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Bi6420: Ekotoxikologie mikroorganismu

Cast 2: MO a toxické latky

Biodostupnost toxickych latek pro MO v prostredi
Vstup toxickych latek do MO a povrchové bariéry

Interakce toxikantu s mikrobialnimi burikami, obrana
MO proti toxikantiim, toxicita, biodegradace polutantu
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Organicke kontaminanty a MO




Interakce organickych polutantii s MO

» organické polutanty — velice Siroka skupina latek ruznych
vlastnosti

- jaké jsou jejich zdroje?
» persistentni organicke polutanty (POPs): perzistence v

prostredi, bioakumulace, toxicita (PBTs) — €asto lipofilni,
hydrofobni latky (HOCSs)

 znat ruzné zkratky a zakladni organické nazvoslovi ...

Centrum pro vyzkum
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Priklady struktur

organickych polutantu
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Box 8.7

A selection of widespread organic environmental contaminants and their

chemical structures

Compound Chemical structure
Alcohols R—0OH Hydroxyl group

Methanol H;C—O0H
Alkanes Saturated with H atoms, no double bonds

C|: :Cl Octane H;C—{CH,),—CH,
Alkenes CI\ ,CI cl cl Sites of unsaturation, at least one C double bond
/C=C\ Ethene 2HC=CH2

Alkynes ¢ H Triple-bonded C R—C == C—R

Aromatic hydrocarbons

Altrazine

Benzene

Chlorobenzens

Creosote

Cresolis) (three

different isomers)

2 4-Dinitrotoluene

Dioxins (e.g.. TCDD)

Acetylene HCe==CH

Hydrocarbons containing benzene rings
NH<
e
<
©

Aromatic ring C;H;

-0

Oily yellow-to-black substance rich in phenols, PAHs,
and cresols. Used as a wood preservative

3
4

CH,
g
Cl (0} a

2.3.7.8-Tetrachloro-dibenzo-p-dioxin (TCDI)



http://en.wikipedia.org/wiki/File:2,4-Dichlorophenoxyacetic_acid_structure.svg
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http://en.wikipedia.org/wiki/File:Picloram.png
http://en.wikipedia.org/wiki/File:Paraquat.svg
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http://en.wikipedia.org/wiki/File:Dimethoate_Structural_Formulae_.V.1.svg
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Priklady struktur

organickych polutantu
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Ethers
Ethyl benzene

Ketones

Melamine

MTEBE (methyl-tert-butyl
ether)

Nitrobenzene

Pentachlorophenol (PCP)

Perchloroethene (PCE)

Phenol

Polychlorinated biphenyls (there are
209 different PCE molecules;
shown at right is 2,3,4,5,6-2",
3’4", 5" 6-decachlorobiphenyl)
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PBDEs ...
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Priklady struktur
organickych polutantu
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Box 8.7 Continued

Polycydic aromatic
hydrocarbons (PAHs)

Styrene

RDX (Royal Dutch Explosive)

Toluene

TNT (trinitrotoluenc)

Trichloroethene

Xyleneis)
{three different isomers)

B 5 1
T 1
B 3
3 ] 4

N
N
W,
d %
H,C
1
.3 2
5 3

Zylene {o-showm)

MNomenclature: B, organic molety; —, terminal methyl group (e.g.. —CH;).




Priklady organickych polutantt - Meier et al. (2000)

use as a food preservative, dye component, and in

Hydrocarbon Type Structure Name Physical state at room | Source and uses

temp.

Aliphatics propane n=1 gas Petroleum contains both linear and branched
aliphatics. The gasoline fraction of crude oil is 30 -

hexane n=4 liquid 70% aliphatic depending on the source of the crude
oil. _
hexatriacontane n=34 solid

Alicyclics cyclopentane liquid Petroleum contains both unsubstituted and alkyl
substituted alicyclics. The gasoline fraction of crude
oil is 20-70% alicyclic depending on the source of the

X;x cyclohexane liquid crude oil
Aromatics
benzene liquid Petroleum contains both unsubstituted and alky!
substituted aromatics. The gasoline fraction of crude
oil is 10-15% depending on the source of the crude
naphthalene solid oil,
phenanthrene solid

Substituted aliphatics chloroform liquid Anthropogenically manufactured and used as
solvents, degreasing agents, and in organic
syntheses.

trichloroethylene liquid
(TCE)

Substituted aromatics phenol liquid Found in coal tar or manufactured and used as a
disinfectant, and in manufacture of resins, dyes and
industrial chemicals.

pentachlorophenol liquid Manufactured and used as an insecticide, defoliant,
and wood preservative.

toluene liquid Found in tar oil, used in manufacture of organics,
explosives, and dyes. Also used as a solvent.

benzoate liquid Found in plants and animals and manufactured for

curing tobacco.




Priklady organickych polutantt - Meier et al. (2000)

Biaryl hydrocarbons

and flowers, used as an insect and sail fumigant.

biphenyl solid Biphenyl is the parent compound of variously
chlorinated biphenyl mixtures known as the PCBs.
PCBs are used as transformer oils and plasticizers.

polychlorinated liquid

biphenyls (PCBs)

Heterocyclics dibenzodioxin solid Dioxins are created during incineration processes and
are contaminants associated with the manufacture of
herbicides including 2,4-D and 2,4,5-T.

chlorinated dioxins solid
Found in coal tar. Used as a solvent and synthetic
pyridine liquid intermediate.
Found in coal tar, coal gas and crude oil. Used as a
thiophene liquid solvent and in manutfacture of resins, dyes, and
xx pharmaceuticals.
Pesticides
Organic acids 2,4-dichlorophenoxy solid Broadleaf herbicide
: E 5 acetic acid LEGEND
Organophosphates chlorpyrifos solid Used as an insecticide @ Carbon
and an acaricide
¢ Hydrogen
° Oxygen
Triazenes atrazine solid Selective herbicide o
Chlorine
@ Nitrogen
Carbamates carbaryl solid Contact insecticide @ sulfur
&  Phosphorus
1,1,1-trichloro-2, 2-bis- solid Contact insecticide X
Chiorinated {4-chlorophenyl)- @ Bromine
hydrocarbons ethane (DDT)
methyl bromide gas Used to degrease wool, extract oil from nuts, seeds




Priklady organickych polutantl - pesticidy

Organochlororové aldrin, dieldrin, endosulfan, DDT, dicofol, chlordane, endrin, HCH, heptachlor, lindan,
methoxychlor, toxaphene

Nesystémové

Organofosfaty acephate, azmphos methyl, diazinon, dichlorvos, etluon, femtrothion, fomofos,
chlorfenvinphos, chlorpyritos, chlorpyrifos-methyl, malathion, mecarbam, mevinphos,
methidathion, paratluon ethyl, parathion methyl, phosalone, pirimiphos-methyl,
quinalphos, sulfotep, terbufos, tetrachlorvinphos, tolclofos-methyl, triazophos,

Karbamarty carbaryl, fenoxycarb, formethanate, methiocarb, methomyl, propoxur

Amidiny amitraz, pymetrozine

r

Systémové

Organofosfaty acephate, dimethoate, disulfoton, formothion, heptenophos, methanudophos,
meviphos, phorate, phosphanudon, thuometon, trichlorphon, vanudotlion

Karbamaty aldicarb, bendiocarb, benturacarb, carboturan, carbosultan, ethiotencarb, turathiocartb,
pinucarb, pyrethrns, methomyl, oxamyl

Syntetické pyretroidy acrinathrin, allethrin, bifenthrin, bioresmethrin, cyfluthrin, lambda-cyhalothrin,

cypermethrin, deltametrin, estenvalerate, etofenprox, tenpropathrn, flucythninate,
fluvalinate, permethnn, piperonyl butoxud, tau-fluvalinate,

Centrum pro vyzkum
toxickych latek
v prostiedi
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Interakce organickych polutantii s MO

» specifikum ekotoxikologie mikroorganismu: evolu¢ni

pa
strategie MO v kontaminovaném prostredi = @
interakce a transformace chemikalie s ,cilem® idesorpﬁon
energetického profitu, ristu &i snizeni toxicity | mﬂt!-:(‘_,_ ‘
resistence =» cela fada kontaminantu je

transformovana MO

Aerobic

release
product

@m cﬁlal m, @bqoreachon ;

growth

Microorganism

W New cell mass

other reactants,
e.g. 0

Only for anaerobic

FIGURE 16.3 Aerobic (blue) or anaerobic (red) mineralization of an organic compound.



Interakce organickych polutantii s MO

« diky dlouhé evoluci maji MO vyvinuté katabolické procesy na prirodni latky
Casto podobné POPs (napf. lignin a dalSi biopolymery)

» fada POPs v prostfedi odpradavna, pfirozeny puvod:
— napf. PAHSs, dioxiny — horeni

— chlorované uhlovodiky — blologlcka halogenace houbami, rasami - 3000 latek

. ﬁ' ' OH OCH, H
Lignin OH .5 cl a cl
"monomer" Pt

696

cl Cl cl Cl
Diiodotyrosine Chloramphenicol
a OCH;4 b OCH;4 (G. cavolinii) (Streptomyces venezuelae)
or _0 Fig. 1 a Drosophilin A. b Drosophilin A methyl ether o By Br
Sample oo YH
Lignin Polymer =

aH HLOH
(a] a Br
F
Stru Fluoroacetic acid Bromoform
cture (¢] (Streptomyces cattleya and plants) (marine algae)

Fig. 1 Examples of naturally occurring organohalogen compounds

Pentachlorophenol

« Carrying capacity - i kdyz dané polutanty umi MO degradovat (viz vySe),
je jich tolik, ze tato degradace nestaci

©)

Centrum pro vyzkum
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« dalSi pfirodni latky podobné organickym polutantum

(

Interakce organickych polutantii s MO

Q
CH. NCH:
" CHy™ 2\GH3 3 OCO(;;H
H Ph
Coniine, from Atropine, from
Conium maculatum Atropa belladonna
{Umbelliferae) (Solanaceae)
CH30,
CHz0
H
CH.
2
N.
1%GH3
0
GIc—O—(l.'iaI
ORha Solanine, from
Solanum tuberosum
(Sclanaceae)

Rotenone, from
Derris root

HO e} OH

C‘O‘G o
sgeN

HO o OH
Hypericin, from
Hypericum perforatum
(St. John's wort)

COo0

Veratridine

fe) (o]

Strychnine, from
Strychnos nux-vomica
(Loganaceae)

o = N
H
CH3)2C=CH
(CHylz $CWH

Pyrethrin |, from
Chrysanthemum
cinearifolium

CH30 O._,CHs
CH30 &

Precocene I, from

Ageratum houstonianum

O 0. 0
RGP

Psoralen, from
umbellifer leaves
and stems

FIGURE 1.1 Some toxins produced by plants.

OH gz OH
LY
07 0 0 ~q

Dicoumarol, from
sweet clover

CONH

OH CHy NHa NH
HOGCHgCONHCHCONH(CHz)s NH(CHz)3 NH(CHz)3 NHCOCH(CH3)3 NHCNH

(;JONHZ
CHs NH» NH
OH ! | I
CH,CONHCHCONH(CHg)s NH(CHg)3 NH(CHz)a NHGOCH(GH,)a NHCNH,
N\
N OH
H
0N H
~H N~ N N"~"NH;
H o) H H

Structures of spider toxins that antagonise insect muscle glutamate receptors
(and glutamate receptors of other animals)
o (o]

(o] O
Aflatoxin B4, from
Aspergillus flavus
growing on peanuts
(Arachis hypogea)

Tetrodotoxin, from

puffer fish
HsN O
¥
+
HN NH»
* NH
HoN
N OH H

Saxitoxin, in red tide

Avermectin

FIGURE 1.3 Some toxins from animals and microorganisms.



Interakce organickych polutantii s MO

Dvé zakladni moznosti interakce:

1. biodegradace org. polutantu:
— MO transformuji molekulu org. polutantu, Castecné az zcela (zmineralizuji)

— proces umoznény enzymy
— kromé kometabolismu plati, ze MO ma z biodegradace benefit:
* rust, biosyntéza - asimilace

. energie S mineralicaes Csubstrét = Casimilovany + Cmineralizovany

« Ziviny (N z nitrofenolu, P z insekticidu) I o ig

+ sniZeni toxicity - detoxifikace, metabolismus ~ristovy vytézek .1 -

- polutant je TEA B 1ok

« atd. T
— vyuziti v biotechnologiich O Bk g st

— dominantni poznatky

Centrum pro vyzkum
toxickych latek
v prostiedi
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Interakce organickych polutantii s MO

Dveé zakladni moznosti interakce:
2. toxicita pro MO:

— obecné maji organické polutanty tendenci pusobit na biologické membrany
(interakce s membr. fosfolipidy / proteiny) - nespecificka toxicita - narkoza
(poruseni integrity membrany, zvySeni jeji permeability)

— Casto vSak také vice ¢i méneé specifické reakce s dalSimi receptory
(genotoxicita, ox. stres ...)

