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Abstract. Bioremediation, a process led by microorganisms, is gaining prominence for its effectiveness
in transforming environmental pollutants into harmless compounds, particularly in heavily contaminated
areas. Microbes in polluted environments showcase impressive genetic and enzymatic adaptability,
reducing toxicity. This approach offers a promising avenue for eco-friendly and cost-effective remediation,
with intricate mechanisms and metabolic approaches that address various challenges, including petroleum
contamination and sludge management, thus presenting sustainable solutions for environmental and waste
management issues.
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1. Introduction

Bioremediation, a natural process primarily
orchestrated by microorganisms, plays a pivotal
role in immobilizing or converting environmental
pollutants into harmless substances [1]. This method has
garnered increasing attention for remediating severely
contaminated soil and water, particularly when harnessed
with highly efficient indigenous microorganisms.
Microbes residing in polluted soils display an incredible
ability to endure by altering their genetic makeup and
enzymatic processes, reducing the toxicity of their
surroundings [2]. Consequently, these microorganisms
emerge as a promising resource for advancing
bioremediation applications, boasting advantages
such as environmental friendliness, cost-effectiveness,
minimal energy requirements, and remarkable efficacy
in breaking down or transforming a wide range of
hazardous compounds, including hydrocarbons,
polychlorinated  biphenyls (PCBs), polyaromatic
hydrocarbons (PAH), pharmaceuticals, radionuclides,

and heavy metals (Cr, Cd, As, Hg, etc.) [3]. The
process of microbial bioremediation involves intricate
mechanisms such as biodegradation, biotransformation,
and biosorption/bioaccumulation [3]. From a cellular
metabolism perspective, this process can be categorized
into two main approaches: metabolism-dependent
(active method) and metabolism-non-dependent
(passive method), depending on whether pollutants
are transformed during microbial cell metabolism or
through physicochemical interactions with cell wall
ligands [3], [4]. One specific area of bioremediation
focuses on petroleum contamination, where numerous
microorganisms have demonstrated significant potential
for degrading petroleum-derived substances, including
various hydrocarbons, with specific genes and enzymes
playing crucial roles [5]. Additionally, specialized
bacterial strains have shown remarkable proficiency in
degrading specific chemical components of petroleum
[6]. Another facet of bioremediation pertains to sludge
management, encompassing sewage sludge, ash sludge,
pond sludge, and petroleum-contaminated sludge [7].
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Innovative microbial-driven approaches are emerging
as effective means for the bioremediation of these
diverse sludge types, offering sustainable solutions for
environmental and waste management challenges [2].

2. Bioremediation of petroleum

Sources of hydrocarbons including petroleum,
pesticides, and other hazardous organic matter, are
one of the main pollutants in soil, surface water, and
groundwater [8][9]. Various chemical compounds in
crude oil, oil products, and petroleum consist of different
weights of hydrocarbons such as saturated and branches
alkanes, mono- and poly-cyclic aromatics, homo- and
hetero-cyclic aromatic and large aromatic molecules,
and these compounds seriously affect the health of
soil and purity of water [10][8]. The soil degradation
in Mongolia is caused by excessive mining results in
contaminating the soil with heavy metals, further causing
77% of soil degradation and desertification nationwide
[11]. Petroleum pollution is mainly from gas stations,
railway stations, car repair centers, oil fields, mining,
and transportation of petroleum-derived products.
Hydrocarbons in petroleum are very dangerous to living
organisms such as plants, animals, and humans, and it has
carcinogenic, mutagenic, and neurotoxic properties [10]
[9]. Microbial bioremediation degrades complex organic
compounds to simple inorganic compounds like CO,
and H,0 [9]. Several microorganisms have been isolated
from petroleum-derived contaminated soils and these
organisms showed a high potential for bioremediation
application. Common microbial species that can
remediate petroleum-derived products are listed in Table 1,
and some of them could work at less than 25°C [12][3]
[5]. Some special genes include alkB and nahAC code
for enzymes that can break down alkane and naphthalene
[5]. Moreover, other enzymes such as hydrolases,
oxygenase, demethylase, dehalogenases, transferases,
and oxidoreductases contribute to pollutants’ aerobic
and anaerobic degradation [12]. Some special microbes
produce biosurfactants that contribute to the main role of
reduction of bacterial surface tension and degradation of
pollutants [6].

Researchers have been paying much attention
to investigating new microbial species that have
efficient remediation activity [12]. Mycobacterium
austroafricanum was isolated and identified from a
gasoline-contaminated aquifer, and the result of the
study revealed that bacteria degraded 86% of gasoline
in 28 days [42]. Rhodococcus sp. is able to survive and
work under low temperatures and high salt conditions,
moreover, bacteria degrade 65% of crude oil in 9 days
[6]. Bacillus subtilis-27 can survive and work under
different ranges of temperature and salinity, and degrade

65% of crude oil in 5 days in laboratory conditions [43].
A mixture of bacterial consortiums including Raoutella
ornithinolytuca strain PS, Bacillus subtilis strain BJ11,
Acinetobacter Iwoffii strain BJ10, Acinetobacter pittii
strain BJ6, and Serratia marcescens strain PL degraded
more than 94% of crude oil in 10 days in a liquid medium
and 65% of crude oil in 40 days in soil [44]. A selected
bacterium consortium degraded 80-82% of BTEX
(benzene, toluene, ethylbenzene, and xylene) in a liquid
medium in 7 days [45]. Flavobacterium petrolei sp. nov
which was isolated and identified from oil-contaminated
Arctic soil degraded 60% of diesel oil in a liquid medium
within 14 days [46]. Also, some special bacterial strains
have been shown to efficiently degrade of chemical
compounds of petroleum. For instance, the Pseudomonas
aeruginosa L10 strain efficiently degrades some chemical
components of diesel oil including C10-C26 n-alkanes,
naphthalene, phenanthrene, and pyrene [47]. Both Delftia
sp. and Achromobacter sp. have shown a potential to
degrade polyaromatic carbon (naphthalene, phenanthrene,
fluoranthene, and pyrene) and aliphatic hydrocarbons
(C12, Cl16, C20, and C32) [48].

