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Abstract

Microbial communities thriving in hypersaline brines of solar salterns are highly resistant and resilient to environmental
changes, and salinity is a major factor that deterministically influences community structure. Here, we demonstrate that this
resilience occurs even after rapid osmotic shocks caused by a threefold change in salinity (a reduction from 34 to 12% salts)
leading to massive amounts of archaeal cell lysis. Specifically, our temporal metagenomic datasets identified two co-
occurring ecotypes within the most dominant archaeal population of the brines Haloquadratum walsbyi that exhibited
different salt concentration preferences. The dominant ecotype was generally more abundant and occurred in high-salt
conditions (34%); the low abundance ecotype always co-occurred but was enriched at salinities around 20% or lower and
carried unique gene content related to solute transport and gene regulation. Despite their apparent distinct ecological
preferences, the ecotypes did not outcompete each other presumably due to weak functional differentiation between them.
Further, the osmotic shock selected for a temporal increase in taxonomic and functional diversity at both the Hgr. walsbyi
population and whole-community levels supporting the specialization-disturbance hypothesis, that is, the expectation that
disturbance favors generalists. Altogether, our results provide new insights into how intraspecies diversity is maintained in
light of substantial gene-content differences and major environmental perturbations.
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affected during periods of environmental transition or
disturbance.

In plant and animal communities, generalist populations
better withstand disturbances, whereas specialist popula-
tions are favored in stable environments. This is because
most specialist taxa are adapted to relatively narrow niches
in their natural ecosystem, and thus they are selected against
when communities experience a severe disturbance, the so-
called specialization-disturbance hypothesis [11]. Although
some previous studies applied ecological theory to describe
the response and recovery of community dynamics to
disturbance [12, 13], the relationship of disturbance and
specialization remains largely unexplored in microbial
communities. Specifically, disturbed communities are
often observed to encompass reduced taxonomic and/or
phylogenetic diversity compared to undisturbed controls,
but whether this pattern, which also translates to reduced
functional diversity, remains largely unknown. We have
recently shown that reduced taxonomic diversity, which
coupled to increased functional diversity, characterizes the
response of sedimentary microbial communities from Pen-
sacola Beach (Florida, USA) to the Deepwater Horizon
crude oil spill, i.e., the specialization-disturbance hypothesis
applies in this case [14]. However, crude oil is a highly
complex mixture of hydrocarbons, which could favor
generalists (e.g., increased gene functional diversity) as
opposed to specialists. Thus, whether other types of dis-
turbances, which also elicit similar diversity patterns,
remain to be tested. Moreover, it is important to test whether
the same principle applies to the diversity patterns within a
species or a population; that is, disturbance favors increased
functional diversity within the species by mobilizing a lar-
ger fraction of the intraspecies gene content from its own
rare biosphere compared to stable conditions.

To test these hypotheses, it is also important to study the
populations in situ, where the corresponding genes that
underlie the mechanisms and/or speciation events can be
better elucidated in response to perturbations or natural
stimuli compared to the (typically) artificial conditions
under laboratory settings. We have recently demonstrated
that crystallizer ponds of solar salterns are excellent semi-
natural systems at the mesocosm scale for use in testing
ecological theories on resilience and resistance [1], and
demonstrated that microbial communities highly resistant
and resilient to change driven by irradiation and salinity
deterministically establish in these ponds. An additional
advantage of the solar salterns is their relatively low
microbial diversity that appears to be at equilibrium,
meaning that the less-adapted species have been out-
competed [15]. These communities are generally dominated
by three major lineages, i.e., Halobacteriaceae, Nanoha-
loarchaeota, and Salinibacteraceae with relatively low
representation of distinct genera and species within each
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lineage [16—19]. However, it has been shown by cultivation
[20, 21] and molecular culture-independent methods [22]
that the low species diversity is in contrast to high intras-
pecies strain diversity, at least for the two most abundant
species thriving in the saltern environments, i.e., Salini-
bacter ruber and Haloquadratum walsbyi (Hqr. walsbyi).
Whether this large intraspecific diversity is important for the
success of the species in their changing environment (e.g.,
cycles of low and high salinity) or is mostly neutral
(meaning ecologically redundant or not important) remains
speculative [23].

Our specific model system, the solar salterns of Es Trenc,
located in the south of Mallorca island (Spain), is a semi-
artificial human-controlled environment fed with seawater
(3.5% salts, mostly NaCl) and is structured as inter-
connected evaporation ponds with increasing salinities to
reach salt saturation (>34% salts) in the crystallizers where
salt precipitates (Fig. 1A). The semi-industrial production of
salt is carried out on a spring—summer seasonal basis (early
May to late September) and saturated brines are regularly
refilled from the evaporating ponds to maintain volume and
saturation conditions that are appropriate for salt precipita-
tion. Once the harvest finishes at the end of summer and the
heavy rains start that are typical of this western Medi-
terranean region [24], the ponds are no longer used until the
following spring. Therefore, brine microbial communities
are exposed to strong seasonal environmental changes
(rainfall, temperature, irradiation, etc.), which are dynamic
throughout the year [18]. Nonetheless, the microbial com-
munities of these saltern systems are resilient to dilution and
other stresses as evidenced by the fact that the community
composition has remained similar during the 20 years that
the Es Trenc brines have been studied [1, 17, 19, 20]. This
stability indicates that these highly adapted assemblages
have developed intrinsic strategies to maintain their diver-
sity throughout the year in this dramatically fluctuating
system.

