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Synopsis Microbiomes represent the collective bacteria, archaea, protist, fungi, and virus communities living in or on
individual organisms that are typically multicellular eukaryotes. Such consortia have become recognized as having
significant impacts on the development, health, and disease status of their hosts. Since understanding the mechanistic
connections between an individual’s genetic makeup and their complete set of traits (i.e., genome to phenome) requires
consideration at different levels of biological organization, this should include interactions with, and the organization of,
microbial consortia. To understand microbial consortia organization, we elucidated the genetic constituents among
phenotypically similar (and hypothesized functionally-analogous) layers (i.e., top orange, second orange, pink, and green
layers) in the unique laminated orange cyanobacterial-bacterial crusts endemic to Hawaii’s anchialine ecosystem. High-
throughput amplicon sequencing of ribosomal RNA hypervariable regions (i.e., Bacteria-specific V6 and Eukarya-biased
V9) revealed microbial richness increasing by crust layer depth, with samples of a given layer more similar to different
layers from the same geographic site than to their phenotypically-analogous layer from different sites. Furthermore,
samples from sites on the same island were more similar to each other, regardless of which layer they originated from,
than to analogous layers from another island. However, cyanobacterial and algal taxa were abundant in all surface and
bottom layers, with anaerobic and chemoautotrophic taxa concentrated in the middle two layers, suggesting crust
oxygenation from both above and below. Thus, the arrangement of oxygenated vs. anoxygenated niches in these orange
crusts is functionally distinct relative to other laminated cyanobacterial-bacterial communities examined to date, with
convergent evolution due to similar environmental conditions a likely driver for these phenotypically comparable but
genetically distinct microbial consortia.

Introduction Biology (SICB), much work remains toward under-

Elucidating relationships between the genetic make-
up(i.e., genome) of an individual and its entirety of
potential physical and/or physiological characteristics
or traits (i.e., phenome) are among the Grand
Challenges currently confronting biologists. As evi-
dent from the “Building Bridges from Genome to
Phenome” symposium at the 2020 Annual Meeting
of the Society for Integrative and Comparative
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standing the mechanistic basis of the “genome to
phenome” in spite of numerous technological advan-
ces in this area. Among these challenges is the need
to encompass different levels of biological organiza-
tion, and recognize that important phenotypes such
as development, health, and disease status can be
attributed to the identity and genetics of microor-
ganisms intimately associated with the specific
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individual in both plants (e.g., Beilsmith et al. 2019)
and animals (e.g., Dubé et al. 2019), including
humans (e.g., Valles-Colomer et al. 2019; Zeevi
et al. 2019). Such consortia, representing the collec-
tive bacteria, archaea, protist, fungi, and virus com-
munities living in or on typically multicellular
eukaryotes (Whipps et al. 1988; Prescott 2017),
have become a target of intensive research over the
last 15-20 years both for various organisms (reviewed
by Cani 2018) and natural and man-made environ-
ments (reviewed by Gilbert and Stephens 2018;
Jansson and Hofmockel 2020). However, while dis-
cussions of “genome to phenome” should be consid-
ered incomplete without accounting for microbial
consortia interactions and organization, explicit
studies in this context have been largely lacking.

Given current interests in the impacts of microbial
consortia on the phenotypes of organisms and the
environment, it should not be surprising that intense
attention is being paid to further identify and de-
velop models for such research. Efforts focused on
plants and animals have gravitated to taxa that are
time-efficient, cost-effective, and rich in tools and
resources (reviewed in Compant et al. 2019;
Douglas 2019). In contrast, the great heterogeneity
among and within aquatic and terrestrial environ-
ments makes identifying a specific, and widely appli-
cable, model more difficult. However, particular
microbial consortia have garnered interest given their
unusual or unique phenotype or properties.
Laminated microbial mats, in which taxa exhibit ver-
tically stratified distributions in response to environ-
mental and/or chemical gradients, have proven to be
a source of valuable biological and technological dis-
coveries. For example, fossilized mats are central for
studying the evolution of life (Walter et al. 1972;
Konhauser et al. 2003; Nutman et al. 2016) and
predicting how life may evolve on other planets
(Walker et al. 2005) while extant ones have yielded
organisms with high biotechnological value like
Thermus aquaticus (Chien et al. 1976; Ishino and
Ishino 2014). While some laminated microbial
mats from particular ecosystems have received spe-
cial interest or extensive study like those in the
Yellowstone (USA) hot springs (Ferris and Ward
1997; Ward et al. 2006; Becraft et al. 2011) and the
Hamelin Pool (AU) stromatolites (Awramik and
Riding 1988; Papineau et al. 2005; Suosaari et al.
2016), many others have largely remained underex-
plored, including the unique, laminated orange cya-
nobacterial-bacterial crust endemic to particular
habitats of the Hawaiian anchialine ecosystem.

The anchialine ecosystem encompasses near-shore
bodies of water with fluctuating volumes and
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salinities originating from subsurface connections
(or influences) from fresh groundwater and seawater
(Holthuis 1973; Maciolek 1983; Stock et al. 1986;
Sket 1996). Habitats fitting this description are lo-
cated primarily in the tropics (Holthuis 1973; Bishop
et al. 2004; Krstulovi¢ et al. 2013; Menning et al.
2014) and occur within a variety of basin substrates
(Holthuis 1973; Maciolek 1983; Sket 1996) where
complex physical and chemical clines can occur
within the water column (Stock et al. 1986;
Humphreys 1999; Bishop et al. 2004). Although the
anchialine ecosystem has been found to host high
levels of species richness and endemism when it
comes to macroorganisms (Yager 1981; Brock and
Bailey-Brock 1998; Iliffe 2002; Mejia-Ortiz et al.
2007), less work has been done on the microbial
communities within them (Sarbu et al. 1996;
Seymour et al. 2007; Gonzalez et al. 2011;
Humpbhreys et al. 2012).

