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Summary

Thirty kilometers south of the island of Hawai'‘i lies the
Lo‘ihi Seamount, an active submarine volcano that hosts
a network of low-temperature hydrothermal vents
enriched in ferrous iron that supports extensive microbial
mats. These mats, which can be a half a meter deep, are
composed of ferric iron bound to organic polymers — the
metabolic byproduct of iron-oxidizing Zetaproteobacte-
ria. Though the role of Zetaproteobacteria in mat
formation is well established, we have a limited under-
standing of how differences in diversity are related to
mat morphology. We used Minimum Entropy Decomposi-
tion and ZetaOtu classification to demonstrate cryptic
diversity between closely related Zetaproteobacteria
while showing habitat and geographic specificity. Veiled
mats, common structures at Lo‘ihi, exhibit distinct com-
munity composition and contain diversity not detected in
other mat types, including specific Zetaproteobacteria
and an unclassified Gammaproteobacteria. Our analyses
also indicate that diversity can change dramatically
across small spatial transects from points of active vent-
ing, yet we found comparatively few differences between
major sampling sites. This study provides a better picture
of the microbiome responsible for iron mat production at
Lo‘ihi and has broad implications for our understanding
of these globally distributed communities.

Introduction

Zetaproteobacteria were first described at Lo‘ihi Seamount
(Moyer et al., 1995), an active undersea volcano located at
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the eastern edge of the Hawaiian archipelago, 30 kilo-
meters south of the island of Hawaii (Staudigel et al.,
2010). The summit area of Lo‘ihi (at ~1000 m water depth,
Fig. 1A) hosts numerous low-temperature (upper range
45-55°C) hydrothermal vent systems with fluids containing
high concentrations of ferrous iron (Garcia et al., 2006;
Staudigel et al., 2010). Since the initial discovery of Zetap-
roteobacteria (Emerson et al,, 2007), numerous studies
from around the world have demonstrated their preponder-
ance in various marine environments wherever iron is a
likely energy source, including mid-ocean ridges (Toner
et al., 2009; Scott et al., 2015), back-arc hydrothermal
fields (Kato et al., 2009; Edwards et al., 2011), seamounts
(Moyer et al., 1995; Emerson and Moyer, 2002) and coast-
al/coastal margin habitats (Dang et al., 2011; Rubin-Blum
et al.,, 2014). A recent meta-analysis of 16S rRNA datasets
indicated little evidence of Zetaproteobacteria outside of
iron-rich marine environments (Scott et al, 2015), and
thus far, all pure culture isolates from this class are lithotro-
phic iron-oxidizers.

Iron is an important energy source due to its global
abundance and role as an electron donor for chemoli-
thoautotrophic growth via the oxidation of Fe(ll) to Fe(lll).
Iron-oxidizing bacteria (FeOB) and their associated
communities are widespread and prevalent in both terres-
trial and marine systems wherever anoxic ferrous-rich
subsurface waters mingle with oxygenated surface waters
(Emerson et al.,, 2010). In marine systems, the most well-
characterized communities of FeOB are associated with
ferrous-rich hydrothermal vents. Because vents are a
major source of iron to the ocean (Fitzsimmons et al.,
2014; Resing et al., 2015), and primary productivity in
much of the sunlit surface ocean is iron-limited, under-
standing the dynamics and fate of biogenically processed
iron has implications for the global carbon cycle (Emerson,
2016).

The requirements for growth on ferrous iron are unique
due to relatively poor thermodynamics (approximately —90
kJ mol~" Fe(ll)), rapid chemical oxidation of Fe(ll) at cir-
cumneutral pH, and precipitation of large amounts of
insoluble iron oxides that threaten to encrust the cells
(reviewed in Melton et al., 2014; Emerson et al., 2010). To
prevent encrustation, several FeOB have developed
morphological adaptations: they produce extracellular
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Fig. 1. Overview of study system.
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A. Bathymetric map of Lo‘ihi Seamount showing the relative location of major sampling sites [North Hiolo Ridge (NHR), South Hiolo Ridge

(SHR) and Pohaku (Poh)] and associated markers.

B. Example of veil and non-veil mat structures found at Lo‘ihi (scale bar, 10 cm).

C. Broad-scale taxonomic composition of iron mats encompassing geography (Lo‘ihi and MAR), sites (NHR, SHR and Poh), and mat structure
(non-veil and veil). Color scheme here and throughout adapted from (Wong, 2011).

For a summary of individual samples, including geographic location, sampling site, marker location and structure type, see Supporting

Information Table S1.

mineral structures composed of poorly crystalline iron-
oxyhydroxides and polysaccharides (Chan et al., 2010).

At ferrous-rich hydrothermal vents, FeOB produce the
most robust microbial mats of any chemolithoautotroph, in
some cases reaching a meter or more in thickness
(Edwards et al., 2011). Though we continue to explore the
intricacies of iron mat formation, it is clear that some
filament-producing FeOB play a major role in mat architec-
ture through the copious production of long (100’s of um)
biogenic filaments of iron-oxyhydroxides, loosely arranged
in a parallel orientation (Chan et al., 2016). This results in
a matrix with enough integrity to maintain itself while still
being highly porous, thus influencing the flow and chemical
composition of vent fluids as well as providing large sur-
face areas that can be colonized by other microbes
(Emerson and Weiss, 2004). These secondary colonizers,

including different FeOB and a variety of other taxa, may
be more numerically abundant than the organisms respon-
sible for production of the underlying mat matrix. The
specificity of non-iron-oxidizing members of these iron mat
communities is unknown. At present, we recognize two
dominant mat-building morphotypes — sheath-formers and
stalk-formers — yet it is unclear if either of these two mat
morphotypes consists of multiple Zetaproteobacteria phy-
lotypes. Sheath-formers produce thin and wispy veil-like
mats while stalk-formers tend to make dense, more com-
pact mats that may have a curd- or cauliflower-like
appearance (Fig. 1B). What is apparent is that the most
robust mat formations occur across chemical gradients
largely drive by Fe(ll) and O,, but physical gradients (e.g.,
temperature) must also play a role in structuring these
microbiomes. In this sense, these systems are a useful
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model for understanding when chemical and/or physical
gradients form ecosystem boundaries that shape commu-
nity structure, a fundamental question in microbial ecology
(Denef et al., 2010; Herlemann et al., 2011; Meron, Buia,
et al., 2012; Meron, Rodolfo-Metalpa, et al., 2012; Wilkins
etal., 2013).

Previous studies at Lo‘ihi have shown the general pre-
dominance of Zetaproteobacteria in bulk mats (Rassa
et al,, 2009; Jesser et al., 2015) as well as other microbial
taxa. These studies also demonstrated that the sheath-
forming bacteria responsible for the production of veil-like
mats are also Zetaproteobacteria and are not related to
freshwater, sheath-forming iron-oxidizer, Leptothrix ochra-
cea, as was originally thought (Fleming et al., 2013). The
work presented here expands on these studies by coupling
amplicon sequencing and unsupervised oligotyping with
the collection of high spatial resolution sampling to provide
a more comprehensive picture of diversity in these struc-
tured microbial communities. Our working hypothesis was
that community composition would be spatially stratified,
both by distance from vent source and by depth in the mat,
and there would be differences in communities related to
major mat morphology (veil vs. non-veil mats, Fig. 1B).

