
STUDIES OF ENVIRONMENTAL MICROBIOLOGY

A- Sulfate-Reducing Microorganisms
I - Roles of the SRM in sediments 
II- 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 
II- On their diversity 

- Cultivable approach 
- Molecular approach

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



A- Study of the Sulfate-Reducing Microorganisms 
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Desulfurylation process

Reduced sulfur in organic matter: S-organic
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- Molecular marker of the SRM
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The Seine Basin: 

Surface: 79 000 km ² (14 % of the national surface) 

Population: 16 million inhabitants (26 % of the French 

population)

Seine estuary

D’après 
Guézennec L., 

1999

Marine mudflat

Fresh water 

mudflat

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



: site Palito 1 (Palito Channel – copper mine)

: site Palito 2 (Palito Beach)

: site Flamenco (not contaminated)

:

Palito 1

(mg.kg-1)

Palito 2

(mg.kg-1)

Flamenco

(mg.kg-1)

Available Copper 

Concentrations
1350 300 6

Chañaral region in Chile

Palito Channel (Mining residues after lixiviation 

of copper ore)
-----



Sites Date 

campaigns

NaCl (mg/L) SO4
2- (mg/L) Deposited or 

eroded

quantity

(mm)

Deposit Age Deposit-Erosion 

Period

(Altus Camera)

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

Cores studied: - Seine, 30 cm  (9 campaigns, seasonal study) and 1 m 80 

- Authie, 30 cm (4 campaigns, seasonal study)

- Medway, 4 m 

- Chile, 30 cm

Sedimentation: Seine: dependant of flooding, spring tides

or neap

Medway: weak sedimentation(+/- 1 cm/y) 

Authie: continuous deposit (+ 18 cm/an)

Chile: continuous deposit

Physico-chemical characteristics and altimetric deposit in the Seine mudflats

The physico-chemical parameters



Lithology of the Medway Core (Imaging SCOPIX Rayons-X) (a), Size grading (b) and 

water content (C).





Sampling pH and redox potential Cutting and conditioning

Dialysis for OM quantification Pluridisciplinary teamsAltus system



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)

Sediments

Intersticial

water chemistry

Geochemistry of the sediments

Sedimentology

Physico-chemistry

of the sediments

-Temperature

-O.M.

-Granulometry

-Water content

-pH

-Redox Potentiel

Altimetry (Altus)

-DOC

-Metal Biodisponibility

Fe2+, Mn2+

-SO4
2-, S2-

AVS, CRS

Metal Concentration (Cd2+, Cu2+, Ni2+, 

Pb2+, Zn2+)

SO4
2-

S2-

M2+ MS

SRM

Biota
Ecotoxicological

studiesDiatomea

Annelids (Nereis diversicolor)
PNETOX Program

Organic

contaminants

PCB

PAH

Fatty Acids Profiles

Seine-Aval Program (DYVA)

Microbial activity

Quantification and diversity

of SRM

Expression of SRM



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 sequences

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 



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

Efficiency of extraction of total DNA

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 qPCR 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

Mean efficiency of extraction of 13 %



Quantification of dsrAB gene by qPCR

Ct determination Ct/Log No

Standard curve
Cycle threshold

Threshold



conversion in absolute abundance possible

number of SRM / g of wet sediments (considering 1 dsrAB gene/SRM and the efficiency of DNA extraction)
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Sites Date 

campaign

Deposit or 

eroded

quantity

(mm)

Deposit Age Erosion-Deposit

Periods

North Mudflat April 2001 0 old Erosion

June 2001 - 30 old Erosion

August 2001 - 31 5 days Deposit

October 2001 + 15 4 days Deposit

February 2001 + 5 80 days Erosion

Altimetric characteristics of the sediment

Effect of temperature and DOC concentration on the seasonal quantitative evolution of

the SRM in the North mudflat (values integrated on 10 first cm)

Concentration DOC (mg/L)

Temperature

Abundance SRM (valeur intégrée)
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Strong erosion followed by an important 
deposit: environment weakly favorable to 
the development of the SRM

Decrease of SRM amount during the best 
physico-chemical sediment conditions for 
bacteria.



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) 

b- Ligation of the products of PCR in a plasmid

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

II-Use of fingerprinting techniques as SSCP (single strand conformational

polymorphism) or DGGE (denaturating gradient gel electrophoresis)

Study of the majority SRM groups

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

For each
different sample



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)

Conclusions: - Important diversity for every site

- Significant differences of the sulfate-reducing communities between both sites

Marine mudflat

Fresh water 
mudflat



Study of SRM diversity in the Flamenco (Chile)

-Denaturation of the DNA during the electrophoresis
-Migration of denatured DNA according to its DNA 
sequence (1 band = 1 species)

Flamenco sediment (Lane 1: DNA marker;2: 0–2 cm; lane 3: 2–6 cm; lane 4: 6–10 
cm; lane 5: 10–15 cm ; lane 6 : 15–20 cm ; lane 7 :20–25 cm.

