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Abstract Phylogenetic examinations of communities sam-
pled along geochemical gradients provide a framework for
inferring the relative importance of niche-based ecological
interactions (competition, environmental filtering) and
neutral-based evolutionary interactions in structuring biodiver-
sity. Great Salt Lake (GSL) in Utah exhibits strong spatial
gradients due to both seasonal variation in freshwater input
into the watershed and restricted fluid flow within North
America’s largest saline terminal lake ecosystem. Here, we
examine the phylogenetic structure and composition of archae-
al, bacterial, and eukaryal small subunit (SSU) rRNA genes
sampled along a stratified water column (DWR3) in the south
arm of GSL in order to infer the underlying mechanism of
community assembly. Communities sampled from the DWR3
epilimnion were phylogenetically clustered (i.e., coexistence
of close relatives due to environmental filtering) whereas those
sampled from the DWR3 hypolimnion were phylogenetically
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overdispersed (i.e., coexistence of distant relatives due to com-
petitive interactions), with minimal evidence for a role for
neutral processes in structuring any assemblage. The shift from
phylogenetically clustered to overdispersed assemblages was
associated with an increase in salinity and a decrease in dis-
solved O, (DO) concentration. Likewise, the phylogenetic
diversity and phylogenetic similarity of assemblages was
strongly associated with salinity or DO gradients. Thus, salin-
ity and/or DO appeared to influence the mechanism of com-
munity assembly as well as the phylogenetic diversity and
composition of communities. It is proposed that the observed
patterns in the phylogenetic composition and structure of
DWR3 assemblages are attributable to the meromictic nature
of GSL, which prevents significant mixing between the epi-
limnion and the hypolimnion. This leads to strong physico-
chemical gradients at the halocline, which are capable of
supporting a greater diversity. However, concomitant shifts in
nutrient availability (e.g., DO) at and below the halocline drive
competitive interactions leading to hypolimnion assemblages
with minimal niche overlap.

Introduction

To understand the mechanisms that both underlie and control
the composition and structure of communities is a central goal
for ecologists [1-3]. Recent studies aimed at understanding
such mechanisms have focused on how contemporary and
historical biological interactions (i.e., competitive, facilitative
interactions) and the physiological and ecological character-
istics of a species (i.e., environmental filtering) have shaped
the phylogenetic structure of microbial communities [4—8].
The competitive exclusion hypothesis states that competitive
interactions between closely related species within overlap-
ping fundamental niches limit their coexistence over the long
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term [9]. Given that closely related species tend to share
similar ecological niches (i.e., niche conservatism [2, 10]),
competitive interactions lead to communities that are com-
prised of more distantly related species than would be
expected based on the species richness of an assemblage
(i.e., phylogenetic overdispersion) [1]. In contrast, environ-
mental filtering relates to constraints imposed by the environ-
ment on the physiology of a species, which often lead to
communities that are comprised of more closely related spe-
cies than would be expected based on the species richness of
an assemblage (i.e., phylogenetic clustering) [1]. In addition to
the deterministic processes described above, stochastic or
neutral mechanisms of community assembly are also impor-
tant in structuring the composition of microbial assemblages.
Hubble [11] defined communities subject to neutral assembly
mechanisms as those that are structured entirely by ecological
drift, random migration, and random speciation abilities. An
important distinction of the neutral theory of community
assembly is that a community on a per individual level is
identical in their probabilities of giving birth, dying, migrat-
ing, and speciating. Thus, neutral theory is often considered to
be a null hypothesis to niche theory [12].

Both ecological (competitive interactions, habitat filtering)
and evolutionary or neutral mechanisms are likely to influence
the phylogenetic structure and composition of microbial com-
munities. The extent that each of these factors shapes phylo-
genetic structure is likely to reflect differences in the system
being examined, the scale of the study, and the taxa pool that is
being analyzed [12-15]. The comparative analysis of the
phylogenetic structure of microbial communities sampled
across geochemical gradients has the potential to provide
insight into the relative importance of these processes in
community assembly and can be used to identify barriers that
limit the relative importance of each of these mechanisms
[1, 5, 7]. For example, the composition and structure of
Acidobacteria lineages sampled across an alpine elevational
gradient revealed strong patterns of phylogenetic clustering
regardless of elevation [5]. Interestingly, Acidobacteria line-
ages sampled across freshwater lake environments with con-
trasting geochemistry indicate that the extent of phylogenetic
clustering appeared to be related to the pH of the lake being
examined [8]. Variable evidence for ecological and neutral
mechanisms of assembly were observed for guilds of organ-
isms involved in organic carbon fermentation [4], nitrogen
fixation [6], and photosynthesis [16] sampled across spatial
geochemical gradients in Yellowstone hydrothermal ecosys-
tems. As an example, photosynthetic assemblages sampled
from hydrothermal ecosystems exhibited evidence for both
phylogenetic clustering and overdispersion; the extent to
which the structure of each assemblage reflected these mech-
anisms of assembly was correlated with pH [16]. In contrast,
strong evidence for both ecological and neutral mechanisms
of community assembly were detected in fermentative

bacteria [4] and nitrogen fixing organisms [6] along geochem-
ical gradients in Yellowstone; the extent to which each of
these mechanisms influenced community structure was corre-
lated with fluid pH and conductivity, respectively [4, 6]. These
findings suggest the existence of environmental barriers that
influence the extent by which various mechanisms of com-
munity assembly structure the composition of communities,
which may vary at different taxonomic or trophic ranks.

