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The Estuary of Bahia Blanca (EBB), Argentina, is an important wetland under intense sewage pollution.
We investigated the occurrence of Clostridium perfringens (CP) in populations of two benthic crabs
(Neohelice granulata and Cyrtograpsus angulatus) and in sediment from the EBB. CP was found in 49.1%
of the crabs and all of the isolates were identified as type A. The alpha (cpa) and enterotoxin (cpe) encod-

ing genes were identified. Genetic analyses identified 13 novel sequence types, and found no clustering
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among isolates, suggesting that CP is not part of the crabs’ commensal flora. CP carriage was 51 times
more likely in crabs from the area nearest sewage outfalls compared with crabs from an off-shore site.
Our in vitro experiments suggest that the carriage of CP in crabs is transient, and the use of these benthic
crabs as monitoring organisms of sewage pollution in coastal habitats is proposed.

© 2015 Published by Elsevier Ltd.

1. Introduction

Oceans and human health are becoming increasingly related, in
part because of the constantly growing proportion of humans liv-
ing near marine coasts (Tibbetts, 2002). Estuaries, in particular,
offer a wide variety of ecosystem services that generate value
and contribute to human welfare (Barbier et al., 2011).

The microbiological quality of coastal and estuarine waters is a
major public health concern (Shibata et al., 2004). In estuaries, as
in other natural aquatic ecosystems, the levels of fecal-indicator
bacteria and enteric pathogens are mainly influenced by point
sources (e.g. discharge of effluents from wastewater treatment
plants [WWTP]) and by the nature of the associated watershed.
Although grazing animals are a major cause of microbial pathogen
contamination for freshwater worldwide (Belsky et al., 1999),
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human fecal contamination is the most globally relevant source
of human illnesses.

Various specific bacterial indicator systems have been used to
distinguish fecal pollution in aquatic systems (Elliott and Colwell,
1985). Among them, the standard fecal indicator bacteria (SFIB)
Escherichia coli and intestinal enterococci have long been used to
monitor total fecal pollution, but their reliability has been ques-
tioned because these microorganisms can establish “naturalized”
populations outside their natural hosts (Ishii and Sadowsky,
2008; Byappanahalli et al., 2012), their populations decay more
rapidly due to predation by protozoans (Davies et al., 1995), and
can be short-lived in the aquatic environment (Byamukama
et al., 2005).

Clostridium perfringens (CP), a spore-forming rod, offers an alter-
native to SFIB and it has proven excellent as indicator for point
source emissions from WWTP in rivers and other lotic systems
(Fujioka and Shizumura, 1985; Sorensen et al.,, 1989; Skanavis
and Yanko, 2001; Lisle et al., 2004; Byamukama et al., 2005; Cox
et al., 2005; Farnleitner et al., 2010; Vierheilig et al., 2013) and as
a tracer for sewage sludge pollution (Hill et al., 1993, 1996;
Skanavis and Yanko, 2001). Moreover, studies indicate that the
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concentrations of CP are correlated with certain pathogens such as
Cryptosporidium spp. and with the risk of infection associated with
recreational activities (Brookes et al., 2005; Viau et al., 2011). This
has encouraged the use of CP as an alternative to SFIB for recre-
ational water quality monitoring (Boehm et al., 2009).

Environmental monitoring for human pathogens can be prob-
lematic, partly because of the dilution effect that occurs as bacteria
are disseminated from terrestrial to aquatic ecosystems. Although
a combination of sedimentation, sorption, and extended survival in
sediments favor higher concentrations of indicator and pathogenic
bacteria in this compartment (see Burton et al., 1987 and refer-
ences therein), the bioaccumulation of pathogens in some filter
feeding invertebrates has proven useful as indicator of sewage pol-
lution. For example, bivalve molluscs can act as a natural concen-
tration systems (McMahon, 1991) which can be tested for
pathogens and provide an indication of water quality (Miller
et al., 2005, 2006a). The use of benthic organisms as a monitoring
tools may provide integrated data over a period of time, and has
clear advantages over other commonly used abiotic monitoring
compartments (Miller et al., 2005, 2006a; Fayer et al., 2002;
Freire-Santos et al., 2000; Graczyk et al., 2003). To be reliable, these
indicators should have the capacity to accumulate pollutants from
their surroundings and/or food so that an analysis of their tissue
provides an estimate of the environmentally available concentra-
tions of the pollutants.

