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ABSTRACT: We utilized methods of sediment cultivation, catalyzed reporter deposition−fluorescence
in situ hybridization, scanning electron microscopy, and 16s rRNA gene sequencing to investigate
the presence of novel filamentous cable bacteria (CB) in estuarine sediments bioturbated by the
mud shrimp Upogebia pugettensis Dana and also to test for trophic connections between the
shrimp, its commensal bivalve (Neaeromya rugifera), and the sediment. Agglutinated sediments
from the linings of shrimp burrows exhibited higher abundances of CB compared to surrounding
suboxic and anoxic sediments. Furthermore, CB abundance and activity increased in these sediments when they were incubated under oxygenated seawater. Through core microbiome analysis, we found that the microbiomes of the shrimp and bivalve shared 181 taxa with the sediment
bacterial community, and that these shared taxa represented 17.9% of all reads. Therefore, bacterial biomass in the burrow sediment lining is likely a major food source for both the shrimp and
the bivalve. The biogeochemical conditions created by shrimp burrows and other irrigators may
help promote the growth of CB and select for other dominant members of the bacterial community, particularly a variety of members of the Proteobacteria. These associations give new understanding to the ecology of a burrowing crustacean that is common, but in decline, throughout
intertidal mudflats of Northeastern Pacific estuaries.
KEY WORDS: Upogebia pugettensis · Sediment bioturbation · Electrogenic sulfur oxidation ·
Cable bacteria · Neaeromya rugifera

1. INTRODUCTION
North American thalassinid mud shrimp Upogebia
pugettensis Dana populate and form dense beds of
burrows in estuarine mudflat sediments from Prince
William Sound, Alaska, to Morro Bay, California (USA)
(Williams 1986, Chapman et al. 2012). The burrows of
Upogebia exert significant biogeochemical influences
on their wider benthic environments (Aller et al. 1983,
D’Andrea & DeWitt 2009). All species of Upogebia excavate permanent Y-shaped burrows with stable linings and 2 surface openings (Thompson & Pritchard
1969, Kinoshita 2002, Kinoshita & Itani 2005). Their
*Corresponding author: cheng.li@oregonstate.edu

burrows can penetrate deep into anoxic sediment
zones. The approximately 3 mm thick sediment linings
of Upogebia burrows are meticulously maintained,
coated with a mucopolysaccharide mixture produced
in the hindgut gland of the shrimp, and subjected to
other shrimp activities including bioirrigation (Thompson 1972). Irrigation by Upogebia maintains oxygen
saturation in the burrow at about 30−40% at high tide
(Koike & Mukai 1983) and at ~10% during tidal lows
when the mudflats are exposed (Thompson & Pritchard
1969). Detrital organic matter may also accumulate in
and around shrimp burrows and mounds (Kinoshita et
al. 2003, D’Andrea & DeWitt 2009).
© The authors 2020. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
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Below the mudflat surface and centimeters away
from the burrow linings, the sediments that Upogebia occupy are mainly suboxic and can be anoxic
during ebbtide when physical irrigation is reduced
(Johns et al. 1997). Sulfate reduction is a major pathway of mineralization in anoxic organic-rich sediment (Jørgensen 1982). Consequently, hydrogen sulfide is produced and then precipitated in the form of
metal sulfides. Thus, the environment surrounding
Upogebia burrows is dynamic in space and time,
with the burrows serving as conduits that introduce
oxygen and organic matter to radiating suboxic
and sulfidic sediment zones. Diverse communities of
microorganisms benefit from such biogeochemical
zonation. Observations suggest that densities of bacterial microflora in Upogebia burrow linings can be
approximately 3 times greater than in the adjacent
non-burrow sediment (Kinoshita et. al 2003). However, the importance of these burrow-associated bacterial communities to the shrimp has remained
uninvestigated.
Among the microbes that are capable of taking
advantage of the burrow lining environment are
novel, filamentous, cable bacteria (CB) within the
family Desulfobulbaceae (Trojan et al. 2016), which
have recently gained considerable attention. CB
employ electron transfer along extracellular ridges
connecting 100s to 1000s of cells in filaments to perform electrogenic sulfur oxidation, which couples 2
separated half-cell redox reactions of sulfide oxidation and oxygen reduction (Pfeffer et al. 2012). The
spatial separation of redox half-reactions and the
associated transfer of electrical current by CB can
extend over centimeters and creates localized porewater pH extremes in near-surface sediments. These
conditions will often induce a series of secondary
geochemical reactions that include the dissolution of
iron sulfide (FeS), calcium carbonate (CaCO3), and
manganese carbonate (MnCO3) (Risgaard-Petersen
et al. 2015, Seitaj et al. 2015, Sulu-Gambari et al.
2016a,b). These secondary reactions significantly
change the availability of Fe, Ca, Mn, and P at depth,
and thereby exert substantial geochemical influence
on the benthic environment (Rao et al. 2016, SuluGambari et al. 2016a,b).
CB with differing cell morphologies have been
documented as occurring in surficial sediments from
diverse habitats, including intertidal mudflats, mangroves, rivers, salt marshes, bivalve reefs, and groundwater aquifers (Pfeffer et al. 2012, Larsen et al. 2015,
Malkin & Meysman 2015, Risgaard-Petersen et al.
2015, Müller et al. 2016, Malkin et al. 2017). The sediments from these locations are reported generally to