Results

Sampling for this work focused on three main sites of diffuse
venting at Lo‘ihi (Fig. 1A). Two of these, North Hiolo Ridge
and South Hiolo Ridge are part of the same complex locat-
ed in the caldera of Pele’s Pit that was formed by the 1996
eruption and the third site, Pohaku (Marker 57), is located
outside the pit (Fig. 1A). For general site characteristics see
Table 1. The hydrothermal fluid at Pohaku is notably cooler
than Hiolo Ridge, but Fe(ll) concentrations at all sites typi-
cally range between 400 and 600 uM. Once the vent fluid
enters the overlaying seawater there is a rapid decrease in
Fe(ll) concentration due to a combination of mixing and dilu-
tion with seawater, as well as oxidation of Fe(ll) to iron-
oxyhydroxides. This results in Fe(ll) concentrations close to
a vent orifice (1-5 cm) that ranges between 5.8 and 7 pM.
A more detailed analysis of the vent fluid chemistry at these
sites was published previously (Glazer and Rouxel, 2009).

Table 1. Summary of site characteristics.
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The summit of Lo‘ihi is in an O, minima zone where ambi-
ent O, concentrations range from 30 to 60 uM.

Approximately 82 000 16S rRNA pyrotag reads were gen-
erated from 38 samples collected at sites within the Lo‘ihi
Seamount. After sequence processing and quality control,
the dataset contained 65 484 high-quality reads (~270 bp
average length) ranging from 423 to 6193 reads per sam-
ple (average, 1751). Taxonomic analysis revealed that
roughly half of all reads classified as Zetaproteobacteria,
28% Gammaproteobacteria, 7% Bacteroidetes, 4%
Alphaproteobacteria, 3% Deltaproteobacteria, 2% Unclas-
sified and the remaining reads from numerous minor taxa.
Combined samples from Lo‘ihi contained comparable
broad-level taxonomic profiles as MAR samples (Fig. 1C).
Comparison between major Lo‘ihi sampling sites (North
Hiolo Ridge, South Hiolo Ridge and Pohaku) and struc-
tures (veil vs. non-veil) revealed similar patterns of broad-
scale taxonomic composition (Fig. 1C). For a summary of
individual samples, including total reads and diversity met-
rics, see Supporting Information Table S1.

Minimum Entropy Decomposition (MED)

MED analysis resulted in 305 final nodes after refinement
(Supporting Information Fig. S1). Gammaproteobacteria
and Zetaproteobacteria accounted for the majority of final
nodes (29% and 24% respectively) followed by Deltapro-
teobacteria  (7.2%), unclassified Bacteria (6.0%),
Alphaproteobacteria (5.7%), Bacteroidetes (5.4%) and
Epsilonproteobacteria (3.9%) (Supporting Information
Fig. S1, Table S1). Non-metric multidimensional scaling
(NMDS) analysis of Bray—Curtis dissimilarity matrix (from
MED data) showed MAR samples clustering separately
from Lo‘ihi samples, however community similarity was not
resolved between North and South Hiolo Ridge samples
(Fig. 2). NMDS clustering showed that veil samples were
distinct from non-veil samples (Fig. 2). Network analysis of
MED nodes in Gephi (Bastian et al., 2009) (v. 0.9.1, Force-
Atlas2 layout using default settings) revealed similar
clustering patterns of samples by mat structure and not
site (Supporting Information Fig. S2).

Location Site Depth (m) Temp (°C) Fe(ll) (uM) HoS (uM)? O, vent (uM) O, ambient (uM)
N. Hiolo Ridge Marker 39 1300.1 40.7 443 75 BD 37
N. Hiolo Ridge Texture Garden 1297.7 40.0 353 7.6 ND® 35
S. Hiolo Ridge Marker 38 1271.4 46.3 566 BD BD 38
S. Hiolo Ridge Marker 34 1269.5 42.4 481 BD ND 33
Pohaku Marker 57 1178.7 25.9 400 3.0 ND 58

a. Value in vent orifice.
b. Below detection.
c. No data.
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Zetaproteobacteria diversity

Of the 80 MED nodes classified as Zetaproteobacteria
(Supporting Information Figs S1 and S3A), 39 nodes were
unique to Lo‘ihi, 11 were unique to the MAR, and 30 were
found in at least one sample from both geographic regions.
We recovered 17 nodes that were each represented by
1000 or more reads accounting for 85% of all Zetaproteo-
bacteria. ZetaHunter classification identified representatives
from 17 different ZetaOtus. ZetaOtu1 and ZetaOtu2 had
the highest number of nodes (11 and 15, respectively)
accounting for 8% and 22% of total Zetaproteobacteria
reads respectively. The other major groups were ZetaOtu4
(10 nodes, 9% reads), ZetaOtu9 (9 nodes, 24% reads),
ZetaOtu14 (7 nodes, 10% reads), ZetaOtu6 (6 nodes, 7%
reads) and ZetaOtu28 (4 nodes, 5% reads) (Fig. 3A). None
of the 52 Zetaproteobacteria nodes were found in all sam-
ples across Lo‘ihi and the MAR, however 4 were found in all
Lo‘ihi samples (veil and non-veil), specifically nodes from
ZetaOtu1 (2110), ZetaOtu2 (2086, 2095) and Otu14 (2067)
(Fig. 3A).

Comparative analyses

Lo‘ihi Seamount & the Mid-Atlantic Ridge. LEfSe analy-
sis detected 78 differentially abundant MED nodes across
geographic regions (Lo‘ihi vs. MAR) (Fig. 4). Roughly half
(41) were enriched at Lo‘ihi and the remainder at the MAR.
MAR samples showed differential abundance in 20 Gam-
maproteobacteria MED nodes compared with 10 at Lo‘ihi.
Lo‘ihi was also enriched in 7 Deltaproteobacteria nodes.
Analysis of the 80 Zetaproteobacteria nodes showed differ-
ential abundance of 21 biomarkers between the two
geographic regions (MAR, 10; Lo‘ihi 11) — notably nodes
from ZetaOtu9 (2155), ZetaOtu15 (1198), ZetaOtu17
(1833), ZetaOtu14 (1764) and ZetaOtu2 (1194) (enriched
at the MAR) as well as ZetaOtu2 (2086, 2094), ZetaOtu1
(2110), ZetaOtud4 (2123, 2132), ZetaOtué (2076),
ZetaOtu10 (1918) and ZetaOtu14 (2067) (enriched at
Lo‘ihi) (Figs 3 and 4). ZetaOtu17 was not detected in any
Lo‘ihi samples and only a small subset of samples from
Lo‘ihi had reads from either ZetaOtu9 or ZetaOtu15. Of
the 8 nodes classified as ZetaOtu14, 2 were enriched at
each geographic location. All samples contained nodes
from ZetaOtu2 yet subtle variation was detected across
geography. Nodes from ZetaOtu1, ZetaOtu4 and ZetaOtu6
were almost exclusively found at Lofihi.

Hiolo Ridge & Pohaku. Few differences were observed
between North and South Hiolo Ridge. Only 5 of the 98
MED nodes tested were significantly different between the
two sites (Fig. 4), none of which were Zetaproteobacteria.
Comparison between Hiolo Ridge and Pohaku revealed 13
differences including 7 Zetaproteobacteria nodes. Pohaku
was enriched for 4 nodes classified as ZetaOtu2 and 1
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Fig. 2. Comparison of samples based on location and mat
structure using NMDS analysis of Bray—Curtis dissimilarity matrix
generated from MED analysis. Shape indicates samples by site and
color indicates samples by structure. The green circles represent
MAR samples.