To test the prevailing theories mentioned above, we
employed metagenomic sequencing of temporal samples
from the Es Trenc brines and comparative analysis of
metagenome assembled genomes (MAGs) during a major
salinity transition. We focused on the abundant archaeon of
the salterns, Hgr. walsbyi, that has been shown to be more
sensitive to dramatic changes [25]. In particular, we
manipulated the salt concentration in one of the ponds by a
sudden 2.8-fold dilution of the brine with the addition of
freshwater (a reduction from 34 to 12% salts) simulating a
heavy autumn rainfall event. We then assessed the effects of
this event on the whole-community as well as the individual
Hgqr. walsbyi population diversity levels based on temporal
samples collected over a month when salt saturation re-
established due to natural evaporation. We evaluated which
members of the community appeared to be more sensitive
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Fig. 1 The experimental setup
of the study. A Control pond E1
(left) is salt-saturated and
therefore salt crystals are
observed at the sediment
interface; dilution pond E6
(right) have brines below the
salt-saturation threshold, and
therefore no salt precipitates
form. B Salinity shifts
throughout the experiment.
Ponds were sampled at time zero
(TOh), 1 day (T1), 2 days (T2),

Dilution pond (E6)

1 week (T7), and 1 month (T31).

After dilution, the E6 pond was

not refilled during the
experimental period.
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and responsive to the dilution, what the community diver-
sity patterns were post-dilution as salinity increased, and the
genetic differences and dynamics at the ecotype level of the
Hgqr. walsbyi population. Here, we refer to “ecotype” with
its original definition used to describe genetically deter-
mined differences between populations within a species that
reflect local matches between the organisms and their
environments, or different genotypes within a species hav-
ing different fundamental niches [26].

Materials and methods
Experimental mesocosm description

Six adjacent crystallizer ponds, each of about 15m® in
volume, were used in the year 2012 to observe the effect of
different environmental pressures on the hyperhalophilic
microbial communities. The ponds subjected to different
light intensities were described elsewhere [1]; here, we
focus primarily on the pond subjected to a dilution treat-
ment and the control ponds. All ponds had been recently
constructed and were used to concentrate salt for the first
time. The same pre-concentrated seawater of the source
concentrating pond was always used to fill and refill the
experimental ponds in the 3 months prior to the experiment.
To reach the salt saturation, crystallizers were refilled
weekly to increase the concentration of salts from 17.2%
that was the brine salt content of the inlet source in May to
saturation, or near saturation (33.6-38.4%), in early August
(Table S1). Pond E1, with saturating salt conditions (38.4%)

in early August, was used as a control for all experiments
[1] and just experienced the natural environmental changes
during the experiment. On the other hand, the main
experiment pond, Pond E6, which was diluted as described
below, was let to reach only near saturation conditions (i.e.,
33.6% of salts) 2 weeks prior the experimental treatment
(dilution) as opposed to salt-saturated conditions in order to
minimize the effort required to dilute a salt-saturated pond
with precipitated crystals. On the day the experiment started
(early August), Pond E6 was filled with fresh groundwater
(from an on-site groundwater well) using continuous flow
and mixing to avoid stratification and reducing the salinity
from 33.6-12% within 4 h (Table S1). Subsequently, the
Pond E1 (control) and E6 (dilution treatment) were sampled
for 1 month with no refilling; salt-saturation conditions re-
established in Pond E6 after 1 month of sampling, hence no
further sampling was performed after that point (Fig. 1B).

Metagenomics analysis

The detailed methodology employed here has been pub-
lished previously [1]. Briefly, metagenomic coverage was
predicted using Nonpareil v2.4 software [27]. MASH dis-
tance analyses [28] were visualized in an NMDS plot using
the vegan library [29] in RStudio v3.2.2. 16S rRNA gene-
encoding reads were extracted from metagenomes and
clustered at 98.7% nucleotide identity using QIIME. The
representative sequences from each operational taxonomic
unit (OTU) were aligned using SINA [30] and added to the
pre-calculated reference tree available in SILVA REF123
using the parsimony tool implemented in ARB [31]. The
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tree topology was manually evaluated, and the OTUs
affiliating with the same monophyletic brach with at least
one almost complete representative sequence in the data-
base were subsequently clustered into operational phylo-
genetic units (OPUs) as described previously [19].

Contigs with lengths over 1000 bp were binned into
MAGs using MaxBin v2.1.1 [32] with default parameters.
The average amino-acid identity (AAI) of each MAG
against the NCBI isolate genome database was calculated
using the Microbial Genomes Atlas (MiGA [33]). MAGs
obtained from the control experiment [1] were labeled with
a C (C-MAGsS), and those obtained from the dilution pond
with a D (D-MAGs; Tables 1 and S2). The abundance of
MAG:s in each metagenome was calculated by mapping the
reads using BLASTn [34] and selecting reads with >95%
identity and alignment length >70% because this level of
identity represented the level of sequence diversity observed
within the natural Hgr. walsbyi population. The number of
mapped reads was divided by the total number of reads in
each metagenome to provide the relative abundance of the
MAG (% of total) or divided by the size (bp) of the total
length of the MAG to provide the X coverage value (or
sequencing depth).