— spiSe méné poznatkul, zejména chybi pro ,emerging“ POPs

Centrum pro vyzkum
toxickych latek
v prostiedi
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Interakce organickych polutantii s MO

* Problematika interakci MO a organickych polutantu je Uzce spjata s
problematikou biodegradaci a tyto dva obory (ekotoxikologie MO a
biodegradace) nelze casto zretelné oddélit

 dalSi mozné typy interakce obou disciplin:

— toxicka latka snizuje biodegradacni schopnosti MO =» negativni dopad na Cisténi prostredi

— degradovatelny polutant je ph’tomen v takové koncentraci, ktera je toxicka /\

vivs wvs Ve wvEIV s

« TCE - vinylchlorid

R R Epoxide 1.8, -oxide

Hydratase I
2 parathion 0. O | BP 7, 8-dihydrodiol

s i A oxidoreductase U &:J(?»th OH let. Paso
Uhdliitn O by . Cf\ / ; R © Cf\ o “
I (2] (51 l. f
f;'i‘;:(“y'c‘:"hpl;‘:e‘l’fz"“m °  Parathion © Paraxon HD
OH

v prostiedi

« fenol > PCP 2:;;‘,,‘\“ 2
n > i e
 aldrin - dieldrin q’ammmm
; 8 4 -
« parathion - paraoxon NN < Koregion
p ’ . . . o Pﬁﬂ
« sekundarni aminy - nitrosaminy ' OO
" ok X0
. NH+NO, “N_-N=0+0H
=l . o S Benz@lpyrene

©




Biotransformace organickych polutanti MO

Q - konstitutivni enzymy
4\ Q « inducibilni enzymy

> CO,




Biotransformace organickych polutanti MO

» geny Ci operony kodujici degradacni enzymy jsou Casto kodovany na plasmidech -

» to umoznuje genetické inzenyrstvi novych degradatoru (,superbiodegradatofi“) nebo snahy
urychlit kinetiku (pfirozené degradace jsou pomal€) nebo vyvoj biosensoru

napf. Pseudomonas sp. schopné degradovat vice nez 100 polutantu

je také mozné vymizeni schopnosti (udrzovani selekéniho tlaku pfi fizenych bioremediacich)

TaWle 10.1 Typical Pseudomonas plasmids, their degradative pathways,

and sizes.
Name of plasmid’ Compound degraded Plasmid size (kb)
SAL Salicylate 60
SAL Salicylate 72
SAL Salicylate 83
TOL Xylene/toluene 113
pJP1 2,4-D 87
pJP2 2,4-D 54
pJP3 2,4-D 78
CAM Camphor 225
XYL Xylene 15
pAC31 3,5-Dichlorobenzoate 108
pAC25 3-Chlorobenzoate 102
pPWWO Xvylene/toluene 176
NAH Naphthalene 69
XYL-K Xylene/toluene 135
aplasmids with the same name encode a similar degradative pathway despite the Tact thar they have

different sizes and were described in diflerem laboratories
Adapted from Cork and Krueger, 1991, Adv Appl. Microbiol 36:1-66

CAM plasmid OCT plasmid XYL plasmid NAH plasmid
.._7__/ : /e
i %,
Sz Mating E O Mating
- ¥ 4
" # 3
e ——
Strain A Strain B Strain C Strain D
Plasmid

| recombination
L XYL plasmid

CAM/OCT

NAH plasmid
\ plasmid P

Mating

Strain £ Strain F

CAM/OCT

XYL plasmid
plasmid

NAH plasmid

Strain G

Centrum pro vyzkum
toxickych latek
v prostiedi
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Figure 10.5 Schematic representation of the development of a bacterial strain
that can degrade camphor, ociane, xylene, and naphthalene. Strain A, which
contains a CAM (camphor-degrading) plasmid, is mated with strain B, which
carries an OCT (octane-degrading) plasmid. Following plasmid transfer and
homologous recombination between the two plasmids, strain E carries a CAM
and OCT biodegradative fusion plasmid. Strain C, which contains a XYL (xylene-
degrading) plasmid, is mated with strain D, which contains a NAH (naphthalene-
degrading) plasmid, to form strain F, which carries both of these plasmids.
Finallv, strain E and strain F are mated 10 yield strain G, which carries the CAM/
OCT fusion plasmid, the XYL plasmid, and the NAH plasmid.



Biotransformace organickych polutanti MO

 Stejny princip jako u organickych latek (celuléza, lignin ...)
» série degradacnich krokt podminénych enzymy:

» Extracelularni - pokud je potfeba rozstépit makromolekuly na mensi
latky, které mohou projit do bunky

* Intracelularni - dalSi degradace
» Pokud néjaky enzym chybi - konec degradace u meziproduktu

Enzyme 1 Missing Enzyme 3 Missing All Enzymes Present
glucose glucose glucose
enzyme 1
l (missing} l enzyme 1 enzyme 1
glucose-6=phosphate glucose-G-phosphate glucose-6-phosphate
‘ enzyme 2 l enzyme 2 enzyme 2
A
fructose-6-phosphate fructose-6-phosphate fructose-6-phosphate
| enzyme 3
* enzyme 3 l (missing) enzyme 3
fructose-1,6-diphosphate 2 {glyceralde%dophosphnte] fructose-1,6-diphosphate
J enzyme 4 enzyme 4 enzyme 4
. 4
2 (glyceraldehyde-3-phosphate) 2 (glyceraldehyde-3-phosphate) 2 (glyceraldehyde-3-phosphate)
! several . several several
| enzymes l enzymes ¢ enzymes
pyruvate pyruvate pyruvate
| several ‘l several \l« several
enzymes | enzymes i enzymes
v W
new cells + CO; + H:0 new cells + CO; + H;0 new cells + COz + H20
FIGURE 16.4 Stepwise degradation of organic compounds. A different enzyme catalyzes each step of the
biodegradation pathway. (From Pollution Science © 1996, Academic Press, San Diego, CA.)



Biotransformace organickych polutanti MO

a) Casteéna zména (metabolizace, asteéna oxidace, hydroxylace, dehalogenace
...) s cilem zisku energie i obrany pred toxikantem = primarni biodegradace;
Casto v anaerobnim prostfedi; fada enzymatickych kroku

Pentachlorophenol 2,3,5,6-tetrachloro- hydroquinone

b) Mineralizace — na CO, + energie = ultimativni degradace; vede k zisku
energie a/nebo zivin a/nebo rdstu; maze v mikrobialni burice navazovat na
predchozi nebo ... H

d +0,
d > CO, + H,0 + HCI

Pentachlorophenol

c) ... kooperace mnoha MO v konsorciu (substratova symbi6za)
d) dalsi moznosti: polymerizace, kometabolismus

©)

Centrum pro vyzkum
toxickych latek
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Table 8.1 Classification of Example Biodegradation Reactions in a
Bioremediation Matrix“

Biotransformace

Relationship of Biodegradation to Growth

organickych

Extent of Biodegradation

]
pOI uta ntu MO Mineralization CH, o m
— trichloroethene
toluene Cl Cl (TCE)

Toluene
dioxygenase

Toluene dioxygenase of Pseudomones

of Pseudomonas putida F1

putida F1

CH; 0O O 0

_H (- L
= C v 0OH o (@)
toluene cis-

Centrum pro vyzkum
toxickych latek
v prostiedi

©)

™>on 1,2-dihydrodiol glyoxylate formate
¢ H Further metabolism
¢ Further by other organisms
metabolism
by P. putida F1 CO; + cell mass
COy+cell |27
Biotransformation al H CH,
>=< uich(chE‘I‘C?Et)hene NO,
cl cl 2-nitrotoluene
Reductive dehalogenase
of'many TC:E-I'ESPII'I ng Toluene dioxygenase
microorganisms of Pseudomonas
H H putida F1
>=< cis-1,2-dichloroethene oH
cis-DCE
Cl Cl ( )
Further reductions do NO,
not occur unless
specialized Dehalococcoides 2-nitrobenzyl
strains are present

No further
metabolism
by P. putida F1

K

“The potential for successful bioremediation is highest for metabolic reactions that lead to mineralization
and lowest for co-metabolic substrates that undergo minor biotransformations.



Biotransformace organickych polutanti MO

Priklady biotransformace - metabolizace detoxifikace

H @iy
d d
Pentachloro- S Pe_ntachloro-
phenol a a anisole
a—%iciza}jm Alachlor ey
0 N—k\< T an
NH C (0000 NC SR
GHH O
Glutathione CMW
\ b ) Alachlor-glutathione
Y conjugate
R

©)|:

ntrum
kyc
stredi



Biotransformace organickych polutanti MO

Priklad mineralizace B ccinieaei
COOH
cis,cis-muconic COOH
acid CH
aIii) | 7
csco ___ | + CH;COOH Acetic acid
| CH,
CH |
COOH

COOH \

©/ @ Catechol TCA cycle —— CO, + H,0

CH, /
Phenol

CH
T [ CH,

CH
/ CH c=o + | Acetaldehyde
e s == CHO
m C=0 COOH

Pyruvic acid

2-Hydroxy- COOH
muconic semialdehyde

Centrum pro vyzkum
toxickych latek
v prostiedi
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Biotransformace organickych polutanti MO

Priklad prace MO v konsorciu

Aerobic:

aUalla

CO, + H,0 + CI-

Centrum pro vyzkum
toxickych latek
v prostiedi
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(H
A chlorinated

Y

a_g \éz mallphatlc acid

PCB h
cometabolisers

_

Chloroaliphatic
degraders

€14
/ 4-Chloro-

benzoic acid

Chlorobenzoate
degraders



Biotransformace organickych polutanti MO

Priklad prace MO v konsorciu

Anaerobic:
/ C I-
Cl Desulfomonile tiedjei
DCB-1 oo
@ benzoate
Strain BZ-2 |
Anaerobic
l, degraders
CH4,CO0- acetate
< H, + CO l Methanogenic
C H4 2 2 bacteria
Methanospirillum sp I
| CH_4 + Q.Oz.
e - FIGURE 16.27 Anaerobic biodegradation of aromatic com-
(6) tox?:rk‘;f?hpl:e‘l’«yz " pounds by a consortium of anaerobic bacteria. (From Pollution Scierice .
v prostiedt © 1996, Academic Press, San Diego, CA.)




Priklad prace MO CiQ

Aerobic
Rhizosphere

Anaerobic %

i N co, | .~
EB:IR SOILCI RNy 2 Methanotroph\‘-»- 2|
(H] T~ Po;‘aromonas
| PCE &4 TCE |—s- | DCE _/'l' KCH:;
o (™[
[ Ethene

Dehalobacter, Desulfitobacterium,
Desulfuromonas, Sulfurospirillum, —Dehalococcoides
Dehalococcoides and other strains strains

Figure 8.1 Potential pathways leading to complete detoxification of PCE in wetland environ-

ments, which typically contain anaerobic bulk soils and aerated zones within the rhizosphere.

Certain strains within the genera listed can transform individual chlorinated ethenes metaboli-
e P2k cally via dehalorespiration or, in the case of Polaromonas, via oxidation. Some methanotrophs
v prostredt can oxidize lesser chlorinated ethenes co-metabolically.
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Biotransformace organickych polutanti MO

Priklad polymerizace

* Nastava Casto tam, kde extracelularni enzymy vytvori reaktivni intermediaty, které nasledné
zpolymerizuji

» Dusledkem jsou nedegradovatelné latky (nerozpustné, sorbované, nejsou enzymy)

@
]
CI@NH—C—CH;—CH;;

Cl
propanil = N-(3,4-dichlorophenyl)-propionamide

|
1 |

Abiotic & Biotic Mineralization
Polymerization ¢
l o
1]
HO-C-CHz-CHzs
Cl NH2z l Binding
COz + H20 + Cell mass to humus
CI g . .
o Increasing biopersistence with additional polymerization —
3,4-dichloroaniline
(monomer) l
l Cl Cl
| )
m@w:m cl m@w:w N—QCI I
cl Cl Ci Other

( 3,3',4,4'-tetrachlorocazobenzene 4-(3,4-dichloroanilino)-3,3',4'-trichloroazobenzene polyaromatic products
(dimer) (trimer) (polymer)



Biotransformace organickych polutanti MO

» Velice casto se vyskytuje tzv. kometabolismus
— prestoze dany polutant je pro MO nevyuzitelny jako zdroj energie nebo zivin

(ani C), probiha ko-oxidace jeho molekuly o e bemeabaioyic e
1. paralelné s jinym metabolickym d&jem, nebo | Mamt. | o
. r . )4 Mok i
2. v MO je enzym, ktery reakci ,nechténé -
provede, nebo
3. dana molekula je potfeba pro sprfazeni 10t ; .
s dalSi reakci napt. jako TEA (potfeba dalSi Dm_SMMmh_Ypﬁﬁ?:ﬁh;mqb@ﬂp@y@g&i_ .
4 v W procesun v vanl subsiratu TEMIS0OVANna Cara o oje a
SUbStrat - napr e- donor) Efﬁ(&fﬁ%??vmcf:;?om&tﬁmﬁckéﬁamfmic{: snbstrald (vpravo).

— enzymy s nizkou substratovou specifitou: oxygenazy, dehalogenazy ...

— Casto konCi dead-end produktem, nebo produktem bez dalSiho vyuziti -
kumulace, nebo dokonce produktem, ktery je toxicky a inhibuje rust a aktivitu
daného MO ¢i okolnich MO

— priklady: cyklohexan - cyklohexanol, PCBs, chlorfenoly, 1,3,5-trinitrobenzen,
alachlor, chlorbenzen - 3-chlorkatechol, parathion - 4-nitrofenol, DDT - DDE
(DDD), propan - propionat (aceton), metylflorid - formaldehyd

— vyuziti pfi bioremediacich: pridavek bifenylu spousti degradaci PCBs

©)

Centrum pro vyzkum
toxickych latek
v prostiedi




Table 8.1 Classification of Example Biodegradation Reactions in a
Bioremediation Matrix“

Biotransformace

Relationship of Biodegradation to Growth

organickych

Extent of Biodegradation

]
pOI uta ntu MO Mineralization CH, oo
= trichloroethene
toluene Cl Cl (TCE)
Toluene
dioxygenase
Toluene dioxygenase of Esemfomanes
= of Pseudomonas putida F1
Kometabolismus putida F! )
CH; 0O o

_H (- L
= C v 0OH o (@)
toluene cis-

Centrum pro vyzkum
toxickych latek
v prostiedi

©)

™>on 1,2-dihydrodiol glyoxylate formate
¢ H Further metabolism
¢ Further by other organisms
metabolism
by P. putida F1 CO; + cell mass
COy+cell |27
Biotransformation al H CH,
>=< uich(chE‘I‘C?Et)hene NO,
cl cl 2-nitrotoluene
Reductive dehalogenase
of'many TC:E-I'ESPII'I ng Toluene dioxygenase
microorganisms of Pseudomonas
H H putida F1
>=< cis-1,2-dichloroethene oH
cis-DCE
Cl Cl ( )
Further reductions do NO,
not occur unless
specialized Dehalococcoides 2-nitrobenzyl
strains are present

No further
metabolism
by P. putida F1

K

“The potential for successful bioremediation is highest for metabolic reactions that lead to mineralization
and lowest for co-metabolic substrates that undergo minor biotransformations.



Biotransformace organickych polutanti MO

Kometabolismus - priklad

CH. Cl,C=CHCI
Methane \ , TCE
Methane
Monooxygenase
(MMO)

\
0

CH:OH  CLC-CHCI
/ \
H.CO
1
/ \
HCOOH .

4

kY
C02 COQ +:Gl

FIGURE 16.5 The oxidation of methane by methanotrophic bac-
teria is catalyzed by the enzyme methane monooxygenase. Subse-
quent degradation steps may be catalyzed spontaneously, by other
bacteria, or in some cases by the methanotroph. (From Pollution Sci-
ence © 1996, Academic Press, San Diego, CA.)

