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ABSTRACT
The Papahānaumokuākea Marine National Monument, Hawai‘i, is one of the most
isolated and protected archipelagos in the world, making it a natural laboratory to
examine macroalgal-microbial diversity because of limited direct anthropogenic
impacts. We collected the most abundant macroalgae from nine sites ranging from
shallow subtidal (1.5 m) to mesophotic (75 m) depths around Manawai (Pearl and
Hermes Atoll). We characterized the macroalgal bacterial communities via
high-throughput amplicon sequencing and compared the influence of host phylum,
species, site, and depth on these relationships at a single atoll. Ochrophyta species
had the lowest bacterial diversity compared to Chlorophyta and Rhodophyta. Site
and/or depth may influence the microbial community structure associated with
Microdictyon setchellianum, indicating a possible disconnect of these microbial
communities among habitats. Chondria tumulosa, a cryptogenic species with
invasive traits, differed in associated microbiota compared to the native Laurencia
galtsoffii, an alga from the same family collected at the same site and depth. While
there was overlap of bacterial communities across sites for some algal species, the
majority had minimal macroalgal-microbial community connectivity across
Manawai. This mesophotic system, therefore, did not appear to be refugia for shallow
water coral reefs at microscopic scales. Additional studies are required to identify
other significant influences on microbial community variation.
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INTRODUCTION
Marine macroalgae are siphonous or multicellular photosynthetic eukaryotes that serve as
major ecosystem engineers and foundational species from shallow to mesophotic depths
(Schiel & Foster, 2006; Spalding et al., 2019). Macroalgae are classified into three phyla:
Chlorophyta, Rhodophyta, and Ochrophyta (commonly known as green, red, and brown
algae, respectively) and range in evolutionary, chemical, and morphological characteristics.
Macroalgal species increase the biodiversity in marine ecosystems by serving as a food
source for herbivores (Buschmann, 1990), providing nursery grounds and habitat for
invertebrates (Haywood, Vance & Loneragan, 1995; Busetti, Maggs & Gilmore, 2017), and
serving as essential settlement structures for epibionts (Fraschetti et al., 2006).

Species-specific or generalist endophytic and epiphytic bacteria can form essential
relationships with their macroalgal hosts and are integral to host health and function
(Egan, Thomas & Kjelleberg, 2008; Wahl et al., 2012; Singh & Reddy, 2016; Kuba et al.,
2021). Previous studies have shown that distinct microbial communities associate with
specific macroalgal host species and phyla (Morrissey et al., 2019; Kuba et al., 2021) and
that these bacterial communities differ from those within ambient water or associated with
other abiotic substrata (Dobretsov, Dahms & Harder, 2006; Burke et al., 2011b; Kuba et al.,
2021). Additionally, macroalgal-associated microbial communities are variable and
influenced by processes including environmental conditions (Stratil et al., 2013; Saha et al.,
2020; Bonthond et al., 2020), secondary metabolite production (Hay, 1986; Armstrong
et al., 2001;Dobretsov, Dahms &Harder, 2006; Goecke et al., 2010; Persson et al., 2011), and
the functional composition of associated microbiota (Burke et al., 2011a; Singh & Reddy,
2014; Bonthond et al., 2021).

The Northwestern Hawaiian Islands (NWHI) consist of over 130 islands, atolls, shoals,
pinnacles, seamounts, and reefs (Abbott & McDermid, 2002) and are located within the
Papahānaumokuākea Marine National Monument (PMNM)—the world’s second-largest
marine protected area and largest in the USA. The PMNM is an intact ecosystem with few
local anthropogenic disturbances (i.e., limited nutrient loading from runoff, overfishing,
and disturbance from boat traffic; Friedlander et al., 2005). The largest atoll in PMNM is
Manawai (Pearl and Hermes Atoll) with 1,166 km2 of reef area (Page-Albins et al., 2012).
Similar to other reefs within the PMNM, Manawai is characterized by a high abundance of
Microdictyon setchellianumM. Howe, Halimeda J.V. Lamouroux beds, and dense crustose
coralline red algal communities (Friedlander et al., 2005; Vroom et al., 2005; Page et al.,
2006) from shallow to mesophotic depths (30 to 150 m; Hinderstein et al., 2010). In the
Hawaiian Archipelago, Mesophotic Coral Ecosystems (MCEs) are often macroalgal
dominated habitats, with macroalgal bottom cover reaching over 70% (Parrish & Boland,
2004; Spalding et al., 2019). Fleshy algal-dominated reef systems harbor higher microbial
abundances compared to coral-dominated or crustose algae reef systems (Haas et al.,
2016). Microdictyon setchellianum beds in these habitats support herbivorous fish
populations and heterotrophic benthic communities (Parrish & Boland, 2004), whereas
Halimeda algal species aid in structuring the reef by producing calcareous sediment
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(Harney & Fletcher, 2003) and providing habitat for cryptic fish (Langston & Spalding,
2017) and invertebrates (Fukunaga, 2008).

In 2016, a new cryptogenic red alga, Chondria tumulosa A.R. Sherwood & J.M.
Huisman, was collected at Manawai (Sherwood et al., 2020). This species was discovered
proliferating into dense mats attached to hard substrata and smothering foundation coral
and native macroalgal species at Manawai (Sherwood et al., 2020), thus threatening the
overall biodiversity on this reef. Understanding microbiota associated with invasive species
is crucial as they may play a role in the invasion process, supporting the invasive species’
ability to adapt in newly established habitats (Aires et al., 2013).

