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Abstract 

Depuration, or the process of clearing impurities from the gut, is commonly applied to marine food products due to its efficacy in 

removing human pathogens from shellfish and edible ascidians. Recent studies also reported that depuration of filter-feeding ani- 
mals helped reduce transient bacteria and identify resident symbionts in gut microbiome studies. Here, we examined the impact of 
depuration on bacteria in the branchial sac, gut, and hepatic gland of the solitary ascidian Pyura vittata . Replicates were kept in filtered 

seawater for 4 days prior to dissection (aquaria-depuration) and compared to samples that were immediately processed following col- 
lection (wild-no depuration) and replicates kept in unfiltered seawater for 4 days (aquaria-control). 16S rRNA gene sequence analysis 
revealed no significant differences among ascidian sources for microbial alpha-diversity but significant shifts in beta-diversity. Depu- 
ration reduced the number of core bacteria markedly (66%–84%) across all body regions, and bacteria that remained postdepuration 

consisted of genera associated with enhanced host health and resilience within other marine symbioses. Our results suggest that 
microbial profiles obtained following depuration do not substantially differ from those of nondepurated animals, but depuration can 

help differentiate transient from core and resident taxa in complex host–microbiome symbioses. 
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Introduction 

Depuration is the practice of clearing impurities within the gut by 
exposing animals to clean water, commonly applied to shellfish 

before sale for consumption. This method was effective at purging 
oysters of poliovirus and Escherichia coli (Mitchell et al. 1966 ) and 

removing human enterovirus from clams (Liu et al. 1967 ). To pro- 
tect consumer health more effectively, new technologies have also 
been incorporated into the depuration process by adding naturally 
derived antibiotic products (Buatong et al. 2024 ) to clean saltwater 
or using plasma-activated (Pandiscia et al. 2024 ) instead of UV- 
sterilized or filtered seawater. Modern studies have utilized 16S 
rRNA amplicon sequencing to explore the microbial communi- 
ties within shellfish gut tissue, where both host-specific symbiotic 
bacteria and environmentally sourced bacteria, some of which 

could pose human health risks, co-occur. Depuration of host or- 
ganisms prior to symbiont characterization can help distinguish 

resident (well-established in host tissue) and transient (temporar- 
ily acquired through filter-feeding) microbiome members. In a 
meta-analysis of gut microbiomes from the edible mussel Mytilus 
edulis , e.g. depurated mussels displayed significantly different am- 
plicon sequence variant (ASV) composition, 75% fewer ASVs, and 

a 35% decrease in the Shannon index than those that were non- 
depurated (Griffin et al. 2023 ). Thus, it is evident that transient 
microbes acquired through the filter-feeding activity of shellfish 

can be significantly reduced via depuration, while the resident 
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icrobes that are established within host tissues remain present 
ollowing depuration. 

Ascidians or sea-squirts (Phylum Chordata, Class Ascidiacea) 
re marine filter-feeding invertebrates that host complex micro- 
iomes, with some species like Halocynthia roretzi farmed by the
eafood industry in Japan and Korea. Similar to shellfish, depu-
ation before sale is recommended to reduce health risks during
onsumption, especially of raw ascidians (Kim et al. 2017 ). In ed-
ble ascidians, depuration over 3 days has been shown to greatly
ecrease the concentration of E. coli and bacteriophages, at faster
ates than observed in oysters or mussels (Kim et al. 2017 ). When
tarved over the course of 6 days, H. roretzi display reduced micro-
ial diversity, with increases or decreases in abundances of partic-
lar bacterial taxa (Wei et al. 2020 ). Furthermore, identifying core
icrobial community members (those present in all individuals of 
 treatment) in starved and unstarved ascidians has provided in-
ight into which microbes could be planktonic or biofilm-forming 
ithin Ciona intestinalis (Dishaw et al. 2014 ), allowing researchers 

o draw more nuanced conclusions than when only studying non-
epurated ascidians. 

Here we assessed the impact of depuration on microbiome 
omposition within the branchial sac, gut, and hepatic gland of a
elizean ascidian. The hepatic gland (also called “digestive gland”
r “liver diverticula”) has ultrastructure and function compara- 
le to vertebrate liver cells (Ermak 1977 , Shin et al. 2014 ) but is
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nly found near the stomach in the families Pyuridae and Molgul-
dae and should not be confused with the pyloric gland, which is
 set of tubes around the intestine (Rocha 2011 ). While the impact
f depuration on the ascidian gut has been documented (Dishaw
t al. 2014 , Wei et al. 2020 ), to our knowledge, this is the first
tudy to characterize an ascidian hepatic gland microbiome and
ther internal ascidian body regions following depuration. Repli-
ates of the solitary stolidobranch ascidian Pyura vittata (Stimp-
on 1852 ) were kept in filtered seawater for 4 days prior to dis-
ection (aquaria-depuration) and compared to samples that were
mmediately processed following collection (wild-no depuration).
he microbiomes of additional replicates held in aquaria with
nimpeded feeding (aquaria-control) prior to processing were also
haracterized. We hypothesized that depurated ascidians would
arbor significantly lower biodiversity and different microbiome
ompositions than nondepurated ascidians. 

aterials and methods 

ample collection and experimental design 

ll Pyura vittata and seawater samples used in this study were
ollected in July 2023 via snorkeling from the dock at Carrie Bow
ay Field Station, Belize (16.8000

