STUDIES OF ENVIRONMENTAL MICROBIOLOGY

A- Sulfate-Reducing Microorganisms
I - Roles of the SRM in sediments
ll- Examples of Abundance, Expression and Diversity of SRM in different environments

B-Impact of copper on total Prokaryotes (bacteria-archaea)
I- On their abundance and their activity
Il- On their diversity
- Cultivable approach
- Molecular approach

C-Metal resistance mechanisms in Prokaryotes: example of copper
I - Quantification of resistance genes
Il - Study of their expression and their diversity







SRM Roles In Estuarine Sediments
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Figure 1| The sulphur cycle. The largest sulphur reservoirs on the Earth are iron sulphides (pyrite; FeS,) and gypsum
(CaS0,) in sediments and rocks (7,800 x 10'® g sulphur) and sulphate in seawater (1,280 x 10'* g sulphur). Sulphur, whichisa
necessary element for life, is taken up as sulphate by microorganisms and plants, and subsequently by animals.
Decomposition of dead organisms in the absence of oxygen releases the sulphur again as hydrogen sulphide. The
combustion of fossil fuels and emission of volcanic fumes releases sulphur dioxide into the atmosphere, where it reacts

with water, thereby forming sulphuric acid and resulting in acid rain. Microorganisms play an important partin the
recycling of these sulphur compounds.




Reduced sulfur in organic matter: S-organic
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The Sulfur Cvcle
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Processus clé et procaryotes impliqués dans le cycle du soufre O*"da _ 0 Phe
Processus Organismes types
Oxydation du soufre/sulfure (H,5 — $0—50,%) A
Aérobie Chimiolithotrophes sulfo-oxydants gf,?g& €% bg
(Thiobacillus, Beggiatoo, et beaucoup d'autres) protéines
Anaérobie Bacteria phototrophes pourpres
et vertes ; quelques chimiolithotrophes v,
Réduction du sulfate (anaérobie) ( 50, =+ H;5) DMSO — DMS
Desulfovibrio, Desulfobacter B ducon el Réduction n du sulfate
k8

Réduction du soufre (anaérobie) ( $"— H,5)
Desulfuromanas, nombreux Archaea

hyperthermophiles 'o,,
o
Dismutation du soufre ($,0,7=Hj5 + $04™) us"’fale Groupemen
Desulfovibrio, et d’autres soufré des
Oxydation ou réduction de composés organiques soufrés 0y protémes

(CHySH™ €O, + H,S)  (DMSO=DMS) “smutation dv *°

De nombreux organismes effectuent ce processus

Désulfurylation (S-organique — H;5) 50
De nombreux organismes effectuent ce processus

FIGURE 19.29 Cycle biogéochimique du soufre. Les réactions d'oxydation sont représentées par des fléches jaunes, celles de
réduction sont en rouge. Les réactions dans lesquelles il n'y a pas de changement redox sont indiquées en blanc. DMSO,

diméthylsulfoxyde ; DMS, diméthylsulfure,
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Study Sites

4 intertidals estuarine mudflats

- 2 (marine (Pont de Normandie) and fresh water (Oissel) mudflats)
of the Seine river (very anthropised)

- 1 marine mudflat: Medway in England (very anthropised)

- 1 marine mudflat: Bay of Authie (weakly anthropised)

Authie Bay

Marine mudflat

Fresh water

The Seine Basin: mudflat
Surface: 79 000 km 2 (14 % of the national surface)
Population: 16 million inhabitants (26 % of the French
population)



Chanaral region in Chile
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Cores studied:

Sedimentation:

The physico-chemical parameters

- Seine, 30 cm (9 campaigns, seasonal study) and 1 m 80
- Authie, 30 cm (4 campaigns, seasonal study)

- Medway, 4 m 1
- Chile, 30 cm /

Seine: dependant of flooding, spring tides '_ |
or neap i d
Medway: weak sedimentation(+/- 1 cm/ly) |
Authie: continuous deposit (+ 18 cm/an)

Chile: continuous deposit

Physico-chemical characteristics and altimetric deposit in the Seine mudflats

Sites Date NaCl (mg/L) | SO,> (mg/L) | Deposited or [ Deposit Age Deposit-Erosion
campaigns eroded Period
quantity (Altus Camera)
(mm)
North Mudflat April 2001 2250 726 0 old Erosion
June 2001 3050 810 -30 old Erosion
August 2001 5100 1230 -31 5 days Deposit
October 2001 2900 565 +15 4 days Deposit
February 2001 3100 1236 +5 80 days Erosion
Oissel Mudflat | July 2001 4 34 0 old Erosion
September 2001 3.4 4 - 67 old Erosion
Jannuary 2001 0.7 5.4 -109 49 days Deposit
March 2001 1 0.8 -57 92 days Deposit
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Table 2
Total and available {heavy metal tesarment with HCl 1 M) hieavy metal concenteation (g kg ™) in sediment saenples frorn Palito (Pal) and Flamenco (Fla) Vahies are given as raean of teiplicates

Metals (mgkg ™)

Total Cu fvailable Cu Total Zn Available Zn Total (d Buvailable Cd Total Pb foaailable Ph
Depth {cm)  Fla Pl Fla Pal Fla Pal Fla Pal Fla Pl Fla Pal Fla Pal Fla  Pal
0-10 214035 3812250 51007 3N +3221 165:017 1564014 26003 114015 095000 125000 07540005 O0Re:0005 35:003  4#005 <2 27:003
10-20 038 37+247 pi007 288+212 1424015 2R84+019 34002 23:020 0854001 113+001 OBR+0007 042:0005 344004 3h:004 <@ 261003
20-30 231024 37:238 Bi00 2313217 1754016 2044021  3:003  T+006 0851000 115000 0ed£0007 05510005 3h:004 25:003 <2 2002
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Seine-Aval Program (DyVa workshop): Study of the dynamic role of the mudflats in the functioning of the estuarine
ecosystem of the Seine river (North mudflat/Oissel mudflat)

PNETOX Program; Sediments: a key compartment for the evaluation of the interactions between chemical
contaminants and biota in the estuarine ecosystems.

Objective: highlighting the forcing parameters of the premature diagenesis (role of sulphides)

Quantification and diversity AVS, CRS

of SRM N ] ) o Metal Concentration (Cd?*, Cu?*, Ni?*,
Expression of SRM Microbial activity /P, zn2)

Fatty Acids Profiles

Geochemistry of the sediments
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PAH ~{ contaminants Physico-chemistry
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METHODOLOGICAL APPROACHES FOR THE STUDY OF THE SRM

Approach of microbial molecular ecology
(Anaerobic bacteria difficult to cultivate)

1- Quantification of the SRM

-Extraction of total DNA Determination of the efficiency of DNA extraction
-Quantitative PCR on a specific gene

(dsrAB gene only present once on the genome)

2- Study of the diversity of dsrAB gene — Phylogenetic studies of SRM
-Cloning/sequencing and Phylogenetic analysis of sequences
-DGGE, SCCP to analyze the dsrAB gene seguences

3- Analyzing functional bacterial diversity

-Extraction of total RNA

-Quantification of the expression of dsrAB gene: RT-qPCR
-Study the diversity of the active SRM: RT-PCR-SSCP
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Efficiency of extraction of total DNA

Sedimentary characteristics of the cores
-3 sections taken into account:
-surface (0-2 cms): homogeneous soft mud
-median (from 2 to 15 cms): silteuse mud
-deep (from 15 to 30 cms): compacted black mud
- globally conserved size grading (fine sediments) but different moisture contents

Molecular approach

We used doped sediment by E. coli transformed by a recombining plasmid
(reporter gene).

The quantity of bacteria used corresponds to a quantity of known reporter
gene.

The amount of reporter gene used to dope 1g of sediment is compared to
the amount of the reporter gene determined by gPCR after the extraction of
the total DNA from 1 g of sediment.

