DISEASES OF AQUATIC ORGANISMS
Dis Aquat Org

Vol. 103: 141–148, 2013
doi: 10.3354/dao02565

Published March 26

Culture-independent analysis of bacterial
communities in hemolymph of American lobsters
with epizootic shell disease
Robert A. Quinn1, Roxanna Smolowitz2, Andrei Y. Chistoserdov1,*
1
Department of Biology University of Louisiana at Lafayette, Lafayette, Louisiana 70504, USA
Department of Biology and Marine Biology, Roger Williams University, Bristol, Rhode Island 02809, USA

2

ABSTRACT: Epizootic shell disease (ESD) of the American lobster Homarus americanus H. Milne
Edwards, 1837 is a disease of the carapace that presents grossly as large, melanized, irregularly
shaped lesions, making the lobsters virtually unmarketable because of their grotesque appearance. We analyzed the bacterial communities present in the hemolymph of lobsters with and without ESD using nested-PCR of the 16S rRNA genes followed by denaturing gradient gel electrophoresis. All lobsters tested (n = 42) had bacterial communities in their hemolymph, and the
community profiles were highly similar regardless of the sampling location or disease state. A
number of bacteria were detected in a high proportion of samples and from numerous locations,
including a Sediminibacterium sp. closely related to a symbiont of Tetraponera ants (38/42) and a
Ralstonia sp. (27/42). Other bacteria commonly encountered included various Bacteroidetes,
Pelomonas aquatica, and a Novosphingobium sp. One bacterium, a different Sediminibacterium
sp., was detected in 20% of diseased animals (n = 29), but not in the lobsters without signs of ESD
(n = 13). The bacteria in hemolymph were not the same as those known to be present in lesion
communities except for the detection of a Thalassobius sp. in 1 individual. This work demonstrates
that hemolymph bacteremia and the particular bacterial species present do not correlate with the
incidence of ESD, providing further evidence that microbiologically, ESD is a strictly cuticular disease. Furthermore, the high incidence of the same species of bacteria in hemolymph of lobsters
may indicate that they have a positive role in lobster fitness, rather than in disease, and further
investigation of the role of bacteria in lobster hemolymph is required.
KEY WORDS: Sediminibacterium · Denaturing gradient gel electrophoresis · DGGE · Bacterial
community · Symbiont · Homarus americanus
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Beginning in the late 1990s, a new form of shell disease of the American lobster Homarus americanus H.
Milne Edwards, 1837, termed epizootic shell disease
(ESD), was described on the North Atlantic coast of
North America (Castro & Angell 2000). Lobsters with
this disease will often survive by mounting both a
passive and active inflammatory response characterized by melanization of the carapace, localized pro-

duction of inflammatory membranes separating the
cuticular epithelium from the eroded cuticle, and/or
infiltration of hemocytes into the area between the
eroded cuticle and the cuticular epithelium (Smolowitz et al. 2005) or in some cases, by ‘molting out’ of
the disease (Smolowitz et al. 2005); however, they are
mostly unmarketable due to the grotesque appearance of the shell lesions. ESD is characterized by
severe deep erosions of the cephalothorax and the
abdomen that extend laterally and, unlike the other
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known forms of shell disease, irregularly over the
dorsal carapace of the animal (Smolowitz et al. 2005).
The disease has been observed in 20 to 30% of wild
lobster populations from southern New England
(Castro & Angell 2000, Cobb & Castro 2006).
An established facet of the disease is the involvement of bacteria in the formation of the lesions.
Thus, the microbial community of the lesion material
has been described by culture on various microbiological media (Chistoserdov et al. 2002, 2005) and
with culture-independent techniques (Chistoserdov
et al. 2012). The community is primarily bacterial,
with members of the Flavobacteriaceae and Alphaand Gammaproteobacteria detected by cultureindependent techniques, and Aquimarina spp.,
Pseudoalteromonas gracilis, Shewanella spp., Vibrio
spp., Pseudoaltermonas spp., and Alteromonas arctica detected by culture-based methods (Chistoserdov et al. 2005). The enzymatic activities of these
bacteria on the lipid, protein, and chitin component
of the lobster carapace are believed to be involved in
the formation of the lesions, and 2 specific bacteria,
viz. Aquimarina ‘homaria’ and a Thalassobius sp.,
are the primary pathogens (Quinn et al. 2012).
Bartlett et al. (2008) investigated the presence of
bacteremia in hemolymph of the American lobster, in
an attempt to associate bacteremia with certain environmental factors and also the presence of ESD.
While various bacterial species were cultured from
hemolymph of some lobsters, their presence did not
correlate with ESD. Chistoserdov et al. (2005) conducted a similar study and found mostly seafood
spoilage bacteria (2 Pseudomonas sp. and Brochothrix thermosphacta), but no correlation between
ESD occurrence and bacterial presence in hemolymph was observed. These 2 studies indicate that
ESD is not reflected in the internal microbial communities of afflicted lobsters and that no culturable
pathogen has yet been identified or isolated from

