Extremophiles (2006) 10:505-513
DOI 10.1007/s00792-006-0524-1

ORIGINAL PAPER

O. Lefebvre - N. Vasudevan - K. Thanasekaran
R. Moletta - J. J. Godon

Microbial diversity in hypersaline wastewater: the example of tanneries

Received: 3 February 2006/ Accepted: 21 March 2006 / Published online: 1 June 2006

© Springer-Verlag 2006

Abstract In contrast to conventional wastewater treat-
ment plants and saline environments, little is known
regarding the microbial diversity of hypersaline waste-
water. In this study, the microbial communities of a
hypersaline tannery effluent, and those of three treat-
ment systems operating with the tannery effluent, were
investigated using 16S rDNA phylogenetic markers. The
comparative analysis of 377 bacterial sequences revealed
the high diversity of this type of hypersaline environ-
ment, clustering within 193 phylotypes (= 97% similar-
ity) and covering 14 of the 52 divisions of the bacterial
domain, i.e. Proteobacteria, Bacteroidetes, Firmicutes,
Actinobacteria, Chlorobi, Planctomycetes, Spirochaetes,
Synergistes, Chloroflexi, Thermotogae, Verrucomicrobia,
OP3, OP11 and TM7. Most of the phylotypes were re-
lated to halophilic and pollutant-degrading bacteria.
Using statistical analysis, the diversity of this type of
environment was compared to that of other environ-
mental samples selected on the basis of their salinity,
oxygen content and organic load.

Introduction

The interest in halophilic microorganisms is largely
motivated not only by the industrial application of these
microbes, notably in the production of enzymes (Jones
2004) and exopolysaccharides (Quesada et al. 2004), but
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also for their use in depollution systems (Peyton et al.
2004). Regarding this last application, pollution removal
in hypersaline wastewater is likely to represent up to 5%
of the global wastewater treatment requirement. Al-
though the number of studies dealing with the biological
treatment of hypersaline wastewater is increasing rap-
idly, little is known regarding the diversity of these
halophilic communities.

It has already been shown that high salinity permits
the growth of a complex and diverse halophilic micro-
flora in several types of saline water, such as seawater
(Venter et al. 2004), salterns (Anton et al. 1999, 2000;
Benlloch et al. 1995; Martinez-Murcia et al. 1995;
Rodriguez-Valera et al. 1999) and soda lakes (Duck-
worth et al. 1996; Hollibaugh et al. 2001; Litchfield and
Gillevet 2002; Sorokin and Kuenen 2005; Ward et al.
2000). Furthermore, sludge diversity in conventional
biological wastewater treatment processes, both anaer-
obic and aerobic, has also been characterised and ap-
pears to be very broad, though different from that in
fresh water (Bond et al. 1995; Godon et al. 1997a, b;
Snaidr et al. 1997). However, only scanty knowledge is
available regarding the microbial diversity of biological
wastewater treatment systems operating with a high salt
content. Yet, it has already been shown that the diversity
of a salt-tolerant ecosystem treating hypersaline indus-
trial wastewater could be similar to the diversity of a
non-salt-tolerant one (Lefebvre et al. 2004).

In this study, we propose to describe the bacterial
diversity in terms of species richness associated with a
highly saline wastewater, i.e. tannery effluent, and dif-
ferent treatment plants used to clean this pollution.
Leather tanning is almost wholly a wet process from
which a large volume of highly saline liquid waste is
continuously generated. The tanning process and the
effluents generated have already been reported in the
literature (Sreeram and Ramasami 2003; Stoop 2003;
Wiegant et al. 1999). The aim of this study was firstly to
describe the microbial communities involved in the
aerobic and anaerobic treatment of hypersaline waste-
water; and secondly, to compare the diversity potential
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of such wastewater to that of biological sludge involved
in the aerobic and anaerobic treatment of non-saline
wastewater, taking into account the saline diversity.

Materials and methods
Sampling

Four different samples were collected for this experi-
ment: first, tannery soak liquor (TSL) was collected from
soak pits in a tannery located in a tannery cluster situ-
ated in the area of Chennai, India. Second, activated
sludge was collected from a common effluent treatment
plant (CETP) in the same area, treating the composite
effluents of 128 tanneries and minor amounts of
domestic wastewater. The third and fourth samples
collected were biological sludge from two laboratory-
scale bioreactors run with TSL: one aerobic sequencing
batch reactor (SBR) and one upflow anaerobic sludge
blanket reactor (UASB). The salt (NaCl) content of
these samples were 72.3, 6.9, 52.5 and 45.6 g 1! for the
TSL, CETP, SBR and UASB, respectively.