Results
Efficiency of extraction averages of 10,5 % +/- 3,5 North mudflat
Efficiency of extraction average of 15,7 % +/- 2,2 Oissel mudflat

Vase entrecoupée
de lits silteux,
bioturbée, passant
de couleur beige a

— Mean efficiency of extraction of 13 %




Quantification of dsrAB gene by gPCR

Ct determination Ct/Log No

curve




Quantification of SRM in the Northern mudflat (Seine river) expressed in dsrAB gene / ng total DNA

dsrAB gene abundance/ng total DNA
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Effect of temperature and DOC concentration on the seasonal quantitative evolution of
the SRM in the North mudflat (values integrated on 10 first cm) | pecrease of SRM amount during the best
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Altimetric characteristics of the sediment
Sites Date Deposit or Deposit Age Erosion-Deposit
campaign eroded Periods
quantity Strong erosion followed by an important
(mm) deposit: environment weakly favorable to
North Mudflat April 2001 0 old Erosion the development of the SRM
June 2001 -30 old Erosion
> August 2001 -31 5 days Deposit
October 2001 +15 4 days Deposit
February 2001 +5 80 days Erosion




2-Study of the diversity of the dsrAB gene used for the phylogenic study of SRM

I-Cloning of the dsrAB gene and phylogenetic analysis of sequences

a- PCR with specific dsrAB gene primers from the extracted total DNA (Klein and al., 2001)
For each b- Ligation of the products of PCR in a plasmid

different sample  c- Cloning in E. coli, plasmidic extraction

d- Studies of RFLP Groups of dsrAB sequences

—  e- Sequencing of the dsrAB genes

— Phylogenetic tree realized from dsrAB gene and usable as with the 16S rRNA

[I-Use of fingerprinting techniques as SSCP (single strand conformational
polymorphism) or DGGE (denaturating gradient gel electrophoresis)
— Study of the majority SRM groups

N a- amplification of dsrAB (size < 500 pb) by PCR from the extracted total DNA
b- denaturation of the products of PCR by heating for SSCP
— C- deposit on not denaturing polyacrylamide gel / SSCP or denaturing gel/ DGGE
d- électrophoresis and coloration by intercaling DNA agent as SYBR (for SSCP: simple strand DNA
~ migrates according to its bases composition) (for DGGE, one band correspond to one species of SRM)

For each
different sample
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Comparison of phylogenetic trees realised with the 16s rDNA and the dsrAB gene sequences from different SRM species




Phylogenic tree realized from dsrAB sequences present in surface sediments of the

northern mudflat (VN) and the Oissel mudflat (VO)
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Study of SRM diversity in the Flamenco (Chile)
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Diversity obtained from cloning and sequencing dsrAB gene Flamenco sediment (Lane 1: DNA marker;2: 0-2 cm; lane 3: 26 cm; lane 4: 6-10
i verv widelv superior to the diversitv obtained Wlth DGGE cm; lane 5: 10-15 cm ; lane 6 : 15-20 cm ; lane 7 :20-25 cm.

ol T o




3 - STUDY OF THE ACTIVE SRM IN SEDIMENTS

Used Approach: study of the mRNA dsrAB by RT-PCR-SSCP

Extraction of total
RNA

J

Dnase treatment

!

+ Primers (random)

Reverse Transcription—, cDNA

!

1st specific dsrAB PCR : amplification of total
dsrAB gene: 1,9 kb DNA Fgt

ll

2"d specific dsrAB PCR: 0,4 kb DNA Fgt

RNAs
5 3’
Reverse <D

transcriptase ——

+ Désoxyribonucléotides
triphosphates', e

5’ ‘lli TT1 3
cDNA 3 5’
synthesis

5 3’

Specific PCR of dsrAB
DSR1F

1550
dsrA gene 4§  dsrB gene 2%

B

l DSR4R

Fragment 0,4 kb long

223




Presence of a sulfurogenic active population

Samples from the environment
Nested PCR dsrAB

400 bp —

No 400 bp band

Control (lanes 1,2,3,4): absence of
DNA after extraction of total RNA and
Dnase treatment: a dsrAB PCR was
realized.

mmm=) Absence of bands confirmed
the absence of DNA

Primers




SSCP for the study of the active SRM active in Medway estuary
( Fragment of PCR < 500 pb; migration according to the sequence of fragments)

lane 1: 0-2 cm: lane 2: 6-8 cm; lane 3: 14-16 cm; lane 4: 24-26 cm; lane 5: 250 cm

I 2 3 - 5

Denaturation of the DNA before electrophoresis

Migration of simple strand DNA according to its sequence (2 bands = 1 species)

Table 3 Blast results of SSCP bands and comesponding clone names

SSCP band'clone number Ajcoession no, Dipith Highest BLAST hit identity for dissimilatory sulfite reductase alpha subunit

25,69 1lVclne DSRAL GUIEIZ30 (=26 cm Desialfovibrio wulparis subsp. walparls g
Hildenborowgh (AAATOLOT) (99%)

| /clone DSRA2 GUIRI329 {(-lcm Desulfovibrio cuneaes | ABDS153T) (90%)
13, 14lone DSRAZ GUIE1A3 230 em Desialfovibrio wulparis subsp. walparls g
Hildenboroigh (AAATOL0T) (95%)
7, Eclone DSRA4 HO&5TITT & cm Desulfosaling proplonicis | ABDMGRSD) (91%)
11,12 24~ 7 I
o o
26 cm

fo 12 o
3, 4clone DSRAS HO65TITR Simtrophobacterscae bacterium (ABZ0 1R18) (95.1%)
| $/clone DSRAS (-2 ¢m

HOE5T1T9 Desulfococcus mubtivorans (AAC24101) (80%) e ——

250 cm




Comparaison of SRR (in nmole SO4%.cm-3.j'1) and the amount of SRM/g sediment between
the North and Oissel mudflats (- 5 cm).
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SRR identical in the 2 .. ] i = . ! Fu
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e d L e Agust 2001 v -me—Jamary 2002 |
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7 === Febnmary 202 : V O I
24 - = . ISSe
=4 V. Nord 26
0,00E+00 5,00E+08 1,00E+09 1,50E+09 2,00E+09 2,50E+09 3,00E+09
0 5,0E+08 1,0E+09 1,5E+09 2,0E+09 2,5E+09 3,0E+09 o , , , ,
O 1 1 | L 1
SRM amount are very ~ , .... - e ea
. . l:d..- ........... .‘ ’A-- ________
different in Summer _ | = e V. Nord 54"
, L R T V. Oissel
ol ..........................::::::::::::::::ml 10 {2
........................ . .
P
15 PR3 “ho. .
: ] . April 2001 iwe
20 = June 2001 || 204 -~ = e
A August 2001 'll- i
: . - - - July 2001 |
-25 i, o October 2001 -25 1w = September 2001
T ° February 2001 A - January 2002
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-30 -30

|:> Hypothesis: difference of composition of sulfate reducing microbial communities on these two sites with
SRR specific to each community.



Phylogenic tree realized from dsrAB sequences present in surface sediments of the

Northern mudflat (VN) and the Oissel mudflat (VO)
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- significant differences of the sulfate-reducing communities between both sites



Comparaison of SRR (nmole S04%.cm3.j1) and SRM amount/g sediment in Oissel mudflat during winter

and summer

Quantification SRM
(SRM/g sediment)

SRR (nmole SO,%.cm?3.j)

0,00E+00 5,00E+08 1,00E+09 1,50E+09 2,00E+09 2,50E+09 3,00E+09
0 1 1 1 1 1
= . USRI A Depth (- 9 cm)
B Ace T .
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] — .
. * 5 nmole SO,%.cm3.j!
e =
5 -
A = e .
J - Oissel (01/07)
201 -~ = e 8.10° SRM/g sed.
'l":l'-_ . P Tuhe 2001 | 260 nmole SO,%.cm3.j!
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et s | Mt B i ot | o)
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g h/ N /
= e 1 T~ -
* e e T
In] _: lll.| I_"l
g ~ 4= July 2001 I
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i - o
- - -k == Inmuary M2 .
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Hypotheses:
1) difference of composition in active SRM on the site during 2 campaigns

2) specific activity: lower level of SRM expression in January

Approach: RT-PCR-SSCP

12

= (1) Oissel January 2002
e — . EE. - (2) Oissel July 2001

_-_— . —

RT-PCR (dsrAB)