ZetaOtu14 node (Fig. 4). Nodes 2110 (ZetaOtul) and
2059 (ZetaOtu28) (enriched at Hiolo Ridge) were rare or
undetected at Pohaku.

Mat structures. LEfSe analysis of veils and non-veils
revealed 37 differentially abundant MED nodes (veil, 18;
non-veil, 19) (Fig. 4), 12 of which were Zetaproteobacteria
including an overrepresentation of nodes from ZetaOtu9
and ZetaOtu15 (both undetected in non-veils). Neither
ZetaOtu9 nor ZetaOtu15 though were present in all veil
samples. Veils were enriched for 7 different Gammaproteo-
bacteria nodes including one (1668) that was undetected
in non-veil samples. LEfSe analysis further showed that
veils and non-veils were both enriched for representatives
of ZetaOtu1 and ZetaOtu4. Non-veils were enriched for
ZetaOtu28, a biomarker almost completely absent from
veils. MED analysis did not return any nodes that were
detected in all veil samples yet absent from non-veil sam-
ples, except for Gammaproteobacteria node 1668.

Within site assessments. We conducted several within-
site assessments to further disentangle patterns of bacteri-
al diversity from iron mats at the Lo‘ihi Seamount. First,
along North Hiolo Ridge (Fig. 5 and Fig. Supporting Infor-
mation S3) we looked at samples from three sites
containing veil and non-veil structures (Fig. 5A-C and
Fig. Supporting Information S3) — the Texture Garden,
Marker 39 B, and Marker 39 A. At the Texture Garden
three veil samples were compared with six non-veil

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 301-316
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samples all collected within 10 cm of one another
(Fig. 5A). While most samples showed an abundance of
Zetaproteobacteria reads, especially from ZetaOtu1l and
ZetaOtu2 (Fig. 5A), only veil samples contained reads
from the unclassified Gammaproteobacteria MED node
1668 while non-veils were abundant in MED node 1537
(Flavobacteriales) (Supporting Information Fig. S3). These
patterns were similar for samples collected at Marker 39_B
(Fig. 5B and Supporting Information Fig. S3) and Marker
39_A (Fig. 5C and Supporting Information Fig. S3).
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Fig. 3. Network map of Zetaproteobacteria MED nodes highlighting
sites of enrichment and ZetaHunter OTU classification.

A. Subset from the full MED network in Supporting Information Fig.
S2 corresponding to all Zetaproteobacteria nodes. Final nodes are
color-coded according ZetaHunter OTU classification. MED IDs of
all nodes represented by more than 1000 reads are included.
Letters within nodes refer to differentially abundant features from
the LEfSe analyses of MAR (M) vs. Lo‘ihi (L) and veil (V) vs. non-
veil (NV). The four nodes marked by asterisks indicate nodes found
in all Lo‘ihi samples. No nodes were found in all samples when the
MAR was included. Nodes 1770 represents prototypical pure
culture isolates from Lo‘ihi (ZetaOtu11).

B. Chart showing the relative contribution (% total reads) of major
nodes in (A) from Lao‘ihi (veil and non-veil) and the MAR labeled
according to ZetaOtu classification and MED node ID. Symbols
indicate the origin of perfect BLAST hits specifically Lo‘ihi (16S
SAGs or environmental clones) or the MAR (16S SAGs). Mixed
indicates that BLAST hits were from a variety of sites. Asterisks
refer to the nodes found in all Lo‘ihi samples.

Non-veil samples from the Texture Garden and Marker
39_B also showed an abundance of the Alphaproteobacte-
ria order Kiloniellales (node 0953), while 20% of the reads
from the non-veil sample at M39_A were associated with
node 2001, in the Gammaproteobacteria order Marinicel-
lales (Supporting Information Fig. 3).

We also looked at changes in community composition
along small transects moving away from points of active
venting. At North Hiolo Ridge (Markers 39/31 area) we
sampled a vertical transect beginning at a vent (#5 in Sup-
porting Information Fig. S4) moving in the direction of flow
up the face of the formation. Within the vent orifice
(39.6°C) we observed white, streamer-like structures simi-
lar to those produced by sulfur-oxidizing bacteria (Moyer
et al., 1995). This streamer sample had markedly different
community composition compared with the other transect
samples, specifically a low abundance of Zetaproteo-
bacteria (<5%) coupled with higher abundance of
Gammaproteobacteria and Epsilonproteobacteria. We also
detected 2 unclassified taxa (0283 and 1422) that were
rare in all other samples (Supporting Information Fig. S4,
Table S2). Assessment of major Zetaproteobacteria nodes
showed that the relative abundance of ZetaOtu6
decreased with distance from the vent, accounting for 15%
of total community reads in sample #4 to less than 0.1% in
sample #1 at the top of the face (Supporting Information
Fig. S4). Similarly, ZetaOtu28 also decreased with distance
from the vent opening. Both of ZetaOtu6é and ZetaOtu28
were exclusive to non-veil samples at Lo‘ihi and only
matched single amplified genome (SAG) 16S rRNA gene
sequences retrieved previously from Lo‘ihi (Field et al.,
2014).

At Marker 38 along the South Hiolo Ridge white streamers
were not visible in the vent orifice. We found that the sample
closest to the vent (#3 in Supporting Information Fig. S5)
was predominantly Zetaproteobacteria, specifically ZetaOtu6

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 301-316
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Fig. 4. Differentially abundant MED nodes detected by LEfSe for (A) geographic region, (B) and (C) Lo‘ihi sites and (D) mat structure. Colors
indicate broad-level taxonomic classification. For the comparison between Lo‘ihi and the MAR (A) only 43 of 78 differentially abundant nodes
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Fig. 5. Analysis of major ZetaOtus nodes at Marker 39. For an overview of the site see Supporting Information Fig. S3.
A. Comparison of ZetaOtu profiles between three veil and six non-veil samples collected around a series of diffuse flow vents at the Texture
Garden site. Fe(ll) concentrations were 18.3 pM near sample C56, 46.2 uM around the veil samples and 70.1 uM where the non-veil samples

B1-B4 were collected.

B. Comparison between veil and non-veil samples from M39_B. Fe(ll) concentrations were 36.1 uM in the veil and 465.5 M in the non-veil sample.
C. Comparison between veil and non-veil samples from M39_A. Electrochemical measurements were not recorded from M39_A. Arrows
indicate the direction of fluid flow with associated fluid temperature. Values indicate proportion of all Zetaproteobacteria reads to total

community composition. Scale bars, 10 cm.

and ZetaOtu26. 33% and 98% of all reads from these
ZetaOtus were found in this sample respectively. We
observed that nodes from Kiloniellaceae, Flavobacteriaceae
and Rhodobacteraceae increased with distance from the
vent opening (Supporting Information Fig. S5). In addition,
ZetaOtu2, comprising less than 0.1% of the

Zetaproteobacteria reads from the vent sample (#3), com-
prised over 50% of reads in the two samples further up the
face (Supporting Information Fig. S5, Table S2). Fe*" con-
centrations near the vent (#3 in Supporting Information Fig.
S5) were 131.4 uM to and decreased to 30.4 uM further up
the face while temperatures decreased from 21.3°C to 7.2°C.
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Discussion

In this study, we used deep submergence assets and a
precision sampling device to collect discrete, sub-
centimeter scale, iron mat samples from several sites with-
in the Lo‘ihi Seamount. Our results confirm the overall
abundance of Zetaproteobacteria at Lo‘ihi iron mats and
document the consistent presence of other bacterial line-
ages associated with these ferrous-rich ecosystems.
Precision sampling, coupled with high-resolution Minimum
Entropy Decomposition (MED) and the ZetaHunter OTU
framework, allowed us to demonstrate cryptic diversity
between closely related Zetaproteobacteria phylogenetic
groups. We show that sheath-rich veiled mats, a common
mat morphotype at Lo‘ihi, contain diversity not evident in
other mat types. We also present evidence that diversity
can change significantly over small spatial scales along
transects moving away from points of diffuse flow venting.
Together these analyses provide a more in-depth picture
of the microbiome responsible for the production of micro-
bial iron mats fueled by Fe(ll)-driven lithotrophy that are
globally distributed at hydrothermal vents.