Great Salt Lake (GSL) is the largest lake in the western
United States and the fourth largest terminal lake in the
world (52,000 km?) [17]. GSL is a shallow, meromictic lake
that exhibits a maximum and a mean depth of ~9.0 and
4.3 m, respectively. The construction of a rock and gravel
railroad causeway in the late 1950s segregated the lake into
a north and south arm, and the restricted flow of water
between these two “arms” resulted in the development of a
salinity gradient [18]. The north arm salinity is typically at
saturation [~5 M, 270-300 g/L total dissolved solids (TDS)]
[19], whereas the salinity in the south arm surface brine is
substantially lower (~ 2.5 M, 140-150 g/L TDS) due to
freshwater inputs via three rivers. Breaches and seeps under
the causeway spanning GSL allow the greater density north
arm brine to flow underneath the less dense south arm brine,
resulting in the formation of a distinct halocline of moder-
ately hypersaline brine above an almost saturated deep brine
layer over hundreds of square kilometers of the lake. This
halocline creates additional physical and chemical gradients,
including temperature and pH gradients [20, 21], which are
likely to influence the function of microbial communities.
For example, community productivity associated with mi-
crobial communities collected from two sites in the south
arm of GSL was shown to vary considerably with water
column depth and over an annual cycle, with lower overall
productivity during the summer months and in the hypolim-
nion, both of which were attributed to seasonal variation in
influent resource abundance and availability [21].

Here, we examine the phylogenetic structure of archaeal,
bacterial, and eukaryal small subunit (SSU) rRNA genes in
the water column at one of the Utah Division of Wildlife
Resources (DWR) regular GSL monitoring sites, the DWR3
site in the south arm of GSL, in an effort to understand the
relative importance of competitive and ecological interac-
tions that shape the assembly of microbial communities.
However, because assemblages with similar phylogenetic
community structure may differ in their species composition
[22], we also quantified changes in the taxonomic (alpha
diversity) and phylogenetic composition and diversity (beta
diversity) along the vertical transect. The vertical depth
profile at DWR3 exhibited significant gradients in salinity,
dissolved O, (DO), photosynthetically active radiation
(PAR), temperature and pH for use in assessing their role
and influence on the mechanisms of community assembly
and community composition.
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Materials and Methods
Site Description and Sample Collection

Samples were collected from one GSL north arm site
(NA, latitude 41.437891 longitude —112.668843) and
one GSL south arm site (DWR3, latitude 41.16746,
longitude —112.6696117) (Fig. 1). For the NA sample,
brine was collected by wading out to a depth of 0.5 m
and sampling surface water in June, 2006. For the
DWR3 samples, brine was collected from a DWR
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Fig. 1 Satellite image of the GSL with sampling sites where further

molecular and geochemical analyses were performed are indicated.
The color distinction separating the north arm from the south arm
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research vessel, first in June, 2006 (0 and 8 m depths)
for our initial survey and again in June, 2007 (0, 4, 6,
6.5, and 8 m depths) for the follow-up analyses. Here,
a 2-L Kemmerer collection bottle (Wildlife Supply,
Yulee, FL, USA) was lowered to each depth sampled,
with deionized water rinses between each sampling.
Samples were transferred to sterile collection bottles
leaving minimal headspace volume, stored on ice and
transported to the laboratory. Cells were then pelleted
by centrifugation (4,000xg for 15 min at 3 °C) using a
Sorvall centrifuge (Thermo Fisher, Waltham, MA,
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reflects dominance by halophilic archaea and algae, respectively, in
the microbial communities of these two basins
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USA), the supernatant decanted, and biomass pellets
resuspended in 1 mL of supernatant and stored at
—80 °C until DNA extraction.

Physical and Chemical Analysis

Environmental parameters were measured concomitant to en-
vironmental sampling. Quantum scalar irradiance of total
available PAR (umol 400-700 nm photons m ?s') was de-
termined using a Li-Cor LI-193 underwater spherical quantum
sensor and LI-250A light meter (Li-Cor Biosciences, Lincoln,
Nebraska, USA). A Troll 9500 multi-sensor (In-Situ Inc., Fort
Collins, CO, USA) was used to simultaneously acquire salin-
ity, DO, temperature and pH at each DWR3 site sampling
depth. Filtered GSL DWR3 brine samples were subjected to
refractometry to determine salinity. To accurately determine
DO response at each depth, 0.2 uM filtered, air-saturated brine
samples from each DWR3 depth and the appropriate O,
solubility equations [23] for NaCl brine were used for probe
calibration. pH and temperature values for the 6.5-m depth
were interpolated using the variation in salinity observed at
this depth, relative to the 6.0 and 8.0 m depth.

DNA Extraction, Cloning, and Sequencing

Total DNA was extracted from resuspended “pea-sized” (ap-
proximately 200 mg) pellets of frozen biomass using the
PowerSoil ™ DNA Isolation Kit (MoBio Inc., Carlsbad, CA,
USA) following the manufacturer’s instructions with 2 min of
bead beating (Mini Beadbeater-8, Biospec Products,
Bartlesville, OK, USA) to assist lysis. An initial survey of
the NA and DWR3 sites was conducted using universal small
subunit (SSU) ribosomal RNA (rRNA) primers. The amplifi-
cation of SSU rRNA genes from the NA and DWR3 DNA
samples were performed using 1 mM concentrations of the
forward primer 515 F (5'-GTGCCAGCMGCCGCGGTAA-
3") and reverse primer 1492R (5-GGTTACCTTGTTACG
ACTT-3") [24]. PCR thermal cycling conditions were as fol-
lows: initial denaturation at 94 °C for 2 min, followed by
30 cycles of denaturation (94 °C for 1 min), annealing (55 °©
C for 1 min) and elongation (72 °C for 1 min). For the DWR3
sample, domain-specific sequence analyses were performed.
SSU rRNA gene sequences (16S rRNA for bacteria and
archaea; 18S rRNA for eukaryotes) from each environmental
sample were amplified using the domain-specific forward
primers for bacteria (8F—5'-AGAGTTTGATCCTGGC
TCAG-3'), archaea (4F—5'-TCCGGTTGATCCTGCCRG-
3", and eukarya (360FE—5'-CGGAGARGGMGCMT
GAGA-3') in conjunction with the universal reverse primer,
1492R (5'-CCGTCAATTCMTTTRAGTTT-3') using 1 pL
aliquots of total DNA extractions as templates in 25 puL
PCR Master Mix reactions (Promega, Madison, WI, USA)
with previously described amplification protocols [25]. The

