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ABSTRACT Abalone are large, marine, herbivorous gastropods that hold great cultural, ecological, and economic importance
across the world. Many abalone species are cultured for food or conservation, and there is a dense literature on their feeding
habits and digestive physiology in captive settings. There has been, however, little investigation of the digestive physiology or
enteric microbial diversity of wild-caught abalone. Thus, an examination of the microbial diversity and levels of gastrointestinal
fermentation was performed in different regions of the gut of wild-caught red abalone (Haliotis rufescens) from the northeastern
Pacific (California), and in paua (Haliotis iris) from the southwestern Pacific (Aotearoa New Zealand). Digestive enzyme activ-
ities were also measured in the digestive gland/stomach of the two species. It was observed that, similar to other abalone, these
two abalone species harbored a similar microbiome all the way to the genus level, with Mycoplasma (Phylum Mycoplasmatota),
Vibrio (Phylum Pseudomonodota), and Psychrilyobacter (Phylum Fusobacteriota) composing the majority of sequence reads.
There was variation in indicator species among gut regions, and between gut tissue and luminal contents of each region, showing
that there is variation axially and radially in the gut. Concentrations of short-chain fatty acids were similar among gut regions
in each species, but H. rufescens tended to have more butyrate in their guts than H. iris. Digestive enzyme activities were similar
among the two abalone species, but H. iris had two orders of magnitude higher acid phosphatase activities. Overall, this is one
of the most detailed analyses of wild-caught abalone digestive physiology and sets a baseline for comparison with animals being

reared in captivity.
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INTRODUCTION

Abalone are large, marine gastropods that hold immense
economic, cultural, and ecological value globally (Leighton
2000, Vileisis 2020). In fact, given their size and the beauty of
their shells, abalone are harvested from the wild or farmed for
conservation and/or human consumption throughout the world
(Bullon et al. 2023). As herbivores, abalone are considered an
important aspect of sustainable aquaculture (Naylor et al.
2021, Bullon et al. 2023). Thus, there is a dense literature on
abalone dietary habits and digestion in captive settings (Tahil &
Juinio-Menez 1999, Garcia-Esquivel & Felbeck 2006, Cornwall
et al. 2009, Zeeman et al. 2012, Stone et al. 2013, Bansemer
et al. 2016, Ansary et al. 2019). From these studies, researchers
have learned about the common microbes that inhabit their guts
(Guo 2017, Gobet et al. 2018, Nam et al. 2018, Parker-Graham
et al. 2020, Cicala et al. 2023, Hur et al. 2023, Liu et al. 2023),
the algae or formulated diets that the abalone tend to thrive on,
and how to grow the animals quickly (Bullon et al. 2023). There
is, however, a paucity of studies on digestion in wild-caught
abalone, gauging the activity levels of digestive enzymes, how
microbial communities vary in different gut regions, and the
levels of gastrointestinal fermentation in the form of short-
chain fatty acid (SCFA) concentrations within the abalone
digestive system. For some time, it has been clear that there are
microbes capable of fiber digestion (Erasmus et al. 1997) and
gastrointestinal fermentation in abalone guts (Sawabe et al.
2003, Tanaka et al. 2003), yet there are few studies that have
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actually measured SCFA concentrations in abalone alimentary
canals (Iehata et al. 2009, Iehata et al. 2010) to examine how
different gut regions might vary in terms of microbial function.

Digestion is a chemical process catalyzed by digestive
enzymes. These enzymes can come from the host or from
microbes inhabiting animal guts. Unlike vertebrates, abalone
have the genes to synthesize digestive enzymes that can degrade
plant fibers (e.g., cellulose, alginate; Godémez-Pinchetti &
Garcia-Reina 1993, Li et al. 2023), as well as the more soluble
portions of algae (Picos-Garcia et al. 2000, Garcia-Esquivel &
Felbeck 2006, Li et al. 2023, Wang et al. 2024). As with under-
standing how microbial communities vary along the gut, few
studies have examined how digestive enzyme activities vary
along the abalone digestive system (Picos-Garcia et al. 2000,
Garcia-Esquivel & Felbeck 2006, Nel et al. 2017), with many
enzymatic activities being highest in the stomach/digestive
gland (Garcia-Esquivel & Felbeck 2006, Frederick et al. 2022).
Given that digestive enzyme activities correlate with digestibil-
ity (Karasov & Douglas 2013), measuring enzymatic activities
provides insight into how well abalone can digest aspects of
their algal diet.

Apart from the few abalone species that are cultured for
food (e.g., Haliotis discus hannai, Haliotis tuberculata), most
wild abalone remain poorly studied in terms of their digestive
physiology. This is true whether one is interested in the north
or south Pacific. Thus, in this study, the enteric microbial com-
munities, and concentrations of SCFAs (microbial byproducts
of fermentation) were examined along the digestive systems
of abalone from opposite ends of the Pacific Ocean: red aba-
lone (Haliotis rufescens) in the eastern north Pacific, and paua
(Haliotis iris) from the western south Pacific. Because the
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stomach/digestive gland produces a broad array of digestive
enzymes, enzymatic activity measurements were performed in
this gut region of the two species.

Although there are some phylogenies available for abalone
(Estes et al. 2005, Masonbrink et al. 2019), a phylogeny was
generated for the abalone of the northeastern Pacific, using
Haliotis iris as an outgroup (Frederick 2019; see Appendix for
detailed phylogenetic methods). Haliotis rufescens are the larg-
est abalone species in the world, reaching as large as 31 cm in
shell length (Leighton 2000), and they are part of a cold-water
clade that includes the endangered white abalone (Haliotis
sorenseni), the pinto abalone (Haliotis kamtschatkana), and the
flat abalone (Haliotis walallensis; Fig. 1). Paua (H. iris) hold
similar value in Aotearoa New Zealand, and are distantly
related to this northeastern Pacific clade of abalone (Fig. 1,
Estes et al. 2005). The range for H. rufescens spans from south-
ern Oregon, United States, to Baja California, Mexico, with a
depth range from the intertidal (in their northern range only) to
24 m (California Department of Fish and Wildlife 2005). Paua
live in the rocky shore habitat around most of Aotearoa New
Zealand, including the Chatham Islands, preferring shallower
habitat to 12 m depth with a preference for around 5-6 m under
boulders (Schiel & Breen 1991, Schiel et al. 1995). Both species
graze on macroalgae present in their environments. Paua gen-
erally prefers feeding on drift algae, primarily the kelp Lessonia
variegata, but will also feed on red and green algae (Cornwall
et al. 2009).

