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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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Pusobeni toxickych latek na MO

« funkce koncentrace
« DOSE - RESPONSE vztah — vySSi koncentrace — vySSi efekt,
ALE napf. u esencialnich kovu kfivka optima a v nékterych
pripadech efekt hormese
« funkce vlastnosti latky
« chemicka struktura, Kow, Sw, Koc, pKa, MW, H, pv
« formy (specie), reaktivita, biodostupnost

* funkce viastnosti MO, napr.
jaka je burika typu (prokaryoticka €i eukaryoticka, G+ Ci G-)
jaka je morfologie, fyziologie, typ metabolismu
vliv stavu bunék (faze bunééného cyklu, spora Ci ne)

« funkce vlastnosti (faktort) prostredi
« pH, CEC, OM, redox, teplota ...
« napf. vliv pH na mobilitu kovl, kosubstraty, TEA ...
« pfFitomnost surfaktantd ...

Transport,

vstup premeény,

toxicita

vystup

Centrum pro vyzkum
toxickych latek
v prostiedi
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Pusobeni toxickych latek na MO

 funkce ¢asu - linearni, u chronického pusobeni spiSe klesa s
dobou pusobeni (dusledek adaptace), pfipadné opakovana

expozice
* U MO neni tak jednoznacné oddélitelna akutni a chronicka toxicita

Ireverzibilita plsobeni toxického efektu:
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The ecetoxicological profile of pesticides and heavy metals.

Centrum pro vyzkum
toxickych latek
v prostiedi
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Zjednodusené schéma expozice MO v prostredi

Environmental Processes Properties of

factors and and chemical

responses outcomes involved

Source Pollutant Physical
| {solid, liguid, gas etc.)
¥

Envircnmental Biochemical pathways Physicochemical

distribution and and fluxes {(water solubility,

transformation Vapour pressure,
transformation etc.)
Air Water  Sailsediment
Environmental levels .
Exposure Biochemical and

and uptake

|

Organism

physiclogical
{kicaccumulation
biotransformation ete.)

Crjanism
response

*

Lethality and |
sublethal conditions

i

Physiclogical
(lethal toxicity,
sublethal toxic
effects reduced
reproduction etc.)

Population,
community
and ecosystem
respense

Modified population
characteristics
and dynamics

Modified community
structure and functicn

l

Ecological

(altered species,
diversity changes

in predator-prey
relationships, altered
raspiration to
photesynthesis
ratio,altered nutrient
dynamics etc.)

Toxikant v
prostredi a jeho
osud

Biodostupna
forma toxikantu

Vstup do
mikrobialni
bunky + obrana

Osud v bunce
+ obrana

Efekty na
vysSich
urovnich

Degradace

nebo toxicita

Change in ecosystern function

Fig. 2.1 Relationship between the properties of an ecotoxicant and is interaction with
ecosystems.




Biodostupnost toxickych latek pro

MO v prostredi




Zjednodusené schéma expozice MO v prostredi

Sorbed | | Soluble Ahsnr;Ltinn
Sequestered chemical '
Distribution
Metabolism Site of Toxic
Excretion
Organic matter, -
pH, clay content
=1 MO
Total chemical |. Bioaccumulation
Soil, intestinal tract Membrane Internal

Fig. 2. Schematic model of hioavailability (with permission from Lanno, 2003,

©)

Centrum pro vyzkum
toxickych latek
v prostiedi




Bound
contaminant

Absorbed
contaminant in | ———>
organism E

Site of biological
response

Released
contaminant

Circulation within organism,
accumulation in target organ,
toxicokinetics, and toxic effects

(Processes A, B, C and [



Situace v pevnych matricich (ptuda, sediment)

Pisek Prach

(50 MM Fm) el 10 pym

1-2 ym
bakterie

® 1 nm
kontaminant

Fp
f

mota & ‘i

| Organicka h

Centrum pro vyzl J " -
©) =5 2 um - 0,2 um) (N/A)



Situace v pevnych matricich (ptuda, sediment)

Surface

/sorption

Water soluble
fraction
oy

Diffusion in

2 Surface
Y sorption

ar'iifq'kmatter{ _
£ SR =N
F ._“'

Diffusion into rubbery
organic matter

Diffusion into glassy
organic matter

Centrum pro vyzkum
toxickych latek

v prostred Semple et al., 2003
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Priklad fungovani ,,mass transfer*

JestliZze biota nemuze jit ke kontaminantu .....,
e TaK kontaminant musi jit k biote NI

BAKTERIE

Biodegradace ¢i toxicita

Centrum pro vyzkum
toxickych latek

v prostredi Autor schématu K.T. Semple
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Princip ,,mass transfer” (presunu polutantu) ?

) Pudni roztok _
Rovnovdha Zadna interakce

| — mikroorganismdi

e oS

N >

- Vv mikroorganismu

Reakce nachylend ve prospéch
desorpce

Centrum pro vyzkum
toxickych latek

v prostredi Autor schématu K.T. Semple
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Kovy v prostredi a biodostupnost pro MO

* na rozdil od organickych polutantti a dalSich toxikantu,
kovy nemohou nikdy byt degradovany, pouze zména
jejich formy, specie = mobility, biodostupnosti

» celkova koncentrace kovu v prostredi tedy neni relevantni z
pohledu jeho toxicity, mnohem vice je dulezita dostupna
frakce: kovy ve formeé tzv. volného iontu — free ion

* nedostupne jsou vetsinou kovy vazane na koloidy Ci
povrchy pevne frakce -(kat)iontova vymena, kovy
vysrazeneé Ci v komplexech (napr. reaguji s pritomnymi
fosfaty a sulfaty, hydroxy- a thiolo- skupinami na OM)

Soil characteristics:
pH, OM, CEC, Clay,
oXides, ... (

4

Metals in

Interactions
solid phase ns

METAL SPECIATION | SOLUTION - ORG




Kovy v prostredi a biodostupnost pro MO

* vyskyt biodostupnych forem kovu zavisi silné na faktorech prostredi —
CEC, pH, redox a OM, jilové mineraly, rozpustéené sulfidy, komplexacni

P el
cinidla (HA), aktivity MO _ _
Proces, ktery se odehrava Vliv na mob/biodost

Faktor
Low pH Decreasing sorption of cations onto oxides of Increase
Fe and Mn
Increasing serption of anions onto oxides of recrease
Fe and &n
High pH Increasing precipitation of cations as Cecrease
carbonates and hydroxides
Increasing sorption of cations onto oxides « F Crecrease
Fe and &M
Incregse

High clay content
High OM (solid)

Hizh (sclubie)
bumus content

Comipeting ions

Drsscived inorganic
hgands

Diissalved crganic
ligands

Fec and Mn oxides

Low redox

Increasing complexation of certaine cations b

diszalved ligands
Increazing sorptinn of cations onto f=olid)

humus muiterial
Decreasing sorption of anions
Increasing ion exchange for trace cations

(ar il pH3
Increasing sorption of cations onto humus

material
[ncreasing complexation For most trace cations

Increasing competituc oo Earprlion sites

Increasing trace metal salubility
Increasing trace meral scrlubiiney

Increasing sorplion of trace cations with

increasing pH
Increasing sorption of trace anions with
decreasing pH
Decreasing solubility at low redox potential

as metal suifides
Decreasing solution complexation with lower

redox porential

Do i e

Increase
Decrease

Crecrense
Decrease increase?

[ncramse
Increase

Increase

Decreass
Drecrease
Decrease

Increase’decrease?




Kovy v prostredi a biodostupnost pro MO

* zavisi samozrejme take na vlastnostech kovu: metaloidy (Ge, As, Sb, Se)

— tvofi aniontové specie (napf. AsO,*)na rozdil od kovu které jsou v
prostredl vetSinou jako kationtove specie

Ag(l)
As(IIT)
Ay}
Bi{ILI}
Bel(Il
Cdillj
Coi I}
Co111;
(vl
Cui{li)
Hg(11)
MadIl)
MoV
Ni{11)
Poill)
SEILL)
Sef1¥)
Sef V1)
T )
TI11L)
W[V
YV}
Zn(ll)

Ap, A;,,c:l" Ag* ]
As(OH AsO]~
H:ﬁ&; g{gﬁg}"_
3 4
i?ﬁ)" Be(OH)7, Be(OH);~ N
Cd2+, Cds50§, CdC1™ Cd+, CdAcl. Cd30f, CAHOO;
Colt, CoSON Cof{OHY
Cr{OH CoOHY;
CrOg Crioyg )
Cu+t, CaCl™ CuCDD CuHCO;
Hyg+, Hg(Cls, CHyHg" Ha(OH)S

Mn2r, MoSOY

H3 MGD&, HMDD4
Ni2+, NiSQf, NiRCO;
Pb2+, PSSO, PbHCOT
Sb{OH); , SB(OH )
HSey;'

SeOy

T

TKOHY

VO

v, pelyvanadates
Zn3, ZnSOY,

Mnr2t, MnSOY, MaCOY, MnHCOY
HMoO; . MoO5,

chcﬂ, N1Hr:::r, Nt

PhCOU, POHCO] . PR{CO3~ . PHOHY
Sh{OH);

TWOH) Y

oxidized w0 YY) ipﬂmeq
vO(OH)S, VOJLOHY
ZaHCO;, ZnCOt, Zn?*, ZnS0]




Kovy v prostredi a biodostupnost pro MO

Redox

* pri aerobnich podminkach (0-800 mV) jsou kovy ve formé volného
kationtu

* pri anaerobnich podminkach (-400-0 mV) jsou vysrazenée, napr. v
sulfidech, uhli¢itanech

Prevzato z ISO 17402: Soil quality - Guidance for the selection and application

p H of methods for the assessment of bioavailability in soil and soil materials
v v s c Total co tration
* vySSi pH — kovy jsou ve T‘”
formé nerozpustnych fosfatu ] I Solid phase (matrix mineralogy)
e o ’ ner C Potentially lable
a uhlicCitanu, také se snizuje ally availa

kapacita pH-dependentni
CEC

* nizSi pH — volné kationty
nebo rozpustné organokovy,

Enhanced solubility by DOC

L ]
.
-
at
a®

an®

."'ll-l'll'-‘...