resulting amplicons were Montage gel purified (Millipore,
Billiceric, MA, USA), and TOPO TA (Invitrogen, Carlsbad,
CA) cloned into electrocompetent E. coli cells. Three domain-
specific libraries of 96 SSU rRNA gene clones were analyzed
from each depth sampled at DWR3. Cloned SSU rRNA gene
amplicons were sequenced using an ABI 3700 sequencer
using the 515F (5-GACGGCGGTGWGTRCAA-3") primer.
All sequences obtained in this study have been deposited in
the GenBank, DDBJ, and EMBL databases under accession
numbers JQ952783-JQ953087 (Archaea), JQ953088—
JQ953419 (Bacteria), and JQ953420-JQ953640 (Eukarya)
(see Supplemental Online Materials).

Sequence Analysis

ClustalX (ver. 2.0.9) [26] was used to align nucleic acid
sequences using the International Union of Biochemistry
substitution matrix and default gap extension and opening
penalties. Since the length of individual reads varied and
could bias downstream phylogenetic and community eco-
logical analyses, alignment blocks were first trimmed to an
empirically defined length met by ~70 % of the sequences
or discarded if defined length requirements were not met.
This approach led to a bacterial SSU rRNA gene alignment
block containing 332 reads with a uniform length of 416
positions. Likewise, the archaeal SSU rRNA gene alignment
block contained 307 reads with a uniform length of 212
positions. The eukaryote SSU rRNA gene alignment block
contained 223 reads with a uniform length of 460 aligned
positions. There was no observable pattern in the discarded
sequences from the bacterial, archaeal, and eukaryote SSU
rRNA gene libraries (data not shown). Sequences were
checked for chimeric artifacts using Mallard (ver. 1.02)
[27] and anomalous sequences were verified using Pintail
(ver. 1.0) [28] and these were discarded without further
consideration. DOTUR [29] was used to define operational
taxonomic units (OTUs) at a sequence identity threshold of
97 % and a precision of 0.01. Rarefaction curves, generated
with a sequence identity threshold of 97 %, were used to
calculate Chaol predicted phylotype richness and Simpsons
index (D). The reciprocal of the Simpson index (1/D) enables
direct comparison of assemblage diversity between commu-
nities [30], with higher values corresponding to a compara-
tively greater alpha diversity.

Phylogenetic Analysis

The phylogenetic position of all archaeal, bacterial, and
eukaryal SSU rRNA genes was evaluated by approximate
likelihood-ratio tests [31] as implemented in PhyML (version
3.0) [32]. Bacterial 16S rRNA gene phylogenies were rooted
with SSU rRNA genes from Acidilobus sulfurireducens str.
18D70 (EF057391) and Caldisphaera draconis str. 18U65
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(EF057392). Archaeal 16S rRNA gene phylogenies were root-
ed with SSU rRNA genes from Clostridium acetobutylicum
ATCC 824 (AE001437), and Caldicellulosiruptor saccharoly-
ticus DSM 8903 (CP000679). Eukaryote SSU rRNA gene
phylogenies were rooted with SSU rRNA genes from the
protist Cryptosporidium hominis isolate W18958
(GQ9Y83354) and the ascomycete Zygosaccharomyces rouxii
str. CBS732 (CU928181). Phylogenies were constructed using
the General Time Reversible substitution model with a propor-
tion of invariable sites and gamma-distributed rate variation as
recommended by Modeltest (ver. 3.8) [33]. Phylograms were
rate-smoothed using the multidimensional version of
Rambaut’s parameterization as implemented in PAUP (ver.
4.0) [34]. Rate-smoothing for each phylogram was performed
according to the parameters identified using Modeltest. This
included the identification of the substitution model, the gamma
distribution of rate variation across sites, the proportion of
invariant sites, nucleobase frequencies, and the rate matrix for
each phylogram.

Community Ecological Analysis

Rate-smoothed cladograms were used to calculate Rao’s qua-
dratic entropy (Dp) and the net relatedness index (NRI) spec-
ifying among individual abundances (— a parameter) and 999
iterations with the program Phylocom (ver. 4.0.1) [35]. Dp is
an abundance-weighted metric that describes the pairwise
phylogenetic distance between sequences in a community,
when compared to the total sequence pool. Assemblages with
higher Dp indices exhibit a greater phylogenetic diversity
relative to the total sequence pool. We tested whether NRI
values significantly differed from that of a randomly assem-
bled community (null model). Given that the conclusions of
the predominant mechanisms influencing the assembly of a
community drawn from NRI values can be biased based on
the choice of null model for comparison [12], we report the
results of NRI indices calculated using all four methods of null
model testing available within Phylocom (Supp. Table 1).
These include a null model produced by shuffling the phylog-
eny (null model 0), randomizing the draw of species in the
sample pool (null model 1), randomizing the draw of species
in the phylogeny pool (null model 2), and the independent
swap method (null model 3). Readers are referred to the
Phylocom manual for additional details on null models. One
thousand permutations were performed and a two-tailed sig-
nificance test was used to evaluate the rank of observed
values. When >900 permutations supported the observed
values rather than the random or null model (p<0.10), the
observed rank was deemed to be significant.

Phylocom was also used to construct Rao among com-
munity phylogenetic distance matrices for each cladogram
as previously described [36]. Euclidean distance matrices
derived from the six environmental variables (i.e., depth,
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salinity, DO, PAR, temperature, and pH) were constructed
using the base package within R (version 2.10.1). With Rao
phylogenetic distance as the response variable, model selec-
tion through Akaike Information Criteria adjusted for small
sample size (AICc) and Mantel regressions were performed
to examine relationships with matrices describing individual
environmental parameters using the R packages pgirmess
(version 1.4.3) (http://pagesperso-orange.fr/giraudoux/) and
Ecodist [37], respectively. We considered the model with the
lowest AICc value to be the best and evaluated the relative
plausibility of each model by examining differences be-
tween the AICc value for the best model and values for
every other model (AAICc) [38].