Confined to the Cape Kinau and Kona regions of
Maui and Hawalii, respectively (Wong 1975; Bailey-
Brock and Brock 1993; Hoffman et al. 2018a, 2018b),
the endemic laminated orange microbial crust com-
munities from the Hawaiian anchialine ecosystem
(Fig. 1) have structures comparable to stromatolites,
laminated mats, or microbialites in being comprised
of multiple discernable (i.e., top orange, second or-
ange, pink, and green) layers. Each layer is primarily
composed of filamentous cyanobacteria and multi-
cellular algae colonized by diatoms and other micro-
organisms based on microscopy studies (Wong 1975;
Bailey-Brock and Brock 1993). Structurally, stroma-
tolites and other laminated microbial mats exhibit a
common phenotype that can be subdivided from the
surface to the base in a manner apparently depen-
dent on physical and environmental properties such
as the presence or absence of oxygen and/or light
penetration. These stratifications generally include a
surface oxic photic zone overlaying anoxic photic
and anoxic aphotic zones (Bolhuis et al. 2014) with
distinct taxa occupying each niche, specifically oxy-
genic phototrophs and aerobic heterotrophs most
often near the surface while anaerobic phototrophs
such as Chromatiales, Rhodobacterales, and
Rhodospirillales and sulfate-reducing bacteria like
Syntrophobacterales occurring in deeper zones
(Paerl et al. 2000; Fourcans et al. 2004; Armitage
et al. 2012; Bolhuis et al. 2014). Although represent-
ing just 10-20% of the total microbial population
(Ley et al. 2006; Bolhuis et al. 2014), Cyanobacteria
are major photoautotrophic contributors to primary
production and vital to structural integrity of such
mats as contributors of filamentous taxa as well as
secretors of extracellular polymeric substances (EPS)
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Fig. 1 (A) Map depicting sampling sites of anchialine habitats on the islands of Maui and Hawaii with the regions of Cape Kinau, Maui,
and Kona, Hawaii indicated (open circles). (B) Example of a Hawaiian anchialine open pool habitat (i.e., site SKIP) with the laminated
orange cyanobacterial-bacterial crust communities endemic to Cape Kinau, Maui, and Kona, Hawaii. (C) Close-up of laminated orange
cyanobacterial-bacterial crust with four phenotypically discernible layers. Total mat depth in the center is ~9.5 mm. In order from crust

surface to bottom: TOL, 20L, PL, and GL.

(Bolhuis et al. 2014). This physical complexity pro-
vided by Cyanobacteria, along with the resulting ox-
ygen and light gradients, ultimately allows for greater
niche diversity (Macarthur and Levins 1967) that in
turn fosters greater species richness further into the
structure (Dillon et al. 2009; Armitage et al. 2012;
Lindemann et al. 2013; Schneider et al. 2013).

This study drives further understanding into mi-
crobial consortia interactions and organization by
reporting on the diversity, composition, and func-
tional group partitioning among the four discernable
layers within the distinct laminated, orange cyano-
bacterial-bacterial crust communities endemic to
particular anchialine habitats within the Cape
Kinau and Kona regions of Maui and Hawaii, re-
spectively, in the Hawaiian Islands (Fig. 1).
Notably, this work is the first to examine the micro-
bial consortia composition and “genome to
phenome” relationship between the different layers
present in these laminated orange cyanobacterial-
bacterial crusts from select habitats of the Hawaiian
anchialine ecosystem. Given robust site- and island-
based distinctions in the whole crust community
previously reported (Hoffman et al. 2018a, 2018b),
it was hypothesized such distinctions would carry
through to analogous layers from different sites
and islands. Furthermore, as these orange crusts ex-
hibit a consistent physical appearance and lamina-
tion (i.e., phenotypes) between sites and islands,

the latter of which have never shared geological con-
nections, it was hypothesized that similar stratifica-
tions of taxa (i.e., genotypes) and functional groups
would be recovered between sites and islands that are
reminiscent of other laminated microbial mats, with
oxygenic phototrophs and aerobic heterotrophs con-
centrated near the surface and anaerobic and sulfur-
cycling organisms toward the bottom.

Methods
Sites and sampling

Sampling of laminated orange cyanobacterial-bacte-
rial crust communities occurred within an 8-day
span during the spring of 2011 from six anchialine
habitats on the islands of Maui and Hawaii
(Fig. 1A). On Maui, sites were located along the
southwest coast at Cape Hanamanioa and within
the Ahihi-Kinau Natural Area Reserve at Skippy’s
Pond and Queen’s Bath. Sites in Hawaii were located
at Makalawena Beach ponds #2 and #3 (MAKA2 and
MAKA3, respectively) and Keawaiki Bay (KBI) on
the west side of the island (Fig. 1A). Although all
six habitats were open ponds occurring in basalt
basins (e.g., Fig. 1B), they differed in ecological
attributes such as degree of impact by invasive fishes,
feral goats, and human visitation (pers. obs.,
Table 1). Whole crust samples (~100g) were col-
lected using disposable sterile spoons from three
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Table 1 Anchialine habitats from the islands of Maui and Hawaii possessing laminated orange cyanobacterial-bacterial crust commu-
nities and their corresponding categorical and continuous environmental factors

Sites
Environmental factors HM QB SKIP KBI MAKA2 MAKA3
Island Maui Maui Maui Hawaii Hawaii Hawaii
Invasive fishes No fish No fish No fish Tilapia Poecilids Poecilids and Marine
Feral goats Yes Yes Yes No Yes Yes
Human visitation No No No Yes Yes Yes
Latitude (N) 20.58 20.6 20.6 19.89 19.79 19.79
Longitude (W) 156.41 156.43 156.42 155.9 156.03 156.03

HM, Hanamanioa, Maui; QB, Queen’s Bath, Maui; SKIP, Skippy’s Pond, Maui; KBI, Keawaiki Bay, Hawaii; MAKA2, Makalawena Beach, Pond 2,

Hawaii; MAKA3, Makalawena Beach, Pond 3.

locations within each habitat and preserved in
RNALater (Thermo Fisher Scientific, MA, USA) for
later processing. Archival samples were also collected,
preserved, and submitted to the Hawaiian Anchialine
Microbial Repository with The Ocean Genome
Legacy (https://www.northeastern.edu/ogl/) under
accession numbers S23033-S23083 as described in
Hoffman et al. (2018a).