Log Concentration
i

stoupa rozpustnost, naopak Aqueous phase
vysSi sorpce aniontovych ]

s Actual dissolved concentration
SpeECIi ¥

. » ] 2 4 G a8 10 12 14
©) | pH




Kovy v prostredi a biodostupnost pro MO

Kationtova vymeéna (KVK, CEC)

e kationty kovU se vazi na negativné nabité jilové Castice v
pudé a sedimentech

* pudy a sedimenty s vysokou CEC (organicke a jilovité pudy)
maji nizkou toxicitu, i kdyz jsou celkové koncentrace kovu v
nich vysoké

- stejné tak ale jsou afinitni k negativné nabitym skupinam
na povrchu MO

* sila vazby (na abio. i MO) je rlzna: Al®* > Ca?* = Mg+ > K* >
Na*

 napfiklad Al** ma tak vysokou afinitu k aniontim, ze se
vetsinou vyskytuje jako Al(OH),; a je nedostupny (pri poklesu
pH se pak uvolni)

« foxicke kovy tvori Casto velike, dvojmocne katlonty, které maji

vysokou afinitu k adsorpci = nahradi .Zivinove® kovy Ca?*
Mg?* K* Na* na povrSich a zlistanou pevné navazany

Centrum pro vyzkum

toxickych latek
vvvvvv




Biodostupnost organickych polutantu

 VétSinou jsou persistentni polutanty s nizSi polaritou, rozpustnosti ve
vode a tlakem par, s vysSSi hydrofobicitou a lipofilicitou a odolnou
chemickou strukturou

Rychle degradovatelné

| (]
(6) cnmmerovzem  PoOmalu degradovatelné OOO

toxickych latek
v prostiedi




Biodostupnost organickych polutantu

Degradable/removable fraction

Readily available
fraction

Recalcitrant fraction

Contaminant concentration

Non-extractable fraction

Time

Centrum pro vyzkum
toxickych latek

v prostreci Prevzato z Semple et al. (2003), E J Soil Sci 54: 809
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Interakce organického kontaminantu a NAPL

Ve . .
Pudni roztok A, e
CO >

O TS
Non-aqueous Phase Liquid
(0

Pudni ¢astice

Centrum pro vyzkum
toxickych latek

v prostredi Autor schématu K.T. Semple
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Zpusoby degradace

Soil-associated HOC Dissolved HOC

To stejné plati pro
toxicitu, takze ...

OO‘

Degradation by Degradation in the
direct contact aqueous phase

Autor schématu K. T. Semple




Napodobeni biodostupnosti HOC pro MO

@

/Mikroor'ganismus
g
. - Desorbovayy
Hydrofobni kontaminant (HOC)
vdzany na pudu

Chemicka metoda

Centrum pro vyzkum
toxickych latek

v prostred Autor schématu K.T. Semple
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Napodobeni biodostupnosti HOC pro MO

Hydrofilni
navenek

/\< \ b———s50a-5 58— E /\<

I
15.44 | 0

O
OH

Hydrofobnl
H kavn‘a

j’”v 0 > O HO\H )V??)H/ HOW)

@ Centrumpro vizkum KO"\p'CX
Hy Lpr'opyl -B-cyclodextrin Hydroxypropyl-B-cyclodextrin-kontaminant




Napodobeni biodostupnosti HOC pro MO

HPCD (25 mL) Centrifugace
5000 g

Teflonové centrifugacni Trepacka (20 h) 1

zkumavky, puda (1.5 g)

Analyza HPLC po stépeni Supernatant
MeOH ¢i analyza na LSC odebran
pro 14C znacéené latky

Centrum pro vyzkum
toxickych latek
v prostiedi
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Napodobeni biodostupnosti HOC pro MO
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Centrum pro vyzkum
toxickych latek
v prostiedi
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Napodobeni biodostupnosti HOC pro MO

» Extrakce cyklodextrinem dokaze mimikovat
biodostupnost pro bakterie

—_
o
o

90 -
80 -

70 1

Slope = 0.99 iCovy
3 pe0 3 Kl ICovy

Intercept = -0.98 transfer
50 &

0 © 0 & @ h Cyclodextrin
4C-Phenanthrene extracted (%) @ c Enkapsmace /
QO "
N4

» Transfer do

QO O-—
N
4

60 -

1€ -Phenanthrene mine

Biodegradace

roztoku
Vézany na

pudu

oL

o>

Centrum pro vyzkum /

toxickych latek
v prostiedi
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Vstup toxickych latek do MO a

povrchove bariery
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Povrchové bariéry mikroorganismu

dileZité proto, Ze mikrobidlni ekotoxikologie MUSI
uvazovat primeé interakce bunek s vnejsim prostredim

povrchové bariery zabezpecuji prisun zivin a zaroven
chrani obsah bunek

bunécna sténa (ne u vsech MO)
cytoplazmaticka membrana

definuji také antigenni vlastnosti bunek

pozor: zatimco u prokaryot (neni kompartmentace bunky)
toxicke latce staCi pouze proniknout pres membranu /
stenu, u eukaryot jsou jeste dalsi bariery

Centrum pro vyzkum
toxickych latek
v prostiedi




Cytoplazmaticka membrana

- biomembrana - biofiim z fosfolipidi s vnofenymi proteiny, obsahuje i
membranoveé receptory a enzymy - model mozaiky,

-  neni jen bariérou, ma i své funkce 7eimana n nrnkarunt nahraziiie

M . carhohydrate group
celou radu organel eukaryot: e i e, i carboyrategroup o gycalpid
. TEEECT 2 P 2 glycoprotein protein
- respiracni retezce a cetné enz. systemy \ S, [ extracellular face
- aparat fotosyntézy, ATP-aza Efa&:;}% 35_#;& 5 i/
- transportni proteiny N IO - 5o a0 SeNgeanon (- phospholpid
B, Ry Aaas e S lvse s Guasnaaon s
- zakotven bigik DA A ALY NGNS, WAL i
, , Q0. .8 RN -4 Lt ) _ amino acid
- syntéza a hydrolyz’a fosfollE)ldu’ ) A Aaas L g
- posledni krok syntézy bunécné stény ! A
sf _ carhohydrate
% unit

eytoplasmic face

Extracellular Fluid

Protein channel
{transport protein)

Globular protein

Glycoprotein

E‘: (5} ]
s
~\ iransmémbhrane

\ proteins

2 T T
e R T T ‘1’5.‘_;_«,‘% R

Phospholipid bilayer

Phospholipid
molecule

Cholesterol

Giycolipid .' _(Globular protein) == Sdi'fai:e;'prbtein 5

Peripherial protein Filaments of / Alpha-Helix protein .y, 4 b obic tails -

cytoskeleton (Integral proteinj~
Cytoplasm



Procesy transportu pres membranu

pasivni trasport — difuze
* | skrze bunécnou sténu
» pohyb molekul dle koncentracniho gradientu

* zavisi na ploSe a tloustce membrany / bunécné steny, lipofilicité a ionizaci
toxikantu (lipofilni latky — dobfe, kationty — zUstavaji Casto navazany na negativné
nabité fosfolipidy), na molekulové hmotnosti (malé molekuly < 0,4 nm dobre)

usnadnény transport

» transmembranové proteiny vyvazuji extracelularni latky a usnadnuji prenos pres
membranu

aktivni transport

 pumpy” po/proti koncentracnimu gradientu (i cilené VEN z bufiky — obrana burky
proti toxickym latkam)

* navazani latky na receptor / pfenos pfes membranu za spotfeby ATP
endocytoza
* transport veétSich molekul pinocytozou

Centrum pro vyzkum
toxickych latek
v prostiedi
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Vstup kovu do MO

» JE fada mechanismu. Jak mohou kovy vstoupit do MO

MO maji vyvinuty specialni transportni systemy pro esencialni kovy pres
membranu, témi ale vstupuiji i toxické kovy

Cell
membrane

— (napt. Cd?* vstupuje transportnim systémem
Inside cell pro Mn?*, ktery je zaloZzen na membranovém
potencialu — 2-mocny kov za 2 H*)

