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List of Anniversaries Established by UNESCO
for Celebration in 2000-2001*

The General Conference,
Having considered document 30 C/18,
1. Decides thatin 20002001 UNESCO will be associated with the celebrations mentioned
in paragraph 3(a) of 157 EX/Decision 9.6;
2. Further decides that:
(a) any contribution by the Organization to these celebrations shall be financed under the
Participation Programme, in accordance with the rules governing that programme;
(b) that the list of anniversaries with whose celebration UNESCO will be associated in
2000-2001 is hereby closed:

@)

(i)
(iii)
@iv)

v)
(vi)
(vii)

(viii)

(ix)
(x)

(x1)
(xi1)

(xiii)

(xiv)
(xv)
(xvi)
(xvii)
(xviii)
(xix)
(xx)
(xx1)

(xxii)
(xx1i1)

(xx1v)

hundredth anniversary of the birth of Roberta Arlt;

hundredth anniversary of the birth of Leopoldo Marechal;

five hundredth anniversary of the discovery of Brazil;

two hundredth anniversary of the expedition of Alexander von Humboldt
to Colombia;

hundredth anniversary of the establishment of Agronomic Studies in Cuba;
hundredth anniversary of the birth of Antonio J. Quevedo;

eight hundredth anniversary of the birth of Nasir ad-Din Tusi;

hundred and fiftieth anniversary of the death of Amir Kabir Mirza Taghi
Khan;

two thousandth anniversary of the founding of the city of Taraz;
hundredth anniversary of the birth of Sabit Mukanovich Mukanov;

three thousandth anniversary of Osh;

hundredth anniversary of the birth of Kasym Tynystanov;

two thousand five hundredth anniversary of the founding of the city of
Termez;

five hundred and forty-fifth anniversary of the birth of Kamal ad-Din Behzad;
two thousand seven hundredth anniversary of the creation of the Avesta;
ninetieth anniversary of the birth of Mirzo Torsonzade;

eightieth anniversary of the birth of Muhammad Asimov;

nine hundred and sixtieth anniversary of the birth of Omar Khayyam;
hundredth anniversary of the birth of Somdet Phra Srinagarindra;
hundredth anniversary of the birth of Pridi Banomyong;

nine hundred and ninetieth anniversary of the founding of the city of
Thang Long-Hanoi;

hundredth anniversary of the birth of Mohamed Abdel Wahab;

twelve hundredth anniversary of the founding of Bait al-Hikma;

two hundred and fiftieth anniversary of the death of Johann Sebastian Bach;

*Resolution adopted on the report of Commission I at the 24th plenary meeting, on 16 November 1999.
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(xxv) hundredth anniversary of the death of Friedrich Wilhelm Nietzsche;

(xxvi)  one thousand seven hundredth anniversary of the adoption of Christianity
as the State religion in Armenia;

(xxvii)  hundredth anniversary of the discovery of blood groups by Karl Landsteiner;

(xxviii)  six hundredth anniversary of the death of Evtimi of Tarnovo;

(xxix)  hundred and fiftieth anniversary of the birth of Ivan Vazov;

(xxx) four hundredth anniversary of the birth of Pedro Calderon de La Barca;

(xxxi)  hundredth anniversary of the birth of Luis Buiiuel;

(xxxii)  hundredth anniversary of the birth of Joaquin Rodrigo;

(xxxiii) hundred and fiftieth anniversary of the birth of Sophia Kovalevskaya;

(xxxiv) hundredth anniversary of the birth of Nikolai Vladimirovich Timo-
feev-Ressovsky;

(xxxv)  two hundredth anniversary of the birth of Vladimir Ivanovich Dal,;

(xxxvi)  hundredth anniversary of the birth of Antoine de Saint-Exupéry;

(xxxvii) three hundredth anniversary of the death of André Le Notre;

(xxxviil) hundredth anniversary of the birth of André Malraux;

(xxxix) hundredth anniversary of the death of Henri de Toulouse-Lautrec;

(x1) one thousand two hundredth anniversary of the Carolingian Renaissance;
(xh) fiftieth anniversary of the death of George Bernard Shaw;
(xli1) four hundredth anniversary of the death of Giordano Bruno; ~

(xlii1) hundredth anniversary of the birth of Enrico Fermi,

(xliv) hundredth anniversary of the birth of Salvatore Quasimodo;

(xlv) hundredth anniversary of the death of Giuseppe Verdi;

(x1vi) eight hundredth anniversary of the founding of the city of Riga;

(xlvii)  hundred and fiftieth anniversary of the birth of Mihail Eminescu;

(xlviil)  fiftieth anniversary of the death of Dinu Lipatti;

(xlix) thousandth anniversary of the birth of Saint Maurus;

Q)] three hundredth anniversary of the death of Juraj Lani;

) hundred and fiftieth anniversary of the birth and hundredth anniversary of
the death of Zdenek Fibich;

(1ii) hundred and fiftieth anniversary of the birth of Toma$ Masaryk;

(liii) seven hundredth anniversary of the publication of the Royal Code of
Mines;

(liv) two hundredth anniversary of the birth of Michailo Vasilievich Ostrogradsky;

(Iv) hundredth anniversary of the birth of Ivan S. Kozlovsky;

(Ivi) hundredth anniversary of the birth of Alexander Smakula;

(lvii) hundredth anniversary of the birth of Margaret Mead;

(Iviii)  hundredth anniversary of the birth of Amadou Hampaté Ba;

(lviv) seventy-fifth anniversary of the announcement of the discovery of the
Taung Skull, the first of Africa’s ancient fossil hominid discoveries;

3. Invites the Executive Board to review the modalities and procedure to be followed for
establishing the list of anniversaries.
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Hy>HO KynsTHBHpOBaTh pa3Hble TOYKH 3PEHHUA,

HO HE HY)XHO NPOSIBJIATH 3BEPUHOMN CEPBE3HOCTH

M OTCYTCTBHS IOMOpa IIPEX/E BCETO K CaMHM cebe.
H.B.Tumogbees-Pecosckuii. 1968

Different points of view shoud be cultivated,
and there is no room for bestial seriousness
and lack of humour, primarily, to ourselves.

N.W.Timofeeff-Ressovsky. 1968



[TPUBETCTBEHHBIE A/IPECA

WELCOME ADDRESSES




[my6okoyBaXkaeMbI€ KOJUIETH, JOPOTHE TOCTH! ,

[To3BonbTE MHE OTKPHITE MEXIYHAPOAHYIO KOHpepeHnuio « CoBpeMeHHBIE MPO6IEMBI
panuo6HOIOrHH, PalHO3KONOTHH M OBOJIOLHH», MOCBSINEHHYIO HaMATH BBIIAIOIIErocs
yueHoro Huxonas Brnamumuposnuya TumodeeBa-PecoBckoro. OcHOBaTeslb MHOTHX HOBBIX
HalnpaB/IeHHH B 6HOJIOTMYECKOl HayKe: FeHETHKE, paquoOHONIOTHH, PaINO3KOJIOTHH, TEOPHH
3BONMIONMH M OHOCchEpHl, OH Ha NOArMe roAbl NPENONpPENENUST CTPAaTerHi0 PasBUTHA 3THX
HarpaBJICHHH.

Pewenne enepanbHo#t koHpepenuuu IOHECKO o Bkmouyenun ro6unes Hukomnas
BnaaumupoBuya B 4uciao maMaTHbIX nat 2000 r. sgBiseTcs MpU3HAHMEM BKJIaga 3TOrO
YY4EHOr0 B MHPOBYIO HayKy.

HayuHoe Hacnemue Hukonas BnamumMupoBHYa OrpoOMHO M INIPHHAJUIEXXHT BCEMY
MHUpOBOMY cooOecTBy. IloaToMy, HeHCTBHTENbHO, HMEHHO B TaKOM MeXIyHapoIHOM
Llentpe, kaxoBbiM sBseTcs OObEIMHEHHBIA HHCTUTYT AEPHBIX HCCIEI0BaHMH, ClIEN0BAT0
OpraHu3oBath Hauly koHbepeHuHIo. B 3ToM LeHTpe Ha npoTsxeHuH 6onee 40 et paboTaior
BMECTE YYeHblE W3 MHOIMX cTpaH Mupa. Hukonait BnaguMupoBnu HeoxHOKpaTHO GHIBaI B
JlybHe, MM BbBICKa3bIBRJIMCh MOEM OpraHM3alMH OHOMHM3MYECKHX HCCIENOBaHHH Ha

YHUKAIBHBIX YCTaHOBKaX VIHCTHTYTa M 3TH MM HallUTH PealbHOE BOIUIOIIEHHE.
E.A.Kpacasun,

HayanbHuk OmoeneHus paouayuoHHbIx u

paouobuonozuveckux uccnedoeanuii OUWAH
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['mybokoyBaXkaeMble KOJIIErH — y4aCTHHKH KOH(EpEeHLHH, IOpOrue roctu!

MHe pocTaBisieT 6oNbIIOE YAOBOJIBCTBHE OT HMEHH JUPEKIHH IIPHBETCTBOBATH BAac
B O0beIMHEHHOM HHCTHTYTE SIEPHBIX HCCIeNOBaHUi Ha KOH(epeHIun, nocssueHHo# 100-
JeTHeMY robuiero kpynHeiimero yyesoro H.B.TuMocgeeBa-Pecosckoro.

Xuzup Hukonas BranumupoBuya, Kak ¥ MHOTHX IPYTHX BBIIAIOIIUXCS TBOPYECKUX
JNHYHOCTEH, NPENCTABHTENEH POCCHIACKOM MHTEIIMIEHIHH IPOLICALIEro CTONETHS, — 3TO
ApKUHA mpuMep 0e33aBETHOrO CIIy>XEHHS HayKe. YUeHHK 3aMevaTeNIbHBIX YYEHBIX-OHOJIOroB
H.K. Konpnosa un C.C. UeTBepuKoBa, OH NPOMOKHI TPAAMIMHU YYHTENEH U CO3MaN CBOKO
HayuHy!o 1kony. H.B.TuMocdeeB-PecoBckuit — oauH U3 ocHoBatenei Teopun 6Hocdeps! 1
TEOPHH MUKPOSBONIOLMH, paJUallHOHHOW TI€HETHUKH, DPaIHOOHONIOTHH, PaIHO3KOJIOrHH.
BMmecte co cBoMMM KOIeraMH OH pa3paboTal OCHOBBI METOHOB OHONOrHYeCcKod
Je3aKTUBALMK PaIHOAKTHBHO 3arps3HEHHBIX TEPPUTOPHIA.

Bnusknit apyr u komnera H.Bopa, T.Moprana, I'Ménnepa, M.Jlens6pioka,
b.JI.ActaypoBa, A.A.JlamyHOBa, OH BCerga MCIOBEJOBaJl NPHHLIKI «HayKa JOMKHA OBITh
HMHTEpHaMOHANbHOM». HaM, yueHbIM OOBbeIMHEHHOr0 HHCTUTYTA ANEPHBIX UCCIIE0BaHUH,
Hukonaii BraguMupoBHY XOpOLIO 3HAKOM IO €r0 Y4YacTHIO B IIKOJIaX MO GHOJIOrHYecKoi
TeMaTHKe, NpoBoauBLIMXcs B J[yOHe, nmo 6ojbLIOMY BJIMSHHIO, KOTOpOE OH OKasajl Ha
pasBHTHE pagMoOHOIOrHYECKOro HalpaBieHHs B HHCTUTYTe. MHe THYHO, BOCTIUTaHHOMY B
ceMbe OHOXMMHKOB. JOBENOCH €llie B paHHUE roibl y3HaTth 0 TumModeeBe-PecoBckoM Kak o
APKO#i JINUHOCTH, KPYITHOM YYEHOM.

H.B.TumodeeB-PecoBckuit cOCTOSNT 4IEHOM psia HHOCTPAaHHBIX aKageMHH M
Hay4HBIX 00IEeCTB, ObUT HarpaXIeH MPECTHXHBIMU MEXAYHAPOAHBIMH IPEMHUAMH.

Ero Beigatommiics Bkiag B Hayky otMeueH FOHECKO, kotopas Bkioumna
OTMeYaeMblif HaMH CeroHs 100nIeH B CMUCOK 3HaMeHaTeIbHbIX JaT roja.

KoH¢epeHUuH, CeMHHAphl K IUKOJbI, MOCBSLIEHHbIE CTOJETHIO CO OHA POXXIEHHSA
Hukonas Bnagumuposnuya, npoumy B 2000 roxy B pasnuyHbIX CcTpaHax. Hain
MeXIyHApOAHbI LEHTp Ha 3ToM iobuinee cobpan NpencTaBUTENEH pas3iHYHBIX CTpaH,
MHOTHe U3 KOTOpbIX — cTpaHbl-y4acTHHLBI OUSAN.

Eme pa3 cepaeyHO mNpHBETCTBYIO BaC M )KeJlal0 YCNEIIHOro MNpOBeAEHHS
KoHpepeHHH!

A.H Cucaxan,
suye-oupexmop Ob6veOuneniozo uncmumyma s0epHblx UCc1e008anul

20



Dear colleagues — the Conference participants and guests,

On behalf of the JINR Directorate I am greatly pleased to greet you in the Joint
Institute for Nuclear Research where the Conference dedicated to the centenary of the birth of
a prominent scientist Nikolai Timofeeff-Ressovsky takes place.

The life of N. Timofeff-Ressovsky, like of many other outstanding personalities of the
Russian intelligentsia of the last century, is a bright example of the wholehearted service to
science. Being a pupil of the great scientists-biologists N. Koltsov and S. Chetverikov, he kept
the traditions of his teachers and established new scientific schools in genetics, radiobiology,
radioecology, theory of evolution and biosphere.

JINR scientists can well remember Nikolai Wladimirovich as a participant of schools
on biological topics held in Dubna as he was a scientist who influenced greatly the
development of radiobiological research at JINR. I learnt about this outstanding person and
prominent scientist in my early years in childhood since I was born and brought up to a family
of biochemists.

N.Timofeeff-Ressovsky was a close friend and a colleague of N. Bohr, T. Morgan,
H. Miiller, M. Delbriick, B. Astaurov, A. Lyapunov. He always believed in the postulate that
«science should be international». N. Timofeeff-Ressovsky is one of the founders of the
biosphere theory, the theory of microevolution, radiation genetics, radiobiology and
radioecology. Together with his colleagues he worked out the basic methods of biological
rectification of territories contaminated with radioactivity.

N. Timofeeff-Ressovsky was a member of various foreign Academies and scientific
societies, he was awarded with prestigious international prizes.

In the year 2000. conferences, seminars and schools dedicated to the centenary of
N. Timofeetf-Ressovsky were held in different countries. It is not by accident that the place
for this conference has been chosen. The international centre — the Joint Institute for Nuclear
Research — has hosted for the jubilee event representatives from different countries, many of
which are the JINR Member-States.

The outstanding contribution of Nikolai Wladimirovich to science is marked by
UNESCO and the date of the jubilee has been included by the Organization into the list of
prominent events of the year.

I would like once again to salute you and wish the Conference every success!

A. Sissakian,
Vice-Director of the Joint Institute for Nuclear Research
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To the Participants of the Jubilee Events Dedicated to the Centenary of
N.W. Timofeeff-Ressovsky

It is great pleasure for me to greet the scientific community on the Jubilee date of the-

centenary of an outstanding Russian scientist N.W. Timofeeff-Ressovsky!

- The life of N.W. Timofeeff-Ressovsky is a reflection of the lives of bright personalities
from the circle of the “Russian intelligentsia” of the passing century. Timofeeff-Ressovsky
witnessed all main events of the XXth century, and he always created an atmosphere of
openness around him, which never depended on time or place where he was at the moment.
His life fully reflected his principle “Science must be international”. He was a close friend
and a scientific partner to N.Bohr, T.Morgan, H. Miiller, M. Delbriick, B. Astaurov,
A. Lyapunov and others.

N.W. Timofeeff-Ressovsky is a well-known geneticist, radiobiologist and evolutionist. He
is one of the founders of the theory of biosphere. He created a complete theory of
microevolution — the origin of new biological species, introduced a method of biological
decontamination of radioactively polluted territories and water reservoirs. From the end of the
30s and to the last day of his life his main interests were in the substance and energy cycle in
biosphere and its elementary departments biogeocenoses. By the early 80s he had developed
an integral system of concepts on the types of radioisotope cycles in biogeocenoses, on their
selective accumulation in organisms and on the migration along trophic chains in

communities of organisms.

Nikolai Wladimirovich Timofeeff-Ressovsky, as a scholar of the Russian biological
school of N.K. Koltsov and S.S. Chetverikov, continued the tradgitions and established new

schools in genetics, radiobiology, radioecology, evolution and the theory of biosphere.

N.W. Timofeeff-Ressovsky was a member of a number of academies and societies. He
was awarded with the Spallanzani Medal (Italy) and with the Darwin (Germany), Mendel
(Czechoslovakia) and Kimber (USA) Prizes.

In 2000 many countries, cities, universities and institutions hold conferences, seminars,
and schools for young scientists, dedicated to the centenary of N.W. Timofeeff-Ressovsky.
The Joint Institute for Nuclear Research, an international scientific organization. united in

Dubna the celebration events from different countries under the title of the Conference
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“Modern Problems of Radiobiology, Radioecology and Evolution”, dedicated to the 100th
jubilee of N.W. Timofeeff-Ressovsky.

UNESCO has included the centenary of N. Timofeeff-Ressovsky in the list of dates
celebrated in 2000-2001, to mark the contribution of N. Timofeeff-Ressovsky into Science.

UNESCO is an international organization established to prom.ote peace and international

stability through co-operation between states in the field of education, science and culture.

I address you with words of a hearty greeting and wish every success to the Conference.

Koichiro Matsuura,
Director-General of UNESCO
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B cBa3H ¢ 100H/1€eM BBLIAIOMErocs pyccKoro y4eHoro
Huxonaas Bragnmuposuva TumodeeBa-PecoBckoro

Huxonait Bragumuposny TaModees-Pecosckuit poauncsa B 1900 roxy B Mockse u
CBOIO Hay4HYIO NCATeNbHOCTh Hayan B 20-e¢ rombl moa pykoBoactsoM H.K.Koneuosa u
C.C.YerBepukoBa. B 3TH rogs! OH BMeCTe CO CBOMMH MOJIOABIMH KOJUIEraMH M JIpY3bAMH
ITOJIHOCTBIO BOCIIPHHSUI M CTaJl pa3BHBaTh HAECH H TPAAMIIMH PYCCKOM MIKOJbI 6HOJIOroB, B
KOTOpOM M 3apoIHIach pyccKasi FeHETHKa.

B 1925 romy H.B.TumodeeB-PecoBckuii yexam No NpHIialIEHHIO IHPEKTOpa
HeMeukoro MHctHTyTa HccnenoBanus Mo3sra mpodeccopa O.dorra u pekoMeHmauuu
H.K.Konenosa 1 H.A.Cemamko B I'epManHnio. OGCTOSTENBCTBA CIIOXHIMCH TaK, YTO OH
nposen B I'epMaHuM aBamuarth netT. BMecTe ¢ HayyHBIMM HAEAMH OH NpHBE3 Tyda CTHIIb
XH3HH, paboTHI, OOLIECHNS, TPHHATHI B MOCKOBCKOM COIPYXXeCTB2 GHooros. B 3Tu roawl
OH, COBMECTHO CO CBOMMH KoJulerami, npexue Bcero ¢ M.Jlens6prokoM u K.Ilummepowm,
3aJI0XKHJI OCHOBHI PaJIMallHOHHON reHETHKH M MOJEeKyNspHo# 6uonoruu. Ero npysbamu u
KoJuteramu ObUTH KpyTIHeHIHe reHeTHKH, QU3NKH, XUMHKH EBponbl U AMepHKH.

ITocne BoitHel oH BepHyncs B CCCP, HO, kak ¥ GOJIBIIMHCTBO >KEaBIIKHX TOraa
BO3BpallleHHs, B KauecTBe apecTaHTa. JIMmp XpylueBckasd oOTTemeNnb Jana emy
BO3MOXHOCTh OTHOCHTENBHO CBOOOAHON HayuHOH pabotsl Ha lOxHoM VYpane; Tam
Hukonaii BnampMHpOBHY BO3IJIaBHJI NMHOHEPCKHE HCCIENOBaHHS MO OHONOTMYECKOMY
JIEeWCTBHIO PaIHOHYKIIMIOB H HX MHIpallHH B 3KocHcTeMax. TuModeeB-PecoBckuit, kak H
npexne, cobupan BOKpYr ceb6s MONOABIX Y4eHbIX. OCOOEHHO MNJIOJOTBOPHBIM Obl10
obimeHnne Ha 6uoctaHunn MuaccoBo. Crona, B MibMEHCKHA 3aMOBEHHMK, K HEMY eXalu
H3y4aTh TEHETHKY COTHH MOJIOABIX HCClenoBateseil, oONeNeHHbIX 3THMH 3HAHHAMH B
NIepPHO JILICEHKOBIIHHBI.

B cepennne 60-x romoB no npHriameHH0o MHHHCTEPCTBa 34PaBOOXPAaHEHHS OH
nepeexan B IHCTHTYT MEAWLIMHCKOR PaJHOIOrUH B NOAMOCKOBHBIH OGHHHCK. e NPOXH
JI0 KOHIA CBOMX AHei. CHOBa TBOPYECTBO, BOCTIHTAHHE MOJIOABIX YYEHBIX, MEAHULIHHCKHX
rEHETHKOB, PaIHOGHONIOroB, 3KOJIOroB. MHOro BBICTYIJIEHHH M Nekuud B Mockee u
IpPYTHX ropoJax CTpaHbI.

B Teuyenue cBoeit nonroit TBopyeckoi >xu3HH TumodeeB-PecoBckuit paboran B

pasHbx 061acTsX GHONOrHH: B (YHIAMEHTATbHOH M palMaUMOHHON reHeTHke M obluei
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panuoGHONOruH, OHOreolEHONOrHH M TeopuM 3BomouMH. C €ro HMEHEM CBS3aHbI
IOpUHIMN [ONAJaHHs H MHIICHH, TPHHLHUN YCHIMTENd, TEOpHS MYTalMi, OCHOBEI
MHKpPO3BOJIIOIIMH, OCHOBHI DPaJHallHOHHOH OHOTeOLECHONOTHH M psl IpYTHX ceiyac
IIMPOKO M3BECTHBIX HANPaBIEHHUH.

VYyenukamu ¥ nocnegoBarensmMu Huxonas BnagumupoBuya Ha Ypaie, B Mockse,
O6uuHcke, [ly6He, Ha YkpanHe, B ADMEHUH U APYTHX MECTaX IPOBEIEHH! H BHUIOIHAIOTCS
B HaCToslIlice BPEMs MCCIEN0BaHHs NEHCTBHS paJHallii Ha MHKPOOPraHH3Mbl, paCTeHUS H
XHUBOTHBIX. OTH paboTHI JIETTIH B OCHOBY KOHTPMED, IIPHMEHAEMBIX IIOCTIe pagHallHOHHOM
apapun Ha IOxHoM Ypane u nociie YepHOOBUIECKOH KaTacTpOQBI.

100-netHnit  ro6unei H.B.TﬁMO(peeBa-Peconcxopo BKIIOYEH B  CIIHCOK
3HaMeHatenbHbIX AaT, nomaepxuBaeMbix IOHECKO. Mexnynaponusiii O6beauHeHHbIH
HHCTHTYT AiepHBIX HCCIeN0OBaHUi opranu3oBai B J[yGHe mpa3snqHoBaHHe I00HIIES YIEHOTO,
uype Kpemo Obuto: «Hayka momxHa GbITh MHTepHanuMoHanbHOW». K 3TOMy HeoGxomumo
N00aBUTh: reposIMH HayKH ropautcs ux PoauHa.

Poccuiickass akameMHss HayK IpHHANIAa YYacTMEe B OpraHM3allMd JIyOHEHCKOro

obuses u TIPHBETCTBYET BCEX €r0 YYaCTHHKOB.

P.B. Ilempos,

euye-npesudenm Poccuiickoli akademuu Hayk
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On the Occasion of the Centenary of the Prominent Russian Scientist
Nikolai Timofeeff-Ressovsky

Nikolai Timofeeff-Ressovsky was born in 1900 in Moscow and began his scientific
work in the 1920s under the guidance of Academician N. Koltsov and Corresponding Member
of the AS USSR S. Chetverikov. In those years he and his young colleagues realized and
started developing ideas and traditions of the Russian biological school which gave rise to the
school of Russian geneticists.

In 1925 N. Timofeeff-Ressovsky left for Germany, on the invitation of the Director of
the Brain Institute Professor O. Fogt and recommendation of Academician N. Koltsov. The
circumstances turned out to keep him for twenty years in Germany. Staying abroad, he
managed to preserve the Moscovite style of life, work and friendly parties. At that time,
together with M. Delbriick and K. Zimmer, he formulated the basis for radiation genetics and
molecular biology. Greatest geneticists, physicists and chemists of Europe and America
became his friends.

After the war he returned to the USSR. He was arrested like many other people who
returned home from emigration on their own free will. The Khrushchev «warming» made it
possible for him to work in the South Urals; there Nikolai Wladimirovich led pioneer research
on biological action of radionuclides and their migration in ecosystems. Timofeeff-Ressovsky
collected young scientists in his group. Seminars at the biostation in Miassovo were most
effective for research. People went there — to the Ilmen reserve zone — to study genetics. They
were hundreds of young scientists who had not been able to obtain the knowledge at the time

of Lysenko’s influence on the biological sciences.

In the mid-60s Timofeeff-Ressovsky moved to Obninsk after the invitation of the
Public Health Ministry and worked at the Institute of Medical Radiology till his last days.
Again his life was full of creative work, teaching young scientists, medical geneticists,
radiobiologists and ecologists. He gave a lot of lectures in Moscow and other cities of the
country.

During his long creative life Timofeeff-Ressovsky took part in research of

fundamental and radiation genetics and general radiobiology. biogeocenology and the theory
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of evolution. His name is connected to the «hit-target» concept, amplifier principle, mutation
theory, basic ideas in microevolution, radiation biogeocenology and a number of other well-
known today approaches.

Pupils of Nikolai Wladimirovich in the Urals, Moscow, Obninsk, Dubna, in the
Ukraine, Armenia and other places conduct research in low-dose action on microorganisms,
plants and animals. The results of these studies lay the basis for the countermeasures applied
in the South Urals and Chernobyl after the nuclear accidents.

The centenary of N. Timofeeff-Ressovsky has been included into the list of
outstanding dates supported by UNESCO. The international Joint Institute for Nuclear
Research has organized in Dubna the jubi.lec celebration of the birthday of a scientist whose
credo was: «Science should be international». It is necessary to add here: «Motherland is

proud of its heroes».