be without extreme levels of bioturbation or resuspension. Recently, Aller et al. (2019) found CB in a
sediment zone that is heavily bioturbated by the
parchment worm Chaetopterus variopedatus, suggesting that certain types of bioturbation do not limit
the activity of CB. To date, no study has reported the
presence of CB in sediment bioturbated by Upogebia. More importantly, how the activities of Upogebia
may affect the growth of CB, or whether the microbiota of burrow linings may be critical for mud
shrimp, has not been resolved.
In the present study, we utilized methods of sediment cultivation, catalyzed reporter deposition−
fluorescence in situ hybridization (CARD−FISH), scanning electron microscopy (SEM), and high-throughput 16s rRNA gene sequencing, to investigate the
microbiology of the sediments associated with U.
pugettensis burrows and to verify the presence of
CB. Additionally, we examined trophic relationships
by analyzing the bacterial communities in pooled tissue samples from the gut system of U. pugettensis
and from the digestive organs of an obligate commensal bivalve, Neaeromya rugifera (Carpenter).
The overarching goal was to reveal the connection
between the sediment bacterial community and the
ecology and gut microbiome of the shrimp.

2. MATERIALS AND METHODS
2.1. Sampling site and collections
The principal samples for this study were collected
at low tide from Idaho Flat in Yaquina Bay, Oregon
(USA) (44.618344° N, 124.041247° W). Sediment cores
that intersected Upogebia pugettensis burrows were
collected using a 15 cm inner diameter by 1.5 m
length, pneumatically operated deep corer. We confined our sampling to burrows of reproductive-size
shrimp by sampling only burrows greater than 22 mm
in diameter. As the deep core does not capture entire
burrows, we inferred the ‘U’ and ‘I’ sections of the
Y-shaped burrows from their sediment depths. Previous resin casts of U. pugettensis burrows have revealed that the ‘I’ part of adult shrimp burrows usually
begins at greater than 20 cm depth from the sediment
surface (Thompson 1972, J. W. Chapman pers. obs.).
Sediment samples were collected during 2 sampling trips (Table 1). On the first (8 June 2018), distinctly visible sections of burrows were exposed after
whole-core extrusion and then sampled (both above
and below 20 cm depths). Plugs (n = 3) of burrow-lining sediment (designated UB-S), approximately 0.5 cm
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Table 1. Details of sample collections and experiments performed. See Fig. 1 for an illustration of the sampling scheme in
relationship to burrow structures. CARD−FISH: catalyzed reporter deposition−fluorescence in situ hybridization
Sample/
expt

Details

Prescreen of cable bacteria prior to sediment cultivation
UB-S
Sediment lining of Upogebia burrow

Collection date

Treatment

Treatment date

8 June 2018

CARD−FISH

8 June 2018

Homogenized
and cultured
in an aquarium
containing
aerated
seawater

3 August −
13 September
2018

Sediment cultivation experiment
UB-U
Burrow-lining sediment harvested < 20 cm depth
3 August
UB-I
Burrow-lining sediment harvested > 20 cm
2018
UB-Nex Sediment below sediment surface, above 1 m, and 4−8 cm
away from any burrow structure
UB-Bel
Sediment below 1 m depth
UB-Sur
Surface sediment at least 5 cm away from any burrow opening

Microbial community analysis for the digestive system of Upogebia and its commensal clam
UGM
Tissue dissected from the gastric mill of Upogebia
19 June,
Frozen at −20°C
19 June,
UHG
Tissue dissected from the mid and hind gut of Upogebia
20 July, and
for fixing and
20 July, and
NDO
Tissue dissected from the digestive organ of Neaeromya
27 September
then −50°C for 27 September
2018
storage
2018

in diameter and 1 cm deep, were removed using cutoff 1 cc syringes, transferred to 50 ml centrifuge tubes
(VWR), fixed with 1:1 ethanol:phosphate-buffered
saline solution, and stored at −20°C until further processing for CARD-FISH analysis (see Section 2.3). On
the second sampling trip (3 August 2018), greater
quantities of burrow lining sediments were dissected
from extruded cores and transferred to 500 ml containers labeled according to their depth-associated
‘U’ or ‘I’ positions, i.e. UB-U and UB-I, respectively,
(Fig. 1a, Table 1). Sediment samples adjacent to burrow structures, but 4−8 cm apart from burrow linings, were also recovered and designated ‘UB-Nex.’
Anoxic sediments collected from below maximum
burrow depths (0.7 m) were designated ‘UB-Bel.’
Separate surface sediments collected without the
corer from the Idaho Flat, that were at least 5 cm
from any burrow opening, were labeled ‘UB-Sur.’
These samples were stored at 5°C during transportation and further subsampled in the laboratory as
described below (Section 2.2).
We collected reproductive-sized shrimp to recover
Upogebia gastric mills (UGMs) (Fig. 1b), mid plus
hind guts (UHG) (Fig. 1b), and Neaeromya rugifera
digestive organs (NDO) on 3 occasions (Table 1). N.
rugifera clams live on U. pugettensis pleopods and
thus can only feed within the U. pugettensis burrow
and only in concert with the activities of their shrimp
hosts (Li et al. 2012). Four female and 2 male U.
pugettensis were collected from the mud flat, held in
clean seawater briefly to remove adhering sediments, and then frozen to fix all commensal species
in place. Within 72 h, these specimens were thawed,

followed by dissection of the gastric mill plus mid and
hind gut contents. Mid and hind gut contents were
placed into 2 ml vials and refrozen. The stomachs of
the 3 largest undamaged Neaeromya associated with
the collected shrimp were also removed and refrozen
in 2 ml vials. The dissected samples were frozen at
−20°C within 2 h of initial thawing, stored at −20°C
for 24−96 h, and then transferred to −50°C until initiation of DNA extractions. For these extractions, individual samples were pooled into combined UGM,
UHG, and NDO samples and then divided into 2 replicates to reduce the effects of individual variation.

