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SCIENCE ADVANCES | RESEARCH ARTICLE

ENVIRONMENTAL STUDIES

Single-cell analysis in hypersaline brines predicts a
water-activity limit of microbial anabolic activity

Emily R. Paris't, Nestor Arandia-Gorostidi'+t, Benjamin Klempay?, Jeff S. Bowman?,
Alexandra Pontefract?, Claire E. Elbon®, Jennifer B. Glass® Ellery D. Ingall*, Peter T. Doran®,

Sanjoy M. Som®, Britney E. Schmidt’, Anne E. Dekas'*

Hypersaline brines provide excellent opportunities to study extreme microbial life. Here, we investigated ana-
bolic activity in nearly 6000 individual cells from solar saltern sites with water activities (a,,) ranging from 0.982
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to 0.409 (seawater to extreme brine). Average anabolic activity decreased exponentially with a,,, with nuanced
trends evident at the single-cell level: The proportion of active cells remained high (>50%) even after NaCl sat-
uration, and subsets of cells spiked in activity as a,, decreased. Intracommunity heterogeneity in activity in-
creased as seawater transitioned to brine, suggesting increased phenotypic heterogeneity with increased
physiological stress. No microbial activity was detected in the 0.409-a,, brine (an MgCl,-dominated site)
despite the presence of cell-like structures. Extrapolating our data, we predict an a,, limit for detectable anabolic
activity of 0.540, which is beyond the currently accepted limit of life based on cell division. This work demon-
strates the utility of single-cell, metabolism-based techniques for detecting active life and expands the potential

habitable space on Earth and beyond.

INTRODUCTION

Life as we know it requires liquid water. Water activity (a,,)—mea-
sured on a scale of 1 (pure water) to 0—quantifies the amount of
free water molecules in an environment, making a,, a meaningful
indicator of whether that environment is habitable with respect to
water availability. For example, seawater has an a,, of ~0.98, most
microbes cease cell division below 0.9, and fewer than 10 prokary-
otic strains have been shown to continue cell division at a,, < 0.755
(1-4). The lowest ay, reported to sustain prokaryotic cell division in
pure culture is 0.635, and extrapolations from the pure culture ob-
servations suggest a lower limit of 0.611 (I). The lowest a,, recorded
for fungal germination in vitro is 0.585 (5). While it is likely that
some modes of metabolic activity continue at a,, values lower
than that where cell division ceases, the extent of this nonreplicative
activity has not been determined. Furthermore, the a,, limit for
neither detectable metabolism nor cell division has been deter-
mined in complex (environmental) halophilic communities,
where it might be beyond that observed in pure cultures. Accurately
identifying these limits is essential to predicting habitability on
Earth and other ocean worlds and may be applied in the fields of
food preservation (6), habitat management during anticipated
droughts (7, 8), planetary protection (9), and selection of targets
for extraterrestrial life—detection missions (10).
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In addition to water activity, microbial growth can also be sup-
ported or inhibited by the specific solutes present in a cell's environ-
ment. For example, both glycerol and MgCl, lower a,,, but glycerol
enhances cell growth by acting as an osmoprotectant (11-13), while
MgCl, denatures biomolecules as a chaotrophic agent (14-16). In
some hypersaline systems—such as seawater-sourced, salt-harvest-
ing facilities (i.e., solar salterns)—chaotropicity, salinity, and ion
concentrations all increase as a,, decreases (17), making a,, a partic-
ularly useful single metric to predict habitability in those systems.

Most previous studies investigating the a,, limits of life focused
on the point at which cell division ceases [e.g., (I, 5)]. While con-
sidered a fundamental criterion for life detection (18), cell division
by microbes under extreme conditions can take years to decades (11,
19), making its observation challenging and prone to underesti-
mates. In addition, measuring cell division requires cultivation,
which excludes most microbial strains from analysis. Detecting
growth within complex, naturally adapted environmental commu-
nities may extend known habitability limits further by including un-
cultivated microorganisms that are more resilient to extreme
conditions.

Environmental studies analyzing life at extremes often use the
detection of various biomolecules as indicators of potentially
viable microbes rather than direct measures of activity (15, 20—
22). However, relic DNA (14, 17, 23-25) and adenosine triphos-
phate (ATP) (26), as well as cell structure (16) can be preserved in
brine, leading to potential overestimation of microbial diversity, ac-
tivity, and abundance when assessed by these methods. Alternative-
ly, measuring uptake of isotope-labeled substrates in environmental
samples is both tractable and definitive, directly quantifying
modern anabolic activity (i.e., synthetic metabolic processes
related to the growth and maintenance of biomass), in uncultured
cells [e.g., (27)]. Furthermore, measuring substrate uptake at the
single-cell level can lower detection limits compared to bulk analy-
ses [e.g. (28)], making single-cell observations of substrate uptake
well suited for exploring the limits of life.
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Here, we use nanoscale secondary ion mass spectrometry (nano-
SIMS) to quantify cell-specific microbial anabolic activity across a
gradient of a,, within South Bay Salt Works (SBSW), a seawater-
sourced solar saltern on the west coast of the United States. Our pre-
vious work at SBSW, as well as that of others, sequenced DNA and/
or detected cell structures via microscopy across a range of a,, but
did not detect microbial activity directly at water activities substan-
tially below seawater (17, 29-32). In the present study, we investigate
net carbon and/or nitrogen assimilation from five isotope-labeled
substrates at five sites ranging from the approximate a,, of seawater
to an a,, beyond the known limit of detectable cell division. We
improve upon our previous study here by lowering our detection
limits with increased substrate additions and by incubating cells
under closer-to in situ conditions. Overall anabolic activity was ob-
served by uptake of ">C'*N-amino acids or '*N-ammonium—both
widely assimilable by microorganisms—and specific metabolic ca-
pabilities were observed by uptake of '*N-nitrate, '*C-bicarbonate,
and "*C-glucose. We report how the magnitude and proportion of
cells assimilating these substrates, the intracommunity heterogene-
ity in activity, and the relative use efficiency (RUE) of carbon versus
nitrogen from amino acids changes along the gradient of a,,. Last,
we extrapolate our results to estimate a lower a,, limit of detectable
anabolic activity.