The Estuary of Bahia Blanca (EBB) is a vast wetland ecosystem
located in southwest Buenos Aires province, Argentina. The city
of Bahia Blanca, located on the northern coast of the estuary, is
served by two WWTP that dispose sewage with only pretreatment
into this wetland, thus leading to chronic microbiological pollution
(Brezina and Baldini, 2008; Streitenberger and Baldini, 2010), with
bacteria levels above those allowed for bathing waters (US
Environmental Protection Agency, 2003).

With this background, a study was conducted in populations of
Neohelice granulata and Cyrtograpsus angulatus crabs in the EBB to
test the hypotheses that (1) these crabs are non-commensal carri-
ers of C. perfringens, and that (2) they constitute potentially reliable
indicators of sewage pollution in estuarine ecosystems.

2. Methods and materials
2.1. Study area, sampling procedures and studied species

The EBB is a mesotidal coastal plain of 2300 km? located in a
temperate zone (38°40'S; 62°09'W) in Argentina, formed by tidal
channels, extensive tidal flats, salt marshes, and islands (Piccolo
et al., 2008). Freshwater inputs originate from a drainage basin of
19,000 km? with three freshwater tributaries. Recreational and
artisanal fishing activities are very important in the area. Various
ports and industries are located along the northern shore of the
estuary and have been identified elsewhere as important sources
of pollutants.

Two species of bottom feeding crabs, N. granulata and C. angula-
tus, represent the most abundant and largest benthic macroinver-
tebrates in the estuary. N. granulata is the most abundant and
largest (~40 mm in carapace width) crab on intertidal areas of
the South Western Atlantic (Iribarne et al., 2000). It dwells in veg-
etated and non-vegetated areas along the coast from Rio de Janeiro
(Brazil) to Patagonia (Argentina) (Bass et al., 2005; Boschi, 1964)
and is considered a key species in the energy transfer in mudflats
and salt marshes (D’Incao et al., 1990). In the EBB their density
can be as high as 70 crabs m~2, removing between 2.5 kg m~2 (in
the marsh) and 6 kg m2 (in the mud flat) of sediment per day
(Iribarne et al., 1997). C. angulatus has a similar geographical

distribution to N. granulata and it lives in intertidal and infralittoral
habitats (Olivier et al., 1972).

A study was conducted in populations of these crabs in the EBB.
Eight sampling sites were selected based on accessibility and vary-
ing distance from two major known sewage outfalls from WWTP,
and they were: Puerto Cuatreros (Site A), Puerto Ingeniero White
(Site B), Puerto Colonia (Site C), Isla Bermejo (Site D), Isla Verde
(Site E), Villa del Mar (F), Balneario Los Pocitos (G), and Bahia
San Blas (H) (Fig. 1).

A total of 110 crabs (86 N. granulata and 24 C. angulatus) were
collected in 2009 and 2011. The number of specimens collected
on each site and year are presented in Table 3. All the crabs from
the same site were collected the same day. Captures were con-
ducted on intertidal mudflats either by hand (during ebb tide) or
using baited fish cast nets (at high tide). Crabs were transported
live to the laboratory, humanely killed by stunning (cooling at
4 °C) followed by destruction of nerve centers and dissected using
sterile scissors and tweezers. The gut of each animal was removed
aseptically and processed for bacteriological assays as described
below.

Environmental samples, consisting of 5 cm deep cores of surface
sediment, were collected from sites A, B, E, F, G, and H. A superficial
section of each sample was removed and the remaining was trans-
ported to the laboratory in anaerobic conditions in sealed poly-
ethylene bags.

2.2. In vitro carriage of CP

An in vitro experiment was conducted to further test the
hypothesis that crabs can carry CP in their gastrointestinal tracts,
and to estimate the length of time during which crabs can carry
the pathogen. Here, the simultaneous treatment of crabs with CP
followed by random samplings at fixed time intervals was used
as an approximation to the length of carriage state, under the
assumption that carriership susceptibility and duration are
approximately equal among individuals.

