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Óñïåøíîñòü ãåíîòèïèðîâàíèÿ ìèêðîîðãàíèçìîâ çàâèñèò îò ðàçðåøàþùåé ñïîñîáíîñòè ìåòîäà, êîòîðàÿ â ñâîþ î÷å-
ðåäü çàâèñèò îò âûáîðà íàèáîëåå èíôîðìàòèâíîãî ó÷àñòêà ãåíîìà, èñïîëüçóåìûõ ôåðìåíòîâ è ïðàéìåðîâ, à òàêæå
óñëîâèé ðåñòðèêöèè ãåíîìà è ÏÖÐ àìïëèôèêàöèè. Ìåòîäû àíàëèçà áûñòðî ýâîëþöèîíèðóþùèõ ìàðêåðîâ, äëÿ ìå-
òîäîâ MST, MLVA, DGE, HRM, îáû÷íî, îáëàäàþò áîëüøåé äèôôåðåíöèðóþùåé ñïîñîáíîñòüþ, ÷åì òå, êîòîðûå îïè-
ðàþòñÿ íà ñëàáî ýâîëþöèîíèðóþùèå ìàðêåðû (ìåòîä MLST). Ñòåïåíü ðàçðåøåíèÿ âûøå ó ìåòîäîâ òèïèðîâàíèÿ, çà-
âèñÿùèõ îò ïðåäâàðèòåëüíîé èíôîðìàöèè î ÄÍÊ ìàòðèöå (PFGE, AFLP, RFLP, ÄÍÊ ìèêðî÷èïû), ïî ñðàâíåíèþ ñ ìå-
òîäàìè, â êîòîðûõ àíàëèòè÷åñêèå ìèøåíè îãðàíè÷èâàþòñÿ îïðåäåëåííûìè ëîêóñàìè (ðèáîòèïèðîâàíèå,
RFLP-PCR). Ìîíèòîðèíã ëîêàëüíûõ âñïûøåê ýïèäåìèé ìîæåò îñóùåñòâëÿòüñÿ ïðè èñïîëüçîâàíèè áûñòðî ýâîëþ-
öèîíèðóþùèõ ìàðêåðîâ òàêèìè ìåòîäàìè, êàê RAPD-PCR, MST, èëè MLVA, DGE, HRM. Äëÿ äëèòåëüíûõ ýïèäåìèîëî-
ãè÷åñêèõ íàáëþäåíèé èëè ïîïóëÿöèîííûõ èññëåäîâàíèé áîëåå ïðèãîäíû ìàðêåðû êîíñåðâàòèâíûõ ó÷àñòêîâ è ñòà-
áèëüíî âîñïðîèçâîäèìûå ìåòîäû (MLST, PFGE, ðèáîòèïèðîâàíèå), à òàêæå ñåêâåíèðîâàíèèå ïîëíîðàçìåðíîãî ãå-
íîìà. Äëÿ ãåíîòèïèðîâàíèÿ ìèêðîîðãàíèçìîâ èç ïîëèìèêðîáíûõ îáðàçöîâ öåëåñîîáðàçíî èñïîëüçîâàíèå
ìåòîäîâ, ñïåöèôè÷íûõ ê èñêîìîé ìàòðèöå (PCR-RFLP, MLVA, DGE, HRM, MLST, MST, ÄÍÊ ìèêðî÷èïû). Ïðè óñòàíîâ-
ëåíèè âèäà äëÿ ïîëèìèêðîáíûõ îáðàçöîâ îïòèìàëüíûì ðåøåíèåì ÿâëÿåòñÿ èçó÷åíèå ìåòàãåíîìà: ñîâîêóïíîñòè
ãåíîìà îïðåäåëåííîãî ýêîëîãè÷åñêîãî ñîîáùåñòâà áàêòåðèé. Â ýòîì ñëó÷àå ïðåäïî÷òèòåëüíûì ÿâëÿåòñÿ àíàëèç
âûñîêî êîíñåðâàòèâíûõ ïîñëåäîâàòåëüíîñòåé ÄÍÊ, ïîäîáíî ãåíó 16S ðÐÍÊ. Óñïåõè ãåíîòèïèðîâàíèÿ áàêòåðèàëü-
íûõ øòàììîâ ïîçâîëÿþò èññëåäîâàòü âçàèìîñâÿçü ìåæäó ãåíîòèïîì è ôåíîòèïîì ïóòåì ôèëîãåíåòè÷åñêîãî àíàëè-
çà ãåíåòè÷åñêèõ äèñòàíöèé ìåæäó øòàììàìè â íåñêîëüêèõ ïîêîëåíèÿõ, ÷òî âàæíî äëÿ õàðàêòåðèñòèê, çíà÷èìûõ ñ
òî÷êè çðåíèÿ ýïèäåìèîëîãèè (âèðóëåíòíîñòüþ, óñòîé÷èâîñòüþ ê àíòèáèîòèêàì è äðóãèìè). Ðàçðàáîòàíû êîìïüþòè-
çèðîâàííûå ìåòîäû ñîîòíåñåíèÿ ôåíîòèïè÷åñêèõ ïðîôèëåé ñ îòñåêâåíèðîâàííûìè ïîñëåäîâàòåëüíîñòÿìè ãåíîìà.
Ïîëíîãåíîìíîå ñåêâåíèðîâàíèå ÿâëÿåòñÿ îïòèìàëüíîé ìåòîäèêîé òèïèðîâàíèÿ øòàììîâ, îäíàêî âûñîêàÿ ñòîè-
ìîñòü è íåîáõîäèìîñòü èñïîëüçîâàíèÿ äîñòàòî÷íî áîëüøîãî êîëè÷åñòâà î÷èùåííîé ÄÍÊ ìàòðèöû ïîêà îãðàíè÷è-
âàåò åãî ïðèìåíåíèå.
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Âèäû áàêòåðèé ÿâëÿþòñÿ ãåòåðîãåííûìè òàêñîíàìè. Èçó-
÷åíèå ãåíåòè÷åñêîãî ðàçíîîáðàçèÿ ìèêðîîðãàíèçìîâ
äàåò âîçìîæíîñòü ïîíèìàòü ïðîèñõîæäåíèå èíôåêöèé è
êîíòðîëèðîâàòü èõ âñïûøêè. Áîëåå 160 âèäîâ ìèêðîîðãà-
íèçìîâ ÿâëÿþòñÿ ïàòîãåííûìè [1]. Òàêèå âîçáóäèòåëè, êàê
Yersinia pestis, Vibrio cholerae, Bacillus anthracis, Listeria
monocytogenes, Brucella spp., Francisella tularensis, Bur-
kholderia pseudomallei, Burkholderia malle, òðåáóþò íåïðå-
ðûâíîãî íàáëþäåíèÿ [2].