RESULTS

Brine geochemistry

We recorded physical and geochemical characteristics (tables S1 to
S3) of five sites at SBSW (fig. S1), which are numbered here in order
of decreasing a,,: site I (a seawater conduit), sites II, III, and IV
(NaCl-dominated brines), and site V (an MgCl,-dominated
brine) (Table 1). For previously published site names of sites IV
and V, see table S1. The in situ pH of sites I to III were slightly
basic (~8), while the pH of site V dropped to ~5. Ratios of Mg?
"/Na*, a proxy for chaotropicity (17), ranged from 0.15 to 0.32 in
sites I to IV and increased to 44.67 in site V. Organic and inorganic
compounds and microbial cell density generally increased as a,,

Table 1. Overview of sampled sites. Sites sampled, dominant salt type,
and key environmental parameters known to affect habitability in brines:
average water activities + SDs of triplicate measurements from the
incubations derived from these sites (measured at 33°C, the incubation
temperature), ionic strength, the ratio of Mg?* to Na* (a proxy for
chaotropicity), and salinity as total dissolved solids (TDS).

Site  Dominant a, lonic Mg>*/ DS
salt type (33°C) strength Na* (M) (g/liter)
(M)

| Nacl 0.982 0.714 0.15 39
+ 0.001

1l NacCl 0.921 3.025 0.29 151
+ 0.004

LI} Nacl 0.840 5.270 0.28 248
+ 0.001

\% NacCl 0.717 6.923 0.32 337
+ 0.001

Vv MgCl, 0.409 12.642 44.67 350
+0.012
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decreased throughout the system (tables S3 and S4). Since a,, is tem-
perature dependent, we measured the a,, values of brines in the field
at ambient temperature (table S1) as well as in our incubation
bottles at incubation temperature (33°C) (Table 1). We use the
latter values in all further analyses/discussion. We modeled the a,,
of evaporating seawater at NaCl saturation to be 0.742 at 33°C, in-
dicating that site IV (measured a,, = 0.717) had reached saturation
(a “crystallizer” pond).

Microbial community composition

Microbial community composition was determined at each site (fig.
S2). The communities reflected typical taxonomy for seawater-
sourced solar salterns and, specifically, that measured previously
at SBSW (17, 32, 33). Site I was dominated by Alphaproteobacteria,
with Candidatus Pelagibacter as the most relatively abundant taxon.
Each site between sites II and V had a unique prokaryotic commu-
nity composition (analysis of similarities: R = 1, P < 0.001) with tax-
onomic overlap between sites, indicating a continuous microbial
community succession from NaCl brines (sites II to IV) to the
MgCl, brine (site V) [consistent with (17)]. Site IT was dominated
by Psychroflexus, Spiribacter, and Halolamina. The most relatively
abundant taxon in site III was Halobonum, but the two amplicon
sequence variants (ASVs) associated with this taxon were not
highly abundant in other sites. Salinibacter ruber was the most rel-
atively abundant bacterial taxon in sites III to V, peaking in relative
abundance in site IV. Archaea, specifically Halobacteria, were more
abundant than bacteria overall in sites III to V, which experienced a
shift from Halobonum dominating site III to Haloquadratum
walsbyi dominating sites IV and V.

Single-cell substrate assimilation

Water activities at 33°C (the incubation temperature) of the incuba-
tions ranged from 0.982 + 0.001 in site I to 0.409 + 0.012 in site V
(Table 1). After a 48-hour incubation time, 1832 putative cells
[regions of interest (ROIs)] were analyzed with nanoSIMS for
>C'*N-amino acid uptake, 973 ROIs for '*C-bicarbonate and
>N-ammonium uptake, and 1049 ROIs for '*N-nitrate and ">C-
glucose uptake. These were compared to isotope values at the
initial time point of 768, 760, and 506 ROIs from each substrate
combination, respectively, to determine isotope enrichment.
Isotope information for all ROIs is included in dataset S1. Our
average net assimilation minimum detection limits (C,¢% and
Np,e%) ranged from 0.55 to 3.11% and 0.33 to 1.36%, respectively
(table S5), which makes our analysis up to two orders of magnitude
more sensitive than measuring cell division (the theoretical C,¢%
and N,,.% of each daughter cell is ~50%).