Outside cell

Lipid e — ; (s, il

permeation

(difuze, pasivni transport)

Endocytosis (M~

(velké molekuly)

lon
channel

=

il ‘g

>(aktivn|’ transport)

'EEEEERE -

lon
pump

Carrier

mediated M

geornr‘?’lzlgtxed Mf ' -CI | From: Maier et al. (2000): Environmental

Microbiology, Academic Press




Organické polutanty a membrana

» Pokud jsou lipofilni, rozpousti se v lipidické dvojvrstveé a prochazi
velmi dobre

* [onizovatelné a velké molekuly hure

* BunéCna membrana je povazovana za hlavni misto akumulace
organickych kontaminantl u mikroorganismu

* Toxicita organickych kontaminantu bez naboje jako jsou ropné
uhlovodiky nebo organicka rozpoustedla je z velke Casti
zpusobena nespecifickym narkotickym typem ucinku

* Nespecificka toxicita narkotickeho typu je zalozena na rozdéleni
rozpusténeho kontaminantu v lipofilni vrstvé bunécné membrany,
coz zpusobi naruseni integrity (celistvosti) membrany

 Jednim z nasledku vystaveni membrany kontaminantu je zvySeni
jeji propustnosti (a tim i usnadnéni pfenosu dalSich kontaminantu)

©)

Centrum pro vyzkum
toxickych latek
v prostiedi




Bunecna sténa

 neni propustna pro makromolekuly

* mezi membranou a sténou je tzv. periplazmovy prostor, kde probihaji
nékteré enzymaticke aktivity

 z pohledu pfestupu kontaminantu je dulezita zejména u prokaryot
* rozdeleni na gram-pozitivni a gram-negativni
« G+ - barvivo setrva v tlusté vrstvé peptidoglykanu

Gramovo barveni ...

Centrum pro vyzkum
toxickych latek
v prostiedi
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Bunecna sténa

TEEDo0

B

Porins

ST
b3

Zwter membrane

i

& & & 8 oV

L

Proteins

Gram negative

‘________.. Lipopolysaccharide

Lipoteichoic acid
Teichoic acid

Peptidoglycan \L

Periplasmic
space

Membrane proteins

Gram positive

Lipids

- G- sténa je tenCi a méné hmotna
- lipopolysacharidy urCuji antigenni specifitu

Centrum pro vyzkum
toxickych latek
v prostiedi

©)

- sitovina polymeru je pevnéjsi nez u G-

- mnoho vrstev zesitovaného peptidoglykanu
- teichoové kyseliny vazi dvojmocné kationty
- bunécna sténa neobsahuije lipidy

From: Maier et al. (2000): Environmental Microbiology, Academic Press




Bunecna sténa

Copyright & The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Gram-Positive Gram-Negative
Lipoteicholz acid

Lipopolysaccharides
Teicheic acid

F:Ilcarlns Phosphalipids

Peptidoglycan Duter

mambrane layer

-

Periplasmic space

| —Cell membrana

Peptidaglycan

Lipopraoteins *

Membrane

protein 4

&
l‘" Membrana
protein

membrang



Peptidoglykan

Pept1doglykan (mukopeptid, murein)

latka specificka pro Prokaryota

line4rni polymer stfidajici A-acetylglukézamin a jeho 3-O-laktylderivat N-
acetylmuramovou kyselinu (vzijemné spojeny B-1,4 vazbami)

- dile cbsahuje navazany 4 aminckyseliny, z nichz D-alanin a L.L —
diaminopimelova kyselina (DAP) jsou velmi specifické pro tuto sloudeninu
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Gram negativni BCT

Schéma stavby bundéaé
stény gramnegativiich baktézil,
Wad cytoplazmatickos membri-
nou j¢ peciplazmavy prostoc obsa-
hujici peptidogiykan a moleuly
lipoproteinu., Swiche je uzavizo
vné&d¥ membrdnou. ¥ 1 jsou kromé
fosfolipidi a bilkovin vfraznou
komponentou lipopotysacharidy.
(Podle Costertona ¢t al.. 1974.)

O-side chain <

Outer
membrane S
protein

~ Lipopolysaccharide

Adhezivni mista mezi vnéj3i a cytoplazmatickou membrinou E. cofi. Nahofe schéma
prurezu adhezivniho mista 2 migrace molekuly z vnitfni do vn&jsi membriny, dole perspektivai
¢ez buiikou; ¥M — voéj$i membrina, CM — cytoplazmaticki membrina, PP — periplazmovy
9000000000600 O] prostor, C — cytoplazma, YP — wnéjdi prostiedi. (Podle Incuye, 1979.)
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©® N-Acetylmuramic acid
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Lipopolysacharidy (LPS)
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Teichooveé kyseliny

-0+ p+HaC ——+——cH0
o o o0 o
cO
CHa-CH |
ﬁH'NHz
HO CH3
NH-CO" CH3 —n 1:|>' Ili ||1 H _[ir III Ill ||1 . 1:|>' ||1 o Ill
i‘:}d'ﬁiﬂhﬂiﬂ HO— B0 16 —C—C—C—CHOI—F—0—HO —C—C—C—Cy—O POt —C—C—C—anon
Q o 0 0 o 00 0 5] 0 0 0
A {Staphylococcus) | I T |
L= ) OH ! — )
Ciueose . H- or c-Alanine | | Ciuesse  H- orosAlanine
H Hnr{|2=n
- _ HO H ?“‘“U
. H oM CH, _lg
THz NH3 THS Riitod tedeliobe meid From B subbils
|
D:IZ-CH-Cﬂa D(IZ-CH-CH:: Oﬁ'CH'CH:i {u} ib} ie)
o — O—0 0—¢
2 = 2 il (|H: o oM IH: o £ "
o ___,D—L]:I[ ﬂ*"’f H___.-D—ﬁ.l[ ﬂ-"f Clucose — O— CH
OH OH | = H,l:.—i:r""ly HEE—D'::L‘ {—u—c:n
: H- or p-Alanin 0
HD'ﬁ-O-HzC CHz-O -ﬁ-G-HzC CHze O ﬁ-o-Hzc CHge OH T - -
P
o
Hyo—
o e e -
L. —ln
Glycerol Teichoic
Acid
B (Lactobacillus)

Centrum pro vyzkum
toxickych latek
v prostiedi

©)




Bunecna sténa ras

» Sklada se z polysacharidu (napf. celuléza) a/nebo fady glykoproteinu:

xylany — zelené rasy, vysoce sitovany polymer xonzy
alginova kyselina — hnédé fasy, linearni polymer, sIozeny

celuloza GO
manany (polymer mondzy) — morské zelené rasy [ % W’ g"f

z jednotek kyseliny D-manuronové a L-guluronove, )
vazanych prevazné glykosidickou vazbou oHon ”°

sulfonované polysacharidy — velice Casté, ruduchy, Hlo ﬁﬁ}

napf. agaroza, carrageenan, porphyran ...

sporopollenin (slozity polymer z FA, fenolu, karotenoidud)

ionty Ca

* Rozsivky syntéza b. stény z H,SiO,, uvnitr bunky polymerizace a
transport na povrch (mensi spotfeba E nez org. polymery, vysoké rustove
rychlosti rozsivek)



//upload.wikimedia.org/wikipedia/commons/4/46/Xylan.svg
//upload.wikimedia.org/wikipedia/commons/1/1e/Algins%C3%A4ure.svg
//upload.wikimedia.org/wikipedia/commons/2/2b/Agarose_polymere.svg
//upload.wikimedia.org/wikipedia/commons/a/ab/Moleculare_structure_of_different_carrageenan_types.svg
//upload.wikimedia.org/wikipedia/commons/d/d2/Diatomeas_w.jpg
//upload.wikimedia.org/wikipedia/commons/d/d2/Diatomeas_w.jpg

Bunecna stéena hub

 Chitin + dalSi polysacharidy (nemaji celulozu)

» Nad plasmatickou membranou jsou tfi vrstvy:

— Chitin — polymer N-acetyl-D-glucosaminu
— B-1,3-glucan (zymosan) — polymer D-glukozy

— glykoproteiny obsahujici manozu, které jsou smérem ven z
bunky spojeny s velkym mnozstvim polysacharidovych
fetizkd N
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//upload.wikimedia.org/wikipedia/commons/1/13/Chitin.svg
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Interakce toxikantu s
mikrobialnimi bunkami, obrana

MO proti toxikantum, toxicita,
biodegradace polutantu




Jsou velke rozdily dle typu toxikantu

Jedy nespecifické:
— nespecificky narusuji struktury bunky

— napf. kyseliny a zasady, soli téZkych kovu (srazi bilkoviny cytoplazmy), halogeny,
alkoholy, aldehydy

— nepolarni narkoticka toxicita — interakce nepolarnich latek s plamatickou membranou —

snizeni jeji fluidity (bazalni toxicita)
Jedy specifické:

— enzymové jedy — inhibice enzymu

— interakce se specifickymi receptory

— interakce s DNA/RNA

— naru$eni redox potencialu ¢i gradientd na membranach

— kompetice se substraty Ci pfirozenymi ligandy

— mitotické jedy - u eukaryot blokuji pribéh mitézy

— cytostatika - zastavuji bunééné déleni

— mutageny — u MO spiSe zlepSuji vyvoj resistence

— kancerogeny - nema smysl je takto brat u mikroorganismu!

