Introduction

Methods

We used Replifactory, a DIY device assembled from 3D printed components, electronics and labware. We assembled and calibrated devices and
ran two types of experiments: adaptive bacterial evolution and phage lagoon.

Antibiotic resistance evolution:
Working principle:
A culture is continuously stirred and its Optical Density (OD) is measured, indicating the population size and growth rate. Pumps connected to the
culture vial make automated dilutions, lowering the OD, supplying nutrients and controlling the concentration of a stress-inducing agent, such as an

antibiotic. By slowly increasing the antibiotic concentration, the culture is exposed to non-lethal stress levels, creating selective conditions where adaptive
mutations accumulate rapidly.

Our experiments compared the speed of adaptation of different genetic backgrounds to different antibiotics. Specifically, we looked at
how 3 different strains of E. coli adapt to Kanamycin and Tetracycline:

e wild type (WT) - E.Coli MG1655

e AtolC (with a deleted gene that codes for an efflux pump essential for resistance to many antibiotics)

e AmutS (with a deleted gene that codes for a DNA repair proten - this strain mutates at a higher rate than WT and AtolC)

The cultures were controlled by a morbidostat algorithm using the same parameters for each condition. The initial drug dose was smM
for Tetracycline and 10mM for Kanamycin. Every 2 generations the dose was increased by 30% if the measured doubling time was < 5h.

Phage lagoon:
Working principle:

Automated bacteriophage evolution can be achieved by maintaining a continuous phage population. Phages grow by infecting bacteria, which act as a
limiting resource and apply selection on phages - phages that are more efficient at infecting the particular bacterial strain will replicate faster and
dominate the population. However, coculturing also subjects bacteria to selection - a phage-resistant mutant can arise in the bacterial population, taking
over the culture and preventing future phage growth. To avoid this, the lagoon has to be diluted at a rate faster than the growth rate of bacteria, but lower
than the growth rate of phages.

We set up a modified version of replifactory for this type of culture. To achieve a high dilution rate, the phage lagoon vials have small
working volumes (~1mL). A continuous E.coli culture acts as phage feed - it grows in a vial maintained in chemostat mode.

Results

Antibiotic resistance

The AtolC strain was more susceptible to both antibiotics than the wildtype and the culture struggled to recover after the addition of
the drug. The AmutsS strain was already resistant to Kanamycin so we could not observe adaptive events - the culture growth rate was not

affected by increasing drug concentration. However, it was sensitive to tetracycline - when the drug was added growth slowed down,
similarly to WT. Over ~3 days it evolved resistance much faster than the WT due to the higher mutation rates.

Phage lagoon
The setup worked for 7 cycles of 1:1500 dilution followed by phage feeding in 4 lagoon vials. The timeframe was too short to derive

meaningful conclusions about the evolution of phages, but with further improvements this setup will enable their continuous cultivation

for longer duration, with relatively low medium use.

Device development:
o User interface

o New ways of visualizing experimental data in a meaningful way were developed - new plots, GUI widgets and telegram commands.

o Lagoon:
o To achieve a high dilution coefficient the setup was modified to decrease the dead volume in the lagoon vials down to <1mL.
o The tubing configuration and software was improved, removing an unnecessary valve operation during phage feeding.
o 3D model:
o During rotations a spacer was designed to increase the distance between the vials and valves, simplifying tubing installation
o (alibration:

o An algorithm to calibrate the stirrers automatically was developed - it should decrease OD noise induced by stirring when

implemented in the experimental pipeline.