The Russian Academy of Sciences took part in the jubilee organization in Dubna and

greets all the participants of the Conference.

R. Petrov,

Vice-President of the Russian Academy of Sciences
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Botschaft
der Bundesrepublik Deutschland
Embassy of the
Federal Republic of Germany
Moscow
Dr. Bernd Rinnert
Head of the Science Section

Mr. President, esteemed Academicians, ladies and gentlemen,
it is my honour as well as my pleasure to take part in this outstanding International
Conference ,,Modern Problems of Radiobiology, Radioecology and Evolution‘ devoted to the
centenary of the famous Russian scientist Nikolai Wladimirowich Timofeeff-Ressovsky.
Being the new head of the science section at the German embassy in Moscow I am
particularly honoured that I was invited to address this high-ranking audience. You might ask
why a German diplomat talks about a famous Russian scientist. The answer is quite simple:
N.W. Timofeeff-Ressovsky is the most outstandig example of close cooperation between
Russian and German scientists, in good times as well as in bad times. N.W. Timofeeff-
Ressovsky and his wife Elena left for Germany in 1925. From 1930 until 1945
N.W. Timofeeff-Ressovsky worked very successfully together with Max Delbriick in the
Brain Research Institute in Berlin-Buch, where he developed his ,,genetic engineering“ which
played a significant role in the development of gene technology.
But he did not only live on the bright side of scientific research, on the contrary: His son
Dmitrij was arrested by the ,,Gestapo™ in 1943 and died in the Mauthausen concentration
camp in 1945. N.W. Timofeeff-Ressovsky himself was arrested by Soviet authorities,
deported to Moscow in September 1945, sentenced to ten years’ imprisonment. First he
suffered in one of Stalin’s concentration camps in Karaganda. After his transfer to a secret
scientific laboratory in the South Urals he had the opportunity to work with prominent
German physicists, taken war prisoners.
Today especially German scientists honour a man who was not only outstandig as a scientist
but has lived Russian-German cooperation and promoted understanding even when he and his
family suffered terribly during and after the Second World War. I do sincerely hope that his
spirit of dedication and close international scientific cooperation will live on.
I wish you success for the conference and all the best personally.
Thank you once again.
Dr. Bernd Rinnert,
Councellor, Head of the Science Section

German Embassy, Moscow
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Hupextopy O0beAHHEHHOT0 HHCTHTYTA AAEPHBIX HCCJIEA0BAHMI

akagemuky Kaannnesckomy B.I'.

Hoporoit Bragumup I'eoprueBud, yBakaeMble KOJUIETH, APY3bs!

Ot uMenn HanuoHanbHON akageMHMH HayK W Hay4YHON OOLIECTBEHHOCTH ApPMEHHH
CepeYHO MPUBETCTBYIO YYaCTHHKOB KOH(EPEHIMH H XKeJalo BaM ycIexa.

Bmecrte ¢ MHpOBO# Hay4yHOH OOLIECTBEHHOCTHIO 3HAMEHATENBHYIO JaTy B HCTOPHH
HayKH — CTOJIETHE CO OHA pOXHEHHsA Bblatomerocs Ouonora XX Bexka Huxomas
Brnagumuposuua TumodeeBa-PecoBckoro oTMeyaroT Hamla akageMHs H  MHOTHE
y4pexaeHHs peciyOIHKH.

C wumenem TumodeeBa-PecoBckoro CBSI3aHO CTaHOBIEHHE H  pa3BHUTHE
OCHOBOIIOJIAralOUIMX HaNpaBlICHHH TIeHETUKH, PpaaHOOHONIOTMH, 3KOJOTHH M IpYTHX
orpacieit Hayki. Ho Mbl 4eCcTByeM CErofHs He TOJBbKO BETMKOTO YYEHOrO, HO U BEHMKOrO
rpaXIaHWHa W MATPHOTa, 4YeloBeka c OonbmIod OYKBBI, HCKIIFOYMTENIBHO HpEIaHHOTO
MCTHHE U JIeNly, KOTOPOMY OH OTZAAJl CBOIO CBETJIYIO XH3Hb, HECMOTDS Ha BCE IIEPEHECEHHBIE
HEB3roJbl U TATOTHI.

Hukonait BnagumupoBuy HCKpeHHe OOHI APMEHHIO, €€ MCTOPHIO U KynsTypy. OH
OJIMLETBOPAN BeNHKylo npyx0y ApmenHuu c Poccued, ¢ pycckuM HapogoM H BHeC
CYLIECTBEHHBIH BKJAJ B pa3sBUTHE HAyKH M TOATOTOBKY CIELUHAINCTOB B HaIIEH
pecniy6nuke. OH BBIPaCTHI LENYHO IUIEANY YYEHBIX-apMsAH, KOTOpble M HBIHE YCIEHIHO
paboTaloT B APMEHHH W MHOTHX APYrMX cTpaHax. Kaabli ero mpuesn K HaM CTaHOBHIICS
KPYNHBIM COOBITHEM M HAacTOSALIWM TNpPa3sfgHHKOM JUIA HayyHOH OOIIeCTBEHHOCTH
pecnyGnukn. YectBys H.B. TumodeeBa-PecoBckoro, Mbl OTIaeM Takxke AaHb ITyGoKoi
NpU3HATENLHOCTH M YBaXK€HUS MHOTHM BBINAIOLIMMCS POCCHHCKMM YYEHBIM, KOTODbIE TaK
MHOTO CAeNIaTH U1 pa3BHUTHS HayKH B APMEHHH.

[To3BonbTe ewle pa3 HCKpPeHHE MNPHBETCTBOBATh YYAaCTHUKOB KOH(EpeHLIHH H

noxenarb 0OJBIUMX YCIEXOB B ee paboTe.

@.T. Capxucs,

npe3udenm HayuonaneHo akademuu Hayx Apmenuu
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K 100-1eTHi0 co nua poxaenus H.B. Tumodeena-PecoBckoro

3aBTpa, ceapMOro ceHTA0pa (0 CTapoMy JIETOMCYMCIEHHIO) HenoHserca 100 et
CO JIHS POXJICHHSA BEJIMKOTO PYCCKOIO Y4EHOTrO-€CTECTBOMCIIBITATENS M reHeTuka Hukonmas
Brnanumuposrya Tumodeesa-PecoBckoro. 3ot robuneit Bimouyen FKOHECKO B crnucok
3HaMeHaTeNnbHBIX Jat 2000 roga ¥ IIMPOKO OTMEYaeTcs BO BCEM HAYYHOM Mupe. MHorue
uccnenoBanus Hukxonas BnamuMupoBHuYa okasaiy CyIIECTBEHHOE BIHSHHE Ha pa3BUTHE
COBpPEMEHHOH OHOJNIOTHM M MEIAMIHUHEI B 1ienoM. OH rOpauiIcs CIy)XEHHEM CBOMX MpPEIKOB
OTEYECTBY ¥ COXPaHHUJI B ce6€ HX BOJbHOMIOOUBHIH TyX, H300pETaTEIBHOCTD H MYXECTBO.

OH 00Bbe3a11 IOYTH BECH MHP M 3aBEpIIXII CBO# 3eMHO# nyTh B 1981 roay B ropoxne
OOHHHCKE, CTaBIIEM He TakK JaBHO NEpBBIM B Poccun HaykorpamoM.

H.B. TuModees-PecoBckuii yxxe B koHIe 30-X rooB NOHs 3HAYEHHE paHaLlMy Kak
HHCTPYMEHTa M3y4eHHs OMONOrHuecKHX 3akoHoMepHocTedl. OH chOpMyTHpOBaNl TEOPHIO
MHIUIEHH W NpHUHUUN nonajgaHusa. CyTb 3TOH TEOPHH COCTOMT B TOM, YTO B KJIETKaX €CThb
MecTa («MHILIEHH»), 0000 YyBCTBUTENbHbIE K KBaHTaM U3Ty4YeHHs, [IONafaHUe KOTOPHIX B
9TH MHUIIEHH NPUBOAMT K MYTalMsM. OTa KOHLEMLHUS IMOCTYXHJa HayajloM pa3BUTHSA
COBPEMEHHO# paTnoOHOIOrHH.

K u3yyeHMIo BIMSHHUS pafMaluy Ha >XMBOH opraHu3M Huxonait BnamumupoBuu
BEpHYJICA BO BpeM;l CBOEro BBIHYXIEHHOro npeOhiBaHHA Ha Ypaue. Bmecte c jxeHoit
EneHoit AnekcaHIpoBHOH OH clenajl NOpa3HTENbHBIE 3KCNEPUMEHTabHble paboThl MO
HaKOIUIEHHIO PaiMOaKTHBHBIX H30TONOB B 6HOCHCTEMAaX, KOTOPBIE MOCITYXHJIH OCHOBOH IS
pPa3sBUTHA HOBOIO HAy4yHOTO HAmpaBJeHHs B paJHalMOHHOH OGHOreOLEHONOTHH.
Tumodeessl-PecoBckue daxTHuecku chopMyaHPOBAIH OCHOBY GHONOTHYECKOH 3aLHThI OT
PanMOAKTHBHBIX 3arpA3HEHHU#, onpenenuB Ko3pQHULUHMEHTH pacnpeleieHHs H30TOMOB
MeX Iy OHOJIOrHYeCKUMH 00BEKTaMH U OKpY)Kalolllei cpeioii. TH pacyeTsl ceiyac IHpOKo
HCIONIB3YIOTCA Ha IpaKTHKE, B YaCTHOCTH JUIS YCTPaHEHHs OTHANEHHBIX IOCIEICTBUH
YepHOOBLUILCKON KaTacTpo(bl, a TaKXKe U OYMCTKH O3€p M BOACEMOB B IPOMBILIEHHBIX
Maciurabax.

3a 20 net paboThl 3a pybexom TumodeeB-PecoBckuii nprobpen HayuHble CBA3M CO
MHOTMMM BBIIAIOIIMMHCA y4deHbIMH Toro BpeMeHH. Cpeau Hux H.Bbop, M.IInank.

D.1lpenunrep, T.Mopran, I.'Mennep, B.I'eitsen6epr, [1.Hopnan u ap. K HeMy npuesxanu B
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BepnuH-Byx BO BpeMs 3arpaHH4YHBIX KOMaHAHPOBOK KPYNHEHIIHE OTE€YECTBEHHbBIE YUEHbIE
H.!.Basunos u B.1.Bepnanckwui.

W3 MomoIpIX €ro TorgalmHMUX Apy3edl ciexyer Ha3paTh ¢m3ukoB M.JlensOproka u
K.IlumMmepa, KOTOpbIX OH «nepemMaHw» B Guonoruio. C numu Huxonait Bnagumuposuy
ony6mikoBat B 1935 roxy Goasmryro pa6oty «O mpHpome IeHHBIX MYyTallHif U CTPYKType
reHa», CTaBUIyIO IIPEeATEYEH COBpeMEHHOM MoJeKysipHO# 6uonoruu. MccnenoBanus B 3Toi
obnactd HeoOXOAMMO OTMETHTh 0C000, TaKk Kak B HHX, IO CyTH nena, TumodeeBy-
PecoBckoMy ynanoch ONMpeleNHTh pa3sMep IeHa, HCIOJb3ys TOT )K€ IOAXOX, KOTOpBIi
Pesepdopn mpuMeHUI IS ONPENETIEHHH pa3MePOB aTOMHOTO spa.

B cambix nepsbix cBoux paborax TuModees-PecoBckuii BBEN ABa OHATHS, CTABIIHE
[OTOM HEOTBEMJIEMOH  4YaCThI0  KJIAaCCHYECKOM TIeHETHKH: [EHETPaHTHOCTh H
skcmpeccuBHocTh. Eme Gonee BaxHO# crana (OpMyJaMpOBKa NpUHLHMIA YCHIATENS B
Ouoyorud. 3aTeM HM3yueHHe MyTauuit, paboTel B 00JacTH GHOreOLEHOIOTHH, ITOCTaHOBKA
npoGieMsl «GHocdepa U 4eI0BE4ECTBO» 1 MHOTHE Ipyrue paboThL.

Jlro6umoe Beicka3siBanue H.B.TumogeeBa-PecoBckoro: «['1aBHOE B XXH3HH M HaykKe
— OTJIMYaTh CYIIECTBEHHOE OT HECYLIECTBEHHOTO». OTH CJIOBa 3aleyaT/IeHhl Ha ero
MMEHHOM MeJlalii, KOTopas GpUIa yypexIeHa YYeHBIM COBETOM MeauKo-pagroIorH4ecKoro
nayuysoro neutpa PAMH B cBsa3u ¢ ero 90-netnem B 1990 rony. Ee ceromus ynocroens
okoj10 40 OTeuecTBEHHBIX M 3apyOeXHBIX YYEHBIX 3a BBIJAIOHIMACS BKJIAA B MHPOBYIO
nayky. B nx uncne Il .Ieitpy (I1Isefinapus), P.Pomne (I'epmanns), N.Iluremany (SInoxus),
3.U.Tamunston (Benukobputanus), A.Aapkpor ([aHus) ¥ Op. JTa NMOYeTHasd Harpaia
npUCYyXeHa TaKkXe KpYNHEeHIIHM OTe4eCTBeHHbIM yueHsM [".A.3earennnse, B.1.HBaHoBy,
A.B.S6nokoBy, O.I'.I'azenko, [I'.I'.TlonuxapnoBy, I'.Jl.BaficoronoBy, A.B.CeBanbpkaeBy,
B.U.Koporoauny u A.A.SpunuHy. B ceHTa6pe 3TOT CHHMCOK NONOJHAT €Wle NATh
H3BeCTHBIX y4eHbIX. Cpeau HuX aupektop LleHTpa MonekynaspHOH MeOMIHMHBI UM. Makca
Jensbproka B Bepnun-Byxe mnpodeccop [.I'anten, pykoBoautens nabopatopun
MonekyapHoii redetuxu J1. Jlpeiik u ap.

Cam H.B.TumodeeB-PecoBckuii ABNAICA WIEHOM MHOTHX HallHOHAIILHBIX aKaEMHUH,
obmecTs M accoumauuii. Jloporoit Harpamo# mns Hero Obuta JlapBHHOBCKas Menais,
npucyxzaeHHas B 1959 rony B I'epmanuu. JIOCTHXKEHHS YYEHBIX-TEHETHKOB OTMEYAIOTCH

sToM Menaibio onuH pa3 B 10 ner. B 1969 rony 3a Beiparolmuiics BKIax B paAHallMOHHYIO
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reHetuky Huxona#t BnagumupoBuu 6bur HarpaxneH KumbGepoBckoit memansio CIIIA —
BBICIIEH HArpanou AJis FeHETHKOB.

WM co3pana 6onpinas HaydHas MIKOJIA, KOTOpas IO CHX MOp MJIOAOTBOPHO paboTaer
B pa3HyHbIX obnacTsax Haykd. OH 3aBellajl CBOUM MHOTOYHCIIEHHBIM YYE€HHKaM HHKOTZAa
HE TepATh YyBCTBA IOMOpa, JOCTOMHCTBA, ONTHMH3Ma, YTO M TOATBEPXKIAET PHUCYHOK
COTpyJHHKAa HaIlero HHCTHTYTa, Ha KoTopoM Huxonaii BnaguMupoBHuY camMOpy4HO
Hanucan: «3To s» — W MOIMHCAICS.

100-neTne co OHA POXOEHMS BBINAIOLIErOCH PYCCKOTO YYEHOrO TOPXKECTBEHHO
npasaHyeTcs B HbIHelHeM roay B I'epmanuu, benopyccuu, Apmenun u B Ykpaune. Ho
Haubonee MmHUPOKO 3TOT IOOHNEH oTMmeuaercs B Poccun. HeHemHss MexayHapoaHas
koH(epeHns «CoBpeMeHHBIE Npo6eMbl paquoOUOJIOTHH, PATHO3KOJIIOTHH U 3BOIOLHMH»
npoxomut mox dsrupoit IOHECKO. B O6nuucke 20-21 ceHT6ps cocToMTCS Hay4Has
koH(bepeHuus Ha TeMy «Bruoctepa u yenoseuecTBo». Takue jxe KOHQEPEHIIMH MPOILTH HITH
eme Gyayt mpoxoauTh Ha Ypane, B Mockse, EpeBane, MuHcke u nmpyrux ropogax. Ha
KOH(epeHIHUAX 00CYKIAIOTCS aKTyalbHble NPOOIEMbl, pellIeHHEM KOTOPHIX 3aHMMAIOTCH

TaNlaHT/IUBBIE y4eHUKH U nocnenoBaten H.B. Tumodeesa-Pecosckoro.

A.D. []b16,

Ooupexmop Meouyunckoeo paduono2uvecko2o HayuHozo yenmpa PAMH
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RATES OF SPONTANEOUS MUTATION:
INSIGHTS GAINED DURING THE LAST DECADE

John W. Drake

Laboratory of Molecular Genetics, National Institute of Environmental Health Sciences,
Research Triangle Park, North Carolina 27709-2233, USA
drake@niehs.nih.gov

Nikolai Timoféeff-Ressovsky understood the need for explicit theory and
quantitation in biology. His adventures with Karl Zimmer and Max Delbriick and the
somewhat romantic portrayal of those ideas by Erwin Schridinger contributed notably to
the development of population genetics and led to the modern theory of mutation. A
central mystery in Timoféeff’s time was the size, composition and stability of the gene,
which he probed by the methods of radiation mutagenesis. A subsequent central mystery
has been whether order may underlie the apparent chaos of rates of spontaneous mutation.
Although the first hints of order appeared in the late 1960s, the robustness of certain
formulations of mutation rates did not become apparent until the 1990s. It is now clear
that each of four major groups of organisms has its own characteristic rate of spontaneous
mutation. These rates and their impacts will be outlined here.

Natural selection acts on mutations arising throughout the genome. Therefore, the
most interesting rates are the genomic rates. These are obtained by measuring the
frequency of a mutant phenotype, converting it to a primary mutation rate, relating this
rate to a mutational target of defined size, calculating the rate per average base, and then
scaling up to a rate per genome, pg. However, many base-pair substitutions (BPSs) fail to
produce a scorable phenotype, even though they may be efficiently removed by natural
selection on evolutionary time scales. Therefore, primary mutation rates must be adjusted
for missed mutations. One simple way to do this is to obtain a mutational spectrum,
ignore all the missense mutations (BPSs producing amino-acid substitutions), identify the
chain-terminating BPSs (those producing mRNAs bearing internal UAA, UAG, UGA, or

equivalent stop codons), multiply these by 64/3 or some other appropriate scalar that
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reflects average base composition and codon usage, and add that number of mutations to
the non-BPSs.

Riboviruses (RNA viruses without a DNA phase) are among the simplest organisms.
They are also genetically the least stable. This instability was surmised by early workers in

RNA-virus genetics in the late 1950s because of failures to obtain stable genetic markers.

Cellular and phage mutants typically exhibited revertant frequencies below 1076, whereas
revertant frequencies in RNA viruses were 100-fold to 1000-fold greater. (Apparently
stable mutants were later found to contain two or more mutations, each required for the
mutant phenotype.) Only very recently has a robust theory been devised to characterize
the relationships among riboviral mutant frequencies, population histories, and mutation
rates [1]. The theory is exceedingly simple. A ribovirus enters a cell, its RNA is copied
repeatedly into strands of the complementary sequence, these strands are in turn copied
repeatedly into strands of the same sequence as that of the infecting particle, and these final
strands are packaged and released as virus particles. This is the “stamping machine”
model long ago considered and rejected for phage T2 [2], and its topology is independent
of the process of gene expression. In any round of replication, the mutation rate p and the
mutant frequency f have the same value, so that f = p. There are two such rounds of
infection in a single infective cycle, and under the simplifying assumption that the
mutation rate is the same in both rounds, the two frequencies are simply additive: f = 2p
per cycle. Over ¢ consecutive cycles (as when growing a stock), /= 2cp.

The devil is in the data. The theory is applicable only when selection is insignificant
and when the mutation is promptly expressed (that is, when there is little or no phenotypic
masking, the viral equivalent of phenotypic lag in cellular systems). Growth must not have
continued so long that the population is replaced by adaptive variants, a problem with
riboviruses because of their high mutation rates and large population sizes. Even when the
few available data that meet these criteria are discovered, a severe problem remains: to
date, otherwise suitable mutant frequencies in riboviruses score only one or a few base
pairs. It is well known that the mutation rates of different bases or base pairs in a gene
vary hugely. Thus, a collection of small mutational targets will display much more

variability than a collection of large mutational targets.
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Table 1.
Rates of spontaneous mutation

per genome replication in riboviruses

Virus Hg
Poliovirus 0.13
Poliovirus 0.18
Poliovirus 0.18
Rhinovirus 0.67
Poliovirus 0.76
Poliovirus 0.88
Measles virus 1.00
Vesicular stomatitis virus 1.07
Vesicular stomatitis virus 1.15
Median 0.76

Data are from [1]. Hg = mutations per

chromosome per replication.

The useful results appear in Table 1. These rates vary by about ninefold, which is at
least the amount of variation to be expected in a random sample of nine sites in a gene made
of DNA. It is therefore reasonable to assume, for the time being, that the typical mutation
rate for a ribovirus is about 0.76 per genome replication or 1.5 per infection cycle. (For such
a distribution, the median is a better estimator than the mean.) This is a huge rate when one
considers that riboviral genomes are compact, and that even synonymous codon changes
may be deleterious because of the large role in gene expression played by RNA secondary
structure. Indeed. just a tickle of mutagen, sufficient to increase the mutation rate by only a
little over twofold, suffices to extinguish the population [3].

Mutator mutations increase the mutation rate, sometimes generally and sometimes only

along very specific pathways such as A:T — C:G. Mutator mutations usually either disable a
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genomic repair function or reduce the accuracy of a replicative polymerase. Because of their
very high mutation rates and great sensitivity to mutagens, ribovirus mutator mutations are
expected to be weak (in order to survive to be seen in the first place) and to be under strong
negative selection (because most of their progeny will bear new deleterious mutations that are
expressed fully and immediately). On the other hand, the viral RNA-dependent RNA
polymerase (the viral replicase) makes up a substantial fraction of the genome wherein
mutator mutations might arise. Therefore, many mutations in ribovirus populations may arise
in a minority of genomes carrying mutator mutations. These genomes are doomed whatever
the nature of the scored mutations. Alternatively, when a mutator replicase arises during the
course of infection and is expressed immediately, it may act in frans on non-mutator
genomes. In either case, the standard rate may overestimate the rate of the majority of non-
mutator genomes, but by a factor as yet unmeasured.

The next group of organisms with a characteristic mutation rate is the retroelements,
including several animal retroviruses and a yeast retrotransposon. Mutations are usually
scored in these organisms after a single cycle from DNA element to DNA element. This
cycle consists of three rounds of replication, namely transcription by the cellular RNA
polymerase followed by reverse transcription to single-stranded DNA and conversion to
double-stranded DNA, both of the two final replications being conducted by the viral reverse
transcriptase. Although it seems unlikely that all three steps have the same accuracy, it is not
yet possible to measure differences among them reliably. Therefore, the average mutation
rate per genome replication is estimated by dividing the mutant frequency per cycle by 3. The
data accumulated by late 1997 were tabulated in [4] and are shown in Table 2.

Here the median rate is five times lower than for riboviruses. That this ratio is probably
accurate is indicated by experiments showing that about 13-fold mutagenesis is required to
extinguish a spleen necrosis virus population [5]: 13/2.5 =5.2,0.76/0.15 = 5.1. Although this
spontaneous mutation rate is still very high, it may allow mutators to make a greater impact
before extinguishing a population. That such may be the case is suggested, albeit weakly, by
the fact that the mutational target sizes underlying the above values are quite large, 288—
173.043, so that the observed 14-fold variation in rate may reflect stochastic aspects of
mutator action. Alternative, the retroelements may simply vary considerably in intrinsic

mutation rate. These are experimentally distinguishable possibilities.
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Table 2.
Rates of spontaneous mutation per

genome replication in retroelements

Retroelement Hg
Bovine leukemia virus 0.03
Spleen necrosis virus 0.04
Saccharomyces cerevisiae Tyl 0.11
HIV-1 0.19
Murine leukemia virus 0.26
Rous sarcoma virus 0.43
Median 0.15

Data are from [4].

The accuracies of several reverse transcriptases have been measured in vitro, and
conclusions have sometimes been drawn about the corresponding mutation rates in vivo.
Such extrapolation is probably dangerous, because at least one study has shown that an error
rate can be substantially lower in vivo than in vitro [6,7].

The group of organisms with the best characterized and least variable Hg is the DNA-

based microbes. Their rates were most recently compiled by Drake et al. [4]. These rates
are based on large mutational targets and excellent measurement systems. The rates,
together with the genome size (G) and the rate per average base pair (pp), are summarized in
Table 3. pg varies very little. while G and pp vary inversely by roughly 8000-fold. These
data are usually taken to mean that mutation rates can evolve to finely tuned values,

although why the particular value of about 1/300 is preferred, and by such diverse

organisms, remains mysterious.

39



Table 3.
Rates of spontaneous mutation per genome

replication in DNA-based microbes

Organism G 1y Hg

Bacteriophage M13 6.4 x 103 7.2 x 1077 0.0046
Bacteriophage O 4.9 x 104 7.7x 1078 0.0038
Bacteriophages T2 and T4 17x10°  24x1078 0.0040
Escherichia coli 46x100  54x10°10  0.0025
Saccharomyces cerevisiae 1.2 x 107 22x 10710 0.0027
Neurospora crassa 42x 107 72x 10711 0.0030
Mean 0.0034

Data are from [4]. G = genome size in bases or base pairs.

pp = mutations per average base per replication.