For this experiment, apparently healthy N. granulata crabs
(n =40) were collected in Bahia San Blas, where point sewage dis-
charges are not reported. Crabs were conditioned in an aquarium
containing 51 of artificial seawater (Instant Ocean; Aquarium
Systems, Mentor, Ohio). After initial feeding, the water was chan-
ged weekly and aerated using an air pump. Water salinity was
adjusted to 25%, pH was 7.5, and temperature was 22-25°C. A
strain of CP previously isolated from N. granulata gut was used to
treat the crabs. Before treatment, CP were grown in brain-heart
infusion broth at 37°C under anaerobic conditions for 24 h.
Bacteria cells were harvested from grown cultures and washed
with PBS before being used as inoculum. Before the experiment
begun, crabs were fasted for 4-5days (Huq et al., 1986), after
which they were fed lyophilized krill (Aqua Stock Inc., Bayonne,
NJ.) that had been presoaked in the bacteria suspension. Crabs
(n=5) were sampled and sacrificed at days 0, 10, 20, 30, 40, and
50 post-treatment. The gastrointestinal tract of each animal was
removed aseptically and processed for bacteriological assays as
described below.

2.3. Bacteriological analysis

Tubes containing sterile chopped meat broth (CMM) were
boiled with their cap screwed loosely to create anaerobic condi-
tions. After 10 min, the tubes were chilled in a water bath with
ice and then they were immediately capped. The stomach and
intestine of each crab were separated, placed into tubes containing
chopped meat broth, and incubated for 18 h at 37 °C. Chopped
meat cultures were seeded in blood agar plates supplemented with
100 mg/1 of neomycin (Marshall et al., 1965). The inoculated plates

(2015), http://dx.doi.org/10.1016/j.marpolbul.2015.05.066
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Fig. 1. Location of study sites in the Estuary of Bahia Blanca (A-F) and in Bahia San Blas (G and H), Argentina. The inset shows the location of Bahia Blanca (red dot). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

were incubated in anaerobic jars (Oxoid) with H, 10%: CO, 10%: N,
80% for 24 h. Following, colonies were analyzed according to their
shape, color, and type of hemolysis. Bacterial morphology was
microscopically assessed in Gram-stained smears. Colonies pre-
senting CP characteristics were isolated, cultured in CMM and
incubated at 37°C for 18-24 h. These cultures were further
assayed using biochemical tests (production of catalase, lecithinase
and gelatinase, fermentation of glucose and lactose, and skim milk
coagulation) for species identification. All the strains were incu-
bated in CMM for 18-24 h at 37 °C, and cultures were stored at
room temperature.

Sediment samples were diluted serially in sterile PBS (1/2; 1/5;
1/10; 1/20), and 0.1 ml of each suspension were inoculated into
blood agar plates supplemented with 100 mg/l of neomycin.
Plates were incubated in anaerobic jars at 37 °C for 18 h. The num-
ber of colonies compatible with CP was recorded.

2.4. PCR genotyping

Colonies compatible with C. perfringens were scraped from the
plates, resuspended in water and boiled for 20 min. Cell debris
were removed by centrifugation at 13,000g for 5 min. and the
supernatant was used as template DNA. For the detection of CP
major toxin genes, a multiplex PCR targeting cpa, cpb, etx, iap,
cpe and cpb2 (Table 1) was performed (Meer and Songer, 1997).

2.5. CP multilocus sequence typing

A Multilocus Sequence Typing (MLST) scheme previously
described (Jost et al., 2006) was used for genotyping the CP

Table 1
Oligonucleotides used for multiplex PCR in this study.

Gene Primer Sequence Amplicon size

Cpa F GCTAATGTTACTGCCGTTGA 324
R CCTCTGATACATCGTGTAAG

Cpb F GCGAATATGCTGAATCATCTA 196
R GCAGGAACATTAGTATATCTTC

Etx F GCGGTGATATCCATCTATTC 655
R CCACTTACTTGTCCTACTAAC

iA F ACTACTCTCAGACAAGACAG 446
R CTTTCCTTCTATTACTATACG

Cpe F GGAGATGGTTGGATATTAGG 233
R GGACCAGCAGTTGTAGATA

Cpb2 F AGATTTTAAATATGATCCTAACC 567
R CAATACCCTTCACCAAATACTC

isolates, including eight genes (Table 2). PCR products were sub-
mitted to the Genomic Unit from the Institute of Biotechnology,
INTA, for sequencing (DNA Analyzer 3130 xL, Applied
Biosystems®).