Â íàñòîÿùèé ìîìåíò äëÿ îöåíêè ãåòåðîãåííîñòè ìèê-
ðîîðãàíèçìîâ èñïîëüçóþòñÿ ìåòîäû ãåíîòèïèðîâàíèÿ,
êîòîðûå ìîæíî ðàçäåëèòü íà ñëåäóþùèå ãðóïïû: ôðàã-
ìåíòíûé ÄÍÊ àíàëèç, ïðÿìûå ìåòîäû (íà îñíîâå ñåêâåíè-
ðîâàíèÿ ñïåöèôè÷åñêèõ ó÷àñòêîâ ÄÍÊ, ÄÍÊ ìèêðî÷èïû,
ïîëíîãåíîìíîå ñåêâåíèðîâàíèå) è êîñâåííûå ìåòîäû
(ýëåêòðîôîðåç â äåíàòóðèðóþùåé ñèñòåìå, àíàëèç êðèâûõ
ïëàâëåíèÿ) [3, 4], ïðè ýòîì ñïîñîá èäåíòèôèêàöèè ïðîäóê-
òîâ àíàëèçà ìîæåò áûòü ýëåêòðîôîðåòè÷åñêèé èëè èñ-
ïîëüçóþùèé ñåêâåíèðîâàíèå íóêëåîòèäíûõ ïîñëåäîâà-
òåëüíîñòåé (ðèñ. 1).

Ôðàãìåíòíûé ÄÍÊ àíàëèç âêëþ÷àåò ðàçëè÷íûå ìåòî-
äû ïîëó÷åíèÿ ôèíãåðïðèíòîâ. Àíàëèç ôðàãìåíòîâ, ïîëó-
÷åííûõ ñ ïîìîùüþ ðåñòðèêöèîííîãî ðàñùåïëåíèÿ ìàòðè-

öû ëèáî ÏÖÐ àìïëèôèêàöèè âûáðàííûõ ó÷àñòêîâ ÄÍÊ
âêëþ÷àåò ñëåäóþùèå ìåòîäû: ãåëü-ýëåêòðîôîðåç â ïóëü-
ñèðóþùåì ïîëå (Pulsed Field Gel Electrophoresis PFGE),
àíàëèç ïîëèìîðôèçìà äëèí ðåñòèðèêöèîííûõ ôðàãìåíòîâ
(RFLP — Restriction Fragment Length Polymorphism), â òîì
÷èñëå ðèáîòèïèðîâàíèå, ïîëèìîðôèçì äëèí ïðîèçâîëüíî
àìïëèôèöèðîâàííûõ ôðàãìåíòîâ ÄÍÊ (ÏÖÐ ñ íåñïåöèôè-
÷åñêèìè ïðàéìåðàìè RAPD-PCR (Random Amplification of
Polymorphic DNA)), ÏÖÐ àìïëèôèêàöèÿ ïîâòîðÿþùèõñÿ
ïîñëåäîâàòåëüíîñòåé ýêñòðàãåííûõ ïîëèíäðîìîâ, ìíîãî-
ëîêóñíûé àíàëèç âàðèàáåëüíîãî ÷èñëà êîïèé òàíäåìíûõ
ïîâòîðîâ (Multiple Locus Variable Number Tandem Repeats
Analysis MLVA). Ôèíãåðïðèíòèíã íà îñíîâå àíàëèçà ïîëè-
ìîðôèçìà äëèí àìïëèôèöèðîâàííûõ ôðàãìåíòîâ (Ampli-
fied Fragment Length Polymorphism (AFLP)) óäà÷íî ñîâìå-
ùàåò âîçìîæíîñòè ýíäîíóêëåàç ðåñòðèêöèè è ÏÖÐ àìïëè-
ôèêàöèè.

