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Momusayus u yenv: bakrepun u (aru HaxoAsATCsS B MMOCTOSIHHOM HPOTHBOCTOSIHUM:
TNEPBLIC Pa3BUBAIOT U COBCPHICHCTBYIOT CUCTCMbI 3allIUThI, BTOPLIC — pa3pa6aTblBa}0T
MeTOJTBI MX 00x0/1a. M3yuenue OakTeprnodaroB U CUCTEM 3aIMUTHI OaKTEPHI paCIIHPHIIO
NOHMMaHHE TPUPOIBl BHPYCHOW HH(EKIWH, CTAIO0 OCHOBOM Uil yCTaHOBIICHUS
MOJIEKYJISIPHBIX MEXaHH3MOB HACIIEJICTBEHHOCTH, a TAKKe JIAJI0 U MPOAOIKACT JaBaTh
TeHHOH MH)KCHEPUH HOBBbIC 3((EKTHBHBIC HHCTPYMEHTHI M METOIUKH. Llenbio Harmeit
paboTel OBUIO CpPaBHUTh COCTaB 3alIMTHBIX CHCTEM Yy MPEUMYIIECTBEHHO
CBOOOJTHOKHMBYIIUX OakTepuii W BHYTPUKJIICTOUHBIX MMApa3HTOB, a TAKKE MPOBEPHUTH
3allIUTHBIC CUCTEMBI IIPOKAPUOT, O6I/ITaIOHII/IX B OKCTPEMAJIbHBIX Cpcaax.

Mamepuanv: CHHCOK BHIOB MPOKAPHOT W YHCIO HCCICJOBAHHBIX T'€HOMOB
IITAMMOB KaXKJIOTO BHJIa TIPEACTABIICHBI B Ta0M. 1.

Tao6auna 1. Circok BUIOB MPOKAPHOT U YUCIIO HCCIEI0BAHHBIX TEHOMOB
IITAMMOB K2)KJ0TO BUJIA

Yucmo Yucmo
Bun Bun
mTaMMOB mTaMMOB
Brucella sp. 150 Chlamydia trachomatis 30
Xanthomonas fragariae 30 Chlamydia psittaci 30
Stenotrophomonas maltophilia 30 Shigella flexneri 30
Geobacter sulfurreducens 30 Shigella sonnei 30
Microcystis aeruginosa 8 Mycobacterium leprae 5
Mycobacterium tuberculosis 8 Deinococcus radiodurans 14
Clostridium botulinum 30 Thermus thermophiles 10
Clostridium perfringens 30 Desulforudis audaxviator
Staphylococcus aureus 30 Halobacterium salinarum 6
Rickettsia japonica 30

Memoowt u ancopummul: JIns TMOUCKAa OCHOBHBIX KOMITIOHEHTOB CHCTEM 3alllUTHI B
TeHOMaX IMPOKAPUOT MBI Ucoib30Bain HMM mpodwim, A0CTyIIHBIE B BUJIE OHJIAWH-
cepeuca PADLOC [1, 2]. PADLOC crnoco0eH o0HapyKMBaTh CHCTEMbI, OCHOBAaHHbBIC
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Ha Momudukanmu JJHK, abopTuBHBIC U TOKCHMH-aHTUTOKCHHOBBIC CHCTEMBI, CHCTEMBI
CRISPR-Cas u npokapuotndeckux 0enkoB Argonaut, a Takxke OOJBIIUHCTBO HEJABHO
OTKPBITBIX CUCTEM C HEOMTUCAHHBIM/TIPEINONAracMbIM MEXaHU3MOM JICHCTBUSI.

Peszynomamur: C nomompio ceppuca PADLOC MBI HcClieoBaAIN MPOTHBO(AroBbIe
cucreMbl 6akTepwuii poaa Brucella. Ham ynanock HaiiTi Bcero Be 3alUTHBIC CHCTEMBI:
cucteMy pectpukimu-moanpukanuy tuna [ n gl Tda3Hyro cucreMy, BCTpEdaroTcs y

100 %

mTaMMOB, YTO OKa3aJoChb MCEHBIIC OXHUIAACMOro pe3yJjbrara, C Y4YCTOM

OTPOMHOTO Pa3HOOOpa3us CUCTEM 3allUThl W WX YaCTOW JoKalu3aluu B ¢opme
«3AIUTHBIX OCTPOBOBY» — YYaCTKOB, CIIOCOOHBIX K TOPU30HTAIHLHOMY MIEPEHOCY.