An automatic pipeline was set up in order to overcome manu-
ally intensive steps including raw sequence data processing and
downstream analysis. For the MLST-pipeline, the string processing
was called from dedicated python wrappers designed according to
the Galaxy open web-based platform (http://galaxyproject.org/), as
described by Guillemi et al. (2015). The process generates an HTML
report including the isolate haplotype and the set of strain alleles
sequences.
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Table 2 the regression coefficient, indicates how much more likely it is

Oligonucleotides used for MLST in this study.

Gene Primer Sequence Amplicon size
plc plcF ATATGAATGGCAAAGAGGAAAC 544
plcR AGTTTTTCCATCCTTTG G
ddIA ddIAF ATAATGGGGGATCATCAGTTGC 429
ddIAR TTATTCCTGCTGCACTTTTAGG
dut dutF TTAAGTA GATAACGCAAC 441
dutR CTGTAGTACCAAATCCACCACG
glpK glpKF TGGGTTGAGCATGATCCAATGG 547
glpKR CACCTTTTGCTCCAAGGTTTGC
gmk gmkF TAAGGGAACTATTTGTAAAGCC 475
gmkR TACTGCATCTTCTACATTATCG
recA recAF GCTATAGATG AGTTGTGG 475
recAR CTCCATATGAGAACCAAGCTCC
sod sodF GATGCTTTAGAGCCATCAATAG 475
sodR AATAATAAGCATGTTCCCAAAC
tpi tpiF AAATGTGAAGTTGTTGTTTGCC 451
tpiR CATTAGCTTGGTCTGAAGTAGC

For the MLST-database (MLST-DB), an interface application
website was built using Web2py framework (http://www.we-
b2py.com/). The MLST-DB was built using our own data
(Redondo et al., 2013 and this work) and the nucleotide sequences
from the CP MLST scheme from Jost et al. (2006). The MLST-DB can
be explored in a friendly way to search and download the complete
set of alleles for all gene targets and the ST numbers and haplo-
types of the stored strains. The pipeline and MLST-DB are freely
available at: http://bioinformatica.inta.gob.ar/galaxy/ and http://
bioinfoinformatica.inta.gob.ar/mlst/, respectively, under username
and password request at: ibiotecno.bioinfo@inta.gob.ar. In addi-
tion, the sequences for the 8 genes from each isolate were depos-
ited in GenBank under accession numbers KP264126-KP264245.

2.6. Statistical analysis

Samples (crab and sediment) were considered positive if they
grew colonies compatible with CP and if PCR was positive.

In 2009, crabs were sampled only in two sites (A and B).
Therefore, two generalized linear models (logistic) were built using
different subsets of data. Model 1 was constructed to assess the
inter-year (2009 vs. 2011) difference in prevalence in sites nearest
to sewage pollution (Sites A and B). These sites are located at a rel-
atively short distance from each other and carriage prevalence was
not different between them (results not shown) in 2009. Therefore,
2009 data from Site A and B were combined (henceforth denoted
as A/B) and compared with 2011 data from Site A. The saturated
model included carriage state (yes/no) as the response variable,
and year (2009/2011) as independent variable.

Model 2 was used to test the hypothesis that prevalence of CP
carriage is higher nearer sewage pollution sources. Because only
two sites were sampled in 2009, this model included data from
2011 only. Therefore, the saturated model included Site (four fac-
tors: A-D) as the only independent variable.

The models were constructed by first fitting a full model which
included independent variables, and then comparing this model
with the intercept-only (null) model. The full and null models were
compared using the Akaike information criterion (AIC) (Akaike,
1974), and the independent variable was retained in the model if
its inclusion reduced AIC by more than two units (Burnham and
Anderson, 2002).

The association between carriage status and independent vari-
ables was quantified by estimation of the odds ratio (OR) and their
95% confidence intervals (95% CI). The OR for independent vari-
ables (sampling site), which was computed as the exponential of

for the outcome (carriage) to be present in individuals of the refer-
ence group (exposed) compared to those in the baseline group
(unexposed). For the in vitro experiment, the proportion of positive
crabs at each sampling time was calculated.

All analyses were performed using the statistical package R (R
Development Core Team, 2014) and the package “epitools” of R
(Aragon, 2012).

