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pinnacles to orange ridges and pits to bright green flat mats with
depth, as PAR and (O2) decline (Jungblut et al. 2016). Oxygenic
photosynthesis raises redox conditions seasonally within mats
near the oxic-anoxic transition in the water column (Sumner
et al. 2015). Microelectrode profiles taken in late spring through
the benthic microbial mats showed that (O2) varied at different
water depths (Sumner et al. 2015). At 9.0 m, (O2) ranged from
∼650 μmol O2/L in the water immediately above and just below
the surface of the mat, to ∼825 μmol O2/L at 2 mm below the
mat surface. The mats still contained > 500 μmol O2/L at 17 mm
below the surface. In contrast, at 9.8 m, there were 0 μmol O2/L
in the overlying water column, but up to 50 μmol O2/L were
present within the upper mat due to photosynthetic O2 produc-
tion, falling back to 0 μmol O2/L by 6 mm depth into the mat
(Sumner et al. 2015).

Sampling

The benthic microbial mats in Lake Fryxell, Antarctica were
sampled in November 2012, as described by (Jungblut et al. 2016).
Sampling was performed at 9.0, 9.3 and 9.8 m depths along
a transect that was installed in 2006 (Hillman 2013). Divers
retrieved material from the bottom of the lake by cutting blocks
out of in situ mats using a spatula and lifting them into plas-
tic boxes underwater. Upon delivery to the surface, samples
were dissected according to layer pigmentation and morphology
using sterile sampling equipment, resulting in three layers at
9.0 m (top, middle and bottom), three layers at 9.3 m (top, middle
and bottom), and four layers at 9.8 m (film, top, middle and bot-
tom). Mats at 9.3 m had complicated topography with 0.5–1.0 cm
deep pits between ridges. At this depth, the tops of the ridges
were separated as the top layer, the ridges including their edges
were separated as the middle layer, and the bottoms of pits were
collected as the bottom layer (Jungblut et al. 2016, Supporting
Information). The samples were preserved in the field immedi-
ately after sampling using an Xpedition Soil/Fecal DNA MiniPrep
kit (Zymo Research, Irvine, CA) frozen and shipped frozen to UC
Davis where they were stored at −80◦C until DNA was extracted.

Metagenomic sequencing

DNA was extracted using an Xpedition Soil/Fecal DNA MiniPrep
kit (Zymo Research, Irvine, CA) as per manufacturer instructions
from biological and technical replicates of 10 sample types (Table
S1, Supporting Information). Metagenomic sequencing was per-
formed at the University of California, Davis Genome Center
DNA Technologies Core (http://dnatech.genomecenter.ucdavis
.edu/) using the Illumina HiSeq 2500, PE 250 platform. Library
preparation was performed using Illumina’s Nextera DNA Kit
(Oligonucleotide sequences C© 2007–2013 Illumina, Inc.). Reads
were quality filtered to Q20 using FASTX-Toolkit v0.0.13 (Gordon,
Hannon and Others 2010), and forward and reverse reads were
joined using PEAR v0.9.6 (Zhang et al. 2014). Fastq files with fewer
than 10 000 reads were determined to be outliers and were there-
fore removed from downstream analyzes. Metagenomic reads
are available via NCBI’s sequence read archive (PRJNA291280).

Taxonomic assignment

Unassembled reads were assigned to Bacteria, Archaea, and
Eukaryotes. Protein-level classifications for taxonomic assign-
ments were made per replicate using NCBI’s non-redundant pro-
tein database (accessed 3/2/2017), including Bacteria, Archaea,
Eukaryotes and Viruses. All assignments, from domain to

operational taxonomic units (OTUs), were made using Kaiju’s
greedy mode with 5 allowed substitutions, a minimum match
score of 70, and low-complexity query sequence filtering (Men-
zel, Ng and Krogh 2016). Taxa in relative abundance less than
0.5% per sample were removed from downstream analyses.

Phylogenetic diversity analyzes

Phylosift v1.0.1 (Darling et al. 2014) was used to generate phy-
logenetic placements for the marker genes (https://phylosift.
wordpress.com/tutorials/scripts-markers/) per replicate using
default settings. Guppy v1.1 was used to calculate balance
weighted phylogenetic diversity (bwpd, alpha diversity) (Mat-
sen, Kodner and Virginia Armbrust 2010), which provides alpha
diversity based on phylogenetic relationships using .jplace files
generated by Phylosift as input, as opposed to community count
data (Nipperess and Matsen 2013). Beta diversity was measured
using Kantorovich–Rubinstein distance (kr distance) (Evans and
Matsen 2012), calculated using guppy (v 1.1) (Matsen et al. 2010).
Guppy v1.1 was also used to perform edge principal compo-
nents analysis (EPCA). Guppy addresses uncertainty in the place-
ment of reads by generating a collection of weighted placements
(pqueries). When generating the EPCA, every pquery was treated
as a point mass concentrated on the highest-weight placement
and rotating three dimensions for support overlap minimiza-
tion. Unrooted phylogenetic diversity rarefaction curves were
generated using Guppy (McCoy and Matsen 2013) (Fig. S1, Sup-
porting Inofrmation).