©

antibiotika - blokuji nékteré syntézy

Centrum pro vyzkum
toxickych latek
v prostiedi




Interakce polutanti s MO

1. nepolarni narkéza (bazalni toxicita, membranova toxicita) — projevi se az spise
ve vysSich koncentracich a koreluje s Kow

2. polarni narkéza - pokud je organicky polutant polarnéjSi (= tedy i reaktivnéjsi)
muUZzZe pusobit na membranové proteiny, efekty pfi nizSich koncentracich nez by
odpovidalo Kow

POZN.: u prokaryot je v membrané situovana cela rada klicovych funkci
(respiracni retézce, aparat fotosyntézy, tvorba ATP, transportni proteiny,
biosyntézy ...) = dopad polutantu na membranu ovlivriuje i tyto funkce

Centrum pro vyzkum
toxickych latek
v prostiedi

©)




Interakce polutanti s MO

3. napadani makromolekul
— reaktivni toxicita: nizSi koncentrace nez pro narkézu

—  toxicita elekrofilnich skupin (org. kontaminanty po oxidaci/metabolizaci —
epoxidy, chinony apod. Ci heterocyklické — PANHSs, nitroPAHs atd.) - utoCi
na e- bohata mista makromolekul (nukleotidy, SH-, NH2- v proteinech,
fosfolipidech a NA)

— nebo zaclenéni hydrofobni interakci do biomolekuly (planarni molekuly)

Scheme 5.5. Interaction of 7,8-dihydrodiol-9,10-epoxide of benzofapyrene with the ammo
group of guanine.



http://burningissues.org/dna-damage.html

Interakce polutanti s MO

4. specifické typy toxicity
— inhibice konkrétnich enzymu

—  kompetitivni i nekompetitivni typ interakce vedouci k narusSeni vazby
substratu a funkce enzymu

— napf. inhibice enzymu respiracniho rfetézce
— reakce s membranovymi Ci nuklearnimi receptory

Competitive
inhibitor

interferes with
active site of L/Y
enzyme so

substrate
cannat bind

/u'

Moncompetitive inhibitor
changes shape of
enzyme so it cannot
bind to substrate

Centrum pro vyzkum

toxiceh litek (a) Competitive inhibition (b) Moncompetitive inhibition
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Zakladni skupiny polutantii potencialné toxickych pro MO

Chlorované uhlovodiky, organochlorové latky

DDT, PCB, PCDD/Fs

Polychlorované bifenyly (PCB) PCB153
Polycyklické aromatické uhlovodiky (PAU) Benzo[a]pyren
Polychlorované dibenzo-p-dioxiny (,dioxiny“) a —furany 2,3,7,8-TCDD
Tézké kovy, toxické kovy Hg, Pb, Cd (+ dalsi)
Organokovové latky Alkyl-ciny

Organofosfaty Latky (insekticidy) — napf. parathion

Pesticidy Toxické pro nezadouci organismy (,pests®) DDT, parathion, glyfosat (round-up), atrazin
Insekticidy Toxické pro hmyz/Clenovce DDT, parathion

Herbicidy Toxické pro rostliny 2,4-D, glyfosat, atrazin

Fungicidy Toxické pro houby/plisné Pesticidy s toxickymi kovy (Hg, Cu)

Lipofilni (hydrofobni) Rozpustné v tucich / malo rozpustné ve vodé DDT

Hydrofilni Rozpustné ve vodé Fenol, moderni insekticidy
Neutralni organické latky | Latky bez naboje (neionizuji se) DDT, PCB

Surfaktanty, detergenty Latky snizujici povrchové napéti na rozhrani dvou fazi Nonylfenol, alkylbenzen sulfonaty
Persistentni latky Velmi dlouhy Zivot v prostfedi (nedegraduji se) DDT, PCB

Centrum pro vyzkum
toxickych latek
v prostiedi
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Jsou velke rozdily dle typu toxikantu

» Kovy — nemohou byt degradovany biologicky ani chemicky, pouze
zmenena jejich mobilita, forma €i mohou byt odstranény (ve smyslu
premistény) do jiného prostredi, z toho vyplyva nékolik zavéru:

* Nejvice rizikova je vétSinou forma tzv. volného iontu
» Celkova koncentrace je irelevantni z pohledu rizika
« Zavislost na redox, pH, obsah dalSich latek apod.

* MO dokazi sorbovat kovy a ménit jejich formu — vyuziti pfi remediacich

» Organické kontaminanty — mikroorganismy radu z nich dokazi
transformovat, toho se vyuziva pfi biodegradacich

Centrum pro vyzkum
toxickych latek
v prostiedi
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Kovy a MO



Interakce kovl a MO bunék

» definice: kovy vs tézké kovy vs toxicke kovy vs metaloidy
 znate hlavni zdroje kovu v prostiedi?
» nejcastéji v hledacku jsou: As, Cd, Cu, Cr, Hg, Pb a Zn

* Na, K, Mg, Ca, (Cr), V, Mn, Fe, Co, Ni, Cu, Zn, Mo a W — maji v mikrobialnich
burfikach né&jakou roli

* ve stopovych mnozstvich jsou nezbytné (= esencialni) pro mikrobialni rust a
metabolismus, ale ve vyssSich koncentracich mohou mit na mikroorganismy
inhibiCni u€inek a ve vysokych koncentracich se mohou stat toxickymi

 toxické kovy (# ne-esencialni) = nemaji zadnou znamou biologickou funkci -

Non-reversible
effects

Both non-assential

Reversible ,
Biological effects and essential
response substances
Mon-essential !
MNe harmful substance .
effect |
l
1
Cl Cz
Centrum pro vyzku ; .
(6) toxickych latek Toxicant concentration
v prostiedi or dose - >




Table 7.2
Overview of the approximate elemental composition of microbial cells and the physiological
. > function of each element (from MADIGAN, M. and J. MARTINKO. 2006. Brock Bielogy of
Microorganisms, 11th edn, table 5.2, p. 105. Prentice Hall, Upper Saddle River, NJ. Reprinted
Stanier et al., 19&&; Hughes and Pool, 1989; Neidhardt et al., 1990; Wackett et al., 2004;
Schaechter et al., 2006)

Centrum pro vyzkum
toxickych latek
v prostiedi
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Interakce kovl a MO bunék

« toxicita kovu pro MO vyuzivana od pradavna:

Ag

Cu

©)

aplikace jako AgNO; ve formé organickych nebo anorganickych soli
1884 — prevence oftalmie u novorozenct (AgNO,)

Ag ionty velmi reaktivni s bilkovinami a chloridy - omezeni jejich pouziti jako
povrchoveho antiseptika

koloidné rozpustné slouceniny stribra
dezinfekce vodypusobi i v pfipadech rezistence k ATB

protihnilobny u€inek médi znam jiz starym PerSantim (uchovavani pitné vody v
médénych nadobach)

bakteriostaticky, bakteriocidni a silny fungicidni uCinek
aplikace jako anorganické nebo organicke sloucCeniny

konzervace textilii a celulézovych vlaken — médnaté soli kyseliny stearové nebo
naftenové, bis(8-hydroxychinolinato)médnaty komplex

ochrana rostlin —chloridtrihydroxyd dimednaty
ochrana dreva

Centrum pro vyzkum
toxickych latek
v prostiedi



Interakce kovl a MO bunék

* Pusobi nékolika zpusoby:
— nahrazeni esencialnich kovu z jejich normalnich vazebnych mist
v biologickych molekulach (napr. As = P, Cd = Zn)
— naruseni proteint vazbou na SH skupiny
— inhibice enzymatickych funkci

— naruseni nukleovych kyselin vazbou na fosfatove nebo hydroxylove
skupiny (napr. Cd nahradi Zn - jednoretézcove zlomy)

— naruseni struktury nukleovych kyselin

— dusledek predchozich je zména konformace proteini a DNA =
naruseni jejich funkce

— interakce s biomolekulami Fentonovym mechanismem (ox. stres)
— interakce s oxidativni fosforylaci
— propustnost membrany (vanadi¢nan, rtut) ....

» Tyto reakce vedou obecné k inhibici déleni a rastu, morfologickym
zménam, inhibici biochemickych procesu a metabolismu
jednotlivych bunék

- Efekty na urovni jednotlivych bunék se nasledné projevuji na
urovni populace a spolecenstva

Centrum pro vyzkum
toxickych latek

v prostiedi




Interakce kovl a MO bunék

¢ Cell membrane disruption
Hg, Pb, Zn, Ni, Cu, &d

Inhibition of transcription

Hg ¢ Inhibition of
v enzymatic activity

¢ DNA =J» mRNA Protein synthesis (antimetabolite)
Hg, Pb, As, Cd, Cu

Inhibition of translation
Hg, Pb, Cd
Protein denaturation
DNA damage ”
Hg, Pb, Cd, As Hg, Pb, Cd

+ Inhibition of cell division
Pb, Cd, Hg, Ni

From: Maier et al. (2000): Environmental Microbiology, Academic Press

Centrum pro vyzkum
toxickych latek
v prostiedi 54
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Interakce kovl a MO bunék

e interakce s biomolekulami Fentonovym mechanismem (ox. stres)

H,0,
Me2+
Fenton
Reaction
3+
v Me
OH’
DNA damage
FIGURE 23.9 Modified site-specific Fenton mechanism. (From
(@) t";:,:%c:.;":;‘;“k"'”" Thurman and Gerba, 1989.)