Equivalent SSCP profiles
— > Hypothesis 2 retained (to confirm by quantifying the dsrAB mRNA by hybridization or

guantitative RT-PCR)



Quantification of the mercury, methyl mercury, and dsrAB gene in the sedimentary cores from Northern
Seine estuary and Medway estuary (site of Horrid Hill)

H kgt MeHg (ug.kg?)
5 g(mg gl 2 3

0 0, 1,5 2 0 1 5
0 0 g LN |
® Fhm mm o U SBo0m L l-'
-50 - < 50 m <
[~ ] < <
-100 = < -100 <
E =] < E =] <
L 150 - ° £ 150 -
£ © < ° 1
MeHg (pg.kg"
2 200 Hg (mg.kg) ) 2 200 eHg (ng.kg™)
o 0,0 0,5 1,0 1,5 (a] 0 1 2 3 4 5
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mercury and SRM in Medway
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Evolution of methylmercury (MeHg ug.kg-1) according to AVS (mg Kg-1) in the first 20
centimeters of sediment

gl
mecn.'\-Vv

== Good correlation AVS / MeHg 5 24 .
The distribution of MeHg seems to be £, , —
directly controlled by biotic production (SRM) = ([feere/
0 49— T T T T T 1
0 1000 2000 3000 4000 5000 6000
4 d’apres Ouddane
AVS (mg S.kg™)

Comparison of the integrated values (first 20 centimeters of sediments) of the quantification of dsrAB
genes, mercury and methyl mercury.

160E+10 - 70 - Hg - )

om0 | SRM MeHg I Factor of difference of 5 of SRM and MeHg

1,20E+10 4

L 50 |
1,00E+10 4
40 1
8,00E+09 A1

30 -
6,00E+09 A

20 -

Mercury (mg/kg) and
Methylmercury (ug/kg)
concentrations/cm?

4,00E+09 4
10

2,00E+09 - = 1
0,00E+00 0

M edway Seine Medway Seine

nombre de MSR dsrAB/cm 2

==p The concentration of methyl mercury seems very directly dependent on the
quantity of SRM

between Medway and Seine sediments



B- Metal impact on Procaryotes (bacteria-archaea)



Study of the interactions between bacteria and metals in contaminated sites

. NANO MICRO MILL) MOLAR
Metal Concentration
1 10 100 1 10 100 1 10 100 1 10
. . Homeosiasls............ l
Resistance mechanisms Metallothloneins Complecations, EMux,

. cyancbacieria l l rog

low Archaea, .

Organisms low hon ! wroox.)
Prolecbacteria

— The mechanisms of metal resistance vary according to the
organism and to the increase of the concentration of metals



Study of the interactions between bacteria and metals in contaminated
Sites

High Heavy metal concentrations

»bioprecipitation (SRM —— HS)

»Impact on the abundance, the expression,

_ _ _ _ »biosorption (extra and intracellular: peptidoglycan-
and the diversity of microorganisms -nes, polyphosphates, organic acids, metalloproteins,

siderophores (Fe))

»Acquisition of resistance genes
»Study of the total bacterial a J

community via the 16S rDNA > In the bacterial community
% Cadmium(cad)




Programs Ecos-sud and EC2CO Misechicui (INSU)

Objective: Study of the interactions microorganisms / copper in contaminated Chilean sediments.

Approaches: pluridisciplinary Total and bicavailable

Metal concentrations

Geochemistry of sediments

: : Sediment
Microbial study
Molecular quantification and study Copper PhySiCO'Ch_emical
of the diversity of the SRM impact Characteristics
of
Study of the diversity and the abundance :
. Sediments

of total bacteria and archaea : -

(Cultivable and molecular) Microorganisms \

Study of copper resistance mechanisms -pH

Granulometry -Redox Potentiel

-NaCl
-TOC

-T°



METHODOLOGICAL APPROACHES FOR THE STUDY OF TOTAL MICROORGANISMS
Approach of microbial molecular ecology
- Use of molecular and cultivable techniques
-Extraction of total DNA and RNA
-Study of the diversity of the total bacteria and metabolically active bacteria
-Study by cultivable techniques (aerobe environment R2A medium;
anaerobic study)
-Study by fingerprint techniques (DGGE, SSCP) and cloning/sequencing from
the 16S rDNA and transcripts.

-Quantification of the total bacteria and metabolically active bacteria
-gPCR 16S rDNA and RT-gPCR 16S rRNA

- Study of copper resistance genes (abundance, diversity, expression)
- new primers for PCR

- Abundance and expression: gPCR and RT-gPCR
- Diversity: cloning / sequencing






Chanaral Chile

PACIFIC
OCEAN

@ : site Palito 2
o . site Flamenco

----- . Palito channel (Mining residues after lixiviation
of copper ore)

.-
s,

PUERTO
CHANARAL

Palito 2 Flamenco
o Caleta Zenteno (mgkg'l) (mgkg'l)

Copper

Concentration 300 6




Table 1

Pibvgs oo s cal Chiarad e S S a0 oonding © e depth of the sadiments of Paiio [ Fal) and Ramenoo [Ha). Values of 2ach paomeer am grnen 25 maan of mph s

Depth (cm) S ain gein-size | um) Ehi [ miv) sad (gL Suliate [mM) TOC (mgg ' pH
Fla Fal Ha Fal Fla Fal Ha Fal Fa Fal Fa Fal
0-2 100-250 200-1200 &7 &5 TR 4 757 21 244 0 715 168 768
24 100-250 200-1200 58 135 87 P58 759 241 198 o T.68 768
46 100-250 200-1200 183 175 783 P58 759 743 197 ma 1.65 766
68 100-250 200-1200 178 ~1:2 2 256 755 24 128 199 1.65 754
E-10 100-250 10002000 ~1:2 134 | 757 752 139 129 M1 .66 TS
10-15 100-250 11060060 187 1532 32 58 25 5 127 196 7.6 754
15-20 100-250 10002500 -133 195 3 256 48 13 178 196 7.6 754
025 100-250 10002500 130 197 = 757 24T iz 175 198 7.60 754
Table2
Tutal and available (heavy metal teeatement with HCL 1) eavy mecal concenteation (g kg ™) in sediment saruples fraen Palito (Pal) and Flamenco (Fla). Values are given s mean of trplicates
Metals (mgkg ™)
Total Cu Aailzble C Total Zn Available Zn Tatal (4 Available (d Total M Rugilable P
Depth {cm)  Fla Pal Fla Pal Fla Pal Fla Pl Fla Pal Fla Pl Fla Pal Fla Pl
0-10 20403y 3814232 34007 3014221 165017 136014 282003 114015 085 :000 125#002 07540005 O0BB:0003 35:003  4:005 <2 27+0.03
10-20 038 327:247 b:007 288:212 142:015 2844019 3002 23:020 O85:001 113:000 086:0007 D42:0005 342004 362004 <2 26003
20-20 23024 3174230 Ba00& 231:217 175:016 2044021  3:003  7:006 09000 1152000 D64:0007 055:0005 36:004 25:003 <2 2:002

Physico-chemical parameters differences Palito/Flamenco:
- copper concentration (Palito sediments mono contaminated)
- granulometry (Finer sediments in Flamenco)



A Total bacteria/ g of sediment B SRPs/ g of sediment

25 —e— Flamenco
c o 10 %ggps 30 40
Copper impacts the abundance 2
of sulfate-reducing bacteria ’

Depth (cm)
(o)

10

15

20

—e— Flamenco

25
—a— Palito

Fig. 2. Vertical distribution of the abundance of total bacteria and SRPs in the Palito and Flamenco sediments determined along the 25-cm cores depth. {4) Total bacteria and
{B) SRPs as inferred from real-time PCR data. Values are given as mean standard deviation of triplicates and expressed in a number of cells per gram of fresh sediment. {C)
Depth profile of the relative contribution of SRPs to the total bacterial cells as calculated from the data in {&) and {B).



