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ABSTRACT. Harmful algal blooms (HABs), particularly cyanobacterial blooms, pose a significant global
environmental threat. The existing physical and chemical control methods have significant limitations,
highlighting the need for effective and environmentally safe alternatives. This review systematizes and
analyses published and original data on the biotic interactions between flagellates, ciliates, and cyano-
bacteria and evaluates their potential as biocontrol agents. We demonstrate that mixotrophic flagellates
of the genera Ochromonas and Poterioochromonas are the most promising candidates, as they combine
resistance to toxic strains, the ability to actively graze on various cyanobacterial morphotypes, and the
capacity to degrade secondary metabolites. Among ciliates, representatives of the genus Nassula show
efficacy against filamentous forms. The efficacy of protist application is governed by multiple biotic
and abiotic factors, including prey morphology, predator physiology, predator—prey cell ratios, envi-
ronmental conditions, and interspecific interactions. Most studies are currently confined to laboratory
experiments, and field validation is essential for technology scaling. Combined approaches that inte-
grate biological control with physical or chemical methods are discussed, along with the potential use
of machine learning for bloom forecasting and the optimization of inoculation parameters. We propose
a conceptual design for a floating modular bioremediation station that combines biomass collection,
ultrasonic colony disruption, protist-mediated grazing, and debris sedimentation as a potential solution.
This work synthesizes current knowledge and outlines future research directions in protist-based bio-
control of cyanobacterial blooms.
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1. Introduction other organisms (Huang and Zimba, 2019), ultimately
) resulting in deteriorated water quality. HAB is associ-
Ha'rmful algal Plooms (HABs), which le?‘d to the ated with active vegetation of various taxonomic groups
degradation of aquatic ecosystems, are pervasive prob- of phototrophic microorganisms, such as dinoflagellates
lems worldwide (Huisman et al., 2018). During blooms, and diatoms. However, in freshwater ecosystems, cya-
massive amounts of algal biomass are produced, which nobacteria, particularly various strains of Microcystis
impedes light penetration, reduces dissolved oxygen aeruginosa (Kiitzing) Kiitzing 1846 (Huang and Zimba,
concentrations and water transparency (Paerl and 2019), which are capable of producing more than 240
Huisman, 2009; Huisman et al., 2018), and releases microcystin variants, typically play a dominant role in
secondary metabolites, many of which are hazardous to bloom formation (Wang et al., 2018).
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The increasing frequency and intensity of cya-
nobacterial blooms are often linked to climate change,
manifesting as rising temperatures and CO, levels
(Visser et al., 2016), as well as to increasing anthro-
pogenic pressure that drives eutrophication (Paerl and
Huisman, 2009; Huisman et al., 2018). Reducing nutri-
ent inputs to water bodies, particularly phosphorus
compounds, is considered the most effective strategy
for mitigating HAB occurrence. However, such a mea-
sure requires substantial multinational efforts, and the
results may take decades to materialize (Jeppesen et
al., 2005; Huisman et al., 2018).

Various physical and chemical methods are
available for combating cyanobacterial blooms, includ-
ing dredging, water column mixing, enhanced aeration,
ultrasonic treatment, and the application of algaecides,
coagulants, and flocculants, among others (Kibuye et
al., 2021a,b). However, all these approaches have sub-
stantial limitations, such as the risk of secondary pollu-
tion, short-lived positive effects, increased cyanotoxin
production, adverse effects on non-target organisms,
high economic costs, and infeasibility for widespread
use, particularly at large scales (Huisman et al., 2018;
Kibuye et al., 2021a,b).

Biological control of cyanobacterial blooms is
considered the most promising, cost-effective, and envi-
ronmentally friendly approach (Hwang et al., 2024).
A wide range of organisms can be employed as bio-
control agents, including viruses (Pollard and Young,
2010), bacteria (Reim et al., 1974), protists (Dryden
and Wright, 1987; Jiang et al., 2025), fungi (Zeng et al.,
2020), zooplankton (Zhou et al., 2020), fish (Xie and
Liu, 2001), and aquatic macrophytes (Zuo et al., 2014).
Nevertheless, existing approaches to biological control
face notable constraints. For instance, the introduction
of macrophytes may exacerbate eutrophication (Dhote,
2007) and alter community structure (Nezbrytska et
al., 2022). The use of viruses, bacteria, fungi, zooplank-
ton, and fish for HAB management can also prove inef-
ficient, although the underlying reasons differ among
these biocontrol agent groups (Pal et al., 2020; Kang
et al., 2024). In addition to producing growth inhibi-
tors that suppress biomass development, viruses, bacte-
ria, and fungi affect cyanobacteria through cell lysis, a
process often accompanied by the release of secondary
metabolites into the environment. Cyanobacteria rap-
idly acquire resistance to cyanophages, and the narrow
host specificity of viruses substantially restricts their
practical application (Higazi et al., 2025). The modes
of action of bacteria and fungi against cyanobacteria
remain poorly understood (Kang et al., 2024); how-
ever, their effects are considered to be predominantly
indirect and are mediated by the secretion of various
metabolites that may suppress not only cyanobacteria
but also other organisms. Zooplankton and fish, in turn,
face difficulties in consuming colonial forms and are
often susceptible to cyanotoxins (Ernst et al., 2006; Ka
et al., 2012; Moustaka-Gouni and Sommer, 2020; Xu et
al., 2023b). Furthermore, zooplankton grazing on cya-
nobacteria can lead to cell rupture, releasing secondary
metabolites into the water column and facilitating their
transfer to higher trophic levels (Kibuye et al., 2021b).
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Among biocontrol agents, heterotrophic and
mixotrophic protists are of particular interest. As key
components of the microbial food web in freshwater
ecosystems (Sherr and Sherr, 2016), they possess sev-
eral functional advantages. As primary consumers of
cyanobacteria (Dryden and Wright, 1987; Tarbe et al.,
2011; Kosiba et al., 2019), they can exert topdown con-
trol without inducing major trophic shifts in the water
body (Xu et al., 2023a). Given their important role as
phytoplankton grazers (Dryden and Wright, 1987; Sherr
and Sherr, 2016), high growth rates, ability to feed
selectively, resistance to harmful secondary metabo-
lites, and rapid response to environmental fluctuations
(Payne, 2013), protists may be regarded as promising,
yet still insufficiently studied agents for the biocontrol
of harmful algal blooms (Shchukina et al., 2025).

Despite the considerable body of research on
cyanobacterial bloom control using protists, data
on the specific role of flagellates and ciliates remain
fragmented and scattered. The majority of studies in
this area summarize the mechanisms of HAB control
and the factors influencing the application of vari-
ous approaches (Kibuye et al., 2021a,b; Hwang et
al., 2024). Several reviews have examined biological
HAB control using different groups of aquatic organ-
isms (Sun et al., 2018; Pal et al., 2020). However, the
potential of flagellates and ciliates as biocontrol agents
is only briefly addressed in these reviews and lacks a
systematic synthesis.

This study is dedicated to systematizing and ana-
lysing published data, along with our own findings, on
the biotic interactions between flagellates, ciliates, and
cyanobacteria, with the aim of establishing a founda-
tion for developing HAB control strategies. On the basis
of this analysis, we summarize the advantages and lim-
itations of using these protists and propose a concep-
tual framework for integrated cyanobacterial bloom
management that employs heterotrophic and mixotrop-
hic eukaryotic unicells. We further suggest that such a
technology could incorporate machine learning meth-
ods, which would enable, among other things, the pre-
diction of bloom onset timing and the optimization of
biocontrol agent inoculation parameters.

2. Application of flagellates and ciliates
for HAB control

2.1. The main mechanisms by which
unicellular eukaryotic predators act on
cyanobacteria

For the effective application of flagellates and
ciliates as biocontrol agents, understanding the mech-
anisms of predator—prey interactions, including feed-
ing modes, prey selectivity, and potential behavioral
shifts within a community context, is essential. To date,
very few studies have examined the feeding ecology of
potential “biocontrollers” in aquatic ecosystems, with
examples including the flagellate Collodictyon tricilia-
tum (Nishibe et al., 2002) and the ciliate Nassula aurea
(Canter et al., 1990). Such investigations are likely key
to identifying the most effective protist agents for HAB
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biocontrol. It is also important to consider cases where
a predator may successfully consume various cyano-
bacterial strains and exhibit toxin resistance in labo-
ratory experiments but alter its feeding strategy when
engaging in antagonistic or competitive interactions
with other biocontrol agents (Table 1) (Kosiba et al.,
2019; Kosiba et al., 2022). Our analysis of the literature
indicates that the impact of flagellates and ciliates on
cyanobacteria occurs through several mechanisms. This
includes direct grazing on individual cells (Chen et al.,
2024), which may be selective toward particular strains
or morphotypes (Takamura and Yasuno, 1983), as well
as browsing on filamentous colonies (PajdakStés et
al., 2001; Fiatkowska and PajdakStés, 2002; Xu et al.,
2023a).

Protists employ diverse mechanisms for food
capture and ingestion, including phagocytosis (encom-
passing both active prey seeking and filter feeding) and
myzocytosis. In ciliates, prey is typically captured via
a specialized oral apparatus, the cytostome, whereas
many flagellates lack a cytostome and ingest food
through a ventral groove (Leander, 2020), or the site
of phagocytosis is not localized to a specific region of
the cell. The feeding mechanism not only determines
the mode of prey consumption but also influences asso-
ciated secondary effects. For instance, filter feeding
enables the capture of suspended cells from the water
column but precludes the predator from affecting large
colonies or filaments. Phagocytosis, which involves
the engulfment of whole cells, is more versatile; how-
ever, it requires that the prey be comparable in size
to the predator’s cell (although exceptions are known;
see Tikhonenkov et al., 2022). Myzocytosis, in con-
trast, allows the predator to suck out the contents of
a prey cell without ingesting it entirely; however, this
mechanism necessitates close physical contact with the
prey. It is well established that a single protist species
may employ multiple feeding strategies. For example,
some ciliates can switch from filter feeding to “brows-
ing” on the surface of cyanobacterial colonies, thereby
pinching off individual cells from large aggregates
(Xu et al., 2023a). This behavioral flexibility enables
them to attack previously inaccessible cyanobacterial
morphotypes.

The influence of predator-derived secondary
metabolites on cyanobacterial cells remains poorly
understood. Ciliates are known to secrete a variety of
biologically active compounds, many of which are toxic
to other organisms (Buonanno et al., 2020) and, in the
context of cyanobacteria, can trigger the enhancement
of their defensive mechanisms (Pajdak-Stés et al., 2001,
Kosiba et al., 2019). Increased antioxidant enzyme
activity has also been documented in some toxic strains
(Combes et al., 2013). Such responses may reduce graz-
ing efficiency and increase cyanobacterial resistance to
predator pressure. The capacity of flagellates to pro-
duce secondary metabolites has received considerably
less attention, although some studies suggest that cya-
nobacteria can mount defensive responses to the pres-
ence of grazing flagellates, as reported by Yang et al.
(2009). Nevertheless, it remains unclear whether the
observed defensive reactions are solely a consequence
of direct physical contact with the predator or are par-
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tially attributable to the metabolites it releases. One
may hypothesize that, in addition to direct grazing,
some protists are capable of modulating the physiolog-
ical state of cyanobacteria through the release of bio-
logically active compounds, thereby inhibiting growth,
altering gene expression, or disrupting cellular metab-
olism. These mechanisms are well characterized for
bacteria (Calvo-Bayo et al., 2025) and fungi (Zeng et
al., 2020) but remain virtually unexplored in flagellates
and ciliates.

2.2. Limitations and factors affecting the
efficacy of cyanobacterial bloom control
by flagellates and ciliates

The efficacy of flagellates and ciliates as bio-
control agents is governed by a combination of biotic
and abiotic factors, including feeding selectivity, toxin
resistance, interspecific interactions with other pro-
tists and cyanobacteria, predator-prey density ratios,
and environmental conditions. A key limitation is that
many protists are poor grazers of colonial cyanobacte-
ria. Even when grazing does occur, it is often selective
and dependent on the morphological traits of the prey.
For instance, the ciliates Paramecium sp. and Furgasonia
blochmanni are capable of grazing on filamentous and
colonial cyanobacteria, yet they are unable to consume
large colonial forms (Table 1).

To defend against grazing, cyanobacteria have
evolved several protective strategies, including the
formation of spherical or irregular colonies and fila-
mentous aggregates, enhanced secretion of secondary
metabolites (including large amounts of mucilage),
and thickening of cell walls (Fiatkowska and Pajdak-
Stés, 2002; Yang and Kong, 2012; Zhong et al., 2025).
Selective grazing may exacerbate HABs, as it can alter
the genetic structure of cyanobacterial populations by
selecting for resistant genotypes, without necessarily
reducing the overall biomass of the bloom (Fiatkowska
and Pajdak-Stés, 2002; Wang et al., 2024; Huré et al.,
2026; Wang et al., 2026Db). This effect must be considered
when flagellates and ciliates are directly inoculated, as
uncontrolled biological agent may also shift the popu-
lation structure toward the selection of resistant strains.
Microcystin production is not necessarily a grazing-in-
duced response (Wilken et al., 2010). Moreover, pro-
longed exposure of biocontrol agents to cyanobacteria
may lead to a shift in species composition toward more
adapted and resistant strains of the graizers, as demon-
strated in experiments with Daphnia (reviewed in Ger
et al., 2016).

Cyanobacterial defense responses are largely
driven by gradual predation pressure; therefore, one
possible solution would be to increase the initial den-
sity of the biocontrol agent, allowing it to rapidly con-
sume the bulk of the cyanobacterial biomass (Burkert
et al., 2001; Zhang et al., 2009) before colonial forms
develop. An alternative approach could involve the
application of inhibitors derived from bacteria or fungi
(Mohamed et al., 2014; Zhang et al., 2022; Van Le et
al., 2022) to suppress the formation of colonial cyano-
bacterial morphotypes.



Algae: Problems of Taxonomy and Ecology,

Use in Monitoring and Biotechnology

Shchukina M.O. et al. / Limnology and Freshwater Biology 2026 (4): 338-371

£00g “Te 30 ojout(myg (Snuay wmnipuLIoyd =)
4661 “Te 32 emidng smua) pAqSufjoida
‘2661 “Te 32 emidng s1a1ourered SIpLIA (Dnmn3 spuop =)
‘1661 “Te 32 emidng [EIUSWIUOIIAUD U0 spuadop Adusmyje Surzein T + - ¢ dMm DSOUISNIOD STISAI0LIAT e[nyn8 vpownds
0102 “Te 12 Sueyy onel Aa1d/101epaid [entur ay) pue siajourered
6007 “'Te 12 Sueyz ‘800¢ “Te 30 Sueyz | (eyuswuoIiaus uo spuadap AduspIe Juizein T + - + dm DSOUISNIOD " *ds spuowo.y20012104
€202 “Te 19 NI'T 20T “Te 12 uex siojourered [ejuawl (s1suawnypus
‘810Z e 12 BIAl ‘S00Z “Te 32 nO -UOIIAUD U0 spuadap Adusijye 3uizein d(qeia *ds sn22000Y29ufg SDUOWOYIQ =) SIS
‘100T ‘@qeueiep\ pue 3ueyy I23uo] ou ST 21mynd 3e[PSefj a3 Inq ‘snoid sIpLIA -uswoypw
‘9661 “Te 10 Sueyz 9Y3 JO YIMOIS 3} 9JB[NUINS UBD SUTISAIOIIIA q1 + - + dm Dsou1nian ‘W SDUOWO.LYI00LII0]
01-9=Hd D,
GE-GT =1, :s1ojowered [BJUSWIUOIIAUD JO d3uer “ds susfooyooufs SLOSNOD]
$20T “Te 3@ uayn 9pIM B SSOId® SUSAD0.01A JO sozeid A[Iuatoyjq a7 + - + dmMm +ds snsoo.0py p)jowndsoLiazoqd
snos
GZ0T “Te 32 eupnydYS sure1s d1xo0) uo aje1 Surzeid Y3y T + - + dM DSOUISNIID " snos spuowosAydp.ng
€20T “Te 19 nIT
‘1207 “Te 19 Sueyz (4102 “Te 10 Sueyy
Z10T ‘Suoy pue Suex uizeid aje
‘0T0Z “Te 39 U[IM ‘6002 “Te 32 Suex | -19[od0e ued ainjeroduwd) paseardu] juelrodur *ds puapgouppnasq
6007 “'Te 19 quo( UeA st onjel Aa1d/101epaid oy, “susA00.401j] jo ON n4oquasam
‘8002 “Te 19 Suex 1007 “Te 39 MIng surens d1xo} uo a3e1 urzeid ySiH a1 + uoneuLIoj Auo[o) + dm DSOUISNIID I *ds spuowoyoQ
aimjeraduwa) Suiseaidul (apnbp-soyf
IIM 9Se2129p Jou sa0p ‘ds puanqouy jo UOIeULIO] puUsDgLUY =) apnbp
GZ0T “Te 32 3uoyz amoi3 uonemdod ayJ, ‘sisjouered [e) g 1545019397 “Y38ua] -soyf wnuLadsoyonoq
2202 “Te 19 I9M ‘0Z0Z “Te 32 Sueyz -UaWUOIIAUD U0 spuadop Aduamyye Surzein a1 + jusure[y ur adueyn é dm DSOUISNIOD I «Dpd020]8 spuowo.20
(DowWDp SPUOWOYIOD =)
DOWDP
¥/61 “QUUAM pue 9[0D - a1 - - dm DSouIdn.iop I SDUOWOYI0L0TYD
161 ‘Ioydsed aeadAydosA1y) sse[d
DSOUISNIOD A JO SINI[ND Y3 JO N[y Uo pased
6102 “Te 32 eponuULId -o1d winIpaw & uo el yimoid ioiepaid Y3y qT1 + - + AN DSOUISTLIOD " *ds spuowordfin
€161 “Idyased aeadAydoidAI) ssepd
GZ0Z “Te 39 eunnydys ‘€102 ‘HYYS-[V | s1o1owered [ejuswuosiaus uo spuadop Aduard
pue paweyoIA 9007 “Te 1° eY-og -Jo 3urzeln ‘sureIls d1xo) uo el 3urzeid Y3y 1 - - + MN DSOUISTLIOD ‘A supjo. D1 ydiq
€10¢ “Te 10 1ysedeqoy N
200T “Te 19 3qQIUSIN ‘G661 ‘SsaUaARP] sorads [ed[e 12jo s1jaId a1 ¢ - ¢ UN DSoULSNID ‘W wmonILL U0 11Pojj0D
610C 'Te 19 [PV "PUSWS ‘ZOOT ‘Te 39 3[[0123n1g 2epruoIdrpor[o) Afrured
SHLVITIOVTA
Surzea8
poylaw 0} eLId)OBqOURAD JO | Surens o1xo} 8urzea3 pozead
S9DUIRJOY S9JON Apms s3s£D | uonoeas aAIsudje( | 9zead o1 LA1iqy | Jo sanyeN | soroads erraloeqoues) sar10ads 1snoid

