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Biodiversity and culture of
prokaryotes inhabiting
haloalkaline and meromictic Soap
Lake, Washington, USA
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Makenna D. Waddell!, Savannah F. Ross?,

Amanda D. Armstrong?, Mackenzie L. Walker?, S. Josiah Sattley?
and W. Matthew Sattley'*

!Department of Biology, Indiana Wesleyan University, Marion, IN, United States, The King's Academy,
Jonesboro, IN, United States

Despite their potential for harboring novel microorganisms exhibiting beneficial
metabolisms or that produce useful products for biotechnology and industry, alkaline
lakes and soils are among the least studied extreme environments. With its high
productivity and meromictic water column, haloalkaline Soap Lake (Washington,
USA) is among the most intriguing soda lakes in the world. We sampled the water
column of Soap Lake and used both culture-based and culture-independent (16S
rRNA amplicon-based) methods to analyze the microbial diversity of both its oxic
and anoxic waters. Cultivable aerobic heterotrophs were specifically targeted
in enrichment cultures, and over 100 isolates were obtained. Small-subunit
rRNA gene sequences were obtained for isolates that exhibited diverse colony
morphologies and grew well on alkaline media containing varying concentrations
of NaCl, and two of these isolates were chosen for in-depth characterization:
strain 12SL-E129, which aligned within the genus Roseinatronobacter; and strain
SL14, of the genus Vibrio. Both strains grew optimally at or above pH 9 and were
halophilic—no growth was evident in the absence of NaCl for either isolate. In
addition, strain SL14 exhibited impressive cold adaptation, showing a faster growth
rate at 0°C than at 37°C. Community (16S rRNA) analyses conducted on Soap Lake
water samples from both the mixolimnion (3 m) and the monimolimnion (23 m)
revealed an extensive diversity of Bacteria, with the shallower depth dominated by
species of Pseudomonadota (especially Alphaproteobacteria), Actinomycetota, and
Bacteroidota; Deep anoxic waters were dominated by Bacillota, including many taxa
containing endospore formers, as well as a marked increase in sulfate-reducing
Deltaproteobacteria. Only low numbers of Archaea were identified in both the
upper and lower waters of Soap Lake. Our data suggest that despite its extreme
conditions (high alkalinity, steep salinity gradient, and reportedly extraordinarily high
sulfide concentrations in the monimolimnion), Soap Lake is a highly productive
aquatic system supporting thriving and diverse bacterial communities.
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1 Introduction

Chemoorganotrophic bacteria that inhabit environments of high
salinity and alkalinity are of considerable economic and environmental
interest due to their production of useful haloalkaline-active enzymes
and ability to catabolize organic compounds under the extreme
physicochemical conditions typical of many commercial industrial
processes (Pollock et al., 2007; Sarethy et al., 2011; Mamo and
Mattiasson, 2020; Rawat et al., 2024; Sarwa et al., 2024; Kour et al.,
2025). The accumulation of organic-rich, alkaline wastewaters of
elevated salinity is a repercussion of manufacturing practices routinely
employed by the agricultural, bio- and petrodiesel, and textile
industries (Paul et al., 2014). With this in mind, there has been
increasing interest in recent decades in investigating natural
haloalkaline ecosystems for novel microorganisms whose metabolisms
facilitate carbon mineralization and nutrient cycling at high
salinity and pH.

Soap Lake, located in east central Washington state (USA,
Figure 1), is the southernmost of a chain of eight closed basin lakes
formed from a glacial outlet channel (Edmondson and Anderson,
1965). The lakes drop progressively in elevation, with Soap Lake being
the lowest, and it is one of just a few haloalkaline, meromictic, soda
lakes in North America (Kallis et al., 2010). In addition to its alkaline
waters that approach pH 10 (Mormile, 2014), the water column of
Soap Lake is chemically stratified. The mixolimnion, which is
comprised of surface waters down to about 19 m, is relatively warm
(11-21°C), brackish, the
monimolimnion (21-27 m) is colder (6-10°C), anoxic, hypersaline,

and well oxygenated, whereas
and contains unprecedentedly high levels of dissolved sulfide that have
been reported to exceed 150 mM (Sorokin et al., 2007). Between these
layers, the chemocline contains both dissolved O, and sulfide at
contrasting steep gradients, a condition in meromictic lakes that
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supports the proliferation of sulfur-oxidizing chemolithotrophic
bacteria (Sattley and Madigan, 2006; Sorokin et al., 2007; Zadereev
etal., 2017).

Although the pH of Soap Lake is stable at 9.8 throughout the
water column, the salinity increases with depth from 14 g L™" at the
surface to 20 g L™ at the chemocline, followed by a sharp increase to
140 g L™" in the monimolimnion (Sorokin et al., 2007). In addition,
dissolved solids increase dramatically from the chemocline to the
bottom of the lake (Sorokin et al., 2007), and because of this, the deep
waters are more turbid and dark yellow in color and are accompanied
by a strong odor of sulfide and decomposing organic matter. The
alkalinity of Soap Lake is a consequence of high levels of dissolved
carbonate and sulfate, and it is the latter that supports the high rate of
biological sulfate reduction responsible for the extraordinary sulfide
concentrations in the anoxic brine (Dimitriu et al., 2008).

Despite high rates of biological productivity (Asao et al., 2007,
2011) and a unique physicochemistry that suggest the presence of a
diversity of potentially novel, polyextremophilic microbes,
microbiological investigations of Soap Lake have been limited. The
few culture-based studies of Soap Lake conducted thus far have
focused primarily on anoxygenic phototrophic bacteria (Asao et al.,
2007, 2011) and chemolithotrophic sulfur-oxidizing bacteria (Sorokin
etal.,, 2007), as well as studies of isolates having potential for bioenergy
(Mormile, 2014; Paul et al., 2014) or that play a role in metal reduction
(Pollock et al., 2007; VanEngelen et al., 2008). Therefore, a broader
survey of the cultivable chemoorganotrophic bacteria inhabiting Soap
Lake is warranted and may yield isolates that, for example, produce
useful alkaline-active enzymes or employ metabolisms beneficial for
bioremediation purposes.

To investigate the microbial communities inhabiting Soap Lake
and potentially unveil microorganisms having unique lineages or
useful properties, we sampled the Soap Lake water column and have

FIGURE 1

lake depths (m

Geography and sampling of Soap Lake, east central Washington, USA. Soap Lake is the final and lowest elevation lake in a chain of eight lakes in the
Lower Grand Coulee Basin. The lake has a closed basin and no outlet. The bathymetric map [adapted from Edmondson and Anderson (1965)] indicates
), with the anoxic monimolimnion indicated with red lines. The blue star indicates the sampling site. The water column was sampled on
a calm day using a fine-resolution, peristaltic pump-driven sampling device (Sattley et al., 2017).

Peristaltic pump
water column
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employed a combination of culture-based and culture-independent
analyses to examine waters from both its mixolimnion and
monimolimnion. In a previous metagenomic analysis of Soap Lake
water, Hawley and Hess (2014) reported “relatively low” microbial
diversity. However, this report was based on only a single surface
water grab sample, and other studies have indicated an increase in
biodiversity with depth in Soap Lake (Sorokin et al., 2007; Dimitriu
et al, 2008). In the present investigation, we report a highly
heterogeneous picture of Soap Lake microbial communities
characterized by distinct assemblages of taxa in mixolimnion (3 m)
waters versus monimolimnion (23 m) waters. In addition, we have
isolated numerous strains of aerobic chemoorganotrophic bacteria
from throughout the Soap Lake water column and herein provide
morphological, physiological, and phylogenetic characterization of
two novel isolates as part of an ongoing effort to better understand the
microbiology of this unique ecosystem.