2.7. Phylogenetic analysis

Characterization of CP isolates by MLST was done, and phyloge-
netic relationships were analyzed and illustrated using the
PHYLOVIZ software (Francisco et al., 2012). This software was used
for representing the possible evolutionary relationships between
strains identified by allelic profiles. The program uses the
goeBURST algorithm, a refinement of eBURST algorithm proposed
by Feil et al. (2004) and its expansion to generate a complete min-
imum spanning tree (MST) for visualizing the possible evolution-
ary relationships between isolates.

3. Results
3.1. CP isolates, spatial distribution and in vitro carriage

C. perfringens was isolated in 49.1% (54/110) of crabs, and preva-
lence varied by sampling site (Table 3). All 54 isolates were posi-
tive for the alpha toxin encoding gene (cpa), corresponding with
type A strains. One isolate was also positive for the cpe gen, corre-
sponding with type A, enterotoxin-producing CP. Thirteen novel
sequence types (ST) were identified, of which 10 were from N.
granulata, one from C. angulatus crabs, and two from sediment
samples.

The model evaluating between-year difference in carriage
prevalence in sites nearer sewage outfalls showed that the odds
of carriage were almost 12 times greater in 2011 (95% CI:
2.5-53.1; P<0.05). When analyzing data from 2011 only, the odds
of carriage were 51 (95% Cl: 9.2-464.3; P < 0.0001) times greater in
crabs from Site A/B, 7.9 (95% CI: 2.0-41.0; P < 0.01) times greater in
crabs from Site C, and 3.4 (95% CI: 0.7-19.1; P> 0.05) in crabs from
Site E, compared with crabs from Site D (baseline/unexposed cate-
gory) (Fig. 2). The enumeration of CP in sediment samples ranged
between undetectable levels and 400 cfu g~! of sediment (Table 3).

In the in vitro experiment, carriage prevalence was 0% (0/5)
before treatment. Post-treatment, prevalence was 60% (3/5) at days
10 and 20, 40% (2/5) by day 30, and 0% (0/5) at days 40 and 50.

3.2. Genetic relationship among isolates

MLST isolates obtained from crabs and sediment differed mark-
edly from the 130 CP isolates reported by Jost et al. (2006) in 10
animal host species, showing different alleles in 4-7 of the eight
genes analyzed (Fig. 3). New alleles were identified for each gene.
The isolated STs did not cluster together, but rather they were
found scattered throughout the MST (Fig. 3). No association was
observed between isolates and the clonal complexes described by
Jost et al., nor with any particular host species in Jost’s MLST-DB
(results not shown). Occasionally, isolates from the same site were
identical (ST-88 and ST-94) or showed a close relation (ST-85 and
ST-86, ST-87 and ST-89, ST-88 and ST-90, ST-91 and ST-93).

4. Discussion

To our knowledge, there is only one previous work assessing the
use of CP in a wildlife host as indicator of sewage pollution (Miller

(2015), http://dx.doi.org/10.1016/j.marpolbul.2015.05.066
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Table 3

Clostridium perfringens carriage prevalence (%) followed by 95% confidence intervals in N. granulata and C. angulatus crabs, and C. perfringens concentration (cfu/g) in sediment

samples southwest Buenos Aires province in 2009 and 2011.

Year A B C D E F G H
2009 Crabs 46.7 (24.8-69.9) 40.0 (19.7-64.3) NA NA NA NA NA NA
(15) (15) NA NA NA
Sediment NA NA
2011 Crabs 90.0 (68.7-98.4) NA 58.3 (38.8-75.6) * 15.0 (4.4-36.9) 37.5 (18.4-61.5) NA NA NA
(20) (24) (20) (16)
Sediment 400 20 NA 20 ND 200 ND ND

@ C. angulatus; NA = samplings were not conducted. Sediment (cfu/g). Samples with counts below the detection limit are reported as ND.