3. Bioremediation of sludge

Waste sludges, such as sewage and ash sludge,
pond sludge, and petroleum-contaminated sludge,
are raising environmental concerns in the context of
waste management [3]. These sludges, generated from
various sources, require sustainable disposal solutions.
Bioleaching, bioremediation, and biodegradation
methods play a pivotal role in addressing the ecological
impact and promoting environmentally friendly waste
management practices [7]. These diverse sludge
categories represent critical areas of research in
environmental science, encompassing municipal and
industrial waste as well as hydrocarbon-related activities.

After industrial and municipal wastewater treatment,
massive amounts of primary and secondary sludge
are produced. The primary sludge is produced from
the mechanical treatment of the wastewater, and the
secondary sludge is from the biological treatment
[7]. The most common method of removing sludge is
burning it until it becomes fly ash [3]. Coal and fuel oil
are traditional energy resources in developing countries.
In Mongolia, all the thermal power plants, industries,
and civilians living in Ger burn coal for energy. Because
of these reasons, massive amounts of fly ash and bottom
ash are continuously produced. Different inorganic
materials and metals like Al, Cd, Cr, Cu, Ni, Pb, and
Zn are compromised in the sludge and fly ash [7][48].
Several anthropogenic pollutants including nonylphenol
are usually found in sewage sludge [49]. Therefore,
environmentally friendly methods such as bioleaching,
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Table 1. Common microbial species isolated from contaminated place

Microbial species Source of isolation Reference
Arthrobacter spp. Nuclear waste contaminated sediment [13][14]
Diesel contaminated soil
Achromobacter sp. Crude oil-contaminated seawater [15]
Alcaligenes sp. Petroleum oil-contaminated sites [16]
Enterobacter sp. Petroleum oil-contaminated sites [16]
Brevibacterium sp. Crude oil-contaminated soil [17]
Planococcus sp. Diesel contaminated ocean [18]
Pseudomonas sp. Oil contaminated soil, [18][19][20][21]
Heavy metals contaminated soil, Hydrocarbon contaminated soil
Phenylobacterium sp. PAHs contaminated soil [22]
Collimonas sp. Oil contaminated soil [23]
Corynebacterium sp. Oil contaminated soil [24]
Rhodococcus sp. Oil contaminated soil, [23][25][26][14]
Nuclear waste contaminated sediment
Diesel contaminated soil and waste canola oil
Bacillus sp. Hydrocarbon contaminated soil, PAHs contaminated soil [271[28]
Nocardioides sp. Oil contaminated soil [29]
Nocardia sp. Nuclear waste contaminated sediment [30]
Marinobacter sp. Sediment [31][32]
Oil-producing well
Mycobacterium sp. PAH contaminated soil [33]
Micrococcus sp. Hydrocarbons contaminated soil [34]
Methylobacterium sp. Hydrocarbons contaminated soil [34]
Sphingomonas sp. PAHs contaminated soil, heavy metals contaminated soil [35][36][37]
Aromatic fraction of crude oil, jet fuel and diesel contaminated soil
Sphingobium sp. Phenanthrene contaminated soil [38]
Shewanella sp. Diesel contaminated ocean [18]
Streptococcus sp. Oil contaminated sites [39]
Stenotrophomonas sp. Heavy metals contaminated agriculture field [40]
Flavobacteria sp. Oil-contaminated arctic soil [41]

bioremediation, and biodegradation are needed to
investigate the disposal of the sludge. There are several
studies related to bacterial bioleaching or bioremediation
have been published. Among them, Acidithiobacillus
ferrooxidans is one of the most important species
because they get energy from the oxidation of sulfur and
from ferric ions (Fe*") to ferrous ions (Fe*") oxidation
[7]. A. ferrooxidans and A. thiooxidans successfully
degrade sludge by removing 10-100% of heavy
metals such as Cu, Cr, Cd, Pb, Mn, Ni, and Zn under
anaerobic conditions [3]. Moreover, 4. ferrooxidans and
A. thiooxidans reduced 74% and 96.4% of V in fuel oil
ash, respectively [50][51]. A. thiooxidans removed 25%
of Al and 22% of Fe in coal ash [52]. There is another
species Leptospirillum ferroxidans also uses Fe2+ as

an energy source and can tolerate lower pH, and higher
concentrations of uranium, molybdenum, and silver than
A. ferrooxidans, but they have lower tolerance against
copper and sulfur [7]. Bacillus safensis CN12 is able to
degrade extracted nonylphenol solution from sewage
sludge after applying cyclodextrin [49]. Interestingly,
Mongolian researchers have successfully transformed
sewage sludge into the soil by using a mixture of several
microorganisms including bacteria, yeast, and fungi,
after applying fortified preparation of humin to the
sludge [53]. According to this study’s result, the treated
soil had absence of pathogenic microorganisms, and was
odorless.

