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ABSTRACT  
The New Zealand black-footed abalone, Haliotis iris, holds significant ecological, economic, and 
cultural value. Abalone from the Chatham Islands fisheries contribute substantially to the 
national catch, yet populations show marked variability in growth rates. To investigate 
whether this variability relates to the gut microbiome, sub-adult and adult abalone from four 
sites were assessed using morphometrics and 16S rRNA gene Illumina MiSeq sequencing. 
Adult abalone collected from Ascots Beach and Wharekauri were heavier, longer and had 
larger tissue areas than those from Owenga Harbour and Point Durham, whereas sub-adults 
showed no size differences. Gut content analysis revealed that fast-growing populations 
consumed more red algae and less green algae, while brown algae dominated digestion 
across all sites. Although alpha-diversity did not differ significantly among sites or ages 
(except at Point Durham), microbial beta-diversity varied significantly by both factors. Core 
taxa included Psychrilyobacter, Mycoplasma, Vibrio, Propionigenium, unassigned Bacilli, and 
Blastopirellula. Site- and age-associated microbiome differences may reflect seaweed 
availability and nutritional quality, warranting further investigation through targeted feeding 
trials. This study provides a reference baseline for future gut microbiota research on wild 
H. iris and highlights how algal nutrients and gut-bacteria-mediated digestion may contribute 
to population-level growth patterns, supporting sustainable fishery management.
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Introduction

The commercial abalone fishery in New Zealand (NZ) is 
managed under the quota management system based 
on the 1996 Fisheries Act. The total allowable commer
cial catch is set within seven main regional quota man
agement areas. The Chatham Islands pāua fishery 
(PAU4), based mainly on Haliotis iris and secondarily 
on H. australis, contributes a significant proportion 
(35.5%) of the national catch. Even though there is 
limited information on the status of PAU4, it is classified 
as a productive and abundant fishery (Fisheries`New`
Zealand 2021). Despite the $50 million (NZ dollars) 
revenue contributed by this economic sector annually 
(Stenton-Dozey et al. 2021), the growth and physiologi
cal performance of the wild abalone are not well docu
mented. Wild H. iris grows asymptotically, with rapid 
growth in the early stages and slows down after matu
ration. There are at least two fundamental consider
ations when classifying the growth rates of wild H. iris. 
First, abalone growth patterns and rates need to be 
compared to the expected asymptotic growth trajectory 

of this species based on historic morphometric assess
ments. Second, comparing mean shell length and 
growth increments per year per age structure across 
different populations is also useful to define slow- and 
fast-growing populations (Ryder et al., 2025).

Abalone populations in NZ exhibit high variability in 
growth rates, manifested in significant demographic 
variability across different spatial scales (McShane 
et al. 1994b; Naylor et al. 2006). Various factors, such 
as water temperature (Naylor et al. 2006), food avail
ability, wave exposure and habitat structure (McShane 
et al. 1994b; McShane and Naylor 1995), are known 
environmental drivers influencing growth rates of 
abalone. Histopathological analyses of H. iris indicated 
that the differentiated growth rates could be associated 
with poor nutritional status among the local abalone 
populations (Copedo et al. 2024). In addition, metabolic 
pathway analysis showed that the fast-growing adult 
abalone utilised carbohydrates as their main energy 
source (Venter et al. 2022). These observations indicate 
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that seaweed’s dietary nutritional value, among all 
factors, is a main consideration for abalone growth 
and physiology. Not all seaweed species are equal in 
their nutritional value for abalone. In general, 
seaweed with low protein, high indigestible com
ponents or a single seaweed species is considered to 
have low nutritional value. Previous studies have 
demonstrated that seaweed species such as Palmaria 
palmata (Roussel et al., 2019), Undaria pinnatifida 
(Troell et al., 2006), Gracilaria spp. (Yusup et al., 2020), 
and Ulva spp. (Naidoo et al., 2006) often promote 
better abalone growth. Moreover, abalone fed with 
mixed seaweed diets of red and green algae or red 
and brown algae often showed better growth perform
ance than single seaweed type diets (Naidoo et al., 
2006). Considering the influence of nutrition on 
growth differences and a complete digestive system 
in abalone, microorganisms (especially bacteria) in the 
gut of abalone (gut microbiota) could have a substan
tial influence on food digestion and may eventually 
contribute to abalone growth differences among 
different populations around the Chatham Islands.

The digestive-tract-associated microbiota contrib
utes to nutrient digestion and absorption (Poore 
1972) and the development of mucosa (Villasante 
et al. 2020). Moreover, the microbiota of abalone’s 
digestive system contains abundant and diverse 
microorganisms, primarily bacteria, essential to the 
nutrient digestion of the hosts (Erasmus et al. 1997). 
Since most of the biochemical digestion occurs in 
the gastrointestinal region (gut) of the host’s digestive 
system, it is useful to focus on the gut bacterial com
munities for compositional profiling and prediction 
of potential driving factors that may influence the bac
terial communities. Unlike in oysters where parental 
influences have been observed in the gut microbiota 
of offspring (Schei et al. 2017; Unzueta-Martínez et al. 
2022), wild abalone gut bacterial profiles are mostly 
prone to changes due to environmental parameters, 
such as seawater temperature (Wang et al. 2020), 
heavy metal concentrations (Yao et al. 2024), and 
diet (Bullon et al. 2025). Living in coastal intertidal 
and subtidal regions with fluctuating ambient oceano
graphic and habitat conditions makes wild abalone 
more susceptible to anthropogenic disturbances. In 
particular, the seaweed type consumed by abalone 
contributes to the shaping of the gut bacterial compo
sition and diversity (Hur et al. 2023). For example, the 
Pacific abalone (H. discus hannai) in Japan and South 
Korea fed with brown macroalgae were observed to 
have abundant bacterial strains in the genera Bifido
bacterium, Lactobacillus, Clostridium, Psychrilobacter, 
Vibrio, and Mycoplasma in their intestines (Sawabe 
et al. 1995; An et al. 2013; Hur et al. 2023). Abalone 
that grazed on red macroalgae tend to have signifi
cantly high abundance of Bacillus, Faecalibacterium, 
Escherichia, and Shigella in their digestive tract 