Average total anabolic activity, measured by uptake of amino
acids and ammonium, decreased exponentially with a,, (Fig. 1A,
insets). However, subsets of cells in site II were more active in as-
similation of carbon from amino acids (9 of 355 cells analyzed), ni-
trogen from ammonium (10 of 137 cells analyzed), and carbon from
glucose (24 of 222 cells analyzed) than the most enriched cells in site
L. The proportion of active cells remained relatively high in sites I to
IV despite decreasing net assimilation values at lower a,, (Fig. 1).
Two cells (of 290 analyzed) were slightly above the '*C-amino
acids and "’C-glucose enrichment thresholds in site V, the only
MgCl,-dominated brine (C,% for amino acids = 0.37% and
Cphet% for glucose = 5.90%; detection limits = 0.35 and 5.87%,
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Fig. 1. Single-cell incorporation of six isotope labels across the sampled a,, gradient. (A) Net assimilation of carbon (C,¢%, top row) and nitrogen (N,,¢%, bottom
row) for each site, arranged in order of decreasing ay, (I, 0.982; 1I, 0.921; 11, 0.840; IV, 0.717; V, 0.409). Substrate combinations within the same incubation bottle are stacked
(i.e., *C-bicarbonate and >N-ammonium). Light and dark blue points are cells with net assimilation values above and below the detection limit for substrate assimilation,
respectively. The proportions of cells with detectable substrate uptake (rounded to the nearest whole number) are above the plot for each site. Red diamonds indicate
average net assimilation of active and inactive cells (replotted in insets with the same y-axes units as the main plots). Insets of general activity substrates include expo-
nential curves (gray) that were fit using a nonlinear least squares regression model, and fits were assessed with root mean squared error (RMSE): '>*C-amino acids, 0.063;
>N-amino acids, 0.366; '>’N-ammonium, 0.378. Two points are not displayed for enhanced visualization: (1) site | [Cietbicarbonate)% = 48.8%)] and (2) site | [Npetnitrate) % =
33.9%)]. n.m., not measured. (B) NanoSIMS isotope ratio images of cells incubated with 13C'>N-amino acids in site Il (left) and site IV (right). Color bars begin at natural
abundance (0.011 for *C/"?C and 0.0037 for '°N/"*N) and are scaled variably by image. Detection limits (DL) were added manually to the color bars (gray solid lines). From
left to right: Detection limits in ratio form are 0.012, 0.006, 0.011, and 0.004. White arrows point to examples of individual cells enriched in both 3Cand °N. See fig. S6 for
more nanoSIMS images.

respectively). However, this unlikely reflects true activity (see
Discussion).

Assimilation of bicarbonate and nitrate was relatively low in sites
II to IV, in both proportion of cells assimilating the substrates and
the quantity assimilated by those cells (Fig. 1A). We compared the
uptake of bicarbonate to that from ammonium in individual cells to
determine the fraction of total cellular carbon derived from inor-
ganic carbon per cell and, therefore, autotrophy versus heterotro-
phy, as in (34) (fig. S3). This revealed that although 42% of the
community had incorporated some bicarbonate in site I, only 2%

Paris et al., Sci. Adv. 9, eadj3594 (2023) 22 December 2023

of the community derived more than 50% of its newly assimilated
cellular carbon from bicarbonate. This indicates that most cells as-
similating bicarbonate in site I were likely heterotrophic or poten-
tially mixotrophic. However, 79% of the cells with detectable
bicarbonate assimilation in site IV (6% of the total community)
derived greater than 50% of their new cellular carbon from bicar-
bonate, indicating that they were likely autotrophs. Last, while
most cells (95%) assimilated nitrate in site I, no cells were found
to be enriched in '°N from nitrate in sites I to V.
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C:N RUE

C:N RUE describes the amount of C relative to N incorporated into
a single cell from uptake of '>C'*N-amino acids (35). Here, average
C:N RUE increased as a,, decreased, with individual cell values
ranging from approximately 0.1 to 2.9 (Fig. 2). Stochiometric incor-
poration (i.e., C:N RUE = 1.0) of carbon and nitrogen was achieved
by some cells in sites II to IV, and the highest C:N RUE values were
found in site IV.

Intracommunity activity distribution and taxonomic
richness

We used the Gini coefficient (36) to quantify unevenness in the dis-
tribution of anabolic activity within a microbial community as in
(28). Gini coefficients closer to 1 indicate a more heterogeneous,
or uneven, distribution of anabolic activity (i.e., fewer cells are re-
sponsible for more substrate uptake). All three indicators of general
anabolic activity used here—uptake of carbon and nitrogen from
amino acids and uptake of nitrogen from ammonium—show that
intracommunity heterogeneity in single-cell uptake jumps during
the transition from seawater to brine (between sites I and II).
However, all three substrates also indicate that heterogeneity does
not continue to increase consistently with further decreasing a,,
as the Gini coefficient decreased slightly between sites II and III
and then increased again in site IV (Fig. 3A). To better understand
the trends presented by the Gini coefficient, we compared ASV-
level taxonomic richness (Fig. 3, B and C) and unevenness (fig.
S$4) to intracommunity activity heterogeneity. Linear regression
suggests a strong relationship between activity heterogeneity and
taxonomic richness (R® = 0.997, P = 0.001) but no correlation to
taxonomic unevenness (fig. S4B; R? = 0.055, P = 0.767).