Taobauua 2. KpaTkas xapakTepHCTHKa CHCTEM 3aIlUTHI, HaiiAeHHbIX cepBucom PADLOC
y OakTepuii ¢ pa3HBIMH CIOCOOAMHU CYIICCTBOBAHUS

Bbakrepuu Crioco6 CucTeMbl 3alUTH HA TEHOM
CYIIECTBOBAHUS ]
.; § § Campble npecTaBICHHBIE
Stenotrophomonas
maltophilia CBOOOTHOXKUBYIIHH 4 113 (10 [RM tumn I, Zorya tum 111, Gabija
Geobacter
sulfurreducens CBOOOTHOXKUBYIIHH 6 [15[9 |RM tum I, dGTPase, CRISPR-Cas
Microcystis aeruginosa [CBo601HOXHUBYIIHI 26 (39 (31 |RM tum II, PD-T4-6
EcTh KOHTaKT c BHELIHEN
Xanthomonas fragariae |cpenoi 7 (10 |8 |RM tun I, Zorya tum 11
Micobacterium ECTh KOHTaKT ¢ BHEIIHEH
tuberculosis cpenoii 10 |14 |12 |PD-T4-6, dGTPase
EcTh KOHTaKT C BHEUIHEH
Clostridium botulinum |cpemoii 3 |1119 |RM tun I, PD-T4-6, CRISPR-Cas
EcTh KOHTaKT C BHEUIHEH
Clostridium perfringens|cpemoii 3 [12 |8 |PD-T4-6, Zorya, viperin
Staphylococcus aureus |[Tapasut 1 |7 |5 |RM tum I, Mokosh Tum 11
Brucella sp. [Mapa3zur 2 12 |2 [RM tum I, dGTPase
Shigella flexneri [Mapa3zur 2 |6 [3 |RM tun I, Mokosh tun I1
Shigella sonnei [Mapa3zur 4 16 |4 [RM tun I, Mokosh tum I1
SoFic, dGTPase (BcTpeuatotcs y
Rickettsia japonica O6nurarHbrii mapasur |2 |2 2 |100 %)
Chlamydia trachomatis |[O6auratasiii mapasut [0 |0 |0 |-
Chlamydia psittaci O6unurarsbrii mapasur |0 [0 |0 |-
PD-T4-6, dGTPase (BcTpeuarorcst
Micobacterium leprae |O6auratesiii napazutr (3 |4 |4 |y 100 %)
Deinococcus RM tun 1V, PD-T4-3, PD-T4-6,
radiodurans Pannope3ucTeHTHbIN 6 |10 |9 |dGTPase (Bcrpeuatorcs y 100 %)
SoFic, PD-T4-6, dGTPase
Thermus thermophiles |Tepmodun 4 |18 |5 |(Bctpeuarorcsy 100 %)
Desulforudis CRISPR-Cas, Wadjet Tum 2, Hma
audaxviator Kpuodun 9 |13 |10 |(BcTpeuarorcsi y 100 %)
Halobacterium
salinarum lanodun 1 |5 |3 [SoFic, AbiE
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Mb1 BBIIBHHYJIM THIIOTE3Y, 4TO OakTepun pona Brucella u npoune BHyTpukieTouHbie
napasuThl 00J1a1al0T MEHBLINM KOJTMUECTBOM CHCTEM 3allUThI, Y4eM CBOOOJHOKUBYIIHE
BHIIBI, TaK KaK cpera OOMTaHMS JAaHHBIX IMapa3uToB cBoOOAHA OoT OakTeprodaros. Jis
IIPOBEPKU TUIOTE3bI Mbl HICHTU(UIMPOBAIN 3aIUTHBIE CUCTEMbI B T€HOMax 4 BUAOB
MPOKapUOT — OOJHMraTHBIX BHYTPUKJIETOYHBIX Mapa3uToB. JloOaBieHsl ciemyrouiue
KaTeropuM MPOKapHUOT: Mapa3uTsl — 4 BUAA BHYTPUKIETOYHBIX [Apa3UTOB, HUMEIOLINE
NEepuoJ B JKU3HCHHOM LHMKJIE, KOTZla HAaXOAATCS BHE cpedbl ¢ (araMu; MMeEroIne
MOCTOSIHHBIN KOHTAKT C BHEUIHEH cpenoii — 4 Buaa U cBOOOIHO )KUBYIIUE — 3 BHJA.
[ cpaBHEHHST MBIl PEIIMIM TaKKe IPOBEPHUTH 3AIIUTHBIE CHUCTEMBI HPOKAPHOT,
obWrTaromMx B JPYIHX O9KCTpeManbHbIX cpemax: Deinococcus radiodurans
(pamuopesuctentHass ~ Oakrtepus), Thermus  thermophiles  (rumeprepmodmn),
Desulforudis audaxviator (xpuodun), Halobacterium salinarum (ramodwn).
Pe3ynbraTel HAXOXKICHUS 3aIIUTHBIX CHCTEM B TeHOMaX IPEJICTABICHBI B Ta0II. 2.