Statistical analyses

Significant differences in taxonomic classification, alpha diver-
sity, and beta diversity between samples were determined using
Permutational Multiple Analysis of Variance (PERMANOVA) in
R v3.3.2 (Warton, Wright and Wang 2012; Anderson and Walsh
2013; R Core Team and Others 2013) using R package vegan
v2.4–2 (Oksanen et al. 2017). Samples determined to differ sig-
nificantly in alpha diversity (bwpd), as per PERMANOVA imple-
mented via the adonis function, were then subjected to Tukey’s
Honest Significant Difference (Tukey’s HSD) test (Tukey 1949) in R
v3.3.2 (R Core Team and Others 2013) to establish which lineages
differed between depths and between layers at each depth. Par-
tial distance-based redundancy analysis (RDA) (Jari Oksanen, F.
Guillaume Blanchet, . . . ) was used to determine the relation-
ships among lake depth, mat layer, (O2) and PAR and between
these environmental characteristics and differences in commu-
nity composition as measured by kr distance.

RESULTS

Taxonomic annotation

After quality filtering, the total amount of metagenomic
sequence data came to approximately 47.1 billion bp from
approximately 177 million reads (Table S1, Supporting Informa-
tion). Taxa from Bacteria, Archaea, and Eukarya were present
in all samples (Fig. 3; Tables S3–S6, Supporting Information).
The most relatively abundant organisms across all samples
are from the domain bacteria and the phyla Proteobacteria
(19.2%) and Cyanobacteria (7.5%) (Fig. 3, Tables S3–S6, Supporting
Information). The genera with the highest relative abundance
across all layers at all depths belong to the phylum Cyanobac-
teria, and genera in Cyanobacterial subsection III (Oscillatori-
ales, filamentous Cyanobacteria that lack cell differentiation
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Figure 2. Relative abundance of phyla and families from all samples. The relative proportion of Cyanobacteria to Proteobacteria decrease through mat layers at all
depths and mats at 9.8 m are dominated by the family Oscillatoriaceae. Family labels: Pr, Proteobacteria; C, Cyanobacteria; Ba, Bacteroidetes; Pl, Planctomycetes; V,
Verrucomicrobia; G, Gemmatimonadetes; N, Nitrospirae; Bp, Bacillariophyta; T, Thaumarchaeota.

(Tomitani et al. 2006)) are dominant. One genus is found in
greater relative abundance (P < 0.01, Table S5, Supporting Infor-
mation) than any other identified taxon in the film, top, and
middle layers of the microbial mat growing at 9.8 m, which
was identified as a species of Phormidium in previous 16S rRNA
gene analyses (Jungblut et al. 2016, Supporting Information). We
therefore also refer to this genus as Phormidium, even though
reads in this genus were annotated as both Phormidium and
Oscillatoria (Altschul et al. 1990). In this study, 55 Phormidium
OTUs occur across all ten sample types, but Phormidium pseu-
dopristleyi is found in higher relative abundance in the film at
9.8 m than in any other sample (Table S5 and S6, Supporting
Information).

Alpha diversity

Alpha diversity varies both with mat layer and lakedepth (Fig. 2;
Table 1). When layers are grouped by depth, alpha diversity
decreases with increasing depth in the lake, which corre-
lates with decreasing PAR and (O2) (Fig. 2; Fig. S2, Supporting

Information). In contrast, alpha diversity increases into the mat
from the top to bottom layers when depths are pooled (Fig. 2;
Fig. S3, Supporting Information), corresponding to decreasing
PAR. In 9.0 m mats, where oxygen is supersaturated and effec-
tively constant throughout the mat and PAR decreases through
the mat, alpha diversity increases from the top to the bottom
layer (Fig. 2). The diversity of the dark bottom layers from mats
at each depth differ by (O2). At 9.0 m, where (O2) is highest, the
alpha diversity of the bottom layer is greater than the diversity
of the bottom layer at 9.3 m and the bottom layer at 9.8 m. Con-
sidering only the bottom layers, where PAR is negligible, alpha
diversity is lowest where (O2) is lowest (Fig. 2). Simpson’s diver-
sity indices do not vary significantly between depths or layers
(Table S2, Supporting Information).

Beta diversity

Edge Principal Components Analysis (EPCA) illustrates varia-
tions in community composition among samples (Fig. 4). At 9.0
and 9.3 m, mat layers were well separated in ordination space
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