3- L]
H
2 :
[ ]
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2
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| I 1 \
(0.982) (0.921) (0.840) (0.717)
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Fig. 2. C:N RUE from uptake of '>C**N-amino acids. Sites are ordered by de-
creasing a,, (I, 0.982; II, 0.921; lIl, 0.840; IV, 0.717). Site V is not included because
no activity was detected in uptake of '>N-amino acids. Box plots include outliers
(black points), upper (75th percentile) and lower (25th percentile) quartiles, and
median. Red diamonds represent means.
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Estimating the a,, limits of detectable anabolic activity

We used the average net assimilation values of active cells in each
site to estimate a,, limits of detectable anabolic activity in natural
brine communities (Fig. 4). Linear regression of the log-trans-
formed average net assimilation values of '*C-amino acids from
each site predicted a minimum a,, of 0.540, with upper and lower
95% confidence interval bounds of a,, = 0.662 and 0.418, respective-
ly (R?=0.99, P = 0.01). That for °N-amino acids and ">N-ammo-
nium were higher, at 0.583 (bounds of a,, = 0.751 and 0.416; R =
0.97, P=0.02) and 0.568 (bounds of a,, = 0.858 and 0.279; R* = 0.91,
P =0.04), respectively. Using the reaction-path modeling code EQ3/
6 (37), we calculated the total Mg“ concentration and ionic
strength of a 0.540-a,, brine in this saltern system to be approxi-
mately 3.58 and 11.44 M (fig. S5), respectively.

DISCUSSION

Low-a,, environments—from the ocean to hypersaline brines—are
abundant on Earth (38, 39). They are also key features of numerous
potential habitats on other planets and icy moons due to their de-
pressed freezing point (40, 41). In addition, as droughts become
more common on Earth because of climate change, some microbial
communities will encounter lower a,, than usual, which will affect
ecosystems on micro and macro levels (7, 8). Low a,, can influence
microbial habitability by limiting enzyme function, damaging cel-
lular structure, and causing osmotic stress (16, 42—44). While pure
culture studies have advanced our knowledge of the a,, limits of cell
division (1, 5, 11, 14, 15, 45, 46), measurements of microbial activity
in complex environmental brines are rare. Understanding how a,,
influences microbial metabolism will advance knowledge of adap-
tation and community function in brines, help predict responses of
modern communities to future shifts in salinity, and inform the
search for life on other planets.

Here, we measured microbial assimilation of carbon and nitro-
gen from a suite of substrates to directly quantify anabolic activity in
low-a,, brines. At the community level, our data showed that as a,,
decreased, average net assimilation of amino acids and ammonium
(proxies for total anabolic activity) decreased exponentially (Fig. 1).
This is consistent with and expands upon previous community-
level observations including work that measured a decrease in
bulk assimilation of [*H]leucine, sulfate reduction rates, and meth-
anogenesis rates with increasing salinity in different solar salterns
(27, 47). However, our single-cell results also revealed several find-
ings obscured by bulk analysis. For instance, subsets of cells (3 to
11%) were more anabolically active with a moderate decrease in
a,, and the majority of the natural community (up to 85% of
cells) remained active even as the brine surpassed the a,, of NaCl
saturation (0.742 at 33°C) in site IV. As a,, dropped from 0.982 in
site I to 0.717 in site IV, the proportion of cells actively assimilating
nitrogen from amino acids decreased by only 11%, while average net
assimilation decreased by 97%. These trends are likely due to a com-
bination of shifts in community composition and physiological re-
sponses within taxa as conditions change. The spike in highly active
cells between seawater and brine may reflect the rise of taxa adapted
to lower a,, (e.g., Spiribacter and Halolamina, fig. S2), which are in-
vigorated by more suitable conditions and potentially by decreasing
competition as other lineages cease activity. Alternatively, spikes in
anabolic activity may reflect increased turnover of biomolecules
and/or cellular repair processes as cells not adapted to lower a,
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Fig. 3. Intracommunity activity heterogeneity (Gini coefficient) and taxonomic richness with decreasing a,,. (A) Activity heterogeneity is lowest at high a,, for
uptake of "*C-amino acids, '°N-amino acids, and >N-ammonium measured by nanoSIMS. (B) Taxonomic richness is highest at high a,, and is represented as averages of
total ASVs (black), bacterial ASVs (blue), and archaeal ASVs (red) from 10,000 randomly subsampled 165 ribosomal RNA gene reads per site. Error bars represent SEs of
triplicate DNA collections. (C) Relationship between intracommunity activity heterogeneity (average of Gini coefficients for uptake of '*C and '*N from amino acids and
>N from ammonium) and taxonomic richness (total observed ASVs) (R* = 0.997, P = 0.001). Shaded area represents the 95% confidence interval.

attempt to maintain viability. Meanwhile, the overall decrease in ac-
tivity across the gradient likely reflects increasingly slow growth
rates of even highly adapted halophiles, such as Haloquadratum
(1), as NaCl saturation is approached and surpassed. In addition
to decreasing a,, cell activity may have been hindered by other en-
vironmental stressors that increase with evapoconcentration, in-
cluding increasingly recalcitrant carbon (unavailable for cellular
use), ionic strength, acidification, chaotropicity (tendency for mol-
ecules to disrupt hydrogen bonding), and high metal concentrations
(14, 17, 45, 48, 49).

