
Sea Cucumber Intestinal Regeneration Reveals Deterministic
Assembly of the Gut Microbiome

Brooke L. Weigela

aCommittee on Evolutionary Biology, University of Chicago, Chicago, Illinois, USA

ABSTRACT The gut microbiome has far-reaching effects on host organism health,
so understanding the processes that underlie microbial community assembly in the
developing gut is a current research priority. Here, a holothurian (also known as sea
cucumber; phylum Echinodermata) host is explored as a promising model system for
studying the assembly of the gut microbiome. Holothurians have a unique capacity
for evisceration (expulsion of the internal organs), followed by rapid regeneration of
the gut, decoupling host ontogeny from gut tissue development and permitting ex-
perimental manipulation of the gut microbiome in mature host individuals. Here,
evisceration was induced in the sea cucumber Sclerodactyla briareus, and regenerat-
ing stomach and intestine microbiomes were characterized before and on days 0,
13, 17, and 20 after evisceration using Illumina sequencing of 16S rRNA genes. Re-
generating stomach and intestine tissues had microbial communities significantly
different from those of mature tissues, with much higher alpha diversity and even-
ness of taxa in regenerating tissues. Despite immersion in a diverse pool of sedi-
ment and seawater microbes in flowthrough seawater aquaria, regenerating gut mi-
crobiomes differed at each stage of regeneration and displayed a highly similar
community structure among replicates, providing evidence for deterministic host se-
lection of a specific microbial consortium. Moreover, regenerating gut tissues ac-
quired a microbiome that likely conferred energetic and immune advantages to
the sea cucumber host, including microbes that can fix carbon and degrade invad-
ing pathogens.

IMPORTANCE The gut microbiome is pertinent to many aspects of animal health,
and there is a great need for natural but tractable experimental systems to examine
the processes shaping gut microbiome assembly. Here, the holothurian (sea cucum-
ber) Sclerodactyla briareus was explored as an experimental system to study micro-
bial colonization in the gut, as S. briareus individuals have the ability to completely
eviscerate and rapidly regenerate their digestive organs. After induced evisceration,
microbial community assembly was characterized over 20 days in regenerating ani-
mals. This study demonstrated that colonization of the sea cucumber gut was deter-
ministic; despite immersion in a diverse consortium of environmental microbes, a
specific subset of microbes proliferated in the gut, including taxa that likely con-
ferred energetic and immune advantages to the host. Sea cucumbers have the po-
tential to revolutionize our understanding of gut microbiome assembly, as rapid and
repeatable gut tissue regeneration provides a promising and tractable experimental
system.

KEYWORDS holothurian, community assembly, gut microbiome, host-microbe,
intestinal colonization, tissue regeneration

In most animals, the gut microbiome is pertinent to almost all aspects of host health
(1, 2), including metabolism and digestion, the immune system, and even behavior

(3). Perturbations or abnormal development of the gut microbiome are associated with
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various gastrointestinal and metabolic diseases (1, 2); thus, a better understanding of
how the gut microbiome develops in animals may be critical to the treatment of some
chronic diseases. The assembly of the gut microbiome can be shaped by maternal
transmission, host genetic factors, or a combination of host-microbe and microbe-
microbe interactions (1, 4). For example, the gut microbiota can be altered by host
nutrient secretions (5), host diet (6), or through microbe-microbe interactions such as
metabolite secretion (7) or the reduction in oxygen availability by primary colonizing
microbes (8). Many studies have used germfree animals to artificially induce gut
microbial community assembly (9), and other studies track microbial community
development from birth through infancy in humans (10–12). Here, a holothurian (sea
cucumber) system was explored to study colonization and community assembly in the
gut microbiome of mature hosts under natural conditions, using regeneration to
separate the development of the gut from the ontogeny of the host organism. Sea
cucumbers are echinoderms, closely related to chordates within the deuterostome phy-
logeny (13), making them a particularly attractive invertebrate model for gut microbiome
research. Furthermore, invertebrate microbiomes may be simpler than vertebrate micro-
biomes, making them tractable systems, yet there is a dearth of information about the
invertebrate gut microbiome (14).

Holothurians are well known for their remarkable ability to eviscerate most of their
internal organs, including the digestive tract, using specialized mutable connective
tissue (15). The adaptive significance of sea cucumber evisceration is still uncertain;
while evisceration occurs in the presence of predators for some holothurians (16),
others eviscerate seasonally (17), or evisceration may be a mechanism for the host to
expel internal parasites (18). After expulsion of their internal organs, holothurians
regenerate the lost viscera at a remarkable rate, in as little as 7 days, beginning with the
digestive tract (15). Many holothurians are deposit feeders, consuming bacteria and
organic matter in the sediment (19); they have a significant impact on organic matter
decomposition and nutrient cycling in soft substrate marine ecosystems (20). Some of
the microbes that enter the holothurian gut evade consumption and populate the sea
cucumber foregut, where they flourish (19). Sea cucumbers can begin feeding as early
as 16 days post-evisceration (21), making them an ideal system to study microbial
colonization of the gut.

Immense quantities of sediment pass through the sea cucumber gut; thus, the gut
microbiome may play essential roles in preventing pathogenic microbial colonization,
metabolizing organic matter in the ingested sediment, or producing essential vitamins
(22, 23). However, few studies have characterized the gut microbiome of sea cucumbers
(24), and most presently available studies examined the microbiome of the commer-
cially valuable sea cucumber Apostichopus japonicus (22, 25–30). Two studies examined
the regenerating gut microbial communities of A. japonicus (23, 29), demonstrating that
the composition of the gut microbiome changes rapidly during visceral regeneration,
yet further study with increased replication is clearly warranted to understand the
processes driving microbial community assembly in this system. The deposit-feeding
sea cucumber Sclerodactyla briareus lives in muddy sediments along the continental
shelf of the western Atlantic Ocean (31). S. briareus burrows into the sediment and feeds
by extending its oral tentacles, which collect particles of sediment, microbes, and
organic debris from the seawater or sediment surface (32). Evisceration of S. briareus
can be rapidly induced with KCl, leading to anterior expulsion of the viscera (33) and
regeneration of intestinal tissues within 20 days (21). Here, S. briareus is explored as a
system for studying community assembly in the regenerating gut microbiome.

S. briareus individuals were collected from two different estuarine ponds with
distinct sediment microbial communities, stimulated to eviscerate, and allowed to
regenerate their lost viscera in a flowthrough seawater tank environment. The aims of
this study were to (i) describe the pattern of microbial colonization of the holothurian
stomach and intestine during regeneration on days 13, 17, and 20 post-evisceration, (ii)
test whether newly formed stomach and intestine microbial communities resemble the
initial condition of the mature microbiomes, (iii) examine the influence of the historical
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environment on microbial community assembly by regenerating S. briareus individuals
collected from two different sediment environments in a common sediment environ-
ment, and (iv) determine whether the stomach and intestine microbiomes are ran-
domly or deterministically assembled from the pool of potential colonizing microbes.