Results
Screening of Great Salt Lake Biodiversity

An initial probe of microbial community biodiversity was
performed at one north arm (NA, 0.5 m depth) and one south
arm site (DWR3, surface and 8 m depths) (Fig. 1) to identify
an environment with high phylogenetic diversity. Site selec-
tion was based on the premise that communities with higher
phylogenetic diversity and/or better evidence for phylogenetic
structure (assessed using “universal” SSU rRNA gene pri-
mers) would provide a better opportunity to identify the
variation in phylogenetic composition and structure along
the vertical depth gradient. The NA and DWR3 assemblages
exhibited statistically significant and positive NRI (5.79 and
5.64, p<0.01 and p<0.01, respectively, using null model 0)
values, suggesting that the surface communities at each site
are phylogenetically clustered. Such phylogenetic clustering
is indicative of ecological filtering by their local environment
whereby closely related species share phenotypic traits that
allow them to persist in a given habitat, but not adjacent
habitats [7]. An examination of Dp revealed a lower metric
for the assemblage sampled from 0.5 m at NA (0.273), than
assemblages sampled from the DWR3 surface (0.283) or deep
brine (0.356) suggesting that the community inhabiting the
DWR3 harbors a greater phylogenetic diversity. Thus, of the
two sites, DWR3 was determined to have the best potential to
uncover relationships between both the gradients in physico-
chemistry and the phylogenetic structure and composition of
individual archaeal, bacterial, and eukaryal SSU rRNA gene
assemblages.

DWR3 Water Column Physicochemistry

Mid-day sampling of the DWR3 water column to a final depth
of ~ 8 m revealed gradients in salinity (143 to 247 ppt), DO
(0.98 to 5.45 mgL™"), PAR (01800 pmolm s "), tempera-
ture (16.59 to 24.17 °C), and pH (5.95 to 8.07) (Fig. 2). PAR
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Fig. 2 a Salinity and temperature as a function of water column depth. b PAR, pH, and DO as a function of water column depth. Gray points

indicate data that were interpolated

decreased immediately within the first few meters of the
DWR3 transect with near total attenuation at a depth of 8 m.
A dramatic increase in salinity and decrease in temperature
occurred at the deep brine layer at depths of 6.5 to 8 m
(Fig. 2a). Additionally, dissolved O, levels decreased dramat-
ically at the oxic/anoxic interface (~6 and 6.5 m). The pH
increased slightly at 6 m, but was lowest at § m. A number of
physicochemical parameters co-varied. For example, water
column salinity varied inversely with water column tempera-
ture (Pearson R=—0.89, p=0.04) and DO (Pearson R=—0.99,
p<0.01) (data not shown). Water column temperature varied
with the pH of the water (Pearson R=0.87, p=0.05) whereas
the DO concentration in the water column varied positively
with temperature (Pearson R=0.83, p=0.08) and inversely
with salinity (Pearson R=—0.81, p=0.10).

Archaeal, Bacterial, and Eukaryal SSU rDNA
Sequencing at DWR3

The phylogenetic diversity and structure of archaeal, bacterial,
and eukaryal assemblages were characterized along the co-
varying physicochemical gradients that make up the DWR3
water column. A total of 307 archaeal, 332 bacterial, and 223
eukaryal SSU rRNA gene sequences that met our length
criteria (see “Materials and Methods™) were obtained from 5
depths (Table 1). The average depth of sequence coverage was
73.4 % for archaeal assemblages, 49.5 % for bacterial assemb-
lages, and 90.7 % for eukaryal assemblages.

Assessing the Phylogenetic Structure of DWR3
Assemblages

The NRI metric describes the extent by which sequences that
comprise an assemblage are clustered on an ultrameric phylo-
genetic tree. Positive NRI values indicate phylogenetic clus-
tering and suggest that the community is shaped largely by
physiological or ecological constraints imposed by the

environment (i.e., environmental filtering) whereas negative
values indicate phylogenetic overdispersion and suggest that
the community is shaped largely by competitive interactions
[1]. NRI values that are not statistically significant imply weak
competition or environmental filtering and may be suggestive
of an important role for neutral processes in community
assembly [12]. We first compared the results of NRI values
obtained using the four null models available in Phylocom
(for a complete description of Phylocom null models, see
[35]). All of the NRI metrics revealed similar trends (Supp.
Table 1), as indicated by positive and significant correlations
when they were regressed against each other (Pearson R>0.75
for all comparisons) (data not shown). In particular, NRI
metrics determined for archaeal, bacterial, and eukaryal
assemblages sampled from the epilimnion using each of the
four null models were positive and generally statistically
significant (Supp. Table 1), indicating that these assemblages
are clustered phylogenetically. Regardless of the null model
that is considered, the NRI decreased systematically with
depth along DWR3. NRI calculated for archaeal, bacterial,
and eukaryal assemblages using null models 0, 1, and 2 were
negative in the hypolimnion, although not all were statistically
significant (Supp. Table 1, Fig. 3). In contrast, NRI calculated
for archaeal, bacterial, and eukaryal assemblages using null
model 3 were positive, but not always statistically significant.
The discrepancy in the NRI metrics and their statistical sig-
nificance when calculated using the various null models is
likely due to the sensitivity of the models to niche-based
mechanisms of assembly versus neutral-based mechanisms
of assembly. A previous metacommunity simulation con-
ducted with these four null models found that null models 0,
1, and 2 tend to be more conservative toward identifying
patterns in phylogenetic structure that could differentiate
niche-based mechanisms of assembly (e.g., environmental
filtering or competition) when multiple traits are likely in-
volved in niche assembly in heterogeneous environments
[12]. However, care must be exercised in that these same null
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Table 1 Clone library statistics for archaeal and bacterial 16S rRNA genes and eukaryl 18S rRNA gene assemblages sampled from each of five
depths as determined using DOTUR and a percent identity threshold of 97 %