A NOAA research cruise to Manawai in August 2019 provided a unique opportunity to
intensively sample the most abundant macroalgae from shallow to mesophotic depths and
to examine macroalgal microbial communities across broad spatial scales.
We characterized the microbial communities using high-throughput amplicon DNA
sequencing, assessed the macroalgal-associated bacterial communities by macroalgal
phyla, examined the influence of depth on the community structure for one species
(M. setchellianum) collected at six sites, examined the microbial community structure of
two species in the same genus (Halimeda spp.) at a single site, and compared the bacterial
communities found associated with a cryptogenic alga (C. tumulosa) and a native alga
from the same family.

MATERIALS AND METHODS
Sampling site and abiotic factors
Samples were collected from August 03–08, 2019 from nine sites aroundManawai PMNM,
NWHI (Fig. 1). Field collections were approved by the Papahānaumokuākea Marine
National Monument, permit number PMNM-2018-029. Collection numbers varied per
site ranging from 6 to 12 samples (n = 6 at sites A and G; n = 8 at site H; n = 9 at sites B
through F; n = 12 at site I). All sites varied by depth, except sites C and E. We categorized
sampling into three depth zones according to Hinderstein et al. (2010): shallow subtidal
(1.5, 2.0 m), subtidal (13, 22.5, and 27 m), and upper mesophotic (55, 58, and 75 m).

Light attenuation and temperature data for Manawai were characterized for each depth.
Temperature data were collected using a Shearwater Petrel (Richmond, BC, Canada) wrist-
mounted dive computer (upper and lower mesophotic) and Aqualung i200 (Vista, CA,
USA) wrist-mounted diver computer (shallow subtidal and subtidal), which were
calibrated prior to sample collection. Several minutes of immersion at the target depths
were allowed for the dive computers to equilibrate with ambient temperature.

Six irradiance profiles were collected from the forereef and backreef at Manawai from
July 15–20, 2021. The irradiance profiles were calculated as previously described (Spalding,
Foster & Heine, 2003). Underwater irradiance was measured by lowering a spherical (4π)
quantum sensor (Underwater LI-193SA; LI-COR, Lincoln, NE, USA) through the water
column and storing the data in a datalogger (model 1400; LI-COR, Lincoln, NE, USA).
The sensor was mounted on a lowering frame (LI-COR, Lincoln, NE, USA) and attached
to the datalogger with a 20-m cable marked at 0.5-m intervals. PAR (mmol
photons·m−2·s−1) was recorded every 0.5 to 1 m to a maximum depth of 15 m. Profiles were
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completed from the sunny side of the boat on clear days between 1100 and 1300 h. K0 was
calculated from irradiance profiles according to Beer’s Law. The %SI (surface irradiance)
was calculated from irradiance extrapolated from K0 at 0.01 m.

Sample collection
Approximately one to three cm of new growth (i.e., the apical ends) of each most abundant
macroalgal species (n = 3 per morphospecies) per site was collected. The most abundant
macroalgal species were visually determined by experienced divers and phycologists with
expertise on Hawaiian macroalgae. Each individual sample was collected into individual
Whirlpak© bags by the scientific dive team and sealed after collection underwater to limit
any possible contamination among samples. Each sample was rinsed with 3.5% sterile

Figure 1 Map of the Hawaiian Archipelago and sampling sites. (A) Satellite image of Manawai (Pearl
and Hermes Atoll), Northwestern Hawaiian Islands, Hawai‘i, USA (Google Earth©, with inset courtesy of
Papahānaumokuākea Marine National Monument). Points refer to collection sites with the associated
depth for the site. The color of each point indicates depth zone at the site (blue: shallow subtidal (1.5,
2 m); yellow: subtidal (13, 22.5 m); red: upper mesophotic (55, 58, 75 m)). Photographs of each zone are
provided: (B) shallow subtidal, (C) subtidal, and (D) upper mesophotic, Pinocchio included for size and
color reference (11.4 cm). Full-size DOI: 10.7717/peerj.16114/fig-1
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artificial seawater to remove loosely attached epibionts and sand as previously described
(Kuba et al., 2021). Individual thalli were then placed in RNAlater and stored overnight at
4 �C before freezing at −20 �C on the NOAA ship Rainier. A background seawater sample
(n = 1) for each site was collected by filtering 50 mL of ambient seawater from each site
(Boström et al., 2004) with an additional 50 mL artificial seawater control (n = 1) through a
sterile 0.2 mm filter and preserved in 5 mL of RNAlater. This artificial seawater control was
the same water used to rinse the samples prior to placing in RNAlater and served as a
control for decontamination processing after assigning taxonomy. Each individual water
sample was also collected into individual containers prior to filtering. The background
seawater samples were collected approximately 1 m above the bottom at each site, and care
was taken to collect water up current with no mixing with the benthos and represents a
seawater control. These water controls serve as background controls to better understand
the macroalgal-specific associations at our sample locations. This volume of seawater has
an associated average DNA extraction efficiency of 92% for marine planktobacteria
(Boström et al., 2004). Filters were stored at 4 �C before freezing at −20 �C. All samples for
DNA analysis were shipped overnight on Techni IceTM frozen at −80 �C from Honolulu,
HI to Charleston, SC and subsequently frozen at −80 �C.

