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ABSTRACT
METABARCODING ANALYSES OF GUT MICROBIOME COMPOSITIONS IN RED
ABALONE (HALIOTIS RUFESCENS, SWAINSON, 1822) FED DIFFERENT
MACROALGAL DIETS
by
Jinchen Guo
Master of Science in Marine Science
California State University Monterey Bay, 2017

Growth and gut microbiome composition of Red abalone, Haliotis rufescens, fed
different diets were compared after six months. The diet treatments were starvation and three
fresh macroalgal diets (Macrocystis pyrifera, Palmaria mollis, and Ulva lactuca). Abalone
shell length and wet in-shell mass were measured for growth comparisons across treatments.
Contents of the buccal cavity, intestine, and stomach, as well as seawater and macroalgal
tissue samples, were also collected monthly for 16S rRNA Illumina MiSeq sequencing. Shell
length and wet in-shell mass showed significant difference among treatments (two-way
ANOVA test, F(2,74)=4.26, p=0.019) and months (two-way ANOVA test, F(4,74)=15.54,
p<0.0001). The metabarcoding assay detected 17981 unique operational taxonomic units
(OTUs) from all samples. Gut microbiome composition was significantly different across
treatments at class (PERMANOVA test, F(3,203)=18.02, p=0.001) and genus (PERMANOVA
test, F(3,203)=15.23, p=0.001) levels at a rarefaction depth of 13065 reads per sample. Gut
microbiome composition was significantly different in the 3 gut regions at class
(PERMANOVA test, F(2,203)=91.66, p=0.001) and genus (PERMANOVA test, F(2,203)=64.08,
p=0.001) levels. Proteobacteria, Bacteroidetes, Fusobacteria, and Cyanobacteria were
dominant taxa in most of the samples. SIMPER dissimilarity analysis showed that
microbiomes similarities among diets ranged from 44.33% to 47.67% at the class level.
Microbiome composition was more similar (57.33%) between the stomach and intestine
samples than between mouth and stomach samples (40.61%) and between mouth and
intestine samples (47.95%) at the class level. To date, this is the first study comparing gut
microbiome compositions in red abalone under various macroalgal diets using Illumina
sequencing technique. This work will enhance our understanding of the gut microbiome
composition in red abalone which is essential for abalone farmers to support the production
of quality juveniles for aquaculture and restoration purposes.
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INTRODUCTION
The tasty foot muscle of red abalone (Haliotis rufescens, Swainson 1822) has
made this organism a popular seafood choice on the west coast of the United States of
America. Haliotis rufescens, one of seven abalone species in North America, is an
ecologically important group of organisms in the kelp forest habitats along the west coast
of the United States Ecologists have recognized abalone as an herbivorous species that
help maintain a healthy coastal seafloor environment (Miner et al., 2006), and serves as
an important food source for fish and marine mammals such as sea otters (Braje et al.,
2009; Howorth 1978).
Abalone (Haliotis spp.), with approximately 130 species and subspecies, have
been recognized as one of most ancient groups in the subclass Prosobranchia (Howorth,
1978). Haliotis rufescens is the largest abalone species in the world and has a geographic
distribution from Baja California to Washington. Although widely distributed, the red
abalone does not show genetically distinct populations. Gruenthal et al. (2007) utilized
three different genetic markers (cytochrome c oxidase subunit I, nuclear microsatellites,
and amplified fragment length polymorphisms (AFLPs) to detect significant population
structures, and 41 loci out of 163 polymorphic AFLP markers showed significant
divergence. To date, there is no study supporting the existence of genetically distinct
populations in North America.
Total abalone catch from commercial fishery has dropped dramatically since the
1960s. Globally, the total legal landings of abalone fisheries have decreased from 19,720
metric tons in 1970 to 7,484 metric tons in 2014 (Cook, 2014). In California, the same
trend has also been observed as commercial landings of red, green, pink, black, and white
abalones dropped severely from about 2,200 tons in the early 1960s to below 1,000 tons
in the early 1980s and eventually below 100 tons in 1996 before the fishery was closed
statewide in 1997 (Karpov et al., 2000).
With declining wild abalone populations, people have turned to abalone
aquaculture to ensure future supplies. Aquaculture is gradually replacing the commercial
wild fisheries in human seafood supply. Consequently, the total global production of
abalone was increasing during the same time when the commercial fishery production
was decreasing (Gordon and Cook, 2013) due to the aquaculture. Wild abalone stock
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depletion may also lead to the need for abalone restoration (Rogers-Bennett et al., 2002)
through the production of seed abalone for fisheries enhancement. Since abalone
aquaculture was established in California in the 1940s as compensation for the wild
fisheries decline, research has focused on improving post-larval settlement to produce
abalones in large quantity (McBride and Conte, 1996). Recent research focuses on the
importance of the abalone's gut microbiome for growth.
Harris (1993) emphasized the importance of the microbial flora inside abalone’s
digestive tract and suggested such investigations of such gut flora could help abalone
aquaculturists enhance abalone food assimilation. Erasmus et al., (1997) discovered that
bacteria exist throughout the digestive tract of H. midae, and they could break down the
complex polysaccharides present in seaweed diets. Such capability has been studied in
detail by looking at the specific cellulase gene possessed by certain abalone gut
microbiome (Kim et al., 2011). Similarly, bacteria isolated from Japanese abalones were
able to digest alginate in brown kelp, suggesting that gut bacteria may promote digestion
in the gut along with the host’s enzymes (Sawabe et al., 1995). However, the microbiome
composition in red abalone and whether it would differ among different regions of its
digestive system under natural algal diet are still unknown.
High throughput Next Generation Sequence (NGS) techniques have been utilized
since early 21st century to study microbes in the environment. Such techniques allow
scientists generate millions of short genetic and metabarcoding reads at a lower cost
within a relatively brief period of time compared to the traditional Sanger sequencing
method (Pylro et al., 2014). It is this advanced sequencing technology that allows people
to take a closer look at the formerly under-estimated biodiversity in microenvironments,
such as gut, soil, hydrothermal vents, etc., and enlarges scientists' understanding
ecological and biochemical connections between the microbial communities and rest of
the lithosphere (Pace, 2017).
The present thesis work proposes to map out the microbiome composition in the
gut of red abalone. Specifically, I will examine 1) microbiome compositions in various
parts of juvenile red abalone’s digestive tract among the giant kelp (Macrosystis pyrifera
Agardh, 1820), dulse (Palmaria mollis Setchell&N.L. Gardner, 1985), the sea lettuce
(Ulva lactuca Linnaeus, 1753) and starvation treatments; 2) microbiome compositions, in
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terms of microbial operational taxonomic units (OTUs), of abalone-rearing seawater and
the macroalgal diet to see if the microbiome compositions in the abalones are similar to
their environment. In addition, I will also compare abalone growth across feeding
treatments.
Research Questions and Hypotheses
Question 1: Will red abalones fed with different macroalgae show significantly different
gut microbiome composition?
Hypothesis 1: Red abalone gut microbiome composition would be
significantly different across diet treatments.
Null Hypothesis 1: Gut microbiome composition will be similar regardless
of diet.
Question 2: Will red abalones in all treatments show significantly different gut
microbiome composition at different regions of digestive tract?
Hypothesis 2: Abalone gut microbiome will have significantly different
microbiome composition in buccal cavity, stomach, and intestine.
Null Hypothesis 2: Microbiome composition will not vary significantly by
gut regions.
Question 3: How does the gut microbiome composition in red abalone compare to the
microbiome composition in the seawater and their macroalgal diets?
Hypothesis 3: Abalone gut microbiome composition will be significantly
different from that of seawater and macroalgal surfaces.
Null Hypothesis 3: Gut microbiome will not be significantly different to that
of seawater and macroalgal surfaces.
METHODOLOGY
Feeding Experiment and Gut Sample Retrieval
Eighty-five juvenile red abalones (average shell length (SL): 4.02±3.17 standard
deviation (SD) cm, average wet in-shell mass: 9.46±2.40 SD g) were obtained from
Monterey Abalone Company. A feeding experiment was conducted in the aquarium room
at Moss Landing Marine Laboratories (MLML) from May to October in 2016. The
subjects were maintained in a plastic tub (29cm x 24cm x 13cm) and starved for 3 weeks
to clear their gut content while acclimatizing in pumped and sediment-filtered seawater
off Moss Landing in Monterey Bay. They were then randomly assigning to a starvation
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treatment with 10 individuals or 3 diet treatments (M. pyrifera, P. mollis, and U. lactuca)
with 25 abalones each. Abalones in the starvation group were raised in a 3.8-liter glass jar
with the opening rubber-banded with mesh liners to keep seawater flows in and out of the
jar (Figure 1). For the three macroalgal treatments, animals were randomly placed in 5
glass replicate jars similar to the starvation jar with 5 abalones in each jar. The giant kelp
and sea lettuce fed jars were arranged in 2 rows with 1 replicate jar from each group
shared the same seawater hose (Figure 2). The Palmaria fed abalone jars and the
starvation jar were connected in a similar way but were on a different seawater table and
hose from the other diet treatments in the aquarium area (Figure 3).
Each fed-treatment jar was received the same weight of macroalgal each time to
control diet mass. All abalones received continuously flowing seawater. Seawater
temperature, salinity (in PSU), dissolved oxygen (in mg/L), and pH were monitored at the
MLML seawater intake pump station. The rearing jars were cleaned three times per week.
One abalone from each treatment jar was randomly selected and aseptically dissected
each month to collect gut samples. Each abalone was measured for SL (cm) and mass (g),
shell color was noted, and then relaxed in 5% magnesium chloride solution.
Approximately 250mg of samples containing gut content and lining tissues were taken
from the buccal cavity, stomach, and intestine of each animal and directly transferred into
the bead solution tubes in the DNeasy PowerSoil DNA Isolation Kit (Qiagen, Catalog
No. 12888-100).
DNA Extraction and PCR Amplification
The gut content samples were extracted following the PowerSoil DNA Isolation
Kit extraction protocol. Briefly, 250 mg of host tissue and gut content were used for DNA
isolation with a series of washing and purification steps according to the manufacture's
protocol. In addition, I filtered 1 L of seawater collected upstream of rearing jars through
a 22µm filter (SterivexTM, Cat. No. SVGP01050) with a 60mL syringe (Luer-LokTM,
No. 309653) at each dissection time point. The filter cartridge was filled with bead
beating solution from the DNA isolation kit and incubated on a vertical rotater (Robbins
Scientific, Model 1000) at 56°C for 24 hours. Bead beating solution retrieved from the
filter cartridge was processed as above. M. pyrifera, P. mollis, and U. lactuca tissue
samples (250mg) were also collected and processed with the same DNA isolation
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protocol. Extracted DNA was quantified with the InvitrogenTM Quant-iTTM PicoGreenTM
dsDNA Assay Kit (Thermo Fisher Scientific, Cat. No. P7589) to determine the doublestranded DNA concentration. The extracted genomic DNA was diluted to 4ng/µL to
standardize input template concentration for the PCR.
The V4 region of the 16S rRNA small subunit was amplified via polymerase
chain reactions (PCR) according to the Earth Microbiome Project (EMP) 16S rRNA
protocol (www.earthmicrobiome.org). The updated forward primer (515FB: 5'AATGATA CGGCGA CCACCG AGATCT ACACGCT XXXXXX XXXXXX
TATGGTA ATTGTG TGYCAG CMGCCG CGGTAA-3') was barcoded and contained a
5' Illumina adapter and barcode (X region). The updated reverse primer (806RB: 5'CAAGCA GAAGAC GGCATA CGAGAT AGTCAG TCAGCC GACTAC NVGGG
TWTCT AAT-3’) contained an Illumina adapter at the 3' end. This primer set had an
expected amplicon size of 325 base pairs (bp). The forward primer had unique barcodes
or adapters for each sample so that the samples could be distinguished when sequenced
by the sequencing machine.
The total volume of the PCR reaction was 25 µL, which contained 13 µL of PCRgrade water (MoBio Laboratories Inc., Cat. No. 17000-11), 10 µL of KAPA2G Robust
HotStart ReadyMix polymerase mixture (KAPA Biosystems, Cat. No. 07961383001), 0.5
µL of EMP 515FB forward primer (10µM), 0.5 µL of EMP 806RB reverse primer (10
µM), and 1 µL of sample DNA template. The final primer concentration in each reaction
was 0.2 µM. Each sample was PCR-amplified in triplicate, and the PCR thermocycler
conditions were 94°C for 3 minutes followed by 28 cycles of 94°C for 45 seconds/50°C
for 60 seconds/72°C for 90 seconds with a final extension period of 10 minutes at 72°C.
PCR product was visually examined via 1.5% agarose gel (ethidium-bromide stained at
1:1000 ratio) electrophoresis in 1X Tris-acetate-Ethylenediaminetetraacetic acid (TAE)
buffer (pH=8.3) at 84 volts for 30 minutes and stored at -20°C for downstream process.
Triplicate PCR products were pooled for each sample followed by purification
with Agencourt AMPure XP beads (Beckman Coulter Life Sciences, Part No. A63881).
Specifically, 80 µL of the AMPure XP bead solution was added into each pooled PCR
product, and the product-bead mixture was vortexed, spun, and incubated at room
temperature for 1 min. Then the mixture containing liquid and pellet beads was placed on
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a magnetic plate and the liquid was removed. The beads were washed with 200 µL of
70% ethanol to clear contaminants followed by eluting the beads in the Low TE buffer
provided in the Ion Torrent Ion Plus Fragment Library Kit (Thermo Fisher Scientific, Cat.
No. 4471252). The purified product was transferred to new 96-well plates and doublestranded DNA concentration of each sample product was quantified with the same
PicoGreenTM kit. The DNA concentration of sample amplicons was standardized to 4nM
and pooled in a 2-mL microcentrifuge tube for further library preparation.
Library Preparation and Illumina Sequencing
The pool of all the purified PCR products was further purified with 1.4X volume
of AMPure bead solution. Then the beads were washed twice with 500 µL of 70%
ethanol, and DNA was eluted with 40 µL of the Low TE buffer. The eluted liquid was
transferred into a new 1.5 mL microcentrifuge tube and a 2 µL aliquot of such purified
liquid was loaded on a High Sensitivity DNA chip (Aligent Technologies, Cat. No. 50674626) and measured with the Agilent 2100 Bioanalyzer System. Finally, the library was
diluted to approximately 4 nM using the Low TE buffer.
The sequencing process was conducted by Illumina MiSeq platform in the GTAC
Lab at San Francisco State University. The Illumina MiSeq Kit V2 reagents (Illumina,
Cat. No. MS-102-2002), including the PhiX Control V3 reagent (Illumina, Cat. No. FC110-3001), were used to perform the sequencing run. Illumina MiSeq platform requires
spiking in a known amount of a technical control reagent called "PhiX" with sample
libraries. The PhiX control introduces sequencing diversity to low-complexity sample
libraries and creates signal threshold for base-calling during sequencing. This control is
also used for calculating sequencing error rates. Both sample library and the PhiX control
were diluted to 8 pM, and the volume of PhiX added to the library was 30% of the total
loading volume (600 µL) on the cartridge. In addition, 3.4 µL of 100 nM Illumina
sequencing R1 primer, Index primer, and R2 primer were also spiked in Well 12-14 on
the cartridge, respectively according to the manufacture’s protocol.
Statistical Analysis
Abalone shell length (SL) and in-shell wet mass were compared among different
treatments before and after the feeding experiment using JMP Pro Software (JMP
Statistical Discovery from SAS, Version 12.0.1). The 16S rRNA sequencing results from
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each sample were separated by feeding treatments and location in digestive tracts and
analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) program
(Caporaso et al., 2010). Prior to the QIIME analysis, a mapping file (Appendix I)
summarizing sample IDs, barcode sequences, treatments, gut types, and dissecting
months was prepared in an Excel spreadsheet for downstream analysis. Forward and
reverse sequencing reads were merged based on a metadata mapping file and the Index
file. The merged reads were then split, quality filtered, and clustered at a 97% identity
threshold to generate an OTU table. Then the OTU table was blasted against the
Greengenes prokaryotic reference sequence database (http://www.greengenes.lbl.gov) to
assign taxonomic groups. A complete QIIME scripts are described in Appendix II. The
OTU table generated from QIIME was also imported to the Plymouth Routines in
Multivariate Ecological Research (PRIMER) software for similarity comparisons. In
addition, samples with strong similarities among digestive regions and between
treatments were compared to the results of seawater samples and the macroalgal tissue
samples.