NMHQHUMQOEN%U pue muw_uOHQ U29M19( SsuoIloeiIajul MGMNN.HM payuawindo( °T 9[qel

341



Algae: Problems of Taxonomy and Ecology,

Use in Monitoring and Biotechnology

Shchukina M.O. et al. / Limnology and Freshwater Biology 2026 (4): 338-371

syIeays
SY3 9pISUl SoUIOYDLI}
JO UOIDRIY 'SOpLI
-eyodesAjod jo
6002 “Te 12 epAd ased[a1 ‘sajedai3de
‘1002 “Te 39 sois-yepled Wy snojuawre[y ad1e| -ds wmpuioyq smqnp
/661 ‘S0IS-yepled pue eYSMONfeI] sa1e30188e snoonwr 981e] uo dzeId Jouur) a1 + JO uoneuLIO é dm 2)pUWMIND WNIPIULIOYd XD.L0YI0101UOPNIST
ysy oqiu
-oAn[ pue spodadod Aq uodn pazei8 are Loy
S9IpOq I9Jem Ul Inq ‘Nyp.pSp ‘0 SUTWNSUOD
A1oAnIOR JO 91qeded a1k sajeIl) ‘s1ojouwrered
€861 “[e 30 pueiqelg [BIUSWUOIIAUS U0 spuadap Aduspiyys Surzein q1 4 - é AN 1Yp.oSp DLIOID]IISO DIDULO DINSSDN
sjudue[y 98Ie[ IO SAIUO[0D SNOdNUI UO a)190.3 °J apnbp-soyf
0661 “Te 10 Iue) 9ze13 10U S90(] "SIIBII IOYI0 YIIM WISIUOSLIUY ON + - ¢ d1 uouswozupydy BAND DINSSDN
s9JeII Aq SowAZUD
JUBPIXOIIUR JO UOTIDIIAS PISLAIIU] "MO[S SI
€10T “Te 39 saquio) BLI9}OBQOURAD JO UTRDS JIX0} Y} U0 YIMOID q1 + - + dm 1Ypv8p XLIYyI0IUD]J *ds pjnsspN
SuruaxdIy}
2002 ‘so1s-yepled pue esmoyerd so1e82183e snoonwt 231e[ Uo 2zeI JoUUR) W4 Ieays pue uononp appuwmnp ‘d
‘100T “Te 32 so1s-yepled Jueyroduur st onyes Aaxd/1ojepaid Tentur Yy, T + -o1d snonw paseaduy ¢ dm -ds wmpioyq WUDWIY0]q DIUOSDIN]
1861 UUAT R [ewS ea1oydosseN Sse[D
GZOZT “Te 3@ eunnydys SUreI}S dIX0) JO 9duasaId Y} UI 9IUBISISAI MO a1 + - ¢ AN DSOUISNIOD I -ds pjjeomion
(wyssoquovL
sisdouLiadsopunfD =) wmppnpo
1002 “Te 12 o1qqeq juelroduur st oner £axd/1oepaid ayJ, T - é + dM mysL0q1ov. sisdoprydoy *JO WNIWDIDG
(mys10q1oD.L
sisdouriadsospunfy =)
SyuswIe[Ly mys40q1ov.4 sisdoprydny
$202 “Te 10 Suep ‘egz0oT B 319 NX sa1u0[0d 231e] uo Jurzeid jo ajqeded JON T - 3uo[ jo uonjeurIog ¢ d1 -ds snso0.017 -ds wmoswp.ng
900¢ ‘oisode( pue seiq g + - é AN parfijo.d DLIOID]IOSO SDONJ] DIUOTUOL]
¥/61 “Te 30 de101And ap earoydouswAyo3IjQ sse[D
SISUIMDID AU
£00T “Te 30 Wy $22Aw01da.nS WINLIDIdR] ) YIIM WIS[UOSLIUY a1 - ¢ AN DSouISn.IoD "I 11)9520.1 A0JUAIS
BLID}ORQOURAD DJjoon.L0A
€861 ‘Ounsex pue eInureye], snojuawe[y uo Surzeid jo ajqededuy ON ¢ - ¢ d1 *ds sns£20.014 wnuio1sojApuo)
BLIDIORQOURAD U0 SUTPID USYM SIIBI[ID WNUDILIWD
6102 “Te 10 uewdey) JO [IpIM [[99 pUE 9UIN[OAOIq UT UONONPay a1 + - - dM DsouISn.LoD W vuwsLpydojg
6G8T ‘UIDIS BIYDLIIOISIOH SSB[D
SHLVITID
Suizea8
poylow 0} eLId)OBqOURAD JO | Ssurens o1xo} 8urzeas pozeas
S9OUIRJY S9ION Apmgs s3sAD | uonoeas aAIsudje( | 9zeas o1 LA1iqy | Jo sanjeN | sorads erraloeqoues) sa193ds 1snoad

342



Algae: Problems of Taxonomy and Ecology,

Use in Monitoring and Biotechnology

Shchukina M.O. et al. / Limnology and Freshwater Biology 2026 (4): 338-371

"BIEp JUSIOLJNSUL (¢) {PAULIPUOD Jou (-) fue)sisal/3urzeid jo ajqeded (+ ) :suoneulisap PO

‘uorIedyLIe[d 21mbal snjels [eINJROUIWIOU PUB JTWOUOXE) YL —

"SUOTIBAIRSQO [eINJEU — ON ‘Spuod JO ‘SWIS0D0SIUI ‘SWISOI0IDTU UT YOIBIsAI — JATY “(S2In3[nd drusxe-uou ‘Aoxd/1oyepaid) surens om) y3mm sjuswriadxa A1o01eIoqe] — g7 :poylow Apmis

's][nsa1 [edoAmbs — YN ‘wninoads £o1d paymul] — 47 ‘wnnoads £a1d spim — M :3urzeid jo ainjeN

:9JON
4 *ds wmipniqo.ng
- p]jeInd saj01dng
xa1dwod-p1ja.np
pazei3 jou s1 apnbo-soy - DSOUISMLIOD A WModWD.IDg
6102 “Te 12 eqIsoy] uouswoziupydy; {saleIfId Usamlaq uonnaduion a1 - - + AN NYp.p3p XLAODUD] -ds wnwozso.nds
- D1)2ND.432] WNUWDID
+ -ds ppjaomi0A
so10ads + -ds wmpniqo.ns
911D JURIRIp Suowie A1eA SUOTIDRISIU] - apnbo-soyf STIDINOPaD sajo1dnyg
2202 “Te 12 eqIsoy] ueyrodur st ones Asad-1oyepaid [eniut oy, T - - ¢ dm uouswozupydy snunu wmuojsonds
SSTTUNUINIOD SJBIID YM SjuswLIRdxg
DSoU1SNIaD ] pue
s103epaid 130q Jo sI9qUINU 1) UI S[[eJ pue
GZ0Z “Te 30 eURNYDYS sas11 yam ‘Burzesd jo armjeu snondiqure Y], a1 + uorneuLIoj AuUojoD ¢ AN DSOUISNID " pomsnd puawBUAI ],
6881 Iu2sIng eaydInoirds sserd
Suizea8
poylow 0} eLId)OBqOURAD JO | Ssurens o1xo} 8urzeas pozeas
S9DURIRJOY S9JON Apms s1s4D | uomoral aAIsuULJa( | 9zeild 01 L1[Iqy | Jo aanjeN | seroads erisloeqoueAD sar0ads 1s01d

343



Shchukina M.O. et al. / Limnology and Freshwater Biology 2026 (4): 338-371

Algae: Problems of Taxonomy and Ecology,
Use in Monitoring and Biotechnology

Many of the studies reviewed here indicate that
flagellates exhibit greater resistance to toxic cyanobac-
terial strains than ciliates (see Table 1). However, the
presence or absence of toxins does not always unequiv-
ocally determine the efficacy of grazing. In our labora-
tory experiments, we observed slower grazing on non-
toxic cyanobacterial cultures, which is consistent with
several previous reports (Bo-Ra et al., 2006; Wilken et
al., 2010; Shchukina et al., 2025). Although the pro-
duction of secondary metabolites entails substantial
energy and resource costs (Panci¢ and Kigrboe, 2018),
some studies have reported higher growth rates in toxic
strains compared to low-toxic or non-toxic cyanobac-
terial cultures (Suominen et al., 2017; Brown et al.,
2025). Conversely, other research has shown the oppo-
site pattern, with non-toxin-producing strains exhib-
iting higher cell division rates, particularly under the
influence of abiotic or biotic factors (Kardinaal et al.,
2007; Van de Waal et al., 2011). Growth retardation
resulting from environmental constraints may, in turn,
enable singlecelled predators to more rapidly suppress
biomass increase and counteract the effects of alterna-
tive prey defense mechanisms. Furthermore, different
cyanobacterial strains can produce remarkably diverse
metabolites (Yancey et al., 2024; Huré et al., 2026),
which may constrain the broad-scale applicability of
any single clone or species of predatory protist as a bio-
control agent.

Despite ample evidence of the ability of protists
to degrade secondary metabolites of cyanobacteria, this
issue remains largely unexplored. Using Ochromonas
gloeopara as a model, possible mechanisms of micro-
cystin degradation have been proposed based on tran-
scriptomic analysis (Zhang et al., 2018). This process is
thought to involve lysosomal enzymes, reactive oxygen
species generated in vacuoles during prey digestion,
as well as glutathione and glutathione-S-transferases.
Microcystin biodegradation has been studied in more
detail in bacteria (Nybom, 2013). The proposed mecha-
nism comprises three stages: cleavage of the cyclic struc-
ture, hydrolysis of the linear molecule to a tetrapeptide,
and subsequent breakdown into smaller peptides and
amino acids. Various studies confirm that microcys-
tin biodegradation does not produce toxic byproducts;
however, the fate of microcystin derivatives remains
poorly understood. Decarboxylation and demethyla-
tion have been suggested as alternative biodegradation
pathways, although this aspect also remains unresolved
(Nybom, 2013).

Some potential biocontrol agents are capable not
only of grazing on cyanobacteria but also of utilizing
their metabolic products for growth. Examples include
certain strains of Poterioochromonas malhamensis (Ou et
al., 2005) and Cryptomonas sp. (Princiotta et al., 2019).
These predator cultures not only survived in the pres-
ence of toxic cyanobacteria or their secondary metab-
olites but also exhibited rapid growth, although they
subsequently lost viability. Such biocontrol agents may
be applicable for managing short-term HAB outbreaks.
The rapid growth of these protists, followed by bio-
mass die-off, could potentially exert a lesser impact on
the trophic structure of the water body when they are
employed in biotechnological applications.
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The efficacy of grazing can be substantially
influenced by the nature of interspecific interactions
between predator and prey, as well as by interactions
among different biocontrol agents themselves. A per-
tinent example is the complex relationship between
the ciliate Vorticella sp. and filamentous cyanobac-
teria, which can even assume a mutualistic charac-
ter. Specifically, Vorticella sp. utilizes the filaments
of Anabaena sp. both as a substrate and as an additional
source of nutrients (Kerr, 1983; Pratt and Rosen, 1983;
Canter et al., 1990; Canter et al., 1992). Furthermore,
water currents generated by the ciliary action of these
ciliates enhance nutrient delivery to the surface of cya-
nobacterial filaments (Pratt and Rosen, 1983), while
the attached vorticellids themselves may serve as an
additional protective barrier against other predatory
ciliates (Canter et al., 1990). Interactions between
biocontrol agents and their prey, as well as between
predators and other non-target hydrobionts, remain
extremely poorly understood. Some studies have exam-
ined the interactions of multiple potential biocontrol
agents in the management of HABs (e.g., Kosiba et al.,
2019; 2022). However, such observations are typically
ancillary and rarely constitute the primary focus of
research. Consequently, the available data do not yet
permit reliable predictions regarding the compatibil-
ity of different protists for controlling cyanobacterial
blooms.

The initial predator-to-prey cell ratio is a critical
determinant of biocontrol efficacy. When predator den-
sity is insufficient, one can at best expect low growth
rates and weak grazing on cyanobacteria, as demon-
strated in an experiment with Paramecium cf. cau-
datum (Fabbro et al., 2001). Under such conditions,
the protist may switch to more readily available food
sources, as observed for one strain of Ochromonas sp.
(Burkert et al., 2001). It is also conceivable that cya-
nobacteria may suppress predator development under
these circumstances; however, the precise mechanisms
underlying such suppression, whether mediated by sec-
ondary metabolites, elevated pH, oxygen depletion, or
other factors, require further investigation (Burkert et
al., 2001). Conversely, the use of an excessively dense
protist culture may also have negative consequences,
as shown in an experiment with the ciliate Furgasonia
blochmanni (Fiatkowska and Pajdak-Stés, 2002), where
increased protist density triggered an enhanced defen-
sive response in cyanobacteria, manifested by increased
mucilage production and cell wall thickening.

In addition to biotic interactions, the efficacy of
protists as biocontrol agents is influenced by environ-
mental parameters. In our view, careful consideration
of these parameters is essential, as it defines the oper-
ational range and optimal conditions for applying a
given biocontrol agent. The growth rates and grazing
efficiencies of flagellates have been shown in numerous
experiments to depend on temperature, pH, nutrient
concentrations (N and P), light intensity, and other fac-
tors (Ma et al., 2018; Wei et al., 2022). Some protists,
although tolerant to toxic cyanobacterial strains, can
only be effective within a narrow temperature range,
such as 20°C for Paraphysomonas solis (Shchukina et al.,
2025) and certain strains of Ochromonas sp. (Burkert et
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al., 2001). However, this does not preclude their poten-
tial utility. The temperatures most favorable for cyano-
bacterial growth and proliferation exceed 25°C (Paerl
and Huisman, 2009; Visser et al., 2016), whereas peak
microcystin production may occur at lower tempera-
tures, around 18-20°C (Peng et al., 2018). The results
from our own experiments indicate that co-cultivation
of P. solis and M. aeruginosa at 20°C led to a marked
reduction in intracellular microcystin concentrations.
Moreover, at this temperature, P. solis efficiently
grazed on both toxic and non-toxic strains of M. aerugi-
nosa across three pH levels (5, 7, and 9), with complete
consumption of cyanobacteria occurring as early as day
2 of the experiment under slightly acidic conditions.
In our preliminary experiments with another cyano-
bacterial grazer, Poterioochromonas malhamensis, which
were conducted at 25°C under various light inten-
sities (0, 20, 40, 60, and 100 umol photons m2 s*).
One-way ANOVA confirmed a significant effect of light
intensity on both grazing rate and microcystin degra-
dation rate (p<0.001 for both). According to Tukey’s
HSD post-hoc test, maximum values for both parame-
ters were recorded at 40 umol photons m? s, At this
light level, the grazing rate was significantly higher
than in darkness (p <0.05) and at 20 pmol photons m™
st (p<0.001), while the microcystin degradation rate
was significantly higher than in the absence of light
(p<0.001). Although both parameters were slightly
elevated at 40 pmol photons m? s compared to 60 and
100 umol photons m2 s, these differences were not
statistically significant (p>0.05).

Thus, although biological approaches to cya-
nobacterial bloom control involving flagellates and
ciliates have certain drawbacks and limitations, some
of these challenges can be addressed through careful
selection of appropriate biocontrol agents. While a sin-
gle “universal” protist species effective across a wide
range of temperatures is lacking, this limitation can be
compensated by selecting a clone optimally suited to
the thermal regime of a given water body or by con-
structing a consortium of predatory species adapted to
diverse abiotic and biotic conditions.

2.3. Evaluation of promising biocontrol
agents

Numerous studies have been conducted world-
wide to evaluate the potential of using flagellates and
ciliates for cyanobacterial bloom management (Table
1). The majority of these publications report the results
of laboratory experiments, with only a handful of stud-
ies focusing on natural community analyses or on the
application of biocontrol in microcosms and mesocosms.
A review of the literature indicates that flagellates and
ciliates not only exhibit tolerance to cyanobacteria but
also demonstrate the ability to actively graze on vari-
ous cyanobacterial morphotypes and degrade second-
ary metabolites. The efficacy of these protists is highly
variable and is governed by multiple factors, including
the structural organization of cyanobacterial popula-
tions (predominantly unicellular versus colonial), the
predator-to-prey cell density ratio, hydrophysical and
hydrochemical environmental conditions, and interspe-
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cific interactions both among biocontrol agents them-
selves and between agents and their prey.

Our analysis of the compiled data (Table
1) indicates that mixotrophic flagellates of the
genera Ochromonas and Poterioochromonas (fam-
ily Chrysophyceae) are the most promising candi-
dates for the biocontrol of cyanobacteria, particu-
larly Microcystis spp. Their broad strain diversity,
ability to form cysts and degrade toxins, and active
grazing on cyanobacteria render them the most versa-
tile biocontrol agents for HAB management. Another
chrysomonad, Poteriospumella lacustris, has also been
shown experimentally to actively graze on cyanobacte-
rial cells, including toxic strains, across a wide range of
environmental conditions. However, the fact that only
a single study (Chen et al., 2024) is currently available
precludes a comprehensive assessment of the potential
of this predator.

Flagellates and ciliates have been shown to
be capable of grazing on filamentous cyanobacte-
ria; however, ciliates — particularly some species of
the genus Nassula — are more effective in this regard
(Table 1). Nevertheless, even these ciliates cannot
ingest overly large filaments. It is reasonable to assume
that mechanical disruption of cyanobacterial filaments
would render the cells more accessible to grazers.

On the basis of our analysis of the available
literature, the flagellates Collodictyon sp., Diphylleia
rotans, Cryptomonas sp., and the ciliates Stentor roe-
selii, Frontonia leucas, Vorticella sp., Nassula ornata,
and Tetmemena pustulata appear to be less promis-
ing as biocontrol agents; however, this assessment
remains preliminary. In this context, the conflicting
results obtained for Vorticella sp. (Kosiba et al., 2022;
Shchukina et al., 2025) and Collodictyon sp. (Klaveness,
1995; Nishibe et al., 2002; Kobayashi et al., 2013) are
particularly telling. Although these protists are capa-
ble of grazing on cyanobacteria, they exhibit poor
viability in the presence of toxic strains, prefer other
algae as food sources, engage in mutualistic relation-
ships with their prey, or compete with other predators.
Similar inconsistencies have been reported for the flag-
ellate Diphylleia rotans and the ciliate Tetmemena pustu-
lata (Table 1). A more robust evaluation of the tolerance
and efficacy of such organisms as cyanobacterial bloom
biocontrol agents will require further experimental and
field-based investigations.

3. Elements of cyanobacterial bloom
control technologies

3.1. Combined approaches to
cyanobacterial bloom control

The use of combined approaches incorporating
various physical, chemical, and biological methods can
circumvent the limitations and drawbacks of single-ap-
proach cyanobacterial bloom control strategies.

3.1.1. Physico-biological control strategy

Combining physical and biological treatments
against cyanobacteria has yielded positive results
under laboratory conditions. For example, ultra-
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sound treatment promotes the disruption of colo-
nial Microcystis morphotypes, thereby enabling flagel-
lates of the genus Ochromonas to effectively graze on
cyanobacterial cells that were previously inaccessible
within colonies (Zhang et al., 2021). The use of ultra-
sound alone, without the subsequent application of
protists, is not advisable, as high ultrasound frequen-
cies carry the risk of cell damage (including to non-tar-
get organisms) and the release of toxic metabolites into
the environment. The drawbacks of this approach also
include its high cost.

3.1.2. Chemico-biological control strategy

Combinations of chemical and biological meth-
ods also appear promising. For example, laboratory
experiments have shown that octanoic acid, which
has an inhibitory effect on Microcystis sp., acceler-
ates the grazing of cyanobacteria by the chrysomonad
Poterioochromonas malhamensis (Yan et al.,, 2024).
Another option for integrating chemical and biologi-
cal approaches is the use of flocculation — the aggrega-
tion of algae into larger particles (flocs) for rapid sed-
imentation, in combination with a protist community.
Flocculation of M. aeruginosa typically employs various
types of clays (Pan et al., 2006), bentonite and kaolin-
ite (Verspagen et al., 2006), lake sediments (Pan et al.,
2006; Zou et al., 2006), or biodegradable chitosan (Zou
et al.,, 2006). Although flocculation is considered an
inexpensive, safe, and environmentally friendly method
for HAB control, it has significant drawbacks, including
the risk of reblooming, increased toxin release, bottom
siltation, and difficulties in determining the appropri-
ate dosage. Furthermore, flocculation is effective only
in deep water bodies, and repeated applications may
be required for the complete removal of cyanobacte-
rial biomass (Peng et al., 2019; Liirling et al., 2020).
It is conceivable that combining flocculation with a
protist consortium could increase the efficacy of this
approach. In a related study, Lee et al. (2024) immo-
bilized bacteria on the surface of montmorillonite clay
using calcium or manganese cations as bridging agents
between negatively charged clay and bacterial cells. By
analogy, the potential of a predatory protist commu-
nity in combination with flocculation may also be con-
siderable; however, this assumption requires dedicated
investigation.

3.1.3. Combining protist species as biocontrol
agents

In the context of combining various HAB con-
trol strategies, the potential joint application of flag-
ellates and ciliates with other organisms warrants
consideration. For example, bacteria such as Bacillus
sp., Brevibacillus sp., Leuconostoc sp., Paucibacter sp.,
Streptomyces lushanensis, inhibit cyanobacterial growth
by indirectly affecting these cells through the secretion
of antibiotics, biosurfactants, amino acids, alkaloids, or
other enzymes (Reim et al., 1974; Zhang et al., 2022;
Van Le et al., 2022). Allelochemicals produced by mac-
rophytes, including phenolic compounds, fatty acids,
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terpenoids, and alkaloids, disrupt the photosynthetic
and enzymatic systems in cyanobacteria and compro-
mise cell membrane integrity (e.g. Wu et al., 2015).
It is plausible that the combined action of multiple
biocontrol agents may suppress cyanobacterial growth
more rapidly than the application of individual groups
of organisms alone. When assembling potential consor-
tia, including those comprising multiple protist species,
it is important to consider the absence of pronounced
antagonistic interactions among biocontrol agents, the
likelihood of predation, similarity in environmental
requirements, and the potential for mutualistic relation-
ships with the prey. However, the validity and practical
relevance of these criteria require further experimental
validation.