Identification of macroalgae
Macroalgae were identified visually based on morphological descriptions using Abbott
(1999), Abbott & Huisman (2004), and Huisman, Abbott & Smith (2007) or by molecular
analysis (Fig. 2; Table 1). Molecular analyses were completed and compared to voucher
identifications (Table S1). For macroalgae that could not be conclusively identified by
morphology, genomic DNA was extracted using an OMEGA E.Z.N.A.� Plant DNADS Kit
(OMEGA Biotek, Norcross, GA, USA) or a NucleoSpin Plant II Kit (Macherey-Nagel,
Düren, Germany) following the manufacturer’s protocol. For identification of the
Chlorophyta specimens (vouchers NWHI 878, NWHI 1071 and NWHI 1049), a portion of
the tufA gene (elongation factor Tu) was amplified using primers tufA_alg_up and
tufA_alg_do (Handeler et al., 2010). For the Rhodophyta (NWHI 1073, NWHI 1032 and
NWHI 813), a portion from the DNA barcode region near the 5′ end of the mitochondrial
COI (cytochrome c oxidase subunit 1) gene was generated using primers GazF1 and GazR1
(Saunders, 2005). For further identification of the Rhodophyta (NWHI 1073, NWHI 1032
and NWHI 813), the rbcL (ribulose-1, 5-bisphosphate carboxylase/oxygenase large
subunit) gene was amplified as two overlapping fragments using the primer pairs rbcLF7
and R898 (Gavio & Fredericq, 2002; Kim, Kim & Nelson, 2010) and rbcLF762 and R1381
(Kim, Kim&Nelson, 2010). Amplification conditions consisted of 94 �C for 3 min followed
by 35 cycles of 30 s at 94 �C, 30 s annealing at 55 �C and 5 min synthesis at 72 �C, followed
by a final extension at 72 �C for 7 min for tufA, and 4 min at 96 �C for denaturation,
followed by 35 cycles of 60 s at 94 �C, 60 s at 42 �C and 90 s at 72 �C, with a final 10 min
extension cycle at 72 �C and soak cycle at 10 �C for rbcL. The barcode region was amplified
as previously described (Saunders, 2005). Successful PCR products were cleaned with
ExoSAP-ITTM Express PCR Product Cleanup kit and submitted for sequencing at
GENEWIZ (South Plainfield, NJ, USA). Raw sequence reads for each gene were assembled,
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edited, and aligned using the MUSCLE v. 3.8.425 plug-in (Edgar, 2004) in Geneious Prime
2021.0.3 (Fukunaga, 2008). Molecular sequences generated for the six macroalgae species
were compared to those in GenBank using BLAST (Basic Local Alignment Tool; www.
ncbi.nlm.nih.gov).

DNA extraction, library preparation, sequencing
All samples were thawed on ice and DNA was extracted from individual thalli using the
FastDNA SPIN Kit (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer’s
protocol with minor modifications. Approximately 0.5 g of each algal sample was weighed
into the lysis matrix E tube using ethanol flame-sterilized forceps. Thalli were split into two
lysis tubes if an individual was >0.5 g. Each seawater control filter was cut and divided into
lysis matrix E tubes to a final weight of 0.5 g. Extractions were completed on entire algal
samples to include both associated epibionts and endobionts. Lysis tubes were placed in a
cold aluminum rack and homogenized at 3,800 RPM for 30 s (BioSpec BeadBeater,
Bartlesville, OK, USA). Bead beating was repeated twice with an incubation period of 30 s
on ice in between each homogenization. DNA was eluted twice with 50 µl 0.1 mM Tris (pH
8.0). If thalli were split, eluted DNA was combined into one tube before further processing.
DNA was quantified with a Qubit 3.0 fluorometer using the dsDNA high sensitivity kit
(ThermoFisher Scientific, Waltham, MA, USA).

Figure 2 Representative in situ photos of macroalgal species identified at Manawai, Northwestern Hawaiian Islands used for this study. (A)
Microdictyon setchellianum (B) Halimeda discoidea (C) Chondria tumulosa (D) Padina sp. (E)Wrightiella sp., and (F) Laurencia galtsoffii. Scale bar
is 5 cm. Full-size DOI: 10.7717/peerj.16114/fig-2

M. Kuba et al. (2023), PeerJ, DOI 10.7717/peerj.16114 6/24

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
http://dx.doi.org/10.7717/peerj.16114/fig-2
http://dx.doi.org/10.7717/peerj.16114
https://peerj.com/


PCR was performed using the protocol from Klindworth et al. (2013) targeting variable
regions 3 and 4 of the bacterial SSU rRNA gene as previously described (Kuba et al., 2021).
Negative controls were included through PCR protocols, however no blank extractions
were included. Primers possessed Illumina overhang sequences that were used for ligation
of index sequences for all macroalgal and seawater controls. Cleaned amplicons were
indexed and sequenced on an Illumina MiSeq per the manufacturer’s protocol, generating
2X300 base pair (bp) paired-end reads.

Bioinformatics of macroalgae-associated bacterial communities
Demultiplexed sequences with adapters removed were analyzed as previously described
(Kuba et al., 2021). Amplicon sequence variants (ASVs) were inferred per MiSeq run
(Callahan et al., 2016). Chimera identification and removal was performed after runs were
merged using the “removeBimeraDenovo” command as implemented in dada2 (version
1.18). Each biological triplicate was kept as an independent sample for further processing
to compare variation among individuals.

Statistical analyses were performed using R version 4.0.1 (R Core Team, 2010) and
visualizations were generated using ggplot2 (Wickham, 2016), phyloseq (McMurdie &
Holmes, 2013), and microbiome (Lahti & Shetty, 2017). Differential abundance analyses
were utilized using the DESeq2 tool (Love, Huber & Anders, 2014) with an alpha <0.01 to
identify the amplicon sequence variants (ASVs) contributing to overall differences among

Table 1 Macroalgal specimen descriptions and their associated characteristics.

