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IABSTRACT

Microbial colonization of marine invertebrate guts is widespread, but in general the roles that
these bacteria play in the nutrition of their hosts are unknown. To examine the diversity and
potential nutritional roles of hindgut microbiota in a deposit feeder, PCR-amplified 16S rRNA
genes were cloned from the bacterial community attached to the hindguts of the thalassinid
shrimp Neotrypaea californiensis exposed to different feeding treatments. Partial 16S rDNA
sequences were analyzed for 30 clones for three shrimp per treatment for a total of 270 clones.
No effects of host starvation or high-protein diets were apparent on hindgut bacterial com-
munity composition. Diversity analyses indicated high variability between bacterial communities
in individual shrimp hindguts, but partial 16S rDNA sequences revealed remarkable species-level
similarity (>98%) within clusters of sequences from the different shrimp hindguts, and many
sequences from different shrimp hindguts were identical. Sequences belonged to three main
groups of bacteria: Cytophaga-Flavobacteria-Bacteroides (CFB), proteobacteria, and gram-
positives. Of the 270 sequences, 40% belonged to the a-proteobacteria, 25% each to the y- and e-
proteobacteria, and >20% each to the gram-positive and CFB groups. All except one sequence are
novel with <95% sequence similarity to known genes. Despite weak similarity to known taxa,
about 75% of the sequences were most closely related to known symbiotic and sedimentary
bacteria. The bacteria in shrimp hindguts represent new species that have not yet been en-
countered in other environments, and gut environments may be a rich source of the difficult-to-

culture and novel components of marine bacterial diversity.
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Introduction

Microbial colonization of animal guts is ubiquitous.
These symbioses range from pathogenic to mutualistic
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and from facultative to obligate, and they can affect bi-
ogeochemical cycles more strongly than the simple sum
of the partners alone. Nutritional mutualisms have long
been recognized as important and obligate for both
symbiotic partners in terrestrial systems such as rumi-
nants and termites. The significance of such relationships
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for the marine environment was not broadly recognized
until the discovery of deep-sea hydrothermal vent sys-
tems. There is now accumulating evidence that microbial
colonization of guts of marine invertebrates is wide-
spread and that these interactions are mutually beneficial
in nutrition [17].

Of gut regions (fore-, mid-, and hindgut), the hindgut is
most amenable to harboring an indigenous microbiota in
healthy animals [17, 39]. In this region, the main function
is storage of fecal matter and the host’s defenses against
microbes (e.g. enzymes, surfactants, sloughing) are
weakest. Furthermore, in contrast to the midgut where the
main function is absorption, bacteria in the hindgut have
access to leftover digesta and are not competing directly
with their hosts for uptake of digested compounds. Studies
on several invertebrate groups—insects, millipedes, and
crustaceans—found that hindgut microbial communities
were more dense and diverse than those in the respective
foreguts, which reflected what was ingested [17]. The
hindgut, hence, is a prime location for investigating nu-
tritional mutualisms.

Detritivores, such as thalassinid shrimp, eat nutrition-
ally poor food and are likely to benefit from associated gut
microbes. Thalassinid shrimp, across genera, feeding
mechanisms and substrata, recently have been identified
as exhibiting extensive colonization of the hindgut cuticle
[18, 37]. Thalassinids can significantly affect geochemical
processes in marine sediments on a broad scale because of
their wide distribution and considerable burrowing and
feeding activities. Because of the great potential for these
gut symbionts to contribute to diagenesis in marine se-
diments, it is important to know the identities and un-
derstand the nutritional and geochemical roles of bacteria
living in the hindguts of these marine invertebrates.

We focused our study on the local thalassinid shrimp
Neotrypaea (formerly Callianassa) californiensis because
epimural rod bacteria were known to cover as much as
50% of its hindgut surface [18]. We conducted feeding
experiments on N. californiensis collected from the field to
investigate whether the hindgut bacterial community
changes in response to the host’s diet as has been observed
with other invertebrates [e.g., 12, 17, 26]. As clues to nu-
tritional function of the hindgut community, we specifi-
cally sought shifts in species composition by investigating
phylogenetic associations and genetic diversity of partial
16S rDNA sequences obtained from attached hindgut
bacteria. There was high variation in the overall commu-
nity composition among individual hindguts both within a
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treatment and between treatments. Nonetheless, many
bacterial sequences from multiple shrimp hindguts
grouped into clusters that, remarkably, had greater than
species-level similarity. The data suggest that this hind-
gut-bacteria system might represent an obligate relation-
ship rather than simply an opportunistic microbial
response to the waning intensity of digestion.