Study of SRM diversity by DGGE of dsrAB gene in Palito/Flamenco
A 2 3 4

5 [ T

Flamenco

Palito

Fig. 3. Denaturing gradient gel electrophoresis of dsvB PCR products obtained of
total DNA extracted from {A) Flamenco sediment, and {B) Palito sediment {lane 1:
DNA marker; 2: 0-2 cmy; lane 3: 2—-6cm; lane 4: 6-10cm; lane 52 10-15 cmi; lane

6:15-20cmy; lane 7 : 20-25 cm). Numbers indicate bands that were excised and
sequenced.



o5 | VF clone6 (6,25%) (JX068872)
VEP clonet (2,15%) (JX0G8854)
VE band DGGES (.IX068868)

Comparison of diversity of SRM in Palito and Flamenco sediments - band DOOE8 (X000

VEP clone7 (36%) (JX0688556)
VE band DGGES (JX068867)

. o YF band DGGE1 (JX068863)
Phylogenetic tree realized from ?;fﬁ;%ﬁamgmﬁ:“ﬁ@w
dsrAB sequences obtained by cloning X bndDRGRION) vorrey® N

) . sulfobacreraceae
from total DNA extracted in sediments

XE band DEGES (1X063955) Cluster A
of Palito (VEP) and Flamenco (VF).

YE band DGGES (JX068870)
Desuifatiferufa olefinivorans (ABHO3480)

VF clone29 (3,12%) (JX068876)

Desulfococcus muitivorans (AAC2Z4102)

Hios alsir propionicica (ABDA4G8E1)
Desulfohalobium rethaense DSMSES (AALST454)

VEP band DGGEH1 (JX068851)_
VEP band DGGE3 (JX068853)
VEP band DGGE2 (JX068852)
VEP clone13 [10,76%) (JX0DE8858)
VF clone2s (9,9%) (JX0DG8ETS)
Uranium mine soil clone (ABDST229) *
T - rvegian sea sediment clone (ADH43211)
Comparable diversity between the 2 el ANGOS04D _
2| a0 New England salt marsh clone (AAVESEES) Laterally acquired
Deep-sea sediment clone (BAESE500) dsrAB bacteria

sites and much more important than Fcpteonion e e S

57 | VF clonedT (6,26%) (JXD68B7T)

th at O btal n e d by D G G E 4'—Desuﬂolmacumm geothermicum (AAKSE399)
. = L p, ulum acetoxidans (AAKB296T) |
_ﬂmﬂe tredper DSMETI2 (AF334595)
——Desulfovibrio termitidis (BABS5578)
85 _'_—Desu.ffowa:k) desulfuricans (AAK30046) Desutfovibriona e

= “Desuifovibrio cuneatus (BABS5568)
VF cloneg4 (21,8%) (JX068878)

Syntrophaceae

Gulf of Mexico sediment clone (ABZ01819)
VEP clone14 {4,3%) (JX088859) Cluster C Syntrophobacteraceae
1] ifonhabdu 0 (AMLOTESS)
Syntrophobacter wolinii  (AALSTA58)
e e o (AAKR3207) Thermodesulfobacteraceae

* | Thermode sulfobacterium thermophilum (AAKB3211)
East China landfil leachate clone (ABKSOTT8) *
Qiondongnan basin sediment clone (ABKS0634)
— 72 Eﬂemubusehnguus (CAC36143)
sulfobuibus rhabdoformis (CAB95039) Cluster D Desulfobulbaceae

DGGE: too weak bands cannot be reamplified = |Doculopia niema (ACU00010)
VEP clone25 (2,15%) (JXDEBETS)

L Desulfofustis glycolicus (AALST45)

and sequenced. S i
— Seine river estuarine sediment clone (AAY27771) *
China paddy soil clone (ABXE5353)

. . *
Pearl river estuary sediment clone (ACNE1655)
5 | VF cloneld (31,2%) (JX068873) Cluster E - .
VEP cloned3 (19,6%) (JX068862) eeply branchinggroup

DGGE allows only to distinguish majoritary P
bacterial groups and lead to underestimate [ Deliac mud seament lone (AWXZ120)

22 | VEP clone34 (2,16%) (JX068861
the diversity.

Guaymas basin sediment clone (AAO3B157)

70 Guaymas Basin sediment clone (AAD38135)

Deep sea sediment clone (BAE36514)

Seine nver estuary sediment clone (ARY2772)

@ | VEP clone11 (19.6%) (JX068856)
Archaeoglobus veneficus (AAQNSH34)

—=l Thermodesulfovibrio isfandicus (AAKS3214)

—

ans

Fig. 4. Dsr phylogenetic tree showing the affiliation of Palito and Flamenco clones and DGGE-excised bands with SRPs present in the database. This evolutionary
zenerated by the neighbor-joining method. Sequences of 126 aa length were ased to construct the tree. Bootstrap resampling {1000 replicates) of the tree was perfi
provide confidence estimates for the inferred topologies. An cut-group of the DsrB protein of Thernodesulfosibrio islandicus was included to root thetree Bootstrap:
Branching nodes are shown with more than 50% bootstrap support. The nomber of clones ineach library is indicated in parentheses. Nucleotide sequence accession
are given in parentheses. The different phylogenetic clusters are shaded in grey. The bar at the bottom indicates the estimated evolotionary distance.






Chanaral Chile

P Pan de Azucar Norte

«< @ :Palito 1(canal Palito)

@ : Palito 2 (caleta Palito)

----- :Palito channel (Mining residues after lixiviation
of copper ore)
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Physico-chemical parameters

Table 1 Tital and available heavy metal concentration 1in sediment samples, concentrations of sulfate, NaCl, TOC, and pH of Caleta Palito and
Canal Palito

Samples ca cu® Pha Zn® TOC®  NaCl® Sulfate® pH

Total  Availlable Total Available Total  Availlable  Total Available

Caleta Palito 0 10 cm 1.2 1.14 827 245 7.69 1.71 47.56 7.78 18.58 214 246 8.02
Calets Pahito 10 20 cm 1.26 122 D7 221 5.14 2.04 48.73 20,57 18.57 214 2.44 7.58
Calets Pahito 20 25 cm 125 110 673 145 6.8 234 44.14 6.12 18.56 213 245 8.01

Canal Pahto O 10 cm 1.38 1.24 1410 251 15.53 234 138.03 12.66 34001 21.2 2.15 7.82
Canal Palito 10 20 em 137 1.21 1590 318 16.2 2.26 125.41 27.04 34905 21.2 214 7.91
Canal Pahto 20 25 em 135 1.17 1600 257 32.54 2.80 185.64 34.40 348.97 211 2.15 7.85

* In milligrams per kilogram
* In milligrams per liter
“In grams per liter

Table 2 Granulometry of Canal _
Palito and Caleta Palito % with granulometry (um) of

sediment cores

Site (depth n cm) <63 63 125 125 250 2350 500 500 1,000 1,000 2,000 =2,000

Caleta Palite 0 10 o 0.65 12.4 27.55 25.14 2472 5.82
Caleta Palito 10 20 O (19 3 7.9 16.06 66.27 4,58
Caleta Palito 20 30 0 .26 7.88 12.07 20,83 4014 18.72
Canal Palito ¢ 10 10.09 4019 47.61 1.8 0.28 .03 o
Canal Palito 10 20 273 232 57.66 157 .69 02 0
Canal Palito 20 30 1.21 2537 48.7 2346 0.26 0 0

- Copper concentration more important for Palito Channel
- TOC concentration more important for Palito Channel
- Granulometry weaker for Palito Channel



Isolates from
the two sites

Caleta Palito

Canal Palito (ct™ +)

Table 3 Taxonomic assignment of isolates and their characteristics (aercbic/anaerobic, maximal copper resistance and presence of copper resistance genes)

Isolate Nearest type strain relative; accession no. Taxon Aerobicfanaerclic Resistance to Presence of copper
copper (ppIL} resistance genes