Phylum Species identification Sampling site* Depth (m) Thallus complexity Calcification

Chlorophyta Halimeda discoidea A, H, I 1.5, 22.5, 27 Flattened segments Calcified

Halimeda velasquezii B, D, I 2, 13, 22.5 Flattened segments Calcified

Microdictyon setchellianum A, B, C, F, H, I 1.5, 13, 22.5, 27, 55, 58 Coarse mesh Uncalcified

Neomeris annulata H 1.5 Club-shaped Calcified

Umbraulva kaloakulau G 75 Distromatic blade Uncalcified

Ochrophyta Dictyota ceylanica E 55 Flattened dichotomous branches Uncalcified

Distromium sp. E 55 Fan-shaped Uncalcified

Padina moffitiana E 55, 58 Fan-shaped Lightly Calcified

Padina sp. F 58 Fan-shaped Lightly Calcified

Sporochnus dotyi F 58 Alternately branched Uncalcified

Rhodophyta Chondria tumulosa B, D 2, 13 Terete branches Uncalcified

Dudresnaya babbittiana C 55 Cylindrical irregularly branches Uncalcified

Galaxaura filamentosa C 55 Flattened dichotomous branches Calcified

Gracilaria sp. G 75 Unbranched Uncalcified

Laurencia galtsoffii D 2 Erect distichous branches Uncalcified

Wrightiella sp. I 22.5 Erect distichous branches Uncalcified

Background seawater Seawater control All All NA NA

Notes:
Characteristics include macroalgal phylum, collection depths (m), thallus complexity, calcification level, and status as cryptogenic or native. N = 3 per species and site
except for Neomeris annulata where n = 2. Background seawater samples were also collected at each of the nine sampling sites (n = 1 per site). All macroalgal species were
native to Manawai, except Chondria tumulosa, which has been described as a cryptogenic species.
* Refer to Fig. 1.
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samples. This tool accounts for low dispersion estimates and is consistent across studies
with varying replicates (Love, Huber & Anders, 2014). Data were then normalized using
variance stabilizing transformation implemented with DESeq2 to compare microbiota
across samples. Rarefaction of the number of reads per sample were visualized using the
“rarecurve” command in vegan version 2.0–4 (Oksanen et al., 2016). Read abundances
were transformed prior to calculating Euclidean distances. Visualizations of hierarchical
clustering were performed with variance stabilized Euclidean distances. This
transformation was applied due to the low associated false positive rate (McMurdie &
Holmes, 2014). Alpha diversity was estimated using multiple indices (Table S3), but we
chose to report the Simpson’s diversity index because of its emphasis on species evenness
rather than richness as compared to the Shannon-Weaver index and Faith’s phylogenetic
diversity; Simpson’s diversity index values closer to zero have lower microbial diversity.
An ANOVA was run on each individual diversity model and a post-hoc Kruskal-Wallis test
was ran on each individual model to compare between algal phylum/seawater. Beta
diversity was visualized using a non-multidimensional scaling (NMDS) plot based on the
Bray-Curtis dissimilarity metric. Bray-Curtis dissimilarity was applied rather than
VST-stabilized Euclidean distances to account for distance and microbial species identity.
Statistical tests, ANOVA, PERMANOVA, PERMDISP2, and ANOSIM were performed in
vegan (Oksanen et al., 2016). If groups were non-homogenous, an ANOSIM was
performed where the R-value ranges from 0 to 1 representative of indistinguishable to
well-separated communities, respectively (Clarke & Gorley, 2001). Taxonomic
distributions of macroalgal-associated microbiota were visualized using a heat map
through ggplot2 (Wickham, 2016) with the associated cutoff for ASV relative abundance
set to >0.05% and presence in >3 samples.

Data availability
Sequence data are available through NCBI Sequence Read Archive (SRA) BioProject
number PRJNA833318. Macroalgal sequences used for taxonomic identification are
available with accession numbers OR066430–OR066437, OK448437, OK448460
(Table S1). Relevant code used for the bioinformatics work is available on GitHub (https://
doi.org/10.5281/zenodo.7975190).

RESULTS
Sample collection and abiotic factors
The most abundant macroalgae at Manawai were collected at each site (Fig. 1; Table 1).
Key characteristics of these species are noted in Table 1. The calcification levels described
include uncalcified, lightly calcified, and calcified. The shallow subtidal (1.5 to 2 m)
temperatures ranged from 26–27 �C, subtidal (13 to 27 m) temperatures from 25–27 �C,
and upper mesophotic (55 to 75 m) from 22–27 �C. The average diffuse attenuation
coefficient (Ko) was −0.118 m−1 (±0.01 m−1 SE). Shallow subtidal irradiance ranged from
1,003 to 1,064 mmol photons m−2 s−1, with 79% to 84% surface irradiance (SI). Subtidal
irradiance ranged from 53 to 274 mmol photons m−2 s−1, with 4% to 22% SI. Lastly, the
upper mesophotic was characterized by irradiance ranging from 0.18 to 1.93 mmol photons
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m−2 s−1 and 0.014% to 0.152% of SI. The average 10% optical depth was 19 m (2.3/Ko), and
the 1% optical depth was 39 m (4.6/Ko) (Kirk, 1994). Light attenuation and temperature
data are provided in Table S2.