(Hehemann et al. 2012; Gerasimidis et al. 2020; 
Corino et al. 2021; De Vos et al. 2022). Since abalone 
gut bacteria are often specialised in digesting 
seaweed, evaluating the gut bacterial composition 
and diversity can provide insight into the types of 
algae processed, the adequacy of nutrient-digesting 
bacteria for seaweed metabolism, and whether the 
host experienced fasting or malnutrition, which can 
affect growth (Guo et al. 2026a).

The aim of this study was to characterise the micro
biome of sub-adult and adult New Zealand black- 
footed abalone (Haliotis iris) from slow-growing 
(‘stunted’ or partially fished) and fast-growing (inten
sively fished) collection sites around the Chatham 
Islands and to quantitatively evaluate the algal gut 
composition. Characterising the gut microbial commu
nity of the wild abalone populations on the Chatham 
Islands can provide valuable information on the 
health and nutritional status of abalone and support 
management efforts towards the local fishery.

Materials and methods

Site descriptions and sample collections

Wild abalone were collected in March 2020 by commer
cial divers from four sites around the Chatham Islands 
(Figure 1): Ascots Beach (44°00′59.0′′S 176°23′11.7′′W; 
site 1), Wharekauri (43°42′18.9′′S 176°35′04.7′′W; site 
2), Owenga Harbour (44°01′28′′S 176°21′56′′W; site 3), 
and Point Durham (44°00′24.8′′S 176°40′54.2′′W; site 
4). Based on historic catch data, sites 1 and 2 (Ascots 
Beach and Wharekauri) are classified as high-fished 
areas (fast-growing), while sites 3 and 4 (Owenga 
Harbour and Point Durham) are classified as low recov
ery areas that are not fished often (slow-growing) 
(Naylor and Fu, 2016). At each collection site, 10 
adults and 10 sub-adults (sexually mature with a shell 
length below 100 millimetres [mm]) Haliotis iris individ
uals were randomly collected by the diver and placed in 
a net bag. The animals were transported to a nearby 
holding tank facility in a bucket of fresh seawater and 
released into a flow-through system for interim 
housing while sampling was completed. Animals 
were collected under special permit (720, client 
number 9791209) issued by Fisheries New Zealand.

Abalone processing

Animals were processed within 15 min after they were 
collected, targeting one life stage collected from one 
collection site at a time. Abalone was removed from 
the tanks using a chipping technique, where a plastic 
blade was slid beneath the animal to prevent clamp
ing. Abalone was weighed to the nearest 0.01 gram 
(g), and the shell lengths, widths and heights were 
measured to the nearest 0.10 mm using callipers. 
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Gender annotations were made after shucking based 
on gonad colour (which is green in females and 
white/cream in males). Additionally, images were col
lected for soft tissue measurements. Before gut 
content with the lining tissue was retrieved from the 
digestive tract, the area was rinsed three times with 
70% ethanol and phosphate-buffered saline. Up to 
5 g of gut material was obtained by carefully extruding 
the posterior intestine material from the anus, using 
sterile forceps, into individual sterile 2 mL cryo-vials 
with 200 µL of RNAprotect tissue reagent, followed 
by snap-freezing in liquid nitrogen and temporary 
storage at −80°C until DNA extraction at Auckland Uni
versity of Technology.

Soft tissue imaging

Soft tissue measurements of abalone gonad, adductor 
muscle and foot muscle were made from photographs 
collected during the sampling procedure. These 
images were used to determine tissue area using 
ImageJ® (version 1.53t24), a Java-based image proces
sing program.

Gut content composition

Four grams of the gut content were collected from the 
posterior intestine of each of the adult abalone (n = 10 

per site) and fixed in formalin for algal scoring assess
ments. Due to the nature of feeding by the abalone 
and algal deterioration within the gut, it was imposs
ible to determine each specific species of seaweed. 
However, based on visual and morphological charac
teristics unique to each of the classes of seaweed, 
the algal content within the gut was divided into the 
three main classes of seaweed (green, red, and 
brown). Green seaweed was characterised by thin 
blades and had a green hue, red seaweed was charac
terised by thin blades and a reddish hue, and brown 
seaweed was characterised by thick blades and 
brown hue. The gut content was emptied into individ
ual petri dishes and was gently agitated to ensure that 
the gut content lay in one layer flat on the petri dish. 
The dishes were then photographed, and scores 
were obtained by visually observing the proportion 
of organic fragments and sand occupying the petri 
dish. Values per seaweed colour were represented as 
follows: 0: 0% cover; 1: 1–20% cover; 2: 21–40% 
cover; 3: 41–60% cover; 4: 61–80% cover; 5: 81–100% 
cover.