Y o0nuratHeIX BHYTPHUKJICTOUHBIX Iapa3sHTOB 3alUTHBIE CHUCTEMBI JUOO HE ObLIM
00HapyXeHBI, JIN00 HAXOUIIOCH B CPEIHEM OT 2 10 4 cucteM Ha reHoM. OOHapyKEHHbBIS
y Hux cucremsl SOFic, dGTPase u PD-T4-6 coctosr u3 OAHOTO Oeika W MOTYT
BBINOJIHATH CTOPOHHHE (DYHKLUH, YTO OOBACHIECT HATMUUE STUX CHCTEM Y OOJUTraTHBIX
Mapa3uTOB JaXKe IIOCJE XapaKTEpPHOM I HUX PENYKUMU T€HOMa. Y IapasuToB B
cpeqHeM OT 2 A0 5 3alIMTHBIX CHCTEeM Ha reHoM. Hambomnee wacTo BcTpevaromiuecs
KJIACCHMYECKUE CHUCTEMbI pecTpuKimu-moaudukamuu tumos |l u 11, Mokosh tun 1l u
dGTPase. Takoe wMmanoe pa3HOOOpasWe 3alIMTHBIX CHCTEM MapasuToB TPeOyeT
JATBHEUIIET0 U3y4YeHHs. Y OOJIBIIIMHCTBA POJIOB CBOOOTHOKHUBYIIUX OAKTEPHIi CpETHES
YUCIIO0 3allUTHBIX CHCTEM CcOCTaBismio or 8 mo 11 Ha TeHom. Y Oakrtepuii-
skcTpemoduinoB, kpome Halobacterium, He HaONrOmaeTCs 3HAYUTENHHOTO TaJCHUS
YHcia CUCTEM, HO CHIDKEHO HX pazHooOpasue.

Bvi6oowi: TlonyyeHHble HAMU JTaHHBIC CBUACTEIBCTBYIOT B MOJBb3Y BBIABHHYTOH HaMU
TUIIOTE3bI, & TAKKE B IOJIb3Y BIMSHMSA HKCTPEMAJIBHOTO MeCTa oOMTaHMs Ha Habop
MPOTHBOQAroBHIX 3alIUTHBIX CHUCTeM OakTepuil. Mbl IIaHUPYEM H3YYUTh OTHENbHBIC
THUTIBI CUCTEM 3aIHTHI, 8 TAK)KE PACCMOTPETH Paclpe/ielICHUE CUCTEM 3alllUThl OaKTepHi
BHYTpPHU BUJIA C Pa3JINUHBIMU MECTAMH OOUTAHUS LITAMMOB.
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Motivation and Aim: Bacteria and phages are in constant confrontation: the former
develop and improve protection systems, the latter develop methods to circumvent them.
The study of bacteriophages and bacterial defense systems expanded the understanding
of the nature of viral infection, became the basis for establishing the molecular
mechanisms of heredity, and also gave and continues to give genetic engineering new
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effective tools and techniques. The aim of our work was to compare the composition of
protective systems in predominantly free-living bacteria and intracellular parasites, as
well as to test the defense systems of prokaryotes living in extreme environments.
Materials: See Table 1.

Table 1. Prokaryotic species and strains genomes used

Species Strains No. Species Strains No.

Brucella sp. 150 Chlamydia trachomatis 30
Xanthomonas fragariae 30 Chlamydia psittaci 30
Stenotrophomonas maltophilia |30 Shigella flexneri 30
Geobacter sulfurreducens 30 Shigella sonnei 30
Microcystis aeruginosa 8 Mycobacterium leprae 5
Mycobacterium tuberculosis 8 Deinococcus radiodurans 14
Clostridium botulinum 30 Thermus thermophiles 10
Clostridium perfringens 30 Desulforudis audaxviator 4
Staphylococcus aureus 30 Halobacterium salinarum 6
Rickettsia japonica 30

Methods and Algorithms: To search for the main components of defense systems in the
genomes of prokaryotes, we used HMM profiles available as an online service PADLOC
[1, 2]. PADLOC detects defense systems based on DNA maodifications, abortive (Abi)
and toxin-antitoxin (TA) systems, CRISPR-Cas, prokaryotic Argonaut, and many
recently identified within defense islands systems with unknown mechanism of action.