Molecular identification of macroalgae
Four of the six macroalgal species that could not be identified based on morphology alone
were identified to at least genus level using BLAST. The Chlorophyta macroalgal voucher
NWHI 1049 was 100% identical to Umbraulva kaloakulauH.L. Spalding & A.R. Sherwood
(Chlorophyta) sequences, while the other two Chlorophyta algal vouchers were both
identified as Halimeda velasquezii W.R. Taylor (Chlorophyta), having 99.2% and 99.6%
(NWHI-878 and NWHI-1071, respectively) similarity with H. velasquezii sequences in
GenBank, as well as additional morphological confirmation. For molecular identification
of the Rhodophyta, two markers were used: COI and rbcL, and combined with
morphological analysis. BLAST results for voucher NWHI-813 indicated it was Laurencia
galtsoffii M. Howe with 99.8% of similarity for the COI marker (amplification of rbcL was
not successful for this specimen). COI sequence from voucher NWHI-1032 yielded 93.2%
similarity with Gracilaria shimodensis (Rhodophyta) and was 96.3% to G. hayi, while COI
sequence from voucher NWHI-1073 was only 85.8% similar to Symphyocladiella gracilis
(Rhodophyta) and rbcL sequence was 93.5% similar to Wrightiella tumanowiczii
(Rhodophyta). Because additional morphological analysis is necessary to attribute
species names to these vouchers, we referred to these specimens as Gracilaria sp. and
Wrightiella sp.

Characterization of macroalgal associated microbial communities at
Manawai
A total of 77 macroalgal specimens representing 15 species, nine background seawater
samples, and one artificial seawater control were sequenced, resulting in 5,357,308 total
reads representing 50,445 ASVs with an average length of 415 ± 30 bp after quality control,
filtering, and chimera filtering. Sequencing appeared to capture the overall diversity for
each specimen based on the rarefaction curve plateau across all samples (Fig. S1). Sample
read depth varied while characterizing microbial diversity (medium, 18,722; median,
165,447; maximum, 364,285 across samples).

Overall the average microbial richness was highest for the Chlorophyta samples
followed by Rhodophyta and then Ochrophyta, as measured by number of observed ASVs,
Shannon index, Simpson’s index, and Faith’s phylogenetic diversity (Fig. 3 and Fig. S2).
The number of observed ASVs for the background seawater was lower than all macroalgal
samples (Fig. 3). Microbial communities associated with macroalgae at Manawai
significantly overlapped (ANOSIM R = 0.1955; p = 0.0039) (Fig. S3). The associated
phylogenetic diversity was significantly different between Ochrophyta and both
Chlorophyta and Rhodophyta (Fig. 3 and Fig. S2; Tables S3 and S4). According to the
Simpson’s index, microbial diversity was lowest for Ochrophyta (Fig. 3). The total number
of observed ASVs across all Ochrophyta specimens ranged from 229 (Distromium sp.) to
5,942 (Dictyota ceylanica Kützing) both from site E at 55 m (Table S3). The number of
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observed ASVs varied among species and among biological triplicates. A specimen of
H. velasquezii (Chlorophyta) collected at 2 m depth had the lowest diversity based on the
Simpson’s index (0.078), followed by another replicate of the same species at the same
depth and site (0.106).

Actinobacteriota, Alphaproteobacteria, Bacteroidota, Cyanophyceae,
Gammaproteobacteria, Planctomycetota, and Verrucomicrobiota were the most relatively
abundant bacterial classes associated with all macroalgal phyla (Fig. 4). Myxococcota was
not associated with Ochrophyta, and Firmicutes was unique to Chlorophyta.
The background seawater samples varied in associated bacterial taxa, but
Gammaproteobacteria sequences had the highest relative abundance across all controls
(Fig. 4). Ochrophyta were associated with fewer bacterial taxa as compared to the other
phyla and the seawater controls. Gammaproteobacteria associated with Ochrophyta
(Pseudomonadales and Alteromonadales) showed the highest relative abundance.

Hierarchical clustering based on Euclidean distances separated the microbial
communities into three groups (Fig. 5). Each of these clusters contained multiple phyla
and species; however, only Rhodophyta and Chlorophyta were represented in cluster one
(Fig. 5). Throughout the three clusters, communities from each macroalgal species
clustered together, with only a few exceptions (Fig. 5). U. kaloakulau from 75 m depth was
found in two different clusters, with similar microbial communities to Ochrophyta and
Rhodophyta species. The seawater controls grouped together in cluster two regardless of

Figure 3 Boxplot of observed amplicon sequence variants (Observed ASVs) and Simpson’s indices.
Asterisks indicate significant differences based on an Kruskal-Wallis pairwise comparison for each.
ANOVA ran on Shannon (p = < 0.001) and PD (p = < 0.001) were both statistically significant.

Full-size DOI: 10.7717/peerj.16114/fig-3
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collection site (Fig. 5). Microbial community structure from the same macroalgal species
was similar. All Ochrophyta species and specimens were clustered in the second cluster.

