bAKTEPHUHU U BAKTEPHUO®DAT'U:
CBO/IKU C ®POHTA U ThHIJIA

AnexkcaHapa KiinMmeHKo,
acnupanTtka Ulul' CO PAH



BAKTEPUU U
BARTEPUOPATHU

bakmepuogazu (nay nmpocTto
— (paru) - BUPYCHI,
SABJISIOLIUECS 00JIMTaTHBIMH
BHYTPUKJIETOYHBIMU
[apa3uTaMy OaKTepUu.

bakmepuu - noMeH
0e3bsaJepHbIX
OJHOKJIETOYHBIX
OpraHM3MOB

€



BAKTEPUU U BAKTEPUO®AT'U:
JKOJIO'MYECKHWE M 9BOJIOLIMOHHBIE '-,OCA'
JPEBHEMIIErO [TPOTUBOCTOSIHUSA -

1. KpaTkadg rcTtopus Bompoca

EJICTBUS

2. Cneunpuka paroBov UHPEKIHNHU L)
(e
3. 3alUMTHbIE CTPATETUU U MEXaHU3MbI OAKTEPHUU ¢
. §3
4. Kpyr BonpocoB, KOTOpbIe 3a00TAT UCCIeIOBATEJIEH B ¢

JJAHHOU TeMe

5. OpOHT: KO3BOJIIOIUA 6AKTEPUH U paroB B KOHTEKCTE
BUPYJIEHTHOCTH U PE3UCTEHTHOCTH

6. ThIJI: KAKOBA lleHa OeCIpPepPbIBHOM FOHKH BoopymeHI/m?/y’ “

7. He TO.HbKO BOMHA: CBeTJ/Iasl CTOPOHAa BBaI/IMO EUCTBUS



Twort observed “acute infectious
disease of micrococci” (REF. 1)

Phage therapy experiments
conducted by d'Hérelle

Phage visualization by EM* and
beginnings of the “‘phage group’

Hershey and Chase:
DNA is genetic material®

Zinder and Lederberg:
transduction®

Lwoff, Horne and Tournier:
virus classification®*

Fiers: phage M52 ssRNA
genome sequenced?

Smith: phage display developed®™

Role of phages in microbial
turnover demonstrated®%

Phage relatedness and
mosaicism proposed??

First synthetic genome (®X174)*

CRISPR—Cas adaptive phage
immunity demonstrated®

PhagoBurn: phage therapy
Phase I/1l clinical trial initiated

d'Hérelle identified
‘bacteriophages’ (REF. 2]

Ellis and Delbriick: one-step
growth experiment®

Luria and Delbriick: mutations

arise without selection’

Benzer: fine structure of phage T4 rll® |

Type |l restriction enzyme isolated*® ‘

Sanger: phage $X174
ssDNA genome sequenced®

Phages shown to be
abundant in water®®

Lysogenic conversion in Vibrio

cholerae demonstrated®”

Phage diversity apparent
(ecology and viromics)®!

Prophage abundance in
genomes appreciated?®

Cas9 RNA-guided nuclease
for genome editing®

P.C. Salmond, P.C. Fineran,
Nature Reviews
Microbiology, 2015

Figure 1| Some major events in the 100 years of phage research. EM, electron microscopy; ssDNA,
single-stranded DNA; ssRNA, single-stranded RNA.
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C MOMOIIbIO 3JIEKTPOHHOI'O
MMUKPOCKOIIA, MIOKA3bIBAET
Npollecc 3aKpeIryeHus
bakTepuodaron
(kosindaronB T%)) Ha
IIOBEPXHOCTH OAKTEpPHUH
E. coli
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OTKpBITbI HE3aBUCUMO
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abundance of viruses
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environments
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IaTOTeHHOCTHU

2004 r. - K. BenTep. 3ap4
MeTareHOMUKHU

2007 r. - OTKpBITHE :‘
CRISPR-Cas cucremsl
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JUTUYECKHHA LUKJIBL.