Activity trends with decreasing a,, were more variable for nitrate,
glucose, and bicarbonate, likely because they are metabolism-specif-
ic substrates and do not reflect activity across all organisms. Nitrate
uptake was only detected in site I, which may be explained by inhi-
bition of nitrate reductase by high in situ ammonium concentra-
tions (50) in sites II to V. Nitrate reductase could also be
inhibited by increasing concentrations of Mg>" or other heavy
metals (51, 52). Uptake of glucose peaked in site II, potentially
because of increased demand for precursors of osmolytes. Osmo-
Iytes, like trehalose, are used by a wide variety of halotolerant and
halophilic organisms to combat salt stress (53). However, glucose
uptake calculations are approximate because of limitations in esti-
mating in situ glucose concentrations (see Materials and Methods).
Bicarbonate uptake was low across the sample set, and comparison
to single-cell, ammonium-based growth rates indicated that the bi-
carbonate uptake observed was primarily due to heterotrophic fix-
ation of inorganic carbon rather than autotrophy. Fixation of
inorganic carbon by heterotrophs can occur via multiple metabolic
processes, e.g., anaplerotic reactions, and contributes a considerable
amount to total carbon fixation in diverse environments (54). While
photoautotrophic eukaryotes, particularly Dunaliella salina, are
typically considered the main endogenous sources of organic
carbon in high-salinity brines (55), our data indicate that fixation
of inorganic carbon by heterotrophs also contributes, even at
NaCl saturation.

Cells in site V (the only MgCl,-dominated site) were not found
to have significant anabolic activity despite the presence of biomass-

Paris et al., Sci. Adv. 9, eadj3594 (2023) 22 December 2023

like material identified by nanoSIMS and 4’,6-diamidino-2-phenyl-
indole (DAPI) staining (figs. S6 and S7). Two cells in this site were
slightly above the detection limits for enrichment: one after incuba-
tion with '*C-amino acids and one after incubation with '*C-
glucose. However, given the probabilistic nature of our thresholds
for significant enrichment, we would expect 0.1% false positives
and, therefore, do not consider the detection of only two slightly
enriched cells a robust indication that activity occurred in that
brine. Site V had a high concentration of Mg** ions (~4 M), and
the concentration prohibitive to life is expected to be lower (~2 to
3 M) (14, 15). Ionic strength in site V (12.642 M) was also slightly
higher than the currently accepted ionic strength permissible to
growth (12.141 M) (56). Furthermore, combined low a,, and pH
can affect microbial growth [e.g., (57, 58)], and site V was the
most acidic brine of the five sampled sites. Therefore, cells in site
V were likely inhibited by multiple stressors. Future single-cell in-
vestigations of microbial metabolism in chaotropic and/or acidic
brines with a,, below 0.7 could disentangle these various effects.
We observed that the RUE for carbon relative to nitrogen in-
creased with decreasing water activity (Fig. 2). The C:N RUE
values are generally lower than expected in coastal ecosystems
(35), potentially because of dilution of assimilated '*C by natural-
abundance carbon in the polycarbonate filters during analysis (59).
However, the upward trend in RUE with decreasing a,, remains
robust. Greater demand for carbon relative to nitrogen from
amino acids by some cells may reflect processes associated with
salt adaptation. Cells can accumulate amino acids (via uptake or
synthesis) and other organic compounds (i.e., osmolytes) to
prevent cellular water loss from osmotic stress in hypersaline envi-
ronments (53, 60). Thus, the inverse relationship between C:N RUE
and a,, may be related to osmolyte synthesis as water stress increas-
es. In addition, some halophiles (including H. walsbyi and S. ruber
detected here) have more acidic proteomes and cell walls than other
microbes to combat ionic imbalance caused by salt-in adaptation
mechanisms (61). This is accomplished by using amino acids like
glutamate and aspartate, which have high C:N ratios compared to
less acidic amino acids (2, 62). Given that incorporation of more
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Fig. 4. Estimated a,, limits for detectable anabolic activity using linear regression. Closed circles represent average log(Cpe:%) or log(N,,:%) values for active cells in
each lake. Open circles represent estimated a,, limits (value in box) for detectable anabolic activity. Shaded area represents 95% confidence intervals.

acidic amino acids and accumulation of osmolytes may increase the
C:N RUE value of a cell, higher C:N RUE values at lower a,, could
reflect the presence of more active halophiles in a hypersaline
environment.

We found that intracommunity heterogeneity in activity in-
creased (i.e., fewer cells contributed to more of the detected anabolic
activity) when a,, decreased below that of seawater. This trend oc-
curred as taxonomic richness decreased, indicating that the increase
in activity heterogeneity was not driven by increasing genomic di-
versity. Recent data have suggested that phenotypic heterogeneity
(e.g., variable rates of anabolic processes within genetically identical
populations) increases with nutrient limitation and/or physiological
stress (63, 64). Although rarely measured in complex environmental
samples, our previous work suggests that metabolic heterogeneity
indeed increases with physical and nutritional stress as water
depth increases in the ocean (28). Here, an underlying combination
of increasingly stressful environmental parameters may have con-
tributed to both decreasing taxonomic richness and increasing het-
erogeneity in activity. Therefore, the inverse relationship between
metabolic heterogeneity and taxonomic richness could be explained
by greater phenotypic heterogeneity within individual populations.

Establishing the limit of life at low a,, is important for under-
standing fundamental biology on Earth and is required for planning
life detection missions to other worlds. We hypothesized that the a,,
limit of life based on anabolic activity was beyond previous esti-
mates that were based on observations of cell division in pure cul-
tures. Although cell division is ultimately required for a microbial
community to grow and evolve, using direct observations of cell di-
vision as an indicator of habitability is likely to lead to underesti-
mates due to the technical challenges of the observation,
including time. Observing substrate assimilation has the advantage
of detectability long before division occurs, although this comes
with the arguable disadvantage of including activity related to
repair/maintenance of biomass in addition to growth. However,
even if the assimilation detected is related to nonreplicative activity,
it indicates that the cells are currently viable and, therefore, of inter-
est from the perspective of habitability, planetary protection, and
food preservation. By observing substrate assimilation with nano-
SIMS, we were able to detect anabolic activity two orders of
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magnitude less than required for cell division, and, by using natu-
rally adapted halophilic communities, we increased the likelihood of
including uncultured and potentially more resistant strains. Fur-
thermore, single-cell analysis allowed us to exclude inactive cells
from our dataset when projecting the a,, limit, which otherwise
might have been skewed by biomass not endemic to the brine (de-
posited by, e.g., wind).