RESULTS
Shell Pigmentation
Juvenile abalone shells were mostly in pale and light green color at the beginning
of the feeding experiment (Figure 4). A few abalones showed narrow dark red bands
along the edge of their shells at that point (Figure 6). Abalones in the starvation group did
not show obvious shell color change when they were dissected in June 2016 (Figure 5).
Similarly, the animals in the M. pyrifer treatment also did not have noticeable shell color
change throughout the feeding experiment (Figure 6). Abalones fed with sea lettuce had
subtle indication of their diet by showing green bands along their shell edge during the
experiment (Figure 7). The most severe color change was observed in the P. mollis
treatment where red color bands along the shell edge became wider and wider since as
feeding proceeded, and most of the P. mollis-fed animals had a dark red color over about
half of their shells by October 2016 (Figure 8).
Growth
One goal of the present thesis is to compare red abalone growth among different
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treatments and over time. Abalone shell length and in-shell mass were measured before
and after the feeding experiment for the growth comparisons. Date was not considered a
main effect, as it would be trivial that abalones become larger as time proceeds when fed.
The average shell lengths and standard deviations of red abalones from each
treatment during the entire course of the feeding experiment were reported in Table 1.
Briefly, the average shell length of the starved abalone dissected in June was 4.21±0.26
(standard deviation (SD)) cm, which was slightly higher than their initial shell length in
May (4.04±0.26 SD cm), but the difference was not significant (two-sample t test, t=1.43,
p=0.17. Figure 9). The average shell length of abalones was significantly different across
the treatments (two-way ANOVA test, F(2,74)=4.26, p=0.019. Table 3) and months (twoway ANOVA test, F(4,74)=15.54, p<0.0001. Table 3); specifically, the P. mollis fed
abalones was significantly smaller than the U. lactuca fed abalones (Tukey-Kramer HSD
test, p=0.0022). However, the average shell lengths of the abalones were not significantly
different among treatments during the rest of the feeding experiment (Figure 9).
Wet in-shell mass data were log10 transformed to form a normal distribution, and
the average mass data and their standard deviations of each treatment were reported in
Table 2. The average mass of the starved abalones was 0.97±0.08 SD g in June and
0.98±0.08 SD g in May (Figure 10), but this difference was also not significant (twosample t test, t=0.25, p=0.81). The average shell length of abalones was significantly
different across the treatments (two-way ANOVA test, F(2,74)=10.93, p<0.0001, Table 4)
and months (two-way ANOVA test, F(4,74)=11.91, p<0.0001, Table 4), and the
significance was due to the average log-10 transformed mass of the P. mollis fed
abalones was significantly lower than that of the U. lactuca fed abalones (Tukey-Kramer
HSD test, p=0.015). However, the average mass was not significantly different across
treatments in June, July, and August although the P. mollis fed abalones grew heavier and
heavier. Eventually, the average mass was become significantly different across diet
treatments since September 2016 (one-way ANOVA test, F(2,12)=6.4, p=0.013), and the
average mass of the P. mollis fed abalones was significantly higher than that of the
abalones fed with M. pyrifera (Tukey-Kramer HSD test, p=0.011).
Preliminary Sequencing Results
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The main purpose of the present thesis is to investigate the gut microbiome
communities under various treatments. Two hundred sixty-six samples were sequenced,
and the total number of raw sequencing reads was 7,618,251, which yielded a total of
19,282 OTUs from the QIIME 16S pipeline. The final number of OTUs was 17,981 after
removing the singletons, and 15,875 OTUs were successfully assigned with prokaryotic
taxa based on the Greengenes sequence database. OTU statistics are summarized in Table
5. Briefly, the U. lactuca fed and starved abalones had more OTUs than the P. mollis and
M. pyrifera fed abalones, and all diets shared 1054 OTUs. Gut samples collected from
intestine and stomach showed more OTUs than the samples collected from mouth and the
seawater samples, and a total of 490 OTUs were shared by the gut and seawater samples.
The number of reads was rarefied to 13,065 for microbiome composition
comparisons using QIIME? due to the discrepancy of OTU reads per sample (Figure 11)
from the Illumina sequencing process. Rarefying to few hundred of reads in microbiome
composition analyses would include more samples but decrease the statistical power for
significance detection. In contrast, most samples would be excluded from downstream
analyses if only samples with >100,000 reads were used. Metrics such as the number of
OTUs, Shannon diversity index, and Simpson index were therefore examined for a range
of rarefaction levels.
The statistic indices were always larger as more OTU reads were included. For
instance, 3,195 OTUs were detected when rarefying at 1357 OTU reads per sample, and
an additional 3,000 OTUs were detected at the rarefaction depth of 5241 OTU reads per
sample (Figure 12). However, the increase of OTUs became smaller as the adjacent
rarefaction depths exceeded 13,065 reads per sample; at that level a total of 228 samples
could be retained. The Shannon diversity index and Simpson index diminished at
rarefaction depths greater than 13,065 reads per sample (Figure 13 and 14). For statistical
analysis, 13,065 reads were therefore chosen as a compromise between sample retention
and OTU retention.
The number of microbial taxa of each treatment and gut region, including the
seawater samples, was summarized in Figure 15 and 16, respectively. Generally, samples
from the starvation group had more taxa than the other three diet treatments; the seawater
samples showed more taxa down to the microbial order level, and there more microbial
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taxa detected from mouth samples at family and genus levels. Furthermore, a
permutational multivariate analysis of variance (PERMANOVA) test indicates that
microbiome compositions of samples across feeding treatments, different gut regions, and
the interaction term were significantly different at all taxonomic levels (Table 6), and
results at microbial class and genus levels are presented here only.
Microbiome Compositions by Treatment
The observed OTUs were classified in 128 microbial classes.
Gammaproteobacteria, Fusobacteria, Flavobacteria, and Mollicutes were top 4
microbial classes observed from the gut samples in the starvation, P. mollis, M.pyrifera,
and U. lactuca treatments, and the relative abundance of these classes were
approximately 35%, 30%, 15%, and 15%, respectively; some other minor classes such as
Alphaproteobacteria, Deltaproteobacteria, and Chloroplast together took less than 10%
of the total microbiome abundance in each of these treatments (Figure 17). Microbiome
composition observed in seawater samples was mostly abundant in Alphaproteobacteria
(35%), Flavobacteria (21%), and Gammaproteobacteria (20%); there was a small
proportion of Chloroplast (3.2%) and Deltaproteobacteria (1.6%) present, and the
Fusobacteria, which were abundant in the gut samples, only presented less than 1% in
the seawater samples (Figure 17).
The observed OTUs were assigned in 794 microbial genera. The relative
abundance of the top 2 genera observed from the gut samples were Psychrilyobacter
(25%) and Mycoplasma (20%), and there was also approximately 20% of the OTUs was
not assigned to any genera (Figure 18). Less than 10% of Vibrio bacteria was observed
from all gut samples, and there were 2 unknown genera, belonging to Order
Cardiobacteriales and Family Flavobacteriaceae, represented approximately 10% of the
total microbiome compositions across the treatments (Figure 18). The relative abundance
of major microbial genera observed in seawater samples was a little bit different from the
gut samples in that the top 3 microbial genera were: an unknown Rhodobacteriaceae
genus (12.4%), an unknown Pelagibacteraceae genus (11.9%), and an unknown
Flavobacteriaceae genus (7.4%). Approximately 3% of Octadecabacter, Rubritalea,
Candidatus Portiera, Flavobacterium, and an Alphaproteobacteria genus were also
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observed in seawater samples, and the relative abundance of these minor microbial taxa
was exclusively small (<0.001%) in the gut samples.
Microbiome compositional relationships between gut samples across the
treatments were also presented on non-metric Multidimentional Scaling (nMDS) plots
that were ultimately based on Bray Curtis distance calculations among samples. Gut
samples did not have close distance between each other and no clear clusters were
observed across the 4 treatments at the microbial class level, which indicates microbiome
compositions were not very similar to each other among treatments (Figure 19). The
PERMANOVA test indicated the gut microbiome compositions were significantly
different among the treatments at the class level (pseudo-F3,167=21.69, p=0.001. Table 7).
In contrary, the distance measured between samples at the genus level was relatively
closer to each other within treatments than that at the class level, and there were 2
obvious clusters separated apart from each other (Figure 20). There was a significant
difference in gut microbiome compositions among the treatments (pseudo-F3,167=19.49,
p=0.001. Table 8) although gut samples did not separate by treatments, and such
clustering pattern indicates there might be some other factors affecting the gut
microbiome compositions. Therefore, the first hypothesis of gut microbiome
compositions were significantly different among treatments was supported.
Similarity percentage (SIMPER) analysis was also conducted to compare gut
microbiome composition dissimilarities between each pair of the diet treatments (Table
11) and between starvation treatment and each diet treatment (Table 12) with the top 2