RESULTS
Sea cucumber visceral regeneration in 20 days. The first S. briareus individual was

dissected after 7 days, and it contained only white mesentery tissue and no visible
stomach or intestine. By day 13, dissection revealed that all S. briareus individuals had
yellow developing intestine tissue, surrounded by white mesentery tissue. On day 13,
only one individual out of 13 had begun feeding, indicated by the presence of sediment
in the intestine. By day 17, all dissected S. briareus individuals had regenerated a
calcareous ring, stomach, and intestine, and 2 out of 6 individuals had begun feeding.
By day 20, all S. briareus individuals had regenerated a stomach and intestine, and all
13 individuals had been feeding. While the stomach and intestine were regenerated by
day 20, the regenerated intestine lacked the red color present in the mature intestine
(Fig. 1A) that is indicative of blood vessels surrounding the intestine. The regener-
ated intestines were smaller in length and thinner in diameter than the mature
intestine (Fig. 1B).

Microbial communities in stomach, intestine, and environmental samples. After
sequence quality control and processing, the final data set contained 185 samples and
1,258,000 amplicon sequences, collected from 38 environmental samples and 51 S.
briareus individuals. In this study, 16S rRNA gene sequences were grouped into
amplicon sequence variants (ASVs), which are analogous to operational taxonomic
units (OTUs) but do not impose arbitrary sequence similarity thresholds. As reflected by
the divergent clusters among sample types in the nonmetric multidimensional scaling
(NMDS) plot (Fig. 2), microbial communities from stomach, intestine, sediment, algae
and seagrass, and seawater sources were significantly different (permutational multi-
variate analysis of variance [PERMANOVA], df � 6, total df � 184, pseudo-F � 11.86,
P � 0.001) (Table 1). Overall, S. briareus stomach and intestine microbial communities
were distinct from all environmental sources (Table 1), including both seawater and
sediment microbial communities (Fig. 2). Sea cucumber microbiomes were also distinct
from algae- and seagrass-associated microbial communities (Fig. 2), despite intimate
association with these primary producers in the environment at each site. Overall,
stomach and intestine microbial communities were more similar to sediment than to
seawater or algae and seagrass microbial communities (Fig. 2); stomach samples shared
a higher percentage of ASVs with sediment samples (12.9 to 42.7%) than with
seawater (3.4 to 17.7%), and intestine microbial communities displayed the same
trend (see Table S1 in the supplemental material). Stomach and intestine samples
shared the lowest proportion of ASVs with the alga Gracilaria sp. and the seagrass
Zostera marina (Table S1).

FIG 1 Photographs of eviscerated stomach and intestine tissues from a mature S. briareus individual (A)
and a longitudinally dissected S. briareus individual revealing regenerated stomach and intestine tissues
after 20 days in the experimental tank (B). There is evidence of feeding by the specimen in panel B, i.e.,
brown ingested material is visible in the stomach and intestine.
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Mature stomach and intestine microbial communities displayed significantly differ-
ent community structures, although the dispersion of variance was unequal between
the two groups (Table 1), cautioning against the validity of the comparison. Neverthe-
less, the compositions of the mature stomach and intestine microbiomes were quite
distinct at both the phylum and order levels (Fig. 3 and 4). The stomach microbiome of
mature S. briareus individuals (initial condition and tank control individuals) was
comprised mostly of the phylum Bacteroidetes (mean relative abundance, 47% in the
stomach versus 8% in the intestine), while the mature intestinal microbiome contained
mostly Proteobacteria (56% in the intestine versus 25% in the stomach) (Fig. 3). Both

FIG 2 Nonmetric multidimensional scaling (NMDS) plot of microbial communities from mature (initial
and tank control) and regenerating stomach (circles) and intestine (triangles) tissues, seawater and
sediment from the environment and the experimental tank (squares), and algae (Gracilaria sp.) and
seagrass (Zostera marina) from the pond collection sites (squares). Note that regenerating stomach
and intestine tissues include days 13, 17, and 20 of regeneration.

TABLE 1 Pairwise comparisons of beta diversity among stomach, intestine, and
environmental microbial communitiesa

Multivariate pairwise test comparison df

PERMANOVA PERMDISP

t P t P

Mature stomach vs mature intestine 95 5.79 0.001* 5.58 0.001*
Regenerating stomach vs regenerating intestine 44 1.24 0.068 2.57 0.04*
Mature stomach vs regenerating stomach 65 4.02 0.001* 1.64 0.18
Mature intestine vs regenerating intestine 74 3.36 0.001* 0.34 0.79
Mature stomach vs regenerating intestine 75 4.10 0.001* 5.16 0.001*
Mature intestine vs regenerating stomach 64 3.36 0.001* 2.41 0.03*
Seawater vs mature stomach 62 4.57 0.001* 3.79 0.004*
Seawater vs regenerating stomach 31 2.83 0.002* 1.98 0.08
Seawater vs mature intestine 61 3.28 0.001* 0.15 0.92
Seawater vs regenerating intestine 41 2.62 0.001* 0.49 0.68
Sediment vs mature stomach 68 4.16 0.001* 3.47 0.003*
Sediment vs regenerating stomach 37 1.76 0.004* 1.40 0.32
Sediment vs mature intestine 67 3.35 0.001* 0.57 0.62
Sediment vs regenerating intestine 47 1.72 0.007* 0.80 0.53
Sediment vs seawater 34 2.23 0.001* 0.36 0.78
Algae, seagrass vs mature stomach 53 3.82 0.001* 1.69 0.16
Algae, seagrass vs regenerating stomach 22 2.77 0.001* 0.57 0.66
Algae, seagrass vs mature intestine 52 2.58 0.001* 1.02 0.36
Algae, seagrass vs regenerating intestine 32 2.34 0.001* 1.42 0.31
Algae, seagrass vs seawater 19 2.34 0.001* 1.91 0.29
Algae, seagrass vs sediment 25 2.43 0.001* 0.51 0.68
aDenominator degrees of freedom are listed for all pairwise comparisons, and significant P values (�0.05) are
indicated with asterisks. PERMDISP tests were conducted to ensure that significant PERMANOVA results
were not due to unequal dispersion of variability among groups. Algae and seagrass include the red algae
Gracilaria sp. and the seagrass Zostera marina. t, t statistic of the pairwise PERMANOVA test.
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stomach and intestine microbial communities contained similar abundances of the
phylum Epsilonbacteraeota (11 to 12%) (Fig. 3; Table 2). Mature stomach microbial
communities were dominated by the bacterial orders Cytophagales (38%) and Campy-
lobacterales (12%) from the phyla Bacteroidetes and Epsilonbacteraeota, respectively
(Fig. 4B; Table 2). In contrast, mature intestinal microbial communities were dominated
by the order Campylobacterales (11%) and by an unknown Alphaproteobacteria (36%)
(Fig. 4A; Table 2). Interestingly, members of the order Rickettsiales reached a high
abundance in the mature intestinal microbiome of select individuals, mostly tank
controls, yet they were noticeably absent from the stomach and the regenerating
intestinal microbiomes (Fig. 4; Table 2). The three most abundant ASVs from the mature
stomach and intestine microbiomes included one uncultured Bacteroidetes from the
family Cyclobacteriaceae, an unknown Alphaproteobacteria, and a Sulfurovum sp. from
the phylum Epsilonbacteraeota.