Ïðîöåäóðû ïîëó÷åíèÿ ìîëåêóëÿðíûõ ìàðêåðîâ äëÿ
ïðÿìûõ ìåòîäîâ MLST (Multilocus Sequence Typing, òèïèðî-
âàíèå ïî ìóëüòèëîêóñíûì ñèêâåíñàì) è MST (Multispacer
Sequencing Typing, òèïèðîâàíèå ïî ìíîæåñòâó îòñåêâåíè-
ðîâàííûõ ó÷àñòêîâ) ðåàëèçóþòñÿ ÷åðåç ñåêâåíèðîâàíèå
ñïåöèôè÷åñêèõ ïîñëåäîâàòåëüíîñòåé òåñòèðóåìîãî ãåíî-
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ìà; â îñíîâå àíàëèçà ìàòðèöû íà ÄÍÊ ìèêðî÷èïàõ (DNA
microarrays) ëåæèò ìåòîä ÄÍÊ ãèáðèäèçàöèè.

Êîñâåííûå ìåòîäû DGE (Denaturing Gel Electropho-

resis, ýëåêòðîôîðåç â äåíàòóðèðóþùåé ñèñòåìå) è HRM
(High-Resolution Melting Analysis, âûñîêî÷óâñòâèòåëüíûé
àíàëèç êðèâûõ ïëàâëåíèÿ), ïîçâîëÿþò îöåíèòü íóêëåî-
òèäíûé ñîñòàâ ÏÖÐ ïðîäóêòîâ ñ ïîìîùüþ àíàëèçà òåìïå-
ðàòóðû ïëàâëåíèÿ äåíàòóðèðîâàííûõ êîìïëåêñîâ íóêëåè-
íîâûõ êèñëîò.

Èäåàëüíûé ìåòîä ãåíîòèïèðîâàíèÿ äîëæåí îáëàäàòü
ñëåäóþùèìè õàðàêòåðèñòèêàìè: ïîäõîäèòü äëÿ âñåõ
øòàììîâ, ðàçëè÷àòü íåèäåíòè÷íûå øòàììû, îäèíàêîâî
ýôôåêòèâíî âîñïðîèçâîäèòüñÿ â ðàçëè÷íûõ ëàáîðàòîðè-
ÿõ, áûòü áûñòðûì, ýêîíîìè÷íûì, íåòðóäîåìêèì. Îäíàêî
ñðåäè äîñòóïíûõ â íàñòîÿùåå âðåìÿ ìåòîäîâ ãåíîòèïèðî-
âàíèÿ íè îäèí íå ìîæåò áûòü íàçâàí óíèâåðñàëüíûì, è îò-
âå÷àòü ñðàçó âñåì óêàçàííûì êðèòåðèÿì.

Ðàçëè÷íûìè ìåòîäàìè ìîãóò áûòü äîñòèãíóòû äâå îñ-
íîâíûå öåëè ãåíîòèïèðîâàíèÿ. Ìîíèòîðèíã ëîêàëüíûõ
âñïûøåê ýïèäåìèé ìîæåò îñóùåñòâëÿòüñÿ ïðè èñïîëüçî-
âàíèè áûñòðî ýâîëþöèîíèðóþùèõ ìàðêåðîâ, èñïîëüçóÿ
òàêèå ìåòîäû, êàê RAPD-PCR [5, 6], MST [7, 8], èëè MLVA
[9], DGE, HRM [10]. Íàïðîòèâ, äëÿ äëèòåëüíûõ ýïèäåìèî-
ëîãè÷åñêèõ íàáëþäåíèé ëèáî ïîïóëÿöèîííûõ èññëåäîâà-
íèé áîëåå ïðèãîäíûìè ÿâëÿþòñÿ êîíñåðâàòèâíûå è ñòà-
áèëüíî âîñïðîèçâîäèìûå ìåòîäû, îñíîâàííûå íà ìîëåêó-
ëÿðíîì ìàðêèðîâàíèè ñ ïîìîùüþ ìåòîäîâ MLST, PFGE,
ðèáîòèïèðîâàíèÿ èëè æå íà ñåêâåíèðîâàíèèè ïîëíîðàç-
ìåðíîãî ãåíîìà [11] (ðèñ. 2).