16S Ribosomal RNA (rRNA) gene sequencing

Genomic deoxyribonucleic acid (gDNA) of the animal 
gut (10 adults and 10 sub-adults per site) samples 
(used for the gut content compositional analysis) 

Figure 1. Abalone quota management areas around New Zealand with the PAU4 illustrating the Chatham Islands where abalone 
were collected from site 1 – Ascots Beach, site 2 – Wharekauri, (fast-growing abalone sites), site 3 – Owenga Harbour and site 4 – 
Point Durham (slow-growing abalone sites).
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were extracted using the DNeasy PowerSoil Pro Kit 
(Catalogue No. 47014, Qiagen, Germany) following 
the manufacturer’s protocol, quantified using the 
QubitTM dsDNA HS Assay Kit (Catalogue No. Q32854, 
Thermo Fisher Scientific, USA), and normalised to 3 
nanograms/microlitre (ng/µL) for two-step polymerase 
chain reaction (PCR) assays. The entire genetic ampli
con library preparation and Illumina sequencing lab
oratory workflow followed the protocol written by 
(Guo et al. 2026b). Briefly, the first-round PCR amplifica
tion was conducted in triplicates with a pair of custo
mised 16S rRNA primers (Life Technologies Japan 
Ltd, Japan; forward: 5′-CCTACGGGNGGCWGCAGG-3′; 
reverse: 5′-GACTACHVGGGTATCTAATCC-3′), and the 
triplicated amplicon product was pooled by sample, 
purified with an optimised SpeedBead carboxylate 
purifying reagent (Catalogue No. 
6515210505115029104855, Cytiva, USA) previously 
tested by Li et al. (2024) and Guo et al. (2026b), quan
tified with the Qubit assays, and normalised to 3 ng/µL 
for the second-step PCR amplification. The second- 
step PCR amplification utilised Illumina indexed 
primers, or ‘barcodes’, to distinguish the 16S rRNA 
genetic product produced in the first-round PCR 
amplification. The barcoded PCR amplicon was 
purified with the same customised purification 
reagent used in the post-PCR cleaning after the first- 
round PCR. The DNA concentration of the final 
indexed PCR product was quantified and normalised 
to 10 nanomolars (nM). Lastly, 5 µL of each sample 
was pooled, purified and quantified using the Bioana
lyzer High Sensitivity DNA Kit (Agilent, USA) for quality 
control. Finally, the quantified libraries were 
sequenced on an Illumina MiSeq platform using a v3 
600-cycle sequencing kit (Illumina, USA) following 
the manufacturer’s protocol at the University of Auck
land (Auckland, New Zealand).

Data processing and statistical analyses

Morphometrics: Statistical analysis of animal weight, 
shell length, shell height, and shell width measure
ments were carried out in R Studio (version 1.4.1103). 
All data were checked for normality and heterogeneity. 
Two-way analysis of variance (ANOVA) was used to 
analyse morphometric data, with weight, shell 
length, shell width, and shell height as the response 
variables, and life stage (two levels: adult and sub- 
adult) and growth type (two levels: fast- and slow- 
growing) as factors. Weight, shell length, shell width, 
and shell height data were square-root-transformed 
when necessary to meet assumptions of normality 
and homogeneity of variances. Data were also parti
tioned into four ‘growth type’ categories (adult fast- 
growing, adult slow-growing, sub-adult fast-growing, 
sub-adult slow-growing) and one-way ANOVA with 
site as a factor was used to examine statistical 

differences in weight, shell length, shell width, and 
shell height in animals from different sites. Soft tissue 
measurements of the adductor muscle, foot muscle, 
and gonad were analysed using two-way ANOVA, 
with collection site (four levels: Ascots Beach, Whare
kauri, Owenga Harbour and Point Durham) and life 
stage (two levels: adult and sub-adult) as factors. A 
principal component analysis (PCA) was conducted 
to illustrate variation in all morphometric measure
ments. For all analyses, Tukey pairwise comparisons 
were used to examine differences between factor 
levels, and α was set at 0.05.

Algal composition in the gut: Abalone gut content 
ranking scores were analysed using a two-way ANOVA, 
with study site (four levels: Ascots Beach, Owenga 
Harbour, Point Durham, and Wharekauri) and growth 
type (slow-growing and fast-growing) as factors. For 
all analyses, Tukey pairwise comparisons were used 
to examine differences between factor levels, and α 
was set at 0.05.

16S rRNA gene sequencing data: Illumina 
sequences were processed through a modified 
DADA2 data processing pipeline (Archer et al. 2020) 
in R (version 4.2.2) to generate amplicon sequence var
iants (ASVs), construct an ASV abundance table, and 
assign taxonomic information to the representative 
ASVs. Briefly, the 16S rRNA primers were removed 
from the forward and reverse pair-ended sequences 
using the ‘Cutadapt’ command (Martin 2011), followed 
by filtering out erroneous sequences and removing 
chimeras. Contaminant sequences in the DNA extrac
tion and PCR negative control samples were 
removed using the ‘decontam’ R package (Davis 
et al., 2018). The pair-ended, quality-filtered sequences 
were merged to form representative ASVs after being 
dereplicated. Microbial taxonomic information was 
assigned to the ASVs using the SILVA high-quality ribo
somal RNA database (Version 138) (Quast et al. 2012). 
Chloroplast ASVs were removed to reduce the molecu
lar interference from the macroalgal cells.