◦
N, 88.0833

◦
W). On 5th July 2023,

hree replicates of 500 ml of ambient, surface seawater were col-
ected on-site and immediately filtered through a sterile 0.2- μm

esh with a Nalgene® vacuum filtration system and then stored
n RNAlater® until further processing. Seawater samples were col-
ected to characterize the bacterioplankton communities at the
ampling site. The salinity at the site was 36ppt, and the temper-
ture was 29.7 ◦C. In addition, five individuals of P. vittata (wild-no
epuration; Fig. 1 A) were collected on 5th July and processed im-
ediately. Seven additional individuals of P. vittata were collected

n 6th July and maintained in experimental aquaria for 4 days
rior to processing. Four animals were kept in separate 500-ml
anks with air stones, and each tank was partially submerged in
ow-through seawater directly pumped from the collection site.
he constant flow-through water surrounding the tanks kept the
eawater within the tanks at an average temperature of 29.65 ◦C
hroughout the experiment, as indicated by daily measurements
anging from 29.6 ◦C to 29. 8 ◦C taken with a digital thermometer.
eawater inside the tanks was filtered through a sterile 0.2- μm
esh with a Nalgene® vacuum filtration system to remove micro-

ial cells and potential food particles (Fig. 1 C; aquaria-depuration)
nd changed every 24 h to remove any fecal pellets (Fig. 1 D). One
ndividual held in a depuration tank died ∼12 h before process-
ng (mucus encasing the animal’s tunic, strong smell) and was
xcluded from analysis ( Fig. S1 A and B). The remaining two indi-
iduals (aquaria-control) were placed directly in the flow-through
eawater trough, on opposite sides to prevent microbial exchange
etween the animals. Placement in the flow-through seawater
rough allowed the animals to feed during the 4 experimental days
nd controlled for potential microbiome shifts independent of the
epuration process. Sample processing was identical for all ascid-

ans (aquaria-control, wild-no depuration, aquaria-depuration):
nimals were kept in unfiltered ambient seawater with menthol
rystals for 3 h to relax the animals prior to dissecting each ani-
al’s branchial sac, gut (intestine, independent of stomach), and

epatic gland (Fig. 1 B). Previous work has indicated that menthol
xposure has no significant impact on microbial alpha- or beta-
iversity metrics in ascidians (Hutchings et al. 2025 ). Branchial
ac samples were stored in 100% ethanol for use in ascidian bar-
oding to expand the GenBank® library of 18S rRNA ascidian gene
equences, and gut and hepatic gland samples were stored in
NAlater®. All samples were kept at −20 ◦C for long-term storage
pon return to the USA. 

scidian barcoding 

NA extractions of a piece of each animal’s dissected branchial
ac were performed following the manufacturer instructions for
he DNeasy® Blood and Tissue Kit (QIAGEN), except for one addi-
ional step. Following cell lysis in a Thermomixer (56 ◦C, 350 r/m),
0 μl of RNAse (10 mg/ml) was applied to each sample. The primer
et F16/R497 (Price et al. 2005 ) was used to amplify a fragment of
he 18S rRNA gene. Polymerase chain reactions (PCRs) were com-
leted using 0.5 μl of the forward and reverse primer set, 11 μl
f PCR water, 12.5 μl of MyTaqTM HS Red Mix, and 0.5 μl of DNA.
eactions were as follows: 95 ◦C for 1 min; 35 cycles of 95 ◦C for
5 sec, 45 ◦C for 15 sec, 72 ◦C for 10 sec; 72 ◦C for 1 min; and a hold-
ng temperature of 4 ◦C and were performed on an Eppendorf®

astercycler® Nexus X2. 
PCR products were visualized with gel electrophoresis and puri-

ed using the QIAquick PCR Purification Kit (QIAGEN). Sequencing
eactions were completed using 5.5-μl PCR water, 1.0-μl BigDyeTM 

erminator v.3, 2.0-μl BigDyeTM Buffer (x5 concentration), 0.5 μl
f the respective forward or reverse primers, and 1.0 μl of purified
CR product. Reactions were as follows: 96 ◦C for 1 min; 25 cycles
f 50 ◦C for 5 sec, 60 ◦C for 4 min, 96 ◦C for 10 sec; 50 ◦C for 5 sec;
0 ◦C for 4 min; and a holding temperature of 10 ◦C and were run
n an Eppendorf® Mastercycler® Nexus X2. The BigDye™ XTermi-
ator Purification Kit (Applied Biosystems) was used to clean PCR
roducts before sequencing on an Applied Biosystems 3500 ge-
etic analyzer available at the UNCW Center for Marine Science.
equences were aligned in Geneious (v. R11. Biomatters, Auckland,
ew Zealand) and consensus sequences deposited in GenBank®

PV505516-PV505525). 18S rRNA gene sequences were identical
100% sequence identity; 407 bp) for all P. vittata individuals. 

icrobiome characterization 

NA extractions from branchial sac and hepatic gland tissue and
mbient seawater filters were performed using the DNeasy® Blood
nd Tissue Kit (QIAGEN). DNA from the gut samples was extracted
sing the DNeasy® PowerSoil® Pro Kit (QIAGEN) due to the kit’s
fficacy at extracting DNA from gut and feces samples. No sig-
ificant differences in microbial diversity or structure have been
ocumented between the kits when used for microbial analysis
f ascidian tissue samples (Evans et al. 2018 ). A NanoDrop® One
pectrophotometer was used to quantify DNA extracts, and the
4 region of the 16S rRNA gene was amplified using the 515f/806r
rimers (Caporaso et al. 2011 ). PCR reactions contained 0.5 μl of
he forward and reverse primers, 11 μl of PCR water, 12.5 μl of
yTaqTM HS Red Mix, and 0.5 μl of DNA, and reactions were as

ollows: 95 ◦C for 2 min; 35 cycles of 95 ◦C for 15 sec, 50 ◦C for
5 sec, 72 ◦C for 20 sec; 72 ◦C for 2 min; and a holding tem-
erature of 10 ◦C on an Eppendorf® Mastercycler® Nexus X2.
CR products were visualized via gel electrophoresis before send-
ng 50 μl of high-quality DNA extracts to Zymo Research Cor-
oration (Irvine, California, USA) for next-generation sequencing

Illumina® NextSeqTM ) of the V4 region of the 16S rRNA gene with
ustom primers designed by Zymo corresponding to the 515f-806r
rimer pair region. 

