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Introduction: The native Atlantic rock crab (Cancer irrotatus) and the invasive
European green crab (Carcinus maenas) are commercially and ecologically
important crustacean species in Atlantic Canada. The importance of
microbiomes for host health and ecology has been recognized in many
species, although very few studies have focused on crustaceans or their
external shell microbiome. This is the first-ever study to characterize and
analyze the microbial communities associated with the external carapace of C.
irrotatus and C. maenas.

Methods: Microbiome samples were collected from three locations in Atlantic
Canada, processed using standard 16S Illumina MiSeq PE250 sequencing and
analyzed with the open-access QIIME2 software.

Results: Taxonomic classification of the microbial compositions, as well as
alpha- and beta diversities, reveal that the shell microbiome differs by host
species between C. irrotatus and C. maenas sampled from the same location and
between C. irrotatus sampled from different locations. Interestingly, the
differences are greater between species at the same location than between
locations for the same species.

Discussion: These are the first-ever results showing that the crustacean shell
microbiome not only depends on geographical factors but also on intrinsic
factors specific to the host species. This implies that crustaceans exert some
impact on their shell microbiome, potentially selecting beneficial taxa. These are
important findings that could elucidate contributing factors of crustacean shell
diseases that are still poorly understood.
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1 Introduction

The native Atlantic rock crab (Cancer irrotatus) and the
invasive European green crab (Carcinus maenas) are common
crustacean species in Atlantic Canada that share similar near-
shore habitats (Bélair and Miron, 2009). Rock crabs are an
important food source for the commercially valuable American
lobster Homarus americanus (Gendron et al., 2001; Fisheries and
Oceans, 2022). The green crab was first reported in eastern
Canadian waters in the 1950s in southern Nova Scotia and has
since then spread throughout Atlantic Canada. Due to its tolerance
for extremes of salinity, temperature and emersion and its
aggressive nature, this species can disrupt marine ecosystems by
predation on the local benthic fauna or by destroying nursery
ground for juvenile fishes (Fisheries and Oceans, 2011; Matheson
et al., 2016). This and their competition with native crustacean
species (e.g. rock crab and lobster) for food or habitat makes green
crabs an ecologically and economically high-risk species. For
example, green crabs have been shown to prey on newly settled
American lobster and adult lobsters are less likely to enter traps if
green crabs are present (Sigurdsson and Rochette, 2013; Rayner and
McGaw, 2019).

It is widely recognized that host-microbiome interactions play
significant roles in host health and physiology. Interactions between
a host and its microbial communities are intricate and range from
beneficial to adverse (Wahl et al., 2012; Egan and Gardiner, 2016).
Research in humans has suggested an association between
microbiome changes and several chronic diseases such as obesity,
diabetes or Crohn’s disease (Clemente et al., 2012; Benahmed et al.,
2021; Kwan et al., 2022). Unlike in human research, microbiomes of
marine animals remain largely underexplored. On the other hand,
marine diseases are increasingly being reported indicating they are
becoming more frequent and prevalent (Harvell et al., 2002; Lafferty
et al,, 2004; Egan and Gardiner, 2016; Groner et al., 2016).
Knowledge gaps in aquatic microbial communities associated
with marine animals inhibit our ability to understand, manage
and limit associated disease outbreaks; especially in the context of
climate change (Groner et al., 2016; Groner et al., 2018).

A baseline understanding of the microbial composition in healthy
hosts is necessary to detect changes in the microbiome and their
potential significance for host ecology. Previous microbiome research
in crustaceans has primarily focused on the gut, hemolymph and shell
(Feinmann et al, 2017; Holt et al, 2020a; Jung et al., 2021).The
microbial community associated with healthy lobster (H.
americanus) carapaces mainly consists of Rhodobacteraceae
(Alphaproteobacteria), Thiotrichaceae (Gammaproteobacteria) and
Bacteroidetes (Chistoserdov et al., 2012; Feinmann et al., 2017)
whereas, in healthy brown crab Cancer pagurus Acidobacteria,
Actinobacteria, Bacteroidetes, Proteobacteria and Cyanobacteria
make up most of the shell microbiome (Kraemer et al., 2020). It
has also been shown that the microbial community and composition
change according to the developmental stages of the host,
environmental conditions or disease in shrimp and lobster. (Meres
et al., 2012; Cheung et al., 2015; Ooi et al., 2019; Holt et al., 2020b).
The shell microbiome has gotten increased attention in the past few