microbial taxa that contributed to the dissimilarities at both class and genus levels.
Briefly, gut microbiome compositions between diet treatments were approximately 45%
and 61% dissimilar to each at class and genus levels, respectively. Major microbial taxa
that contributed to such dissimilarities were Fusobacteria, Gammaproteobacteria, and
Mollicutes at class level and Psychrilyobacter and Mycoplasma at genus level. Similarly,
gut microbiome compositions between abalones in the starvation treatment and each of
the macroalgal treatments were approximately 48% and 66% dissimilar at class and
genus levels, respectively. The same microbial taxa found between the diet treatments
also acted as major contributors between the starvation treatment and each of the diet
groups.
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Microbiome Compositions by Gut Region
Microbiome compositions differed among different regions of abalone's digestive
tract at microbial class (Figure 21) level. Fusobacteriia, Mollicutes, Alphaproteobacteria,
and Gammaproteobacteria were top 4 microbial classes observed from stomach samples,
and their proportions of the total composition were 20.9%, 16.7%, 12.8%, and 11.4%,
respectively. Three of the major microbial classes, Fusobacteriia, Gammaproteobacteria,
and Mollicutes were also abundant in intestine samples, and their relative proportions
were 41.3%, 24.1%, and 19.2%, respectively. In contrary, Gammaproteobacteria and
Alphaproteobacteria together made approximately 80% of the total microbiome
composition in mouth samples; Fusobacteriia, observed very abundant in stomach and
intestine samples, only occupied 3.3% of the total microbial composition in mouth.
The relative proportions of major microbes were more different at genus level
(Figure 22). Approximately 30% of the microbes in the stomach samples were not
assigned to any prokaryotic genera, and the most abundant taxa-assigned microbes were
Mycoplasma (16.7%) and an unknown genus from Order Rickettsiales. Almost 60% of
the microbes observed in intestine samples were classified as Mycoplasma, other
abundant taxa were an unknown genus of Family Vibrionaceae (3.1%) and an unknown
genus of Order Stramenopiles (2.3%). The most abundant microbes observed in mouth
samples, on the other hand, were classified as an unknown genus of Order
Cardiobacteriales (32.3%) and an unknown genus of Family Flavobacteriaceae (23.2%).
Relative abundance of Psychromonas, Mycoplasma, and an unknown genus of Order
Oceanospirillales observed in mouth was 7.1%, 5.3%, and 4.9%, respectively.
Gut samples had good separations by different gut regions on nMDS plots as the
mouth samples clustered by themselves and stomach and intestine samples formed 2
clusters with a fair amount of overlap at microbial class level (Figure 23), and the
difference of microbiome compositions among the different gut regions was significant
(PERMANOVA test, pseudo-F2,167=79.62, p=0.001. Table 7). The Bray-Curtis distance
between samples was even closer at microbial genus level (Figure 24), and mouth
samples had a clearer separation from stomach and intestine samples. The overlap
between stomach and intestine samples got emphasized, and microbiome composition
was also significantly different at this taxonomic level (PERMANOVA test, pseudo-
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F2,167=61.62, p=0.001. Table 6). Therefore, the second hypothesis that microbiome
compositions were significantly different among different regions of abalone's digestive
tract was supported.
Samples from different macroalgae diet treatments could also be compared within
each gut region. Gut microbiome compositions were relatively more similar among gut
regions than by treatment at both microbial class (Figure 25) and genus levels (Figure
26). The difference in gut microbiome compositions was significant within each
treatment at microbial class (PERMANOVA test, pseudo-F6,167=5.49, p=0.001) and
genus (PERMANOVA test, pseudo-F6,167=4.91, p=0.001) levels. It needs to be noticed
that microbiome compositions between each gut regions were always significant within
each treatment across all taxonomic levels, and this pattern was also observed reversely
in which abalones collected from the four treatments had significantly different
microbiome compositions at each region of the digestive tract except at the phylum level
where samples collected from mouth did not differ significantly between the starved
animals and P. mollis- (Pairwise PERMANOVA test, t=1.40, p=0.133) and M. pyriferfed abalones (Pairwise PERMANOVA test, t=1.25, p=0.147). In addition, stomach
microbiome compositions were not significantly different between U. lactuca-fed and the
starved samples at microbial phylum level (Pairwise PERMANOVA test, t=1.02,
p=0.409).
SIMPER dissimilarity analyses indicate that microbiome composition was more
similar between stomach and intestine samples (57.33%) than between mouth and
stomach samples (40.61%) and between mouth and intestine samples (47.95%) at
microbial class level (Table 13). Fusobacteriia, Flavobacteriia, and
Gammaproteobacteria were major contributors to these dissimilarities. The sample
pattern was also observed at microbial genus level in which microbiome compositions
between mouth and stomach and between mouth and intestine were more dissimilar to
each other than that between stomach and intestine samples (Table 13).
Diet Treatments and Corresponding Macroalgal Tissues
Microbiome compositions were very different between each diet treatment and its
corresponding macroalgal tissue at microbial class (Figure 27) and genus (Figure 28)
levels. The most abundant microbes observed in P. mollis tissue samples were classified
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as Chloroplast (67.82%) whereas Fusobacteriia (31.21%), Gammaproteobacteria
(26.33%), and Mollicutes (12.05%) were more abundant in the P. mollis-fed abalone
samples than in the red algal tissue samples. Gammaproteobacteria was more abundant
in the M. pyrifera tissue sample (61.94%) than in the kelp-fed abalone gut samples
(33.54%), but Fusobacteriia and Flavobacteriia were more abundant in the M. pyriferafed animal samples than in the kelp tissue sample. The green macroalgal tissue samples
had more Alphaproteobacteria (29.0%) and Flavobacteriia (26.24%) than the U. lactucafed abalone gut samples had, but Mollicutes was observed more abundant in the U.
lactuca-fed animal samples (25.28%) than in the green algal tissue samples (<0.1%).
Microbiome compositions of abalone gut samples had a quite bit overlap among
the 3 diet treatments, but the microbiome compositions of their corresponding macroalgal
tissue samples formed 2 clusters separated from the gut samples at the peripheral of the
nMDS plot (Figure 29), and the microbiome compositions were significantly different
between P. mollis-fed abalones and P. mollis tissue samples and between U. lactuca-fed
animals and U. lactuca tissues but not significantly different between M. pyrifera-fed
animals and M. pyrifera tissue (Table 9). The similar pattern was also observed at
microbial genus level in which gut samples of the diet treatments formed 2 tight clusters
with their corresponding macroalgal tissue samples separated far apart (Figure 30), and
the difference in microbiome compositions between each diet group and its
corresponding macroalgal tissue was significant for all pairs at this taxonomic level
(Table 9).
The microbiome compositions were more dissimilar between P. mollis-fed
abalones and P. mollis tissue (63.32%) and between U. lactuca-fed abalones and the
green algal tissue (60.44%) than between M. pyrifera-fed animals and the brown algal
tissue (56.33%), and the major microbial classes that contributed to these dissimilarities
were Chloroplast, Fusobacteriia, Mollicutes, and Alphaproteobacteria (Table 14).
However, microbiome compositions were relatively equal between each of the group at
the genus level (approximately 80%), and the major contributing taxa were
Stramenopiles, Psychrilyobacter, and Mycoplasma (Table 14).
Seawater and Gut Regions
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Seawater microbiome composition was also compared to gut microbiome
compositions observed from each region of the digestive tract at microbial class and
genus levels. In general, seawater samples have 2 distant clusters that are relatively closer
to the mouth samples than to the stomach and intestine samples at microbial class level
(Figure 31). However, microbiome composition of seawater samples was approximately
equal to the mouth samples and the overlap between stomach and intestine samples at the
genus level (Figure 32). Furthermore, microbiome composition of seawater was very
similar to that of mouth samples at the class level and similar to that of intestine samples
at the genus level (Table 15) even though the difference between seawater microbiome
composition and gut microbiome compositions was significant at both taxonomic levels
(Table 10). Therefore, the third hypothesis was supported that microbiome compositions
between gut samples of diet treatments were significantly different from their
corresponding macroalgal tissue samples, and seawater microbiome composition was
also significantly different from that of abalone gut samples collected from the 3 regions
of the digestive tract at both microbial class and genus levels.
Microbiome Compositions by Month
Abalone gut samples were collected monthly from May to October in 2016, so it
would also be interesting to compare microbiome compositions among months. Gut
samples did not show clear similarities by month as they do not form separated clusters
on nMDS plots (Figure 33 and 34), and their microbiome compositions were significantly
different across months (Table 6) except for the pairwise comparison between July and
August at microbial phylum level (Pairwise PERMANOVA test, t=1.13, p=0.28). The
calculated SIMPER dissimilarity analyses also indicated that gut microbiome
compositions were approximately 40% and 60% dissimilar to each other at the class and
genus levels, respectively.