Centrum pro vyzkum
toxickych latek
v prostiedi
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Biotransformace organickych polutanti MO

Kometabolismus - priklad

Comparison of reductive dechlorination with cometabolic and metabolic oxidation in terms of need for

auxiliary substrates as electron donors and competing reactions (PCE: perchloroethene; TCE:

trichloroethene; cDCE: cis-1,2-dichloroethene; VC: vinyl chloride; and TEA: terminal electron acceptor). The

numbers indicate the order of the different respiration processes

©)

Centrum pro vyzkumj
toxickych latek

anaerobic conditions

aerobic conditions

reductive dechlorination

cometabolic oxidation

metabolic oxidation

)
e

—_»

I NOy N, CH, co, Ve co,
I Ma(lv)  Mn{ll) NH,* NO; ¢DCE cr
- Fe(li Fe(ll) H.O
Ve co, -
V pce TCE, cDCE, ¢cDCE CI
VC, ethene TCE H_.n,
50, s* (PCE)
HCO, CH,
HCOy CH,COOH
reduction of chloroethenes oxidation of chloroethenes oxidation of chloroethenes
and competing TEAs and electron donors

v prostiedi

Current Opinion in Bictechnology




Biotransformace organickych polutanti MO

Kometabolismus - priklad

- >< Biphenyl
2 dioxygenase

H C%C\cm

A chlorinated 4-Chloro-
_ aliphatic acid benzoic acid

X

TCA cycle

Centrum pro vyzkum
toxickych latek
v prostiedi

©)

Biphenyl +0
dioxygenase .
Y
ar
H
o
¢ Hao
An aliphatic Benzoic acid
acid
\— _/

~

TCA cycle



Faktory biotransformace organickych polutanti MO

* vlastnosti polutantu, zejména:
— biodostupnost (ovlivnéna téz nasledujicimi faktory + vlastnostmi prostredi)
— molekulova hmotnost

— struktura - stérické efekty, elektronové efekty
ovliviuji napf. energetickou

. nparoc¢nost prvniho ataku

— reaktivita molekuly (E se spotfebovava)

— hydrofobicita, polarita

— toxicita polutantu pro MO “

— tenze par, Henryho konstanta

— rozpustnost ve vodé, rozpustnost v tucich

— adsorptivita

— Kows Koc, Ka

— koncentraci polutantu - nizka i vysoka je Spatné
AN

Centrum pro vyzkum
toxickych latek
v prostiedi
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Faktory biotransformace organickych polutantu

Tabulka 8 Zakladni charakteristika nékterych organickych polutantti (podie Montgomery. 1991)
Polutant Hustota Bod varu Rozpustnost tlak par Henrvho konstanta
°C) ve vodé (mm Hg) piti 25°C
(mg) (atm:m’/mol)
Benzen 0.877 80.1 1780 76 5.48.10°
Toluen 0.867 110.6 515 22 6.74.10°
o-xylen 0.88 144.4 152 6.6 5.35.10°
n pentan 0.626 36.1 39.5 426 1.255
1.1-DCA 1.176 57.3 5500 234 545.10°
1.2-DCA 1.235 83.5 8690 64 1.31.10°
1.2-DCE 1.257 475 6260 265 5.32.10°
PCE 1.623 121.2 150 14 1,16.10’1
TCE 1.464 87.2 1100 57.8 9.9, 107
Dodekan 0.749 216.3 34.10-3 0.3 2.4.107
naftalen 1.162 217.9 30 5.4.107 7.34.107*
B(a)P 1.351 495 3.8.10-3 2.4-5.6.107 <2.4.10°
fenol 1.058 181.7 93000 0.2 3,97.107
(6) Cenumoro vz PCB 1221 1.15 275-320 0.59 6.7.10° 3.24.10™
v prostedi




Faktory biotransformace organickych polutanti MO

biodostupnost - priklad

 ve vodnim prostredi hraje roli také hustota polutantu:
— lehCi nez voda - klesne ke dnu (nadrz, jezero, more, ale i zvoden) - PCBs, TCE
— tezSi nez voda - na povrchu - ropné latky, benzen
 organicke latky ve vodé - nékolik moznosti prijmu MO:
A. prijem rozpusténé frakce
B. pfimy kontakt bunék (T hydrofobni povrch bunék)
C. dispergované kapicky polutantu < um (vocean viny, vitr x ptda)
D. MO produkuji surfaktanty a ty zvysi rozpustnost, ale i hydrofobicitu bunék

toxickych latek
v prostiedi

Centrum pro vyzkum A= j’ Aqueous phase

©)




Faktory biotransformace organickych polutanti MO

 vlastnosti polutantu - priklady: vliv struktury - sterické efekty

» vétveni, funkcni skupiny - ¢im vice a vetsi tim pomalejsi degradace - vliv
na vstup do reak¢éniho mista Ci prestup pres membranu

Octane
é |

ﬁ b

Tetramethyloctane
FIGURE 16.10 The structure of (A) octane, which is readily
degradable, and (B) a tetramethyl-substituted octane that is not de-
graded because the methyl groups block the enzyme-substrate
catalysis site.




Faktory biotransformace organickych polutanti MO

« vlastnosti polutantu - priklady: vliv struktury - elektronové efekty
» substituenty mohou byt e- donory (CHs) Ci akceptory (Cl)

« zmeni elektronové hustoty v reakCnim misté: zvysujici e- hustotu zvysi
degradaci, snizujici e- hustotu snizi degradaci

Increasing electronegativity .
¢ ¢
W‘ o L #]
(o\?ﬁg\o
CH Cl

55.0 25.0 13.9

(6) | FIGURE 16.11 Various ortho-substituted phenols and their respective biodegradation rates.
(Adapted from Pitter and Chudoba, 1990.)



 vlastnosti polutantu - priklady: vliv struktury

CH,CH,CH,COOH

4-phenylbutyric
acid

Rapidly
degraded

O H
HN-COC H
a+

Propham

Faktory biotransformace organickych polutanti MO

CH4CH, CHCOOH

2-phenylbutyric
acid

Slowly
degraded

a3 O
HCNC O aHd

Propachlor



Faktory biotransformace organickych polutanti MO

* vlastnosti polutantu - priklady: vliv pozice substituentu

O-GC¥ O-Grdr¥
d d
2,4-dichloroacetic 2,4,5-trichloroaceti
acid (2,4-D) acid (2,4,5-T)
Rapidly Slowly
degraded degraded
H H
o ¢/ van  al ¢l a
als als
Methoxychlor DDT

— Biodegradabilita chlorovanych fenolt: 2,4 >4 > 3,5 > 2,6 > 3 nebo 5 nebo 2

— trichlorfenoly 2,3,6-, 2,4,5-, 3,4,5- biodegradabilni pouze za aerobnich
podminek

Centrum pro vyzkum
toxickych latek
v prostiedi

©)




Faktory biotransformace organickych polutanti MO

 vlastnosti polutantu - priklady: vliv MW Bakterie jsou schopny za
pritomnosti jiného,
vyuzitelného zdroje uhliku
biokonverze

. vySekondenzovanych PAHs
Rapidly

Degradation of PAHs in a soil degraded AL Ll
OOO populaci byla pozorovana
znacna degradace

‘ multijadernych PAHs

L
°C é‘c‘

¢ e
L e SOC

Time degraded

Pozn.: Ackoliv rychlost degradace v sedimentech klesa s rostouci molekulovou
hmotnosti, rostouci tendence vysokomolekularnich PAHs k adsorpci vyrovnava
tento déj

©)

[Substrate]

Centrum pro vyzkum
toxickych latek
v prostiedi




Faktory biotransformace organickych polutanti MO

» schopnosti a stav MO, spolec¢enstva
» enzymaticka vybava, geneticka vybava
 typ metabolismu

» schopnosti prijmout polutant do burky
 stavu bunky

« ,aklimatizace® (lag faze)

vr wviwvos

— drfivéjsi ,zkuSenost” s danou latkou

Ci jejim pfirodnim analogem
— schopnost adaptace, mutace, genovy transfer
— Cas nutny k indukci biosyntézi enzymu

» vlastnostech celého konsorcia

[Substrate]

Degradation of phenanthrene in a soil
by bacteria and fungi

L\

degradation Fungal

degradation

N

— navaznost metabolickych drah - komenzalismus, synergismus Time

vy

Evolution of pyrene catabolism
for 50 mg pyrene kg (A), 2 x 50
mg pyrene kg' (B) and 4 x 50
mg pyrene kg-' (C) amendments,
over 0 (V), 4 (@), 8(O) and 12(V)
weeks soil-pyrene contact time.
Error bars are the SEM of n=3.

©)

Mineralization of "“C-pyrene (%)

Centrum pro vyzkum
toxickych latek
v prostiedi

5 10 15 20 25 30 35

Ine@as)



Faktory biotransformace organickych polutanti MO

faktory prostredi

(]
[ ]
[ ]
\
!
\ Chemotrophic,
aerobic 02 H0
Phototrophic, \ co,
anoxygenic \
X
7y

Cell mass +

Cell mass
soi-

Chemotrophic, Cell mass,

anaerohic

Cell mass

Figure 7.9 Experimentally verified possibilities for the microbial
utilization of hydrocarbons. In all chemotrophic reactions, a part of the
hydrocarbon is oxidized for energy conservation (catabolism) and another
part is assimilated into cell mass. In the long-established aerobic oxidation
of hydrocarbons (upper right), oxygen is not only the terminal electron
acceptor, but is also needed for substrate activation (oxygenase reactions).
The anaerobic pathways involve novel hydrocarbon activation mechanisms
that differ completely from the aerobic mechanisms. Jagged arrows
indicate hydrocarbon activation. (Reprinted from widdel, F. and R. Rabus.
2001. Anaerobic biodegradation of saturated and aromatic hydrocarbons.
Curr. Opin. Biotechnol. 12:259-276. Copyright 2001, with permission from
Elsevier.)

vSe, co ovlivni biodostupnost/osud latky
pH, T, kyslik, substrat (napf. dostupny zdroj C), ziviny (C/N/P - 100/10/1)
pritomnost dalSich latek — kosubstraty, TEA apod.

potfeby MO - zejména dostatek vody (a,, > 0,96 pro bct a > 0,7 pro houby)

Redox

Energetics

potential (mV) AG? (kJ)

Respiration
Chemotrophic Q H,0
.&CEllmass (Psmﬁ:l
. ;[ chemotrophic
Phototrophic | ™. MO, NOy [My)
anoxygenic | . Cq Dezﬂﬂca:lun
(Rhmbpmdamws) Call rase (Azcarcus)
Light Fc" Fels
T dic &@ > c ram:: ion reduction
cun‘l}umd's Cell mass
507 H,5
o m?rrg:;:'lcds Coy Sulfate I'Gducliun
8 Eall mass (Desulfobacterium)
o Cell ma
o H'. CO; H,, CH,
Organic acids Methanogenesis
{Syntrophus) (acetate, etc.) A ' (Methanospirilium)

+800

+100

-3174.6

-2977.3

—-1854

-1243

Iril. Micrabial

Fig, 2. Microbial utilization of aromatic compounds. The different termmal electron acceptors in respiration are indicated in bold and they are aligned with
the redox potential bar The energetics (free-energy changes) of the aerchic and snaerobic degradation of & model aromatic compound, benzoate, are indicated
on the nght. Methanogenesis needs to be coupled to fermentabion reactions. Bacterial genera representative of each type of metabolism are shown in paren-

theses. Modified from [35]




Faktory biotransformace organickych polutanti MO

dehalorespiration

zasadni rozdil mezi

 anaerobni o L o levm ot
— podminky bez kysliku (napf. sedimenty) Oﬁa <= @Qa

— pomala, delsi aklimatizace eacceptor o RS

— mensi spektrum metabolickych cest
— v idealnim pfipadé produkce CH, a CO, (jako v COV)

— Casto ve spojitosti s redukCnimi pochody - reduktivni dehalogenace; napr.
propojeni s denitrifikaci, redukci zeleza, desulfurikaci

« aerobni
— prostrfedi s kyslikem
— rychlejsi, nutny napf. pro vysoce redukovaneé polutanty (alkany > C,4)
— vznik kyslikatych meziproduktu

— nutna urc€ita struktura POPs - napf. halogenace brani v pfistupu enzymu
Stépicich aromaticky kruh - kombinace aero- a anaero- v bioremediaci

Centrum pro vyzkum
toxickych latek
v prostiedi
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Faktory biotransformace organickych polutanti MO

OCH,
ct ci

cisAhel
&N

Ci Cl Ci Cl
- <—
Cl Ci Cl Cl

*aBr §

¥ OH ¢ cl

. complete
CO, = dechlorination (] Ct

o Yy o

Ci OH
C CI
0o

Aerobic

aqaerobic environments.
[ %

OCH; OH ¥

C

I

|

|

I

|

|

I

1 cl
N
I

| |
I

I

I

: |
I OCH,
| Cl Ci

OH Cl o
QC
Cl OH

'\ J@c. ~Q.~ O,
1@0. ‘Ol

Anaeroblc

( q Fig. 8-4. Comparison of typical degradation pathways of pentéchlorophenol in aerobic and
‘ L




Faktory b i ot ranSfo rmace G-inaeruhi:cu—submm:l [H]. =CH,. COy, ATF, CoA. H,Cl-j PR Central
organickych polutant’ | o [y ™
T:mhﬁ: Benzoyl-Coly
MO
OH
Z[H
] nwx OH
. Resonznce energy D‘ﬁ, #,IEIFL Resorcinol
T OH
WO
—— D%EKSE’DH HO OH
ATP Phloroglucinol
ol CofsH .
OH
o Centrzl
! U A intermediates
(o]
o Catechal
€3
_ OH
0,
OH
OH
QCEOH i Protocatechuste
idation
COOH :;EE i COOH
L ] cleavage HO \Q
( Aerctic co-substrates: 0, HO ) - o

Figure 7.11 Comparison of aerobic (oxygen-dependent) and anaerobic (anoxic) metabolism of
aromatic compounds. Shown are the co-substrates used and several key intermediary metabolites.
Under oxic conditions, benzoate is converted, for example, to catechol, and the aromatic ring is
oxygenolytically deaved. Under anoxic conditions, the high resonance energy does not allow direct
reduction of the aromatic ring. Rather, ring destabilization is achieved by forming the coenzyme A
iCoA) thioester, which requires ATP. Then, the ring is reduced at the cost of another ATP, and

Centrum pro vyzkum finally the ring is opened hydrolytically. See text for additional details. (From Lengeler, I.W., G.
(6) :";rig'g‘h::a"e" Drews, and H.G. Schlegel. 1999, Biolagy of Prokaryotes, fig. 9.29. Blackwell Science, Stuttgart. With

permission from Blackwell Science. Stuttgart.)



Faktory biotransformace organickych polutanti MO

« Casto zapojeno vice kroku

« kombinace aero-/anaero-bnich
podminek (i zameérne)

Centrum pro vyzkum
toxickych latek
v prostiedi

©)

—— COp+H0+Cr

Aerobic conditions

Figure 14.4

Bioremediation of PCB-contaminated river sediments. (A) Placement of steel caissons into
sediments; chromatographic tracing showing full range of contaminating PCB congeners,
(B) Nutrients added to sealed caissons lead to creation of anaerobic conditions: anaerobic
dehalogenation converts higher-molecular-weight congeners to ones with fewer chlorines:
chromatographic tracing shows disappearance of higher-molecular-weight congeners
with 4-6 chlorines and increased concentrations of lower-molecular-weight PCBs with
2-3 chlorines. (C) Forced aeration and stirring create aerobic conditions; biodegradation
of lower-molecular-weight congeners leads to cleaner sediments.