Zetaproteobacteria biogeography

Previous work has demonstrated biogeographic patterning
for Zetaproteobacteria, including groups that exhibit cos-
mopolitan distribution and others that appear endemic to
specific areas (McAllister et al., 2011). Here we expand on
these findings by coupling MED analysis with ZetaOtu
classification to expose deeper biogeographic patterns
within particular groups. McAllister et al. identified two
ZetaOtus that exhibited cosmopolitan distribution through-
out the Pacific Basin — ZetaOtu1 and ZetaOtu2 (McAllister
etal.,, 2011). Indeed, these ZetaOtus accounted for a large
portion of total Zetaproteobacteria diversity in our dataset
(26 nodes, 30% reads). ZetaOtu1 was abundant at Loihi,
especially node 2110, which was enriched in veil samples
and widely distributed in non-veil samples (Figs 3 and 4).
In contrast we found little evidence of ZetaOtul at the
MAR suggesting that ZetaOtu1l may be restricted to the
Pacific and not globally cosmopolitan. ZetaOtu2, the other
putatively cosmopolitan group, contained 15 MED nodes
and 23% of Zetaproteobacteria reads. Four of these nodes
were present in samples from both Lo‘ihi and the MAR.
Node 2103 in particular was abundant in samples from
both sites and phylogenetic inference showed that node
2103 was most similar to SAGs from both the MAR and
Lo‘ihi (Supporting Information Fig. S6). ZetaOtu2 nodes
also showed evidence of geographic specificity including
nodes 2086 and 2094, which were only found at Lo'ihi
(Fig. 3). In contrast, node 1194 was almost completely
restricted to the MAR (99.6% of reads) and most closely
related to MAR SAGs (Supporting Information Fig. S6).

Phylogenetic analysis demonstrated that this clade was
distinct from the remainder of ZetaOtu2 diversity. Field
et al. also identified ZetaOtu2 as a dominant member of
16S rRNA gene sequences retrieved from SAG libraries
(Field et al., 2014). Together these results indicate that the
ZetaOtu2 group has both cosmopolitan and endemic diver-
sity. Given its abundance at both geographic sites, our
findings also suggest that ZetaOtu2 may play an important
role in general mat ecology.

We found additional ZetaOtus that were also abundant
in samples from both sites including ZetaOtu9, ZetaOtu14,
ZetaOtul15 and ZetaOtu28. Neither McAllister et al. nor
Field et al. found representatives from ZetaOtu9 and
ZetaOtu15 at Lo‘ihi (McAllister et al., 2011; Field et al.,
2014). This is perhaps not surprising as our data suggests
that these ZetaOtus are restricted to Lo‘ihi veils and select
MAR samples (see discussion below) (Fig. 3). ZetaOtu28
— an abundant group found across numerous non-veil
samples at (Fig. 3) — was also undetected at LGihi in both
studies. On the other hand we were unable to detect
ZetaOtus described previously from Lo‘ihi, specifically
ZetaOtus 3, 12, 19 and 22 (McAllister et al., 2011). We
found several additional ZetaOtus that were scarce or
absent at the MAR but abundant at Lo‘ihi, notably
ZetaOtu4, ZetaOtu6 and ZetaOtu10 (Fig. 3), all of which
were previously described from Lo‘ihi (McAllister et al.,
2011; Field et al., 2014). ZetaOtu17 (2 nodes, 7% reads) —
previously identified from the southern Pacific Ocean (Vai-
lulu'u Seamount, Tonga Arc, East Lau Spreading Center,
Kermadec Arc) (McAllister et al., 2011) — was found only at
the MAR and completely absent from our analysis of Lo‘ihi
samples. BLAST analysis of reads from ZetaOtu17 against
the nr database returned no perfect hits (Fig. 3, Table 2).
The closest hit to ZetaOtu17 (98% identity) was to a clone
retrieved from the Southern Mariana Trough (Kato et al.,
2009) while the nearest 16S rRNA SAG hit was only 96%.

Communities & mat structures

At Lo‘ihi, the veil structures were seen on the outer edges
of iron mats, furthest away from areas of active venting.
Geochemically, these areas have higher oxygen concen-
trations (typically from 20 to 30 pM), lower Fe(ll)
concentrations (from below detection to 40 uM), and cooler
temperatures (<10°C). They are also physically less
exposed to the hydrodynamic forces of hydrothermal flow
from the vent orifice. The most recognizable differences in
community composition at Lo‘ihi were between the veil and
non-veil mats — reflecting the structural uniqueness of
veiled mats (Fig. 1B). The underlying fabric of veiled mats
is sheath-forming FeOB, while non-veil mats have various
filamentous oxide morphotypes including helical stalks
similar to those produced by Mariprofundus ferrooxydans
(Chan et al., 2010).
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Table 2. BLAST survey of top Zetaproteobacteria MED nodes.
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Perfect Laihi 16S MAR 16S Pure

ZetaOtu MED node Enriched® BLAST hits® SAGs® SAGs? Env. clones® LGihi SAGs' MAR SAGs®  cultures"  AAl
Otu1 2110 Y 12 5 - 7 2 - - 69.2
Ootu2 2103 NE 20 1 18 1 - 3 - 99.4-99.6
Ootu2 2094 L 20 20 - - 3 - - 91.1-96.9
Otu2 1194 M 8 - 7 1 - 1 - -

Otu2 2086 L 20 20 - - - - - -

Otu4 2132 L 14 5 - 9 - - - -

Otu4 2123 NV 20 20 - - 1 - - -

Otué 2076 L 7 3 - 4 3 - 96.5-99.3
Otu9 2155 M 19 - 15 4 - 3 2 88.1-95.6
Otu9 1965 Y - - - - - - -

Otul0 1918 L 9 6 - 3 2 - - 88.3
Otul4 2067 L 19 4 2 13 - 2 - 63.1
Otul4 1764 M 3 - 3 - - 1 - -

Otui5 1198 M - - - - - - -

Otul5 1780 Y - - - - - - - -

Otul7 1833 M - - - - - - -

Otu28 2059 NV 3 2 - 1 - - - -

The 17 Zetaproteobacteria MED nodes that were each represented by more than 1000 reads. Representative sequences from each node was

BLAST-searched against NCBI’s nr database.

a. Sites of node enrichment; Ldihi (L), MAR (M), veils (V), or non-veils (NE, not enriched). Values indicate total number of perfect BLAST

matches (100% identity and 100% coverage) for a given node (out of 20).

b. Total number of BLAST hits.

c. Hits to 16S rRNA SAGs (single amplified genomes) from Lgihi (Field et al., 2014).

d. Hits to 16S rRNA SAGs from the MAR (Scott et al., 2015).
e. Hits to environmental clones from other studies.

f. Hits to LGihi SAGs (Field et al., 2014).

g. Hits to MAR SAGs (Scott unpublished data).

h. Hits to pure culture genomes.

i. AAl, Average Amino Acid Identity for SAGs within a node. No value () indicates that nodes returned no perfect BLAST match..