Discussion

e Antibiotic resistance evolution:
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Automated experimental evolution

Experimental evolution is the study of evolutionary processes that can be observed over short
timeframes — usually in fast-replicating organisms such as E.coli or bacteriophages. Replifactory
is a device developed for running automated evolution experiments. We used Replifactory to run
two types of experiments and made improvements to different components of the device.
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Fig. 1. Antibiotic adaptation experiments a) AtolC adaptation to Kanamycin
b) WT adaptation to Kanamycin ¢) AmutS adaptation to Tetracycline d) WT
adaptation to Tetracycline.
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Fig. 2. Phage lagoon experiment - 7 cycles of feeding followed by phage lysis

of the bacterial population can be seen on the graph.

o The antibiotic evolution experiments went without leaks or hardware issues - a marked improvement from SMTB 2019. Improvements can be made in the software speed, calibration process and user interface, but the device performs its

main function reliably.
o Phage lagoon:

o Further improvements are necessary to enable long term lagoon experiments. Our experiment stopped after 7 cycles because the bacterial feed got contaminated with phages. This can be limited by software optimizations (slower pumping

rates to prevent pressure differentials) or additional hardware developments such as automatic ethanol flushing of the tubing.

o Possible application of phage evolution experiments include phage therapy - such experiments can be used to train phages to s/ay pathogenic bacteria in infections.

SMTB
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MeTtoabl

Mbl ucnonb3osanu Replifactory - camogenbHoe ycTpoicTBO cobpaHHOE W3 JeTaneii HaneyaTaHHbIX Ha 3J1 npuHTEpe, 3NEKTPOHUKU W
nabopatopHbix KomnoHeHToB. Mbl cobpanu w ckannubpupoBanu ycTpoidcTBa W MOCTaBUAW JBa Tvna IKCMEPUMEHTOB: aAanTUBHYH
baxTepuanbHylo 3BoslOLMIO 1 ParoByIO JIaTYHY.

AjanTuBHas baKTepManbHas IBONIOLUS:
[TpuHUMN paboTbi:

yCTDOIZCTBO nepeMeLllnBaeT KyabTypy U nepuoanydeckn usMmepser ee ONTUYECKYH MIOTHOCTb (UD), YT0 YKAa3bIBAET HA pPa3Mep nonynauun U CKOPOCTb
poCTa. Hacocbl, NOAKMHYEHHbIE K npoﬁmpKe C KynbTypoW, AenaiwT aBTOMaTUyeckue pa36aBneHm|, chmxas 0D, nopaBas nutateNibHbIe BELIECTBA U
KOHTPO/IMPYA KOHLIEHTPAUWK CPeACTBa Bbi3blBAKLLEIO0 CTPECC, HaMpUMEP aHTMOMOTHKA. MeaneHHo noBbiwas KOHLUEHTPaLKUK aHTMOMOTHKA, KY/bTYypa
noABepractcd HenetajibHOMY CTPECCY, 4T0 CO34d€ET CENEKTUBHLIE YC10BUSA, B KOTOPbIX 6bICT|J0 HAKaNUBaAKTCA aAaNTUBHbIE MYTALUW.

Haiwm aKkcnepuMeHTbl CPaBHUAM CKOPOCTb aJanTaLuu pa3fMyHbIX TEHOTUNOB K Pa3HbIM aHTUOMOTMKAM. B yacTHOCTH, Mbl pacecMOTpenu, Kak
3 pa3nuyHbIx wramma E. coli agantupylotes K KaHaMULMAY W TETPALMKNHY:
o Zvkuit Tun (wild type -WT) - E.Coli MG1695
e AtolC (c yaaneHHbIM reHoM, KoTopblilt KoAWpYeT 3GGNIOKCHBIA HACOC, HE00X0AUMBINA 4191 YCTOHYUBOCTH KO MHOTUM aHTMOMOTUKAM)
e AmutS (c yaaneHHbIM reHoM, Kotopbin Koaupyet benok penapauun JJHK - atot wramm mytupyer ¢ bonbien ckopoctbio, yem WT u AtolC)
KynbTypbl KOHTpOAMpOBanuChL anroputMoM MopbuaocTata ¢ MCMONb30BAaHWEM OJHWUX M TEX Xe MapameTpoB ANS KaXAO0ro YCNoBus.
HayanbHas f03a npenapara coctasnsina o MM ang terpauuknuna n 10 MM ans kaHamuumuda. Kaxable 2 nokoseHus J03a YBeaMYUBanach Ha
30%, ecnn n3mepeHHoe BpeMs YABOEHUS BbINO < 5 4acos.