Äèôôåðåíöèðóþùèå âîçìîæíîñòè, èëè æå ñòåïåíü
ðàçðåøåíèÿ (resolution), îïðåäåëÿþùèå ñïîñîáíîñòü ìå-

òîäà ðàçëè÷èòü áàêòåðèàëüíûå øòàììû êîíêðåòíîãî
âèäà, ÿâëÿþòñÿ îäíèì èç íàèáîëåå âàæíûõ êðèòåðèåâ äëÿ
âûáîðà ìåòîäà ãåíîòèïèðîâàíèÿ îáúåêòà èññëåäîâàíèÿ.
Íàïðèìåð, ïîïóëÿöèè ìèêðîîðãàíèçìîâ ìîãóò áûòü ðàñ-
öåíåíû êàê èäåíòè÷íûå ïðè èñïîëüçîâàíèè ôåíîòèïè÷å-
ñêîãî àíàëèçà èëè ãåíîòèïèðîâàíèÿ ñî ñëàáûì ðàçðåøå-
íèåì, íî â òî æå âðåìÿ ãåíîòèïèðîâàíèå ñ âûñîêèìè
äèôôåðåíöèðóþùèìè âîçìîæíîñòÿìè îáíàðóæèò èõ ðàç-
ëè÷èå. Òàêèìè ñâîéñòâàìè, íàïðèìåð, îáëàäàþò ìîëåêó-
ëÿðíûå ìàðêåðû, ïîëó÷åííûå ñ ïîìîùüþ ìåòîäà
RAPD-PCR è AFLP, áëàãîäàðÿ ÷åìó îíè ïîçâîëÿþò îöåíèòü
ñòàáèëüíîñòü øòàììîâ ìèêðîîðãàíèçìîâ ïðè âåäåíèè
êîëëåêöèé è ïðîèçâîäñòâå ëå÷åáíûõ, ïðîôèëàêòè÷åñêèõ è
äèàãíîñòè÷åñêèõ ïðåïàðàòîâ [12]. Îáû÷íî, ìåòîäû àíàëè-
çà ñ èñïîëüçîâàíèåì áûñòðî ýâîëþöèîíèðóþùèõ ìàðêå-
ðîâ òàêèìè ìåòîäàìè, êàê MST, MLVA, DGE, HRM, îáëàäàþò
áîëüøèìè äèôôåðåíöèðóþùèìè ñïîñîáíîñòÿìè, ÷åì òå,
êîòîðûå îïèðàþòñÿ íà ñëàáî ýâîëþöèîíèðóþùèå ìàðêåðû
(ìåòîä MLST). Ñòåïåíü ðàçðåøåíèÿ ìåòîäîâ òèïèðîâàíèÿ,
çàâèñÿùèõ îò ïðåäâàðèòåëüíîé èíôîðìàöèè î ÄÍÊ ìàò-
ðèöå, ãîðàçäî âûøå òåõ, ÷üè àíàëèòè÷åñêèå ìèøåíè îãðà-
íè÷èâàþòñÿ îïðåäåëåííûìè ëîêóñàìè. Ê ïåðâîé îïèñàí-
íîé êàòåãîðèè ìîæíî îòíåñòè ìåòîäû PFGE, AFLP, RFLP, à
òàêæå ñ èñïîëüçîâàíèåì ÄÍÊ ìèêðî÷èïîâ, ïðè ýòîì èõ
ìîæíî ïðîòèâîïîñòàâèòü ðèáîòèïèðîâàíèþ è ãåíîòèïèðî-
âàíèþ ñ ïîìîùüþ RFLP-PCR. Êðîìå òîãî, ðàçðåøàþùàÿ
ñïîñîáíîñòü ìåòîäà çàâèñèò îò ìíîæåñòâà äðóãèõ ôàêòî-
ðîâ, ãëàâíûå èç êîòîðûõ ýòî âûáîð íàèáîëåå èíôîðìàòèâ-
íîãî ó÷àñòêà ãåíîìà, ò.å. âûáîð èñïîëüçóåìûõ ôåðìåíòîâ
è ïðàéìåðîâ, à òàêæå óñëîâèÿ ðåñòðèêöèè ãåíîìà è ÏÖÐ
àìïëèôèêàöèè. Âäîáàâîê, áîëüøèíñòâî ìåòîäîâ ãåíîòè-
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Ð. À. Âîëêîâà, Å. Ñ. Ñêîëîòíåâà, Å. Â. Ýëüáåðò è äð.

Ðèñ 1. Ñõåìà èñïîëüçîâàíèÿ ìîëåêóëÿðíî-ãåíåòè÷åñêèõ ìåòîäîâ òèïèðîâàíèÿ ìèêðîîðãàíèçìîâ.â çàâèñèìîñòè îò èñòî÷íèêà íóêëåèíîâûõ
êèñëîò.



ïèðîâàíèÿ ïðîÿâëÿþò ñïåöèôè÷íîñòü ïî îòíîøåíèþ ê
áàêòåðèàëüíûì øòàììàì, âñëåäñòâèå ÷åãî îíè ñ ðàçëè÷-
íîé ýôôåêòèâíîñòüþ äèôôåðåíöèðóþò òîò èëè èíîé âèä.