Frontiers in Marine Science

10.3389/fmars.2023.1152544

decades due to the rise in shell disease outbreaks in American lobsters
on the U.S./Canadian east coast (Smolowitz et al., 2005; Quinn et al.,
2013). Dysbiosis is a negative shift in the e.g. shell microbiome from a
diverse and abundant bacterial community to a less diverse
community dominated by few potentially pathogenic species (Egan
and Gardiner, 2016: Mousa et al., 2022). This has been hypothesized
as a key factor for disease proliferation including shell disease (Meres
et al, 2012; Meres, 2016; Wynne et al., 2020). A healthy and
functioning microbiome is generally considered beneficial to its
hosts due to its resilience against invading pathogens and its
molecular functional potential to maintain a stable host-associated
ecology (Lloyd-Price et al., 2016; Rajeev et al., 2021). Accordingly,
insight into the shell microbiome and factors that influence its
diversity and composition is crucial for ecologically important
species. So far, there have been no microbiome studies for either
rock or green crabs; constituting a significant knowledge gap,
especially regarding microbiome-associated diseases in species that
share their habitat.

Recent advances in affordable, fast and accurate culture-
independent analyses of bacterial communities associated with
terrestrial and marine organisms (Lederberg and McCray, 2001;
Knight et al., 2018; Petersen and Osvatic, 2018) allowed us to
describe the shell microbial community of apparently healthy
Atlantic rock crab and European green crab for the first time in
Atlantic Canada. Our goal is to generate baseline microbiome data in
the region for these species and to determine the impact that species
and location have on the carapace microbiome of these crabs.

2 Materials and methods
2.1 Sample collection

Sampling was conducted in the summer and fall of 2018.
Atlantic rock crabs (C. irrotatus) were sampled from traps in
three locations: Charlo (New Brunswick; latitude: 47.9922,
longitude: -66.2658) in the western Gulf of St. Lawrence,
Malagash (Nova Scotia; 45.7747, -63.2956) in the central
Northumberland Straight and Tracadie (Prince Edward Island;
46.4033, -63.0287) in the southern Gulf of St. Lawrence, whereas
the European green crabs (C. maenas) were only present in traps at
the Malagash site (Nova Scotia) which enabled a single sampling of
this species there. Rock and green crabs in Malagash were sampled
during the same sampling event. All the locations were sampled
during one sampling event. All crabs were sampled in <4m water
depth, but no data on sea bottom temperature was collected during
the survey. The carapace of apparently healthy animals (no visible
signs of shell disease) was rinsed with 5 mL of molecular biology-
grade water filtered through a 0.22 pm filter. A sterile cotton swab
was then dipped in buffer A (20 mM Tris-HCI, 2 mM sodium
EDTA, 1.2% Triton X-100, pH 8.0) (Birer et al., 2017) and used to
swab the rinsed area of the carapace. Seawater control samples were
collected by submerging a sterile cotton swab in seawater at the
respective sampling locations. Swabs were placed in 100% ethanol
immediately and stored in -20°C until further processing.
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2.2 DNA extraction, 16S-amplification and
sequencing