We did not detect any Zetaproteobacteria nodes that
were exclusively found in all veil communities though 93%
of ZetaOtu9 reads found at Lo‘ihi were from veiled mats,
especially node 1965 (Fig. 3). We also found that MAR
samples were enriched in ZetaOtu9 (Fig. 4) but instead
node 1965 the MAR contained node 2155 (Figs. 3 and 4).
Node 2155 was most similar to MAR SAGs and a MAR
pure culture isolate. However more data is needed to bet-
ter understand the phylogenetic relationship of node 1965
to other ZetaOtu9 diversity (Supporting Information
Fig. S6). It seems that ZetaOtu9 not only exhibits specific
habitat preferences, but also cosmopolitan distribution.
MAR communities and Lo‘ihi veils were also enriched in
ZetaOtu15 (Fig. 4), but again MED analysis resolved this
diversity — the MAR contained all reads of node 1198 and
veil samples contained all reads of node 1780 (Fig. 3), yet
no reads from ZetaOtu15 were detected in non-veil sam-
ples from Lo‘ihi. Phylogenetic inference confirmed the
differences between these two nodes (Supporting Informa-
tion Fig. S6). Analysis of major ZetaOtus indicated that
veiled mats not only contained these unique Zetaproteo-
bacteria groups but also common ZetaOtus (ZetaOtu1 and
2). It is interesting to note that McAllister et al. identified
numerous clones of both ZetaOtu9 and ZetaOtu15

(McAllister et al., 2011) from borehole fluid collected at the
Southern Mariana Trough (Kato et al., 2009) but none from
Lao‘ihi. In fact, these two ZetaOtus accounted for the major-
ity of diversity borehole fluids and ZetaOtu15 was only
found at this site. Is it possible that ZetaOtu9 and/or
ZetaOtu15 are representative of the predominant sheath-
formers in veiled mats? Sheaths reminiscent of those
observed in Lo‘ihi veils were abundant in several MAR
samples dominated by ZetaOtu9 (Otu3 in Scott et al,
2015), although the larger, veil-like mat structures found at
Lo‘ihi (Fig. 5 and Supporting Information Fig. S3) were not
observed at the MAR. Instead, MAR mats abundant in
sheaths were more compact and localized around vent ori-
fices (Scott et al, 2015). It remains unclear whether
sheath-dominated mats at the MAR are functionally similar
to veiled mats at L3ihi or rather that ZetaOtu9 proliferates
under similar environmental conditions and that different
MED nodes result from genetic drift.

Curiously, veil samples were also enriched in node 1668
— an unclassified Gammaproteobacteria — and contained
99.7% of all reads from this node (Fig. 4 and Supporting
Information Fig. S3, Table S2). BLAST analysis returned
perfect hits to four environmental clones, all found previ-
ously by Fleming et al. from veiled mats at Lo‘ihi (Fleming
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et al., 2013), suggesting that node 1668 is an important
component of veiled iron mats. The role of this organism in
veils and why it appears completely restricted to these
habitats at Lo‘ihi remains a mystery.

Community changes along physiochemical gradients

Transect sampling provided intriguing clues about how
communities respond to shifting temperature and/or geo-
chemical gradients over small spatial scales. Marked
changes in composition were observed in close proximity
to venting compared with communities further away. In par-
ticular, we found that ZetaOtu6 was abundant near points
of active venting and decreased precipitously with distance
(Fig. 5 and Supporting Information Figs S4 and S5). Based
on our analyses ZetaOtu6 appeared restricted to mats in
close proximity of active venting. Over 93% of all reads
classified as ZetaOtu6 in our dataset were found in these
samples. Similar patterns were observed for ZetaOtu26 at
Marker 38 on the South Hiolo Ridge — abundant near the
vent and then decreasing to near extinction in the other
two samples (Supporting Information Fig. S5). In fact,
ZetaOtu26 was only identified from a vent-associated sam-
ple (Supporting Information Fig. S5). These findings
suggest a potential connection between higher tempera-
tures and both ZetaOtu6 and ZetaOtu26 distribution.
Conversely, the abundance of ZetaOtu14 was greatest in
samples furthest from active venting (Supporting Informa-
tion Figs S4 and S5) and we observed striking transitions
in ZetaOtu2 abundance across a small spatial scale
(<20 cm) (Supporting Information Fig. S5). Completely
absent in the sample closest to the vent (Supporting Infor-
mation Fig. S5), ZetaOtu2 increased to over 50% of
Zetaproteobacteria reads in the samples furthest away
from the vent.

The range of values for temperature (21.3-7.2°C) and
Fe(ll) (131-30 puM) do not seem extreme for this site but
do represent a 3- to 4-fold difference respectively. This
means that ZetaOtu diversity may be correlated to shifts in
physicochemical properties such as Fe(ll) concentrations
and temperature. Factors such as flow velocity over the
face of the mat, or dynamic changes in overall vent chem-
istry may also play a role. Recent work by Jesser et al.
showed marked differences in arsenic resistance genes
between samples collected only a few centimeters apart in
Lo‘ihi mats (Jesser et al., 2015), suggesting that toxic met-
als/metalloids resistance may also be important drivers
shaping local community diversity. Based on these findings
we also expected to see differences in community compo-
sition with mat depth, however no substantial changes in
community composition from depth profiles were observed
from three different sites at the North Hiolo Ridge and
Pohaku (data not shown).

Mats forming closer to vent orifices exhibited a diverse set
of macroscopic mat morphotypes and contained a variety of
filamentous biogenic iron oxides — the structural components
of mats. Some Lo‘ihi samples contained abundant helical
stalks, while others had a variety of thin, filamentous forms
that were more challenging to associate with a unified struc-
ture. As filaments become more mineralized, they lose fine
details that normally allow for easy identification. An excep-
tion to this may be the two samples identified as a white
streamer morphotype that proliferated at vent orifices along
the North Hiolo Ridge (Supporting Information Figs S3 and
S4). These two samples contained the majority of reads
from node 1039, an unclassified Epsilonproteobacteria that
has only been identified from Lo‘ihi (based on BLAST analy-
sis) (Rassa et al., 2009; McAllister et al., 2011) and was rare
in the rest of our dataset. These samples also contained a
number of nodes not common in other samples, including
two unclassified bacteria (nodes 1422 and 0283), SAR406
(0178) and five unclassified Gammaproteobacteria (66—
95%). Interestingly two of these Gammaproteobacteria
nodes (0621 and 0616) appear to be the closest relatives of
the veil associate described above (node 1668). Our analysis
supports earlier findings showing that streamers are likely
the product of sulfur-oxidizing bacteria (Moyer et al., 1995;
Emerson and Moyer, 2010; Jesser et al., 2015). Consistent
with this explanation, vent fluids at North Hiolo Ridge tend to
carry higher concentrations of hydrogen sulfide (545 pM)
compared with other Lo‘ihi sites where sulfide concentrations
are <10 uM (Glazer and Rouxel, 2009).