hemolymph. The work reported here is a continued
investigation of the bacterial community of the American lobster hemolymph with and without ESD in an
attempt to associate specific species with any diseased state. Our method involved PCR amplification
of the bacterial 16S rRNA genes followed by denaturing gradient gel electrophoresis (PCR-DGGE). Originally applied to microbiology by Muyzer et al. (1993),
this technique is a powerful tool for analyzing the
diversity of microbial communities in natural samples. By amplifying the 16S rRNA genes of all bacteria present using universal primers and separation of
the sequence variants in the denaturing gradient gel,
the sequences of individual bands can then be compared to available databases for identification of
strains or species (reviewed by Muyzer et al. 1998).
This technique is culture-independent and can identify bacteria present in lobster hemolymph that may
have been missed due to the limitations of culture on
agar media.

MATERIALS AND METHODS
Lobster collection, hemolymph sampling,
and DNA extraction
A total of 42 lobsters (29 diseased and 13 without
signs of shell disease) were collected from 9 different
sites between 2003 and 2008 and sent to our laboratory by courier as live animals. The locations of lobster sampling and health status are summarized in
Table 1. Any deceased lobsters were left out of the
analysis. Health status as diseased or healthy was
determined by visual observation of ESD lesions, as
described by Cobb & Castro (2006). The lobsters not
showing visible symptoms of ESD are herein referred
to as ESD-free, but may have been diseased in other
respects. Live lobsters were gently rinsed with sterile

Table 1. Homarus americanus. Source and disease status of lobster hemolymph samples analyzed in this study. ESD: epizootic
shell disease
Location
Eastern Long Island Sound, New York
Buzzards Bay, Massachusetts
Central Long Island Sound, New York
Unknown source, Connecticut
Kittery, Maine
Nova Scotia, Canada
Gulf of Maine Aquarium, Maine
Rhode Island
Massachusetts, off shore

Abbreviation

Date sampled

No. of lobsters

Health status

ELIS
BB
CLIS
CT
ME
CAN
MEA
RI
MAOS

April 2001
May 2002
May 2002
March 2003
Fall 2003
March 2003
May 2008
May 2008
March 2003

4
2
3
3
15
4
5
3
3

All diseased
All diseased
All diseased
All diseased
10 diseased, 5 ESD-free
All ESD-free
3 diseased, 2 ESD-free
All diseased
1 diseased, 2 ESD-free
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seawater, and the carapace was sterilized with 95%
ethanol. The arthrodial space was disinfected with
95% ethanol, and 2 ml of hemolymph were extracted
using a 20-gauge needle and 5 ml syringe by insertion into the hemocoelomic space between the carapace and the first body segment. Sodium dodecyl sulfate was then added to a 2% concentration and
Proteinase K to a 1.25 mg ml−1 concentration, and the
mixture was incubated at 50°C for 30 min. Hemolymph samples were then frozen and thawed 3 times
at −80 and 50°C. DNA was extracted using a phenol/
chloroform method. Briefly, phenol (Sigma-Aldrich)
was added to lysates at a 1:1 ratio, the mixture was
briefly vortexed and then centrifuged at 16000 × g
(5 min), and the aqueous phase was removed. A 1:1
volume of chloroform (Fisher Biotech) was added to
the aqueous phase, and the mixture was vortexed
and spun at 16000 × g (15 min). DNA was precipitated from this aqueous phase by adding 1/10 volume of 3 M sodium acetate and 2.2× volume of 100%
cold ethanol. The sample was frozen overnight at
−80°C and spun at 16000 × g (35 min). The DNA pellet was washed with 70% ethanol, dried, and re-suspended in 200 µl of sterile DNAse/RNAse-free ultrapure water (Promega). Finally, this raw DNA was
purified using the MoBio PowerClean™ DNA Clean
Up Kit (MoBio Laboratories) according to the manufacturer’s instructions.