Zakladni mechanismy biotransformace org. polutanti MO

 dealkylace: odstepeni alkylu
 dealkoxylace: odstépeni alkoxy skupiny

» dekarboxylace: -COOH - -COH nebo -COOH - -CH
« Stépeni etheru

Q Q

* hydrolyza: adice vody = -OH Ci -COOH | glor+ mo— rdom + Hox
» oxidace: -OH - -COH ¢i -COOH nebo epoxid
 hydroxylace: pripojeni -OH | ra— ron

* epoxidace
» methylace: vznik methylethert
 vznik nebo stépeni aromatického kruhu (napr. aromaticka oxidace)

* redukce: napr. -NO, = -NH, \
» dehalogenace: -X - -H (hydroliticka, reduktivni, (:[:
dehydrodehalogenace) Catectrol

©)

rd
Centrum pro vyzkum oo C :
toxickych latek oo
v prostiedi (nele)
OH



alkyl habdes
‘Mm + HO e S C|0 " |._|a

biotransformace org. Ono O —= O o
polutantu MO

Hydrolyza E:E\X)Lo'\@"@ e E'.EE)%H K©°©

parmelhnn (insechcde)

Zakladni mechanismy

CH,Cly + H0 — = Hg0  +20° 4 oM

amides

H
o] N ci NH HO
QY 0T
Ci cl

prapamil {nerwcide )

N © 0, HO o
- xgr \©:)< —= CH3NH; + GOy + U}(

carboturan insecticide)

Wreas
Ci Gl
£ QX
HAC. o NH + COy +
TUNTTN ci HyC HyN cl
HyC  H
hnuron (hertecide}
(hoiphosphales
= CH,COOCHCH, ﬁ CH,COOCH,CH,
CH,0-P-5-CH —= CHO-P-0OH + H5-CH
CHLO COOCH;CH, CH,D COOCH,CH,
malalthuon (insachcige)
9 e
Centrum pro vyzkum CH:;CH;D—?'D_©~NG;J — GHJCHED'E'GH * HO@NG;
(6) toxickych latek CH.CH,0 CH4CHZ0 '
v prostiedi N

parasxan (insechoda)



Zakladni mechanismy biotransformace org. polutanti MO

Nmu NAD' NAD NADH OH /
OH \

Stépeni benzenového jadra

OH

—
COOH o COOH o COOH

> _~COOH AN X

0 0

0 (8]
Acetyl-CoA
LPTL ) A COOH_- CDS-CM______-_ %
£00 CO succinate
eava O0H
m-cl ge COOH acetaldehyde
+
NADH Z OH pyruvate

¥ e g

CHO
COOH H;0 COOH

| COOH ,_. I\/L

E/l‘ou " Ho 0

Figure 5.2.3 Bacterial decomposition of aromatic compounds (after Korte, 1992)

Centrum pro vyzkum
toxickych latek
v prostiedi
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Priklad - mikrobialni degradace alkanu

podoba s metabolismem
mastnych kyselin — 3-
oxidace

optimalni degradace je u n-
alkanu C10-C18 (vySsSi mala
rozpustnost ve vodé, nizSi
mozna toxicita — butan)

proces vysoké BOD
vétvené — horsi degradace

metylace obecné snizuje
degradabilitu

v anaerobnich podminkach
velice téZko odbouratelné
(ropa pred vytézenim
nedegraduje i kdyz v ni ziji
MO ...)

Centrum pro vyzkum
toxickych latek
v prostiedi
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Aloohol (R-CH,OH)

NADP
+

Alkane (CH.) Hydroperoxide (R-CH,OOH

NADPH, 0 ‘
e

Alcohol (R-CH,OH)

N

A'.dehy de (R-CHO)

Aldehyde (R-CHO)

[-oxidation

CoA

Coenzyme A

Fatty acid (R-COOH)
7-carbons

Fatty acid
5-carbons

Acetyl CoA




Priklad - mikrobialni degradace alkenu

» podobna degradovatelnost
jako alkanu

» atak koncové nebo n-1 monoterminal oxidation
metylové skupiny, nebo atak
dvojné vazby vedouci k
alkoholu ¢i epoxidu

alcohol

alcohol

alcohol
Alkene (R-CH=CH,)

alcohol

epoxide

Centrum
toxickyc

v pmstfel
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Priklad - mikrobialni degradace alifatti v anaer. podminkach

Centrum pro vyzkum
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Priklad - mikrobialni degradace cykloalkanu

* neni korelace mezi biodegradaci n-alkanu a n-cykloalkanu
» dosti Casto kometabolicka degradace a komenzalismus
* OH, C=0, COOH substituce zvysuiji rychlost, alkyl- skupiny snizuji

Cyclohexane Cyclohexanol Cyclohexanone Lactone §°

Population 1 Population 2

Centrum pro vyzkum
toxickych latek
v prostiedi

©)




Priklad - mikrobialni degradace BTEX

Figure 10.6 The meta-cleavage pathway and the xy! operon of the toluene/
xvlene-degrading plasmid pWwWO. Transcription of the xy! operon is controlled by
the P, promoter, which is regulated by the XylS gene product that must be
activated by one of the initial pathway substrates. The genes from xylX to xylH are
under the control of the P, promoter. The xyIS gene, which is not part of this
operon, is constitutively expressed. Some of the primary substrates are benzoate
where R and R’ = H; 3-methylbenzoate where R = Hand R’ = CHj; 3-
ethvlbenzoate where R = Hand R' = CH,CH3; and 4-methylbenzoate where R

= CH; and R' = H. The genes xyIXYZ encode toluene dioxygenase; xylL encodes
dihvdroxycyclohexadiene carboxylate dehydrogenase; xylE encodes catechol 2,3-
dioxygenase; xylF encodes hydroxymuconic semialdehyde hydrolase; xyIG encodes
hydroxymuconic semialdehvde dehydrogenase; xy/H encodes 4-oxalocrotonate
tautomerase; xylI encodes 4-oxalocrotonate decarboxylase; xylJ encodes 2-
oxopent-4-enoatehydratase; and xy/K encodes 2-0x0-4-hydroxypentonate aldolase.

OH

o
= TN COOH 1 CcooH
= COOH XylH COOH
R R
-+ [als}])
A oy

COOH

R R R.COOH

Activates XylIS
product XylS product

OH Succinato
oxygenase + acotata
—_—
benzene catachol 1
CHa CHy 1
OH ngpﬂ-l—l
—_—
—— COOH
toluene OH ”\f orthi-
CHa CH cheavage
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OH J.D
* e
athylbenzene OH L%‘EHB
CHy CHz J'
oH l
B
acetaldahyda
maglena °Ta OH +pynuvate

_/

lf‘lguna 8.4 Bicdegradation of benzene, toluene, ethylbenzene, and xylene (BTEX) via ini-
tial oxygenase-catalyzed reactions that lead to the formation of catechols, which undergo ring
nn_:leavage and are ultimately converted to central metabolic pathway intermediates. Note that
individual arrows frequently encompass multiple reactions.
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Priklad - mikrobialni degradace PAHs

bakterie

» dioxygenazy = cis-dihydrodioly
= katechol a protokatechova
kyselina (3,4-dihydroxybenzoova
kyselina) nebo kyselina gentisova
(2,5-dihydroxybenzoova kyselina)

H

 dale rozstépeni benzenoveho
jadra (orto- nebo meta-) za vzniku
. ; P H
Kyseliny ’octove, Jantarovc’e nebq e e iBEslan
fumarové a pyrohroznové, které f 0, CoA ol b iison. v
vstupuji do Krebsova cyklu o7 T MR Do don
H

» mikrobialni degradace dobfe A
znama u naftalenu, antracenu, g
BaP a fenantrenu, degradacni B\ i
mechanismy ostatnich PAHSs jsou
vétSinou neznamy P

- pfi detoxifikaci konjugace s GSH Hie e + Hcoon

c=0 + = TCA
. éHO
Centrum pro vyzkum

toxickych latek ' é"h
v prostiedi
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Priklad - mikrobialni degradace PAHs

bakterie ©©

priklady latek identifikovanych po OO

metabolizaci pyrenu Mycobacterium sp.
Pyrene

Ring-oxidation products:

7% O &

H DH H OH
cis-4, 5-Pyrenedihydrodicl fransd, 5-Pyrenedihydrodiol

Ring-fission products:

4-Hydroxyperinaphthencne 4-Phenanthreic acid

Centrum pro vyzkum
toxickych latek

v prostfedi Phthalic acid Cinnomic acid
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Priklad - mikrobialni degradace PAHs

houby

» enzymaticky systém cytochromu P-450 monooxygenazy = trans-dihydrodiol cestou
arenoxidovych meziproduktu

 pfipadné vznika fenol, ktery je konjugovan (s sulfaty, glukuronovou kyselinou, GSH) a
vyloucen Ci podléha za ucasti enzymatickeho systemu cytochromu P450 epoxidaci

 white-rot fungi - kompletni mineralizace na CO, a vodu
» Epoxid - elektrofilni molekula schopna vazby na nukleofilni DNA a RNA - genotoxicita

OH
| ” —- Conjugated phenol
T
H
H/G\GH o H/ E\\c/ 2 Phenol
: |

HL\E /LLI Ln‘lnn!nmcygenase] "L\c/c\ .

Benzene Arene oxide \ 'g H
s [
HG/// OH

Centrum pro vyzkum
toxickych late‘l’(yz frans-dihy drobenzene

v prostiedi
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Priklad - mikrobialni degradace PAHs

houby

00T P
o & ¢
b ool ”‘e

(S — L —

0 Eenm{u]pwene
,/" OH

Benzola|pyrene-
7.8.9,10-tetraol

dead-end produkt

An example of fungal polycyclic aromatic hydrocarbon biodegradation: the biochemical pathway and
products reported for the co-metabolic fungal degradation of benzo[a]pyrene. Note that the epoxide
o rezem intermediates that arise from initial intracellular attack by cytochrome P450s and precede the
v prostred formation of hydroxylated products are not shown
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Priklad - mikrobialni degradace PAHs

O-glucoside
{.-:ﬂglucurmid:
2 —¥ O-sulphate
as conjugates

@) womdﬂ
mn: mudr:
t« dlh}'ﬂﬂﬂl

-m;n.\@g

OH dnhydmgmse
c.*v-ﬁh}vdrui NAD +H

Cel
tox

"P'|Figm'c 5.3.3 Mechanisms for PAH decomposition in prokaryotes and eukaryotes




Priklad - mikrobialni degradace PAHs

Faktory ovliviaujici mikrobialni degradaci PAHs:
» Pfedchazejici expozice - delSi expozice MO PAHs - adaptace; vetsi
mira degradace v kontaminovanych prostredich

» Chemicka struktura - PAHs s nizSi Mr degradovany rychleji ; alkylace
PAHSs inhibuje degradaci

» Dostupny kyslik - molekularni kyslik nezbytny pro degradaci PAHSs; za
anaerobnich podminek probiha degradace velmi pomalu, pokud vubec

» Dostupné ziviny - limitujici v prostredi, kde je hodné organického odpadu
(N,P); jiné zdroje C - degradace PAHs az po spotfebovani C

* Teplota, pH, salinita - slabé probiha degradace v zimé; rychleji pfi pH = 8
nezpropH =5

Centrum pro vyzkum
toxickych latek
v prostiedi

©)




Priklad - mikrobialni degradace ropnych latek

surova ropa - komplexni smés uhlovodiku (alifatické, aromatické, asfalt)

n-alkany, rozveétvené alkany, cykloalkany, aromaty - degradovatelnost viz vyse

asfalt, kerogen - slouCeniny nedegradovatelné nebo velmi pomalu

ropné pryskyfice - omezena mikrobialni degradace

lehka ropa

— 10-40% degradovatelnych alkanu

— 2-20% lehkych aromatickych uhlovodik

— 2-10% vysokomolekularnich téZce degradovatelnych polyaromatu
— 1-5% asfaltickych latek a ropnych pryskyfic

» tézka ropa

— < 1% odbouratelnych alifatt

— < 2% lehkych aromatickych uhlovodiku

— az 35% vysokomolekularnich tézce degradovatelnych polyaromatu
— az 25% asfaltickych latek a 20% ropnych pryskyfic

Centrum pro vyzkum
toxickych latek
v prostiedi
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» Zzadna surova ropa neni zcela degradovana

Priklad - mikrobialni degradace ropnych latek

» na procesech biologické degradace ropnych latek se podili vice nez 70 rodi MO

« vétSina téchto rodu je vSeobecné rozSirena, ale plati: ekosystéemy
nekontaminované ropnymi uhlovodiky - malo degradatort ropnych uhlovodiku x
prostredi ropnymi uhlovodiky kontaminované - vysoké pocty

* nejvyznamnejsi degradatori ropy: rody Pseudomonas, Achromobacter ,
Arthrobacter, Acinetobacter, Flavobacterium, Brevibacterium, Corynebacterium,
Flavobacterium, Nocardia, Candida, Rhodotorula a Sporobolomyces

» ve vodé bakterie a kvasinky, v pudach rovnéz houby (napf. Penicillium)
* MO degradujici ropné uhlovodiky produkuji Casto emulzifikacni latky

©)

Centrum pro vyzkum
toxickych latek
v prostiedi

Surfactant production

* ]
Nutrient recycling ..9 -
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Phage-mediated lysis

Protozoan predation
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Light oils | Heavy oils
= = =~ H > . o, 5. /Structural rearrangement/
Priklad - mikrobialni > Mo mass o -50% > (i e e 5%
Total acid number* 0.2 0.5 1.0 15 2.0 25+
d d L4 h (mg KOH per g oil)
egradace ropnyc AP graviy (AP % 2 s 2 20 520
Gas:oil ratio 0.17 - 0.12 0.08 0.08 <0.04
4 (kg gas per kg oil)
ate Gas wetness (%) 20 10 5 2
Sulphur content (wt%) 0.3 0.4 0.5 - 1.0 1.5+
C, 5. saturated hydrocarbon 75 70 65 60 50 35
content (%)
Level of biodegradation
Scale of Peters and Moldowan 0 1 2 3 4 5 6—10
(ref. 34)
Scale of Wenger et al. (ref. 16) None Very slight Slight Moderate Heavy Severe
Ct Methanet i
17~5 -
gases Ethane #
Propane | 00 @meemeamaaa ——-
Isobutane - 1
insight review articles n-Butane -——— —
K . .. . Pentanes ===
Biological activity in the deep r-Alkanes mosnemees e
. . . CS_CIS soalkanes
subsurface and the origin of heavy oil || e’ |lserncid akanes —
lan M. Head, D. Martin Jones & Steve R. Larter aromatics
Alkylcyclohexanes | | 4/ 0000O0O0O0O0| ====== ﬁ
- ) ) ) . n-Alkanes, -
Figure 1 Schematic diagram of physical and chemical changes occurring during CpeC isoalkanes
crude oil and natural gas biodegradation. The general sequence of removal of Yice” | Teoprenoid alkanes === —
saturated hydrocarbon types during biodegradation is n-alkanes, alkylcyclohexanes, Naphthalenes (C, 1) e — |
acyclic isoprenoid alkanes, bicyclic alkanes—steranes—hopanes’, with some Phenanthrenes, | . L —
production of new hydracarbons, such as 17c,25-norhopanes from demethylation g':enzoth'c’phe"es
of hopanes at advanced levels of degradation®**, Similarly, for aromatic L/oenes >
i . : : Regular steranes = = — e——
hydrocarbons, alkylbenzenes are removed before diaromatic and triaromatic Cyy-Cas hopanes = —
o o q - H . 5
hydrocarbons®, with aromatic steroid hydrocarbons being resistant until very severe C,,~Cag hopanes —
levels of biodegradation are achieved **. With both alkanes and aromatic Cy5Cas Triaromatic steroid
; o - biomarkers -
hydrocarbons, stereochemistry and the position of alkyl substituents confound such hydrocarbons
simplistic scenarios, and there is frequently much overlap and synchronous removal I\a:nnqca’romatic
sterol -
of the various compound types. Removal of gas chromatography (GC)-resolvable gﬂiﬁ:ﬁi’:ﬁe
components during degradation contributes to the production of the ‘humps’ of GC- Oleanans
unresolvable hydrocarbon mixtures that are typically found in degraded oils®'. C,=C,, steranes R
However, even when biodegradation levels are slight, mass balance calculations Tricyclic terpanes -
suggest that non-GC-resolvable components are also degraded. The indicative Diasteranes -
compositional and physical property changes with biodegradation assume that it Diahopanes -
starts with a light, low-sulphur undegraded oil. The lower diagram of compositional 25-Norhopanest -
change is modified from Wenger et al. (ref. 13). Pervasive oil mixing and Nt Alkylcarbazoles == -
synchronous removal of several compound types result in the degradation scales o Carboxylic acidst >
being indicative rather than being a precise consistent form. *Ref.14 =0 memeaaa Minor removal 1 Produced and destroyed during biodegration
t Ref. 21 Major alteration
s> Removal