On the other hand, amounts of surplus organic
materials from organic degradation and leftover feed
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build sludge. Sewage waste from ponds is divided into
4 forms including gases, liquid, semi-solid, and solid
or sludge [54]. Furthermore, sludge is categorized
into suspended and settled solids [55]. Among them,
suspended solids are difficult to remove from water,
because of the remaining suspension of small particles
in water [56]. By contrast, big particles make settled
solids easy to remove [57]. Microbial bioremediation is
one of the effective approaches for cleaning pond sludge.
Ammonia-oxidizing bacteria and nitrite-oxidizing
bacteria from autotrophs contribute to nitrification and
denitrification. Microorganisms from heterotrophs
convert ammonia nitrogen into harmless substances
and they use organic waste as nutrient sources.
Nitrite-oxidizing bacteria from genera of Nitrobacter,
Nitrococcus, and Nitrospira convert nitrate to a harmless
form of nitrogen. Several genera of denitrifiers including
Bacillus have been identified [54]. Bacillus sp. has
shown a potential to decrease the amounts of ammonia,
nitrogen, phosphorus, nitrite, nitrate, phosphate ions,
and chemical oxygen [58][59][60][61][62]. A mixture of
Bacillus subtilis, Nitrobacter, and yeast reduced 99.74%
of total nitrogen and nitrate [63]. Marichromatium
gracile YL28 discharged 99.96% of nitrite in pond sludge
within 7 days [64]. Bacteria with special enzymes such
as phosphatases and phytases can produce phosphorus
from organic compounds such as PO,. Sulfur bacteria
from the Chromatiaceae and Chlorobiaceae families
consume hydrogen sulfide in anaerobic conditions under
sunlight [54].

Furthermore, high-efficiency petroleum degrading
microorganisms have been studied and used for the
bioremediation of petroleum oily sludge. Indigenous
microbial consortium successfully degraded more than
80% of total petroleum hydrocarbon in oil sludge-
contaminated soil within 90 days [65]. A mixture
of Dbacterial communities including Leteimonas
huabeiensis, Chelatocossus daeguensis, Pseudomonas
aeruginosa,  Bacillus  subtilis, and indigenous
microorganisms showed high potential to degrade 97%
of total petroleum hydrocarbons and to reduce 93% of
chemical oxygen demand (COD) from petroleum sludge
[66]. The combination of bacterial consortium and wheat
bran bulking agent degrades 76% of hydrocarbon in
petroleum oily sludge [67].

Summary

In the realm of environmental conservation,
bioremediation stands as a powerful natural process
led by microorganisms, serving as a beacon of hope
in tackling environmental contamination concerns.
These microorganisms, particularly when native to the
polluted soil, exhibit remarkable resilience by adjusting

their genetic composition and enzymatic functions to
mitigate the toxicity of their surroundings [2]. Microbial
bioremediation showcases its mettle in addressing a
wide array of environmental pollutants, ranging from
hydrocarbons, polyaromatic hydrocarbons and heavy
metals, with the potential to transform these harmful
substances into harmless compounds [3]. This process is
multifaceted, with metabolic-dependent and metabolic-
independent mechanisms, adding layers of complexity to
this eco-friendly approach [4].

The bioremediation of petroleum-contaminated
soil represents a crucial facet, given the prevalence of
hydrocarbon pollutants in various ecosystems [10].
This endeavor has led to the discovery of numerous
microorganisms with the capacity to break down
petroleum-derived substances efficiently. Specific genes
and enzymes are key players in the biodegradation
process, contributing to the mitigation of pollutants
[5]. Furthermore, researchers are continually exploring
novel microbial species with the potential for efficient
remediation.

In addition to petroleum-contaminated soil, the
management of different types of waste sludge, including
sewage and ash sludge, pond sludge, and petroleum-
contaminated sludge, presents significant environmental
challenges [3]. These waste products result from a variety
of industrial and municipal processes and necessitate
sustainable disposal solutions [8]. Bioleaching,
bioremediation, and biodegradation methods are
emerging as pivotal tools to address these challenges,
promoting eco-friendly waste management practices and
mitigating the environmental impact [7]. These distinct
areas of bioremediation research underscore the ongoing
efforts to address pollution concerns and promote
sustainable environmental stewardship.
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1. Youptran

BuonoruitH HOXeH CHOPIIMT Hb YHIACIHIID OWUMI
OMeTHHI TyclamkTall sBarmgar OaifranuiiH Y sBIL
06r06/1XYPI3IIIH Oy i OPYHBI XOPHIT CAaAPMATKY YJIaX 3CBAI
XOp XeHeenTyi 6oauc OOJMrOH XyBHprax 4yxaja Yypar
rydupTraar [1]. Snanrysa GuonoruitH uI9BX OHAEPTIN
HYTTUIH OW4nI OMeTYYAMHT alirian OOXHUPIICOH Xepc,
YCBIT HOXOH COPII3X1I MXIBXOH XyBb HAMIPTIN apra
oM. BOXUpICOH XOepcoH ambaapaar Ou4uia OMETHYY.
Hb XYP233J19H Oy OpYHOOC XaMaapaH eepUIHH yAaMIIIIBIH
OyTa1, (pepMEHTHIH Vil aXujularaar eepuieH JacaH
30XHUI[0K, OPYHBI XOPYyY HaHAphIr Oyypyy/IXK T3CBIPIIX
eBepMeIl yaaBapTait Oargar [2]. UitmMaac aarasp ouumn
OUMeTHYYX Hb Oalraiib OpYHMHI 3T, 3apaan Oararaid,
3PUUM XYYHUI XOMHIITTIM, HYYpCyCcTOperd, HOJUuXJIopT
oupennn (PCBs), mnonmapoMaruk HyypcycTreperd
(PAH), oM, pagnonykmun mes xyua metaii (Cr, Cd, As,
Hg rx M3T) 33par 0JI0H TepIUHH XOPTOH HATAIYYIUIT
3aj1ax, XyBUprax 39par JaByy TajaTail y4up OUOIOTHITH