Hgr. walsbyi MAGs were recovered from individual
metagenomic datasets (no co-assembly was performed).
Potential contamination of MAGs was removed following
the tutorial available by Anvio’s tools v5.5 [35]. Genes
were predicted using Prodigal v2.6.3 [36]. Predicted pro-
teins were annotated against the TrEMBL database [37]
using blastp searches and selecting the best matches with
sequence similarity >50% and over 50% of the query
sequence length. Core and pangenome analysis was per-
formed using all-versus-all BLAST with all MAG:s.
Recruitment plots for MAG contigs and genes and the
average nucleotide identity of mapped reads values were
calculated using the “enveomics.R” package v1.5 [38]. To
calculate the abundance and gene-content diversity, read
mapping against MAGs was performed by competitive
best-match searches selecting those reads with sequence
identity >95%, which represents the most common thresh-
old for species distinction based on sequence data [39, 40]
and also accounts for genes that may evolve faster than the
available Hgr. Walsbyi genome. The resulting read
sequence depth data across the genome were averaged after
the upper and lower 10% of outliers were removed pro-
viding the truncated average depth (or TADS80). To calcu-
late the difference in abundance between different ecotypes
and for a confident assignment, the analysis only took into
account the reads that matched at 100% identity in one
MAG and <100% in the rest. TADSO values were nor-
malized for dataset and genome size (when MAG com-
pleteness was not close to 100%) in order to provide relative
abundance of the total estimates.

SPRINGER NATURE

DAPI and CARD-FISH analysis

All samples were immediately fixed with formaldehyde and
processed for the fluorescence microscope counts as pre-
viously reported [41]. Total quantification of microorgan-
isms was performed by DAPI, and the bacterial and
archaeal fractions were separately assessed by applying
CARD-FISH with domain-specific probes as detailed in
Viver et al. [41].

Results
Whole microbial community shifts

The pond (E6) used to perform the osmotic shock effect
(i.e., dilution) contained brines at a concentration of 33.6%
salts just below the saturation point (NaCl saturation occurs
at salinities reaching 36% at 25°C [42]; Table S1). On the
other hand, the E1 was saturated (38.4%) with visually
obvious salt precipitates (Fig. 1) and was used as a control.
Despite the difference in salt saturation, both control and
E6 showed very similar total cell counts (DAPI; ~4 x 107 +
2.4 cells/ml) and relative abundances of the bacterial
and archaeal domains (~21% and 79%, respectively;
Table S3A). However, differences in relative abundance
and richness of bacterial OPUs (Kolmogorov—Smirnov test
p values > 0.05; Table S4) were observed with the unsatu-
rated E6 having higher values (Table S5). In both ponds, the
most abundant archaeal OPUs affiliated with Halogua-
dratum sp. (8.83% for E1 and 3.73% for E6; Fig. S1), and
the most abundant bacterial OPUs with Salinibacter sp.
(20.3% for E1 and 17.4% for E6; Fig. S1). E6 also showed a
substantial presence of Spiribacter spp. (7.9%) and some
uncultured Rhodobacteraceae (3.6%). Relative abundance
based on read recruitment of the C-MAGs (Table 1 and
Fig. 2) mirrored the OPU relative abundance results, with
Haloquadratum sp. and Salinibacter sp. MAGs exhibiting
higher abundances in the control. In contrast, the halo-
bacterial MAGs C6 (0.22% in E6 and 0.16% in El), C11
(0.52% in E6 and 0.049% in E1), C16 (1.99% in E6 and
0.84% in E1), and C30 (1.01% in E6 and 0.082% in E1)
were higher in E6.

The fast dilution of E6 from 33.6 to 12% salts within 4 h
(2.8-fold salinity drop with a rate of 5.4% salinity/hour)
produced a dramatic change in the cell numbers with a
decrease from 4.4 +2.58 x 107 cells/ml to 6.93 +0.15 x 10°
cells/ml (Table S3A). We did not expect any influence from
the cells present in the added groundwater because the
concentration of these cells should be two to six orders of
magnitude lower than the cells of the brines, and ground-
water cells should not be adapted to high-salt concentra-
tions; hence, these organisms would die out quickly when
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Table 1 Statistics of MAGs recovered from dilution (D-MAGs) and control metagenomes (C-MAGS).