Canal Palite sourface 26 (=13} Acineto bacter sp. JET 53, AB461031.1 Gamanapr otecbacteria Aerobic 100 ND
Canal Palite sarface 17 (=13} Acineto bacter Iwoffi strain B4 4; FI263923.1 Garmanapr otecbacteria Aerobic 200 ND
Caleta Palito surface 41 (=3} Preudomonas sp. WBIP-I4, GUS95353.1 Garmanaprotecbacteria Aerobic 300 ND
Caleta Palite surface 50 (=3} Arthrobacter protophormiae, FR745405.1 Actinobacteria Aerobic 100 ND
Canal Pahto surface 29 (=1} Bacilius grseqicus sttain B3; GOQ304784.1 Fimmicates Aerobic 200 ND
Caleta Palito surface 2B (=1} Bacillus pgnosrilus stramm SE3002; GU151514.1 Fimmicutes Aerobic 300 ND
Caleta Palito surface 6 (r=1} Bacilius safensis (Th AF234854.1 Fimmicutes Aerobic 200 ND
Canal Pahto sarface 24 (r=1} Bacilius sp. J28, EUJ143345 .1 Fimmicutes Aerobic =100 ND
Canal Palito surface (rn=17% Bacilius sp. J2& EU143348.1 Finmicutes Aerobic einln] ND
Canal Pahto sarface 23 (n=1} Bacilius sp. J28, EUJ143345 .1 Fimmicutes Aerobic 100 ND
Caleta Palito surface 4 (rn=1} Bacilius cereus strain DS76; EUS3214245.1 Finmicutes Aerobic einln] coped
Caleta Palite surface 1 (=12} B cereus strain 087 6; EUS32 142451 Fimmnicutes Aerobic 200 ND
Caleta Palito surface 1 (a=12} B. cereus strain 057 6; EUS3214245.1 Finmicutes Aercbic 200 ND
Canal Palite sarface 15 (=3} B cereus strain 087 6; EUS32 142451 Fimmnicutes Aerobic Elule] ND
Canal Palito svxface 16 (r=2} B cerrus strain J3630F, EUR3214245.1 Finmicutes Aercbic 200 ND
Canal Pahito sarface 18 (r=2) Bacillus sp. MHASOH3; DOS93323.1 Fimmicutes Aerobic 100 ND
Caleta Palito surface 52 (n=1}% B pumilus strain B130; GUS04677.1 Fimmicutes Aerobic 400 ND
Canal Pahto surface 58 (=1} Bacilius sp. JSF1;, GUO14525.1 Fimmicutes Aerobic 200 ND
Canal Palito sarface 254 (r=1%} Bacilius beazo evorans; AY 30851 Finmicutes Aerobic 100 ND
Caleta Palito surface 3 (r=1} Bacillus firmus strain D&, GUI357351.1 Finmicutes Asrobic 100 ND
Caleta Palito surface 9 (a=1} B. firrrus strain D&, GU3ST301.1 Finmicutes Aerobic Elele] ND
Canal Palito depth 23F (=35 Desulfovibrio senezii strain CVL; NR_024887.1 Deltaprotecbactenia Amnaerobic 200 copd
Canal Palito depth 33B (»=06) D, sepezii stoain OVFL; NRE (024887 .1 Deltaprotecbacteria Anaerobic 100 copA
Canal Palito depth 27D (=1} Desulfovibrio capillatus DSM 14 9827 AY173773 Deltaprotechbactena Anaercobic 200 copd
Canal Pahto depth 192-3 (=2} B palmitatic strain SOV, NR_025573.1 Deltaprotechactena Amnaerchic =1,000 copd
Canal Palite depth 44E (#=5} Virgibacilhes pantothenticus TAMIIO6T; NR_(043402.1 Fimmicutes Anaerobic 100 ND
Canal Palito depth 49 (=2} Bacilius sp. 142203; EF522811.1 Fimmicutes Amnaerobic 200 ND
Canal Palito depth 16A (rn=6} Alkalibacterium sp. ARD MIZ2; AB167070.1 Fimmicutes Amnaerobic 100 ND
Canal Pahto depth 254 (=8} Sphingomonas sp. SG-26b; JF7 160465 Alphaprotechacteria Amnaerchic 100 ND

No isolation of anaerobic bacteria in the site of Caleta Palito (pb due to the size

grading)

MO not detenmined

surface, and Canal and Caleta Palito depth

Affihaton group

Molecular study by cloning 16S rDNA: differences of diversity observed between 2
sites (surface and depth)

Different results of diversity between cultivable and banks of clones 16S rDNA

(bias in 2 approaches)

Only a few resistance genes of MO isolated (only copA/ pcoA, cusA)
— Other resistance mechanisms are certainly used (biotransformation,

bioaccumulation, biosorption, ...)

Abundance of clones (%) and number of OTUs
(between parenthesis)

Canal Caleta Canal Caleta

FPalite FPalite Palite FPalite

surface surface depth depth
Actinchacteria 16.2 (1} 0 37.2 (1} 0
Fuscbacteria 5.4 (1} ] 0 0
Deltaprotechacteria 5.4 (13 3.3 (1} o 345 (1)
Alphaprotecbactena 13.5 (3} 36.8 (4} 572y 3445 (2)
Gammaprotecbacteria =~ 21.7 (1} 16.6 (4} 257 (1} 24135 (3)
Chloroflexi 8.1 (1} 0 0 )
Bacteroidetes 16.2 (4 36.7 (4 o 2007 (5)
Planctomycetes 13.5 (2} 6.6 (2} 314 (4 1035 (Z)
Cyanobactenia ] 0 ] 6.9 (1}

Table 4 Composition of the bacterial communities and number of 165 rDNA
OTUs per hneage of the four clone hibranes: Canal and Caleta Palito

Clone libraries
from the two
sites









Chanaral Chile

P Pan de Azucar Norte

@® :site Palito 1 (canal)

o :site Flamenco

----- - Palito Channel (Mining residues after lixiviation
of copper ore)

SR

PUERTO
CHANARAL

Palito 1 Flamenco
(mg.kg?) | (mg.kg?)

o Caleta Zenteno

Copper

Concentration 1350 6




NaCl (g/L) TOC (mg/g) pH Eh (mV) Total Cu (mg/g) Available Cu(mg/g)

Depth Flamenco Palito Flamenco Palito Flamenco Palito  Flamenco Palito Flamenco Palito Flamenco Palito
0-2cm 28.5 25.2 21.2 349.01 7.70 7.82 37 17 5 1410 0.9 251
2-4cm 28.5 25.2 21.0 349.01 7.70 7.82 -52 -87 5 1410 0.9 251
4-6cm 28.4 252 21.0 349.01 7.69 7.82 -145 -158 5 1410 0.9 251
6-8cm 28.3 25.1 20.9 349.01 7.68 7.82 -155 -165 5 1410 0.9 251
8-10cm 28.3 251 20.8 349.01 7.68 7.82 -158 -170 5 1586 0.9 318
10-15cm 28.3 25.1 20.5 349.05 7.65 7.91 -168 -175 6 1586 2.6 318
15-20cm 28.2 25.0 20.2 349.05 7.64 7.91 -176 -182 6 1586 2.6 318
20-25cm 28.1 25.0 20 348.97 7.62 7.85 -182 -190 6 1600 3.3 297

Differences of physico-chemical parameters Palito / Flamenco:
- copper concentration (sediments of Palito monocontamined)
- concentration of TOC important for Palito



Resistance genes to copper copA, cusA et pcoA

@ cu()
‘ Cu(|) The most toxic ‘ .

chemical form

PcoB
ME
\ PcoA
périplasm ‘ O2
& 2H,0
MI

CusCBA /\/ CopA
O

cytoplasm






CUSA gene

* This gene codes for CusA which is a protein of the system RND (resistance nodulation cell
division)

* The copper is expelled in a passive way (contrary to the ATPasiques pumps which expel by
hydrolysis of ATP) mainly by chimiostatic gradient (gradient of pH or gradient of potential)

* Itis a part of the operon CusFBCA H+




cusA Klebsiella pneumonieae 342 5

cusA Escherichia coli APECO1 5!
cusA Oligotropha carboxidovorans O0M5 5
cusA Aromatoleum aromaticum EbN1 5
cusA Stenotrophomonas tialtophilia K279a 5
cusA Burkholderia cenocepacia J2315 5
cusA Aeromonas hydrophila subsp. hydrophila ATCC 5'
cusA Pseudoalteromonas haloplanktis TAC125 5
cusA Colwellia psychrerythraea 34H 5

cusA Alteromonas macleodii “Deep ecotype” 5'