To examine the function of the digestive systems of
Haliotis rufescens and Haliotis iris, the digestive systems
were divided into the mouth, esophagus, digestive gland, which
sits atop the stomach, the stomach itself (Harris et al. 1998),
and the intestine, divided into proximal and distal regions
(Frederick et al. 2022). Given that many studies on abalone
digestion treat the gut as a single organ (Bansemer et al. 2016,
Li et al. 2023), this is one of the most detailed studies of
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Figure 1. Bayesian phylogenetic tree for the Haliotis species on the west
coast of North America, using H. iris as an outgroup. The tree is based
on sequences of 16S, cyt b, H3, and ITS1 genes. The percentage of times
that a particular node was recovered in 10 million generations of Markov
Chain Monte Carlo is listed as the Bayesian posterior probability, with
** signifying P > 0.99. Paua (H. iris) and red abalone (H. rufescens) are
bolded. See Appendix for methodology and specimen details.
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microbiomes and SCFA concentrations in any abalone spe-
cies to date, simply by taking the gut region into account. Gut
function varies depending on region because the digestive sys-
tem is compartmentalized (Penry & Jumars 1987, Penry 1989,
Horn & Messer 1992, Harris et al. 1998, Garcia-Esquivel &
Felbeck 2006, Nel et al. 2017, Lyu et al. 2023). Thus, the fol-
lowing hypotheses were generated regarding the microbiomes
of the abalone: (1) The highest microbial diversity would be
in the stomach, because the pH of this organ more resembles
that of a rumen (Van Soest 1994, Harris et al. 1998) than it
does the gastric stomach seen in vertebrates (Wilson & Castro
2010); (2) Because of the pH of the stomach (pH 5-6; Harris
etal. 1998, Frederick et al. 2022), the concentrations of SCFA
would be highest in this gut region in comparison with the
intestine, which is more of a simple tube in abalone; and (3)
Because H. rufescens and H. iris inhabit different ocean basins,
consume different algal taxa, and are not closely related
(Fig. 1), their microbiomes should be strongly different.
Because many abalone taxa share many of the same bacte-
rial phyla in their guts (Guo 2017, Gobet et al. 2018, Nam
et al. 2018, Parker-Graham et al. 2020, Cicala et al. 2023, Hur
et al. 2023, Liu et al. 2023), the same is expected here, but the
separation of the species by 10,800 km, should mean that the
microbial species will vary among H. rufescens and H. iris.

In terms of digestive enzyme activities, expectations were
based on the adaptive modulation hypothesis, which states
that gut function (especially digestive enzyme activities and
nutrient transporters) should match with ingested dietary
nutrient concentrations, because, otherwise, enzyme syn-
thesis would be wasted on low-concentration substrates for
those enzymes (Karasov 1992, Karasov & Martinez del Rio
2007, Karasov et al. 2025). The activities of carbohydrases
(amylase, maltase, p-glucosidase), proteases (trypsin, alanine
aminopeptidase, leucine aminopeptidase), and a phosphate
acquiring enzyme (acid phosphatase) were measured. There
is excellent support for the adaptive modulation hypothesis
for carbohydrases, as animals that ingest more starch tend
to have elevated amylolytic activities in comparison with
animals that do not ingest as much starch (Perry et al. 2007,
Axelsson et al. 2013, German et al. 2016). In this case, with
both abalone species consuming algal diets dominated by
brown and red algae, one would predict elevated carbohydrase
activities (amylase in particular) in their digestive glands, and
lower proteolytic activities, and not much differences among
the species. Previous measurements found that H. iris does
not express a working alanine aminopeptidase enzyme in
its digestive gland (Frederick et al. 2022), so similar results
were expected here with detectable alanine aminopeptidase in
H. rufescens, but not H. iris.

Given that nutrient acquisition is central to the survival of
an animal, examining digestion is key to understand how ani-
mals make a living. Moreover, the dearth of information on
digestion in wild-caught abalone means there is no baseline for
what the enteric microbiome, SCFA concentrations, and diges-
tive enzyme activities look like in wild animals versus farmed
ones. Thus, to better understand digestion in farmed abalone,
comparisons with the wild condition are necessary, which this
study begins to do for Haliotis rufescens and Haliotis iris,
each of which are farmed in California and to a lesser degree in
Aotearoa New Zealand, respectively.



RED ABALONE AND PAUA SHOW DIFFERENCES IN DIGESTIVE PHYSIOLOGY

MATERIALS AND METHODS
Animal Collection and Dissections

Red abalone (Haliotis rufescens) (n = 12) were collected on
October 29, 2017 by recreational fishers at Van Damme State
Park (123° 47’ 30.2” W, 39° 16’ 23.3” N). A special salvage
permit was issued, allowing for field sampling of legally har-
vested recreational abalone take under Scientific Collecting
Permit #13783 from the California Department of Fish and
Wildlife, to PI Alyssa Frederick. A total of N = 3 males and
N = 9 females were collected. The average (+standard devia-
tion) length was 197 * 10 mm, and the average mass of the
animals was 1548 + 257 g.

Paua (Haliotis iris) (n = 4) were collected on April 19, 2018
from Kau Bay, Wellington, New Zealand (41° 17" 17.5” S 174°
49" 47.4” E). Additional paua (n = 8) were collected on May
7, 2018 from both Breaker Bay and Princess Beach, Houghton
Bay on the southern coast of Wellington, New Zealand. All
collections were performed by divers at the Victoria University
of Wellington Coastal Ecology Laboratory. The animals were
dissected within hours of collection. The average (fstandard
deviation) length was 125 £ 8 mm, and the average mass of the
animals was 260 + 71 g.

Following the methods of Frederick et al. (2022), animals
were placed on crushed ice as an anesthetic until unresponsive.
Animals were measured for total wet mass, shell mass (after
removing the soft tissue), and the longest length of the shell.
Each animal was removed from its shell by severing the foot
muscle attachment to the shell. The head was severed from the
rest of the body swiftly to ensure the animals were deceased
before dissections. Dissections were performed on a metal tray
thoroughly cleaned with 70% ethanol, which was filled with ice
to keep the dissection surface cold. Instruments and surfaces
were thoroughly cleaned with ethanol between tissue types
and specimens (Herrera et al. 2025). As in Frederick (2019),
the entire digestive system was separated by region: radula
(mouth), esophagus, digestive gland, stomach, proximal intes-
tine, and distal intestine. Gut contents (digesta) were separated
from gut tissue for each gut region using ethanol-cleaned for-
ceps and the blunt side of a razor blade. For each gut region,
the tissues and contents were placed in separate 15 mL centri-
fuge vials (that had been exposed to UV radiation before use)
and immediately flash-frozen. All Haliotis rufescens samples
were frozen and transported in liquid nitrogen, and Haliotis
iris samples were frozen in a -80°C freezer and transported on
dry ice to University of California, Irvine. They were stored at
-80°C until processed.

Digestive Enzyme Assays

Frozen digestive glands samples were weighed and homog-
enized before thawing in ice-cold citric acid sodium citrate
buffer at a pH of 5.6 (the pH measured in the digestive gland
of Haliotis rufescens using pH paper by Frederick et al.
2022) using a Polytron homogenizer (Brinkman Instruments;
Westbury, NY) in 30-sec pulses. Connective tissue was
removed. Homogenized samples were centrifuged at 9,400 X g
for 2 min at 4°C, then the supernatant was stored in 100—
130 pL aliquots at -80°C until used in assays (German et al.
2015). The biochemical activity levels of three carbohydrases
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(amylase, maltase, and f-glucosidase), three proteases (trypsin,
alanine-aminopeptidase, and leucine-aminopeptidase), and
acid phosphatase were measured using digestive gland homog-
enate supernatants, following the methods of Frederick et al.
(2022) and German et al. (2004). Assays for carbohydrases,
alanine-aminopeptidase, leucine-aminopeptidase, and acid
phosphatase were run at pH 5.6, which was the average pH
measured in the digestive glands of dissected abalone using pH
paper (Frederick et al. 2022). Trypsin was measured at pH 7
because the substrate precipitated out of solution at a lower
pH. The temperatures used for the assay incubations matched
those of the collection site around the time of collection and
dissection (12°C for Haliotis rufescens and 14°C for Haliotis
iris). On its face, this should lead to an expectation of higher
enzymatic activities in H. iris just due to temperature differ-
ences used in the assays. Yet, when these same abalone species
were reared at a lower temperature and an elevated temperature
that was 5°C higher than the lower temperature, little tempera-
ture sensitivity of the digestive enzyme activities was detected
(Frederick et al. 2022). Moreover, the comparison among the
species here is limited and extreme differences are the focus, as
subtle ones can have too many potential explanatory variables
with a two-species comparison.