3.2. Practical aspects of biocontrol agent
inoculation

Direct inoculation of both individual protist spe-
cies and species consortia for cyanobacterial control
has been applied primarily in laboratory experiments
(see Table 1), with a number of studies also conducted
in mesocosms (see Table 1) and artificial reservoirs
(Kobayashi et al., 2013). Direct predator inoculation
for HAB management in a water body requires sub-
stantial biomass, which must be produced in advance.
Moreover, the feeding selectivity of different protists
favours the use of species consortia, as a truly universal
biocontrol agent does not appear to exist. The use of
protist cysts appears to be the optimal solution for scal-
ing up biocontrol technologies and facilitating logistics,
since maintaining live cultures locally is costly, whereas
encysted forms can be stored for years. Most protists
with potential for HAB biocontrol and cyanotoxin deg-
radation possess dormant stages, which could greatly
simplify their cultivation, storage, and application for
cyanobacterial bloom management.

Natural populations of cyanobacteria, such
as Microcystis, consist of a mixture of numerous
strains (Kurmayer et al., 2002); therefore, a promising
approach might be the creation of an artificial protist
consortium comprising several species that target dif-
ferent cyanobacterial morphotypes and are tolerant of
a range of environmental conditions. Such a strategy
should account for interspecific interactions between
the selected predator species and the dominant plank-
ton community in the target water body. For instance,
many ciliates secrete toxic secondary metabolites and
exhibit antagonistic behavior toward other predators.
These effects are less studied in flagellates. Given wide-
spread distribution and high abundance of flagellates
in aquatic ecosystems, it is reasonable to assume that
even in the presence of antagonistic interactions, artifi-
cial increasing of the populations of naturally occurring
cyanobacterial grazers in a given water body would
yield positive outcomes. This is a crucial consideration,
as one of the risks associated with biological control is
the introduction of invasive species. Furthermore, the
use of a protist consortium could also prevent a shift in
the cyanobacterial population toward dominance by a
single morphotype.
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It is important to note that uncontrolled bioma-
nipulation carries serious ecological risks, which are
not confined to the possible introduction of invasive
species. The introduction of protists into an ecosys-
tem and artificial maintenance of their high densities
could substantially alter food web structure, interspe-
cific interactions, and community composition. Despite
the recognized importance of flagellates and ciliates
in microbial loop functioning (Sherr and Sherr, 2016),
current knowledge on the consequences of artificially
regulating protist populations in aquatic ecosystems
remains insufficient for reliable prediction and assess-
ment of potential ecological outcomes. Accordingly,
any biocontrol strategies should be preceded by a thor-
ough evaluation of potential longterm ecological effects
and accompanied by subsequent ecosystem monitoring.

Direct inoculation may be most appropriate for
small, enclosed, and/or artificial water bodies. In large
aquatic ecosystems, accurate estimation of the required
biocontrol agent biomass is challenging due to the
patchy distribution of cyanobacteria and high associ-
ated uncertainty. Errors in determining the predator—
prey ratio are critical: underestimating predator den-
sity will fail to halt the bloom, whereas overestimation
can trigger enhanced cyanobacterial defense responses,
cause predators to switch to non-target prey, lead to
mass mortality of the biocontrol agent itself, and result
in secondary pollution of the water body with decom-
position products.

3.3. Floating modular bioremediation
stations

The design of mobile, autonomous modular sta-
tions represents a promising direction for HAB manage-
ment in aquatic ecosystems. This approach combines
the mechanical collection of cyanobacterial biomass
using skimmer-like units with intensive protist-based
treatment localized within a bioreactor. Unlike the
direct introduction of biocontrol agents into open
water, such systems isolate the working biomass within
the reactor, while also allowing for the on-site cultiva-
tion of the biocontrol agents themselves (for example,
the installations described in the works Kusterer et al.,
2008; Zhu et al., 2019; Meyer, 2026). The incorpora-
tion of additional modules for the mechanical disrup-
tion of colonies or filamentous aggregates within the
bioreactor would render the prey more accessible and
accelerate cyanobacterial consumption. In our view, it
is advisable to use consortia of flagellates and ciliates,
selected for optimal adaptation to the environmental
parameters of the target ecosystem and for resistance
to cyanotoxins, rather than monocultures, as biocon-
trol agents. Such floating installations could potentially
enable controlled HAB bioregulation without the risks
of invasive species introduction or the sedimentation
of decomposition products from dead biocontrol agent
biomass and their metabolic exudates. Various autono-
mous systems for water pollution control already exist
(Sheng et al., 2013; Cui et al., 2018), as do bioreactors
for cultivating microorganisms outside laboratory set-
tings (Zhu et al., 2019; Meyer, 2026). An example of
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a floating reactor is the modified system developed by
Cui et al. (2018), in which the combined use of mac-
rophytes and bacteria on a zeolite-limestone substrate
enables the removal of total nitrogen, total phosphorus,
and ammonium nitrogen (NH,-N). Integrating such
systems with protist consortia could address the chal-
lenges of HABs and concurrent secondary metabolite
degradation, while minimizing ecological disruption by
confining the treatment process within the installation.
Such systems could be deployed in both large and small
water bodies, potentially with automated operation.
However, a key challenge remains the removal of dead
predator biomass and incompletely digested cyanobac-
terial remains from bioreactors.

3.4. Machine learning for cyanobacterial
bloom forecasting

Machine learning methods, such as CatBoost and
XGBoost, can be employed to determine the optimal
timing of inoculation and to select the most suitable
protist species. These algorithms, which belong to the
family of gradient boosting on decision trees, are capa-
ble of addressing both classification tasks (e.g., species
selection) and regression problems (e.g., predicting
inoculation timing or biocontrol efficacy). The model
is trained on historical datasets that include water
temperature, nutrient concentrations, cyanobacterial
density and morphology, and the observed biocontrol
outcomes. On the basis of the identified nonlinear rela-
tionships, CatBoost or XGBoost can classify the current
state and recommend an optimal operational strategy
(Salamah et al., 2026). The advantages of these meth-
ods include high predictive accuracy, robustness against
overfitting, and built-in handling of missing values and
categorical features, particularly in CatBoost, making
them well-suited for real-time decision-making in HAB
management (Wu et al., 2025; Wang et al., 2026a).

In addition to gradient boosting, Random Forest
methods can also be applied to predict the optimal inoc-
ulation timing and to select suitable protist species for
cyanobacterial bloom control. This ensemble method
constructs decision trees in parallel and averages their
predictions, which ensures high robustness to noise and
facilitates straightforward interpretation of the results
(Zhang et al., 2026; Xu et al., 2026). For more complex
scenarios that require capturing temporal dependencies
in long-term observational datasets, recurrent neural
networks, such as LSTM and GRU, are promising, as
they are capable of learning from sequential data and
uncovering hidden patterns (Recknagel et al., 2025).

However, all of the aforementioned methods
require labelled training data, that is, data from previ-
ously successful cyanobacterial bloom control scenar-
ios. Reinforcement learning (RL) offers an alternative
approach. In this framework, an agent (the model)
interacts with the environment (a water body or its sim-
ulation) by sequentially selecting control parameters,
specifically, the protist species, timing of introduction,
and quantity of biocontrol agent inoculum. The model
then receives a reward signal that reflects biocontrol
performance, such as the reduction in cyanobacterial
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biomass or the duration of the control effect. Through
trial and error, the agent learns from this feedback and
autonomously develops a control strategy that adapts
to the current state of the ecosystem without requiring
pre-labelled successful decision data (Pyo et al., 2025).
This approach is particularly promising under fluctuat-
ing environmental conditions, where bloom dynamics
may shift unpredictably.

The choice of a specific method depends on the
complexity of the task at hand, the volume and quality
of available data, as well as the computational resources
and operational speed requirements. Tree-based mod-
els, such as CatBoost, XGBoost, and Random Forest, are
faster to train and require less hyperparameter tuning,
as they have relatively few critical parameters, includ-
ing tree depth, minimum samples per leaf, and learning
rate. This simplifies the assessment of feature impor-
tance and makes these models well suited for scenar-
ios with limited computational resources (Recknagel
et al., 2025; Wu et al., 2025). In contrast, neural net-
work approaches have the potential to achieve higher
accuracy when long time series and complex nonlin-
ear interactions are involved; however, they demand
greater computational power and careful «architecture
selection» and often function as “black boxes”, that is,
they are difficult to interpret and explain (Recknagel et
al., 2025; Wang et al., 2026a). In practice, it is advis-
able to test multiple model types, striking a balance
between predictive accuracy and resource demands for
the specific conditions of a given water body (Wang et
al., 2026a).

4. Conceptual scheme of a modular
bioremediation station for cyanobacterial
bloom control

Below, we present a possible design for a float-
ing modular bioremediation station for HAB control
using protists. The system is a vertically oriented float-
ing platform capable of moving toward a HAB hotspot
to collect surface cyanobacterial biomass and subse-
quently purify the water. A schematic representation of
the design is shown in Figures 1 and 2. This technology
could be deployed in a water body either during an
active bloom or at an early stage, immediately after a
HAB outbreak has been detected, which, in large water
bodies, could be accomplished via drones or satellite
imagery. The device is divided into five modules.

The first module is a skimmer—funnel with a lid
and adjustable flow capacity. It collects the surface
water layer containing cyanobacteria. Biomass collec-
tion can be achieved through various means: adjusting
the skimmer immersion depth, deploying guide booms
or hoses, or using pumps to generate localized suction
and water flow. The selection of the appropriate mech-
anism depends on site-specific characteristics, such as
water depth, surface area, and the presence of currents.

The second module is a compartment for the dis-
ruption of colonial cyanobacterial morphotypes. One of
the limitations of using flagellates and ciliates is their
inability to break down large colonies. This module is
designed to overcome that constraint. The chamber
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employs a low-frequency ultrasonic emitter (sonar) to
disrupt the colonies without causing complete cell lysis.

The third module is a mixing chamber, where
ultrasonically treated cyanobacteria and protists from
the external bioreactor are introduced. This is where
grazing of the cells takes place. The purified water is
returned to the water body through a filtration system
that minimizes the release of undigested residues and
protists themselves.

The fourth module is a removable sedimentation
chamber for settling dead biomass and cyanobacterial
debris. This module reduces the risk of re-contaminat-
ing the water body and eutrophication. The chamber
requires cleaning once per season or as needed, since
large culture volumes are not necessary for grazing.
The sediment could potentially be reused as fertilizer
or biofuel.

The fifth module is an external bioreactor-fer-
menter, which is used for the cultivation and main-
tenance of various biocontrol agent cultures. It is
connected to the mixing chamber via a tube. The bio-
reactor may be positioned near the water surface to
take advantage of natural light, which is beneficial for
cultivating light-dependent flagellates, but it can also
be equipped with artificial lighting and placed at any
suitable location.

Water entering the skimmer passes through a
system of optical and fluorescence sensors that record
the spectral characteristics of cells and aggregates. The
resulting data are processed using machine learning
algorithms that classify cyanobacteria by taxonomic
group, estimate their concentration, and determine
their morphotype (colonial, filamentous, or unicellu-
lar) (Meirkhanova et al., 2024; Fernandez-Manteca et
al., 2025). Real-time analysis enables rapid selection,
from the bioreactor, of the protist culture most effec-
tive against the identified cyanobacterial type under
prevailing environmental conditions. However, the
portability of such technologies is currently limited,
and collecting a standard sample followed by rapid
analysis using spectrophotometric methods appears to
be a more realistic approach. On the basis of the data
obtained, the most effective protist culture is delivered
from the corresponding bioreactor into the mixing
chamber. This approach requires multiple indepen-
dent bioreactors, each containing a distinct biocontrol
agent strain. Although cyanobacteria are expected to
be grazed by protists without cell wall disruption, the
water entering the skimmer may still contain cyano-
toxins. One potential approach to addressing this issue
could involve the use of biofilms harboring bacteria
capable of releasing enzymes into the surrounding
medium to degrade extracellular microcystin (Kumar et
al., 2019; Morén-Lépez et al., 2020). The device could
be powered by solar panels or batteries, enabling auto-
mated operation. A system of buoys keeps the device
afloat, and the addition of motors would allow it to be
moved across the water body.

The described device does not need be vertically
oriented, as shown in the diagrams (Figs. 1 and 2). Such
a conceptual design would require further engineering
refinement and field testing in water bodies. These
solutions would be particularly relevant for artificial
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reservoirs and aquaculture facilities. Their automation,
combined with the use of machine learning for bloom
analysis and prediction, could maximize the effective-
ness of HAB management efforts.

5. Conclusion

Flagellates and ciliates hold significant promise
as biocontrol agents against cyanobacterial blooms.
Currently, the most promising candidates are mixo-
trophic flagellates, particularly members of the gen-
era Ochromonas and Poterioochromonas, which combine
resistance to toxic strains with the ability to actively
graze on various cyanobacterial morphotypes and
degrade secondary metabolites. Among ciliates, rep-
resentatives of the genus Nassula can be regarded as
the most effective against HABs caused by filamentous
cyanobacteria. However, a more comprehensive evalu-
ation of their potential requires testing for their ability
to graze on unicellular and colonial forms, as well as for
their resistance to toxic strains.

The efficacy of protist application is governed
by a combination of factors, including prey morphol-
ogy and defense mechanisms, predator physiology and
ecology, the initial predator—prey cell ratio, hydrophys-
ical and hydrochemical environmental conditions, and
interspecific interactions.

Evaluations of the efficacy of protists for HAB
control are currently largely confined to laboratory
experiments. Consequently, the use of flagellates and
ciliates should be considered a promising approach that
nonetheless requires further experimental and field val-
idation. The most promising strategies for HAB manage-
ment appear to be integrated approaches that combine
biological control with physical or chemical methods,
together with machine learning-based prediction tools
to optimize the timing of interventions.

As one possible solution, we propose a concep-
tual design for a floating modular bioremediation sta-
tion that collects surface cyanobacterial biomass, ultra-
sonically disrupts colonies, enables protists to graze
in a mixing chamber, allows sedimentation of debris,
and includes a bioreactor-fermenter for biocontrol
agent cultivation. The device could potentially operate
autonomously, using machine learning—based analysis
to select the most appropriate protist species for the
prevailing bloom type.

At the same time, key challenges include the
search for more versatile and robust biocontrol agents,
the study of their ecological interactions, and the scal-
ing up of safe HAB control technologies for natural and
artificial aquatic ecosystems through microcosm and
mesocosm experiments.
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AHHOTAIIHUS. BpenoHocHoe 1iBeTeHre Bogopociei (BL[B), B yacTHocTH, IUaHOOAKTepUAJIbHOE I[Be-
TeHUe, MpeJICTaBJisieT cOO0 TJI00AIBHYI0 SKOJIOTUYECKyH0 mpobiiemy. CymiecTBymoliue GU3NIYecKue 1
XAMUYecKre MeToasl 60ps0Osl ¢ BLIB MMEIOT CyliecTBEHHBIE OTpaHUYEHUA, YTO OompefesiseT HeoOX0oau-
MOCTB nIorcKa 3 GEKTUBHBIX 1 9KOJIOTHYECKU Oe30MacHbIX ajJlbTepHATHUB. B naHHOM 00630pe cucreMaTu-
3UpOBaHbl U NpOaHaJIM3UPOBaHbI JIMTepaTypHble U COOCTBEHHbIE JaHHbIe 0 OMOTHYECKUX B3auMomeN-
CTBUSX XT'yTUKOHOCIEB U MH(PY30pUli ¢ IIMaHOOAKTEPUAMH, a TaKkXe OlleHeH MX MOTeHNNall B KayecTBe
areHToB OMOKOHTPOJIA. [IoKa3aHO, yTO HauboJIee MepCIeKTUBHBIMU AJI KOHTPOJIA BLIB ABaATCA MUK-
coTpodHbIe KI'YTUKOHOCIEI poAaoB Ochromonas u Poterioochromonas, coueTalye yCTONINBOCTh K TOK-
CHYHBIM IITaMMaM, CIIOCOOHOCTh K aKTUBHOMY BbleJaHUIO Pa3JIMYHBIX MOP(OTUIOB I[MaHOOAKTEpUN
U Aerpajanuy BTOPUYHEIX MeTabonToB. Cpeau nHOy30puii 3G(PEeKTUBHOCTL IPOTUB HUTUYATHIX HopM
IPOSBJISAIOT HEKOTOPHIE mpencTaBuTtesu poxa Nassula. DbdeKTUBHOCTh MPUMeEHeHUs POTUCTOB OIpe-
JeseTcs KOMIIEKCOM OMOTHYeCKUX 1 abNoTH4YecKUX (pakTopoB: MOpdosIorHel XepTBhl, (HU310JIorhel
XUIIHUKA, COOTHOIIeHNEeM YKCJIEHHOCTH KJIETOK, IapaMeTpaMy Cpefbl U MeXBHUIOBBIMHU B3auMOZeN-
ctBUAMU. OTMeueHO, YTO OOJIBHIMHCTBO MCC/IeJOBaHUI OrpaHHUYeHO JIabOpaTOPHBIMU SKCIlepuMeH-
TaMU, U Ui MaclITabupoOBaHUA TEXHOJIOTHI HeoOXOAMMBI IOJIeBble HCIBITaHUsA. PaccMOTpeHbl KOM-
OMHHUpPOBaHHBIE TOAXOARI, coUeTalonyie OMOJIOrMYeCcKri KOHTPOJIb € (PU3NUEeCKMU WM XUMHUYeCKUMU
MeTOJaMU, a TaKKe BO3MOXHOCTH HMCIIOJIb30BaHNSA MAlNIMHHOTO OOy4YeHHUs AJiA IPOTHO3UPOBAHUA CPO-
KOB I[BET€HUA 1 ONTUMU3AIUN IapaMeTpOB NHOKYJIAMU. B kauecTBe OHOr0 M3 NePCIEKTHUBHEIX pellle-
HUH NpeJiyiokeHa KOHIeNTyalbHas cxeMa IIaBy4yell MOAyJIbHOM CTaHI[MU 6ropeMeauanuy, BKII0Ya0-
men cbop 6GromMaccel, yJIbTPa3ByKOBOE pa3pylleHre KOJIOHUH, BhleJaHe [IMaHOOAKTePUN MPOTUCTAMU
U ocaxxaeHue ferputa. Pabota 06001jaeT coBpeMeHHble 3HaHNA U ONpejiesiieT HalpaBJleHuA JajlbHel-
IINX UccjiefJoBaHui B obJiacTu 6uoperyarpoBaHus BLIB ¢ ncrnosip30BaHreM IPOTUCTOB.
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1. BeepeHnue (Huisman et al., 2018). IIpu I[BeTeHUU IPOUCXOIUT

obpa3zoBaHMEe OTPOMHOIO KOJIMYECTBA BOAOPOCJIEBOM
Ouomacchl, MPENATCTBYIOMIEN MPOHUKHOBEHUIO CBETA,
CHIDKEHUE KOHIIEHTpaI[UM PAacTBOPEHHOTO KUCJIOpOAa
u npospauHoctu (Paerl and Huisman, 2009; Huisman
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et al.,, 2018), BBIgesleHHE BTOPUYHBIX METAOOJIMTOB,
MHOTHe M3 KOTOPHIX OMNacHBI I APYIMX OpraHW3MOB
(Huang and Zimba, 2019), yTo mpuBOOUT K yXyAllle-
HMIO KauecTBa BoAbl. BI[B cBsA3aHO c aKkTUBHOI Bere-
Tanuen pasjIMyHbIX TAKCOHOMUYECKUX Ipynn GoToTpo-
(dHBIX MUKPOOPraHuU3MOB, Hapumep, JUHOMIarreaarT
U IUaTOMOBBIX Bofopociell. OqHaKo B IPeCHOBOJHBIX
JKOCHCTeMaxX AOMHMHHUPYIOUYI0O pojib B (OpMUpPOBa-
Huu BI[B 06p1YHO urpamT 1uaHobakTepun, 0COOEHHO
pasauyHbele mramMbl Microcystis aeruginosa (Kiitzing)
Kiitzing 1846 (Huang and Zimba, 2019), crmocoGHbie
npoayurposath OoJiee 240 BapuaHTOB MUKPOLIMCTHHA
(Wang et al., 2018).