HOXOH COPIITIN AalIMIIaX XAMIHHH TOXHPOMXKTOM
9X YycBap oM [3]. buumin OueTHI p HOXOH CIPIIdX Hb
6no-3apan, onorpanchopMany, ONO-XypuMTIIaid 33par
HapHiH TOBOTTIH MexaHM3MyyATai [3]. buuwn OnerHuit
OOIVCHIH COJWIILIOOHBI SIBIAJ O3CBAI JCHHH XaHBIH
JUTaHAyynTal (QU3NK-XUMHHH Xapwilad YHIT4IMIiH
JOYHZ OOXHpIyyIard 00aucyy epuIeriexeec xamaapan
OO/IMCHIH COMMIIIIOOHOOC XaMaapanTail (MIIBXTIH apra)
6a OONMMCHIH COJNMJIIIOOHOOC Xamaapanryd (MadBXIyiH
apra) TAC3H X0€p YHCOH X3COIT aHTWDK 0omHO [3][4].
BuonoruiiH HOXeH COPrIATUNH HAT TOLOPXOW UUIIIAINI
Hb Ta3pblH TOCHBI rapanTtaid OOMUCHIT 3a/uiax Oereen,
YYHZ OJOH TOOHBI OWYMI OMETYYIMHH TONOPXOW TeH,
(epMeHTY Y alInIIaH ra3pblH TOCHBITapaTaii 0oancyyrn,
Tepes OYpHitH HYYPCYCTOPOTIHINHT 3a/1aXa/l HXI0X9H
a4 xonOormonToi oM. 3apuM OaKTEpUH OMIyyn Hb
ra3pblH TOCHBI TOJOPXOH OYJI3T, XUMUHH HATIUTYYAUHT
3a/ulax 4yajasaprail [6]. bruonoruitH HeXeH CAPrIINTUIH
HAT X3COT Hb JJArMHH MEHEXXMEHT Oyloy OOXHp YCHBI JIar,
YHCHUI JIar, IOepMUIH Jar, HeTHIHH OyTIATI3XYYHIIP
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OOXUpPIOCOH Jaruir OomoBcpyynax oM [7]. Buuwmn
OmeTH?3p OMOJOTHIH HOXOH COPIIIT XUHX Hb Oairaib
OpPUYMH, XOI' XasArAidblH MEHEXMEHTHHH acyyIUIbIr
IIMHIBAIPIAX OHAOD YP AYHTIH apryyablH HAT oM [2].

2. He¢ruiin 0yTI3rA3XYYHHI 00XHPJIBIT OMYHJI
0MeTIH alIuIIaH OyypyyJaax

Hyypcycreperu aryyncan HedTHHH OYyTIIIIdXYYH,
necTunu O00J0H Oycaja arwyiaTail OpraHuk OOTUC Hb
Xepc, TajaprblH YC, T'YHHH YCBII OOXMpAyyJard roi
9x yycB3p toMm [8][9]. Hedrt, HedTHitH OYTIOLIIXYYH
Hb TOpesl OYpHHH XMMHWH HATUTYyZX OOJOX XaHacaH
0a canbapajcaH aJKaHyyJ, MOHO 0a IOJHUIIMKIIUK
apoMatyya, roMo 0a TeTepOlUKIMK apoMar OOJIOH
TOM apomar 33p3r eep ©ep MOJEKYll KHHT
HYYpCycToperueec Oypmadr 0ereeja 3Ar’dp HATMIYYI
Hb XOpC, YCHBI LPBIP Oaiigana ceper HONOe Y3yYJIdr
[10][8]. MoHronm OpHBI XOpPCHUHN JOPOUTON Hb XAT HX
Yyl yypXaiiH OJOOpIIONTHIH Yp AYHA XOPCHHUT XYH]
Metaiiaap OOXMPIYYIDK, yiIMaap YJICBIH XOMXKIIH[
XOPCHHUU JOPOHUTOIN, NODKUIATHHT 77%-1 Xyprak OaiiHa
[11]. Hedruiin OyT33r19XYYHUI OOXMPOI Hb HIATaXyyH
TYI39X CTaHILl, TaJIT TOPIrHUi Oyynaly, aBTO 3acBapblH
rasap, ra3pblH TOCHBI OJIOOPJIONT, TYYHHIl rapantai
OYTI3MIPXYYH TI3BIPINIT 33praac yynanrai. Hedruiin
OYTI3TIPXYYH A3X HYYPCYyCcTOperd Hb ypramal, aMbTaH,
XYH 39p3I' aMbJl OpraHU3M/1 al0yJITail 0eree ] XopT XaBuap
YYCI3X, MyTareH, M3IpAJIMIH CUCTEM/] HOJIOOJIOX IIHHXK
yanapraii [10][9]. Buunn OuerHuil OMONOTHIAH HOXOH
COPravnT Hb opranuk Harmryyauir CO,, H,O rx mat
opranuk Oyc HArmIyya O6omnron 3axannar [9]. Hedruiin
OYTIIrIPXYYHUII  rapantaili  OOXHMPICOH  XOpceec
X3 X3I3H OWuYmMi OWMETHHWUT suiracaH 0ereej 3Aradp
Hb Ooxupmon Oyypyylax HA3BX eHAepTdH OaiicaH.
Hedtuitn  OyTosrmpxyyHuit  Goxupmisir  Oyypyynax
WJIPBXTOH OMumMI OMeTHWI Tepnyyauir 1-p XycHIrTaq
xapyynaB. TomraspuitH 3apum  Hb 25°C-aac  Oara
TeMmneparypT ua3Bx enaeptait [12][3][5]. 3apum Tycraii
TeHYY/ Hb aJIKaH, HaQTaJUHBIT 3amanimar GepMeHTHITH
alkB 6onon nahAC xonmeir aryyamar [S]. TyyHwidH
rUJpoJa3a, OKCHI€Has3a, JeMeTwiiasa, JerajoreHasa,
TpaHcdepaza, OKCHAOpEAyKTasza 33p3r (QEepPpMEHTYY
Hb OOXMpAyylardyuitH a’po0 0a aHa’poOd 3ajpabIr
JOMKIAr [12]. 3apum coHromon OWumil OHETHYYA Hb
©OpUIH JCUIIH XaHaaC OpYHBI OOXHMPIUIBIT 3a/Iard
cyOcTpar HUHIAKY YT [6].