Âîñïðîèçâîäèìîñòü ðåçóëüòàòîâ ãåíîòèïèðîâàíèÿ,
ò.å. âîçìîæíîñòü ïîëó÷èòü òå æå ðåçóëüòàòû âíå çàâèñè-
ìîñòè îò òîãî, ãäå áûë âûïîëíåí òåñò, âíóòðè îäíîé ëàáî-
ðàòîðèè èëè ìåæäó ëàáîðàòîðèÿìè, ÿâëÿåòñÿ âàæíûì òðå-
áîâàíèåì ê ìåòîäó ÄÍÊ ôèíãåðïðèíòèíãà è ïîçâîëÿåò
îñóùåñòâëÿòü ãëîáàëüíûé ýïèäåìèîëîãè÷åñêèé êîíòðîëü
èíôåêöèîííûõ çàáîëåâàíèé. Îáû÷íî, ðåçóëüòàòû ôðàã-
ìåíòíîãî àíàëèçà ÄÍÊ òðóäíåå âîñïðîèçâåñòè è ñðàâíèòü
ìåæäó ëàáîðàòîðèÿìè, íåæåëè ðåçóëüòàòû ãåíîòèïðîâà-
íèÿ, îñíîâàííîãî íà ñåêâåíèðîâàíèè ïîñëåäîâàòåëüíî-
ñòåé ÄÍÊ.

Ïðèðîäíûå îáðàçöû (ò.å. îò ÷åëîâåêà è èç îêðóæàþ-
ùåé ñðåäû) ÿâëÿþòñÿ, êàê ïðàâèëî, ïîëèìèêðîáíûìè. Äëÿ
ãåíîòèïèðîâàíèÿ ìèêðîîðãàíèçìîâ èç òàêîãî ðîäà îáðàç-
öîâ öåëåñîîáðàçíî èñïîëüçîâàíèå ìåòîäîâ, ñïåöèôè÷íûõ
ê èñêîìîé ìàòðèöå, òàê êàê îáû÷íî çàòðóäíåíà âîçìîæ-
íîñòü âûäåëåíèÿ ÷èñòîé êóëüòóðû. Ýòî ãåíîòèïèðîâàíèå ñ
ïîìîùüþ ìåòîäîâ PCR-RFLP, MLVA, DGE, HRM, MLST, MST
è ïîëó÷åíèå ÄÍÊ ìèêðî÷èïîâ [13, 14]. Ìåòîäû ôèíãåð-
ïðèíòèíãà ñ íåñïåöèôè÷åñêèìè ïðàéìåðàìè, òàêèå êàê
AFLP, RAPD (Random Àmplification of Polymorphic DNA) è
REP-PCR (Repetitive Extragenic Palindromic sequence-based
PCR) åäâà ëè ïðèìåíèìû ïðè ãåíîòèïèðîâàíèè ïîëèìèê-
ðîáíûõ îáðàçöîâ. Òàêæå íåïðèãîäíûìè çäåñü îêàçûâàþò-
ñÿ ìåòîäû, òðåáóþùèå äëÿ ñâîåé ðåàëèçàöèè áîëüøîãî
êîëè÷åñòâà î÷èùåííîé ãåíîìíîé ÄÍÊ. Ýòî êàñàåòñÿ ìåòî-
äîâ PFGE, RFLP è îëèãîíóêëåîòèäíûõ ìèêðî÷èïîâ.

Ïðè âûáîðå ìåòîäà òèïèðîâàíèÿ ñóùåñòâåííûì ôàê-
òîðîì ÿâëÿþòñÿ ñòîèìîñòü ðåàãåíòîâ è îáîðóäîâàíèÿ, òðó-
äîåìêîñòü è ñëîæíîñòü ïðîöåäóðû, âðåìÿ, òðåáóþùååñÿ
äëÿ ïîëó÷åíèÿ ðåçóëüòàòîâ è èõ èíòåðïðåòàöèè, âîñïðîèç-

âîäèìîñòü ïðè ìåæëàáîðàòîðíûõ èñïûòàíèÿõ, âîçìîæ-
íîñòü îáìåíà èíôîðìàöèåé â áàçå äàííûõ on-line è
ìåæäóíàðîäíîé íîìåíêëàòóðå [15]. Êàê ïðàâèëî, ïðè
ñðàâíåíèè ñ ìåòîäàìè, îñíîâàííûìè íà ñåêâåíèðîâàíèè
ÄÍÊ è íóæäàþùèìèñÿ â äîðîãîñòîÿùåì îáîðóäîâàíèè
äëÿ îïðåäåëåíèÿ íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè, ìå-
òîäû ôðàãìåíòíîãî àíàëèçà ãåíîìà îêàçûâàþòñÿ ìåíåå
äîðîãèìè, íî ïðè ýòîì óñòóïàþò ïåðâûì ñâîåé äèôôåðåí-
öèðóþùåé ñïîñîáíîñòüþ è âîñïðîèçâîäèìîñòüþ ðåçóëü-
òàòîâ. Äîñòàòî÷íî íàäåæíàÿ èíôîðìàöèÿ íà ñåãîäíÿøíèé
äåíü îáåñïå÷èâàåòñÿ ÄÍÊ ìèêðî÷èïàìè, îäíàêî ñòîè-
ìîñòü èõ ïîëó÷åíèÿ ïðåâîñõîäèò çàòðàòû íà âûïîëíåíèå
ôðàãìåíòíîãî àíàëèçà ãåíîìà.