YBenuueHUe 4YacTOTHl ¥ MHTEHCUBHOCTH IHaHO-
OakTepuasJibHBIX I[BETEHUI 3a4acTyl0 CBA3aHO C HU3Me-
HeHNeM KJIMMaTa, IPOsABJIAI0IIEeMCs B IOBHIIIEHUN TeM-
neparypsl u ypoBHsa CO, (Visser et al., 2016), a Takxe
C IOBBIIIEHHEM YPOBHA aHTPONOIeHHON HarpysKu,
MpUBOAAIIEM K ycuieHuio 3BTpodukanuu (Paerl and
Huisman, 2009; Huisman et al., 2018). CuuTaercs, 4To
COKpallleHye IOCTYIUJIEHUsA IMTaTesbHBIX BeIllecTB B
BOJIOEMBI, B 0COOEHHOCTH coejuHeHU docdopa, 66110
6Bl Haubosee 3(pHEKTUBHBIM CIIOCOOOM pelleHUs Mpo-
671eMbl Bo3HUKHOBeHUsA BLIB. OpHako Takoe pellieHue
TpebyeT CylecTBeHHBIX MeXHAaIlMOHAJIbHEIX YCUJIN, a
pe3yJibTaT MOXeT OBbITh IOJIy4eH CIyCTs AecATHJIeTHA
(Jeppesen et al., 2005; Huisman et al., 2018).

CymecTByloT (usnyecKkre U XUMHUYECKHUE CIIO-
cobbl 60pbOBI € IBeTeHMEeM IMaHobaKTepuil, cpequ
KOTOpBIX AHOYIJIyOJieHWe, IlepeMellMBaHHe BOJHOM
TOJIY, yCUJIEHWe aspalyH, YJIbTpa3ByKoBasd obOpa-
00TKa, IpUMeHeHHe aJbIUIUJIOB, KOaryJIiHTOB U
dnokynsauroB u 1.1 (Kibuye et al., 2021a; b). Bce atu
MeTO/[bl UMeIOT CyllleCTBEHHEIe OrpaHUYeHNU s, BKII0Yas
BO3MOXHOCTb BTOPHUYHOI'O 3arpsA3HeHUs, KpaTKOBpe-
MEHHOCTb IOJIOXHUTeJIbHOro 3d@deKkTa, yBeaudyeHue
BBIPA0OTKM TOKCHHOB I[aHOOaKTepUusMH, BO3AeliCcTBIE
Ha He IleJieBble OpraHU3MBl, CyleCTBeHHble dKOHOMHU-
yecKye 3aTpaThl, HEBO3MOXXHOCTb [I0BCEMECTHOTO IIPU-
MeHeHMs1, 0coOeHHO B 6o0Jibmmx MacmTtabax (Huisman
et al., 2018; Kibuye et al., 2021a; b).

Buosiornueckuii MeToA peryjHpoBaHUA Iua-
HOoOaKTepuaJIbHBIX I[BeTeHHUIl paccMaTpuBaeTcs Kak
HauboJiee MepClHeKTUBHEIN, S9KOHOMUYECKH BBITOAHBIN
U aKojornyecku 6e3omnacHeiii (Hwang et al., 2024). B
KayecTBe areHTOB OMOKOHTPOJIA MOTYT OBITh HCIIOJIb-
30BaHbl pasjnvHble opraHu3Msel: Bupychl (Pollard and
Young, 2010), 6aktepuu (Reim et al., 1974), npoTucThi
(Dryden and Wright, 1987; Jiang et al., 2025), rpu6st
(Zeng et al., 2020), 3oomtankToH (Zhou et al., 2020),
prioBl (Xie and Liu, 2001), BomHble pacteHus (Zuo et
al., 2014). CymecTtBymomye GHUOJIOTUYECKHE METOIBI
KOHTPOJIA TaKkKe He JIMIIeHbl HelocTaTKoB. Hanpumep,
IprMeHeHe MaKpo(pUTOB MOXeT YCUINUBATh 3BTPOPU-
karuio BogoeMa (Dhote, 2007) 1 U3MEHATh CTPYKTYPY
coobmectB (Nezbrytska et al., 2022). PerysiupoBaHue
BIIB mpu momoIiu BUPYcCOB, OakTepuii, rpu6boB, 300-
IJIAHKTOHA U PBIO Takke MOXeT ObITh Hea(pHeKTUBHBIM,
OAHAKO MNPUYMHBI pa3jIMyalTcA B 3aBUCUMOCTH OT
rpymmsl areHToB 6MokoHTpoJA (Pal et al., 2020; Kang et
al., 2024). OgHUM U3 MEXaHU3MOB BO3JEHCTBUA BUPY-
coB, OakTepull U rpuboB Ha LKaHOOAKTepUH, MOMUMO
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BblJIeJIeHrs WHTUOWTOPOB POCTA, NMOAABJIAIOMIMX pas-
BUTHEe OMOMAacCH], ABJIAETCA JIM3UC KJIETOK JXXEPTBH,
KOTOpHII HepeaKO COIIPOBOXJAaeTcsA BbleJIeHHEeM B
cpefly BTOPHUYHBIX MeTabonuToB. lluaHoGakTtepuu
OBICTPO HPUOOpPeTaT YCTOMYMBOCTh K IMaHodarawm,
a BbICOKasA crnenu(GUYHOCTh BHpyca K OIpeieseHHBEIM
mraMMaM CyIeCTBeHHO OrpaHUYMBaeT BO3MOXKHOCTHU
ux npuMmeHenus (Higazi et al., 2025). MexaHU3MBI
Bo3felicTBUA OakTepuil U IrpubOB Ha LMaHOOAKTepUU
Bce emle masionsydeHol (Kang et al.,, 2024), omHako
OoTMeuaeTcs, YTO UX AeliCTBUe B OCHOBHOM KOCBEHHOE
1 OIIOCpeIOBAHO BhbIJIeJIEHMEM pa3JIMuYHbIX MeTalo-
JINTOB, KOTOpble MOTYT IOJABJIATh He TOJIbKO LMaHO-
06axTepuy, HO U ApYyrue OpraHu3Mbl. 300ILJIaHKTOH U
PHIOBI, B CBOIO OYepejlb, MCIBITHIBAIOT TPYAHOCTU INIpU
noTpebJieHMY B MUILY KOJIOHHWAJIbHBIX GOPM U 4YacTO
HeycTONYMBH K IuaHoTokcuHaM (Ernst et al., 2006; Ka
et al., 2012; Moustaka-Gouni and Sommer, 2020; Xu
et al., 2023b). Kpome Toro, BelefJaHU€E 300IJIAHKTOHOM
I[MaHo0aKTeprii MOXeT COIIPOBOXAATHCA Pa3pbIBOM UX
KJIETOK W BBIXOJIOM B CpeAy BTOPHUYHBIX MeTaboJIUTOB
¢ UX nocjieAymwiel nepefgayeii Ha 60Jiee BEICOKUE TPO-
¢duueckue yposau (Kibuye et al., 2021b).

Cpenu areHTOB OWOKOHTPOJIA OCOOBII MHTe-
pec MpecTaBsIAIT rerepoTpodHble 1 MUKCOTPOQHEIE
IIPOTUCTHI, ABJIAIONIMECS KJII0YeBBIMU KOMIIOHEHTaMU
MHKPOOHOH NUIIEBOH CeTH NMPeCHOBOAHBIX 3KOCHCTEM
(Sherr and Sherr, 2016) u obsagaromue psaoM GyHK-
I[MOHAJIBHBIX IpeuMymlecTB. OHM, Kak IIepBUYHBIE
noTpebutenu uaHobaktepuii (Dryden and Wright,
1987; Tarbe et al., 2011; Kosiba et al., 2019), moryT
OCYIIEeCTBJIATh «KOHTPOJIb CBEPXY», He BBI3bIBas Cepbe3-
HBIX TpodHryecKnuX M3MeHeHu! B BogoeMe (Xu et al.,
2023a). Beuay ux BaxxHOU poJid KaK XUITHUKOB GUTO-
m1aHkToHa (Dryden and Wright, 1987; Sherr and Sherr,
2016), BBICOKOI CKOPOCTH Pa3MHOXeHUs, ClIOCOOHOCTHU
K CeJIeKTUBHOMY IIMTAHUIO, YCTOMYMBOCTU K BpPeAHBIM
BTOPUYHBIM MeTaboJUTaM U OBICTPOU peakluu Ha
nsMeHeHus cpefipl (Payne, 2013), npoTHCTOB MOXHO
paccMaTpuBaTh KakK NepCIeKTHBHBIX, HO TpeOyomux
JaJIbHENIero M3yveHus areHTOB OWOKOHTposia BI[B
(Shchukina et al., 2025).

HecMmoTps Ha 3HauuTesIbHOE KOJIMYECTBO HcCCJie-
JIOBaHUH, MTOCBAIIEHHBIX KOHTPOJIIO IMaHOOaKTepHUaib-
HBIX [IBETEHUI] C UCMOJIb30BaHWEM NPOTUCTOB, JaHHbIE
0 POJIM XTyTHUKOHOCIeB M MHPY30pHUil ocTalTcs ¢par-
MEHTapHBIMU U Pa3pOo3HEHHBIMU. BoJbIIMHCTBO paboT
0 JaHHOM mpobJieMaTuke OOOOMIAIOT MeXaHW3MBI
60pu0HI ¢ BLIB u pakTopHl, BAMAIOILIE HA IPHUMeHeHe
pasnuuHbix MetosioB (Kibuye et al., 2021a, b; Hwang
et al., 2024). CymiecTByeT HECKOJIBKO 0630pOB, paccMa-
TPUBAOLIMX MeToJ] OGHoJioruyeckoro KoHTpoJisi BI[B
C HCMOJIb30BaHHWEM pa3JINYHBIX I'PyNI I'MAPOOHMOHTOB
(Sun et al., 2018; Pal et al., 2020). OgHako IOTEHI[MAT
XTyTUKOHOCIIeB U HMH(GY30pUIl KaK areHToB OHOKOH-
TpoJia BLIB paccmaTpuBaeTcs B HUX KPaTKO U He UMeeT
CACTEMATUYECKOTro 00001eHN .

JlaHHOe HccilefoBaHUe IIOCBAIIEHO CcHCTeMa-
TU3alUM U aHajIu3y JIMTepaTypHbIX U COOCTBEHHBIX
JaHHBIX N0 OMOTHWYECKWM B3aWMOJAEHCTBUAM XTIyTH-
KOHOcLleB U MHOQY30puil ¢ I[UaHOOAKTepHUAMHU, KOTO-
pble Morjii Obl Jledb B OCHOBY pa3paboTKu crocoboB
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peryssauuu BIB. Ha ocHoBe IIpoBeJeHHOrO aHasin3a
MBI 0600I1JIM TpeUMYIecTBa U OrpaHUYeHUs NIpHuMe-
HeHUA 3TUX IPOTHUCTOB U MPEIJIOKUIN KOHIeNTyaslb-
HYI0 CXeMy KOMILJIeKCHOI 60pbOBHI ¢ I[MaHobOaKTeprab-
HBIM IIBeT€HHEM C MCIOJIb30BaHUEM TIeTepOTpPO(dHBIX
U MHUKCOTPOGHBIX 3yKapUOTUYEeCKUX OAHOKJIETOYHBIX.
[Ipeanosiaraercsa, 4yTo B COCTAaB TaKOHl TeXHOJIOIMU
MOTyT OBITh MHTErPUPOBaHbI METObl MAIIMHHOIO 00Y-
4YeHHUs, KOTOpble M03BOJIAT, B YaCTHOCTH, IIPOTHO3UPO-
BaTh CPOKU Hayajia [IBeTeHUA U ONTHMU3UPOBATh Napa-
MeTpPHBI MHOKYJIALMYN areHToB 0MIOKOHTPOJIA.

2. NMMIpumeHeHMe XXTYTUKOHOCLEB U
uHdy3opun ANA KOHTponsa BLIB

2.1. OcHOBHbIe MeXaHu3Mbl BO3AeHCTBUA
OAHOKNAETOUYHbIX 3YKapUOTHUYECKUX
XHUIHUKOB HAa uMaHoGakTepum

Juia a¢dPekTUBHOTO NpUMeHeHUs XI'YTUKOHOC-
1leB U UH(Y30pUil B KauecTBe areHTOB OHMOKOHTPOJIA
HeoOX0oMMO ITIOHMMaHHWe MeXaHW3MOB B3auMOMei-
CTBUs XUIIHWKA UM JXepTBBH, BKJI0OYasg OCOOEHHOCTHU
NMUTaHUs, CeJIeKTUBHOCTh MOTpeOJieHus U BO3MOX-
Hble U3MeHeHUs TMOBeJleHUsA B cocTaBe coobiecTBa. K
HacTosll[eMy BpeMeHHU KpaliHe Majio paboT, paccMma-
TPUBAOI[UX aHaJIN3 NMUTAHUA NOTEHLUaJIbHBIX «OHO-
KOHTPOJIEpOB» B BOJJHBIX SKOCUCTEMAaX, KakK, HanpuMmep,
xrytukoHocta Collodictyon triciliatum (Nishibe et al.,
2002) wnu mHpy3opuu Nassula aurea (Canter et al.,
1990). BeposaTHo, nMeHHO NOAOOHBIE KCCJIEOBaHUA
SIBJIAIOTCA KJIFOUOM K TOUCKY Haubosiee 3¢d(PeKTUBHBIX
areHToB 61OKOHTpOJIA BLIB cpenu npotuicToB. Cienyer
VUUTHIBaTh CJIyyau, Korja B J1abopaTOpPHBIX 3KCIEpU-
MeHTaX XUIHUK MOXeT yCIeIlHO MOTJIomaTh pa3Jjind-
Hble MITaMMBbl [MAaHOOAKTEpPHIl, MPOABIATH yCTONYU-
BOCTh K TOKCHMHaM, HO MOXeT H3MEHHUTh CTpaTeruio
NMUTaHusA, BCTyNas B aHTaroHUCTUYeCKHe WM KOHKY-
peHTHble B3aMMOOTHOIIEHUs C JPYTMMHM areHTamMu
o6uokoHTposisa (Tabsmuma 1) (Kosiba et al., 2019; Kosiba
et al., 2022). AHaJI13 HCCIeJOBaHN [TOKa3aJl, YTO BO3-
JelicTBUe XT'YTUKOHOCIEB U MHDY30puil Ha IIMaHObaK-
Tepuu peajmnsyeTcsi HeCKOJbKUMM MNyTAMU. DTO Mps-
Moe Bhle[laHue oTebHBIX KiieTok (Chen et al., 2024),
B TOM UHCJIe CeJIeKTUBHOEe M0 OTHOIIEHHIO K Ompefe-
JIEHHBIM IITaMMaM wiu Mopdorunam (Takamura and
Yasuno, 1983), a Takxe o0beJaHNe HUTYATHIX KOJIOHUH
(Pajdak-Stés et al., 2001; Fiatkowska and Pajdak-Stés,
2002; Xu et al., 2023a).

[TpoTHCTH UCHOJIB3YIOT pa3jIUYHblE MeXaHU3MBI
3axBata U TNoTpebieHUsA NUIMM, BkJovyas darouu-
TO3 (aKTHUBHBIM MOUCK U 3axBaT NUIMU U QUIbTpaIU-
OHHOe MUTaHue) U MHU30LUTO3. Y MH(QY30pUll 3axBaT
J)KepTBBl OOBIYHO OCYIIECTBJISETCS C IOMOIIBI0 CHelu-
aJIM3MPOBAHHOr0 POTOBOTO amnmapaTa — I[UTOCTOMA,
TOorja Kak y MHOTMX XT'YTUKOBBIX (OPM IIMTOCTOM
OTCYTCTBYeT U TOTJIOIIeHNE MUIIN IPOUCXOIUT B BeH-
TpasbHOM Goposnke (Leander, 2020), uiu Xe MeCTO
(aronurosa He MMeeT KOHKPETHOHN JIOKaJH3alud B
KJleTKe. MexaHU3M 3axBaTa NUIIU IpeJolpejesseT
He TOJIBKO crocob notpebJieHUs )XepTBhl, HO U MOO0Y-
Hele 3¢dekTr. Hampumep, ¢uiabTpanioHHOe MNUTA-
HUe II03BOJISIET 3aXBaThIBaTh B3BellleHHbIE KJIETKU U3
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BOJBI, HO MPU 3TOM HE JAaeT BO3MOXHOCTH XHUIIHUKY
BJIUATh HAa KPYIHbIE KOJIOHUM WM HUTU. DarounuTos,
MpeanoJiaraolrii 3arjaTbiBaHUeE eJIBIX KJIETOK, 6osiee
yHUBepcajieH, HO TpebyeT, 4YTOObI pa3mMep JXEpPTBHI
OBLTT COMMOCTABUM C Pa3MepPOM KJIETKU XHIIHUKA (XOTsA
n3BecTHH uckiaoueHusa, cM. Tikhonenkov et al., 2022).
Mu3011TO3, HAPOTUB, TTO3BOJIAET BHICACHIBATH COAEP-
KUMOe KJIeTKM, He 3arjaThiBasg ee ILEeJIMKOM, OIJHAaKO
3TOT MEXaHU3M TpebyeT IJIOTHOrO KOHTAKTa C XKepPT-
BOH. W3BeCTHO, YTO OJWH M TOT € BHUJ IPOTHUCTA
MOXET WCIOJIb30BaTh Ppa3Hble MEXaHU3MBl 3axBaTa
nuy. HampuMep, HEKOTOpble MH(PY30pUM CIOCOOGHBI
nmepexyIroyaTbcd ¢  (QUIbTPALMOHHOIO THMTAHWA Ha
«00beJaHUe» MMOBEPXHOCTU KOJIOHUM HMaHOOAKTepui,
OTILUIBIBAsA OTIeJIbHBIE KJIETKU OT KPYIHBIX arperaTtoB
(Xu et al.,, 2023a). DTo MO3BOJIAET AaTaKOBaTh paHee
HeJOoCTyIHBIE (POPMBI ITMaHOOAKTEPUT.

Majiousy4yeH BONPOC O BJIMAHUU BTOPHUYHBIX
MeTaboJIMTOB XUITHUKOB Ha KJIETKU IHMaHOOaKTepuil.
WHby30pHuu COCOOHBI BBIAEJIATH PA3JIMYHbIE GHOJIO-
TUYECKU AKTUBHBIE COEIVHEHUS, MHOTUE U3 KOTOPBIX
MOTYT OBITh TOKCUYHBIMU [JI1 [PYTHUX OPraHU3MOB
(Buonanno et al., 2020), a B ciiyyae ¢ quaHoGaKTepu-
AMU — UHUIUUPOBATH YCUJIEHHE WX 3aIIUTHBIX MeXa-
Hu3moB (Pajdak-Stés et al., 2001; Kosiba et al., 2019).
711 HEKOTOPBIX TOKCUYHBIX IITAMMOB TaKXXe OTMEYEHO
yBeJINYeHNEe aKTUBHOCTU AaHTHUOKCUAAHTHHIX (hepMeH-
ToB (Combes et al., 2013). Takue U3MeHEHUS MOTYT
cHIXaTh 3G@EKTUBHOCTh BBIEJAHUA U TOBBIIIATH
YCTOMYMBOCTDh ITMAHOOAKTEPUN K [aBJIEHUID CO CTO-
POHBI XWITHUKOB. B 3HaYMTEJIbHO MEHbIIEN CTENneHU
M3ydeHa COCOOHOCTD XI'YTUKOHOCILIEB TIPOIYIIMPOBATh
BTOPUYHBEIE MeTAOO0JIUTHI, XOTA OTAEJIbHbIE UCCJIE0BA-
HUSA YKa3bIBAlOT HA BO3MOXXHOCTb OTBETHBIX 3AI[UTHBIX
peakuuii I[uaHoOaKTepuil Ha TMPUCYTCTBHUE MUTAI0-
myxcs uMu ¢JiarejuisaT, Kak, HanpuMep, B pabote Yang
et al. (2009). [Ipu 3TOM IO CHX IMOP OCTAETCA HesC-
HBIM, ABJIAIOTCA JIU HAOJII0aeMble 3alIMTHHIE peak-
[ WCKJTIOYUTEJIHO CJIEJICTBUEM MPSAMOTO KOHTaKTa
C XUIHUKOM WJIM YaCTUYHO OOYCJIOBJIEHHI AEHCTBUEM
BBIJIEJIIEMBIX UM MeTab0JTUTOB. MOXHO MPEeIOJI0XKUTh,
YTO MOMUMO MPSIMOTO BbieJaHUs HEKOTOPHIE MPOTHUCTHI
CIOCOOHBI BJIMATh HA (U3UOJIOTMYECKOE COCTOSHHE
[[MaHOOAKTEPUIl MOCPEACTBOM BBIZEJIEHUA OUOJIOrnYe-
CKM aKTHBHBIX COeJMHEHUM, BBI3bIBas UHTMOUPOBAHUE
pocTa, U3MeHeHHe 3KCIPECCU TeHOB WJIM HapylleHue
KJieTouyHOoro MetabosmsMa. IlofoOHBIE MeXaHU3MBI
BO3JEHCTBUSA XOPOIIO U3BECTHHI s OakTepuit (Calvo-
Bayo et al., 2025) u rpu6oB (Zeng et al., 2020), ogHaKko
JUTS KTYTHUKOHOCIIEB Y UHG)Y30PUN OCTAKTCS MPaKTH-
YeCcKU HEM3YUYEHHBIMU.