Methods
Feeding Experiments and Hindgut Samples

Shrimp were collected on August 11, 1999, from False Bay, San
Juan Island, Washington, and returned to the lab either for im-
mediate dissection (field treatment) or for use in one of two
feeding treatments: protein-based diet and starvation. Animals
were kept in individual aquaria with I-um filtered, running sea-
water and placed for 5 d in outdoor sea tables covered with black
plastic sheets to simulate the darkness of shrimp burrows.

The protein treatment consisted of a 1:1 mixture of Sil-Co-Sil
ground silica foundry sand (LM #125, Lane Mountain Comp.)
and silt (#106 Ottawa, IL Mine, U.S. Silica Comp.) and 5% by
weight pure soy protein powder (Challenge Protein 95, General
Nutrition Corp.). The protein powder-sediment mixture in the
protein treatment was changed daily to prevent bacterial fouling
and to keep the food supply relatively constant under ad libitum
feeding. During this change, which lasted about 1 h, animals were
placed into separate aquaria with only filtered, running seawater.
The starvation treatment had no sediment or food substrate, but
the animals were otherwise handled in the same way as the
protein-treatment animals throughout the experiments. At the
end of each day of the 5-d feeding experiments, the presence of
fecal rods in the aquarium was recorded. Shrimp hindguts were
also examined for content without dissection. Because of the
translucence of the posterior, ventral portion of the shrimp tail
and the distinctive beige color of the foundry sand-silt mixture,
the artificial food-sediment mixture could readily be distin-
guished from dark, native sediment.

To avoid sex-related differences in feeding rates and food
preferences [e.g., 2, 6, 52, 53], only male shrimp were analyzed.
Hindguts were dissected from three shrimp per treatment with
alcohol-sterilized dissecting tools and immediately placed into
sterile microfuge tubes with 100% EtOH. To prevent contami-
nation by bacteria attached to the external body surface, different
sets of tools were used for cutting open the outer cuticle of the
body and for dissecting the inner body cavity.

A longitudinal incision was made along the hindguts. They
were then pinned open on a previously UV-irradiated dissecting
dish to remove fecal material, loose sand grains, and unattached
bacteria. After the inner hindgut surface was rinsed with 70 or
100% EtOH and scraped with the tips of forceps to dislodge
sediment grains, hindguts were placed into fresh tubes of 100%
EtOH. All dissecting tools were alcohol-flame sterilized for each
individual shrimp.
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Clone Libraries and DNA Sequencing

DNA was extracted from hindguts using a phenol-chloroform
protocol (modified from [22]). Each hindgut was placed into a
microfuge tube with 150 pL of digestion buffer (100 mM NaCl; 10
mM Tris-HCl, pH 8.0; 20 mM EDTA; 2% sodium dodecyl sulfate)
and 2 pL of proteinase K (10 mg/ml). Mixtures were incubated at
65°C for 2 h on a rotating carousel and transferred to pre-pelleted
Phase Lock Gel I tubes (5 Prime — 3 Prime, Inc.). DNA was
extracted twice with an equal volume of phenol and twice with an
equal volume of chloroform:isoamyl alcohol (24:1). RNAse (0.2
mg/ml final concentration) was added to the aqueous phase and
incubated for 1 h at 37°C. DNA was precipitated by adding 2
volumes of 100% EtOH, mixing gently, and storing at 4°C
overnight. DNA was collected by centrifugation at 14,000 rpm for
15 min and washed with 1 ml of 70% EtOH, then vacuum dried,
resuspended in 100 pL of 10 mM Tris (pH 7.6)-1 mM EDTA (pH
8.0), quantified with a GeneQuant (Pharmacia) spectrophoto-
meter, and stored at —20°C until use.

DNA (100 ng) extracted from the shrimp hindguts was PCR
amplified with 8f (5'-AGA GTT TGA TCC TGG CTC AG-3’) and
1492r (5’-GGT TAC CTT GTT ACG ACT T-3’) universal bacterial
16S rRNA gene primers [9]. PCR amplification bias toward cer-
tain bacterial taxa was restricted by using a cycle number at the
early phase of exponential increase in product concentration [9,
41]. PCR (0.8 mM deoxynucleoside triphosphates, 1 uM of each
primer, 1 mM MgCl,, 0.1 U/uL Tag DNA polymerase [Promega])
amplification consisted of a 70-s denaturation step at 94°C, fol-
lowed by 21 cycles of 94°C for 15 s, 56°C for 30 s, 72°C for 2 min,
followed by a final extension of 72°C for 10 min. PCR products
were purified with the QIAquick PCR purification kit (Qiagen),
cloned into the pCR 2.1-TOPO vector, and transformed into
TOP10 Escherichia coli cells using the TOPO TA cloning kit
(Invitrogen Corp.).