2.2. Sediment cultures
UB-U, UB-I, UB-Nex, UB-Bel, and UB-Sur samples
were homogenized under a flow of nitrogen in the
laboratory, on the day of collection, within their initial 500 ml sample containers. One ml aliquots were
then removed for DNA extraction and subsequent
16S rRNA gene sequencing (Fig. 1a). The remaining
samples were divided into triplicate 50 ml centrifuge
tubes. These tubes of each sediment type were cultured upright, submerged, and open at 20°C for 40 d
in a 38 l aquarium filled with aerated Yaquina Bay
seawater. After microelectrode profiling (see Section
2.4), 1 cm long sub-core samples were collected from
the incubated sediment using cut-off 0.5 cm diameter
syringes. The extruded sediment plugs were washed
gently to reduce the volume of fine particles, and CB
were then separated from the sediment matrix using
fine glass hooks (Malkin et al. 2014). Unwashed sed-
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Fig. 1. (a) Schematic of the Y-shaped Upogebia burrow and the sampling strategy. Red rectangles represent the sample area of the deep core. (b) Illustration of a female
adult U. pugettensis with attachment of Neaeromya rugifera on its pleopods and gut system of the shrimp. (a) and (b) were modified from illustrations in Thompson
(1972), Hiebert et al. (2015) and Harris et al. (1991). Scale bar in (b) is 1 cm
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iment plugs and separated filaments were frozen or
fixed for subsequent phylogenetic and microscopic
characterizations.

2.3. CARD-FISH
CB were verified in sediments by CARD-FISH using
a Desulfobulbaceae-specific oligonucleotide probe
(DSB706; 5’-ACC CGT ATT CCT CCC GAT-3’) modified with horseradish peroxidase. Two types of samples were hybridized: (1) fixed UB-S sediment and (2)
bacterial filaments extracted from UB-U, UB-I, UBNex, UB-Bel, and UB-Sur sediment after 40 d of cultivation. The fixed sediment samples were first gently
shaken to produce a slurry, and 100 μl of the mixture
were then pipetted onto polycarbonate membrane
filters (0.2 μm pore size). The extracted bacterial filaments were retained on the same type of polycarbonate membrane filter and then gently washed 3 times
with deionized water. Filters with sediments or bacterial filaments were cut into smaller pieces (~1 cm2)
and immobilized onto glass slides using 0.2% agarose.
The immobilized samples were air-dried and then
dehydrated in 90% ethanol for 1 min. Dehydrated
samples were sequentially permeabilized by 10 mg
ml−1 of lysozyme (2 h at 37°C) and achromopeptidase
(1 h at 37°C). After permeabilization, endogenous
peroxidases were inactivated by incubation in H2O2
(0.15% in methanol) for 30 min at room temperature
(~25°C). The hybridization process was performed in
standard hybridization buffer (Wendeberg 2010) at
46°C with 45% formamide for 7 h. Catalyzed reporter
deposition was performed using Alexa Fluro 488 or
Alexa Fluro 555 tyramides reagent (ThermoFisher).
Catalyzed reporter deposition samples were then
examined under a confocal laser scanning microscope (CLSM) (LSM 780, Zeiss).

2.4. Chemical gradient profiling
Vertical profiles of the cultured sediment samples
were measured on Days 20 and 40 of cultivation
using commercial microelectrodes (tip size = 100 μm,
Unisense) operated with a field multimeter and positioned with a micromanipulator. Profiles of oxygen
and H2S and the pH of pore water from cultured sediments were measured to provide signature geochemical evidence of any CB activity (Malkin et al.
2014). The calibration and profiling of pH, H2S, and
O2 microelectrodes were performed as described by
Li et al. (2020).
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2.5. SEM
Specimens for SEM were prepared by separating
bacterial filaments from the cultured sediment samples as described in Section 2.3. Separated filaments
were transferred to polycarbonate membrane filters
(0.2 μm pore size) and washed with deionized water.
Washed specimens were then dehydrated in a graded
series of ethanol from 10 to 100% and critical point
dried under CO2 in a Critical Point Dryer (EMS 850,
Electron Microscopy Sciences). Samples were then
coated with gold and palladium using a sputter coater
(Cressington 108, Cressington Scientific Instruments)
and observed using an SEM (FEI QUANTA 600F,
Thermo Scientific) at 5−15 kV. The SEM was also
equipped to allow elemental spectra analysis by X-ray
energy dispersive spectrometry (EDS).