Returned forward and reverse sequence pairs were made con-
iguous (resulting in a mean read length of 252 bp) and processed
n the mothur software package (v.1.43.0; Schloss et al. 2009 ) to
roduce operational taxonomic units (OTUs) based on 97% se-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
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Figure 1 Individual of P. vittata in situ (A); dissection showing branchial sac (red), gut (green-brown), and hepatic gland (dark brown) body regions (B); 
five depuration tanks with air stones within flowing seawater trough (C); three fecal pellets (black circles) excreted by an individual within a 
depuration tank (D). 
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quence similarity. Sequences were aligned to the SILVA taxonomy 
database (v132.V4), OTUs were clustered de novo , rare OTUs (ob- 
served ≤5 times total in the entire dataset) were removed, and se- 
quences were subsampled to the lowest sampling depth across all 
samples ( n = 25 366). A full bioinformatics pipeline, following Er- 
win et al. ( 2017 ), is available in Table S1 . All samples from individ- 
ual “5Jul23E,” one of the nondepurated ascidians, were excluded 

from processing due to the branchial sac from this animal having 
a low sequencing depth. Updated microbial taxa nomenclature 
(Oren et al. 2023 ) is used throughout this text, and raw 16S rRNA 

sequences have been deposited in NCBI SRA (PRJNA1218671). 

Alpha- and beta-diversity 

Alpha-diversity metrics (Shannon’s H’, richness, Pielou’s even- 
ness) for the microbiome of all samples were calculated in R 

Studio (v2024.04.1 + 748). As the data were not normally dis- 
tributed, a nonparametric Kruskal–Wallis test (kruskal.test, pack- 
age “stats”) was completed to determine significance across sam- 
ples by source (aquaria-control, wild-no depuration, aquaria- 
depuration, and seawater) or body region (branchial sac, gut, hep- 
atic gland, and seawater). Post-hoc tests were completed using the 
pairwise Dunn test with Holm-adjusted P -values (dunnTest, pack- 
age “FSA”) to determine significance between samples by source or 
body region. We also ran the nonparametric pairwise Dunn test to 
determine if there were any significant differences between sam- 
les by individual, as dictated by relatively low replication levels
esulting from remote field logistics and replicate loss during pro-
essing (one ascidian died, another did not sequence well). Alpha-
iversity metrics ( Table S2 ) were visualized in box plots (ggplot,
ackage “ggplot2”). 

Beta-diversity was established using the Bray–Curtis dissim- 
larity, and to calculate significance across samples by source 
aquaria-control, wild-no depuration, aquaria-depuration, seawa- 
er) or body region and the interaction of both factors the ado-
is2 command in package “vegan” was utilized. Pairwise PER- 
ANOVAs with FDR-adjusted P -values were calculated using the 

donis_pairwise command from package metagMisc for source 
nd body region, and beta dispersion was also calculated. A non-
etric multidimensional scaling (nMDS) plot was created (ggplot,

ackage “ggplot2”) to visualize beta-diversity. 

TU-level analysis 

ore OTUs, defined here as OTUs shared among all individu-
ls within a given source (aquaria-control, wild-no depuration,
quaria-depuration, seawater), were identified for the branchial 
ac, gut, and hepatic gland body regions. To identify OTUs that
ere significantly different between sample types based on ex- 

lusively source (pooling samples from all body regions) and ex- 
lusively body region (pooling samples from all sources), a multi-
le linear regression with covariate adjustment was run in Micro-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
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iomeAnalyst 2.0 (Chong et al. 2020 ) using the linear model option
ith FDR-adjusted P -values. 

esults 

icrobiome characterization 

uality filtering in mothur yielded 7 992 062 sequences (20.62%
ecrease in sequence count from the original 10 068 106 raw
equences) and subsampling 837 078 high-quality sequences
91.69% decrease from raw sequence count) that clustered into
3 435 OTUs. Archaea comprised 5.26% of all OTUs, with bac-
eria dominating all samples ( Fig. S2 ). Pseudomonadota and
acteroidota were the most abundant phyla across all sources

aquaria-control, wild-no depuration, aquaria-depuration, and
eawater), but some samples were characterized by phyla that
ccounted for over 25% of their total read abundance (out
f 25 366 sequences per sample): Fusobacteriota in the gut
f 10Jul23E (37.48%), Epsilonbacteraeota in the branchial sac
f 10Jul23E (38.58%), Planctomycetota in the branchial sac of
0Jul23B (37.89%), Patescibacteria in the branchial sac of 5Jul23A
35.86%), and Kiritimatiellota in the branchial sac of 5Jul23D
30.30%; Fig. 2 ). At the class level, Bacteroidia, Gamma-, and
lphaproteobacteria were present in high relative abundances
cross all sources, with the exception of the gut of 10Jul23E,
f which Fusobacteriia was the most abundant class (37.48%;
ig. S3 ). At the level of order and lower, there was more interindi-
idual variation in dominant taxa, but all samples were at least
5% composed of rare taxa (“other”; Figs. S4 –S6 ). 