Similar to the mature stomach and intestine microbiomes, the regenerating stom-
ach and intestine microbiomes were comprised mainly of the phyla Proteobacteria,
Bacteroidetes, and Epsilonbacteraeota (Fig. 3). However, at lower taxonomic levels such
as order, the regenerating stomach and intestine microbial communities were much
more diverse than the mature microbiomes (Fig. 4). Rather than being dominated by a
few taxonomic orders, the regenerating stomach and intestine communities were
comprised of �10 orders, with relatively even representation across replicate samples
(Fig. 4). These trends were also quite evident at the ASV level. Within mature stomach
and intestine microbiomes, only five and three ASVs, respectively, made up 50% of the
total microbial community, while in the regenerating stomach and intestine micro-
biomes, 54 and 67 ASVs, respectively, made up 50% of the community. The regener-
ating stomach microbiome was dominated by the orders Campylobacterales (13.7%),
Desulfobacterales (7.3%), Flavobacteriales (6.2%), and Bacteroidales (4.3%), while regen-
erating intestine tissues were dominated by the orders Campylobacterales (10%),
Flavobacteriales (5.3%), Desulfobacterales (4.8%), Coxiellales (3.5%), Rhodobacterales
(3.4%), and Bacteroidales (3.0%) (Fig. 4).

FIG 3 Relative abundance barplots of sea cucumber microbial communities from replicate intestine (A) and stomach (B) samples over
regeneration time. Colors represent microbial phylum-level taxonomy.
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Seawater and sediment microbial communities were also dominated by Proteobac-
teria and Bacteroidetes at the phylum level, but they were quite distinct from S. briareus
microbial communities at lower taxonomic levels (Table 2; Fig. S1). Sediment microbial
communities were dominated by the orders Campylobacterales (13%), Desulfobacterales
(10%), Flavobacteriales (6%), and Bacteroidales (6%) (Fig. S1). Seawater samples were
composed primarily of the orders Flavobacteriales (21%), Rhodobacterales (10%), the
SAR11 clade (9%), Verrucomicrobiales (9%), and Synechococcales (7%) (Fig. S1). The
dominant bacterial order found in the stomach, Cytophagales, was present at only 2%
and �1% abundance in sediment and seawater microbial communities, respectively
(Table 2). Likewise, the most abundant microbe in the intestine, an unknown alpha-
proteobacterium, comprised only 5% or less of sediment and seawater microbial
communities (Table 2).

Tank residence, but not field collection site, affected gut microbial communi-
ties. Despite collection from distinct ponds, the initial stomach and intestine microbial
communities were not affected by collection site (PERMANOVA pairwise comparisons,
P � 0.10 for stomach, P � 0.45 for intestine) (Table 3). Seawater samples collected from
the two ponds also did not differ (Table 3), likely reflecting the connectivity of the two
estuarine ponds. In contrast, sediment samples collected from Jehu and Hamblin Ponds
were significantly different (Table 3). The tank environment contained a different pool
of sediment and seawater microbes than the pond collection sites. The seawater
collected from each of the two ponds differed significantly from the flowthrough tank
seawater (Table 3). Surprisingly, although the tank sediment was sourced from Hamblin
Pond, tank sediment sampled on days 13, 17, and 20 differed significantly from
field-collected Hamblin and Jehu Pond sediment (Table 3).

Living in the flowthrough seawater tank for 20 days significantly altered the stomach
and intestine composition of actively feeding S. briareus individuals (tank controls)
compared to the initial condition of the field-collected mature microbiomes (Table 4,
see tank control versus initial). However, the stomach microbiome of tank controls

FIG 4 Relative abundance barplots of sea cucumber microbial communities from replicate intestine (A) and stomach (B) samples over
regeneration time. Colors represent microbial order-level taxonomy. Note that the first taxon is a single ASV that was unclassified at the order
level but is classified as a member of the Alphaproteobacteria.
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differed from the initial stomach microbiome only at Jehu Pond, not at Hamblin Pond
(Table 3). The intestinal microbiome displayed the opposite trend; tank controls differed
from initial intestinal microbiomes at Hamblin Pond but not at Jehu Pond (Table 3).
Despite differences, the taxonomic composition of the tank control stomach and
intestine microbial communities resembled that of the initial, field-collected micro-
biomes at the phylum and order levels (Fig. 3 and 4). Mature microbiomes from tank
control and field-collected individuals also occupy overlapping regions in the NMDS
plot (Fig. 2), indicating similarities in community structure. Despite the finding that tank
residence altered mature stomach and intestine microbiomes, tank control micro-
biomes were significantly different from regenerating microbiomes on each day of
regeneration (Table 4); thus, changes in the regenerating microbiomes were not simply
the result of a tank effect.

Patterns in microbial colonization of the regenerating stomach and intestine.
Regenerating stomach and intestine microbial communities were significantly different
from those of the mature stomach and intestine at each stage of regeneration (Table
4; Fig. 5). Regenerating S. briareus individuals garnered a unique microbial composition
compared to those with a fully developed digestive tract (initial condition) (Table 4),
including individuals with a fully developed digestive tract placed in the same envi-
ronment as the regenerating animals (tank controls) (Table 4), suggesting that the
regeneration process fosters a novel microbial community. Further, the regenerating

TABLE 2 Relative abundances of the top 10 phyla, classes, and orders of microbes found
in all stomach and intestine samplesa

Taxonomic grouping

Relative abundance (�SD) in:

Stomach Intestine Sediment Seawater

Phylum
Bacteroidetes 0.47 (�0.32) 0.08 (�0.06) 0.16 (�0.04) 0.39 (�0.03)
Proteobacteria 0.25 (�0.17) 0.56 (�0.28) 0.45 (�0.02) 0.24 (�0.04)
Epsilonbacteraeota 0.12 (�0.10) 0.11 (�0.14) 0.10 (�0.04) 0.02 (�0.01)
Tenericutes 0.05 (�0.13) 0.04 (�0.13) �0.01 (�0.01) �0.01 (�0.01)
Chloroflexi 0.02 (�0.02) 0.01 (�0.02) 0.07 (�0.03) �0.01 (�0.01)
Planctomycetes 0.02 (�0.02) 0.03 (�0.03) 0.02 (�0.01) 0.01 (�0.01)
Acidobacteria 0.01 (�0.01) 0.02 (�0.02) 0.04 (�0.01) �0.01 (�0.01)
Firmicutes 0.01 (�0.04) 0.02 (�0.04) �0.01 (�0.01) �0.01 (�0.01)
Verrucomicrobia 0.01 (�0.01) 0.01 (�0.03) �0.01 (�0.01) 0.16 (�0.05)
Actinobacteria 0.01 (�0.01) 0.02 (�0.02) �0.01 (�0.01) 0.05 (�0.02)