Cymnaauuy — Ooxupaon — Oyypyynax — HIIBXTIH
MWHY OM4mMi OMETHHH TOPIMHI Cy/ulaXxaJ MX?I9XdH ad
xonbornon eru Oaitna [12]. HlaraxyyHaap GoXupacoH
ycr  paBxapraac  Mycobacterium  austroafricanum
sIracad 0eree 1 CyJajiraatsl yp 1yH 28 XOHOTHITH JOTOP
maraxyyHol 86%-uir 3anangar OOJOXBII TOI'TOOCOH

[42]. Rhodococcus sp. Gara Temreparyp, HaBC HUXTIH
HOXIeJ aMbJIpax JaaBapTail YYHI3C rajHa OakTepH Hb
9 XOHOTHITH HOTOP TYYXUil HePTHIH 65% -HiT 3amangar
Oaitna [6]. Bacillus subtilis-27 oMor Hb TeMIiepaTyp,
JABCKWITBIH OJIOH STH3BIH sUITaaTali OpYMH[ ambIpax
yanBapraii 0erees 1abopaTopuitH HOXIIONA 5 XOHOTHITH
noTop TYyxui HedruitH 65%-miir 3amanmar [43].
Raoutella ornithinolytuca PS, Bacillus subtilis BJ11,
Acinetobacter Iwoffii BJ10, Acinetobacter pittii BJ6,
Serratia marcescens PL 33par OakTepuyaslH HAWIMAI
O3J1AMAIT Hb TYYXUH HE(QTHHT IUHT3H THKIIIT OPUUH]
10 xonorHitH HoTOp 94%, X6pcena 40 XOHOTHITH TOTOP
65%-Taii 3amancan yp AYH Y3YYJAcsH [44]. Conrocon
OakTepuiiH O31OM3J1 Hb LIMHIOH TKISAT OpYMHI 7
xoHoruiiH notop BTEX (6en3omn, Tomyon, 3THiOeH307,
kcwton)-uitH 80-82%-mHr 3amancaH yp AYH Y3YYJIC3H
[45]. Apkrukuitn xepcHeec snracaH Flavobacterium
petrolei sp. nov. OMOT Hb IIMHIPH TIKIIT OPUHHA
14 xoHormiiH motop mu3enuir 60%-tait 3amancaH
[46]. Men 3apum coHroMon OaKTepWUHH OMTYYI Hb
He(TUIH OYTIATIPXYYHUHA XUMHANWH HITIUTYYAHUAT VP
JOYHT3H 3amangar OOJOXBIT TOTTOOCOH. JKuIm3a3moam,
Pseudomonas aeruginosa L10 omor ub C10-C26
n-ankad, HaQTaaWH, (EHAHTPEH, MUPEH 33p3T AN3ENb
TOCHBI 3apHM XUMHHH OYpAIASXYYH XACTYYIHHT Yp
nyuTait 3aganpar [47]. Delftia sp., Achromobacter sp. Hb
TONIMapOMaTuK Hyypcreperd (HadranwH, (eHaHTpEH,
¢TopaHTeH, THpeH) OomoH amudpar HYypcycTeperd
(C12, C16, C20, C32)-pIr 3aamax yamBapTaili 00JI0X Hb
TOTTOOT/ICOH [48].

3. JlaruiiH 00XUpAJIBIT OMYMJI OHeTIH alNIIaH
Oyypyyaax

boxup ycHBI Jsar, YHCHUH Jlar, LI@OPMUMNH Jar,
He(DTHIH OYTIIMIXYYHIIP OOXHMPACOH Jjar 33par
Xasraaja Hb 6a171ram) OPYHBI XOTI" XasArJJIbIH MCHEKMCHTI/]
HXI9X3H acyyhaina yycr»xk Oaiina [3]. OsnoH Tepnuiin
9X YYCBIP3IC YYCCOH DArI3P JIaTMHT  I3BIPIAX,
00JIOBCpYY/Iax MIMUAUTMAT OJIOX Iaap yiaratail. baiirans
OpYMHI 3TN XOT XasaraJibIH MEHEKMEHTHUNUT JOMXHUX,
SKOJIOTHJ Y3YYJDX HONeeJUIMHT apuiraxajn Oudni
OHMETHHIT OPOJIIIO0TON OHO-yycalT, OHO-HOXOH CIPIIIIIT,
O10-33/1palibiH apryya Hb YyXajl yYpar rydarraor [7].
J23p AypacaH naryyaeIl cy/uiax Hb XOTXKUAT OOJIOH
YIULIBIPUMH HYYpPCYyCTOpOrd aryyjicaH XOI XasIIjbIl
LIMAABIPIIAXOI UyXall ad X0JIOOTIOITOM.