Implications for an iron mat microbiome

The work presented here confirms that microbial iron mats
contain a unique microbiome and expands our knowledge
about important phylogenetic and putative functional
groups in these systems. Clearly, the key metabolism of
this microbiome is lithotrophic iron-oxidation, and Zetapro-
teobacteria are likely the key players in this process.
Whether other iron-oxidizers from different phylogenetic
groups flourish in these systems is unknown at this time.
Members of the Gammaproteobacteria are possible candi-
dates, especially the veil associate, node 1668. Several
nodes belonging to the Chromatiales were found in iron
mats, but had a patchy distribution and low relative abun-
dances. A study of the microbial community enriched on a
biocathode found an abundance of Chromatiales (Wang
et al., 2015). Metagenomic and metaproteomic analyses
suggested that this organism was capable of growth via
extracellular electron transfer, and the proposed pathway
proposed bears a striking similarity to an iron-oxidation
pathway proposed in M. ferrooxydans (Barco et al., 2015).

We found 35 non-Zetaproteobacteria MED nodes that
exhibited signs of broad geographic distribution though
many were in low abundance at one or both geographic
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locations. Interestingly, nodes from Methylococcales were
well represented in several samples from the MAR and
Lao'ihi, including veil and non-veil mats. The vast majority of
these bacteria use methane as carbon and energy source
(Bowman, 2014). Unfortunately, we did not measure meth-
ane in vent fluids in areas of community profiling.
Historically, methane is known to be present in vent fluids
at Lo'ihi, and studies of shown activity for methanotrophy
based on radiotracer analysis although mats themselves
were not tested (Karl et al., 1989). There are several phylo-
genetic groups of methanotrophs; therefore, it is
interesting that all the putative methanotrophs identified in
iron mats belong only to the Methylococcales, including
Methylococcaceae and Crenotrichaceae. As far as we
know, there is no geochemical interaction between iron
metabolism (oxidation or reduction) and methane; howev-
er, it is possible that these Methylococcales are somehow
better adapted to high-iron environments.

A well-represented clade in non-veil mats was Kiloniella-
ceae (Supporting Information Figs S3-S5). Kiloniellaceae
(Alphaproteobacteria) have been found associated with
macroalgae (Wiese et al, 2009) and sponges (Cleary
et al., 2013), though iron mats are notable for being depau-
perate in macrofauna. Scale worms however, and smaller
nematode-like worms, have been observed in iron mats
(D. Emerson, unpublished observations). Either members
of the Kiloniellaceae are free-living, or could be indicators
of an unknown host. Members of the Flavobacteriales
were enriched in non-veil communities (Fig. 4), accounting
for approximately 6% of total reads and 21 MED nodes. A
recent study showed evidence for an association between
Bacteroidetes and filamentous sulfur-oxidizing bacteria at
a hydrothermal vent where Bacteroidetes were growing
organotrophically on exudates produced by the lithoauto-
trophic sulfur-oxidizer (Stokke et al., 2015). It is possible
similar associations occur between iron-oxidizers and Bac-
teroidetes in iron mats.

Exploring Zetaproteobacteria diversity

These findings raise interesting questions about factors
determining the distribution of different Zetaproteobacteria
groups. Since ferrous iron is assumed to be the primary
energy source for both cosmopolitan and endemic strains,
other traits may play a role in determining the successful
ecological strategies of cosmopolitan Zetaproteobacteria.
For example, are cosmopolitan strains better adapted for
transport to other areas, perhaps by sustaining a dormant
state? Based on our molecular analysis alone, it remains
unclear whether cosmopolitan Zetaproteobacteria actually
produce extracellular structures. The fact they are found in
mats dominated by sheaths or stalks suggests they do not
produce either of these structures, otherwise we would
expect these ZetaOtus to be associated with only one
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morphotype, but not both. Perhaps instead they are sec-
ondary colonizers of mats. One common morphotype in
mats that attaches to either sheaths or stalks is an organ-
ism that produces unique Y-shaped branched filaments
(Chan et al.,, 2016). It is possible that at least one of the
cosmopolitan ZetaOtus is the Y-shaped FeOB. Further-
more, what do ZetaOtus and oligotypes (MED nodes)
reveal in terms of population biology and ecological func-
tion for Zetaproteobacteria? Do oligotypes correspond to
functionally distinct groups adapted to different niches?
The fact that particular oligotypes tend to dominate specific
mat types — despite their close proximity to other mats —
suggests that oligotypes represent important functional dif-
ferences within/between populations. Given that oligotypes
from the same ZetaOtu differentiate across large geo-
graphic space may suggest that genetic drift also plays an
important role in structuring Zetaproteobacteria diversity.

In addition to ZetaHunter classification, we also
assessed all major Zetaproteobacteria nodes using
BLAST against the nrdatabase, which included 16S rRNA
gene sequences from single amplified genomes (SAGs)
recovered from mats at Lo‘ihi (Field et al., 2014) and the
MAR (Scott et al., 2015) (Scott, unpublished data). Looking
only at perfect matches (100% identity, 100% coverage),
we assessed the number of hits to each major ZetaNode,
including the number of hits from sequenced SAGs and
pure culture genomes (Table 2). Four nodes returned no
perfect BLAST matches — including the two predominant
veil ZetaOtus (9 and 15) — however, all remaining 13 nodes
hit multiple 16S SAGs, 10 of which were represented by
one or more single amplified genome. Only one dominant
node (2155, ZetaOtu9) had top BLAST hits to pure culture
isolates, and these were two organisms are capable of
growth on either Fe(ll) or Hy (D. Emerson, unpublished
data). Remarkably, the prototypical pure culture isolates of
marine FeOB (M34, PV1, JV1) were the top hit for one
node represented by just 155 reads (node 1770, Fig. 3 and
Supporting Information Fig. S6).

Next we looked at average amino acid identities (AAl)
between SAGs within a node to determine whether node
assignment was a good proxy for genome similarity and
hence potential ecological function. Though these results
are preliminary and based on limited data, we observed
some interesting trends, perhaps the most telling coming
from AAI comparisons among ZetaOtu2 nodes. AAl values
for values within a node were high for the two cases where
we had multiple SAGs (2103 & 2094) (Table 2). When we
compared AAI values across nodes within ZetaOtu2 — first
between 2103 and 2094 — we saw values decrease slightly
to 89%. When we compared SAGs from these nodes to
the SAG in node 1194, the AAI values fell below 75%. Phy-
logenetic analysis showed that nodes 2103 and 2094 were
in distinct, yet closely related clades, while 1194 was dis-
tantly related to both (Supporting Information Fig. S6).
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Similarly, when we compared the five genomes from node
2155 (ZetaOtu9) to two SAGs classified in 1971
(ZetaOtu9), the AAI values dropped below 80%. This is
finding is also supported by the distinct phylogenetic place-
ment of node 2155 versus 1971.

There were two cases where AAI values within nodes
were quite low — nodes 2110 (ZetaOtul) and 2067
(ZetaOtu14) (Table 2). Curiously, in both cases the top
SAG BLAST hits were classified as different ZetaOtus
than the host nodes. The two hits from 2110 (ZetaOtu1)
were classified as ZetaOtu14 and the two hits from 2067
(ZetaOtu14) were classified as ZetaOtu1. This was also
the case for several 16S SAGs where we did not have
genomes. However, when 16S rRNA sequences from
these SAGs were truncated to encompass only the V4-V5
region we then observed agreement with MED node clas-
sification. Given that we did not observe this pattern for
any other ZetaOtu, these findings suggest that the V4-V5
region does not have the variability to resolve ZetaOtu1
and ZetaOtu14. Phylogenetic analysis shows that
ZetaOtu1 and ZetaOtu14 are not monophyletic groups and
often placed together in single clades (Supporting Informa-
tion Fig. S6). The overall results of this analysis however
appear promising and may yield more robust results by
coupling longer reads with supervised oligotyping.