Bacterial DNA from the collected swab samples was extracted
using a 96-well plate extraction protocol modified from Ivanova
et al. (2006). Briefly, 50 uL of 1 mg/mL lysozyme in a lysozyme
reaction mix (50 mM NaCl, 4 mM EDTA, 30 mM Tris-HCI, pH 8.0)
was added to each swab tip in a sterile well of a 96-well plate, sealed
with sealing film and incubated at 37°C for 30 min, then the plates
were unsealed so 50 pL of lysis mix (1.4 M GuSCN, 60 mM EDTA,
60 mM Tris-HCl, 1% Triton X-100, 10% Tween 20, pH 8.0)
containing 1.8 mg/mL proteinase K, resealed and incubated
overnight at 56°C. Plates were centrifuged at 1500 x g for two
min and unsealed and 150 pL of a binding mix (6 M GuSCN, 20
mM EDTA, 10 mM Tris-HCl, 4% Triton X-100, pH 6.4) was added
to the swab and solution. The lysate was removed and placed in a
corresponding well of a glass fibre plate (AcroPrepTM 96 filter plate;
3.0 pum GF/0.2 um Biolnert, NTRL), the plate was sealed and
centrifuged at 4500 x g for 7 min. The eluate was discarded and
180 pL of protein wash buffer (1.56 M GuSCN, 5.2 mM EDTA, 2.6
mM Tris-HC, 1% Triton X-100, 67.2% EtOH) was added, the plate
sealed and was centrifuged again at 4500 x g for 5 min. The eluate
was discarded, and the well was washed twice more with 750 uL
wash buffer (60% EtOH, 50 mM NaCl 10 mM Tris-HCI, 0.5 mM
EDTA, pH 7.4) at 4500 x g for 5 min. After the eluate was discarded,
the unsealed plate was placed in a 37°C incubator and covered with
a sterile pipet box lid for 10 min to evaporate residual ethanol. DNA
was eluted using 50 uL of pre-heated molecular biology grade water
(56°C) in each well incubating at room temperature and
centrifuging at 4500 x g for 5 min and collecting the eluate in a
sterile 96 well collection plate. Samples were stored by adding 5.5 pL
of 10X TE buffer (100 mM Tris-HCI, 1 mM EDTA, pH 8.0) to each
sample, sealing the plate and storing at -20°C until use.

Extracted DNA samples were sequenced at Gloucester Marine
Genomics Institute (GMGI) where they were amplified prior to
sequencing with a two-step PCR protocol using the primers 515F
(5- GTGYCAGCMGCCGCGGTAA-3’) and 806R-B (5'-
GGACTACNVGGGTWTCTAAT-3’) specific to the 16S rRNA
V4 region (Apprill et al., 2015; Parada et al., 2015). The amplicon
size was confirmed on a Fragment Analyzer and paired-end 250
base-pair sequencing was performed on an Illumina MiSeq, version
2 kit.

2.3 Bioinformatic analysis

All bioinformatics (trimming, denoising, alignment) were
performed using QIIME2 on the open-source Galaxy interface
run through Docker on Windows (https://github.com/qiime2/
q2galaxy) (Afgan et al., 2018; Bolyen et al.,, 2019). The
demultiplexed paired-end forward and reverse sequences were
truncated (forward reads at 250 bp, reverse reads at 187 bp)
based on the quality profiles and the 515F/806R primer sequences
were trimmed off (forward reads at 52 bp, reverse reads 49 bp).
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Reads were then filtered, denoised (error correction) and merged
using the DADA2 pipeline implemented in QIIME2, which also
removed chimeric sequences. The taxonomy of the resulting
amplicon sequence variants (ASVs) was assigned with the 16S
Greengenes v.138.99 trained classifier (McDonald et al., 2011).

2.4 Statistical analysis

To visualize the most important microbial taxa in the microbial
dataset, the relative abundance was calculated (Table S1). The 20
most frequent ASVs and bacterial classes were displayed using bar
plots. The dataset was rarefied to a read depth of 10,000 with the
rarefy tool in QIIME2, which retained 18% of features in all samples
and rarefaction curves were used to verify that the number of
observed ASVs level out at that read depth in all samples (Figure
S1). For each sample, three alpha diversity indices were estimated in
QIIME2: estimated richness (Chaol), the Pielou evenness and the
Shannon diversity. For each of these numerical diversity indices,
linear regression models were fitted with crab sex, size and either
location (when comparing rock crabs from Charlo NB, Malagash
NS and Tracadie NS) or species (when comparing green and rock
crabs from Malagash NS) as fixed effects explanatory variables.
These models were fit using Stata (v. 17; StataCorp, 2021: https://
stata.com) and the significance level for all analyses was set at 0.05.
Beta diversity was calculated and visualized using emperor plots in
QIIME2. Bray-Curtis, weighted and unweighted UniFrac distances
between the samples were calculated based on the dissimilarity of
their microbial composition (Lozupone et al., 2007). Principal
Coordinate Analyses (PCoA) were applied to multivariate
distance matrices to extract the dimensions that account for the
maximum distances enabling a map-based visualization in the
QIIME2 emperor plot tool. To test for significant differences in
the microbial composition between location- (rock crabs) and
species (rock and green crab) PERMANOVAs (permutational
multivariate analysis of variance) with 999 permutations were
performed in QIIME2 (Anderson, 2017).