ACGGCACCGGCGTCGGCTGGY
ATGCCACGGGTGTTGGCTGGYZ
ACGCAACGGGCGTCGGATGGY
ATGCGACCGGCGTCGGCTGGY
ATGCGACAGGACTGGGCTGGY
ATGCGACAGGACTGGGCTGGY
ATGCTACCGGGGTGGGCTGGYE
ATGCCACCGGTGTTGGTTGGYT
ATGCGACAGGTGTTGGTTGGY
ATGCCACAGGCGTTGGTTGGZ

consensus sequence : cusF 5

cusA Klebsiella pneumonieae 342 5!
cusA Escherichia coli APECO1 5
cusA Oligotropha carboxidovorans 0M5 5
cusA Aromatoleum aromaticum EbN1 5
cusA Stenotrophomonas Ualtophilia K279a LY
cusA Burkholderia cenocepacia J2315 5
cusA Aeromonas hydrophila subsp. hydrophila ATCC 5'
cusA Pseudoalteromonas haloplanktis TAC125 5'
cusA Colwellia psychrerythraea 34H 5
cusA Alteromonas macleodii “Deep ecotype” 5
consensus sequence 5!

ATGCSACVGGYGTTGGCTGG?Y3

GGTATCGCCGAGCTTAATGGYZ
GGCATTGCCGAACTGAACGGUY
GGAATCACCGAACTCAACGGUY
GGGATCGCCGAATTGAACGGY
GGTATCGCAGAGTTGGATGGYZ
GGTATCGCGGAACTGAACGGUY
GGCCTGGCCGAGCTCAACGGUY
GGTATTGCCGAACTTAATGGYZ
GGCATTGCCGAGCTAAATGGY
GGTATAGCAGAGCTAAACGGY
GGYATYGCCGARCTGAAYGGUYZ

Deduced sequence of : cusR 9

CCRTTCAGYTCGGCRATRCCJ



Quantification of cusA and copA genes in sediments

Ratio of copper-resistance genes percopy numberof 216s-RrvJA

o O,01L 0,02 0,0= 0,049 0,05 0,06

oO-Z2Zcm

ene CusA \Gén_e_copA

2-g4cm

g4-6cm

&-Scm
Depth (cm)

S-10cm

- COpA gene has the highest abundance

10-15cm

/ - copper resistance genes are in quantity superior
in Palito site

A5-20cm

20-25cm
c3a d b

b, d: Palito
a, c: Flamenco



Study of the diversity of cusA gene in 2 sediments (cloning / sequencing)

clone cusA Flamenco36 (35%0) (JX293072)
clone cusA Flamenco29 (3%b6)(JX293073)
clone cusA Palito2 (4%6) (JX293081)

94

1
1
1
1
1
1
1
clone cusA Palito20 (2%0) (JX293082) H
clone cusA Flamenco9 (3%) (JX293074) ' M
1
clone cusA Flamenco75 (3%) (JX293075) !
clone cusA Palitol8 (2%6) (JX293083) !
clone cusA Flamencoll (6%20) (JX293076) -
clone cusA Flamenco38 (32%b) (JX293077) ;
clone cusA Flamenco7 (3%0) (JX293078) '
cusA efflux system Aeromonas hydrophila ATCC 7966 (YP_857467.1)
cusA efflux system Vibrio splendidus LGP32 (YP _002395112.1) .
clone cusA Palito3 (2%6) (JX293084) :
clone cusA PalitoS0 (4%) (JX293085) + Cluster 11
1
73 95 cusA efflux system Alreromonas macleodii (YP_002124632.1)
cusA efflux system Legionella pneumophila str.Corby (YP_001251513.1)
cusA efflux system Persephonella marina EX-H1 (YP_002730641.1)
100 cusA efflux system Klebsiella pneumoniae 342 (YP_002240688.1)
£y cusA efflux system Escherichia coli SMS-3-5 (YP_001742691.1)
54 cusA efflux system Burkholderia cenocepacia J2315 (YP_002233061.1)
49 cusA efflux system Srenotrophomonas maltophiliaK279a (YP_001972218.1)
4'7 clone cusA Flamenco57 (12%b) (JX293079) i
96 clone cusA Flamencol3 (3%0) (JX293080) H CluSter III

cusA efflux system Afyxococcus xanthus DK 1622 (YP_629249.1) ;
clone cusA Palito43 (86%) (JX293086) ! Cluster 1V
cusA efflux system Acidobacterium capsulatum ATCC 51196 (YP 002754300.1)
cusA efflux system Cyrophaga hutchinsonii ATCC 33406 (YP_678115.1)
cusA efflux system Gemmatimonas aurantiaca T-27 (YP_002760826.1)
cusA efflux system Aromatoleum aromaticum EbN1 (YP_158227.1)

470‘—( cusA efflux system Bradyvrhizobium sp. BTAil (YP_001239633.1)

o4

cusA efflux system Oligotropha carboxidovorans OMS (YP_002290737.1)

Balance sheet of the phylogenetic study for the cusA gene

No OTUs (operational taxonomic units: sequences presenting more than 95 % of identity) identical between
Palito (contaminated site) and Flamenco (reference site):

- 86 % of cusA sequences of Palito are in the cluster IV which is specific of this site
- 85 % of cusA sequences of Flamenco are in the cluster |



Study of the diversity of copA gene in 2 sediments (cloning / sequencing)

58

79
64

98

1pocopper-translocating P-type ATPase Rhodobacterales bacterium Y41 (ZP_05080142)

73 copper-translocating P-type ATPase Roseobacter litoralis Och 149 (ZP_02143084)
83 copper-translocating P-type ATPase Methylophaga thiooxidans DMS010 (ZP_05103467)
64

copper-translocating P-type ATPase Saccharophagus degradans 2-40 (YP_527407)
copper-translocating P-type ATPase Ruegeriapomeroyi DS5-3 (YP_165192)
clone copA Palito2 (25%) (JX293065)
copper-translocating P-type ATPase Pelobacter carbinolicus DSM 2380 (YP_357125)
copper-translocating P-type ATPase Desulfobacterium autotrophicum ATCC 43914 (YP_002601330)
clone copA Palito3 (2%0) (JX293066)

copper-translocating P-type ATPase Leptospirillum rubarum (EAY 56406)
B6 Ij clone copA Flamenco6 (2%) (JX293060)

100 clone copA Flamencol0 (2%0) (JX293061)

copper-translocating P-type ATPase Parvularcula bermudensis HTCC2503 (ZP_01018628)
79?'% copper-translocating P-type ATPase Hirschia baltica ATCC 49814 (YP_003059105)

clone copA Flamenco8 (2%) (JX293059)
heavy metal translocating P-type ATPase Rhodomicrobium vannielii ATCC 17100 (ZP 06350389)

copper-translocating P-type ATPase Nifrosococcus oceani AFC27 (ZP_05047177)

[55 clone copA Flamenco7 (3%) (JX293057)
I-E clone copA Flamenco4 (3%) (JX293056)

clone copA Flamencol2 (2%0) (JX293058)
copper-translocating P-type ATPase Planctomyees maris DSM 8797 (ZP_01856007)
clone copA Palitod (7%0) (JX293064)

clone copA Flamenco3 (2%) (JX293055)

copper-translocating P-type ATPase Rhodopirellula baltica SH1({ CAD71518)

clone copA Flamencoll (5%) (JX293054)

clone copA Flamenco2 (2%) (JX293053)

clone copA Flamenco9 (2%) (1X293052)

J:jloi heavy metal translocating P-type ATPase Zunongwangiaprofiinda SM-A87 (YP_003586739)
heavy metal translocating P-type ATPase Croceibacter atlanticus HTCC2559 (ZP 00950995)