DISCUSSION
Abalone Growth
Juvenile red abalone fed different macroalgal diets differed in growth. The wet inshell mass measured in the red macroalgal-fed abalones became significantly higher than
the other two diet groups after August 2016, and these abalones also showed dark red
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pigmentation on their shells. Possibly, macro-nutrients of P. mollis, such as protein, were
easier to be absorbed by red abalones than the other two types of macroalgae.
Comparable results were also observed from H. rufescens in a feeding experiment in
which M. pyrifera, Porphyra columbina, and two formulated diets were given to the
abalones, and the animals fed the red algae, P. columbina, had a significantly higher
growth than fed with the other diets (Hernandez et al., 2009). Moreover, the sea-ear
abalone, H. tuberculata, and the Japanese disk abalone, H. discus hannai, were found
having better growth and muscle yields on P. palmata, a similar red seaweed species to
P. mollis, than on Laminaria digitata and U. lactuca (Mercer et al., 1993).
Abalones were observed to have better growth on fresh red macroalgae whose
protein content per biomass is relatively higher than brown and green macroalgae in
general (Bansemer et al., 2016). A previous study noted that a red seaweed, Gracilaria
chilensis, that had a significantly higher average protein value and yielded higher growth
when fed to cultivated black-footed abalones, H. iris compared to M. pyrifera and U.
lactuca diets (Stuart and Brown, 1994). Moreover, the Japanese abalone species, H.
discus hannai, also showed significantly better growth on P. mollis than other diets in a
feeding experiment in Hawaii (Ju et al., 2016), and these abalones also demonstrated dark
brown coloration, favored by Asian markets, on their shell similar to the results in the
present study. Such protein-rich red macroalgae could generally promote abalone foot
and visceral muscle growth more effectively than shell growth, which might be a reason
why P. mollis-fed abalones did not have significantly higher shell length than abalones in
the other two diet treatments throughout the feeding experiment in the present study.
Macrocystis pyrifera did not provide a better growth to the red abalones than P.
mollis in this study. However, a feeding experiment held in Chile observed juvenile H.
rufescens fed with M. pyrifera grew faster than the G. chilensis-fed ones (Venegas et al.,
2016). They predicted red abalone growth may also require micronutrients such as
essential fatty acids in addition to protein and carbohydrates. The resulting difference
might also be due to a much larger sample size and a longer period of feeding in Chile,
and M. pyrifera-fed abalones in my study would grow better if the feeding experiment
was kept longer. Even though red macroalgae could provide relatively higher protein
content and better looking of the shells than M. pyrifera does, most of the abalone farms
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in California and Southern Chile still prefer the later as the main diet option for their
abalones because the giant kelp has very abundant biomass in Eastern Pacific Ocean and
relatively easy to harvest.
Gut Microbiome Compositions
The main purpose of the present study was to investigate and compare gut
microbiome compositions across three digestive tract regions under three
phylogenetically different seaweeds. Gut microbiome compositions varied significantly
across these treatments, which suggests diets may have a fundamental effect on red
abalone's gut microbiome. Gammaproteobacteria, Fusobacteriia, and Flavobacteriia
were the most abundant microbial classes detected from the starved and M. pyrifera-fed
abalone gut samples in the present study. In addition, a small percentage of
Alphaproteobacteria and Mollicutes were also found in both groups, and the relative
abundance of Deltaproteobacteria in the starved samples was higher than that found in
the kelp-fed samples. Huang et al. (2010) had revealed these bacterial classes were also
abundant in intestinal samples collected from H. diversicolor individuals through
denaturing gradient gel electrophoresis (DGGE) fingerprinting method. Comparable
results were found in Japan where researchers utilized clonal library sequencing and
fluorescence in situ hybridization (FISH) techniques to investigate gut microbiome
compositions of starved and Laminaria-fed H. discus hannai. Their results indicated
Mollicutes, Fusobacteriia, and Gammaproteobacteria were the most abundant bacterial
classes in the gut of starved animals whereas Alphaproteobacteria, Firmicutes, and
Mollicutes were abundant in the Laminaria-fed abalone samples (Tanaka et al., 2004).
The gut microbiome of starved abalones was interesting compare to the other
three diet treatments despite its gut microbiome composition was similar to macroalgalfed abalones. The starved samples showed the second most abundant OTUs among the
four treatments with almost half of those OTUs were unique to the rest treatments (Table
3) even though these abalones were only kept for one month before sacrifice. Moreover,
the observed OTUs from the starved abalone gut samples were classified to the highest
number of microbial taxa at almost every taxonomic level (Figure 15). Some of these
microbes detected in the starved animals might have biochemical mechanisms to provide
energy or lower the stress level of the abalones while being starved, but this hypothesis
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can be tested only by comparing physiological functions of such microbes.
Gut samples collected from the U. lactuca-fed abalones showed more unique
OTUs than the other three treatments in this study (Table 3). However, these abalones
had a relatively slow growth over the entire course of the feeding experiment compare to
abalones in other treatments (Figure 9 and 13). Apparently, U. lactuca was not an ideal
diet option for the red abalones in this study, and in fact most abalone farms worldwide
do not feed their abalones green algae because of its low energy conversion efficiency
(Uki et al., 1986), except in some Japanese and Australian abalone farms where they
have successfully settled abalone larvae on U. lens, which appeared to provide reasonable
growth and relatively easy to culture (Daume, 2006). The resulted high number of OTUs
from U. lactuca-fed abalones might be translated into microbes that are commensal to the
animals or at least not helping abalones with food digestion.
The abundances and compositions of gut microbes also varied significantly at
different regions of digestive tract. Results from this study showed that intestinal samples
had the most abundant OTUs and unique OTUs among the three gut regions followed by
the stomach and, lastly, mouth samples. Comparable results were also observed from H.
midae gut samples in South Africa that microbes in the abalone's intestine were more
abundant than those observed from post esophagus and stomach (Erasmus et al., 1997).
Moreover, intestinal microbiome composition was found similar to the stomach samples
whereas the mouth samples was more similar to that of the seawater samples. This was
probably because abalone's mouth was an opening to seawater and hereby would have
more similar microbial composition to the environment than intestinal and stomach
samples were. On the other hand, abalone's intestine and stomach are connected right
next to each while content in the mouth must pass through the esophagus before reaching
the stomach. Functionally, both intestine and stomach are use for food digestion and
absorption whereas abalone's buccal cavity is primarily used mechanical processing of
food. Therefore, it is not surprising that microbiome compositions were more similar
between the samples collected from intestine and stomach. Stomach and intestinal
samples collected from the Eastern oyster, Crassostrea virginica, showed similar
microbial compositions at one collecting site, but was different at another site with
greater proportion of Mollicutes was detected from the stomach albeit a lower total
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number of OTUs (King, et al., 2012). The small sequencing sample size of the oyster
study could limit the OTU yields and underestimate the oyster's gut microbe abundance
and diversity.
The genus Vibrio has attracted scientists' attention in recent years. These gramnegative bacteria are widely distributed in aquatic environments and their associated
animals. Approximately 10% of the microbes detected from gut samples of my thesis
study were classified to Vibrio, and most of them were observed from M. pyrifera-fed
abalones; however, the QIIME analysis pipeline did not classify this genus to species
level. Vibrio halioticoli was one of the first set of novel species detected and studied in
the gut of abalone (Tanaka et al., 2003). Many other novel Vibrio isolates, mainly
alginolytic and facultative anaerobic, were subsequently identified in various abalone
species (Sawabe et al., 2007). Vater et al. (2016) have discovered that some of Vibrio
isolates from red abalone could associated with withering syndrome, a devastating
disease among abalones and other invertebrates. Furthermore, Romalde et al. (2014)
described some novel Vibrio strains by comparing their 16S rRNA gene and generated
the phylogenetic relationship among various Vibrio species in bivalve mollusks. Novel
Vibrio strains from the abalone's gut samples from my study could be detected by
locating their sequences on the Basic Local Alignment Search Tool (BLAST) in
GeneBank or other prokaryotic sequence databases, and the virulence of these microbes
also needs to be determined.
The present thesis revealed that gut microbiome composition of M. pyrifera-fed
abalones was not significantly different from that of the kelp macroalgal tissue at
microbial class level (Table 7). The overall quality of the 16S rRNA PCR amplification
for the extracted kelp tissue DNA was poor, and only one such sample contained enough
reads to be included after rarefaction. Alternative DNA extraction methods may improve
PCR and library preparation for Macrocystis (e.g., Coyer et al., 1994).
This study is the first direct investigation on H. rufescens gut microbiome
compositions under its natural macroalgal diets through Illumina sequencing. This
method provides high-resolution overviews of microbial communities compare to
traditional clone library sequencing. This study provides a better picture of the
microbiome of red abalone. Building on this work, the next step could be to investigate
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some biochemical functions of microbes specific to different diets or gut regions, as the
any differences might contribute to energy conversion and thereby abalone growth. With
this knowledge, abalone production might be increased by efforts to sustain specific
microbes in the animals’ guts. Furthermore, host-microbial interactions could also be
studied at gene expression level. Microbial genes that promote growth (Fong and Mann,
1980) could be isolated and inserted in abalone's genome at its early developmental
stages via genetic engineering techniques so that abalone aquaculture production could be
increased to assure human consumption.
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Tables:
Table 1: Average and standard deviations (SD) of abalone shell length (cm) under
different treatments over the entire feeding experiment in 2016.
Starvation
P. mollis
M. pyrifera
U. lactuca
Average SD Average SD Average
SD
Average SD
May
4.04
0.26
3.86
0.23
4.01
0.31
4.17
0.35
June
4.21
0.26
4.10
0.12
4.09
0.39
4.17
0.23
July
4.20
0.31
4.15
0.43
4.09
0.26
August
4.42
0.17
4.08
0.46
4.69
0.48
September
4.99
0.48
4.36
0.35
4.63
0.22
October
5.19
0.38
4.84
0.28
4.76
0.23
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Table 2: Average and standard deviations (SD) of log-10 transformed abalone wet
in-shell mass (g) under different treatments over the entire feeding
experiment in 2016.
Starvation
P. mollis
M. pyrifera
U. lactuca
Average SD Average SD Average
SD
Average SD
May
0.98
0.08
0.91
0.09
0.97
0.11
1.00
0.12
June
0.97
0.08
1.03
0.05
0.96
0.09
1.03
0.10
July
1.05
0.12
0.97
0.13
0.95
0.09
August
1.12
0.07
0.94
0.16
1.13
0.13
September
1.26
0.10
1.04
0.10
1.13
0.08
October
1.32
0.12
1.17
0.08
1.15
0.07
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Table 3: Two-way ANOVA test on average abalone shell length (cm) across diet
treatments and months.
Factor
DF
Sum of
F ratio
Prob>F
Squares
Treatment
2
0.97
4.26
0.019
Month
4
7.11
15.54
<0.0001
Treatment×Month
8
1.55
1.70
0.12
Residues
60
6.86
Total
74
16.49