To reduce reference database limitations, enhance 
ecological interpretability, and improve comparability 
with previous studies, statistical analysis focused on 
microbiota comparisons at the prokaryotic genus 
level between the adult and sub-adult gut samples at 
all sampling sites. Briefly, the microbial genus abun
dance data were normalised through the total sum 
scaling method to account for the slightly different 
sequencing depths across all groups. Alpha-diversity 
estimators (Chao1 richness and Shannon’s diversity 
index) were calculated and plotted using the ‘vegan’ 
package (Oksanen et al. 2013) in R (version 4.2.2) and 
the MicrobiomeAnalyst portal (Lu et al., 2023). Relative 
abundance bar charts of the most abundant microbial 
genera were presented to illustrate the gut microbial 
compositions of the abalone gut samples at each 
site. Furthermore, the microbial data were transformed 
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into a Bray–Curtis dissimilarity matrix to compare beta- 
diversity patterns. A principal coordinate analysis 
(PCoA) plot was generated using the ‘vegan’ R 
package to illustrate microbial compositional simi
larities between the age groups at each study site. Per
mutational Multivariate Analysis of Variance 
(PERMANOVA) and dispersion tests were conducted 
to detect statistical significance of microbial diversity. 
Lastly, the core microbiota of all samples was pre
sented in a heatmap with a detection threshold of 
10% and a sample prevalence of 20%.

Results

Morphometrics

The collective morphometric data are presented as 
principal component analysis (PCA) scores in Figure 
2. Herein, the animal weight, shell length, shell width, 
shell height, adductor muscle area, foot muscle area, 
and gonad area (as determined from imaging) from 
adult (42.5% were females and 57.5% were males) 
and sub-adult (22.5% females, 25.0% males, and 
52.5% undetermined) abalone collected across the 
four collection sites are plotted. A clear separation 
between adult and sub-adult abalone is seen when 
considering PC1 (99.63%), which is mainly attributed 
to the animals’ weight, shell length, shell height, 
shell width, foot area, and adductor muscle area 
measurements of abalone. Adult abalone collected 

from the fast-growing sites (Ascots Beach and Whare
kauri) showed the largest variation among the 
measured morphometrics attributed to individual 
differences. Conversely, adult abalone from the slow- 
growing sites (Owenga Harbour and Point Durham) 
showed closer clustering of individuals, suggesting 
similarity within the population.

While the sub-adult abalone showed insignificant 
differences in all measured morphometric parameters 
across all study sites, the adult abalone showed a 
greater variation among the collection sites (Table 
S1). In general, adult abalone collected from the fast- 
growing sites (Wharekauri and Ascots Beach) were sig
nificantly heavier (ANOVA, Growth Type, p < 0.001), 
longer (ANOVA, Growth Type, p < 0.001), wider 
(ANOVA, Growth Type, p < 0.001) and higher (ANOVA, 
Growth Type, p < 0.001) shells than those from the 
slow-growing sites (Owenga Harbour and Point 
Durham). Within the adult abalone, pairwise compari
sons between collection sites showed that Wharekauri 
had the largest and heaviest individuals, while Owenga 
Harbour had the smallest and lightest adult popu
lation. There were no significant differences amongst 
the weight (Tukey, p = 0.92), shell length (Tukey, p =  
0.85) or shell height (Tukey, p = 0.95) of adult 
abalone collected from Ascots Beach and Point 
Durham.

Soft tissue imaging (Figure 2) showed the signifi
cant differences between adductor muscles, foot 
muscles and gonad tissue areas between adult and 

Figure 2. Dorsal-ventral view of the external anatomy (A) and PCA plot (B) of the sampled adult (⬤) and sub-adult (▴) Haliotis iris 
collected from four sites (Ascots Beach, Wharekauri, Owenga Harbour and Point Durham) based on measured morphological fea
tures [shell length (SL), shell height (SH), shell width (SW), weight (W), adductor muscle (AM) area, gonad area (G), and foot muscle 
area (FM)]. Groupings based on collection sites and life stage of the abalone. Ellipses represent 95% confidence intervals around 
group centroids.
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sub-adult abalone (ANOVA, Growth Type, p < 0.001). As 
expected, adult populations from all collection sites 
had larger adductor muscle, foot muscle, and gonad 
tissue area compared to sub-adults from all sites. 
Amongst the sub-adult abalone, there were no signifi
cant differences in all the measured parameters 
(ANOVA, Collection Site, p = 0.95, p = 0.89, and p =  
0.90 for adductor muscle, foot muscle, gonad area, 
respectively). Within the adult samples, the adductor 
muscle, foot muscle and gonad tissue areas were sig
nificantly different (ANOVA, Growth Type, p < 0.001, 
p < 0.001, and p < 0.001 for adductor muscle, foot 
muscle and gonad area, respectively) between the 
fast-growing and slow-growing sites. Pairwise com
parisons between collection sites showed adult indi
viduals collected at Wharekauri (fast-growing site) 
had the largest adductor muscle, foot muscle and 
gonads, whereas adult individuals collected at 
Owenga Harbour (slow-growing site) had the smallest 
tissue areas.