2.6. Bacterial community characterizations
DNA extraction for 16S rRNA gene sequencing
was performed on the uppermost 1 cm of sediment
from UB-U, UB-I, UB-Nex, UB-Bel, and UB-Sur samples collected after 40 d of cultivation. DNA extractions were also performed on the initial homogenized aliquots of these sediments, and on pooled
UGM, UHG, and NDO samples. DNeasy PowerSoil
DNA extraction kits (Qiagen) that utilize beads to
break down bacterial cells were used to extract the
genomic DNA from all samples described above.
We also enhanced the cell lysis by adding 10 freeze−
thaw cycles prior to the use of the DNeasy kit. The
V3/V4 regions of bacterial 16S rRNA genes were
amplified by PCR with primers 357wF (5’-CCT ACG
GGN GGC WGC AG-3’) and 785R (5’-GAC TAC
HVG GGT ATC TAA TCC-3’). Amplification and
sequencing of DNA (Illumina MiSeq Reagent Kit v3,
2 × 250 bp) were performed by the Center of Genome
Research and Biocomputing at Oregon State University. Sequences were first processed using the
DADA2 pipeline (Callahan et al. 2016) and aligned
to the Silva SSU Ref NR database (v.132) in R or the
Quantitative Insights into Microbial Ecology Version
2 (QIIME2) (Bolyen et al. 2019). Non-bacterial sequences were then removed.
Statistical analyses of alpha and beta diversity
were conducted in QIIME2 by using the built-in
core metric phylogenetic method. To include most
of our samples, we chose a sequencing depth of
2000 reads for rarefaction. Rarefied samples were
only used to calculate alpha and beta diversity. Different alpha diversity indexes were illustrated by
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using the R package ‘phyloseq’ (v.1.30.0) (McMurdie & Holmes 2013). Statistical significance of the
bacterial community differences was estimated by
permutational multivariate ANOVA (PERMANOVA)
in beta diversity.
We then analyzed the core microbiome across all
sample types: Upogebia, Neaeromya, and sediment
(UNS) by comparing all obtained sequences in ‘Venny’
(Oliveros 2015). Structure of the microbiome and difference in abundance for each taxon across all of our
sample types were analyzed by using the R packages
‘MetacodeR’ and ‘Taxa’ (Foster et al. 2017, 2018). To
test for taxa in the core microbiome having significantly different abundances across sample types, we
performed a Wilcoxon rank sum test with a false
discovery rate correction for multiple tests on the
median abundance for each taxon. For all statistical
analyses in the present study, a p-value < 0.05 was
considered significant.

Sequences from this study were deposited in the
GenBank Sequence Read Archive under accession
numbers PRJNA549311 and PRJNA549312 for sediment and shrimp/bivalve microbiome samples,
respectively.

3. RESULTS
3.1. CB within sediments associated with
Upogebia pugettensis burrows
The initial UB-S samples of U. pugettensis burrow
linings recovered for this study were composed of a
mud−clay and silt substrate and appeared to be
cemented by shrimp secretions and mineral precipitates, as suggested by previous observations (Thompson & Pritchard 1969). These samples seemed a likely
substrate for finding CB, but the agglutinated struc-

a

b

10 µm

c

10 µm

10 µm

Fig. 2. (a−c) Confocal microscope images illustrating cable bacteria filaments in Upogebia burrow-lining sediment collected
on 8 June 2018 (UB-S). DSB 706 probe + Alexa Fluro 555, red and DAPI, blue
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ture made the direct isolation and picking of the CB
filaments from lining sediments difficult. Despite
these challenges, when the fixed samples were
hybridized with DSB706 probe, CB filaments (generally < 200 μm in length) were observed when examined by CLSM (Fig. 2). Cell aggregates that reacted
positively with the DSB 706 probe were observed as
well, suggesting that other members within the
family of Desulfobulbaceae were active within the
burrow-lining sediment. These initial observations
prompted continuing studies with incubated sediment samples.
When first homogenized, incubated UB-U, UB-I,
UB-Nex, UB-Bel, and UB-Sur sediments appeared
grey and lacked sulfidic odors. Upon culture in open
tubes, we observed (1) the formation of suboxic
zones where sulfide and oxygen were below detection, and (2) the appearance of a subsurface pH maximum, both of which are geochemical hallmarks of
electrogenic sulfur oxidation catalyzed by CB (Pfeffer et al. 2012), in the UB-U, UB-I, and UB-Bel samples after 20 d of incubation (Fig. 3). In contrast, no
dissolved sulfide was detected in UB-Nex samples
(profiles to 12 mm), and sulfide concentrations in UBSur sediments were approximately 10 times greater
than in the incubated burrow-lining sediments (Fig. 3).
In addition, we did not detect a distinct suboxic zone
in UB-Sur samples by Day 20 of incubation. Another
observation was that red-brown mineral layers
formed in the top centimeter of UB-U and UB-I samples within 20 d of incubation. The appearance of
these layers was consistent with enrichments of iron
oxide-hydroxides as is typically observed in Upogebia burrow linings in situ (Thompson & Pritchard
1969, this study).
By Day 40 of incubation, suboxic zones spanning
2−8 mm of sediment developed in all incubated sediments (Fig. 3). Separation of the oxygen-penetration depth and the sulfide-bearing depth in all sediments increased from conditions on Day 20 in all
but the UB-U samples. Differences between high
and low pH extremes diminished, and the oxygen
concentration near the sediment−water interface
decreased in UB-U and UB-I samples, suggesting
that the activity of electrogenic sulfur oxidation was
declining.