27
Table 4: Two-way ANOVA test on log-10 transformed average abalone in-shell mass
(g) across diet treatments and months.
Factor
DF
Sum of Squares
F ratio
Prob>F
Treatment
2
0.24
10.93
<0.0001
Month
4
0.53
11.91
<0.0001
Treatment×Month
8
0.13
1.44
0.20
Residues
60
0.66
Total
74
1.56
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Table 5: Shared and unique number of OTUs and number of taxa at each taxonomic
level by treatment and different regions of the digestive tract.
Total number of Shared number of
Unique number of
OTUs
OTUs
OTUs
P. mollis-fed abalones
4368
1353
M. pyrifera-fed abalones
4248
1426
1054
U. lactuca-fed abalones
4875
1568
Starvation
4712
2092
Mouth
3695
1541
Stomach
5317
1593
490
Intestine
6902
2891
Seawater
3598
2255
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Table 6: PERMANOVA test on comparing microbiome compositions by feeding
treatment (starvation, P. mollis, M. pyrifera, and U. lactuca fed abalones),
gut region (buccal cavity, intestine, and stomach), and the interaction at
various taxonomic levels.
Feeding
Gut Regions
Month
Treatment x Gut
Treatments
Region x Month
PseudoPseudoPseudoPseudoPhylum
F(3,167)=23.08,
p(perm)=0.001
PseudoF(3,167)=21.69,
p(perm)=0.001