Obrana a resistence MO proti koviim

» kovy byly v prostiedi odjakziva = MO si vyvinuly zpusoby, jak nalozit s
nechténymi kovy = resistance a tolerance MO vuci kovum a jejich
detoxifikace

* jiné zpusoby tolerance se vyvinuly zcela nedavno v ¢lovékem
kontaminovaném prostredi (diky rychlym mutacim MO — az 1 mutace na
kazdych 100 000 bp)

» od sekvestrace a imobilizace kovu po zvySeni rozpustnosti kovu ve
etracelularnim prostoru

» nékterych téchto schopnosti se vyuziva pfi biotechnologiich (tézba rud,
bioremediace ...)

» nékdy Ize pozorovat zajimavy efekt, Ze se toxicky efekt s narustajici
koncentraci kovu prestane zvySovat — nastoupi agresivni mechanismy
resistence

Centrum pro vyzkum
toxickych latek
v prostiedi
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Obrana a resistence MO proti koviim

. NANO MICRO MILLI MOLAR

W1 10 100 1 10 100 1 10 100 1 10

= 0 o © e o © o o o e o

Export
Metallothionein Enzymatic Precipitation
transformation

0 iti Acidophilic

% Edgayolos Smm-posiives cherninlyiﬁotrnphs

=  Cyanobacteria  Gram-iegatives o0 0ims sp.

0] LS % Archaea

o E coli  Alcaligenes sp.

o Desulfovisno sp.
Fig. 1. Bacterial capacities and mechanisms of tolerance to heavy met-
als. Microorganisms cited in the text and the molecular strategies they
exhibit to cope with metal ions are indicated. Organisms are situated in
the scheme according to their tolerance towards typical toxic ions such
as Cd(II) or Ni(IT). Concentrations shown at the top are only indicative
since metal resistance varies widely within taxonomic groups and ac-
cording to the element considered (adapted from [121]).

M. Valls, V. de Lorenzo ! FEMS Microbiology Reviews 26 (2002) 327-338

Centrum pro vyzkum
toxickych latek
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Obrana a resistence MO proti koviim

mechanismy resistence lze rozdéelit:

1. obecné mechanismy resistence vuci kovim

a) nepotrebujici stress z kontaminace kovy
b) vznikajici ve stresu z kontaminace kovy
» funguiji pro fadu kovu, puvodné slouZzi i pro jiné funkce

* napf. vazby na povrchy — biosorpce, produkce hlenu, zmény biodostupnosti kovu Ci
redukce kovi mimo buriku

2. mechanismy primo uréené pro obranu pred toxickymi kovy

« aktivace kovem, ktery se objevil ve vySSi koncentraci
* napf. iontové pumpy, produkce methallothioneint (MT), biometylace

* nekteré jsou kddovany na plasmidech (R plasmidy) — specifické pro konkrétni kov,
aktivace specifickym kovem

Centrum pro vyzkum
toxickych latek
v prostiedi
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Obrana a resistence MO proti koviim

Metal-binding
proteins

X

M2+

Native biosomtion

M2+
(} M-CH,
Enzymatic Metal
transformations precipitation

Fig. 2. How bacteria cope with toxic concentrations of heavy ions. The
scheme summarises the various means by which bacteria react to the
presence of metals (M?*) in the medium, with reference to the cellular
compartment that harbours the response. These mechanisms include the
intra- or extracellular binding (and thus immobilisation) of the metal
with a cognate protein (frequently a metallothionein) or a matching
anion, the biotransformation of the toxic ion into a less noxious or
more volatile form, and the dissimilatory reduction of the metal

M. Valls, V. de Lorenzo! FEMS Microbiology Reviews 26 (2002) 327-338
Centrum pro vyzkum
(6) toxickych latek
v prostiedi

CH Hg

(CH)) Hg
cd Hg
Volatilization

Cd

Efflux pumps Pb” Pb" Pb{

Pb Pb” Pb"
Metallothionein-like Pb :
protein production Pb Pb’
-(cys-cys), - Cd Pb"

Intracellular
sequestration

o
o
oo

Reduction ‘-
Hg—3» Hg
Cu —p» Cu

Quter membrane
or cell wall binding

Precipltion as
metal salts

Cd =P CdS
Cd =3 CdPO

FIGURE 17.5
to resist and detoxify harmful metals. These mechanisms of resistance may be intracellular or extracellular
and may be specific to a particular metal, or a general mechanism able to interact with a variety of metals.

In response to metal toxicity, many microorganisms have developed unique mechanisms

From: Maier et al. (2000): Environmental Microbiology, Academic Press




Obrana a resistence MO proti koviim

Typical interactions of fungi with metals (Me)

» Metal mobilization results from the production and excretion of organic acids (for example, citrate and oxalate), which
increase metal solubility through acidification of the mycosphere and provision of metal-complexing structures. This
frequently occurs as a side effect of the dissolution of primary minerals containing phosphate, carried out by mycorrhizal fungi.

» Siderophores are chelators excreted for the acquisition of iron, and they may cross-react with other metals.

« Extra-hyphal immobilization occurs through the formation of secondary minerals, biosorption to cell wall constituents
such as chitin and chitosan, complexation by glomalin (that is, metal-sorbing glycoproteins excreted by arbuscular
mycorrhizal fungi) and effects of fungal mycelia and glomalin on soil aggregate stability against wind and water erosion.

» Metal uptake occurs, for example, through specific transporters for the acquisition of essential metals, and these transporters
may cross-react with other metals.

* Intracellular metal immobilization involves storage in vacuoles
and complexation by cytoplasmic metallothioneins and
phytochelatins (that is, proteins and peptides, respectively,
that are rich in SH groups).

Dissolution

» Metal transformations such as reactions involving
organometals (for example, methylations) and redox reactions /
frequently result in metal volatilization. e \ Biosorption of Me*

Citrate  Oxalate) ,~Uptake of Me* Volatilization

» Streams of cytoplasmic vesicles and vacuoles along fungal
hyphae may translocate metals to other parts of the mycelium
and to the plant symbionts of the fungi. To plant Me* Me* Me*

* MnP, manganese peroxidase. l *J
w & M J

Phytochelatin Metallothionein

Me or organo-Me

| 2
v ; .
e Me Siderophore T Me'
: i _ Me*
(6) Centrum pro vyzkum Glomalin Secondary mineral %
toxickych latek .
v prostiedi




Table 7.3

u
O b ra n a a res Iste n ce M O Nine classes of inorganic compounds that are toxic to microorganisms and their corresponding

genetic and physiological detoxification mechanisms (from Silver, S. 1998. Genes for all metals
— a bacterial view of the periodic table. J. Indust. Microbiol. Biotechnol. 20:1-12, fig. 2. With kind

] o
p rOtI kovu m permission of Springer Science and Business Media)
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Obrana a resistence MO proti koviim

Table 1. Specific Metal Resistance Mechanisms Initiat-
ing at the Genetic Level and Occurring as a Consequence

of Microbial Metabolism

Toxic Heavy Metals Mechanism

Hg** /organomercurials Enzymatic detoxification +
transport out of the cell (30)

As04% /As0s~ Arsenate is reduced to arsenite,
which is pumped out of the
cell by an ATPase (31)

Cd, Co, Cr, Cu, Hg, Ni, Zn Pumped out of cells by an
HT -antiporter/metal-specific

efflux
(32-36)
Cd, Hg, Pb, Sn, Se, As Formation of volatile metal
forms (37—-44)
Cd, Cu, Ni, Zn, Protein-metal chelation (45-50)
Cu, Mn Carbohydrate-metal

chelation (51,52)
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Biosorpce

 sorpce kovl zejména na vnéjsi struktury (b. sténu) MO = zabrani vstupu kovu do
bunky a poskozeni vnitfnich struktur € fyzikalné-chemicky mechanismus

» vetSinou elektrostaticke Ci van der Waalsovy sily:

— zejména karboxylové skupiny, dale fosforylové skupiny a fosfolipidy v LPS v b. sténé —
silna sorpce napf. Cd?*, Cu?*, Pb%*, Zn%*, AI?*

— podil maji i aminove, hydroxylové, thio- skupiny b. stény
« dale fyzikalni adsorpce, iontova vyména a komplexace:
— iontova vyména za H*, zasadité skupiny, Ci alkalické kovy pritomné v b. sténé
— komplexovani s 2-mocnymi kovy diky -COOH skupinam v b. sténé
* biosorpce je velice zavisla na environmentalnich faktorech:
— zejména pH (méni se zpusob vazby na b. sténu)
— speciaci kovu (komplikovana biosorpce kovl po hydrolyze, snizeni biosorpce v
pritomnosti aniontl v prostfedi ¢i komplexaci s ligandy)
» ekologicky vyznam — distribuce kovu v prostfedi — zejména v akv. ekosystému

 prakticky vyznam - je vyuzivana pfi remediacich

Centrum pro vyzkum
toxickych latek
v prostiedi
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extracelularni sorpce