Sequence data generation

At all six sites, the laminated orange cyanobacterial—
bacterial crust was composed of four distinctive
layers clearly identifiable by their color and texture:
a top orange layer (TOL), a second orange layer
(20L), a pink layer (PL), and a bottom green layer
(GL; Fig. 1C). RNALater-preserved whole crust sam-
ples were dissected into these four phenotypic layers
by carefully separating them at the boundaries be-
tween each layer’s distinct color and texture differ-
ences (Fig. 1C) using sterile razors under 2-3Xx
magnification prior to deoxyribonucleic acid
(DNA) extraction utilizing MoBio PowerSoil DNA
Isolation Kits (MOBIO, CA, USA) as specified in
Hoffman et al. (2018a). Extracted DNA samples
were shipped to the HudsonAlpha Institute for
Biotechnology, Inc. Genomic Services Laboratory
(Huntsville, AL, USA) where they were amplified
in duplicate via the polymerase chain reaction
(PCR) and sequenced on two independent runs of
an Illumina HiSeq 2500 platform to minimize po-
tential sample handling errors. Each PCR reaction
utilized 20ng of template DNA except in cases of
low concentration, upon which the template volume
was divided equally between the two reactions.
Sequencing was performed on dual-barcoded ampli-
cons to obtain 100bp paired-end (PE) reads of the
V6 and V9 hypervariable regions of small subunit
ribosomal RNA (rRNA) genes from the microbial
community under examination. Specifically, the V6

hypervariable region of the 16S rRNA gene was am-
plified with the Bacteria-specific primers 967-985F
and 1078-1061R (Gloor et al. 2010) and the V9 hy-
pervariable region of the 18S-rRNA gene using the
Eukarya-biased primers 1389F and 1510R (Amaral-
Zettler et al. 2009). All raw high-throughput se-
quencing reads used in this study are available
through the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA)

database (Accession Number SAMNO05833379-
SAMNO05833402, BioProject ID Number
PRJNA325159).

Operational taxonomic unit clustering

Alignment of forward and reverse sequencing reads
and removal of primers, as well as sequences with
uncalled bases, were done in PandaSeq v.2.5 (Masella
et al. 2012). Reads were further filtered using the
FASTQ Quality Filter in the FASTX-Toolkit v.13.2
(A. Gordon and G. J. Hannon, http://hannonlab.csh-
ledu/fastx_toolkit/), with a conservative quality
score cut-off >30 over at least 75% of the nucleo-
tides in a read. Within the Quantitative Insights Into
Microbial Ecology (QIIME) v.1.8 pipeline (Caporaso
et al. 2010b), USEARCH61 (Edgar 2010) was
employed to remove potentially chimeric sequences
prior to clustering into operational taxonomic units
(OTUs) via UCLUST (Edgar 2010) in the pick -
open_reference otus.py script. Sequences
were clustered at 95% sequence similarity and
0.005% abundance wusing the 99% clustered
GreenGenes 13.8 (DeSantis et al. 2006) and Silva
111 (Quast et al. 2012) databases as initial references
for the bacterial V6 and Eukarya-biased V9 hyper-
variable regions, respectively. The 0.005% OTU
abundance filter was utilized to improve clustering
results (Bokulich et al. 2013) while OTUs were
lumped, rather than split, using a conservative 95%
sequence similarity parameter as Hoffman et al.
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(2018a) previously demonstrated limited additional
OTU recovery using the more stringent threshold
of 97% sequence similarity. The most abundant se-
quence from each cluster was designated as the ref-
erence sequence and sequence clusters were assigned
taxonomic identities with megaBLAST v.2.2.26
(Altschul et al. 1990) using the appropriate above-
mentioned curated database at a sequence identity of
>90% and e-value of 1 x 10°. While identifiable
prokaryotic OTUs in the V9 dataset were not re-
moved to maximize recovered taxonomic diversity
(Hadziavdic et al. 2014), any OTUs failing to align
with default parameters against the appropriate data-
base by Python Nearest Alignment Space
Termination (PYNAST) v.1.2.2 (Caporaso et al.
2010a) were excluded from the final OTU tables to
minimize biases in community richness estimates
(see below) due to unassigned identities (i.e., 2
[~0.08% sequences] V6 OTUs and 10 [0.30%] V9
OTUs).

Analyses of layer consortia composition

Estimates of community richness for each layer were
calculated in several ways, including as the number
of observed OTUs as well as the Chaol richness es-
timator (Chao 1984) and Shannon (Shannon 2001)
and inverse Simpson (Simpson 1949) diversity indi-
ces using the package PhyloSeq v.1.10.0 (McMurdie
and Holmes 2013) in the R v.3.1.13 statistical envi-
ronment (R Development Core Team 2008). These
four metrics (i.e., richness, Chaol richness estimator,
Shannon index, and inverse Simpson index) were
used to produce rarefaction curves in R with 10
replicates at sequencing depths of 1, 10, 1000,
10,000, 20,000, and 30,000 sequences/sample to as-
sess the thoroughness of sampling. Additionally, the
four metrics were tested with one-way analysis of
variances (ANOVAs) and Tukey’s Honest
Significant Difference (HSD) post-hoc tests to deter-
mine the influence of several moderators (i.e., layer
of origin, island, feral goat visitation, invasive fish
presence, and human visitation) on these metrics.
ANOVAs and Tukey’s HSD post hoc tests were per-
formed using the R package agricolae v.1.2.3 (R
Development Core Team 2008; De Mendiburu
2015), with P<0.05 considered significant.