F(2,167)=78.90,
p(perm)=0.001
PseudoF(2,167)=79.62,
p(perm)=0.001

F(4,167)=9.23,
p(perm)=0.001
PseudoF(4,167)=9.43,
p(perm)=0.001

F(16,167)=1.51,
p(perm)=0.011
PseudoF(16,167)=1.33,
p(perm)=0.033

Order

PseudoF(3,167)=19.05,
p(perm)=0.001

PseudoF(2,167)=76.63,
p(perm)=0.001

PseudoF(4,167)=10.30,
p(perm)=0.001

PseudoF(16,167)=1.22,
p(perm)=0.064

Family

PseudoF(3,167)=21.40,
p(perm)=0.001

PseudoF(2,167)=70.00,
p(perm)=0.001

PseudoF(4,167)=11.47,
p(perm)=0.001

PseudoF(16,167)=1.19,
p(perm)=0.051

Genus

PseudoF(3,167)=19.49,
p(perm)=0.001

PseudoF(2,167)=61.62,
p(perm)=0.001

PseudoF(4,167)=11.85,
p(perm)=0.001

PseudoF(16,167)=1.21,
p(perm)=0.021

Class
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Table 7: PERMANOVA test on comparing microbiome compositions by feeding
treatment (starvation, P. mollis, M. pyrifera, and U. lactuca fed abalones),
gut region (buccal cavity, intestine, and stomach), and their interaction at
the microbial class level.
PseudoUnique
Source
df
SS
MS
F
P(perm)
perms
Treatment
3
24952 8317.4 21.689
0.001
998
GutType
2
61066 30533
79.619
0.001
999
Month
4
14460 3615.1 9.4268
0.001
999
TreatmentxGutType
6
12628 2104.7 5.4882
0.001
999
TreatmentxMonth
8
6538 817.25 2.1311
0.001
999
GutTypexMonth
8
6996.1 874.51 2.2804
0.001
998
TreatmentxGutTypexMonth 16
8191 511.94 1.3349
0.033
998
Res
167 64043 383.49
Total
214 248330
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Table 8: PERMANOVA test on comparing microbiome compositions by feeding
treatment (starvation, P. mollis, M. pyrifera, and U. lactuca fed abalones),
gut region (buccal cavity, intestine, and stomach), and their interaction at
the microbial genus level.
Unique
Source
df
SS
MS
Pseudo-F P(perm)
perms
Treatment
3
44366
14789
19.489
0.001
996
GutType
2
93516
46758
61.618
0.001
997
Month
4
35963
8990.8
11.848
0.001
995
TreatmentxGutType
6
22340
3723.4
4.9067
0.001
998
TreatmentxMonth
8
14669
1833.6
2.4163
0.001
999
GutTypexMonth
8
13305
1663.1
2.1916
0.001
995
TreatmentxGutTypexMonth 16
14731
920.71
1.2133
0.021
996
Res
167 126730 758.84
Total
214 438850
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Table 9: Pairwise PERMANOVA tests on comparing microbiome compositions
between each diet treatment and its corresponding macroalgal tissue at
microbial class and genus levels.
P. mollis-fed abalones
M. pyrifera-fed abalones U. lactuca-fed
vs. P. mollis tissue
vs. M. pyrifera tissue
abalones vs. U. lactuca
tissue
Class
t=3.43, p(perm)=0.001
t=1.41, p(perm)=0.083
t=2.51, p(perm)=0.002
Genus t=3.15, p(perm)=0.001
t=1.51, p(perm)=0.013
t=2.39, p(perm)=0.001