Gut content composition

Assessment of the preserved gut content (consisting 
largely of algal debris and sand) from adult abalone 
was conducted at each study site. In general, the com
position of red algae in abalone from fast-growing sites 
(Ascots Beach and Wharekauri) was between 1.27 and 
3.39 units higher than at the slow-growing sites 
(Owenga Harbour and Point Durham; two-way 
ANOVA, Growth Type, p = 0.005); the composition of 

green algae at fast-growing sites was between 0.16 
and 2.62 units lower than at slow-growing sites (two- 
way ANOVA, Growth Type, p = 0.03); there were no sig
nificant differences observed for brown algae (two- 
way ANOVA, Growth Type, p = 0.7) and composition 
of sand (two-way ANOVA, Growth Type, p = 0.9). In 
contrast, the gut content compositions were signifi
cantly different at individual sites. Specifically, the 
abundance of sand was significantly lower than the 
three algal types at Wharekauri (two-way ANOVA, 
Study Site, p = 0.001); the abundance of red algae 
was significantly lower at Owenga Harbour (two-way 
ANOVA, Study Site, p = 0.008); the abundance of both 
red algae and sand was significantly lower at Point 
Durham (Figure 3).

Gut bacterial microbiota

More than 11 million 16S rRNA gene sequence reads 
were generated from the 40 adult (∼5.6 million 
reads) and 40 sub-adult (∼5.5 million reads) abalone 
gut samples across the four sampling sites (10 individ
uals per site). 5.4 million reads were merged and 
passed the quality filtering steps (Table S2). There 
were 823 amplicon sequence variants (ASVs) identified 
from all gut samples. The observed 16S rRNA ASVs 
were taxonomically assigned to 28 phyla, 45 classes, 
102 orders, 129 families, and 200 genera. The core 
microbiome (detection threshold of 10% and sample 
prevalence of 20%) in the samples consisted of Psychri
lyobacter, Mycoplasma, Vibrio, Propionigenium, Bacilli, 

Figure 3. Gut content scoring (average ± SE) by algae type (red, green, and brown algae) and sand in adult abalone collected from 
Ascots Beach, Wharekauri, Owenga Harbour and Point Durham. Letters above the bars indicate statistical significance.
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SAR324 clade (Marine group B), and Blastopirellula 
(Figure S1).

Gut microbial alpha-diversity estimators were com
pared at the microbial genus level between the adult 
and sub-adult gut samples collected across the four 
sites. There was no significant difference in the 
Chao1 estimator across the sampling sites as well as 
between the adults and sub-adults (Figure S2; Table 
1). Shannon’s diversity index calculated at the 
microbial genus level also showed no significant 
differences across the four sites and between the 
age groups except at Point Durham where Shannon’s 
diversity indices were significantly different 
between the adults and sub-adults (Figure S2; Tables 
1 and S3).

Abalone gut bacterial composition and beta-diver
sity were evaluated at the genus level and showed 
study site differences. While Psychrilyobacter, Myco
plasma, and Vibrio were the most abundant bacterial 
genera observed in adults and sub-adults at all study 
sites, less abundant bacterial genera were different 
across the sites (Figure S3). For example, Propionigen
ium was seen to be more abundant at Wharekauri 
and Owenga Harbour in both adult and sub-adult 

abalone, while the unassigned Bacilli were absent at 
Owenga Harbour, yet found at all the other sites, at 
both life stages. Furthermore, the unassigned SAR324 
clade (Marine group B) and Blastopirellua were more 
evident in adult abalone, and the sub-adults showed 
higher levels of Vibrio. Interestingly, Psychromonas 
were absent in the adult and sub-adult abalone col
lected at Ascots Beach and in the adults from Point 
Durham.

Based on the Similarity Percentage (SIMPER) pair
wise analysis, the beta-diversity at the bacterial 
genus level showed 84% and 83% similarities 
between the fast-growing sites (Ascots Beach and 
Wharekauri) and the slow-growing sites (Owenga 
Harbour and Point Durham), respectively (Table S4). 
The observed beta-diversity was noticeably different 
between the adult and sub-adult abalone at each 
site (Figure 4). Moreover, the differentiated microbial 
compositions by site and age group were statistically 
significant (Table 2) but not due to between-group 
variations (Table S5). The gut microbial compositional 
differentiation across the study sites and between 
the age groups at individual sites was also indicated 
by clustering heatmaps (Figure S1).

Table 1. Two-way ANOVA test results in main factors of site and sample type on Chao1 richness and Shannon’s diversity 
estimators of the gut samples collected from the four study sites (Ascots Beach, Wharekauri, Owenga Harbour, and Point 
Durham). The non-significant interaction term was removed. The alpha-diversity estimators were calculated at the microbial 
genus level.