=% Methane generation and possible destruction




Priklad - mikrobialni degradace nitrolatek

HNOH NH,

dADH +H’ NAD(J‘:NIADH +H’ NAD(iJADH +H' [*IM@)

1. Reductive dccomposnmn

NO; OH
NADH + H'
S
/s /
2. Oxidative decomposition R R

Figure 5.2.4 Decomposition of aromatic nitro compounds

Centrum pro vyzkum
toxickych latek
v prostiedi
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Priklad - mikrobialni degradace halogenovanych OPs

* pritomnost 2, 3 a vice Cl zpomaluje aerobni degradaci

» problém nastava napr. pfi degradaci aromatickych latek, kdy adice
hydroxylu na katechol Ci dihydroxybenzen vyzaduje nesubstituovane
uhliky na stépené vazbé (halohen je ale blokuje)

* méné-chlorovaneé jsou lépe degradovany v aerobnich podminkach a
vice-chlorovane v anaerobnich

Centrum pro vyzkum
toxickych latek
v prostiedi
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Priklad - mikrobialni degradace halogenovanych OPs

1. dehalogenace substituci
e Q + s ’{" + g +
— hydrolyticka -2 °:"' %

CH-CH,Cl H,0 CH.CH,OH H' cCI

2. dehalogenace oxidaci

monooxygenazy Ci dioxygenazy oxiduji vysocechlorovaneé latky typu TCE —
kometabolismus (enzymy maji Sirokou substratovou specifitu, typicky oxiduji
metan, amoniak, toluen, propan)

R S CANS

CHCl, O, C(OH)CL, 3ol 3H
R i
E i +E + 0° +9,
@ \o/j\o/o > }jﬁ / S el
R \ ﬂ E ® O +::.’
| X 0. cmc—cm CIHC(OH)— (OH)CCI, e
¥ CHO—COOH  3CI  3H

OH R
i OH i

Oxidative (dioxygenase) Hydrolytic (dehalogenase)
R = COOH, H, NH> R = COOH, OH, NH»
X (ortho) = F, Cl, Br, | X (para) = F, Cl, Br, |



Priklad - mikrobialni degradace halogenovanych OPs

3. Reduktivni dehalogenace
) . i ) ) CI\ J;CI 2H HCI CI\ ,H 2H HCI H\ ZH
— v anaerobnim prostredi, ale také v aerobnim, e=c, -~ e=c, -~ c=¢
pokud ma chlorovana latky vetsi redukcni c cl c cl cl cl
potencial nez O, (hexachloretan, dibromoetan) PCE TCE DCEs
. , . 2H
— prvni krok: e- z redukovaného kovu se prfesune na
alifat =» alkyl-radikal a odstépi se volny halogen; HCI
alkyl-radikal bud’ navaze vodik, nebo ztraci dalSi H  H HoH
chlor a vznika dvojna vazba A
H H HCI 2H H Cl
R ETH VC
@ Figure 4. Reduction of tetrachloroethene (PCE) to ethene (ETH).
<N Intermediates include trichloroethene (TCE), dichloroethene
o i{ . isomers (represented by the cis isomer), and vinyl chloride (VC).
Oxidative (dioxyg Hydrolytic o R i dechlorinase)
R = GOOH, H, NHz R = COOH, OH, NHz R = COOH, H, OH, NH, phenyl anaerobic-reductive aerobic-oxidative
Xloro) =R CLBLL - X (para) =F €l B | X=Folenl _ decreasing with fewer chloroatoms | | increasing with fewer chioroatoms
5 - q:cseim. PCE 4-------------- 3
Cl | cl cl
H—>C—c<fH e Rediced — e H—>C—C<—H = i ok e “:c*c:“ SoE ——
(o] Cl Cl @® ci ¢ c i
H H CI
@ Je=c_ cDCE >
(e Cl C Cl & o
(1) HL\C*C/LH S Ry HL—\C—- Ly "‘c{'c'" ve > b
CI/ B % C\ . S
@ cl H l inllery
CI\ /CI H\ /Cl H:c = r.‘:" ethene \ﬁmﬂmﬁ_@j
(2) HQCQC\::H —= Cic\ + < oxidation of reduction of axidation of reduction of
(¢ I/ [G) C|/ H "'Eﬂmn donars) {slsctron accaptors) {I:IUIIW donors) m acceptor)
Current Opinsan in Biotechnology




Priklad - mikrobialni degradace halogenovanych OPs

Reduktivni dehalogenace - 2 zakladni varianty
1. Eliminace dvou halogenu za vzniku = vazby (dih.gl_oeliminace)

H d H F
Hgﬁ " \ﬁ HE L

1,2-Dichloroethane 2CI Ethylene
2. Hydrogenolysis - alkylova, arylova oH*
(‘k(‘ﬁqa \ . d c C,(.l
a d N\ 0 H
Tetra(per)chloroethylene HCI  Trichloroethylene
H
CH 2H*
L —
d
zj%a
HCI _
2,3,5,6-tetrachloro- 2,3_,5-trlchlorohydro-
quinone

Mot e hydroquinone
v prostiedi
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Priklad - mikrobialni degradace halogenovanych OPs

Table 1. Representative Organisms Capable of Respiratory Reductive Dehalogenation

Representative Electron Other Electron Phylogenetic
Organism Dehalogenations Donors Acceptors Position
Desulfomonile 3-chlorobenzoate to Hgz, formate, pyruvate Sulfate, thiosulfate Delta Proteobacteria
tiedjei (12) benzoate
Isolate 2CP-1 (50) 2 chlorophenol to phenol  Acetate Oxygen Delta Proteobacteria
Desulfitobacterium 2, 4, 6-trichlorophenol Hs, butyrate, pyruvate Sulfite, fumarate, Firmacutes
dehalogenans (27) to 2,4-dichlorophenol nitrate,
Dehalospirillum PCE to cis-DCE Hs, formate, pyruvate Fumarate, nitrate Epsilon Proteobacteria
multivorans (74)
Desulfitobacterium Pentachlorophenol to Pyruvate, Sulfite, thiosulfate, Firmacutes
frappiert (26) 3-chlorophenol, PCE nitrate
to TCE/cis-DCE
Dehalobacter PCE to cis-DCE H- None Firmacutes

restrictus (25)
Enterobacter strain
MS-1 (30)
Desulfuramonas
chloro ethenica (29)
Dehalococcoides
ethenogenes (31)
Desulfovibrio strain
TBP-1 (53)
Trichlorobacter
thiogenes (47)
Dehalococcoides strain

CBDB1 (56)

PCE to cis-DCE
PCE to cis-DCE

PCE to ETH

1,2-DCA to ETH(VC)

2,4 6-tribromophenol to
phenol

Trichloroacetate to
dichloroacetate

Tetra- and
trichlorobenzenes to
tri- and
dichlorobenzenes

Formate, pyruvate,
acetate

Acetate, pyruvate

Ho

Hs, formate, lactate

HsS (acetate)

Hp

Oxygen, nitrate
Polysulfide, fumarate,
Fe(III)

None

Sulfate, thiosulfate, S°
S?, fumarate

None

Gamma Proteobacteria
Delta Proteobacteria
Chloroflexi

Delta Proteobacteria

Delta Proteobacteria

Chloroflexi



Priklad - mikrobialni degradace halogenovanych OPs

Figure 4. Dechlorination mechanisms
exhibited by aerobic and anaerobic
bacteria.

Centrum pro vyzkum
toxickych latek
v prostiedi
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R
+ ‘
OH - R “« R
OH

OH
Oxidative (dioxygenase) Hydrolytic (dehalogenase) Reductive (reductase, dechlorinase)
R =COOH, H, NH» R = COOH, OH, NH» R = COOH, H, OH, NHa, phenyl
X (ortho) = F, CI, Br, | X (para) = F, Cl, Br, | X=F Cl,Br|



Priklad - mikrobialni degradace

chlorfenolu

dominuji aerobni a anaerobni biodegradacni
procesy: oxidacni procesy pusobenim
monooxygenaz a hydroxylaz; redukéni
dehalogenace pusobenim dehalogenaz

biodegradabilita klesa v tomto poradi:
24>4>35>26>3nebo 5nebo 2

trichlorfenoly 2,3,6-, 2,4,5-, 3,4,5- jsou
biodegradabilni pouze za aerobnich podminek

meéné chlorované fenoly, vCetné
monochlorovanych jsou vice rezistentni nez
pentachlorfenol (PeCP) vuci biodegradacnimu
potencialu aklimatizované PeCP degradujici
bakterialni kultury

v tomto pripadé zvySeni stupné chlorace nevede
ke zvySeni perzistence

obecné ale Ize potvrdit, Ze chlorace v pozicich 3
a 5 zvySuje perzistenci

Centrum pro vyzkum
toxickych latek
v prostiedi
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OH OH
NN
Ci Cl monooxygenase ClI Cl
Cl Cl :
. OH OH
cl ct H,O CI ¢ OH
N 2
-Ci Cl hydroxylase Cl- ~Cl
Cl Cl '
OH OH
Cl ct [H] C ¢l
N
Ci C| dehalogenase cl cl

Cl Cl

Fig. 1. Pathways of PCP degradation.

\
c cl c|

Aerobic Anaerobic

Fig. 8-4. Companson of typical degradation pathwa:
Snserobic envnronments egr: pai ys of pemachlorophenol in aerobic and



Priklad - mikrobialni degradace PCBs

Degradation rate (nmol/ml/hr) Degradation rate (nmol/ml/hr)
PCB chlorine PCB chlorine
position Alcaligenes sp. Acinetobacter sp. position Alcaligenes sp. Acinetobacter sp.
2 =50 =50 24,6 3l 46.0
=50 =50 2,52 1.6 |
=50 =50 253 42.1 41.3
2,3 =50 46.4 2,54 21.8 30.4
24 =50 >50 244" 41.3 40.2
2,5 >50 =50 34,2 15.6 38.6
2,6 0 41 2345 25.8 19.1
34 =50 =50 2,356 0 0
35 >50 =50 AR 8.7 73
22! 63 14.0 242 4 0 0
2,4 48.2 49.1 2434 0 0
3.9 . 185 2572’5 0 30
4.4 16.2 20.2
234 35.1 32.0 cL |
» Cl
236 0 0 _lstsiep -
(rmcrobnal)
24,5 46.0 324
Cl- Cl, —
-
Hooc” OR
@—m Y e T
HOOC
n=l-4m=0-2,n<m
Centrum pro vyzkum - y
(6) toxickych latek Figure 5.3.7 Decomposition of PCBs
v prostiedi




Priklad - mikrobialni degradace DDT

p, p’-DDT (4,4-DDT) = 1,1,1-trichlor-2,2-bis(4-chlorfenyl)ethan

|‘ 1.
) ’ , C
0,p’-DDE = 1,1-dichlor-2,2-bis(4-chlorofenyl)ethylen /C}/“O
, . . Gl Cl

p,p-DDD = 1,1-dichloro-2,2-bis(4-chlorophe-nyl)ethane

p.p-DDE pp’-DDD
LN
'ECI‘! 0 EHCl '-FC!
C C C
i ol o, JO
Cl Cl Cl Cl Cl Cl

Hydroxy-DDE

| Various products, including DDA

Gt sozcm

Centrum pro vyzkum
toxickych latek
v prostiedi
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Priklad - mikrobialni degradace HCHs

 Izomery HCH jsou relativné chemicky stalé latky lipofilni povahy.
» Postupnou mikrobialni dechloraci jsou pfevadény na trichlorbenzeny a tetrachlorbenzeny

cl
HCI  HCI HCI
cl cl cl cl cl cl
S8 eaBine
ci ¢ LeA g )| SPontaneous cl
B
cl 1,4-TCON 124-TC
+HCH H;O
HCI7\/
I.linll
HE o

25-D|:P

ol oH  NADH ¢ H*
oH ci
25000L 0
2 Al o
GSH 2 I.hE c= D
E' W H0 b ketoadipate

n:u
GEH = 2 “’."-?" COOH
S-SG + HCI uH COOH

Cent
toxicl
v prostredi
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Priklad - mikrobialni degradace CE

Chlorobenzene:

solvent in pesticide
formulations, also
used as a degreasing
agent; produced by

chlorination of benzene

in the presence of

a catalyst; first
synthesized in 1851;
used in high volume
during World War I

Chlorobenzene contamination persisted in a shallow aquifer at Kelly Air

Force base for ~30 years. In the 1990s the levels of contamination
began to decline

Chlorobenzene-degrading bacteria were not in the contaminated zone
prior to the chlorobenzene spill, nor could they be isolated outside
the contaminated zone. However, bacteria able to grow on toluene
and chlorocatechol were present in the indigenous microflora across
the site

A bacterium able to grow on chlorobenzene, Ralstonia sp. JS705, was
isolated from the contaminated aquifer and was characterized
biochemically and genetically

The chlorobenzene degradation pathway and the gene fragments
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encoding the enzymes represent a merger of two biodegradation

pathways: toluene (fodCBA) and chlorocatechol (clcAB). Thus, the oo’

chlorobenzene genes in the strain JS705 were assembled in situ |
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Analysis of the DNA sequence of the new combination of genes
chloromuconate
cyclois omerase

allowed the investigators to reconstruct the genetic history of strain
JS705. It was originally a toluene-degrading bacterium and received
the chlorocatechol gene on a self-transmissible mobile genetic

element, termed a “genomic island” (see Science and the citizen roo”
box, Chapter 5). Sequence analysis also implicated involvement of =0 trans—fé-(t)grhoxgmlgéhylen e
insertion (IS) elements, hence transposons (other agents of gene = ut---en-3-ohoe
rearrangement), in achieving the final configuration of genes
conferring chlorobenzene metabolism to strain JS705 dienelactone
hydrolase
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Priklad - mikrobialni degradace dioxint
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Figure 13.4. Differentiation of microbial peri-dechlorination (1,4,6,9) and peri-lateral dechlorination (2,3,7,8) pathways.