Microbiome Analyses

The sample DNA was isolated from the tissue of the rad-
ula (mouth), esophagus, stomach, digestive gland lumen (just
called digestive gland), stomach, proximal intestine, and distal
intestine, as well as from the contents of the digestive gland,
stomach, proximal intestine, and distal intestine using the
Zymobiomics DNA mini kit from Zymo Research. Amplicon
polymerase chain reaction (PCR) of 16S rDNA was performed
targeting the V4-V5 region using the Earth Microbiome Project
primers (Caporaso et al. 2012, Walters et al. 2016). The libraries
were sequenced at the University of California, Irvine Genomics
Research and Technology Hub (GRTH) using a miseq v3
chemistry with a PE300 sequencing length. Sequencing resulted
in 18.7 M reads passing the filter. An additional miseq run
was conducted with additional samples that had low-quality
scores, and the amplicon sequence variants data were merged
in QIIME2 (version 2020.8). The raw sequences were imported
into QIIME2 using the UCI High Performance Community
Computing Cluster (HPC3). After initial sample quality check
(99% identity threshold), the paired-end sequences were qual-
ity filtered using the DADA?2 pipeline in QIIME2, resulting in
2.8 million merged paired-end reads. The first 5 bp were then
trimmed, and the forward read was truncated at 285 bp with
the reverse read truncated at 248 bp. Taxonomic classification
for amplicon sequence variants was assigned using the Silva 138
99% OTUs from the 515F/926R region of sequences (Quast
et al. 2012). Analyses were conducted in QIIME2, and the fea-
ture table was imported into R (Version 1.4.1103). Within R, we
used Shannon alpha diversity and One-way ANOVA followed
by Tukey HSD to determine what gut regions were different
in alpha diversity within each species. Alpha diversity was not
statistically compared between the two species. A Bray—Curtis
Dissimilarity matrix was used to examine beta diversity and
to construct a nonmetric multidimensional scaling plot. To
test for differences among samples, a PERMANOVA with 999
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permutations was used, as well as a pairwisse PERMANOVA
using Benjamini-Hochberg P-adjusted values. To determine
which microbial taxa were driving differences in gut regions or
among the two abalone species, indicator species analysis was
run with each gut region in a species as different “habitats” (De
Caceres et al. 2012). This analysis shares what taxa are uniquely
abundant in a given sample type (species or gut region).

Measurement of Short Chain Fatty Acids

Measurements of symbiotic fermentation activity were based
on the methods of Pryor and Bjorndal (2005), as described in
Leigh et al. (2021). Fermentation activity was indicated by
relative concentrations of SCFA in the fluid of the stomach,
proximal intestine, and distal intestine of Haliotis rufescens
and Haliotis iris. Stomach and intestinal contents were frozen,
individually, in sterile centrifuge vials. Gut content samples
were weighed, thawed, homogenized with a vortex mixer, and
centrifuged under refrigeration (4°C) at 16,000 X g for 10 min.
The supernatant was then pipetted into a sterile centrifuge vial
equipped with a 0.22 pm cellulose acetate filter (Costar Spin-X
gamma sterilized centrifuge tube filters; Coming, NY) and cen-
trifuged under refrigeration at 13,000 X g for 5 min to remove
particles from the fluid (including bacterial cells). The filtrates
were collected and frozen until they were analyzed for SCFA
concentrations.

Concentrations of SCFA in the gut fluid samples from the
stomach, intestine, and distal intestine were measured using
gas chromatography. Fluid filtrates were hand-injected into
an Agilent Technologies 7890A gas chromatograph equipped
with a flame ionization detector. Two microliters of each fil-
trate were injected onto a 2-m-long stainless steel column
(3.2 mm ID) packed with 10% SP-1000 and 1% H,PO, on
100/120 Chromosorb W AW (Supelco Inc., Bellefonte, PA).
An external standard containing 100 mg L™ each of acetate,
propionate, isobutyrate, butyrate, isovalerate, and valerate
was used for calibration. A 20% phosphoric acid solution
was used to clear the column between samples, followed by
rinses with nanopure water. The SCFA concentrations are
expressed as mM L™ of gut fluid (volumetric concentration)
and are not based on the amount of fluid recovered from any
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Statistical Analysis

Statistics were run in R Studio version 4.1.1 (R Core Team
2020). Enzyme activities were compared among the species
for each enzyme individually using one-way ANOVA. For the
SCFA analyses, one-way ANOVA tests were used for intraspe-
cific comparison of individual SCFA (acetate, propionate, and
butyrate) concentrations among the gut regions. Interspecific
comparisons of each SCFA (and total SCFA) for each gut
region (e.g., stomach versus stomach) were made with ¢-tests
with a Bonferroni Correction for multiple comparisons. Prior
to parametric tests, the Bartlett test for homoscedasticity and
the Shapiro-Wilk test for normality were performed on all
enzyme datasets (Levene’s test for the SCFA data). Where nec-
essary to normalize the data, log, square-root, or exponential
(Box-Cox) transformations were used (Table 1).

RESULTS
Digestive Enzyme Activities and Short Chain Fatty Acid Concentrations

Acid phosphatase activity in Haliotis iris was over two
orders of magnitude higher than that in Haliotis rufescens
(Table 1; Fig. 2; P < 0.001). Trypsin activity did not dif-
fer significantly between the two species (P = 0.117).
Leucine-aminopeptidase activity was 146% higher in H. iris
relative to H. rufescens (Table 1; Fig. 2; P < 0.001). Alanine-
aminopeptidase was only detectable in H. rufescens, and the
average (+standard deviation) activity level was 14.40 + 10.09
umol min~' g™' (Fig. 2). Amylase activity in H. iris was over
twice that found in H. rufescens (Fig. 2, Table 1, P = 0.002).
Maltase activity was 68% higher in H. iris than in H. rufescens
(Fig. 2, Table 1, P = 0.005). B-glucosidase activity did not
differ significantly between the two species (P = 0.497).

In terms of the SCFAs, Haliotis iris showed significant differ-
ences in acetate concentration by gut region, with the stomach
having significantly lower acetate than the proximal intestine or
distal intestine, which in turn did not differ from one another

(Fy 50— gps P < 0.001; Fig. 3). Propionate (F), ,,_, ,; £ = 0.321)
and butyrate (F ; P =0.838) concentrations did not vary

2,30=0.177°
among the gut regions in H. iris (Fig. 3). In Haliotis rufescens,

there were no differences among the gut regions for acetate

one gut region. (Fy 55 - gooes P = 0.972), propionate (F,,,_, 5 £ = 0.2188), or
TABLE 1.
Summary statistics for all enzyme activity data in the digestive glands of H. rufescens and H. iris.
Sample size (1) Mean * SD ANOVA
Metric H. rufescens H.iris  H. rufescens H. iris F df P Transformation
Acid phosphatase activity (nmol min~" g™') 11 11 60.41 £31.90 73904349 3344 1,20 5.92E-14%** log
Trypsin activity (umol min™" g™") 10 12 0.36 +0.28 0.57 £0.32 2.69 1,20 0.117 NA
Leucine-aminopeptidase activity 12 12 37.42+19.17 91.88£55.14 146 1,22 9.32E-04%** sqrt
(nmol min~"' g™")
Amylase activity (umol min™" g™') 12 12 1.25+0.62 393+£294 1287 1,22 1.64E-03** x*¥
Maltase activity (umol min™' g™') 12 12 1.37+£0.70 2.30£0.73 10.02 1,22 4.48E-03** NA
B-Glucosidase activity (nmol min~' g™) 11 11 16.34 £ 11.55 13.30£12.04 0479 1,20 0.497 sqrt