Chao1 Richness Shannon’s Diversity

df Sum of Square Mean of Square F-statistic p-value df Sum of Square Mean of Square F-statistic p-value

Site 3 271 90.5 0.28 0.840 3 0.718 0.239 2.572 0.06
Age 1 265 265.0 0.82 0.368 1 0.844 0.844 9.069 0.03
Residuals 75 24,243 323.2 75 6.977 0.093
Total 79 49,834 79 8.667

Figure 4. Principal coordinate analysis (PCoA) plots showing the microbial compositions of the adult and sub-adult abalone gut 
samples collected from the four study sites. Solid and dashed eclipses, representing 95% confidence intervals around group cen
troids, are for the sub-adults and adults, respectively. Read abundance data at the microbial genus level were normalised and 
converted to a Bray-Curtis dissimilarity matrix.
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Core gut microbiota

Bacteria in genera Psychrilyobacter, Mycoplasma, Vibrio, 
Propionigenium, unassigned Bacilli, unassigned 
SAR324_clade, and Blastopirellula formed the core 
gut microbiota of all abalone gut samples collected 
from the four study sites (Figure 5) based on the set 
detection threshold (10%) and sequencing read preva
lence (20%) to account for microbial variability of wild 
H. iris populations, capture biologically meaningful and 
recurrent microbial members, ensure consistent 
microbial taxa identification across groups, and mini
mise the inclusion of rare or transient taxa.

Discussion

Molluscan gut microbiota performs important func
tions (e.g., assisting host food digestion) and can be 
influenced by various genetic and environmental 
factors such as diet type (Kang et al., 2022). While 
abalone gut microbiome research is expanding, knowl
edge pertaining to the gut microbial composition of 
Haliotis iris with different growth populations and 
dietary backgrounds is limited, creating a gap within 
population management strategies. This study pro
vides the first exploratory analysis into the gut 

microbiome of adult and sub-adult abalone collected 
from four Chatham Islands sites with varying growth 
and dietary seaweed backgrounds. We characterised 
the gut microbial composition and diversity of local 
wild abalone populations and examined their relation
ship to algal gut content. The findings suggest that 
seaweed type and nutritional profile may significantly 
influence abalone gut microbiota and ultimately con
tribute to differences in growth and morphometric 
traits.

The differentiated morphometric measurements 
(i.e., sizes of adductor, foot muscles, and gonad 
tissues) among the adult abalone collected from the 
fast-growing and slow-growing sites in the present 
study were previously observed among wild H. iris 
populations in New Zealand (McShane et al. 1994a; 
Naylor et al. 2006). Abalone in New Zealand are 
known to have varying growth rates, and these differ
ences can be mostly associated with food availability 
and the nutrients (ultimately energy) absorbed from 
abalone’s diets (Nguyen et al. 2023). The microbial 
community dwelling in the gut of abalone is an impor
tant component in efficiently assisting with food diges
tion (Erasmus et al. 1997). Therefore, understanding 
the changes in abalone’s gut microbial composition 
and diversity can provide indications on how the 
microbial function of food digestion could be 
influenced.

Differentiated abalone gut microbiota and 
seaweed type

Adult and sub-adult abalone from the slow- and fast- 
growing sites in this study showed differentiated gut 
microbial compositions despite having similar alpha- 
diversity estimators across the sites. Evidence in 
other abalone species also suggested differentiated 
gut microbial richness and diversity in different age 
groups. For instance, adult H. diversicolor (Huang 
et al. 2010) and H. midae (Nel et al. 2018) exhibited 

Table 2. Permutational Multivariate Analysis of Variance 
(PERMANOVA) test results of the main factors of site and 
age group on microbial composition of the gut samples 
collected from the four study sites (Ascots Beach, 
Wharekauri, Owenga Harbour, and Point Durham). The non- 
significant interaction term was removed. Read abundance 
data at the bacterial genus level were normalised and 
converted to a Bray-Curtis dissimilarity matrix, and the 
PERMANOVA test was conducted using 999 permutations.

df Sum of Square F Statistics p-value

Site 3 2.25 7.70 0.005
Age Group 1 0.80 8.24 0.009
Residual 75 7.02
Total 79 10.73

Figure 5. Core microbiota of all gut samples collected from the four study sites (Ascots Beach, Wharekauri, Owenga Harbour, and 
Point Durham). The detection threshold was set to 10% and the sequencing read prevalence was set to 20%.
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higher intestinal microbial diversity than the juvenile 
samples. The differentiated abalone gut microbiota 
could be related to the type of seaweed (i.e., brown, 
red, and green seaweed) that is consumed by wild 
abalone species like H. discus hannai (Tanaka et al. 
2003), H. midae (Nel et al. 2018), and H. tuberculata 
(Gobet et al. 2018). For example, microorganisms in 
the gut of abalone fed on brown seaweed such as 
kelp (Ecklonia maxima and Sargassum horneri) are 
often dominated by Mycoplasma, fermentative Clostri
dia bacteria, Psychrilobacter, and Vibrio (Nel et al. 2017). 
Moreover, the proliferation of beneficial bacterial 
strains like Mycoplasma sp. and Vibrio halioticoli was 
found to be associated with the addition of red 
seaweed into abalone diets (Iehata et al. 2014); and 
the inclusion of Ulva spp. in abalone diets has been 
linked to an increase of beneficial Vibrio and Myco
plasma strains (Guo 2017). The gut algal content analy
sis in the present study showed that wild H. iris 
consumed different proportions of mixed seaweed 
types at all study sites, which could explain why 
some of the core gut bacterial genera, such as Psychri
lobacter, Mycoplasma, and Vibrio, had different relative 
abundance across the study sites. In fact, researchers 
have previously documented that H. iris prefers to 
eat drifting brown algae over red and green algae, 
but they ultimately consume different groups of 
algae depending on their availability and accessibility 
(Cornwall et al. 2009). Comparatively, on a short-term 
basis (24 h), H. diversicolor were reported to consume 
more leathery brown algae than red and green, while 
on a long-term basis (20 days), the consumption of 
more green algae was documented (Alcantara and 
Noro 2005). Literature suggests that abalone digests 
preferred algal species within 24 h, while less digesti
ble algal species remain identifiable in abalone gut 
for more than 48 h (Britz et al. 1996). As such, 
abalone digestibility might be related to the nutritional 
characteristics (e.g., carbohydrates) of each seaweed 
type, which could influence the abalone’s gut 
microbial composition and diversity.