Priklad - mikrobialni degradace 2,4-D a 2,4,5-T
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Priklad - mikrobialni degradace atrazinu

» heterocykly obecné:

N N
* hufe degradovatelné nez I8 J\
analogické latky pouze s C HIEZHSN e oo
. degvjradovatelnost kloesés chenical T‘ I a]ystCHso 0.0
poctem heteroatomu hydrolysis = UNIO
o e S
N™ °N

N’;\N ATRAZINE NJ\N
N N
HEN 'N° NH HN "'N° NH,
! G-5-t |
CBH? C2H5
Atrazine: major triazine Considered nonbiodegradable until the mid-1990s when bacteria able to
agricultural herbicide grow on atrarine were isolated. Extensive biochemical and genetic S—gi]tathi‘.)m
used to protect corn; characterization of atrazine biodegradation show that: /]\
introduced in the * the metabolic pathway converts atrazine to cyanuric add in three N - N .
1960s steps J\ /|L - otht?r peptide
* the genes coding for enrymes responsible for the three steps (aizABC) \ conjugates
all belong to the same family of enzyvmes (amidohydrolase), closely I'qu N quH
related to 1rz4 (for melamine) C2H5 C3Hy

nearly identical aizABC gene sequences have been found in atrazine-

metaboliring bacteria in North America, Europe, Australia, and Asia
although the genes have been found on plasmids (extrachromosomal,
often self-transmissible, independently replicating, genetic elements),
no single type of plasmid is common to all atrazine-degrading bacteria
sequence analysis of DNA flanking the aiz genes has discovered
evidence for transposons. Thus transposons may be involved in
horizontal gene transfer of atrazine bicdegradation genes between
different hosts

Beleked
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Priklad - mikrobialni degradace carbarylu
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Degradace organickych polutantii houbami

The classification of Fungi, the major
organic chemicals that are degraded
by various fungal phyla and
subphyla, and the important
ecological characteristics of these
fungi.

Taxa that are relevant for the
bioremediation of organic chemicals
are bold. The less relevant
ascomycete and basidiomycete
subphyla Taphrinomycotina and
Ustilaginomycotina, respectively, are
omitted. The number of genera in
each taxonomic group with alkane,
biphenyl, coal tar, coal tar oil, crude
oil, dibenzothiophene, diesel,
polycyclic aromatic hydrocarbon
(PAH) and toluene degraders are
given in parentheses.

BTEX, benzene, toluene,
ethylbenzene and xylenes; EDCs,
endocrine disrupting chemicals;
MTBE, methyl-tert-butylether; PCBs,
polychlorinated biphenyls; PCDDs,
polychlorinated dibenzo-p-dioxins;
PCDFs, polychlorinated
dibenzofurans; RDX, Royal
Demolition Explosive; TNT, 2,4,6-
trinitrotoluene.

©)

Centrum pro vyzkum
toxickych latek
v prostiedi

Dikarya

Basal fungal lineages

Phylum or subphylum Organic chemicals degraded Major ecolagical characteristics
[Microsporidia | [Obligate parasites of animals i
| Kickxellomycotina (2) | [PAHs | | Saprobes, and parasites of animals and fungi

' Zoopagomycatina

| Parasites of nematodes, protozoa and fungi

| Entomophthoromycotina (2) | [PAHs

| | Parasites of insects

- M| ‘Saprobes, and parasites of plants and
i ssstochdiomycota animals; aquatic and terrestrial
i Benzoquinoline, biphenyl, PAHs, Saprobes, parasites or ectomycorrhizal
Mucoromycotina (18) | | pesticides, synthetic dyes and TNT symbionts
— Neocallimastigomycota | | Gut symbionts of ruminant herbivores
! - . ‘Saprobes, and parasites of plants and
| £ nuiciomycota (2 PAHs animals; fresh water and wet sail
' Glomeromycota | |PAHs and pesticides | | Arbuscular mycorrhizal symbionts
Ascomycota (88) _
Pezizomycotina (57) Alkanes, alkylbenzenes, biphenyl,
chlorophenols, coal tar oil, crude oil,
diesel, EDCs, fragrances, PAHs, PCDDs, Saprobe .
| s, pathogens of plants and animals,
m:es. synthetic dyes, TNT and and symbiotes of algae (lichens), plants
{ectomycorrhizae, ercoid mycorrhizae and
Saccharomycotina (9) Alkanes, alkylbenzenes, biphenyl, endophytes) and insects; terrestrial and
crude oil, EDCs, PAHs and TMT aquatic
Other ascomycetes (22) | | Alkanes, diesel, coal tar oil, crude oil,
MTBE, PAHSs, pesticides, RDX, toluene
and synthetic dyes
Basiodiomycota (53)
Agaricomycotina (50) Alkanes, BTEX compounds,
cHomad Iiphat:cs. Iigll:'-;;!s and phlgcnuis;
crude oil, coal tar, EDCs, PAHs, PCBs, Saprobes, ectomycorrhizal symbionts,
PCDDs, PCDFs, personal care product | pathogens of plants and animals, and
ingredients, pesticides, pharmaceutical | parasites of other fungi; terrestrial and
drugs, RDX, synthetic dyes, synthetic aquatic
polymers, TNT and other nitroaromatics =
Pucciniomycotina (3) Cresols, crude oil, dibenzothiophene,
PAHs and RDX




Degradace organickych polutanti houbami

Although fungi primarily co-metabolize
organic pollutants, they do grow on some
aliphatic or aromatic compounds,
including volatile organics.

Initial pollutant attack may occur
extracellularly or intracellularly.
Metabolites generated during
extracellular pollutant oxidation may be
subject to intracellular catabolism or may
form bound residues of soil constituents.
Metabolites arising from intracellular
initial attack may be excreted and can
then either undergo further extracellular
enzymatic reactions or form bound
residues through abiotic oxidative
coupling. They may also be secreted in
the form of conjugates (which usually
persist) or may undergo further
intracellular catabolism.

This may result in mineralization or,
again, in metabolite excretion at various
oxidation stages if subsequent oxidation
is impeded.

©)
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Degradace organickych polutantii houbami

» pomahaji extracelularni nespecifické enzymy z fady peroxidaz a laccaz, které houby
produkuji pfi rozkladu ligninu

» biodegradace vzrista pfi nedostatku N

 white rot fungi (napfr. Phanerochaete chrysosporium)

» = degradace rady polutantt: BTEX, DDT, PCBs, CPs, dioxinu,
PAHSs, nitroPAHSs, 2,4-D, 2,4,5-T, TNT, RDX, pesticidy,

pmol "*c-CO,from 'C-PCP
8

0 i0 20 30
Days
FIG. 2. Effect of nutrient nitrogen on PCP mineralization by P.
chrysosporium. Cultures containing either 12 mM ammonium tar-
trate (M; nitrogen sufficient) or 1.2 mM ammonium tartrate (A;
nutrient nitrogen limited) were incubated with 5.0 nmol of [**C]PCP.
Values are the means + standard deviations for triplicate cultures. A

single uninoculated sterile control (O} was incubated with 5.0 nmol
of [MC]PCP.

HD\<D
GEEI Glyosal " o i id
oxidase H.O
a F i |

Mn peroxidase

H,0, 2nd Mn™

HO =] HO
Df' H:D.r

Lignin perodaze

OCH ﬁ : | )

OCH,

Weratryl
aleohal Low molecular weight products

Figure 3 The ligninolytic system of the white rot
fungus, Phanerochaete chrysosporinm. See above box text
for details. (From Lengeler, .W., G. Drews, and H.G.
Schlegel. 1999. Biology of Prokaryotes, fig. 9.10.
Blackwell Science, Stuttgart. With permission from
Blackwell Science, Stuttgart.)



Degradace organickych polutantii houbami

Table 1| Major classes of enzymes involved in the fungal catabolism of organic pollutants™ Table 1 (cont) | Major classes of enzymes involved in the fungal catabolism of organic pollutants*

E es Fungal taxa

S-containing organic compounds.

nzym Comments E E 1 1 lization Rescts n_—r nis
nzymes ungal taxa Comme Refs
(ExFASiyu ENZYME and S {ExPASy ENZYME and
accession®) occurrence®
Laccases A ry and Ext Ll -0 d d ! -Redoupotermalufarwtdﬂll—ﬂ.s\l’ L ot . - B . 5 5
(EC1.103.20 Basidiomycota mnda'tlon uforganlcwmpo\nds = Direct oxidation of various pk Haem: ycot Dt *H 0 nt ion  Redox potential not known 70
ic amines and antk p ¥g ! nlgaromtmc. allphatlc and - Fbmxygenu'tmn of various monoaromatic
* A wide range of pollutants o)udmed inthe y inds, leadi ly pollutants, including PAHs,
presence of natural and synthetic redox to ic and alkyllc b dlbermnﬁmn and monohydroxylated and
mediators hydroxylation. double-bond polyhydmxylnted produclx
* Activity mostly in the acidic and rarelyin epoxidation, ether cleavage. # Ether bond cl and
the neutral or alkaline pH range sulphoxidation or N-oxidation aliphatic parts ofmoleculesandin all(:ydlc
Ty A ot S *0,d Jent hydraxyl * Oxidation of various phenols. including reactions (depending on the and alip ethers (for ple. MTBE)
(EC1.14.18.1) Basidi ot Alul nfznnmplnrd:mo—dmhmﬂa those that are highly chlorinated substrate); = Activity from the acidic to the alkaline pH
and but mainly (cresolase activity) » Activity from the acidic to the alkaline pH * H,0,-dependent one-electron range
o . - i .r‘-l.-."'"[ I.-'I. lsto abstractlonsfmmphenols
y) * H,0,-dependent bromination of
Lignin p ! Basidiomycot: = I *H (}a: dent lectron * Redox potential of 1.4-1.5V organlcsubstrﬂtes
(ECI ]1114—!" oxidation of aromatic compounds Iam;:datmufmn:;:r:tn::;zs Cytoch P450“ ': omy ot Cell bound llncntpnrﬁhonuf.ﬂsndea‘lum ; o F ._-.I and hyd; {l Pl = 3,
inactivation during oxidation of phenols T < YRS frumO D oralipf Hakd 80-82.
« Direct axidation of PAHs with an jonization Mucoromycotina with mm:omltnnt reductionofthe  including PAHs. PCDDs. alkanes and 87
potential of <7.55 eV and other atom to H,0 alkyl-substituted aromatics
* Extended substrate range (including dyes Chytridiomycota
;::Tr‘tg:n:e oftlhe mdn'dxsr;ﬂuzggtnrvel:}a:jyl Phenol Amon'iyncrta and Cell bound . :_noanm_'ﬁﬁonof:;ingleatom . Orfh:rhydl:dyﬂhonofvanous[hulo] 3387
lcohol 2 ygH Basidiomycot: rom O, into a substrate molecul F tothe p g
'R&tivity?nth:acidic pHrange (EC1.14.13.7) with concomitant reduction of the
M Basid ot E 1l *H,0 ane-electron * Redox potential of 1.0-1.2V wiile
peroxidases mndiitmnufM\"tnMn" w||||:h * Mn*-mediated oxidation of varicus Nitroreductases! Ascomycotaand Cell bound = NAD(P)H-dey ! juctionof = Red "‘:TNTh:h ry yl dini 34,
(EC1.11.1.13)" g henols and ic amines Basidiomycota i ics to hydroxylami | ..;---J Jini luenes 90-94
compounds # Extended substrate range in the presence and and amino{nitro) J = F i derivati
of co-oxidants (organic SH-containing = = -onal = B
e o I fattyacids and Mucoromycotina ::'Kiufm_i]'Pfu.nchnrmlgl'uupauf and ring deuv?gepr(xiucixﬁun cyclic
their derivatives) = 4 ! .
= Activityin the acidic pH range © Widespread among fungi
Versatile Eriiemy Extracell «H,0,dependent direct R e 11415V Quinone Basidiomycota  Cellbound = NF!D{P}H-dependerrt reductionof  * Functions |nqu|nomdetnx:ﬁcahon, in 95-98,
peroxidases e B * Direct oxidation of phenols and aromatics reductases! quinones the R KI!IF ] € I“"Iﬁll‘lg from 102
(EC1.11.1.16)! sromatic compounds with high redox potentials, including dyes lar into
= H,0,-dependent one-electron * Mn?- nt reactions as for substrates for ext llular and int Jlul
onidation of Mn® to M which mai peroxidase oxidoreductases, and in pollutant attack
subsequezlymdlzesorgamc = Activityin the acidic pH range by hydroxyl radicals arising from quincne
compoury redox cycling
Coprinopsis cinerea  Basid| E Al 'HP,: j ! 1 ! ﬂedm:pnhermaldamndﬂ!)—llv 'E:_:;_rrenneinnhit&mtandbmwn-mt
peroxidase idation of i is  # Direct f phenols and dyes with idiomycetes
(EC1.11..7M low redox potentials L. N L
& Activity from the acidic to the alkaline pH Reductive Basidiomycota  Cell bound * Two-component system * Reductive dechlorination of chlorohydro-  58.86.
range dehalogenases! and perhaps comprising a membrane-bound quinones arising from 102,
Ascomycota glutathione 5-transferase that degradation and of diphenyl ether 104
Dye-decolorizing  Basidi B 1l lH’()la dependent one-electron lRedoupotemmlnfammdlZ —1.5V produces glutathionyl conjugates [ e = Y
pemxidm. T AT e L il with concomitant chlorine # Perhaps responsible for reductive
{(EC1.11.1x) = Additional hydrolysing activity redoxpotenﬂals(only rarely oxidized by e lrrmesly teghinifiors  dEerhmateneiai ey
. H|ghly| e g Eree conjugate reductase that releases  from PCDD degradation (ascomycetes)
temperature and verylow pH reductively dechlorinated
* Activityin the acidic pH range compounds
Caldariomy A ot E Al .Efo i dent haloge “‘, v -Itdmpmﬁﬂ[mh-w Miscell A ycot: Cellbound IF::rnnhonofglumslde., Igtl”:&ella:zyrnm;iprh:minuﬂinfungal 3.89
Jumago organic compounds in: * No activity on non-st f Basidiomycot: glucy i i also acton other
heem-thiolate F thalides ! ! rings and n-alkanes and or methyl mnjugﬂtes from pollutants
chloroperoxidase transfer) * Activity in the acidic pH range Mucoromycotina hydroxylated compounds * Widespread among fungi
(EC111.1.1000 CH 0,-dependent one-electron
mndzatlnrlsufpl'\emﬂsuﬂ anilines MTBE, methyl-tert-butylether; PAH, polycycllc aromatic hydrocarbon; PCDD, polychlorinated dibenzo-p-dioxin; TNT, 2.4,6-trinitrotoluene. *5ee Supplementary
in the absence of halides information 51 (table) for an extended version of this table, additionally exemplifying known enzyme genes and providing information about the regulation of
= H,0,dependent peroxygenation catabolic-enzyme production in fungi. See the ExPASy ENZYME database. Further sequence information related to extracellular enzymes can be found in the
Mdm oxidationl.leading Fungal Orxidative Lignin Enzymes (EQLy) database ( and lignin. tile and generic peroxidases) and the PeroxiBase database (peroxidases).
= 1 IParticularly promising for the biorer ion of organic ch 1s.1C. ialized for textile dys-bleaching in ﬁnlshlng dysd cotton fabric (Denilite, 2 laccase,
TR e bemzylm and Baylaze, which uses C. cinarea peroxidszs), for preparing cork stoppers for wine battles (Subsraze, s ) and for d tic and h applications
carbon and sulphaxidation of (lignin and manganese peroxidases, and C. fumago heem—thiclste chlorop: idase)™™ "Further |nfurmat|on about fungal cytochrome P450s is availabls

at the Fungal P450 page maintained by D. R Nelson.