lpha- and beta-diversity 

ince there were no significant differences between samples
y individual for diversity, richness, or evenness ( Table S3 ), all
ownstream analyses excluded “individual” as a factor. There
ere significant differences in microbial richness among samples

rom each source (aquaria-control, wild-no depuration, aquaria-
epuration, seawater; P = 0.018; X2 = 10.022) and from each body
egion ( P = 0.005; X2 = 12.683) but not in diversity or evenness
Table 1 ). These differences were driven entirely by distinctions
etween seawater and ascidian microbiomes (Table 2 , Fig. 3 ). Pair-
ise comparisons based on source revealed that samples from
quaria-control ( P = 0.018; Z = −2.974) and aquaria-depuration ( P
 0.026; Z = −2.790) animals were significantly less rich than sea-
ater samples (Fig. 3 B). All other pairwise comparisons for alpha-
iversity based on source were nonsignificant (Table 2 ; Fig. 3 ).
airwise comparisons based on body region revealed that the
ranchial sac ( P = 0.022; Z = −2.844) and hepatic gland ( P = 0.009;
 = −3.173) samples were significantly less rich than seawater

Fig. 4 B). All other pairwise comparisons for alpha-diversity by
ody region were nonsignificant (Table 2 ; Fig. 4 ). 

PERMANOVAs revealed significant differences in microbial
ommunity composition across samples by source ( P = 0.001; R2 

 0.213; F = 2.620), body region ( P = 0.001; R2 = 0.192; F = 2.301),
nd between the two factors ( P = 0.001; R2 = 0.417; F = 1.830; Ta-
le 3 ). Pairwise PERMANOVAs revealed significant differences in
icrobial composition among all ascidian sources, and between

ll ascidian sources and seawater (Table 4 ). Beta dispersions indi-
ated a homogenous (nonsignificant) dispersion between aquaria-
ontrol, aquaria-depuration, and wild-no depuration sources but
ere significant between seawater and ascidian samples ( P < 0.05;
able 4 ). When considering the microbial composition in each
ody region, the only significant differences in pairwise compar-

sons were between ascidian tissues (branchial sac, gut, and hep-
tic gland) and seawater ( P < 0.05), with beta dispersions display-
ng the same trend (Table 4 ). Visualized in the nMDS plot (stress =
.088; Fig. 5 ), samples from the seawater communities were clus-
ered separately from all ascidian samples (Fig. 5 ). 

TU-level analysis 

or all body regions, aquaria-depuration decreased the number of
ore OTUs compared to the samples obtained from wild-no depu-
ation individuals, by 69.49% in the branchial sac, 83.94% in the
ut, and 66.67% in the hepatic gland ( Table S4 ). Some core OTUs
ersisted in samples from both aquaria-depuration and wild-no
epuration individuals and in all body regions (branchial sac, gut,
nd hepatic gland), with the gut being the tissue with the highest
umber of shared core OTUs (Fig. 6 ; Table S4 ). 

The top five most abundant core OTUs were identified for
ach body region by source and across all samples from aquaria-
ontrol, aquaria-depuration, and wild-no depuration sources. Not
ll core OTUs in the wild-no depuration samples were classified
s core in the aquaria-depuration samples, but they were still
resent in the ascidian tissues following depuration. Following
epuration, members of the genera Propionigenium (#3) and Syne-
hococcus CC9902 (#5) were no longer core to the branchial sac (Ta-
le 5 ) and were present in lower average abundances (64.31% and
5.85% decreases, respectively). Arcobacter (#4) was also no longer
ore to the branchial sac following depuration (Table 5 ) but had a
23.75% increase in abundance. In the gut, Synechococcus CC9902
#5) was no longer core after depuration (Table 5 ) and had a 97.19%
ecrease in abundance. In the hepatic gland, Ruegeria (#15) was no

onger core after depuration (Table 5 ) and had a 55.96% decrease
n abundance, while members of family Rhodobacteraceae (#23),
andidatus Nitrosopumilus (#24), and Pseudoalteromonas (#27) were
ot core (Table 5 ) but had 60.99%, 26.76%, and 166.53% increases

n average abundance. 
There were other core OTUs that were shared across all sam-

les of a given body region, regardless of source (aquaria-control,
quaria-depuration, and wild-no depuration). Only one core OTU
#1), a member of the bacterial genus Catenococcus , was detected in
he branchial sac, gut, and hepatic gland samples from aquaria-
ontrol, aquaria-depuration, and wild-no depuration sources (Ta-
le 5 ). The most abundant core OTUs that were conserved in
ranchial sac samples from individuals in the aquaria-control,
quaria-depuration, and wild-no depuration sources were Cateno-
occus (#1), Aestuariibacter (#9), Ruegeria (#15), and Thalassomonas
#45; Table 5 ). For gut samples from the aquaria-control, aquaria-
epuration, and wild-no depuration sources, the core OTUs were
rom the genera Catenococcus (#1), Propionigenium (#3), and Arcobac-
er (#4; Table 5 ). Catenococcus (#1) was the only core OTU in the hep-
tic gland samples from the aquaria-control, aquaria-depuration,
nd wild-no depuration sources (Table 5 ). 