2 Materials and methods
2.1 Sample collection and strain isolation

Soap Lake water column samples from the surface to 24 m were
collected in 1-m intervals at 47°24.39'N, 119°29.57"W on 28 July 2021
using a peristaltic pump-driven limnological sampling device
(Figure 1), as previously described (Sattley and Madigan, 2010; Sattley
etal, 2017). The wind during sampling was calm (Figure 1) and, thus,
sampling drift was minimal. The parafilm-sealed, completely filled,
Nalgene® bottle samples were kept cold but unfrozen during transport
to the laboratory, whereupon they were stored at 4°C. Primary
enrichment cultures for aerobic chemoorganotrophs were established
by transferring 1 mL aliquots from each of the 25 lake water samples
to 125-ml Erlenmeyer flasks containing 50 mL of sterile modified R2A
medium (Reasoner and Geldreich, 1985). The modified R2A medium
contained no soluble starch and was adjusted to pH 9.5 (buffered with
10 mM CAPSO) and amended with either 0, 1, 1.5, or 2% (w/v) NaCl.

After 1-3 weeks of incubation at 10°C, liquid cultures established
from all depths of lake water were turbid. The cultures were systematically
streaked for isolation on agar plates of the same medium in which they
were enriched, and following multiple rounds of subsequent re-streaking,
over 100 bacterial isolates producing morphologically distinct colonies
were obtained. Axenic cultures of all isolates were confirmed by
microscopic observation and colony uniformity, and mid-logarithmic
phase cultures of each were preserved at —80°C in medium containing
10% (v/v) dimethyl sulfoxide (DMSO). To focus the study, two isolates
(strains 12SL-E129 and SL14, described below) that grew especially well
and produced morphologically distinct colonies were selected for detailed
physiological characterization, partial 16S rRNA sequencing, and
phylogenetic analyses.

2.2 Microscopy

Cell morphology and arrangement were determined using a Leica
Microsystems model DM1000 phase-contrast microscope, as
previously described (Hayward et al., 2021). Motility in isolated strains
was determined by microscopic observation and visual assessment of
stab inoculations in semi-solid (0.35% agar) sulfide-indole-motility
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(SIM) medium (Becton, Dickinson and Company, Sparks, MD, USA;
Zimbro et al., 2009).

2.3 Physiological studies

Growth temperature responses for isolated strains were
determined spectrophotometrically by measuring the ODsy, of
triplicate  cultures over temperatures ranging from
0-45°C. Absorbance measurements were taken immediately after
inoculation of liquid tube cultures of modified medium R2A
containing 2% NaCl and again after 7 days of incubation. The
differences between the initial and final absorbances of the triplicate
tubes at each temperature were averaged and compared to
determine the optimum growth temperature for each isolate. The
temperature supporting the highest cell density for each isolate was
assigned a value of 100, and the percentage of maximum growth
was calculated for each remaining temperature.

To determine salinity tolerances and optima, triplicate cultures of
each isolate were established in modified medium R2A supplemented
with final concentrations of NaCl ranging from 0 to 10% (w/v) in
increments of 1%. Cultures were incubated at 20°C for either 5 days
(strain SL14) or 7 days (strain 12SL-E129), and growth was evaluated
as ODs,, versus a time zero (T,) measurement. The NaCl concentration
supporting the highest cell density for each isolate was assigned a
value of 100, and the percentage of maximum growth was calculated
for each remaining salinity value.

To determine the pH tolerance and optimum of each isolate,
liquid cultures of modified medium R2A containing 2% NaCl and
ranging in pH from 5 to 12 were established in triplicate. Buffers for
each tested pH were added at a final concentration of initially 10 mM,
but this was later adjusted to 25 mM to increase pH stability in the
growing cultures. Buffers were used according to Asao et al. (2011)
and included MES (pH 5-6), MOPS (pH 6.5-7.5), Bicine (pH 8-8.5),
CAPSO (pH 9-10), and CAPS (pH 11-12). ODs,, measurements were
taken at T, and again after seven (strain 12SL-E128) or three (strain
SL14) days of growth. The differences between the initial and final
absorbances were averaged for each pH value to determine the
optimum pH for each isolate. The pH with the highest cell density was
assigned a value of 100, and the percentage of maximum growth was
calculated for each remaining pH value to define the pH range for
each isolate.

Because of its phylogenetic affiliation with phototrophic members
of the Paracoccaceae, strain 12SL-E129 was tested for growth under

~! incandescent

phototrophic conditions (anoxic with 50 pE-ms
light) in 17-ml screw-capped tubes completely filled with medium
RV5 (Milford et al., 2000) and incubated at 25°C. Controls in medium
RV5 incubated aerobically both in the dark and in the light were also
established. In addition, aerobic carbon source utilization was
investigated for strain 12SL-E129 and compared to the carbon source
profile of close relatives of the genus Roseinatronobacter. Usable
carbon sources were determined in a mineral salts medium
supplemented with sterile stock solutions of individual carbon sources
(3-10 mM, final concentration), as previously described (Vander
Schaaf et al., 2015).

Because of its phylogenetic affiliation with pathogenic members
of the genus Vibrio, strain SL14 was inoculated onto sheep blood agar
(SBA) plates and incubated at 20°C to assay for hemolytic activity.
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Cultures were visually inspected after cells reached stationary phase
(48-72 h) to determine hemolysis.

2.4 Molecular methods

Community diversity analyses of Bacteria and Archaea inhabiting
Soap Lake mixolimnion (3 m) and monimolimnion (23 m) waters
using high-throughput DNA sequencing technology were performed
by Charles River Laboratories (Newark, Delaware, USA) by first
concentrating either 15 mL (3 m water) or 10 mL (23 m water) of the
sample with an Amicon® Ultra-15 centrifuge filter, and total DNA was
extracted with a Qiagen extraction kit. Library preparation for each
sample was performed using an Illumina 16S (V1-V3) targeted
amplicon DNA prep kit with universal primers 5F:
TGGAGAGTTTGATCCTGGCTCAG and 527R: GTATTACCG
CGGCTGCTGGCAC. Next generation sequencing was conducted
using MiSeq (300 x paired end reads) Illumina chemistries. FastQ files
were uploaded to the One Codex cloud-based bioinformatics
pipeline,' which compares against the National Center for
Biotechnological Information (NCBI) RefSeq database. Totals of
2,413,928 (3 m water sample) and 2,681,128 (23 m water sample)
reads were generated. Alpha (within sample) diversity metrics were
calculated for each depth as Shannon and Simpson diversity indexes
using the One Codex platform. Similarly, beta (between samples)
diversity metrics were calculated both as Bray-Curtis dissimilarity and
mean Aitchison distance using the One Codex platform.

Phylogenetic determinations for isolated strains were made by
employing either FulSeq® (strain 12SL-E129) or BacSeq® (strain
SL14) polymerase chain reaction (PCR) amplification of small-subunit
(16S) ribosomal RNA genes, as previously described (Pop et al., 2025),
which were then sequenced using the Sanger dideoxy method and
identified using the Accugenix® library (Charles River Laboratories,
Newark, DE). Initial taxonomic determinations were then confirmed
using the nucleotide Basic Local Alignment Search Tool (BLAST)
function of the NCBI database (Johnson et al., 2008).

Further phylogenetic analyses were performed using MEGA
version 11 (Tamura et al., 2021). Type strains closely related to
Soap Lake isolates were identified by cross-referencing BLAST 16S
rRNA gene sequence searches with the List of Prokaryotic Names
with Standing in Nomenclature (LPSN) website (https://bacterio.
net; Parte, 2018). Neighbor-joining phylogenetic trees were
generated using MEGAL11, as described in their corresponding
figure legends.

DNA sequences from 16S rRNA amplicon analyses performed for
this study were deposited into the NCBI* sequence read archive (SRA)
database as BioProject accession PRINA1279256. High-throughput
(16S rRNA) data obtained for the 3-m and 23-m Soap Lake water
samples were accessioned as SRX29246298 and SRX29246299,
respectively. The partial 16S rRNA gene sequences for strains
12SL-E129 and SL14 were deposited into GenBank (NCBI) with
accession numbers PV362398 and PV382118, respectively.