2.2. OrpannueHMa U pakKropbl

3P PeKTUBHOCTH KOHTPOAA
uaHo6aKTepuanbHbIX LBETEHHH CO
CTOPOHbBI XTYTUKOHOCLIEB U UHPY30pPUH

O(PPeKTUBHOCTL MNPUMEHEHHUs XIYTUKOHOCLIEB
1 nH(Qy30puil B KauecTBe areHToB OMOKOHTPOJIA OIpe-
JleJIieTCsA COBOKYIHOCTBIO OMOTHMYeCKUX U abuoTruye-
ckux (aKTOpPOB, BKJIIOYasA CeJIEKTUBHOCTh UX NMUTaHUS,
YCTOMYMBOCTh K TOKCHHAM, MEXBUJOBble B3auMOJeH-
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

CTBUA C JIPYTUMU NPOTUCTaMHU U LHAHOOGAKTepUsAMH,
COOTHOIIIEHNe IUIOTHOCTY XUI[HMKA U XKepPTBH, a TakXe
napamMmeTpsl cpeibl. OJTHUM U3 KJTIOUeBBIX OrpaHUYeHUN
SIBJIAETCA TO, YTO MHOTHE NPOTHCTHI ILIOXO BBHIEAAIOT
KOJIOHHaJIbHBle (opMbl HHaHoOakTepuil. axe eciu
BhbleJIaHMe ITPOUCXOIUT, OHO YaCTO HOCUT CeJIEKTUBHBIIN
XapakTep, CBA3aHHHIN ¢ MOpdoJIornyecKMU OocobeH-
HOCTAMU XepTBEl. Hanpumep, undysopuu Paramecium
sp. u Furgasonia blochmanni ciocoGHbI BbIeJaTh HUTYA-
Thle U KOJIOHHAJIbHEIe HOPMBI IMaHOOAKTEPUE, OOHAKO
OHU He MOTYT HOTpeGJIATh KPYIHBIE KOJOHUAJIbHEIE
¢opwmel (Tabouna 1).

Jna 3amuThl OT BBHEedaHUsA LUaHoOaKTepyu
UMeT HeKOoTopble (GOpPMBI 3aIlUThl, Cpelu KOTO-
pBEIX oOpa3oBaHUe IMAPOBUAHBIX WM OGechOpMeHHBIX
KOJIOHMH U1 HUTYATHIX arperaroB, YCHUJIEHUe BBIee-
HUSI BTOPUYHBIX MeTabOJIMTOB, BKJIIOYAs BBIAEJIEHNE
60JIBIIOT0 KOJIMYecTBA cJiu3u, obpa3oBaHue Oosee
TOJICTHIX KJIeTOUYHBIX cTeHOK (Fiatkowska and Pajdak-
Stés, 2002; Yang and Kong, 2012; Zhong et al., 2025).
W3bupartesbHOe WJIN CeJIEKTUBHOE BBlEaHUEe MOXET
npuBecTu K ycyryosenuio BI[B, Tak kak OHO cIo-
COGHO H3MEHATh T'eHEeTHYeCKyl0 CTPYKTYpy INOIyJii-
uui nuaHobakTepuii, oTOMpas yCcTONYMBbIe T€HOTUIIHI,
Ipu 9TOM ofmas ux Guomacca MOXeT He CHUXAaThCA
(Fiatkowska and Pajdak-Stés, 2002; Wang et al., 2024;
Huré et al., 2026; Wang et al., 2026b). Otot addexT
HeoOX0VMO YYUTHIBATh IPU MPSIMOM WUHOKYJIMPOBA-
HUM KT'YTUKOHOCLIEB ¥ NHQY30pUIi, IOCKOJIBKY HEKOH-
TpoJsipyeMas 6roJiorudyeckas peryJisims MOXeT Takxke
MIPUBOJUTH K CIIBUTY CTPYKTYPHI IOMYJIALUI B CTOPOHY
oTOOpa yCTOMYMBHIX IITaMMOB. [Ipu 3TOM BhHIIesieHHe
MUKPOLCTHHA He 00513aTesIbHO ABJIAeTCA peakiueil Ha
pelefganne (Wilken et al., 2010). BmecTte ¢ TeMm, Aju-
TeJIbHOe BO3JelCcTBUe I[MaHOOaKTepuil Ha areHTOB
OUOKOHTPOJISI MOXeT NPUBECTU K CMelleHHI0 BUI0BOTO
pasHoobpa3usa B CTOPOHY OoJiee afanTHpPOBAaHHBIX U
YCTOMYMBHIX IITAMMOB XUIIHUKOB, KaK OBLJIO IIOKA3aHO
Ha naduusax (cm. Ger et al., 2016).

3amuTHbIe peaknuy IaHo6aKTepUi BO MHOTOM
BBI3BAHBI IIOCTENEHHBIM JaBJIeHHEeM CO CTOPOHBI XUII-
HUKa, IO3TOMY pellleHreM Npo6JieMbl MOIJIo OBl OBITH
yBeJIMUeHNe HauyaJIbHON KOHIIEeHTPAIMK KJIETOK areHTa
OMOKOHTPOJIA, KOTOPHII BblesI ObI OCHOBHYI0 61ioMaccy
nuaHob6akTepuii 6picTpo (Burkert et al., 2001; Zhang et
al., 2009), 10 BO3HMKHOBEHUA KOJIOHHAJIbHBIX (HOPM.
AnprepHaTuBOll MOXeT OBITh BHeCeHHe B BOJOEM
UHIMOUTOPOB, TOJYUYeHHBIX OT GakTepuil uinu rpubos
(Mohamed et al., 2014; Zhang et al., 2022; Van Le et
al., 2022), nomasJssAonIMX 06pa3oBaHUe KOJTOHHUATBHBIX
dopm 1uaHoGaKTEpULi.

MHorue paccMarpuBaeMble HaMU paboTH TOKa-
3bIBAIOT, YTO JXI'YTHUKOHOCIEI IPOSABJIAIOT GOJBIIYIO
YCTOMYMBOCTh K TOKCUYHBIM IITaMMaM IaHOOaK-
Tepuii, ueM uHopyzopuu (cm. Tabmuny 1). [Ipu sTom
HaJINYMe WIN OTCYTCTBUE TOKCHHOB y I[MaHOOAKTepUil
He Bcerga OAHO3HAYHO ompefesigeT 3(pdeKTUBHOCTh
UX BblelaHUsA. B mpoBelleHHBIX HaMM JIabOPaTOPHBIX
JKCIepUMeHTaX OTMevaeTcsi 6ojlee MeJJIeHHOEe Bhle-
JlaHre HeTOKCHHONPOAYLHUPYIOIUX KyJIbTYp IHAHO-
6aktrepuii (Shchukina et al.,, 2025), yto cornacyercs
C HEKOTOPHIMU NpeJBIIyIIMMU HccjlefoBaHusMu (Bo-
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Ra et al., 2006; Wilken et al., 2010). HecmoTps Ha ToO,
4YTO MPOU3BOJCTBO BTOPHUYHBIX MeTabOoJIMTOB TpebyeT
OoJibIIMX 3aTpar 3Hepruu u pecypcoB (Pancié and
Kigrboe, 2018), B HeKOTOpPHIX paboTax OTMeYaeTcs
6oJiee BBICOKAasA CKOPOCTb pPOCTa TOKCHUYHBIX IITAMMOB
[I0 CpaBHEHUIO CO CJIA00TOKCUYHBIMU WJIA HETOKCUY-
HBIMU KyJIbTypamu ItmaHobakTepuil (Van de Waal et
al., 2011; Suominen et al., 2017; Brown et al., 2025).
B psape uccnenoBaHuil HaOsofaeTcs oOpaTHAs CUTY-
anys, Korga CKOpOCTh KJIETOYHOTrO feJjiIeHWA BhIlle Y
HETOKCHMHIIPOAYLUPYIOIUX IITaMMOB, OCOOEHHO IIOA
BJIUAHWEM abuOTHYeCKUX WM OuOoTHYecKUX (akTo-
poB (Kardinaal et al., 2007; Van de Waal et al., 2011).
BeposATHO, 3ajepxKa pocTa 3a cYeT JUMUTHPOBaHUA
[lapaMeTpoOB CpeJibl MOXEeT IT03BOJIMTh OJHOKJIETOYHBIM
XMIIHUKaM ObICTpee NOAaBJIATh yBeJandeHrne 61oMacChl
U HUBeJUpoBaTh 3¢@dekTsl 06pa3zoBaHUsa MHBIX GOpPM
3alUTH KepTBB. Ilpu 3TOM, pa3HbBle HITaMMBI IfHa-
HOOaKkTepuil CIOCOOHBI BBHIIEJIATh COBEPIIEHHO HeIo-
xoxue MetabosmThl (Yancey et al., 2024; Huré et al.,
2026), 4TO MOXeT IPUBOAUTDH K OTPaHUYEHHI0 YHUBED-
CaJIbBHOCTU HCIIOJIb30BaHUA OMHOTO KJIOHA WM BHUAA
XMIIHOI'O NPOTHCTA B KayeCcTBe areHTa OMOKOHTPOJIA.

HecmoTpsA Ha MHOrouucjeHHbE CBeleHUA O
CIIOCOOHOCTH IPOTUCTOB K Pa3JIOKEHUI0 BTOPHUYHBIX
MeTaboJIMTOB I[haHOOaKTepUil, 3TOT BOIPOC OCTAaeTCs
IpakTUYecku HeusydeHHbIM. Ha npumepe Ochromonas
gloeopara 6vLIN TIpeJIOXKeHBl BO3MOXHEBIE MeXaHU3MBbI
Jlerpajjaliiyi MUKPOIMCTUHA Ha OCHOBE TPAHCKPUIITOM-
Horo aHanm3a (Zhang et al., 2018). IIpegnosaraercs,
YTO B 3TOM IIpoliecce IPUHUMAIOT y4acTHe JIM30COMaJlb-
Hble (hepMeHTH, akTUBHbIe POpMBI KHCJIOpoAa, 00pa3sy-
IoImyecs B NHIIeBapUTeIbHBIX BaKyoJIfaX, a TaKkke IJIy-
TaTHOH U IJIyTaTHOH-S-TpaHcdepassl. bosiee moapoOHO
buoderpajanusa MUKPOLMCTHMHA M3ydyeHa Ha Ipumepe
Oaktepuii (Nybom, 2013). MexaHu3M Mpeznojaraer
TPU DdTamna: paspylleHue LHUKINYeCKOH CTPYKTYPHI,
rUpOIN3 JIMHEHHON MOJIeKyJbl JO TeTpamentupa, a
3aTeM 10 OoJiee MeJIKUX MENTHAOB M aMHUHOKHCJIIOT.
PaznuuHble ncciiefoBaHuA NOATBEPXKAAIOT, YTO KOHeY-
Hble NPOAYKTH OuoAerpajanuy MUKPOLMCTHHOB He
TOKCHUYHBI, B TO BpeMs KaK [IPOMeXyTOUHbIe IPOAYKTHI,
a MMEHHO JuHelHas dopMa MUKPOLMCTHMHA, MOTYT
OBITh CJIA00TOKCHUYHBIMU. [Ipy 3TOM BOIIpOC O IHKJIE
IIPOU3BOJHBIX MUKPOIMCTUHA OCTaeTcA cjaabou3ydeH-
"M (Nybom, 2013).

Hexoroprle mnoTeHIHasbHble areHTbl OHMOKOH-
TPOJIA CIHOCOOHBI He TOJIBKO BhledaTh NHMaHoOaKTe-
pyY, HO M MCIOJIb30BaTh IPOAYKTH UX MeTabosm3Ma
[UiA pocra. IlpumepoM MOIYT CJIyXUTb HEKOTOpHIe
mraMMbl Poterioochromonas malhamensis (Ou et al.,
2005) u Cryptomonas sp. (Princiotta et al., 2019).
Ky/IbTypHl XUITHUKOB He NMPOCTO BBIXMUBAJIU B IIPUCYT-
CTBUM TOKCHYHBIX IMaHOOAKTepUil WM UX BTOPUYHBIX
MeTaboJIMTOB, a IOKAa3blBajlyd CTPEMUTEJIbHBEIN POCT,
HO B JaJIbHeNIIeM Tepsau CBOI XH3HECIOCOOHOCTh.
[IpuMeHeHNe TakUX areHTOB OMOKOHTPOJIA BO3MOXHO
JIJ151 peryJIMpoBaHus KpaTKOBpeMeHHOH Benblky BI[B.
BHICTpBII pOCT 3THUX IPOTUCTOB C OTMHpaHHUeM OHO-
Macchl MOTeHIMaJIbHO MOXeT OKa3aTb MeHbIllee BJIH-
fAHMe Ha TpodUUeCKyl0 CTPYKTypy BojJoeMa IpU HUX
HCII0JIb30BaHUU B OOTEXHOJIOTHAX.
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O deKTUBHOCTD BbleJaHUA MOXET CyLIeCTBEHHO
onpenesATbCA 0COOEHHOCTAMM MEXBUJIOBBIX B3aKWMO-
JeNCTBUI XUIIHMKA M XepTBB, a TakXke B3aUMOMeN-
CTBUAMU Pas3jIMYHBIX areHTOB OHMOKOHTPOJIA MeXAy
coboii. IIprMepoM ciIyKaT CJIOKHBIE CBA3HA MeXAY
nHdysopueit Vorticella sp. 1 HUTUATHIMU IIaHOOAKTE-
pUAMH, KOTOpPBIE Jake MOTyT NpuoOpeTaTh MyTyaJlu-
cTudeckuil xapakrtep. Tak, Vorticella sp. ucnosb3yet
HUTU Anabaena sp. B KauectBe cyGcTpaTa M AOMNOJIHU-
TeJIbHOTO McTouHuka ouoreHoB (Kerr, 1983; Pratt and
Rosen, 1983; Canter et al., 1990; Canter et al., 1992).
IIpy 5TOM TOKM BOJBI, CO3[aBaeMble peCHHYKaMU
nHOQY30puii, yCUIMBAIOT IOCTYIUJIEHHE NUTaTeJIbHBIX
BellleCTB K [MOBEPXHOCTU HUTeN IfnaHobakTepuii (Pratt
and Rosen, 1983), a camu HOpUKpeIJIEHHbBIE BOPTU-
L[eJUTBl CJIyXaT [ONOJIHWUTE/JbHBIM 3allUTHHIM Oapbe-
pOM INpOTUB Apyrux xumHex nuHOysopuil (Canter et
al., 1990). Bonpochl B3aMMOJENMCTBUA XHUIIHBIX areH-
TOB OMOKOHTPOJIA C XepTBOH, MexXay coOoH, a Takxe
MeXIy XWUIHUKaMM U APYTMMU T'MAPOOMOHTAMHU U3Y-
4yeHBI KpaliHe cj1a60. B HEKOTOPEBIX HccaeJOBaHUAX pac-
CMaTpUBAIOTCA B3aWMOJAEHCTBHUA HECKOJIbKUX IOTeH-
LUaJIbHBIX OOKOHTPOJIEPOB NPU peryanpoBaHuu BI[B,
Hanpumep, B paborax Kosiba et al., 2019, 2022, ogHako
noAoOHbIe HaOJII0JeHN A 0OBIYHO MMEI0T BCIIOMOTraTeJIb-
HBIM XapakTep W pelKO CTAHOBATCA OCHOBHOM IeJIbi0
nccjiefioBaHus. B pesysbTaTe cyljecTByolye JaHHbIE
[IOKa He MO3BOJIAIT HaJeXHO IIPOrHO3UPOBaTh COBMe-
CTHMOCTb Pa3JIM4YHBIX BUAOB IPOTUCTOB AJIA KOHTPOJIA
aHOoOaKTepHasIbHBIX [IBETEHUH.

CymecTtBeHHOe 3HauyeHue A 3HEKTUBHOCTU
OHOKOHTPOJIA MeeT UCXOAHOe COOTHOIIeHNe YHCJIeH-
HOCTH KJIETOK XMIIHHKa U XepTBH. [Ipu HegocTaTou-
HOH IUJIOTHOCTU KYJIBTYPHBI XUIIHUKA B JIy4llleM cJIydae
MOXHO OXWAAaTh HHU3KYI0 CKOPOCTb €ro pocTa U cJia-
6oe BblejaHMe I[MaHOOaKTepuil, Kak OBLIIO TIOKA3aHO B
akcriepuMmeHnTe ¢ Paramecium cf. caudatum (Fabbro et
al., 2001). Bo3MOXHO, YTO MPU HU3KON YHUCJIEHHOCTH
MIPOTUCT MOXeT NepeKJIIoUUThCA Ha OoJjiee AOCTYIHYIO
MUY, KaK 3T0 HaOJII0AaIoCch AJIA OJHOIO U3 IITaMMOB
Ochromonas sp. (Burkert et al., 2001). He uckroueHO
TakXe, YTO B TaKOW CUTyalluy LUaHOOAKTepUuu MOIYT
[IOAABUTh pa3BUTHE XHIIHWKA, OJHAKO KOHKpPETHBIe
MeXaHM3MBl TaKOT0 [ToAaBJIeHusA, HallpuMep, JelicTBre
BTOPHUYHBIX MeTaboJMTOB, MOBHIIeHUe pH, meduiur
KHCJIOPOJia UK UHBIe paKTophl, TpeOyI0T AaIbHeHIIero
nsydenns (Burkert et al.,, 2001). C gpyroil CTOpPOHBI,
HCIIOJIb30BaHNe Ype3MepHO IJIOTHOM KyJIbTYpHl IIpPO-
TUCTOB MOXeT MMeThb HeraTHMBHBIN 3(P@eKT, kak ObLIO
[IOKa3aHO B 3KcIepuMeHTe ¢ MHGy3opuell Furgasonia
blochmanni (Fiatkowska and Pajdak-Stés, 2002), rue c
yBeJIMYeHreM YHMCJIeHHOCTH IPOTHCTa IIPOUCXOAWJIIO
ycuaeHUe 3alMTHOM peakI[uu I[uaHobaKTepuil, MposB-
JIABIIENCA B yBeJIMUeHU! BblJeJIeHuA CJIM3U U oOpaso-
BaHUU TOJICTHIX KJIETOUHBIX 000JI0YeK.