 JlnTnyeckne nHpekumn
bornee pacnpocTpaHeHsbI
B YCIOBUSAX BbICOKOM
OOCTYMHOCTU
NMTaTeNbHbIX BELWLECTB,
B TO BPEMS KakK
NN30reHns vatle
BCTpeYaeTcs B
ONUrOTPOMHbIX
ycnosuax [Paul, 2008]

 OgHako, HegaBHO ObINO

nokasaHo, 4YTo
NN30reHns TaKkke MOXeT
OKa3aTbCH yCrneLIHON
cTpaTterMen n B TOm
criyyae, ecnu bakrepun
PacTyT ObICTPO U
MNSIOTHOCTb UX
NonynsaumMn BolCOKa

[Knowles et al., 2016]. @
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CxeMa paboTbl cUCTEMbI PecTpUKIIMU-
Mopudurkanuu:

= a-o06e Hutu JJHK B catite SK
MEeTHUJIMPOBaHbI; KOMILJIEKC pacla aeTcs;
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3AIIUTHBIE
CTPATETUHU U
MEXAHHWU3MbI
BAKTEPUM

a - MpeAoTBpallleHre aJIcCOPOLUU
dara

b - merpajanus ¢arosoit JJTHK
BHYTPH KJIE€TKHU U/WUIHU
6J0KHMpPOBaHUeE Mpolecca
peminkanuu (R-M systems,
CRISPR-Cas)

C — JIM3UC 3aPpAXXEHHOU KJIETKHU
(«anbTPYyUCTUUYECKUN CYULIUY)

Kossosroyus — 3TO npoliecc
B3aMMHOM aJanTalyy U
KOHTpaJanTauu Mexay
3KO0JIOTUYECKHU
B3aUMO/IEUCTBYOIUMHU
BHUAaMU (Janzen, 1980)
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PERSPECTIVES

TIMELINE

A century of the phage: past, present

and future

George P C. Salmond and Peter C. Fineran

Absztract | Viruzes that infect bacteria (bacteriophages: alzo known as phages) were
dizcovered 100 years ago. Since then, phage research has transformed

fundamental and tranzlational biozciences. For example. phages were crucial in

establishing the central dogma of molecular bislogy — information iz sequentially
passed from DNA to RMA to protein: — and they have been shown to have major
roles in ecosystems, and help drive bacterial evolution and virulence. Furthermaore,

phage rezearch has provided many technigues and reagents that underpin medern

biology—from sequencing and genome engineering to the recent discovery and

exploitation of CRISPR—Cas phage resistance systems. In this Timeline, we discuss

a century of phage rezearch and itz impact on bazic and applied biology.

Bacteriophages were discovered indepen-
dently in 1915 by Frederick Twort, a British
pathologist’, and in 1917 by Félix d Hérelle,
a French-Canadian microbiclogist® Fic. 1.
Twort described the “glassy transformation”
of micrococd colonies, whereas d'Herelle
isolated an “anti-microbe” of Shigeila and
devised the term ‘bacteriophage’ — literally
meaning bacteria-eater

Fhages are obligate intracellular para-
sites of bacteria and have diverse life cycles
(50X 1). The ability of phages to infect bacte-
ria led d'Hérelle to examine their therapeutic
potential against bacterial infection. Even
in his first paper, he noted that the presence
of phages correlated with disease dearance
in patients with dysentery, and he carried
out a rabbit study, in which phages provided
protection from infection with Shigelia.
Most early phage research conducted in the
1920z and 1930s focused on the develop-
ment of phage therapy for the treatment of
bacterial infections, and companies began
to market phage preparations®. However,
in the late 1330s, the Council on Pharmacy
and Chemistry of the American Medical
Association concluded that the efficacy of
phage therapy was ambiguous and that fur-
ther research was required”. These concerns,
and the success of emerging antibacterials,

led to a decling in interest in phage therapy,
although research continued in the former
Soviet Union and other Eastern European
countries. During this period, insights into
fundamental phage biology were limited,
and up until the 1940s the viral nature of
phages was still disputed. Visualization of
phages by electron microscopy in the early
19405 proved their particulate nature’.

Since their discovery, phages have had
an immense and unforeseen impact on our
understanding of the wider biological world.
Their simplicity’ enabled our understanding
of core biological processes that are relevant
to all biology. Phages provided tractable
model systems that gave rise to molecular
biology and provided many biotechnologi-
cally useful reagents, including restriction
enzymes, en roufe. In addition, their influ-
ence on nutrient cycles, pathogenicity and
bacterial evolution further underlines their
central role in global ecology and evolution.
Furthermaore, the inexorable rise of antibi-
otic resistance has provided added impetus
for ‘back to the future’ phage-based solutions
to bacterial infection. We are also currently
witnessing incredible advances in the bio-
technological exploitation of CRISPR-Cas
phage defence systemes, which are revolu-

tionizing both prokaryotic and eukaryotic

molecular biology research. In this Timeline,
we highlight the impact of phages in the first
100 years since their discovery in terms of
the origins of molecular biology, our knowl-
edge of ecology and evolution, and their
hiotechnological exploitation. We encourage
readers to try to imagine what the modern
world would look like if phages did not exist;
we are clearly indebted to the most sbundant
biological entities on Earth.