Ïîñêîëüêó âíóòðèâèäîâîå ðàçíîîáðàçèå ÿâëÿåòñÿ ðå-
çóëüòàòîì òî÷êîâûõ ìóòàöèé, âñòàâîê, äåëåöèé èëè ðåêîì-
áèíàöèè, òî ÷àñòîòà ãåíåòè÷åñêîãî îáìåíà ìåæäó øòàì-
ìàìè äîëæíà ïðèíèìàòüñÿ âî âíèìàíèå ïðè ñîñòàâëåíèè
àëãîðèòìà èññëåäîâàíèÿ âèäà. Íåêîòîðûå ïðåäñòàâèòåëè
ðîäîâ Streptococcus, Neisseria, Helicobacter, Salmonella ÿâ-
ëÿþòñÿ âûñîêî ïîëèìîðôíûìè. Ïîýòîìó äëÿ òèïèðîâàíèÿ
áàêòåðèàëüíûõ øòàììîâ òàêèõ âèäîâ íåîáõîäèìî àíàëè-
çèðîâàòü íåñêîëüêî ìîëåêóëÿðíûõ ìàðêåðîâ. Ïðè ýòîì
ñðàâíåíèå íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé ãåíîìà
íåñêîëüêèõ øòàììîâ ìîæåò îáëåã÷èòü âûáîð ïîäõîäÿùèõ
äëÿ äàííîãî âèäà ìàðêåðîâ. Íàïðèìåð, äëÿ Staphylo-
coccus aureus áûëî îáíàðóæåíî, ÷òî ðàçðåøàþùàÿ ñïî-
ñîáíîñòü ìîëåêóëÿðíûõ ìàðêåðîâ, ïîëó÷àåìûõ ñ ïîìî-
ùüþ ñåêâåíèðîâàíèÿ íàáîðà ãåíîâ, êîäèðóþùèõ ñóïåðàí-
òèãåíïîäîáíûå áåëêè (superantigenlike proteins) set2, set5,
set7, ïðåâûøàåò äàæå âîçìîæíîñòè ìåòîäà MLST ãåíîòè-
ïèðîâàíèÿ [16].

Â ïîñëåäíèå ãîäû ïîÿâèëîñü ìíîæåñòâî ðàáîò,
ïîñâÿùåííûõ ïîèñêó îïòèìàëüíûõ ìåòîäîâ ãåíîòèïèðî-
âàíèÿ äëÿ êîíêðåòíûõ âèäîâ. Òàê, äèôôåðåíöèàöèÿ âûñî-

Ïðîáëåìû ãåíîòèïèðîâàíèÿ ìèêðîîðãàíèçìîâ
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Ðèñ. 2. Ìåòîäû òèïèðîâàíèÿ ìèêðîîðãàíèçìîâ â çàâèñèìîñòè îò çàäà÷è èññëåäîâàíèé.



êîïàòîãåííîãî ñåðîòèïà Listeria monocytogenes 4b ñ ïîìî-
ùüþ ìåòîäîâ ðèáîòèïèðîâàíèÿ, PFGE è MLVA îáíàðóæè-
ëà, ÷òî íàèáîëåå ïðèåìëåìîé ÿâëÿåòñÿ ðàçðåøàþùàÿ
ñïîñîáíîñòü ìåòîäà MLVA [17]. Ïî ðåçóëüòàòàì ñðàâíè-
òåëüíîãî àíàëèçà PFGE è REP-PCR ìàðêåðîâ äëÿ âèäà
Enterococcus faecium ðåêîìåíäîâàíî ïðèìåíåíèå
REP-PCR ãåíîòèïèðîâàíèÿ [18]. Äëÿ âûÿâëåíèÿ âíóòðèâè-
äîâîãî ðàçíîîáðàçèÿ Yersinia pseudotuberculosis îäèíàêî-
âî ýôôåêòèâíî ìîãóò áûòü èñïîëüçîâàíû âûñîêî÷óâñòâè-
òåëüíûå ìåòîäû MLVA è HRM, ïîýòîìó âûáîð èññëåäîâà-
òåëÿ áóäåò îïðåäåëÿòüñÿ ýêîíîìè÷íîñòüþ è äîñòóïíîñòüþ
ìåòîäà, ïî ýòèì ïðèçíàêàì ìåòîä HRM èìååò ïðåèìó-
ùåñòâî [19].