Nested PCR amplification of 16S rRNA genes
For DGGE analysis, the variable regions V3, V4,
and V5 of the bacterial 16S rRNA genes were amplified in a nested reaction. The first PCR used the
primers AC18f (5’-AGA GTT TGA TCH TGG CTY
AG-3’, Escherichia coli position 8−27 bp) and AC22r
(5’-ACG GNT ACC TTG TTA CGA CTT-3’, E. coli
position 1492−1512 bp). Originally designed by
Weisburg et al. (1991), the primers were modified to
contain nucleotide ambiguities to allow amplification
of broader taxonomic groups. This reaction contained 12.5 µl of GoTaq® Green Master Mix (Promega), 2 µM of both the forward and reverse primer,
and 1.5 µl of template DNA in a 25 µl reaction. In
addition, 1.5 U of DNase I (Qiagen®) was added to
the master mix and ultrapure DNAse/RNAse-free
water (Promega) prior to the addition of the template
and primers. The first PCR conditions consisted of
an initial denaturation step of 95°C, followed by
20 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for
45 s, and concluded with a final extension step of
72°C for 5 min. The nested reaction was prepared
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using this previous PCR as the template for the
primer set 341FGC (Muyzer et al. 1993; 5’-CCT ACG
GGD GGC WGC AG-3’, E. coli position 341 bp) and
907R (Muyzer 1999; 5’-CCG YCW ATT CMT TTG
AGT TT-3’, E. coli position 907). The forward primer
was modified by addition of a 40 bp GC-rich sequence (Muyzer et al. 1993). This PCR contained
25 µl of GoTaq® Green Master Mix, 1.5 µM of the
forward and 0.5 µM of the reverse primers, an additional 1.0 mM MgCl2, and 1.5 µl of template in a 50 µl
reaction volume. This PCR was carried out under a
touchdown protocol that consisted of 5 min at 95°C,
followed by 20 cycles of 1 min at 95°C, 1 min at 65°C
to 55°C with a touchdown decrease of −0.5°C cycle−1,
and 3 min at 72°C, followed by 15 cycles of 1 min at
95°C, 1 min at 55°C, and 3 min at 72°C, and was concluded with a final extension of 7 min at 72°C.

DGGE and band processing
DGGE was carried out using a CBS Scientific
DGGE system (CBS Scientific) in 1× Tris-acetate
EDTA buffer, pH 7.8 (Fisher Biotech) at 60°C. The
DGGE gel was 6% polyacrylamide (20 cm × 17.6 cm,
1.5 mm thick) containing an increasing denaturant
concentration of 20 to 80% (7 M urea and 40%
formamide was a 100% denaturant solution). The
electrophoresis and band processing was carried out
as described by Chistoserdov et al. (2012). Multiple
bands were sequenced at identical positions in
the gel to verify that they represented the same
sequence.

DNA sequencing
A 1 µl aliquot of the aqueous portion of the homogenized acrylamide sample was then taken for reamplification with the primers 341F (no GC-clamp)
and 907R. This reaction contained 25 µl of GoTaq®
Green Master Mix, 0.5 µM of each forward and
reverse primer, and 1.5 µl of the DNA sample. The
PCR conditions were the same as outlined for primers
341FGC+ 907R. The PCR product was then purified
with a Wizard® SV Gel and PCR CleanUp System
(Promega). The purified product was sequenced
using the forward primer 341F and a BigDye terminator cycle sequencing kit v3.1 and a 3130 Genetic
Analyzer (Applied Biosystems).
Sequences were searched against the NCBI GenBank database using the BLASTn tool, and the closest relatives are reported (Benson et al. 2005). Identi-
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fications of bacteria in hemolymph were made based
on the BLAST hit with the highest identity and
E-value and its associated phylogeny from the Ribosomal Database Project II (RDP originally designed
by Larsen et al. 1993). For clarity, sequences are
referred to by their RDP phylogeny throughout the
text, as the closest hits in GenBank are often phylogenetically inaccurate by sequence name. Some
sequences had multiple BLAST hits with high
E-values and similar identities. These hits were not
identified to the level of species, only to the lowest
phylogenetic level that all high-identity BLAST hits
belonged to, most often the genus.