MAGs Contigs Bases (Mb) % GC Compl. (%) Cont. (%) Taxon Lower rank
classification

Dilution pond (D-MAGs)

Archaea
D2 341 2.96 47.60 100 0 Hgr. walsbyi Species
D4 572 1.85 68.60 69.2 0 Halorubrum sp. Genus
D5 128 2.01 66.39 53.8 0 Natronomonas sp. Genus
D8 126 1.09 67.10 69.2 0 Haloferacaceae sp. Family
D11 137 0.59 66.30 50.0 0 Natronomonas sp. Genus
D14 520 1.55 66.64 53.8 11.5 Halorubrum sp. Genus
D15 128 0.42 66.70 46.2 0 Halobacteriaceae sp. Family
D16 591 1.63 70.10 34.6 7.7 Haloferacaceae sp. Family
D18 760 2.04 70.10 61.5 11.5 Halorubrum sp. Genus
D26 305 1.18 68.80 53.8 0 Haloferacales sp. Order

Bacteria
D1 575 3.27 66.20 85.6 7.2 Salinibacter sp. Genus
D3 409 4.24 66.50 95.5 13.5 Rhodothermaceae sp. Family
D6 676 4.29 66,70 86.3 225 Salinibacter sp. Genus
D9 295 2.52 53.20 92.8 4.5 Bacteroidetes sp. Phylum
Di12 578 1.86 60.36 50 13.7 Rhodothermaceae sp. Family
D13 2097 4.89 69.38 63.7 13.7 Rhodovibrio sp. Genus
D19 1868 3.63 57.01 71.2 10.8 Marinobacter sp. Genus
D22 1053 2.51 65.26 87.3 22.5 Spiribacter sp. Genus
D23 1155 2.07 34.99 432 5.4 Flavobacteriia sp. Class
D24 662 3.13 41.90 89.2 7.2 Flavobacteriia sp. Class
D25 1551 2.63 47.20 559 13.5 Bacteroidetes sp. Phylum

Hgr. walsbyi
DITO 258 3.06 47.53 100 0 Hgr. walsbyi Species
D2T1 371 3.61 47.81 100 0 Hgr. walsbyi Species
D2T2 176 297 47.52 100 0 Hgr. walsbyi Species
D2T7 840 243 46.82 47.8 0 Hgr. walsbyi Species
D2T31 479 2.73 47.52 95.7 0 Hgr. walsbyi Species

Control pond (C-MAGs)

Archaea
Cl1 542 1.49 47.94 57.7 0.0 Hgr. walsbyi Species
C3 1111 2.04 62.27 26.9 0.0 Halobacteriales sp. Order
C4 502 2.31 67.36 69.28 7.7 Halorubraceae sp. Falimy
C5 765 3.29 63.72 91.59 13.6 Haloarculaceae sp. Family
Co6 286 2.71 50.83 88.88 2.1 Haloferacales sp. Order
C8 647 232 64.51 53.99 11.5 Haloferacales sp. Order
Cl1 1075 2.86 69.79 87.00 43 Halobacteriaceae sp. Family
Cl14 487 1.26 69.79 52.93 8.8 Halobacteriaceae sp. Family
Cl6 548 2.74 69.79 46.20 3.8 Halorubraceae sp. Falimy
C21 898 2.24 61.74 43.50 8.7 Halobacteriaceae sp. Family
C22 1113 2.11 66.91 34.60 0.0 Halorubraceae sp. Family
C28 437 0.83 68.51 28.62 3.8 Halobacteriaceae sp. Family
C29 246 0.64 65.79 18.48 0.0 Halorubraceae sp. Family
C30 662 0.87 64.67 23.49 3.5 Halobacteria sp. Class
C31 389 0.92 68.93 29.91 1.9 Haloferacaceae sp. Family
C32 195 1.08 43.49 91.30 13 Nanohaloarchaea sp. Class

Bact
C2 874 2.13 64.86 88.88 2.1 Salinibacter sp. Family
C20 1149 2.25 63.52 59.17 25.7 Rhodothermaceae sp. Family

The complete information of the MAGs is reported in Tables S2 and S9. Note that C-MAGs have been described previously [1].
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Fig. 2 Taxonomic shifts during the dilution experiment. A Shifts in abundance of the C-MAGs. B Dynamics of the archaeal vs. bacterial
fraction of the communities based on OPUs (bars; primary y axis), and alpha diversity based on Nonpareil (red line; secondary y axis).

such conditions prevail due to evaporation [43]. This 6.7-
fold concentration decrease (Table S3B) contrasted with the
expected 2.8-fold change due to dilution alone. The
archaeal cells were most sensitive since they decreased
17.5-fold in abundance, while their bacterial counterparts
just experienced a 2.8-fold decline (Table S3B). Accord-
ingly, all halobacterial OPUs decreased in their relative
abundances (Fig. S1 and Table S5) leading to significant
differences in taxonomic structure pre- and post-osmotic
shock (p value<0.05 on Kolmogorov—Smirnov test;
Table S4). The sequence diversity as measured by Non-
pareil curves increased from 18.6 to 19.38 (Fig. 2b and
Table S6; note that Nonpareil diversity is reported in log
units), and Chao-1 values based on OPUs increased from
129 OPUs to 290 OPUs (Table S5) after the osmotic shock
indicating increased alpha diversity. In both cases, the
bacterial fraction was mainly responsible for the
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differences. Interestingly, the increase in taxonomic diver-
sity was accompanied by an increase in functional gene
diversity as evidenced—for instance—by the fact that at
least 50 additional subsystems were observed in the early
metagenomes after the dilution event relative to the control
or to the 1-month metagenomes (Fig. 3). The average
genome size of the microbial community was also sig-
nificantly higher in these early metagenomes, consistently
indicating that generalist taxa were favored by the osmotic
shock.