Class
Bacteroidia 0.47 (�0.32) 0.08 (�0.06) 0.14 (�0.04) 0.39 (�0.03)
Gammaproteobacteria 0.14 (�0.10) 0.15 (�0.13) 0.26 (�0.03) 0.05 (�0.01)
Campylobacteria 0.12 (�0.10) 0.11 (�0.14) 0.10 (�0.04) 0.02 (�0.01)
Deltaproteobacteria 0.07 (�0.05) 0.05 (�0.05) 0.18 (�0.01) 0.02 (�0.01)
Mollicutes 0.05 (�0.13) 0.04 (�0.13) �0.01 (�0.01) �0.01 (�0.01)
Alphaproteobacteria 0.04 (�0.05) 0.36 (�0.37) �0.01 (�0.01) 0.17 (�0.04)
Anaerolineae 0.02 (�0.02) 0.01 (�0.02) 0.06 (�0.03) �0.01 (�0.01)
Planctomycetacia 0.01 (�0.01) 0.02 (�0.03) �0.01 (�0.01) 0.01 (�0.01)
Verrucomicrobiae 0.01 (�0.01) 0.01 (�0.03) �0.01 (�0.01) 0.16 (�0.05)
Clostridia 0.01 (�0.03) 0.02 (�0.03) �0.01 (�0.01) �0.01 (�0.01)

Order
Cytophagales 0.38 (�0.37) 0.02 (�0.02) 0.02 (�0.01) �0.01 (�0.01)
Campylobacterales 0.12 (�0.10) 0.11 (�0.14) 0.10 (�0.04) 0.02 (�0.01)
Entomoplasmatales 0.05 (�0.13) 0.04 (�0.13) �0.01 (�0.01) �0.01 (�0.01)
Flavobacteriales 0.05 (�0.04) 0.03 (�0.03) 0.04 (�0.02) 0.28 (�0.09)
Desulfobacterales 0.05 (�0.04) 0.04 (�0.04) 0.11 (�0.01) �0.01 (�0.01)
Cellvibrionales 0.02 (�0.02) 0.02 (�0.02) 0.02 (�0.01) 0.02 (�0.01)
Bacteroidales 0.02 (�0.02) 0.02 (�0.02) 0.06 (�0.01) �0.01 (�0.01)
Pirellulales 0.01 (�0.01) 0.02 (�0.02) �0.01 (�0.01) �0.01 (�0.01)
Clostridiales 0.01 (�0.03) 0.02 (�0.03) �0.01 (�0.01) �0.01 (�0.01)
Rickettsiales �0.01 (�0.01) 0.08 (�0.20) �0.01 (�0.01) �0.01 (�0.01)

aThe sediment and seawater columns of data display the abundances of these host-associated microbes in
environmental samples.
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stomach and gut microbiomes were significantly different from those of both sediment
and seawater sources (Table 1), suggesting host selection during tissue regeneration.
While the mature stomach and intestine microbiomes of S. briareus individuals differed
significantly from one another, tissue regeneration resulted in a convergence of
microbial communities from the regenerating stomach and intestine tissues (Table 1).

TABLE 3 Pairwise comparisons of beta diversity of samples by sitea

Multivariate pairwise test comparison df

PERMANOVA PERMDISP

t P t P

Stomach
Jehu vs Hamblin 35 1.52 0.10 4.98 0.97
Tank control vs Jehu 28 2.29 0.01* 1.12 0.35
Tank control vs Hamblin 29 1.11 0.25 0.98 0.46

Intestine
Jehu vs Hamblin 34 0.95 0.45 1.04 0.44
Tank control vs Jehu 28 1.37 0.09 1.25 0.29
Tank control vs Hamblin 28 1.52 0.04* 5.98 0.96

Sediment
Jehu vs Hamblin 7 2.45 0.01* 2.34 0.04*
Tank vs Jehu 10 1.54 0.01* 4.13 0.01*
Tank vs Hamblin 9 3.17 0.01* 2.02 0.23

Seawater
Jehu vs Hamblin 4 5.64 0.12 1.04 0.60
Tank vs Jehu 10 2.30 0.02* 9.32 0.008*
Tank vs Hamblin 10 2.24 0.02* 9.72 0.004*

aPairwise comparisons were of Jehu and Hamblin Ponds with the experimental tank for mature (initial and
tank control) stomach and intestine microbial communities and for sediment and seawater microbial
communities. Denominator degrees of freedom are listed for all pairwise comparisons, and significant P
values (�0.05) are indicated with asterisks. PERMDISP tests were conducted to ensure that significant
PERMANOVA results were not due to unequal dispersion of variability among groups. t, t statistic of the
pairwise PERMANOVA test.

TABLE 4 Pairwise comparisons of beta diversity among regenerating stomach and
intestinal microbial communities over timea

Multivariate pairwise test comparison df

PERMANOVA

t P

Stomach
Initial (day 0) vs day 17 40 2.42 0.001*
Initial (day 0) vs day 20 45 3.59 0.001*
Day 17 vs day 20 15 1.49 0.018*
Tank control vs initial (day 0) 45 1.85 0.023*
Tank control vs day 17 15 3.06 0.001*
Tank control vs day 20 20 4.39 0.001*

Intestine
Initial (day 0) vs day 13 43 2.50 0.001*
Initial (day 0) vs day 17 39 1.87 0.004*
Initial (day 0) vs day 20 43 2.78 0.001*
Day 13 vs day 17 14 1.14 0.15
Day 13 vs day 20 18 1.85 0.002*
Day 17 vs day 20 14 1.07 0.215
Tank control vs initial (day 0) 44 1.55 0.035*
Tank control vs day 13 19 2.30 0.001*
Tank control vs day 17 15 1.69 0.005*
Tank control vs day 20 19 2.78 0.001*

aDenominator degrees of freedom are listed for all pairwise comparisons, and significant P values (�0.05) are
indicated with asterisks. The overall PERMDISP tests for stomach and intestine were not significant; thus,
pairwise tests for unequal dispersion of variability among groups were not conducted. t, t statistic of the
pairwise PERMANOVA test.
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The regenerating stomach microbiome of S. briareus did not differ by site (two-way
PERMANOVA, df � 1, total df � 66, pseudo-F � 2.20, P � 0.073), while regeneration
stage significantly influenced stomach microbial community composition (df � 3, total
df � 66, pseudo-F � 8.33, P � 0.001) (Fig. 5A). The regenerating intestinal microbiome
displayed the same trend: site did not affect microbial community composition (two-
way PERMANOVA, df � 1, total df � 75, pseudo-F � 1.18, P � 0.284), but intestine
communities differed significantly over regeneration time (df � 4, total df � 75, pseu-
do-F � 4.61, P � 0.001) (Fig. 5B). Further, the differences in stomach and intestine
microbial communities over regeneration time were not due to unequal dispersion of
variance (permutation tests for homogeneity of multivariate dispersions [PERMDISP],
P � 0.064 for stomach, P � 0.145 for intestine).

