Ohno S. 1967. Sex chromosomes and sex-linked genes. Berlin:
Springer-Verlag. 174 p.

Ohno S. 1969. Evolution of sex chromosomes in mammals.
Annu. Rev. Genet. 3 : 495—524.

Ohno S., Stenius C., Christian L. C., Becak W., Becak M. L.
1964. Chromosomal uniformity in the Avian Subclass Carinatae.
Chromosoma. 15 : 280—288.

Olmo E. 1986. Reptilia. In: Animal cytogenetics, 4; Chorda-
ta 3. Berlin; Stuttgart: Gebrueder Borntrager. 1—100.

Olmo E. 2008. Trends in the evolution of reptilian chromoso-
mes. Integr. Compar. Biol. 48 : 486—493.

Olmo E., Capriglione T., Odierna G. 2002. Different genomic
evolutionary rates in the various reptile lineages. Gene. 295 : 317—321.

Olmo E., Odierna G., Capriglione T. 1987. Evolution of
sex-chromosomes in lacertid lizards. Chromosoma. 96 : 33—38.

Olmo E., Odierna G., Capriglione T., Cobror O. 1985. Diffe-
rent trends in the variations of the main genomic components in
turtles and scaly reptiles. Comp. Biochem. Physiol. 80 : 441—446.

Olmo E., Signorino G. 2005. Chromorep: a reptile chromoso-
mes database. ginux. univpm.it/sciencze/chromorep/introduzio-
ne.html

O’Meally D., Ezaz T., Georges A., Sarre S. D., Gra-
ves J. A. M. 2012. Are some chromosomes particularly good at
sex? Insights from amniotes. Chromosome Res. 20 : 7—19.

O’Meally D., Patel H. R., Stiglec R., Sarre S. D., Georges A.,
Marshall Graves J. A., Ezaz T. 2010. Non-homologous sex chro-
mosomes of birds and snakes share repetitive sequences. Chromo-
some Res. 18 : 787—800.

Organ C. L., Janes D. E. 2008. Evolution of sex chromosomes
in Sauropsida. Integr. Compar. Biol. 48 : 512—519.

Perrin N. 2009. Sex reversal: a fountain of youth for sex chro-
mosomes? Evolution; Int. J. f Org. Evol. 63 : 3043—3049.

Peter V. G. 1971. Die Intragenerischen Gruppen und die Phy-
logenese der Schmetterlingsagamen (Agamidae: Leiolesis). In:
Zoologische Jahrbuecher Systematik. 11—152.

Pokorná M., Giovammotti M., Kratochvil L., Kasai F., Trifo-
nov V. A., O’Brien P. C. M., Caputo V., Olmo E., Fergu-
son-Smith M. A., Rens W. 2011. Strong conservation of the bird Z
chromosome in reptilian genomes is revealed by comparative pain-
ting despite 275 million years divergence. Chromosoma. 120 :
455—468.

Pokorná M., Kratochvil L. 2009. Phylogeny of sex-determi-
ning mechanisms in squamate reptiles: are sex chromosomes an
evolutionary trap? Zool. J. Lin. Soc. 156 : 168—183.

Quinn A. 2008. Evolution of sex-determining mechanisms in
reptiles: institute for applied ecology. Canberra: Univ. of Canberra.
177 p.

Rens W., O’Brien P. C. M., Grützner F., Clarke O., Grapho-
datskaya D., Tsend-Aysh E., Trifonov V. A., Skelton H., Wal-
lis M. C., Johnston S. et al. 2007. The multiple ex chromosomes of
platypus and echidna are not completely identical and several share
homology with the avian Z. Gen. Biol. 8 : R243.

Rodionov A. V., Chel’sheva L. A., Solovei I. V., Miakoshi-
na I. A. 1992. Chiasma distribution in the lampbrush chromosomes
of the chicken Gallus gallus domesticus: hot spots of recombinati-
on and their possible role in proper dysjunction of homologous
chromosomes at the first meiotic division. Genetica. 28 :
151—160.

Schartl M. 2004. A comparative view on sex determination in
medaka. Mech. Develop. 121 : 639—645.