Positive clones with an insert of the correct size (~1.6 kb)
were shaken in Luria-Bertani broth with ampicillin (50 pg/ml) at
37°C for 3-5 h (modified from [9]). Media containing whole cells
were used as templates and amplified with vector-specific M13
forward and reverse primers (10% by volume of whole cells, 0.8
mM deoxynucleoside triphosphates, 1 uM of each primer, 1 mM
MgCl,, 0.1 U/ul Tag DNA polymerase [Promega] or display TAQ
FL [Display Systems Biotech]). PCR amplification began with 3
cycles of 94°C for 70 s, 56°C for 45 s, 72°C for 90s, followed by 23
cycles of 90°C for 15 s, 56°C for 30 s, 72°C for 1 min, followed by
a final extension at 72°C for 10 min. PCR products were purified
with the QIAquick PCR purification kit (Qiagen) and concen-
trated at a 5:3 ratio at elution.

Thirty nonchimeric clones (see section on Phylogenetic
Analyses) were chosen randomly from each shrimp hindgut. DNA
was sequenced with the 8f (see above) and internal 519r (5'-GWA
TTA CCG CGG CKG CTG-3") primers [9]. Cycle sequencing was
done with the Thermo Sequenase II kit (Amersham Pharmacia
Biotech, Inc.) and the products analyzed on a 373A DNA se-
quencer (Applied Biosystems, Inc.) or with the DYEnamic ET Dye
Terminator Cycle Sequencing Kit (Amersham Pharmacia Biotech,
Inc.) and the products analyzed on a MegaBACE 1000 (Molecular
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Dynamics). A consensus sequence for each clone was constructed
from the forward and reverse strands using the software programs
Sequence Navigator (Applied Biosystems Inc.) or Sequencher
(Gene Codes Corp.). All consensus sequences corresponded to
bases 32-512 of the E. coli numbering system [54].

Phylogenetic Analyses

Sequences were first checked for chimeras using the on-line
program CHECK_CHIMERA at the Ribosomal Database Pro-
ject II (http://www.cme.msu.edu/RDP/html/analyses.html). No
chimeras were identified with this analysis. Possible chimeras
arising from similar sequences within the samples were also
checked manually [30]. Nine chimeras were found and
excluded from analysis. Additional clones were sequenced
and analyzed to bring the total number of clones per shrimp
to 30.

Hindgut bacterial sequences were submitted to the BLAST
program at the National Center for Biotechnology Information
(http://www.ncbi.nlm.gov/BLAST/) to search for closely related
sequences. The 10 to 20 most closely related sequences that
had sequences at least as long as the hindgut bacterial se-
quences were used in phylogenetic analyses. All sequences
were aligned preliminarily with the on-line Sequence Aligner
software at the Ribosomal Database Project II Web site (http://
rdp.cme.msu.edu/html/analyses.html). Final alignments were
done manually based on the secondary structure of the E. coli
16S rRNA molecule [16]. Sequences were grouped by phyla
according to the BLAST searches, and respective phylogenetic
trees were constructed with the aligned sequences using
PAUPSearch (Wisconsin Package Version 10.0, Genetics
Computer Group (GCG), Madison, WI). Consensus trees (50%
majority rule) were constructed with uncorrected neighbor-
joining distances [44] and bootstrapping of 1000 replicates.
Negative branching was prohibited, and groupings from the
consensus trees were excluded if they occurred in fewer than
50% of the bootstrap replicates. Otherwise, all other values
were at default setting. Percent similarity was calculated from
aligned sequences using the uncorrected distance matrix
method in the Distances program (Wisconsin Package Version
10.0, Genetics Computer Group [GCG], Madison, WI). Phylo-
genetic trees were viewed in TreeView (version 1.5) [35].
Closely related sequences that did not affect the phylogenetic
groupings of hindgut bacterial sequences were excluded to
simplify the phylogenetic trees.

Diversity Analyses

Sanders-Hurlbert rarefaction was used to compare species di-
versities and to determine how well a sample reflected the total
diversity among hindgut samples. A plot of the expected number
of species versus the potential number of individuals in a sample
addresses both the species richness (number of species present)
and the evenness with which individuals are represented in a
sample. Expected number of species, E(S,), was calculated as
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(N - N; )
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where N is the number of individuals in a collected sample, # is
the number of individuals in a hypothetical, randomly selected
smaller sample, s is the total number of species in the actual
sample, and N; is the number of individuals belonging to the ith
species in that sample [24, 45]. It was developed for and has been
used frequently in benthic studies [e.g., 27, 28] and occasionally
in microbial studies [5, 33]. Rarefaction curves were generated
with the software program Matlab (version 5.0, Math Works Inc.)
using routines generously provided by Dr. Eugene D. Gallagher
of the University of Massachusetts at Boston.