Archaea Bacteria Eukarya

Depth (m) n* Chaol® Unique® 1/DP n* Chaol® Unique® 1/DP n* Chaol® Unique® 1/DP
0.0 62 7 6 (85.7) 2.68 66 43 21 (48.8) 6.60 28 2 2 (100.0) 1.08
4.0 13 2 (100.0) 2.05 39 22 13 (58.2) 4.01 44 2 2 (100.0) 1.38
6.0 75 36 18 (49.5) 3.61 34 58 26 (45.1) 51.00 68 3 3 (100.0) 1.69
6.5 75 91 36(39.5)  25.00 82 94 40 (42.5) 2722 28 6 5(90.9)  2.39
8.0 82 27 25 (92.3) 17.03 111 109 58 (53.1) 27.75 53 8 5(62.5) 1.43

#Number of clones sequenced

® Predicted Chaol richness and Simpson (D) indices for an assemblage comprising # sequences as determined by DOTUR at a sequence identity
threshold of 97 %. The Simpson index D was converted to a diversity index by taking the reciprocal of D (1/D)

¢ Number of unique phylotypes sampled from a clone library comprising n sequences as determined by DOTUR at a sequence identity threshold of
97 %, with the coverage of the predicted Chaol richness indicated in parentheses

models are subject to type I errors (false positives) and can
detect non-random patterns of phylogenetic structure in com-
munities that are assembled according to neutral mechanisms
[12]. Thus, the most conservative interpretation for these
observations is that both niche-based competitive interactions
and stochastic evolutionary processes are influencing the
composition of hypolimnion assemblages.

NRI values observed for each assemblage decrease sub-
stantially and sometimes significantly at or below the halo-
cline, where strong gradients in geochemistry are also
observed (Fig. 2). Of the environmental parameters measured,
NRI values for archaeal, bacterial, and eukaryal assemblages
varied most strongly with DO and salinity in the same manner,

Clustered ] Y @ Archaea
=1
__ 10 iy M Bacteria
& 5,
Z g =4 A Eukarya
3 &
s 8 |
a )
o 4 &
5 * '
L A
u &
i nh g
2 4 :
4 _Overdispersed : x
0 2 4 6 8
Depth (m)

Fig. 3 Variation in archaeal (blue), bacterial (red), and eukaryal
(green) phylogenetic relatedness as assessed using the NRI along the
DWR3 depth gradient as assessed using null model 0 (see “Materials
and Methods”). The gray box separates positive NRI values, which
indicate phylogenetic clustering, and negative values, which indicate
phylogenetic overdispersion. Observed community phylogenetic struc-
tures unlikely to arise by chance (p<0.10) are depicted by solid
symbols. The halocline, as inferred by salinity measurements at
DWR3, is indicated by a hashed line

@ Springer

regardless of the null model used to calculate NRI. For exam-
ple, NRI associated with archaeal, bacterial, and eukaryal SSU
rDNA assemblages calculated with null model 0 (Fig. 3) were
inversely correlated with salinity (Pearson R=-0.79, —0.65,
and —0.73, respectively; p values=0.11, 0.23, and 0.16) and
positively correlated with DO (Pearson R=0.62, 0.86, and
0.78, respectively; p values=0.26, 0.06, and 0.12) (data not
shown).

Assessing the Alpha and Beta Diversity of Assemblages

The predicted Chaol phylotype richness and Simpson di-
versity indices for archaeal, bacterial, and eukaryal assemb-
lages sampled from each depth generally followed the same
trends and tend to co-vary (Fig. 4). The lowest predicted
archaeal, bacterial, and eukaryal Simpson diversity was
observed from the surface to a depth of 4 m. At depths
ranging from 4 to 6 m, the Simpson diversity indices asso-
ciated with the three assemblages begin to increase gradu-
ally, reaching a maximum at 6 m in the case of the bacterial
assemblages, and reaching a maximum at 6.5 m in the case
of archaeal and eukaryal assemblages. Intriguingly, the max-
imum predicted diversity metrics for each assemblage oc-
curred as the halocline at DWR3 was traversed (Fig. 1), and
with the exception of the eukaryal communities, remained
comparatively high into the deep brine layer to a depth of
8 m (Fig. 4).

Individual phylogenetic reconstructions of the archaeal,
bacterial, and eukaryal SSU rRNA genes sampled from the
five water column depths yielded well-supported phylograms
for use in examining the phylogenetic composition and struc-
ture of assemblages from these environments. We calculated
Rao’s index of phylogenetic diversity (Dp), a [3-diversity
metric that incorporates abundance weights for phylogenetic
branch lengths associated with each assemblage, for each
domain. Dp values associated with archaeal and eukaryal
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Fig. 4 Predicted Chaol richness, Simpson’s Index of diversity, and
Rao’s phylogenetic diversity (Dp) associated with archaeal 16S rRNA
(a), bacterial 16S rRNA (b), and eukaryl 18S rRNA (c¢) gene assemb-
lages as a function of water column depth

assemblages were greatest at a depth of 6.5 m, whereas only a
small increase in the Dp associated with the bacterial commu-
nity was observed as the halocline was traversed, reaching a
maximum in the hypolimnion (Fig. 4). The Dp associated with

archaeal assemblages exhibited a significant and inverse
correlation with DO (Pearson R*=0.84, p=0.03) whereas
the Dp associated with eukaryal assemblages was most
strongly correlated with PAR, although the relationship was
not statistically significant (Pearson R*=0.40, p=0.25) (data
not shown). The Dp metric associated with bacterial
assemblages was not strongly correlated with any mea-
sured variable.