Because mutation rates in DNA-based microbes are much less than I, even strong
mutator mutations can be propagated. Such mutators have taught us a great deal about
fidelity mechanisms. Recently, it has also become clear that such mutators can be important
in nature. In experimental systems, mutators can win adaptive races if the product of their
prevalence and their mutation rate exceeds the corresponding product for the wild-type [8].
However, a mutator is at a selective disadvantage in a constant environment and slowly
accumulates mutations that reduce its mutation rate [9]. Theory predicts [10,11] and
observation confirms (most recently [12]) that mutators often win adaptive races among
bacteria entering new niches. However, the mutator bears a strong selective disadvantage if it
remains in a less variable environment, and its later fate is likely to be either displacement by

a slower but fitter nonmutator, or erasure of the mutator phenotype by subsequent mutations.
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One constraint upon the interpretation of the data in Table 3 is that all of the
measurements were made in microbial heaven, that is, under mild laboratory conditions using
rich media. At least in the case of phage T4, neither the richness of the medium nor the
degree to which it is cooked during preparation affect mutation rates [13]. However, many
DNA-based organisms live in environments that are intrinsically highly mutagenic. For
instance, both acid and heat degrade DNA bases in a number of ways that are either directly
mutagenic or trigger the mutagenic SOS system. Does the standard mutation rate in DNA-
based microbes persist in such environments? Alternatively, are cellular fidelity mechanisms
compromised or overwhelmed? A partial answer is emerging. A mutation rate has been
determined for the pyrE and pyrF genes of the archaeon Sulfolobus acidocaldarius growing at
pH 3.5 at 75 °C [14]. Making reasonable guesses about the sizes of the target genes and of the
genome, pg Was estimated to be roughly 0.002 [4]. Sequence analyses of pyrE mutations now
tend to confirm this estimate. Thus, this extremophile has a spontaneous mutation rate close
to or even smaller than the standard rate.

A comment is appropriate here about antimutator mutations, which reduce mutation
rates. Kimura [15] was the first to point out that reducing mutation rates can only be achieved
at some cost, which he called the physiological cost but can also be viewed as a
thermodynamic cost, namely the cost of reducing entropy. Modern organisms have highly
evolved investments in maintaining replication fidelity, and this includes even the RNA
viruses whose polymerases make many fewer errors than would occur if determined
exclusively by hydrogen bonding. The chance is small that one or even a few mutations could
reduce mutation rates generally without detrimental side-effects such as slowed replication.
This conjecture was verified for all known antimutators in bacteriophage T4. These
antimutators unequivocally reduce some mutation rates (by as much as 100-fold), but
primarily along the pathway A:T — G:C. At the same time, they were known to increase
other mutation rates, notably transversions. When T4 antimutators were screened for average
mutation rates using a mutational target of several kilobases, all were either weak mutators or
without detectable impact. Thus, their narrow antimutator effect was achieved at the cost of a
small reduction in overall fidelity. The idea that antimutators could be discovered that would,
for instance, protect humans against cancer and heritable birth defects, is probably without

merit.
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The final group of organisms to consider is the higher eukaryotes, that is, plants and
animals. This group of organisms differs profoundly from the microbes in genome structure.
Their genomes bear a much higher fraction of DNA not directly devoted to organismal
functions, including both intergenic DNA and introns. Mutations in this DNA have little
impact, with minor exceptions such as the intrinsic need for spacer DNA [16] and for short,
specific boundary sequences in introns. Thus, natural selection can only act upon mutations
and mutation rates in the most functional DNA, where functional means serving the needs of
the organism itself and not its molecular parasites. Thus, one can consider two different
genome sizes in the higher eukaryotes. One is the total genome size G as above. The other is

the effective genome size G,, which is approximately equal to the sum of the coding
sequences of proteins, structural RNAs and regulatory elements. (Strictly speaking, G, is the

portion of the genome in which mutations impact upon the fitness of the organism.) In
addition, mutation rates can be expressed using either of two rate units. One is the traditional
value, mutations per gamete or per sexual generation. The other is mutations per germ line
cell division or, in the case of plants, cell divisions between gametic generations. In many
animals, there are far more cell divisions per sexual generation in the male than in the female,
so that mutation rates are dominated by the male contribution and increase with paternal age.
As with the RNA viruses, few mutation rates in higher eukaryotes are based on optimal

data. Although G is often well measured, G, is not. Mutational target sizes are often unclear,

and mutational spectra are rarely available. Thus, quite a bit of guesswork must enter into the
calculations and the results must be interpreted with caution. The most recent compilation is
in [4] and is summarized in Table 4. Four mutation rates are presented: per total genome per
sexual generation, per effective genome per sexual generation, per total genome per cell
division, and per effective genome per cell division. The range (max/min) for each kind of
rate is the ratio of the largest value to the smallest value.

Despite the uncertainty of some of the numbers, Table 4 suggests several conclusions.
Numbers of mutations per total genome sexual generation become enormous for large
genomes composed mainly of spacer DNA. Perhaps more interesting, numbers of mutations
per effective genome become quite large for mammalian genomes, hovering around 1 per
gamete (and per zygote, because of the predominance of mutations in the male). Thus,

mammals share a surprising vulnerability with RNA viruses, rather small increases in their
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mutation rates threatening to extinguish the population. Diploidy certainly buffers the impact
of this high rate, but eventually the genome must accumulate many detrimental mutations,

leading to what Lynch has termed “mutational meltdown” [17].

Table 4.

Rates of spontaneous mutation in higher eukaryotes

Organism G Ge Hgs  Hegs Hg Heg
Caenorhabditis elegans 80x107 18x107 016 0036 0.018 0.004
Drosophila melanogaster 1.7x 108 1.6 x 107 1.5 0.14 0.058 0.005
Mus musculus 27x10%  8.0x107 30 09 05 0014
Homo sapiens 32x109 80x107 64 16 016 0.004
Range (max/min) 400 44 27 3.5

Data are from [4]. G, = effective genome size (see text). Hgs = mutations per genome per
sexual generation. pegg = mutations per effective genome per sexual generation. Hg =
mutations per genome per germ-line cell division. Heg = mutations per effective genome per

germ-line cell division.

If there exists a standard rate of mutation among the higher eukaryotes, as seen so
robustly for the DNA-based microbes, Table 4 suggests where it is to be found. The four
listed measures of mutation rate all show substantial variation among animals, but one of the

ranges is far smaller than the others, and this range is widened by just one value. pg, the

mutation rate per effective genome per germ-line cell division, is 0.004-0.005 for three of the
animals and 0.014 for the mouse. It is notable that neither 0.004-0.005 nor the average of the
four values, 0.007, is much different from the standard rate (0.0034) for the DNA-based
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microbes. Thus, the evolution of multicellularity and a germ-cell lineage was not

accompanied by the evolution of a correspondingly lower mutation rate per genome

replication, with the result that modern organisms produce a large fraction of offspring

carrying new deleterious mutations.
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PEAJIM3AIIMSI U BOCCTAHOBJIEHHME ITOBPEXJIEHUI XPOMOCOM
FO.A. Mumpoghanos

Tuxooxeanckuii oxeanonorudeckuit HHCTUTYT JIBO PAH,
BnamusocTok, bantuiickas, 43

Ion meiicTBHEM MOHM3HMPYIOIIMUX JIy4ei U PalHOMHMETHKOB B XPOMOCOMaX BO3HHUKAIOT
NEepBUYHbIE HIIH MOTECHIMAIbHbIE MOBPEXIEHHUS, KOTOpblIE MOTYT BOCCTAHOBHTBHCH HIIH
peamu3oBaThcss B abeppauuM XpoMocoM. B Hammx HcclieNOBaHMsX ObUIM  ONHCAHBI
NpUHIMIHAIBHBIE Pa3IM4Hs MexIy oOMeHaMH M QparMeHTaimeit xpomocoM. OOGMeHbI —
abeppauyy, BO3HHMKAIOI[MEe B pe3ylbTaTe COEAHHEHHUs (PParMEHTOB XPOMOCOM(bI).
(PeanM3anus B OTHOIIEHUH OOMEHOB — 3TO HeoOpaTHMOe CoeqHHEHHE (PpParMEeHTOB B HOBBIX

coyeTtaHusx). @parmMeHTaius obpasyercs 6e3 coeuHeHui pparMeHToB (pHuc. 1).

honpemnenwl dparmeHTanUA 0OMeHbI

st | =2 s> (¢

S== S s %
S

= | "5 .=

—_— | = e
S = >

Puc. 1

IMoka3zaHo, YyTo 3TH rpynnsl abeppauuii pa3nuyalTCs N0 MEXaHM3MY BO3HMKHOBeHHs [1-3].

OTMETHM TaKHe pa3IHyus MEeXIy HUMH:
1.1Ans ¢dopmupoBanus obmeHoB Heobxomum cuHTe3 JIHK. Bo3nukHoBeHuio
¢parmeHTauuH, HanpoTHB, cnocobcTByeT yrHeteHMe cuHtesa JIHK (puc.2). M3 nanHbIx

PHMCYHKa BUJHO, YTO y KJIETOK, 00iy4eHHbIX B ¢asze G;, B NPUCYTCTBUH MHTHOUTOpa CHHTE3a
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JTHK nesoxcuanenosnsa (2:102 M) umcieHHOCTb (parMeHTal|H pe3ko BopacTaer. UKo
0OMEHOB, HAallPOTHB, NafaeT 0 HYJIS.

2.Ilponecc dhopMupoBaHHS OOMEHOB 3aBepiuaercs (pealnsalys) B KOHKPETHHIX ¢azax
UMKIa KIeTOK (XpOoMaTHAHBIX — B G-(a3e, XxpoMoCoMHBIX — B koHUE Gj). B oTnmune ot
00MeHOB ¢parMeHTalus BO3HHKaeT 63 CTPOro MpHypOYEHHBIX NEPHOIOB PEATH3AIMH, HO C
4ETKO BhIpOXEHHBIMH MakcumMyMmamu. Hanpumep, MaccoBast ¢parMeHTalMs U IyJIbBepH3alis
XpoMOCOM HabmofaeTcs npH nedcTBuM HHruO6uTopoB cuntesa JJHK B S-¢paze. OtmeTnm, uto
XpOMaTUIHBIH M H30XPOMATHUAHBIA (XPOMOCOMHBIN) pa3pbIBbl YacTO BO3HHKAIOT IIpH
JeicTBHM Ha Te e ¢a3pl uMKia. Hampumep, npu ob6nydeHNH KIETOK HOHHU3HPYIOIIMMHU
ny4amu B S- unu B Gr-¢azax.

3.0parmMeHTanus XpoMocoM (OpMHpYeTCS Ha OCHOBE MEHBIIEr0 4YHCNa JTaloB

(mpoueccoB), yeM 0OMeHbl. Psan pasnuuuit onucal B Moeit kuure [3].

(panveHToB
Ha 100 knerok
o6menoB
300 nyuu Pentrena+AJIP 20 v 4a 100 krerok P
300 s syyu PeHTreHa
200
150 sy4yu PeHtrena 10
100 ny4u Pentrena +AJIP
0 +— T T T 1T 0 T 1
05 s 25 0.5 15 2.5 e

Puc. 2

Paszjinumns noatBepxaaroTcs Takke cienyioluM. MHorna mosBieHHe 3THX KaTeropuii
abeppaliMii XpOMOCOM MOXeT OBITh MOJIHOCTHIO pa3lieNieH0. B onpeneneHHBIX YCIOBHSAX
MyTareHe3a BO3HHUKAIOT MCKIIIOUMTENIBHO OOMEHBl. JTO TakHe YCIOBHS, KOTOpEHIE
OnaronpusATHEI 1/ BOCCTaHOBNIEHHs KieTok: obydyeHue kietok Crepis capillaris B dase Gy
umn B Havare Gy [1,3].

Hatporus, B YCIOBUAX, HEOJIaronpUsATHBIX Ul penapalidd M IIPOLECCOB
¢opMmupoBaHuss 0OMEHOB,  HabOMIOZAeTCs HCKIIOYMTENbHO (parMEeHTalust XpPOMOCOM.
Hanpumep, npu Bo3meiicTBMM Ha oOnyueHHBle KIETKM Ae3okcHaneHosuHa (AJIP), kax

NoKa3aHo Ha puc.2. JTO sBIeHHE HabnogaeTcs TaKkXXe NpH AEHCTBMM APYTHX HHTHOHTOPOB
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cunteza JIHK (5-¢ropmesoxcuypununa (®Y]IP) u HekoTophx Apyrux) B ¢ase G, wim npu
00JTy4eHHH KJIETOK MaJIOH 1030¥ HOHU3UPYIOIHX JIyuei B koHue ¢asbl G, (cM. Tabm. 1).

IIpono/kHTEILHOCTE NEepHOJa BO3HHKHOBEHHs (pparMeHTalmu xpomocom. [Ipu
neficteun OVJIP, AJIP Ha knetku B G, XpOMaTHAHBIE, M30XpPOMaTHIHbIE Hejenuud Oe3
CIUsHMSA (parMeHTOB HabmomaloTcs yxe uepe3 2 vaca M gaxe yepes 1 wac [4].
BoccraHoBneHne mnoBpexaeHUH, uHAynupoBaHHelXx OVY]IP, npum BBemeHHH U30BITKa
THMH/JHHa BO3MOXHO B TeyeHHe | wyaca mepen Murto3oM [4,5]. MHTepmperamus TakoBa.
Hapywenus xpomocoM B nmpucyrctBund @Y P umu AJIP Bo3HHKaIOT BCeACTBHE aucbananca
HykneotunoB. B JIHK nossnsiorcs Opemn. THMHAMH BocCTaHaBnMBaeT OanaHc
HYKJIEOTHIOB, 3TOTO OKa3bIBaeTCs  JOCTAaTOYHO JUIA INPENOTBPAIUEHHS BO3HMKHOBEHHS
abeppaluit XpoMOCOM.

B ciyyae ecnu wieTkd ObutH 06y4eHb! HOHU3UpYIOWUMH JyyaM, B JITHK Bo3HuKaroT
Ipyrde noBpexnaeHus (omHo- M aByHuHTeBble paspbiBbl JIHK, cmmBku u np.). Beenmenue
THMHIMHAa He BoccTaHaBnuBaeT cTpykTypsl JJHK. Ilpu 3ToM B MHTO3aXx HpOZONKAIOT
HabmonaTbcs abeppalui XpoMOCOM.

IIpoao/xuTeIbHOCTL MepHoxa ¢GOpMHPOBaHHA 00MeHOB XpomocoM. B paHHHX
paboTax O NpPOJOKMTENBHOCTH IpoueccoB GOpMHUpOBaHHS OOMEHOB CYAHJIM Ha OCHOBE
sppexra (paKUMOHHPOBAHHOM H03bI HOHM3MpYIOLMX Jnydeil. OOHako JaHHBlE O
NPONO/DKUTENBHOCTH (OKM3HH» OTKPBITBIX pPa3pblBOB, MOJIyYEHHBIE C HCIOJb30BaHHEM
MeToAa (paKUMOHMPOBAHMS HO3bl, JaBatd Oonbluoi pa3bpoc. Jlaxe y onHoro obwekrta
Allium cepa s HHTEpHpETalMH TaKHX AaHHBIX ObLIO HCMOAb3OBAHO MPEAMNOJIOXEHHE O
CYLIECTBOBAaHHHU JBYX KJIaCCOB MOBpEeXIEHHH: ObICTpo BoccTaHaBnuBatomuxcs (15 MuH) u
MEJIEHHO BOCCTaHaBIMBaOWKXCA (0Kojo 4 u) [6]. JInd HeKkoTOpeIX 0OBEKTOB 3eKThI
($pakUHOHUPOBaHUs 03B!l 0ONyueHHst perucTpupytorcs B TeyeHue 10 4 u 6onee [3]. Eme
Goublile OCIOXKHUIM HHTEpNpeTaunio 3¢ ¢exra GppakuHOHUPOBaHHS 03Bl BOJHOBas KapTHHA
M3MeHeHHns uKcna abeppauuii nmocne Takoro o6nyueHus [7] U siBjieHHe 3aLIXTHI OT pagualiu
npn  oOnydyeHHH Mayod Jo3oit  [3]. Bompoc 0 npoOMKHTENBHOCTH MPOLECCOB
BO3HHKHOBEeHHs abeppaluit Ha 0OCHOBe MeTosa GpaKLIHOHHPOBAHHOTO OOJIyYEHHs CMBIKAeTCs
¢ mnpo0jaeMOil  CyIIECTBOBaHMS IMOTEHUHAIbHBIX IOBPEXACHHH. [ToTeHuHnanbHble
NOBpEXIEHUsS MOTYT CYWIECTBOBaTh MJIMTENBHO, B TOM YHCJE He OOMH KJIETOYHBIH LMK

anHHMaﬂ BC€ 3TO BO BHHMAaHHE, CYHTAIO HCHCHCCOOGpaZHblM HCIOJIb30BaTh METOA
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(GpaKUMOHUPOBAaHHOTO OOJIy4eHHs JUIi OLEHKH NpPOAODKHTENHHOCTH (HOpMUpPOBaHHUS
abeppanuit XxpOMOCOM.

Msbl NpUMEHWIH Apyroi npueM. MHTO3 SBISETCA NEPUOIOM, B KOTOPOM MOXHO
Habo#aTh U3MEHEHHS B XpoMocoMax. Ilocie 00TyueHHsT KIeTOK HOHH3HPYIOLIUMH JTyYaMH
UM Bo3zeHcTBUA 8-3ToKcHKOdenHa abeppaluy MOSBIAIOTCS He cpa3sy, a CIyCTs HEKOTODBIH
nepuon [8-10]. CnMnaHus NOSBIAIOTCS B MHTO3aX BCKOpe IOCHEe OONydeHHS H depe3
HEKOTOpHIH Iepuoa Hcye3aloT, cMeHssAch abeppaumsmu. MMerorcs ocHoBanus [11, 12]
CUHMTATh CIIMIIAHUA U CyOXpoMaTHAHbIE OOMEHBI IIPOMEXYTOYHBIM 3TallOM BO3HHKHOBEHHS
XpoMaTHIHBIX oOMeHOB. Ilo QuHaMHKe M3MEHEHHS YHCIa CIUNAHUH M XPOMAaTHAHBIX
OOMEHOB MOXHO OIpENENUTh NPOAODKMTENBHOCTh NepHonaa ¢GopMHPOBaHHS OOMEHOB.
CornacHo Puseny [8] B mMuTo3ax Vicia faba cnunanus nossnsrorcs yeped 30 MHH mocie
PEHTreHOBOro oOIydeHHs,, MaKCHMYM HX oTMedeH yepe3 1 4 15 muH. [lepBrie abGeppauuun
oOMeHHOro xapaktepa HosBusIMCh 4epe3 105-120 muH. M1 OHHM NOCTENEHHO CMEHSIH
cnunanus. B Teueune Gonee miutensHoOro nepuona abeppauuu cMeHsH ciumnanus y Scilla
sibirica [9]: yepe3 30 MHH mocne o6Gy4yeHHS aBTOPHI PETHCTPHPOBATH TOJIBKO HOpMAaJbHEIE

anadasbl, CIMNaHus — yepe3 2-6 4. AGeppauuy Habmoaay nuis yepe3 6 4 15 MuH.

1.5Tp VY MIJIEKONMMTAIOUMX MPOLECCHl HAYT
% XPOMATHIHbIE TPAHCIOKALUMH
25 [ HECKOJIbKO OBICTpee, HO M IUIS HUX B Cly4ae
o0JiyueHHs KJIETOK Jy4amMu PeHTreHa yepe3
15 30 MuH [12] HabG1rOmaQMH TONBKO CIIUIAHHA.
[epBrie abGeppanuu oTMedeHBI uyepe3 1 4
5

P CIHnAHMA nocne obnydyenns, a yepes 4 u abeppauuu

= 17 1 1
0 1 2 3 4 MOYTH TMOJHOCTBIO 3aMeIlAIHd  CIHIaHUA

eOG)ly‘leHHﬂ
"ackl noc (puc. 3). [logoGOHBIE TaHHBIE NOJNYYEHBI HAMH

Puc. 3

i pubpobraacToB SMOPUOHANBHON TKaHH
MBlLIeH in vitro (puc. 4). MakcHMyM ClunaHui perucTpHpOBAIM Yepe3 2 4 Mmocje AeHCTBUA
ny4eit Pentrena, a yepe3s 6 4 HX YHCNIO Manano 10 ypoBHs KoHTpons. [lepron ucyesHoBeHHs
CIHMAaHHA B MHMTO3€ — 3TO INEPHOA 3aBepIUEHHs 3TOH CTaauu y Bcex obmeHoB. [lns

GONBLIMHCTBA KJIETOK OH 3aBepIIacTCs Y€pPE3 4 y. OHaKo B HEKOTOPHBIX ClTy4yasiX NJIHTCA 6u4.
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HA 1?0 KJIETOK

20 4 035 I'p

10, /}/,,{ aGeppauuu

NI
N
\} \///‘}\ﬁxpomamnﬂue MOCTBbL
N,
~
e = ¥ 1 KOHTPOJb aGeppalmu
== —— R~ cannanus
0 2 4 6 9 12
yachl Tiociie 00TydeHun
Puc. 4

CyMMHpys HMelOllMecss JaHHBIE, 3aKJIIOYaeM, 4YTO MHHHMAQIbHBIA MEpHOX
Bo3HHKHOBeHHs 06MeHOB (T) paBen 1-1,5 4. T.e. HexoTOphle 0OMEHBI HOPMUPYIOTCS OYEHB
6nicTpo. Cpennnii T — 4 4. B To e BpeMs HEKOTOpble MOBPEXIACHUS MPOXOAAT JIMLIb 3Tam
CJIMIIAHUA B TeYeHHe 4 4 .

Bxiiaa pparmeHTanuu B o01mee YMC10 abeppaunii XpoMocom

Obcyxnas oOMeHB M ¢QparMeHTalMIO XpOMOCOM, CJlelyeT OTMETHTb, YTO
¢parMeHTanus, KaKk IMpaBHJIO, BHOCHT OCHOBHOHM BKJIalq B YpOBeHb abeppauiii XpOMOCOM B
PpanvoYyBCTBUTENBHBIX KJIETKaX, Hampumep B kietkax B ¢ase G2 [3]. Ona xe Gosee
YCHEIIHO JIMKBUAMPYETCA B ONaronmpHATHBIX Ul BOCCTaHOBJICHHS YCIOBHAX. OmuiieM
cranaaptHeni onsIT. IIpopoctku Crepis capillaris 65Ut 0651y4eHs! 1030# 3 I'p peHTreHOBBIX
nydeii. lanee ux nomectwnin B 0,01% pacTBop KonXuiMHa Ha HHKYOalMIO M NpoBENH
nocjnenoBatenbHele pukcaunu yepes 2, 4, 8, 10, 14 u 16 4 nocne obmyuenus. Knerkw.
NpUXOJAIIHe B MHTO3 uyepe3 2 4 mnocie obaydeHHs, B MOMEHT OOyd4eHHs HaXOAMIIMChb B
panuHovyBCTBHTENbHOM dase - G2, a yepe3 14 u 16 4 nocne o6y4eHUss B MUTO3 MPUXOAAT B
Macce KJIETKH, KoTtopble ObutH oGiydeHsl B ¢aze Gi (1abn.l). IlpomomxutensHocTh ¢a3

[MKJIa MBI ONIKCAIH paHee [3].
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Tabnuua 1.  A6Geppanuu XpoMocoM B KileTkax npopoctkoB Crepis capillaris
H0CJIe PEHTTEHOBCKOro 06ITyYeH s

Yacsl Hsyueno A6eppamuit Ha 100 kinerok
¢uxcanuit | Metadas, | Oparmenrauus | Uzonokycusie | Tpanc- Ob6mee
nocie YHCIIO Ppa3pEIBEI C JIOKAIIH YHCIIO
o0ryyeHus COEAMHEHUAMH
Ho3a 3I'p
2 532 13,4+1,4 4,1+0,8 0,9+0,4 18,7+1,7
4 531 7,7£1,2 4,9+0,9 2,5+0,6 15,3£1,5
8 529 6,8+1,0 3,4£0,8 3,9+0,9 14,2+1,5
10 863 4,1+0,6 5,0+0,7 2,240,5 11,3£1,0
14 487 1,6+0,4 1,6+0,6 4,1+0,9 7,3+1,1
16 494 2,2+0,6 1,4+0,5 3,8+0,9 7,4+1,1
Ho3a 0,5 'p
2 687 10,0 1,0 0,1 0 0,1

Knerku 2-ro nocne o0MyYyeHHs MHTO3a B HCIHOJIB3YEMBIX YCJIOBHAX KOJXHLHHOBOTO
pOCTa CTAQHOBHMJIUCH TETPAIUIOMAHBIMHM, M MO3TOMY HMX JIErKO OBUIO OTHENHTH OT KIETOK,
o0Onyyennsix B ¢aze Gi. [Ipn cpaBHeHMH palHOYyBCTBHTEIBHOCTH KJIETOK B pa3sHBIX (a3ax
MHTOTHYECKOrO LHKJIAa 0Ka3aloCch, YTo obuiee yucio abeppanuii B KiIeTkax, 0OJy4eHHBIX B
¢daze Gi (mocnemHue dyachl ¢uxcauuid), 6sU10 B 2,4 pa3a MeEHbIIE, YeM B  KJETKaXx,
o6nyyennsix B pase G2. 310 yMeHblIeHHe HabmonaIOCh 3a cYeT Hanbosiee MHOTOYHCIIEHHOR
Kateropun abeppauuii — ¢parMeHTallMH XpOMOCOM, YPOBEHb KOTOpOH B (HKCaLMH yepe3
14 4 mocne o6nyueHus cHusmics B 8,3 paza. CyMMapHO 4HCIIO OCTANbHBIX abeppauuit (o6me-

HOB) 4epe3 14 u 16 4 66110 6:1M3KO0 K NaHHBIM 2-4yacoBoH (pukcaluu. OTMETHM, YTO Yepe3 2 4
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nocine OONydeHHs YHCIO H30JIOKYCHBIX Pa3phiBOB C COEAHMHEHHSMH B 4 pa3a MpEBHILIAJIO
yucno TpaHcnokauui. T.e. 61M30CTh KOHIOB MOBPEXICHHBIX XPOMAaTHA CIOCOOCTBOBaia
CITHSHUAM.