Total extraction, amplification, cloning and sequencing
of genomic 16S rDNA

Total genomic DNA was extracted and purified from
10 ml of sample using a QiaAmp DNA stool mini kit, in
accordance with the manufacturer’s instructions (Qia-
gen, Hilden, Germany).

After extraction, bacterial 16S rDNA genes were
amplified by PCR using the bacterial forward primer W18
(5-GAGTTTGATCMTGGCTCAG-3) and the uni-
versal reverse primer W31 (5-TTACCGCGGCTGCT
GGCAC-3"), previously described by Snell-Castro et al.
(2005), in positions 9-27 and 482-500 in Escherichia coli,
respectively (Brosius et al. 1981). 16S rDNA genes from
the archaeal domain were targeted using the archaeal
forward primer W17 (5-ATTCYGGTTGATCCYGS
CRG-3") and the universal reverse primer W02 (5'-
GNTACCTTGTTACGACTT-3"), previously described
by Godon et al. (1997b), E. coli positions 3—22 and 1509—
1492, respectively. Eukaryotic forward primer W99 (5'-
CGGTAATTCCAGCTCC-3") (Edgcomb et al. 2002), E.
coli positions 528-544, and W02 were used for the partial
amplification of 18S rRNA eukaryotic genes. PCR reac-
tions were as follows: each PCR reaction tube contained
2 ul of each primer at a concentration of 100 ng pl~",
along with 5 pl of 1X Tag reaction buffer (Perkin Elmer,
Forster City, CA, USA), 4 ul of dNTP 2.5 mM, 1 pl of
Tag DNA polymerase (Perkin Elmer) and water, for a
final volume of 49 pl. This PCR mix was then added to
1 ul of DNA diluted five times in water. PCR conditions
were as follows: an initial denaturation step at 94°C for
2 min, followed by 25 cycles of a three-stage program with
1 min at 94°C, 1 min at 55°C and 1 min at 72°C, the final
elongation step running for 10 min at 72°C. PCR prod-

ucts were purified with Qiagen microcolumns, in accor-
dance with the manufacturer’s instructions (Qiagen).
Purified PCR products were cloned and transformed into
TOPI10 E. coli competent cells using the PCR 4-TOPO
vector kit, according to supplier instructions (Invitrogen,
Groningen, the Netherlands). Recombinant cells were
selected using kanamycine resistance and ccd gene killer
inactivation. Afterwards, 96 individual clones were inoc-
ulated onto a plate containing YT medium/5% glycerol/
ampicilline and sent for sequencing after 24 h incubation
at 37°C.

Sequence analysis

16S rDNA sequences (of about 500 bp) were identified
by comparison with sequences available in databases
using the BLAST program (Altschul et al. 1997). To
confirm phylum position, all the sequences were fitted
into an alignment of about 12,000 full and partial 16S
and 18S rRNA sequences using the automated tools of
the ARB software package (Ludwig et al. 2004). Partial
sequence data were incorporated into trees by neigh-
bour-joining (Saitou and Nei 1987). Potential DNA
chimeric structure was searched for by performing
fractional treeing on the 5" and 3’ ends of the sequenced
DNA fragments and by analysis of the suspected se-
quences by the CHECK CHIMERA program (RDP-II)
(Cole et al. 2003).

Nomenclature

The first letter of each clone name (e.g. MN100) corre-
sponds to the set of primers used for its amplification;
the second letter corresponds to an independent PCR
amplification event; and the numeral corresponds to the
clone number of the respective library. Each phylotype
was usually named according to the first clone identified
displaying the representative sequence. An acronym was
also chosen in order to facilitate the identification of our
samples, i.e. TERSS, standing for tannery effluent-re-
lated saline sludge. Thus, our samples will usually be
referred to as TERSS-TSL for the tannery effluent-re-
lated saline sludge TSL sample, TERSS-SBR for the
tannery effluent-related saline sludge—sequencing batch
reactor sample, TERSS-UASB for the tannery effluent-
related saline sludge upflow anaerobic sludge blanket
sample and TERSS-CETP for the tannery effluent-re-
lated saline sludge CETP sample. The nucleotide se-
quence data reported in this work will appear in the
GenBank nucleotide database under accession numbers
AMI157453 to AM157645.