Âàæíîé ïðîáëåìîé â ìèêðîáèîëîãèè ÿâëÿåòñÿ èäåí-
òèôèêàöèÿ âèäîâ. Íåêîòîðûå ìåòîäû ãåíîòèïèðîâàíèÿ
øòàììîâ, îñíîâàííûå íà èñïîëüçîâàíèè îòíîñèòåëüíî
êîíñåðâàòèâíûõ ìàðêåðîâ, òàêèõ êàê MLST ïðîôèëü, ðèáî-
òèï, íóêëåîòèäíûå ïîñëåäîâàòåëüíîñòè ãåíà 16S ðÐÍÊ è
ìåæãåííîãî ITS ðåãèîíà, ïîäõîäÿò òàêæå è äëÿ âèäîâîé
èäåíòèôèêàöèè. Íàïðîòèâ, áûñòðî ýâîëþöèîíèðóþùèå
ìàðêåðû, òàêèå êàê VNTR ïðîôèëè (Variable number tandem
repeat — âàðüèðóþùåå ÷èñëî òàíäåìíûõ ïàâòîðîâ), íóê-
ëåîòèäíûé ñîñòàâ íåêîäèðóþùèõ ïîñëåäîâàòåëüíîñòåé
ÄÍÊ, ãåíîâ ãîðèçîíòàëüíîãî ïåðåíîñà, íå ïðèãîäíû äëÿ
èäåíòèôèêàöèè âèäà è ìîãóò ïðèâåñòè ê îøèáî÷íîé ïàñ-
ïîðòèçàöèè òåñòèðóåìîãî îáðàçöà. Ïîëèìèêðîáíûå îá-
ðàçöû, ñîäåðæàùèå ðàçëè÷íûå âèäû ìèêðîîðãàíèçìîâ,
ïîëó÷åíèå ÷èñòîé êóëüòóðû êîòîðûõ êðàéíå çàòðóäíèòåëü-
íî èëè íåâîçìîæíî, îñîáåííî ïðîáëåìàòè÷íû äëÿ âèäî-
âîé ïàñïîðòèçàöèè. Îïòèìàëüíûì ðåøåíèåì â ýòîì ñëó-
÷àå ÿâëÿåòñÿ ïðèìåíåíèå ìåòàãåíîìíûõ ìåòîäîâ èññëå-
äîâàíèÿ ïîëèìèêðîáíîãî îáðàçöà, òî åñòü èçó÷åíèå åãî
ìåòàãåíîìà: ñîâîêóïíîñòè ãåíîìà îïðåäåëåííîãî ýêîëî-
ãè÷åñêîãî ñîîáùåñòâà áàêòåðèé. Â ýòîì ñëó÷àå ïðåäïî÷-
òèòåëüíûì ÿâëÿåòñÿ àíàëèç âûñîêî êîíñåðâàòèâíûõ ïî-
ñëåäîâàòåëüíîñòåé ÄÍÊ, ïîäîáíî ãåíó 16S ðÐÍÊ [20].

Óñïåõè ãåíîòèïèðîâàíèÿ áàêòåðèàëüíûõ øòàììîâ ïî-
çâîëÿþò ïîäîéòè ê ðåøåíèþ åùå îäíîé âàæíîé çàäà÷è:
íàõîæäåíèþ âçàèìîñâÿçåé ìåæäó ãåíîòèïîì è ôåíîòè-
ïîì, â òîì ÷èñëå çíà÷èìûõ ñ òî÷êè çðåíèÿ ýïèäåìèîëîãèè
(íàïðèìåð, òàêèìè õàðàêòåðèñòèêàìè êàê âèðóëåíòíîñòü,
óñòîé÷èâîñòü ê àíòèáèîòèêàì, ãåîãðàôè÷åñêîå ïðîèñõîæ-
äåíèå øòàììà, ïðèçíàêè, îáåñïå÷èâàþùèå ðåçêîå ïîâû-
øåíèå îáùåãî óðîâíÿ àäàïòàöèè ìèêðîîðãàíèçìà). Íå-
ñìîòðÿ íà òî, ÷òî áîëüøèíñòâî ìîëåêóëÿðíûõ ìàðêåðîâ,
èñïîëüçóåìûõ ïðè òèïèðîâàíèè áàêòåðèàëüíûõ øòàììîâ,
íå èìåþò íåïîñðåäñòâåííîãî îòíîøåíèÿ ê ãåíàì âèðó-
ëåíòíîñòè èëè óñòîé÷èâîñòè ê àíòèáèîòèêàì, âîçìîæíî
îáíàðóæèòü êîððåëÿöèþ ìåæäó ñïåöèôè÷åñêèìè ãåíîòè-
ïàìè è ôåíîòèïè÷åñêèìè èëè ýïèäåìèîëîãè÷åñêèìè ïðè-
çíàêàìè ïóòåì ôèëîãåíåòè÷åñêîãî àíàëèçà ãåíåòè÷åñêèõ
äèñòàíöèé ìåæäó øòàììàìè â íåñêîëüêèõ ïîêîëåíèÿõ.
Ãåíåòè÷åñêîé ðàñøèôðîâêå ïðèçíàêîâ, èìåþùèõ ïðè-
êëàäíîå çíà÷åíèå, òàêæå ñïîñîáñòâóåò íàêîïëåíèå â îá-
ùèõ áàçàõ äàííûõ èíôîðìàöèè î ðåçóëüòàòàõ ãåíîòèïèðî-
âàíèÿ áàêòåðèàëüíûõ øòàììîâ ñ ïîìîùüþ ðàçëè÷íûõ ìå-
òîäîâ [18]. Ðàçðàáîòàíû êîìïüþòåðèçèðîâàííûå ìåòîäû
ñîîòíåñåíèÿ ôåíîòèïè÷åñêèõ ïðîôèëåé ñ îòñåêâåíèðîâàí-
íûìè ïîñëåäîâàòåëüíîñòÿìè ãåíîìà [21, 22].