3 Results
3.1 Descriptives

Table 1 summarizes the number, mean size and sex ratio of
sampled rock and green crabs for each sampled location. Summary
statistics on the number of raw, quality filtered, merged and
chimeric reads are presented in Supplementary Table SI. The
quality filtering removed 12% of paired reads; on average, 81% of
reads were successfully merged. The DADA2 algorithm also
removed chimeric reads which were 20% of all reads. In total,
20,489 ASVs (amplicon sequence variants) were created, of which
18,846 were taxonomically assigned to at least the phylum level,
16,997 to class level, 14,162, to order level, 9,577 to family level,
3,420 to genus level and 673 down to species level.
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TABLE 1 Sampling details and biological parameters of sampled rock crab (C. irrotatus) and green crab (C. maenas).

Species Location Size (mean, Cl) Sex ratio
Charlo, NB 15 89.5 (84.7, 94.2) 1.0

Cancer irrotatus Malagash, NS 17 105.0 (101.7, 108.3) 1.0
Tracadie, PE 15 78.2 (70.6, 85.8) 0.33

Carcinus maenas Malagash, NS 20 57.7 (54.9, 60.7) 0.66

In Malagash, both species were sampled during the same sampling event. Size in mm with mean and 95% confidence interval (CI). The sex ratio depicts the proportion of males (1) and females (0).

3.2 Microbial community

The three most abundant bacterial classes across all samples were
Gammaproteobacteria, Alphaproteobacteria and Flavobacteria.
Together they made up around 60% of the observed microbiome.
Their proportions were similar across sampling locations and host
species. As only the 20 most common bacterial classes and taxa were
presented in the taxonomic bar graphs (Figures 1, 2), their relative
abundance did not sum up to 100% and the less common taxa were
represented by white space. There were some differences in the less
frequent bacterial classes between the three sampling locations for
rock crabs, and between the two host species in Malagash NS
(Figure 1). The shell microbiome of rock crabs from Malagash had
a higher relative abundance of Verrucomicrobiae (4.9%) compared to
animals from Charlo (2.1%) and Tracadie (1.4%). In Tracadie, the
rock crab shell microbiome had a high relative abundance of
Deltaproteobacteria (8.8%) and Epsiolonproteobacteria (2.6%),
while these classes were not as common in Charlo (2.9%, 0.2%)
and Malagash (1.8%, 0.2%). As for inter-species differences in the
shell microbial composition, green crabs from Malagash hosted more
Epsilonproteobacteria (5.9%), but fewer Verrucomicrobiae (1.9%)
and Oscillatoriophycidaea (0.9%) than rock crabs from the same
location (0.2%, 4.9%, 4.0%) (Table S1). Figure 2 displays the relative
abundances of the 20 most abundant microbial taxa of which six were
assigned to genus level (Aquimarina, Cocleimonas, Loktanella,

Maribacter, Psychrobacter, Winogradskyella). Aquimarina and
Loktanella had the highest relative abundance in C. irrotatus from
Charlo (1.5%, 5.7%) and Malagash (2.0%, 4.2%) compared to
Tracadie (0.5%, 1.5%), whereas Cocleimonas had a much higher
relative abundance in Tracadie (8.0%) compared to the other two
sampling locations. When comparing the most common genera
between C. irrotatus and C. maenas from Malagash, C. maenas
hosted a higher abundance of Cocleimonas (9.7% vs. 1.7%) but a
lower abundance of Loktanella (0.2% vs. 4.2%), Maribacter (0.3% vs.
1.8%) and Winogradskyella (1.0% vs. 2.1%).

On class level, the microbial community in seawater controls
consisted mainly of the same bacterial classes as the shell samples,
for example Alpha- and Gammaprotebacteria and Flavobacteriia
but with different relative abundances. On the lowest taxonomic
level, the microbial composition of the sea water does not resemble
that of the shell samples as only a small proportion of seawater
microbial community (<20%) belongs to the twenty overall most
common bacterial taxa of the shell samples (Figure 2).