Pairwise tests revealed that the stomach microbiome had a significantly different
microbial community composition on each day that it was sampled during regenera-
tion (initial versus day 17 versus day 20) (Table 4; Fig. 5A). Intestinal microbial com-
munities on days 13, 17, and 20 were significantly different from those of the initial
condition (Fig. 5B); however, intestinal microbial community composition did not differ
significantly between days 13 and 17 and between days 17 and 20 (Table 4). In contrast,
tank sediment and seawater microbial communities did not change over time (Fig. S1)
(PERMANOVA, df � 2, total df � 8; pseudo-F � 1.25, P � 0.017 for sediment; pseudo-
F � 6.35, P � 0.004 for seawater; but P � 0.10 for all pairwise comparisons between
days), demonstrating that the regenerating sea cucumber gut displayed temporal
changes despite static environmental source microbial pools.

Differentially abundant ASVs during stomach and intestine regeneration. Anal-
ysis of composition of microbiomes (ANCOM) tests identified differentially abundant
ASVs over time in regenerating stomach and intestine microbial communities. Inter-
estingly, Cytophagales was the dominant bacterial order in initial and tank control
stomach microbial communities but was present only at very low abundances (�3%)
in regenerating stomachs (Fig. 4B). In the stomach microbiome, two sequence variants
from the family Cyclobacteriaceae (order Cytophagales) were differentially abundant
over time (Fig. 6A). One Cyclobacteriaceae ASV was extremely abundant (�50% of the
community) in tank control and initial condition stomachs but was nearly absent in
regenerating stomachs (Fig. 6A), despite its presence in the tank sediment. The other
Cyclobacteriaceae ASV, although far less abundant, increased over time in regenerating
stomach microbial communities (Fig. 6A).

In the intestine of regenerating S. briareus individuals, 7 ASVs displayed significantly
different abundances over time. Notably, two ASVs from the order Rickettsiales (families
Rickettsiaceae and Midichloriaceae) displayed high abundances in mature intestinal

FIG 5 Nonmetric multidimensional scaling (NMDS) plot of microbial communities from stomach (A) and intestine
(B) tissues over regeneration time.
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microbial communities but were nearly absent (�1% abundant) from regenerating
intestinal communities (Fig. 6B). Likewise, one unknown Alphaproteobacteria ASV was
very abundant in initial and tank control intestines (�25% of the community) but was
absent from regenerating S. briareus intestines (Fig. 6B). In contrast, one ASV from the
order Cytophagales was nearly absent in initial intestine microbial communities but
increased in abundance during regeneration (Fig. 6B). Two ASVs, “Candidatus Spiro-
plasma holothuricola” (phylum Tenericutes) and a member of the phylum Spirochaetes,
displayed high abundances on day 13 of intestine regeneration. Finally, one ASV in the
genus Thiovulum was significantly more abundant in the intestines of tank control S.
briareus individuals (Fig. 6B).

Balls of sediment were observed within the coelomic cavity of some regenerating S.
briareus individuals on days 17 and 20 (Fig. S2). While the ASV classified as “Candidatus
Spiroplasma holothuricola” was not detected at all in the tank sediment and was
detected only at extremely low abundances (�0.00002%) in the sediment collected at
the ponds, it was the predominant ASV detected in the samples of sediment found
within the coelomic cavity of S. briareus individuals (Fig. S2). Other taxa found within

FIG 6 Mean relative abundances of ASVs from stomach (n � 2 ASVs) (A) and intestine (n � 7 ASVs) (B) microbial
communities that displayed significantly different abundances over regeneration time with ANCOM tests. The
lowest taxonomic classification for each ASV is indicated above the plot.
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the sediment inside S. briareus included Sulfurovum sp., Actinomarina sp., and a
cyanobacterium in the family Phormidesmiaceae.

Regenerating stomach and intestine microbiomes display increased diversity
and evenness. During gut regeneration, microbial alpha diversity increased over time
in both stomach and intestine tissues relative to the mature microbiomes (Fig. 7). Mean
ASV richness was significantly affected by both sample type (stomach versus intestine)
and regeneration day (two-way ANOVA, error df � 137; df � 1, F � 6.48, P � 0.012 for
type; df � 4, F � 17.4, P � 0.001 for day). On average, stomach tissues from S. briareus
individuals hosted a greater number of ASVs per sample (232 � 19) than intestine
tissues (179 � 18). In the regenerating stomach and intestine, ASV richness increased
over time relative to the initial condition, reaching a peak on day 20 (Fig. 7A and B).
Microbial community evenness also increased during regeneration. Pielou’s evenness
index did not differ in stomach versus intestine samples but was significantly affected
by regeneration day (two-way ANOVA, error df � 137; df � 1, F � 0.21, P � 0.65 for
type; df � 4, F � 18.9, P � 0.001 for day). Pielou’s evenness index was significantly
higher on days 13, 17, and 20 than it was in initial condition and tank control microbial
communities (Fig. 7C and D).

Similarity to the mature microbiome increased over time during gut regener-
ation. Comparing the mean pairwise dissimilarity between S. briareus individuals from
each day of regeneration to their initial conditions demonstrated that the regenerating
intestinal microbiome became more similar to the initial condition over time. Tank
control microbiomes were more similar to the initial condition than to regenerating
microbiomes (Fig. 8). The intestinal microbiome reached maximum dissimilarity from
the initial condition on day 17 and became more similar to the initial condition by day

FIG 7 Alpha diversity indices, including mean ASV richness for intestine (purple) (A) and stomach
(orange) (B) microbial communities and mean Pielou’s evenness for intestine (purple) (C) and stomach
(orange) (D) microbial communities over regeneration time. Different letters indicate significant differ-
ences in diversity indices with regeneration time (ANOVA pairwise comparisons, P � 0.05).
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20 (Fig. 8A). However, the regenerating stomach microbiome remained dissimilar from
the initial condition (Fig. 8B).

DISCUSSION
Complete intestinal regeneration and colonization by common gut symbionts.

The sea cucumber S. briareus followed a similar time course of regeneration in this
study to that reported by Kille in 1935 (21), who found that ingested stomach and
intestine contents were seen as early as 16 days after evisceration and “the first
specimen was seen feeding by means of its small, unpigmented, regenerated tentacles
20 days after autotomy” (21). In this study, S. briareus regenerated intestine tissues by
day 13 and stomach tissues by day 17, and all individuals began feeding on tank
sediment by day 20. The regeneration process in A. japonicus is also rapid, with intestine
tissues generated in as little as 10 days (29). With such rapid regeneration capabilities,
sea cucumbers provide ample opportunity to study microbial colonization of stomach
or intestine tissues during regeneration.