YitnaeopuitH ~ OONOH  XOTBIH ~ OOXUpP  YCHBI
LPBIPIIIIIIP UX XIMKIIHUHN aHX Jard 00JI0H Xo€prord
nar suirapaar. boxup ycaHa MexaHHMK OOJOBCpYY/ajiT
XUHCHI9P aHXJlard Jiar YYC/dT, aHX/1ary Jiart OMOJIOTHiTH
OOJIOBCPYYIANT XHMHWCHIIP Xoépmord yar yycHd [7].
Jlaruiir 3aiulyyaax XaMrHHH TYr?sMain  apra  Oon
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Xycnort 1. BoxupnonToii ra3paac suraca OM4niI OUeTHUH 3YHIYYR

Buunn 6uerHuii Topen  [I33k aBcaH 3X YYCBIp

DX cypBaIDK

[emuitn xasrmana 60XUPICOH XOpC

Arthrobacter spp. Jluzens Tyammap G0XUPICOH XOpC

Achromobacter sp.
Alcaligenes sp. Hed1a3p OoxupacoH razpyyn
Enterobacter sp. Hed1a3p 6GoxupacoH ra3pyyn
Brevibacterium sp. Tyyxwuii HepTI3p GOXHPICOH XOPC

Planococcus sp. Jluzens Tynmsp GOXUPICOH ranai

Pseudomonas sp. GOXHPICOH X6pC

Phenylobacterium sp.  PAHs 60xupacon xepc

Collimonas sp. Tyyxwuii HehTI3p GOXUPICOH XOPC

Corynebacterium sp. Tyyxwuii HepTI3p GOXHUPICOH XOpC

Tyyxuit HedT9p GoXHpACOH XOPC,

Rhodococcus sp. TlemuitH xasrnan GOXUPICOH XOpc,

Tyyxuit HedT9p OOXHPACOH manaiiH yc

Hedraap 6oxupacon xepc, XyHa Metamiaap 6oxupacon xepc, Hyypcycreperdeep

[13][14]

[15]
16]
16]
]
]

—

17
[18

—

[18][19][20][21]

(22]
(23]
(24]

[23][25][26][14]

Jlmzens Tynmsp 60XUpACOH Xepe, Xasraai panc Toc

Bacillus sp.

Nocardioides sp. Tyyxwuii HepTI3p GOXHUPICOH XOpC

Nocardia sp. Ilemuiin xasrman OOXUPACOH XOpC

XasaruIbIH 1T

Marinobacter sp.
p T"a3pein TOC 07160pIIOX TOOHOT

Mycobacterium sp. PAH-33p 6oxupncon xepc

Micrococcus sp. Hyypcycreperdeep 60XupacoH xepc

Methylobacterium sp.  HyypcycTeperdeep 60XHPICOH XopcC

PAHs 6oxupncoH xepc,
XyHz MeTaiaap OOXHUPIICOH XOpc

Sphingomonas sp. Tyyxuit HedTHitH YHIPTIIT X3CaT,

Hyypcycteperueep 6oxupacon xepc, PAHs 6oxupacon xepc

[271(28]
(29]
[30]
[31][32]
(33]
[34]
[34]

[351(36](37]

OHroIHBI TYJII OOJIOH AHU3ENb TYIIIIIP OOXUPIICOH XOpC

Sphingobium sp. deHaHTpeHIIP GOXUPICOH XOpC

Shewanella sp. Juzens Tyamasp OOXHUPICOH nanait

Streptococcus sp. Tyyxuit HedTI9p OOXMPACOH Ta3pyy R
Stenotrophomonas sp.

Flavobacteria sp.

XyHIO MeTataap OOXHPACOH raszap TapHaJIaHTUIH Tanoan

Tyyxuit HedT9p OOXUPIACOH XOUA TYHIBIH XOpC

[38]
(18]

[39]
[40]
[41]

yYHC Oonrton Hb maraax seaan oM [3]. Hyypc Gonon
mIaTaxyyH Hb XODKWXK Oyl OpHYYIBIH 3PYUM XYYHHMA
TOJI HOOII 3X YYCBIp. MOHTroIT OYX MyTaaHbl [aXUITaaH
CTaHII, YWJIABIP, MP XOPOOJIOI] aMbJapJar Upraa HYype
TYJDK SpYMM XY4dd aBiar. JH? IIaJTraaHbl yiMaac
WX XOMXKIIHHUA YHC OOJOH EPOONBIH YHC TacpaiTryi
yycmar. SIu3 OypuitH opranuk Oyc marepuan 6osoH Al,
Cd, Cr, Cu, Ni, Pb, Zn r3x M3T MeTamryyy Jar 00J0H
araapT JI9TICHH YHCOH A aryynaranaar|7][48]. boxup ycHb
JaraHa HOHWI(SHON 33p3T XYHHUIA VI aXuiuiaraaHaac
YYIONITIH X[ X3A3H OOXHpIyylardun oiamor [49].