3.2. Microscopic identification of CB
from cultured sediments
Filamentous biomass was extracted from all 5
cultured sediment samples (UB-U, UB-I, UB-Nex,
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UB-Bel, and UB-Sur) after 40 d of culture. Extracted filaments bound to the DSB 706 probe,
showing positive fluorescence (Fig. 4a). Individual
filament lengths from 500 to over 1000 μm were
visualized. Many of the extracted filaments examined by SEM were coated with irregular particles
(Fig. 4b). EDS analysis revealed that these particles
consisted of primarily silicon (Si), aluminum (Al),
magnesium (Mg), and iron (Fe), a similar elemental
composition to authigenic clays (see Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/
m648p079_supp.pdf). Such clays have been proposed to adhere to filaments because of secreted
extracellular polymeric substances produced by
CB (Geerlings et al. 2019). Naked filaments resembling CB were also observed (Fig. 4b,c). Most CB
observed in sediments from a variety of sites
worldwide have 15−71 longitudinal ridges and are
greater than 1 μm in diameter. The filaments from
the incubated sediments had 8 to 10 ridges and
were less than 1 μm in diameter, consistent with
CB filaments that we found previously in Yaquina
Bay sediments (Li et al. 2020). These CB may thus
belong to a different linage or growth stage compared to those reported previously (Trojan et al.
2016).

3.3. Diversity of bacterial communities in
sediments, shrimp, and Neaeromya
After quality filtering, the total number of reads in
16 samples (10 sediments: Day 0 and Day 40; 4
shrimp: hind gut and gastric mill; and 2 Neaeromya:
stomachs) prepared for assessing relative bacterial
abundances was 1 359 069, and the total number of
detected taxa was 25 902, of which 25 053 were bacterial. Reads were abundant in sediment and Neaeromya samples (from 60 744 to 174 403 per sample)
and varied markedly in U. pugettensis samples
between replicates (from 525 to 23 098). To include
most of our samples, we chose a sequencing depth of
2000 reads for rarefaction, and we observed plateaus
in the Shannon index for all samples, suggesting that
the sampling size was large enough to cover the
diversity of sampled bacterial communities (Fig. S2).
Alpha diversity was highest in sediment samples, followed by the Neaeromya samples (Fig. S3). Within
sediment samples, UB-Sur possessed the highest
diversity and UB-Bel had the lowest diversity. Within
shrimp samples, UHG materials had slightly more
diverse microbial communities compared to UGM
materials.

Fig. 3. Representative microelectrode depth profiles of oxygen (blue), pH (red), and total sulfide (H2S) (green) in sediment linings in U-part of the Upogebia burrow
(UB-U), sediment linings in the I-part of the burrow (UB-I), anoxic sediment next to the burrow (UB-Nex), anoxic sediment below the burrow (UB-Bel), and surface
sediment away from burrow openings (UB-Sur) after 20 d and 40 d of incubation. See Fig. 1 for an illustration of the scheme in relationship to burrow structures
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A principal coordinate analysis of
beta diversity indicated that the bacterial communities clustered according
to sample origin (Fig. S4). All sediment
samples clustered together, while
shrimp and Neaeromya samples separated. PERMANOVA tests suggested
that the shrimp gut samples were significantly different from all sediment
samples (including both Day 0 and
Day 40 samples) (p < 0.05) but that differences between Neaeromya and
shrimp samples were insignificant (p =
0.104, Table 2). The difference between Neaeromya and sediment samples on Day 40 was insignificant (p =
0.056).

3.4. Composition of bacterial
communities in sediments, shrimp,
and Neaeromya

Sediment samples collected before
the start of incubations (Day 0) are
considered to be representative of in
situ communities before cultivation.
Proteobacteria were the predominant
phylum across all sediment locations
(Fig. 5a, Table S1), ranging from 44.5
to 47.5%. Bacteroidetes was the second most abundant phylum, ranging
from 15 to 25.3%. Desulfobulbaceae
(5.7 to 8.0%) and Desulfobacteraceae
(4.7 to 8.9%) in Proteobacteria were
Fig. 4. Cable bacteria filaments extracted from sediment samples after 40 d of
dominant, and Flavobacteriaceae (7.9
cultivation. (a) Filaments belonging to Desulfobulbaceae identified using CARDto 16.0%) and Bacteroidetes BD2-2 (2.3
FISH (DSB 706 probe + Alexa Fluor 488, green and DAPI, blue). (b,c) Filaments
to 2.7%) in Bacteroidetes were prevaof cable bacteria under SEM. Scale bar in Fig. 4a, 20 μm; scale bar in Fig. 4b,
10 μm (in Fig. 4b inset, 2 μm); scale bar in Fig. 4c, 1 μm (in Fig. 4c inset, 1 μm)
lent at the family level. Taxa from the
candidate genus of CB, Candidatus
Electrothrix,
were
present in all sediments before
Table 2. Statistical analysis of 16S rRNA gene libraries in the
cultivation except the UB-Bel samples. Samples from
invertebrate microbiomes and sediment microbial communities. Pairwise PERMANOVA comparison between microbial
sediments exposed in situ to oxygen through burcommunities. D0: Day 0; D40: Day 40
rows or at the sediment surface contained higher
proportions of Candidatus Electrothrix (Fig. 5b).
Group 1
Group 2
Sample size
p
After 40 d of cultivation, the phylogenetic diversity of sediment microbial communities remained
Neaeromya
Upogebia
5
0.104
relatively unchanged compared to Day 0 samples
Sediment D0
7
0.043
(Figs. S3 & S4). Bacteroidetes that are specialized
Sediment D40
7
0.056
in degrading high molecular weight compounds such
Upogebia
Sediment D0
8
0.015
as algal materials decreased (Fernández-Gómez et
Sediment D40
8
0.018
al. 2013), possibly reflecting changes in composiSediment D0
Sediment D40
10
0.111
tion of degradable organic materials. Proteobacteria