1 www.onecodex.com

2 https://www.ncbi.nlm.nih.gov/
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3 Results
3.1 Community diversity analysis

Marked differences were apparent in the microbial taxa identified
by high-throughput 16S rRNA gene sequencing of the highly oxic
mixolimnion (3m) waters compared with the deep, anoxic
monimolimnion (23 m) waters. Microbial communities in the 3-m
water sample showed greater species evenness but overall lower
species diversity than the 23-m water sample. The microbial
composition of the 3-m water was dominated by members of the phyla
Pseudomonadota and Actinomycetota, which comprised 29.76 and
27.84%, respectively, of the total identified taxa (Figures 2A,B). By far,
Alphaproteobacteria represented the largest portion (82%) of
sequences from the phylum Pseudomonadota, followed by
(11%), (5%), and
Deltaproteobacteria (2%); Epsilonproteobacteria were not identified in

Gammaproteobacteria Betaproteobacteria
the 3-m sample (Figure 2A). Classes representing the greatest portion
of the phylum Actinomycetota included Actinomycetes (59%) and
Nitriliruptoria (33%) (Figure 2A).

Members of the phylum Bacteroidota also represented a
substantial portion of the 3-m microbial community at 17.28% of total
identified taxa, with members of the class Flavobacteriia representing
the greatest portion (68%) of this phylum (Figure 2A). No other
phylum of Bacteria comprised more than 8% of total bacterial
diversity in the 3-m sample (Figures 2A,B). Archaea were represented
by the phyla Thermoproteota and Euryarchaeota, which comprised
only minor portions (3.08 and 0.92%, respectively) of the total
detected diversity in the 3-m sample (Figures 2A,B). However, because
the 16S rRNA primers used in the analysis were not optimized for
Archaea, the percentages of total archaeal diversity may
be underestimates, and this caveat also applies for archaeal sequences
detected in the 23-m Soap Lake water sample.

The 23-m water sample was dominated by species of the phylum
Bacillota, which comprised nearly 50% of total diversity and consisted
of nearly equal numbers of Clostridia and Bacilli (Figures 2C,D).
Alpha (Shannon and Simpson diversity indexes) and beta (Bray-
Curtis dissimilarity and mean Aitchison distance) diversity analyses
showed that the 23-m water sample contained overall higher
prokaryotic diversity than the 3-m sample, and species identified in
the two samples differed substantially (Figure 2E). Although members
of the Pseudomonadota and Bacteroidota were still well represented in
the 23-m water at 14.25 and 12.35% of total diversity, respectively
(Figures 2C,D), unlike in the 3-m sample, Alphaproteobacteria,
Deltaproteobacteria, and Gammaproteobacteria comprised nearly
equal portions of the Pseudomonadota, and Epsilonproteobacteria were
detected (Figures 2C,D). Surprisingly, whereas members of the
Actinomycetota comprised a major portion of taxa in the 3-m sample,
this phylum represented just 2.85% of the total diversity in the 23-m
water sample (Figure 2C). Archaeal phyla were also detected in the
deep waters but differed from those identified in the 3-m sample. Most
of the archaeal sequences in the 23-m water aligned with poorly
characterized archaeal phyla, including “Candidatus Bathyarchaeota”
and “Candidatus Thorarchaeota” (Figures 2C,D). The only identified
archaeal phylum represented by sequences at both depths
was Euryarchaeota.

Consistent with both the astonishingly high concentrations of
sulfide in the monimolimnion of Soap Lake and its large percentage
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Alphaproteobacteria 4.56 4.8 32
Gammaproteobacteria 4.42 4.65 31
Betaproteobacteria 0.43 0.45 3
Epsilonproteobacteria 0.14 0.15 1
Bacteroidia 10.37 10.92 84
Flavobacteriia 1.62 1.69 13
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Mycoplasmatota 2.85 3 —
| Other Phyla 475 51 .
Archaea 5 — —
Sample Shannon Simpson | Bray-Curtis | Aitchison
3m 4.190 0.875
0.918 79.896
23 m 5.705 0.959 E
FIGURE 2

|avobacter

Soap Lake community sampling analysis. (A) Total taxonomic diversity of recovered DNA sequences from a 3-m Soap Lake water sample. “Other Phyla”
are those bacterial taxa that individually represented <1% of total sequences and includes Acidobacteriota, Spirochaetota, Cyanobacteriota,
Deinococcota, and "Candidatus Kaiseribacteriota.” Identified classes of Bacteria are shown in uncolored rows under each corresponding phylum.

(B) Graphical representation of data in (A) with inner ring showing phyla and outer ring showing classes (classes not shown for phyla representing <8%
of total recovered sequences). (C) Total taxonomic diversity of recovered DNA sequences from a 23-m Soap Lake water sample. “Other Phyla" are
those bacterial or archaeal taxa that individually represented <1% of total sequences and includes Acidobacteriota, Balneolota, Chloroflexota,
Nitrospirota, Fusobacteriota, Cyanobacteriota, Deinococcota, and Thermotogota, as well as the DPANN archaeal superphylum. Identified classes of
Bacteria are shown in uncolored rows under each corresponding phylum. (D) Graphical representation of data in (C) with inner ring showing phyla and
outer ring showing classes (classes not shown for phyla representing <5% of total recovered sequences). (E) Alpha diversity (Shannon and Simpson
indexes) and beta diversity (Bray—Curtis dissimilarity and mean Aitchison distance) metrics at species level, indicating a greater degree of prokaryotic
diversity at 23 m than 3 m in the Soap Lake water column, as well as substantial differences in the diversity between the two depths.

— Gamme-
protecbacteria
Beta-
protecbacteria

Delta-

proteobacteria

Unclassified

Loettaproteoacteria

(phaproteobacteria D

of Clostridia and Deltaproteobacteria relative to total diversity,
sequences identified in the 23-m sample revealed a remarkable
assemblage  of both  Gram-positive
Desulfallas, and
Desulfonispora) and Gram-negative (Desulfovibrio, Desulfobulbus,
Desulfonatronovibrio,

(Desulfosporosinus,
Desulfotomaculum, Desulfohalotomaculum,
Desulfonatronobacter, Desulfuromusa,

Desulfonatronum, Desulfococcus, Desulfosalsimonas, and
Desulfobacter) genera of sulfate-reducing bacteria (SRB). Sequences
for SRB were not detected in the 3-m Soap Lake sample, presumably

because of the sensitivity of SRB to O,. Sequences aligning with

Frontiers in Microbiology

sulfur-oxidizing bacteria (SOB), including species of Thiomicrospira
and Thioalkalivibrio, were also recovered from the 23-m sample.
Also absent from the 3-m sample but present in the 23-m sample
where sulfide is available as a photosynthetic electron donor were
phylotypes representing a substantial diversity of phototrophic purple
nonsulfur bacteria, including Rhodospirillum rubrum, Rhodobacter
capsulatus, Rhodobacter veldkampii, and Rhodococcus jostii. Also
present were sequences identified as Roseinatronobacter monicus and
Roseinatronobacter bogoriensis, two species that were most similar to
our Soap Lake isolate, strain 12SL-E129 (discussed below), in
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phylogenetic analyses. Finally, in addition to phototrophic bacteria, a
phylotype matching Vibrio metschnikovii, a species that was identified
as the closest relative of our Soap Lake isolate, strain SL14 (also
discussed below), was identified in the 23-m sample.

3.2 Isolation and morphology of Soap Lake
isolates

Aerobic enrichment cultures established in 125-mL Erlenmeyer
flasks containing a modified R2A medium (see Materials and
methods) and adjusted to pH 9.5 yielded pure cultures of over 100
bacterial isolates through repeated streaking for isolation on agar
plates of the same growth medium. Whereas most of these isolates
remain uncharacterized, two were chosen for more detailed study
based on their rapid growth, phenotypic properties, and phylogenetic
12SL-E129, of the
Roseinatronobacter most closely related to R. bogoriensis and

distinctions: ~ Strain a  species genus
R. monicus based on 16S rRNA phylogeny; and strain SL14, a species
of Vibrio phylogenetically related to V. metschnikovii, V. aestuarianus,
and V. salilacus.

Strain 12SL-E129 grew well aerobically at room temperature
(~22°C) and produced small (1-3 mm in diameter), round, cream- to
pale pink-colored colonies with entire margins. Aerobic liquid
cultures were unpigmented. Cells of strain 12SL-E129 were short
(0.5-0.7 x 1-1.5 pm), pleomorphic, nonmotile coccobacilli and
showed dark inclusions that were possibly polyphosphate granules
(Figure 3, photo inset), as were observed in cells of its close relative
Roseinatronobacter monicus (Boldareva et al., 2007). Both Gram

staining and KOH testing (Buck, 1982) indicated the cells were

10.3389/fmicb.2025.1620605

Gram-positive, but subsequent phylogenetic analysis revealed the
strain belonged to the Gram-negative family Paracoccaceae, described
in more detail below.