160

Witma naruiir 6airams OpYMHI 3ITIH OWYMI OUETIH
ammmiacaH  OMo-yycrax, OHO-HOXOH CIprasx, Owmo-
3ajipall 33paT apryyabll alldmIaX 3aiiIyynax XdparTau.
Bakrepuiitn  Omo-yycrax, OHO-HOXOH  COPIIINTTIN
X0J000TON X311 XO3IPH Cydajiraa XdBIAIACOH OaifHa.
ToaraspuitH  AOTPOOC XaMruiH YyXajja TOOIOTJ0X
Acidithiobacillus ferrooxidans omor Hb Xyx3p Oa
TOMPUITH MOHBI UCIIIIIIT SIBYYIIK SHEPTH rapraH aBiar
(Fe** -c Fe*") [7]. A. Ferrooxidans, A. thiooxidans omryyn
Hb aHa3poO Hextenn Cu, Cr, Cd, Pb, Mn, Ni, Zn 33par
xyHa Metaysir 10-100% 3aiimyymk maruir aMkunTTai
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samangar [3]. Tyyawisn, 4. ferrooxidans, A. thiooxidans
OMTI'YyJI Hb IIATaXyyHbI YHCOH 119X V-uita 74% 6a 96.4%
-uir TyC TyC Oyypyyican Gaitna [S0][51]. 4. thiooxidans
Hb HYYpCHHH YHCOH 119X Al-nitn 25%, Fe-uiin 22%-uiir
3aiyyimk?3 [52]. ©ep Har Tepnuitn Leptospirillum
ferrooxidans omor Hb Fe*'-uiir 3p4uum Xy4Huit 3X yYCBIp
Oonron ammmiagar Oereexn A.ferrooxidans-aac Oara
pH, ypaH, Monu0OIeH, MOHTOHUN OHIOD aryyJaaMKHHAT
TACBIPJIdX YaaBaprail OOJIOBY 33C, XYXPHUIH TICBIPIIX
yaasap Oararaii Gaitnar [7]. Bacillus safensis CN12 Hb
LUKJIOAEKCTPUH HAOMCHHMH Japaa OOXMp YCHBI Jjaraac
rapra)k aBcaH HOHWJI(QEHOIBIH YyyCMaJbIl 3ayiax
yanBaptaii [49]. MeH, MOHION cCy/ulaauu] JiaraHji
XYWKYYJICOH TYMUHHNA O3JIIMAIMHT X3p3IIICHUN apaa
OakTepH, IPOXIK, MOOTOHIIOP aryyJacaH On4nin OMeTHUH
61003 IMAT alIUIIIaH OOXUP YCHBI JIATMUT aMXKHITTal
6onoBcpyyiacan [53]. DHIXYY CymajiraaHbl yp JYHI23C
Xapaxaj Jilal Hb YHOPIYH, BMI3I TepyyJard Ouuwi
OueTsH upIIryi OaitHa.

HereeTaaryyp, xooyHbl xasrman OOJOH XOEpaord
OpPraHMK Xasraajdl Hb Jaruir Oyrasmsr Ileepmuiin
OOXMpBIH XasTJIbIT XWH, IIMHIDH, Xarac Xaryy, Xaryy
Oyroy sar racaH 4 x3cart xyBaaaar [54]. [aammnba,
Jaruiir CycrmeHs OOJIOH TyHacaH xaryy OOIHC TI'K
agrungar [55]. TanraspuitH K0TOp KMKHUT XICTYYIUHH
CYCIIEH3 Hb yCaHJ YJJIJAT TYJ CyCIIeH3 OOIUCHIT ycHaac
sraxaj XaIyy Oaimar [56]. Dcparaspas, TOM X3Cryyia
Hb OMET TyHaJac YYCIdH apwiraxaj xsuioap Ooiromor
[57]. LleepMuiin Jaruiir pBIpIIdX Yp AYHTIH apryyabH
HAr 00 OWumia OWeTHHH OWOJOrMHH HOXOH COPrIIIT
IOM. ABTOTPO() aMMHAK HCIIIYYJIArd OakTepu OOJIOH
HUTPUT MCUIAYYISrd OakTepu Hb  HUTpUDUKALU
0a neHuTpUUKAMUT sByyinar. [ereporpodyynsiH
OM4MII OMETYYZ aMMOHBI a30ThII XOPryil 6oauc 00JaroH
XyBHPraXK, OPraHUK XOT' XasTUIBIT IIHM TKIDIHUHHXII
9X yycBap Oonron ammwmrianar. Nitrobacter, Nitrococcus,
Nitrospira TOpIMAH HUTPUT HUCIIAYYJArd OakTepu
Hb HUTPAaThIl XOPIyd a3oT XdJ03pT UIMIDKYYJLAST.
Jenutpudurany AByysnar Xaa X3I3H Tepiuiid Bacillus
Topopxoiicon [54]. Bacillus sp. amMuax, a3ot, hocdop,
HUTPUT, HUTpPAT, GocdarTblH MOH, XUMHUHH XIPIrLPIT
XYUYWITOPOTYMHH ~ XOMXKIIr  Oyypyynax —uajaBapTai
[58][59][60][61][62]. Bacillus subtilis, Nitrobacter
OOJIOH JPOMOKMIH XOJIMMOT Hb HUUT a30T, HUTPAThIH
99.74%-uiir O0yypyynnar [63]. Marichromatium gracile
YL28 Hb 7 XOHOTMHH [OOTOp UOOPMHIH Jar Jaxb
HUTPUTHIH X3MKIT 99.96%-uiir 3aiinyyncan OaiiHa
[64]. Docdaraza, duTaza 33par Tycraii QepMEeHTTIH
Gaxrepu Hb PO, I3X M3T OpraHuk HIraIyyassc gocdop
yycramar. Chromatiaceae 6omon Chlorobiaceae omruitn
OakTepy HapHBI MIPIIMIH JI0p araapryi HOXLOJI XYXIpT
ycTeperuuiir 3afganaar [54].