Differential abundance analysis of all OTUs revealed differ-
nces between ascidian and seawater microbiomes and fine-scale
ariability across ascidian sources. Ascidian samples had on aver-
ge 5072.67 OTUs (37.76% of total) that were significantly different
rom OTUs retrieved for the seawater samples ( Table S4 ). All as-
idian samples had significantly lower abundances of order SAR11
OTUs #16, 19) and family Cryomorphaceae (#21) members than
he seawater samples (Table 6 ). In contrast, the number of OTUs
hat were significantly different among ascidian sources (aquaria-
ontrol, wild-no depuration, aquaria-depuration) accounted for
ess than 0.52% of the total OTUs in the dataset ( Table S5 ). Simi-
arly, between samples from different body regions, the number of
ignificantly different OTUs was less than 0.48% of the total OTUs

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
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Figure 2 Stacked bar graphs of relative abundance of bacterial phyla within each sample. The top ten most abundant phyla within the dataset are 
shown, with all other phyla represented within the “Other” category. Samples are grouped by source and body region is indicated by the first letter of 
the corresponding “Sample ID”: branchial sac (S), gut (G), hepatic gland (H). 

Table 1. Chi-squared ( X2 ) and P -values ( P ) for Shannon’s H’ diversity (Diversity), Richness, and Pielou’s evenness (Evenness) following the 
Kruskal–Wallis test across samples by source and body region. 

Diversity Richness Evenness 

Sample type X2 P X2 P X2 P 

Source 5.434 0.143 10.022 0.018 0.201 0.978 
Body region 7.491 0.058 12.683 0.005 4.676 0.197 

Significant values are in bold. 

Table 2. Z -values ( Z ), P -values ( P ), and Holm-adjusted P -values ( P -adj) for Shannon’s H’ diversity (Diversity), Richness, and Pielou’s even- 
ness (Evenness) following a Dunn test between samples by source: aquaria-control (Con), aquaria-depuration (Dep), wild-no depuration 

(No Dep), and seawater (SW); and body region: branchial sac (S), gut (G), hepatic gland (H). 

Diversity Richness Evenness 

Comparison Z P P -adj Z P P -adj Z P P -adj 

Con × Dep −0.500 0.617 1.000 −0.603 0.546 0.546 −0.086 0.931 1.000 
Con × No Dep −0.793 0.428 1.000 −1.379 0.168 0.504 −0.034 0.973 0.973 
Dep × No Dep −0.359 0.720 0.712 −0.950 0.342 0.685 0.063 0.950 1.000 
Con × SW −2.243 0.025 0.150 −2.974 0.003 0.018 0.341 0.733 1.000 
Dep × SW −2.069 0.039 0.193 −2.790 0.005 0.026 0.441 0.660 1.000 
No Dep × SW 1.842 0.065 0.262 2.190 0.029 0.114 −0.401 0.689 1.000 
S × G −1.503 0.133 0.531 −1.600 0.111 0.221 −0.185 0.853 1.000 
S × H −0.185 0.853 0.853 0.486 0.627 0.627 −1.919 0.055 0.330 
G × H 1.318 0.187 0.375 2.081 0.037 0.150 −1.734 0.083 0.414 
S × SW −2.398 0.016 0.099 −2.844 0.004 0.022 −0.073 0.942 1.000 
G × SW −1.377 0.168 0.505 −1.760 0.078 0.235 0.052 0.958 0.958 
H × SW −2.273 0.023 0.115 −3.173 0.002 0.009 1.231 0.218 0.874 

Significant values are in bold. 
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in the dataset ( Table S5 ). Pairwise comparisons between sam- 
ples from aquaria-depuration and wild-no depuration sources re- 
vealed significantly lower abundances of members of genus Syne- 
chococcus CC9902 (#5) and the family Desulfobacteraceae (#54) in 

aquaria-depuration and an increase in members of the genera Al- 
teromonas (#17) and Neptuniibacter (#43; Table 6 ). Samples from an- 
imals in the aquaria-depuration source had greater abundances 
of Alteromonas (#17) and family Methanomicrobiaceae (#66), while 
amples from the wild-no depuration source had more genus 
ersicobacter (#76; Table 6 ) bacteria than samples from aquaria-
ontrol. 

Pairwise comparisons by body region revealed fine-scale differ- 
nces among branchial sac, gut, and hepatic gland microbiomes.
ranchial sac samples had significantly greater abundances of 
pirochaeta 2 (#11) than gut samples, and significantly more Endo-
oicomonas (#84), Nitrospira (#174), and SVA0996 Marine Group (#441) 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
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Figure 3 Boxplots of Shannon’s H’ diversity (A), richness (B), and Pielou’s evenness (C) for samples by source. Dots show values 1.5 times the 
interquartile range. Lowercase letters indicate significant differences in alpha-diversity metrics between sample types. 

Table 3. R -squared ( R2 ), F -statistic ( F ), and P -values ( P ) for PER- 
MANOVAs calculated across samples by source and body region, 
and the interaction of factors. 

Sample type R2 F P 

Source 0.213 2.620 0.001 
Body region 0.192 2.301 0.001 
Source × body region 0.417 1.830 0.001 

Significant values are in bold. 
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han hepatic gland samples ( Table S6 ). Order Rickettsiales (#53)
as significantly more abundant in branchial sac samples than
ut or hepatic gland samples ( Table S6 ). The genera Halodesul-
ovibrio (#62), Pseudovibrio (#67), and Methanobrevibacter (#89) were
ignificantly more abundant in the gut than in the hepatic gland
amples, and Staphylococcus (#18) was significantly more abun-
ant in the gut than the branchial sac ( Table S6 ). Microbulbifer

#79) was significantly more abundant in the gut than either the
ranchial sac or hepatic gland ( Table S6 ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf078#supplementary-data


Hutchings et al. | 7

Figure 4 Boxplots of Shannon’s H’ diversity (A), richness (B), and Pielou’s evenness (C) for samples by body region. Dots show values 1.5 times the 
interquartile range. Lowercase letters indicate significant differences in alpha-diversity metrics between sample types. 
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Table 4. R -squared ( R2 ), F-statistic ( F ), P -values ( P ), and FDR-adjusted P -values ( P -adj) for pairwise PERMANOVAs calculated between 

samples by source: aquaria-control (Con), aquaria-depuration (Dep), wild-no depuration (No Dep), and seawater (SW), and body region: 
branchial sac (S), gut (G), and hepatic gland (H). P -values for beta dispersions (beta) and FDR-adjusted P -values for beta dispersions 
(beta-adj) are also reported. 