D Baseline A
3.4 (0.7-19.1)
P>0.05

E =
Qo 7.9 (2.0-41.0)
77} P <0.01

C | —a—

51.0 (9.2-464.3)
P < 0.0001
A/B I i !
L L LR | T
0.1 1 10 100 1000
Odds ratio

Fig. 2. Odds ratios (squares) and their 95% CI (whiskers) for C. perfringens carriage
in N. granulata by sampling site: A/B: Puerto Cuatreros; C: Puerto Colonia; D: Isla
Bermejo (reference site); E: Isla Verde. The dotted line represents odds of carriage in
crabs from the unexposed site (baseline level or site D: Isla Bermejo) against which
all other sites are compared.

et al., 2006b). The capacity of the studied crabs to act as indicators
of sewage pollution should depend on the nature of the
host-pathogen relationship, and their use as indicators would be
useless if CP were part of the crabs’ commensal flora. Under a
host-pathogen commensal scenario, MLST analyses would be
expected to yield some degree of clustering of isolates in the form
of a clonal complex, as was found by Jost et al. (2006) in the anal-
yses of 132 CP isolates from 10 host species and comprising all five
toxin types.

Contrarily, the 13 novel ST found in crabs from our study were
not genetically clustered, but followed a dispersed pattern
throughout the MST. This finding suggests that these CP isolates
were neither associated among themselves nor with any of the
host species or clonal complexes described by Jost et al. (2006),
and supports our first hypothesis that CP is not part of the crabs’
commensal flora. Also, this lack of association among isolates
agrees with the species’ bottom-dwelling and feeding habits,
which would favor a random collection of the repertoire of CP
strains present in the environment.

The alpha-toxin, encoded by the cpa gene, is the major virulence
determinant in cases of gas gangrene in humans and other mam-
mals (McClane, 1996), also being associated with necrotic enteritis
in calves (Verherstraeten et al., 2013), horses (Wierup and DiPietro,
1981), and poultry (Shojadoost et al., 2012). Recent studies have
linked this toxin and non-enterotoxigenic CP type A with human
diseases other than gas gangrene, such as necrotic enteritis
(Iwanaka et al., 2004) and sudden infant death syndrome (SIDS)
(Kamaras and Murrell, 2001a,b). Concerning the cpe gene, it
encodes the enterotoxin responsible for food poisoning associated
with CP type A, which is the third most common food-borne illness
in the United States (Adak et al., 2002).

Here, CP type A was isolated in natural populations of two ben-
thic crabs that occur across areas with varying degrees of sewage

pollution. The fifty one-fold increase in the odds of carriage in
crabs from the most polluted sites (Site A/B) compared with crabs
from a more distant, off shore island (Site D), coupled with MLST
results (i.e. lack of isolates clustering) supports our second hypoth-
esis of a sewage-related origin for this pathogen in crabs from the
EBB. It is worth noting that all positive crabs carried the cpa gene
that encodes the alpha toxin in all strains of CP, and one crab
(ST-84 in Fig. 3) carried the cpe gene encoding the enterotoxin
responsible for food-borne illnesses, sporadic diarrhea, antimicro-
bial drug-associated diarrhea, and food poisoning in humans
(Sparks et al., 2001; Harrison et al., 2005). N. granulata and C. angu-
latus crabs are key components of complex trophic webs in the
EBB, being consumed by several species of teleost and chon-
drichthyes fish, such as Stripped Weakfish (Cynoscion guatucupa)
and Narrownose Smoothhound (Mustelus schmitti), respectively.
Considering that these represent important target species for fish-
eries and sport fishing, they could represent potential routes of CP
transmission to the human population.

The genetic findings in the present study, coupled with the high
prevalence of CP carriers and considerably high concentration of CP
colonies observed in sediment from the innermost area of the estu-
ary (Site A/B) raises awareness about the health risks involved in
recreational uses of this area. Our conclusions are in agreement
with those from recent official monitoring activities (Baldini and
Streitenberger, 2014) which reported maximum counts of
8000 UFC g~ ! for E. coli and 6500 UFC g~! for Enterococcus spp. in
sediment (dry weight), and 48,000 UFC 100 ml~! for E. coli and
20,000 UFC 100 ml~! for Enterococcus spp. in the water column
from an area very near to Site A/B in our study. These levels are
considerably above the maximum level of 126 and 35 UFC
100 ml~! allowed for E. coli and Enterococcus spp., respectively, in
bathing waters (US Environmental Protection Agency, 2003).