Model selection and Mantel tests were used to quantify
and rank the extent to which the phylogenetic relatedness of
archaeal, bacterial, and eukaryal SSU rRNA gene assemb-
lages reflected the characteristics of the environments from
where they were sampled (Table 2). A dissimilarity matrix
that describes the average Rao phylogenetic distance be-
tween lineages associated with one community when com-
pared to lineages that comprise a second community served
as the response variable. A model that describes all of the
environmental parameters together (environmental matrix)
was a strong predictor of the phylogenetic similarity of
archacal assemblages (Mantel R*=0.74, p=0.02) but
was a weak predictor of the similarity of bacterial and
cukaryal assemblages (Mantel R*=0.01 and 0.17, re-
spectively; p=0.69 and 0.33, respectively) (Table 2).
This observation suggests that bacterial and eukaryal
lineages may be responding to individual environmental
parameters that are masked when all parameters are
considered together.

Of the individual parameters measured, the phylogenetic
relatedness of archaeal SSU rRNA could best be predicted
on the basis of the variation in temperature (AAICc=0.00,
Mantel R*=0.74, p=0.03); this relationship was statistically
indistinguishable from a model that included salinity
(AAICc=1.00, Mantel R*=0.72, p=0.02) (Table 2). Given
the covariance of temperature and salinity at DWR3, it is
unclear which of these parameters, or both, is the true driver
of community composition. The phylogenetic relatedness of
bacterial communities could best be explained by vari-
ation in DO (AAICc=0.00, Mantel R*=0.79, p=0.05)
while the phylogenetic relatedness of the eukaryal
assemblages could not be explained by any individual
environmental parameters with statistical significance.
The lack of a significant relationship between eukaryal
communities and environmental parameters may be due
to the presence of a dominant and nearly identical
assemblage comprised of a single dominant alga (see
below) in each of the 5 water column depths (Fig. 5), a
feature that would lead to low phylogenetic signal and
which would render community ecology approaches to
characterizing shifts in community phylogenetic diversi-
ty less effective. The lack of correspondence observed
here may also be due to the settling of algal biomass, as
suggested by the dominance of algal taxa in assemb-
lages below the halocline where PAR values are low.
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Table 2 Model ranking using AAICc and Mantel correlation coefficients (R?) where SSU rRNA Rao among community phylogenetic distance is
the response variable. The p values were computed from 1000 Mantel regression permutations

Archaeal 16S rDNA Bacterial 16S rDNA

Eukaryal 18S rtDNA

Model AAICc R? P Model AAICc
Temp 0.0 0.74 0.03 DO 0.0
ENV* 0.2 0.74 0.02 Depth 13.1
Salinity 1.0 0.72 0.02 PAR 15.0
pH 93 0.35 0.07 pH 153
DO 10.2 0.29 0.12 Temp 155
Depth 13.0 0.05 0.48 ENV® 155
PAR 13.5 0.00 0.92 Salinity 155

R? P Model AAICc R? P

0.79 0.05 Salinity 0.0 0.18 0.35
0.22 0.07 DO 0.1 0.17 0.10
0.05 0.36 ENV® 0.1 0.17 0.33
0.02 0.76 PAR 0.6 0.13 0.56
0.01 0.76 Temp 1.1 0.08 0.47
0.01 0.69 Depth 1.6 0.03 0.73
0.00 0.80 pH 1.8 0.01 0.79

Abbreviations: A4ICc difference in the Akaike Information Criterion for each model and the best model adjusted for small sample size; R Mantel

correlations coefficient; p p value derived from Mantel regression

* ENV an explanatory model that describes the variation in all five of the measured parameters (depth measurement excluded).

Taxonomic Composition of DWR3 Vertical Transect
Microbial Communities

Both model selection and Mantel regression analyses indicate
that the phylogenetic diversity of archaeal, bacterial, and
eukaryal assemblages shift in response to environmental gra-
dients, albeit to differing extents and in response to different
factors. To identify specific lineages whose distribution is
most influenced by environmental gradients, we examined
the taxonomic composition of SSU rRNA gene assemblages
as assessed by BLASTn analysis (Supp. Tables 2, 3 and 4;
Fig. 5). In contrast to archaeal and eukaryal assemblages,
which were dominated by a single taxonomic order (Supp.
Tables 5 and 7), bacterial assemblages were more diverse
(Supp. Table 6). Thus, order level assignments were chosen
for this domain in attempt to simplify the analysis and identify
the broader trends in the dataset.

Archaea

Archaeal 16S rRNA gene sequences generated from the tran-
sect along the DWR3 vertical profile revealed a unique species-
level biodiversity that is generally not reflected from culture
collections, as indicated by an average 94 % sequence identities
(minimum=284 %, maximum=100 %) to cultivated represen-
tatives (Supp. Table 2and 5, Fig. 5a). The archaeal SSU rRNA
gene communities sampled along the vertical transect were
dominated by sequences affiliated with the archaeal order
Halobacteriales. Several archaeal taxa dominated at each depth
and exhibited clear trends with respect to physical and geo-
chemical measurements (Supp. Table 8). The abundance of
sequences affiliated with Halogeometricum sp. (range of 4.9
to 100.0 % of total sequences) were inversely correlated with
salinity (Pearson R*=0.95, p<0.01) and positively correlated
with temperature (Pearson R2=0.92, p<0.01) (Supp. Table 8).
In contrast, the abundance of sequences affiliated with
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Halonotius sp. (range of 0.0 to 28.0 % of total sequences)
was positively correlated with salinity (Pearson R*=0.97, p<
0.01) and inversely correlated with temperature (Pearson R*=
0.96, p<0.01). The abundances of sequences affiliated with
Haloquadratum sp. (0.0 to 15.9 % of total sequences) and
Halosimplex sp. (0.0 to 15.9 % of total sequences) both varied
positively with salinity and inversely with temperature and DO.
In addition to sequences affiliated with the Halobacteriales,
sequences affiliated with the methanogens Methanobrevibacter
sp. and Methanohalophilus sp. were identified. The abundance
of both organisms were inversely correlated with DO and
positively correlated with salinity.