Haammui6an, HedTHidr 3aannar eHaep yp ammrrai
Onumil OMeTYYAMHr cynamk, He(THHH TOCHBI Jaruiir

OMO-HOXOH COPra_NTH ammmiax Oaiina. Hyrruiin
OMIyyraap XUicsH 0Ho03maMaI Hb 90 XOHOTHIH JTOTOP
ra3pblH TOCHBI Jlaraap OOXHMPJICOH XOpCOH J3X HUUT
HedTHiiH HYYpcycTeperunitn 80% rapyir ampkuiarTanl
3agancan [65]. Leteimonas huabeiensis, Chelatocossus
daeguensis, Pseudomonas aeruginosa, Bacillus subtilis
0OJIOH HYTTUIH OMTYYIIBIH OMOORIIIMAIT Hb ra3pbIH TOCHBI
HUUT HyypcycTeperduiin 97%-uwiir 3ajamk, XUMHUNH
X9pariPaT Xyuwireperauitn (COD) 93%-uiir Oyypyynax
OHJIOP YaJaMIKTall 0OJIOXBIT XapyyicaH [66]. bakrepuitn
61003 IMA1 00JIOH yiaaH OyymaiiH XMBTHHT XOCITyYJIaH
X9pAMdX HeDTHHH JIar naxb HYYpPCYCTeperduitH 76%-
HHUT 3a7anar Hb HOTIIOTIKD [67].

Jdyraaar

Buunn OueTHWHT ammriaH OWONOTHIH HOXOH
COPIIANT XUUX Hb XYPIIH Oyl OpuHBI OOXUPIIBIH
aCyy[UIBIT IIHHABAIPIAXII dyXasl ad XOJOOTJONTOH Hb
xaparnaxk OaitHa. BoxmpacoH xepcHeec siraH aBcaH
933P HYTTHHH OMIYyA Hb XYpI3I9H Oyl OpYHEI
XOpYY YaHApbIT OyypyydaxblH Tyl T€HETUKUIH OYTa1I,
(depMeHTHIH YW aXuWiUlaraaraa TOXHPYYJTaH TyXalH
OpYMHA JacaH 30XHIICOH OaiHa [2]. Buumm OumerHwmiA
rapanTaii OMO-HOXOH COIPrIMT Hb HYYpCycTeperd,
MOMMapoMaT HYYpPCyCcTeperd, XyHI METall 33par
OalTane OPYHBIT OOXUPAYYTard 6OIUCYYAbIT Oyypyyaax
HIIBXTIH 0a 3Ira3p XOpTOHW OOIWCHIT XOPTYH HATIAIMI
OonroH xyBuprax dampapTail [3]. DHAPXYy OJIOH Tant
mporiecc Hb OOMUCHIH CONMIIIIOOHOOC XaMaapaiTai Oa
OONWCHIH COMIIIIOOHOOC XaMaapairyd MeXaHH3MTan
Oeroon Oairambpa D3ITOH, XOI XOOOH AIIUTT IIMHXK
YaHAPBIT HAIMXK erzer [4].

HedruitH OyTaorapxyyHIsC rapantail O0qucCyymsir
3a[IaX dYaaBapTail COHTOMON OWYMI OWeTHYYIUIT
He(THIH OONOH  HyypcycTeperdeep  OOXHPACOH
9KOCHUCTEMYYIIC WIPYYJICOH Hb OWYMI OHETHHIT
aIMIITaH OMO-HOXOH COPTIUT XUHX Hb WIYY YP AYHTIH
TOATHIAT Xapyyiok OaifHa. ©BepMer] TeH 6a pepMeHTYYA
Hb OWOJNOTHWIH 3aJpalblH TON XY4YHH 3Yin Oereen
ooxupayyiarda 6omucyyneir Oyypyyiaxal XyBb HIMIP
ux’p opyynaar [5]. CyymuitH yen cymuiaadyuy HOXOH
COPIIIX UIPBX OHAOPTIH MIMHD OWUIIT OMEeTHHH TOPIUIT
30TCONTTYH AP XalH CyJank OaifHa.

I'a3peiH TOCOOp OOXMPACOH XOpCcoec TaaHa OOXHp
YCHBI JIaT, YHCHHH Jar, II@OpMHWHH Jar, He(TIdp
OOXUPICOH JIar 33pAT SH3 OYpUHH TOPIHIH Xasraal
JATAAT IPBIPIIYYIANIT Hb Oalraile OpYMHI HXIOXH
09pxmman yupyymnaar [3]. Darasp xasrnan OyTIsradxyyH
Hb YIIIBIPIAIIAIH OONOH XOTHIH CYYPHHIHIH aX axyiH
Yp OYHAO Ouif 00K, HOXOH CIPTIIIT, IPBIPIIYYIIITHIH
OIMAUIAAT OJIOX IMaapuiara rapd upcdH [8]. Darasp
acyymibpIT IMUHABIPIAX, Oaifranb OpYMHI —I3ITIU
XOT' Xasr/UIbIH MEHEXMEHTHHWI cypTamaiax, Oairanb
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OPYMH] Y3YYJIDX HOJeeUHMHr OyypyyhaxaJ HXI9XdH
HOMApD OpyyJlax ToJl XJpArclyyZ Hb OHO-yycrair,
OMO-HOXOH CAPraIT OO0NOH OHO-3a]palblH  apryyn
O6omk OaiiHa [7]. BHONOrMIH HOXOH COPrINTHHH
CyJaliraaHbl 51r339p TOAOPXON YUYV Hb OOXUPIITBIH
aCyyIJbIT IIUAIBIPIIX, Oalraih OpPYHBI TOTTBOPTOU
MEHEKMEHTHIT XaHraxajl YUI3COH XYIUH YapMaiIThIH
HAII9X3H XACAT IOM.
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