Ilpn oOmyuennu kuerok B noze 0,5 I'p U ¢ukcaumu depez 2 u HabGmomanu
HCKITIOYMTEIIFHO XPOMAaTHIHbIE H H30JIOKyCHbIE Pa3phIBbI 0€3 CIHMAHMN - (parMeHTaLHIoO.
OdeBHaHO, NpH OOTy4YeHHH KIETOK B Majod Jno3e B ¢ase G2 He BKIIOYAETCA MPOLECC
CIUAHAA (parMeHTOB JaXe NPH H30JIOKyCHBIX pa3pblBaXx M He HAeT penapauus. Ilpu

o6my4enuu 3 I'p 3TH npomecch! 3amycKaroTes.

a 6 4 .
HeliTpons 30 pan nyuy Pentrena 300 pan 07 ramma-nyuu 400 pan
20 i 20 7 1 \ rane
_ abeppauuu | abeppaunn 20 -
10 10 0
] \/Qu 1
MBI
0 T T 7 1 yachl 0 — T 1 yacer O LE— 1 yachbl
0 10 20 0 10 20 0 10 20

Puc. 5

OparMeHTanMs BHOCHT OObIMHO HauOosee BapuabenbHBI BKjam B obliee 4YHCIIO
abeppauuii, 4T0 0COGEHHO APKO NMPOSABIAETCH B ABIEHHH MacCOBO# (pparMEeHTaLMH XPOMOCOM
B npucyTcTBHM MHrH6uTOpoB cHHTe3a JIHK [3]. V kioHOB KiieTok KymbTyphl ¢ AedekTamu
penapanvyu (IHrMeHTHas KCepoAepMa M [p.) YBeJHUYeHHe uHcia abeppauuii Takxke MIET 3a
cuer ¢parmentaunu [13, 14]). HampotuB, npH O61aronmpuATHBIX YCNOBHSX IS
BOCCTAHOBJIEHHS YPOBEHb ()parMEHTAllMH CHMXKAETCS, HHOrAa Aaxe MpHOIMKaACh K HYJIIO
[1,3]. OueBnaHO, KJIETKa MOXET JHMKBHAMPOBaTb BCE MpPEAMYTALMOHHBIE MOBPEXACHHS,
npuBoAAImKe K ¢pparMeHTalMH, N0 KpaiHeld Mepe npH AeHCTBHH ny4el PentreHa u ramma-
JTy4yen.

Hamu u3yueHsl Ty4d ¢ pa3IMYHON MUIOTHOCTHIO HOHH3ALMH C LIEJIBIO BBIACHEHHS BIHSHHSA
XapaxkTepa MNOBpPEXIEHHH Ha pas3iHyHble HapylleHHs XpoMocoM. Beuiu momoGpaHs! m03bl

HeiTpoHOB (6,0 MaB), nyyeit Pentrena 1 raMma-nydeii, paBHO 3(EKTHBHbIE B OTHOLUCHHH
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ypoBHs abeppauuii XxpoMocoM (puc. 5). HeliTpoHBI IIpH 3TOM HHIyIHPOBAJIH OYEHH Malo
ranoe (otMeTHM, 4to 20% n03Bl Ipu OGIYYeHHMH HEHTPOHaMM JaBIO COIYTCTBYIOIIEE
ramMma-o6inyyerue). Ilo cpaBHeHMIO ¢ ramMma-TydaMd H HEWTpPoHaMH, Jy4d PeHtreHa
3aHMMaJIH CpefiHee MoJIokeHHe. Bo Bcex BapHaHTax ONMBITOB YHCIO IIMOB PE3KO Majaio Co
BpEMEHEM, yKa3bIBas Ha YCIEITHOCTh BOCCTAaHOBJIEHHS ITOBPEXACHHI, KOTOphIE ONpENE/SUIH

TNOABJICHHE I'3IIOB.

Takum 06p330M, OIIHCaHbl MOBPEXIACHHUA paznnlmoﬁ CTCIICHH TAXECTH, CKOPOCTH

peanu3alH H 0COOEHHOCTEH BOCCTAHOBJICHHS.
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IMPOCTPAHCTBEHHASI JTMHAMHKA XPOMOCOM B SIIPAX KJIETOK
3YKAPHOT, TOTOBHOCTD K PEITAPAIIUH JIBOMHBIX PA3PHIBOB JIHK
N MYTAIIMOHHBIN ITPOIIECC

JM. Crumxoscxuii', H.B. Kysemuna', H.H. Beiixo', A.B. Epmaxoe’, @.H. Huzenv’,
A.C. Maxapenxos', H.H. ITocnexosa’, A.I" Canumos’, T.A. Tanvizuna’, A.B. Kapnyxun'
'"Menuxo-resernyeckuit Hay4HbIi neHTp PAMH, Mocksa
?Hay4HO-HCC/IEI0BATENbCKHA HHCTHTYT SKOJIOTHH Y€/0BEKa M THI HEeHBI OKpYy’Karoei cpebl
uM. A.H. Cricuna PAMH, Mocksa

dynnamenrtanbasle  paboret  H.B.  TumodeeBa-PecoBckoro  Mornum  ObiTh
OCYIIECTBJIEHB], TNOCKOJNbKY B HHX OH BBICTyHmaJl KaK €CTECTBOHCIBITATENb, IyOOKO
NOHMUMAIOIMA INpoGneMbl Te€HETHKH, paXxHoOHONOruH, OHOGHU3HUKH, 3BONIOLHUOHHOIO
npouecca. Tombko TakoH HMHPOKHH noaxox Mor ObITh 3(QEeKTHBHBIM, KaK IOKa3bIBAIOT
tpyn H.B. TumodeeBa-PecoBckoro, mnmsi BCKpHITHS HOBBIX, HHTHMMHBIX GHOJOrHYECKHX

3akoHoMepHocTed. OH Mor, BbIpaXkasich cTpokamu Y. brefika,

B ogHOM MrHOBeHbE BHIETH BEUYHOCTh, B ropctu nemna — 6€CKOHEYHOCTh
OrpoMHBIii MHP B 3€pHE IIeCKa. U Heb6o B yanleuke 1BETKa.

Toneko mpH TakoM BHICHHHM (YHIAMEHTAIBHBIX OHOJOrHYecKHX mpobiem, mo-
BHIMMOMY, BO3MOXHBI YCIIEXH B HX pelleHHH. B HacTosieM cooOLIEHHH UMEHHO C TaKuX
MO3HULIHIA, B CHIIy HAlIMX BO3MOXXHOCTEH, MBI MOMBITAIHCH NPOAHATH3HPOBATh HEKOTOPbIE
acrmeKTsl Npo6iieMbl BO3MOXHOM CBA3M MYTALMOHHOTrO TMpolecca B KJIETKaX 3YKapHoT,
HHIYyIMPOBAHHOIO MAIbIMH [O3aMH HOHM3HPYIOLIEH paaualiH, U MO3HLHOHHOH IHHAMHKH
XPOMOCOM B SIPAX 3THX KJIETOK.

IMpo6nema, kacaromiasicss BBEICHEHHS MEXaHH3MOB, 00YC/IOBIHBAIOILHX FeHETHYeCKUe
3¢ deKTsl ManbiX 003 HOHM3HPYIOIMX H3JYYEeHHMiH, Noka He pelleHa. BeposTHo, Takas
CHTyallus CBSi3aHa C pAAOM BompocoB. Jlaxe 6e3 yyeTa YMCTO MESTOOMYECKHMX TPYAHOCTEH.
00yCIIOBNIEHHBIX HEOOXOAMMOCTBIO aHanu3a 3¢ dexTOB B JOCTATOYHO OOMBLIMX BBIOOpKAX.

BEPOATHO, OCHOBHOH BOIIPOC BCE€ XK€ CBfA3aH C HEJOCTAaTOYHOM SICHOCTBIO MEXaHHU3MOB

* YacTHuHO MaTepHaibl 3TOTO IOK/aAa omy61MkoBaHbl B XypHaie "PanuaunoHHas 6uonorus. Panunoskonorus”
(2000. T.40. C. 554-566).
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HHOyKUUH NepBHYHBIX noBpexaenui JJHK. He TpeGyet nonoiHATENBHBIX JOKA3aTENBCTB TO,
yro OpH OONBINMX 103aX HOHH3MPYIOLIMX H3IYyYeHHH OCHOBHAs 4YacThb IEPBHYHBIX
nospexzaeHuii JTHK Bo3HMKaeT B pe3ynbTaTe NpsMOro BO3IEHCTBHS COOTBETCTBYIOIIHX
9JacTHI{ WM HHHIMHPOBAaHHBIX HMH [IPOOYKTOB MPOTEONN3a Ha NepBHYHYIO cTpykTypy JJHK.
HasoseMm nospexxaenus JIHK takoro Tuna "npsamemMu”. OiHako npH BO3AEHCTBHH MAJIBIX 103
pamManuy OTBET HE CTONb OYEBHMAEH. B 3TOM cilyyae BO3HHMKaeT IuieMMa: SBIAIOTCS JIH
nospexaerns JTHK "npsMpmMu" i ke npeoGnagaronnee konudectBo nospexaennit JHK
SBIIAETCS CNIECTBHEM OMNpEIEICHHBIX MPOLECCOB, O0YCIOBIEHHBIX OTBETHBIMH pPEaKLHSAMH
KJIETOK Ha 3T Bo3AeHcTBMA. Eciu Takue OTBETHbIE peaKUMH KJIETOK B KOHEYHOM HTOre
HaIpaBJICHbI Ha MOBBIIIEHHE BEDKMBAEMOCTH MOMYJIALKH MOCIEHHX (TO JIH MyTeM HHIAYKLHH
B HHX IPOLIECCOB, CHIDKAIOIIMX KOJNHYECTBO TEHETHYECKHUX IOBPEXIECHHH (aJanTHBHbIH
OTBET), TO JK IyTeM TrHbeId 4YacTH KIETOK C TNOTEHUHAIbHO ONMacHBIMH B HHX
NOBPEXACHUAMH WK 3aBEPIIMBUIMX CBOIO GYHKIHMIO KJIETOK (amonTo3), TO JH NyTeM
yBEJIHYEHHsS [EHETHYECKOro pasHooOpa3us KJIETOK ¢ HocienyooumuMm oTbopoM Haubonee
NpUCIIOCOOIEHHBIX BapHAHTOB U Jp.), TO H3MEHEHHUS B HHOPMAMOHHON HIH CTPYKTYpHOMH
HenpepeiBHocTH JIHK MOXHO paccmaTpuBaTh Kak amanTHBHBIE. Tak, Hampumep, ObUIO
TI0Ka3aHo, YTO CTPECC MOXXET IPUBOAUTDH K YBEJIMYEHHIO 4acTOTHl abeppauuii xpomocoM [1-
4], xomuuecTBo Hapyuennii B ctpyktype JJHK 3amerHo yBenuymBaercs npH (puU3H4ecKoH
narpyske [S]. Hemp3s HMCKIIOUMTB, Kak MBI ToOJlaracM, 4to "MyTallMOHHBIE" H3MEHEHHS B
munucateunTHeIX JTHK, MHAyHHpoBaHHbIE MaIbIMU 03aMH paguauuu [6, 7], oTHOCATCS K
cOOBITHAM 3TOM e KaTeropuu. B 3Toil cBA3UM TpeOyeT CHeNHeIbHOro OOCYXAEHHS H
npo6eMa MOTepH reTepo3uroTHOCTH. CrelnyeT OTMETHTh Takke H paGoTy [8], B koTOpoH
aBTOpBl PacCMaTpPHBAIOT XPOMOCOMHble abeppallid B COMATHYECKMX KJIETKaX Kak
aJanTHBHYIO HOPMYy peaKUMH OpraHM3Ma Ha BHEUIHHME Bo3lcicTBHA. EcTecTBeHHO, 3Ta
npo6iema TpeOyeT NajbHeRIIero AeTalbHOro aHammsa. Cnemyer OTMETHTB, YTO MHOTHE
TEHETUKH JaBHO NBITAIHCH PaCCMAaTPHBAaTh MyTareHe3, BO BCAKOM CITyYae INPH €ro MHAYKIHH
MaJbIMM BO3JCHCTBHMSAMH, KaK ¢u3HoNOruyeckyto mnpobGnemy. Takad TOoYka 3peHus,
oTpaXcarouias oJHy U3 KOHLENUMii MyTareHesa [9], no-sunumomy, BepBbie cHopMyIHpoBaHa
B pabote [10]. ABTop oTMevaer: "MBbI OKa3biBaeMCs MPHHYXICHHBIMH, TakuM 0oGpasoM,
3aK/IIOYMHTD, YTO TNIABHBIA (BeAylInii) GakTop MyTallMOHHOIO MPOLECCa HAZI0 MCKATh HE BHE, a
BHYTpPH XHBOH KieTKH. BHEIHHA (aKTOp HE HEMOCPENCTBEHHO BIMSAET Ha HACNCACTBEHHOE

BELLECTBO, a JIMIIb OTMEHAET X0 T€X )€ CaMbIX BHYTPHUKJICTOYHBIX MPOLIECCOB, B PE3YJIbTATE
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KOTOPHIX TOJIy4aeTCs MyTalus ¥ 6e3 BO3AEHCTBHSA TaKHX HCKITIOYAIOIIMX (aKTOPOB, KOTOPBIE
NPUMEHSIOTCA B 3KCIepHMeHTe". Biu3kylo kK 3Toif TOYKY 3peHHs pasfeisuld W Ipyrue
uccnenoBarend [11-13]. Cromcox pa6oT, B KOTOphIX OOpalleHO BHHMaHHE Ha pOJb
BHYTPHKJICTOYHBIX NMPOLIECCOB, CIOCOOHBIX B OTBET Ha Mayble BO3AEHCTBUS MHHUIIUMPOBATH
MYTallHOHHBIE NPOLECCHl B '€HOME, MOXHO YBEIHYHTh, ONHAKO 3TO HE BXOAHT B 3aJady
IaHHOH cTaThd. YacTH4HO Takue mpouecchl paccMoTpeHbl B [14]. Mbl XoTenH TONBKO
aKIEHTUPOBAaTh 3TOT BONPOC B CBA3H C MEXaHM3MaMH JEHCTBHA MaIBIX 03 HOHH3HPYIOLUIUX
H3TydEeHHH Ha KIETKH 3yKapHOT.

B camoM gene, ecnu NpHHATH, YTO AWANMa30H MaJbIX 103 OrpaHHYEH 1030, MpH
KOTOpO# yepe3 SIpO KIETKH NPOXOAMT B CPEIHEM OIMH TPEK COOTBETCTBYIOLIEH YaCTHIBI
[14], To B 3TOM CiTyyae B siape (d=6 MKM) BeLIeNnseMast SJHeprus AOCTATOUYHA (C yyeToM 34 3B,
HEOOXOAUMBIX IJI OJHOHM HOHM3alMHU) i npuMepHO 50 ¥ 240 MOHHU3ALMOHHBIX COOBITHHA
NpH BO3JEHCTBHH COOTBETCTBEHHO Y-H3Ty4eHHS 89Co (JIMD ~ 0,41 xaB/mMKmM) 1 160 kB -
penrreHoBckoro u3mydenus (JIIID ~ 2 kaB/mMxM). [{na nanbHEHIIEro U3NOKEHHs yYTeM, YTo
50 m 240 wWoHHM3auMii B sApe YKa3aHHOTO JWaMeTpa INPUMEPHO OTOXAECTBISIOT
COOTBETCTBEHHO 103bI Y- M X-u3mydeHus, paBHele 0,0025 u 0,0125 I'p. Cnenyer, onnako,
3aMETUTh, YTO INPHBEJCHHBIE 3HAYEHHSA YKa3blBalOT B OojblIeil CTENeHH Ha MNOPANOK
BEJIMYMH, TIOCKOJIBKY HX pacyeThl NPOBEJEHBI C UCMOIb30BaHHEM NapaMeTpoB, abCOMIOTHbIE
3HaYeHHsI KOTOPEIX HE MOJHOCTHIO OJHO3HAYHbI (pa3Mepbl YyBCTBHUTENbHON CTPYKTYpBI HIIH
4yBCTBHTENbHOM 00nacty, JIIID, cTpykTypa Tpeka u T.1.). OHAKO Aaxe ¢ y4eToM yKa3aHHOMH
HEONEAEIEHHOCTH MOXKHO a Priori CY4MTaTh, YTO, HAPUMeEp, NPH NMPOXOJe ORHOrO y-KBaHTA
ot ®Co yepes sanpo KIeTKH THAMETPOM 6-8 MKM BBLIENAEMAs JHEPIHs B 3TOH CTPYKTYpe Mo
no3e He nomkHa npessimath 0,01 I'p. MBI co3HaTenbHO akLeHTHPYEM BEPXHHUi npenen 1035l
onuoro co6eItus (Doc), A TOro 4T06BI COMOCTABHTh KOJIMYECTBO BO3HMKAIOLIMX MPH 3TOH
no3e nospexaenuii n JIHK-penapanuoHHbIe BO3MOXHOCTH KJIETOK.

WMenHO Onaromaps penapaliOHHbBIM BO3MOXXHOCTSM I€HOM 3YKapHOT MpecTaBiseT
co0Oi CHCTEMy C BBICOKOH CTENEHBIO HaJe)XHOCTH, MEpOH KOTOPOH IO OTHOLIEHHIO K
NOBPEXIECHHSM, BBHI3BIBAEMBIM KaKHM-THOO areHTOM, MOXET CIY>XMTb BelIHYMHA, oOpaTHas
YacTOTe BO3HUKHOBEHHS 3JIEMEHTAPHBIX THCKPETHBIX F€eHETHYECKHX MOBPEXIEHHH Ha FeHOM
Ha eIMHMIY I03bl 3TOro areHTa [15]. B mepBylo ouepens reHeTHYeCKHe CHCTEMBI KJIETKH
IOJDKHBI penapHpoBaTh MHOXXECTBO MOCTOSHHO BO3HHMKAIOLUMX CIIOHTAHHO MOBPEXAEHHI

JHK. Yacte u3 Hux oOycioBjiieHa TEMJIOBBIMH ILIyMaMH. bonbluas e 4acTh sBIseTCH
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cnencreueM arakd JIHK pamukamamu, obpasyiommmucs B mpomeccaXx HOPMalbHOM
KU3HENEATEIBHOCTH KJIETOK H YCKOJB3HYBIIMMH OT CHCTEMBl IETOKCHKAllMH. beuto
paccuutaHo [16], 4YTO 3a CYET OKHCIHTENHPHOr0 MeTabojM3Ma B OIOHOH KIETKE
MIEKOTIMTAIONMX B Te4YeHHE NHA NpOAyUMpyercs mnpumepHo 10° pammkanoB. Omu
NPUHHMAIOT y4JacTHeE B ~ 10° Momuduxammsx JJHK B KiIeTKe 3a TOT xe nepuon [17]. Tonsko
0,1 nospexnenus JJHK Ha xnerky ¢ukcupyercs [17]. YMepeHHOe BO3IeHCTBHE BHEIIHHX
(aKTOpOB HE3HAUMTENBHO YBENNYHBAET 9TH U pEL. B xadecTBe wiumocTpanuy B Tabn. 1 [18]
TPeACTaB/NEHb] CBOJHBIE JaHHBIE O YHCIIE CIOHTAaHHbIX NoBpexaenui [IHK B «ycpeaneHHon»

KJI€TKE MJICKOIMHTAIOIIHX.

Ta6muua 1. IToBpexxnenus JHK B knetkax MiexonuTaomux [18]

CroHTaHHBIE MTOBPEXICHHS
XapakTep MOBpeXACHUSA Nospexncans
JAHK nal c['p
3alc 3alwMmuH | 3acyrkn | 3aron
OnuHOYHbIE pa3phbIBbI 1ns a7
(OP) 1,4 84 3-10 4,4-10 10
JIByHUTEBBIE Pa3phIBbI 0.4
(AP) ’
JlenypuHU3ALHS W/UITH 0,9:10° | 1,9-10
NoTeps OCHOBAHUH 0.8 48 0,75-105 ~1,1-107 9.5
Obee uncno 2,2 132 | 46510° | ~7107 20
NOBpEeXAEHHUH

Crnenyer, KOHEYHO, T00aBHUTh, YTO KPOME YKa3aHHBIX CYIIECTBYET 3HAYHMTENbHO MEHblee
xonuuyectso nospexaeHuit JJHK, xoTopble Henmb3s Ha3BaTh COOCTBEHHO NOBPEXIECHUAMH,
MOCKONBKY OHH SBJAIOTCH HEOOXOAUMOW KOMIIOHEHTOH €CTECTBEHHBIX OHOIOTHYECKHX
npoueccos (paspuiesl JIHK npu nuddeperunponke kinerok, V(D)J-npeobpasoBanusx
MMMYHOIJIOOYTMHOBBIX TeHOB M T.O.). Kak ciemyer u3 Tabm.l, B xieTkax exeMHHYTHO

CIIOHTaHHO Bo3HHKaeT Gonpwoe konuyecTBo mospexcaeHu#t THK (oxono 130), kotopeie B
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OCHOBHOM penapHpyloT. JlomomHHTENbHBIE K CIIOHTaHHBIM IOBPEXAEHHUAM, BHOCHMEIE
JOPYTHMH arcHTaMH, HallpuMep peAKOMOHM3upyromel pamuauuei B nozax 1 u 10 cl'p (B
MHHYTY), TakXe JO/DKHBI OBITh yCIeImHO penapupoBaHbl. IIpH 3TOM HMeeTcs B BHAY, YTO
nospexaenus JTHK, uaaynupyemeie Kak NpsMbIM, TaK 1 KOCBEHHBIM (IPOAYKTHI PaaHOIH3a )
JNEeHCTBHEM H3ITy4CHMH, HMCIOT Ty )K€ NPHPOXY, YTO H CIOHTaHHBIE NOBPEXIEHHUS, XOTH
BO3MO)XXHBI H3MEHEHH paclpefieSIeHHil pa3HBIX THIIOB MOBPEXAEHUM B 3THX ciydasx [18].

Takum o6pazoM, ocHoBHas dyacth mospexaeHHit JIHK, kak CIOHTaHHBIX, Tak M
HHIYIHUPYEMBIX  OTHOCHTENPHO  HEOONBIIMMH  KOHLEHTpaUUAMH  WIH  [03aMH
reHOTOKCHYECKHX areHTOB, JOJDKHA pernapHpoBaTh B KieTke 6naromaps 60nblIOiH eMKOCTH
penapalMOHHBIX CHCTeM. Penapanms Bcex yKa3aHHBIX THIIOB CIIOHTaHHBIX MOBpEXIEHHU
JHK uMmeet oxHo oOmiee cBoicTBO. OHM B OCHOBHOM BO3HHMKAIOT KakK JIOKAJILHEIE B OIHOM 3
meyx neneit JIHK. Torma antunapannensHas uens JHK sBnsercs Marpuueidt s
BOCCTaHOBJIEHHA (H3HYeckoii M HHPOPMALMOHHONW HENPEPHIBHOCTH MOBPEXIEHHON LM,
T.€. penapaiuu NOBPEXIACHHH.

CoBeplIEHHO HHas CHUTyallds CKIaIbIBaeTcs B CiIy4yae NBYHHUTEBbIX pa3pbiBoB JJHK
(IP). [IBoiiHO# pa3prlB NpPUBOAMT K moTepe (u3HyeckoH ¥  HHGPOPMALMOHHOM
HempepbIBHOCTH cpa3dy aByx ueneil JTHK. B 3ToM ciyuae oTCyTCTBYeT aHTHNapalefbHas
nens JIHK, KoTOpas Morna OBl ABHTHCA MaTpHleid, HEOOXOOMMON IS BOCCO3JaHHs
HCXOJHOM HHPOPMALMOHHOK MaKPOMOJIEKYJIBI.

B HacTosimiee BpeMs M3BECTHBI JBa OCHOBHBIX IIyTH penapaliy OBOHHBIX pa3phbiBOB
JHK. Mexanu3m nepBoro u3 Hux — NHEJ (non homologous end joing), cBs3aH co
crabwinsanueit pasopBaHHbIX KoHIOB JIHK Ku-GenkamMu u nocnemyrommm oGpa3oBaHHEM
KoMIiekca atoi cTpykTyphl ¢ JJHK-3aBucuMo#t nporenHkunasoi. Obpasyromuecs npu He
MOJIHOCTBIO CHMMETPHYHOM pa3pseiBe nunkue koHus! JIHK Moryt umers Mukporomonoruio
(eqvHHIBI TAp OCHOBAHHWI), YTO HCHOJb3YyeTCs B Mpoliecce penapauud. M3BecTHble K
HacToslleMy BpeMeHHM dtanbl penapauud no tuny NHEJ onucansl B psge pabor [19].
CymecTtBeHHO, 4To npu peanusauuu crparerid NHEJ He npoucxoaut nBuxeHus
paszopBanHbIX koHLoB JIHK B mpoctpaHcTBe simpa kineTkd. B atom cnydae koopauHatsr JIP
(QMKCHPOBaHBI, a KOMIUIEKCHl OGenKoB, HEOOXOAMMBIX WIS penapaldH, BEpOSTHEE BCEro,
murpupyior k Mecty JP [20]. Cnexyer, oaHako, OTMETHTb, YTO IIPH penapaliH MO 3TOMY
MEXaHH3MY BO3MOXXHO BO3HHKHOBCHME psAfia HapylleHHH B mepBHuYHO# cTpykType JHK

(meneuwmii 1 ap.) [21].
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Bropo#i mMexanusM penaparuu 1P JTHK peanusyercs ¢ mOMOMIBIO FOMOJIOTHYHOMR
pexoMbunanmu [19,22,23]. Vaeneshble Beca o6oux myteit penapaumu [P THK 3aBucsar ot
psfa yCJIOBHi, B TOM YHCJIE€ OT CTaIHH KJIETOYHOIO IHKJa. PeKoMOMHALMOHHbIE MPOIECCH
MOTYT, NO-BHAHMOMY, PEaJIN30BaThCAd KaK MEXIY FOMOJIOTHYHBIMH IIOCIIEOBATEIBHOCTAMH
OIHOM XPOMOCOMBI, TaK H MEXHy COOTBETCTBYIOIIMMH IIOCJIE€ZOBATENbHOCTAMU
TOMOJIOTHYHBEIX XpoMocoM [23]. CymecTBeHHO, 4TO 00a ciryyas moapa3yMeBaroT COMMKEHHE
roMoJioruuHbix nocaenosatensHocted JTHK. B 1o ke BpeMs coriacHo psagy pabot, B TOM
YhCle Hallero KOJMJIEKTHBA, H3BECTHO, YTO XPOMOCOMBI 3aHHMAIOT OINpeleeHHOE,
(HKCHpOBaHHOE MOJIOKEHHE B NPOCTPAaHCTBE fAApa KIETKH, a HCCIENOBaHHbBIE JIOKYCHI
FOMOJIOTHYHBIX XPOMOCOM 4acTO MPOCTPAHCTBEHHO pa3zobuieHwl [24-28]. Tak, Hampumep,
paccTOsHHE OT LEHTpa sApa H YIJIBI MEXAY LEHTPOMEDHBIMH JIOKYCaMH TOMOJIOTHYHBIX
XpPOMOCOM B pa3’HBbIX KJI€TKaX OTJIHYAIOTCHA IPYT OT JpYyra, XOTS HUMEIOTCS ONpeneeHHbIE
npuopuTeTHl B MX pacnpenencHusx [24-28]. Takum obpasom, penmapauus P c y4actuem
peKOMOMHALIMOHHBIX ~ MEXaHHW3MOB  HoApasymeBaeT  cOmikeHHe  (IOOBMXKHOCTB)
COOTBETCTBYIOLIMX JIOKYCOB XPOMOCOM B sigpe KieTkH. OIHAKO JaHHBIE O MOJIOKEHHH
onpeaeNeHHbIX XPOMOCOM B AZIpe YKa3bIBAIOT Ha CTATHYHOCTD 1;1x KOOpIHHAT.