Sample sizes indicate the number of analyzed samples in each species and assay. Mean * SD within each heat treatment is shown, with F-statistic
and degrees of freedom (treatment, residuals) for every ANOVA. For significant differences among the species for a given enzyme, the P values
are bolded and ** indicates P < 0.01 and *** indicates P < 0.001. When data were transformed to better meet the assumptions of normality and
homoscedasticity, the transformation used on the raw data is also indicated. “NA” signifies that no transformation was used.
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Figure 2. Box plots of digestive enzyme activities in the digestive glands of Haliotis rufescens (from California) and Haliotis iris (from New Zealand). For
each enzyme, data were compared among the species with ANOVA or a sufficient nonparametric test. Differences are indicated with asterisks (** P < 0.01;
*%% P <(.001). Comparisons with no asterisk were not statistically different (P > 0.05). Note that H. iris lacks alanine-aminopeptidase activity.
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Figure 3. Volumetric concentrations of the short-chain fatty acids (SCFA) acetate, propionate, and butyrate in different gut regions of Haliotis
rufescens and Haliotis iris captured from the wild. Intraspecific comparisons of each SCFA were made among gut regions with ANOVA followed by
a Tukey HSD multiple comparisons test. The only significant difference was for acetate concentration among gut regions of H. iris, and those boxes
sharing a letter are not statistically different from one another. Interspecific comparisons were made for each SCFA in each gut region individually
with #-tests. Significant or marginally significant differences among the species are shown with brackets and the specific P value.
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Figure 4. Box plot showing Shannon Diversity Index (a-diversity) of
the microbial communities in the contents of various gut regions of the
abalone species Haliotis rufescens and Haliotis iris. Intraspecific com-
parisons were made among gut regions with ANOVA. The only statisti-
cal difference was between the digestive gland and distal intestine of H.
rufescens, as indicated with capital letters (P = 0.05). No differences were
detected in H. iris (P = 0.6).

butyrate (F, ,;_ .5 P = 0.0583) concentrations (Fig. 3). In the
stomach, H. rufescens had significantly higher acetate concen-
tration than H. iris (t = 2.203, DF = 21, P = 0.0389), whereas
propionate (¢ = 0.243, DF = 20, P = 0.811) did not differ. Like
acetate, H. rufescens had higher stomach butyrate concentration
than H. iris (t = 2.353, DF = 18.692, P = 0.0297). The two spe-
cies were not different for acetate (1 = 0.649, DF = 19, P = 0.524)
or propionate (¢ = 1.1665, DF = 21, P = 0.257) concentrations
in the proximal intestine, but H. rufescens did have significantly
higher butyrate concentration than H. iris in this gut region
(r = 2.845, DF = 21, P = 0.010). There were no differences in
acetate (+ = 1.021, DF =19, P = 0.320), propionate (¢ = 0.211,
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5.54 + 4.16 mM L, proximal intestine 4.30 = 2.31 mM L',
and distal intestine 2.98 + 1.25 mM L"'; H. iris stomach 2.22 +
1.83 mM L, proximal intestine 3.71 * 2.12 mM L", and dis-
tal intestine 2.92 £ 1.11 mM L. No differences in total SCFA
concentration were detected among gut regions for H. rufescens
(F. ; P=0.423) or H. iris (F, ; P=0.148).

2,33 =0.884> ,30 = 2.035”

Microbiome Analyses

In terms of alpha diversity, the only difference detected for
microbial communities of the contents of the abalone diges-
tive systems was among the digestive glands and distal intes-
tines of Haliotis rufescens, as no differences were detected
for Haliotis iris (Fig. 4). For the gut tissue communities,
H. rufescens showed no differences in alpha diversity among
gut regions (P > 0.47 for any comparison; data not shown),
whereas H. iris showed lower alpha diversity in its digestive
gland than most tissues (P < 0.05 for each comparison; data
not shown). Based on the PERMANOVA of the gut con-
tent community beta diversity (P = 0.002; R’ = 0.164), gut
region explained only 16% of the variation among the aba-
lone species because host species itself was clearly the largest
explanatory variable (Fig. 5). When examined individually
by species, the gut region was not a significant predictor of
microbial community in the gut contents of H. rufescens
(P = 0.160, Fig. Al). Gut region, however, was a significant
factor for the beta diversity of H. iris gut contents (P = 0.006,

e H.rufescens
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2
1 |R°=0387

DF = 16, P = 0.835), or butyrate (r = 2.029, DF = 21, P = ? .
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Figure 5. Nonmetric multidimensional scaling plot based on Bray—Curtis
dissimilarity of the microbial communities in the contents of various
gut regions of the abalone species Haliotis rufescens and Haliotis iris.
Proximity to other symbols indicates similarity.

Figure 6. Nonmetric multidimensional scaling plots based on Bray—
Curtis dissimilarity of the microbial communities in gut tissues of the
abalone species Haliotis rufescens (top) and H. iris (bottom). Proximity
to other symbols within a given graph indicates similarity. The results of
PERMANOVA are displayed on the graphs. Note that there are no data
for the proximal intestine of H. rufescens.
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Figure 7. Stacked bar plots of the relative frequency of microbial com-
munities (at the phylum level) in the gut tissues of different gut regions in
the abalone species Haliotis rufescens and Haliotis iris. The key depicts
the phyla. Note that we do not have data for the proximal intestine of
H. rufescens. These phyla are also represented, but are too small to
see (each representing <0.03%): Actinobacteriota, Campilobacterota,
Chloroflexota, Desulfobacterota, Myxococcota, Verrucomicrobiota.

Fig. Al), with the distal intestine being different from the
stomach (P = 0.012) and digestive gland (P = 0.006).

The beta diversity of the gut tissues showed strong dif-
ferences among gut regions in both species, with gut region
explaining about 39% of the variation in both species (Fig. 6).
In Haliotis rufescens, the distal intestine tissue had differ-
ent beta diversity from the stomach (P = 0.003) and digestive
gland (P = 0.003). The radular (mouth) tissue community was
also different from the stomach (P = 0.045) and digestive gland
(P = 0.044; Fig. 6). In Haliotis iris, the stomach tissue com-
munity was different from the radula (P = 0.018), the proxi-
mal intestine (P = 0.006), and the distal intestine (P = 0.004).
Similarly, the H. Iris digestive gland tissue community was
different from the radula (P = 0.004), the proximal intestine
(P =0.004), and the distal intestine (P = 0.004). Differences in the
tissue microbial communities are obvious among the gut regions
in both species when viewed as stacked taxa bar plots (Fig. 7).