In this and other studies, the gut microbiome of sea cucumbers is comprised
primarily of Alphaproteobacteria, Gammaproteobacteria, and Deltaproteobacteria, as
well as the phylum Bacteroidetes (23, 25, 26, 28, 29, 34). Here, the stomach microbiome
of S. briareus was comprised of nearly 50% Bacteroidetes, while the intestinal micro-
biome consisted of 50% Proteobacteria. While this study only compared the stomach
and small intestine microbiota, different parts of the intestinal tract likely harbor
distinct microbiota. The small intestine of the sea cucumber Holothuria glaberrima was
also dominated by Proteobacteria and Bacteroidetes, while the large intestine was
dominated by Firmicutes (24). In this study, the stomach microbiome was dominated by
Bacteroidetes from the family Cyclobacteriaceae (order Cytophagales). These microbes
exploit diverse ecological niches and are not known to be gut symbionts, but they may
contribute to carbohydrate metabolism (35). The intestinal microbiome was dominated
by a single Alphaproteobacteria ASV of unknown classification, with only 87% sequence
similarity to an uncultured bacterium isolated from intertidal rocks (36), indicating that
the diversity of invertebrate gut symbionts is far from being well characterized. In
addition to Bacteroidetes and Alphaproteobacteria, members of the phylum Epsilonbac-
teraeota, formerly the class Epsilonproteobacteria (37), comprised 11% to 12% of the gut
microbiome in S. briareus and were also detected in the intestinal microbiome of A.
japonicus (30). The Epsilonbacteraeota associated with S. briareus belonged primarily to
the order Campylobacterales, which associate with the healthy human gut (38) and
dominate the gut microbiome of the sea urchin Lytechinus variegatus (39, 40).

FIG 8 Mean pairwise Bray-Curtis dissimilarities between each day of regeneration and the initial
condition (day 0) for intestine (purple) (A) and stomach (orange) (B) microbial communities. A lower
dissimilarity index indicates greater similarity to the initial condition. Different letters indicate significant
differences in dissimilarity indices with regeneration time (ANOVA pairwise comparisons, P � 0.05).
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Gut symbionts with potential energetic and immune system benefits were detected
in the regenerating microbiome of S. briareus. In the gut microbiome of A. japonicus,
functional genes responsible for carbohydrate metabolism, cell proliferation, and the
immune system were upregulated during regeneration, suggesting selection of a
beneficial microbiome by the host sea cucumber (23, 29). In this study, the most
prevalent Campylobacterales ASV associated with S. briareus was a Sulfurovum sp., a
strictly chemoautotrophic microbe that fixes carbon through sulfur oxidation (41, 42).
Sulfurovum has been isolated from deep-sea hydrothermal vents (41, 43, 44), where it
may provide supplemental nutrition to invertebrate hosts, including deep-sea crabs
(45), hydrothermal vent shrimp (46), and the enigmatic gutless tube worm Riftia
pachyptila (44). It is possible that chemoautotrophy may serve as a source of energy to
S. briareus during the energetically expensive process of visceral regeneration, but
further research is necessary to determine whether Sulfurovum provides the sea cu-
cumber host with supplemental nutrition. Further, “Candidatus Spiroplasma holothuri-
cola” was significantly enriched on day 13 of intestinal regeneration in S. briareus. The
genome of “Ca. Spiroplasma holothuricola,” isolated from the hindgut of a deep-sea sea
cucumber, contained CRISPR and restriction-methylation systems for destroying virus
particles and had a streamlined genome, suggesting that it may be endosymbiotic to
host cells (34). While it is possible that “Ca. Spiroplasma holothuricola” confers a
protective immune system within the regenerating intestine, further research is re-
quired to determine the functional interactions between this microbe and its sea
cucumber host.

The sea cucumber gut microbiome may also contain deleterious members. Rickett-
siales are known as intracellular endosymbionts that parasitize a diversity of inverte-
brates, most notably arthropods; however, they have also been detected in the
coelomic fluid of sea cucumbers (47). Alphaproteobacteria from the order Rickettsiales
were abundant in the intestinal microbiomes of certain S. briareus individuals, and they
were notably absent from the mature stomach and the regenerating stomach and
intestine microbiomes. Given the high abundance of Rickettsiales in the intestinal
microbiome of certain individuals, and absence in other individuals, it is possible that
Rickettsiales are opportunistic parasites in the sea cucumber gut.

Deterministic host filtering of microbial taxa in the sea cucumber intestinal
microbiome. Sea cucumber stomach and intestine microbiomes were distinct from
environmental sources, including sediment, seawater, and algal microbial communities.
Selective consumption of some microbial taxa, and retention of others as symbionts,
occurs in diverse marine invertebrates and likely in sea cucumbers as well (25). Stomach
and intestine microbial communities of S. briareus were more similar to those of
sediment than to seawater or algal and seagrass microbial communities, reflecting their
role as a deposit feeder. Surprisingly, initial stomach and intestine microbial commu-
nities of S. briareus did not differ by collection site, even though Jehu and Hamblin
Ponds contained distinct sediment microbial communities. S. briareus selected the
same consortium of stomach and intestine microbes, despite distinct sediment micro-
biomes, providing evidence for host filtering of microbial symbionts. Similarly, one
experiment that reciprocally transplanted the gut microbiomes of zebrafish and mice
demonstrated that microbial community composition is shaped by host selection,
regardless of the input community (9).

In addition to the deterministic process of selective host filtering from a diverse pool
of environmental microbes (48), the evisceration experiment revealed evidence for
deterministic assembly during the process of visceral regeneration. In contrast to
stochastic colonization of host-associated microbial communities, which leads to high
variability in community structure and taxonomic composition among replicate sam-
ples (49), regenerating sea cucumber stomach and intestine microbiomes displayed
strikingly similar relative abundances of many bacterial orders across replicate samples
on each day of regeneration (Fig. 4). While tank residence did alter the microbiomes of
tank control individuals in this experiment relative to those of field-collected individ-
uals, regenerating stomach and intestine microbiomes were always distinct from those
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of tank controls, indicating that changes in the regenerating microbiomes were not
simply the result of tank effects. In future experiments, allowing sea cucumbers to
regenerate gut microbiomes in their natural environment, or in a variety of distinct but
replicated tank sediment environments, would provide additional evidence that the
conversion of developing microbiomes is the result of deterministic processes. The
microbiome of the sea cucumber Holothuria glaberrima also displayed significant
differences between field-collected and aquarium-acclimated individuals, which were
posited as differences due to food availability or composition (24). In this study, the
sediment and seawater microbiomes of the tank environment differed significantly
from those of field-collected sediment and seawater, which likely contributed to the
differences in the microbiomes of actively feeding tank controls. Yet, the strikingly
diverse and reproducible community composition among replicate regenerating sea
cucumbers indicates that it is likely that the gut microbiome of S. briareus is shaped at
least in part by deterministic factors. Further, the intestinal microbiome became more
similar to the initial condition by day 20, portending a possible return to the initial
consortium of microbial taxa associated with mature intestine tissues. During A. japoni-
cus intestine regeneration, microbial community composition also became more similar
to the mature microbiome after 21 days (29). In the human gut, microbial community
assembly over the first 1 to 2 years is also nonrandom (10, 50), with a successional
sequence of microbes displaying enrichment in different functional traits, such as
oxygen tolerance, motility, and sporulation over time (8). It is possible that a combi-
nation of host-microbe and microbe-microbe interactions shapes the developing gut
microbiome over time, especially as increasing microbial diversity may promote syn-
trophy or metabolic cross-feeding, which could generate new opportunities for micro-
bial coexistence (51).