[MomMumo 6MoTUYECKUX B3auMoielicTBu, 3ddek-
TUBHOCTb [IPMMEHEeHH: [IPOTUCTOB B KaueCcTBe areHTOB
OMOKOHTPOJIA 3aBUCUT OT NapamMeTpoB cpenbl. Ha Ham
B3IJIAJ, yueT [apaMeTpOB Cpefbl BaXeH, MOCKOJIBKY
OH ompejessfeT AuanasoH M HauboJiee 6JyaronpuAr-
HbIe yCJIOBUA [JIA NpHMMeHEeHUs areHTa OMOKOHTPOJIA.
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CKOpOCTh pOCTa XIyTUKOHOCLEB U 3PEeKTUBHOCTH
BbleJaHWs MMM BO MHOTHX OJKCIIepUMeHTaX 3aBUCHUT
OT TeMIlepaTypsl, pH, KoHIleHTpanuy OHOreHHBIX dJie-
MeHTOB (N u P), ocBeleHHOCTH U ApYrux (GakTOpOB
(Ma et al., 2018; Wei et al., 2022). HekoTopsle npoTu-
CTBHI XOTA U 001aJal0T YCTOMYMBOCTBIO K IIPHUCYTCTBUIO
TOKCUYHBIX MITaMMOB LIKMaHOOAKTepUii, MOT'yT IIpHUMe-
HATHCA JIUIIL IpU TemnepaTtype 20°C, kak, HanpuMmep,
Paraphysomonas solis solis (Shchukina et al., 2025) u
HekoTopble mTaMMbl Ochromonas sp. (Burkert et al.,
2001). OgHako 3TO He MCKJII0YaeT BO3MOXHOCTH HX
rcrnosb3oBaHus. TeMieparyphl, HauboJjiee ClIOCOOCTBY-
I0IIMe POCTY U pa3MHOXeHUI0 IHaHOOAaKTepuii, IIpeBHl-
marTt 25 °C (Paerl and Huisman, 2009; Visser et al.,
2016), Torma Kak NHK aKTHMBHOTO NPOAYLUPOBaHUA
MUKPOIIMCTHHA MOXeT JOCTUraThcs Npy 0ojiee HU3KUX
TeMrnepaTtypax, okojio 18-20 °C (Peng et al., 2018).
PesysbpTaThl HamuUX COOCTBEHHBIX OSKCIIepUMeEHTAaslb-
HBIX 1CCJIeJOBAaHUI [TIOKA3bIBAIOT, YTO IIPY COBMECTHOM
KyJbTHBUpOBaHUU P. solis solis 1 M. aeruginosa ripu 20
°C OoTMeYeHO pe3Koe CHIDKeHHe KOHIIeHTpalUW BHY-
TPUKJIETOYHOI'O TOKCHHA MUKponucrtrca. Kpome Toro,
XTYTUKOHOCIH P. solis solis mpu JaHHO! TeMIlepaType
YCIeIIHO BBleJaJM KJIeTKM TOKCHUYHOTO M HEeTOKCHUY-
HOro mTaMMoB M. aeruginosa npu Tpex BapuaHTax pH
cpensl (5, 7, 9), npuueM B cJabOKUCIION cpefe MOJI-
HOe BbleJlaHue I[MaHoOaKTepuil MPOUCXOAUJIO yXe Ha
BTOPOHM [ieHb B3KcIleprMeHTa. Hamu npeasapuTtesib-
Hble 3KCIepHUMEeHTH ¢ APYIMM NoTpebuTesieM LUaHO-
Gaktepuii, Poterioochromonas malhamensis, mokasam,
41O IpU TeMmieparype 25°C U pa3jM4HBIX YCJIOBUAX
ocsemjenHoctu (0, 20, 40, 60, 100 MxMoJib (HOTOHOB
m?c ). OnHodakropHbiit aHanns ANOVA moaTBepant
CTaTUCTUYECKyI0 3HAUMMOCTb BJIMAHUA WHTEHCHUBHO-
CTU CBeTa Kak Ha ckopocTh BelegaHus (p<0.001), Tak
1 Ha CKOpOCTb Aerpafanuu MukponrcruHa (p <0.001).
CoryacHo anoctepuopHomy tecty Trioku (Tukey HSD),
MaKcuMaJlbHble 3HaueHusA 000uX MoKa3aTesiell HabJIio-
nanvch npu 40 MkmoJib GpoToHOB M>c!. B wacTHOCTH,
CKOpOCTh BBIE[JaHWA IIPH AAHHOM YPOBHE OCBellleHU:A
ObLIa CTaTUCTUYECKU 3HAYKWMO BHIIlE, YeM B TeMHOTe
(p <0.05) u ipu 20 MxMoJ1b hoToHOB M2 (p <0.001),
TOrJa Kak CKOPOCTb Aerpajanuy MUKPOLUCTUHA 3Ha-
Y1MO IpeBhIlIaa 0Ka3aTeu B yCJIOBUAX OTCYTCTBUA
ceeta (p<0.001). Xots mpu 40 MKMOJIb GOTOHOB M %™
o0a mapameTpa OBLIM HECKOJIbKO BhIIIe, yeM npu 60 u
100 MxMoJib GOTOHOB M2C?, BHISIBJIEHHbBIE PA3JIAYUS
He SABJISUIMCh CTaTUCTHUYeCcKU 3HauuMbIMU (p > 0.05).

Taxum oOpasom, X0TsA O6uoJiornyeckre MOAXOAb!
KOHTPOJIA NIMaHOOaKTepuasbHBIX LBETEHUH C IIOMO-
MIbI0 XTYTUKOHOCIEB U MHQY30pHUl UMeEIT psaA HeJo-
CTaTKOB U OrpaHUYeHU, HEeKOTOpble IIPOGJIeMbl MOTYT
OBIT IPEO0JIEHEI 3a CYeT PaBUJIBHOIO NoA0Opa areH-
TOB OHMOKOHTPOJIA, a OTCYyTCTBHE «YHHBEpCAaJIbHOI'0»
BUJA NMPOTUCTA, d(PGEKTUBHOrO MpU Pas3IUYHBIX TeM-
neparypax, KOMIIEHCHUpYeTCs BO3MOXHOCTBIO BEIOOpa
KJIOHA, ONTHMaJIbHO paloTalollero B TeMmIepaTypHBIX
YCJIOBUAX KOHKPETHOTO BOAOEMA, a TakXe BO3MOXHO-
CTBIO CO3JaHMA KOHCOPI[MyMa XUIIHBIX BUAOB, afalTu-
POBaHHBIX K pa3JIMUYHBIM abuoTHYecKMM U OuoTHue-
ckuM pakTopam.
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2.3. OueHKa NnepcneKTMBHbIX areHToB
6MOKOHTpOAR

B Mupe GbJI0 POBeIEHO MHOXECTBO KCCJIeO-
BaHWUI, paccMaTpPUBAIOLIMX IOTEHIMaJ HKCIOJIb30Ba-
HUA XTyTUKOHOCIEB U MHOY30puil AJA peryJjipoBa-
HUA nuaHobOakTepuaibHBIX IBeTeHuil (Tabsmmia 1). B
OCHOBHOM 3TH{ NyOJIMKaI[UY IPeCTaBJIAIT pe3yJIbTaThl
J1abOpaTOpPHBIX JKCIEPUMEHTOB, W JIUIIb eqUHUYHbIE
paboTHL HalleJleHbl Ha aHAJIM3 COOOI[eCTB B €CTEeCTBeH-
HBIX BOJ0eMax WJM Ha IpuMeHeHUe OHOKOHTPOJIA B
MHKpO- 1 Me30KOCMax. AHajnU3 JUTepaTyphl IIOKa3bl-
BaeT, YTO XT'yTHUKOHOCIHI M MHQPY30pUM JeMOHCTPU-
PYIOT He TOJIbKO YCTOMYMBOCTh B IPUCYTCTBUM LIAHO-
GakTepuii, HO U CIIOCOOHOCTb K aKTMBHOMY BbIEJJAHUIO
WX pasHbIX MOp(OTUNOB U Aerpagalyyd BTOPUYHBIX
MeTaboauToB. D(PGEKTUBHOCTh NPUMEHEHUsS IIPOTH-
CTOB HOCHUT BapUAaTUBHBIN XapaKTep, OmperesisieMbli
CTPYKTYPHOM oOpraHusanued IraHobaKTepuasibHbIX
nonyJiAnui (IpenuMyIiecTBeHHO OAUHOYHBIE UJIN KOJIO-
HUaJIbHbIe KJIeTKH), COOTHOLIIEHeM IJIOTHOCTH KJIETOK
XUIIHUKA U XepTBbl, TUAPOPU3NYIECKUMU U TUAPOXU-
MHYeCcKMMU IapaMeTpaMU Ccpejibl, MeXBHIOBBIMH B3a-
UMOJIEMCTBUSIMU CaMUX areHTOB OMOKOHTPOJIS MeXITy
co6011 U ¢ XepTBO.

Apanu3 cucTeMaTHU3HMpPOBAaHHOIO HaMHu Mare-
puana (Tabnuna 1) moka3siBaeT, 4To HauboJiee mep-
CIIeKTUBHBIMU [UJIsI OWOKOHTPOJIS LMAaHOOAKTepui, B
yacTHOCTU Microcystis Spp., ABJAAITCA MUKCOTPOQHEIe
XTyTUKOHOCIHI pofga Ochromonas u Poterioochromonas
n3 cemetictBa Chrysophyceae. Bosibioe pasHoo6pasue
LITaMMOB, CIIOCOOHOCTH K 00pa3oBaHUIO LIUCT U Aerpa-
Januy TOKCUHOB, aKkTUBHOeE BbleJlaHNe I[aHo0aKTepuil
JeJialoT ux HanboJiee yHUBepCaJIbHBIMU areHTaMu 61o-
koHTpoJisa BIIB. [pyras xpusomonHama Poteriospumella
lacustris B aKcmepuMeHTax TaKXke ToKaszajia CIocol-
HOCTh K aKTHBHOMY IIOTJIOIEHNIO LaHOOaKTepui, B
TOM 4McJjle TOKCHYHBIX INTaMMOB, B IIMPOKOM Juara-
30He IapameTpoB cpelbl. OAHAKO HajIMuKe eUHCTBeH-
Hoii pa6oTsl Chen et al. (2024) He MO3BOJIAET B MOJIHOM
Mepe OLIeHUTh NepCIeKTUBHOCTh JaHHOI'0 XUITHUKA.

[TokazaHO, YTO >XI'yTHKOHOCLH W HHOQY30pUU
crtocoOHBI BEIeZ]JaTh HUTYAThie (POPMBI IMAHOOAKTEPUIA,
oaHako MHGY30puH, HaNpUMep, HEKOTOphle NpefcTa-
BuTenu poja Nassula sp., CpaBjsAOTCA ¢ 3TUM 3Pdek-
tuBHee (Ta6suua 1). Ho mpu aToMm Jjaxke OHU He MOTYT
[IOIJIONIaTh CJIMIIKOM KpYIHble HUTH. JIOTMYHO Ipen-
[IOJIOKUTH, YTO MeXaHHYeckoe paspylleHue LIHaHO-
OakTepuaJIbHBIX HUTEU cjiesiajio Obl UX KJIeTKU Ooiee
JOCTYIHBIMU AJ1A OTpebJieHns.

Ha ocHoBaHuu aHaiuza HMMeIOUIUXCA B JMTepa-
Type OaHHBIX XryTukoHocls! Collodictyon sp., Diphylleia
rotans, Cryptomonas sp. u uady3opuu Stentor roeseli,
Frontonialeucas, Vorticella sp., Nassula ornata, Tetmemena
pustulata, TpenCTaBIAIOTCA MeHee MNePCIeKTUBHBIMU
B KadecTBe areHTOB OMOKOHTpOJIA, OJHAKO Takasd
OIleHKa ocTaeTcs MpeaBapuTesbHOM. IlokazaTesibHHI B
3TOM CMBICJIe IIPOTHBOpPEUYNBbIe pe3yJIbTaThl HCCIIeNo-
Banuil uadysopuii Vorticella sp. (Kosiba et al., 2022;
Shchukina et al., 2025) u xryruxonocues Collodictyon
sp. (Klaveness, 1995; Nishibe et al., 2002; Kobayashi et
al., 2013). 3Tu HpOTUCTH CIOCOOHHI NOTPEDJIATH IHa-
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HOOAKTepUH, HO MPU ITOM JEMOHCTPHUPYIOT CJIabyio
XKHU3HECTIOCOOHOCTD B MPUCYTCTBUU TOKCHUYHBIX IITAM-
MOB, TMPEANOYUTAIOT OPyTrhe BOAOPOCIU B KayecTBe
KOPMOBOTO O0BEKTa, BCTYMAT B MYyTyaJIUCTUYECKHE
B3aVMOOTHOIIEHUA C XEPTBOM WJIM KOHKYPUPYIOT C
JPYTUMHU XUIIHUKaMU. AHAJIOTUYHBIE TPOTUBOPEUUs
OTMeueHHI JJ1A XryTUKoHocua Diphylleia rotans vt uHdy-
3opum Tetmemena pustulata (Ta6suna 1). Bosee TouHas
OIleHKa YCTOMYMBOCTU U 3(PGHEKTUBHOCTH TAaKUX Opra-
HU3MOB B KauyeCTBe areHTOB OMOKOHTPOJIA I[MaHOOaK-
TepUaJIbHBIX LIBETEHUH BO3MOXHAa IOCJIE MPOBEEeHUA
JIOTIOJTHUTEJIBHBIX JKCIIEPUMEHTAJIbHBIX U TIOJIEBBIX
HcCcJIeJOBaHU.

3. INneMEeHTbl TeXHONOTMH KOHTPOAA
uvaHob6akTepuanbHbIX LBETEHUN

3.1. Komb6uHMpoBaHHbIE NOAXOADI
KOHTPOAA uMaHOGaKTepuanbHbIX LBETEHUH

[lpuMeHeHMEe KOMOMHHUPOBAHHBIX IOOXOJIOB,
BKJIIOYAIOMINX B cebsA pasHble coueTaHus Gu3nde-
CKHUX, XMMHUYECKUX W GHOJIOrMYECKHUX METOIOB I03BO-
JisseT OOOMTH OrpaHUYeHUs W/WIN HeIOCTAaTKU OMU-
HOYHBIX CIIOCOGOB GOpPBOBI € HHMaHOOGAKTepUaTbHBIMU
I[BETEHUAM.

3.1.1. ®u3ukKo-6MonorMuecKun NOAXoA

B naGopaTopHBIX ycJI0BUAX cOBMelleHue GU3HU-
4ecKUX M OMOJIOTMYEeCKHUX BO3AEHCTBUM Ha LHUaHO-
OaxTepuil IOKa3ajo IOJIOXKUTeJIbHBE pe3yJIbTaTHl.
Hanpumep, o6paboTka yJabTpa3ByKOM CIIOCOOCTBYeT
paspylleHU0 KOJIOHHAJIBHBIX (opM Microcystis, 4TO
MO3BOJIAET XTyTUKOHOCIaM poma Ochromonas sddek-
TUBHO BblefJaTb KJIETKM IIMaHOOaKTepuil, KOTOpbIe
OBLTH paHee HEJOCTYIHBI B COCTaBe KOJIOHUI (Zhang et
al., 2021). OguHOYHOE ke MpUMEeHEeHHe yJIbTPa3ByKO-
BOI1 06paboTku 6e3 HCIOJIb30BaHUS MPOTHCTOB Helle-
JiecooOpas3Ho, T.K. [IPY BHICOKUX YacCTOTax COXpaHsaeTcA
PHCK pa3pyllieHN:A KJIETOK (B TOM uHcJie He LieJIeBBIX),
1 BBICBOOOXeHNEe TOKCHUYHBIX MeTaboJINTOB B Cpefny.
K HepgocTtaTkam Takoro moaxoda MOXHO OTHECTH €ro
SKOHOMUYECKYIO 3aTPaTHOCTE.

3.1.2. XMMmuKo-6MonOrHUeCcKui NoAXoA

[lepcrieKTUBHBIMU IIPeACTABJIAIOTCA TaKXe KOM-
OMHaIUM XUMWYECKUX U OHOJIOTHYecKUX MeTOJOB.
Hampumep, B 1abopaTOPHBIX SKCIIepUMeHTax II0Ka3aHo,
4YTO IpUMeHeHNe OKTaHOBOM KHCJIOTHI, OKa3bIBaollei
MHrHoupymliee Bo3aericTBre Ha Microcystis Sp., yCKO-
pWJIO Ipoliecc BhlefAaHUs IHaHOOaKTepUull XpU30MOHa-
nou Poterioochromonas malhamensis (Yan et al., 2024).
JpyruM BapuaHTOM COBMECTHOIO IIpMMeHeHUs XUMHU-
4ecKUX U OMOJIOTMYeCKUX METOJOB ABJIAETCA HCIOJIb-
3oBaHue ¢Juokynauuu (c6op Bomopocieii B 0Oosee
KpyIHble xjionbsa (PIOKyJB) [JIA UX IOCJeayIolero
OBICTPOTO OCaXJEHUs) C COOOMIeCTBOM IIPOTHCTOB.
O6b14HO, A7 GaokyAnuu M. aeruginosa UCNOIb3YIOT
HeckoJibkux TunoB riauH (Pan et al., 2006), 6eHTOHUT
u kaosiHUT (Verspagen et al., 2006), o3epHBIe 0caKu
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(Pan et al., 2006; Zou et al., 2006), Guopa3zyaraeMbiit
xuTo3aH (Zou et al., 2006). Xota meToz QIOKyIAIUU
caM 1o cebe cuuTaeTrcs HeJOpPOruM, 0e3omacHBIM U
3KOJIOTUYECK!U YUCTBIM criocoboM Gopubbl ¢ BIIB, oH
He JIMIIeH CyIlecTBEHHBIX HEOCTaTKOB, CpeAu KOTO-
PBIX BO3MOXHOCTb BO3HHKHOBEHUS ITOBTOPHOTO IiBe-
TeHHsdA, YCUJIeHHe BblieJIeHHds TOKCHHOB, 3aujIMBaHue
JHa, CJI0XHOCTU B moabope Ao3upoBku. Kpome Toro,
drokynanua sp@ekTruBHA TOJIBKO B TJIyOOKOBOJHBIX
BoJoeMax, a AJiA MOJIHOrO yjajieHus OuoMacchl Lya-
HoOakTepuil YacTto TpebyeTcs ee MOBTOPHOE IIpHUMeHe-
uue (Peng et al., 2019; Liirling et al., 2020). MoxHo
NIPeI0JIOKUTh, YTO NpUMeHeHHe (JIOKYJIANUN C KOM-
IIJIEKCOM IIPOTUCTOB MOIJIO OBl YBEJINYUTh 3QPeKTUB-
HOCTb NIpUMeHEeHUA JaHHOro MeToAa. [lejio B TOM, 4TO
MMOXOXXUH MOJX0[] peaJjioxeH Lee et al. (2024), B koTo-
poM OakTepuu ObLIM IpefBapUTEIbHO NMMOOWJIN30-
BaHBl Ha MOBEPXHOCTH MOHTMOPWJIJIOHUTOBO! IJIMHBI
C MCII0JIb30BaHMEM KaTHOHOB KajbliUA WIM Maprasia
B KauyecTBe CBA3YIOL[ErOo 3BeHa MeXAy OTpUIlaTebHO
3apsOKeHHOM IJIMHOM Y KJIeTKaMu. Bo3aMOXHO, moTeH-
[aj NpUMeHeHHsA coo0Il[ecTBa XHIIHBIX NPOTHCTOB
B coueTaHUU c (QJIOKyJANUN TaKXke BecbMa BBICOK,
OHAKO MpOsICHeHNe JaHHOTO BoIlpoca TpebyeT crenu-
aJIbHBIX HCCJIeJOBAaHUMN.