Spatial comparison of M. setchellianum microbial community
structure
M. setchellianum was the most abundant macroalga at Manawai, which resulted in its
collection from six sites spanning all depth zones. This replication allowed for the
examination of microbial communities over depths and depth zones of a single macroalgal
species. Based upon overall variation across sites, samples were analyzed by depth zone
rather than absolute depth. Specimens ofM. setchellianum collected at sites A (1.5 m) and I
(27 m) were associated with the highest diversity (>0.99). Most M. setchellianum
communities were found within cluster three of the hierarchical clustering dendrogram
(Fig. 5). Samples from sites C and F (n = 3 at both sites), both from the upper mesophotic
zone, were found in a subgroup of cluster three that only contain macroalgae sampled from
the upper mesophotic (Fig. 5). All seawater were found in a subgroup of cluster two rather
than as an outgroup, indicating some similarity between microbiota associated with

Figure 4 Heatmap of the taxonomic distribution of macroalgal-associated bacteria class of the top 3% in relative abundance. The relative
abundance of bacteria phylum or class is provided for each sample. Each macroalgal phylum ((A) Chlorophyta, (B) Rhodophyta, (C) Ochrophyta) is
considered, as well as the background seawater control (D). Each sample (n = 77) is shown except for seawater control samples (n = 10). Sample
identification corresponds to the given genus and species (Ha.di, Halimeda discoidea; Ha.ve, Halimeda velasquezii; Mi.se, Microdictyon setch-
ellianum; Um.ka, Umbraulva kaloakulau; Ch.tu; Chondria tumulosa; Du.ha, Dudresnaya hawaiiensis; Ga.in, Galaxaura indica; Gr.sp, Gracilaria sp.;
La.ga, Laurencia galtsoffii;Wr.sp,Wrightiella sp.; Di.ce,Dictyota ceylanica; Pa.mo, Padina moffittiana; Pa.sp, Padina sp.; Sp.do, Sporochnus dotyi; Di.
sp, Distromium sp.; Wa, Seawater control). Full-size DOI: 10.7717/peerj.16114/fig-4
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macroalgal hosts and surrounding seawater (Fig. 5). The M. setchellianum communities
from sites A, B, and H (n = 3 at all sites) from the shallow subtidal and subtidal zones form
the other subgroup of cluster three, along with Wrightiella sp. (also from the subtidal).
The outliers were the subtidalM. setchellianum communities from site I, which were found
within cluster one (Fig. 5). Microbial communities associated with M. setchellianum
overlapped significantly across sites (ANOSIM R = 0.38; p = 0.0049) and based on
collection depth zone (ANOSIM R = 0.36; p = 0.0059). Shallow subtidal M. setchellianum

Figure 5 Dendrogram of hierarchical clustering based on Euclidean distances of microbial
communities associated with macroalgal species at Manawai, Northwestern Hawaiian Islands,
Hawai’i, USA. Distances were subjected to variance stabilizing transformation (VST). Macroalgal
phylum is indicated by color: Chlorophyta (green), Ochrophyta (brown), Rhodophyta (red), seawater
control (blue). The depth zone (shallow subtidal: 1.5, 2 m; subtidal: 13, 22.5 m; upper mesophotic: 55, 58,
75 m) where each specimen was collected is indicated by shape.

Full-size DOI: 10.7717/peerj.16114/fig-5
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microbial communities appeared to differ the most as confidence intervals for subtidal and
upper mesophotic communities overlapped (ANOSIM R = 0.11; p = 0.002) (Fig. 6A).

Microbial community structure of Halimeda spp.
Two Halimeda species (H. discoidea Decaisne and H. velasquezii) were abundant at three
shallow subtidal and subtidal sites and co-occurred at one site (I, 22.5 m depth).
All Halimeda spp. bacterial communities were within cluster one except for H. velasquezii
bacteria from site D from the shallow subtidal (Fig. 5). Microbial associations were
significantly different based on site when each species was examined individually
(PERMANOVA p = 0.003 for H. discoidea, p = 0.007 for H. velasquezii) (Fig. 6B). Close
associations were also apparent among the biological triplicates for both Halimeda spp. at
each site (Figs. 5, 6B). Analysis by PERMANOVA supported a difference in overall
microbial communities associated with Halimeda spp. based on site (p = 0.001) (Fig. 5B).
Bacterial communities associated with H. discoidea and H. velasquezii at all sites were
different but overlapped (ANOSIM R = 0.56; p = 0.0001) (Fig. 6B). Microbial communities
were well separated between these species at the single site where they co-occurred,
however, this separation was not significant (ANOSIM R = 0.82, p = 0.1) (Fig. 6C).

Microbial communities associated with the cryptogenic alga
C. tumulosa
C. tumulosa was collected from two sites (B and D, n = 3 at each site). At site D (2 m), we
also collected specimens of native rhodophyte L. galtsoffii (n = 3), allowing us to examine
differences in microbial communities between a cryptogenic and native alga in the same
family (Rhodomelaceae). Specimens of C. tumulosa and L. galtsoffii were associated with
five overlapping dominant associated bacterial class, similar to other rhodophycean algae
sampled (Fig. S2B). However, C. tumulosa was associated with two unique dominant
bacterial classes: Gammaproteobacteria and Cyanobacteriia (Fig. 4B). The Simpson’s
diversity index associated with all C. tumulosa averaged 0.959 and L. galtsoffii averaged
0.963 (Table S3). All bacterial communities from C. tumulosa specimens were in cluster
one in the hierarchical clustering analysis but in separate subgroups, independent of
sampling site (Fig. 5). Communities from L. galtsoffii were also found in cluster one, but in
a different subgroup (Fig. 5). Microbial community composition from these two host
species were separated without statistical significance (ANOSIM R = 1; p = 0.1, Fig. S4).