To examine the effect of feeding treatment on the hindgut
bacterial diversity, percentage remoteness was calculated. Per-
centage remoteness (PR) is calculated as

o
PR = 100 — 100 x | 2zi=t Min(¥n, Xi2) )

<, max(x;, x;)

where x;; and x;, are the amounts of the ith species in samples 1 and
2, respectively, and s is the total number of species found in the two
samples [36]. Min and max refer respectively to the minimum and
maximum number of species i found in either sample. PR indicates
how dissimilar two samples are from each other. A value of 100%
indicates that the samples have no species in common, and 0%
indicates that they are identical. A PR value was calculated for the
hindgut communities of each pair of shrimp.

Results

At the time of dissection, all field treatment hindguts
contained dark, native sediment. During each day of the
5-d feeding experiments, fecal pellets and (or) contents
were observed in the hindguts of shrimp from the protein
treatment but not in shrimp from the starvation treatment.

Analysis of partial 16S rDNA sequences indicated that
bacteria in shrimp hindguts belonged to three phyla:
Cytophaga-Flavobacteria-Bacteroides (CFB), gram-posi-
tive bacteria, and proteobacteria (Fig. 1). The 270 se-
quences from all shrimp grouped into twelve different
clusters each showing >98% similarity within clusters
(Table 1). Species in bacteria are defined by 97% identity
in 16S rRNA sequence [46]; therefore, we assumed each
cluster to represent a separate species. The total number of
species per hindgut sample thus ranged from 4 to 9 (Fig.
1). In addition, >50% of the clones in each of 10 clusters
were composed of clones from multiple shrimp and
treatments and displayed identical sequences. This sug-
gests that bacterial diversity within hindguts may be re-
stricted.
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Proteobacteria made up 53% of all the clones, with a-
proteobacteria representing >77% of all proteobacteria
(Table 1). Thirty percent of all the clones analyzed were in
the Alpha-III cluster. This cluster contained the most
common clones found overall and made up 74% of
a-proteobacterial clones. Twenty percent of the rest of the
a-proteobacterial clones were in cluster Alpha-II, 4% in
Alpha-I, and 3% in Alpha-IV. Clones from clusters Alpha-
II, -1II, and -IV grouped strongly together (100% boot-
strap value) but grouped weakly (51%) with an o-pro-
teobacterium from the accessory nidamental gland of the
squid Loligo pealei, the nearest known neighbor at <88%
similarity (Fig. 1A, Table 1). Within each of these three
clusters sequence similarity was >98%, but the sequence
similarity among the clusters was only 91-94%. Thus these
three clusters appear to be closely related species that do
not have known, close relatives in the database. Cluster
Alpha-I grouped with an unidentified rumen bacterium,
but they shared only 85% sequence similarity (Table 1).

Only 5 and 7% of the proteobacteria clones belonged to
the e-subdivision and the vy-subdivision, respectively
(Table 1). Cluster Epsilon-I was most closely related to a
Japan Trench sediment clone with 93% sequence similar-
ity, and cluster Epsilon-II shared 94% sequence similarity
with its closest neighbor, a deep-sea sediment clone (Table
1, Fig. 1A). The clone in Gamma-I was the only identifiable
one, showing 99% sequence similarity to Pseudoaltero-
monas denitrificans. Cluster Gamma-II grouped (85%
bootstrap value) with sulfur-oxidizing symbionts and
Methylomonas species (about 90% similarity).

The next most common phylum was the CFB group
constituting 25% of all the clones and forming two clusters
(Table 1). Cluster CFB-I grouped with Ornithobacterium
rhinotracheale, an isolate from an avian respiratory tract,
and Blattabacterium sp., an endosymbiont of a cockroach
(Fig. 1B), but was most similar hi sequence to several
Cytophaga species (Table 1). Cluster CFB-II was most
closely related to the bacteroid Marinilabalia (also Cyt-
ophaga) salmonicolor.

Gram-positive bacteria made up the remaining 22% of
clones (Table 1). They formed two clusters more closely
related to each other than to other known bacteria, but
differed from one another by 10% (Fig. 1C). The closest
known relative to both clusters was an unidentified clone
from Japan Trench sediment with about 80% sequence
similarity (Table 1).