Statistical analysis and sequence population diversity

Coverage was determined using a non-parametric esti-
mator of the proportion of phylotypes in a library of



infinite size that would be represented in a smaller li-
brary. Good’s coverage estimator (Cgooq) Was calcu-
lated using the following formula: Cgooq = 1 — (11/N),
where 7, is the number of phylotypes that appeared only
once in the clone library and N is the total number of
clones analysed (Good 1953). Rarefaction curves and
the Chao’s abundance-based coverage estimator of
species richness (Sacg) (Chao et al. 2000; Chazdon et al.
1998) were produced by using the EstimateS software
package for species richness calculation (Colwell 2005).
Finally, a dendrogram was built up and a principal
component analysis (PCA) was performed using the
XLSTAT software package. The dendrogram was built
up using the aggregation criteria of Ward, based on
Euclidean distances, and the PCA was performed using
the correlation coefficient of Pearson.

Results
Origin of the tannery wastewater sample

In the leather industry, salt (sodium chloride, NaCl) is
used to preserve the fresh skins from decomposition
immediately after they are stripped in the slaughter-
house, and subsequently, the excess of salt has to be
removed in the tannery before further processing. This is
done by soaking in large quantities of water, which
generates the first source of effluent. This TSL (sample
called TERSS-TSL) is characterised by its high organic
load, large amount of suspended solids (sand, lime, hair,
flesh, dung, etc.) and high salinity. A similar TSL sample
had already been treated at bench scale—aerobically in a
sequencing batch reactor (sample called TERSS-SBR)
(Lefebvre et al. 2005), and anaerobically in an upflow
anaerobic sludge blanket (sample called TERSS-UASB)
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(Lefebvre et al. 2006). In addition, the microbial diver-
sity of activated sludge from an industrial-scale
CETP—shared by 128 tanneries, treating tannery com-
posite wastewater (i.e. the effluent made up of all the
streams generated by a tannery, mixed together)—was
also characterised (sample called TERSS-CETP). The
microbial diversity of these four samples taken from a
tannery environment was investigated using 16S rDNA
analysis.

Global analysis of the 16S rDNA clone library

Archaeal 16S and eukaryotic 18S rDNA amplification
was attempted using archaeal and eukaryotic specific
primers and various PCR conditions. However, the
amplification failed, which indicates that Archaea and
Eukaryota, if present, were not major components of the
autochthonous microbial community. Eighteen phyla
among the 52 described by Rappé and Giovannoni were
identified, as can be seen in Table 1 (Rappé and Gio-
vannoni 2003). With regard to bacterial lineage, the
microbial ecosystem observed by 16S rDNA gene com-
parative sequence analysis appeared to be diverse. The
377 bacterial sequences analysed clustered within 193
phylotypes, on the basis of at least 97% sequence simi-
larity. The phylum most represented was that of Gam-
maproteobacteria, which contained 28% of all the
sequences analysed and 20% of the phylotypes (see
Table 1). Other main phyla were Bacteroidetes (20% of
the sequences and 21% of the phylotypes), Firmicutes
(19% of the sequences and 17% of the phylotypes) and
Alphaproteobacteria (10% of the sequences and 15% of
the phylotypes). The other sequences were distributed
within 14 phyla representing 23% of the sequences and
25% of the phylotypes.

Table 1 Phylogenetic diversity of 16S rRNA sequences from tannery effluent-related samples

Phyla TERSS-TSL TERSS-SBR TERSS-UASB TERSS-CETP Total
o-Proteo 1(3) 6 (9) 1(2) 32 (38) 10 (15)
p-Proteo 0 (0) 1(2) 2(2) 30 2(3)
y-Proteo 30 (49) 53 (41) 7 (6) 3(5 28 (20)
o0-Proteo 0 (0) 3() 9 (5 30 4 (5
e-Proteo 0 (0) 1(2) 0 (0) 4(3) 12
Bacteroidetes 12 (11) 24 (16) 32 (34) 16 (15) 20 (21)
Firmicutes 55 (34) 49 31 (31) 0 (0) 19 (17)
Actinobacteria 2 (3) 49 3(2) 2(2) 303
Chlorobi 0 (0) 0(0) 0 (0) 8(3) 2(1)
Planctomycetes 0 (0) 2(2) 0 (0) 6 (7) 2 (3)
Spirochaetes 0 (0) 0 (0) 3(5 1(2) 1(2)
Chloroflexi 0 (0) 0(0) 12 30 12
Thermotogae 0 (0) 1(2) 2(2) 12 1(D)
Verrucomicrobia 0(0) 0 (0) 1(2) 1(2) 1(1)
Synergistes 0 (0) 0(0) 4 (5 0 (0) 12
oP3 0 (0) 0 (0) 1) 0 (0) 1(1)
oPIll 0(0) 0 (0) 2 (3) 15 (7) 4 (3)
T™7 0 (0) 0 (0) 0 (0) 12 1(D)