[MosToMy KpaTko OCTaHOBHMCS Ha HMeIOLIEHCs B JNHTepaType HHOOpPMALUH O
JMHAMHYECKHX XapaKTepPUCTHKax sapa kieTku. HekoToprle NaHHBIE M BO33pPEHHUSA IO ITOM
npobneme paccmotpeHbl B [24,29,30]. B yactHocTH, B paborte [29] mpoaHanu3upoBaHO
HCCIIEIOBAHHE, B KOTOPOM [0Ka3aHa BO3MOXXHOCTH JBHXKEHHS IBYX AApBILIEK B OQHOM SpE.
B HOpMe 3TO JBH)KEHHE TPOUCXOAUT CHHXPOHHO, a IIPH BO3EHCTBHA HEKOTOPBIX (JaKTOPOB —
aCHHXPOHHO. J[aHHbIE O NepeMeIleHHH AAPBIIIKA B SApe H, B YACTHOCTH, €r0 MePHOINYECKOM
npubmKeHUd K sOepHoi obomouke netanbHO mnpoaHatusupoBaHsl B [31]. IMockonbky
ANPHILIKO TpeACTaBaseT coboit accouuaT SAPHIIKOOOpa3yIOUMX PpaHOHOB HECKOJBKHX
XpPOMOCOM, MOXHO MoJlaraTh, 4TO ABHXKEHHE, [0 KpaiHeH Mepe, 3THX JIOKYCOB XpOMOCOM
OCYyLIECTBIISETCS KoonepaTuBHO. B pabote [32] moka3aHo, 4To B HHTEp®A3HBIX sapax KJIETOK
HeLa ueHTpOMepHBIE JIOKYChI .CIIOCOOHBI K IEPEMEIUEHUIO CO CKOpOCThIO 7-10 MKM/4.
OnHako B JaHHBIH MOMEHT BPEMEHH TaKoe MEpEMELICHHE XapaKTepHO M YKa3aHHBIX
JIOKyCOB He Bcex XpomocoM. B pabGore [33] nHa npumepe 7 M 21 XpoMOCOM KOXHBIX
¢u6po6racToB YenoBeka U SHAOTENHATBHBIX KJIETOK MOKa3aHO, YTO mocie y-obmyyeHus 1 u
4Tp (6°Co) NPOUCXOOUT [0303aBHCHUMOE CONMXEHHE TOMOJOrOB COOTBETCTBYIOIIMX

XpOMOCOM. inl 3TOM OHO CTaHOBHUTCH Oosee CYUIECTBEHHBIM IIDH YBCJIHYCHHH BPEMCHH
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NOCTPaMalMOHHON HMHKyOamuu Kietok ot 1 mo 4 uwacoB. U, Hakowew, ussectHo [34], uto
COOTBETCTBYIOIME Oe€nKOBbIE KOMIUIEKCH, HeoOXxomuMmele s pemnvkanun JIHK,
KOMIIapTMEHTAIM30BaHbl B snepHoM Marpukce. [lostomy axt pemmkanun JIHK
nmoJipasyMeBacT ABMIXKEHHE IOCJIEAHEH 4depe3 3TH KoMiuiekchl [34]. B stoM mnaHe Gbuio
nokasano [35], uro B muMdouuTax yenoseka B Gi-¢a3e KJIETOYHOrO LMK/IA LEHTPOMEPHEIE
JIOKYChl JIOKQJIM30BaHBl NPEHMYILIECTBEHHO BO3Jl€ sAlepHOH MeMOpaHbl. Ilpu 3TOM
TEJIOMEPHEIE MOCNEN0BATEILHOCTH JIOKaTH30BaHbl Ha paccTosHuM 0,6 — 0,7 HOPMHUPOBaHHOTO
panuyc-BekTopa sapa. Omnako mpu mepexome K S- M G-asaM KJIETOYHOro LHKJIA
IPOMCXOJHT NepeMeIleHHE IEHTPOMEPHEIX JIOKYCOB B HallPaBICHHH K TEJIOMEPHBIM.

TakuM o6pa3oM, Bonpoc 0 NPHHUUNUATEHONH BO3MOXXHOCTH NIEpeMELIEHUS OTAENbHbIX
JIOKYCOB XpPOMOCOM B IPOCTPAHCTBE fApa KJIETKH pEIleH MOJOXUTENbHO. BMecte ¢ TeM
MEXaHH3MBI 3TOro (heHOMeHa, 0COOEHHO CONMMMEHHS JIOKYCOB IOMOJIOTMYHBIX XPOMOCOM,
OCTAIOTCA HEACHBIMH. DTO MOATBEPNAAETCS AHAIU30M TMIOTE3 O TaKMX MeEXaHH3Max B
npouecce Meiio3a [36]. B muiuie Hamux pabor, 0600meHHbIx B [37], nmoka3zaHo, 4To I
¢uOpUIT XpOMaTHHa XapaKTEpPHO CBOMCTBO BBICOKO3NaCTHYHOCTH, T.e. obpasyoliue
(HOpHILTY MOJIEKYJIBI 06/1alaloT HOCTaTOYHOM KOHPOpPMaLHOHHON MOABHKHOCTBIO, a Majloe
YHCJIO MEXMOJIEKYJIIPHBIX MOCTHKOB B MAKPOCKOIIMYECKOH CTPYKTYpe He NPEensTCTBYET ITOH
noaBwXHOCTH. [Ipi 3TOM Takyl0 BBICOKO3aCTHYECKYIO Ae(opMalMi0O MOrYT BBI3BATh
KOHBEKLHOHHBIE TOTOKH JXHIKOCTH [38], cpaBHMMBIE IO CHJIE C TOKAaMH LMTOIMNA3MBI.
IMocnenumit mpomecc, Kak HM3BECTHO, MNONYy4YMa Ha3zBaHue uuknosza [39]. Ilpu
BBICOKO3JIaCTHYECKOH Ae(opMalMi JO/DKEH PpEean30BaThCsA TEHHO-XHMMHYECKMH TNMpPHHLHKI
[40]. Ero cyth 3akmouaeTcs B TOM, YTO NpH Takoi nedopmauMu no psany npuuux [40]
JOJDKHBI M3MEHATBHCA KaK CBOHCTBAa (HOpHIUIBI XpOMaTHHA, TaK W MapaMeTpbl Cpelbl, B
KOTOpO#l oOHa Haxomurtcs. JIpyrMMHM CJIOBaMH, CO3ZAIOTCA YCJIOBHS 1S HM3MEHEHHs
3KCIIPECCHH T'eHOB, npeacTanieHHbIX B JJHK ¢pubpunibl.

CpoiiCTBa BBICOKOJJIACTHYHOCTH XpPOMaTHHa JIe)XaT B OCHOBE COBPEMEHHBIX
¢$u3HYECKHX MOJeNe opraHu3alii HHTepdasHbIX XxpoMocoM. Kak cripaBennnBo oTmeyeHo B
[41], o6bsicHeHHEe MAHHBIX MO BHYTPH- H MEXXPOMOCOMHbIM OOMEHaM C HEOOXOAMMOCTBIO
TpeOyeT 3HaHUA KpyNMHOMacTabHOH reOMETPHH XPOMOCOM B SIIIpE.

DKCHepUMEHTAIBHbIE JaHHblE MO aHanM3y paccrosHuit Mexay JHK-3onmamu Ha
XpoMocoMe B HHTep}a3HOM AApe NMO3BOJIMIM 00OCHOBATh MpENCTaBIEHHE 00 MHTEpdasHOMH

XpOMOCOME Kak O rayccoBo# nonumepHoii nenu [42]. 3atem 6bina npennoxexa Moaens [43],
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B KOTODOH XpOMOCOMa MpeACTaBleHa B BuAe OoNbIIMX HeTenh Ha TIMOKOM
(BBIcoKo3macTHYHOM) ocToBe. Ha Gonmpmmx paccrosuusx (6onee 107 map ocHoBanHii) ITa
MoJenb TaKXe BeleT cebs Kak rayccoBa uemb. B pabGote [44] mpencTaBnena monumepHas
Mozenb xpoMocoMbl B Gj-(ase KJIETOYHOro IMKIA, NMpeACTABIAOIAs COOOH eIUHHYHYIO
rubkyro uens kinactepa nerenb (Muuewn). M, HakoHen, Obuia chopMynHpoBaHa MOJIENb
unTepdasHoit XpoMocoMbl [41], KoTopas pacumiMpsieTr NpeacTasiieHHs 00 OpraHM3aluH
noc/eiHeil Kak raycCOBOM IOJHMMEPHOM KiyOke. B KOHTekcTe 3TO#H CTaTbH MBI XOTENH OBl
0c060 MOIYEPKHYTh, YTO BCE NEPEYHUCICHHBIE MOMIENH ITOpa3yMeBalOT BEICOKO3JIaCTHYHOCTD
XpOMOCOM, T.€. CIOCOOHOCTH HX OTHEJBHBIX JIOKYCOB OOpaTHMO M3MEHSATh CBOE
MECTOIOJIOXKEHHE B NIPOCTPAHCTBE AApa KIETKH.

Takum oOpa3oM, MOXHO monarathb, 4To HeoOxomuMele mins penapamuu JIP JIHK
cOmKeHHe U, B KOHEYHOM MTOre, KOHTAKT MEXIY COOTBETCTBYIOIUMMH TOMOJIOTHYHBIMH
nocnenoBarensHocTaMd JIHK npuHmunuaneHo Moryt GOBITH peanu3oBaHbl Grarozaps
BO3MOXHOCTH K MEPEMEIIEHHIO B IPOCTPAHCTBE AApa OTHENbHBIX JIOKYCOB XPOMOCOM.
[Mpoucxopat nu Takue coberrus npu penapauuu AP IHK B nefictButensHocTH? Pemenue
3TO# MpoGNIeMB! JOCTaTOYHO 3aTPYAHEHO, MOCKONIBKY Oaxe NpH penapanuu OP npoucxomut
NOKaIbHAs peopraHu3auds (IeKOHIEHCALMs) XpPOMaTHHA, OOYCJIOBIEHHass, B YacTHOCTH,
nonu-AJ[P-pubo3unupoBanueM [45). Dta peakius MOXET MacKHpOBaTh HJIM MMHTHpPOBaTh
JIOKaJIbHOE H3MEHEHHe KOOpOWHAT YYacTKOB XpoMmaTuHa B sape. Ilostomy, kak Ham
NpeNCTaBIsAeTCS, NPUHUHMHAIBHBIM SABJIAETCH BBHIOOP CHCTEMBI, KOTOpas OJHO3HAYHO
ynosieTBopsasiia Obl cledylomuM TpeOoBaHHAM: B HeH JOIDKHAa OBITH CTHMYJIHpPOBaHa
rOTOBHOCTH K penapauuu, B ToM yucie JIP JTHK (1.e. nepemeruenue 10KkycoB XpoMOCOM IS
TNOC/IEAYIOIMHMX PEKOMOHHAMOHHBIX COOBITHH), OTHAKO MOKHBI OTCYTCTBOBATh HMIIH OBITH B
He3HaynTenbHoM Konuyectse JIP JTHK.

DTHM TpeGOBaHMAM, KaK MBI 10JlaraeM, OTBEYaeT peakius aqanTuBHoro oteera (AO)
knetok. Ee cyTh 3akimovaeTcs B MHIYKUMM MaibiMH  (aqanTHPYIOIUMMH) J03aMH
F€HOTOKCHUYECKHX HJIM APYrHX BO3NEHCTBHH B KJIETKAX PE3UCTEHTHOCTH K IOCIEAYIOLIUM
GonpumAM (TMOBpEXIAOIKM) n03aM 3THX (aktopoB. B peaxuum AO Ha 50-60% [46]
CHMXKAETCS KOJIMYECTBO TFE€HHBIX, XPOMOCOMHBIX MYTallMii M COOTBETCTBEHHO IOBBILIAETCA
BbDKMBaeMOCTh KieToK. Takum o6GpasoM, AO sBiseTcs 3BOJIOLHOHHO 3aKPETUIEHHBIM
cnocoboM aHTHMyTarene3a. Kak ussectHo, peakius AO umeer nse cranuu. [lepsas cranus

AO (IICAO) — Bo3aeiicTBHe MalbIX 03 (aHanTHPYIOLIKMX), KOTOPHLIE, BEPOATHO, NMEPEBOIAT
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KJIETKY B COCTOSIHHE TOTOBHOCTH K Iocnexyromeil penapanuu nospexaenuit JHK, u Bropas
— penapanus Tex nospexacHui JIHK, xoTopble HHAYNHpYIOTCA Yepe3 HEKOTOpPOE BpeMs
nocjue BO3JEHCTBHSA afanTHpyoleH N030# noBpexaaromuMiu go3amd. Oco6eHHO BaxKHO, U
MBI XOTeNH GBI 3TO aKIEHTHPOBaTh, YT0 AQ pa3BHBaeTCs, ECIIH BO3AEHCTBHE OBPEXAAOLIEH
J036] MPOM3BOJMTCA HE paHee 4YeM dYepe3 4-6 4yacoB IOCiIE afanTHpyIOmed HO3Bl. ITO
yKa3bIBa€T, YTO B TEYEHHE 3TOr0 MEpHOAAa B KIETKAaX pa3sBHBaeTCA IENb PpeaKLHH,
HOArOTaBIHBAIOINMX MX K PE3UCTEHTHOCTH (perapauyu) NpH MOCIEIYIOLIeM BO3AEHCTBHU
noBpexpalomux mo3. Tak, HanmpuMep, OBLUIO I0Ka3aHO, YTO aJanTUPYIOI[HE [O3bI
HHOYLHMPYIOT B KJIETKax CHHTE3 HECKONbKHX mnentunoB [47,48]. Ilpu 3ToM mnpoucxomst
omnpenielicHHble NpeoOpa3oBaHUs CTPYKTYpsl sapa Kietkd [49,50]. CymecTBeHHO, YTO
aflanTHpyIomue K036 (MM KOHIIEHTPAIMH) areHTOB (HanpuMep, HOHU3UPYIOIEH pagualnu)
HHOymHpyioT AO K NOBpeXJAIOIMM [03aM COBEPIIEHHO HHOH MpHpOAbl (HampuMep,
aKWJIMPYIOIIMM coefnHeHHAM). [lockonbky ¢epMeHTBI, y4acTBYIOLIME B Ipoleccax
penapanun [JHK, cneunpuyHbsl MO OTHOIIEHHIO K THIY MOBPEXAEHHSA, T.e. BBIOOp 3THX
($epMEHTOB OCYILECTBISETCA NMPH BO3NEHCTBHH MOBPEXIAIOLIEH NO3bl, €CTh BCE OCHOBAHHS
yTBEpXKIaTh, YTO azanTtHpyiomas no3a B TeyeHHe [ICAO HHIyNMpYeT He caMM NpOLECCH
penapanui, a TOJNBKO COOBITHSA, HEOOXOAMMBbIE [UIA MX pealn3alud. Mbl mosnaraeM, 4to
Ba)XHBIM, €C/IH HE pELIAIOIIMM, B 3THX COOBITHSAX ABJAETCA NMpoOLECC CONMKEHHs JIOKYCOB
XpOMOCOM ISt nocnénylomero (ecnu mpou3oiineT Bo3AeHCTBHE MOBPEXIAOLIEH NO3bI) MO
PeKOMOHHAaLIMOHHOMY MEXaHW3My Ipollecca penapaluH. JTO Halle TNpeAnoJoXeHHe
OIpaBJAHO JAaHHEIMH M YTBEPXICHHAMH 0 ToM, 4To AO HanpasieH Ha penapauuio [P JIHK
[51,52]. B aToM KOHTeKCTEe MBI XOTeNH OBl aKLIEHTHPOBATH €llle OAHO NPHUHLUIHAIBHOE, Ha
Hall B3rAn, nonoxeHwe. OHO chopmynupoBano B [14] M 3akmoyaeTrcs B TOM, 4TO
3BOJIIOLIMOHHO BBIpabOTaHHEBIE, HHAYLMPOBaHHBIE (OHOBBHIMH 103aMH MEXAHM3MBbI OTBETHBIX
(ananTUBHBIX) peakuUuil KIETOK JOKHBI COXPAHATHCA BO BCEM JHaNa3oHE MaJbIX 103. JTO B
nonHoit Mepe oTHocuTcs U K peakuuu [ICAO. OnHako NOCKOJBKY B JHana3soHe MaJlbiX 103
NpH yBEJIHYEHHH MOCIEAHMX OT QOHOBBIX 3HAYEHHH 0 BEpXHEH IpaHULIBI 3TOrO AHANa3oHa
JI0303aBHCHUMOi BEJIMYHHOMN SABJSETCA YHCIIO KJIETOK, B KOTOPBIX PEalnH30BaHO B CpeIHEM
OJHO COOBITHE MOMANaHUA, a HE CPEeAHEE YHMCIIO MOBPEXICHUN B KaXIOH KJIETKE, peakuuio
AO, u3-3a 4YYBCTBHTEJIBHOCTH IPHMEHSEMBIX METONOB, PErHZTPUPYIOT MpH A03ax.
npuOIMKAIOIMXCA K BepXHeH IpaHHIE pacCMaTPUBAEMOro JHalla30Ha, NMOCKOJbKY B 3TOM

ciyyae peakuueit AO oTBeyaeT Goblee KOTHYECTBO KIETOK.
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Takum o6pasoM, copMmynHpoBanHas Bbile MHPOPMAIMA II03BOJISET BHIABHHYTH
THIOTE3y O TOM, 4TO ajanTupyromue Bo3feHcTBHsS Ha [ICAO cTHUMYNHpYIOT B KIETKax
coctosinie roroBHoctH K penapauuu I[P THK ¢ yyactneM MexaHH3MOB TOMOJIOTHYHOM
pekomOuHanuu. OOHMM H3 CYINECTBEHHBIX O3TallOB TAaKOM TOTOBHOCTH JOJDKHO ObITh
nepeMelieHHe  (CONMMXKEHHE) JIOKYCOB XPOMOCOM B POCTPAaHCTBE sApa  KIETKH.
Jloka3aTenbCTBY  CyLIECTBOBAHMS TaKMX IPOLECCOB IOCBSINEHBI HHXKECJEAYIOLIHE
3KCIIEpHUMEHTAJIbHbIE IaHHBIE.

O6BEKTOM HCCIEOBAHUSA SBISVINCH BBIAENEHHBIE B CHCTEMe (DHKOJLI-BeporpaduH
naMdoLUTHl epupepHuecKoii KpoBH 4enoBeka. B xayecTBe amanTHPYIOLIETO BO3AEHCTBHA
HCIOJb30BAIN PEHTTEHOBCKOE U3nydyeHue B quanas3one 3-50 cI'p. CornacHo [53] konuuectBo
OP (f) uMeeT cremyiomnyio 3aBHCHMOCTh 0T go3b:: f = 1,8:107"° I'p 'Ila™'. Cornacuo [54] Ha
kaxnple 25 OP B cpennem npuxoautcs 1 JIP. Toraa npu MHHUMANBEHO#M HUCIIOIB3YEMOM HaMU
no3e 3 cI'p B anepuoit JTHK numdonuta Bosnukaer B cpeaneM 20 OP u 0,7 JIP. Ilpu 10 c[p -
cooTBeTCTBEHHO npumMepHo 60 OP u 2 JIP.

[lpyu BO3mEHCTBHM aJaNTHPYIOIIUX H03 HOHHM3MDYIOIIEH pagualMH IPOHCXOIAT
CyllleCTBEHHblE M3MEHEHHs B OpraHusanuu sgep duMdonutoB. Ha puc. 1 mpeacraBnedst
naHHele [49], ykasblBalomIMe€ Ha M3MEHEHHs JAHaMeTpa sJep OSTHX KIETOK KakK IpH
PEHTTEHOBCKOM O0JyYeHHMH, TaK M 3a cyeT MHKoprnopupoBaHHoro B JIHK stux xierok 3H-
THMHJMHA, KOTOpBIA, kak H3BecTHO [55], Taioke mHayuupyer AO. BaxxHO OTMETHTbH, 4TO
H3MEHEHHE 3TOro MapaMeTpa MMeeT MaKCHMaIbHOE 3HayeHHe uyepe3 2-3 yaca mocne X-
o0ny4yeHHs M BO3BpallaeTcs K HOpMe K 5-6-My uacy mnocne obGmydyeHus. MMeHHO aToT
BPEMEHHOH HWHTEpBAI, KaK YKa3aHO paHee, Heobxoaum s peamusauud AO npu
BO3JENHCTBHM noBpexaatouteit no3bl. Ha puc. 2 npencrasnens! navrubie [50] 06 HHAyKUMH
sHeruiadosoro cuHTe3a JIHK B nnanazone apantupyromux no3. Ilockonbky ykazaHHoe npu 3
cI'p umcno OP u 1P IHK He MoxeT GbITh MPUYHHOH CTOJIb CYLIECTBEHHOIO BHEIIAHOBOIO
(penapatuBHoro) cunrtesa JIHK (cMm. Tabn. 1 - komuuectBo cnonTanHeix OP), Takas
3aBHCHMOCTB C BBLIPAXXEHHBIM MaKCHMYMOM MOXET OBbITh 06yCIIOBJIEHA ABYMs NMpPHYMHAMH.
Ileppas - uHAyuupyemsle camoit kietko OP, HeoGXomuMBle 1/ MEPECTPOHKH CTPYKTYpBI
XpOMATHHa (4TO M3BECTHO NPH AH(epeHIHpoBKe KIeTOK). Bropas - akTuBauus cuHTe3a
JHK B mHOCTYyIHpOBaHHOM HaMH CYOTMONyJALHMH IKJIETOK OHTOI€HETHYECKOrO pe3epBa
[14,56-59].

l'Ipu aJanTHPYIOLIHX BO3ECHCTBUAX CYLIECTBEHHYIO POJIb, IO NPEABAPUTEIbHBIM
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Puc. 1. 3aBHCHMOCTb CpenHMX 3HaueHHH agep B NUMQOLMTAX 4YeNoBeKka OT HO3bl OOTyueHMA KIETOK B
CYCHEH3UH:

a — pentreHoBckoe o6myyenue (160 kB); 6 — o6myuenne B TeyeHue 4 4acoB P-uacTHuamu ot "H-
THMHIMHA, MHKOpriopHpoBaHHbIMH B [THK knetok.

Mo ocu abcumcce BepxHu#t pan undp — no3a, cI'p; HWKHKUI pan — g aKTUBHOCTH H30TOMA, MKKW/M1 ..
Mo ocu opaMHAT — U3MEHEHKe IUIOLIANN AApa NHMOLMTOB B % OT KOHTPOA

OLIEHKaM, MrpaloT H3MEHEHHS TEeHHOH OJKcnpeccHH. BbisBlneHWE KOHKDETHBIX T€HOB,
NIPHHAMAIOIHUX yuacTHE B 3THX NpOLECCAX, MPEACTABIACT MPMHLMNHAIBHBIA MHTEpecC.
IlepcnekTHBHBIM MOAXOAOM JUIS pELICHHS YKa3aHHOW 3aJayd MOXET ObITh NpUMeHEeHHe
CHCTEMHOI0 aHajn3a OeIKOBBIX MPOLYKTOB TEHHOM SKCIPECCHH, OCHOBBIBAIOLIEroCs Ha
BBICOKOpa3pellaloieM JBYMEPHOM 3NeKTpodopeTHyeckoM ¢(paKIHOHHPOBaHHH OeKoB.
HMeercs nHpOpMaLIHs O BBIABICHHH HOBBIX O€NKOB IIPH afaNTHPYIOIIUX BO3AEHCTBUAX [47].
Hamu Taxke Opumi mpoBeneHsl monoOHsle uccnenoBaHus [48]. Ilpu atoM BnepBbie ObLIO
I10Ka3aHo, YTO 3TH OEeJIKH KCIIPECCHPYIOTCA MOCIIE afanTHpyoulei 1036l He Tobko B PIA-
CTUMYJIMPOBAaHHBIX TMM}OLHUTAX, HO H B IMMbouuTax, Haxoasmuxcs B craguu Gy.

Ha ¢one ykxa3aHHBIX, HHIyIHPYEMBIX aNaNTHPYIOLIHUMH BO3NEHCTBHAMH, H3MEHEHHUH
SAEPHBIX NapaMeTPOB HaAMH YCTaHOBJICHBI CYILIECTBEHHbIE H3MEHEHUS! KOOPANHAT U3YUYEHHbIX
JIOKYyCOB XpoMocoM. C-okpallMBaHHE MO3BOJNSET HACHTH(GHLHPOBATh B KJIETOYHOM sape
IPHLEHTPOMEPHBIE JIOKYChI XpoMOocOM. OIHAKO KOJHYECTBO BBISBJISEMBIX TaKHMM 00pa3om

JIOKYCOB MCHBILIC UX 0XXHAAEMOro 4YHUCJjia B AAPE KIIETKH. JT0 CBs3aHO, II0-BUAUMOMY, C TEM,
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Puc. 2. VaMeHeHHe BKMOYeHUA "H-TUMUIWHA B BBIIENEHHBIX TMMQOLMTAX nepugeprueckoil KpoBu
4eJIOBEKA B 3aBUCHMOCTH OT 103bl pEHTreHOBCKOro o6myyenus (160 kB).

ITo ocu abecumce — no3a obmyyenns, cI'p. ITo ock opaAMHAT — pa3sHOCTh MHAEKCOB penapaumy
(HUP) B 06n1yueHHbIX M HEOBMY4EHHBIX KIIETKaX, HopMupoBaHHas Ha UP mpu 10 clp

YTO MPHLUEHTPOMEPHBIE paHOHBI psa XPOMOCOM acCOLMHUpPOBaHBI IPYr C JIPYyroM H
BBIABJSIOTCS B BHAE OJHOrO OKpalleHHOro y4actka. OIHaKo MpH afanTHPYIOIEM
BO3/ICHCTBMM KOJIMYECTBO BBIABJISEMBIX YYacCTKOB YBEJIHYHMBAeTCS, YTO YKa3bIBaeT Ha
pacxoxaeHue accouuaroB [49,50] u TeM caMbIM yBeNMYeHHE CTeneHedl CBOOOIBI s
KaXI0ro u3 HUX. B Tabn. 2 mpencraBieHO D0303aBHCHMOE M3MEHEHME YHCJIa BBIABIISEMBIX
NPULEHTPOMEPHBIX JIOKYCOB XpoMOcoM. EcTecTBeHHO, YTO mpH pacmajie accouuara pasmep
BBIBNIAEMBIX JIOKYCOB YyMeHbluaercs (tabn. 2). Ha puc. 3 mnpencraBneHa xo3oBas
3aBUCHMOCTb CPEOHHX pacCTOSHHH OT IEHTpa AApa BHIABISEMBIX TpaHyl —
NIPHLEHTPOMEPHBIX JIOKYCOB XpoMocoM. Buano, uto yxe npu 3 c['p npoucxoaut cmerieHue
rpaHyJ B HanpaBJleHUH OT neprudepHH K LEHTPY Sapa.