(Maroas naryua:
[TpuHUMN paboTbI:
ABTOMaTM3NpOBaHHAA 3BONKLMA bakTepUodaroB MOXET BbITb JOCTUTHYTA MYTEM MOAAEpXaHus HenpepbiBHoW nonynauuu daro. Mary pacTyt 3a cyéT
3apaXeHns bakTepui, KoTopble AeHCTBYIT KaK OTPaHUuMBAIOWWLMIA pPecypc U npon3BoAdT oToop Ha darax - daru, Kotopble bonee aphEKTUBHO 3apaxaroT
KOHKPETHOro baKTepuanbHoro WwWramma, 6yAyT pa3MHOXaThea ObICTpee U A0MUHMPOBATL B MONYNSALIMMN.

0AHaKo, KOKYNLTYPUpOBaHWE TakKe mojBepraeT baktepuu 0TOOPY - YCTOMYMBBIA K paraM MYTaHT MOXET BO3HWKHYTb B DaKTepUanbHOM MONYAALMK,
3aXBaTUTb KYNbTYPY W NpejoTBpatuTb pocT daroB. Ytobbl atoro n3bexarb, NaryHy HYXHO pa3dasnsTh ObICTpEe, YEM CKOPOCTb POCTA DAKTEPUI, HO HUXE
CKOpOCTYW pocTa ¢aros.

Mbl HacTpounn MoanduumpoBaHHyo Bepeuto replifactory ang atoro tuna akcnepumenta. [insi JOCTMXKEHUS! BbICOKOrO KO3dPULMEHTN
pa3basneHus GaroBoii naryHbl NpobupKu UMeT Hebonblne padouue obbembl (~1 Mn). HenpepbiBHas Kynbtypa E.coli BbicTynaer B Kayectse
$haroBoro KOpMa - 0Ha pacTeT B Npobupke, noAAepXUBaEMOil B peXuMe XemocTara.

Pe3ynbrarhbl

VcToiYMBOCTb K aHTUDMOTMKAM

lllramm AtolC 6bin bonee yyBCTBUTENbHDIIA K 060MM aHTUBMOTUKAM, 4eMWT, U K0IOHMS 30 BCEX CUA MbITanach BbIPacTh Nocsie
no6asneHns antuonotuka. litamm AmutS yxe bbin yeToiYMB K KaHAMULMHY, HO NEPBOHAYabHO OH BeJ ¢ebs aHanornyo wrammy WT
nocsie 06asneHns TeTpaumknuHa. Moaxe oH pasBun ycToiumBocTb bbicTpee, yeM WT 13-3a bonee BbICOKOW YaCTOThbI MyTALMIA.

(MaroBas naryna

[Tpubop pabotan Ha npoTexeHnu 1 UMKNOB KopMAeHus dparamu ¢ nocneaywowmm pasoasnequem 1:1500. BpeMeHHbIe pamKy bbinu
CJIMLIKOM Manbl, YT0ObI CAENaTh 3HaYMMbIE BbIBOAbI 00 3BOIHOLMM (aroB, HO C AaNbHENWLMMI YAYYLWIEHWAMI 3Ta YCTAHOBKA NO3BOJMUT
HenpepbIBHO KYNbTMBUPOBATL Garu B Te4eHNe bosiee AAMTENBLHOTO BPEMEHW NPW OTHOCUTENBHO HU3KOM CPEAHEM UCTO0Nb30BaHUN.