Sequence percentages are indicated in bold characters and phylotype percentages are in parentheses
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Most of the sequences recovered from the saline
samples were not closely related to sequences present
in public databases. From the 193 bacterial phylotypes
observed, only 54 (28%) presented more than 97%
similarity with the previously identified sequences.
Seventy-nine (41%) showed similarity values in the
range of 97-90%; the 60 others (31%) had similarity
values between 90 and 80%. The sequences presenting
more than 97% similarity are reported in Table 2.
Only 100 phylotypes (52%) have been identified at the
species level and were widely spread throughout the
domain of Bacteria. The most abundant phylotype
identified through this study was related to Halomonas
alimentaria (AF211860) (MT100, 4% of the bacterial
sequences), isolated from a traditional Korean fer-
mented seafood. The phylogenetic diversity of each
sample, based on phylum and phylotype levels, varied
widely from one sample to another (see Tables 1, 2),
justifying a separate analysis of each microbial eco-
system.

Comparative analysis of the TERSS-16S rDNA clone
libraries

It can be seen in Table 2 that the percentage of
phylotypes presenting more than 97% similarity with
the previously identified phylotypes was only 11, 31,
41 and 43% (15, 31, 43 and 44% of the sequences)
regarding the upflow anaerobic sludge blanket
(TERSS-UASB), the CETP (TERSS-CETP), the aer-
obic sequencing batch reactor (TERSS-SBR) and the
TSL (TERSS-TSL) samples, respectively. 38, 46, 41
and 40% of the phylotypes (37, 50, 42 and 44% of the
sequences) showed similarity values in the range of
97-90%; the remaining 52, 23, 18 and 17% of the
phylotypes (48, 19, 15 and 12% of the sequences) had
similarity values between 90 and 80%. Regarding
TERSS-UASB, only 6% of the phylotypes (11% of
the sequences) were identified as already -cultured
species on the basis of at least 97% similarity. This
proportion of sequences related to already cultured
species was higher in the other samples reaching 23, 28
and 40% of the phylotypes (23, 21 and 42% of the
sequences) in TERSS-SBR, TERSS-CETP and
TERSS-TSL, respectively. Another criterion which was
considered was the halotolerant or halophilic charac-
teristics of our sequences: on the basis of at least 90%
similarity, 16, 25, 55 and 71% of the phylotypes (18,
35, 63 and 82% of the sequences) of TERSS-UASB,
TERSS-CETP, TERSS-SBR and TERSS-TSL,
respectively, were related to species showing halophilic
properties or to environmental clones isolated from
saline environments. The phyla most represented in
TERSS-TSL, TERSS-UASB and TERSS-SBR were
Gammaproteobacteria, Bacteroidetes and Firmicutes,
whereas TERSS-CETP was dominated by Alphapro-
teobacteria.

Coverage and similarity of libraries based on phylotype
diversity

A deeper understanding of the microbial diversity was
attained using various diversity indexes. The Good’s
coverage values obtained indicated that the TERSS-
CETP and the TERSS-UASB samples were more di-
verse than the TERSS-SBR and the TERSS-TSL sam-
ples, with Cgooq = 52, 54, 72 and 82%, respectively.
The rarefaction curves obtained at a similar level of ef-
fort (Fig. 1) showed weakly curvilinear plots for the
curves obtained for TERSS-CETP and TERSS-UASB
samples, indicating that the phylotype richness in
TERSS-CETP and TERSS-UASB environments was
largely underestimated. The estimated number of phyl-
otypes, determined using the Chao’s abundance-based
coverage estimator of species richness (Sacg), was 50,
108, 144 and 231 phylotypes for TERSS-TSL, TERSS-
SBR, TERSS-UASB and TERS-CETP, respectively.
Finally, the similarities of the phylotypes in these li-
braries were represented in Fig. 2, in which it could be
seen that the TERSS-SBR and TERSS-TSL 16 rDNA
sequences showed around 30% similarity, whereas the
other samples were very different. The TERSS-TSL and
TERSS-CETP samples differed most, having no phylo-
type in common.