RESULTS
Association of bacterial community with ESD
All lobsters tested, regardless of whether they
showed signs of ESD or were grossly free of signs of
ESD, had an observable bacterial community in their
hemolymph, except for lobster CT2, which produced
a smear in the DGGE gel. This is evidence that all
lobsters were bacteremic at the time of sampling no
matter their disease state, except for CT2. Four samples produced very low staining intensity, possibly
indicating that bacteremia was minimal (Fig. 1).
Fig. 1 shows the DGGE profiles from 29 hemolymph
samples tested in this study; the remaining samples
are from gels that are not shown. Overall, there was
a high DGGE profile similarity among all lobsters
tested. Thus, there were 7 bands designated as ‘common bands’ (C1−C7) in the DGGE profiles due to
their occurrence in multiple lobsters regardless of
disease state or sampling site (Table 2). Two of these
bands (C1 and C4) were found in lobsters from all
sites (Table 2). Some bands were observed only in
diseased lobsters, but these occurred in 6 or fewer
individuals and were most often only observed in
1 animal (Table 2). Ten different bands were observed exclusively in hemolymph samples from 1 location, although only in 1 or 2 lobsters.

Bacterial community analysis of
lobster hemolymph
The common band C1 was found in all lobsters
with visible profiles and had an RDP phylogenetic
affiliation with the Bacteroidetes, Sphingobacteria,
Sphingobacteriales, Chitinophagaceae, and belongs
to the genus Sediminibacterium. This sequence was

Fig. 1. Homarus americanus. DGGE community profiles of
bacteria amplified from hemolymph of lobsters from various
locations. Each lane represents an individual lobster and is
labeled by location (as given in Table 1) and lobster number.
Lobster numbers that are underlined indicate an animal
with shell disease, while non-underlined numbers are individuals without signs of shell disease. Common (C1–7) and
rare (a–i) bands are identified (see Table 2 for details)

closely related to a GenBank sequence of a flavobacterial symbiont of the ant Acromyrmex octospinosus
and symbionts of the honey bee Apis mellifera
(Table 2). Common band C4 was found in 27 lobsters
(Fig. 1). This band sequence was identical to 16S
rRNA from a Ralstonia sp. and highly similar (99%)
to R. insidiosa (Table 2) using the RDP. The remaining common bands were not detected in as many
samples, but were observed in both ESD-free and
diseased individuals and from various locations.
Common band C2 (Fig. 1) had a sequence of high
similarity to the bacterium Weissella paramesenteroides. The sequence of common band C3 had a
phylogenetic affiliation with an uncultured Sphingomonadaceae species and was found in 17 lobsters.
The RDP associated this band with genus Novosphingobium. The sequence of common band C5 had

38a
13
17
27
10
11
14
5
8
2
1
6
1
4
1
1
1
1
1
2
1
1

C1
C2
C3
C4
C5
C6
C7
a
b
c
d
e
f
g
h
i
NS
NS
NS
NS
NS
NS

Locations

Both
All
Both
ELIS, BB, CLIS, ME
Both
ME, MEA, MAS, RI
Both
All
Both
ME, MAS, CAN, MEA
Both
ELIS, BB, CLIS, ME
Both
CT, RI, ME, MAS, CAN
Both
CT, RI, MAS, ME, CAN
Both
ME, MAS, CAN
ESD-free
ME, MAS
Diseased
ELIS
Diseased
ELIS, BB, ME
Diseased
RI
Both
RI, MAS, CAN
ESD-free
CAN
Diseased
RI
Diseased
MEA
Diseased
MEA
Diseased
MEA
Both
MEA
Diseased
ME
Diseased
ELIS