Subsequently, the brine experienced a natural evapora-
tion (by sunlight) raising the salinity from 12 to 23% salts
within just 1 week (Fig. 1), and to saturation (36% salts)
after 1 month with visible salt precipitates on the sediment
surface. An intermediate increase in diversity occurred
during the first week (Fig. 2b) and gradually reduced toward
the end of the experiment as evidenced by (i) an increase in
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Fig. 3 Similarity among the metagenomes determined in this
study. Clustering of all metagenomes based on: A whole metagenome
MASH distance, B Jaccard distance based on OPUs, C the abundance

the percentage of reads mapping to contigs longer than 500
bps assembled from the corresponding metagenomes (~45%
in diluted early metagenomes vs. ~65% in high salinity
metagenomes; Supplementary Spreadsheet Table T1), (ii) a
tenfold decrease in the alpha diversity estimated by Non-
pareil (~19.4 in diluted samples and 18.6 in high salinity;
Fig. 2b and Table S6), and (iii) a gradual decrease of
Shannon indices based on OPUs (Table S5). All cluster
analyses performed on the species (OPUs), genes, or short
reads consistently revealed two groups (Fig. 3): a low
salinity group composed of E6 1 day (T1), 2 days (T2), and
1 week (T7) metagenomes, and a high salinity group
composed of E6 TO and 1 month (T31) and all of the control
El metagenomes. Accordingly, the MinHash distances
between the E1 (control) and E6 initial (e.g., time 1 day or
T1) metagenomes showed that the two communities were
different. The distances to the control pond increased after
the osmotic shock to a maximum distance at the 1-week
metagenome before finally decreasing to the lowest distance
at the end of the experiment once saturation conditions
were reached (Fig. 3A). Furthermore, despite clustering
together, the three low salinity intermediate metagenomes
(i.e., T1, T2, and T7) were not identical according to the
Kolmogorov—Smirnov test (Table S4) and showed the
highest numbers of sample-unique OPUs (Figs. 3 and S2).

MAG diversity and shifts

The metagenomes of the intermediate stages (T1, T2, and
T7) of E6 yielded 21 D-MAGs (Table 1), ten affiliated with
the class Halobacteria and eleven with different bacterial
lineages. Among the archaeal D-MAGs, only one (D2
identified as Hgr. walsbyi) was assignable to a known
species with an AAI value of 98.79% (Sup. Table S2),
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whereas five (D4, D5, D11, D14, and D18) exhibited AAI
values between 70 and 90% indicating that the corre-
sponding MAGs belong to known genera but unclassified
species [44]. An additional four MAGs (D8, D15, D16, and
D26) were very distantly related to classified taxa with AAI
values <65% against all genomes and MAGs available in
public repositories (according to MiGA [33]). Among the
eleven bacterial D-MAGs assembled, four affiliated with the
family Salinibacteraceae, two with AAI values <65% (D3
and D12), one with a 67.9% AAI (D1), and one true
member of Sal. ruber with a 98.9% ANI, and 95.9% AAI
(D6) with the genome of the type strain (Table S2). The D-
MAGs D13 (Rhodovibrio sp.), D19 (Marinobacter sp.), and
D22 (Spiribacter sp.) showed AAI values between 70 and
90% with the genomes of their respective type species, and
finally, four D-MAGs affiliated with Bacteroidetes all had
<65% AAI (D9, D23, D24, and D25) with the genomes of
their closest relatives. It was remarkable that we recovered
nearly identical MAGs (ANI values >98.9%) from different
ponds including D2 and C1 (Hgr. walsbyi), D18 and C16
(Halorubrum sp.), and D1 and C2 (Salinibacter sp.).

The relative abundances of the C- and D-MAGs based on
read recruitment (Fig. 4) showed three main dynamics: (i)
species that promptly decreased in abundance after the
osmotic shock presumably due to cell lysis (T1, T2, and
T7), i.e., all archaeal C-MAGs, but their abundances largely
recovered by 1 month (T31). (ii) Species resistant to the
osmotic shock that showed a slightly increased abundance
just after the stress (T1 and T2), but with an intermediate
decline to finally recover in the long term, which included
all MAGs identified as Salinibacter sp. and, (iii) species
that increased in abundance immediately after the
shock and throughout the intermediate stages when low
salinities prevailed, i.e., the majority of D-MAGs (mostly
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Fig. 4 Shifts in the abundances of the control and dilution MAGs
during the sampling period. A D-MAGs and B C-MAGs. MAGs that
decreased in abundance after the osmotic shock are shown in red while
those that increased in abundance after osmotic shock but decreased

bacterial), and especially Rhodovibrio sp. (OPU305 and
MAG D13).