Effect of salt, oxygen and organic load on phylum
diversity

The similarity indexes previously calculated showed
that, on the basis of phylotype diversity, all the samples
were very different, apart from the aerobic sequencing
batch reactor sample (TERSS-SBR) and the TSL sample
(TERSS-TSL). Phylum level analysis seemed more
suitable for a comparison of the four saline wastewater
samples analysed here to other published environmental
samples, using statistical tools. TERSS-SBR, TERSS-
CETP and TERSS-TSL showed aerobic characteristics
and can be compared to saline water according to their
high salt content features, and to non-saline wastewater
treatment sludge as regards their high organic load. In
contrast, the TERSS-UASB sample displayed anaerobic
characteristics and thus could be compared to non-saline
anaerobic digestors. Therefore, the influence of envi-
ronmental parameters on the diversity of our samples
was studied using statistical analysis (dendrogram and
PCA). Hence, our samples were clustered hierarchically
into a dendrogram based on the phylum distribution
among the samples, in order to present an analytic
overview of the diversity. Additional reference data were
used to build up the dendrogram, including descriptions
of the microbial diversity of saline environments (sea-
water, salterns, soda lake), and also of conventional
aerobic and anaerobic sludge from conventional bio-
logical treatment processes. Thus, a reference database
was built up using 1,412 sequences from seawater
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Name and No. of clones Phylum Closest microorganism or Percent Isolated from
origin environmental clone id.
(accession No.)
TERSS-UASB
MNO094 1 y-Proteo Marinobacter aquaeolei (AY669171) 100 Tropical marine sediment
MN106 6 J-Proteo Desulfomicrobium baculatum (AJ277895) 98 NDP
MNO027 1 Bacteroidetes Clone TSAa22 (AB186816) 99 Dechlorinating community
MT054* 1 Bacteroidetes Clone LD54 (AY816826) 99 Pig manure storage pit
MNO11 2 Firmicutes Lactococcus lactis (AF323179) 99 ND
MNO023 1 Firmicutes Streptococcus gallolyticus (AF323911) 99 Shea cake digester
MN105 2 Synergistes Clone GZKB134 (AJ853626) 100 Leachate of a landfill
Others® 81 (57 phylotypes) <97
Total 95 (64 phylotypes)
TERSS-TSL
MSI113 1 o-Proteo Paracoccus aminovorans (AY256516) 99 ND
MS001 1 y-Proteo Salinivibrio costicola (AY505534) 98 Salt plains
MS023 1 y-Proteo Vibrio parahaemolyticus (AF388389) 99 ND
MS050 1 y-Proteo Halomonas sp. (AB167059) 99 ND
MS054* 2 y-Proteo Halomonas alimentaria (AF211860) 97 Fermented seafood
MS056 5 y-Proteo Vibrio campbelli (AY 544985) 99 Seafood
MS057 1 y-Proteo Idiomarina sp. (AB167036) 99 ND
MS078 6 y-Proteo Idiomarina baltica (AJ440215) 98 Seawater
MS103 1 y-Proteo Salicola marensis (DQ019935) 100 Saltern
MS120* 5 y-Proteo Marinobacter sp. (AY136115) 99 Seawater
MTI100* 7 y-Proteo Halomonas alimentaria (AF211860) 98 d
MSO018 1 Actinobacteria Corynebacterium sp. (AF227828) 97 ND
MS027 2 Firmicutes Alkalibacillus salilacus (AY671976) 99 ND
MS087 4 Firmicutes Halobacteroides acetoethylicus (U32594) 97 ND
MSI117 2 Firmicutes Clone No. 20 (AF395430) 97 ND
Others® 51 (20 phylotypes) <97
Total 91 (35 phylotypes)
TERSS-SBR
MT095 1 o-Proteo Clone S063 (AJ416665) 98 Saline mud volcano
MT097 2 o-Proteo Clone JP7.1 (AY007679) 97 Surface picoplankton
MTO025 1 p-Proteo Thauera sp. (AF110005) 97 Activated sludge
MT040 1 y-Proteo Shewanella alga (AF005250) 99 ND
MTO053 1 y-Proteo Marinobacter maritimus (AJ704395) 97 Seawater
MTO085 1 y-Proteo Clone PI (AY580826) 97 Coastal bacterioplankton
MTI100* 9 y-Proteo Halomonas alimentaria (AF211860) 98 Fermented seafood
MT106 4 y-Proteo Marinobacter sp. (AB089803) 100 Coastal seawater
MS054* 2 y-Proteo Halomonas alimentaria (AF211860) 97 Fermented seafood
MS120* 1 y-Proteo Marinobacter sp. (AY136115) 99 Seawater
MTO031 1 o-Proteo Bacteriovorax marinus (AF084855) 100 Salt-water
MTO021 1 &-Proteo Clone ML615J-7 (AF458288) 99 Hypersaline lake
MTO046" 1 Actinobacteria Microbacterium sp. (AY974047) 98 Antarctic seawater
MTO004 1 Bacteroidetes Clone 2F2 (AJ628010) 99 Microbial mat
MTO18 9 Bacteroidetes Clone 2A10 (AJ628003) 99 Microbial mat
MTO044 2 Bacteroidetes Clone K413 (AY362005) 99 Deep-sea
MT054* 2 Bacteroidetes Clone LD54 (AY816826) 99 Pig manure storage pit
MTO038 1 Thermotogae Geotoga subterranea (L10659) 98 ND
Others® 54 (26 phylotypes) <97
Total 95 (44 phylotypes)
TERSS-CETP
MUO033 1 o-Proteo Agrobacterium sp. (AF482682) 98 ND
MUO038 1 o-Proteo Caulobacter crescentus (AE006011) 98 ND
MU042 2 o-Proteo Paracoccus yeei (AY014172) 97 ND
MU059 1 o-Proteo Porphyrobacter sp. (AB033325) 100 ND
MU061 1 o-Proteo Paracoccus kawasakiensis (AB041770) 99 ND
MUO073 4 o-Proteo Clone mlel-13 (AF280850) 98 Bioreactor
MU077 1 o-Proteo Sphingomonas suberifaciens (D13737) 97 ND
MU098 1 o-Proteo Phenylobacterium falsum (AJ717391) 97 Alkaline groundwater
MU101 1 o-Proteo Erythrobacter sp. (AY646157) 97 Seawater
MU102 1 o-Proteo Rhodobacter sp. (AB017798) 98 ND
MU104 1 o-Proteo Rhizobium sp. (U50168) 97 Rhizosphere
MU109 2 o-Proteo Parvibaculum lavamentivorans (AY387398) 99 ND
MUO045 1 p-Proteo Propionibacter pelophilus (AF016690) 98 Estuarine mud
MUO050 1 B-Proteo Hydrogenophaga intermedia (AF019037) 97 ND
MU080 1 p-Proteo Azoarcus sp. (AY098637) 99 ND
MU070 1 &-Proteo Sulfurospirillum sp. (AJ535704) 99 ND
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Table 2 Contd.