Pa3pabotka npubopa:
e [lonb30BaTeNbCKNil HTEPPEIC
o bbinn paspabotaHbl HoBble €NOCOObI OCMBICNEHHOW BM3YanU3aLMM IKCMEPUMEHTANbHLIX AAHHLIX - HOBbIE TpapuKM, BUAXETbI ANS
rpaduyeckoro HTepdenca u telegram-KoMaHapl.
e JlaryHa:
o JIng pocTuxeHns BbICOKOro KoadduumenTa pa3baBneHus yeTaHoBKa bbina MoAnduLUMpoBaHa A1 YMEHbLIEHUS! MEPTBOT0 00beMa.
o Koudurypauus Tpybok u nmporpaMMHOe o06ecneyeHue ObINW YNYYILEHbI, YTO YCTPAHUNO HEHY)XHOE MPUMEHEHWE KianaHa BO BpeMms
KOPMNEHWS! GaroBoil KyNbTypbl.
e 3D Moaens:
o Bo Bpems potaupmit bbina paspaboraHa pacnopka A9 YBENWYEHWUS PacCTOAHWUA MEXAY npobupkamu U KnanaHamu, 4To ynpoLiaeT yCTaHOBKY
Tpy6OK.
e Kanubposka:
o bbin paspaboraH anroput™M aBTOMaTMYECKOH KanubpoBKM MELWANOK - OH A0/MKEH YMeHbWHTb WwyM OD, BbI3BaHHLIA NepemMewnBaHneM, Npu
BHEAPEHNUN B IKCNEPUMEHTabHDBIIA TpybonpoBo,

luckyceusn

e JBOJIOLMA YCTOHYUBOCTY K AaHTUDMOTUKAM:
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E.coli ATolC

JKCNEPUMEHTAJIbHAA IBONHOLUA

JKcnepuMeHTanbHas 3BOIIOLMA - 3TO M3YYEHME IBOHOLMOHHBIX NPOLLECCOB, KOTOPbIE MOXXHO HabAKAaTh B
TEYEHNE KOPOTKUX BPEMEHHbIX paMOK - 00bIYHO B ObLICTPOBOCMPOM3BOAALMXCA OpraHU3Max, TaKUX Kak
E.coli wnu bakrepuodarn. Replifactory - 910 ycTpoicTBo, paspabotaHHoe ANd nNpoBejEHUS
aBTOMATM3MPOBAHHbIX aKcnepuMeHToB no asontouuu. Mul ncnonb3osanu /Replifactory ang sanycka AaByx
TUNOB 3KCNEPUMEHTOB M BHECAW YNYYLLIEHMS B Pa3/INYHbIE KOMMOHEHTbI YCTPOUCTBA.

o JKCnepUMeHTbI N0 IBOMIOLMN aHTUOMOTMKOB NpowwIX be3 yTeyek uiu npobnem ¢ 0bopyaoBaHMeM — 3aMeTHOE yiyyiweHue no cpasHeHuio ¢ SMTB 2019. YnyyweHus MoryT 6bITh BHECEHBI B CKOPOCTbL NPOrPaMMHOT0 06ecneyeHus, npoLece

KaNMBPOBKM M NONbL30BATENLCKUIA MHTEPOEAiC, HO YCTPOICTBO HAZAEXHO BLINOIHAET CBOK OCHOBHYH GYHKLMIO.
o (MaroBas naryua:

o HeobxoauMbl AanbHeiwme ynyyieHus, yTo0bl MOXHO ObII0 NPOBOAUTL AONTOCPOYHBIE IKCNEPUMEHTI C 1aryHoiA. Haw aKcnepuMeHT 0cTaHoBMACA NOC/e 7 LMKA0B, NOTOMY YTO DaKTepuanbHbIi KOPM ObIN KOHTaMUHMpOBaH daramu. 310
MOXXET ObITb OTPaHNYEHO ONTUMM3aLMeil NporpaMMHOro obecneyeHus (boee HU3Kas CKOPOCTb OTKAYKKM JJiS NpejoTBpaLLeHNs nepenazsos AaBieHus) Unn AONOHUTEbHLIMA annapaTHbIMK pa3paboTkaMu, TAKUMKU KaK aBTOMaTMyYecKas

NPOMbIBKA TPYOOK 3TaHOOM.

o Bo3MoXxHoe npuMeHeHre aKcnepuMeHToB No 3BOOLMK GaroB BKIOYaeT dharoBylo Tepanuio - Takue SKCNepPUMEHTHI MOXXHO UCMONb30BaTh ANA "00y4yeHns daroB youBaTh NaToreHHble baKTepUM Npu MHOEKLIMAX.
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