— do hlenu, do exopolymeru sacharidu, polysacharidt, NA ¢i FA — extracellular
polymeric substances — EPS

— zejména Pb, Cd, U; vétSinou maji EPS negativni naboje — vazi kationty a
zavisi na pH

— vysledkem je imobilizace kovu a snizeny vstup do MO
extracelularni komplexace pomoci siderophort

— Fe-komplexuijici, nizkomolekularni organicka sloucenina

— plvodni Gloha — zisk Fe z prostiedi [ = el
-l b %ogng H{E‘-!m o
— interakce s Al, Ga, Cr, Cu Q:j* %\fﬁgm o= j/%e“D
rwv 7 on aa . 0 c rgﬁ?w?waﬁ;foutimn N\f‘j o= o Hi 7
— snizeni jejich dostupnosti a toxicity | o %YEQ . o

M HM M
Centram oro WZkum H ‘?H e WH
P R o
tomcl;tyrcel;li:étek . 1 agrobactin, ¥=0H
v pro femichrarme parabacting ¥=H

shown without ion
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extracelularni zména mobility diky biosurfaktantiim

napr. rhamnolipid

organismy vyuzivaji jako substrat, napf. ropnych latek

kontaminovanych kovy

neni toxicky pro MO

puvodni funkce zfejmé zvySeni mobility a biodostupnosti latek, které
zajimave je, ze MO produkuijici biosurfaktanty jsou vice ¢etné na lokalitach

komplexace s Cd, Pb, Zn = zvySeni jejich mobility, ale takovy komplex jiz

igm"?iqcfs oH O—CH-cH,~C—0-R,  rhamnolipid
rhamnolipids, o)
sophorolipids, Hy (CHy)e from Pseudomonas sp.
trehalolipids
H
1 - @ @
cua CH;: CH:
Lipopeptides - fHuTéTLca_NH:iﬂm N"Dmli HH
SLH'fEICtIr'I, surfaCtin - HT LVl CIH'"cH—m-!gh
iturin, i b i - \b\\ mm m»: m__m;__,;:,,"
; rom bacillus subtilis o,
fengycin f o
bioemulsan

Polymeric surfactants

: “m&k\iﬁ;

KHAG

from Acinobacter sp.

HO

i
O—{;H—CH:—C —{r —ﬁ:H—CHJ—cooH
aclzl-r3 cI:H :
{I:I'IZ (.I:HI Emulsification
CH CH
B ¢ o
‘:i:Hz LIFH 3 ()
«cI:H2 LI,H x L (=
CH;, CH, <
1 |
CHy CH, Formation
Ehamnalipid of micelles
L=
Lo
Biosurfactant
production Uptake
- *
i
Cell membrane
Bacterial cell

R\Cell witll
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neprima imobilizace kovu v prostredi

— sulfan produkovany desulfurikacnimi
bakteriemi vytvari nerozpustné sulfidy
kovu (Ag, Cd, Hg, Ni, Pb, Se, Zn, As ...)

— enzymaticka produkce fosfatl, které
srazi napr. Pb, Cu, Ni, U

‘ Heavy Metal }——

2- 2-
50,

L4

=> Heavy Metal Sulfides | (Precipitate)

Sulfate Reducing Bacteria

¥
Lactate Acetate

2CH,CH(OH)CO0™ +H2S0s  —» 2CH3C00™+2C02+H2 S+2H20
SO 42(CH0)+2H* —+ HoS+2C0,+2H20

Centrum pro vyzkum
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©)

Appl Microbiol Biotechnol (1998) 50: 266-272

© Springer-Verlag 1998

G. Basnakova - E. R. Stephens - M. C. Thaller
G. M. Rossolini - L. E. Macaskie

The use of Escherichia coli bearing a phoN gene for the removal
of uranium and nickel from aqueous flows

Received: 30 December 1997 / Received revision: 25 March 1998 |/ Accepted: 26 March 1998

Abstract A Cirrobacter sp. originally isolated from
metal-polluted soil accumulates heavy metals via metal-
phosphate deposition utilizing inorganic phosphate lib-
erated via PhoN phosphatase activity, Further strain
development was limited by the non-transformability of
this environmental isolate. Recombinant Escherichia coli
DH3u bearing cloned phoN or the related phoC acquired
metal-accumulating ability, which was compared with
that of the Citrobacter sp. with respect to removal of
uranyl ion (UO3*) from dilute aqueous flows and its
deposition in the form of polycrystalline hydrogen ura-
nyl phosphate (HUO,PO,). Subsequently. HUO-PO,-
laden cells removed Ni** from dilute aqueous flows vie
intercalation of Ni*" into the HUO,PO, lattice. Despite
comparable acid phosphatase activity in all three strains,
the E. coli DH5a (phoN) construct was superior to Cit-
robacter N14 in both uranyl and nickel accumulation,
while the E. coli DH5u (phoC) construct was greatly
inferior in both respects. Expression of phosphatase
activity alone is not the only factor that permits efficient
and prolonged metal phosphate accumulation, and the
data highlight possible differences in the PhoN and
PhoC phosphatases, which are otherwise considered to
be related in many respects.
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Introduction

Removal of heavy metals from aqueous wastes via
microbially generated precipitant ligands (“biomineral-
ization™) is becoming a viable alternative to ¢lassical and
biosorptive methods of waste-water treatment (Barnes
et al. 1991; Diels et al. 1995; Macaskie et al. 1994a, 1996,
1997). An effective, phosphate-mediated biomineraliza-
tion of various heavy metals (Macaskie 1990) and ac-
tinides, including Pu, Am (Macaskie et al. 1994a, 1996:
Yong and Macaskie 1998) and uranyl ion, UO?r
(Macaskie et al. 1992, 1994a, 1996: Yong and Macaskie
1995), as their insoluble phosphates, was observed in a
Citrobacter sp. The product of uranyl biocrystallization,
cell-bound hydrogen uranyl phosphate (HUO,POy)
(Macaskie et al. 1992; Yong and Macaskie 1995) is a
polycrystalline, lamellar material with intercalative cat-
ion-exchange ability, i.e. cations of other metals can
displace protons from within the interlamellar space
(Clearfield 1988).

In contrast to other heavy metals. Ni*" is not re-
moved by the metal phosphate deposition reaction but
the intercalative ion-exchange property of HUO,PO,
was successfully exploited in the removal of Ni®" from
dilute agueous solutions; nickel was reversibly incorpo-
rated into cell-bound HUO-PO, to form nickel uranyl
phosphate  [Ni(UO,POy),]. This was designated as
microbially enhanced chemisorption of heavy metals
(MECHM) (Bonthrone et al. 1996; Basnakova and
Macaskie 1997).

The successful application of phosphate-mediated
biomineralization to heavy-metal removal, and hence
the potential for MECHM, was achieved with Cit-
robacter N14 only; related enterobacteria were ineffec-
tive (Macaskie et al. 1994b; Montgomery et al. 1995).
This strain expresses a high level of acid phosphatase
activity and liberates phosphate precipitant at the cell
surface, corresponding to the periplasmic localization of
the enzyme (Jeong et al. 1997).
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sekvestrace metalothioneiny a podobnymi proteiny

— intra-bunécny mechanismus resistence u prvoku, ras, kvasinek a nékterych
hub

— MT = LMW latky bohaté na Cys s vysokou afinitou k Cd, Zn, Cu, Ag, Hg
— jejich produkci spousti pritomnost kovu

— podobné proteiny izolovany i ze sinic a bakterii

QN proteins 2 \
\\\\ Donation to
\\ metal sensors P other proteins ?