There were several relevant gene functions that changed
more than twofold in abundance relative to the control
(Tables S7 and S8). In the intermediate stages, we observed
an increased number of subsystems related to the accumu-
lation of organic compatible solutes such as sarcosine,
ectoine, betaine, glycine; synthesis of osmoregulated peri-
plasmic glucans, and Na*/H™ antiporters. We also detected
an increased occurrence of genes related to biosynthesis and
degradation of chlorophyll, photorespiration, and photo-
system I and II genes in accordance with a higher occur-
rence of cyanobacterial OPUs (Table S8). Similarly, we
detected an intermediate increase in the occurrence of genes
related to the metabolism, breakdown, and mineralization of
dimethyl sulfide and dimethyl sulfoniopropionate. On the
other hand, the saturated or close to saturation samples
showed increased subsystems associated with potassium
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after 1 week of dilution are shown in green. MAGs that increased in
abundance in the intermediate salinities (i.e., T1, T2, and T7 time
points) are shown in blue for comparison.

homeostasis (>33%; Table S8). In general, MAG-based
patterns were consistent with the community-wide shifts
mentioned above in that MAG diversity, genome size, and
functional repertoire temporarily increased after the dilution
event before decreasing when salt-saturation conditions re-
established at 1 month post dilution.

Hgr. walsbyi ecotype shifts

The only taxon recovered as a single MAG in all the
metagenomes was Hgr. walsbyi. MAGs D2T0, D2TI,
D2T2, D2T7, and D2T31 were all obtained with high
coverage (>6X to ~102X) in their respective metagenomes
(Tables 1 and S9). All five MAGs had ANI values >98.5%
compared to the genome of the type strain Hgr. walsbyi
23" and >99.5% among themselves, but none were iden-
tical to each other (Table S10). Based on slightly different
ANI values, and especially the number of shared



Distinct ecotypes within a natural haloarchaeal population enable adaptation to changing environmental...

orthologous genes, we could identify two different MAG
groups. One group was composed of four MAGs D2TO,
D2T1, D2T2, and D2T31 (assigned as ecotype 1; Hwalsl)
that shared ANI>99.73% and the highest amount of
orthologous genes. A single MAG D2T7 (assigned as
ecotype 2; Hwals2), recovered after 1 week, made up the
other group and showed the largest differences compared
to the remaining MAGs in terms of ANI (~99.65%;
Table S10) and MAG-specific orthologous genes (911
genes: Fig. S3). As a MAG represents the average com-
posite genome of the most abundant genotype(s) at the time
of sampling, the ANI and gene-content differences observed
between the two groups pointed to the existence of (at least)
two different ecotypes, which was further supported by their
different abundance patterns along the salinity transition.
Both ecotypes always coexist as revealed by competitive
blast and recruitment plots of their corresponding MAGs
(Figs. 5 and S4). The ecotype Hwals1 was always the most

CONTROL POND

abundant throughout the experiment in both control and
diluted ponds, while the ecotype Hwals2 was generally of
lower abundance (in general, ~2.5-fold lower) except
1 week after dilution when the salinity was about 24% and
Hwals2 became even more abundant than Hwalsl. Both
ecotypes suffered a strong decline after the osmotic shock
(between three- to fivefold), but the dominant ecotype suf-
fered a stronger decline than Hwals2 (Fig. 5). During the
period of salinity increase from 12 to 23% (i.e., from day 1
to day 7), the dominant ecotype still experienced a con-
tinuous decline in abundance, whereas Hwals2’s abundance
remained relatively stable or increased. After 1 month,
when salinity reached saturation, relative abundances
recovered with the dominant ecotype becoming more
abundant.

Notably, all read recruitments of each MAG against any
of the metagenomes exhibited a bimodal gene coverage
with about 10% of the genes with lower coverage as
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Fig. 5 Dynamics of the two Haloquadratum walsbyi ecotypes.
Metagenomic relative abundance of reads from control (left column)
and dilution pond (right column) mapping to (i) core MAG genes with

identity >98%, (ii) relative abundance based on competitive blast of
reads mapping to core genes, and (iii) to MAG-specific genes.
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assessed by TADSO values (truncated average sequencing
depth; Fig. S5). These gene coverage patterns further cor-
roborated the existence of (at least) two ecotypes and the
gene-content differences observed when comparing the
MAG sequences to each other. In general, the set of genes
that appeared specific to the most prevalent MAG group
showed similar abundance to the core genes in TO, T1, T2,
and T31 metagenomes but reduced coverage in the meta-
genome T7 (Figs. S5 and S6). Reciprocally, the Hwals-
specific genes showed reduced occurrence in the other
metagenomes except T7. These patterns indicated that the
Hwals2-specific genes might be important for adaptation at
low and intermediate salinities (Fig. 5). Consistent with this
interpretation, the functional annotation of the Hwals2-
specific genes revealed at least two genomic islands enri-
ched in proteins for solute transport (e.g., an ABC-type
transport system of amino acids and other small organic
compounds), gene regulation and a glycosyltransferase,
which altogether might play a role in osmoregulation,
together with CRISPR-associated endonucleases, inte-
grases, transposases, and hypothetical proteins (Fig. 6). The
Hwals2 was also the only MAG containing the type-II
secretion system to translocate proteins from the periplasm.
Analogously, the Hwals1-specific genes included functions
potentially involved in osmoregulation of (different)
solutes, different transporter systems and ATP-binding
proteins. Collectively, these results indicated that even
though the osmotic shock negatively affected both Hgr.
walsbyi ecotypes presumably due to cell lysis, Hwals2
recovered faster in the early stages after disruption, and the
major ecotype needed a longer time and/or higher salinities
for recovery. Most probably, Hwals2 represents a genotype
adapted to lower salinity that is facilitated by its unique
gene content, and the Hwals1 is the dominant genotype that
is successful in the most extreme salt concentration.