DISCUSSION
The microbial communities associated with abundant macroalgal species at Manawai were
similar to communities previously identified associated with marine macroalgae
(Armstrong et al., 2001; Wiencke & Bischof, 2012; Longford et al., 2019; Kizhakkekalam &
Chakraborty, 2020; Kuba et al., 2021). Diversity within Chlorophyta and Rhodophyta was
higher compared to Ochrophyta species, supporting the overall trend observed at the
phylum level. Bacterial taxa associated with Ochrophyta species were less diverse based on
Simpson’s, Shannon, and Faith’s phylogenetic diversity indices compared to species of
Chlorophyta and Rhodophyta, potentially due to secondary metabolite production by
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Figure 6 Non-metric multidimensional scaling plot generated using Bray-Curtis dissimilarities for
microbial communities associated with three Chlorophyta species: Halimeda discoidea, H.
velasquezii, and Microdictyon setchellianum (n = 3 each). (A) M. setchellianum from six sites and
three depth zones, (B) H. discoidea and H. velasquezii from four sites and two depth zones, (C) H. dis-
coidea and H. velasquezii from one site where they co-occurred at 22.5 m. Ellipses represent 95% con-
fidence intervals. Full-size DOI: 10.7717/peerj.16114/fig-6
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Ochrophyta selecting for microbiota with antimicrobial capabilities (Ismail et al., 2016).
The Ochrophyta-associated microbiota were also less relatively abundant than in the
surrounding seawater, similar to previous findings with Laminaria saccharina
(Ochrophyta) sampled from the Baltic and North Seas (Ismail et al., 2016).
Ochrophyta-associated microbial communities were more similar to one another than
those associated with the other two phyla, suggesting that Ochrophyta may be more
selective in their microbial counterparts and further supporting the variation of microbial
counterparts among macroalgal hosts (Saha & Weinberger, 2019). Ochrophyta were
infrequently encountered in the subtidal zone and were only collected in the upper
mesophotic zone in this study. Further study of the same species collected herein across
depths is warranted to better understand these trends given that patterns in macroalgal
diversity have been shown to correspond with solar irradiance and depths associated with
seasonal thermoclines, influencing the microbial species and phyla that are observed at
specific depth zones (Lesser, Slattery & Leichter, 2009; Wiencke & Bischof, 2012).

A similar study was completed at ‘Ewa Beach, HI, an intertidal bench that is
anthropogenically altered (Kuba et al., 2021). The taxonomic composition of
macroalgal-associated bacteria at Manawai was similar to that found previously at ‘Ewa
Beach (Kuba et al., 2021), with Actinobacteriota, Bacteroidota, Myxococcota,
Alphaproteobacteria, Verrucomicrobiota and Cyanobacteria also being identified at
Manawai. The macroalgal-microbial communities at ‘Ewa Beach however, included
Bdellovibrionota (Kuba et al., 2021), which was not found to be associated with the
macroalgae collected at Manawai. Bacteriodota, Alphaproteobacteria, and
Verrucomicrobiota were less relatively abundant compared to ‘Ewa Beach (Kuba et al.,
2021). Differences in composition are important to note as small- (e.g., macroalgal
individual) and large-scale (e.g., Manawai) environments may be influencing microbial
community structure. Overall, the macroalgal microbial communities from ‘Ewa Beach
and Manawai showed similar average diversity for both Simpson’s (‘Ewa Beach = 0.79;
Manawai = 0.80) and Shannon (‘Ewa Beach = 4.27; Manawai = 4.20) diversity indices
(Kuba et al., 2021). Similar microbial diversity across these sites suggests that local
influences may not have major impacts on larger-scale biodiversity patterns. The most
relatively abundant bacterial taxa associated with all algae at Manawai (Hyphomonas,
Rhodobacteraceaes, and Stenotrophomonas) are metabolically diverse as denitrifiers,
diazotrophs, or can utilize nitrate in the absence of oxygen (Weiner, Devine & Powell, 1985;
Lesser, Slattery & Leichter, 2009), and thus may be related to nitrogen cycling. The presence
of these microbiota in the nearly pristine ecosystem of the PMNM however, may lend
support for their natural associations with macroalgae, rather than previous findings as
nitrogen-fixing bacteria that proliferate in response to increased bioavailable nitrogen from
anthropogenic sources (Lapointe & Bedford, 2011).

With the decline of shallow-water reef ecosystems, research investigating MCEs as
potential refugia to support recovery of impacted shallow reefs has increased (Bongaerts
et al., 2010). MCEs were initially proposed as a refuge/refugia for one or multiple species to
avoid near-shore disturbances in shallow habitats (Bongaerts et al., 2010). MCEs rely on
water clarity and therefore typically occur in offshore environments where the water is
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generally less turbid (Bak, Nieuwland & Meesters, 2005; Spalding et al., 2012). As depth
increases, water motion from wave exposure decreases and water temperatures become
more consistent, especially in thermally stable months (February to May) (Pyle & Kosaki,
2016). The NWHI are exposed to winter swells and multiple extreme wave events reaching
maximum depths of approximately 20 m (Grigg et al., 2008). In turn, shallow community
structure may be more homogenous due to high levels of disturbance. M. setchellianum
was associated with significantly different microbial communities across six sites, which
also varied in depth zone due to the opportunistic nature of our sampling, suggesting
limited connectivity among these sites or between shallow and mesophotic depths.
The separation of microbial-macroalgal relationships based on depth zones would support
the unique nature of mesophotic systems rather than their role as shallow water refugia
based on macroalgal-associated microbial communities at Manawai.