Degradace organickych polutantii houbami vs. bct

Box 1| Bacterial approaches to pollutant degradation

Bacterial degradation of pollutants differs in two aspects from most cases of fungal

degradation:

* Bacteria typically use the pollutants as growth substrates. The efficiency of bacterial
degradation thus relies on a positive feedback loop between pollutant degradation
and the formation of more bacteria. However, unlike chemical catalysts, organisms
require minimum substrate fluxes to persist. Below a crucial ‘per cell’ flux of
maintenance energy, the biocatalyst concentration and its catabolic capacity
decrease. This occurs when pollutant concentrations are very low (some trace
chemicals in wastewater treatment) or when pollutants are poorly bioavailable
(high-molecular-mass hydrocarbons) or contain very little energy (highly oxidized
chemicals, such as chlorinated or nitrated compounds). Under such conditions, an
organism persists only if it succeeds in reducing its maintenance requirements —
usually coupled with a loss in activity (for example, entering dormancy or undergoing
sporulation) — or in using other substrates along with the pollutant.

* Bacteria use specific biochemical pathways. Degradation pathways for new pollutants
are mostly modifications or extensions of existing pathways. Alternatively, they may
be newly assembled but based on existing enzymes gained, for example, by genetic
transfer between species. However, degradative pathways will only evolve and radiate
when there is a selective benefit for their encoding bacterium. Specific pathways are
thus unlikely to exist for environmental chemicals that always occur at concentrations
below those required for multiplication or for chemicals containing rare or novel
structural elements. The difficulty in finding bacteria that productively degrade
drugs, agricultural chemicals or ingredients of consumer products (cosmetics, dyes,
detergents, and so on) can be explained in this way. However, bacteria are particularly

Centram pro vy successful degraders of structurally simple mass chemicals (for example, those that

toxickjch tatek are aliphatic or aromatic with low numbers of functional groups).
v prostiedi
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Zaverecny prehled latek a jejich biodegradovatelnosti MO

Table 15-2 An Overview of Relationships between Chemicals, Their Properties, and Bioremediation Prospects

Biodegradability” Frequency of Partitioning Prospects for
Chemical Classes® (A, N, AN) Mobility* Occurrence’ Reactions® Bioremediation’
Hydrocarbons
BTEX A1, N2, AN2 H F M Es
Low MW, gasoline, #2 fuel oil Al, N3, AN2 M F M Es
High MW. oil, PAH A2, N4, AN4 L C S Em
Creosote Al, N2, AN4 L I S Em
Oxygenated hydrocarbons
Low MW alcohols, ketones, esters, ethers Al, N5, AN3 H C W Es
Halogenated aliphatics
Highly chiorinated A4, A3, N5, AN2 M F M Em
Less chlorinated A2, A3, N5, AN2 H F M Em
Halogenated aromatics
Highly chlorinated A4, A2, N5, AN2 L C S Em
Less chlorinated A2, A3, N2, AN2 M C M Em
PCBs
Highly chlorinated A4, N5, AN2 L I S Em
Less chlorinated A2, Al, N5, AN4 L | S Em
Nitroaromatics A2, N5, AN2 M C M Em

‘BTEX = benzene, toluene, cthylbenzene, xylenes; MW = molecular weight; PAH = polycyclic aromatic hydrocarbon; PCBs = polychlorinated biphenyls.
"The three alphanumeric entries for each compound provide a biodegradability rating (1-5) under aerobic (A), nitrate-reducing (N), and other anaerobic (AN) conditions. 1

= readily mineralizable as growth substrate; 2 = biodegradable under narrow range of conditions; 3 = metabolized partially when second subsirate is present (co-metabolized);
4 = resistant; 5 = insufficient informaticn,

‘H = highly mobile; M = moderately mobile; L = least mobile.

“Based on survey of groundwater contaminants. F = very frequent; C = common; I = Infrequent.
°S = strong sorptive characteristics; M = moderate characteristics; W = weak characteristics.

‘Es = established; Em = emerging.



Zaverecny prehled latek a jejich biodegradovatelnosti MO

Frequency of Status of
Chemical class occurrence  bioremediation Evidence of future success Limitations
Hydrocarbons and derivatives
Gasaline, fuel oil Very frequent Established Forms nonaqueous phase liquid
PAHs Common Emerging Aerobically biodegradable under a narrow range of conditions Sorbs strongly to subsurface soilds
Creosote [nfrequent Emerging Readily biodegradable under aerobic condiions Sorbs strongly to subsurface soilds;
Alcohols, ketones, esters Common Established forms nonaqueous phase liquid
Ethers Common Emerging Biodegradable under a narrow range of conditions using aerobic or nitrate-
reducing microbes
Halogenated aliphatics
Highly chlorinated Very frequent  Emerging Cometabolized by anaerobic microbes; cometabolized by aerobes in special Forms nonaqueous phase liquid
cases
Less chlorinated Very frequent ~ Emerging Aerobically biodegradable under a narrow Tange of conditions; Forms nonagueous phase liquid
cometabolized by anaerobic microbes
Halogenated aromatics
Highly chlorinated Common Emerging Aerobically biodegradable under a narrow range of conditions; Sorbs strongly to subsurface solids;
cometabolized by anaerobic microbes forms nonaqueous phase either
liquid or solid
Less chlorinated Common Emerging Readily biodegradable under aerobic conditions Forms nonaqueous phase either
liquid or solid
Polycholorinated biphenyls
Highly chlorinated Infrequent Emerging Cometabolized by anaerobic microbes Sorbs strongly to subsurface solids
Less chlorinated Infrequent Emerging Aerobically biodegradable under a narraw’ range of conditions Sorbs strongly to subsurface solids
Nitroaroamatics Common Emerging Aerobically biodegradable; converted to innocuous volatile organic acids
under anaerobic conditions
Metals (Cr, Cu, Ni, Pb, Hg, Cd, Common Possible (see Solubility and reactivity can be changed ty a variety of microbial processes  Availability highly variable and
Zn, etc.) Chapter 17) controlled by solution and solid-

phase chemistry

Adapted from National Research Coungil (1993).



Zavérecny prehled latek a jejich biodegradovatelnosti MO

Table 8.6

Overview of biodegradation and bioremediation potential for particular classes of environmental contaminants (modified
from National Research Council. 2000. Natural Attenuation for Groundwater Remediation. National Academies Press,
Washington, DC. Reprinted with permission from the National Academies Press. Copyright 2000, National Academy of

Sciences)

Chemical class

Organic
Petroleum hydrocarbons
Low molecular weight
BTEX
Gasoline, fuel oil
High molecular weight
Qils, PAHs

Creosote

Oxygenated hydrocarbons
Low molecular weight
Alcohols, ketones,
esters, ethers

MTBE

Halogenated aliphatics
Highly chlorinated

Less chlorinated

Mechanisms of microbe-contaminant
interactions

Carbon and electron-donor source
Carbon and electron-donor source

Carbon and electron-donor source

Carbon and electron-donor source

Carbon and electron-donor source

Cometabolized; occasionally used as carbon
and electron-donor source

Electron acceptor under anaerobic conditions;
cometabolized

Electron acceptor under anaerobic conditions;
carbon and electron-donor source;
cometabolized

Type(s) of contaminant
alteration

Mineralized to CO,
Mineralized to CO,

Mineralized to CO, or
partially degraded
Mineralized to CO, or
partially degraded

Mineralized to CO,

Partially degraded, sometimes
mineralized to CO,

Partially degraded,
dechlorinated
Partially degraded,
dechlorinated

Susceptibility to
microbiological
transformation

Aerobic Anaerobic

1 2
1 2
I, 2 2, 4
1, 2 2,4
1, 2 2
2-5 4, 5
2-5 2-5
2-5 2-5



Zaverecny prehled latek a jejich biodegradovatelnosti MO

Chemical class

Halogenated aromatics
Highly chlorinated

Less chlorinated

PCBs
Highly chlorinated

Less chlorinated

Dioxins

Nitrogen-containing
explosives (TNT, RDX)

Centrum pro vyzkum
toxickych latek
v prostiedi
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Table 8.6 Continued

Mechanisms of microbe—-contaminant
interactions

Electron acceptor under anaerobic conditions;
carbon and electron-donor source;
cometabolized

Electron acceptor under anaerobic conditions;
carbon and electron-donor source;
cometabolized

Electron acceptor under anaerobic conditions

Electron acceptor under anaerobic conditions;
carbon and electron-donor source

Electron acceptor under anaerobic conditions

Cometabolized

Type(s) of contaminant

alteration

Partially degraded,
dechlorinated

Partially degraded,
mineralized to CO,

Partially degraded,
dechlorinated

Partially degraded or fully
mineralized to CO,

Partially degraded
Partially degraded;

immobilized by precipitation

or polymerization

Susceptibility to
microbiological
transformation*

Aerobic Anaerobic

2-5 2,3
1, 2 2
4 2,3
1, 2 2,4
4 4
2 2



Biodegrace org.

polutantl — neustaly
rozvoj poznatku
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Table 8.8

Selected examples of organic environmental pollutants that were initially considered
nonbiodegradable and later reclassified as biodegradable (from J. Spain, personal
communication; Seffernick and Wackett, 2001; Wackett et al.,, 2002; Johnson and Spain, 2003)

Compound

Melamine

Alrazine

Styrene

2 4-dinitrotoluene
(2,4-DNT)

Chlorobenzene

Nitrobenzene

Pentachlorophenol
(FCF)

Polvchlorinated
biphenyls (PCBs)

Tetrachloroethene
and
trichloroethene

Use

Building block for
early industrial
polymers

Chlorinated triazine
herbicide

Monomer for
industrial polymer,
polystyrene

Manufacture of
polyurethane
foam; production
of explosives

Solvent for pesticide
formulations;

degreasing agent

Production of
the industrial
compound, aniline;
ingredient in shoe
and floor polishes
Antifungal wood
preservative

Dielectric fluid used
in electrical
transformers

Industrial solvents

and degreasing
agents

Physiological role
of compound

Electron donor and
carbon source

Electron donor and
carbon source

Electron donor and
carbon source

Electron donor and
carbon source

Electron donor and
carbon source

Electron donor and
carbon source

Electron donor and
carbon source

If highly chlorinated,
final electron
acceptor

If lightly chlorinated,
electron donor
and carbon source

Final electron

acceplors

Genetic change conferring
biodegradability

New enzymatic activity,
melamine deaminase, in new
combination with other genes

New enzymatic activity,
especially atrazine
chlorohydrolase, in new
combination with other genes

MNew enrymatic activity, styrene
epoxide isomerase, in new
combination with other genes

New enzymatic activity, 2,4-
DNT dioxygenase, in new
combination with other genes

New enzymatic activity,
chlorobenzene dioxygenase,
in new combination with
other genes

New enzymatic activity,
nitrobenzene nitroreductase,
in new combination with
other genes

New enzymatic activity, PCP
4-monooxygenase, in new
combination with other genes

[There are 209 different forms
{congeners) of PCB
maolecules; explanations
for metabolism resist
generalization]

New enzrymatic activity,
tetrachloroethene reductive
dehalogenase

Several of the listed compounds (especially styrene) may be naturally ocourring. Thus, some metabolic pathways
may have evolved prior to widespread manufacture and environmental release of the compounds.



Efekty organickych polutanti na bunky MO

 naruseni integrity a fluidity membrany (dusledky: ztrata dulezitych latek z
bunky, vstup dalSich polutantu ...)

* interakce s procesy a gradienty na membrané (napr. chinony — prenos e-
pfi respiraci)

» interakce s biologickymi molekulami (vetSinou po aktivaci ) — DNA,
proteiny

* interakce s receptory (membranovymi Ci jadernymi)

« oxidativni stres (napr. chinony) — oxidace makromolekul (NA, proteiny),
peroxidace membranovych lipidu

Centrum pro vyzkum
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Efekty organickych polutantii na bunky MO - priklad

» Aromatickeé latky toxické pro MO

— ve vodé rozpustna frakce rafinovanych ropnych produktl (vice toxické nez tato frakce
ze suroveé ropy - méné NAP a alkyl-NAP) - toxicita pro heterotrofické i autotrofické MO

« Zejména po metabolizaci (aktivaci) jsou vysoce reaktivni:

— mohou se vazat a vytvaret kovalentni adukty s zZivotné dalezitymi makromolekulami,
jako jsou celularni proteiny, DNA apod.

— interkalace v DNA
— podobné pusobi chinony, aza-PAHs, nitro-PAHs

< 3 C i: Peptides CHs L, CaHs

=0 =0 HN=CH=(CHp )y =N
N Ne.H
) e
) 0 NZ
CHy CHy ¢l
3 4

Cka?’t 5.8. Examples of intercalating agents. Key: 1, acriflavine; 2, ethidium bromide; 3, actino-
myein; 4, quinacrine. Scheme 5.5. Interaction of 7,8-dihydrodiol-9,10-epoxide of benzofajpyrene with the amino

N o




Pouzita literatura — MO a organické polutanty

Maier R. M., Pepper I. L., Gerba C. P. (2000): Environmental microbiology. Chapter 16: Microorganisms
and organic pollutants (Maier R. M.). Academic Press. ISBN 0124975704. p. 363-402.

Madsen E. L. (2008): Environmental microbiology: from genomes to biogeochemistry. Chapter 7:
Microbial Biogeochemistry: a Grand Synthesis. John Wiley & Sons. ISBN 1405136472. p. 281-345.

Madsen E. L. (2008): Environmental microbiology: from genomes to biogeochemistry. Chapter 8.3:
Biodegradation and bioremediation. John Wiley & Sons. ISBN 1405136472. p. 373-399.