Name and No. of clones Phylum Closest microorganism or Percent id. Isolated from
origin environmental clone

(accession No.)
MT046" 2 Actinobacteria Microbacterium sp. (AY974047) 98 Antarctic seawater
MU072 1 Bacteroidetes Bacteroides sp. (AY082449) 99 Mine drainage system
MU025 6 Chlorobi Clone E5-46-SC1-138 (AF459066) 100 Ultradeep gold mine
Others® 66 (42 phylotypes) <97
Total 96 (61 phylotypes)

“This phylotype appears twice in this table under the same name, the sequences clustered within this phylotype being shared by two distinct TERSS-
samples® ND Not determined“This category gathers all the phylotypes presenting less than 97% similarity with the closest sequence available in the databases
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Fig. 1 Rarefaction curves generated for 16S rDNA clone libraries
from tannery effluent-related samples

(Venter et al. 2004), 197 from salterns (Benlloch et al.
2002; Mouné et al. 2003) 212 from soda lakes (Huma-
youn et al. 2003), 1,988 from anaerobic sludge (Godon

Fig. 2 Schematic representation of percentage similarities between
four different samples related to tannery environment

et al. 2004, 1997b; Sekiguchi et al. 1998) and 256 from
aerobic activated sludge (Bond et al. 1995; Snaidr et al.
1997).