Shedlock A. M., Botka C. W., Zhao S., Shetty J., Zhang T.,
Liu J. S., Deschavanne P. J., Edwards S. V. 2007. Phylogenomics
of nonavian reptiles and the structure of the ancestral amniote ge-
nome. Proc. Natl. Acad. Sci. USA. 104 : 2767—2772.

Silk J. B., Willoughby E., Brown G. R. 2005. Maternal rank
and local resource competition do not predict birth sex ratios in
wild baboons. Proc. Biol. Sci. (The Royal Soc.). 272 : 859—864.

Smith C. A., Clifford V., Western P. S., Wilcox S. A., Bell K. S.,
Sinclair A. H. 2000. Cloning and expression of d DAX1 homolo-
gue in the chicken embryo. J. Mol. Endocrinol. 24 : 23—32.

Solari A. 1993. Sex chromosomes and sex determination in
vertebrates. Boca Raton: CRC Press. 336 p.

Suzuki K. 1930. On the chromosomes of the domestic fowl.
Zoo. Mag. (In Japanese). 42 : 358—359.

Traut W., Sahara K., Otto T. D., Marec F. 1999. Molecular
differentiation of sex chromosomes probed by comparative geno-
mic hybridization. Chromosoma. 108 : 173—180.

Varriale A., Bernardi G. 2006. DNA methylation in reptiles.
Gene. 385 : 122—127.

Veyrunes F., Waters P. D., Miethke P., Rens W., McMillan D.,
Alsop A. E., Grützner F., Deakin J. E., Whittington C. M., Schatz-
kamer K. et al. 2008. Bird-like sex chromosome of platypus imply
recent origin of mammal sex chromosomes. Gen. Res. 18 :
965—973.

Vidal N., Hedges S. B. 2009. The molecular evolutionary tree
of lizards, snakes, and amphisbaenians. Comptes Rendus Biologi-
es. 332 : 129—139.

Viets B. E., Ewert M. A., Talent L. G., Nelson C. E. 1994.
Sex-determining mechanisms in squamate reptiles. J. Exp. Zool.
270 : 45—56.

Ñòðóêòóðà ãåíîìà è îïðåäåëåíèå ïîëà ÷åøóé÷àòûõ (Squamata) 257



Vinogradov A. E. 1998. Genome size and GC-percent in ver-
tebrates as determined by flow cytometry: the triangular relations-
hip. Cytometry. 31 : 100—109.

Volff J.-N., Nanda I., Schmid M., Schartl M. 2007. Governing
sex determination in fish: regulatory putsches and ephemeral dicta-
tors. Sexual Develop.: Genetics, Mol. Biol., Evol., Endocrinol.,
Embryol. Pathol. of Sex Determ. Different. 1 : 85—99.

Wright J. W. 1973. Evolution of the X1X2Y sex chromosome
mechanism in the scincid lizard Scincella laterale (Say). Chromo-
soma. 43 : 101—108.

Wynn A. H., Cole C. J. 1987. Apparent triploidy in the unise-
xual brahminy blind snake, Ramphotyphlops braminus. Amer. Mu-
seum Novitates. 2868 : 1—7.

Ïîñòóïèëà 26 XI 2012

GENOMIC STRUCTURE AND SEX DETERMINATION IN SQUAMATE REPTILES

I. G. Kichigin,1, 2, * V. A. Trifonov1, 2

1 Institute of Molecular and Cellular Biology SB RAS, Novosibirsk, and 2 Novosibirsk State University;

e-mail: kig@mcb.nsc.ru

Squamata is the largest reptilian order including snakes and lizards which occupies a key position in phylo-
geny of amniotes. A variety of sex determination modes in lizards is one of the most interesting parts of the bio-
logy of this order. These mechanisms are genomic sex determination (both XY and ZW systems) and tempera-
ture-dependent sex determination. Studies of squamata sex chromosomes are pivotal for understanding evoluti-
on of other vertebrate sex chromosomes. Unfortunately, this clade has long been neglected by molecular
geneticists. In this paper, we describe recent data on molecular cytogenetics and genomics of squamates, evolu-
tion of their sex chromosomes and sex determination mechanisms.
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