Enhanced microbial diversity and evenness of taxa in regenerating stomach
and intestine. Regenerating stomach and intestine microbial communities were dis-

tinct from mature microbial communities, with significantly different community struc-
ture, higher alpha diversity, and taxonomic divergence at the order level. Remarkably,
only 3 to 5 ASVs made up 50% of all sequence reads in the mature stomach and
intestine communities, while the combined abundances of the top 54 and 67 ASVs
made up 50% of the regenerating stomach and intestine microbiomes, respectively,
demonstrating the magnitude of this increased diversity and evenness in the regen-
erating gut microbiome. Similarly, the diversity of the intestinal microbiome in A.
japonicus was elevated in regenerating intestines compared to the initial condition (23,
29). Regenerating stomach and intestine microbial communities in S. briareus individ-
uals were distinct on each day, with the exception of intestinal microbial communities
between days 13 and 17 and days 17 and 20. In contrast, tank seawater and sediment
microbial communities did not display temporal differences. The intestinal microbiome
of A. japonicus also displayed significant temporal differences over 21 days of regen-
eration (29). In S. briareus gut microbiomes, the number of ASVs increased gradually
throughout regeneration time, while the evenness of taxa was much higher in all
regenerating stomach and intestine microbial communities than in mature micro-
biomes. In a report by Wang et al. (23), alpha diversity also increased over time,
reaching a maximum between days 15 and 25, and then declined. It is likely that given
more time, the diversity of the stomach and intestine microbiomes would have
decreased, as dominant, late-successional intestine symbionts become more numerous.
Interestingly, one Bacteroidetes ASV from the order Cytophagales dominated initial
stomach microbial communities but was nearly absent from regenerating stomachs,
despite its presence in the tank sediment. Likewise, one unknown Alphaproteobacteria
ASV was very abundant in initial intestines but absent from regenerating S. briareus
intestines, indicating that regenerating microbiomes were not immediately colonized
by the dominant symbionts of mature communities. This study likely captured the
initial stages of intestinal microbiome assembly, consisting of a diverse community with
high evenness among taxonomic groups, yet it was not carried out long enough for
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stabilization and proliferation of the dominant taxa that comprise the mature intestinal
microbiome.

While the mature stomach and intestinal microbial communities of S. briareus
displayed distinct community structure and composition, the regeneration processes
resulted in a convergence of community structure and composition in regenerating
stomach and intestinal microbiomes. Despite this convergence, regenerating gut mi-
crobial communities still displayed high diversity and evenness of taxa. In the human
intestinal microbiome, alpha diversity is lowest at birth and increases as a function of
time into adulthood (50, 52), opposite to the trend observed here. Sediment tends to
have the highest microbial diversity of all free-living communities (53); thus, it is
possible that the benthic lifestyle of S. briareus at the sediment-seawater interface
permits colonization of the regenerating stomach and intestine by an exceptionally
diverse microbial consortium, which is winnowed down over time until the mature
stomach and intestinal microbial compositions are reached. Moreover, it is possible that
during early regeneration and tissue colonization, the stomach and intestinal microbial
communities resemble one another because the host environment has not yet differ-
entiated enough to select for stomach- and intestine-specific microbiomes. Most
microbiome studies have focused on the intestinal tract, ignoring the potential down-
stream influence of the stomach microbiome, and thus further research on the selec-
tion processes unique to each host environment is warranted.

Conclusion. After induced evisceration, the sea cucumber S. briareus regenerated a
functional stomach and intestine within 20 days. Mature stomach and intestine micro-
bial communities were significantly different from regenerating microbiomes, which
displayed a taxonomic and structural convergence yet differed significantly over re-
generation time. The regenerating microbiome was colonized by a significantly more
diverse microbial community with high evenness of taxa. Moreover, stomach and
intestine microbiomes displayed highly repeatable community structure among repli-
cates over time, suggesting deterministic host filtering of microbial symbionts from the
regional species pool. Abundant and significantly enriched ASVs in the regenerating
intestine may confer energetic and immune advantages to the sea cucumber host, and
thus further investigation of the adaptive significance of these key microbes, including
“Ca. Spiroplasma holothuricola” and Sulfurovum sp., is warranted. Rapidly regenerating
holothurians are a promising and tractable model system to study microbial commu-
nity assembly in the gut, with the capacity to advance our understanding of the
fundamental processes shaping the gut microbiome.

MATERIALS AND METHODS
Experimental design. Sea cucumbers (Sclerodactyla briareus) were collected on 1 September 2017

from two different sites adjacent to Waquoit Bay, a large estuary in Cape Cod, MA, USA. The two sites
were Hamblin Pond (41.575°N, 70.505°W) and Jehu Pond (41.568°N, 70.498°W), which are connected
across a distance of approximately 4,000 m by estuarine waterways. At Hamblin Pond, S. briareus
individuals were entangled in abundant red algae (Gracilaria sp.), while at Jehu Pond, S. briareus
individuals were collected from within a seagrass bed (Zostera marina). To characterize algal and seagrass
microbial communities, three Gracilaria thallus fragments were collected from Hamblin Pond and three
Zostera marina blades were collected at Jehu Pond. At each site, sediment samples (n � 4) were collected
in 1.5-ml tubes, and 0.48 liters of seawater (n � 3) was filtered onto 0.7-�m filters (Whatman GF/F).
Environmental samples were transported to the lab in a cooler with ice packs and frozen at – 80°C until
DNA extraction.

Sea cucumbers were transported live from the field to flowthrough seawater aquaria at the Marine
Biological Laboratory in Woods Hole, MA. Sea cucumbers were acclimated to lab conditions for 2 days
in two different aquaria containing sediment from the site where they were collected. The water
temperature did not differ appreciably between the tank seawater and the collection location; the mean
water temperature for incoming tank seawater, with data sourced from the Woods Hole, MA, NOAA buoy
station (station BZBM3, 41°31’25� N 70°40’16� W) was 20.11°C (�0.40), while the mean water temperature
nearby the collection sites in Waquoit Bay, sampled in September 2017, was 21.37°C (�0.76). After
acclimation, S. briareus individuals were removed one at a time from the aquaria (Hamblin Pond, n � 20;
Jehu Pond, n � 14) (see Fig. S3 in the supplemental material) and evisceration was induced by injecting
approximately 2 ml 0.5 M KCl into the coelomic cavity through the oral (anterior) opening (33). After
expulsion of the viscera, the stomach was aseptically dissected by cutting below the ring canal/pharynx
and above the top of the intestine (Fig. 1A). The stomach was thicker walled and rounder than the
intestinal tract below. For intestine samples, the thickest portion of the medial small intestine was
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removed; this region was usually yellow to orange in color, located approximately halfway down the gut
(Fig. 1A). Although sampling multiple sections of the intestine would have been interesting, only one
intestinal section was sampled to achieve high biological replication for the regeneration experiment.
Five individuals from Jehu Pond did not eviscerate; they were dissected to examine initial stomach and
intestine microbial communities. Twelve randomly chosen S. briareus individuals served as tank controls
(Hamblin Pond, n � 7; Jehu Pond, n � 5). Tank control individuals entered the experimental tank without
evisceration, continued feeding throughout the study, and were eviscerated on day 18 of the experiment
using KCl, as described above, to acquire stomach and intestine microbial communities. Here, both initial
condition (day 0) and tank control samples will together be referred to as “mature” stomach and intestine
microbial communities to distinguish them from the regenerating tissues.