All the samples clearly clustered in the dendrogram
within three majors groups: the anaerobic sludge sam-
ples gathered in a first group, the aerobic sludge samples
in a second group and the third group was composed of
all the samples isolated from saline environments (data
not shown). Our samples clustered in the third group,
apart from TERSS-CETP that was clustered with the
aerobic sludge. Among the three major parameters
analysed (i.e. presence of oxygen, salt and organic load),
salt thus appeared to distinguish clearly TERSS-SBR,
TERSS-TSL and TERSS-UASB, whereas oxygen and
organic load distinguished TERSS-CETP. A PCA
analysis was then performed to further describe the
relationship between our samples and the main types of
reference ecosystems, as mentioned above. In this anal-
ysis, the environmental reference samples were pooled
according to their environment and the dendogram re-
sults. It was therefore possible to explain 52% of the
information with two axes, as shown in Fig. 3: axis 1
appears to be related to the amount of oxygen in the
environment, separating samples into the aerobic on the
left, the anaerobic on the right. In addition, all the
samples appear to be aligned on axis 2 according to their
salt concentration. According to Fig. 3, TERSS-SBR
and TERSS-TSL clearly show saline properties. TERSS-
UASB stands alone, in an intermediate position between
the anaerobic sludge and saline samples, thus displaying
characteristics from both. TERSS-CETP also stands
alone, in an intermediate position between the conven-
tional aerobic sludge and saline samples.

Discussion

Prokaryotic biodiversity of tannery effluent-related
sludge communities

The tannery effluent-related sludge communities con-
sisted mainly of organisms from the domain of Bacteria.
In contrast, Archaea and Eukaryota could not actually
be amplified. Though Archaea are seldom amplified in
aerobic treatment processes, their absence seems sur-
prising at the first sight in the UASB (TERSS-UASB), as
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Fig. 3 Principal component analysis carried out on four samples
related to tannery wastewater (filled square) and on other reference
samples characterising a specific type of environment (open square).
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explained by each axis. The numerals in parentheses next to the
sample names indicate the number of reference samples used to
characterise the specific environments in the current figure

methane production was observed in this digester, and
had to be induced by methanogenic Archaea. However,
at the salinity level of TERSS-UASB (i.e. 46 g NaCl 17"
halophilic Archaea amplification is known to be difficult
(Rodriguez-Valera et al. 1999).

The sequences obtained from the TSL (TERSS-TSL)
and the treatment systems applied to it appeared to be
distant from the identified sequences from the database:
only 28% of the phylotypes showed more than 97%
similarity with previously identified sequences and 31%
showed less than 90% similarity. This phenomenon can
be explained by the originality of the saline environment
screened in this study. Coming from effluent-related
samples, it was very likely that the microflora of these
ecosystems would be different from the other saline
environments that had already been described. In addi-
tion, only slightly more than half of the phylotypes were
related to already cultured species, which confirms the
uncultured majority of halophiles that had already been
reported (Litchfield 2004).

Environmental characteristics of tannery effluent-related
sludge communities

Among all the environmental parameters considered for
statistical analysis, salinity appeared to be the most
influential. Hence, the dendrogram and the PCA anal-
ysis emphasised the halophilic characteristics of the TSL
(TERSS-TSL), the aerobic sequencing batch reactor
(TERSS-SBR) and the upflow anaerobic sludge blanket
(TERSS-UASB) samples, confirmed by the abundance
in these samples of the Gammaproteobacteria and Bac-
teroidetes that are characteristic of saline environments
(Benlloch et al. 2002; Moun¢ et al. 2003; Venter et al.
2004). A shift in phylum distribution could be observed
between TERSS-TSL and the two reactors fed with this
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influent: TERSS-TSL was dominated by Firmicutes
whose proportion was reduced and replaced by Gam-
maproteobacteria in TERSS-SBR and Bacteroidetes in
TERSS-UASB. Regarding TERSS-SBR phylum distri-
bution, it could be stated that the contribution of Pro-
teobacteria and Bacteroidetes (i.e. 64 and 24%,
respectively) was similar to that for another aerobic SBR
treating hypersaline wastewater generated by tartaric
acid production (i.e. 61 and 27% for Proteobacteria and
Bacteroidetes, respectively) (Lefebvre et al. 2004).