Results: Using the PADLOC service, we investigated the antiphage systems of bacteria
of the genus Brucella. We managed to find only 2 defense systems, namely type |
restriction modification system and dGTPase system. Both found in 100 % of strains
studied. It turned out to be less than we expected to find, taking into account the huge
variety of defense systems and their tendency to localize in the form of “protection
islands” — areas capable of horizontal transfer.

We hypothesized that bacteria of the genus Brucella and other intracellular parasites
have fewer defense systems than free-living species, since the habitat of these parasites
is free of bacteriophages.

To test this hypothesis, we identified defense systems in the genomes of 4 species of
prokaryotic obligate intracellular parasites, 4 species of parasites, i.e. intracellular
parasites encounter the environment at some stages of their life cycle, 4 species having
tight contact with the external environment and 3 free living species. In addition, we
studied defense systems of prokaryotes living in other extreme environments:
Deinococcus radiodurans  (radioresistant  bacterium), Thermus thermophiles
(hyperthermophile), Desulforudis audaxviator (cryophile), Halobacterium salinarum
(halophile).

The results of finding defense systems in genomes are presented in Table 2.

In obligate intracellular parasites, defense systems were either not detected, or there were
not more than four of them per genome. The SoFic, dGTPase and PD-T4-6 systems
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found in them consist of a single protein and can perform third-party functions, which
explains the presence of these systems in obligate parasites even after their characteristic
genome reduction. Parasites have an average of 2 to 5 defense systems per genome. The
most common are classic restriction-modification systems type 2 and 3, Mokosh type 11
and dGTPase (it has other functions besides protective ones). Such a small variety of
parasite defense systems deserves further study.

Table 2. The defense systems found by the PADLOC service in bacteria with different ways of
existence

Bacteria Modes of existence Defense systems per genome
s|X| o
S|s 5: The most common systems

Stenotrophomonas - .
maltophilia Free-living 4 (13 |10 |RM type II, Zorya type I11, Gabija
Geobacter Free-living 6 |15/9 |RM type I, dGTPase, CRISPR-Cas
sulfurreducens
Microcystis Free-living 26 [39 [31 [RM type 11, PD-T4-6
aeruginosa
Xanthomonas Contact with the
fragariae external environment 7 |10 [RMtypel, Zoryatype Il
Mlcobacte_rlum Contact Wlth_ the 10 |14 |12 |PD-T4-6, dGTPase
tuberculosis external environment
Clostridium Contact with the 3 |11]9 |RM type I, PD-T4-6, CRISPR-Cas
botulinum external environment
Clost_rldlum Contact Wlth_ the 3 [12|8 |PD-T4-6, Zorya, viperin
perfringens external environment
Staphylococcus Parasite 1 |7 [5 |RM type Il, Mokosh type Il
aureus
Brucella sp. Parasite 2 |12 |2 [RMtype |, dGTPase (found in 100%)
Shigella flexneri Parasite 2 |6 |3 [RM type I, Mokosh type Il
Shigella sonnei Parasite 4 |6 |4 |RM type Il, Mokosh type 1l
Rickettsia japonica |Obligate parasite 2 |2 |2 |[SoFic, dGTPase found in 100%)
Chlamydia . .
trachomatis Obligate parasite 0 |0 [0 |-
Chlamydia psittaci |Obligate parasite 0 |0 [0 |-
:f{')crgza“e““m Obligate parasite 3 |4 |4 |PD-T4-6, dGTPase (found in 100%)
Deinococcus S RM type 1V, PD-T4-3, PD-T4-6,
radiodurans Radioresistant 6 11019 dGTPase (found in 100%)
Thermus . SoFic, PD-T4-6, dGTPase (found in
thermophiles Thermophile 48P 100%)
Desulforudis . CRISPR-Cas, Wadjet type 2, Hma
audaxviator Cryophile 9 |13]10 (found in 100%)
Halobacterium . hite 1 |5 [3 |SoFic, AbiE
salinarum
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In most genera of free-living bacteria, the average number of defense systems ranged
from 8 to 11. In extremophile bacteria, except for Halobacterium, there is no significant
decrease in the number of systems, but their diversity is reduced.

Conclusion: The data obtained by us indicate in favor of the hypothesis as well as in
favor of the influence of extreme habitat on the set of antiphage defense systems of
bacteria. We plan to study a separate type of defense systems, as well as the distribution
of bacterial defense systems within a species with different habitats of strains.

Funding: The study is supported by the RSF No. 21-14-00135.
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