3.3 Alpha diversity

Differences in microbiome richness, evenness and diversity
between location and host species were assessed by linear
regression models. The estimated richness and Shannon diversity,
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FIGURE 1

Relative abundance of the twenty most abundant bacterial classes of the 16S community on the shell of each of the sampled rock (C. irrotatus) and
green crabs (C. maenas) and in the seawater controls (SW) from the three sampling locations.
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taxonomic ranks were indicated as: P, phylum; C, class; O, order; F, fami

ly; G, genus.

were significantly different between the sampling locations for rock
crabs (p = 0.001, p = 0.000) and between rock and green crabs in
Malagash (p = 0.019, p = 0.003). For the Pielou evenness, there was
a significant difference between sampling locations (p = 0.005), but
not between host species (p = 0.066). The model parameters are
summarized in Tables 2, 3.

When looking at the shell microbiome of rock crabs, Figure 3
shows that the estimated species richness, Pielou evenness as well as
Shannon diversity, were higher in Tracadie than in Charlo and
Malagash. For the comparison between green and rock crabs
sampled in Malagash, the shell microbiome of green crab was richer,

more diverse, and more evenly distributed than the one from the native
rock crab (Figure 4). The microbial diversity and richness of the
seawater controls were significantly lower than of samples taken from
crab shells but there was no significant difference observed when it
came to the evenness of the microbial community.

3.4 Beta diversity

The Bray-Curtis, weighted and unweighted UniFrac distances are
presented in three respective ordination plots (Figure 5). Bray-Curtis

TABLE 2 The parameters and outputs from linear multivariable models evaluating the location effect on three diversity measures for the shell
microbiome of rock crabs (C. irrotatus).

Comparison® Outcome R> N F-statistic VEEL[ Coefficient SE
Chaol - estimated richness | 0.36 | 47 591 Location | Malagash 73.024 73.024
0.0013 b
Tracadie 376.760 95.571
Sex Male 195.839 113.080 0.091
Size -2.730 2.931 0.357
Intercept 715.344 239.879 0.005
Pielou eveness 0.30 | 47 4.47 Location | Malagash -0.006 0.008
0.005 b
Tracadie 0.030 0.010
Charlo vs. Malagash vs. Tracadie Sex Male 0.017 0.012 0.147
Size 0.000 0.000 0.903
Intercept 0.823 0.025 0.000
Shannon diversity 040 | 47 6.82 Location = Malagash 0.027 0.172
0.000 b
Tracadie 0.873 0.203
Sex Male 0.436 0.240 0.077
Size -0.001 0.006 0.813
Intercept 7.412 0.510 0.000

Asterisks indicate the respective significance level. * only samples from C. irrotatus were considered for this analysis.
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TABLE 3 The parameters and outputs from the multivariable linear models evaluating the host effect on three diversity measures in the shell
microbiome of rock crabs (C. irrotatus) and green crabs (C. maenas) sampled in Malagash.

P-
Comparison® Outcome F-statistic Variables Coefficient = SE value
Chaol - estimated 0.57 | 37 14.53 C. *
richness Location  maenas 461.541 186.790 0.019
Sex Male -69.510 74.225 0.356
Size 4.173 4.061 0.312
Intercept 324.820 399.667 0.422
Pielou eveness 0.40 | 37 7.18 C.
Location = maenas 0.051 0.027 0.066
Cancer irrotatus vs. Carcinus Sex Male -0.005 0.011 0.654
maenas
Size 0.001 0.001 0.395
Intercept 0.781 0.058 0.000
Shannon diversity 0.62 37 18.08 C. o
Location = maenas 1.340 0.421 0.003
Sex Male -0.173 0.167 0.309
Size 0.014 0.009 0.125
Intercept 6.369 0.902 0.000

Asterisks indicate the respective significance level. * only samples from Malagash were considered for this analysis.

ordination shows that the microbiome samples formed clusters both
by sampling location (shapes) and by host species (color), which is
concordant to the weighted and unweighted UniFrac metrics. The
shell microbial composition of green crab from Malagash clustered
distinctly from the shell microbiome of rock crab from the same

location. But, as seen in the previous analyses, distinct clustering was
also present when looking at the shell microbial composition in
different locations. The PERMANOVA analysis for all distances
showed significant group differences by location (rock crab only)
and host species (Malagash only) (Figure 5).
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Alpha diversity indices of shell microbiome from rock crab (C. irrotatus) sampled in three locations in Atlantic Canada next to the respective seawater
control (SW) from that location. Chaol estimated species richness (A), Pielou's index of species evenness (B), and Shannon'’s index of diversity (C).