NI A\
§ | /Cu: metallochaperones (v §
\ \ @J Zn: metallothioneins ? ( )§

etal-dependen \
:‘rlartlsln'r’ip't,iond+_ etxpressi_on \\\\\\\\

\ of metal-handling proteins \\\\\\\\ e
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odstranéni z bunky aktivnhim transportem
— plasmidové kodovan, energeticky narocny

— chemiosmotické pumpy vymeény M** / XH*

— ATPazové pumpy

— nejCastéji pro As, Cr, Cd Outside cell Inside cell
CU" ASO&SI
AsO,”
PO
cul
.‘/A \
AsO, AsO,
Enzymes

CU"

\ / FIGURE 17.7 Schematic of arsenic resistance demonstrating both

the influx and efflux systems for arsenic. Arsenate enters the cell via
a phosphate specific transport pathway. Once in the cell, arsenate is
reduced to arsenite and an efflux mechanism then pumps arsenite

Figure 2. Copper transport and resistance in Pseudomonas.
Hypothesized chromosomal uptake and eflux membrane trans-
Cer porters arez shown, as well as intracellular copper-binding prote_m out of the cell via an anion pump and an F{Fy-ATPase. Arsenite ef-
w and plasmid-encoded _COPABCD’ the prOduc_:tS of the copper resis- flux is fueled by ATP. Notice that arsenic is not detoxified by this
tance system of P. syringae. Adapted from Silver and Phung [123]. mechanism because arsenite can still be toxic,
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e
biometylace Methylcobalamine

/-l
R N

— presunuti metylové skupiny z metylcobalaminu (CH;CoB,,) na kov jako napf.
Sn, Pb, Pt, As, Se; metylace Hg zvySeni mability a/nebo toxicity (As naopak)

— otravy metylAs z vihkych tapet — metylace plisnémi

— Minamata: elementarni rtut vypoustéena v letech 1932-1970 do zalivu Minamata
byla mikrobialni aktivitou v sedimentu metylovana na metylrtut, ktera se jako
rozpustna a biodostupna forma akumulovala ve Skeblich a rybach a dostala se
tak do potravniho rfetézce — otravy lidi (46 umrti + vrozené defekty)

— prfed metylaci jeSté muselo dojit plisobenim H,S k pfeméné na Hg?*

B = ; —
joaccumulation
osphere
_To atmosphere e e TcLath ,J)»\

t A $

reduction methylation methylation
<—— S — || —
hemical | Hi' | €——— | CHHg €—— (CH.).Hg
reaction demethylation demethylation

spontaneous reaction
oxidation with biogenic H,S

CHgHg 'CcH,Hg"

Bacterial methylation HgS |

of mercul i 7 )
Hgat ' L FIGURE 15.5 Microbially-mediated reactions with Hg”" in the environment. Hg’* can be reduced to el-

emental Hg” by chemical reaction with humic acids or by microbially-mediated reactions which are believed
to be a detoxification mechanism. Hg?™ can be precipitated by reaction with Ha5 produced under sulfate-

i B ? 2
i i i i 4 ? reducing conditions but can alse be released by microbial oxidation of HgS. Methylation of Hg produces
FIGURE 17.12 Schematic demonstrating the potential for the bioaccumulation of mercury as a result of organorﬁe’cals, hich can aceamuilate in the tissue of living organisms, The production of sigantalemey

Al methylation, Once in the food chain, methylmercury poses serious health risks o the human popu- to some extent be balanced by demethylation reactions occurring in both aerobic and anaerobic environ-
e ments. (Based on Gadd, 1993, and Ehrlich, 1996.)
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° biometylace atmosphere (CH3)2AsOOH
=

(CHi)sAs (CH3)2AsH
trimethylarsine dimethylarsine HAsO:S*  HAsS}
hydrosphere +* 1, \ /
aerobic/anaerobic transformation

| |
r r' | OH |8

CH3AsO(OH); —* (CH3);AsOOH
methylarsinicacid  dimethylarsinic acid

Figure 5.6.6 Ecochemical reactions of arsenic

CHg*

As(V)043~ %@ As(lll)053 —A—> CHgAs(V)042" %» CHaAs(I)0,2"

CHg*
CHg*
(CHa}zAs(V}Og'—j:?} (CHs)oAs(II)O~ A—» (CH3)3As(V)O Tigz—_' (CH3)aAs(lll)

Centrum pro vyzkum Trimethylarsine
toxickych latek )
v prostredi FIGURE B.6 Methylation of arsenate. After EHC 18.
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Zajimavé moderni otazky :

» Jak spolu interaguji mikrobialni populace v
pritomnosti kovu?

» Je mozne, ze resistentni populace
Jprenasi’ resitenci na cele spolecenstvo?

* Jsou napriklad mozne nejaké symbioticke
iInterakce mezi resistentnimi a citlivymi
populacemi MO: resistentni poskytuji
,ochranu® citlivym, ktere je zasobi zivinami
Ci zdrojem uhliku?

Centrum pro vyzkum
toxickych latek
v prostiedi
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Dalsi interakce kovu s MO

 biochemicke interakce vzdy zahrnuji specifické enzymy pro oxidaci,
redukci, metylaci, dealkylaci a precipitaci

» svymi aktivitami MO zpusobuiji srazeni, volatilizaci, sorpci a rozpousténi
kovu v prostredi

» pfima interakce — oxidace / redukce kovu (zisk energie, TEA, zména
mobility kovu ...)

* neprima interakce — MO produkuje enzymaticky sulfidy Ci fosfaty, ktere
interaguji s kovy — ox/red, srazeni

» kombinace — napf. redukce As®* na As3* v anaerobnim sedimentu
spojena se srazenim do As,S; diky SRB (sulfat redukujici bakterie)

» kromé negativnich dusledku se toho cilené da vyuzit pri
remediacich = prednaska na konci semestru o biodegradaci a
bioremediaci

Centrum pro vyzkum
toxickych latek
v prostiedi
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* redukce kovu

— Fed%*, Mn#, Cr6*, Hg?*, As®*, Co3*, Sef*, Ub* Ag*, Mo®*, V°* jsou
redukovany na nizsi valence; muze vést ke snizeni toxicity:
(napt. Cro* - Cr¥) ...

library

« oxidace kovu

— napf.: Fe?* > Fe?; zisk energie, nebo zména mobility (As3*, Cr3*)
— ne vzdy pozitivni dusledky:

. ) . ; B B . . Figure 2.5 Reactions in the iron/sulfur
* kyselé dilni vody — redukované formy kovu v rudach (napf. Fe,S) jsou world. Shown are the proposed reaction
) , . o i . schemes for primordial molecules at catalytic
MO OX|dovany vcéetné aniotu (napr. S-> 8042'), surfaces in the iron/sulfur world. Reaction
.y o 0.0 steps lead to the conversion of carbon
VyIUhUJ| kovy - tOX|C|ta, rea kt|V|ta monoxide (1) to a variety of key biomolecules,
including: methyl thioacetate (2), pyruvate
H 14 1 (3), and alanine (4). (From Wachtershauser,
* mlkrOblaInl koroze G. 2000. Origin of life: Life as we don't know
. 20 . c 2 it. Science 289:1307-1308. Reprinted with
— produkce kyselin bct. ¢i houbami nebo desulfurikacni bct. permission of AAAS.)

e |ron oxidizers
= Sulfate reducers

Bicfilm

Cathodic reaction 2 Cathodic reaction
0, + 2H,0 + 4e—» 40H /

Fe'—» Fe™ + 2o
FIGURE 152 General representation of microbially influenced corrosion of a metal surface. (Adapted
from Hamilton, 19950
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» ne vzdy pozitivni disledky — oxidace a redukce As — mobilizace, zvySeni toxicity

» hromadné otravy milion lidi
- Bangladés a Bengalsko atmosphere (CHyASOOH

N

(CH]]}AS (CH])ZASI‘I
trimethylarsine dimethylarsine HAsO:8%  HAsS}
hydrosphere * f f \ /
aerobic/anacrobic transformation
| | -
| OH [§*
CH3AsO(OH), — (CHy)AsO0H AsaSe

methylarsinic acid  dimethylarsinic acid
Tube well
‘Water table

reduction methylation

o \_J no
NO; | ’ M

Figure 5.6.6 Ecochemical reactions of arsenic

AsS
ZEN Y GRS AT Fe(lll) 0 :.onlc Evaporation
ass, | do, cHo A0 Al 2
E
£ Onyings MO As(V) CHO
a . chemocline
. CAOs  Oxidation Reduction ~ DARPs
Figure 3 A conceptual model of how arsenic-metabolizing prokaryotes may contribute to the © As(in) @
mobilization of arsenic from the solid phase into the aqueous phase in a subsurface drinking ! :
water aquifer. Arsenic is originally present primarily in the form of chemically reduced Anosic ": sl
minerals, like realgar (AsS), orpiment (As,S;), and arsenopyrite (FeAsS). These minerals are e i ;

chemolithoautotrophic arsenite-

attacked by chemolithoautotrophic arsenite-oxidizing microorganisms, which results in the As concentration (M) oxidizing microorganisms

oxidation of As(III), as well as iron and sulfide, with the concurrent fixation of CO, into
organic matter. Construction of wells by human activity accelerates this process by providing
the necessary oxidants like molecular oxygen or, in the case of agricultural regions, nitrate.
The As(V) can subsequently be adsorbed onto oxidized mineral surfaces like ferrihydrite or

prokaryotes

dissimilatory arsenate reducing ‘

Figure 2 The chemical speciation of arsenic in the stratified water column of Mono Lake,
California (left) as explained by the metabolism of arsenic by microbial populations present
in the water column (right). Arsenic cycling occurs in the region of the chemocline. Arsenate
reduction is mediated by DARPs that use released organic matter from dying plankton to fuel

alumina. The influx of substrate organic materials derived either from buried peat deposits, their respiration. Arsenite oxidation (aerobic and anaerobic) is mediated by CAOs that also
recharge of surface waters, or the microbial mats themselves promotes microbial respiration contribute to secondary production by “fixing” CO, into organic matter. Arsenic first enters
and the onset of anoxia, hence the conversion of As(V) to mobile As(III). DARPs then respire ﬂl“s alkaline (pH = 9.8), saline (290 g/L) lakf’ as a dissolved UG CO“taI‘?Ed in the
adsorbed As(V), resulting in the release of As(II) into the aqueous phase. (From Oremland discharge from hydrothermal springs. Arsenic, as well as other dissolved constituents, reaches

high concentrations because of the predominance of evaporation over precipitation in this arid
region. (From Oremland R.S. and 1.F. Stolz. 2003. The ecology of arsenic. Science 300:939-944,
Reprinted with permission from AAAS.)