Mar Ecol Prog Ser 648: 79–94, 2020

88

a

Day0

Day40

Invertebrate

1.00

Phylum
Acidobacteria
Actinobacteria
Bacteroidetes

0.75

Calditrichaeota

Relative abundance

Chloroflexi
Cyanobacteria
Epsilonbacteraeota
Firmicutes
Fusobacteria

0.50

Gemmatimonadetes
Kiritimatiellaeota
Latescibacteria
Nitrospirae
Patescibacteria
Planctomycetes

0.25

Proteobacteria
Spirochaetes
Tenericutes
Verrucomicrobia
NA

b

Day0

Day40

CE =
0.02%
CE =
0.003%

CE =
0.03%

CE =
CE = 0 0.03%

CE =
0.04%

CE =
0.01%

CE =
0.3%

CE = CE =
0.2% 0.3%

CE =
0.2%

0.50

0.25

NDO

UHG

UGM

UB−Sur

UB−Bel

UB−Nex

UB−I

UB−U

UB−Sur

UB−Bel

UB−Nex

0.00
UB−I

NDO

UHG

Anaerolineaceae

Propionibacteriaceae

Bacillaceae

Rhodobacteraceae

Bacteroidetes BD2−2

Rubritaleaceae

Burkholderiaceae

Ruminococcaceae

Calditrichaceae

Sandaracinaceae

Clostridiaceae 1

Saprospiraceae

Desulfobacteraceae

Sedimenticolaceae

Desulfobulbaceae

Spirochaetaceae

Ectothiorhodospiraceae

Sulfurovaceae

Erysipelotrichaceae

Sva1033

Family XII

Syntrophobacteraceae

Flavobacteriaceae

Thermoanaerobaculaceae

Fusobacteriaceae

Thioalkalispiraceae

Halieaceae

Thiohalorhabdaceae

Ilumatobacteraceae

Thiotrichaceae

Kiritimatiellaceae

Unknown Family

Lachnospiraceae

Vibrionaceae

Lactobacillaceae
Marinilabiliaceae

Woeseiaceae
Entomoplasmatales
Incertae Sedis
Moraxellaceae

Mycoplasmataceae

Magnetococcaceae

Nitrincolaceae

Pseudoalteromonadaceae

PHOS−HE36

Corynebacteriaceae

Pirellulaceae

Enterobacteriaceae

Planococcaceae

TC1

Prolixibacteraceae

NA

Lentimicrobiaceae

UB−U

Relative abundance

Family

Invertebrate

0.75

UGM

UB−Sur

UB−Bel

UB−Nex

UB−I

UB−U

UB−Sur

UB−Bel

UB−Nex

UB−I

UB−U

0.00

Fig. 5. Relative abundances of (a) phyla and (b) families comprising >1% of bacterial communities. UB-U: sediment linings in Upart of the Upogebia burrow, UB-I: sediment linings in I-part of the burrow, UB-Nex: anoxic sediment next to the burrow, UB-Bel:
anoxic sediment below the burrow, UB-Sur, surface sediment away from burrow openings, UHG: Upogebia hind gut, UGM: Upogebia gastric mill, NDO: Neaeromya digestive organ; CE: a cable bacteria genus, Candidatus Electrothrix. Unknown Family is
families within orders of Gammaproteobacteria Incertae Sedis or Deltaproteobacteria Incertae Sedis that have been recognized
by the SILVA 132 database. NA stands for those that have not been recognized by the database. See Fig. 1 for an illustration of
the sampling scheme in relationship to burrow structures
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remained the most abundant phylum, ranging from
42.4 to 55.5%. At the family level, Flavobacteriaceae
decreased significantly compared to Day 0 (p < 0.05).
Desulfobulbaceae increased slightly in all samples.
Within this increase, the marine CB genus Candidatus Electrothrix was observed in all sediment samples with relative abundances based on reads from
0.01 to 0.3% (Fig. 5a).
The compositions of bacterial communities in shrimp
and Neaeromya samples were different from the
sediment (Fig. 5a). Proteobacteria was the most
abundant phylum, ranging from 44.3 to 52.8%, followed by Firmicutes (11.7 to 30.8%, Table S2). At the
family level, Mycoplasmataceae, in the phylum
Tenericutes, was dominant (8.8%) in UGM samples.
In UHG samples (Fig. 5b), Desulfobulbaceae was the
most abundant family (24.9%), mainly composed of a
single genus (Desulfocapsa, 23.3%). The family
Pseudoalteromonadaceae (18.9%) was dominant in
NDO samples. CB were not found in UGM and UHG
samples, while stomach samples of N. rugifera
(NDO) included the marine CB genus Candidatus
Electrothrix at 0.018% relative abundance.
When differences in abundance for each phylum
are compared across all of our samples, the overall
dominance of Proteobacteria is evident (Fig. 5). Acidobacteria, Bacteroidetes, Calditrichaeota, Chloroflexi, and Latescibacteria appear to be more pronounced in sediment extracts, while Firmicutes stand
out in shrimp and Neaeromya samples. Tenericutes
was found only in UGM and NDO samples.