The most dominant bacterial phylum found in the aba-
lone gut contents or tissues was the Mycoplasmatota, repre-
senting between 30% and 96% of all detected taxa depending
on the sample type and gut region (Fig. 7, Fig. A2). The next
most abundant phyla were the Pseudomonodota, Bacillota,
Fusobacteriota, and Cyanobacteriota (Fig. 7, Fig. A2). A
major difference between the two abalone species was in the
phylum Bacillota, which was more abundant in Haliotis iris
tissues than those of Haliotis rufescens (Fig. 7). There was an
overwhelming dominance of Mycoplasmatota in the diges-
tive gland and stomach tissues of H. iris, respresenting
>95% and 93% of the sequences in these tissues, respectively
(Fig. 7). In each abalone species, the indicator species anal-
ysis varied somewhat by gut region. For H. rufescens gut
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tissues, the mouth had indicator species in the Pseudomonodota
(Gammaproteobacteria) and Bacteriodota (Flavobacteriaceae),
whereas the esophagus, digestive gland, stomach, and intesti-
nal tissues had more representation of Alphaproteobacteria
(Pseudomonodota) and Mycoplasmatota as indicator spe-
cies (Fig. 7, Supplemental Table S1). The esophogeal commu-
nities in AH. iris had indicator species in the Pseudomonodota,
Bacteriodota, Fusobacteriota, and Spirochaetota, whereas
Mycoplasmatota took over as one traveled deeper into the
H. iris gut (Fig. 7, Supplemental Table S1). In terms of the gut
content communities, the distal intestines of H. rufescens and
H. iris had Fusobacteriota (Psychrilyobacter), Mycoplasmatota
(Mycoplasma), Pseudomonodota (Vibrio), and an unknown
Bacteriodota as indicator species (Supplemental Table S2).
Red abalone had Francisella (Pseudomonodota) and H. iris
had an unknown Bacillota in their distal intestine contents
as indicator species. Haliotis iris added in Verrucomicrobiota
(Rubritaleaceae), Planctomycetota (Pirellulaceae), and Cyano-
bacteriota as indicator species in their digestive gland contents
(Supplemental Table S1). The full microbial abundance data are
in Supplemental Table S2.

DISCUSSION

In this study, digestive enzyme activities, concentrations of
SCFAs, and the microbial communities in the guts of abalone
species from the North (Haliotis rufescens) and South (Haliotis
iris) Pacific Ocean were measured. Although the specific micro-
bial taxa may vary among the host abalone species and ocean
basins, the general representation on the phylum level looks
a lot like other abalone from around the world, showing that
abalone select and maintain a specific set of microbial taxa
within their digestive systems in the wild or in captivity. That
is, there is an “abalone microbiome™ in comparison with seawa-
ter or other animals (e.g., Gobet et al. 2018). The stomach was
hypothesized to have the highest microbial diversity and the
highest SCFA concentrations along the abalone gut, and these
hypotheses were soundly rejected. Although there was not as
much variation in microbial taxa in the contents among the gut
regions of the abalone species (Fig. 5), the microbial commu-
nities associated with the tissues of the various gut regions had
more variation (Figs. 6 and 7), showing that microbial diversity
is not homogenous along the abalone gut. There wasn’t much
variation in SCFA concentrations among the species, but the
higher levels of butyrate found in H. rufescens in comparison
with A. iris (Fig. 3) hints at some functional differences among
their microbial communities. Overall, the digestive enzyme
activities are generally in the same order of magnitude among
the species, but H. iris may emphasize amylase, maltase, and
acid phosphatase more so than H. rufescens (Fig. 2). Each of
these observations will be discussed in more detail below.

Within the microbiome, members of the Mycoplasmatota
(especially the genus Mycoplasma) dominated the gut tissue
and content communities of Haliotis rufescens and Haliotis
iris. This is an intriguing similarity, as these two abalone species
occupy distinct habitats 10,800 km from each other across the
ocean. Interestingly, Mycoplasmatota is a dominant phylum
that is found across abalone species globally (Gobet et al. 2018,
Nam et al. 2018, Choi et al. 2021, Cicala et al. 2023). Most
examinations of abalone microbiomes are from farmed ani-
mals, so the similarity with wild abalone is of interest because
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captivity impacts the enteric microbiomes of marine animals
(Clements et al. 2014, Lavoie et al. 2018, Lavoie et al. 2021,
Damasceno et al. 2022, Small et al. 2023).

Members of Mycoplasmatota (specifically in the genus
Mycoplasma) are associated with a healthy gut in abalone
(Cicala et al. 2023) and have a role in protecting host epithelium
by inhibiting the binding of pathogens to the epithelial cells
through competition for receptor sites (Villasante et al. 2020).
In support of this, Mycoplasma abundance is typically high in
healthy Haliotis rufescens and markedly decreases in abundance
in individuals of this species that are infected with Candidatus
Xenohaliotis californiensis, the causative bacteria of Withering
Syndrome (Villasante et al. 2020). Of course, not all abalone
species are exposed to Candidatus Xenohaliotis californiensis (as
this bacterium is found on the West Coast of North American
only) and the disease only appeared in the last several decades
(Friedman et al. 2000, Crosson et al. 2014, Cicala et al. 2017),
indicating that Mycoplasma likely has other important func-
tional roles in the abalone gut. One such role may be in aiding
healthy digestion, as members of the genus Mycoplasma have the
capacity to digest nutrient-deplete food sources and supplement
the host with simple carbohydrates and amino sugars (Villasante
et al. 2020). In addition to Mycoplasma, Pseudomonodota
(genus Vibrio) and Fusobacteriota (genus Psychrilyobacter) were
also prevalent in the gut tissue of H. rufescens and Haliotis iris.
These same genera are also commonly found in the intestines of
H. discus hannai in Asia in the northwestern Pacific Ocean, and
Haliotis tuberculata in Europe in the northeast Atlantic Ocean
(Gobet et al. 2018, Yu et al. 2022, Liu et al. 2023), further indi-
cating that abalone share core microbial taxa despite differing
environmental conditions and physiologies. There is not much
discussion of Cyanobacteriota in the abalone digestion litera-
ture, but there is indication that this phylum is prevalent in the
tissues of other molluscs such as the oyster, Crassostrea gigas,
with which they are likely symbionts (Avila-Poveda et al. 2014).
Moreover, a prevalence of Cyanobacteriota was observed in H.
rufescens fed different algal diets (Guo 2017). Their function
or role in the abalone gut is unknown, but nonphotosynthetic
Cyanobacteriota are gaining recognition as symbionts in herbiv-
orous fish guts and are not just allochthonous bacteria consumed
with algae (Soo et al. 2014, Pardesi et al. 2022) in comparison
with photosynthetic cyanobacteria like Synechococcus sp., that
are clearly environmental and more common in the gut contents
than gut tissues (Fig. A2, Supplemental Table S2).

Although there were many similarities in the core microbial
taxa between Haliotis iris and Haliotis rufescens, butyrate pro-
duction is a key functional difference, with H. rufescens produc-
ing more butyrate than H. iris (Fig. 3). This is mirrored in the
microbiome results, with H. rufescens also having a higher prev-
alence in Bacteroidota in their gut tissue versus H. iris (Fig. 7,
Fig. A2). Members of the phylum Bacteroidota are known to
produce SCFAs, like butyrate in human digestive systems (Shin
et al. 2024), and are abundant in marine vertebrate species, such
as green turtles (McDermid et al. 2020), and herbivorous fishes
(Stevenson et al. 2022, Herrera et al. 2025). In these host spe-
cies, Bacteroidota produce enzymes that can break down algal
polysaccharides and ferment them into SCFAs, such as butyr-
ate (Thomas et al. 2011, McDermid et al. 2020). Overall, the
measured concentrations of SCFAs in the abalone digestive sys-
tem (<30 mM L total, let alone in a single gut region) suggest
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that abalone have some microbial fermentation occurring in
their guts, but not on a level seen in some herbivorous fishes
(Mountfort et al. 2002, Pardesi et al. 2022, Stevenson et al. 2022),
and certainly not concentrated in the stomach, as hypothesized,
suggesting that abalone are less reliant on microbial fermentation
to digest their algal diet than some vertebrates. This is further
matched by the relatively constant feeding and transit of material
through the abalone gut, with transit times ranging between 12
and 20 h, possibly not long enough for high concentrations of
SCFA to be achieved (Lyu et al. 2023).