With this approach, we estimated a lower theoretical limit of de-
tectable activity at a,, = 0.540. This a,, exceeds the measured (0.635)
and modeled (0.611) a,, limits of cell division for halophilic pro-
karyotes in culture (I) as well as the current measured (0.585)
and modeled (0.565) a,, minima for fungal germination (5). Micro-
bial life is sensitive to even small changes (+ 0.010) in a,, (65). Thus,
the difference between the previous and newly proposed limits is
physiologically notable and suggests a larger potential habitable
space for anabolically active life. Furthermore, it is possible that
the true limit of anabolic activity is lower than our estimate, both
for technical reasons (e.g., our estimate is limited by the detection
limit of our assay) and biological reasons (e.g., there may be more
resilient microorganisms in other environments, and the com-
pounding chemical stressors along the a,, gradient in this saltern
system may have decreased viability faster than a, would
have alone).

In addition to a, understanding the ionic composition of an en-
vironment is fundamental in determining its overall habitability.
Even when a,, is permissible to life, other factors—such as ionic
strength and chaotropicity—can impose additional stressors that
may affect cell division [e.g., (14, 15, 56, 66—68)]. According to
our model results, a seawater-sourced brine with an a,, of 0.540 is
consistent with an ionic strength of ~11.4 M and a total aqueous
Mg*" concentration of ~3.6 M. Our predicted ionic strength is
below the measured limit of ionic strength (~12.1 M) but slightly
above existing dissolved MgCl, concentration limits [~2 to 3 M;
(14, 15, 56, 69)]. Given current knowledge, this suggests that life
would be limited by high Mg”" concentrations before low a,, in
this system. However, the presence of kosmotropic (biomolecule-
stabilizing) agents in a natural environment may increase tolerance
to Mg”* (14), including glycerol released by Dunaliella (13). Further
work is needed to understand how high Mg*" affects metabolic
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activity in situ. It is also important to acknowledge that the a,, limit
of detectable activity may be higher than 0.540 in polyextreme en-
vironments, such as high-pressure chaotropic brines on the seafloor
(14, 15, 39), magnesium sulfate—~dominated environments on Earth
[e.g. (56, 68)], and regions of Mars with high ionic strength (45).

In conclusion, our work indicates that anabolic activity likely
continues beyond the previously established water activity (a,,)
limit for cell division and suggests 0.540 as a minimum a,, for de-
tectable anabolic activity in seawater-sourced brines. This has im-
plications for life detection in environments on Earth and other
worlds with areas of low a,,, such as putative liquid flows on Mars
(70) and brines within moons like Europa (71, 72), Titan (73), and
Enceladus (74). Together, our data demonstrate the power of single-
cell analysis when working at the limits of detectable metabolism
and provide a methodology for future research into the limits of
life in extreme environments.

MATERIALS AND METHODS

Experimental design

The objective of this study was to measure microbial anabolism in
environmental samples across a water activity gradient. Sampling
was conducted with sterile tubing and a peristaltic pump at multiple
sites ranging from 0.982 to 0.409 a,. Geochemical analysis was con-
ducted to contextualize activity measurements. Two-day incuba-
tions with combinations of five different stable isotope—labeled
substrates were started within 24 hours of sampling, and single-
cell isotope analysis quantified substrate uptake in nearly 6000 in-
dividual cells. Specific sampling and experimental details are de-
scribed below.

Sample collection and geochemical analysis

Brine was sampled in October 2020 from five sites at SBSW in Chula
Vista, California, USA (32.6°N, 117.1°W; fig. S1); see (17) for site
details. Briefly, seawater enters the facility through a conduit (site
I) and is moved through a series of open-air ponds (e.g., sites II
to V), where it evaporates under natural conditions until NaCl
and subsequently MgCl, reach saturation, precipitate out, and are
harvested for commercial purposes. In situ temperature and pH
were measured at each site with the Onset HOBO MX2501 pH
and temperature logger, and in situ a,, was measured with the
AQUALAB 4TE dew point water activity meter (instrument error
was +0.003) (table S1).

Brine was collected and stored at ambient temperature, and fil-
tration (0.2 um) for geochemical analyses was performed upon
return to the laboratory. Amino acid concentrations were measured
with a fluorometric method designed for seawater samples (75), and
nitrate and ammonium concentrations were determined with spec-
trophotometry (76, 77). Dissolved organic carbon concentrations
were measured as nonpurgeable organic carbon using high-temper-
ature catalytic oxidation with a Shimadzu TOC-VCSN analyzer (78,
79). Total dissolved solids were measured by ACZ Laboratories Inc.
(Steamboat Springs, CO, USA) from residues of evaporated
samples. Ions and metal concentrations were quantified at ACZ
Laboratories with gravimetric ion chromatography (bromide, fluo-
ride, and chloride only), automated colorimetric (phosphorus
only), and inductively coupled plasma (metals and all other report-
ed ions). The ratio of Mg** to Na" was calculated as a proxy for cha-
otropicity as in (17). Ionic strength was calculated as in (45).
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Brine samples for stable isotope incubations were collected un-
filtered in 2-liter, acid-washed polycarbonate bottles using a peri-
staltic pump and returned to the laboratory within 12 hours. One
bottle was collected per site. The a,, of NaCl saturation at 33°C was
estimated by modeling the evaporation of seawater as in (17) and
recording the a,, of halite at NaCl precipitation.