Conspicuously, the four MAGs assigned to the dominant
ecotype were not identical to each other but contained
substantial gene-content difference and allelic variation in
the shared genes (Figs. S7 and S8). Especially the inter-
mediate stages represented by D2T1, D2T2 that harbored
745 and 788 divergent shared genes, respectively, were
most divergent from D2TO showing 99.8-98% nucleotide
identity to their D2T0O homolog. Presumably these MAGs
were the result of binning more diverse strains (genotypes)
that became more abundant at the intermediate stages
relative to the beginning or end of the experiment that was
characterized by more stable conditions. Consistent with
this interpretation, D2T0 and D2T31 were the most similar
having the lowest amount of divergent genes. Therefore, it
appears that the dilution disturbance selected (temporarily)
for more diversity and more functions even within the Hgr.
walsbyi population, consistent with the specialization-
disturbance hypothesis.
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Discussion

Here we challenged brine assemblages with a sudden
dilution that simulated an autumn heavy rain, which could
lead to community changes beyond the stability threshold.
The nearly threefold dilution event promoted an uneven
disturbance effect on the community. As previously
observed [25], bacterial cells were much more resistant to
the osmotic shock than their archaeal counterparts, pre-
sumably due to their stronger cell structure and the adap-
tation of their proteomes [45]. The archaeal cell lysis that
resulted in a nearly sevenfold drop in abundance allowed a
temporary increase of some members of the low abundance
“rare” bacterial biosphere [46]. These bacteria were pre-
sumably resistant to osmotic shock, better adapted to lower
salinity concentrations, and possibly profited—for instance
—from the suddenly available growth substrates due to cell
lysis. It may be that haloarchaea are adapted to a certain
level of ionic stability so when unusual events such as
heavy rains occur, their communities can be strongly
devastated with irreversible shifts as previously hypothe-
sized [47]. Despite the severe decline in one major micro-
bial component, the nearly threefold dilution did not affect
the community beyond the stability threshold nor its capa-
city to recover fully 1 month later when high-salt conditions
were re-established due to evaporation. Therefore, it
appears that the effect of the dilution shock was still within
the environmental variation that the community could tol-
erate [15]. There must have been residual non-lysed cells
perhaps consisting of better-adapted co-existing phylotypes
[48] that presumably acted as a seed-bank [46], or there may
be microniches of hypersaline brines that due to ineffective
mixing (e.g., stratification due to different densities) acted
as a microbial reservoir for the recolonization. Our findings
also give a more optimistic view on the reported massive
extinction in the Atacama Desert [47], as it might just take
some time, in the case of the Atacama Desert even years
[49], for the restoration of the salinity conditions and the
reestablishment of the abundant members of the original
communities. The salinity range variation observed here
might be, if not the largest, one of the broader variations
occurring in natural environments.

The salinity increases, in the short-term and after the
shock, promoted community shifts compatible with expec-
tation based on previous knowledge about what taxa are
adapted to intermediate salinities (15-25%) with dominance
of Proteobacteria, Cyanobacteria, Bacteroidetes, and to a
minor extent Halobacteria [18, 50]. The punctuated increase
of moderately halophilic organisms such as Natronomonas
spp [51] was consistent with these interpretations, as were
the enhanced occurrence of the compatible-solute gene-
content repertoire observed in the intermediate-salinity
metagenomes. These organisms tolerate high salt based on
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the acquisition and/or production of compatible organic
solutes [45, 52] contrasting with extreme halophiles, which
are characterized by built-in intracellular salt strategists, e.g.,
accumulation of KCI and the dominance of acidic proteins in
the proteome [45].

coverage in the sample T7. Red and blue boxes indicate the gene
function of the marked clusters. B Same representation as A but using
variable genes of the MAG D2T7 as a reference. C Comparison of the
functional gene content of MAG D2T0O and D2T7 and the functions
encoded for the variable genes represented in A and B. Genes were
annotated against TTEMBL databases. The numbers of genes were
normalized to 100% to compare functional categories.