The final OTU tables produced by the pick o-
pen reference otus.py script in the QIIME
pipeline were transformed to even sampling depths
before the Bray—Curtis dissimilarity metric and
Jaccard dissimilarity coefficient were applied in the
R package vegan v.2.3.1 (R Development Core Team
2008; Oksanen et al. 2015). As common ecological
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metrics, the Bray—Curtis dissimilarity metric assesses
the abundance of OTUs shared between samples
(Bray and Curtis 1957), while the Jaccard dissimilar-
ity coefficient solely considers the presence or ab-
sence of OTUs when estimating the proportion of
unshared taxa between samples (Jaccard 1908).
These metrics were chosen due to their common
application in assessing microbial communities
(e.g., Yildirim et al. 2010; Sinha et al. 2017; Glasl
et al. 2019) and utilization in previous studies of
these habitats (Hoffman et al. 2018a, 2018b). Given
this, Weighted UniFrac, which takes into consider-
ation phylogenetic relatedness among OTUs
(Lozupone et al. 2011), was deemed beyond the
scope of the current analyses. Ordinations for the
layer consortia were created using non-metric multi-
dimensional scaling (NMDS) plots with 95% confi-
dence ellipses in the R package PhyloSeq v.1.10.0 (R
Development Core Team 2008; McMurdie and
Holmes 2013) from the Bray—Curtis dissimilarity
and Jaccard dissimilarity data matrices. Jaccard and
Bray—Curtis NMDS ordinations were compared us-
ing a Procrustes test with 999 permutations in the R
package vegan.

Tables of second-level (i.e., phylum and approxi-
mately phylum) and third-level (i.e., class and ap-
proximately class, both in GreenGenes and Silva,
respectively) clades were created using the summa-
rize taxa through plots.py script in the
QIME v.1.8 pipeline (Caporaso et al. 2010b).
Second-level clades and proteobacterial classes with
relative abundances that varied between layers were
identified with one-way ANOVAs with Tukey—
Kramer post-hoc tests and Benjamini—-Hochberg
FDR corrections for multiple comparisons using
STAMP v.2.1.3 (Parks et al. 2014). Additionally, cor-
relation networks between second-level clades and
proteobacterial classes with strong correlations in
co-occurrence (Pearson’s P>0.7 or < —0.7,
P<0.001) were produced using the R packages
igraph v.1.24 (Csardi and Nepusz 2006) and
Hmisc 4.2.0 (Harrell and Dupont 2019) and visual-
ized with Cytoscape utilizing the degree sorted circle
layout following the methods described by Ju et al.
(2014) and Fisher et al. (2019). Identified clades with
varying relative abundances and/or identified as part
of a co-occurrence network were then classified by
performing a literature search for the closest charac-
terized relatives into one of the following metabolic
groups: aerobic chemoautotroph, aerobic hetero-
troph, anaerobic chemoautotroph, anaerobic hetero-
troph,  anaerobic  photoautotroph,  anaerobic
photoheterotroph, fermenter, oxygenic photoauto-
troph, and parasite. All R code, QIIME scripts, and
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other commands utilized here can be downloaded
from http://webhome.auburn.edu/~santosr/sequen-
cedatasets.htm.

Results
Data generation and OTU clustering

Each of the four phenotypically distinct layers pre-
sent in the laminated orange cyanobacterial-bacterial
crusts from each site was successfully amplified in
duplicate for the Bacteria-specific V6 and Eukarya-
biased V9 hypervariable regions via PCR and se-
quenced with two independent sequencing runs,
resulting in 96 samples originating from the six hab-
itats. A total of 15,869,028 demultiplexed V6
[lumina reads were obtained in each PE direction,
averaging (x) 82,651 reads per sample. For V9, a
total of 9,578,684 demultiplexed V9 reads were
returned (X = 49,888 reads per sample). Following
alignment, quality-filtering, removal of potential chi-
meric sequences, and abundance filtering, 1,674,332
bacterial V6 reads (an 89.4% reduction overall, x =
17,440 reads per sample) belonging to 25 bacterial
second-level clades and 1,281,037 eukaryote-biased
V9 reads (an 86.6% reduction overall, x = 13,344
reads per sample) from 14 bacterial and 12 eukary-
otic second-level clades remained. Such stringent fil-
tering parameters were utilized to reduce the noise-
to-signal ratio as well as mitigate potential taxo-
nomic assignment issues due to the short-read
lengths (see below) produced by Illumina instru-
ments. Reads from the V6 and V9 regions ranged
in length from 69 to 80bp (x = 75bp) and 65 to
162bp (x = 120bp), respectively. PYNAST identified
2 (~0.08% sequences) V6 and 10 (~0.30% sequen-
ces) V9 OTUs as failing to align, and these were
subsequently removed from the final datasets. Of
the 1222 V6 OTUs in the final dataset, 132
(181,034 reads, 11.5% of total) were not assigned
taxonomic identities using the GreenGenes 13.8
database (DeSantis et al. 2006) while 12 of the final
1083 V9 OTUs (10,283 reads, 0.85% of total) were
not assigned identities using the Silva 111 database
(Quast et al. 2012). When compared to NCBI’s
GenBank (Benson et al. 2009) using BLASTN
v.2.3.0 (Altschul et al. 1990), the 132 unassigned
V6 OTUs revealed affiliations primarily with uncul-
tured members of the Acidobacteria, Actinobacteria,
Alphaproteobacteria, Bacteroidetes, candidate divi-
sion NCI10, Chlamydiae, Chlorobi, Chloroflexi,
Cyanobacteria, Deinococcus—Thermus,
Deltaproteobacteria, Firmicutes, Mollicutes,
Planctomycetes, and Verrucomicrobia at e-values
<1 x 107" (Supplementary Table S1). For the 12
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V9 OTUs which were not taxonomically assigned,
these were most closely matched to members of
Ciliophora, Amoebozoa, Bacillariophyceae,
Alphaproteobacteria, and uncultured Archaea in the
GenBank repository, also at e-values <2 x 1071
(Supplementary Table SI). Seven V6 OTUs (0.34%
of total) were identified as most likely originating
from chloroplasts of eukaryotic haptophytes and/or
stramenopiles.