The origins of molecular biology

Key questions in biology addressed. In

the early twentieth century, the nature of
the gene was a central biological question.
Physicists, induding Leo Szilard, Salvador
Luria and Max Delbriick as well az other
researchers (the ‘phage group’), began tack-
ling this and other fundamental biological
questions by working with phages as biologi-
cal models®. Delbriick urged researchers to
use select ‘authorized phages! the T-phages,
in their studies to facilitate comparahility of
results between laboratories. The T-phages
were able to infect Escherichia colt, which
was rapidly becoming the model Gram-
negative bacterium. In 1939, Emory Ellis
and Delbriick characterized phage growth
in the ‘one-step growth experiment; which
revealed key phage-related concepts, such
as adsorption, the latent period and viral
burst®. A few years later, Luria and Delbriick
demonstrated that mutations pre-existed

in the absence of selection — a prediction
of Darwinian theory”. This ‘fluctuation

test” invalved growing independent E. coli
cultures without selection and then plating
the bacteria to determine both the total and
phage T1-resistant cell numbers. Consistent
with a model of pre-existing mutations, the
number of mutants varied markedly — a fac-
tor influenced by when the mutant arose in
each culture. Retrospectively, we now inter-
pret these experiments in terms of mutations
in DNA, but the nature of the gene was not
known at that time.

By using phages, evidence that genes were
composed of DMA was provided by Alfred
Hershey and Martha Chase in their “Waring
hlender experiment’ [REF. 5. Fhages provided
an ideal model system, as they are compaosed
of a protein coat and internal DNA — the
two leading genetic contenders at that
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KPYTI BOITPOCOB, KOTOPDBIE
3ABOTAT UCCJIEJJOBATEJ/IEU B
OBJIACTU 3KCIIEPUMEHTAJIBHOM
IBOJIOL U

- Kakue pexxrMbl KO3BOJIIOIIMU BCTPEYAOTCS B CHCTEMAX
dar-6aktepus?

« Kak pa3/IMd9HbI€ 9KOJOI'MYE€CKHE Cl)aKTOpr BJIMAIOT Ha
I[IEPEKJII0YEeHHUE MEXKAY KO3BOJIOINUOHHBIMHA peH(I/IMaMI/I?

« Kak Ko3aBoJsiro1us 6aKTeprur U paroB B 3aJaHHBIX
YCJIOBHUAX MOI'YT BJIMATD HaA.
* CeTb B3aUMOJeHCTBUM MeXJy BUJAMU B COOOIIECTBE

- reHeTHYeCKoe U GPeHOTHIINYECKOE Pa3HOOOpa3ue

« KakoBbI NpoCTpaHCTBEHHbIE U BpeMEHHbIe MacCIITa0bl
HabJ/II0/JaeEMOM KO3BOJIIOLHUU?

« YTo cTOUT AJI1 MUKPOOPTAaHM3MOB Y4YacTHE B 3TOU
9BOJIIOLITUOHHOMW FOHKe?

- HackosibKO pe3y/sbTaThl, HOJy4eHHbIe In VILro
MepeHOCUMbI Ha YXKUBYIO MPUPOAY?




FRONT: INFECTIVITY VS.
RESISTANCE COEVOLUTION

= Ko3BoJIIOIIMA OAKTEPUM U IMTHYECKHUX
aroB [Gomez et al., 2014],

B.Koskella & M.A. Brockhurst,

2014]:

= [oHKa BoopyxeHuM (Arms race
dynamics, ARD) [Hall et al.,

2011]

= QJIKTYAPYIOILIAKA OTOOP
(Fluctuating selection
dynamics, FSD):

= [To cienudununoctu [Gandon et al.,
2008]

ARV AR RSP Ep SmAdy 4]