95

100

100 I: clone copA FlamencoS5 (11%) (JX293063)
100 clone copA Palito8 (7%0) (JX293071)
71 heavy metal translocating P-type ATPase Alkaliphilus oremlandii OhIl.As (YP_001512609)
55 E heavy metal translocating P-type ATPase Desulfitobacterium hafniense Y51 (YP_520743)
100 copper-translocating P-type ATPase Carnobacterium sp. AT7 (ZP_02185056)

clone copA Flamencol (64%0) (JX293062)

clone copA Palito5 (11%) (JX293067)
{ clone copA Palito6 (5%0) (JX293068)

copper-translocating P-type ATPase Silicibacter lacuscaerulensis ITI-1157 (ZP_05784622)

heavy metal translocating P-type ATPase Truepera radiovictrix DSM 17093 (YP_003705740)
clone copA Palitol (41%0) (JX293070)
copper-translocating P-type ATPase Meiothermus silvanus DSM 9946 (YP_003683582)
heavy metal translocating P-type ATPase Deinococcus geothermalis DSAM 11300(YP_594100)
heavy-metal transporting P-type ATPase dgrobacterium vitis S4 (YP_002546523)
clone copA Palito7 (2%0) (JIX293069)
heavy metal translocating P-type ATPase Serratia proteamaculans 568 (YP_001478642)
86 heavy-metal transporting P-type ATPase Proteus mirabilis (ZP_03840801)

62

60

Cluster 1

Cluster II

Cluster II1



Balance sheet of the phylogenetic study for the copA gene

No OTUs identical between Palito (contaminated site) and Flamenco (reference site):
- 59 % and 64 % of copA sequences respectively of Palito and Flamenco are in the
cluster Ill

- 34 % and 25 % of copA sequences respectively of Palito and Flamenco are in the
cluster |

Conclusions

Modification of the diversity of the sequences of the copper resistance genes between
the 2 sites (especially for cusA).

Hyp: The protein sequences corresponding to the cusA and copA genes evolved to
become more effective to expel the copper outside the bacterial cell.






Depth Available Cu Total Cu Available Ph Total Pb (ppm) Available Zn Total Zn Available Cd Total Cd
(mg/kg) (mg/kg) (mg/k) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Flamenco Palito Flamenco Palito Flamenco Palito Flamenco Palito Flamenco Palito Flamenco Palito Flamenco Palito Flamenco Palito
0-2cm 0.9 251 1410 02 2.34 31 1953 26 1266 153 13805 068 124 091 138
2-4em 0.9 251 1410 02 2.34 31 1953 26 1266 153 13805 068 124 091 138
4-6cm 0.9 251 1410 02 2.34 31 1953 26 1266 153 13805 068 124 091 138
6-8cm 0.9 251 1410 0.2 234 3.1 19.53 2.6 1266 153 13805 0.68 124 091 1.38
8-10cm 0.9 251 1586 0.2 234 3.1 19.53 2.4 1266 153 13805 068 124 091 1.38
10-15cm =~ 2.6 318 1586  0.23 2.26 3.3 16.2 2.4 2704 151 12541 061 121 083 1.37
1520m 26 318 1586 023 226 33 162 24 2704 151 12541 061 121 083 137
2025¢cm 33 297 1600  0.17 2.8 34 3254 25 344 158 18964 053 117 08 139

oy o o Ul L L L1 L

Table 1: Heavy metal concentrations for Flamenco and Palito sediment cores

Depth Main Grain-size in pm NaCl (g/l) pH
Flamenco  Palito Flamenco Palito Flamenco Palito
0-2cm 100-250 80-160 28.5 25.2 7.7 7.82
2-4cm 100-250 80-160 28.5 25.2 7.7 7.82
4-6¢cm 100-250 80-160 28.4 25.2 7.69 7.82
6-8cm 100-250 80-160 28.3 25.1 7.68 7.82
8-10cm  100-250 80-160 28.3 251 7.68 7.82
10-15cm  100-250 80-160 28.3 25.1 7.65 7.91
15-20cm 100-250 80-160 28.2 25.0 7.64 7.91
20-25cm  100-250 80-160 28.1 25.0 7.62 7.85

Table 2: Physico—chemical characteristics and core grain sizes for Flamenco and
Palito sediment cores



Microorganisms abundance in sediments

Abundance of archaeal and bacterial
cells per gram of sediment

1,00E+04 1,00E+06 1,00E+08 1,00E+10
o i
A3

%
< -
pA
R [

—=— Bacterial cells Flamenco
—e— Bacterial cells Palito
—0O— Archaeal cells Flamenco

—o— Archaeal cells Palito

Bacteria are in upper number in the 2 sites

The copper has an impact only on the bacterial community (decrease)



Study of the metabolic activity of Bacteria and archaea

Ratios of 16SrRNA transcripts/(copy
numbers of archaeal or bacterial cells)

1,00E-01 1,00E+01 1,00E+03 1,00E+05

0-2cm
2-4cm
4-6cm
6-8cm
w)
©
-
-~
=2
8-10cm
10-15cm —a— Bacteria Flamenco
—e— Bacteria Palito
15-20cm —O— Archaea Flamenco
—o— Archaea Palito
20-25cm

The metabolic activity, measured by the quantity of synthetized 16S rRNA /cell, is
superior in the contaminated site (Palito) for 2 communities, suggesting
the existence of mechanisms allowing a good adaptation to the copper



copA gene abundance /copy number of 16S rDNA

Ratio of copA/16SrRNA gene from microbial
community per gram of sediment

0 0,01 002 0,03 0,04 0,05 0,06

—— .\
€

2-4cm

4-6cm

|
N
B /

8-10cm

10-15cm

15-20cm /

20-25cm L

5

—&— Flamenco

—e— Palito

The previous hypothesis is strengthened by the observation of the increase of the
COpA resistance gene in the contaminated site.
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Metabolically active bacterial diversity

cDNA Palito Bacteria clone54 (2,6%) (JX293104)
Thiorfiodovibnio sp.970 (FJ815159)

Uncultured gamma protecbacterium clone SC3-20 (DQ289928)

cDNA Palito Bacteria clone16 (8,3%) (JX293107)

Uncultured sediment bacterium clone WS338JS0207 (HQ191003)

190 L cDNA Flamenco Bacteria clone20 (2,6%) (JX293108)
Uncultured Chromatiales bacterium clone BPS_L359 (HQ857714)

cDNA Palito Bacteria clone44 (2,8%) (JX293105)

cDNA Flamenco Bacteria clone29 (20,4%) (JX293094)

Thioprofundum lithotrophica (AB488957)

92

in HRAhD (NR_043875)

Uncultured bacterium cloneA5-093 (JN977209)

cDNA Palito Bacteria clone11 (14%) (JX293095)
Uncultured bacterium clone LCKS000B37 (EF201720)

Uncultured gammaproteobacterium clone ANOX-105 (JF244887)

cDNA Flamenco Bacteria clone2 (5,1%) (JX293101)
Uncultured sediment bacterium clone WS070JS0207 (HQ191024)

cDNA Palito Bacteriacloned5 (11,1%) (JX293102)

cDNA Flamenco Bacteria cloned8 (2,6%) (JX293103)
i ARRD1(NR_042862)

99

100 EcDNA Palito Bacteria clone54 (8,3%) (JX293104)
88 Uncultured bacterium clone LCKS000B37 (EF201720)

cDNA Flamenco Bacteria clone27 (2,6%) (JX293096 )
-Uncultured bacterium clone 8554 (JF272102)

cDNA Flamenco Bacteria clone12 (12,8%) (JX293097)
cDNA Flamenco Bacteria clone52 (2,6%) (JX293100)
cDNA Flamenco Bacteria clone38 (2,6%) (JX293099)
Uncultured bacterium clone CI75cm.2.12 (EF208706)

cDNA Flamenco Bacteria clone14 (5,1%) (JX293098)
‘Uncultured gammaproteobacterium cloneTRAN-082 (JF244478)

Arhiodomonas sp.RS91 (HQ832040)

cDNA Palito Bacteria clone25 (8,3%) (JX293093)

GS-15 (NR_025895)

Uncultured actinobacterium clone MS-042 (FJ949209)

72
’&[IEGDNA Flamenco Bacteria clone15 (10,2%) (JX293114)

2 clone Ca0693 (FR851558)

L ActinobacteriumSCGCAAA001-G18 (HQE7537€)

84 | Uncultured cyanobacterium clone RODAS-112 (JF344080)

190 [EDNAFI Bacteria clone6 (2,6%) (JX293121)

Uncultured cysnobscterium clone OXIC-010 (JF244280)
Cobs2TisH4 (EU246830)

94 e
cDNA clone FLAMENCO 44 (2,6%)
Uncultured Lewinells sp clone: BJS81-142 (AB239037)
Lewinelis marina strain NERC 102633 (ABE81851)

[— Ekhidna sp. JLT2002(HQ838981)
clone DDO209DO5 (JF261898)

100 [ "
[[:DNA Flamenco Bacteria clone 44 (2,8%) (JX293119)
81 i i

Kor (.