Analyses of consortia composition from
phenotypically analogous layers

Sequence reads from phenotypically analogous (i.e.,
same position and color) layers of the laminated or-
ange cyanobacterial-bacterial crust from the same
site were combined for most downstream analyses
because they were most similar to each other regard-
less of which PCR or sequencing run they were gen-
erated from (not shown). At 30,000 reads per
sample, OTU richness and the Chaol richness esti-
mator did not saturate for either the V6 or V9 data-
sets while both the Shannon and inverse Simpson
diversity indices appeared saturated at sampling
depths <10,000 reads per sample (Supplementary
Fig. S1). Based on ANOVAs, comparison of alpha
diversity metrics between V6 samples grouped by
specific crust layer identified the GL as having sig-
nificantly greater OTU richness and Chaol estimated
richness compared to the other three layers (F;g5 =
7.353, P<0.001 and F;gg = 5.282, P=0.002, respec-
tively; Fig. 2A). Furthermore, Shannon diversity was
also significantly greater in the GL than the 20L and
PL (F;43 = 3.584, P=0.017). However, no signifi-
cant differences in inverse Simpson diversities were
found among these layers. For the Eukarya-biased V9
data, significantly greater OTU richness and Chaol
estimated richness were also recovered from the GL
vs. other layers (Fsgg = 12.92, P<0.001 and F; g3 =
10.487, P<0.001, respectively), but no effect of
layer was evident from the V9 Shannon or inverse
Simpson diversity indices (Fig. 2B). Additionally, sig-
nificantly greater V6 and V9 OTU richness was ob-
served in samples originating on Maui than in those
from Hawaii (F;gg = 124.904, P<0.001 and F, g3 =
401.45, P« 0.001, respectively) (Fig. 2A). The Chaol
richness estimator also indicated significantly greater
V6 and V9 richness in samples from Maui than
Hawaii (Figs = 160.909, P<0.001 and F, g5 =
411.890, P« 0.001). While the V6 samples from
Maui also had a significantly greater Shannon diver-
sity than those from Hawaii (F g3 = 33.759,
P« 0.001), Shannon diversities from V9 samples
were not correlated by island. Island of origin also
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Fig. 2 Diversity estimates, specifically number of observed OTUs, Chao1 richness estimator, Shannon diversity, and inverse Simpson

diversity, of the Bacteria-specific V6 hypervariable region of the 16S-rRNA gene (A), and the Eukarya-biased V9 hypervariable region of

the 18S-rRNA gene (B). Samples are colored by island of origin and layer within the laminated orange cyanobacterial-bacterial crust. In

order from crust surface to bottom: TOL, 20L, PL, and GL.
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generated using the Bacteria-specific V6 hypervariable region of
the 16S-rRNA gene (stress = 0.0963). (B) Samples generated
using the Eukarya-biased V9 hypervariable region of the 18S-rRNA
gene (stress = 0.0811).

did not have a significant impact on inverse Simpson
diversity for either the bacterial V6 or Eukarya-bi-
ased V9 datasets (Fig. 2). Finally, significantly greater
V6 OTU richness and Chaol estimated richness
(Fioa = 17.7, P<0.01; V9: F oy = 21.83, P<0.01
and Fyoy = 22.71, P<0.01; V9: Fqo, = 24.05,
P<0.01, respectively) and lower V9 diversity
(Shannon F;o, = 18.09, P<0.01 and inverse
Simpson F; ¢, = 24.62, P<0.01) were correlated
with feral goats visitation to some of the sampled
habitats. However, visitation by feral goats was not
correlated with Shannon or inverse Simpson diver-
sity metrics for the V6 data.

Minimal differences were observed between
NMDS ordinations generated from the abundance-
based Bray—Curtis dissimilarity metric or the binary
Jaccard dissimilarity coefficient (V6: Procrustes m? =
0.04364, P=0.001; V9: m’ = 2.626 x 1077,
P=0.001). Thus, only the Bray—Curtis ordinations
for the V6 (Fig. 3A) and the V9 (Fig. 3B) data are
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presented and discussed. Samples from crust layers
primarily grouped by island, such that those from all
Maui sites clustered separately from all Hawaii sites
(Fig. 3). Within these island-specific clusters, samples
were further grouped into site-specific clusters that
included all four layers from their respective lami-
nated orange cyanobacterial-bacterial crust. Notably,
samples from phenotypically analogous layers across
different islands or site did not cluster in any context
(Fig. 3A and B).

Overall, genetic identification of bacterial phyla,
proteobacterial classes (due to the great metabolic
and physiological diversity within Proteobacteria),
and eukaryotic second-level (approximately phyla)
clades between the four layers revealed all possessed
the same clades, but in different relative abundances
(Fig. 4B and C, Supplementary Table S2). For exam-
ple, while Cyanobacteria were present in all four
layers, cyanobacterial OTUs were most abundant in
the two TOLs of the crust as well as in the bottom-
most GL (Fig. 4B). However, when the two islands
were considered separately, Cyanobacteria were most
abundant in the TOL and GL of Maui samples but
most abundant in the GL and 20L of Hawaii sam-
ples (Fig. 4D and E). Additionally, though
Archaeplastida were ubiquitous in all four layers,
OTUs belonging to Archaeplastida were most abun-
dant in the 20L and least abundant in the TOL of all
samples and those from Maui (Fig. 4C and G) but
increased in abundance with increasing depth in
Hawaii samples (Fig. 4F). Similarly, Bacteroidetes
OTUs were most abundant in the TOL and de-
creased in abundance with increasing depth into
the crust (Fig. 4B), a pattern that was observed in
Hawaii samples and generally in the Maui samples,
though Bacteroidetes OTUs were least abundant in
PL samples from Maui (Fig. 4D and E). Whereas
gammaproteobacterial OTUs also increased in abun-
dance with increasing depth in the crust in both V6
and V9 datasets and for both islands (Fig. 4B-G),
differing patterns were observed for OTUs belonging
to Alphaproteobacteria. Specifically, alphaproteobac-
terial OTUs detected by the Bacteria-specific V6 pri-
mers increased in abundance with increasing crust
depth (Fig. 4B, D, and E) while those detected
with the Eukarya-biased V9 primers were primarily
identified in samples from Hawaii and were most
abundant in the 20L (Fig. 4C, F, and G).