Compartmentalization of the digestive system is common in
invertebrates and vertebrates (Karasov & Douglas 2013). More
voluminous regions of the gut (e.g., like a stomach or hindgut cham-
ber) can slow transit times and allow for mixing, whereas tubular
portions, like intestines, have plug-flow movement that tends to be
more unidirectional (Penry & Jumars 1987, Horn & Messer 1992,
Karasov & Douglas 2013, Lyu et al. 2023). Thus, finding differ-
ences in digestive enzyme activities and microbial communities
among gut regions is to be expected, with microbes predicted to
be more concentrated in voluminous regions (Penry 1989, Horn &
Messer 1992, Harris et al. 1998, Garcia-Esquivel & Felbeck 2006,
Nel et al. 2017, Pardesi et al. 2022, Sparagon et al. 2022, Lyu et al.
2023). Although higher microbial diversity and SCFA concentra-
tions were not observed in the stomach, the indicator species analy-
sis in this study revealed key microbial taxa that are more abundant
in specific gut regions. For example, in the mouth tissue of Haliotis
rufescens, members of Bacteroidota (family Flavobacteriacae)
and Pseudomonodota (Gammaproteobacteria) were found to be
indicator species. Members of Flavobacteriacae are known for the
breakdown of algal polysaccharides (Li et al. 2017, Baumgen et al.
2021), and Gammaproteobacteria are known in other abalone
guts and produce alginate lyase that can break down alginate from
brown algal cell walls (Yu et al. 2022).

When moving from the mouth to the esophagus and the
remainder of the gut in Haliotis rufescens, the indicator spe-
cies shift toward Alphaproteobacteria (Pseudomonodota)
and Mycoplasma. Alphaproteobacteria have been associated
with the digestive tissue of other abalone species, Haliotis
discus hannai and Haliotis gigantea (Huang et al. 2020). For
instance, a taxon closely related to Thalassospira xiamenensis
(Alphaproteobacteria) was isolated from the digestive gland
of H. discus hannai that had genes for alginate digestion
and assimilation, suggesting this taxon may be involved in
breaking down alginate from brown macroalgae (Huang
et al. 2020). In comparison, the esophagus and remainder
of the gut of H. iris contained Pseudomonodota, Bacillota,
Bacteriodota, Fusobacteriota, and Spirochaetota. Members of
Pseudomonodota are common in H. discus hannai intestines,
as well as in the gut tissue of aquatic invertebrates more gener-
ally (Harris 1993, Yu et al. 2022). With Vibrio as the dominant
genus out of the Psuedomonodota in many marine organisms
(including abalone), they likely play a role in digestion (Hamid
et al. 1979, MacDonald et al. 1986, Gatesoupe et al. 1997,
Henderson & Millar 1998, Itoi et al. 2006, Ray et al. 2012,
Egerton et al. 2018). Psychrilyobacter (Fusobacteriota) was
also prevalent in the esophagus, which again indicates a role in
digestion. This taxon has been found in the digestive tissue of
Haliotis tuberculata and is known for fermenting simple sugars
into SCFAs (Gobet et al. 2018, Yao et al. 2019). Detailed anal-
yses of Psychrilyobacter isolated from H. discus hannai show
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that it mostly metabolizes di- and monosaccharides, as opposed
to polysaccharides (Liu et al. 2023). Lastly, Spirochaetota was
an indicator species in the esophagus of H. iris. Members of
this phylum have also been identified in the intestines of H. dis-
cus hannai and in species of freshwater snails (Yu et al. 2022,
Apostolou et al. 2025). What these members of Spirochaetota
do in the gut environment needs to be studied.

From a microbial perspective, it is obvious that the luminal
gut content environment is different from the tissue mucosal
environment in abalone (Fig. A2), as it is in fishes (Stevenson
etal. 2022, Rankinsetal. 2023, Herrera & German 2024). In their
gut contents, Haliotis rufescens and Haliotis iris had shared
taxasuchasFusobacteriota(Psychrilyobacter), Mycoplasmatota
(Mycoplasma), Pseudomonodota (Vibrio), and an unknown
Bacteriodota. Fusobacteria were also found in the intestines of
Haliotis discus hannai, are known to produce enzymes that are
critical for digestion, and aid in abalone digestion of marine
algae (Parker-Graham et al. 2020, Guo et al. 2024). Unique
to the distal intestine, Francisella sp. (Pseudomonodota) in H.
rufescens and an unknown Bacillota in H. iris, were indicator
species. This is interesting, as Francisella sp. infection can be
pathogenic, and fatal, in Haliotis gigantea (Kamaishi et al.
2010), but the role of this species in H. rufescens is unknown.

This study is the first to examine the digestive microbiome
of wild-collected Haliotis rufescens and Haliotis iris, providing
an important baseline for future studies on digestion in these
species. The results highlight similarities in bacterial taxa seen
between H. rufescens and H. iris and among abalone more
broadly, across varying culture conditions, environments, and
physiologies. Moreover, the results strongly suggest that the
abalone gut should not be treated as a single organ, but the dif-
ferent regions analyzed separately to discern the various func-
tions along the gut (Garcia-Esquivel & Felbeck 2006). Further,
there are differences in the communities among the gut contents
and tissues, which should be accounted for.

The use of programs like PICRUSt2, whereas improving in
utility for predicting the functional roles of microbes in verte-
brate studies (particularly in mammals), are risky in unknown
environments (Langille et al. 2013, Abushattal et al. 2020), like
the guts of abalone, because strain variants can differ in func-
tion depending on environment (Shade et al. 2012, Sunagawa
et al. 2015). Future studies should incorporate several “omics”
approaches, including metagenomics and transcriptomics
(Nam et al. 2018), proteomics (Starr et al. 2018), and metabo-
lomics (Sparagon et al. 2022) to further understand microbial
functions within the abalone guts.

A consistent result in this study is the higher amylase and
maltase activities in the guts of Haliotis iris in comparison with
Haliotis rufescens (Fig. 3, Table 1). Because of the evolutionary
and habitat differences among the two species, it is difficult to
point to a specific reason for the elevated ability to digest and
assimilate soluble starches in H. iris, but amylase (not maltase)
was also more elevated in laboratory-reared H. iris relative to H.
rufescens in a previous experiment suggesting that this may be
consistent difference among the species (Frederick et al. 2022).
Again, this is not just a temperature difference in the assays used
in this study (12 versus 14°C), as H. iris consistently had elevated
amylase over H. rufescens regardless of temperature (Frederick
et al. 2022), perhaps pointing to differences in nutrient content
of algae consumed 10,800 km apart (e.g., Whyte & Englar 1978,
Smith et al. 2010, Battershill 2024, Hrstich-Manning & Aguirre
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2025). Similarly, alanine aminopeptidase activities are absent
from H. iris, but clearly measurable in H. rufescens. Paua may
make up for this with more elevated leucine aminopeptidase
activities (Fig. 2, Table 1). Why H. iris lacks an alanine amino-
peptidase requires further investigation. Is that a function of that
species or the clade to which they belong? Trypsin activity was
measured at pH 7.0 in the digestive gland samples, which makes
sense, seeing that the substrate used (BAPNA) is not stable at
pH values below 7.0 (Preiser et al. 1975). Abalone do have prote-
ases that operate under more acidic conditions in their digestive
glands (Picos-Garcia et al. 2000) and future work should use dis-
solved protein assays (Anson 1938) as opposed to colorimetric
substrates that provide more flexibility of assay conditions.