Comparison R2 F P P -adj Beta Beta-adj 

Con × Dep 0.080 1.400 0.037 0.037 0.624 0.624 
Con × No Dep 0.105 1.870 0.008 0.016 0.371 0.445 
Dep × No Dep 0.076 1.800 0.011 0.017 0.157 0.236 
Con × SW 0.352 3.810 0.018 0.022 0.001 0.003 
Dep × SW 0.241 4.126 0.002 0.006 0.001 0.003 
No Dep × SW 0.278 5.017 0.002 0.006 0.003 0.006 
S × G 0.075 1.453 0.040 0.060 0.137 0.182 
S × H 0.052 0.989 0.423 0.423 0.868 0.868 
G × H 0.073 1.465 0.063 0.076 0.152 0.182 
S × SW 0.260 3.865 0.008 0.016 0.001 0.002 
G × SW 0.315 5.047 0.004 0.012 0.001 0.002 
H × SW 0.256 3.783 0.002 0.012 0.001 0.002 

Significant values are in bold. 

Figure 5 Nonmetric multidimensional scaling plot based on the Bray–Curtis similarity of microbial composition by the sample type. Source is denoted 
by color: aquaria-control (red), aquaria-depuration (olive green), wild-no depuration (purple), and seawater (blue). Body region is denoted by shape: 
branchial sac (circle), gut (triangle), hepatic gland (square), and seawater (cross). Stress for the plot is 0.088. 
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iscussion 

ubjecting ascidians to a 4-day depuration resulted in no sig-
ificant differences in microbiome diversity, richness, or even-
ess. However, the microbial composition of ascidians collected
nd analyzed immediately (wild-no depuration) differed signif-
cantly from those undergoing the 4-day depuration (aquaria-
epuration). The branchial sac, gut, and hepatic gland of ascidi-
ns hosted microbial communities that were not significantly dif-
erent in alpha- or beta-diversity. For all three body regions, the
umber of core OTUs was lower in aquaria-depuration samples
han wild-no depuration samples, indicating that the depuration
rocess can reduce the abundance of and/or remove transient mi-
robes that could otherwise be mistaken as resident. In other as-
idian species, depuration did not yield significant changes in ei-
her microbial alpha- or beta-diversity for the phlebobranch C. in-
estinalis (Dishaw et al. 2014 ), while significant differences in both

etrics were found for the stolidobranch H. roretzi (Wei et al. 2020 ),
uggesting that depuration may influence the microbiome differ-
ntly depending on host species. Additionally, the amount of time
scidians that are held in depuration tanks could change results,
specially if the physiology of the animals is impacted as food lim-
tation escalates to starvation. To our knowledge, the residence
ime of ingested material in P. vittata has not been established, so
e selected a similar study design to that of Dishaw et al. ( 2014 ),
ith a duration of ca. 4 days and the use of 0.2- μm filtered seawa-

er. Over the course of our study, animals were observed producing
eces up until the time they were removed from the depuration
anks, indicating that a starvation state had not yet been reached.

Here, we identified the core microbial taxa in the branchial sac,
ut, and hepatic gland of P. vittata , expanding on data available
or core microbes in the ascidian tunic (Erwin et al. 2013 , López-
egentil et al. 2016 , Evans et al. 2017 , Dror et al. 2019 , Casso et al.
020 , Galià-Camps et al. 2023 ), branchial sac (Galià-Camps et al.
023 ), gut (Dishaw et al. 2014 , Galià-Camps et al. 2023 ), and whole
ody (Murray et al. 2020 , Liu et al. 2021 ). Moreover, we provide the
rst characterization of the microbes residing in the ascidian hep-
tic gland. The microbial communities in the hepatic gland sam-
les were generally less rich (but not significantly so) than those
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Figure 6 Bar graphs of the number of core OTUs within wild-no depuration and both aquaria-depuration and wild-no depuration sources for the 
branchial sac (A), gut (B), and hepatic gland (C) body regions. 
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Table 5. OTU number (#) and lowest known taxonomic identity of the top five most abundant core OTUs in aquaria-control (Con), wild- 
no depuration (No Dep), aquaria-depuration (Dep), and pairwise comparisons of these sources for branchial sac, gut, and hepatic gland 

body regions. 