At 22.5 m depth, M. setchellianum had more individual variation in microbial
communities compared to H. velasquezii, which may be attributed to differences in their
morphological complexity (Morrissey et al., 2019). Host morphology influences associated
microbial communities, where microbial richness increases with morphological
complexity (Lemay et al., 2021; Kuba et al., 2021). M. setchellianum has an uncalcified,
net-like thallus structure that forms dense beds, offering a complex surface area that may
capture organic matter and provide a more favorable habitat for microbial colonizers.
Photosynthetic productivity of M. setchellianum also decreases considerably by 100 m
depth, suggesting a slower growth rate and longer-lived thalli for microbial community
formation (Runcie, Gurgel & Mcdermid, 2008). The overall morphological structure of
Halimeda compared to the morphological complexity of M. setchellianum also may
contribute to the microbial community dynamics between these two macroalgal genera
because of the surface area and type of surface provided by each. However, morphology as
a driver of microbial community could not be directly tested due to the variation of algal
species sampled across different sites and depths.

In the current study, cryptic fish species were observed using M. setchellianum beds for
habitat, which was not observed in the scattered individuals of Halimeda spp. Halimeda is
a calcareous, coenocytic genus with a single, multinucleate cell (Drew & Abel, 1988; Vroom
& Smith, 2001), and the smooth calcareous surface of Halimeda spp. individuals offers a
physical defense with less surface area for colonization. Growth of Halimeda occurs
apically via, new segments, with calcification of these new segments occurring 24–48 h
after segment formation (Hillis-Colinvaux, 1980). Halimeda individuals therefore have
older, perennial bases typically characterized by epiphytic growth, whereas the younger
segments are less epiphytized due to less settlement time (Hillis-Colinvaux, 1980).
Halimeda microbiome collections herein were derived from the newer apical segments,
potentially limiting the overall microbial communities of these species. The younger age of
apical Halimeda segments may limit the establishment of stable microbial relationships.
Even though both species of Halimeda have the same growth patterns, comparisons
revealed differences at the host species-level. Microbial studies across the entire thallus are
needed to determine the effect of thalli age on microbial community structure.
The microbial communities associated with H. discoidea in the intertidal zone at ‘Ewa
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Beach in the Main Hawaiian Islands hosted a higher abundance and more diverse bacteria
than those at Manawai. The average Simpson’s index for H. discoidea collected at ‘Ewa
Beach was 0.973 (Kuba et al., 2021), which was similar to the average of those collected at
Manawai (0.961).

Chondria tumulosa is a mat-forming macroalga exhibiting invasive-like traits by
over-growing benthic organisms on the reef at Manawai (Sherwood et al., 2020). Chondria
tumulosa was the only species identified as invasive-like and cryptogenic in this study,
whereas all other species were characterized as native at Manawai. Microbiota associated
with this cryptogenic alga clustered together to the exclusion of other native Rhodophyta
when accounting for collection location. Although this may not be fully attributed to the
invasive-like nature of this species, this clustering is important to note for overall microbial
biodiversity changes with the proliferation of C. tumulosa. Chondria tumulosa also had a
lower microbial diversity when compared to other Rhodophyta species which may be
indicative of the species’ higher selectivity, as compared to the other red algal species
analyzed (Saha & Weinberger, 2019). Bonthond et al. (2020) reported that the microbiota
associated with the invasive red alga Gracilaria vermicullophyla were highly influenced by
the ambient environment. The observed differences in associated microbiota in the current
study may also be associated with possible co-introduced microbes if C. tumulosa is truly
non-native, which could promote its invasiveness (Bonthond et al., 2020). If this
cryptogenic alga continues to increase in abundance, then overall species and functional
diversity at Manawai is anticipated to diminish. It is important to note that the collection
of C. tumulosa in this study was not extensive (n = 2 sites), despite its proliferation across
the atoll. This opportunistic sampling makes it difficult to attribute microbial differences
only to the cryptogenic status of the species at Manawai. Additional collections of
C. tumulosa and related species like L. galtsoffii from the same sites are needed to better
understand if the cryptogenic status of this alga is influencing the associated microbiota of
other macroalgae, thus altering the reef microbiota in impacted areas.

CONCLUSIONS
Examining the entire host-associated microbiota at multiple sites and depths around a
protected and isolated atoll provides further insight into the characterization of
macroalgal-associated microbial species. Microbial communities at Manawai vary across
depth, site, and significantly differed for C. tumulosa; however additional studies are
required to identify if the cryptogenic status of this alga is a driving factor for these
differences. This study investigated the macroalgal-microbial relationships at a remote
atoll in the Northwestern Hawaiian Islands and identified biological diversity within
subtidal and mesophotic depths. Future studies should focus on the same macroalgal
species across different depths to further understand the continuity between subtidal and
mesophotic ecosystems. More comparisons across collection depths are needed but are
limited because of the number of currently described macroalgal species at upper
mesophotic depths (55, 58, and 75 m) compared to subtidal depths (13, 22.5, and 27 m)
(Spalding et al., 2019). Direct comparisons of the same macroalgal species between the
MHI and PMNM would elucidate the core and variable microbiome of the species that are
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most abundant in these regions. Comparisons of macroalgal communities from the same
macroalgal species across the Hawaiian Archipelago would also provide spatial resolution
of these trends. Further investigations across morphological complexity of the macroalgal
host would increase the understanding of microbial-macroalgal relationships. This study
provides a foundation for macroalgal-microbial studies at Manawai. Although our
analyses only begin to characterize these relationships, future studies will further explore
macroalgal associated microbiota. Overall, this study highlights the microbial disconnect
between shallow and mesophotic coral reefs and the need for further studies of intact
ecosystems such as the PMNM.
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