The acid phosphatase activities in Haliotis iris are two orders
of magnitude higher than those in Haliotis rufescens. Acid phos-
phatase can be indicative of immune function (Singh et al. 2020,
Singh & Lin 2021, Bullon et al. 2023) as well as nutrient pro-
cessing rates (Yoshida et al. 1977, Harpaz & Uni 1999, Carneiro
et al. 2020, Fronte et al. 2021) in fishes and abalone. Because
these are wild animals, there could be differences in phosphate
availability among the algae consumed and/or locations that
could explain this difference. For example, Ecklonia (common
in the H. iris diet) has double the phosphate of Macrocystis
(Smith et al. 2010), the latter of which being more common in
the H. rufescens diet and having relatively stable and lower phos-
phate concentrations over time (Whyte & Englar 1978). Hence,
with more phosphate in the diet, H. iris may invest more in acid
phosphatase expression. Many digestive enzyme activity differ-
ences involve differences in gene copy number. A classic exam-
ple is that of amylase among fish species with different diets,
with those fish consuming more starch having more amylase
gene copies and elevated amylase activity that can be orders of
magnitude higher than species consuming low-starch diets with
fewer amylase genes (German et al. 2016, Heras et al. 2020, Le
et al. 2023). Variations of this magnitude are unknown for acid
phosphatase, however, and deserve more attention here. There is
a genome for H. rufescens (Masonbrink et al. 2019), but not for
H. iris, making such a comparison impossible at this time. All
of this is offered with the caveat that H. iris fed Ecklonia and
Lessonia in the laboratory did not show the elevated acid phos-
phatase seen in the wild animals in this study (Frederick et al.
2022). Thus, it may be more of an environmental difference issue
than something purely dietary or adaptive among the species.
Furthermore, this gets at a limitation of a two-species compari-
son. One cannot point at any one variable to explain differences
among the species. Therefore, this leads to a call for more studies
of gut physiology and microbiomes of wild abalone, using close-
ly-related species that are sympatric so that the impacts of diet
and environment can be separated from those driven by phylo-
genetic history (e.g., German et al. 2004, German et al. 2010,
German et al. 2015).

CONCLUSION

Management of abalone must be grounded in a biologi-
cal knowledge of the species involved. Although limited as a
two-species comparison, this work improves the understand-
ing of the digestive physiological functions of two important
abalone species in their native habitat on a natural diet. This
work can be used as a baseline to understand changes in phys-
iological function that occur during a shift from wild-caught
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fisheries to farmed abalone. Conserved patterns among these
two species (e.g., Mycoplasma being a dominant genus in the
microbiome) leads to an expectation of similar patterns in some
of the critically endangered abalone species, such as white aba-
lone (Haliotis sorenseni) and black abalone (Haliotis crachero-
dii) in North America. For instance, the White Abalone Captive
Breeding Program relies heavily on applying physiological data
from related species to the critically endangered white aba-
lone restoration aquaculture practices. Is the dominance of
Pseudomonodota seen in the guts of H. sorenseni in captiv-
ity (Parker-Graham et al. 2020) an indication of poor animal
health, an inadequate diet, a unique signature of this species,
or some bioinformatic methodological difference among that
study and others? The current work here certainly provides
impetus for more work on endangered H. sorenseni to better
understand their digestion, microbiome, and how to best raise
them for species recovery. As wild abalone populations decline
across the world, it is crucial to preserve a baseline understand-
ing of their physiology within their native habitats, and this
paper provides that for two iconic abalone species.
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APPENDIX PHYLOGENETIC ANALYSES

Foot muscle tissue was acquired from abalone samples col-
lected between 1996 and 2018 for seven species from the north-
eastern Pacific (Haliotis corrugata, H. cracherodii, H. fulgens, H.
kamtschatkana, H. rufescens, H. sorenseni, and Haliotis walal-
lensis (Stearns 1899) and one from New Zealand, Haliotis iris
(Gmelin 1791) (Table A1). Tissue samples from the California
taxa (except H. fulgens) were acquired from the University
of California, Davis, Bodega Marine Laboratory. Epipodial
clippings of H. fulgens were acquired from freshly harvested,
live animals from Catalina Island, from Nancy Caruso of Get
Inspired! Inc. Tissue from H. iris came from Te Papa Tongarewa
Museum of New Zealand, after the animals were freshly col-
lected in 2015 (Table A1). Before DNA extraction, tissues were
stored in molecular-grade ethanol at 4°C.

The total DNA was extracted from the foot muscle using a
DNeasy Blood and Tissue extraction kit (Qiagen, Valencia, CA)
following the manufacturer’s instructions. The tissue of 10-25
mg was blotted dry of ethanol and cut into small pieces before
proceeding with the protocol. Extracted DNA was stored in the
elution Buffer AE from the DNeasy protocol (10 mM Tris—Cl,
0.5 mM EDTA, pH 9.0) at 4°C until ready to be used for PCR
reactions. Spectrophotometry (Synergy H1, BioTek, Winooski,
VT) was used to quantify DNA concentration for each sample.
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Following the methodology outlined by (Kim et al. 2014),
PCRs were conducted to amplify sequences for two mitochon-
drial genes (16S rDNA and cytochrome b) and two nuclear
genes (h3 and a region spanning its/ and its2). The concate-
nated sequence of all four gene regions was 2,171 bp with the
following breakdown per gene; 545 bp of the 16S ribosomal
DNA (16S) gene and 705 bp of the cytochrome b (cyt b) gene
were obtained. The latter codes for a protein involved in trans-
membrane electron transfer in respiration (Degliesposti et al.
1993). A 342 bp region of the H3 (Histone 3) gene and a 579 bp
portion of the internal transcribed spacer region 1, 5.8s rRNA,
and internal transcribed spacer region 2 (hereafter ITS1-5.8S-
ITS2) were obtained. Each PCR cycle consisted of an initial
denaturation at 95°C for 2-3 min, followed by 35 cycles of: dena-
turation at 95°C for 30 sec, annealing (temperatures adjusted
for each primer set) for 30-60 sec, extension at 72°C for 60-90
sec. The final extension step was at 72°C for 5 min. For 16S, an
annealing temperature of 61°C was used (except for Haliotis
sorenseni, H. iris, and H. fulgens, for which 59°C was used) with
the following primers (Kim et al. 2014): 16SrDNAF 5-CGC
CTG TTT ATC AAA AAC AT-3’, 16StDNAR 5-CCG GTC
TGA ACT CAG ATC ACG T-3'. For cyt b, an annealing tem-
perature of 60°C was used with the following self-designed
primers (Primer-BLAST, NCBI): cytbF3 5-GTG CTC ACG
TTG AGT TAG CTT-3’, cytbR2 5-TAA ACA CAC GCC

TABLE Al.

Sampling dates and sources for the foot muscle tissues of each animal.

Species Animal ID Date collected Source
Haliotis rufescens (n = 5) SF07-3-1 February 5, 2007 Van Damme, CA
SF07-25-133 July 18, 2007 Farallones Island, CA
SF07-48-7 April 26, 2003 Soberanes Pt., CA
SF10-15-1 May 14, 2010 Bodega Head, CA
SF07-32-18 August 25, 2007 San Miguel Island, CA
Haliotis corrugata (n = 4) SF08-6-3 2000 T. McCormick Broodstock
SF02-24 prel997 Hatchery Raised 1993, Proteus
SF04-36-1 August 20, 2004 Cape Cortes, Santa Catalina Island
SF08-6-2 2000 T. McCormick Broodstock
Haliotis walallensis (n = 2) SF06-18-15 Nov 2003 Van Damme, CA
SF08-48-1 unknown Oregon
Haliotis kamtschatkana (n = 3) SF15-52-2 August 17,2015 Van Damme, CA
SF15-52-3 August 17,2015 Van Damme, CA
SF15-52-4 August 17,2015 Van Damme, CA
Haliotis cracherodii (n = 2) SF03-34-2 1996 Ano Nuevo Island (S of San Francisco), CA
SF03-31-30 pre2003 Carmel, CA
Haliotis sorenseni (n = 5) SF08-25-2 2004 Santa Cruz Island (via Tom McCormick and BML)
SF08-25-3 November 7, 2000 Farnsworth (via Tom McCormick and BML)
SF03-20-1 November 8, 2000 Farnsworth (via CIMRI)
SF08-25-1 March 28, 2000 Farnsworth (via Tom McCormick and BML)
SF05-37-1 November 7, 2000 Farnsworth (via Tom McCormick)

Haliotis iris (n = 2) M.318749 (6) October 3, 2015

M.318749 (7) October 3, 2015

Cat-G01
Cat-G03

Haliotis fulgens (n = 2)

January 13-14, 2018
January 13-14, 2018

40°39.82" S, 172° 24.17" E, New Zealand, South Island, Punapaua,
W of Collingwood, M Young

40°39.82" S, 172° 24.17" E, New Zealand, South Island, Punapaua,
W of Collingwood, M Young

Catalina Island

Catalina Island

The gene sequences from the one Haliotis discus individual included in the tree were from a full genome (Nam et al. 2017).
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TABLE A2.