Diversity obtained from cloning and sequencing dsrAB gene
is very widely superior to the diversity obtained with DGGE

Weak number of
bands

Determination of 
RFLP Groups of dsrAB sequences
In Flamenco (VF)

DGGE on dsrAB PCR amplified fragments



3 - STUDY OF THE ACTIVE SRM IN SEDIMENTS

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

Extraction of total 

RNA

Dnase treatment

Reverse Transcription cDNA

1st specific dsrAB PCR : amplification of total 

dsrAB gene: 1,9 kb DNA Fgt

5’ 3’
RNAs

Reverse 

transcriptase

+ Primers (random) + Désoxyribonucléotides 

triphosphates

5’ 3’

cDNA

synthesis

5’3’

3’5’

dsrA gene dsrB gene 
223

1548

1550

2712

DSR1F

DSR4R
1FIc

Specific PCR of  dsrAB

Fragment 0,4 kb long

2nd specific dsrAB PCR: 0,4 kb DNA Fgt



M  1   2   3   4   5   6   7   8   9  10  11 12 13

M    1      2           3     4              5     6 
Control (lanes 1,2,3,4): absence of 

DNA after extraction of total RNA and 

Dnase treatment: a dsrAB PCR was 

realized. 

Absence of bands confirmed 

the absence of DNA 

Samples from the environment

Nested PCR dsrAB

400 bp

Presence of a sulfurogenic active population

Primers

No 400 bp band



SSCP for the study of the active SRM active in Medway estuary

( Fragment of PCR < 500 pb; migration according to the sequence of fragments)

Denaturation of the DNA before electrophoresis

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

lane 1: 0-2 cm: lane 2: 6-8 cm; lane 3: 14-16 cm; lane 4: 24-26 cm; lane 5: 250 cm
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July 2001
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Hypothesis: difference of composition of sulfate reducing microbial communities on these two sites with 

SRR specific to each community.

April 2001

August 2001

June 2001

October 2001

February 2001

SRR identical in the 2 
sediments in Summer

SRM amount are very
different in Summer



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

Northern mudflat (VN) and the Oissel mudflat (VO)

Conclusions: - important diversity for every site

- significant differences of the sulfate-reducing communities between both sites



Comparaison of SRR (nmole SO42-.cm-3.j-1) and SRM amount/g sediment in Oissel mudflat during winter
and summer

V. Oissel

SRR (nmole SO4
2-.cm-3.j-1)
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- Oissel (01/01):
6,5.108 SRM/g sed.
5 nmole SO4

2-.cm-3.j-1

- Oissel (01/07)
8.109 SRM/g sed.
260 nmole SO4

2-.cm-3.j-1



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

400 bp

1  2      1    2

Equivalent SSCP profiles
Hypothesis 2 retained (to confirm by quantifying the dsrAB mRNA by hybridization or 
quantitative RT-PCR)

RT-PCR (dsrAB) SSCP

(1) Oissel January 2002

(2) Oissel July 2001



dsrAB gene copy / ng total DNA
40000

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

Evolution of methylmercury (MeHg µg.kg-1) according to AVS (mg Kg-1) in the first 20 
centimeters of sediment

Good correlation AVS / MeHg
The distribution of MeHg seems to be
directly controlled by biotic production (SRM)

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

d’après Ouddane

SRM
Hg 
MeHg Factor of difference of 5 of SRM and MeHg

between Medway and Seine sediments



B- Metal impact on Procaryotes (bacteria-archaea)



Study of the interactions between bacteria and metals in contaminated sites

Metal Concentration

Resistance mechanisms

Organisms

The mechanisms of metal resistance vary according to the 

organism and to the increase of the concentration of metals



➢In the bacterial community 

Cadmium(cad)

 Copper (copA)

 Mercury (merA)

MO 

reactions

➢bioprecipitation (SRM            HS-)

➢biosorption (extra and intracellular: peptidoglycan-

-nes, polyphosphates, organic acids, metalloproteins, 

siderophores (Fe))

➢Acquisition of resistance genes

High Heavy metal concentrations 

Study of the interactions between bacteria and metals in contaminated 

sites

Selection

pressure

➢Study of the total bacterial 

community via the 16S rDNA 

Quantification of microorganisms, of 

their activity

Study of their diversity (phylogeny)

➢Impact on the abundance, the expression, 

and the diversity of microorganisms



Programs Ecos-sud and EC2CO Misechicui (INSU)

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

Approaches: pluridisciplinary

Geochemistry of sediments

Physico-chemical

Characteristics

of 

Sediments

-pH

-Redox Potentiel 

-NaCl

-TOC

-T°

Granulometry

Molecular quantification and study

of the diversity of the SRM

Study of the diversity and the abundance

of total bacteria and archaea 

(Cultivable and molecular) 

Study of copper resistance mechanisms 

Microbial study

Copper

impact

Sediment

Microorganisms

Total and bioavailable

Metal concentrations



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 
-qPCR 16S rDNA and RT-qPCR 16S rRNA