33
Table 10: Pairwise PERMANOVA tests on comparing microbiome compositions
between seawater samples and gut samples from each region of the
digestive tract at microbial class and genus levels.
seawater vs. mouth
seawater vs. stomach
seawater vs. intestine
Class
t=4.64, p(perm)=0.001
t=3.93, p(perm)=0.001
t=5.42, p(perm)=0.002
Genus t=4.31, p(perm)=0.001
t=3.68, p(perm)=0.013
t=4.49, p(perm)=0.001
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Table 11: SIMPER dissimilarity percentage of gut microbiome compositions
between each pair of diet treatments and the corresponding top-2
contributing microbial taxa (with percentage) at class and genus levels.
P. mollis vs. M. pyrifera- P. mollis- vs. U.
M. pyrifera- vs. U.
fed
lactuca-fed
lactuca-fed
Class between group (44.33)
between group (44.95) between group (47.67)
Fusobacteriia (16.97)
Fusobacteriia (15.06) unassigned (14.87)
Gammaproteobacteria
Mollicutes (13.77)
Fusobacteriia (14.06)
(14.63)
Genus between group (61.89)
between group (60.64) between group (64.10)
Psychrilyobacter (8.31)
Psychrilyobacter
unassigned (7.73)
unassigned (7.06)
(7.68)
Psychrilyobacter (7.06)
Mycoplasma (7.00)
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Table 12: SIMPER dissimilarity percentage of gut microbiome compositions
between the starvation treatment and each of the diet treatments and the
corresponding top-2 contributing microbial taxa (with percentage) at class
and genus levels.
starvation vs. P. mollis-fed starvation vs. M.
starvation vs. U. lactucapyrifera-fed
fed
Class

between group (47.78)
Fusobacteriia (14.87)
Gammaproteobacteria
(11.90)

between group (48.58)
Fusobacteriia (13.39)
unassigned (11.95)

between group (49.60)
Fusobacteriia (13.20)
Mollicutes (12.62)

Genus

between group (65.66)
Psychrilyobacter (6.90)
Cardiobacteriales (5.60)

between group (66.92)
Psychrilyobacter (5.97)
unassigned (5.54)

between group (66.41)
Psychrilyobacter (6.09)
Mycoplasma (5.89)
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Table 13: SIMPER dissimilarity percentage of microbiome compositions between
each pair of gut regions and the corresponding top-2 contributing
microbial taxa (with percentage) at class and genus levels.
mouth vs. stomach
mouth vs. intestine
intestine vs. stomach
Class
between group (59.39)
between group (52.05)
between group (42.67)
Flavobacteriia (17.39)
Fusobacteriia (20.57)
unassigned (16.24)
Gammaproteobacteria
Flavobacteriia (17.99)
Fusobacteriia (15.99)
(16.66)
Genus

between group (74.92)
Cardiobacteriales (10.34)
Flavobacteriaceae (8.66)

between group (73.79)
between group (56.14)
Cardiobacteriales (9.49) unassigned (8.62)
Psychrilyobacter (9.38) Psychrilyobacter (8.42)

37
Table 14: SIMPER dissimilarity percentage of microbiome compositions between
each diet treatment and its corresponding macroalgal tissue with the
associated top-2 contributing microbial taxa (with percentage) at class and
genus levels.
P. mollis-fed vs. P.
M. pyrifera-fed vs. M. U. lactuca-fed vs. U.
mollis tissue
pyrifera tissue
lactuca tissue
Class between group (63.32)
between group (56.33) between group (60.44)
Chloroplast (20.89)
unassigned (12.58)
Mollicutes (13.37)
Fusobacteriia (14.71)
Chloroplast (11.99)
Alphaproteobacteria
(11.77)
Genus between group (80.76)
between group (79.30) between group (79.30)
Stramenopiles (9.73)
Psychromonas (5.19)
Mycoplasma (5.53)
Psychrilyobacter (7.00) unassigned (5.17)
Hyphomonadaceae (4.71)
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Table 15: SIMPER dissimilarity percentage of microbiome compositions between
seawater samples and gut samples collected from each region of the
digestive tract with the associated top-2 contributing microbial taxa (with
percentage) at class and genus levels.
seawater vs. mouth
seawater vs. stomach
seawater vs. intestine
Class
between group (54.83)
between group (64.49)
between group (62.00)
Alphaproteobacteria
Flavobacteriia (9.65)
Fusobacteriia (14.38)
(15.75)
Alphaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
(9.62)
(11.97)
(8.52)
Genus between group (81.27)
between group (81.14)
between group (76.71)
Cardiobacterales (5.18)
unassigned (3.60)
Psychrilyobacter (6.04)
Rhodobacteriaceae (3.22)
Mycoplasma (9.38)
Mycoplasma (3.85)
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Figures:

Figure 1: 3.8-liter glass jar for the feeding experiment. The opening was covered
with mesh liners to ensure air and seawater exchange.
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Figure 2: Arrangement of the feeding experiment jars for the giant kelp fed
abalones (back row) and the sea lettuce fed abalones (front row). Replicate
jars from the 2 treatments were connected by 2 plastic tubing sections with
the same length and width.
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Figure 3: Arrangement of the Palmaria mollis fed and starvation jars for the feeding
experiment. Replicate jars were connected by 2 plastic tubing sections with
the same length and width.
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Figure 4: Pre-feeding juvenile red abalones.
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1 cm

Figure 5: Juvenile red abalones in the starvation treatment dissected in June 2016.
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1 cm

August

September

October
Figure 6: Macrocystis pyrifera-fed red abalones dissected in August, September, and
October 2016.
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1 cm

July

August
October

September
Figure 7: Ulva lactuca-fed abalones dissected in July, August, September, and
October 2016.
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1 cm