B HeoOnyueHHBIX KJIETKaX BbIABIEHBI KOPPEIALHH MEXITy pasMepaMH sep U pAIOM
1apaMeTpOB, XapaKTEPU3YIOIMX MPHIEHTPOMEPHEIE YYacTKH XpoMmocoM (cM. Tabm. 3
[49,50]). Ipu o6nydenuu mo3amu 2,5 U 5 cI'p 3TH KOppENALHH MOTHOCTHIO MJIM YaCTHYHO
coxpansiorcs. OnHako npu moszax 25 cI'p u Bblme oHM HcyesaroT. Ilockoneky mocnennue
I03BI [IpH Mcnonb3yeMoit MomHoctH 0,16 I'p/MUH BBIXOAT 3a Npelesbl Ha AeHHOH HaMH Ui
aJanTHpPYIOLIMX BO3AEHCTBHUI panrobuonoruueckoi moctosHHo# [60], MOXHO mosnaraTe, 4To

B HEKOTOPOM auanaszoHe 103 1o 25 cI'p o6ayyeHneM HHHLIMHPYIOTCS Tpeobpa3oBaHus
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Puc. 3. 3aBHCHMOCTb CPENHHX PAcCTOAHMM OT LIEHTPa AApPa BBHIABNAEMBIX MPHLEHTPOMEPHBIX JIOKYCOB
XpOMOCOM JIMM(OLIMTOB YeNOBEKA OT 03kl PEHTreHOBCKkoro obiryuenns (160 kB).

TMo ocu abcumcc — no3a o6myyenns, cI'p. [To ocu opaMHaT — cpeaHee pacCTOAHHE OT LEHTpa Macc
BbIAB/IAEMBIX NPH C-OKpaIIMBaHHH NPHLIEHTPOMEPHBIX YYaCTKOB XPOMOCOM, HOPMHPOBAHHOE Ha palmnyc
anpa numdouuTa

CTPYKTYpHO-QYHKIHOHAILHON  OpraHM3alMHd  sOep, XapaKTepHble MO  COCTOSHHSA,
COOTBETCTBYIOLIEr0 HX «aJalTHBHOMY OTBeTYy». TakuMm 00pa3oM, MOKa3aHO, YTO B 3TOM
cliyyae JEHCTBHTENBHO HPOHCXOMAT INEPEMELUECHHS HCCIENOBAaHHBIX JIOKYCOB XPOMOCOM,
HeOOXOAMMEIE, KaK MBI NOCTyIHpoBanM Beime, mis penapanud JIP JTHK c ywactuem
pexOoMOMHAIIHA FOMOJIOTHYHBIX 0C/IE0BATENLHOCTEH.

OnHako NMpHBEJCHHBIE BhIIE JaHHbIE HE JAIOT MHGOPMALMH O NMOBEAECHHH JIOKYCOB
FOMOJIOTHYHBIX XpOMOCOM. JI1f BBIACHEHHMS 3TOr0 BONPOCAa C HCMOJb30BaHHEM CHCTEMBI
aHanu3a H300paxeHHd W HepagMoakTuBHOHM rubGpuausauuu JHK-3onpa, cneuuduuynoro
1q12, Obu1 mpoBeleH aHaIM3 TOMOJOTHH LIEHTPOMEPHBIX paHOHOB OOOHX TOMOJIOroB
XpOMOCOMEI 1 B pocTpaHCTBe sAnep TMMGOLUTOB YenoBeka [61].

Puc. 4 WITIOCTPHPYET PacloNokeHHe YKa3aHHOTO 30HMa B Aipe H MeTagasHbIX XpOMOCOMax
numountoB. Kak cinemyer u3 puc. 5, 10 c['p BbI3bIBalOT cMelieHAE 060HMX HCCIEAYEMbIX
paitloHOB rOMOJIOroB OT nepu¢epHH K paccTOsAHHIO NpuMepHO 0,6 HOPMHPOBAHHOIO pajHyc-
BEKTOpa H, Kak ciexyeT U3 puc. 6, ux commxenue. Ilpu 3 cI'p aHanornyHoe cmelueHue

MPOUCXOOAUT B MEHBIIEM KOJIHMYECTBE KJIETOK. CnenyeT OTMETHUTb, 4TO HabmoaaeMblit
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(eHoMeH oTMeyeH duepe3 2 yaca mocie oOmydyenms. K 5 wacam mocne o6myyeHus
aHaAJIM3UpYEMOE CMEIIEHHE HHUIMMpPYeTcs B 6obIeM, YeM yepe3 2 yaca, KOJIMYECTBE KIETOK
(puc.7). IlomydyeHHBle HAaMH THCTOrpaMMBI IIepeMelIeHH# JIOKycoB XxpomocoM B G-

numboumax TNPaKTHYECKH TOXXIECTBCHHBI TAKOBBIM ITPH UX JABH)XXCHHUH B

Tabnuna 2. M3MeHeHHS BHYTPHAIECPHBIX IapaMETPOB, XapaKTEPH3YIOLIHX

TNPUUCHTPOMEPHBIEC YYaCTKH XpOMOCOM B HHTCp(b&HLIX AApax KJIE€TOK

Yucno BBRIABISEMBIX
Ho3a obyuyeHus, rpaHyi Cpennsis nmiomans rpasy,
cI'p (IpHLIEHTPOMEPHBIX MKM’
y4acTKOB)

0 23+1 31010
2,5 261 320£10

5 28+1 220£10

25 2741 220£10

50 25+1 32015

Tabnuua 3. KoaddpuuneHnt koppensuuu Mexay BHyTpHSIIEPHbBIMH ITapaMeTpaMH,

XapaKTepU3yIOLIUMH IPHLEHTPOMEPHBIE YY4aCTKH XPOMOCOM B KOHTpOJIE U MOC/ie 00Ty4eHus

[Tnowmans sanpa u Yucno rpaHyn u
Hosa [Tnowanp sapa u paccTosHUE OT paccTosiHUE OT
obmyyeHns, YHCJIO I'paHyJl LIeHTpa sA1pa 10 LIEHTpa sAapa 10
cI'p LIEHTpa rpaHyJibl LEHTpa rpaHyJibl

0 0,39 (b) 0,43 (a) -0,07 (d)

2,5 0,52 (a) 0,48 (b) 0,25 (d)

5 0,51 (a) -0,31 (d) -0,41 (b)

25 0,36 (c) 0,13 (d) 0,16 (d)

50 0,23 (d) 0,12 (d) -0,12 (d)

Yposuu 3Haunmocty: a— 0,001, b - 0,01, c — 0,05, d — Koppenauus OTCYTCTBYET.
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a)

Puc. 4. I'n6bpuamnsaumonHbie curHansl JJHK-30HI0B Ha LEHTPOMEpHBIX JIokycaxX 1q12 roMonoroB XxpoMocombi
1 B a) uHTepdasHbIX Anpax JMMGOLMTOB nepudepuyeckodt KpoBH yenoBeka U 6) MeTadasHbIX XpoMocoMax
Tex ke KJIEToK

50,0 + fRVI %

450 +

40,0 +

35,0 +

30,0 + p<0,001 p>0,05
EEN KoHTponb (0 4) 35 yacos 0 vyacoB

250 + == 10c¢lMp (0 u)
—&— KOHTponb (54)

2007 -+ 10clp (54)

15,0 +

10,0 +

501 \

oo01 01-02 0203 0304 0405 0506 0607 0708 0809 09-1.0
Rv

Puc. 5. YactoTHoe pacnpeneneHHe ruGpMAM3aLMOHHBIX CHrHanoB 1ql12 no HOPMMpOBaHHOMY paaMyc-
BEKTOpY B 00myueHHbIX H HeobmyyeHHbIX MHMdounTax (0 U 5 yacos nocine o6myyeHus).
Io ocu abcumce — HOPMHPOBAHHBIE 3HAYEHHA paaHyC-BEKTOpa Anpa KkieTky (0 — LEHTp Anpa);
N0 OCH OpAMHAT — OTHOCHTENILHOE KOJIH4ECTBO (%) BbIABNAEMBIX FTMOPHAH3ALMOHHBIX CHIHAIOB
npouecce Muto3a (S- M Gz-da3bl mukna) [35]. OT1o ykasbiBaeT Ha HE3aBHCHMOCTh
NEepEMELLICHHH OT KIETOYHOIO AEJICHH.
Takum oOpa3oM, NOJNy4YeHHblE AAaHHBIE HE INPOTHBOpEYaT  BHICKA3aHHONW HaMH
THIIOTE3€ O TOM, YTO aJaNTHPYIOIIHE BO3ACHCTBUS, HAallPaBJI€HHbIE Ha NMOATOTOBKY KJIETKH K

penapauuu [P, 1o/mKHBI HHUIMHPOBATh CONMXKEHHE TOMOJIOrOB XPOMOCOM, He0OX0AUMOe
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307 fpm, %

25 A

" —e—koHTpONB
209 —e—10clp
15 A
10
5 -
('] T T T T T T T T Rv

0,0-0,2 0,204 04-08 0608 0810 1,012 1214 1416 1618 1820

Puc. 6. YactotHoe pacnpeleneHHe HOPMHPOBAHHbIX Ha palHyC-BEKTOp AApa KIETKH PacCTOAHMIA
MeXTy rubpuIM3aLMOHHBIMK curHanamMH 1ql2 B anpax oGmydenHbix (10 cI'p) W HeobmyueHHbIX
AumMQouHTOB YenoBeka (S5-yacoBas HHKyOaLMs KIETOK).

INo ocu abcuncc — HOPMUPOBAaHHBIE PACCTOAHUA MEXIY rMOPHUIAN3ALMOHHBIMHM CHrHaaMu. [To
OCH OpAMHAT — OTHOCUTENIBHOE KOJIH4YeCTBO (%) KIETOK C JaHHBIM PacCTOSHHEM MEXIyY
rubpUAM3aLNOHHBIMM CHTHAJIAMH.

035 1
0.8 s —
0,75
0.7 1
065 - =®—KOHTpPONbL
——10 cI'p
0,6
0 05 2 5

Bpems, 4

Puc. 7. 3aBucMMOCTb MedMaH pacrnipefiefieHuii ruOpuaM3aLUMOHHBIX cHrHanoB 1ql2 no

HOPMHPOBaHHOMY pajMyc-BEKTOpY Aapa kieTku (0 — LEeHTp Aapa KIETKH) OT BpeMEHH MHKyGauuu
KJIETOK nocne obnyyeHus.

Mo ocu abumcc — BpeMa nocne o6mydenus kietok (10 cI'p); no ocu opaMHAT — 3HauEHUA
ME/HaH.

g peanvsalun peKOMGHHaHHOHHOFO npouecca, a IOATBEPXKOAOT €€. OnHako, U 3TO
Heo0X0AuMOo 0cob0 AKLCHTHPOBATh, TAKOE NEPEMEILLICHHE HIECHTPOMEPHBIX JIOKYCOB XpOMOCOM

MOXET Jie)KaTb B OCHOBE HOBOIrO ME€XaHH3Ma pEryjasliid akTHBHOCTH I'€HOB. B camom pene,
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Kak 1moka3saHo B [62], B B-nmumdbonmTax npoxykTs cemeiicTa Ikaros-reHoB KOJIOKaIH30BaHbI
C HEHTPOMEPHBIMH JIOKycaMH XpoMocoM. B T-mumdomnmrax noxanusanus GenkoB 3TOro
ceMeiicTBa I'eHOB MOKa HENOCTaTOYHO BbiicHeHa [63]. B mumdounnsix wnerkax Ikaros-
KOMILIEKC HIPaeT CYILIECTBEHHYIO POJlb B CO3peBaHHH H AuddepeHIHanny roMono3THIECKHX
Kietok. CylecTBEHHO, 4TO, KaK BBIACHEHO, B B-KiIeTkax COBMECTHO KOJIOKAJIH30BaHbI
ueHTpoMepsl, 6enku Ikaros-koMiiexca M psaj penpeccHpoBaHHBIX reHoB [62]. Hcxoms u3
3TOr0, aBTOPhl IMUTHPOBaHHOH PpabOTHI MPEIVIOKHMIN CIEHYIOIMHA MEXaHW3M peryiIAlHH
TpaHCKpHNIMH reHoB. CuMTas HEHTPOMEPHBIE JIOKYCHl XpOMOCOM HENOABH)XHBIMH B S1pe,
OHH MOJIAraloT, YTO IepeMelNaloIHecs B MPOCTPAHCTBE slpa KIETKH TeHbl, MOAXOASA K
IICHTPOMEPHBIM JIOKYCaM H BXOJISl C HHMHU B HEMOCPEACTBEHHBIH U OMOCPEIOBAHHbINH KOHTAKT,
penpeccupytorca. Mcxons W3 HammMX MaHHBIX, MOABH)KHBIMH SIBJISIOTCH LIEHTPOMEPHBIE
JIOKYCHI, KOTOpbIE, ABHTasiCh CpeIH XPOMOCOMHON TEPPHTOPHH, BKIIOYAIOT MM BBIK/IIOYAIOT
Te WIM UHble reHbl. [lo-BHOAMMOMY, B Npelenax XpOMOCOMHOH TEpPUTOPHH HaXOOSATCS
olpeleNieHHbIE CTOMN-YYaCTKH, HaXOMACh B KOTOPHIX LIEHTPOMEPHBIE (a BO3MOXKHO, H ApYyTHe)
JIOKYCBl XpoMocoM ¢ukcupytoTcs. Bo3MoxHEIe MeXxaHH3Mbl, OCYCIOBIHMBAIOIIME TaKHE
IBHXeHHs, o6cyxnarorcs B [45,64].

Hcxons U3 BbIIEM3JIOKEHHOTO NMEPEMEILEHHE IIEHTPOMEPHBIX JIOKYCOB XpOMOCOM B
NpOCTPaHCTBE ANpa KIETKH MOXET OKa3aThCsl HE TOJNBKO HEOOXOOMMBIM JUIA COMMKEHHs
CoOTBeTCTBYIOIMX mocnepoBatenbHocteir JIHK romonoruyHelx XpoMocoM, HO H
(yHOaMEHTATFHBIM MEXaHHM3MOM BKJTIOYEHHS (WJIM TMOATOTOBKH K BKJIIOYEHHIO) TEHOB,
NPOIYKTH! KOTOPBIX HeoO6xoauMsl as penapauun [P JTHK.

IMockonbKy mnepeMeIeHns JIOKYCOB XPOMOCOM IIPOMCXOAAT NpH afanTHPYIOLIHX
Bo3aeicTBHAX, a caM ¢eHoMeH AQO sBNSeTCS MOLIHBIM €CTECTBEHHBIM aHTHMYTareHHbIM
¢akTopoM, reHetHdyeckue WM (GU3HONOrMYECKHE NPHYHHBI, NPUBOLALINE K HApYLICHHIO
npoilecca nepeaBUKEHHS JIOKyCOB XpPOMOCOM, OyIyT NPHMBOAMTE K yBeaHueHHIo yucna [P —
nepeuyHelx nospexaeHuit JIHK, nexamux B OCHOBE MHOTMX TEHETHYECKHX MaTOJOTHM.
CylIeCTBEHHO, YTO TeHbl, SKCIpecCHpyoline Oenku, MpUHHUMAIOLIHE Y4YacTHe B Tmpolecce
nepeMeLIeHHs JIOKYCOB XPOMOCOM, OTJIMYHBI OT TaKOBBIX, 9KCHPECCHPYIOLIMX COOCTBEHHO
«pepmenTsl penapauuu». CiemoBaTenbHO, HapylIeHHS B 3THX TeHaX Takxke IOJDKHbI
NPUBOAUTH K YBEIMYEHHIO YaCTOT JENELHH, HHBEPCHH, TPaHCIIOKaLHii, pa3pbIBOB XpPOMOCOM,
MOTEPH TeTEepO3UTOTHOCTH, BHYTPH- H MEXXPOMOCOMHBIX OOMEHOB M T.I. M CBS3aHHBIX C

HHMH HacJe[ICTBEHHBIX M COMATHYECKMX TIE€HETHYECKMX maTtoliorid. Mbl He MoxeM
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HCKJIFOYHTD, YTO IPOMYKTHI T€HOB NPH psAe NaTOJOTHMH, XapaKTEPU3YIOLUIMXCS NOBBIIIEHHOH
yacroroii [IP, nanpumep BRCAI1, BRCA2, ATM u NBSI1, He NpHHHMAIOT y4yacTHs B
npoleccax NepeMelleHHH JJOKyCOB XpOMOCOM, a MyTalliH B 3THX I'eHaX HMPEeNATCTBYIOT 3THM
npoueccaM. JTa HoBas IpoOiieMa, HeCOMHEHHO, Oyner pematkcs. B mepByio ouepens,
BEpPOATHO, HEOOXOAMMO BBUICHMTh KHHETHKY MEpPEMEIEHHH JIOKYCOB XPOMOCOM B
NPOCTPAHCTBE 1pa KIETKH, KOONEPaTHBHOCTh 3THX IPOLECCOB B HOPME U NPH NaTOJNOrUAX,
U1 KOTOPBIX XapaKTepHa HecTabUnbHOCTh reHoMa. MEI HaJieeMcsl TaKXe, YTO BhISBJISlEMbIE B
KJIETKaX JIOied HapyIleHHs B EPEMEIIECHUH JIOKYCOB XPOMOCOM MOTYT SIBUTHCS HaJIe)XHBIM
MapKepoM, IO3BOJIIOLIMM OTHECTH 3THX HHIWBHAOB K TIpYyNIle PHCKAa BO3HHKHOBEHHA
reHeTHYECKMX NaToyoruit, o6ycaoBieHHbIX HapymeHusMu penapanun /[P JTHK, a Taxxe
JaxyT BO3MOXXHOCTh HAlTH CpeCTBa, HOPMATH3YIOIIHe 5TH MIPOLIECCHI.

[Tockonbky, kak 6bUI0 Yka3aHo Bbiie, B mpouecce IICAO HabmonaloTcs U3MEHEHNS B
KOJIMYECTBAX O3KCIPECCHPYEMBIX O€NKOB, MOXHO OBUIO OXHAATh, YTO B ITHX CIydasx
H3MEHHUTCA aKTHBHOCTh PUOOCOMHBIX reHOB. B 3To# cBA3M BaxkHa pabota [65], B xoTOpoOi
MoKa3aHa acCOLMAlMsA MEXAY AaKTHBHOCTBIO SIDHIIKA W IEpEMELICHHEM LEHTPOMEpP B
nieprol KietoyHoro nukia. Hamu Bnepsbie 6bU10 noka3ano [67,68], uro npu ru6puan3anun
NpoayKToB pecTpukuuonHoro ruaponusa J{HK, BeimeneHHoro u3 nuMMQOLHMTOB 4YeNnoBeKa,
TpaHCKpUNUHOHHO akTHBHas obmacte 28S PHK pubGocomnoro rena maeHTHHUHpYeTCS B
BHIE IBYX (parMeHTOB, OOJamalolMX pa3sHO#H 23J1eKTpOoGOpeTHYECKOH MOABHKHOCTHIO.
BrisicHeHo, uyTo ¢parmeHT I mnpencraBnser co6oi coOCTBEHHO YKaszaHHYIO 006nacTh
pubocomuoro resa (13,3 T.n. ocHoBaHuit), a ¢parment II - Ty xe obnacTte, HO NIpPOYHO
CBA3aHHYI0 C TpeMs OenxaMu (MonekyisipHele Macchl 43, 50-55 u 70 x[a). Ha puc.8
npeacTaBieHbl JaHHble [67] 06 HM3MEHEHHMHM OTHOCHTENBHOrO KoinudecTBa ¢parmenta II,
BHILIEIUISIONIErocs MpH ruapoiuse saep numMouutoB pectpukrazoit RSA 1 B 3aBucHMocTH
OT 1036l agantupytouero Bo3neiicteus. IIpu mose 3 cI'p konnuectBo ¢pparmentoB pJIHK,
CBA3aHHBIX ¢ Oenkamu, MakcHMaibHO. (PyHKUHOHaNbHAasd poilb 3THX O€NKOB IMOKa He
BhisicHeHa. OJHAKO HeNb3s MCKIIOYHTH, 4To oauH H3 Hux (70 x[la) yyactyer B Ku-
3aBUCUMON perynsuud pol I TpaHckpunuuu u sBnsercs cyobenuHuued xommnekca JJHK-
3aBMCMMOM NpoTeHHKHHa3bl [69]. BMecTe ¢ TeM, kak yka3aHo paHee. penapauus [P mo tumy
NHEJ aBnsetcs Ku-3aBuciuMbiM nporieccoM. [103ToMy MOXHO 0XXHAaTh, YTO CBA3bIBaHHE Ku-
0eNKOB C TPAHCKPUMLMOHHO aKTHBHON o6nacThlo pHOOCOMHOro reHa (B OTIMYHE OT

CBA3BIBaHHSA C IPOMOTOPOM 3TOTO reHa NpH penpeccuu TpaHckpunuuu p/IHK) sBnsercs
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Konn4yecTBO pparmenTta, oTH. ell.
0.60-
0.58
0.56
0.54}
0.52+
0.50}
0.48
0.46
0.44

0

) I i

15 20 25
D, cI'p

Puc. 8. Hamenenne xonmuectBa ¢parmenta 28S PHK pubGocoMHoro rena, cBsa3aHHoro c Genkamu,
HOPMHPOBaHHOE Ha CYMMapHOE KOJIMYECTBO YKa3aHHbIX (parMeHTOB (CBA3aHHBLIX M HE CBA3aHHBIX C
0enkamMu) B 3aBUCHMOCTH OT [103bl PEHTTEHOBCKOTO 00Ty4eHuA.

ITo ocu abcumcc — no3a obsydenus, cI'p. Ilo ocH OpAMHAT - OTHOCHTENBHOE KOJHYECTBO
¢parmenta 28S PHK pubocoMHBIX reHOB uesioBeka, CBA3AHHOTO ¢ 6enkaMu

‘N
)

TaKXXe MOATOTOBKOH MpPH aNanTHUpPYIOIMX Bo3zaeicTBUsX K penapauxu pJAHK, ans xortopoii
H3BeCTeH psan ocobenHocreit [70].

Takum obpazom B mpouecce peannsaunn I[ICAO B sapax KJIE€TOK NPOHCXOIAT
CYINECTBEHHBbIE INpeoOpa3oBaHMs, HaNpaBJeHHbiE B KOHEYHOM MTOre Ha IOATOTOBKY K
penapanuu  JIP JTHK. Hesosmoxuoctes peanusauun [ICAO pomkHa mNpUBOAMTL K
HecTaOWJIBHOCTH TeHOoMa. BoO3HHKaeT BONpPOC: MOXET JM OBITh Takas HECTaOMJIBHOCTh
nporpaMMHpyeMoii? PaHee MBI MpPEMIOKHIM THIIOTE3y O CYIIECTBOBAHMH CYOMOmysAuvu
Kierok oHtoreHetHdeckoro (KOP) wmnm 3pomounonHoro pesepsa (KOP), ecnu ara
cyOnonynsuus OTHOCHTCA K COMaTHYEeCKHM MM TIOJIOBBIM KJIETKaM COOTBETCTBEHHO
[14, 56-59]. Ee cyTh COCTOHT B CYylIECTBOBaHHH CpEIH reTEPOreHHOM 10 COCTaBy MONYIALUH
KJIETOK [aHHOrO THIIa NPOrpaMMHpYeMoOH Maiod cybmomynsuvd, KOTopas OTBEYaeT Ha
Majible 103bl pPa3HOOOpa3HBIX FEeHOTOKCHYECKHX CTHMYJIOB JETEPMHHHUPOBAHHOM peakuuei -
ayTOMHAYKLMEH B ee KIeTKaX aHOM&IHH KapHOTHIA M/WIM JOPYrHX HacliedyeMbIX

CTPYKTYPHBIX IIEPECTPOCK TIE€HOMa. Iossnsomuecs IIpH 3TOM HOBBIC T'€HETHYECKHEC
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BapHaHTHI NIOCJIE COOTBETCTBYIOMET0 0TOOpa 00YCIIOBIHBAIOT BEDKHBAHHE HOBOM IOIYJIALUH
wietok. HamMu OBUIM NpeQNpPHHATHI NONBITKA BHUJENEHHS Takoi cyOmomynsauud u3
mimdonnToB nepudepudeckoi kpoeHu yenoseka [56]. Kak cnexyer u3 tabin. 4, kierku B 3-i
¢pakuun JTMMQONMTOB HMEIOT psAl IapaMETPOB, KOTOpPHIE IO3BOJNSAIOT CYHTATh HX
kaHnauaaraMu Ha pons KOP. JleficTBuTENBHO, U1 KIETOK 3TO# dpakuuu (clexyeT UMETh B
BHXY, 4TO 3-s1 ¢pakiius HE COCTOMT, a ToJbko oborameHa npeanonoxurensHo KOP)
XapakTepHbl MOBHIIICHHOE CIOHTAHHOE BKTIOYEHHE ~H-THMHIMHA, CyLIECTBEHHO
MOBBIIEHHOE 4YHCIO abeppaHTHBIX KiIeToK, oTBeT Ha MJI-2, 3HauyMTeNBHBIA anonTos.
IMocnenunii OIpesesUIIN HOKJIETOYHO c HCIIONB30BaHHEM TEPMHHAILHOM
nesokcunyiieorununtpaicoepassl  (TUNEL-meron).  IlpuHmunuansHo, 4TO  mpH
BoszaeiictBud 0,03 I'p uncno anonToTHYeckHX KIETOK (0COGEHHO B 3-# Ppakimu) He TONBKO
HEe YBEJIHYMBAETCH, a YMEHbIIAaeTci. JTOT INapaJOKCAIbHBIH pe3yNbTaT Hallen CBoe
00OBACHEHHE NPH aHAIM3€ Cpelbl, B KOTOPO# KynbTHBHpOBaH KieTku. OKas3anoch, YTo OHa
nocne obmyyenus 0,03 I'p coxmepxutr pocratouyHoe konuuec1Bo ¢parmentoB JIHK,
IPOSIBJIEHHBIX MPH 3J1eKTPO(OPETHYECKOM aHaIM3e B BHIE HYKJIECCOMHOM “NeceHKH”. D10
00CTOATENBCTBO YKa3bIBAET Ha TO, YTO B IEPHOI KYJIbTUBHPOBaHHA KJIETOK MOCie 001y4eHus
YacTh M3 HUX MOJBEPraeTcsA 3aBEpIIEHHOMY amonTo3y. ITO BaXKHOE 0GCTOATENBCTBO MOXET
CYIIECTBEHHO CHH3MTh KaK 4acTOTy abeppaHTHBIX KJIETOK, TAK M MX UCTHMHHYIO JOJIO MOcje
obryyenus. Henbss HCKITIOYHTB, 4TO MEXAHH3M CTOJIb BBICOKO# PaaMoYyBCTBUTENILHOCTH 3-i
¢paknun JTHMGOLMTOB CBA3aH C MpPOrpaMMHpPYEMO# peakuMeif B 3THX KJIETKaX - HX
Hecroco6HocThIO K peanu3auun [ICAO.