Bacteria

Like the archaeal characterization, bacterial 16S rRNA gene
sequences generated from each transect along the DWR3
vertical profile revealed a unique biodiversity that is generally
absent from culture collections at the species level, as indicat-
ed by an average 94 % sequence identities (minimum=_84 %,
maximum=100 %) to cultivated representatives (Supp
Table 3and 6, Fig. 5b). The abundance of several dominant
bacterial orders varied with physicochemical measurements
(Supp. Table 9). For example, the abundance of sequences
affiliated with the bacterial orders Chromatiales (1.3 to 54.3 %
of'total) and Rhodobacteriales (5.0 to 20.0 % of total), (Supp.
Table 5) were positively correlated with DO (Pearson R>=
0.87 and 0.75, respectively; p values=0.07 and 0.17, respec-
tively) (Supp. Table 9). In contrast, the abundance of sequen-
ces affiliated with the Desulfobacterales (0.0 to 17.6 % of
total), and the Uncharacterized CFB (Cytophaga—
Flavobacteria—Bacteroides) Group (0.0 to 18.9 % of total)
were inversely correlated with DO (Pearson R*=0.82 and
0.80, respectively; p=0.04 and 0.04, respectively). In addition
to DO, the abundance of sequences affiliated with a number of
bacterial orders exhibited strong correlations with other
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Fig. 5 Composition of archaeal (a), bacterial (b), and eukaryal (c)
SSU rRNA gene assemblages from 0.0-, 4.0-, 6.0-, 6.5-, and 8.0-m
depths, when binned at the genus, order, and genus level of taxonomy,
respectively. Archaeal genera and bacterial orders that comprised <2
and <3 %, respectively, of each assemblage were combined and depicted
as “other”. Full taxonomic information for each assemblage is provided in
Supplemental Tables 1, 2, 3,4, 5, 6

physical and chemical measurements that are consistent with
their inferred physiologies (Supp. Table 9).

Eukarya

The eukaryotic 18S rRNA gene libraries from the transect along
the vertical profile of DWR3 were the least diverse of the
domains examined, exhibiting an average percent identity to
known taxa of 98 % (minimum=90 %, maximum=100 %)
(Supp. Table 4 and 7, Fig. 5c). All of the eukaryal 18S rRNA
gene assemblages sampled along the DWR3 vertical transect
were dominated by algae affiliated with the taxonomic order
Chlamydomonadales (range 78.6—100.0 % of total sequences).
However, the composition of the algal component of the com-
munity shifted in response to environmental gradients. The
abundance of sequences affiliated with the alga Dunaliella
sp., the dominant alga in all transects of the water column (range
71.4 to 96.4 % of total sequences), was positively correlated
with PAR (Pearson R*=0.71; p=0.07) (Supp. Table 10).
Likewise, sequences affiliated with the alga Oogamochlamys
were primarily identified from the 0 to 6 m depths, the abun-
dance of which varied positively with pH and inversely with
salinity (Pearson R*=0.47 and 0.33), albeit without strong
statistical support. Sequences affiliated with Chlamydomonas
sp. within the green algal class Chlorophyceae were identified
at the 6.0 and 6.5 m depths, while sequences affiliated with
Picochlorum within the algal class Trebouxiophyceae were only
identified at the 8 m depth. In addition to algae, eukaryal
assemblages from deeper depths (=6 m) in the vertical transect
contained sub-dominant sequences (<18 % of total sequences)
affiliated with the arthropod Artemia sp. (1.1 to 17.9 % of total)
and the fungus Malassezia sp. (0.0 to 3.6 % of total); the
abundance of these genera did not vary significantly with any
of the parameters measured in this study (Supp. Table 10).

Discussion

The strong gradients in physical and chemical parameters
present in the DWR3 vertical transect of the GSL provide the
unique opportunity to examine patterns in the mechanism of
archaeal, bacterial, and eukaryal community assembly as a
function of environment. Here, using phylogenetic approaches
applied to a Sanger sequenced SSU rRNA gene dataset [5, 7],
we assessed the relative importance of physiological or eco-
logical constraints imposed by the environment (i.e., environ-
mental filtering) and interspecies competition as controls on the
phylogenetic structure and composition of individual archaeal,
bacterial, and eukaryal assemblages inhabiting DWR3.
Importantly, we also examined the structure of communities
for evidence for stochastic or neutral -based processes [11] in
the assembly of DWR3 assemblages. While evidence for a role
for neutral-based processes was observed, in particular in the
hypolimnion when null model 3 was employed in NRI calcu-
lations, the multiple lines of evidence, most importantly the
strong capacity to predict the composition of archaeal and
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bacterial communities along the DWR3 gradient as a function
of geochemistry, suggest that deterministic niche-based pro-
cesses are likely the predominant influences on the assembly of
communities along the DWR3 vertical transect. Nonetheless,
the observation that p values for NRI were not all significant
suggests an important, and likely secondary, role for stochastic
processes in the assembly of DWR3 assemblages, in particular
at or below the halocline.

A shift in the predominant mechanism of assembly from
that of phylogenetically clustered communities to that of phy-
logenetically overdispersed assemblages along the DWR3 ver-
tical transect was influenced by the characteristics of the
environment. Here, the assembly of communities sampled
from the epilimnion was found to be influenced primarily by
environmental filters whereas the assembly of those sampled
from the hypolimnion was influenced primarily by competitive
interactions. The extent of phylogenetic overdispersion, as
assessed by the net relatedness index (NRI), was positively
correlated with salinity and inversely correlated with DO. It is
not clear how salinity itself would directly lead to greater
competitive interactions among populations comprising an as-
semblage. Rather, it is proposed that the strong association
observed between the extent of phylogenetic overdispersion
and salinity is due to the stratification of GSL due to differences
in brine density which affects the rate of mixing between layers,
imposes nutrient limitation in the hypolimnion, and creates
strong gradients in other physical and chemical variables. In
support of this model, a previous assessment of isopleths of
water column temperature at a site in the south arm of GSL
concluded that the differences in brine densities prevent signif-
icant mixing between the epilimnion and the hypolimnion,
which creates gradients in nutrients such as phosphorus and
nitrate [21]. In the present study, the concentration of DO in the
south arm of GSL was also found to systematically decrease
with depth, with the hypolimnion containing ~20 % of the DO
concentration present in the surface waters. Nutrient limitation
would be expected to limit the coexistence of species with
overlapping fundamental niches that relate to O, toxicity or
utilization [9], leading to phenotypic repulsion [1] and commu-
nities comprised of more distantly related species than would
be expected based on the species richness of an assemblage and
the patterns identified here [9].