After sampling of the initial stomach and intestine microbial communities, eviscerated and tank
control S. briareus individuals were assigned numbers using a random number generator, and each
individual was placed into a numbered compartment within a flowthrough seawater table (Fig. S3).
Sediment and pieces of Gracilaria sp., both sourced from Hamblin Pond, were placed into each
compartment for food and habitat. This common garden experimental design was used so that sea
cucumbers from both populations regenerated digestive organs in the presence of a common source
pool of potential colonizing microbes. For stomach and intestine sampling on days 13, 17, and 20,
individuals from each site were selected using a random number generator. Because newly formed guts
could not be eviscerated, regenerated stomach and intestine tissues were sampled by aseptically
dissecting S. briareus individuals along the body length (Fig. 1B). S. briareus individuals were anesthetized
with magnesium chloride for at least 20 min prior to dissection. The first attempted sampling at 7 days
post-evisceration yielded no regenerated tissues; samples were successfully collected on days 13, 17, and
20 postevisceration (Fig. S3). On day 13, only intestine tissues were visible (n � 13), but on days 17 (n � 6)
and 20 (n � 13), both regenerated stomach and intestine tissues were visible and sampled. On days 13
and 20, S. briareus individuals sourced from both sites were sampled, but on day 17, only individuals from
Hamblin Pond were sampled due to the greater number of eviscerated individuals from Hamblin Pond
in the experiment (Fig. S3). Tank seawater (n � 3) and sediment (n � 3) samples were collected on each
sampling day. On days 17 and 20, a small ball of sediment was observed within the coelomic cavity of
several S. briareus individuals (Fig. S2). Out of curiosity, this sediment was sampled from two individuals
on day 17 and two on day 20. All samples were transferred into sterile tubes and frozen at – 80°C until
DNA extraction. The final 16S amplicon data set contained the following: 76 intestine samples, 67
stomach samples, 17 sediment samples, 15 seawater samples, three Gracilaria sp. samples, three Zostera
marina samples, and four samples of sediment found inside regenerating cucumbers.

Molecular methods. For stomach samples that were visibly full of ingested contents, ingested
sediment was removed prior to DNA extraction by aseptically separating the stomach tissue from the
contents. Intestine samples, however, were left with ingested contents intact due to the fragile nature
of the intestine, especially from early regeneration stages. To avoid contamination, sample acquisition
was performed using standard aseptic technique, including flame sterilization and new scalpel blades
between samples. DNA was extracted from S. briareus stomach and intestine tissues, sediment samples,
seawater filters, Gracilaria sp. thallus fragments, and Zostera marina blades by using the MagAttract
PowerSoil DNA kit (Qiagen) and the KingFisher flex system (Thermo Scientific) for automated DNA
extraction. Amplification of the V4 region of the 16S rRNA gene was performed at Argonne National
Laboratory using the Earth Microbiome Project universal primers 515f-806r (54), with the modified
forward primer (55) to reduce bias against Crenarchaeota, Thaumarchaeota, and the SAR11 clade (56).
DNA amplicons were sequenced on an Illumina MiSeq paired-end run (250 bp) at Argonne National
Laboratory in accordance with the procedures described by Caporaso et al. (54).

16S rRNA sequence data analyses. Amplicon sequences were processed with QIIME2 (57), where
sequence reads were demultiplexed, paired-end reads were merged, and amplicon sequence variants
(ASVs) were generated using the divisive amplicon denoising algorithm (DADA2) (58). Quality control
within the DADA2 algorithm included chimera detection and removal, sequence error elimination,
singleton exclusion, and sequence trimming (13 to 250 bp). Sequences were classified with the Silva 132
database and trimmed to the V4 region, and chloroplast and mitochondrial reads were subsequently
removed. One highly abundant but unclassified ASV yielded BLAST results with 97.97% sequence
similarity and 100% query coverage to “Candidatus Spiroplasma holothuricola” (34), so taxonomy was
manually entered for that ASV. After examination of the alpha rarefaction curves (Fig. S4), samples were
rarified to 6,800 sequences per sample, which removed only 4 samples from the data set.

Alpha diversity indices (ASV richness and Pielou’s evenness) were calculated in QIIME2 with q2-
diversity, and two-way nonparametric Kruskal-Wallis analyses of variance (ANOVA) were used to statis-
tically compare the diversity indices with the factors sample type (stomach versus intestine) and day of
regeneration. Analysis of composition of microbiomes (ANCOM) tests (59) were implemented in QIIME2
to search for differentially abundant microbial taxa across regeneration time in the stomach and
intestine. ASVs with significantly different abundances over time, indicated by ANCOM, were selected
from the data set and graphed individually. Sequence data were imported into R (version 3.4.4) for
subsequent analysis and visualization. Taxonomic barplots and nonmetric multidimensional scaling
(NMDS) ordinations, based on Bray-Curtis dissimilarity matrices, were created with the R packages
phyloseq (60) (version 1.22.3) and ggplot2 (61) (version 2.2.1).

Statistical differences in microbial community structure (beta diversity) were tested using permuta-
tional multivariate analysis of variance (PERMANOVA) based on Bray-Curtis dissimilarity matrices using
the program PRIMER (version 6.1.11). One-way PERMANOVA tests compared (i) all samples with the fixed
factor of sample type (stomach versus intestine versus environmental samples) and (ii) mature stomach
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and intestine microbial communities with the fixed factor of site (Jehu Pond versus Hamblin Pond versus
tank controls). Two-way PERMANOVAs were used to compare regenerating stomach and intestine
microbial communities over regeneration time (initial, day 13, day 17, and day 20), with site of origin and
day as fixed factors. To verify that significant PERMANOVA outcomes were not a result of unequal
dispersion of variability among groups, permutation tests for homogeneity of multivariate dispersions
(PERMDISP) were also conducted in PRIMER (version 6.1.11) using the same factors. Finally, the difference
in beta diversity between regenerating stomach and intestine microbial communities and the initial
conditions was assessed by comparing mean pairwise Bray-Curtis distances between individuals from
each group (days 13, 17, 20, and tank control) to the initial condition (day 0). This allowed a visual
comparison of the magnitude of change in microbial communities relative to the initial condition
throughout regeneration time.

Data availability. Raw 16S rRNA sequences were deposited as FASTQ files to the Sequence Read
Archive of the National Center for Biotechnology Information under accession no. SRP255421.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.2 MB.
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