Madsen E. L. (2008): Environmental microbiology: from genomes to biogeochemistry. Chapter 8.5:
Evolution of catabolic pathways for organic contaminants. John Wiley & Sons. ISBN 1405136472. p.
403-409.

Mitchell R. (2010): Environmental microbiology. Chapter 8: Bioremediation of Hazardous Organics
(Becker J. G. and Seagren E. A.). John Wiley and Sons. ISBN 047017790X. p. 177-212.

Atlas R. M., Bartha R. (2009): Microbial ecology: fundamentals and applications. Chapter 14:
Biodegradability testing and monitoring the bioremediation of xenobiotic pollutants.
Benjamin/Cummings. ISBN 0805306552. p. 556-598.

Horakova D. (2007): Bioremediace. Masarykova univerzita. ISSN 1802-128X.
http://is.muni.cz/elportal/?id=710435

Harms, H., D. Schlosser, and L. Y. Wick. 2011. Untapped potential: exploiting fungi in bioremediation of
hazardous chemicals. Nature Reviews Microbiology 9, 177-192.

Colwell R. R. (1978): Toxic effects of pollutants on microorganisms. In Principles of Ecotoxicology (ed. G.
C. Butler). John Wiley & Sons.
http://dge.stanford.edu/SCOPE/SCOPE_12/SCOPE_12 3.7 chapter13 275-294.pdf

Bitton G. (2002): Encyclopedia of Environmental Microbiology — 6 volumes. John Wiley & Sons Ltd.

©)

Centrum pro vyzkum
toxickych latek
v prostiedi



http://is.muni.cz/elportal/?id=710435
http://dge.stanford.edu/SCOPE/SCOPE_12/SCOPE_12_3.7_chapter13_275-294.pdf
http://dge.stanford.edu/SCOPE/SCOPE_12/SCOPE_12_3.7_chapter13_275-294.pdf
http://dge.stanford.edu/SCOPE/SCOPE_12/SCOPE_12_3.7_chapter13_275-294.pdf

http://lumbbd.msi.umn.edu/

iversity of Minnesota Biocatalysis/Biodegradation Database - Windows Internet Explorer

§18]/5/5x) [5 | gle==
x =
= |

:‘ Search = | Mare 2 . Jakub He

¥
Soubar ‘ x Go g|€

- Oblibené polotky | 7 [ Mojebanks £ Wos © SCI {515 {5 ISAUTH S sEznam (©)RECETox &) opvkz2 WlviRacz E mer i
) - [ - N »
|?University of Minnesota Biocatalysis/Biodearadation D. .. | | & = = @ * Stranka ~ Zabezpedeni = Mastroje - @v ] o ;
! '
1
n 0 0 | HO
: () ! i : (D RA DA () . A A=A l
Home Pathway Prediction System | PredictBT Workshops | Biochemical Periodic Tables /O
=
o
Search Microbial biocatalytic reactions and biodegradation pathways. cyclohexanane
1,2-monooxygenass|
About B : B
UM-BBD | PPS | BPT ETHZ mirror | EEL mirrer | KEGG mirror
1-Oxa-2-oxocycloheptane
What's New
]
FAQs + What's New? Last updated March 1, 2012, o !

® Search the UM-BBD for compound, enzyme, microorganism, pathway, or BT rule name; chemical

Join E- il List R i
omn E-mail Lis formula; chemical structure; CAS Registry Mumber; or EC code.

Contributors

o
HO/\/\/\H/
B-Hydroxyhexanoate
o]
B-hydroxyhexanoate
dehydrogenase
OMAH/D
B-Oxohexanoate
o

# FPathways and Metapathways in the UM-BBD

Publications

| - Selecta Pathway -
Links [ Gotothe Pathway |

Acknowledgements

Lists of 211 pathways; 1446 reactions; 1341 compounds; 953 enzymes; 515 microcrganism
entries; 250 bictransformaticon rules; 50 crganic functicnal groups; 76 reactions of naphthalene
Contact Us 1.2-diewvaenase; 109 reacticns of teluene dicxyvaenase; Graphical UM-BEC Cverview; and Cther
Graphice (Metapathway and Pathway Maps and Reaction Mechanisms).

& cite using: N
Gao J, Ellis LEM, Wackett LF (2010) "The University of Minnesota Biocatalysis/Biodegradation o

Database: improving public access" Nucleic Acids Research 38: D488-D491. Abstract | Full Text I
o

# For more information jcin cur email list. Comments related to the database are appreciated;

contact us. . scoa, AdipykCod
l o
. o} adipyl-CoA dehydrogenase
A PacCHE MysoLs 5 - SCod
o 5-Carboxy-2-pentenoyl-CoA
o]
. . . . . enoyl-Cod hydratase

© 2012 Regents of the University of Minnescta. All rights reserved. Contact Us | Privacy s}

The University of Minnesots is an equal opportunity educator and employer, Last medified on 3/1/2012 SCod n
o 35)-3-Hydrosxyadipyl- CoA)|

Gao J, Ellis LBM, Wackett LP (2010) "The University of Minnesota o l T

Biocatalysis/Biodegradation Database: improving public access" O.M/\Ww
Nucleic Acids Research 38: D488-D491 I

— — — -


http://umbbd.msi.umn.edu/chx/chxmap

Dalsi toxikanty a MO




Dalsi toxikanty a MO

 halogeny

» silna oxidovadla (H,0,,KMnQO,)
* barviva

* syntetické tenzidy

 nekteré plyny

* vyuzivani pro desinfekci, ale uniky do prostredi poskozuji prirodni
populace MO

Centrum pro vyzkum
toxickych latek
v prostiedi

©)




Povrchove aktivni latky

* hydrofilni a hydrofobni Cast
molekuly — snizuji povrchové
napéti — tenzidy

— anionaktivni (mydla)
— kationaktivni
— neionogenni

Anionaktivni

» ve vySSich koncentraci poSkozuji
cytoplazmatickou membranu, zpUsobuiji
denaturaci bilkovin

* pfi nizSich koncentracich pronikaji do
buriky a ovliviuji metabolizmus

Kvarterni amoniové soli

* pusobi baktericidné (pfedevsim na G+,
meéneé na G-), fungicidné, amoebicidné,
virucidné

Centrum pro vyzkum
toxickych latek
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TABLE 2.6 Examples of Commercially Important Surfactants®

Common Name of Surfactant

Class (Acronym) General Structure

Anionic Surfactants

R— CHQ—' c(ﬁ”a@ i R= C‘o_1s

Soaps
o}
Il ®
Linear alkylbenzene sulfonates (LAS) H—@—ﬁ—(}@ Na¥ R=Cypq5
o}
Ri I
Secondary alkyl sulfonates (SAS) R, CH—ﬁ—OeNa@. Ry, Ry = Cyy.47
0
Fatty alcohol sulfates R—CH/—~0—5—Na® R-=C,.,,
{Alkyl sulfates, FAS) g
Cationic Surfactants
Quaternary ammonium chloride [R1\%, Ra] o® Ri=R=C
(QAC) R” TR " Ry= Ry =Cerg

Nonionic Surfactants

R= Cs
Alkylphenol polyethyleneglycol R—©—Q—(CHZCH20}H i (:;2
ethers (APEQ)
Fatty alcohol polyethyleneglycol R—CH,— O—{CH,CH,0), H, Rj Craz
ethers (AEQ) n= 3is

“From Piorr (1987).



Halogeny

zejmena chlor - chlornany (-OCl) a chloraminy (CI-NH,)

nejpouzivanéjSi technologie Cisténi pitné a odpadni vody

silné oxidacni Cinidlo

)

Cl, tvori ve vodeé:
Cl, + H,0 > HOCI + HCI
HOCI - -OCI- + H* = volné dostupny chlér =

v prostredi se vaze na amoniak Ci organické latky v;.:a.s.; u. .:u.m ﬂ

% HOCI (hypochlorous acid)
% OCI (hypochloride io

chloraminy jsou méné efektivni nez volné dostupny chlor
» pusobi na vegetativni i klidova stadia bakterii, virti i prvoku

— méni permeabilitu membrany — unik dulezitych latek v = =
— interferuje s déji na membrané — fosforylace Nucleicacid

4 ‘ W:ne
— denaturace NA L ([2 ,

. < 0.8 mg/l chlorine 4{?’7
* Br, | — substituce tyrosylu a histidylu, oxidace SH capsid \ A\

— nevratné vazby na SH skupiny enzymu a proteinu
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Halogeny

TABLE 23.3 C - t Values for Chlorine Inactivation of TABLE 235 C - # Values for Chloramines in Water
Microorganisms in Water (99% Inactivation)” (99% Inactivation)®
Organism °C pH C-t Microbe o pH G+t
Bacteria Bacteria
E. coli 5 60 s E. coli 5 9.0 13
E. coli 23 10.0 0.6 M. fortuitum 20 7.0 2667
L. pneumophila 20 7.7 11 M. avium 17 7.0 ND**
Viruses M. intracellulare 17 7.0 ND
Polio 1 b 6.0 1.7 Viruses
Protozoa Polio 1 5 9.0 1420
G. lamblia cysts 5 6.0 54-87 Hepatitis A 5 8.0 592
G. lamblia cysts 5 7.0 83-133 Coliphage MS2 b 8.0 2100
G. lamblia cysts 5 8.0 119-192 Rotavirus SA11
G. muris cysts 5 6.0 250 Dispersed 5 8.0 4034
Cryptosporidium oocysts 25 7.0 >7200 Cell-associated B 8.0 6124
Protozoa
From Sobsey (1989); Rose et al. (1997). G. muris 3 - 430-560
“ In buffered distilled water. G. muris 5 7.0 1400
Cryptosporidium 25 7.0 >7200
TABLE 23.4 C - t Values for Chlorine Dioxide in Water Adapted from Sobsey (1989); Rose et al. (1997).
ClO, residual Temperature 7 In buffered distilled water.
Microbe (mg/) Q) pH % reduction C -t *ND = no data.
Bacteri . .
a; — TABLE 23.6 C - t Values for Ozone Inactivation of
. coli 0.3-0.8 5 7.0 99 0.48 Mi s in Water (99% Inactivation)
L. pneumophila 0.5-0.35 23 99.9-99.99 ND i i GEIRDRE,
Viruses Organism g pH C:t
Polio 1 0.4-14.3 5 7.0 99 0.2-6.7
Rotavirus SA11 Bacteria
Dispersed 0.5-1.0 5 6.0 99 0.2-0.3 E. coli 1 72 0.006-0.02
Cell-associated 0.45-1.0 5 6.0 99 1.0-2.1 Visiises
Hepatitis A 0.14-0.23 5 6.0 99 17 Polio 1 5 79 0.2
Protozoa Rota SA11 + 6.0-8.0 0.019-0.064
G. muris 0.1-5.55 5 7.0 99 10.7 Protizsa
G. muris 0.26-1.2 25 5.0 99 58 G i 5 70 1.94
G. mursi 0.21-1.12 25 7.0 99 5.1 G. lamblia 5 70 053
G. muris 0.15-0.81 25 9.0 99 2.7 C;'yptosporidium 7 _ 7'.0
Cryptosporidium 4.03 10 7.0 95.8 6.0 Cryptosporidium 27 o 35
Adapted from Sobsey (1989); Rose ef al. (1997). From Sobsey (1989); Rose et al. (1997).




Chemoterapeutika

» selektivni ucinek
* inhibice procesu biosyntézy koenzymu, bilkovin a NA

« strukturalnimi analogy esencialnich latek s vetsi afinitou k danym
enzymum

* isonikotinylhydrazid - pyridoxin
* kyselina p-aminosalycilova - kyselina salycilova
» sulfonamidy - kyselina p-aminobenzoova (PABA)

— 6-Methyl pterin

Centrum pro vyzkum
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Antibiotika

* nefizené pouzivani v zivoCisné vyrobé + vstupy z komunalnich
odpadnich vod a jejich kalu (spolu s dalSimi farmaceutiky)

* negativni efekty na pfirozené populace MO

DNA-directed RNA
Cell wall synthesis DNA gyrase [RNA slongation | polymerase

Cydulrine inol Malidixic acid Actinomyc Iﬂfampin

Vancomycin i Ciprofloxacin : Streptovaricins

Bacitracin

Penicillins Protein synthesis
Cephalesporins » . (505 inhibitors)
Monobactams = /

Ciishagtnass Erythromycin (macrolides)

Chleramphenicol

R x Clindamycin
Folic acid metabolism h
Trimethroprim i

Sulfonamides Protein synthesis
(305 inhibitors)
-Tﬂn:ycllm
Spectinomycin
Streptomycin
Cytoplasmic membrane - 2 Gentamicin
structure = - — :::Illl'l'lﬂll'l
::Iﬂnmyd: |_Nitrofurans

PABA Cytoplasmic Cell wall
membrane ———
Puromycin

Figure 8.27 Mode of action of major antimicrobial agents. DHF, dihydrofolate; DNA,
deoxyribonucleic acid; mRNA, messenger RNA; PABA, para-amino benzoic acid; THF,

) tetrahydrofolate; tRNA, transfer RNA. (From MADIGAN, M. and J. MARTINKO. 2006. Brock
Centrum pro vyzkum A : g ! i s
toxickych latek Biology of Microorganisms, 11th edn, p. 683. Prentice Hall, Upper Saddle River, NJ. Copyright 2006.
v prostredi Reprinted by permission of Pearson Education, Inc., Upper Saddle River, NJ.)
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Antibiotika

Table 8.12

Mechanisms of antibiotic resistance in bacteria. The genes for each of these resistance traits
can be transferred between bacteria (from Davies, J. 1994. Inactiviation of antibiotics and the
dissemination of resistance genes. Scienice 264:375-382. Reprinted with permission from AAAS)

Mechanism

Reduced uptake into cell

Active efflux from cell

Modification of target to eliminate or reduce
binding of antibiotic

Inactivation of antibiotic by enzymic modification:

Hydrolysis

Derivatization

Sequestration of antibiotic by protein binding
Metabolic bypass of inhibited reaction
Binding of specific immunity protein to antibiotic

Overproduction of antibiotic target (titration)

Antibiotic

Chloramphenicol

Tetracycline

B-lactams (e.g., penicillin G, amoxicillin)
Erythromycin, lincomycin

B-lactams
Erythromycin
Aminoglycosides
Chloramphenicol
Fosfomycin
Lincomycin
B-lactams
Fusidic acid
Sulfonamides
Trimethoprim
Bleomycin
Sulfonamides
Trimethoprim
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Antibiotic Resistance .

Fluoroguinciones
f— Aminoglycosides

Tetracyclines
p-lactams
Macrolides
Imimunity
E Bypass
Tetracyclines
Trimethoprim
Sulfonamides

Target Modification
Fluoroquinclones

Rifamycins
Vancomycin
Penicillins
nactivating Emzymes Macrolides
fi-lactams Aminoglycosides
Aminoglycosides
Macrolides
Rifamycins

Wright GD, 2010 BMC Biol. 2010; 8: 123.
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