Strain SL14 grew rapidly aerobically at room temperature in
modified liquid R2A, with cultures producing visible turbidity
overnight. Cells grown on plates of the same medium produced small-
to medium-sized (2-5 mm in diameter), convex, cream-colored
(unpigmented) colonies with undulate margins. Cells of strain SL14
were small (0.4-0.5 x 1-1.5 pm), vibrio- to spirilla-shaped, and highly
motile from a single polar flagellum or possibly a tuft of bundled polar
flagella (Figure 4, photo insets). When plated on sheep blood agar,
colonies of strain SL14 were larger and darker in color and also
showed extensive f-hemolysis, completely lysing the red blood cells
in the medium surrounding colonies (data not shown).

3.3 Phylogeny of isolates

Analysis of the nearly complete 16S rRNA gene sequence of strain
12SL-E129 revealed it to group within the family Paracoccaceae. A
neighbor-joining phylogenetic tree embedded strain 12SL-E129 firmly
within a clade containing species of the genus Roseinatronobacter,
with its highest sequence identities aligning with Roseinatronobacter
(formerly Rhodobaca) bogoriensis (97.67%) and Roseinatronobacter
monicus (97.27%) (Figure 3), both of which were isolated from other
alkaline soda lakes (Milford et al., 2000; Boldareva et al., 2007).
Interestingly, a second strain of R. bogoriensis, strain SLB, was isolated
from Soap Lake water from a depth of 22 m (Asao et al., 2011). A
BLAST analysis showed the 16S rRNA gene sequence of R. bogoriensis
strain SLB to be 97.27% identical to that of strain 12SL-E129.

64

92

Roseinatronobacter bogoriensis LBB1T (NR025089)
Roseinatronobacter monicus ROS 35" (NR043914)

Roseinatronobacter sp. 12SL-E1297 (PV362398)
Roseinatronobacter ekhonensis EL-50T (NR042212)

Roseinatronobacter domitianus V10T (MW785571)

Roseibacula alcaliphilum De" (NR178719)
Roseinatronobacter alkalisoli H)B-301T (MT892652)

Roseicitreum antarcticum ZS2-28T (NR116571)
Pararhodobacter oceanensis AM505T (NR171450)
Pararhodobacter marinus CIC4N-9" (NR171523)
Rhodobacter alkalitolerans JA916" (NR169419)
Rhodovulum sulfidophilum DSM 13747 (D16423)

0.02

FIGURE 3

16S rRNA phylogenetic analysis of strain 12SL-E129 (red font). The sequenced 16S rRNA gene was aligned with closely related type strains using Muscle.

Rhabdonatronobacter sediminivivens IM2376T (NR181680)

Alkalilacustris brevis 34079 (NR173511)

Rhodopseudomonas palustris 2.1.6" (AB498815)

parentheses. The tree scale bar indicates a distance equivalent of 2 nucleotide changes per 100 nucleotides. Inset photo: Phase-contrast
photomicrograph (1,000 X total magnification) of cells of strain 12SL-E129.

The tree was constructed from 1,402 nucleotide positions in MEGAL1 using the neighbor-joining method and the Kimura 2-parameter model.
Bootstrap values (1,000 replicates) of >50% are indicated at the branching points, and GenBank accession numbers of all included taxa are shown in
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Vibrio salilacus DSG-S6" (NR136811)

Vibrio sp. SL14T (PV382118)
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Vibrio vulnificus NBRC 156457 (NR119061)
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FIGURE 4

flagella (arrows).

16S rRNA phylogenetic analysis of strain SL14 (red font). The sequenced 16S rRNA gene was aligned with closely related type strains using Muscle. The
tree was constructed from 472 nucleotide positions in MEGA11 using the neighbor-joining method and the Kimura 2-parameter model. Bootstrap
values (1,000 replicates) of >50% are indicated at the branching points, and GenBank accession numbers of all included taxa are shown in parentheses.
The tree scale bar indicates a distance equivalent of 2 nucleotide changes per 100 nucleotides. Inset photos: Phase-contrast photomicrographs
(1,000 x total magnification) of cells of strain SL14. Top photo: vibrio- to spirilla-shaped cells. Bottom photo: cells of strain SL14 with visible polar

Escherichia coli ATCC 11775 (X80725)

Microscopic observations showed that cells of strain SL14
exhibited the hallmark phenotypic properties of species of Vibrio (e.g.,
vibrio/spirilla cell morphology and vigorous flagellar swimming
motility; Figure 4 photo inset), and indeed, a phylogenetic analysis
confirmed its taxonomic status as belonging to this genus. Its closest
cultured relatives were the halotolerant species V. metschnikovii,
V. salilacus, and V. aestuarianus, which showed sequence identities
ranging from 95.76-98.76% using partial 16S rRNA gene sequences
(Figure 4).

3.4 Physiology of isolates

Roseinatronobacter strain 12SL-E129 exhibited a broad growth
temperature range. Slow growth was evident at 4°C, with growth rates
steadily increasing to optimal at 37°C; no growth of strain 12SL-E129
occurred at 0 or 45°C (Figure 5A). By contrast, the growth temperature
profile of Vibrio strain SL14 differed substantially from that of strain
12SL-E129. Unexpectedly, strain SL14 exhibited a cold-adapted,
psychrotolerant phenotype, with optimal growth occurring at 10°C
(Figure 5A). Remarkably, slow to moderate growth of strain SL14
occurred at 0°C, with rates being slightly faster than those observed
at 37°C, a temperature at which the organism was clearly stressed
(Figure 5A).

Both of the Soap Lake isolates described in this study had an
absolute requirement for NaCl, and therefore unlike their closest
relatives (Figures 3, 4), they are classified as true halophiles. Although
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no growth of either isolate occurred in medium completely lacking
NaCl, copious growth of both strains was observed with the addition
of 1% (w/v) NaCl, and Roseinatronobacter strain 12SL-E129 grew best
with this salt concentration (Figure 5B). Vibrio strain SL14 was more
halophilic than strain 12SL-E129 (Figure 5B). Growth of strain SL14
was optimal with 3% NaCl, and whereas growth of strain 12SL-E129
was barely measurable at 7% NaCl, slow growth of strain SL14 could
still be detected in medium containing up to 9% NaCl (Figure 5B).

The pH optima, and especially the pH ranges, also differed
between strains 12SL-E129 and SL14. Although Roseinatronobacter
strain 12SL-E129 had a lower pH optimum than Vibrio strain SL14
(pH 9 versus pH 10), it exhibited an overall more alkaliphilic
phenotype, growing within a range of pH 8-11.5 but with no growth
at pH 7 (Figure 5C). Compared to R. bogoriensis and R. monicus,
strain 12SL-E129 exhibited a similar pH optimum but a higher pH
maximum (Milford et al., 2000; Boldareva et al., 2007). In contrast to
strain 12SL-E129, no growth of Vibrio strain SL14 was observed at pH
11 even though optimal growth occurred at pH 10 (Figure 5C). In
addition, strain SL14 had an especially broad pH range, growing
slowly even at pH 6 (Figure 5C), a characteristic shared with
V. salilacus (Zhong et al., 2015).

Because of the phylogenetic grouping of Roseinatronobacter strain
12SL-E129 within a genus containing phototrophic purple nonsulfur
bacteria, we investigated both usable carbon sources and the potential
for pigment biosynthesis and phototrophic (anoxic/light) growth by this
isolate. Strain 12SL-E129 was able to use a variety of carbon sources
aerobically in darkness. The overall carbon utilization profile resembled

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1620605
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Vanderlaan et al.