Effects of seaweed carbohydrates on abalone 
gut microbiota

Each of the three types of seaweed (i.e., brown, red, 
and green) has specific carbohydrate (mostly polysac
charides) profiles that often require specific bacterial 
taxa to break down. As a result, abalone gut microbiota 
could be shaped by seaweed polysaccharides. Brown 
seaweed contains a high amount of alginate, lami
narin, and fucoidan. In Pacific abalone (H. discus 
hannai) fed on Ecklonia maxima and Sargassum 
horneri, gut bacteria such as Mycoplasma, fermentative 
Clostridia, Psychrilobacter, and Vibrio have been bio
chemically shown to hydrolyse these polysaccharides 
(Hur et al. 2023). Similarly, bacterial strains capable of 

digesting fucoidan-rich seaweed (e.g., Ecklonia 
maxima) were notably abundant in the gut of the 
South African abalone H. midae (Barkai and Griffiths 
1986). In addition to the most abundant bacterial 
strains, some minor bacterial genera, such as the unas
signed marine group B SAR324 clade, also play an 
important role in seaweed polysaccharide digestion 
and were previously seen to be dominant in the intes
tines of Haliotis diversicolor and H. tuberculata (Gobet 
et al. 2018; Huang et al. 2021). Genome-centric meta
genomics suggested that some SAR324 bacteria 
strains possess adenosine triphosphate binding cas
sette transporters for carbohydrate metabolism 
(Huang et al. 2021). Such metabolomic characteristics 
are in line with previous findings where certain bac
teria, including the SAR324 group, have been 
described as key in the degradation of complex poly
saccharides such as alginate, which is a major com
ponent of brown algae (Hyun et al. 2013; Tanaka 
et al. 2016). Since the gut content composition analysis 
showed that brown seaweed was the most abundant 
seaweed type digested by the adult abalone in this 
study, it is reasonable to observe alginate-digesting 
bacteria, including the SAR324 strains, in the gut of 
the local wild abalone.

Red seaweed, which contains a high amount of 
agar, carrageenan, and alginate, is said to provide a 
more diverse and stable gut microbial environment 
in abalone (Iehata et al. 2014; Gobet et al. 2018). A 
study by Kang and Kim (2015) showed that certain 
Bacillus strains could metabolise red seaweed agar 
and carrageenan to produce reduced sugars, which 
are critical to mollusks as an energy source (Kang 
and Kim 2015). In the present study, abalone from 
the fast-growing sites showed higher levels of red 
seaweed in the preserved gut content samples com
pared to their slow-growing counterparts. The pres
ence of a relatively large proportion of the 
unassigned Bacilli in the gut of adult and sub-adult 
abalone at Ascots Beach and Wharekarui (fast- 
growing sites) could be associated with the consump
tion of red seaweed. In addition to Bacilli bacteria, 
Psychromonas, a genus of psychrophilic bacteria, 
was mostly found in the gut samples of abalone 
that were observed to consume a high volume of 
red seaweed in the present study. Psychromonas 
mainly contributes to the degradation of algal poly
saccharides and has been associated with accelerated 
transportation of nutrients and the promotion of host 
digestion (Wu et al. 2023). The differentiated Psychro
monas abundance observed across the study sites 
and between the age groups could be due to 
dietary changes from abalone’s early life stages to 
juveniles and eventually adults, which can also lead 
to variations in the abundance and diversity of 
other bacterial species (Jiang et al. 2017; Hur et al. 
2023).
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Green seaweed, particularly from the genus Ulva 
spp., is another food source that can have a significant 
impact on the gut microbiota and microbial function
ality in abalone and other mollusks (Bansemer et al. 
2016). Many green seaweed species like Ulva spp. are 
rich in amino acids, fatty acids, polyphenols, and 
unique polysaccharides (Hagan and Fungwe 2023). 
These macronutrients can positively modulate the 
gut microbiota by promoting the growth of beneficial 
bacteria and enhancing short-chain fatty acid pro
duction (Shannon et al. 2021; Hagan and Fungwe 
2023; Xu et al. 2023). Sub-adult abalone from all the 
collection sites in this study showed higher levels of 
Vibrio when compared to the adults. Several Vibrio 
strains are considered facultative anaerobes and can 
either be pathogens that trigger shellfish diseases or 
probiotics, as seen in the gastrointestinal tract of 
H. midae that support digestive tract functions and fer
mentation processes (Danckert et al. 2021). There 
could be two main reasons why the relative abun
dance of Vibrio bacteria could be differentiated in the 
life stages of abalone. First, different seaweed types 
can lead to variations in the availability of nutrients 
and substrates that support the growth of Vibrio 
spp., and this is mostly observed during dietary shifts 
between developmental stages (Cicala et al. 2018; 
Gobet et al. 2018). Second, the immune response of 
abalone at different developmental stages can also 
influence the abundance of Vibrio bacteria. For 
example, juvenile abalone have been observed to 
exhibit different immune responses compared to 
adults, which could affect their susceptibility to Vibrio 
infections and consequently alter the relative abun
dance of these bacteria in their gut (Huang et al. 
2010; Wang et al. 2015).