Networks of bacterial phyla, eukaryotic phyla, and
proteobacterial classes failed to identify any strong
negative correlations in relative abundance between
identified taxa, while positive correlations ranged
from Pearson’s P=0.703 (Deltaproteobacteria and
Armatimonadetes, Supplementary Table S3) to
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Fig. 4 Relative abundance of taxa identified in samples grouped by layer of origin within the laminated orange cyanobacterial-bacterial
crust. Taxa present at <0.5% relative abundance in every layer were summarized in the artificial group “Other.” (A) In order from
crust surface to bottom: TOL, 20L, PL, and GL. (B) Bacterial phyla and proteobacterial classes identified in the final OTU table by the
Bacteria-specific V6 hypervariable region of the 165-rRNA gene using the GreenGenes 13.8 database, and for individual crust layers from
the islands of Hawaii (D) and Maui (E). The artificial “Other” category included Armatimonadetes, BRC1, Chlamydiae, Chlorobi,
FCPU426, Fibrobacteres, GOUTA4, Lentisphaerae, NKB19, Nitrospirae, OP3, OP8, Other Proteobacteria, Zetaproteobacteria,
Spirochaetes, and WS6. (C) Approximately phyla-level bacterial clades, proteobacterial classes, and approximately phyla-level eu-
karyotic clades identified in the final OTU table by the Eukarya-biased V9 hypervariable region of the 185-rRNA gene using the Silva 111
database, and for individual crust layers from the islands of Hawaii (F) and Maui (G). The artificial “Other” category included
Acidobacteria, Actinobacteria, Bacteroidetes, Candidate division OD1, Chloroflexi, Fibrobacteres, Fusobacteria, Lentisphaerae,
Nitrospirae, Betaproteobacteria, Other Proteobacteria, Cryptophyceae, Haptophyta, Incertae_Sedis (Protista), and Kathablepharidae.

Pearson’s P=0.966 (Cryptophyceae and Nitrospirae,
Supplementary Table S3). Samples collected on Maui
generated two large networks with 17 or 10 clades
and many links in each along with two networks of
two clades (Supplementary Table S3), while samples
from Hawaii generated seven networks consisting of
two to eight clades in each (Supplementary Table

S3). Furthermore, the networks from Hawaii primar-
ily included clades with greatest abundances in the
bottom-most pink and GLs of the crust, with the V6
networks generally separated into heterotrophic and
photoautotrophic OTUs (Supplementary Table S3)
while the V9 networks generally separated into a
network of anaerobic OTUs, one of heterotrophic
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OTUs, and others with pairs of autotrophic OTUs
(Supplementary Table S3). Taxa in networks from
the Bacteria-specific V6 dataset were generally found
in greatest relative abundance in the same layer as
compared to networks from the Eukarya-biased V9
dataset (Figs. 4 and 5).

As previously noted, OTUs belonging to oxygenic
photoautotrophs like the Cyanobacteria exhibited
greater relative abundance in the bacterial V6 dataset
within the two orange layers along with the bottom
GL (Fig. 5A). An increased abundance in putative
aerobic heterotrophic and anaerobic photoautotro-
phic OTUs in the V9 Eukarya-biased dataset
(Fig. 5B) also further characterized the second, lower
orange layer. Here, these potential aerobic heterotro-
phic OTUs were primarily members of the Alpha-
and Gammaproteobacteria, Gemmatimonadetes, and
Verrucomicrobia, and possible anaerobic photoauto-
trophs belonging to the gammaproteobacterial
Chromatiales. An increased abundance of potential
fermentative OTUs characterized the PL in both
datasets (Fig. 5A and B), as well as an increased
abundance of putative aerobic heterotrophic and an-
aerobic photoautotrophic OTUs in the bacterial V6
data (Fig. 5A). Putative fermentative OTUs in both
datasets belonged to the Acidobacteria, Chloroflexi,
Fibrobacteres, Firmicutes, Fusobacteria,
Lentisphaerae, Planctomycetes, Beta-, Delta-, and
Gammaproteobacteria, Spirochaetes, and
Verrucomicrobia. OTUs assumed to be aerobic het-
erotrophs in the Bacteria V6 belonged to the
Acidobacteria, Actinobacteria, Armatimonadetes,
Bacteroidetes,  Chloroflexi, = Gemmatimonadetes,
Planctomycetes, Alpha- and Gammaproteobacteria,
Deinococcus—Thermus, and Verrucomicrobia.
Possibly anaerobic photoautotrophic OTUs in the
V6 data belonged to Chloroflexi and the gammapro-
teobacterial Chromatiales. Finally, the GL was taxo-
nomically rich, with the greatest relative abundance
of putative anaerobic photoheterotrophic OTUs,
members of the alphaproteobacterial
Rhodospirillales (Fig. 5B), together with many
OTUs potentially utilizing fermentative and oxygenic
photoautotrophic metabolisms (Fig. 5A and B).