3.5. Similarity analysis between sediments, shrimp,
and Neaeromya
The exponentially increasing proportions of unidentified amplicon sequence variants (ASVs) with
decreasing taxonomic level (Fig. S5a) reduced the
number of overlapping taxa available for comparisons among samples. Therefore, similarity analyses
among samples were limited to phylum, where
nearly all taxa of all samples were identified. Proteobacteria was the dominant phylum in all sediment
and Upogebia/Neaeromya samples, and Desulfobulbaceae was the dominant family within Proteobacteria in all samples. Proportions of the 16 most
abundant phyla in Upogebia/Neaeromya samples
were also closely correlated with Day 0 sediments
(Fig. S5b). Among the correlations between bacterial
communities in sediment and Upogebia/Neaeromya
samples, UHG were reduced relative to UGM and
NDO (Fig. S5b).
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3.6. Core microbiome between Upogebia,
Neaeromya, and burrow sediments
To investigate the potential trophic connection
between U. pugettensis and the microbial communities of the sediment harboring their burrows, we
identified the core microbiome between samples.
We found that 41.4 and 39.5% of bacterial taxa in
shrimp and Neaeromya, respectively, were found
in the sediment. The UNS core group was composed of 181 ASVs and represented only 0.7% of
the total ASVs detected in all samples (Fig. 6a).
However, these 181 ASVs in total contributed
17.9% in relative abundance, suggesting that these
taxa were important members of the bacterial community (Fig. 6b). Despite the low numbers of ASVs
in the core microbiome, these data support the
hypothesis that shrimp and Neaeromya share a
large portion of their microbiome with the sediment, indicating ingestion of sediment microbiota
by these organisms.
Within the UNS core microbiome, we observed differences in the relative abundances of taxa across
sample types. Taxa in the phyla Acidobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, and Latescibacteria and in the order Deltaproteobacteria were
more pronounced in sediment than in shrimp. Taxa
in the phyla Firmicutes and Patescibacteria and in
the order Alphaproteobacteria were more enriched in
shrimp than in sediment. Taxa in the Cyanobacteria
and Laterscibacteria were more abundant in sediment
than in Neaeromya. Taxa in the phyla Acidobacteria,
Firmicutes, Halanaerobiaeota, and Planctomycetes
and in the orders Actinobacteria and Alphaproteobacteria were more prevalent in Neaeromya than in
sediment. No difference was observed when comparing the abundance of each taxon in the UNS core
microbiome between shrimp and bivalves.
It should be noted that certain highly abundant
taxa were identified outside of the core microbiome.
For example, the dominant genera Desulfocapsa and
Pseudoalteromonas were only found in shrimp and
bivalves, respectively. The CB genus Candidatus Electrothrix was observed only in sediment and bivalve
samples.

3.7. Desulfobulbaceae phylogenetics
Candidatus Electrothrix ASVs identified from UBU, UB-I, UB-Nex, UB-Bel, UB-Sur, and NDO samples
clustered with putative CB sequences from marine
sediments and within the marine genus of CB found
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previously in Yaquina Bay (Fig. S6). The most abundant Desulfobulbaceae ASVs in burrow sediments
and the second most abundant Desulfobulbaceae
ASV in UGM appeared to cluster with the marine
genus and groundwater CB (Müller et al. 2020, Trojan et al. 2016). The major subset of Desulfobulbaceae identified in the UNS core microbiome did
not cluster with either CB sequences or with those of
Desulfobulbus. Instead, they appeared to group closer
to the genera Desulfocapsa and Desulforhopalus.

4. DISCUSSION
4.1. Opportunistic response of CB in sediment
bioturbated by Upogebia pugettensis
The present study revealed the presence of CB in
the lining and surrounding sediments of U. pugettensis burrows. The anoxic sediment below the burrows
(UB-Bel) did not show any trace of CB before culture,
but developed CB and their characteristic geochemi-

a
Upogebia
628 ASVs

Fig. 6. (a) Venn diagram of the core microbiome across samples. A total of 181 amplicon sequence variants (ASVs) are shared by
Upogebia, Neaeromya, and sediment. (b)
Relative abundance of the core microbiome
in each sample. (c) Differential heat tree illustrating the significant differences in
abundance of each taxon within the core microbiome across Upogebia, Neaeromya, and
sediment. Node sizes correspond to the
number of ASVs observed within a given
taxon. Colors represent the log fold difference of a given taxon’s median relative
abundance. D0: Day 0; D40: Day 40; other
abbreviations as in Fig. 5
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cal signatures after oxygen was introduced. These
results corroborate previous reports of CB as opportunistic bacterial community members in intertidal
mudflat sediments. CB are likely to become inactive
when electron acceptor concentrations are low and
grow when bioirrigation draws oxygen-saturated
water to shrimp burrow linings. Thus, Upogebia burrow networks may create a favorable environment
for CB, thereby expanding the ecological options of
CB (Aller et al. 2019).