Neither phylogenetic nor diversity analyses indicated a
relationship between hindgut bacterial community and
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Fig. 1. Neighbor-joining trees of 16S
ribosomal genes of attached (a)
proteobacteria, (b) CFB group, and (c)
gram-positive bacteria cloned from nine
shrimp hindguts. F1-3, field treatment
shrimp; P1-3, protein treatment shrimp;
and S1-3, starvation treatment shrimp.
Numbers in parentheses after individual
labels are the number of clones from a
given shrimp that belong to the same
phylogenetic grouping. Numbers at or
near nodes are bootstrap values from
1000 replicates. The bar represents 10%
sequence divergence; v, o, and ¢ in Fig.
1A refer to the respective subdivisions of
proteobacteria. Boldfaced groupings are
sequences from this study. Accession
numbers of sequences from top to
bottom used in these trees are as follows:
Proteobacteria: M83548, M34126,
AF237678, AE000474, X56582,
AF022407, X82135, X82138, L25709,
AB015603, AF150800, AF165909, L25712,
X95229, U62130, L01575, AB015520,
D88524, U70678, AF001764, AF034931,
AJ009467, AB000477, AB015246,
AF218241, L14625, D83061, AB013832,
AB015256, L14627, AB015529,
AF097689, and Y11561. CFB group:
AE000474, X75622, U87105, AJ005972,
U85888, AF182021, U63938, AB017047,
AB001333, and M62422. Gram-positive
bacteria: AE000474, X75272, AF001770,
AB013835, AF061007, Y11621,
AF014818, AF202263, AF201898, and

79 Vibrio vulnificus
Pseudomonas sp. from squid nidamental gland
100 Pseudoall aurantia
1 Gamma-I: F3(1)
Pseudoalteromonas denitrificans
G 1I: F1(2), F3(1), P2(4), P3(6), S1(3), S2(2)
Solemya reidi gill symbiont ’Y
100 [: Trichloroethlene-degrading Methylomonas sp. KSPIII
85 Lake sediment Methylomonas sp. LW21
0 Escarpia spicata endosymbiont
Codakia costata gill symbiont
100 Lucina nassula gill symbiont
Solemya pusilla gill symbiont.
ST 84 Thyasira flexuosa gill symbiont _/
Deep-sea sediment unidentified ai-proteobacterium \
Agrobacterium kieliense
Unidentified coastal o.-proteobacterium
_624——— Alpha-T: P2(1), S2(2)
Unidentifiend rumen bacterium
o-proteobacterium from squid nidamental gland
2l 1 Alpha-II: F2(2), P1(8), P2(3), P3(2), S2(3), S3(4) o
Alpha-IIT: F1(18), F2(8), F3(7), P1(4), P2(1), P3(5), S1(22).
3%} S2(11), S3(6)
100 Alpha-IV: F1(1), F2(3)
{ Uncultured anaerobic trichlorobenzene transforming bacterium
Aquaspirillum itersonii
{ Japan Trench sediment unidentified a-proteobacterium
o-proteobacterium from marine sponge ___/
Arcobacter skirrowi \
Epsilon-I: F3(1), S2(1)
2 Vestimentiferan tubeworm endosymbiont
ol [ Epsilon-II: F2(7), F3(1), P1(2), P3(2)
LH_(:Japan Trench sediment unidentified e-proteobacterium
100 Cold-seep sediment unidentified e-proteobacterium €
_ﬂ:rcobacter nitrofigilis
Deep-sea sediment unidentified e-proteobacterium
&‘ Campylobacter hyointestinalis
o1 Sulfurospirillum arcachonense _/

host diet. We found no trend in species composition with
respect to feeding treatment, nor could we identify par-
ticular species as being specific to a particular host diet
(Fig. 1, Table 1). In fact, the largest source of variation was
between individuals rather than between treatments. Per-
centage remoteness calculations showed high dissimilari-
ties within (57% to 80%) and between treatments (37.84%
to 86.79%). Great overlap in the two ranges of PR indicates
that the differences seen in the hindgut communities can
be attributed to individual variation rather than to treat-
ment effect. Rarefaction analyses also failed to reveal any
trend in overall species diversity with respect to feeding

AB023576. See Table 1 for the accession
numbers of sequences from this study.

treatment. Species are evenly distributed in a sample when
the rarefaction curve has a steep initial slope and quickly
reaches a plateau. If two rarefaction curves cross at a
particular value of E(S,), the one with the higher initial
slope shows the greater evenness in abundance among
species. Diversity in the hindgut communities as shown by
both species richness and evenness was highly variable
(Fig. 2), suggesting that hindgut bacterial composition did
not vary strongly with host diet over the limited duration
of our experiment.

The shapes of the rarefaction curves also showed that
analysis of more than 30 clones would be necessary to
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represent the overall diversity in some of these hindguts
(Fig. 2). A rising curve implies that there are likely addi-
tional species that have not been sampled, whereas a curve
that has reached a plateau implies that most of the species
in the community have been sampled. For four hindguts,
rarefaction curves had approached an asymptote (P3, P1,
S3, and M2, Fig. 2), suggesting that the clonal diversity in
these hindguts was well represented, whereas the curves
for the other five hindguts (S2, M3, P2, M1, SI, Fig. 2) were
still in the phase of rapid increase, suggesting that addi-

Ornithobacterium rhinotracheale
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Escherichia coli

CFB-I: F1(1), P1(7), P2(1), P3(3), S1(2), S2(3) S3(4)

Cockroach symbiont Blattabacterium sp.