The diversity of archaeal, bacterial, and eukaryal SSU
rRNA gene assemblages, as assessed using both alpha and
beta metrics, increased systematically with depth, reaching a
maximum at the halocline (6-6.5 m depth). In other interfacial
ecosystems such as riparian zones [39] and soils [40], the
strength and periodicity of mixing between adjacent ecologi-
cal systems across spatial and temporal scales creates physi-
cal, chemical, and biological heterogeneity that is the source
of a multitude of habitats supporting vast biological and
functional diversity [41]. Thus, the interface between the
epilimnion and the hypolimnion and the physical and
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chemical heterogeneity that it creates at the DWR3 halocline
may create additional ecological niches capable of supporting
a greater diversity. Indeed, a recent study of mat communities
in salterns in Guerrero Negro, Mexico which exhibit signifi-
cant gradients and redox interfaces revealed significant shifts
in community composition that were related to chemical
gradients [42]. Likewise, a recent study found that the func-
tional diversity of microbial communities inhabiting the inter-
face between surface and deep brines in GSL is greater than
that observed in the adjacent ecological systems [43].
Interestingly, this increase in functional diversity ob-
served at the interface was not accompanied by an increased
taxonomic phylogenetic diversity, an observation that the
authors attribute to extensive horizontal gene transfer within
the ecosystem [43].

The phylogenetic composition of archaeal, bacterial, and
eukaryal communities inhabiting the DWR3 water column
could be accurately predicted on the basis of environmental
parameters, most notable salinity, DO, and temperature; both
DO and temperature co-vary with salinity. These results are in
agreement with previous reports which implicate salinity gra-
dients as the primary driver of the phylogenetic similarity of
bacterial assemblages [44] and bacterial/archaeal assemblages
[45] in globally distributed microbiomes, including GSL.
Since microorganisms inherit their ecological predilections
from their ancestors [2, 10] with the exception of cases
of horizontal gene transfer [46], this finding suggests
that the populations that comprise the communities along the
DWR3 gradient, characterized here by taxonomic genes,
show conservatism in their habitat types. An examination of
the inferred physiology of the dominant populations that
comprise each assemblage in the DWR3 also supports this
notion.

The abundance of 16S rRNA genes affiliated with the
Halogeometricum decreased with increasing salinity whereas
the abundance of sequences affiliated with several other
genera (e.g., Halorubrum) increased with increasing salinity.
Among the bacteria, the abundance of 16S rRNA genes
affiliated with the Chromatiales decreased with increasing
salinity and decreasing DO, whereas the abundance of
Desulfobacterales and the uncharacterized CFB group in-
creased systematically with increasing salinity and decreasing
DO. The strain most closely affiliated with the Chromatiales
identified in this study is Aquisalimonas asiatica, an aerobic
halophile that prefers lower salinities [47], consistent with its
distribution in the epilimnion. In contrast, the sequences that
cluster with the Desulfobacterales, which were more preva-
lent in the low DO hypolimnion, are most closely related to a
number of genera that are known to reduce sulfate [48] in-
cluding Desulfohalobium utahense that was isolated from
GSL[48]. Likewise, the predominant CFB sequence detected
in the deeper depths of DWR3 is related to Prolixibacter
bellariivorans, a facultative anaerobe that ferments sugars
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and in the process generates mixed acids and likely H,,
considering that the organism harbors a mixed acid fermenta-
tion pathway [49]. These inferences are consistent with previ-
ous reports of the detection of H,S, H,, and acetate in the
hypolimnion of GSL, where anaerobic taxa such as those
mentioned above are likely to thrive [21, 50-52]. The abun-
dance of sequences affiliated with the alga Dunaliella spp., the
dominant alga across all depths, were positively correlated
with PAR (Pearson R*=0.71; p=0.07) (Supp. Table 10). This
is not a surprising result, as Dunaliella spp. have consistently
been reported as the major contributor to photosynthetic pri-
mary productivity in GSL [53].

In conclusion, the results presented here provide compelling
evidence that deterministic processes have played an important
role in defining the composition of microbial assemblages
along the DWR3 wvertical transect, in particular in the epilim-
nion. The non-random distribution of lineages along the
DWR3 vertical profile, coupled with evidence of increasing
phylogenetic diversity with depth and a transition in the mech-
anism of community assembly at the halocline suggests strong
conservatism in their habitat types. Conservatism in habitat
type is facilitated by conservatism in physiological traits, which
enable biodiversity to persist in a given environmental context.
Thus, one would expect to observe significant shifts in the
functional diversity and metabolic potentials (e.g., shift from
primarily aerobic to anaerobic taxa at halocline) as one tran-
scends the DWR3 vertical transect. Indeed, recent evidence
suggests that the distribution of a biomarker gene for anoxic
bacterial organic carbon fermentation [i.e., [FeFe]-hydrogenase
structural gene hydA] responsible for the production of H, in
many environments [54] are absent from the epilimnion, but
are abundant in the hypolimnion (E.S. Boyd, unpublished
data). Thus, the results of this paper further underscore the
utility of phylogenetic tools in ecological research aimed at
improving understanding into the mechanisms that both under-
lie and control the composition and structure of communities in
natural environments [1-3].
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