Diseased/
ESD-free
Flavobacteria symbiont 1 of Acromyrmex octospinosus (AF491880)
Weissella paramesenteroides strain: NRIC 0140 (AB362621)
Novosphingobium sp. SNRB6-7sp. (AB299685)
Ralstonia sp. OV225 (AY216797)
Delftia acidovorans (CP000884)
Uncultured bacterium (AJ582305)
Pelomonas aquatica type strain CCUG52575T (AM501435)
Uncultured Alphaproteobacterium BBD216b_13f (EF123418)
Uncultured Hyphomicrobium sp. (DQ404915)
Uncultured Sphingobacteriales (EU297369)
Uncultured Flavobacterium clone GASP-WA2W2_C06 (EF072914)
Sediminibacterium sp. I-28 (AM990456)
Uncultured Bacteroidetes bacterium (EF616603)
Flavobacteria symbiont of Acromyrmex octospinosus (EU029459)
Uncultured Deltaproteobacterium clone MPWIC_B02 (EF414220)
Uncultured Sphingobacteria SHOF496(HM112882)
Geobacillus tepidamans strain GS5-97 (AY563003)
Uncultured Bacteroidetes bacterium clone MP1-9C (DQ365991)
Acinetobacter sp. 11.5.051CS1 (EU267610)
Stenotrophomonas maltophilia strain E2 (AY841799)
Marinosulfonomonas methylotropha (AY772092)
Brochothrix thermosphacta isolate MF 88 (AY543029)

Closest BLASTn hit (accession no.)

C1 was not observed for 4 samples, due to a low DNA concentration in the DGGE gel

a

No. of positive
samples

Band
GQ255449
GQ255451
GQ255452
GQ255450
GQ255453
GQ255454
GQ255455
GQ255456
GQ255457
GQ255458
GQ255459
GQ255460
GQ255461
GQ255462
GQ255463
GQ255464
GQ255465
GQ255466
GQ255467
GQ255468
JF904899
GQ255469

99
100
85
100
99
99
99
99
100
96
98
98
100
98
97
99
99
91
95
91
99
98

GenBank
Similarity
accession no.
(%)

Table 2. Summary of bacteria detected in DGGE profiles of lobster hemolymph including their location, BLASTn hit, and similarity to closest relative. ESD: epizootic
shell disease; NS: not shown (band is from gel not illustrated in Fig. 1). Location abbreviations are given in Table 1. Note that ‘ESD-free’ here means ‘without signs of
shell disease’; otherwise, health of the lobsters was not evaluated
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a strong BLAST hit to 16S rRNA of
Delftia acidovorans. Band C6 was
observed in many of the lobster
hemolymph samples, but in all cases
the phylogenetic affiliation was poor
and it could only be placed in the phylum Firmicutes. According to the RDP
database, it appears that this band
may represent a member of the order
Clostridiales. Common band C7 was
observed in 14 hemolymph DGGE
profiles from 5 of the 9 sites. The phylogenetic affiliation of this band was
with Burkholderiales, specifically Pelomonas aquatica (Table 2).
A number of bands were unique to
individual lobster hemolymph samples or only observed in 6 or fewer
individuals. Examples of these rarer
bands are identified in Fig. 1 by letter
code in successive order according to
Table 2. Band ‘e’ was found in 6
diseased lobsters, but not observed
in any ESD-free individuals (Fig. 1).
A BLAST search of GenBank with
the sequence of band ‘e’ provided
a hit from a Sediminibacterium sp.
(Table 2). Further analysis using the
RDP places the sequence of this band
in the phylum Bacteroidetes, order
Sphingobacteriales, genus Sediminibacterium; however, it is not identical
to band C1. Band ‘c’ from an ESD-free
lobster from Maine (Fig. 1) had 95%
sequence identity with band ‘e’ and
was associated with the genus Flavitalea under the RDP. These 2 bands
may represent very closely related
bacterial strains. Band ‘a’ was found in
5 lobsters and had a phylogenetic
affiliation with an uncultured alphaproteobacterium. The RDP database
placed this sequence within the family
Rhodobacteraceae, but with no specific genus. Band ‘b’ was observed in
8 lobsters with an affiliation to an
unidentified bacterium using GenBank, but with the RDP database the
sequence was placed in Alphaproteobacteria under the genus Hyphomicrobium. Band ‘g’ was observed in 4
lobsters from 3 locations and was affiliated with the phylum Bacteroidetes
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and the order Sphingobacteriales. Band ‘g’ and common band C1 had 99% sequence identity. Therefore,
band ‘g’ is likely an artifact produced from band C1
during PCR. A number of bands were only observed
in 2 or fewer lobsters. Some were found in both ESD
and ESD-free individuals, including a Stenotrophomonas maltophilia related sequence and an uncultured Flavobacteria sequence. Nine bands were
observed in the profiles from 1 diseased lobster
including various Bacteroidetes, Acinetobacter sp.,
Marinosulfonomonas methylotropha (identified as
‘Thalassobius’ sp. by Chistoserdov et al. 2012),
Brochothrix thermosphacta, and others.
In some instances, negative controls would produce a faint positive signal after nested PCR. These
products were run using DGGE, and consistently, the
band sequences represented Delftia acidovorans.