R.S. and J.F. Stolz. 2003. The ecology of arsenic. Science 300:939-944, Reprinted with
permission from AAAS.)
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+ endogenous e~
+ NAD(P)H
Anaerobic \_ /TN )T
w endogenous e~
+ NAD(P)H

SR/MR/
cytochromes

(, ATP
ADP

carbohydrates, oxidation
proteins, fat or Hy products or H*

Figure 7.1 Plausible mechanisms of enzymatic Cr(VI) reduction under aerobic (upper) and
anaerobic (lower) conditions. Under aerobic conditions, ChrR of P. putida MK1 catalyzes a
combination of one- and two-electron transfers to Cr(VI) with the transient formation of Cr(V):
YieF of E. coli mediates a four-electron shuttle for the direct reduction of Cr(VI) to Cr(III) with
the remaining electron transferred to oxygen. An uncharacterized membrane-associated Cr(VI)
reductase has been isolated from B. megaterium TKW3. Under anaerobic conditions, both soluble
and membrane-associated Cr(VI)-reducing enzymes, including cytochromes, associated with the
electron transfer system have been reported. Enzymes involved in the reduction of Cr(VI) are
shown in boxes. SR and MR represent soluble and membrane-associated reductase, respectively.
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V interakce s OM - electron shuttles

Oxidized quinone

Acetate degrading 0

microorganism  Reduced quinone Solid phase

Fe(OH),

Figure 1. Dissimilatory reduction of solid phase iron minerals
using quinones contained in soil organic matter as water soluble
electron shuttles between bacteria and the mineral surface.
cennmprovzem | Adapted after Lovely [25].

toxickych latek
v prostiedi
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Table 7.1

Dalsi interakce kovu s MO

Microbial Transformation of Multivalence Metals

Metals Possible Reactions Microorganisms Involved References
As Reduction of As(V) to As(III) Escherichia coli, Shewanella sp. strain ANA-3, elc. Stolz et al. (2006)
Oxidation of As(IIl) to As(V) Hydrogenophaga sp. NT-14, Rhizobium sp. NT-26, etc.  Stolz et al. (2006)
Methylation of As(V) or As(IIl) to Desulfovibrio gigas, Methanobacterium formicicum, etc.  Stolz et al. (2006)
methylated As compounds
Cr Reduction of Cr(VI) to Cr(1lI) Pseudomonas maltophilia O-2, Shewanella putrefaciens  Cheung and Gu (2003)
MR-1, etc.
Fe Reduction of Fe(lIl) to Fe(Il) Geobacter merallireducens, Desulfuromonas Nealson and Saffarini (1994)
acetoxidans, Shewanella putrefaciens, etc.
Oxidation of Fe(Il) to Fe(ILI) Leptothrix ochracea, Gallionella ferruginea, etc. Emerson (2000)
Hg Methylation of Hg(ll) to methylated Hg Desulfovibrio desulfuricans LS Barkay et al. (2003)
compounds
Reductive or oxidative demethylation of Desulfovibrio gigas, Escherichia coli | etc. Barkay et al. (2003)
CH;Hg(I) to Hg(0) or unidentified Hg
compounds
Reduction of Hg(II) to Hg(0) Pseudomonas aeruginosa PU21 Barkay et al. (2003)
Oxidation of Hg(0) to Hg(II) Escherichia coli Barkay et al. (2003)
Mn Reduction of Mn(IV) to Mn(1l) Geobacter merallireducens, Desulfuromonas Nealson and Saffarini (1994)
acetoxidans, Shewanella putrefaciens, etc.
Oxidation of Mn(Il) to Mn(IV), or oxidation Leptothrix discophora strain 8S-1, Bacillus sp. SG-1, Tebo et al. (2003)
of Mn(Il) to Mn(IIl) and then Mn(IV) elc.
Se Reduction of Se(VI) to Se(IV), Se(0), or Thauera selenatis, Enterobacter cloacae SLD1a-1, Schréder et al. (1997); Hockin and
even Se(-11) Desulfomicrobium sp., etc. Gadd (2006)
Reduction of Se(1V) to Se(0) Thauera selenatis Schridder et al. (1997)
Oxidation of Se(0) to Se(VI) or Se(V1) Bacillus megaterium Sarathchandra and Watkinson (1981)
Methylation of Se(VI) or Se(VI) to Enterobacter cloacae, Pseudomonas strain Hsa.28, etc.  Ranjard et al. (2003)
methylated Se(-11) compounds
0] Reduction of U(VI) to U(IV) Geobacter, Shewanella, Desulfovibrio, elc. Wall and Krumholz (2006)

Oxidation of U(IV) to U(VI)

Acidithiobacillus ferrooxidans, Thiobacillus denitrificans

DiSpirito and Tuovinen (1982);
Beller (20035)
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Table 1. Biologically Driven Redox Transformations of Metal lons

Metal Reaction Reductant Microorganisms Notes
As A - Ag?t Gram positive Reduced intracellularly before
efflux by As resistance
system (42)
Ag Agt — Ag°
Au An® — Au” Fe(Ill)-reducing microorganisms
Cr cr - or?t Glucose, acetate, amino Pseudomonas Bacillus Cr(VI) not used for respiration.
acids Streptomycetes
Enterobacter
Cu Cu®*t — Cu’ s Thiobacillus Ferric ion oxidoreductase
Fe Fe¥t s Fe?t Haz, S° organic acids Geobacter Shewanella Fe(IIT) not used for respiration
aleohols Desulfovibrio Thiobacillus
Diverse bacteria
Hg Hg** — Hg" Diverse bacteria Detoxification mechanism
plasmid-borne genes
Mn Mn®* — Mn** Diverse bacteria Mn reduction may be chemically
Mn** — Mn** coupled to oxidation of Fe(II)
Se Seft — Se” Reduction of Se(VI) to Se(IV) can be
Seft . Sett used for respiration in some
Se*t — Se” bacteria
Te Tt — Tett Sulfate-reducing bacteria Fortuitous enzymatic
U Ut - Uttt Acetate, lactate, Ho Geobacter, Desulfovibrio, Oxidizes c-type cytochromes, may
Micrococcus, be used for respiration by some
bacteria
v TR T
(6) Centrum pro vyzkum
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Chemical class

Zaverecny
prehled kovu

Metals
Copper, nickel, zinc
Cadmium, lead

Iron, manganese

a jejich

interakci s MO

Chromium

Mercury

Nonmetals
Arsenic

Selenium

Oxyanions
Nitrate
Perchlorate

Radionuclides
Uranium

Plutonium

Technetium

Centrum pro vyzkum
toxickych latek
v prostiedi

©)

Mechanisms of microbe-contaminant
interactions

Sorbs to extracellular polymers and biomass
Sorbs to extracellular polymers and biomass

Electron acceptor under anaerobic conditions;
oxidized to form insoluble hydroxides;
sorbs to extracellular polymers and biomass

Enzymatically oxidized or reduced to
promote detoxification; cometabolized;
sorbs to extracellular polymers and biomass

Enzymatically oxidized or reduced or
methylated to promote detoxification; sorbs
to extracellular polymers and biomass

Enzymatically oxidized or reduced or
methylated; electron acceptor under
anaerobic conditions; oxidation of reduced
forms linked to microbial growth; sorbs to
extracellular polymers and biomass

Enzymatically oxidized or reduced and
methylated; electron acceptor under
anaerobic conditions; cometabolized; sorbs
to extracellular polymers and biomass

Electron acceptor under anaerobic conditions
Electron acceptor under anaerobic conditions

Electron acceptor under anaerobic conditions;
sorbs to extracellular polymers and biomass

Cometabolized; sorbs to extracellular
polymers and biomass

Enzymatically oxidized or reduced;
cometabolized; sorbs to extracellular
polymers and biomass

Type(s) of contaminant
alteration

Immobilized by sorption

Immobilized by sorption;
methylation possible

Mobility (solubilization)
increased by reduction;
immobilized by
precipitation and sorption

Immobilized by precipitation

Volatilized or immobilized by
sorption, methylation, and
precipitation

Volatilized or immobilized by
precipitation and sorption

Volatilized or immobilized by
precipitation of elemental
Se or sorption

Reduced to nontoxic nitrogen
Reduced to nontoxic chloride
ion

Immobilized by precipitation

Mobility increased by
reduction to soluble Pu(III);
immobilized by precipitation
and sorption

Immobilized by precipitation

Susceptibility to
microbiological
transformation*

Aerobic Anaerobic

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

* The numeric entries for each compound class provide a rating of susceptibility to microbial transformation under anaerobic conditions (in the
presence of oxygen) and anaerobic conditions (when oxygen is absent): 1, readily mineralized or transtormed; 2, degraded or transformed under a
narrow range of conditions; 3, metabolized partially when second substrate is present (cometabolized); 4, resistant; 5, insufficient information.
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