Takum 06pa3oM, MBI NOJIaraeM, YT0 OCHOBHOM BKJIAJl B MYTAallMOHHBIH npouecc s
YyenoBeKa, WHIOYLHMPOBaHHBI# MalbIMM [03aMHM paJHallMH, BHOCAT NpOrpaMMHpyeMble
PeaKkuH KIeToK. EClH HCKIIIOYMTB NOCNEHHE, TO OCTAIOTCA MYTallMH, YaCTOTa KOTOPBIX TpH
MaJlbIX Jo3aX HH3Ka. BepositHO, 3To cBfi3aHO ¢ TeM, Kak mokasaHo Bbiwe, uyto JIHK-
penapanMOHHbIH NOTEHIMa KJIETOK 3YKapHOT A0CTaTo4HO Benuk. Kpome Toro, kak nokasaHo
IUI 9KCIIEPMMEHTAIBHBIX CHCTEM, B OCHOBHOM paJHallHOHHO-HHAYLHPOBAHHbIE MYTAlMH
HMEIOT peliecCHBHBIH Xxapaktep [66]. Kak oTmeueHo B uuTHpoBaHHOH pabote, mnpu
HbIHELIHEM YpOBHe HWHODHIMHra BEPOSTHOCTH OOpa3oBaHMS TOMO3MIOT M3 HECYIUMX
PELIECCHBHYI0 MYTAalMIO HHIAMBHIOB [OCTaTOYHO Mana. B 3ToM mjaHe M BiIMsAHHUE
paHallMOHHO-HHAYLIMPOBaHHBIX MYTallHii Ha 340pOBbe YejoBeka Majo. BeposTHo, MHas

CHTYallHsl MOXET HMETh MECTO, €CIIH HHOPHAMHT BBICOK [67].
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IleneTnyeckuil BKJIaj 3a CYET NMPOrpaMMHPYEMBIX pEeaKIHil KJIETOK HMeeT, KaK MBI
nojaraeM, ABE cocTapisiomue. [lepBas - MHMIUMHpyeMas MalIbIMH H03aMH paJHalldH, HO
nporpaMMHpyeMas ayTroreHepauus reHerwmdeckux cobbrtuit B KOP wumu KOP. Hanmuuwe
3THX CYOTIOMyALMH KJIETOK M HX peaKiHs Ha BHEINHHWH CTUMYJ €CTh CIOCOO BBDKHBaHHS
BCeH KJIETOYHOMH IONYJIAILMHY Ha OCHOBE HOBBIX F'€HETHYECKNX BapHaHTOB. OJHaKO MOSBIICHUE
HOCTIEAHUX MOXET OKa3aThCs BPEAHBIM IUIA 3JOPOBBA OpraHu3Ma B LiejioM. BeposTHo, 3TH
BapHaHThl  JOJDKHBl  JJIMMMHHPOBAaThCS  HMMMYHHOH  cucTeMOH. O¢deKTHBHOCTD
(byHKUMOHMPOBaHHS MOCEAHEH U 6yaeT ONmpeeNATh CTeneHb HeOIaromoayyns B OpraHusMe
3a cuer KOP nnu KOP. MOXXHO NpenonoXuTh, YTO ayToreHepamus reHeTHYECKUX COOBITHIA
B KOP mnn KOP ofycnoBnena rinaBHBMM obpa3oM He3d¢dexTHBHOCTBIO cucTtemsl JJHK-
pemnapaly B 3THX KJIETKaXx M IPOrpaMMHpYeMOdl HEBO3MOXXHOCTHIO pealM3alMH B HHX
[ICAO. Bropas cocraBnsiomas CBsf3aHa C HEBO3MOXHOCTBIO (110 TE€HETHYECKHM HJIH
(Hu3roNOrHueckuM nmpuuuHaM) i HenonHorod peanusamuu [ICAO. Ecin KOP unu KOP
NpeICTaBJIAIOT Mallylo CyONMOMmyNsIUIO KJIETOK, TO, aKLEHTHPYS 2-I0 COCTaBJAOLIYIO, MEI
HMeeM B BUIy npeobnajaroliee YHCIO KIETOK JaHHO# momynauuy. Hanpumep, kak nmokasaHo
B pabotax [68, 69], paxnauus BHI3BIBAET M3MEHEHHE IIOJIOKEHHSA B IPOCTPAHCTBE fAApa
knetok renoB ABL u BCR. H3MmeHeHuss 3THX napaMeTpoB HaONMIONAIOTCS TaKXe B
HeoOy4YeHHBIX KJIETKaX B Mpolecce KieToyHoro nuiia. OqHako B 060uX ciiydasx B MajoM
YHCNIE KIJIETOK PpacCTOSSHHS MEXOY COOTBETCTBYIOUIMMH JIOKyCaMH XpoMocoM 9 u 22
CTAQHOBATCA MaIbIMH. JTO COOBITHE, MO MHEHHIO aBTOPOB, CYIIECTBEHHO YBEJIHYHBAET
BEPOATHOCTh TpaHciokaiuu t(9:22)(q34:11) (dpunanensduiickas xpoMocoMa), HMeOLIEH
NPUHUMMHANBHOE 3HAaueHHEe B [IATOTEHE3€ XPOHHYECKOH MHENOMIHOH JEHKEMHH.
KonuyecTBO MoJ00HBIX TPUMEPOB MOXHO YBEIHYHUTb.

OcobGeHHO MBI XOTenu OBl OTMETHTh BO3MOXHBIE MEIUKO-OHOJIOrHYecKHe
NOCNEACTBUA JEHCTBHS MaibiX N03 pagualMd NpH HopMaibHOM peamusanuu [ICAO, T.e.
CBSI3aHHBIE ¢ OCYLIECTBIIEHHEM HOPMAIBHBIX (PU3HOJIONHYECKHX MPOLECCOB B KieTkax. Tak,
BblIE OBLTO IIOKA3aHO, YTO MEXAHM3M BO3JEHCTBHSA MaJIBIX 03 PadualMH, CTUMYJIHPYIOLIHMX
€CTECTBEHHYIO aHTHMYTAreHHYI0 PeakUHIO KJIETOK - aJalTHBHBIA OTBET, Ha NEPBOH CTaguH
sroit peakuuu ([ICAQ) cBA3aH ¢ nmepeMeleHHEM JIOKYCOB XPOMOCOM B MPOCTPAHCTBE sapa
KIeTKH. B To e BpeMs, KaK ClleqyeT U3 [UTHPOBaHHBIX BhIle paboT, aHaJIOrMYHbIA nporecc
MHHIHMPYETCH B XO€ MHUTOTHYECKOro LHMKJIa HOPMaIbHBIX KJIETOK. TakuM obGpa3oM, npu

peanusauun [ICAO KkjeTka HayMHaeT BBINOJHATh HOBblE (YHKIHMH, CBS3aHHBIE C
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noaroroBkoi K penapamuu J[P JTHK. Jlpyrumu cnoBamu, 4acTh QyHKIMi (mepeMelneHue
sokycoB xpomocoM) kierok B [ICAO u nmpu MHTO3€ JOCTaTOYHO OAHOTHUNHA. OXHAKO U3
¢bH3MONOTHH KJIETOK M paboT MO KIETOYHOMY WMKIY H3BecTHO [70], 4TO KIeTKH B
MHTOTHYECKOM HHKJIE€ NPEKpalNaloT BEINOJIHATH CBOH OCHOBHBIE (YHKIINH, XapaKTepHEIe UId
nokosmmuxcs aud¢epennnpoBanHex kinetok. Ilpu octpom oGmyuyenunm peakuus [ICAO
obparuMa. OIHAKO NpH XPOHHYECKOM BO3IEHCTBMH MaIbIX 103 paguauuu peakuus [ICAO
IIOCTOAHHO NpOJIOHrHpyercsa. KneTku, B KOTOPBIX OCYIIECTBIAETCA 3Ta PEaKLus, BHIIONHAIOT
OIHYy M3 CBOMX (QYHKIMIA, Kak B MHTO3€ (IIepeMeIEeHHE JIOKYCOB XPOMOCOM), H TEM CaMbIM He
BRIONHAIOT HJIM YaCTHYHO BBIIOJHAIOT CBOKO JAPYryl0 HOpMaibHylo ¢yHkuuio. Tak,
HanpuMep, Yy JHKBUOAaTOpoB aBapun Ha YADC pammaunus BbI3Bajla U3MEHEHHS
[pEUMYIIECTBEHHO (QYHKIHOHAIBHBIX XapakTepucTHK T-mamdouurtoB [71]. JnutenbHoe
npeOpIBaHHE KJIETOK (XPOHHYECKOe OOJydeHHE) B  HECOOTBETCTBYIOIIEM HOpMe
¢$yHKIHOHATBHOM cocTOAHUH - [ICAO (BaXXHO ONpENENUTh CTENEHb COOTBETCTBHSA MEXAY
[ICAO u pazapaxaroluM JeficTBHEM paguaiui [72]) - MOXeT B KOHEYHOM HTOre NPHBECTH
K OpraHH4YeCKHM HIMEHEHHAM B ONpeJelIeHHBIX OpraHax WM TKaHAX U CBA3aHHBIM C 3THUM
naronoruaM. EcTecTBeHHO, B 3TOM ClTy4yae Mbl HMEEM JIeJI0 C HECTOXAaCTHYECKHM AefCTBHEM
paMalii¥ H, COOTBETCTBEHHO, HaJIMuneM nopora. He uckmnroueHo, uro orcyrctue AO y nmuu,
MOABEPTHYTHIX AeficTBHIO o6myueHus [73], u npu psage nartonoruit [74], B ToM uucne
HacJIeICTBEHHBIX [75], 00YCIIOBJIEHO TEM, YTO IPH HCHOJIb30BaHWHM TecTa Ha AO B KieTkax

atux HHauBUAOB [ICAO yxe 6bU1a peain3oBaHa.
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BYSTANDER EFFECT AND GENOMIC INSTABILITY. CHALLENGING
THE CLASSIC PARADIGM OF RADIOBIOLOGY
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! Radiation Science Center, Dublin Institute of Technology, 40-41 Lr.Kevin Street,
Dublin 8, Ireland
2 Gray Laboratory, Cancer Research Trust, PO Box 100, Mount Vernon Hospital,
Northwood, Middlesex HA6 2JR, UK

Introduction

Until recently, it has been commonly accepted that the biological consequences
following radiation exposure are attributable to DNA damage. According to this paradigm,
DNA damage occurs during or very shortly after irradiation of the nuclei in targeted cells,
and the potential for biological consequences can be expressed within one or two cell
generations [1]. A few lines of evidence have now emerged that challenge the classical
effects resulting from targeted damage to DNA. These effects have also been termed "non-
targeted" and include radiation-induced bystander effects, genomic instability, low dose
hypersensitivity and induction of genes by radiation [2]. An essential feature of "non-

targeted" effects is that they are particularly significant at low doses.

The radiation-induced bystander effect is a phenomenon whereby cellular damage
(sister chromatid exchanges [3, 4], chromosome aberrations [5, 6], apoptosis [7, 8],
micronucleation [9], transformation [10], mutations [11] and changes of gene expression [12,
13]) is expressed in unirradiated neighbouring cells near to an irradiated cell or cells (see

Figure 1).

Figure 1. Scheme of the bystander effect. Directly damaged cell is highlighted dark grey; bystander
damaged cells are highlighted light grey
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In recent years, a few groups have demonstrated the existence of a radiation-induced
bystander effect, in which damage is expressed in unirradiated neighbouring cells near to an
irradiated cell or cells 4, 9, 13, 14].

The mechanisms of the bystander effect is not yet known. However, there is evidence
that the bystander effect may have at least two separate pathways for the transfer of damage
from irradiated cells to unirradiated neighbours: through gap junctions or by cell culture

mediated factors.

Azzam and co-workers [12] have demonstrated that the bystander effect is dependent
on gap junction intercellular communication in confluent cultures of primary human diploid
fibroblasts exposed to low fluencies of a-particles. They showed that p53 and p21 mediated
pathways are activated. Hickman and co-workers reported that a p53-mediated signalling
pathway could be activated in the bystander effect [13]. They studied effects of low-dose a-
particle irradiation of rat lung epithelial cells. Flow cytometric analysis of the fraction of
cells with elevated levels of pS3 protein detected an increased expression in a higher

proportion of cells than were hit by an a-particle.

The second mechanism of the bystander effect proposed is mediation by secretion of
factors into the culture medium [8, 15]. A series of studies [3, 16, 17] suggest a mechanism
in which the irradiated cells secrete cytokines or other factors that act to increase intracellular
levels of reactive oxygen species in unirradiated cells. Lehnert and co-workers demonstrated
that the culture medium harvested from the cells irradiated with low fluencies of a-particles
could induce an increase in sister chromatid exchanges when incubated with unirradiated test
cells. Mothersill and Seymour [18] reported data which suggest that the bystander effect does

not depend on communication through gap junctions formed between cells in contact.

Genomic instability and the bystander effect are both non-targeted effects of
irradiation. They have a cross-section much larger than the nucleus. Radiation-induced
genomic instability is defined as a persistent elevation in the rate of de novo appearance of
genetic changes (mutations, chromosome aberrations and micronuclei) within a clonal
population [5]. There is as yet no evidence that the bystander effect persists for many
generations. On the other hand, it was reported [19] that persistent genomic instability can be
induced via a bystander mechanism. Another paper [6] demonstrated chromosomal

instability in the clonal descendants of haemopoietic stem cells after irradiating murine bone
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marrow with alpha-particles. The authors studied the effects of interposing a grid between
the cells and the a-particle source so that the surviving population consists predominantly of
non-traversed stem cells. It was shown that the number of clonogenic cells transmitting
chromosomal instability was greater than the number expected to be hit and survive. This
evidence suggests that the initial cross-section for radiation damage is increased by the
bystander effect, and cells that are affected by the bystander mechanism may remain at an
increased risk of genetic change for many generations.
The bystander effect does not demonstrate a linear relationship to dose [3, 4, 9, 13,
14]. It is maximally induced by very low doses, suggesting a switch-on mechanism for its

activation (see Figure 2).

Figure 2. Comparison of "classical" and "bystander" types of response to irradiation
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The bystander effect contributes to a significant proportion of the overall mutant
yield in the low-dose region by an apparently distinct mechanism from the "classical"
radiation response. Our recent paper [9] demonstrated that irradiation of 1 fibroblast with 1
3He?" particle would give a significant rise of bystander damaged cells from approximately
1% to 3% in the surrounding unirradiated population. Further increase of dose does not
change the dose response. The general form of the bystander dose response curve illustrated
in Figure 2, may, in respect of mutagenesis, for example, have implications for the

applicability of the linear no-threshold (LNT) model in extrapolating radiation risk data into

the low-dose region.
What is the relative contribution of "classical" and "bystander" effects to cell death?

Seymour and Mothersill [20] used human keratinocytes to investigate this matter. They have
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presented data showing that there is a very big bystander component at low doses but at
doses of 0.5 Gy and above the direct effects of radiation begin to appear. The magnitude of
the bystander effect is relatively constant and it appears to saturate at doses in the range of
0.03-0.5 Gy. After doses greater than 0.5 Gy, the clonogenic death curves are the
combination of a dose-dependent non-bystander effect and a dose-independent bystander

effect.

Just a few studies have been published on bystander effect in multi-cellular systems.
The radiosensitivity of HPV-G and HaCaT epithelial cells lines irradiated within
microcolonies (>50 cells) was found to be lower than irradiated as single cells [8, 15]. The
paper by Bishayee and co-workers [21] detected a pronounced bystander effect in a V79
three-dimensional tissue culture model labelled with *H when the isotope is localised in the
cell nucleus and distributed non-uniformly among the cells. Jen and co-workers [22] found
that the radiosensitivity of mouse kidney cells that are irradiated under in vivo conditions in

situ or in vitro as fragments was higher than those irradiated in vifro as single cells.
Materials and methods

The main aim of our project is to investigate the mechanisms involved in the
bystander effect and how it contributes to genomic instability, after low-dose microbeam

irradiation in normal porcine urothelial cell lines and primary explants.

Most of the experiments on the bystander effect have been performed with in vitro
cell culture models. Our approach is development of a reliable in vivo like multicellular

system for microbeam bystander experiments.

Urothelium has a very well-defined structure in vivo [23]. It is covered from the
inside with four-five layers of urothelial cells (see Figure 3). The basal layer, next to lamina
propria consists of proliferating cells. Two or three intermediate cell layers consist of non-
dividing and partially differentiated cells. The superficial cell layer is located close to the

lumen and consists of fully differentiated cells.

The ureter primary explant technique [24] enables us to study bystander effects and
genomic instability under in vivo like conditions where stem and differentiated cells are

present. Urothelial outgrowth reconstructs in vivo like microstructure with normal epithelial
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stratification. This approach is an intermediate stage between an in vivo system and cell

culture.
/ Lamina propria \

Basal cell layer, dividing |
2-3 intermediate cell layers |3
- semi-differentiated, non- %
dividing CBD

] Superficial cell layer - 2
differentiated .

N

\ Irradiation Lumen

Figure 3. Microstructure of urothelium in vivo

The porcine ureter samples were obtained from 10-72 week old swine during a post-
mortem examination'. Cultures were normally established within 24 hours. After 2-3 days of
incubation the media was replaced with serum-free Keratinocyte Growth Medium. The “two-
media” technique was developed by Mothersill [24] to avoid contamination of the outgrowth

with fibroblasts.

The Gray Laboratory charged particle microbeam [25, 26] technique is a powerful
tool for investigating mechanisms of genomic instability and bystander effects. It allows the

irradiation of single cells with a precise number of particles.

All irradiations were performed with 3He?" ions, which have almost identical track
structure to that of a-particles. Tissue samples or the explant outgrowth were irradiated
through the base of a 1.5 pm mylar-based microbeam dish. Ce!l nuclei were visualised by
staining with 1 uM Hoechst 33258 in medium for 1 hour before irradiation. During the
irradiation cells or tissue sections were buffered with HEPES medium. Samples were

incubated after irradiation at 37°C in 95% air and 5% CO, for 7-24 days.

Two main protocols for irradiation were used:

! We would like to express our gratitude to Dr. Mohi Rezvani and Neil Hubbard (Research

Institute, University of Oxford, Churchill Hospital) for provision of the pig ureter samples.
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1. Irradiation of 10 individual cell nuclei each with 10 *He** (100 keV/um)
particles distributed either on the periphery or at the centre of the 7-10 day old explant
outgrowth. The energy of the *He?* particles was typically about 3.5 MeV and their range
in water or tissue was about 25 pm. This range is long enough to traverse the mylar
membrane and the cells attached to it. The irradiation was performed with high (~2 um)

precision and the number of delivered particles was counted with a particle detector.

2. Pre-irradiation of a 2 pm radius spot in the ureter tissue (positioned
epithelium side down) with 10 *He®" particles before seeding. Samples were irradiated
with the maximum possible energy of *He?* beam about 5 MeV (LET 70 keV/pm). The
range in water for this energy is approximately 75 pm. This is long enough to traverse the

four urothelial cell layers of a ureter sample.

The samples were fixed either 3 (protocol 1) or 7 (protocol 2) days after irradiation
and stained with 0.5% PBS solution of acridine orange. Samples were scored for the

presence of apoptotic and micronucleated cells measured as total cell damage [27].

Results

The results of our experiments, with targeting of single cells in the explant’s
outgrowth and tissue sample irradiation, demonstrated a significant bystander effect

measured as an increased fraction of damaged cells.

The results of experiments where 10 cells were irradiated at the periphery of pig

urothelium explant outgrowth with 10 *He?* particles are shown in Fig. 4.

The fraction of damaged cells (apoptotic and micronucleated, scored on day 3 after
irradiation) was considerably higher in samples irradiated at the periphery, where actively
proliferating cells are located, in comparison with the control. Typically 1/10 of damaged
cells were apoptotic, according to the morphological criteria. Every irradiated cell produced
approximately a thousand additional damaged cells. The fraction of damaged cells was
obtained by dividing of the number of apoptotic and micronucleated cells within the entire

explant by the total number of cells scored.
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Figure 4. 10 cells irradiated at the edge of explant (10 *He?" particles/cell) have produced massive
bystander effect
We did not find a statistically different level of damaged cells after irradiation of 10
cells with 10 *He?" particles at the centre of a pig urothelial explant outgrowth, where only

terminally differentiated cells are present (see Figure S).

The impact of pre-irradiation of a pig ureter tissue fragment with 10 *He?* particles
within a 2 pm radius spot was tested. Seven days later they were fixed and scored for total
cell damage within the urothelium explant outgrowth. The fractions of damaged cells
obtained in pre-irradiated samples were statistically higher than in control ones (see Figure
6).

Discussion

The increase in the fraction of damaged cells detected after microbeam irradiation of
10 cells within the actively proliferating regions or after pre-irradiation of tissue fragments is
due to a bystander effect. This is indicated by the fact that a small number of particles

delivered to a small number of cells have produced massive cellular damage. One-two
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thousand additional damaged cells are produced after irradiation of either only 10 cells or a

2 um radius spot on a tissue sample.
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This finding demonstrates that the bystander effect in an epithelial system with highly
developed intercellular communication under in vivo-like conditions could be more
substantial than in a purely in vitro fibroblast system (compare to [9]) after low-dose
microbeam irradiation. The data also suggest a cascade mechanism of bystander cell damage

induction.

The discovery of a bystander effect is important for understanding the dose-response
mechanisms relevant to low-dose irradiation in vivo. One important question is whether the
bystander effect is a protective mechanism or whether, conversely, it amplifies the number of

cells damaged by the isolated radiation tracks of low-dose exposures.

One theory, supported by the experimental data obtained during this project, is that a
main function of the bystander effect is to decrease the risk of transformation in a
multicellular organism exposed to radiation. We speculate that individual cells within a
tissue may not have the ability to detect irradiation such that an individual cell response is
not expressed. An integrated multicellular system may be able to detect damage from
irradiation and respond to it by removing a functional group of cells, which could be
potentially damaged. Such a mechanism of co-operative response would make the system
much more robust. This mechanism would work only for low doses of irradiation
(bellow~0.1-0.2 Gy, depending on system and type of radiation) because only in this case is

the damage localised within a small fraction of the cell population.

In some systems, the most convenient way to remove potentially damaged cells is via
apoptosis. In particular, apoptosis allows the removal of affected cells without a negative
impact on other cells. However many apoptotic pathways are controlled by cellular signals,
which would also enable the selective removal of certain functional groups of cells. Another
way to isolate damage is to prompt affected cells into irreversible differentiation. We have
obtained some results with the ureter explant system which support this mechanism (data not
shown). Underlying this theory is that a normal 3-dimensional tissue microarchitecture is

essential for the manifestation of the bystander effect.

The relation between the bystander effect and genomic instability is not clear. We
know that both phenomena are non-targeted effects of irradiation and greatly increase the

cross-section of delayed radiation damage. There are suggestions that genomic instability

88



could have a protective effect. It was shown [28] that X-ray induced genomic instability, as
measured by chromosomal instability, in GM10115 human-hamster hybrid cells can lead to
the development of cell variants that are more resistant to radiation. Further, these results
suggest that the process of chromosome instability might provide some selection for more

radioresistant variants.

On the other hand, our experiments with irradiation of ureter tissue fragments
demonstrate that genomic instability (i.e. de novo appearance of micronucleation) and the
bystander effect could be closely linked. Two-photon microscopy measurements
demonstrated that the probability of hitting only 1, 2, 3 or 4 nuclei by a single track from the
microbeam would be 7, 27, 25 and 41 % respectively. The probability of hitting ar least 1
nucleus would be more than 99%. 7 days later thousands of additional damaged cells were
registered. We believe that a cascade mechanism of bystander cell damage induction gave
this effect during the initial stage. However we cannot rule out a contribution of genomic

instability (probably, bystander-induced) on the later stages.
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PHENOGENETICS OF MEIOSIS IN RYE, Secale cereale,
AND ITS APPLICATION TO HUMAN MEIOSIS
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Department of Genetics and Breeding, St.Petersburg State University, St.Petersburg 199034,
Russia

N.W. Timofeeff-Ressovsky is well known as one of the pioneers of phenogenetics. In 1925,
when studying the radius incompletus mutation in Drosophila funebris, he discovered the
phenomena of penetrance and expressivity of gene manifestation, first published in Russian
in 1925 [1]. The terms Penetranz (penetrance) and Expressivitaet (expressivity) were first
used in Western literature by N.W. Timofeeff-Ressovsky and O. Vogt in 1926 [2].

These terms describe the fact of manifestation or non-manifestation of the mutant
phenotype (penetrance) and the degree of alteration of the penetrant mutant character
(expressivity), both depending on the number of internal (genotype and physiological) and
external (environmental) modifying factors. Since that time, these phenomena (and terms)
have been basic for genetics, and are the subjects of phenogenetics.

In this paper, we demonstrate that penetrance and expressivity of mutant genes are typical
for gene expression at the cellular level. Moreover, these phenomena can be observed in the

course of meiosis. since meiosis itself is regulated by specific genes.

The evolutionary conservative process of meiosis is controlled by hundreds of genes.
Among them are common cell division cycle genes, as well as genes specific for meiosis only.
In budding yeast. Saccharomyces cerevisiae, about 1400 genes function in the course of
meiosis. of which ca. 560 genes are meiosis-specific. About 360 of these genes have been
identified and their molecular organization and cellular (meiotic) phenotypes were studied by
the end of 1999 (see [3] for references). In D. melanogaster, only 82 meiotic genes have
been identified to date [4].