Branchial sac Gut Hepatic gland 

Source # Identity # Identity # Identity 

Con 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 
2 C. Bacteroidia 2 C. Bacteroidia 2 C. Bacteroidia 
3 G. Propionigenium 3 G. Propionigenium 3 G. Propionigenium 

4 G. Arcobacter 4 G. Arcobacter 4 G. Arcobacter 
5 G. Synechococcus CC9902 5 G. Synechococcus CC9902 9 G. Aestuariibacter 

No Dep 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 
3 G. Propionigenium 2 C. Bacteroidia 15 G. Ruegeria 
4 G. Arcobacter 3 G. Propionigenium 23 F. Rhodobacteraceae 
5 G. Synechococcus CC9902 4 G. Arcobacter 24 G. Candidatus Nitrosopumilus 
9 G. Aestuariibacter 5 G. Synechococcus CC9902 27 G. Pseudoalteromonas 

Dep 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 
9 G. Aestuariibacter 2 C. Bacteroidia 3 G. Propionigenium 

15 G. Ruegeria 3 G. Propionigenium 40 G. Roseimarinus 
17 G. Alteromonas 4 G. Arcobacter 70 G. Photobacterium 

23 F. Rhodobacteraceae 7 F. SM23-30 (Phycisphaerae) 
Con × No Dep 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 

3 G. Propionigenium 2 C. Bacteroidia 15 G. Ruegeria 
4 G. Arcobacter 3 G. Propionigenium 23 F. Rhodobacteraceae 
5 G. Synechococcus CC9902 4 G. Arcobacter 37 G. Hoeflea 
9 G. Aestuariibacter 5 G. Synechococcus CC9902 54 F. Desulfobacteraceae 

Con × Dep 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 
9 G. Aestuariibacter 2 C. Bacteroidia 3 G. Propionigenium 

15 G. Ruegeria 3 G. Propionigenium 70 G. Photobacterium 

23 F. Rhodobacteraceae 4 G. Arcobacter 
45 G. Thalassomonas 7 F. SM23-30 (Phycisphaerae) 

No Dep × Dep 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 
9 G. Aestuariibacter 2 C. Bacteroidia 

15 G. Ruegeria 3 G. Propionigenium 

23 F. Rhodobacteraceae 4 G. Arcobacter 
25 G. Shimia 7 F. SM23-30 (Phycisphaerae) 

Con × No Dep × Dep 1 G. Catenococcus 1 G. Catenococcus 1 G. Catenococcus 
9 G. Aestuariibacter 2 C. Bacteroidia 

15 G. Ruegeria 3 G. Propionigenium 

23 F. Rhodobacteraceae 4 G. Arcobacter 
45 G. Thalassomonas 7 F. SM23-30 (Phycisphaerae) 

Taxonomic ranks are abbreviated: Domain (D.), Phylum (P.), Class (C.), Order (O.), Family (F.), Genus (G.). 
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ound in other body regions and primarily dominated by bacteria
ithin the phyla Pseudomonadota and Bacteroidota. The hepatic

land also had the lowest number of core OTUs across all sources,
ndicating greater interindividual microbiome variability in this
ody region, with Catenococcus representing the only resident and
ore microbial taxon (OTU #1). Members of the genus Catenococcus
ave been identified as dominant bacteria within the gut of spiny

obsters (Amin et al. 2024 ), shrimp (Patil et al. 2021 , Quintino-
ivera et al. 2023 ), and in coral mucus layers (Nguyen et al. 2023 )
nd now in the hepatic gland of an ascidian. Further metagenomic
ork aiming to characterize functionality of the resident micro-
iome and additional studies of the hepatic gland (e.g. chemical
nd physiological investigations) in other ascidian species will re-
eal whether this particular genus contributes to glandular func-
ions and if the microbial communities in the hepatic gland are
ost specific. 

The gut of P. vittata contained the highest number of core bac-
eria compared to the branchial sac and hepatic gland regions,
oth before and after the depuration process. The most abun-
ant gut bacterial taxa in both aquaria-depuration and wild-no
epuration individuals likely represent resident microbes given
heir retention before and after depuration, and potential benefits
o the host ascidian. These included the aforementioned Cateno-
occus OTU (#1) and members of the genera Propionigenium and
rcobacter . The same taxa formed the core microbial communi-

ies in the gut of C. intestinalis individuals that were starved and
nstarved (Dishaw et al. 2014 ), indicating specific associations of
hese bacteria with ascidian gut habitats and potential function-
lity within this niche. Propionigenium is dominant in the gut mi-
robiome of sea urchins and known to aid in digestion (Hakim et
l. 2019 , Yao et al. 2019 , Rodríguez-Barreras et al. 2021 ) and pro-
ote host health during stressful conditions (Ruiz-Barrionuevo et

l. 2024 ). Arcobacter species are known to be pathogenic in some
arine invertebrates like mussels (Li et al. 2018 , 2019 ) and sea cu-

umbers (Zhao et al. 2019 ) but are innocuous and part of a routine
icrobiome in mud crabs (Wei et al. 2019 ), sea urchins (Hakim et

l. 2019 ), and polychaetes (Hochstein et al. 2019 ). Thus, the ascid-
an gut microbiome is dominated by resident microbial taxa that
re found in a variety of marine invertebrates and may have im-
ortant roles in host animal health. 

As found in the gut and hepatic gland microbiome, Catenococcus
as an abundant core and resident OTU within the branchial sac

i.e. detected in both aquaria-depuration and wild-no depuration
ources). Other OTUs present in branchial sac samples were affil-
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Table 6. OTU number (#), lowest taxonomic identity (ID), P -value ( P ), FDR-adjusted P -value ( P -adj), and average abundance based on 

sequence count per sample type of the top five most abundant OTUs that were significantly different between comparisons of source: 
aquaria-control (Con), aquaria-depuration (Dep), wild-no depuration (No Dep), and seawater (SW). 