16S ribosomal RNA gene extraction, sequencing, and
analysis

Cells from 4 to 100 ml of brine from each sampling site (depending
on the viscosity and filter capacity) were vacuum filtered onto sterile
0.2-pm Supor filters (47 mm; PALL) on site and stored on dry ice.
DNA was extracted with the MagMax Microbiome Ultra kit
(Thermo Fisher Scientific) on a KingFisher Flex bead-handling
robot and quantified with a Qubit 3.0. 16S ribosomal RNA
(rRNA) amplicon library construction and sequencing were com-
pleted at the Argonne National Laboratory (Lemont, IL, USA)
with 515F/806R universal prokaryotic primers (80), and amplicon
libraries were sequenced with the Illumina MiSeq platform (2 x 151
paired-end reads) (BioProject: PRINA680352). Reads were pro-
cessed with dada2 (81) and paprica (v0.7.0) (82) as described in
(17). Alpha diversity metrics were calculated by randomly subsam-
pling to 10,000 reads.

Stable isotope incubations

One hundred milliliters of brine from each site was incubated in
duplicate with three separate stable isotope combinations: (i) 500
uM "’C-bicarbonate (Cambridge Isotopes CLM-441) and 2 uM
’N-ammonium chloride (NLM-467), (ii) 2 uM '*C-glucose
(CLM-1396) and 2 uM "°N-sodium nitrate (NLM-157), and (iii) 2
uM "C'°N-algal amino acid mixture (CNLM-452). Concentrations
of isotope-labeled substrates were selected to be higher here than in
a previous experiment conducted at this site (17) to lower detection
limits. Incubation conditions were also chosen to reflect in situ con-
ditions more closely, additionally increasing the likelihood of de-
tecting activity. Static incubations were conducted in an
environmental chamber at 33°C with light (350 to 500 pmol/m”
s) for 12 hours per day. Immediately after isotope addition (T;)
and after 48 hours (T;), incubations were harvested. Forty-eight
hours was selected as the final time point to maximize assay sensi-
tivity and therefore the ability to observe low levels of activity in
these slow-growing communities; previous work in this system in-
dicated no significant community shifts during 48 hours of bottle
incubation (17). Whole incubations were fixed with 4% paraformal-
dehyde for 1 hour at room temperature and filtered onto sterile 0.2-
pm polycarbonate filters (25-mm diameter) using a vacuum pump.
Water activity was measured in triplicate from unfixed incubation
filtrate (0.2 pm) after isotopic substrate addition at the incubation
temperature (33°C) (Table 1). Filters were washed once with 10%
phosphate-buffered saline (PBS) and twice with Milli-Q water to
remove salts. Cells were dehydrated by soaking the filters in PBS:
EtOH (50:50) and 100% EtOH for 2 min each. Then, filters were
stored at —80°C until further analysis.

DAPI imaging

To investigate the possible presence of intact cells in site V, '*C'*N-
amino acid incubation filters were imaged with DAPI-based Vecta-
shield (no. H-1200, Vector Laboratories Inc., Burlingame, CA,
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USA) using a Nikon ECLIPSE Ti2 microscope with a 100x oil im-
mersion lens.

NanoSIMS imaging

Single-cell uptake of carbon and nitrogen was analyzed via nano-
SIMS. Sections of the T; and T filters (from one of the two replicate
incubations) were mounted onto conductive carbon tabs and
sputter coated with 20 nm of gold. Areas of the filter were randomly
selected and analyzed by the NanoSIMS 50 L (CAMECA, Gennevil-
liers, France) housed in the Stanford Nano Facility using a Cs*
primary beam operating in continuous mode. The beam was set
at 4 pA with an approximately 100-nm spot at the sample surface.
Samples were analyzed using a 256 x 256 pixel raster on 30 um by 30
pm areas with a dwell time of ~1 ms per pixel. Presputtering with a
high-energy beam was conducted for 30 s. The following masses
were collected with electron multipliers: '*C~, *C~, *C"’C,
12C3, *C"N7, 2C'°N7, and **S”. Thirty serial secondary ion
images (i.e., layers) were collected. The mass resolving power was
~7000 [after x1.5 correction, (83)] using an exit slit width of 70
pm, an entrance slit width of 20 um, an aperture slit of 200 pm,
and an energy slit filtering about 30% of secondary ions from the
high-energy tail of their energy distribution. ROIs were hand
drawn around putative cells using CN™ nanoSIMS images and
LANS software (84). Between 300 and 2000 cells were analyzed
per site (table S4). Cell density at each site was estimated using
the number of ROIs circled on T, frames of view for each site and
calculated to represent the number of cells per milliliter of brine.