MED analysis enhanced our ability to detect diversity
patterns that were unresolved at a 97% identity OTU-level
alone. ZetaHunter OTU classification was able to detect
diversity unique to Lo‘ihi (ZetaOtus 1, 4, 6, & 10) and the
MAR (ZetaOtu17) however it could not resolve biogeo-
graphic differences within more widespread ZetaOtus
(ZetaOtus 2, 9, & 15). ZetaHunter classification, however,
provides a broad framework to assess the organization of
Zetaproteobacteria diversity while MED provides the preci-
sion to assess important population-level difference. By
coupling these two approaches, we were able to build a
more complete picture of the distribution of different Zetap-
roteobacteria groups.

Concluding remarks

Iron-oxidizing bacteria (FeOB) are widespread in nature
and generate thick microbial mats composed of iron-
oxyhydroxides. These structural edifices increase spatial
heterogeneity, alter biogeochemistry, and modulate nutri-
ent availability of the surrounding environment. This work,
combined with previous studies at Lo‘ihi and other hydro-
thermal iron mats, demonstrates that there is a cohesive
microbiome associated with iron mats and Zetaproteobac-
teria dominate these ferrous-fueled ecosystems. Whether
other persistently associated taxa simply respond to
changing resources, or actually play a role in mat biogene-
sis, remains an open question. We showed that specific
lineages are consistently present in the microbiome of

iron mats and exhibit distribution patterns that appear
attributable to niche specialization — this included a
Gammaproteobacteria that was only found in veiled mats.
Among the Zetaproteobacteria, there were gross differ-
ences in community composition between veil mats
(dominated by sheath-forming morphotypes) and non-veil
mats (dominated by stalk- and other filament-forming mor-
photypes). At the same time, cosmopolitan ZetaOtus were
found at all sites, suggesting they possess traits that allow
them to adapt to differences at both local and broad geo-
graphic settings. MED allowed for better biogeographic
discrimination of cosmopolitan ZetaOtus and also revealed
fine-scale changes within contiguous mats — diversity that
may be driven by relatively subtle shifts in environmental
factors. Understanding the environmental and ecological
causation of fine-scale community diversity remains an
outstanding challenge for microbial ecology.

Experimental procedures
Study overview, site description & sampling

Sampling of iron mats was conducted from March 17 to April 1
2013, aboard the R/V Thompson (cruise No. TN293). The
DSV Jason II, equipped with a precision microbial mat sam-
pler (Breier et al., 2012), was used for the collection of 231
individual syringes of mat samples across six dives (J2671—
J2676). The spatial resolution for collecting samples with the
mat sampler was approximately 1 cm, either vertically or hori-
zontally. Primary sampling locations within the Lofihi
Seamount system were North Hiolo Ridge (18° 54’ 23.3" N
155° 15’ 25.0” W), South Hiolo Ridge (18° 54’ 20.6” N 155°
15’ 25.5” W) and Pohaku (18° 54’ 4.8” N 155° 15’ 29.505" W)
(Fig. 1A). Roughly 20 ml of veiled or non-veiled iron mats
were collected per sample (Fig. 1B), and replicate samples
from the same physical location were combined into a single
sample. Material reserved for community analysis was stored
shipboard at —80°C and transported to the lab on dry ice. For
a summary of individual samples, including sampling site and
marker location, see Supporting Information Table S1. Chem-
istry measurements were conducted using an in-situ
electrochemical analyzer, ISEA, (ISEA-IIl, Analytical Instru-
ment Systems, Flemington, NJ, USA) as described elsewhere
(Chan et al., 2016). Temperature measurements in vent chim-
neys were made by pushing the Jason Il temperature probe
directly into the vent orifice; other temperature measurements
in microbial mats were made using a high sensitivity thermo-
couple incorporated into the ISEA analyzer wand. High
resolution mapping of the Lo‘ihi summit was achieved with the
AUV Sentry (Fig. 1A). The National Deep Submergence Facil-
ity at Woods Hole Oceanographic Institution operates the
DSV Jason Il and AUV Sentry.

16S rRNA gene pyrosequencing processing & analysis

In this study we selected 41 samples for 454-pyrosequencing
analyses. Samples were processed following previously pub-
lished protocols (Scott et al., 2015). From each mat sample,
approximately 250 mg (wet weight) of mat material was used
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for DNA extraction from each sample using a Mo Bio Power-
Soil® DNA Extraction Kit (Mo Bio Laboratories, Carlsbad, CA,
USA), modified to include an initial phenol:chloroform:isoamyl
alcohol (PCI) step. We found that adding an initial PCI treat-
ment increased final DNA vyield from an average <5ng/ul to
concentrations typically >15 ng/ul (data not shown). Briefly,
200 pl of bead solution was removed from each bead tube
and replaced with 200 pl of 25:24:1 PCI (Sigma-Aldrich,
St. Louis MO, USA). Samples were then extracted using the
manufacture recommended protocol and sent to Research
and Testing Laboratory (Lubbock TX, USA) for pyrosequenc-
ing. We targeted the V4-V5 hypervariable region (E. coli
positions 531-997) using 530F (5-GTG CCA GCM GCN
GCG G-3) and 1100R (5-GGG TTN CGN TCG TTG-3')
following established protocols (Dowd et al, 2008). See
Supporting Information Table S1 for barcode sequences of
individual samples.

Sequence processing was performed using mothur v.1.35.0
(Schloss et al., 2009) following previously published methodol-
ogy (Schloss et al., 2011). Specifically, we used mothur to
remove primer and barcode sequences from all reads, as well
as any short reads (<250 bp), reads containing more than six
homopolymers, reads with any ambiguities and/or any chime-
ric reads detected by UCHIME (Edgar et al., 2011). All quality
filtered reads were aligned against a mothur-compatible re-
creation (mothur.org/wiki/Silva_reference_files; last accessed
09.11.2016) of the SILVA-SEED (SILVA v123) reference align-
ment (Quast et al, 2012). Pyrotag reads were classified
against the Greengenes reference taxonomy (McDonald
et al., 2012). For comparative purposes we also include data
from iron mat samples previously collected at the Mid-Atlantic
Ridge (MAR) (Scott et al., 2015). All pyrosequencing libraries
are deposited at the European Nucleotide Archive under the
sample accessions numbers ERS1089449-ERS1089534,
study accession number PRJEB10821.

Community analysis

Minimum Entropy Decomposition (MED) (Eren et al., 2014)
analysis was performed on the complete dataset of 126 051
reads from 46 samples (38 Lo‘ihi and 8 MAR) using the follow-
ing screening parameters: minimum substantive abundance,
26.0; minimum entropy value for decomposition, 0.0965; maxi-
mum number of discriminants to use for decomposition, 4;
maximum variation allowed in each node, 3 nucleotides. Per
node normalization was conducted before decomposition
based on the node size of the most abundant sequence in the
dataset (Eren et al., 2014). Screening removed 16 801 outliers
resulting in 109 250 total reads in the final analysis. Alignments
contained 570 characters with an average read length of 268
base pairs without gaps. Bray—Curtis dissimilarity coefficient
(Bray and Curtis, 1957) was used to calculate distance metrics
for non-metric multidimensional scaling (NMDS) analyses. We
then used linear discriminant analysis (LDA) effect size (LEfSe,
default parameters) (Segata et al., 2011) to identify differential-
ly abundant biomarkers (MED nodes) across geographic
regions (Lo‘ihi vs. MAR), sites (North Hiolo Ridge, South Hiolo
Ridge and Pohaku) (Fig. 1A) and mat structure (veils vs. non-
veils) (Fig. 1B). LEfSe uses LDA to estimate the effect size of
differentially abundant biomarkers to explain differences
between sample types (Segata et al, 2011). Per-sample
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normalization of the sum of the values was used to account for
different sample coverage.