FSD: cnenuanusm




MY/IBTUJIOKYCHAA “GENE-FOR-
GENE”(GFG) MOJAEJIb

. dij X03IUH
Qij = a7, h'= 00011000100110111101
n ~ p= 11000100111001001100
_ L | [Tapasut
dij = hi (1 —p;)
1 = [Sasaki, 2000]

n
fitness_cost_factor; = exp(—n Z hL)
k=1

KyieTouHO-aBTOMaTHasi MOZieib KO3BOJIIOILMU B X0/le paroBor HHPEKIUU C YUYETOM
reHeTHYeCKOro noJiuMopdr3Ma U 1ieHbl 32 pe3UCTEHTHOCTh/reHepain3M

3apa)keHHe IPOUCXOAUT C ONpeeIEHHOU BEePOSTHOCTbIO

3apaXéHHbIE KJIETKH He Pa3MHOXKAOTCA U TUOHYT 4epe3 QUKCUPOBAHHbIN [TEPUO/
BpeMeHH, BbIMyCKasi B MeCTe CBOel rubesii HoBble ¢paroBble YaCTUILbI B CpeAY,
KOTOpbI€, BOSMOXXHO, MyTHPYIOT

KouHdekIius He yYyuTbIBaeTCs. 3aZjlaHbl IOKa3aTeJU BEPOSTHOCTU CMEPTH MapasyTa
6e3 xo3suHa. [lapasutel AUGPYHAUPYIOT

[ASHBY ET
AL., 2014]

[Tpumenunu GFG nogxon k
OINMCAHUI0 TeHETUYECKOU
crenMGrUIHOCTH K
B3aMMO/IEMCTBUIO OAKTEPUM U
daros.

HccinenoBany BJAUsgHUE
CTelleHU IepeMelIuBaHUs Ha
HWHTEHCHBHOCTb I'OHKHU
BOOPY>XEHUH

@
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= X(i) - mos1s 6aKkTEPUH, UMEIOIHX i
aJljiesiel pe3uCTeHTHOCTH

= y(i) - mosig ¢paros, UMerOIIUX i annenen
BUPYJIEHTHOCTH

BJAUSAHUE |
[MPOCTPAHCTBEHHOW
OPTAHM3AILIUU
CPE/IbI HA
3BOJIKOLIMOHHY IO
JTUHAMUKY

[IpocTpaHCTBEHHO-
CTPYKTYPHUPOBAHHbIE CPe/ibl
CIIOCOOCTBYIOT O0Jiee
CTaOMUJIbHOM 3BOJIIOIIMOHHOM
JWHAMUKE, YeM PAaBHOMEPHO
nepeMellaHHbIe CPEJIbI.
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BJAUSAHUE |
[MPOCTPAHCTBEHHOW
OPTAHM3AILIUU
CPE/IbI HA
IUATIA30HbBI
PE3UCTEHTHOCTHU

[IpocTpaHCTBEHHO-
CTPYKTYPUPOBAHHBIE Cpe/ibl
MOTYT CMAT4YaTh
OrpaHUYEeHUH,
HaKJiaJblBaeMble BbICOKOU
LIEHOH 3a pe3UCTEHTHOCTh, Ha
3BOJIIOLIMIO B CTOPOHY
reHepajindma
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CUMMETPHUYHAA “GENE-FOR-GENE”(SGFG)

MOJEJib + AJUIEJIBHOE COOTBETCTBUE (MA)

Parasite genotype

Infectivity, Q
00fA O0/B 0174 01/B 10/A 10/B 11/A 11/B
00/A o’ o’p o op o ap 1 p
00/B | o'p o’ op o op o p 1
01/A o’ op o’ o'p o’ op o op
Host 01/B | op o’ o’p o’ o’p a? op o
genotype | —3q/A o’ o'p a? o’p o’ o°p o ap
108 | o'p a’ o’p o’ o’p a’ op o
11/A o' a’p o’ ap o’ op o’ o'p
1B | o' ot op a® o’p a’ o°p a?

= SGFG u MA (matching-alleles) sokychr

II03BOJIAIOT ONUCHIBATH He ToJIbKO ARD, Ho U

FSD

PACIIVPEHUE
MOJEJIU U
3KCIIEPUMEHTAJIb
HAS MPOBEPKA
[GOMEZ ET AL.,
2014]

HUccnenoBaiyv BJIUSIHUE
CTEIleHU lepeMellBaHUsA
Ha MepeKJJIIYEeHUA MeX 1y
ARM wu FSD pexxumamu
KO3BOJIIOIIMH: B MOJIeJIU U B
KOMIIOCTE