DISCUSSION
There is little difference between the microbial
communities in hemolymph of lobsters with shell disease compared to otherwise ESD-free animals. The
community profiles from ESD infected or ESD-free
individuals were highly similar, and band C1 (Sediminibacterium sp.) was observed in 90% of the samples (not detected in samples with poor staining
intensity). One sequence related to a different Sediminibacterium sp. (band ‘e’) was observed in 6 individuals, all of which all showed signs of ESD. This
bacterium may be an indicator of the disease, but its
low prevalence (6 of 26 diseased lobsters) indicates
that it is not likely involved in ESD dissemination or
pathogenesis. We found no association between bacteremia and ESD, which supports previous studies
using bacterial culture (Chistoserdov et al. 2005,
Bartlett et al. 2008). These culture and molecular
based studies verify the notion proposed by Chistoserdov et al. (2005) that ESD is a strictly dermal disease. While the disease is readily observable grossly
as lesions of the carapace, it is not reflected in the
internal microbiology.
PCR-DGGE of hemolymph samples in this study
detected bacteremia in all lobsters tested, except for
1 animal which produced a smear in DGGE. This
high level of bacteremia is similar to the recent culture-based analysis of Bartlett et al. (2008), who
found that bacteremia was as high as 88% in lobsters
from Western Long Island Sound, but there were
much lower levels for the other 2 sampling sites.
Another study of bacteriological culture of hemolymph from lobsters with ESD reported a prevalence