Future research directions

The present study combined gut content microscopy 
and Illumina amplicon sequencing technologies to 
reveal the interplay between diet (seaweed) and wild 
abalone gut microbiota on the Chatham Islands. 
While our results highlighted the connections 
between dietary seaweed and the local abalone’s gut 
microbial composition and diversity, it is also acknowl
edged that the environmental conditions (e.g., sea
water temperature, salinity, dissolved oxygen levels, 
and pH) that were not available within this study due 
to the sampling site restrictions may also be influen
cing factors. Hence, it would be beneficial to incorpor
ate environmental metadata into long-term gut 
microbiota investigations using the same methods at 
the same study sites for data validation. In addition, 
research activities in at least three other directions 
are needed to further test the hypothesis that 
seaweed type can significantly tailor the gut micro
biota of wild H. iris to select microbial communities 

that specifically digest the seaweed nutrients. First, 
biological and ecological surveys on local seaweed 
composition, diversity, and morphology in abalone 
habitats around the Chatham Islands are rec
ommended to understand seaweed availability and 
accessibility to the wild abalone populations. The 
health and diversity of seaweed communities are 
important for abalone growth and health. Studies 
have indicated that abalone populations recover 
when kelp restorations take place (Eger et al. 2022), 
with the opposite also being true where a decline in 
kelp forests triggers abalone mortality (Rogers- 
Bennett and Catton 2019). Second, targeted seaweed 
feeding experiments under controlled laboratory con
ditions are needed to specifically explore how aba
lone’s gut microbial communities would respond to 
each type or species of seaweed. Lastly, field exper
imental translocations of wild abalone populations 
with different but known seaweed habitat character
istics could also be useful to investigate the dietary 
seaweed effects on wild H. iris that have the same 
genetic backgrounds. The growth differences in this 
study were largely documented in adult animals, 
with few differences seen between sub-adults from 
the same collection sites. Moreover, the gut microbial 
compositions of the sub-adult and adult abalone 
among the study sites were noticeably different. 
These findings indicate that H. iris could be housed 
at slow-growing sites until they reach the juvenile 
and sub-adult stages and then translocated to fast- 
growing sites to improve growth in adulthood. To 
some extent, the slow-growing sites could be con
sidered spawning sites where the adults settled there 
will serve as breeding stock, while their offspring can 
be moved to other areas. It has been suggested that 
juveniles of around 30 mm are the best size to be 
released as part of stock enhancement programs, 
while enhancement by free-swimming larvae was 
classified as less successful (Cook 2023). The transloca
tion survival of the Roe’s abalone (H. roei) was much 
higher in adult than juvenile populations (Strain et al. 
2019). Also, translocation of adult pink abalone 
(H. corrugata) resulted in successful dense aggrega
tions of new populations (Taniguchi et al. 2013). Data 
collected from such translocation efforts will be con
structive to determine if such initiatives will be valu
able for the Chatham Islands fishery.

Abalone support valuable commercial, recreational 
and customary fisheries in New Zealand, and an under
standing of the processes driving variation within 
different abalone fishing sites is crucial to ensure long- 
term conservation and responsible management of 
H. iris. While it has been noticed that anthropogenic, 
biological and climate-related stressors could dispropor
tionately impact wild abalone habitats and abalone 
fishery stocks (Rogers-Bennett and Catton 2022), it is 
essential to continuously monitor the gut microbial 
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responses of this ecologically and economically valu
able shellfish to seaweed and other environmental 
factors in New Zealand. A clear understanding of 
abalone gut microbial communities can be used to opti
mise feeding strategies, enhance growth and disease 
resistance to ultimately benefit abalone fishery manage
ment and support sustainable aquaculture operations.

Conclusions

This study provides novel insight into sub-adult and 
adult abalone morphometrics, gut microbiota, and 
digested seaweed proportional comparisons across 
four locations on the Chatham Islands. Abalone from 
fast-growing sites (Ascots Beach and Wharekauri) had 
more red algae and less green algae present in the 
gut compared to the slow-growing sites (Owenga 
Harbour and Point Durham). The corresponding 
microbes that digest these seaweeds may support 
early digestion, potentially enhancing feeding 
efficiency and growth over time. Psychrilyobacter, Myco
plasma, and Vibrio were the dominant bacterial genera 
forming the core microbiota across all samples. 
However, gut microbial composition varied between 
adult and sub-adult populations at all study sites, 
likely influenced by environmental factors, a pattern 
commonly observed in other abalone species. Differ
ences in growth and gut microbiome may be linked 
to the types of seaweed digested by wild H. iris, along
side environmental factors. These findings suggest con
trolled feeding experiments using specific seaweed 
species and varying environmental conditions (e.g., 
temperature and sediment) are recommended to 
clarify how diet and environment influence gut micro
biota and, ultimately, abalone growth.
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