Frontiers in Marine Science

06 frontiersin.org


https://doi.org/10.3389/fmars.2023.1152544
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Koepper et al.

10.3389/fmars.2023.1152544

A B Cc
Chao1- Estimated richness Pielou evenness Shannon diversity
o
4 - RE o °
o
g- B-
. N i
8- 8-
€1 ~
o < °
R 21
Q o
o &4 ©
< Y g
o
& ©y e
. 0
T T T T T T T T T
& Q) A S S A S 3 N
{5\\) é\’b ,b@ '5\\) Q’(\’b ,5@ fs\\) e(\‘b ,&@'
& & & & & & & & &
§ & o N & o \x & &
& K & K3 & K
© -Q @ QO © O
& © & © & ©
O ® O @ ¢ @

FIGURE 4

Alpha diversity indices of shell microbiome from rock crab (C. irrotatus), green crab (C. maenas) and seawater control (SW) sampled in Malagash, NS.
Chaol estimated species richness (A), Pielou's index of species evenness (B), and Shannon'’s index of diversity (C).

4 Discussion

We present the first characterization of the shell microbiome of
apparently healthy rock (C. irrotatus) and green (C. maenas) crabs
in Canadian waters. Our results show that of the 20 most common
bacterial taxa making up the crab shell microbiome, 15 have not yet
been classified at the genus level by previous studies, hence
demonstrating the substantial gap in our understanding and
recording of marine microbes. This study provides important

novel insights into the microbial populations on brachyuran
carapaces and demonstrates that the microbial composition
differs by both the sampling location and host species, expanding
from the traditional view that surface microbiomes are governed
mainly by their environment.

Overall, the microbiome of the seawater controls featured
similar bacterial taxa as were observed in the carapace swab
samples, but had a lower relative abundance of these taxa, as well
as a lower microbial diversity, richness, and evenness. Taken
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together with the ordination plots, where seawater microbiome
samples clustered apart from the shell microbiome samples, it is
sensible to assume that the surface microbiome of the carapace
distinctly differs from what is present in the surrounding seawater
in terms of species composition. Some bacterial species may lack the
ability to live in the water column and need a surface to colonize, or
vice versa, which leads to differences in the microbiome between
swabs and control samples.

So far, lobsters (H. americanus) have been the main species of
focus regarding shell microbial research in the northwestern
Atlantic (Chistoserdov et al., 2012; Meres et al., 2012; Quinn
et al., 2013). The bacterial classes that were found, with high
frequencies of Alpha- and Gammaproteobacteria, on rock and
green crabs were also identified on wild U.S. and Canadian
lobster carapaces in culture-independent high throughput (Meres
et al, 2012) and medium throughput (Chistoserdov et al., 2012;
Quinn et al,, 2013) approaches. Here, two of the most common
bacterial genera on rock and green crab were Aquimarina and
Maribacter (Flavobacteriia) which have been associated with shell
disease in lobsters from shell disease-affected regions in southern
New England (Chistoserdov et al., 2012; Meres et al., 2012).
Isolating these taxa from other apparently healthy crustacean
species in Atlantic Canada highlights the importance of microbial
monitoring to determine risk factors for shell disease occurrence in
local crustacean populations. In both humans and crustaceans,
certain bacteria in the gut and hemolymph microbiome have
been linked to higher immunity, survival and resistance against
pathogens (Daniels et al., 2010; Lawley and Walker, 2012; Wang
and Wang, 2015). Although evidence is still scarce, the composition
of the shell microbiome likely influences the susceptibility and
proliferation of dermal/shell disease in crustaceans (Chistoserdov
et al.,, 2012; Quinn et al., 2012).