Vma
—— > 0.5 = FSD npeob6siagaet Hag ARD
Varr

@
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. [GOMEZ ET AL., 2014]
) 10 ) 1.0 ?
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= [IpocTpaHcTBeHHass HEOJHOPOAHOCTh ciocobcTByeT FSD

IJKCIIEPUMEHTAJIb
HAA IMTPOBEPKA
[GOMEZ ET AL.,
2014]
P, fluorescens vs. P2 B
IIOYBEHHOM MHKPOKOCME

[locTosHHOE epeMelIuBaHue
NPUBOJUT K IIEPEXOAY OT
GAYKTYHPYOIEro oTbopa K
TOHKE BOOPY>KEHUM

Tak>xe B 3TOM paboTe ObLIO
II0Ka3aHOo, YTO CTeNeHb
nepeMellvBaHUs UTPAET
00JIBIIIYIO POJIb, YeM
JOCTYIIHOCTb NUTATEJNbHBIX
BenlecTB. [locyenHee He
npuBoAuao K capury ot FSD k
ARD Bomnpeku paHee
MOJIy4eHHbIM pe3y/bTaTaM

(Lopez, 2014). @



«— ¥ Hac, — cKasaJia Ayiica, ¢ TpyZloM IepeBOAsA AYX, —
KOT/la J0JIF0 OEKUILb CO BCEX HOT, HEIPEMEHHO IMOMNaAENlb B
Jipyroe MecTo.

— Kakas meayiutesnibHas ctpaHal — Bckpu4daJsia KopouJieBa.
— Hy a 3z1ech, 3Haelb Jik, MPUXOAUTCS O€KATh CO BCEX HOT,
YTOOBI TOJIBKO OCTAaTbhCSI HA TOM K€ MeCTe.»

Jlsrouc Kappoan «Aauca e 3a3zepkasibex

[NPUHLKMII
KPACHOH
KROPOJIEBDI

“For an
evolutionary
continuing
development is
needed just in order
to maintain its
relative to the
systems it is co-
evolving with.” - L.
van Valen (1973 (3




ThlJI: KAKOBA LlEHAﬁECIIPEPbIBHOﬁ
F'OHKHU BOOPYXKEHUN?

* lleHa npuCrIOCO6JIEHHOCTH [Scanlan et al., 2015]
Ha PE3UCTEHTHOCTb o
|[Bohannan and LensKki, o |
2000]. B mo4yBeHHBIX
CUCTeMaX CHUXKEHHUE
IPHUCIIOCOOEHHOCTHU 110 36% 0.2-
|Gomez & Buckling, 00

. %QEJB]O]JHOLU/IH OaKTepuu U 8 147
JIMTU4ECKUX Haron
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0.6
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Host resistance

L T
Coevo Evo

—— ARD => FSD (s)

OrpaHUYHBAET IPHUOOpPETEHHUE E - == [Hall fl:t al., 2011, Host-parasite

Y - [ coevolutionary arms races give
MyTaL UK, 6J1aronpUsITHbIX | R I m— — e
JIJISI pOCTAa B aOMOTUYECKOU

Ecol Lett]
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cpege [Scanlan et al., R - @
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PABHOBECHE?

AHTAroHusM JIeXKMT Ha
[IOBEPXHOCTH, HO KTO
3HaeT KaKue elle
TAUHBbI HPUPOJTHOTO
PaBHOBECUA OCTAXOTCA
COKPBITHI B
COCYLIEeCTBOBAHUU
OaKTepHU U UX
BHUPYCOB?







3AIIUTHBIE
CTPATETUHU U
MEXAHHWU3MbI
BAKTEPUM

a - MpeAoTBpallleHre aJIcCOPOLUU
dara

b - merpajanus ¢arosoit JJTHK
BHYTPH KJIETKHU U/WJIHU
6J0KHMpPOBaHUeE Mpolecca
peminkanuu (R-M systems,
CRISPR-Cas)

C — JIM3UC 3aPpAXXEHHOU KJIETKHU
(«anbTPYyUCTUUYECKUN CYULIUY)

Koseoatoyus — 3T0 1ipolecc
B3aMMHOM aJanTalyy U
KOHTpaJanTauu Mexay

3KO0JIOTUYECKH
= B. Kgoskella & M.A. B3aUMO/EUCTBYOILIMMU
Brockhurst, 2014
BHUAaMU (Janzen, 1980)