In addition, all reads from Zetaproteobacteria nodes were
classified further using ZetaHunter (https:/github.com/moor-
eryan/ZetaHunter, last accessed 09.03.2016) — a command
line script designed to assign SSU rRNA gene sequences to
Zetaproteobacteria OTUs (97% identity) (Schloss et al., 2009;
Edgar et al., 2011; Kopylova et al., 2012) defined by a refer-
ence database with an underlying phylogenetic structure
(SILVA v123) (Pruesse et al., 2012; Quast et al., 2012). In the
absence of a well-defined taxonomy, OTU binning is currently
the accepted method for classifying diversity of Zetaproteo-
bacteria (McAllister et al., 2011), henceforth referred to as
ZetaOtus.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher's web-site:

Fig. S1. Topological network map showing the decompo-
sition of MED nodes and taxonomic distribution of all final
nodes. Node size is proportional to the total number of
reads contained within a node. Color scheme here and
throughout adapted from (Wong, 2011).

Fig. S2. Network analysis of MED nodes. Network clus-
tering of samples and highly connected MED nodes
(degree >20). Networks are the same except colored by
(A) site and (B) mat structure. Size is proportional to the
number of reads in either MED nodes or samples. Cluster-
ing is more apparent by structure (B) rather than site (A).
The most connected MED nodes in the network (shared by
the most samples) were all Zetaproteobacteria, specifically
nodes 2086 (ZetaOtu2), 2059 (ZetaOtu28), 2110
(ZetaOtu1), 2067 (ZetaOtul14), 2094 (ZetaOtu2) and 2103
(ZetaOtu2).

Fig. S3. Marker 39 whole community analysis. Same
site as Fig. 5 but highlighting shifts in non-
Zetaproteobacteria nodes. (A) Comparison of MED node
profiles between three veil and six non-veil samples collect-
ed around a series of diffuse flow vents at the Texture Gar-
den site. Though all samples had an abundance of
Zetaproteobacteria, veil samples had contained MED node
1668 (unclassified Gammaproteobacteria) while the non-veil
samples were enriched in node 1537 (Flavobacteria). Simi-
lar patterns were 50 found in the community profiles of veil
(V, top) and non-veil (NV, bottom) samples from (C) M39_B
and (D) M39_A. Arrows indicate the direction of fluid flow
with associated fluid temperature. Scale bar, 10cm. (D)
Overview of site. Insert Counterclockwise rotated and
close-up view of M39_B where the veil morphotype covers
the upper portion of the formation.

Fig. S4. North Hiolo Ridge (Marker 31 area) iron mat
communities assessed along a vertical transect beginning
at the vent (#5, sample 676-BM1-D6) and moving up the
face of the formation in the direction of flow. White,
streamer-like structures similar to those produced by sulfur-
oxidizing bacteria were observed within the vent orifice
(39.6°C). Top bar graph: For simplicity, total community
diversity is presented as broad taxonomic groups, however
there were important changes in individual MED nodes that
occurred along the transect. Node 0283 (unclassified Bacte-
ria) decreased precipitously from 26% of community reads
in #5 to undetected in #1. Two unclassified Gammaproteo-
bacteria nodes (0621 and 0859) each decreased from 15%
of total community in #5 to ~0.5% further up the face. Con-
versely, we observed a corresponding increase in Flavobac-
teria (node 1532) moving up the face. Bottom bar graph:
Breakdown of major ZetaOtu distribution. Sample #5 con-
tained relatively few Zetaproteobacteria reads however

© 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 19, 301-316



316 J. J. Scott, B. T. Glazer and D. Emerson

marked changes in diversity were observed moving up the
face. Specifically, ZetaOtu6 was relatively abundant in #4
and #3 but absent in samples associated with cooler tem-
peratures. Conversely, ZetaOtu14 increased with distance
from active venting. Scale bar, 10cm.

Fig. S5. South Hiolo Ridge (Marker 38) iron mat communi-
ties assessed along a vertical transect beginning at the vent
(sample #3). Both temperature and Fe(ll) concentrations
decreased with distance from the vent. Top bar graph:
Total community diversity presented as broad taxonomic
groups showed an increase in Bacteroidetes and Alphapro-
teobacteria with distance from vent. This pattern is similar
to changes seen along other transects. Bottom bar graph:
Substantial changes were observed in Zetaproteobacteria
diversity, specifically the abundance of ZetaOtué and
ZetaOtu26 were greatest near the vent while ZetaOtu2 and
ZetaOtu14 increased with distance. Arrows indicate the
direction of fluid flow with associated fluid temperature.
Scale bar, 10cm.

Fig. S6. Maximum likelihood phylogenetic tree (see sepa-
rate 91 document) of 16S rRNA gene sequences showing
the placement of major Zetaproteobacteria MED nodes.
Phylogenetic inference was generated using |IQ-TREE
(Nguyen et al., 2014). Full-length sequences were truncated
to the size of the pyrotag reads and the final alignment con-
tained 295 columns and 155 total sequences, including out-
groups. The best-fit model, TIM3+G4, was chosen
according to Bayesian Information Criterion (Schwarz,
1978). Circles indicate MED nodes and colors correspond
to the ZetaHunter OTU classification, as in Fig. 4. The col-
ors of vertical bars also correspond to ZetaHunter classifi-

cation. Stars indicate single amplified genomes (SAGs) and
arrows indicate the placement of pure culture isolates. Leaf
labels are as follows: sequence ID, NCBI accession number
(for MSAG_AD_336_N22, MSAG_AD_336_011, DIS1,
TAG1, SV108, and M39 the IMG genome ID is provided
instead), and ZetaHunter OTU designation. ZetaHunter
classification was based on V4-V5 for pyrotag reads and
near full length sequences for SAGs, pure cultures and
environmental clones. ZetaHunter classification for two
MED nodes did not agree with the classification of their
nearest neighbors. The majority of strains closely related to
node 2067 (ZetaOtu14) were classified as ZetaOtul. The
opposite was observed for node 2110 (ZetaOtul1) where
many of its neighbors were classified as ZetaOtu14. When
these sequences were truncated to encompass only the
V4-V5 region we then observed agreement with MED node
classification. These switches are color highlighted in the
tree according to the ZetaOtu classification of their V4-V5
region. We did not observe this pattern for any other
ZetaOtu or MED node.

Table S1. Separate file. Summary of sample details includ-
ing sample name, barcode(s), geographic location, collec-
tion site, structure type, number of reads, number of MED
nodes and16S rRNA diversity indices. Also include is the
Figure number for samples that were analyzed in more
detail.

Table S2. Separate file. Summary table of all 334 MED
nodes identified in this study as well as their Greengenes
lineage and abundance across all samples. For Zetaproteo-
bacteria nodes the ZetaHunter classification is also given.
Totals for geographic and mat structure are also provided.
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