Fig. 1. Continued

tional bacterial diversity was present in the hindgut. A
combined rarefaction curve of data from all nine shrimp
hindguts further shows the high variability between indi-
viduals, but the shape of the curve indicates that the di-
versity of hindgut bacteria found in this population of
shrimp, regardless of the nutritional state of the shrimp,
was well represented by this study (Fig. 2). The fact that
most points representing individual shrimp fall below the
combined curve indicates non-random and non-uniform
distribution of clones among individuals [25].
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Discussion

The results of this study suggest that shrimp hindguts
harbor a small, core group of unique bacteria as symbio-
nts. Only one of 270 sequences cloned from shrimp
hindguts could be identified to the species level. Most of
the sequences (>94%) had no close relatives in the data-
base and shared <90% similarity with their nearest
neighbor (Table 1). There was remarkable repetition of
clonal sequences, however, with species-level sequence

Enterococcus dispar
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Escherichia coli

Unidentified rumen bacteria

Unidentified bacterium from Japan Trench

Gram-I: F1(2), F2(2), F3(1), P1(3), P3(3),

$1(1), S2(1), S3(13)

Gram-IL: F1(1), F2(11), F3(3), P1(5), P2(4),
P3(2), S1(2), S2(2), S3(3)

Enterococcus asinus

Streptococcus hyointestinalis

Streptococcus uberis

Fig. 1. Continued

similarity among all nine shrimp hindguts. Ten of the 12
clusters identified contained identical sequences from
multiple hindguts. Eleven of these clusters could be
identified as novel species. Some clusters were more clo-
sely related to each other than to known groups, sug-
gesting that shrimp hindguts may harbor new species as
well as entirely new groups of bacteria restricted to this
environment.

The sequences that we found overlapped taxonomically
with hindgut isolates from other thalassinids identified by
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Table 1.  Characteristics of 12 bacterial clusters identified from 270 partial 16S rDNA sequences cloned from 9 different shrimp
hindguts®
# of shrimp
represented % of identical % similarity =~ Accession #
Length (# of treat- Within-group  sequences Nearest with nearest of unique
Cluster (bp) # of clones ments) % similarity  (# of shrimp) neighbor(s) neighbor(s)  sequence(s)
Alpha-I 436 3 2 (2) >99.0 0 Unidentified rumen <85 AF434073 to
bacterium AF434075
Alpha-II 435 22 6 (3) >98.3 50 (5) Squid nidamental <87 AF434060 to
gland AF434072
oi-proteobacterium
Alpha-III 437 82 9 (3) >98.1 70 (9) Squid nidamental <88 AF434076 to
gland AF434102
o-proteobacterium
Alpha-IV 437 4 2 (1) >99.7 75 (2) Squid nidamental <87 AF434103 to
gland AF434104
oi-proteobacterium
Epsilon-I 459 2 2 (2) 100 100 (2) Deep-sea sediment <95 AF434108
g-proteobacterium
Epsilon-II 459 12 4 (2) >99.3 83 (4) Japan Trench <93 AF434105 to
sediment AF434107
e-proteobacterium
Gamma-I 480 1 1(1) — — Pseudoalteromonas 99.1 AF434117
denitrifcans
Gamma-II 479 18 6 (3) >99.1 61 (6) Gill symbionts, <90 AF434109 to
Methylomonas spp. AF434116
CFB-I 475 21 7 (3) >98.7 71 (6) Cytophaga spp.b <83 AF434154 to
AF434160
CFB-II 475 46 6 (3) >99.1 74 (6) Marinilabilia <86 AF434141 to
salmonicolor AF434153
Gram-I 511 26 8 (3) >99.2 62 (8) Japan Trench <81 AF434118 to
sediment AF434128
unidentified
bacterium
Gram-II 511 33 9 (3) >99.2 73 (9) Japan Trench <79 AF434129 to
sediment AF434140
unidentified
bacterium

 Phylogenetic affiliations of the groupings are as follows: alpha I-IV: a-proteobacteria; epsilon I-II: e-proteobacteria; gamma I-II: y-proteobacteria; CFB
I-1I: Cytophaga-Flavobacteria-Bacteroides group; I-II: gram-positive bacteria. % similarity is from uncorrected distance matrix. (‘—’) indicates not

applicable.