CUCTEMBI
PECTPUKLIU-
MOJIUDUKALIMU

= CxeMa pabOThI CUCTEMBbI PECTpUKIIMH-
Moaudukanuu:
= a - 00e HuTH JIHK B caiiTe SK
MeTU/IMPOBaHbl; KOMILJIEKC paclafaeTcs;

= 0 — ogHa u3 Hutel JIHK B carite SK
METUJINPOBaHa; MeTUsa3a (M)
npucoeaunser CH3 k ageHusoBoMy
OCTaTKy BO BTOPOU HUTH;

= B—- 00e HUTH B caliTe SK He
MeTUJIMPOBaHbl, 3Ha4UuT JJHK uyxad;
dbepMeHT NMpoTacKkuBaeT eé yepe3 R-
CyO'beJUHHULbI U 3aTEM pPa3pbIBAET

3aBusbresibckuu [.b., Pactopryes C.M.
Xumud v >ku3ub. 2006
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HEC simulation approach considers both population genetic
and ecological factors
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EXCHANGE OF METABOLIC
FEATURES VIA HORIZONTAL
GENE TRANSFER B

= Simulation of Sp c1 Specie 2
horizontal gene < .i.i)
transfer (HGT) and X

emergence of novel ‘ ‘
species in the HEC Specie L Specie 5
[Lashin et al., 2012]. Ci‘ f—*ﬂ‘) & Qﬁii)
- We regard any | Cl> 1 | L
substantial change in Spece 6
metabolic activities as ece s Ciﬁii>
) SU i

speciation in our
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INFECTION

ysogenic an

Infestation
Cells are in pessimal Cells are in optimal
conditions conditions
Infected population
Lysogenic cycle: Later, Infected population
If environmental Lytic cycle:
Phage genes are appended to conditions become

population genome (genetic [elns °p'fifna" partial Part of cells perish (up to 100%),
spectra vector), which leads to a transition of'a with phages raising.
prophage origin.

population in lytic
form is possible

Number of phages raised after
— lysis depends on virulence,
which in its turn, is defined by

ordinary polymorphic alleles of phage genes.
population.

Further lifecycle of infected
population is the same with

Lashin et al. Rus. J Genet. (2011)
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INHABITING 2D ENVIRONMENT
IINIDER PHACE INNEECTINNI

We examined a model of evolving prokaryotic community under phage infection in 2D environment varying
the time of initial phage invasion as well as its localization.

The following question was addressed: how does a moderate bacteriophage affects the evolution of
metabolism in the microbial community?

A

Phage

At the left - 1nitial
trophic structure of =
the community —

At the right - sketch
of spatial —>

organization of the

system —>
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Population sizes in the community
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«SPECIATION» RATE

DECREASE

l{p|p — newly emerged viable population}||

SRI = ,
time_span

time_span - the period speciation rate is
estimated about; a population is
assumed to be viable if it has survived
over a period of 500 generations.

SRI - Speciation Rate Index

= After moderate phage
invades the system,
SRI decreases more
than one order of
magnitude.
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Early-time phage invasion Middle-time phage invasion Late-time phage invasion

(at 1 generation) (at 5000 generation) (at 6600 generation)
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CONCLUSION

Moderate phage infection dramatically decreases the
speciation rate caused by gene loss and horizontal gene
transfer of metabolic genes by more than one order of
magnitude as far as intensified selection blocks the
origin of novel viable populations/species, which could
carve out potential ecological niches.

= At the same time, phages act as a stabilizing factor
suspending superfluous speciation and encouraging
stationary state of the system (in terms of species

Humber) . Klimenko et al., Bacteriophages affect evolution of bacterial communities @
in spatially distributed habitats: a simulation study BMC Microbiology,

cyYN 1 M
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MICROBIAL COMMUNITIES

*MetaCyc Nucl. Acids Res. (2014) doi: 10.1093/nar/gkul38
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Early-time

SRl = l{p|p — newly emerged viable population}||

time_span

Middle-time Late-time

(15t generation)

(s‘s)epouoyur | (g‘c)epouoiur | (1‘T)epou ojur

SRI before

SRI before

SRI before

SRI after

0.000856

SRI after

0.000744

SRI after

0.000578

(5000th generation)

SRI before SRI after
0.00685 0.00052
SRI before SRI after
0.007275 0.0004
SRI before SRI after
0.00825 0.0006

(6600th generation)
SRI before SRI after
0.007143 0.000529
SRI before SRI after
0.007946 0.000206
SRI before SRI after
0.006964 0.000412
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