Regarding TERSS-UASB, the PCA analysis also
emphasised its anaerobic characteristics, confirmed by
the large number of Firmicutes and Deltaproteobacteria
commonly observed in anaerobic digestors (Godon et al.
2004). The population of TERSS-UASB was therefore
widely influenced by the double constraint of salt and
anaerobiosis, which may explain why sequences from
this sample prove to be the most distant from the
identified sequences in the database: the communities
colonising this type of environment, being at the same
time anaerobic and hypersaline, have seldom been de-
scribed before. Finally, it is worth noting the presence of
Synergistes and Thermotogae, neither of which, to our
knowledge, have previously been isolated from saline
environments.

Finally, the CETP sample (TERSS-CETP), having
much lower salinity, was more related to conventional
aerobic sludge communities than to saline environments,
as can be seen from the dendrogram and the PCA
analysis. However, even at this salt content, relatively
low in comparison to the other samples, some phylo-
types were related to halophilic strains such as Propio-
nibacter pelophilus (AF016690), isolated from estuarine
mud and Erythrobacter sp. (AY646157), found in sea-
water (see Table 2). It can be concluded, therefore, that
the selection of halophiles starts at even a low level of
salt content, which supports the TERSS-CETP’s posi-
tion in the PCA analysis, intermediate between-saline
environments and conventional aerobic sludge.

Diversity potential of hypersaline wastewater treatment
processes

The analysis of the 16S rDNA from whole saline and
hypersaline communities has revealed the variable but
potentially high diversity of such saline environments
(Litchfield 2004). In our study, the saline and hypersa-
line microbial ecosystems observed by 16S rRNA gene
cloning were diverse for the Bacteria lineage. This
diversity was estimated by the drawing of rarefaction
curves, as well as by the calculation of Sacg. The weakly
curvilinear plots for the rarefaction curves obtained for
the CETP (TERSS-CETP) and the upflow anaerobic
sludge blanket (TERSS-UASB) samples emphasised the
need for a higher effort of sampling regarding these
samples. On the basis of rarefaction curves, the diversity
of TSL (TERSS-TSL) appeared to be higher than that
found in some salterns and soda lakes (Benlloch et al.
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2002; Humayoun et al. 2003) but lower than that found
in seawater and in some other salterns (Mouné et al.
2003; Venter et al. 2004). Such a diversity may surprise
at first sight, knowing that salt is used in the tannery
process in order to inhibit microbial growth and to
preserve the skins from biodegradation. It would seem,
therefore, that microbial diversity is not affected by such
treatment. The diversity was even higher in the
sequencing batch reactor (TERSS-SBR), where the
estimated number of phylotypes reached around 100,
which is slightly lower than that found in two non-saline
aerobic SBR (Bond et al. 1995), and in TERSS-UASB,
where the estimated number of phylotypes was esti-
mated to be around 140. The diversity of TERSS-UASB
therefore appeared to be similar to that found in a non-
saline anaerobic digestor (Godon et al. 1997b). Finally,
the last sample analysed in this study consisted of acti-
vated sludge collected in a CETP treating the effluents of
128 tanneries. The diversity of TERSS-CETP was higher
than that found in the other activated sludge sample (i.e.
TERSS-SBR), though comparable to that found in
conventional aerobic sludge communities (Bond et al.
1995).

In non-saline wastewater treatment, the efficiency of
the process is associated with a high diversity of the
microbial community in aerobic (Bond et al. 1995;
Snaidr et al. 1997), as well as in anaerobic (Godon et al.
1997b), conditions. In the saline wastewater treatment
processes studied in this paper, it has been shown that
the efficiency of the process in terms of COD removal
was similar to that of the non-saline counterparts (Le-
febvre et al. 2005). The diversity found in the hypersaline
wastewater (TERSS-TSL) and in the three saline pro-
cesses (TERSS-SBR, TERSS-UASB and TERSS-
CETP) analysed in this paper was also in the same range
as that of the non-saline counterpart. Therefore, halo-
philic sludge should be considered as possessing the
same resources of diversity as conventional activated
sludge. At this level, the two cannot be distinguished.
Consequently, it can be concluded that such halophilic
sludge biodiversity enables the biological treatment of
hypersaline wastewater to be carried out with an effi-
ciency similar to that observed in the treatment of fresh
wastewater, both in aerobic and anaerobic conditions.
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