In general, the saltern microbial communities changed
both taxonomically and functionally after the dilution
shock. The community shifts caused an increase in taxo-
nomic diversity in early phases (intermediate salinities) with
a significant recovery and reduction in taxonomic diversity
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by 1 month when high-salt conditions re-established. This
increase in taxonomic diversity was accompanied by an
increase in functional diversity and larger genome sizes, in
general (Fig. 3). Notably, a larger genome size and a greater
number of functions were observed both at the whole-
community and the individual Hgr. walsbyi population
levels by our sequencing effort even when normalized to the
metagenome with the lowest sequencing effort (Fig. S9).
Therefore, our results are only partially consistent with the
specialization-disturbance hypothesis [11] in that we
observed a selection for generalist taxa shortly after the
perturbation, but this was not accompanied by a reduction
in taxonomic or phylogenetic diversity. These results con-
trasted with those of our previous study in which generalist
taxa were selected for in coastal sedimentary communities
perturbed by an oil spill with a concomitant reduction in
taxonomic diversity apparently caused by oil toxicity and/or
growth arrest due to limited hydrocarbon degradation cap-
abilities of the typical oligotrophic taxa that are auto-
chthonous to coastal sediments [14]. We had anticipated
that carbon and energy sources would be affected much less
by the dilution perturbation performed in the present study
compared to the oil spill. Therefore, these findings revealed
that different types of perturbations might elicit different
responses to the corresponding microbial communities.
Further, our results in terms of taxonomic diversity appear
to be more compatible with the “intermediate disturbance
hypothesis” [15], which predicts that intermediate (not
extreme) environmental conditions maintain large diversity.
Overall, our results provide evidence of complex succes-
sional patterns in the studied communities involving pro-
liferation of rare members promoted by available organic
material from cell lysis and intermediate salt conditions, and
resulting in a general recovery of diversity, specialization,
and halophilic groups a month after the disturbance.
Enabled by the high resolution provided by metagenome
sequencing and genome binning, we were able to distinguish
two different ecotypes of the dominant Hgr. walsbyi popu-
lation. Although the ecotypes co-existed for the whole dura-
tion of our experiment, they showed distinct patterns in terms
of preference for optimal salinity concentration and gene-
content differences that most likely underlie their salinity
preference. This genetic flexibility of Hgr. walsbyi is based on
several genomic islands [22] that encode genes contributing to
organismal fitness e.g., genes related to cell surface structures
or S-layer proteins that may contribute to capsule formation
[53]. Interestingly, while the abundance of the majority of
ecotype-specific genes remained low as conditions changed
(compared to shared genes), at least a handful of them were
found to increase considerably in abundance in the meta-
genome from which the corresponding MAGs originated,
e.g., MAG Hwals2-specific genes were more abundant in the
1-week metagenome, and that of the dominant ecotype were
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more abundant in the other sampling dates. Notably, the
predicted functions encoded by some of these genes were
associated with environmental sensing, metabolite transport
in/out of the cell, and gene regulation (Fig. 6). Collectively,
these results further supported our hypothesis that the iden-
tified genes of MAG Hwals2 involved in regulation and
transport are presumably important for cell osmoregulation
under low- and intermediate-salinity conditions. It is also
possible that additional functions important for salinity
adaptation are hidden among the many hypothetical or
unannotated proteins (~55% of the total) of the MAG
Hwals2-specific genes [54]. The exact functions or substrate
specificity of the identified genes remain unknown as bioin-
formatics analysis provides only general functional prediction.
However, MAG-specific functions may facilitate the Hgr.
walsbyi population in adapting to changes in salinity con-
centrations and are likely not neutral or ephemeral, but these
findings await experimental testing.

An emerging question based on these findings is why the
intrapopulation diversity was not purged (removed) when
salinity conditions changed. That is, the ecotype (cells) that
encodes the abovementioned genes should have outcompeted
the other ecotype(s) of the population resulting in a more
clonal population. However, relative abundance of ecotype-
specific genes and competitive read mapping on shared (core)
genes (Fig. 5) suggested that the ecotypes co-existed and
intrapopulation diversity was maintained. Thus, we hypothe-
size that the ecological advantage of these genes is significant,
but not strong enough to purge the intrapopulation diversity
(or sweep through the population). Alternatively, a longer
time may be required for a sweep to happen than was
represented by our sampling scheme (1 month). While this
hypothesis remains to be experimentally tested, it does pro-
vide a plausible mechanism that would maintain sequence-
discrete populations despite such intrapopulation gene-content
diversity, frequent HGT, and environmental transitions.
Consistent with this working hypothesis, we observe similar
patterns of intrapopulation diversity in Salinibacter ruber
[21], the most abundant bacterial species of the salterns,
indicating that similar mechanisms may apply between the
two domains of life. Moreover, these results further corro-
borate the use of sequence-discrete populations as the
important unit of microbial diversity for taxonomy as well as
for future investigations for advancing taxonomy and diver-
sity studies.

The results presented here require further experimenta-
tion to understand whether the cyclic changes in ionic
strength promote either an evolution of the dominant eco-
type that may explain the differences between the initial and
final gene repertoire, or whether the auxiliary pangenome
gene pool dynamics among co-occurring strains would
guarantee the success of the dominant ecotype on a longer
temporal scale. Perhaps, the “microbial weed” behavior of
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Hgr. walsbyi and Sal. ruber is not really due to their
exceptional vigor and competitive ability [55] but to a wide
range of co-existing ecotypes that carry a vast auxiliary
pangenome [21] guaranteeing their preponderance in a
severely fluctuating system.
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