100
~o—-SL14

80 ~0-12SL-E129

60

40

20

% Maximum Growth

o4
-
°

20 30 40 50
Temperature (°C)

—e—SL14

—0—12SL-E129

®
=3

60

40

% Maximum Growth

20

[] 1 2 3 4 5 6 74 8 9 10
B Salinity (% NaCl)

-8-SL14

80
~0-12SL-E129

60

40

% Maximum Growth

FIGURE 5

Growth of Soap Lake bacterial isolates as a function of

(A) temperature, (B) salinity, and (C) pH. Growth is presented as a
percent of the maximum absorbance (ODs,,) averaged from
triplicate cultures for each parameter. Under optimal conditions, final
turbidity maxima (ODs,,) reached 0.416 for strain 12SL-E129 and
0.722 for strain SL14, with mean generation times of 20 h and 5.5 h,
respectively.

that reported by Milford et al. (2000) for R. bogoriensis, with strain 12SL-
E129 having a preference for sugars and fatty/organic acids but being
unable to metabolize alcohols (Table 1). Growth of strain 12SL-E129 in
medium RV5, which was used for most culture-based experiments on
R. bogoriensis (Milford et al., 2000), was good under aerobic conditions,
but no growth of strain 12SL-E129 occurred anaerobically under
incandescent illumination in this medium. In addition, there was no
evidence of any photosynthetic pigment production in cultures of strain
12SL-E129 under any growth conditions tested.

4 Discussion

Diversity analyses of the two Soap Lake water samples surveyed
in this study revealed an overall greater degree of prokaryotic diversity
in the deep (23-m) monimolimnion water than in the shallower (3-m)
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mixolimnion sample. A similar observation was noted in an earlier
study by Dimitriu et al. (2008), in which denaturing gradient gel
electrophoresis of 16S rRNA genes showed an increase of Soap Lake
prokaryotic diversity with depth. In addition, both the present study
and that conducted by Dimitriu et al. (2008) showed substantial
differences in the composition of prokaryotic taxa identified in
warmer, oxic Soap Lake waters compared to colder, anoxic, and highly
saline 23-m lake water (note that whereas a 3-m mixolimnion sample
was analyzed in this study, the 2008 study used a 5-m sample; both
studies used a monimolimnion sample from a depth of 23 m). The
observed distinctions in microbial community composition between
the shallower and deeper waters are presumably linked to the dramatic
physicochemical differences between the mixolimnion and
monimolimnion of Soap Lake.

In the study by Dimitriu et al. (2008), a 16S rRNA gene clone
library constructed from late-July (2003) samples revealed a
predominance of Alpha- and Gammaproteobacteria in 5-m
mixolimnion water and a predominance of Bacillota (i.e., “low
G + C Gram-positive bacteria®) and Bacteroidota (i.e., “CFB”;
Cytophaga-Flexibacter-Bacteroides) in 23-m monimolimnion
water. These results are similar, but not identical, to those obtained
in the present study on Soap Lake samples also collected in late
July but nearly 20 years later. Both studies showed a predominance
of Proteobacteria in the mixolimnion and the disappearance of
Actinobacteria and Chloroflexota with depth, as well as an absence
of Epsilonproteobacteria in the mixolimnion but detection of these
bacteria in 23-m water. However, whereas Dimitriu et al. (2008)
detected good representation (>10%) of “low G + C Gram-positive
bacteria” in 5-m mixolimnion water, Bacillota represented only a
small portion (<3%) of sequences identified in 3-m mixolimnion
water in the present study. Considering that both studies revealed
an increase of Bacillota with depth, this variation may simply be a
reflection of the 2-m difference in depth of the two
samples analyzed.

In both the work of Dimitriu et al. (2008) and in this study,
sequences of Alphaproteobacteria diminished dramatically with
depth, but Gammaproteobacteria remained a significant portion
of detected sequences in the monimolimnion at approximately 5%
of the total. Among the sequences of Gammaproteobacteria
detected in our 23-m
chemolithotrophic bacteria

sample

(SOB), species of
Thiomicrospira and Thioalkalivibrio. This finding was consistent
with observations by Sorokin et al. (2007) in which SOB,
particularly species of Thioalkalivibrio, were both detected and
cultured from both chemocline and monimolimnion Soap Lake

were sulfur-oxidizing

including

waters. In contrast to results from Dimitriu et al. (2008),
representation of Deltaproteobacteria in our samples increased
notably with depth from <1% of total sequences at 3 m to nearly
5% at 23 m. As previously discussed, this observation is
presumably due in large part to the presence of an abundance of
remarkably diverse sulfate-reducing bacteria that include both
(Deltaproteobacteria)
(Clostridia) taxa. As SRB are generally strict anaerobes,

Gram-negative and  Gram-positive
predictably, none of these sequences was detected in the oxic, 3-m
Soap Lake sample. Considering the presence of both dissolved O,
and sulfide in the chemocline and the abundance of available
sulfate and dissolved sulfide in the monimolimnion, it is likely
that microbial sulfur cycling drives a significant portion of the
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TABLE 1 Carbon source utilization profile of strain 12SL-E129 and close relatives of the genus Roseinatronobacter under aerobic dark conditions.?

Strain 12SL-
E129°

Carbon
Source

R. bogoriensis©

R. monicus® R. domitianus® R. ekhonensisf

Sugars/sugar alcohols

Glucose (+) + - ND +
Fructose (+) + + + -
Galactose - ND + ND ND
Lactose - - + ND +
Sucrose + + + ND ND
Ribose - - ND ND ND
Mannose (+) ND ND ND ND
Maltose (+) ND + — +
Cellobiose + ND ND ND ND
Melibiose - ND ND + -
Arabinose + ND + ND ND
Raffinose (+) ND ND ND ND
Xylose (+) + ND ND ND
Mannitol (+) + + ND ND
Adonitol - ND ND ND ND
Fatty/organic acids

Acetate (+) (+) + ND ND
Butyrate + + — + _
Propionate (+) + + ND ND
Pyruvate (+) + + ND ND
Lactate (+) (+) + + -
Fumarate (+) + ND ND ND
Malate + + + ND ND
Citrate (+) — + - +
Formate - - ND ND ND
Succinate - + - ND -
Benzoate - - - ND ND

“Alcohols (ethanol, methanol, butanol, and propanol) were not utilized by strain 12SL-E129 R. bogoriensis and R. monicus and were not tested in nutritional experiments with the other two species.
" Aerobic growth of strain 12SL-E129 was assessed as the difference of the time zero absorbance (ODs,,) from the final absorbance using the following scale: ++, A ODsy > 0.15; +, A ODsyg
0.051-0.150; (+), A ODs, 0.021-0.050; —, A ODs,o 0-0.02. Carbon sources had the following final concentrations: benzoate, lactose, 3 mM; maltose, sucrose, fructose, glucose, galactose,

butyrate, succinate, 5 mM; all others, 10 mM. ND, not determined.
“Data from Milford et al. (2000).

4Data from Boldareva et al. (2007).

“Data from Gattoni et al. (2023).

Data from Labrenz et al. (2009).

metabolic processes in the deeper waters of Soap Lake. Previous
studies describing the culture of both SOB (Sorokin et al., 2007)
and SRB (Dimitriu et al., 2008) from Soap Lake support this idea,
and we also have readily enriched both lactate-oxidizing SRB and
thiosulfate-oxidizing bacteria from Soap Lake water samples from
these depths (unpublished results).