of 24% bacteremia (n = 29) (Chistoserdov et al. 2005).
Historically, bacteria have been routinely isolated
from hemolymph of the American lobster (Rabin
1965, Stewart et al. 1966, Bowser et al. 1981, Chistoserdov et al. 2005, Bartlett et al. 2008); however,
levels of bacteremia at the population level has varied greatly. These discrepancies may be due to the
bias of culture-based microbial community analysis,
where it is estimated that less than 1% of environmental bacteria are amenable to culture (Muyzer
1999). The high levels of bacteremia detected in this
study is likely due to the high sensitivity of nested
PCR, which is estimated to be able to amplify as low
as 5 colony-forming units (CFU) ml−1 in natural samples or 10 fg of DNA (Llop et al. 2000, Möbius et al.
2008).
Some of the bacteria identified in this study have
been isolated in culture-based studies of lobster
hemolymph, including Stenotrophomonas maltophilia and Brochothrix thermosphacta (Chistoserdov
et al. 2005, Bartlett et al. 2008). Outside of these few
correspondences, the bacterial groups and species
found using PCR-DGGE varied greatly from the cultured communities reported in the literature. Bartlett
et al. (2008) cultured a large amount of Grampositive bacteria including Staphylococcus spp.,
Enterococcus spp., and Streptococcus-like organisms. In our study, however, the bacterial communities were predominantly Gram-negative. This discrepancy is likely due to the conceptual differences
in community analysis techniques. Any culturebased technique is inherently biased to less fastidious microbes that may represent small components
of natural communities. Furthermore, the identification techniques used by Bartlett et al. (2008) were
based upon biochemical data that were compared to
known databases that are biased to mostly pathogenic bacteria of human and veterinary importance.
Marinosulfonomonas methylotropha (analogous to
‘Thalassobius’ sp. from Chistoserdov et al. 2012),
detected in 1 sample was identified in ESD lesions
using PCR-DGGE. It is possible that this bacterium
had penetrated through the ESD lesion into the
hemolymph, or there was cross-contamination with
hemolymph during sampling. A number of Bacteroidetes were previously cultured from the lesions
of lobsters with ESD, such as Aquimarina ‘homaria,’
A. muelleri, and Cellulophaga baltica, but none of
these was detected in this study. Thus, there was no
evidence, outside of M. methylotropha, that bacteria
present in ESD lesions can penetrate the carapace
and grow in the lobster hemolymph; this may, however, depend on whether lesions become so severe as
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to ulcerate and remove the internal/cuticular barrier.
thus, it is unlikely that contaminating bacteria
Some bacterial species were identified in a high
detected here are from the high purity water. We also
proportion of hemolymph samples regardless of locaran double-negative controls with nested PCR reactions or disease state. Band C1 was observed in 90%
tions (i.e. a nested PCR of the first negative PCR reacof lobsters tested. The sequence of C1 (Sediminibaction) and ‘mock’ DNA isolation, essentially trying to
terium sp.) was highly similar to the sequence of a
isolate DNA from the components and reagent used
reported flavobacterial symbiont of the ant Acrofor DNA isolation from lobster hemolymph. D. acimyrmex octospinosus and a symbiont of the honey
dovorans DNA was the only contaminating DNA
bee Apis mellifera (Martinson et al. 2011). Due to its
which we could detect. Its source is more likely PCR
ubiquity within the lobsters tested in this study, it is
master mixes from which DNA cannot be removed
possible that this bacterium is a symbiont related to
because of the sensitivity of reaction components. It
that found in the insects. The band representing Ralis worth noting that both P. aquatica and R. insidiosa
stonia sp. found in 64% of the tested lobsters may
are ubiquitous and tend to be associated with living
also exist in some sort of mutualistic relationship
organisms including humans (e.g. Gomila et al. 2007,
within the lobster organism. Symbionts of arthropods
Ryan et al. 2011) and that Ralstonia sp. has been
have been well described in the literature, including
found in an independent study to be associated with
endosymbionts (Cochran 1985, van Borm et al. 2002).
the Norway lobster (Meziti et al. 2010).
Endosymbiotic bacteria in the hepatopancreas of
Evidence from this and previous work indicates
marine and terrestrial isopod species have been
that ESD is not associated with internal infection by
identified using DGGE, including members of the geany specific bacterial species. These data support the
nera Burkholderia, Aeromonas, Rhodobacter, Pseudonotion the ESD is a truly dermal disease and does not
monas, uncultured Gammaproteobacteria, and varidevelop due to an internal bacterial pathogen. While
ous yeasts (Wang et al. 2007). Interestingly, a
bacteria are commonly encountered in hemolymph
Ralstonia sp. and a Burkholderia sp. were detected
of the American lobster, they are not associated with
from the gut communities of the Norway lobster
ESD and are generally not from the same phyloNephrops norvegicus using culture-independent
genetic groups found in the lesions.
techniques (Meziti et al. 2010), indicating that perhaps some bacteria in lobster hemolymph are enterAcknowledgements. Donations of lobsters for this research
ing from the gut. Our study has demonstrated that
by B. Estrella (Massachusetts Division of Marine Fisheries),
future investigations of the role of bacteria in lobster
P. Howell (Connecticut DEP), D. Kaselouskas (Maine lobster
fisherman), C. LoBue (New York DEC, presently at the
hemolymph outside of a pathological context is
Nature Conservancy), and C. Wilson (Maine Department of
warranted.
Marine Resources) are greatly appreciated. This work was
Some bacteria detected in multiple samples in this
supported by the National Marine Fisheries Service as the
study are suspected contaminants due to the easy
‘New England Lobster Research Initiative: Lobster Shell
carryover of DNA from PCR reactions or from human
Disease’ under NOAA contract NA06NMF4720100 to the
University of Rhode Island Fisheries Center and by the
and laboratory sources, particularly when using the
National Sea Grant College Program of NOAA under award
highly sensitive nested PCR (Silkie et al. 2008). Two
NA16RG1354 to A.Y.C. and R.S. The views expressed
suspected contaminants are Weisella paramesenherein are those of the authors and do not necessarily reflect
teroides and Delftia acidovorans. W. paramesenterothe views of NOAA or any of its sub-agencies. The US Government is authorized to produce and distribute reprints for
ides has been identified as a common inhabitant of
government purposes, notwithstanding any copyright notahuman skin (Grice et al. 2009), and D. acidovorans
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