® Several sequences, Cytophaga sp. BAL50, Algicidal Cytophaga sp., Algicidal marine bacterium, had the same % similarity to this cluster.

morphophysiological methods. Bacteria belonging to
y-proteobacteria and the CFB group were present in the
hindguts of other thalassinid shrimp species [19, 38].
These prior studies did not identify any gram-positive
bacteria, o-proteobacteria, or e-proteobacteria, but they
did note some unidentified taxa that might have belonged
to these groups. Thus, the differences in isolation and
characterization methods between our and previous
studies might account for some of the differences seen in
hindgut communities. The general similarities of our re-
sults to prior work, however, indicate that shrimp hind-
guts might be a habitat restricted to particular groups of
bacteria.

By design of the extraction procedure, attached hindgut
bacteria examined in this study were considered to be

resident and not sediment bacteria that had passed
through the gut undigested. The lack of a trend between
hindgut bacterial community composition and feeding
treatment supports this hypothesis. During the 5-d ex-
periments, shrimp in protein and starvation treatments
were not exposed to sediment and seawater native to the
habitat from which the shrimp were collected. If the at-
tached hindgut community were transient and replenished
frequently from the environment, a difference in this
community would be expected among treatments. How-
ever, shrimp in the protein and starvation treatments had
a similar attached hindgut community to shrimp from the
field treatment.

Although the sediment community at this site has been
not studied, results from the few studies that have com-
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Fig. 2. Rarefaction curves for 30 partial 16S
rDNA sequences from nine different shrimp
hindguts. Conspecificity is defined by >97%
sequence similarity (see Results section). Solid
lines are for the field treatment; dashed lines,
for the protein treatment; and dotted lines, for
the starvation treatment. Labels for the indi-
vidual shrimp hindguts are near their respec-
tive lines. Inset: Rarefaction curve plotted with
data pooled from all hindguts. Labeled black
squares indicate the endpoints of the rarefac-
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pared the deposit-feeder gut bacteria community with the
sediment community indicate that the two communities
are different [19, 48, 51], Only one other study has used
molecular techniques in investigating the hindgut
microbiota of a marine deposit feeder, a sea cucumber,
and it also examined the surrounding sediment commu-
nity. Different isolates and different cloned bacterial se-
quences were obtained from the two communities [51]. In
a study on other thalassinid shrimp, a significant differ-
ence was found in the digestive capabilities between the
resident gut bacteria and bacteria living in burrow linings
[19]. Differences in bacterial isolates were also found be-
tween attached (resident) communities and whole-gut
(resident plus transient) communities [19, 38]. The N.
californiensis hindgut bacterial community also appears to
differ from the sediment community. Bacteria in the o-
and B-subdivisions of the proteobacteria, and Plantomyces
which are generally found in many different sediments
[e.g., 7, 15, 29, 34, 42, 47, 49] and have been cloned and
sequenced from nearby sediments of Puget Sound [15, 34],
were conspicuously missing from shrimp hindguts.

The lack of a trend with host feeding conditions also
suggests that the bacterial community found in the hind-
guts of N. californiensis is invariant on a short, dietary
term with the ambient environment in the hindgut (i.e.,
with leftover digesta of host diet). The high individual
variability among shrimp hindguts indicates that this
bacterial community may be directly controlled by its host

or tightly coupled to the host’s physiology.

tion curves from each of the individual shrimp
hindguts.

A specific physiological state of the host that may have
a direct influence on the bacterial community in the
hindgut is the molt stage of the host; during molting of the
exoskeleton the chitinous hindgut lining is replaced as
well. Using culturing and morphological and physiological
identification methods, Dempsey et al. [11] found high
individual variability in the colony types and the numbers
of colony-forming units that could be isolated from indi-
vidual penaeid shrimp guts. He suggested that the high
individual variability might be attributed to the molt stage
of the shrimp. A study of the effect of molting on hind-
gut bacterial flora in a desert millipede showed that the
new hindgut lining was devoid of microbes [8]. It is not
known how hindguts in general become repopulated after
molting.

It has been shown in insects that the chitinous hindgut
lining is a suitable site for bacterial attachment [4], but
apparently it is suitable for only a limited number of
bacterial taxa in N. californiensis. What potential interac-
tions might such a specific hindgut community have with
its host shrimp? The hindgut bacteria could be parasites
living on the host structures, such as the chitinous lining,
or on nutrients that the host enzymes have digested. This
scenario seems unlikely, however, as all the shrimp ex-
amined in this study appeared healthy. Moreover, hindgut
bacteria in general do not compete with their hosts for
nutrients since absorption of nutrients by hosts occurs in
the midgut. Hindgut bacteria may merely be commensals
benefiting from the relatively high food concentration due



464

to selective feeding by the host shrimp (as opposed to
nonselective ingestion of bulk sediment) and from a low
risk of predation without significantly affecting the host
shrimp.