Isolate and GenBank accession numbers for each gene region of each individual (isolate) sequenced for phylogenetic analysis.

Gene region

Species Isolate 16S cyth H3 ITS1-5.8S-ITS2
Haliotis rufescens SF07-3-1 MH395949 MH427191 MH443024 MH443049
n=75) SF07-25-133 MH395950 MH427192 MH443025 MH443050

SF07-48-7 MH395951 MH427193 MH443026 MH443051
SF10-15-1 MH395952 MH427194 MH443027 MH443052
SF07-32-18 MH395953 MH427195 MH443028 MH443053
Haliotis corrugata SF08-6-3 MH395945 MH427187 MH443020 MH443045
n=4) SF02-24 MH395946 MH427188 MH443021 MH443046
SF04-36-1 MH?395947 MH427189 MH443022 MH443047
SF08-6-2 MH395948 MH427190 MH443023 MH443048
Haliotis walallensis SF06-18-15 MH395936 MH427180 MH443013 MH443038
(n=2) SF08-48-1 MH395937 MH427181 MH443014 MH443039
Haliotis SF15-52-2 MH395942 MH427184 MH443017 MH443042
kamtschatkana SF15-52-3 MH395943 MH427185 MH443018 MH443043
n=23) SF15-52-4 MH395944 MH427186 MH443019 MH443044
Haliotis SF03-34-2 MH395932 MH427176 MH443009 MH443034
cracherodii (n = 2) SF03-31-30 MH395933 MH427177 MH443010 MH443035
Haliotis sorenseni SF08-25-2 MH395955 MH427197 MH443030 MH443055
n=25) SF08-25-3 MH395956 MH427198 MH443031 MH443056
SF03-20-1 MH395957 MH427199 MH443032 MH443057
SF08-25-1 MH395958 MH427200 MH443033 MH443058
SF05-37-1 MH395954 MH427196 MH443029 MH443054
Haliotis iris (n = 2) M.318749 (6) MH395940 MH427182 MH443015 MH443040
M.318749 (7) MH395941 MH427183 MH443016 MH443041
Haliotis fulgens Cat-GO1 MH395934 MH427178 MH443011 MH443036
n=2) Cat-G03 MH395935 MH427179 MH443012 MH443037

CAA TCC CT-3". For H. fulgens, an annealing temperature of
57°C was used with a custom reverse primer that overlapped
with cytbR2 but was more specific for H. fulgens: cytbR1
5-GCC CAA TCC CTT CAA ATG GC-3". Likewise, for H.
sorenseni, primers designed to be specific to that species were
used, and both overlapped with primers used the other taxa:
cytbF1 5-GGG GTT GTG TCT TGT TGT GC-3’and cytbR3
5-AGA ACA GTA AAC ACA CGC CCA-3". For H3, a 60°C
annealing temperature was used with the following designed
primers: H3F 5-ATG GCT CGT ACC AAG CAG AC-3’and
H3R 5-TCC TTG GGC ATG ATG GTG AC-3". For ITSI-
5.8S-ITS2, the following primers (Coleman & Vacquier 2002)
were used for all individuals unless specified, with an anneal-
ing temperature of 63°C: ABA-FOR 5-TCG ATG AAG AGC
GCA GCC-3’ and Hal-REV 5-AGT CTC GTC TGA TCT
GAG GTC-3". Primers Hal-FOR 5-TGA ACC TGC GGA
AGG ATC ATT AAC G-3’, G-FOR 5-GGG ATC CGT TTC
CGT AGG TGA ACC TGC-3’, and G-REV 5-GGG ATC
CAT ATG CTT AAG TTC AGC GGG T-3" were also used
(Coleman & Vacquier 2002), with details on variations as fol-
lows: one H. walallensis sample was sequenced with primer
sets Hal-FOR/Hal-REV and G-FOR/G-REV with an anneal-
ing temperature of 56°C. H. cracherodii was sequenced using
primer set Hal-FOR/Hal-REV.

PCR products were visually inspected on 1% agarose gels,
and then cleaned with a PCR NucleoSpin Gel and PCR Cleanup
kit (Macherey-Nagel, Bethlehem, PA). Occasionally samples
with faint extra bands were gel-extracted, both procedures

following the manufacturer’s protocol. Cleaned samples were
sent to Eton Bioscience (San Diego, CA) for Sanger sequenc-
ing. Sequences from one Haliotis discus (Reeve, 1846) individual
were extracted from the genome (Nam et al. 2017) using Blast
2.2.31. Sequences were aligned for each gene using CodonCode
Aligner (v4.2.7) (CodonCode Corporation, Dedham, MA),
and trimmed to the size of the shortest fragment. An open read-
ing frame was determined for H3 using ORFfinder (NCBI),
and the analysis was partitioned by codon for H3. All novel
sequences were deposited on GenBank (NCBI, accession num-
bers in Supplemental Table S2).

Phylogenetic relationships were generated using a mixed-
model, partitioned Bayesian method as implemented in the
software package Mr. Bayes version 3.2.6 (Ronquist et al. 2012).
Analyses were conducted on concatenated sequences of all genes,
partitioned by gene, as well as separate analyses for each nuclear or
mitochondrial marker. Ten million generations of Markov Chain
Monte Carlo sampling were performed using a random starting
topology with trees sampled every 200 generations, with 25,000
early runs counted as burnin. The retained 50,002 trees were used
to construct a 50% majority rule consensus tree. The percentage
of times that a particular node was recovered in the analysis is
interpreted as the posterior probability of the occurrence of that
node. Phylogenetic trees were created using FigTree (v1.4.2) and
rooted with H. iris (New Zealand) because all gene-trees or phy-
logenies to date show H. iris as an outgroup to a clade contain-
ing northeastern Pacific taxa (Lee & Vacquier 1992, Coleman &
Vacquier 2002, Estes et al. 2005, Geiger & Owen 2012).
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Figure Al. Nonmetric multidimensional scaling plot based on Bray—
Curtis Dissimilarity of the microbial communities in the contents of var-
ious gut regions of the abalone species Haliotis rufescens (red abalone)
and Haliotis iris (paua). Proximity to other symbols indicates similarity.
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Figure A2. Stacked bar plot of relative frequency of microbial communi-
ties (at the phylum level) in the gut tissues and gut contents of the abalone
species Haliotis rufescens and Haliotis iris. The key on the side depicts the
phyla. These phyla are also represented but are too small to see (each rep-
resenting <0.03%): Actinobacteriota, Campilobacterota, Chloroflexota,
Desulfobacterota, Myxococcota, Verrucomicrobiota.