Cytology of meiosis is difficult to study both in S. cerevisiae and D. melanogaster. Some
higher plants are more favorable for cytological studies of meiosis. The genetic collection of
rye, Secale ceréale (2n=14), established in Peterhof by V.G. Smimov and S.P. Sosnikhina,

provides good material for studying the expression of meiotic genes [5]. The collection was
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developed on the basis of self-pollinated inbred lines of rye. It contains spontaneous meiotic
mutations isolated from field populations by hybridization of individual plants with plants
from self-fertile lines, followed by their inbreeding.

Twenty two spontaneous meiosis-specific mutations were identified originally in inbred
rye plants by Sosnikhina et al. [5]. Most of them result in plant sterility. The mutations were
identified among sterile plants by genetic and cytogenetic analysis. The light microscope
analysis of pollen mother cells (PMCs) was followed by the analysis of their surface-spreads
under the electron microscope to discriminate the mutant phenotypes at meiotic prophase I,
since at the light microscope level, the meiotic phenotypes of most of the mutations differ
only quantitatively, i.e. by the number of univalent chromosomes at metaphase I (Fig.1).

According to the meiotic phenotypes precisely studied under light and electron
microscopes (in Peterhof and Moscow, respectively), these mutations were classified by us
into five types: (1) Strongly asynaptic mutations; (2) Moderately asynaptic ones; (3)
Mutations of heterologous synapsis; (4) Mutations affecting ultrastructure of synaptonemal
complex per se; (5) Mutations affecting meiotic chromosome condensation and meiotic
chromosome cycle.

Here, we discuss four types of these mutations (types 1 - 4 above) affecting the process
of meiotic chromosome synapsis. The expression of these mutations was studied at the
ultrastructural level. The mutations of four types affect the formation of the synaptonemal
complexes (SCs) which are involved in chromosome pairing and chiasma formation during
meiotic prophase I [6].

The mutation mei6 (type 4) is of a minute type. It leads to local anomalies in the
development of the proteinaceous lateral elements of SCs, namely to the formation of unusual
protrusions (thorns) of the SC lateral elements which often make bars between the lateral
elements of SC [7] (Fig. 2). The mutation has 100 % penetrance at the organism level in three
generations of self-pollinated plants, and, on average, 69 % penetrance in the population of
meiotic cell within an individual anther. It has low expressivity: 5.2+0.52 bars per
complement of seven SCs in meiotic cell nucleus. We found that formation of bars interferes
with formation of recombination nodules which are ultrastructural intermediates of the
chiasma formation process. If a subterminal bar was formed in some SC, no recombination
nodules were observed in this subterminal bivalent region typical for chiasma formation in rye

[7]. The mutation demonstrates an example of highly penetrating but slightly expressing gene.
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Fig.1. Light photomicrographs of metaphase I (in fat-line rectangles) and electron photomicrographs
of SCs at prophase I in PMCs of rye, Secale cereale; a — wild type: normal synapsis with full
complement of SCs and seven bivalents in MI; b — mutanion sy3: partial asynapsis (small
arrowheads) and four univalents in MI; ¢ - mutation sy/: complete asyrapsis and 14 univalents in MI;
d and e (enlarged fragment from d) — mutation sy/0: heterologous synapsis with switches (S),
foldbacks (f), and gaps (>) of the lateral elements of the SCs (see text), four univalents in MI. Scale

bars in fat-line rectangles — 10 pm
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Fig. 2. Protrusions (thorns) of the SC lateral elements, and bars between the lateral elements in the
synaptonemal complexes in PMCs of the rye mutant mei6. Arrows — thorns, arrowheads — bars, open
circles — twists of the lateral elements. The gap in SC is seen between the two arrowheads in c. Scale

bar — 1 pm

Mutations of types 1 to 3 disturb the process of chromosome synapsis and chiasma
formation. The mutations differ by the number of chiasmata and univalents at the metaphase I
stage of meiosis in PMCs. Achiasmatic chromosomes are visualized as univalents. As usual
in such cases, segregation of the univalents in anaphase I was irregular and resulted in pollen
and plant sterility. Mutations of type 1 are “strong”. They cause, on average, from 8+0.1 to
14+0.1 univalents per PMC [8,9]. A single mutation of type 2 (sy3) is “weak”. It induces the
appearance of two to four univalents. Type 3 mutations are intermediate in their strength.
Analysing SC development at meiotic prophase I, we found that the mutations of types 1 and
2 induce, with different expressivity, chromosome asynapsis (Figs. 1 b,c), while the
mutations of type 3 induce partially heterologous synapsis (Figs. 1 d, e) which also causes the
achiasmate and univalent condition of several chromosome pairs at metaphase I. Two of five
mutations attributed to type 3 were described by us elsewhere [10, 11].

The strongly asynaptic mutation sy9, which belongs to type 1, is the most interesting for
the purpose of this paper. Because of sterility, it was impossible to obtain progeny of the
mutant plants and study penetrance of these mutations in its classical form. Instead, mutant
homozygotes were obtained in each generation of inbred lines (families), either by self-
pollination of individual heterozygous plants or as F, progenies after individual crosses of

plants from inbred lines with plants from cross-pollinating line. These two categories of field
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experiments were carried during 1980-2000 in Peterhof at the experimental field of the
Biological Research Institute of St. Petersburg State University.

The Table shows the distribution of PMCs of sy9 homozygotes according to the number
of univalents revealed in these two categories of experiments. About 6.5 % of PMCs had no
univalents in inbred progenies. Additionally, we found that the mutants, originating from the
same families, differed according to the range of univalent number per PMC. Usually, the
mutant plants fell into two subtypes with wide (A) and narrow (B) ranges of variability. The
Table shows that seven mutant plants from F, progeny of family 259 were of subtype A,
while seven other F, demonstrated subtype B. Among subtype A mutants' the number of
univalents per cell varied from 2 to 14, while in subtype B the range was from 8 to 14.
Subtype A mutant plants originating from this family had only 18.8 % of cells with 14
univalents (78 cells of 416 cells studied). These cells were completely asynaptic. In contrast,
subtype B mutant plants originating from the same family had as many as 79.9 % cells with
14 univalents (432 cells of 541 cells studied). Subtypes A and B could be considered as
manifesting different expressivity of the mutant allele. Additionally, subtype B mutants were

the strongest asynaptics.

Table. Distribution of pollen mother cells according to univalent number at metaphase I in

the asynaptic mutant sy9 (mean, x, and standard error, S.E., indicated)

Family #, [Number|Number |Univalent |Proportion (%) of cells with univalents
orinbred |of of numberperi o | 2|4 [ 6 | 8 [ 10|12 | 14
line, and [plants |cells cell,

subptype X:l':SE

258 F, (A)| 5 274 9.2 +0.23 - 14.4(13.5|15.0 (15.0 |12.4 |17.4 |122.3
258 F, (B) 4 301 13.1+008 | - | - | - - 1.0 {11.0 |20.6 [67.4
259 F, (A) 7 416 10.7+0.12 | - (0212 5.0 [18.5|27.7 |28.6 |18.8
259 F, (B) 7 541 135004 | - | - | - - 0.2 ] 3.9116.1(79.9
Inbred (A) 9 463 2.0+0.19 (6.513.0{2.6| 3.5 5.2 {12.1|18.1 (49.0
Inbred (B) 7 563 13.6+004 | - | - | - - - 1.1 |18.5180.4

The mutants segregating in the self-pollinated inbred line demonstrated the most intriguing
distribution (see the Table). After self-pollination of plants heterozygous for the sy9 allele, 16
plants homozygous for sy9 found in the progeny also fell into two subtypes, A and B. Nine
plants of subtype A had 6.5 % of PMCs (30 cells of 463 cells studied) without any univalents,
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which were visually normal metaphase I cells, and 49 % of PMCs (227 cells of 463 cells
studied) had 14 univalents, i.e. metapase I cells with complete asynapsis. Seven plants of
subtype B demonstrated strong asynapsis. Among these cells there were no normal cells
without univalents, only 1.1 % of cells (6 cells of 563 cells studied) had 10 univalents, but

80.4 % of cells had 14 univalents, i.e. were completely asynaptic ones.

Taking into account 6.5 % of PMCs without univalents, and speaking about manifestation
of the mutant allele at the cellular level, can we say that the sy9 allele is not penetrant in
these 6.5 % of meiotic cells? It seems that the answer is: yes. On the other hand, it could be
said that here we just have wide variation of expressivity of the mutant character which
includes the class without any univalents, i.e. 0 class. Meanwhile, there is an argument against
this viewpoint: the distribution of the PMCs in the penultimate row of the Table is of the
parabolic type, with minimal frequency of cells in the classes with two to six univalents per
cell and two maximums of 0, and 14 univalents. The probability of random occurence of
6.5 % cells (30+5 cells) in 0 class is pp < 0.0001. The probability of the random difference
between cell number (frequency) in classes 0 and 2 (6.5 % and 3 %, respectively) is pagir =
0.013. Thus, we can say that the sy9 allele is non-penetrant in 6.5 % of meiotic cells, i.e. in
the cells without univalents.

All the above means, first, that the sy9 allele is not fully penetrant at the cellular level in
the mutant plants. Second, expressivity of this allele, at the organism level, could be measured
by variability of the number of univalents in different meiotic cells within the same anther or
between anthers of the same plant. Third, all the plants with the mutant phenotype fell into
two subtypes: one with considerably weak and widely variable expressivity of sy9 (subtype
A), and the other with strong and less variable expressivity of sy9 (subtype B).

We cannot test penetrance of the mutant allele directly at the organism level, i.e. in the
progeny of the mutant plants, as soon as such progeny could not be obtained because of
sterility of the meiotic mutants. Meanwhile we can judge on penetrance in two ways: (1) on
the ground of self-pollination of sister heterozygous plants from the same inbred plant
families, and (2) by testing wether or not segregation of sy9 allele corresponds to 3:1 ratio.
Both tests gave positive results in our experiments, and we conclude that sy9 allele is fully

penetrable at the organism level.
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The general conclusion from our observations is that one must consider the phenomena
of penetrance and expressivity of meiotic genes not only at the organism level, but at the
cellular level as well. All the meiotic cells of a plant are cellular progenies of a zygote
carrying a mutant allele in homozygous state and we found that expression of an allele is
different in similarly differentiated meiotic cells of the organism. Moreover, the sy9 allele is
not penetrating some cells, particularly the cells which have no univalents at MI. Perhaps,
these cells could develop into pollen grains, fertilize some ovules, and give progeny, thus
making the penetrance of sy9 at the organism level a bit lower, but in practice we never met

such a situation in our field experiments.

Many commonly known asynaptic mutations have been described in different plant and
fungal species (see [6] for references). These mutations resemble phenotypically (at the
cellular level) the mutant phenotypes sy/, sy3 and sy9 . As a rule, these mutants were sterile.

Plant, animal and human geneticists know a number of examples when low penetrance
and/or expressivity of a mutant gene at the cellular level permits one to rescue from a mutant
phenotype at the organism level. In their historical paper of 1926 N.Timofeeff-Ressovsky &
0O.Vogt wrote that the phenogenetic categories drawn for Drosophila, and other animals and
plants, could be applied to the classification of human diseases. This prediction is fully
confirmed in the 80s and 90s by genetic studies of meiosis and hereditary infertility in human.

In human, as well as in other mammals, few meiosis-specific genes have been described
so far. Amongst them is the human mutant gene of asynapsis, with the cellular phenotype,
resembling rye mutation sy3 [12]. Additionally, when 1100 patients (men) - suffering from
reduced fertility or complete infertility were tested for synaptonemal complex development in
their spermatocytes, with the use of SC-spreads and electron microscope [12], the results
revealed that about 13.4 % of these cases could be explained by asynapsis of at least one pair
of chromosomes in prophase I, and a univalent condition in metaphase I. These cases were
probably meiotic (synaptic) mutations, being phenotypically similar to synaptic mutations of
types 1 or 2 in rye. In the recent literature, one can find many examples of successful analyses
of human infertility [13-16 and elsewhere]. Thus, phenetic studies of human meiosis can
help physicians to diagnose hereditary diseases of infertility by examining the ultrastructure

[13] and immunocytochemistry [17] of meiotic cells, and SCs in particular.
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For a long time in the future, some higher plants and fungi will serve as models for
studying the genetic control of meiosis - basic and evolutionary conservative cellular process
of heredity controlled by evolutionary conservative meiotic genes in widely evolutionary
diverse taxons. Expression of these genes, “nevertheless, in spite of all, and anyhow”
(favorable Timofeeff-Ressovsky’s proverb), depends on many modification factors. For
instance, a lot of meiotic genes in plants, fungi and Drosophila are ts-genes, or other kinds of
environment- and genotype-dependent genes. This is one of the basic rules in developmental

genetics (phenogenetics) established by Timofeeff-Ressovsky as early as 1925.

The phenomena of penetrance and expressivity of mutant genes, discovered by Timofeeff-
Ressovsky in 1925, turned out to be the basic phenomena of modern developmental genetics.
Together with the 100th anniversary of Timofeeff-Ressovsky’s birthday in 2000, we can

commemorate the 75th anniversary of his first and brilliant discovery in genetics.

Our study was supported by INTAS, project # 94-3376, the Netherlands Research Center
(NWO), project # 047-006-008, and the Russian Basic Research Foundation, projects ## 99-
04-48182 and 00-04-48522.
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MUTATIONAL PROCESS AND GENE POOL OF NATURAL POPULATIONS
OF Drosophila melanogaster
LK. Zakharov, A.V. Ivannikov, N.N. Yurchenko
Laboratory of Genetics of Populations of the Institute of Cytology and Genetics, Siberian
Department of the Russian Academy of Sciences, Novosibirsk, 630090, Russia

The question whether mutation rate is permanent in nature or it strongly fluctuates
throughout the history of species is central for understanding of genetical basis of evolution.
At the beginning of our century, Hugo de Vris came up with an idea that there exist special
mutational periods in the history of species when hereditary factors are labile, or unstable. For
a long time these ideas were considered incorrect and were discarded. However, along with
development of genetics, experimental data supporting Hugo de Vris ideas began to
accumulate. Namely, in the late twenties M. Demerec found gene instability in laboratory
strains of Drosophila virilis [1]. Since the 1930s, a great deal of information about mutability
increase in laboratory strains of different Drosophila species has been communicated. Genes-
mutators and highly mutable strains were discovered in nature [2].

However, regularity of mutation outbursts and specific pattern of their occurrence
were established only due to a long-standing research of geographically remote natural
populations. This research was started in the late 1920s by S.S. Chetverikov and his followers
and since then it has been actively pursued in Russia by several generations of geneticists.

Due to this continuity, the unique data on dynamics of mutational process in natural
populations of Drosophila melanogaster were obtained [3-6].

Here we present the results of studies in this area made in our laboratory over a three-
decade period. These data taken together with the earlier scientific data obtained in the same
regions of the former USSR give evidence that mutation outbursts are rather regular events
throughout the history of Drosophila melanogaster on the territory of the former Soviet
Union, which are accompanied by occurrence of unstable alleles. Mutation outbursts can be
local or can cover a number of geographically remote populations in a short time. This

phenomenon was called "mutational vogue" [5-7]. Mutation outbursts are temporal and they
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damp down 7-11 years after. We were the first to detect a secondary, repeated outburst or
"reversion of mutational vogue" of yellow gene [8].

It was found by genetical and molecular genetical methods that instability of alleles
isolated from nature was due to the insertions [7, 9-14]. Thus, the mutation outbursts were
possibly caused by sporadic activation of genetic mobile elements. One should search for the
reasons for intermittent mobile element activation in biocenotic interaction of populations
with infective virus agents.

Long-standing observations allowed one to describe two types of abrupt mutability
fluctuations. The first is associated with an overall mutability rate change measured by the
total frequency of lethal mutations in a particular chromosome. This kind of mutability rate
fluctuation is typical both for laboratory strains and for those isolated from nature [2, 6].
Today’s report focuses on the other kind of mutability change associated with rapid change of

mutation rate and population concentration of particular genes.

Two outbursts of yellow gene: the global outburst in the 1930-1940s and the local
one in the 1980s

Since 1937, elevated concentrations of yellow body mutation have been detected in a
number of geographically remote populations of Drosophila melanogaster on the territory of
the former Soviet Union. An increase of mutation concentrations was accompanied (or

caused) by elevation of mutability rate of yellow alleles which were phenotypically normal

[15-17]. The frequency of mutation of y* into yellow achieved the values of 0.02-0.08 per
cent. In other words. normal alleles were highly unstable. Unfortunately, reversion frequency
of mutant derivatives was not studied at that time.

Outburst of yellow gene mutation in the 1930-1940s involving 35 populations studied
during this period in the European and Asian parts of the Soviet Union can be considered as
global one. Concentration of mutant yellow chromosomes achieved 0.17 % level while
mutability of some y"-alleles was up to 0.38 % [15, 16]. The mutability outburst of yellow in
the 1930-1940s lasted at least about 10 years. In 1946, an abrupt fall in mutability compared
to 1937 level was detected in two populations, namely, in Tiraspol (Moldavia) and Uman

(Ukraine) although yellow alleles concentration in Uman still stood high [18].
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Over the period of 1937-1946, elevated mutational activity was observed in other sex-
linked genes as well. An increased mutability in white, singed and forked bristles loci was
found in two populations, in Voronezh (Central Russia) and Dushanbe (Central Asia) [4, 15].

Over the decades subsequent to mutational outburst in the 1930-1940s, concentration
and mutation rate of yellow were background and did not exceed the level of 0.04 % [4, 19].

A remarkable exception is the Drosophila melanogaster population in Uman, in which
we discovered a sudden increase of yellow-X-chromosome concentration started in 1981 [8,
20-22]. Year after year, we traced the dynamics of the outburst. Over the period of 1981-1991,
increased concentration of ye/low mutants could be found in Uman population: yellow mutant
males with average frequency of 0.9 %, heterozygous yellow-mutant females, 1.7 %, and
females inseminated in nature by yellow-mutant males, 0.8%, respectively. Thus, the average
concentration of yellow X-chromosomes in Uman population during this period was 0.9 %,

which is 30-fold higher value than yellow mutation rate in this population, 0.03 %.

Global mutability outburst of singed gene in 1973-1979

In 1973, some researchers have independently found the sharp increase of singed gene
mutational frequency in populations of the Caucasus and Middle Asia [23, 24]. Subsequently,
beginning with 1975, singed mutant males and sn/+ heterozygous females were detected in
Drosophila samples from different geographically remote populations [7, 8, 25, 26]
Phenotypically and genetically different alleles appeared and distributed throughout
populations. Mutability level of singed was multiplied to hundreds of times. That is, in 1974-

1977, in North Caucasian and Trans Caucasian Drosophilu melanogaster populations, the

mutability was 0.2-0.5 - 10'3, the concentration of heterozygous females being 0.1 %.
Beginning with 1980, both the frequency and the concentration of singed mutations have been

markedly decreased. Thus, this burst lasted for 7 years.

Mutational burst of different genes phenotypically similar to abnormal abdomen
mutation
In 1968. an increased occurence of abnormalies similar to the known abnormal

abdomen mutation was observed in all studied Drosophila melanogaster naturai populations
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[6, 27-29]. Usually, abnormalies had a semidominant inheritance. These mutations varied in
localization (sex-linked or autosomal), penetration and expression [7, 23].

In the case of abnormal abdomen mutation one can observe an abrupt increase in
mutability and populational concentration of phenotypically similar mutations in different
loci. This phenomenon resembles the so-called "heterogeneity of similar phens".
Heterogeneity of similar phens in Drosophila was observed in the cases of both insertional and

viral mutagenesis [30].

Data on more than half a century monitoring of mutation process in natural
populations of Drosophila melanogaster allow us to conclude that mutation outbursts are
rather regular events in the species history. The populational phenomenology of these events
is as follows:

(1) Outbursts are associated with particular genome loci or groups of genes with similar
phenotypic expression;

(2) Outbursts can be global or local, that is, in short time, almost simultaneously, they occur in
numerous geographically remote populations;

(3) A single outburst (or mutation vogue) can last for over 7-11 years;

(4) Mutation vogue of a certain gene (or genes) can repeat;

(5) Some mutation outbursts are associated with temporal activation or invasion of a
transposon novel for a particular species.

The mutability outbursts are accompanied by transition of certain genes into unstable
state. This statement is obviously corroborated by global outburst of singed gene. In this case,
a set of mutant unstable alleles was first isolated from nature; and this instability was further
subjected to genetic analysis. Alleles were found to be different in phenotype as well as in
direction and mutation rate in germ and somatic cells.

On the basis of genetic data, a conclusion was made in 1977, prior to the discovery of
mobile elements in Drosophila, that unstable singed-alleles in nature were produced by
insertion mechanism [9, 31]. This conclusion was supported by in situ hybridization to
salivary gland chromosomes [10]. Although singed locus is a "hot spot" for P element
insertion, the global outburst of singed locus was found to be associated not only with

activation by P element but by some other mobile elements as well. All these elements were
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active in the same population. For example, in two X chromosomes from the Russian Far East
population studied in 1975, two unstable mutations were caused by P-element and mdg3
insertion, respectively. A large inserted sequence of hobo-element origin was also detected in
the first intron of singed gene of the better studied (from genetical point of view) sn* allele
[12].

Many alleles of the yellow-2 type in yellow locus are associated with insertion of mdg4
or gypsy mobile elements [32, 33]. The yellow-2 type outburst was caused by hobo-mobile
element insertion [13]. Molecular genetic analysis detected the presence of deleted version of
hobo in the same site of regulatory domain of yellow gene in mutant alleles and revertants
derived from them. The yellow-2 type outburst was associated with spreading of X
chromosome carrying inversion of yellow regulatory domain in population. Reinversion
resulted in wild-type phenotype [14].

Stable and unstable mutations occurring during the outburst period are therefore
associated with activation of different mobile elements capable of site-specific insertion.

This brings up the questions: how can mobile elements be activated in nature? Which
processes trigger activation? How are these processes synchronized in geographically remote
populations? Why does this activation demonstrate wave-like pattern? Why is insertion of
mobile elements site specific? Only tentative answers to such questions can be given.

We will illustrate the situation by the example of singed locus, which is better studied
by methods of molecular and population genetics. This locus is a target for P-element
insertion both under the action of MR-like mutators and as a result of P-element activation in
the system of hybrid dysgenesis [31, 34-37]. Two facts are in a good agreement with these
data. First, Male Recombination factors are of widespread occurrence throughout a number of
populations [38]. Second, P-insertions prevail among singed alleles isolated from natural
populations during singed outburst.

On the other hand, P-DNA replicas began to spread in Eurasian populations of
Drosophila melanogaster (including those studied in our laboratory) only in the 1960s [39-
41], whereas the increase of singed mutability was registered as early as the 1930-1940s.
Besides, individuals from natural populations in which singed gene outbursts were registered
fall into M-cytotype. Moreover, these flies carried deleted versions of P-element. These

versions, called KP-elements, were first found in Krasnodar population [42]. They turned out
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to be wide-spread through the entire species area [43]. The action of KP leads to suppression
of full-size replicas transposition although the presence of KP replicas in genome does not
inevitably suppress P-mediated instability [44].

Thus, although the connection between P-element replicas distribution in Eurasian
populations in the late 1960s and singed gene mutability outburst in 1973 does exist but it is
not the direct and the only reason for mutability outburst in this locus. Explanation to the other
types of outbursts registered more than half a century ago is even more difficult. In our
opinion, a general biological approach should be worked out for search of the factors and
triggers that cause population and genetic patterns of mutation outbursts.

Investigation of insertion mutagenesis in case of insertion alleles isolated from natural
populations of Drosophila melanogaster allows one to understand the complex pattern of
genetic events caused by insertion mutations at differents levels and to gain more knowledge
about the nature of genetic variability in natural populations. We will now briefly summarize
the most important results in this field obtained in our laboratory (the table): A. Gene and
chromosome level; B. Individual (developmental) level, and C. Population level.

The results presented in this report and some other data give evidence that genome
facultative genetic elements (including different classes of mobile elements and viruses) play
a significant role in spontaneous mutagenesis [60-62]. Spontaneous mutagenesis can be
considered as a two-step process. At the first step, activation of facultative genome elements
which are the most sensitive to weak, non-mutagenic environmental factors takes place.
Mobile elements cause inherited genotypic alterations which usually lie within the range
limits of morphophysiological norm. Such alterations may be considered as prémutational.
Only at the second step of mutagenesis, the classical gene or chromosomal mutations appear

under the influence of facultative genome elements.
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Table. Genetic variability observed in experiments with insertional alleles

obtained from natural populations (at three structural levels) [45]

A. Genes and Chromosomes

Genetic instability induced by insertions of P, hobo and other mobile elements being active

in natural populations [12-14, 46].

Allele-specific pattern of instability in germ and somatic cells [7, 47, 48].

Elevated mutation rate in X chromosomes with unstable singed alleles [49].

Paramutation phenomenon in the descendants of heterozygotes for two unstable singed-

alleles [46].

Effect of homologous locus structure on mutation rate of insertional allele [50-52].

Abnormal recombination in heterozygotes for two insertional alleles is induced by

premeiotic excision of mobile elements [50, 51, 53].

Complex control of insertional mutagenesis: cytotype, mutator genes, interaction of mobile

elements [54-56].

Induction of lethal and visible mutations and chromosome rearrangements in unstable

chromosomes 12, 57].

Genetic engineering in nature - origin of transposons: coupled expression and mutation of

two genes under control of a single mobile element [11].

B. Individual (developmental)

Clusters of mutants in the progeny of a single individual with unstable alleles induced by

transpositions of mobile elements during early zygotic divisions [9, 21].

Expression of insertional mutation may depend on temperature and doze of Y chromosome

(amount of heterochromatin in genome). thus resembling position effect [58].
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C. Population

Fluctuations of mutability and concentrations of alleles, simultaneous mutability outbursts

and generation of multiple insertional alleles in distant populations, "Fashion of mutation"
phenomenon [4, 5, 20, 23, 28].

Chromosomes with high mutability of different loci occur in populations [5, 8, 15, 20, 22,
25, 26].

High concentration of Male Recombination-type mutators in natural populations of Eurasia
[38].

Cluster mutations induced by viruses and foreign DNA can spread in natural populations
[59].

In conclusion we would like to emphasize that the results presented here for discussion
have been obtained since 1931 by the Russian scholars, among them N.P. Dubinin, N.D.
Duseeva. S.M. Gershenson, R.L. Berg, M.D. Golubovsky, Yu.N. Ivanov, our present
collaborators M.A. Voloshina, N.Ya. Weisman, E.E. Skibitsky, L.P. Zakharenko and many

others.

This work was supported partly by the Russian Foundation for Basic Research,
No. 99-04-49743.
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