3.1.3. CoBmecTHOE UCNOAb3OBaHME
Pa3AuuHbIX OMOKOHTPOAEpPOB

B pamkax oOcyxaeHHs KOMOMHUPOBaHHUS pas-
JINYHBIX MEeTOLOB peryiauposaHus BLIB cienyer ymno-
MAHYTb O BO3MOXXHOM COBMECTHOM IIPUMEHEHUU XKIy-
TUKOHOCLIEB ¥ MHQY30pUil ¢ APYTUMU OpraHM3MaMHu.
Hampumep, s nHrubupoBaHus pocTa IuaHoOakTe-
PpUaIbHBIX KJIETOK UCHOJIb3YI0TCA OaKTepuu, Takue Kak
Bacillus sp., Brevibacillus sp., Leuconostoc sp., Paucibacter
sp., Streptomyces lushanensis, KoTopsle CIIOCOOHBI OKa-
3bIBaTh HeIpsAMOe BO3JelCTBHe Ha NHUaHOOaKTepui
[IOCPEe/ICTBOM BhIleJIeHHsA aHTUOMOTUKOB, O6uocypdak-
TaHTOB, aMHWHOKHCJIOT, aJIKaJIOMAOB WM WHBIX ¢ep-
MeHTOB (Reim et al., 1974; Zhang et al., 2022; Van Le et
al., 2022). AsteIoXuMHAYeCKUEe BelleCcTBa MaKpO(PHUTOB,
cpeau KOTOPHIX (eHOJIbHBIE COeIMHEHNUs], KUPHBIE KHC-
JIOTHI, TEPIIEHOUAB! U aJIKaJOX Ibl, HapylmanT QyHKIU-
OHMpOBaHNe GOTOCUHTETUYECKUX U (pepMeHTaTHUBHBIX
cucTeM LMaHOOAKTepuil, a Takke HapylIalT IeJI0CT-
HOCTb KJIETOYHOU MeMOpaHbl, KaK, HapuMmep, B pabote
Wu et al. (2015). IlpencraBiiseTcsi, YTO COBMECTHOE
JeliCTBHe HeCKOJIbKUX OMOKOHTPOJIEPOB MOXET IMoAa-
BJIATh POCT LMaHoOakTepuil ObICTpee, 4eM NpUMeHe-
HUe pas/IMYHBIX TPyNNl OPraHu3MOB IO OTAEJIBHOCTH.
IIpu popMupoBaHNM NOTEHIMAIBHBIX KOHCOPLIUYMOB,
B TOM uuCJie U [JIA TPyNI COCTOAIMNX M3 HECKOJIb-
KUX BUJIOB IIPOTUCTOB, BaXXHO YYUTBHIBATh OTCyTCTBHE
MeXJy areHTaMu OMOKOHTPOJIA BBIPAXKEHHBIX aHTaro-
HHUCTUYECKHUX B3aHUMOJEVCTBUI, BEPOATHOCTb XUIIHU-
YecTBa, CXOACTBO TpeOOBaHUI K IapaMeTpaM Cpejbl,
a TakXe BO3MOXHOCTh BOBHUKHOBEHHA MyTyaJIucTHde-
CKUX OTHOILIEHUH ¢ )kepTBOH. OHaKO 000CHOBAaHHOCTh
U MpakTU4YecKas 3HAaYMMOCTb JaHHBIX KPUTepUeB Tpe-
OyI0T AaJibHelilell SKcrepruMeHTaIbHOU TPOBEPKHU.
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3.2. AcneKTbl NPAMOW UHOKYAALUM
6uokoHTpONEpOB

[IpsiMoe MHOKyJIMpOBaHWE KakK OIpelieIeHHBbIX
BUJIOB, TaK 1 KOMILJIEKCOB BUIOB IPOTHCTOB 711 60pbOBI
¢ I[uaHo0aKTepyaAMY IPUMeHsJIOCh B OCHOBHOM B paM-
Kax JiabopaTOpHbIX 3KcriepuMeHTOB (cM. Tabmuny 1).
Takxe ecTb pAJ UccJIeJOBaHNU, BBIIOJIHEHHbBIX B Me30-
xocMmax (cM. Tabsmiry 1) ¥ B UCKyCCTBEHHBIX BOJIoeMax
(Kobayashi et al., 2013). IIpsMas UHOKYJIAIMA XHII-
HUKa Ajia KoHTposia BIIB B Bogoeme TpeOyer 00Jib-
moro obbemMa ero GruomMacchl, KOTOPYH He06XOAUMO
[IpeBapUTeJIbHO HapacTuTb. IIpu 3TOM CeJIeKTHB-
HOCTb MUTAHUA PA3JIMYHBIX [IPOTHCTOB CO3JAeT Ipef-
IIOCBLIIKY K MCII0JIb30BAHMIO KOMILJIeKca BH/IOB, TaK KaK
YHUBEPCaJIbHOTO areHTa OMOKOHTPOJIA, IO-BUAUMOMY,
He cymjecTByeT. ONTHMAaJIbHBIM pellleHHeM [JIA Mac-
MTabUPOBaHUA TEXHOJIOTUIN OGMOKOHTPOJIA U obJierye-
HUA JIOTUCTUKY Ipe/iCTaBJIAeTCcA MCIIO0Ib30BaHue LHCT
npocredmux. JlokajbHOe MOAAep)KaHUe JKUBBIX KyJib-
Typ COIpPSXXEHO C BBICOKMMM 3aTpaTamy, TOraa Kak
MHIONUCTHPOBaHHbIE GOPMBI MOTYT XpaHUTHCS T'OJaMHU.
BOJIBIIMHCTBO MIPOTUCTOB, ABJIAIOIIUXCA MEPCIeKTUB-
HBIMM 711 pa3paboTku TexHojoruil 60opeObl ¢ BI[B
Jlerpajjaliuy IIMaHOTOKCHHOB, NMEIOT ITOKOoAI[1ecs cTa-
UM, 4YTO MOXeT CyIeCTBEHHO YNPOCTUTb UX KYJIbTH-
BUpOBaHNe, XpaHeHNe U HCIO0JIb30BaHNe [JIA peryJiu-
poBaHuA HaHOOAKTepHasIbHBIX [IBETeHUI.

[TpupoHble monyJiANMY IIMaHOOAKTepUii, TaKUX
Kak Microcystis, BKJIOYAOT CMeCh MHOTOYKCJIEHHBIX
mrammMoB (Kurmayer et al., 2002), mo3TOMy, BO3MOXHO,
MepCrneKTUBHBIM pelleHreM ObLIo OBl co34aHue UCKYC-
CTBEHHOI'0 KOHCOpPIIMyMa INPOTHUCTOB U3 HECKOJIbKUX
BU/IOB, HalleJIeHHBIX Ha pa3Hble MOPGOTHUIIH IIIaHOOaK-
TepHUil U yCTONYNBHIX IPYU Pa3JIMYHBIX yCJIOBUAX CPELHL.
Takoll momxon MOOJDKEH Y4YWTHIBATh Hajduyue MexX-
BUJIOBBIX B3aUMOMAENCTBUN MEXOy HCIO0JIb3yeMbIMU
BUAAMU XUIIHUKOB M JOMUHUPYIOIIUM KOMILIEKCOM
IUIAaHKTOHA IpUpoAHOro oowekra. Tak, MHOrue nHpy-
30pHU BBIJEJIAIOT TOKCUYHBIE BTOPUYHBIE MeTaO0IUTH,
a Takxe IPOSABJAIOT aHTAarOHU3M B IPUCYTCTBUU JIpY-
TUX XUIHUKOB. [[JIA XKTyTUKOHOCLEB Takue 3(dHeKTsl
MeHee M3y4YeHbl. YUUTHIBAsA MHPOKYI0 pacnpocTpaHeH-
HOCTb XT'YTUKOHOCIIEB B BOJj0eMaX, UX HMCKyCCTBEHHOe
BHeceHUe BpAJ JIU NpuBefeT K cepbe3HbIM dKOoJIornye-
CKUM pHCKaM. BeposiTHO, maxxe npu HaJIUYUU KOHKY-
peHLIUM MeXAy pasHbIMM BUJAMH XUIHUKOB, YBeJIH-
yeHUe OOIIell YKUCJIEHHOCTH XI'YTUKOHOCLEB YCHJIUT
JlaBJieHHe Ha IMaHOoOaKTepuu. DTO BaXKHBIEI MOMEHT,
[IOCKOJIbKY OJHUM U3 PHUCKOB IIpUMeHeHHus OHOJIOTU-
YecKOTro KOHTPOJIA fABJIAETCA 3aHeceHNe HWHBa3MBHBIX
BuAoB. [IpuMeHeHMe KOMILIEKCAa IIPOTHCTOB MOTJIO
OBl TakXe NpPeJOTBPATUTh CABUT MOMYJIANWN LHaHO-
GakTepuil B CTOPOHY JOMHUHHPOBAHUS KaKOTro-JMbO
mopdoTuna.

Cnegyer yduTBHIBATh, YTO HEKOHTpOJIMpyeMasd
OMOMaHMIYJIANMA COIpsKeHa C Cepbe3HBIMU 3KO0JIO-
rMYecKUMH pHCKaM{, KOTOpble He OrpaHN4MBaloTCA
TOJIBKO BO3MOXHOW WHTPOAYKIMEH WHBAa3UBHBIX
BU/IOB. BHeceHUe IPOTHUCTOB B 3KOCUCTEMY U MCKYC-
CTBEHHOe MOoJJepXaHue WX BBICOKON YKCJIEHHOCTHU
MOTYT CYyIIeCTBEHHO M3MEHUTh CTPYKTypy Mulle-
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BBIX CeTel, XapaKTep MeXBHUJOBBIX B3aMMOJAENCTBUIL
U cocTaB OuoJsiorndeckux coobimjectB. HecmoTpsa Ha
BaXXHYI0 pDOJIb XT'YTHUKOHOCHEB U MHQY30puil B QYyHK-
UOHUPOBAaHMU MUKpoOHOH meriu (Sherr and Sherr,
2016), nmeromuxcs cBeleHUI O MOCe/ICTBUAX UCKYC-
CTBEHHOI'0 PeryJlupoBaHNsA YMCJIEHHOCTU NMPOTUCTOB B
BOJIHBIX DKOCHCTeMaX MoKa HeJOCTAaTOYHO JJIs HaJlex-
HOTr'0O MPOTHO3UPOBAHUA U OL[EHKU BO3MOXHBIX 3KOJIO-
ruveckux 3¢ dekTon. IlosToMy JtoOble cTpaTeruu 61o-
KOHTPOJIsA IOJDKHBI COIIPOBOXAATHCA peiBapUTEIbHON
OIIeHKOI MOTeHIMaJIbHbIX AOJTOCPOYHBIX 3KOJIOTHYe-
CKUX TOCJIE[ICTBUN U TMOCJIeAYIOUIM MOHUTOPUHIOM
COCTOSIHUS DKOCHCTEMEI.

[TpsAMoe MHOKYJIMpOBaHUE MOXeT OBIThH lieseco-
06pa3HO IMpernMyIeCcTBeHHO B HEOOJIBIINX 3aMKHYTBIX
U/WUJIN UCKYyCCTBEHHBIX BOJjoeMax. B KpYIHBIX BOAHBIX
JKOCHUCTeMax TOYHBII pacueT HEOOXOAUMOL GroMacChl
areHTa OMOKOHTpPOJIA 3aTPyJHEH H3-3a MO3auYHOCTU
pacnpefejieHrs [MaHOOAKTepUNl U BBICOKOI IMOTrpell-
HocTu. OmuOKU B OmpeJieJIeHUN COOTHOIIEHUs 4YuC-
JIEHHOCTH XMIIHUKA U )XePTBBl KPUTUYHBI: 3aHMXKeHHast
IUTOTHOCTh XHUINHMKA He OCTAaHOBUT LIBETEeHUe, a ee
MpeBBIIEHE MOXeT IPUBECTU K YCUJIEHUIO 3al[UTHBIX
MeXaHU3MOB LMaHOOAKTEepUl, Mepexoay XHUIHUKA K
MUTaHUIO APYTrUMU (He LieJIeBhIMU) OpraHu3MaMu, Mac-
COBOM rubesii camoro areHTa GMOKOHTPOJISI U BTOPUY-
HOMY 3arpsi3HeHMI0 BoJjoeMa MpoAyKTaMU pacraja.

3.3. MhraByure MOAYAbHbIE CTAHUUH
6uopemepunauum

B kadecTBe mepcreKTHBHOrO HalpaBJIeHUA AJIA
peryiupoBaHua BLB B BOAHBIX 3KOCHCTEMax MOXHO
paccMaTpuBaTh IIPOEKTHpOBaHHE MOOWJIBHBIX aBTO-
HOMHBIX MOAYJIbHBIX cTaHIMNA. MeTox coueTraeT B cebe
MexaHU4ecKuil c6op Oruomacchl LMaHOOAKTepuil Mpu
IIOMOIIIY CKMMMePOIOAOOHBIX YCTAHOBOK U JIOKAJIN30-
BaHHYI0 BHYTpHU OHOpeakTopa MHTEHCUBHYI0 06paboTKy
MIPOTUCTaMU. B oTyim4ne oT BHeceHUsA areHTOB OMOKOH-
TpOJiA B OTKPHITYIO BOAY, JaHHble yCTAHOBKHU H30JIH-
pyioT pabouyio 6momaccy BHyTpuU peakTopa. [Ipu aTtoM
B HUX X€ BO3MOXHO KyJIbTUBUPOBaHNE CaMUX areHTOB
OMOKOHTpOJIA (HanpuMep, YCTAHOBKHU, OINKCAHHBIE B
pabotax Kusterer et al., 2008; Zhu et al., 2019; Meyer,
2026). Buenpenue B OHOpeakTOp OOMOJIHUTEJIBHBIX
CHUCTEeM [UJIA MeXaHMYeCKOro paspylleHus KOJIOHUH
WIN HUTYAThIX arperatoB ceJiajo OBl xepTBY OoJiee
JOCTYIHOH U MO3BOJINJIO YCKOPUTH Npoliecc noTpebJie-
HUA uaHoOakTepuil. ITo HamleMy MHEHUIO, B KayecTBe
areHToB OMOKOHTPOJIA Iies1ecoo0pa3Ho HCIOJIb30BaTh
He MOHOKYJIbTYPbl, @ KOHCOPLIMYMBI XI'yTHKOHOCIEB
u uH@ysopuii, HauboJiee aJanTUPOBaHHBLIX IO Mapa-
MeTpHl Ccpefbl BOJHOM OJKOCHCTEMBl U yCTOMYMBBIX
K TOKCHMHaM I[naHoOakTepuil. IlomoOHble mJIaByune
YCTAHOBKHM MOTEHI[MaJIbHO IO3BOJMJIU OBl OCYIIEeCT-
BJIATh KOHTpOJIMpyeMoe OuoperysuposaHue BI[B 6e3
pUcKa MHBa3UM WJIM OCAKIEHWA Ha JHO IPOJYKTOB
pacnazia oTMmepineii 6oMacchl areHTOB OMOKOHTPOJIA
Y WX IPWXU3HEHHBIX BhlesieHuil. B HacTosiee Bpemsa
yXe CyLecTBYIOT pa3jIM4yHble aBTOHOMHEIE CHCTEMBI
JUIs1 KOHTPOJIA 3arpsi3HeHus Bojwl (Sheng et al., 2013;
Cui et al., 2018) u GuopeakTOphl AJA KyJIbTUBUPOBA-
HUA MUKPOOPraHM3MOB BHe JIaOOpaTOpPHBIX YCJIOBUH
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(Zhu et al., 2019; Meyer, 2026). B kauecTBe mpuMepa
IJIaByYero peakTopa MOXHO IIPUBECTH MOAEepHU3UPO-
BaHHYIO cHucTeMy, pa3paboranHywo Cui et al. (2018).
B Hell cOBMeCTHOe WCIOJIb30BaHHE MaKpoPUTOB U
OakTepuil Ha cyOcTpaTe U3 ILeoJMTa U U3BECTHAKA
IIO3BOJISIET IPOBOJIUTH OYKCTKY BOJIBI OT OOIIEero asora,
obmiero docdopa u ammonuitHoro asora (NH, - N).
KoM6uHnpoBaHue nogo0HBIX YCTAaHOBOK C KOHCOPINY-
MaMU IPOTUCTOB NO3BOJIUT PelIUTh IpobJieMy Beleda-
HHUA [MaHOOAKTEPHIl C COMYyTCTBYIOLIEN Aerpajaruei
BTOPUYHBEIX MeTaboJIMTOB, codyeTalolleecs C MUHU-
MaJIbHBIM BMeNIaTeJIbCTBOM B BOIHYIO 5KOCHCTEMY 3a
cUeT JIOKAJIM3aIlM TEXHOJIOIMYeCcKOro Ipoliecca BHY-
TPU ycTaHOBKU. [To/joOHBIe cucTeMBl MOTJIM OB IpU-
MEeHAThCS KaK Ha KPYIHBIX BOJHBIX O0beKTax, Tak U
Ha He0OJIBIINX BOAOeMaX, B T.4. C HCIOJIb30BAHHEM
aproMarusanuu. OJHAKO CyllecTByeT HeoOXOOUMOCTh
B BBIBOJIe OTMepIIel G1IoMacChl CaMUX XUI[HUKOB U He
J10 KOHI[a ITlepeBapeHHBIX OCTATKOB I[MaHoOaKTepuil u3
6110peaKTOpOB.

3.4. NporHo3upoBaHue ¢ NOMOLLLIO
MalIUHHOro obyuenunsn

1A onpefiesieHrs ONTHMAaJIbHOI'O BpeMeH! NHO-
KyJIAnuY U BeIOOpa HauboJiee NOAXOAANIEro BUAA MPo-
THCTa MOT'YT OBITh MCIOJIb30BaHbI METObl MAIIMHHOTO
obyueHus, Hamnpumep, CatBoost mnu XGBoost. 3tu
QJITOPUTMBI OTHOCATCA K CEMENCTBY TI'paJleHTHOIO
OycTHra Ha JepeBbax pelleHuil. Mogesnb oOydaercs
Ha HCTOpUYECKUX MOaHHBIX, BKJIIOYAION[UX TeMmIlepa-
Typy BOJBI, KOHIIEHTpAI[1i0 OHOTeHHBIX 3JIEMEHTOB,
IJIOTHOCTh M MOPQOJIOTUI0 I[HaHOOAKTepuil, a Takke
UTOroByI0 3(pdeKTUBHOCTh OMOKOHTposA. Ha ocHoBe
BBIABJICHHBIX HeJIMHEeMHBIX 3aBucuMocTell CatBoost
i XGBoost kitaccuuuupyoT TeKyIyo CUTYaluio 1
PEKOMEHIYIOT ONTUMAJIBHBIN pexuM paboTsl (Salamah
et al., 2026). [IpenMyIecTBa 3TUX METOJIOB — BBICOKAs
TOYHOCTD, YCTOMYMBOCTD K IlepeoOydeHNI0, BCTpOeHHasA
00paboTKka MpOIYCKOB U KaTeropuasbHbIX NPHU3HAKOB
(ocobenno y CatBoost), uTo AesaeT ux yAOOHBIMU [
IIPUHATHA ONepaTUBHBIX pelleHUM IIpU peryJiupoBa-
Huu BIB (Wu et al., 2025; Wang et al., 2026a).

[TomuMo rpaauieHTHOro OycTUHIa AJjiA KOHTPOJIA
I[BeTeHUI 1aHOOAKTepuil MOXeT MPUMEHATHCS aJiro-
putM cirydaiiHoro Jieca (Random Forest). OToT aHcam-
6J1eBBIII METO[ CTPOUT AepeBbs pellleHNni] apaljiesibHO
1 yCpeJHsAeT UX IPOrHO3bI, YTO 00eclieYrBaeT BEICOKYIO
YCTOMYMBOCTh K IIYMY M IO3BOJIAET JIETKO HHTepIIpe-
TUpPOBaTh pe3ysbTaThl (Zhang et al., 2026; Xu et al.,
2026). B b6oJiee CJIOXKHBIX CIIydasx, Korja HeE0O6XO0AUMO
yJIaBJIMBaTh BpeMeHHble 3aBUCMOCTU B MHOT'OJIETHUX
pAnax HaOJ0AeHuii, NepCleKTUBHBl peKyppeHTHhIe
HelpoHHBIe ceTH, Takue kak, LSTM u GRU, cnocoGHbie
o0ydaTbCs Ha MOCJIeJOBATEIbHBIX JaHHBIX U BBIABJIATH
ckpoiThie 3akoHOMepHOcTU (Recknagel et al., 2025).

OpHako Bce NepeuyrcieHHble MeTOABl TpeOyloT
pa3MeueHHBIX OOyvalIIUX MAaHHBIX, T.e. HJaHHBIX O
paHee YCIENIHBIX CIleHapuaX peryJipoBaHuA LBeTe-
HUI IIMaHOoOaKTepuil. AJIbTEDHATUBOM MOXeT CJITYKUTh
obyueHue ¢ nmogkperieHueM (Reinforcement Learning,
RL). B aToMm ciiydae areHT (MoJeJsib) B3auUMOJEeHCTByeT
co cpefoii (BoAoeMOM WJIM €ro CHUMYJIAIUel), mociie-
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JoBaTeJIbHO BBIOMpas mapaMeTphl yIIpaBjieHUs — BU[
MIPOTUCTA, BpeMs BBeJeHUA U KOJMYECTBO KyJIbTYPHI
areHTa OMOKOHTPOJIA. 3aTeM MOoJeJib [IoJIy4aeT OLleHKY
pe3yJIbTaTUBHOCTY, OTpaxammyio 3(p@deKTUBHOCTb
OMOKOHTpPOJIA, HanpuMep, CHIKeHHe OHuoMacchl Ifva-
HOOAKTepuil WM NPOAOJIKUTENIBHOCTh 3(pdekTta oT
nprMeHeHUsA OuokoHTpoJsiA. OOyvasch Ha OCHOBe
obpaTHO!1 CBsA3U, MOJEJIb MeTOJOM NIpoO U OLINOOK
CaMOCTOATeJIbHO BhlpabaThBaeT CTpaTeruio, aganTupy-
eMyl0 K TeKyllleMy COCTOSHHIO 5KOCHCTeMbl, 6e3 Heob-
XOJJMOCTH B IIpeBapUTeJIbHO pa3Me4YeHHBIX JaHHBIX
06 ycremHsix pemenusx (Pyo et al., 2025). Takoi mof-
X0JlT 0COOEHHO IepClieKTHBEeH B yCJIOBHUAX HecTaOWJIb-
HBIX [apaMeTpOB Cpelbl, KOrAa AWHaMMKa I[BeTeHUA
MOXeT MEHAThCA HellpecKa3yeMo.