Average abundance 

# ID P P -adj Con Dep No Dep SW 

17 Genus Alteromonas 3.51 ×10−3 0.03 4.33 382.33 0.17 11.33 
66 Family Methanomicrobiaceae 4.61 ×10−3 0.04 1.33 101.75 30.25 0.00 
200 Domain bacteria 5.01 ×10−3 0.04 0.00 34.75 16.75 0.00 
378 Order NB1-j (Deltaproteobacteria) 3.42 ×10−3 0.03 30.67 1.75 0.75 0.00 
421 Family Cellovibrionaceae 9.75 ×10−4 0.02 30.83 0.00 1.08 0.33 
32 Order Bacteroidales 1.36 ×10−4 2.93 ×10−3 1.50 76.08 251.25 0.00 
41 Class Gammaproteobacteria 2.10 ×10−3 0.02 460.00 0.92 0.17 0.33 
61 Order Bacteroidales 1.41 ×10−5 3.20 ×10−4 1.00 13.42 230.67 0.00 
76 Genus Persicobacter 8.90 ×10−5 1.95 ×10−3 0.00 38.75 130.58 5.67 
86 Domain bacteria 5.99 ×10−3 4.74 ×10−2 10.17 35.42 107.92 0.00 
2 Class Bacteroidia 3.06 ×10−3 0.01 524.83 714.17 1361.00 0.00 
4 Genus Arcobacter 1.54 ×10−3 6.71 ×10−3 1972.00 51.92 56.17 1.67 
7 Family SM23-30 (Phycisphaerae) 0.02 4.95 ×10−2 115.17 679.08 11.83 0.00 
16 Family Clade II (SAR11) 1.50 ×10−27 2.11 ×10−25 0.83 0.25 0.00 2365.33 
19 Genus Clade IA (SAR11) 4.93 ×10−16 2.21 ×10−14 0.83 2.58 1.75 2028.00 
5 Genus Synechococcus CC9902 2.23 ×10−3 0.02 863.67 309.25 699.33 770.00 
17 Genus Alteromonas 3.72 ×10−4 7.88 ×10−3 4.33 382.33 0.17 11.33 
35 Class Bacteroidia 5.22 ×10−3 0.04 21.17 185.33 2.08 0.00 
43 Genus Neptuniibacter 2.16 ×10−3 0.02 2.00 157.42 3.17 3.33 
54 Family Desulfobacteraceae 5.63 ×10−4 0.01 63.50 57.67 180.25 13.33 
5 Genus Synechococcus CC9902 0.01 0.03 863.67 309.25 699.33 770.00 
16 Family Clade II (SAR11) 6.28 ×10−29 9.63 ×10−27 0.83 0.25 0.00 2365.33 
19 Genus Clade IA (SAR11) 6.51 ×10−17 3.62 ×10−15 0.83 2.58 1.75 2028.00 
21 Family Cryomorphaceae 6.84 ×10−5 5.08 ×10−4 30.50 24.08 35.58 1725.33 
26 Genus HIMB11 (Rhodobacteraceae) 5.86 ×10−4 4.13 ×10−3 2.50 17.50 416.50 693.67 
1 Genus Catenococcus 0.01 0.03 556.67 1437.58 1420.42 246.33 
2 Class Bacteroidia 2.61 ×10−3 8.94 ×10−3 524.83 714.17 1361.00 0.00 
16 Family Clade II (SAR11) 5.02 ×10−29 7.74 ×10−27 0.83 0.25 0.00 2365.33 
19 Genus Clade IA (SAR11) 6.58 ×10−17 3.65 ×10−15 0.83 2.58 1.75 2028.00 
21 Family Cryomorphaceae 1.96 ×10−5 1.52 ×10−4 30.50 24.08 35.58 1725.33 

Shaded cells indicate which sample types were compared. 
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iated with the genera Aestuariibacter , Ruegeria , and Thalassomonas .
Aestuariibacter colonize plastics and have plastic (Morohoshi et al.
2018 , Erni-Cassola et al. 2020 , Al-Tarshi et al. 2024 ) and oil (Wang 
et al. 2014 ) degradation capabilities. Aestuariibacter are also resis- 
tant to lead and cadmium (Zou et al. 2020 ) and can be obtained 

from the seawater by horizontal transmission (Giraud et al. 2021 ).
Ruegeria are core members of the gut in multiple species of sea 
cucumber (Gao et al. 2022 ) and Pacific white shrimp (Amin et al.
2022 ) and have been associated with enhanced nutrient absorp- 
tion (Huang et al. 2022 ) and the degradation of polystyrene (Zhao 
et al. 2024 ) in marine invertebrates. Strains of Thalassomonas have 
been isolated from abalone and sea anemone tissue (Hosoya et 
al. 2009 ) and display antimicrobial functions (Pheiffer et al. 2023 ).
Thus, the core and resident bacterial taxa in P. vittata may play 
crucial roles in host health by processing pollutants, enhancing 
the immune response, and aiding in digestion, but metagenomic 
or metatranscriptomic studies are needed to determine the true 
function of resident bacteria within this species. 

In conclusion, depuration of ascidians does not change micro- 
bial alpha-diversity profiles but may aid in differentiating tran- 
sient from resident taxa in these complex microbiomes. Accord- 
ingly, analyses of nondepurated ascidians can yield similar mi- 
crobiome profiles to those that have been depurated, in contrast 
to the disproportionately high alpha-diversity and significantly 
different microbial composition observed in other nondepurated 

filter-feeding invertebrates (e.g. mussels, Griffin et al. 2023 ). Resi- 
ent microbial taxa are more likely to be functionally necessary
or the host and participate in overall ascidian health and home-
stasis, and studies targeting this fraction of the microbiome may
enefit from depuration treatments. Ultimately, whether to sub- 

ect ascidians to depuration prior to analysis should be informed
y the objectives of each study and the amenability of the host
rganisms to depuration treatments. 
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