Fig. 6 (continued)

In spite of these observations, a surprising result
was that the sediment samples examined here contained relatively low abundances of the most commonly characterized marine CB genus Candidatus
Electrothrix even after lab cultivation (Geelhoeld et
al. 2020). Instead, we found dominant phylogenetic
taxa (>1%) that cluster similarly to both marine and
groupwater CB. Whether these ASVs were from the
filamentous bacteria visualized under SEM or by
CARD-FISH, and whether these different but related
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taxa can all catalyze long-distance electrogenic sulfur oxidation, remain as questions for further detailed
investigation.

4.2. Core microbiome analysis indicates a trophic
connection between U. pugettensis and sediment
Despite their importance to the intertidal ecosystem, upogebiids, in particular U. pugettensis, are not
well studied (Coelho et al. 2000). The diet of the
shrimp and their feeding behavior while inhabiting
their burrows remains elusive. The shrimp reside
within their burrows for all of their lives after settling
from their final pelagic larval stage (Chapman et al.
2012). The weak mouthparts, complex gastric sieving
anatomy, complex digestive system, and denselysetose external anatomy restrict U. pugettensis to
suspension feeding on fine particles (Powell 1974).
Diet sources of these shrimp are thus limited to suspended particulate organic matter circulated through
their burrows from the overlying waters during high
tides, or suspended particulate organic materials
from resuspensions of their burrow lining sediments
(Thompson 1972, Kinoshita et al. 2003). Bosley et al.
(2017) investigated potential diets of U. pugettensis
by comparing fatty acid fractions and carbon:nitrogen stable isotope (δ13C and δ15N) ratios in U. pugettensis and their potential food sources. Fatty acid
compositions and stable isotope ratios in U. pugettensis tissues did not match closely with those from
suspended sediment particulates nor from burrow
lining organic matter (Bosley et al. 2017).
In the present study, the UNS core microbiome
analysis and correlations in abundances at the phylum level indicate that U. pugettensis include major
proportions of the burrow sediment microbial community within their gut microbiomes. This result provides evidence that bacterial biomass harvested from
the burrow sediment lining is a major food source for
U. pugettensis. In addition, the large overlapping
portion of the Neaeromya microbiome and the sediment microbial community is further corroborative
evidence indicating that U. pugettensis feed on sedimentary bacterial biomass. The commensal bivalve
can only feed along with its active host. Beta diversity and median abundance in the core microbiome
suggest that the shrimp samples do not differ significantly from the Neaeromya samples, indicating the
potential similar origin of their microbiomes.
Differences between samples in the relative abundances of members of the core microbiome may indicate microorganisms that become established in a

gut microenvironment after ingestion. For example,
Firmicutes, in particular Bacilli and Clostridia, were
more pronounced in Upogebia/Neaeromya compared
to the sediment. Other enriched taxa within the core
microbiome of Upogebia/Neaeromya were common
members in the sediment microbial community,
namely Patescibacteria and Planctomycetes (Fuerst
& Sagulenko 2011, Tian et al. 2020). Actinobacteria
and Rhodobacterales, which were more pronounced
in Neaeromya compared to the sediment, are known
for their ability to degrade particulate organic matter
(Pohlner et al. 2019, Puttaswamygowda et al. 2019).
In concert, these data strongly corroborate that U.
pugettensis food sources include the bacterial biomass in their burrow sediment (Powell 1974, Aller et
al. 1983, Kinoshita 2002, Bosley et al. 2017).

5. IMPLICATIONS
The present study revealed that CB are present as
members of microbial communities in the sediment
linings of Upogebia pugettensis burrows from the
mudflats of Yaquina Bay, Oregon, and that they grew
in anoxic sediments collected from below or adjacent
to shrimp burrows once oxygen was introduced.
These observations expand our understanding of
biogeochemical impacts of burrowing bioturbators
on various intertidal environments. Burrows and
tubes of many other mudflat invertebrates function
similarly, introducing oxygenated seawater to the
subsurface sediments. Oxygen may also be introduced to subsurface intertidal mudflat sediments
through the rhizosphere of seagrass roots inducing
electrogenic sulfur oxidation (Martin et al. 2019).
Taken together, burrows and tubes of macrofauna
combined with seagrass root systems create large
extended surface areas conducive to CB activity and
the proliferation of diverse microbial communities
(Aller et al. 2019).
This study was conducted, in part, in response to
efforts to understand all scales of ecosystem linkages
to an ongoing collapse of U. pugettensis populations
due to intense infestations by the introduced bopyrid
isopod parasite, Orthione griffenis (Markham 2005),
which infest only reproductive-size U. pugettensis
(Dumbauld et al. 2011). Moreover, preliminary experiments, conducted outside of burrow galleries, reveal
that host presence, sex, reproductive development,
and molt development are insufficient conditions for
O. griffenis settlement. Resolution of the energetics
and trophic connections of U. pugettensis with their
burrow linings and O. griffenis settlement may thus
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be critical for the management and conservation of
this native mud shrimp.
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