Our sampling design enabled a spatial comparison of the shell
microbiome between the sampling locations of rock crabs, and an
interspecies comparison between rock and green crabs in one
location, Malagash. The regional comparison of rock crabs from
Charlo, Malagash and Tracadie, shows that alpha diversity indices
and microbial composition significantly differed between sampling
locations. As the shell microbiome interacts closely with the
surrounding seawater, its composition should be influenced by
regional differences in environmental conditions. Sampling
environments can shape the composition of the gut microbiome
of wild and farmed shrimp (Chen et al., 2017; Zhao et al., 2018). A
previous study on catfish found that the microbial structure of the
skin differed by sampling location (Chiarello et al., 2019). Tt is
suggested that biotic and abiotic factors, which likely differ
regionally, affect the population of microbes present in the
environment, in turn changing the bacterial taxa and population
structure of host microbiomes (Chen et al., 2017).

Arguably of equal importance, our analyses also revealed that
even in the same sampling location from the same sampling event,
the shell microbiome of rock and green crabs differed significantly
from each other. In the ordination plots, microbiome samples from
the rock crabs form one large cluster with the three locations as
subclusters that overlap to some extent, while samples from green
crabs are somewhat separate. This indicates that the rock crab
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microbiome from Malagash is more similar to rock crab
microbiomes from other locations than it is to the green crab
microbiome from the same location. This is the first inter-species
comparison of crustacean shell microbiomes, though a previous
study has found differences in surface microbiota between two ant
species (Birer et al,, 2017), and that it can be shaped by host
genotypes in fish (Boutin et al., 2014). It has also been shown that
crustaceans are able to regulate the microbial assembly in their gut
and the hemolymph (Cuellar-Gempeler and Leibold, 2018; Zhang
et al., 2018; Cuellar-Gempeler and Leibold, 2019; Cannicci et al.,
2020). It is hypothesized that harboring commensal bacteria in the
microbiome protects against disease agents (Scarborough et al,
2005; Wang and Wang, 2015).

Taken together with our results of certain host-specificity of
microbial taxa and given that the crustacean shell is the most
important protection against invading pathogens, it seems plausible
that rock and green crabs can select microbial communities that are
beneficial for host health and immunity. In the crustacean
hemolymph, as well as the human skin, the regulation of bacterial
growth or settlement is linked to the production of antimicrobial
factors (Handfield et al., 2018; Zhang et al., 2018). While it is not yet
clear if or how antimicrobials or specific taxa-promoting factors are
transported onto the shell, the pore canals in the crustacean shell are
a plausible source. Crustacean shell pore canals which likely
transport materials during moult (Cheng et al., 2008) may also be
involved in moving selective bacterial factors that promote the
colonization of certain bacterial taxa, to the shell.

While we accounted for unbalanced sampling and used
accomplished bioinformatics tools, it is important to acknowledge
the limitations of this study. It needs to be noted that the rock crabs
were not sampled at the same time. Rock crabs were sampled in
August from Tracadie (PEI), in September from Charlo (NB) and in
October from Malagash (NS). This potentially results not only in
spatial effects on their shell microbiome but also temporal effects
due to temperature fluctuations or other seasonal factors. That
being said, the analysis of location effects was intended to assess the
influence of the environment on the shell microbiome. This would
include all environmental factors that are present at a geographical
location, such as water temperature, sampling depth and ocean
currents, which were not captured in this study but likely influence
the shell microbiome of crustaceans. As with all marker gene
analyses, sequencing of the 16S bacterial gene is associated with
an inherent degree of primer bias, as primers have unequal affinities
for different sequences that lead to certain bacterial genes being
amplified more than others (Knight et al, 2018). To minimize
primer bias and enable comparability of our results to other
microbiome studies using similar methods, we used well-validated
primers, standardized sample processing methods and sequencing
protocols as well as advanced bioinformatic tools.

5 Conclusion

Using next-generation sequencing and open-source
bioinformatic tools, we provide evidence that the shell microbial
community of two crustacean species is affected by geographical
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factors and appears to be host species-specific. While the seawater
control samples share a similar microbial community on class level
with shell swab samples (Alpha- and Gammaproteobacteria,
Flavobacteriia), not many taxa were shared on the lower
taxonomic levels the microbial diversity of seawater samples was
markedly lower. This means that the shell microbiome is
determined by a combination of microorganisms present in the
surrounding seawater, and inherent factors controlled by the host.
Our results contribute to the understanding of the complex
relationships that influence marine microbiomes and the role of
host regulation on the composition of their associated surface
microbial communities.
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