The detection of purple anoxygenic phototrophs in Soap Lake
deep water was consistent with previous studies in which
alkaliphilic purple sulfur bacteria, including members of the
families Thiocapsaceae, Chromatiaceae, and Ectothiorhodospiraceae
(all of the order Chromatiales), were cultured from a 22-m Soap
Lake water sample (Asao et al., 2007, 2011). Roseinatronobacter
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strain 12SL-E129 was isolated from a Soap Lake water sample
taken from a depth of 12 m, and its closest phylogenetic relatives,
Roseinatronobacter bogoriensis and Roseinatronobacter monicus,
were also isolated from alkaline soda lakes. The type strain of
R. bogoriensis was isolated from a water/sediment sample from
Lake Bogoria in the African Rift Valley (Milford et al., 2000), and
R. monicus was obtained from the water column of Mono Lake in
California, USA (Boldareva et al, 2007). Interestingly, as
mentioned above, a second strain of R. bogoriensis (strain SLB)
was isolated from a 22-m Soap Lake water sample by Asao et al.
(2011), and therefore our detection of this species in Soap Lake
water from a depth of 23 m was not unexpected.
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R. bogoriensis and R. monicus both synthesize bacteriochlorophyll
(BChl) a as a major pigment. R. bogoriensis can grow aerobically on
a variety of organic carbon sources, but it is also capable of
phototrophic growth (Milford et al., 2000). However, phototrophic
growth is not accompanied by autotrophic CO, assimilation in
R. bogoriensis, as the organism lacks genes encoding autotrophic
pathways (Madigan et al, 2023). R. monicus is also obligately
heterotrophic, but unlike R. bogoriensis, R. monicus is incapable of
anaerobic phototrophic growth despite its production of BChl a
(Boldareva et al., 2007). Therefore, similar to R. monicus (Boldareva
et al., 2007), Roseinatronobacter ekhonensis (Labrenz et al., 2009),
Roseinatronobacter thiooxidans (Sorokin et al, 2000), and
Roseinatronobacter alkalisoli (Hu et al., 2024), strain 12SL-E129
appears to be an obligately aerobic heterotroph incapable of
phototrophic growth. This is in contrast to other members of the
genus Roseinatronobacter, including R. domitianus (Gattoni et al.,
2023) and all strains of R. bogoriensis (Milford et al., 2000; Boldareva
et al.,, 2008; Asao et al., 2011; Madigan et al., 2023), which are all
capable of photoheterotrophic growth.

The growth temperature optimum for strain 12SL-E129
(37°C) was similar to that of the type strain of R. bogoriensis
(39°C); however, the growth temperature range was much broader
for strain 12SL-E129. Growth of R. bogoriensis occurred over an
unusually narrow temperature range of just 30-43°C (Milford
etal., 2000), a phenotype that may be a product of the year-round,
consistently mild-to-warm equatorial temperatures experienced
by its Lake Bogoria (Kenya) habitat. By contrast, strain 12SL-
E129—isolated from a depth of 12 m where temperatures typically
range from 12 to 20°C—exhibited moderate growth at 10°C and
grew slowly at 4°C (Figure 5A), observations that may
be indicative of the versatility required for the more seasonal
climate experienced by Soap Lake. Growth versus temperature
data were not provided for Soap Lake isolate R. bogoriensis strain
SLB (Asao et al., 2011).

Growth of Roseinatronobacter strain 12SL-E129 in cultures
required the addition of NaCl, an observation that differed from
the physiology of R. bogoriensis and R. monicus, both of which
were capable of growing in NaCl-free media (Milford et al., 2000;
Boldareva et al., 2007). Despite its requirement for Na*, strain
12SL-E129 was unable to grow in medium containing more than
7% (w/v) NaCl (Figure 5B), a salinity maximum slightly lower
than the 10 and 8% salinity maxima recorded for R. bogoriensis
and R. monicus, respectively (Milford et al., 2000; Boldareva et al.,
2007). Thus, although its growth in cultures depended on the
presence of NaCl, strain 12SL-E129 displayed a rather narrow
salinity range for growth.

The closest cultured relatives of Vibrio strain SL14 based on
16S rRNA phylogeny were V. metschnikovii, V. salilacus, and
V. aestuarianus (Figure 4). V. salilacus was isolated from
haloalkaline Dasugan Lake (3.1% salinity, pH 9.2) in the arid hills
of north central China (Zhong et al., 2015), and therefore of the
three species, shares the greatest ecological similarity to strain
SL14. V. metschnikovii has a long history (Gamaleia, 1888) and
was recently classified as an emerging human pathogen (Bartlett
etal., 2022; Huang et al,, 2023). V. aestuarianus is a marine species
that has been associated with bivalve, especially oyster, mortality
(Garcia et al., 2021). As at least some of its closest relatives are
known to be pathogenic in humans or other animal species (some
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strains of V. metschnikovii are categorized as biosafety level 2),
strain SL14 may possess some degree of virulence, a possibility
underscored by clear f-hemolytic activity when the strain was
grown on sheep blood agar.

Vibrio strain SL14 exhibited a temperature optimum of 10°C
but was still capable of vigorous growth at 18°C (Figure 5A). The
strain was isolated from a depth of 14 m, where Soap Lake water
temperatures range from about 10-20°C, depending on the season
(Edmondson and Anderson, 1965). Species of Vibrio often do
exhibit a psychrotolerant phenotype (both V. aestuarianus and
V. salilacus, but not V. metschnikovii, are capable of growth at 4°C;
Zhong et al., 2015), and therefore strain SL14 appears to be well
adapted to its in situ Soap Lake temperatures.

Strain SL14 showed a greater degree of adaptation to high
salinity than strain 12SL-E129 and was able to grow in medium
containing up to 9% NaCl. This is also a greater degree of
halotolerance than that exhibited by its closest relatives
V. metschnikovii, V. aestuarianus, and V. salilacus, none of which
are able to grow in medium containing >8% NaCl (Zhong et al.,
2015). Nevertheless, for a true halophile with a growth
requirement for NaCl, strain SL14, like strain 12SL-E129, was
unexpectedly sensitive to moderate salinity levels (Figure 5B).
This characteristic of exhibiting a halophilic phenotype but with
tolerance for only modest concentrations of NaCl (<10% in the
case of these strains; Figure 5B) may be a reflection of the unusual
stability of the Soap Lake meromictic water column, in which
salinity is constant but remains relatively low (<20 g L™'; Sorokin
et al., 2007) above the chemocline where these strains originated.

5 Conclusion

It is generally understood that biological productivity and
diversity are substantially more limited in extreme environments
than in ecosystems that maintain more hospitable physicochemical
conditions. However, haloalkaline aquatic environments may
be an exception in this regard, as many of these ecosystems are
highly productive (Asao et al., 2011). In addition, the impressive
scope of the microbial biodiversity inhabiting these ecosystems is
becoming fully realized through the broader application of
molecular-based microbial community analyses. The results of
this study highlight Soap Lake as a rich source of a broad diversity
of microorganisms able to carry out biochemical transformations
under highly saline, alkaline conditions, potentially also at
reduced temperatures. Although the number of studies
highlighting the microbiology of alkaline lakes has expanded over
the past 25 years, intensifying research efforts in this area should
prove fruitful. In addition to continued characterization of the
numerous strains already isolated in this work, future research
efforts will benefit by employing targeted aerobic and anaerobic
enrichment strategies informed by the phylogenomic data
presented here. Building upon the growing range of alkaliphilic
microorganisms having intriguing biotechnological utility and
potential (Sarethy et al., 2011; Mamo and Mattiasson, 2020; Rawat
et al.,, 2024; Sarwa et al., 2024; Kour et al., 2025), future
investigations of Soap Lake microbiota will almost certainly yield
additional novel microorganisms able to perform valuable tasks
having commercial, industrial, or environmental applications.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1620605
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Vanderlaan et al.

Data availability statement

The datasets generated for this study can be found in the NCBI
GenBank Nucleotide Repository (https://www.ncbi.nlm.nih.gov/
nucleotide/). The accession numbers and strain names are presented
in Figures 3, 4.

Author contributions

OV: Writing - review & editing, Investigation, Writing —
original draft, Formal analysis. ES: Investigation, Writing - review
& editing, Formal analysis. KD: Formal analysis, Investigation,
Writing - review & editing. MDW: Investigation, Formal analysis,
Writing - review & editing. SR: Formal analysis, Investigation,
Writing - review & editing. AA: Formal analysis, Writing - review
& editing, Investigation. MLW: Writing - review & editing, Formal
analysis, Investigation. SJS: Resources, Methodology, Writing -
review & editing. WMS: Methodology, Conceptualization, Writing -
review & editing, Investigation, Supervision, Writing - original
draft,
Project administration.

Formal analysis, Resources, Funding acquisition,

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported
by the Hodson Research Institute and the Division of Natural Sciences
at Indiana Wesleyan University. Soap Lake water samples were
obtained through a Faculty Scholarship Award (IWU) to WMS.