Discussion
Comparison of layer consortia diversity

This is the first work to specifically examine the in-
dividually discernable layers comprising the lami-
nated orange  cyanobacterial-bacterial  crusts
endemic to particular anchialine habitats of the
Cape Kinau and Kona coast regions of Maui and
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Hawaii, respectively. Such work is important as it
offers the opportunity to begin developing a founda-
tion for testing specific hypotheses on the ecological,
biogeochemical, and metabolic roles microbes play
in such communities. Rarefaction analyses suggest
that while sampling depth may have failed to reach
saturation in estimating microbial richness in these
consortia, it was sufficient for estimating diversity
(Supplementary Fig. S1). The recovery of greater
OTU richness, Chaol estimated richness, and V6
Shannon diversity at the bottom of these crusts
(Fig. 2) is consistent with previous work from other
laminated microbial mats, including those from
hypersaline environments (Villanueva et al. 2007;
Dillon et al. 2009; Lindemann et al. 2013;
Schneider et al. 2013) and salt marshes (Armitage
et al. 2012). Due to their seawater and freshwater
influences, increasing depth results in more dynamic
environmental conditions in anchialine habitats than
at the surface (Holthuis 1973; Sket 1996; Humphreys
1999; Calderon-Gutiérrez et al. 2018), thus allowing
different taxa to occupy niches meeting their meta-
bolic needs. Additionally, microbial mats and crusts
can create and maintain innumerable microniches
that can compress high levels of microbial diversity
into a relatively small spatial area (Macarthur and
Levins 1967; Bolhuis et al. 2014).

Greater OTU richness, Chaol estimated richness,
and V6 Shannon diversity were also recovered from
samples collected on Maui compared to Hawaii
(Fig. 2). While notable, the apparent impacts of
previously-quantified differences in water chemistry
as well as invasive fishes, feral goats and human vis-
itation on microbial richness may partially explain
these island-based differences (Hoffman et al
2018a). Specifically, it was previously demonstrated
that salinity correlated with island and microbial di-
versity indices, such that anchialine habitats on Maui
have greater salinity and diversity estimates than
those on Hawaii (Hoffman et al. 2018a).
Furthermore, all the sampled habitats on Hawaii
were both human-visited and invaded by some com-
bination of tilapia, poeciliid guppies, and/or marine
fish species. Such invasive species can reduce micro-
bial richness (and diversity in the case of poeciliid
guppies) of Hawaiian anchialine habitats.
Additionally, greater OTU richness, as well as de-
creased V9 diversity, was correlated with feral goats
watering from the sampled habitats on Maui and the
two MAKA sites in Hawaii. In this case, decreased
V9 diversity may be ultimately linked to shifts and
declines in native vegetation impacting the overall
watershed, effects documented on many Pacific
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islands with feral goat populations (Chynoweth et al.
2013). It is also possible that goats introduced tran-
sient microbes into the anchialine habitats they vis-
ited that had little impact on bacterial diversity (i.e.,
rare taxa), but subsequently inflated the observed
richness estimates.

Although OTU richness was influenced by crust
layer, NMDS ordinations using either the binary
Jaccard dissimilarity coefficient or abundance-based
Bray—Curtis dissimilarity revealed samples grouping
together by site, not layer (Fig. 3). Site-specific mi-
crobial communities were also described previously
for whole samples from these same habitats.
(Hoffman et al. 2018a, 2018b). Thus, rather than
phenotypically analogous layers (i.e., all PLs) con-
taining more similar microbial consortia across the
examined anchialine habitats, each habitat apparently
possesses genetically unique microbial consortia re-
gardless of layer. Additionally, both datasets included
~9 ubiquitous OTUs which were present in all 96
samples and ~9 rare OTUs that were present in only
a few samples. Given this, the lack of clustering dif-
ference between the binary Jaccard and abundance-
based Bray—Curtis ordinations, the limited number
of ubiquitous and rare OTUs, and the similarity in
relative phyla compositions suggests differences be-
tween islands, sites, and samples were not due to
abundance-based differences of shared OTUs but in-
stead by both different OTU memberships and dif-
fering abundances of shared OTUs. Taken together,
the distinct community phenotype observed among
laminated orange microbial crust communities en-
demic to particular anchialine habitats on Maui
and Hawaii may be considered a plastic trait, where
assembly has occurred independently into layered
crust structures whose appearances are phenotypi-
cally convergent to the distinct consortia present in
other crust-containing anchialine habitats, with the
likely driver being gross similarity in environmental
conditions among them (Havird et al. 2013;
Hoffman et al. 2018a, 2018b).

Comparison of layer consortia composition and
their potential physiological and metabolic functions

Taxonomic identity can serve as a statistically signif-
icant surrogate for inferring the functional potential
of individual members in microbial communities
(Royalty and Steen 2019), ultimately contributing
to better understanding relationships between biodi-
versity and ecosystem functioning (Krause et al.
2014). When applied to the laminated orange cya-
nobacterial-bacterial crusts examined here, oxygenic
phototrophs in the form of Cyanobacteria were
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present in all four layers but had their greatest rela-
tive abundances in those both at the top and bottom
(Figs. 4B and 5A). Specifically, OTUs identified as
Halomicronema, a nonheterocystous filamentous cy-
anobacterium previously observed in laminated mats
(Fourgans et al. 2004; Allen et al. 2010), was ubiq-
uitous to every sample. While the abundance of
Cyanobacteria at, and near, the surface of these
crusts is consistent with many laminated cyanobac-
terial-bacterial mats (Paerl et al. 2000; Fourcans
et al. 2004; Armitage et al. 2012; Biihring et al.
2014), the finding of an almost equal abundance of
Cyanobacteria at the bottom of crusts like these has
not been previously documented. Some prior studies
examining these laminated orange cyanobacterial—
bacterial crusts compared them to stromatolites
(Wong 1975; Bailey-Brock and Brock 1993); how-
ever, stromatolites along with most laminated bacte-
rial mats exhibit strict oxygen gradients with anoxic
conditions at their bottom (Ley et al. 2006;
Lindemann et al. 2013; Schneider et al. 2013;
Bolhuis et al. 2014), in clear contrast to the micro-
bial community composition reported here.