Another plausible, and perhaps more interesting, in-
teraction appears to be a nutritional mutualism. Marine
bacteria are known to secrete extracellular enzymes [50],
and many bacteria associated with marine invertebrate
guts can produce enzymes that their hosts cannot produce
(reviewed in [17]). Any of the hydrolysates resulting from
bacterial enzymes that are absorbed by the shrimp would
represent a benefit to the shrimp host.

Shrimp can take up the hydrolysates via two possible
mechanisms: absorption through the hindgut cuticle and
reflux to the foregut through anal intake of water. Hindgut
absorption of short-chain fatty acids from fermentation
and of other small organic molecules has been demon-
strated in various insects, including cockroaches [1, 20,
31]. In addition, bacteria secreting chitinase may help to
enhance this flux by creating pores through which the
shrimp can absorb organic compounds. Crustaceans have
been observed to take up water from the anus [10, 13].
Most anal intake of water was observed just prior to def-
ecation, and in some of the shrimps examined water taken
in from the anus was observed to move forward all the way
to the abdominal region [13]. Anal intake of water would
serve as a mechanism to keep detached bacteria, released
extracellular enzymes, and other bacterial enzyme-derived
hydrolyzates within the animal and possibly carry them all
the way to the stomach, where digestion and subsequent
absorption in the midgut could occur.

The attached hindgut bacteria of N. californiensis rep-
resent good candidates for nutritional mutualisms, al-
though their nutritional roles cannot yet be established.
Many of these bacteria grouped with endosymbionts, some
of which, such as rumen bacteria and sulfur-oxidizing
symbionts, are known to provide nutrition to their hosts
(Fig. 1). The model from vertebrate hindgut mutualisms is
that hindgut bacteria provide the host with short-chain
fatty acids derived from digesta [3]. The gut bacteria most
closely related to rumen bacteria might similarly be pro-
viding short-chain fatty acids to their shrimp host. Many
of the enzymatic activities typically exhibited by the
groups of bacteria found are those important for the
breakdown of refractory compounds such chitin and cel-
lulose. Cytophaga spp. are known to attach to surfaces and
exhibit strong chitinase and cellulase activities. The one
clone that could be identified, Pseudoalteromonas (for-
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merly Alteromonas [14]) denitrificans, has amylase, algi-
nase, and chitinase activities, as well as denitrification with
gas formation [23]. In other studies, isolates from other
thalassinid shrimp hindguts were found to exhibit signif-
icant agarase, amylase, cellulase, chitinase, lysozyme, and
protease activities [19, 38]. Because the hindgut functions
in storage of fecal material, hindgut bacteria would have
relatively long exposure to the undigested compounds that
hydrolyze slowly. Such a system would also alter the or-
ganic content and quality that is excreted as fecal matter.

Marine deposit feeders exert significant effects on dia-
genesis and organic-matter preservation. Most particles
that reach the seabed pass through the guts of deposit
feeders, with those not digested passing through several
times before their eventual burial [43]. Because the gut
environment is a geochemical “hotspot” where some
conversions are accelerated both by the animal’s own di-
gestive hydrolysis and by the actions of bacteria [40], it is
important to understand how the metabolic capabilities of
gut communities differ from those of sediment commu-
nities. Diets of deposit feeders may change twice, once in
transition from the larva to the settled juvenile and again
when gut volume becomes sufficient to allow deposit
feeding [21]. Simultaneous monitoring of community
composition of the gut flora may provide keys to dietary
mutualisms. Because these shrimp have a planktonic stage,
it is also important to consider whether the gut microbial
community is established then, if the symbiosis is obligate,
or whether this community changes after metamorphosis
to the benthic lifestyle or only after change to a diet of
sediment. A gut community acquired during the plank-
tonic stages would be a source of metabolic capabilities
that native sediment bacteria might not possess and could
have profound implications for understanding nutrient
cycling in sediments and between pelagic and benthic
environments.

Seafloor and pelagic animals are notably diverse. Most
known phyla are marine, and many are diverse in spe-
cies, lifestyle, and diets. It appears likely—given the
unrelatedness of the bacteria that we have characterized
to known taxa and the unique chemical environments of
animal guts [e.g., 32]—that propagules from gut floras of
animals may account for a substantial fraction of the
bacterial taxa in the sea that have so far evaded culture
and that substantial, as-yet-unrecognized microbial di-
versity may reside in the guts of marine organisms. A
corollary is that novel culture media and unsteady cul-
ture conditions may be required to elicit growth of these
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microbes. A vast and ever-evolving biogeochemical po-
tential exists in the interactions among gut microbes,
marine invertebrates, and dietary substrates.
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