References

Asao, M., Pinkart, H. C., and Madigan, M. T. (2011). Diversity of extremophilic purple
phototrophic bacteria in Soap Lake, a Central Washington (USA) soda lake. Environ.
Microbiol. 13, 2146-2157. doi: 10.1111/§.1462-2920.2011.02449.x

Asao, M., Takaichi, S., and Madigan, M. T. (2007). Thiocapsa imhoffii, sp. nov., an
alkaliphilic purple sulfur bacterium of the family Chromatiaceae from Soap Lake,
Washington (USA). Arch. Microbiol. 188, 665-675. doi: 10.1007/s00203-007-0287-9

Bartlett, A., Padfield, D., Lear, L., Bendall, R., and Vos, M. (2022). A comprehensive
list of bacterial pathogens infecting humans. Microbiology 168:001269. doi:
10.1099/mic.0.001269

Boldareva, E. N., Akimov, V. N. Boychenko, V. A, Stadnichuk, I. N,
Moskalenko, A. A., Makhneva, Z. K., et al. (2008). Rhodobaca barguzinensis sp. nov., a
new alkaliphilic purple nonsulfur bacterium isolated from a soda lake of the Barguzin
Valley (Buryat Republic, eastern Siberia). Microbiology 77, 206-218. doi:
10.1134/S0026261708020148

Boldareva, E. N., Bryantseva, I. A., Tsapin, A., Nelson, K., Sorokin, D. Y., Tourova, T. P,
et al. (2007). The new alkaliphilic bacteriochlorophyll a-containing bacterium
Roseinatronobacter monicus sp. nov. from the hypersaline soda Mono Lake (California,
United States). Microbiology 76, 82-92. doi: 10.1134/S0026261707010122

Buck, J. D. (1982). Nonstaining (KOH) method for determination of gram reactions
of marine bacteria. Appl. Environ. Microbiol. 44, 992-993. doi: 10.1128/aem.44.4.
992-993.1982

Dimitriu, P. A., Pinkart, H. C., Peyton, B. M., and Mormile, M. R. (2008). Spatial and
temporal patterns in the microbial diversity of a meromictic soda lake in Washington
state. Appl. Environ. Microbiol. 74, 4877-4888. doi: 10.1128/ AEM.00455-08

Edmondson, W. T., and Anderson, G. C. (1965). Some features of saline lakes in
Central Washington. Limnol. Oceanogr. 10, 87-96.

Gamaleia, M. N. (1888). Vibrio metschnikovii (n. sp.) et ses rapports avec le microbe
du cholera asiatique. Ann. Inst. Pasteur 2, 482-488.

Garcia, C., Mesnil, A., Tourbiez, D., Moussa, M., Dubreuil, C., Gongalves de Sa, A.,
et al. (2021). Vibrio aestuarianus subsp. cardii subsp. nov., pathogenic to the edible

Frontiers in Microbiology

11

10.3389/fmicb.2025.1620605

Acknowledgments

We thank the Hodson Research Institute and the Division of
Natural Sciences at Indiana Wesleyan University for funding this
research. We thank Michael T. Madigan and Kelly S. Bender for
valuable comments on the manuscript. Special thanks go to Debra
Noah, Judith Gorman, Steve Wellein, and the Soap Lake Conservancy
(www.thelake.org) for their essential logistical assistance in helping us
obtain water column samples from Soap Lake, WA.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

cockles Cerastoderma edule in France, and establishment of Vibrio aestuarianus subsp.
aestuarianus subsp. nov. and Vibrio aestuarianus subsp. francensis subsp. nov. Int. J. Syst.
Evol. Microbiol. 71:004654. doi: 10.1099/ijsem.0.004654

Gattoni, G., Di Costanzo, E, de la Haba, R. R., Fernandez, A. B., Guerrero-Flores, S.,
Selem-Mojica, N, et al. (2023). Biosynthetic gene profiling and genomic potential of the
novel photosynthetic marine bacterium Roseibaca domitiana. Front. Microbiol.
14:1238779. doi: 10.3389/fmicb.2023.1238779

Hawley, E. R., and Hess, M. (2014). Metagenome sequencing of the prokaryotic
microbiota of the hypersaline and meromictic Soap Lake, Washington. Genome
Announc. 2:¢01212-13. doi: 10.1128/genomeA.01212-13

Hayward, M. K., Dewey, E. D., Shaffer, K. N., Huntington, A. M., Burchell, B. M.,
Stokes, L. M., et al. (2021). Cultivation and characterization of snowbound microorganisms
from the South Pole. Extremophiles 25, 159-172. doi: 10.1007/s00792-021-01218-z

Hu, X,, Yang, E, Yang, S., Guo, W,, Ren, ], Liu, S., et al. (2024). Roseinatronobacter
alkalisoli sp. nov., an alkaliphilic bacterium isolated from soda soil, and genome-based
reclassification of the genera Rhodobaca and Roseinatronobacter. Int. J. Syst. Evol.
Microbiol. 74:6. doi: 10.1099/ijsem.0.006402

Huang, Z., Yu, K., Lan, R,, Morris, J. G., Xiao, Y., Ye, J., et al. (2023). Vibrio
metschnikovii as an emergent pathogen: analyses of phylogeny and O-antigen and
identification of possible virulence characteristics. Emerg. Microbes Infect. 12:2252522.
doi: 10.1080/22221751.2023.2252522

Johnson, M., Zaretskaya, I., Raytselis, Y., Merezhuk, Y., McGinnis, S., and
Madden, T. L. (2008). NCBI BLAST: a better web interface. Nucleic Acids Res. 36, W5—
W9. doi: 10.1093/nar/gkn201

Kallis, J., Bodensteiner, L., and Gabriel, A. (2010). Hydrological controls and
freshening in meromictic Soap Lake, Washington, 1939-2002. J. Am. Water Resour.
Assoc. 46, 744-756. doi: 10.1111/j.1752-1688.2010.00446.x

Kour, D., Sharma, B., Kaur, T., Kaur, S., Alqahtani, A. M., Khan, S. S., et al. (2025).
Extremozymes: unlocking potential of extreme environments for sustainable
biotechnology. Syst. Microbiol. Biom. 5, 915-947. doi: 10.1007/s43393-025-00352-5

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1620605
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ncbi.nlm.nih.gov/nucleotide/
http://www.thelake.org
https://doi.org/10.1111/j.1462-2920.2011.02449.x
https://doi.org/10.1007/s00203-007-0287-9
https://doi.org/10.1099/mic.0.001269
https://doi.org/10.1134/S0026261708020148
https://doi.org/10.1134/S0026261707010122
https://doi.org/10.1128/aem.44.4.992-993.1982
https://doi.org/10.1128/aem.44.4.992-993.1982
https://doi.org/10.1128/AEM.00455-08
https://doi.org/10.1099/ijsem.0.004654
https://doi.org/10.3389/fmicb.2023.1238779
https://doi.org/10.1128/genomeA.01212-13
https://doi.org/10.1007/s00792-021-01218-z
https://doi.org/10.1099/ijsem.0.006402
https://doi.org/10.1080/22221751.2023.2252522
https://doi.org/10.1093/nar/gkn201
https://doi.org/10.1111/j.1752-1688.2010.00446.x
https://doi.org/10.1007/s43393-025-00352-5

Vanderlaan et al.

Labrenz, M., Lawson, P. A, Tindall, B. ], and Hirsch, P. (2009). Roseibaca ekhonensis
gen. nov., sp. nov., an alkalitolerant and aerobic bacteriochlorophyll a-producing
alphaproteobacterium from hypersaline Ekho Lake. Int. J. Syst. Evol. Microbiol. 59,
1935-1940. doi: 10.1099/ijs.0.016717-0

Madigan, M. T., Bender, K. S., Sanguedolce, S. A., Parenteau, M. N., Mayer, M. H.,
Kimura, Y., et al. (2023). Genomic basis for the unique phenotype of the alkaliphilic
purple nonsulfur bacterium Rhodobaca bogoriensis. Extremophiles 27:19. doi:
10.1007/s00792-023-01304-4

Mamo, G., and Mattiasson, B. (2020). “Alkaliphiles: the versatile tools in
biotechnology” in Alkaliphiles in biotechnology: Advances in biochemical
engineering. eds. G. Mamo and B. Mattiasson, vol. 172 (Cham, Switzerland:
Springer), 1-51.