The high abundance of Cyanobacterial OTUs at
the bottom of these Hawaiian laminated orange cya-
nobacterial-bacterial crusts relative to previous
descriptions of stromatolites and more typical lami-
nated bacterial mats might be explained by the fact
that these crusts are unusual in that they only loosely
adhere to the benthos and often grow in plates and
hollow protuberances unattached to the underlying
substrate (pers. obs.; Bailey-Brock and Brock 1993).
Furthermore, seawater typically enters an anchialine
habitat through the porous basin, thus providing ox-
ygenation to the bottom of the mat as well as po-
tentially facilitating circulation of the pockets of
water between the crust structure and the substrate
and through breaks in the crust itself. Even with the
potential of imperfect dissection of layers prior to
DNA extraction, the abundance of Cyanobacteria
and algae detected in the bottom GL is unlikely an
artifact since previous light microscopy identified the
source of the bottom layer’s green color as coming
from taxa belonging to these groups (Wong 1975).
Thus, these crusts seem to be unique in that both
their top and bottom are apparently well-oxygenated,
in contradiction to one of our initially proposed
hypotheses.

Although specific OTUs varied significantly when
comparing analogous layers across sites, similar
functional groups were enriched in particular layers
from all sites. For example, oxic zones at both the
crust surface and bottom of all sites likely resulted in
increased abundances of putative anaerobic taxa in
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the middle layers (the 20L and the PL; Fig. 5).
Heterotrophy also appeared concentrated in these
middle two layers while chemoautotrophy to the
lower three layers, with putative chemoautotrophs
primarily concentrated to an apparently appropriate
niche in the PL (Fig. 5, Supplementary Table S2).
The strong positive correlations between taxa pri-
marily  enriched in the pink and GLs
(Supplementary Table S3) suggest that such anoxy-
genic niches are facilitated and maintained by the
metabolisms of surrounding taxa as previously hy-
pothesized (Schneider et al. 2013). In contrast, a
laminated mat community from Kiritimati Atoll
exhibited increased abundance of aerobic hetero-
trophs in the oxic layers near the top that decreased
as fermenters increased in the transitional center
layers, with relatively low abundances of either at
the bottom anoxic layers where chemoautotrophs
were localized (Schneider et al. 2013). Thus, whereas
more typical laminated mats exhibit vertical gra-
dients that stratify anaerobic metabolic niches across
the lower layers of the mat, anaerobic conditions in
the laminated orange cyanobacterial-bacterial crusts
examined here appear concentrated to the center of
their physical structure.

Anoxic niches were not solely restricted to the
interior two layers, however, as known obligate anae-
robes, such as the sulfate-reducing
Deltaproteobacteria (Desulfobacterales and
Desulfovibrionales), were found throughout the
crusts (Fig. 4). The existence of anoxic niches, even
at the surface of microbial mats, has been previously
observed (Wong et al. 2015, 2018) and may be in-
fluential in the observed precipitation of calcium car-
bonate by the cyanobacterial members of these
Hawaiian anchialine laminated orange cyanobacte-
rial-bacterial crust consortia (Wong 1975; Bailey-
Brock and Brock 1993). Microbial mat precipitation
of calcium carbonate may be favored by increased
calcium and inorganic carbon concentrations, pro-
duced by the degradation of EPS by heterotrophs,
along with increased alkalinity resulting from
sulfate-reduction by  sulfate-reducing  bacteria
(Dupraz and Visscher 2005). Significant relative
abundances of heterotrophs capable of breaking
down high molecular weight macromolecules, such
as those composing the EPS secreted by
Cyanobacteria, were identified in the crusts (Figs. 4
and 6) in combination with a strong positive asso-
ciation between Bacteroidetes and Cyanobacteria
(Supplementary Table S3). A similarly strong posi-
tive association between these two bacterial groups
was observed and hypothesized as indicating the link
between production and degradation of EPS in the
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lithifying hypersaline microbial mats of Shark Bay,
Western Australia (Wong et al. 2015). Taken to-
gether, the presence of sulfate-reducing bacteria
with  EPS production and degradation by
Cyanobacteria and heterotrophs like Bacteroidetes,
respectively, may together be responsible for the cal-
cium carbonate precipitation known from these par-
ticular microbial crusts.

Conclusions

Our study is the first to examine the specific con-
sortia present in the phenotypically discernable layers
of the laminated, orange cyanobacterial-bacterial
crust endemic to particular habitats of the
Hawaiian anchialine ecosystem. Overall, distinct mi-
crobial OTUs (i.e., genotypes) appear to have inde-
pendently assembled multiple times toward a
common physical appearance and lamination (i.e.,
phenotype). This represents an apparent case of con-
vergent evolution, with gross similarity in environ-
mental conditions having resulted in some anchialine
habitats on Maui and Hawaii commonly arriving at
a laminated orange microbial crust community de-
spite the fact that the specific OTU makeup of the
crust layers varies significantly among these habitats.
Importantly, this provides a microbiome perspective
on a common observation in studies of both plants
and animals, namely that environment plays a large
and significant role in determining the relation-
ship(s) between genome and phenome. While
“phenotype” in this study was largely limited to
gross visual appearance, the recovery of similar func-
tional groups in analogous layers (e.g., oxygenic
groups in top and bottom layers) from different
habitats implies assembly of distinct OTUs to gener-
ate convergent metabolic phenotypes, which repre-
sents an arena ripe for future research. Given the
independent origins of the laminated, orange cyano-
bacterial-bacterial crust consortia on Maui and
Hawaii, the number of distinct anchialine habitats
across the islands, as well as our results here, micro-
bial communities of the anchialine ecosystem is an
attractive model for extending genotype to pheno-
type thinking to microbial consortia.
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