June

August
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September

October
Figure 8: Palmaria mollis-fed red abalones dissected from June to October 2016.
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Figure 9: Average abalone shell length across treatments over time. The error bars
indicate standard errors.
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Figure 10: Average log-10 transformed abalone wet in-shell mass across treatments
over the entire feeding experiment from May to October in 2016. Error
bars indicate standard errors.
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Figure 11: Number of reads that were assigned operational taxonomic units (OTU)
per sample obtained from QIIME analysis.
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Figure 12: Total number of OTUs (blue) randomly sampled at various rarefaction
depths across the same set of samples and the number of samples (red)
that would have been included in the analyses.
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Figure 13: Average Shannon diversity index (blue) at various rarefaction depths
across the same set of samples and the number of samples (red) that
would have been included in the analyses.
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Figure 14: Average Simpson index (blue) at various rarefaction depths across the
same set of samples and the number of samples (red) that would have
been included in the analyses.
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Figure 15: Number of microbial taxa of the feeding treatments: P. mollis (red), M.
pyrifera (brown), U. lactuca (green), and starvation (purple) at each
taxonomic level. Taxa counts are shown above the bars.
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Figure 16: Number of microbial taxa of different regions of abalone's digestive
tract: mouth (blue), stomach (red), and intestine (green) as well as
seawater samples (purple) at each taxonomic level. Taxa counts are
shown above the bars.
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Figure 17: Cumulative gut microbiome compositions of prokaryotic classes among
treatments (starvation, P. mollis diet, M. pyrifera diet, and U. lactuca
diet). Microbial classes were assigned based on Greengenes sequence
database.
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Figure 18: Cumulative gut microbiome compositions of microbial genera among
treatments (starvation, P. mollis diet, M. pyrifera diet, and U. lactuca
diet). Microbial genera were assigned based on Greengenes sequence
database.
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Figure 19: Non-metric multidimensional scaling plot of abalone gut microbiome
compositions across different treatments: starvation (blue), P. mollis diet
(red), M. pyrifera diet (brown), and U. lactuca diet (green) at microbial
class level.
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Figure 20: Non-metric multidimensional scaling plot of abalone gut samples among
different treatments: starvation (blue), P. mollis diet (red), M. pyrifera
diet (brown), and U. lactuca diet (green) at microbial genus level.
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Figure 21: Cumulative gut microbiome compositions of prokaryotic classes among
different regions of abalone's digestive tracts (mouth, stomach, and
intestine) and seawater samples. Microbial classes were assigned based on
Greengenes sequence database.
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Figure 22: Cumulative gut microbiome compositions of prokaryotic genera among
different regions of abalone's digestive tracts (mouth, stomach, and
intestine) and seawater samples. Microbial genera were assigned based on
Greengenes sequence database.
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Figure 23: Non-metric multidimensional scaling plot of abalone gut samples among
different regions of abalone's digestive tract: mouth (red), stomach (blue),
and intestine (green) at microbial class level.
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Figure 24: Non-metric multidimensional scaling plot of abalone gut samples among
different regions of abalone's digestive tract: mouth (red), stomach (blue),
and intestine (green) at microbial genus level.
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Figure 25: Non-metric multidimensional scaling plot of abalone gut samples by
treatment: P. mollis (red), M. pyrifera (brown), U. lactuca (green), and
starvation (blue) and among different regions of abalone's digestive tract:
mouth (circles), stomach (x), and intestine (triangles) at microbial class
level.
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Figure 26: Non-metric multidimensional scaling plot of abalone gut samples by
treatment: P. mollis (red), M. pyrifera (brown), U. lactuca (green), and
starvation (blue) and among different regions of abalone's digestive tract:
mouth (circles), stomach (x), and intestine (triangles) at microbial genus
level.
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Figure 27: Cumulative microbiome compositions of prokaryotic classes between
each diet treatment and its corresponding macroalgal tissue. Microbial
classes were assigned based on Greengenes sequence database.
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Figure 28: Cumulative microbiome compositions of prokaryotic genera between
each diet treatment and its corresponding macroalgal tissue. Microbial
genera were assigned based on Greengenes sequence database.
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Figure 29: Non-metric multidimensional scaling plot of microbiome compositions
between diet treatments: P. mollis (red), M. pyrifera (dark brown), and U.
lactuca (dark green) and their corresponding macroalgal tissue samples:
P. mollis (rose), M. pyrifera (light brown), and U. lactuca (light green) at
microbial class level.
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Figure 30: Non-metric multidimensional scaling plot of microbiome compositions
between diet treatments: P. mollis (red), M. pyrifera (dark brown), and U.
lactuca (dark green) and their corresponding macroalgal tissue samples:
P. mollis (rose), M. pyrifera (light brown), and U. lactuca (light green) at
microbial genus level.
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Figure 31: Non-metric multidimensional scaling plot of microbiome compositions
between seawater samples (light blue) and abalone gut samples collected
from different regions of the digestive tract: mouth (red), stomach (dark
blue), and intestine (green) at microbial class level.
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Figure 32: Non-metric multidimensional scaling plot of microbiome compositions
between seawater samples (light blue) and abalone gut samples collected
from different regions of the digestive tract: mouth (red), stomach (dark
blue), and intestine (green) at microbial genus level.
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Figure 33: Non-metric multidimensional scaling plot of gut microbiome
compositions among feeding months: June (dark blue), July (green),
August (rose), September (red), and October (light blue) at microbial
class level.
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Figure 34: Non-metric multidimensional scaling plot of gut microbiome
compositions among feeding months: June (dark blue), July (green),
August (rose), September (red), and October (light blue) at microbial
genus level.
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APPENDIX A
MAPPING FILE FOR QIIME ANALYSIS

Only a few samples are described here to show the layout. Highlighted heads are required fields.

APPENDIX B
QIIME SCRIPTS FOR 16S RRNA PIPELINE DATA ANALYSIS

The 16S rRNA sequencing data provided by the MiSeq machine consisted of 3 FASTQ files:
forward (R1) sample sequence reads, reverse (R2) sample sequence reads, and an index (I)
sequence reads. A mapping file needs to be made in Excel spreadsheet and will be used for this
analysis.
1. Validate the mapping file making sure the metadata are valid:
validate_mapping_file.py -o AbaloneSamples -m AbaloneMappingFile_16Jun17_corrected.txt
## If there are some errors in the .txt file, qiime will result a corrected .txt file. Fix the file and
validate the corrected .txt file again to make sure everything is correct. It's OK if there is nothing
under the "Description" column.
2. Unzip the Illumina sequence data from .gz format to .fastq format:
gunzip Abalone1_S1_L001_R1_001.fastq.gz
gunzip Abalone1_S1_L001_R2_001.fastq.gz
## Output has 2 unzipped FASTQ files.
3. Join the paired-end reads:
join_paired_ends.py -f Abalone1_S1_L001_R1_001.fastq -r Abalone1_S1_L001_R2_001.fastq
-b Abalone1_S1_L001_I1_001.fastq -j 10 -o Splitout_joined_6Jul17
## Resulted in a large joined .fastq file and 2 unjoined .fastq files.
4. Used the split_libraries_fastq.py command to split and quality filter the reads:
split_libraries_fastq.py -i fastqjoin.join_min10_6Jul17.fastq -b
fastqjoin.join_barcodes_6Jul17.fastq -m AbaloneMappingFile_16Jun17.txt -o
Splitout_joined_6Jul17 -q 19 --rev_comp_barcode --rev_comp_mapping_barcodes
## The barcode file was generated from Step 3.
5. Pick Open_Reference OTUs
pick_open_reference_otus.py -i seqs.fna -o open_reference_otus
## This script includes the "pick_closed_reference_otus.py" command and contains a broader
command than what the "pick_closed_reference_otus.py" does.
6. Made a rarefaction curve to determine sampling depth:
alpha_rarefaction.py -i otu_table_mc2_w_tax_no_pynast_failures.biom -o alpharare_max50000
-m AbaloneMappingFile_16Jun17.txt -t rep_set.tre -e 50000
## The sampling depth for the command is at 50000.
7. Core diversity analysis with a rarefaction number of 15000:
core_diversity_analyses.py -i otu_table_mc2_w_tax_no_pynast_failures.biom -m
AbaloneMappingFile_16Jun17.txt --recover_from_failure -e 15000 -c
"Treatment,Type,DissectionTime" -o CoreDiversityAnalysis_15000 -t rep_set.tre
## This step is to include headers of interest in the diversity analysis script like -c
"SampleType,DaySinceExperimentStart". I need to figure out what analyzing depth I need to use

by looking at the pre-analyzed OTU table and comparing the numbers by treatment and type.
Then, conduct various core diversity analyses to compare the results:
core_diversity_analyses.py -i otu_table_mc2_w_tax_no_pynast_failures.biom -m
AbaloneMappingFile_16Jun17.txt --recover_from_failure -e 20000 -c
"Treatment,Type,DissectionTime" -o CoreDiversityAnalysis_20000 -t rep_set.tre
core_diversity_analyses.py -i otu_table_mc2_w_tax_no_pynast_failures.biom -m
AbaloneMappingFile_16Jun17.txt --recover_from_failure -e 25000 -c
"Treatment,Type,DissectionTime" -o CoreDiversityAnalysis_25000 -t rep_set.tre
8. Convert the ".biom" file to ".csv" file so that I could import it in PRIMER for further analysis:
biom convert -i
/home/jguo/Documents/AbaloneSamples/Splitout_joined_6Jul17/open_reference_otus/otu_table
_mc2_w_tax_no_pynast_failures.biom -o table.frombiom.txt --to-tsv