Milford, A. D., Achenbach, L. A,, Jung, D. O., and Madigan, M. T. (2000). Rhodobaca
bogoriensis gen. nov. and sp. nov., an alkaliphilic purple nonsulfur bacterium from
African Rift Valley soda lakes. Arch. Microbiol. 174, 18-27. doi: 10.1007/5002030000166

Mormile, M. R. (2014). Going from microbial ecology to genome data and back:
studies on a haloalkaliphilic bacterium isolated from Soap Lake, Washington state. Front.
Microbiol. 5:628. doi: 10.3389/fmicb.2014.00628

Parte, A. C. (2018). LPSN—list of prokaryotic names with standing in nomenclature
(bacterio.net), 20 years on. Int. J. Syst. Evol. Microbiol. 68, 1825-1829. doi:
10.1099/ijsem.0.002786

Paul, V. G., Minteer, S. D., Treu, B. L., and Mormile, M. R. (2014). Ability of a
haloalkaliphilic bacterium isolated from Soap Lake, Washington to generate electricity
at pH 11.0 and 7% salinity. Environ. Tech. 35, 1003-1011. doi:
10.1080/09593330.2013.858186

Pollock, J., Weber, K. A., Lack, J., Achenbach, L. A., Mormile, M. R., and Coates, J. D.
(2007). Alkaline iron(III) reduction by a novel alkaliphilic, halotolerant, Bacillus sp.
isolated from salt flat sediments of Soap Lake. Appl. Microbiol. Biotechnol. 77, 927-934.
doi: 10.1007/s00253-007-1220-5

Pop, C.-E., Fendrihan, S., Craciun, N., Vasilighean, G., Chifor, D. E., Toparceanu, E,

etal. (2025). Antarctic soil and viable microbiota after long-term storage at constant —20
°C. Biology 14:222. doi: 10.3390/biology14030222

Rawat, M., Chauhan, M., and Pandey, A. (2024). Extremophiles and their
expanding biotechnological applications. Arch. Microbiol. 206:247. doi:
10.1007/500203-024-03981-x

Reasoner, D. ., and Geldreich, E. E. (1985). A new medium for the enumeration and
subculture of bacteria from potable water. Appl. Environ. Microbiol. 49, 1-7. doi:
10.1128/aem.49.1.1-7.1985

Sarethy, I. P, Saxena, Y., Kapoor, A., Sharma, M., Sharma, S. K., Gupta, V., et al. (2011).
Alkaliphilic bacteria: applications in industrial biotechnology. J. Ind. Microbiol.
Biotechnol. 38, 769-790. doi: 10.1007/s10295-011-0968-x

Frontiers in Microbiology

12

10.3389/fmicb.2025.1620605

Sarwa, N., Kumari, P,, Meena, D., Udawat, P,, and Chaudhary, N. S. (2024). Alkaline
proteases from haloalkaliphiles: unveiling nature’s catalysts for diverse applications.
Appl. Biochem. Microbiol. 60, 855-870. doi: 10.1134/S0003683824603676

Sattley, W. M., Burchell, B. M., Conrad, S. D., and Madigan, M. T. (2017). Design,
construction, and application of an inexpensive, high-resolution water sampler. Water
9:578. doi: 10.3390/w9080578

Sattley, W. M., and Madigan, M. T. (2006). Isolation, characterization, and ecology of cold-
active, chemolithotrophic, sulfur-oxidizing bacteria from perennially ice-covered Lake
Fryxell, Antarctica. Appl. Environ. Microbiol. 72, 5562-5568. doi: 10.1128/ AEM.00702-06

Sattley, W. M., and Madigan, M. T. (2010). Temperature and nutrient induced
responses of Lake Fryxell sulfate-reducing prokaryotes and description of Desulfovibrio
lacusfryxellense sp. nov., a pervasive, cold-active, sulfate-reducing bacterium from Lake
Fryxell, Antarctica. Extremophiles 14, 357-366. doi: 10.1007/s00792-010-0315-6

Sorokin, D. Y, Foti, M., Pinkart, H. C., and Muyzer, G. (2007). Sulfur-oxidizing bacteria
in Soap Lake (Washington state), a meromictic, haloalkaline lake with an unprecedented
high sulfide content. Appl. Environ. Microbiol. 73, 451-455. doi: 10.1128/ AEM.02087-06

Sorokin, D. T., Tourova, T. P, Kuznetsov, B. B., Bryantseva, I. A., and Gorlenko, V. M.
(2000). Roseinatronobacter thiooxidans gen. nov., sp. nov., a new alkaliphilic aerobic
bacteriochlorophyll a-containing bacterium from a soda lake. Microbiology 69, 75-82.
doi: 10.1007/BF02757261

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary
genetics analysis version 11. Mol. Biol. Evol. 38, 3022-3027. doi: 10.1093/molbev/msab120

Vander Schaaf, N. A., Cunningham, A. M. G,, Cluff, B. P, Kraemer, C. K., Reeves, C. L.,
Riester, C. J., et al. (2015). Cold-active, heterotrophic bacteria from the highly
oligotrophic waters of Lake Vanda, Antarctica. Microorganisms 3, 391-406. doi:
10.3390/microorganisms3030391

VanEngelen, M. R., Peyton, B. M., Mormile, M. R., and Pinkart, H. C. (2008). Fe(III),
Cr(VI), and Fe(III) mediated CR(VI) reduction in alkaline media using a Halomonas
isolate from Soap Lake, Washington. Biodegradation 19, 841-850. doi:
10.1007/s10532-008-9187-1

Zadereev, E. S., Gulati, R. D., and Camacho, A. (2017). “Biological and ecological
features, trophic structure and energy flow in meromictic lakes” in Ecology of
Meromictic Lakes. eds. R. D. Gulati, E. S. Zadereev and A. G. Degermendzhi (Springer
International Publishing), 61-86. doi: 10.1007/978-3-319-49143-1_4

Zhong, Z.-P, Liu, Y., Liu, H.-C., Wang, E, Zhou, Y.-G., and Liu, Z.-P. (2015). Vibrio salilacus

sp. nov., a new member of the Anguillarum clade with six alleles of the 16S rRNA gene from
a saline lake. Int. J. Syst. Evol. Microbiol. 65, 2653-2660. doi: 10.1099/ijs.0.000316

Zimbro, M. |, Power, D. A., Miller, S. M., Wilson, G. E., and Johnson, J. A. (2009).
“Microbiological Culture Media” in Difco & BBL manual, vol. 520. 2nd ed (Becton,
Dickinson and Company; Sparks, MD, USA: BD Diagnostics - Diagnostic Systems,
Sparks, MD), 441-442.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1620605
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1099/ijs.0.016717-0
https://doi.org/10.1007/s00792-023-01304-4
https://doi.org/10.1007/s002030000166
https://doi.org/10.3389/fmicb.2014.00628
https://doi.org/10.1099/ijsem.0.002786
https://doi.org/10.1080/09593330.2013.858186
https://doi.org/10.1007/s00253-007-1220-5
https://doi.org/10.3390/biology14030222
https://doi.org/10.1007/s00203-024-03981-x
https://doi.org/10.1128/aem.49.1.1-7.1985
https://doi.org/10.1007/s10295-011-0968-x
https://doi.org/10.1134/S0003683824603676
https://doi.org/10.3390/w9080578
https://doi.org/10.1128/AEM.00702-06
https://doi.org/10.1007/s00792-010-0315-6
https://doi.org/10.1128/AEM.02087-06
https://doi.org/10.1007/BF02757261
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.3390/microorganisms3030391
https://doi.org/10.1007/s10532-008-9187-1
https://doi.org/10.1007/978-3-319-49143-1_4
https://doi.org/10.1099/ijs.0.000316

	Biodiversity and culture of prokaryotes inhabiting haloalkaline and meromictic Soap Lake, Washington, USA
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and strain isolation
	2.2 Microscopy
	2.3 Physiological studies
	2.4 Molecular methods

	3 Results
	3.1 Community diversity analysis
	3.2 Isolation and morphology of Soap Lake isolates
	3.3 Phylogeny of isolates
	3.4 Physiology of isolates

	4 Discussion
	5 Conclusion

	References