BeiOOp KOHKpeTHOro MeToAa oOlpeJesisercs
CJIOXKHOCTBIO pelllaeMOH 3ajadd, o0beMOM M Kaue-
CTBOM [IOCTYNHBIX JaHHBIX, & TakKXe BBIYMCIIUTEb-
HBIMHU pecypcaMu U TpeOOBaHHUAMU K ONepaTUBHOCTHU.
HpesoBugubie momenu (CatBoost, XGBoost, Random
Forest) ObicTpee oOyualoTca U TpeOyHOT MeHbIle
HacTPOVKH, TaK KaK KOJIMYECTBO KPUTHYECKU BaKHBIX
napamMeTpoB, TaKUX Kak IJIyOMHa JepeBa, MUHHUMaJlb-
HOe 4Y1CJI0 0OBEKTOB B JIMCTE UJIN CKOPOCTh 00y4eHuU,
HeBeJIMKO. JTO yIpollaeT OIEeHKYy BKJIaja KaXaoro
daktopa u AenaeT MoAenyd yAOOHBIMU IIpYU OrpaHU-
YeHHBIX BBIUMCIINTENIBHBIX pecypcax (Recknagel et
al., 2025; Wu et al., 2025). HefipoceTeBbie MOIXOIBI
MIOTEHI[AaJIbHO CIIOCOOHBI AaTh OoJjiee BBICOKYIO TOUY-
HOCTh IIPM HaJIWYMU JJIMHHBIX BpPEeMEHHBIX PAJOB U
CJIOXKHBIX HEeJIMHEHHBIX B3auMOMAENCTBUM, OJHAKO Tpe-
OyI0T OOJIBIIMX BBIYMCJIMTENIBHBIX 3aTpaT U «mmoadopa
apxXUTEeKTYphl», a Takke paboTal0T KaK «4epHBII AMMK>,
T.e. ABJIAIOTCA CJIOXKHBIMU I OOBbACHEHUA U TPYAHO-
uHTepnpetupyemeiMu (Recknagel et al., 2025; Wang
et al., 2026a). Ha mpakTuke I11eJ€c000pa3HO TECTUPO-
BaTh HECKOJIbKO TUIIOB MojeJieli, HaX0[A KOMIIPOMICC
MeXJy TOYHOCTbI0 INPOTHO3a M PEeCypCOEMKOCTBI0 B
YCJIOBUAX KOHKpeTHOro Bogoema (Wang et al., 2026a).

4. KoHuenTtyanbHasa cXxemMa MOAYAbLHOM
CTaHUMH GMopemearaLuy AAA KOHTPOAA
uMaHo6aKTepuanbHbIX LIBETEHHH C
MCNMOAb30BAHUEM YXUBbIX KYALTYD
NPOTUCTOB

Huxe Mbl 1@peiaraeM BO3MOXHYI0 CXeMY
yCTpOMCTBa MJIaByuyell MOJYJIbHOM CTaHLUM Ouopeme-
auanuu ajis1 KoHTpoJid BLIB ¢ ucnosib3oBaHueM IIpo-
THUCTOB. YCTAHOBKA IIpe/ICTaBJisAeT co00i BepTUKaJIbHO
OPUEHTHPOBAHHYIO ILIaBy4Yylo ILIaTGOPMY CIOCOOHYIO
nepemeniatbcsa Kk ouary BLIB ms c6opa moBepxXHOCT-
HOI Ouvomacchl MaHOOAaKTepUil U MocJjieJoBaTeIbHOMN
OuMCTKH BoAbl. CxemaTuyeckoe H300pakeHHe KOH-
cTpykuuu npusefieHo Ha Puc. 1 u 2. [lTogoGHas TexHO-
Jlorus MoxeT OBITh pa3BepHyTa B BoJjoeMe KaK B aKTHUB-
HOM CTaauM LBeTeHW:d, TaK M Ha HadyaJbHOU CTaAuu,
cpa3sy mocJie obHapyxeHus oudara BLIB, uto Ha Kpymn-
HBIX BOJOEMAaX MOXKHO JieJ1aTh C MIOMOILBI0 JIPOHOB UJIN
CIYTHUKOBBIX CHHUMKOB. YCTPOMCTBO pasfesieHO Ha
[IATh OCHOBHBIX MOJYJIEH.
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Puc.1. KoHuenrtyasipHas cxeMa yCTPOMCTBA IJIaBy4ero
MOAYJIbHOM CTaHLUM OuopeMenuanuy AjA peryJMpoBaHUA
BIIB. * — Ha cxeMe Moka3aH OOWH OHMOpeaKkTop; AJA KyJib-
THUBUPOBAHNA HECKOJIbKMX BHUAOB WM IITaMMOB IIPOTHU-
CTOB MOXeT OBITh IIPeAyCMOTPEHO HEeCKOJIbKO He3aBHCHMBIX
6ropeakTopoB-(hepMeHTEPOB.
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Puc.2. KonrjenryasbHasa cxema paboTHl IJIaBy4yero 6uo-
peakropa A peryJjuposaHus BIIB.
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[lepBbIli MOAyJIb MpeAcCTaBsAeT COOONM CKUM-
Mep-BOPOHKY C KpBIIIKOM € BO3MOXHOCTBIO pery-
JIMPOBKU TMPOMYCKHOI crnocobHocTu. OH cobupaer
TOBEPXHOCTHBIN CJIOH BOAHI ¢ IfaHobakTepusaMu. Coop
6romaccel MOXeT OCYIIeCTBJIATHCA PasHBIMH CIIOCO-
6aMu: peryjanupoBKOIM YPOBHA NOTPYXeHUA CKUMMepa,
HanpapJAooMuMU 00HaMM WJIM IJIaHraM{, Hacocamu
JUIA CO3[aHHA JIOKAJIBHOTO BCAcCblBaHUA U TedYeHUs.
Bribop MexaHM3Ma 3aBUCUT OT XapaKTepPUCTUK aKBaToO-
puu (ry1yOuHEL, IJTOMAAN, HAJIMYWUA Te4eHusd U Ap.).

Bropoii MoayJsib — OTCeK AJ1A pa3pylieHUs KoJIo-
HUaJbHbIX GopM. OOHMM U3 HEJOCTAaTKOB HCII0JIb30Ba-
HUA KTYTUKOHOCIIEB ¥ NHQY30pUil ABJIAETCA UX Heclo-
COOHOCTh paspyllaTb KpymnHBle KoJIoHHM. Hamuume
JaHHOTO MOJYJI1s I03BOJIAET OOOUTHU 3TO OrpaHUYeHHe.
B xamepe ucnoJsib3yeTcsa yJbTPa3ByKOBOHN M3JIydaTesib
(coHap) Ha HU3KMUX YaCTOTaX, YTOOBI pa3pylaTh KOJIO-
HUM 6e3 MOJIHOTO pa3pylieHNs KJIETOK.

Tpetuii Monynap — KaMepa cCMelleHHdA, Kynaa
MoCTynamT obpaboTaHHbIE YJIbTPA3BYKOM LMaHOOAK-
Tepuu U NMPOTUCTH U3 BHeENIHero GuopeakTopa. 31ech
MIPOMCXOAUT BhlefaHWe KJjeToK. OuunieHHas Boja
BBIXOAUT OOpaTHO B BOJOEM uepe3 cucTeMy Ouib-
Tpauuy, MUHUMHU3NPYIOIIYI0 BBIXOJ HellepeBapeHHBIX
OCTATKOB M CaMUX IIPOTUCTOB.

YeTBepThIli MOAYJIb — ChbeMHas kaMepa ceIlMeH-
Taluu [JIA OCaXJeHUsA MepTBON 61MoMacChl U OCTaTKOB
nuaHobakTepuil. Hannune fgaHHOrO MOAYJiA CHUKaeT
PUCK IOBTOPDHOTO 3arpsA3HeHUsA BOAHOrO oObeKkTa U
spTpodukanuu. Ounctka MoAyJa TpedyeTcsa pa3s B
Ce30H WJIU 110 Mepe HeoOXOAUMOCTH, TaK KaK JJIis Bble-
JaHus He HYXXHBI OIPOMHBIe 00beMBbl KyJIbTyp. Ocaiok
MIOTEHI[aJIbHO MOXHO MKCIIOJIb30BaTh Kak yaoOpeHue
WM GMOTOILIUBO.

[IaTeiii MoAy/b MpejfcTaBiseT coOOl BHEIIHUN
6uopeakTop-pepmMeHTep, HeOOXOAUMBIM [JiA Hapa-
IMBAaHUA U COAepXaHWUA KyJIbTyp pas3jIMyHbBIX areH-
TOB OHMOKOHTpOJIA. OH coefuHEH TPYOKOH ¢ Kamepoil
cMemeHUs. buopeakTop MoxeT OBITb PacIoOJIOXeH Y
MIOBEPXHOCTH BOJBI A1 JOCTYIIA eCTeCTBEHHOI'O CBeTa,
KOTOpBII HeoOXOOuM [JiAd KyJIbTUBHUPOBAHUA CBETO-
3aBHCHUMBIX KyJIbTYp XI'YTUKOHOCIIEB, HO MOXeT OBITh
OCHallleH MCKYyCCTBEHHBIM OCBellleHHeM U pa3MelleH B
J1000M MecrTe.

Bopa, nocrynaromas B CKUMMep, IPOXOAUT yepes
CHUCTEeMY ONTHUYEeCKHX U (JIyOpeCLeHTHBIX NaT4HUKOB,
PeruCTpUpYIOUIMX  CIeKTpajibHble XapaKTepUCTUKU
KJIeTOK U arperatoB. [losiydeHHBle JaHHBIEe 00pabaThI-
BalOTCA C HCIOJIb30BaHHEM aJjiIrOPUTMOB MAalIMHHOIO
o0yueHHsA, KOTOpBlEe IO3BOJIAIT KJaccuUIMpOBaTh
[aHOOAKTepHUU MO TaKCOHOMUYECKOH IPHHAAJIeXHO-
CTH, OLleHWBAaTh UX KOHILIEHTPAIUIO U OIlpefesiATh MOp-
dotun (komOHUAJIbHBINA, HUTYATHINA, OJHOKJIETOYHBIIN)
(Meirkhanova et al., 2024; Fernandez-Manteca et al.,
2025). AHanu3 B pexuMe peaJIbHOTO BpeMeHU [aeT
BO3MOXXHOCTD OIlepaTHUBHO oAOupaTh U3 OropeakTopa
KyJIbTypy TOr0 IPOTHUCTa, KOTOpHIN Haubosee adpdek-
TUBEH IPOTUB BBIABJIEHHOIO THUMNA IMaHOOaKTepuil
IIpY TeKyIuX [apameTpax cpelbl. OQHAKO Ha Cerof-
HAIIHUI JeHb IOPTAaTUBHOCTh MOAOOHBIX TEeXHOJIOIMH
orpaHudeHa, u OoJjiee peajlMCTUYHBIM IpeCTaBJIAeTCA
OTOOp CTAaHAAPTHOM MPOOH C MOCJIeAYIOMUM OBICTPHIM
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aHaJW30M C I[IOMOINBI0 CHEeKTPOdOTOMETPHUYeCKUX
MeTO/OB. B 3aBHUCHMMOCTH OT IOJIy4eHHBIX JAaHHBIX U3
COOTBETCTBYIOIIEro 61opeakTopa B KaMepy CMellleHU:A
nogaeTcA KyJbTypa TOrO MPOTUCTA, KOTOPHIY Hanbo-
Jee 3(pdeKkTrBeH NPOTHB MAHHOIO THUIA I[HaHOOAK-
Tepuil. Peanuzanusa Takoro noaxoda IpefnoJaraer
HajyMuyne HEeCKOJIbKUX He3aBHCUMBIX OHOpeaKTOpOB,
KaXblli U3 KOTOPBIX COJAEPXUT OTHeJbHBIN IITaMM
areHTa OMOKOHTpOJIA. XOTA IpeAnoJsiaraeTcs, yTo Iua-
HoOakTepuu 6yyT BeleAaTbCs MPOTUCTaMU Oe3 paspy-
IIeHnsA WX KJIeTOYHOH CTeHKW, BOJa, IocTylawllasa B
CKUMMep, MOXeT COoAepXaThb I[MaHOTOKCHHHL. B mep-
CIIeKTUBe, JIJIsl pelleHUs 3TOU Npo0JieMbl, MOXHO OBLIO
OBl MCIIOJIb30BaTh OHOILJIEHKU ¢ GakTepusMH, CIOCO0-
HBIMU BBIAEJIATh GEepMeHTH B cpelly AJiA pasJoXeHusAd
BHEKJIETOYHOro MuKpoructuHa (Kumar et al.,, 2019;
Morén-Lépez et al.,, 2020). [{yia sHeproobGecrnedyeHUs
YCTPOMCTBA MOXHO HCII0JIb30BaTh COJIHEUHbIe 6aTapen
WM aKKyMYJIATOPHL, YTO MO3BOJIUT aBTOMAaTU3HPOBaTh
mporiecc. 3a cUeT CUCTeMbl OYIIKOB yCTPONCTBO MOXeT
OoCTaBaTbCsA Ha IIOBEPXHOCTH BOABI, a IpU AONOJIHU-
TeJIbHOY yCTaHOBKe JBUrarejell BO3MOXXHO IlepeMeltie-
HHe 61opeakTopa [0 aKBaTOPUU.

OmnucaHHOe yCTPOMCTBO He 00sA3aTeJIbHO uMeeT
BEepTUKAJIBHYI0 OpHUEHTAal[[Io, KaK [I0Ka3aHO Ha cxeme
(Puc. 1 u 2). Ilogo6Has KoHLeNnTyajibHas CxemMa Tpe-
OYyI0T MHXeHepHOI NopaboTKU U MPOBEPKU Ha BOLOe-
Max. Takue pemenusa ObLIA OB 0COOEHHO aKTyaJIbHBI
JUI UCKYCCTBEHHBIX BOJIOEMOB M aKBaXO3ANCTB, a UX
aBTOMaTHU3alllsA B COBOKYIIHOCTH C HCIOJIb30BaHUEM
HelipoceTell [Jig aHajau3a U IPOrHO3UPOBAHUA IiBe-
TeHUI B BOAHBIX OObeKTaxX MO3BOJIAT AOCTUYb MaKCU-
masibHoro 3¢ dekra B 60pnde c BLIB.

5. 3akniouenue

KryrukoHocipl 1 nHGy3opun o00JaAa0T 3Ha-
YUTEJIbHBIM IOTEHIMAJIOM B KayecTBe areHToB Ouo-
KOHTPOJIA InaHOOaKTepuabHBIX I[BeTeHUN. Hanbosee
[IepCIeKTUBHBIMM Ha CEerogHAMIHUI AeHb ABJIAITCA
MUKCOTPO(HBIE XI'YyTUKOHOCLHBI, IIPeXJe BCEro Ipes-
craButrenu ponos Ochromonas u Poterioochromonas,
coueTawlyie yCTOMYMBOCTh K TOKCMYHBIM IITaMMaw,
CIIOCOOHOCTH K aKTUBHOMY Bble[JaHUIO Pa3IMYHBIX MOP-
doTunos nuaHoOaKTepuUil U Aerpajanyy BTOPHUYHBIX
MeTabosmToB. Cpeau NHQY30pHil HEKOTOPHIX IIpeAcTa-
BuTeJiel Nassula sp. MOXHO cunTaTh Haubosee apdek-
TUBHBIMU 1711 60pbOBI ¢ BLIB, BEI3BaHHBIM HUTYATHIMU
¢popmamu 1uaneil. OgHako A1 60Jiee TOUHOU OIleHKU
HeoOxoAouMa IIpoBepKa Ha CIOCOOHOCTb BBleJaHUA
OVIHOYHBIX KJIETOK U KOJIOHHWAJIBHBIX (HOpM, a TaKkxe
Ha YCTOMYMBOCTb K TOKCAYHBIM IITAMMAaM.

O} PeKTUBHOCTh MPUMEHEeHHs MPOTUCTOB OIlpe-
JlesiAeTCsA COBOKYITHOCTBIO (haKTOpPOB, Cpeay KOTOPHIX
MopGoJIorusa U 3al[UTHbIE MeXaHU3MBI XKepTBHI, PU3U-
OJIOTUsA U 3KOJIOTMA XUIIHUKA, NCXOHOE COOTHOIIEeHNE
YHCJIEHHOCTU KJIETOK XUIIIHUKA U KePTBbI, TUAPODU3U-
Yeckue U TMAPOXUMUYeCcKre apaMeTphl Cpebl U MeX-
BU/IOBbIE B3aMOJIECTBUA.

Onenka 3>p@deKTUBHOCTA IpUMEHEHUA IIPOTU-
CTOB [J1A KOHTpoJisA BLIB B HacTosllee BpeMsa OrpaHu-
YeHa B OCHOBHOM JIa0OpaTOPHBIMU 3KCIIepUMEHTaMU,
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MO3TOMY NpUMeHeHMe XI'YTUKOHOCLEeB U UHPY30puil
cJjlelyeT paccMaTpUBaTh KakK MepCIeKTUBHBINA, HO Tpe-
OyIoIMil JajbHeHIIel 5KcllepuMeHTaJIbHON U MoJie-
BOU mpoBepku Metojl. Haubosiee mepcneKTUBHBIMU B
6opbOe c 11BeTeHNeM HMAaHOOAKTEPUIl IIPpeCTaBIIAI0TCA
KOMOMHMPOBaHHbIE MOAXOABI, cOvYeTarIe OHOJIorHu-
YecKU KOHTPOJIb ¢ GU3NYECKUMU WJIM XUMUYEeCKUMU
MeToaMy, a Takxe MeTOoAsl MporHosuposaHus BIIB
Ha OCHOBe MAalIUMHHOIO OoOydeHUs, obecliedyuBarolye
ONTHMU3ALUI0 CDOKOB BMeIIaTe IbCTB.

B kauecTBe OQHOrO M3 BO3MOXHBIX pelleHui
MBIl TIpefjlaraeM KOHIENTYyaJIbHYI0 cXeMy ILIaByueil
MOAYJIBHON CTaHLUM OuopeMenualiy, obecredynBao-
miero c60p MOBepXHOCTHOM GroMacchl IMaHOOAKTEPU,
yJIbTPa3ByKOBOe pa3pylleHWe KOJIOHUH, BbleJlaHue
KJIETOK I[uaHOOaKTepuil MPOTUCTaMU B KaMepe cMelle-
HUsA, ocaxaeHue Gopmupylonierocs ocajgka/aeTpura u
6uopeakTop-depMeHTep AJIA KyJIbTUBUPOBAHUA areH-
TOB OMOKOHTPOJIA. YCTPONUCTBO MOTEHIMATBHO MOXET
aBTOHOMHO IlepeMeIaThCs [0 aKBaTOPUU U PeryJmpo-
BaTh KyJIBTUBUPYEMBIM BHJ MPOTHUCTA JJI KOHTPOJIA
BIIB ¢ ucnosp3oBaHMeM MaNIMHHOTO O0yuYeHus MJis
BBIOOpAa ONTHMMAJIBHOTO XWIIHWKA B 3aBUCUMOCTU OT
THUIA I[BETEHMS.

[Ipy 3TOM aKTyasJbHBIMU 33fjJayaM{d OCTAlOTCA
MOUWCK Haubojiee YHUBepCAJIbHBIX U YCTOMYUBBIX
areHTOB OMOKOHTPOJIA, U3Y4YeHUE HX 3KOJIOTMYECKUX
B3aMMOJENCTBUII U MaciiTabupoBaHue 6e30IMacHbIX
TEXHOJIOTUII KOHTpoJsisi BLIB il ecTecTBEHHBIX U
HWCKYCCTBEHHBIX BOIHBIX 3KOCHCTEM Ha OCHOBE 3KCIle-
PUMEHTOB B MUKPO- I ME30KOCMaX.
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