In Site E, the most distant one with crab samplings and arguably
the least exposed to sewage pollution, carriage prevalence was
37.5%. Interestingly, the ST 83 isolated in one crab from this site
had 3 alleles (out of the 8 analyzed) in common with ST 84 from
a crab in Site D. Although more data would be necessary to draw
a sound conclusion, this result could indicate the sewage origin
of the CP strains found in the most distant sampling area.
Surprisingly, enumeration of CP in sediment from site E yielded
no positive results, suggesting that N. granulata crabs represent
better monitoring compartments for sewage pollution than sedi-
ment samples.

Alternatively, CP originating from ranching activities and wild-
life populations in the watershed could eventually reach the estu-
ary via runoff across the land surface, by seepage through the
surface soil layers or through natural creeks, thus explaining their
presence in this distant site. However, as suggested by Vierheilig
et al. (2013), CP would not confidently reflect fecal pollution from
ruminant wildlife, being associated with excreta from human sew-
age and non-herbivorous animals such as carnivorous wildlife.
Although the feces of the latter can contain very high concentra-
tions of CP, it seems unlikely that they play a significant role in
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Fig. 3. Graphic representation of intraspecific relationship between CP isolates using PHYLOViZ. Each circular node represents a unique allele combination as determined by
MLST. The diameter of the circles is proportional to the number of isolates with the corresponding ST and colors indicate the origin of the isolates according to the reference in
the top right. Gray circles correspond to isolates described by Jost et al. (2006). Numbers next to the edges indicate the number of alleles differing between the connected
nodes from a total of eight genes. The black edges correspond to single and double locus variants, indicating a close relationship. ST 88 and 94 include two isolates with the
same characteristics. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

water pollution with this pathogen as was postulated by the same
authors. With this in mind, and considering the absence of human
population in this distant area, our results suggest that sewage pol-
lution originated on the northern coast of the EBB disperses
through currents reaching the most distant sampling sites.

CP can be extremely resistant to environmental factors such as
heat, low water availability, radiation, or disinfection procedures
(Bisson and Cabelli, 1980; Tyrrell et al., 1995; Payment, 1999).
Unlike other bacteria (e.g. fecal coliforms), CP does not reproduce
in aquatic systems (Wright, 1989; Desmarais et al., 2002), and the
spores become inert in temperate marine sediments (Rippey and
Watkins, 1992; Davies et al., 1995). Therefore, spores facilitate the
survival of this pathogen under suboptimal conditions and allow
for their detection during long periods of time in aquatic environ-
ments (Edwards et al., 1998) and far from the source (World
Health Organization, 2008). Whereas the levels of most bacteria
can decrease significantly over relatively short time frames
(Davies et al., 1995), CP spores not only survive but also accumulate
in sediments (Characklis et al., 2005; Cizek et al., 2008).

Here, the only crab positive for cpe enterotoxin was also from
Site E, the most distant site. The majority of human illnesses
caused by CP are associated with this enterotoxin (McClane,
1996), but less than 5% of the global CP population apparently car-
ries this gene (Czeczulin et al., 1996). Although the environmental
or animal source of enterotoxin-positive strains has not been fully
determined, freshwater suspended sediments and sewage influent

are considered the main reservoirs for cpe-carrying CP
(Mueller-Spitz et al., 2010). Then, it is likely that the long-term
sewage disposal in the EBB, followed by bottom deposition and
posterior large-scale dredging operations adjacent to sewage input
points (Zilio et al., 2013) play a role in the desorption, resuspension
and dispersal of CP spores in this vast wetland. Also, as explained
before, the highest resistance of CP spores in general, and of vege-
tative cells of cpe-carrying CP in particular, to environmental con-
ditions might explain the occurrence of these CP in crabs from the
most distant area.

Results from the in vitro experiment suggest that after exposure
to the bacteria, negative crabs become positive relatively fast and
remain carriers for 30-40 days. One plausible explanation for this
is that once prime exposition occurs, individuals remain positive
until vegetative cells or spores are eliminated back into the envi-
ronment. Also importantly, the cycling of CP (becoming negative
after a carrier state) observed between the crabs and the environ-
ment under in vitro conditions reinforces our hypothesis that CP is
not a commensal of these crabs.

In conclusion, our in vitro and field results suggest that benthic
crabs represent useful monitoring organisms, offering a reasonable
time window post-exposure during which CP could be detected.
We suggest the capacity of these crabs to act as transient carriers
for CP spores and vegetative cells present in the environment,
and present this host-pathogen system as a promising tool for
the monitoring of sewage pollution in coastal habitats.
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