C-B78 (JN888898.1)

cDNA Palito Bacteriaclone18 (8,3%) (JX293109)
ibri strain SG3105

87

Uncultured bacterium clone nod2133h12c(JF18239235.1)
cDNA Palito Bacteria clone37 (8,3%) (JX293113)
chrobactrum tritici strain : NBRC (AB881865.1)

cDNA Palito Bacteria cloned40 (14%) (JX293112)
Uncultured bacterium clone Apal_O05(GU118103.)

hhodobacter sp.ZH15 (FJ872532.2)

50 Pseudoruegens sp.HD-43(FJ374173)

<DNA Flamenco Bacteria clone24
(5.1%) (JX293111)

Maritimibacter sp. DG 1599165 (EU052764)
Dinoroseobacter shibae strain p1d1 (FNS11283)
cDNA Palito Bacteria clone39 (11,1%) (JX293110)

clone OS3SR50 (JN233515)

Bacteria clone 51 (5,1%) (JX293117)

u ed marine

cDNA FI
i ia 5p.N3E (FR874221)

cDNA Palito Bacteria clone7 (2,8%) (JX293118)
cDNA Flamenco Bacteria clone45 (2,6%) (JX293116)

iz clone HG-B021 (JN: IE]

clone FFCH11425 (EU135571)

cDNA Flamenco Bacteria clone21 (12,8%) (JX293115)

100 Uncultured bacterium clone G3-50 (EU005312)
L.D.8.5(NC_013769)

Gammaproteobacteria

cDNA Bank (16S rRNA) realized from
total extracted RNA (depth 15-20 cms)

Abundance of clones (%)
Palito Flamenco
0 102

8.3 0
41.6 5.1

Affiliation group
Actinobacteria
Deltaproteobacteria
Alphaproteobacteria

Deltaproteobacteria
' ) Gammaproteobacteria 44.5 59
Actinobacteria Acidobacteria 28 205
Cyanobacteria Bacteroidetes 2.8 2.6
Cyanobacteria 0 2.6
Bacteroidetes
Alphaproteobacteria
Conclusion: the diversity of metabolically
active bacteria vary with the increase of the
Acidobacleria copper concentration



Metabolically active archaeal diversity

cDNA Bank (16S rRNA) realized from
total extracted RNA (depth 15-20 cms)

92

ncultured Methanosarcinaceae archaeon clone MOAR56_25m (JQ079903.1)
Methanomassilicoccus luminyensis strain B10 (HQ896499.1)

Uncultured Methanosarcinaceae archaeon (AJ879052)

(Uncultured methanogenic archaeon clone FenC2-16S (AJ548942.1)|
cDNA Palito Archaea clone1(21%) (JX293088)

ncultured Thermoplasmatales archaeon clone AMOS4A_452_E11 (AY323216)
98! Uncultured archaeon clone TWP4-10 (GQ410890)

cDNA Flamenco Archaea clone7 (28%) (JX293092)

Uncultured archaeon clone SBAK-shallow-14 (DQ522934)

Uncultured Thermoplasmatales archaeon clone AMOS1A_4113_D04 (AY323219)

7

96

98 Uncultured euryarchaeote clone V1994_10G03 (FJ814737)

cDNA Palito Archaea clone9 (18%) (JX293087)
gg[[Uncultured euryarchaeote clone A247 (EU328154.1)

62
88 Uncultured archaeon clone BC-F (AY396005)

Cenarchaeum symbiosum (U51469)
’/ Uncultured crenarchaeote clone YLA056 (JF262241)

100 Candidatus Nitrosopumilus sp.NM25 (AB546961
i Nitrosopumilus maritimus SCM1 (JQ346765.1)
L Unculturedcrenarchaeote clone MESO_CREN (DQ659409)

5 cDNA Palito Archaea clone12 (61%) (JX293089)

— Uncultured archaeon clone Sa22 (DQ860926)
(Uncultured crenarchaeote clone A218 (EU328143.1)

ncultured crenarchaeote clone HgArCo3 (EU251480)
sg|["cDNA Flamenco Archaea clone28 (37%) (JX293090)
52| Uncultured crenarchaeoteclone GoM87_Arch258 (FN421233)
59 cDNA Flamenco Archaea clone39 (35%) (JX293091)

Escherichia.coli ATCC 11775T (X80725

Abundance of clones (%)

Affiliation group Palito Flamenco
Euryarchaeota 61 72
Crenarchaeota 39 28

Euryarchaeota

Crenarchaeota

With archaea, the diversity does not vary with the increase of the copper concentration

——— Very good adaptation of these microorganisms.
Mechanisms to be defined (isolation of strains and sequencing of the genome)



Besaury L., Pawlak B., Quillet L. Expression of copper-resistance genes in
microbial communities under copper stress and oxic/anoxic conditions,
Environmental Science and Pollution Research (2014) (IF 2013: 2.76)
(DOI10.1007/s11356-014-3254-4).




STUDY OF THE SHORT-TERM IMPACT OF A COPPER CONTAMINATION (value
around 110 ppm (threshold max)) ON THE TOTAL BACTERIAL COMMUNITY

Microcosm: estuary sediments (48 ppm of copper in the sediment at T=0)
Added copper concentrations: 10; 40; 80; 140 ppm
Environmental study for 24h
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Fig. 1 Abundance of 16S rRNA transcripts (a) and 16S rRNA genes (b)
per gram of sediment depending on the different conditions of the
microcosms (oxic/anoxic conditions and concentration of copper). Values
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are given as mean standard deviation of triplicates. (70 initial sediment,
T1 sediment exposed to copper for 24 h, O oxic conditions, 4 anoxic
conditions)

* No impact of copper on the abundance and the activity of bacteria (too short time for any change?)

Mechanisms of tolerance for copper sufficient for [Cu] 110 ppm.
What about for [Cu] > 110 ppm?



Study of copper resistance genes
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Fig. 2 Abundance of copper-resistance genes cus.4 (a) and cop4 (b) per gene (¢) per gram of sediment depending on the conditions of the
gram of sediment depending on the conditions of the microcosm microcosm. (7 initial sediment, 7/ sediment exposed to copper for
(oxic/anoxic conditions and concentration of copper). Ratio of the tran- 24 h, @ oxic conditions, 4 anoxic conditions)

script number of the copd gene divided by the abundance of the cop.4

Study of the copper resistance genes abundance:

-Only these 2 genes of resistance were highlighted (pcoA and cueO (oxydases) not detected)

-Decrease of copA and cusA genes with the increase of the concentration cusA copper in 10 times superior quantity
/ copA (results different from those observed on the very contaminated sites)

-Only copA is expressed (cusA could be only expressed in the presence of strong copper concentrations)
-Expression of copA gene increases with copper concentration in the microcosm (> 110 ppm)

Study of the diversity (sequencing):

-Sequences were studied from clones obtained in times 0 and 24 hours

-They are very quickly and strongly modified in the presence of [ Cu] > 110 ppm
-Modified CopA and CusA could more effectively expel the copper of the cell
-Only bacteria containing these genes could effectively grow ([Cu] > 110 ppm)
-Genetic transfer of these genes (transformation, transduction, conjugation)