- Study of copper resistance genes (abundance, diversity, expression)

- new primers for PCR
- Abundance and expression: qPCR and RT-qPCR
- Diversity: cloning / sequencing



Besaury L., Ouddane B., Pavissich J-P., Dubrulle-Brunaud C., Gonzalez B., Quillet L. 
Impact of copper on the abundance and diversity of sulfate-reducing prokaryotes
in two chilean marine sediments.
Marine Pollution Bulletin (2012) 64: 2135–2145. (IF 2011: 2.50)



: site Palito 2 

: site Flamenco

:

Palito 2

(mg.kg-1)

Flamenco

(mg.kg-1)

Copper 

Concentration
300 6

Chañaral Chile

Palito channel (Mining residues after lixiviation 

of copper ore)
-----



Physico-chemical parameters differences Palito/Flamenco:

- copper concentration (Palito sediments mono contaminated)

- granulometry (Finer sediments in Flamenco)



Copper impacts the abundance 
of sulfate-reducing bacteria



Flamenco

Palito
SRM diversity is weaker in Palito

sediment

The diversity of SRM is 

identical on every 

depth of the sediment core

Study of SRM diversity by DGGE of dsrAB gene in Palito/Flamenco



Phylogenetic tree realized from 

dsrAB sequences obtained by cloning 

from total DNA extracted in sediments 

of Palito (VEP) and Flamenco (VF).

Comparable diversity between the 2

sites and much more important than 

that obtained by DGGE.

DGGE: too weak bands cannot be reamplified

and sequenced.

DGGE allows only to distinguish majoritary

bacterial groups and lead to underestimate

the diversity.

Comparison of diversity of SRM in Palito and Flamenco sediments



Besaury L., Marty F., Buquet S., Mesnage V., Muyzer G., Quillet L. 
Culture-dependent and independent studies of microbial diversity in highly copper-
contaminated Chilean marine sediments. 
Microbial Ecology (2013) 65 : 311-324. (IF 2011: 2.91)



: Palito 1(canal Palito)

: Palito 2 (caleta Palito)

:

Palito 1

(mg.kg-1)

Palito 2

(mg.kg-1)

Copper 

Concentration 1350 300

Chañaral Chile

Palito channel (Mining residues after lixiviation 

of copper ore)
-----



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

Physico-chemical parameters



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

grading)

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, …)

Isolates from
the two sites

Caleta Palito

Canal Palito (ctam +)

16S rDNA
Clone libraries
from the two
sites



C-Study of metal resistance mechanisms 



Besaury L., Bodilis J., Delgas F., Andrade S., De La Iglesia R, Ouddane B., Quillet L. 
Abundance and diversity of copper resistance genes cusA and copA in microbial communities in 
relation to the impact of copper on Chilean marine sediments. 
Marine Pollution Bulletin (2013) 67 : 16–25 (IF 2011: 2.50)



: site Palito 1 (canal) 

: site Flamenco

:

Palito 1

(mg.kg-1)

Flamenco

(mg.kg-1)

Copper 

Concentration
1350 6

Chañaral Chile

Palito Channel (Mining residues after lixiviation 

of copper ore)

-----



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

cytoplasm

MI

périplasm

ME

The most toxic

chemical form



copA gene

• ATPase pump

• Cu (I) expulsion in the periplasm



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) 

• It is a part of the operon CusFBCA H+

H+





b, d: Palito

a, c: Flamenco

Gène copAGène cusA

- copA gene has the highest abundance

- copper resistance genes are in quantity superior 

in Palito site

Quantification of cusA and copA genes in sediments



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

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 I

Balance sheet of the phylogenetic study for the cusA gene



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



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 III

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

cluster I

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.

Conclusions

Balance sheet of the phylogenetic study for the copA gene



Abundance, activity and diversity of archaeal and bacterial communities in 

both uncontaminated and highly copper-contaminated marine sediments

Ludovic Besaury*,  Jean-François Ghiglione and Laurent Quillet



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

Table 2: Physico–chemical characteristics and core grain sizes for Flamenco and 

Palito sediment cores  



Bacteria are in upper number in the 2 sites

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

Microorganisms abundance in sediments



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

Study of the metabolic activity of Bacteria and archaea



The previous hypothesis is strengthened by the observation of the increase of the 

copA resistance gene in the contaminated site.

copA gene abundance /copy number of 16S rDNA



Conclusion: the diversity of metabolically 

active bacteria vary with the increase of the 

copper concentration

cDNA Bank (16S rRNA) realized from 

total extracted RNA (depth 15-20 cms)

Metabolically active bacterial diversity



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)

cDNA Bank (16S rRNA) realized from 

total extracted RNA (depth 15-20 cms)

Metabolically active archaeal diversity



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

• 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?

Abondance ARNr 16S Abondance ADNr 16S



Abondance gène cusA Abondance gène copA

Abondance transcrits copA/gène copA

[Cu] > 110 ppm

Study of copper resistance genes

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)



Thank you for your attention