Activity calculations

Nitrogen and carbon isotope ratios were calculated using the CN™
and C,~ ions, respectively. ROIs with low ion counts (Poisson error
values above 0.1) were removed from the dataset before further
analysis. Cells were classified as enriched in °C and/or "N if the
atom fraction, a, of the cell at the final time point, Ty, was above
the detection limit of enrichment (DL), conservatively defined ac-
cording to (34) as

DLisy = disni + (D, X 3) (1)
where a is the atom fraction of the minor isotope
15
N
a15N = m (2)

a; is the mean atom fraction of cells at T; (before incubation), and
SDyj is the SD of that mean. Detection limits are listed in table S5.
The ay of each cell was converted to net substrate assimilation
[Xnet(y%] where X is carbon (C) or nitrogen (N) from a given sub-
strate (), as defined in (34). For example, Ny etammonium)% quanti-
fies the amount of biomass generated with ammonium during the
incubation period relative to the total final biomass and is represent-
ed by

(ﬂlst — aisN;;)

Nnet(ammonium)% = |:( :| x 100 (3)

a15N,sub — alsN,i)

In Eq. 3, agp, is the atom fraction of the isotopically spiked sub-
strate pool, determined by proportionally averaging the atom frac-
tion of the added isotopically labeled substrate (provided by the
manufacturer) and the in situ pool of that substrate [assumed to
be natural abundance, i.e., 0.0037 for a;5y and 0.011 for a;3¢
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based on (85)]. The ay,, values are reported in table S6. The
average atom fraction of cells at T; (a;) was used to approximate
a;. Site V' Cieq(glucose)% Was calculated using the @; values of cells
from site V "°C-amino acids due to a technical error with the g;
values for glucose from that site. Since in situ ammonium concen-
trations were below the detection limit (29 uM) in sites I and 11, agy,
was calculated using approximated values 2 and 26 pM, respectively.
These values were estimated using previously published values (86)
and the linear correlation of ammonium to amino acids in this
dataset (R? = 0.96, P = 0.02), as both substrates were assumed to
follow the same trends with evapoconcentration. In situ glucose
concentrations were estimated using the ratio of glucose to dis-
solved organic carbon in surface seawater (0.02) (87, 88).

C:N RUE values were calculated as in (35). We used a C:N value
for amino acids of 4.9, which was the proportional average of the C:
N ratios in each amino acid in the isotope mix (table S7). The C:N
biomass ratio of hypersaline brine microbes has not yet been quan-
tified, so the average C:N biomass ratio of coastal marine microbes
(5.9) was used (89). Bias-corrected Gini coefficients were calculated
using the "Gini” function in the R package "DescTools" (version
0.99.49) (90).

The proportion of autotrophic cells within the community was
determined by analyzing the ratio of Nyeammonium)% to
Chet(bicarbonatey% in individual cells, as in (34) and subsequently
defined as Cget% in (91). Cells with Nyetammonium)%:
Chet(bicarbonate)% Tratios greater than two were considered
primarily heterotrophic (i.e., sourced at least 50% of their new cell
biomass from organic carbon). ROIs with ratios less than 2 were
considered primarily autotrophic (i.e., sourced at least 50% of
new cell biomass from inorganic carbon).

Estimating the a,, limit of detectable anabolic activity
Linear regression was performed on log-transformed Cietamino
acid)%’ Nnet(amino acid)%r and Nnet(ammonium)% data for active cells
only in sites I to IV to estimate an a,, limit for detectable anabolic
activity as performed previously to determine the limit for cell di-
vision in pure cultures (I). The site IV detection limits were used to
calculate net assimilation values below which activity would be un-
detected. Then, this estimate was log transformed and used as x in
the equation produced by linear regression to estimate the a,, values
(y) where no detectable anabolic activity would be expected
to occur.

Geochemical modeling

Simulating geochemical changes of seawater undergoing evapora-
tion was done using the EQ3/6 code, version 8.0a. Our simulations
used the generic seawater file swmajp.3i included in the distribu-
tion. Evaporation was simulated by subjecting the seawater to a neg-
ative titration by removing a total of 55.25 mol of water over the
course of the reaction. The thermodynamic database used was the
"ypf" database of pitzer activity coefficients. Simulations were per-
formed at 30°C and 33°C. The water density model of EQ3/6, used
to convert molalities (EQ3/6 default) to molarities (reported here),
is valid between 20° and 30°C. As a result, the evaporation simula-
tion at 33°C was used to compute the a,, of seawater at NaCl satu-
ration, whereas the simulation at 30°C was used to compute the
ionic strength and Mg** concentration at an a,, of 0.540. Electrical
balancing was done on Cl™. To bracket the solution—and because
natural seawater is slightly supersaturated with respect to carbonates
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—two end-member simulations were performed: one where car-
bonate minerals were allowed to precipitate and were maintained
in thermodynamic equilibrium with the aqueous fluid, and
another where their formation was suppressed. Suppressed carbon-
ates were aragonite, artinite, calcite, dolomite, huntite, hydromag-
nesite, lansfordite, magnesite, and nesquehonite.

Statistical analysis

Means and SDs are reported in figures and tables where applicable.
Limits of detection for uptake of carbon and nitrogen from amino
acids, bicarbonate, ammonium, glucose, and nitrate are listed in
table S5. Differences in ASV relative abundances (Bray-Curtis dis-
similarity) between sites and within sites (replicates) were assessed
with analysis of similarities (92). Regression models were assessed
with coefficients of determination and P values. All data were visu-
alized with ggplot2 in RStudio (93).

Supplementary Materials
This PDF file includes:

Figs. S1 to S7

Tables S1 to S7

Legend for dataset S1

Other Supplementary Material for this
manuscript includes the following:
Dataset S1
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