Ïîëíîãåíîìíîå ñåêâåíèðîâàíèå ïîçâîëÿåò õàðàêòå-
ðèçîâàòü âñå ãåíåòè÷åñêèå îñîáåííîñòè èññëåäóåìîãî
âèäà è ïîýòîìó ÿâëÿåòñÿ îïòèìàëüíîé ìåòîäèêîé òèïèðî-
âàíèÿ øòàììîâ [23–25]. Øèðîêîìó èñïîëüçîâàíèþ äàííîé
ìåòîäèêè ïðåïÿòñòâóåò ðÿä îãðàíè÷åíèé, âñå åùå àêòó-
àëüíûõ â íàñòîÿùèé ìîìåíò: ýòî, â ïåðâóþ î÷åðåäü, âûñî-

êàÿ ñòîèìîñòü è íåîáõîäèìîñòü èñïîëüçîâàíèÿ
äîñòàòî÷íî áîëüøîãî êîëè÷åñòâà î÷èùåííîé ÄÍÊ ìàòðè-
öû. Ñàìûìè äîñòóïíûìè è â òî æå âðåìÿ íàäåæíûìè ïîêà
åùå ÿâëÿþòñÿ ðåçóëüòàòû ñåêâåíèðîâàíèÿ íåáîëüøèõ
íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé, ÷òî îïðåäåëÿåò èõ
òðóäîåìêîñòü, òàê êàê îáðàáîòêà èíôîðìàöèè òàêîãî ðîäà
òðåáóåò ïðèâëå÷åíèÿ ìåòîäîâ âûðàâíèâàíèÿ, îáúåäèíå-
íèÿ è àíàëèçà äèñêðåòíûõ äàííûõ î ãåíîìå. Îäíàêî, èñõî-
äÿ èç òåìïîâ ðàçâèòèÿ ìîëåêóëÿðíûõ ìåòîäîâ, øèðîêîãî
ïðèìåíåíèÿ ïèðîñåêâåíèðîâàíèÿ [26, 27], ðàçðàáîòêè
ñòðàòåãèé, ïîçâîëÿþùèõ ñåêâåíèðîâàòü ÄÍÊ ìàòåðèàë
îäíîé åäèíñòâåííîé êëåòêè, ïðåäïîñûëîê óâåëè÷åíèÿ
äëèíû îïðåäåëÿåìîé íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè,
ìîæíî îæèäàòü, ÷òî ïîëíîãåíîìíîå ñåêâåíèðîâàíèå âûé-
äåò íà âåäóùèå ïîçèöèè ñðåäè ïðî÷èõ ìåòîäîâ òèïèðîâà-
íèÿ óæå â ñêîðîì áóäóùåì.
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Genotyping problems of microorganisms
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Genotyping efficiency depends on resolution of methods which provided by the target sequence of genome, efficiency of
enzymes, primers and conditions of DNA restriction and PCR amplification. The most differential tools are methods involv-
ing the high evolutionary markers. They are methods MST, MLVA, DGE, HRM against to the method MLST based on the
slow evolutionary marker. Methods PFGE, AFLP, DNA chips exploit the preliminary information of genome and have the
better resolution than ribotyping and RFLP-PCR limited by certain loci. Monitoring of local outbreaks may be carried out
using a rapidly evolving markers (methods RAPD-PCR, MST, or MLVA, DGE, HRM). The most suitable methods for prolon-
gated epidemiological or population researches are MLST, PFGE, ribotyping and pyrosequencing analysis. Polymicrobial
samples are investigated with DNA specific methods PCR-RFLP, MLVA, DGE, HRM, MLST, MST, DNA chips. The
metagenomic analysis is the most informative to identify the species of bacterium from the polymicrobial sample. It is es-
sential to use the conservative DNA sequences, for example 16S rRNA. The modern genotyping assays provide the infor-
mative and technological platform for phylogenetic studies of bacterial strains even through the several generations. The
important results are figures of genetic distances between strains involving in complex of epidemiological characteristics:
virulence, antibiotic resistance and the others. The computing tools for integration the phenotyping and sequencing data
have developed. Whole-genome sequencing is the optimal method for bacterial genotyping. But there are several crucial
restrictions of this method. It is still rather expensive and needs to operate with high quality DNA.
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