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Microbial communities often harbor overwhelming species and
gene diversity, making it challenging to determine the important
units to study this diversity. We argue that the reduced, and
thus tractable, microbial diversity of manmade salterns
provides an ideal system to advance this cornerstone issue. We
review recent time-series genomic and metagenomic studies
of the saltern-dominating bacterial and archaeal taxa to show
that these taxa form persistent, sequence-discrete, species-
like populations. While these populations harbor extensive
intra-population gene diversity, even within a single saltern site,
only a small minority of these genes appear to be functionally
important during environmental perturbations. We outline an
approach to detect and track such populations and their
ecologically important genes that should be broadly applicable.
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Natural and engineered microbial communities are often
composed of hundreds, if not thousands of species, each
carrying a couple hundred species-specific genes [1,2].

Given this high complexity, it has been challenging to
decipher which specific taxa and genes carry out the key
ecosystem functions. Complicating the matter further, it
has been argued that prokaryotes, and other microbes, do
not form distinct populations due to the extensive hori-
zontal gene transfer they can undergo [3] and their very
large population sizes (e.g. population diversity sweep
events are uncommon). Indeed, whether or not prokary-
otic species exist and, if yes, how to recognize them are
challenging questions to answer, with obvious practical
implications in identifying or regulating organisms of
clinical or biotechnological importance [1,4,5]. Accord-
ingly, what are the appropriate units to study bacterial
diversity within an (eco-)system remains an unresolved
issue, despite its paramount importance for research
activities as well as communication of results. Conse-
quently, several scientists study operational taxonomy
units (O'TUs), defined by an arbitrary threshold of nucle-
otide identity, usually 97% or 99% for the 16S rRNA (or
another) gene, as a proxy for a species or unit, while others
opt to study individual genes, without considering the
genomic background that the genes reside in.

During the previous decade, shotgun metagenomics stud-
ies of natural microbial populations have revealed that
bacteria and archaeca predominantly form sequence-dis-
crete  populations with intra-population  genomic
sequence relatedness typically ranging from ~95% to
~100% genome-aggregate average nucleotide identity
(or ANI) depending on the population considered (e.g.
younger populations since the last population diversity
sweep event show lower levels of intra-population diver-
sity). In contrast, ANI values between distinct popula-
tions are typically lower than 90% [6] (Figure 1a). Such
sequence-discrete populations were recovered from many
different habitats, including fresh-waters and marine-
waters, soils, sediments, human gut microbiomes and
biofilms of engineered systems, and were typically per-
sistent over time and space [7-9,10°] indicating that they
are not ephemeral but long-lived entities. The qualitative
difference between these metagenomics results and those
of previous studies based on isolated organisms in the
laboratory that reported indiscrete species may be due to
isolation biases [6]. That is, the previous studies included
heterogeneous collections of organisms representing dif-
ferent locations and sampling times (i.e. distinct ecologi-
cal niches) and genomic adaptations specific to local
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Figure 1

Reference strain genome: ES_AV_25_2 (from Mallorca, Spain)
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The read-recruitment approach to identify and track a sequence-discrete population.

Panel (a): Recruitment plot of metagenomic reads from a control saltern sample against the genomic sequence of a Sal. ruber isolate from
Mallorca, Spain (reference). Note that the recruited reads representing the same population as the reference genome (in dark blue) vary in identity
from ~96 to 100%, indicating substantial sequence and gene content diversity (e.g. denoted by fewer reads mapping in the hypervariable region)
within the population (not clonal). Reads representing co-occurring but distinct related populations typically show <95% nucleotide identity to the
reference (in green, for the low abundance Sal. ruber-like population; in light blue for the rest; see text for further details). Panel (b): Based on the
nucleotide identity of the dark blue reads against the reference, one can calculate the ANIr value (formula at the bottom), a metric of the clonality
of the population [10°], and the sequencing depth (or coverage) by mapped reads across the reference genome (graph on the bottom, left), the
mean of which could be used as a proxy of the relative abundance of the reference in the metagenome [28°]. Panel (c): Coverage of Sal. ruber
genes by the Spain (Mallorca), US (Great Salt Lake) and South African (Velddrif) saltern metagenomes. The metagenomes were searched against
the whole-genome of Sal. ruber isolate ES_AV_25_2 from Mallorca (Spain) as shown in panel A. The graphs show the sequencing depth
(coverage; y-axis) of the genome (x-axis) by reads representing the Sal. ruber (dark blue) and the remaining populations (light blue) present in the
metagenomes [thus, coverage in dark blue is basically produced by the dark blue reads of panel A and is similar to that shown in Panel (b)]. Note
that several genomic islands, denoted by drops in coverage, are specific to the isolate (red arrows) while others are present in the Mallorca (Spain)
but not in the US or S. African Sal. ruber populations (green arrows), revealing a core Sal. ruber gene set across salterns from different continents
but also important gene-content differences in non-core genes. Similar plots were obtained with other Mallorca isolate genomes, revealing that our
isolates represent well the Sal. ruber populations found in other continents. Reads representing the Sal. ruber-like population (in green in Panel (a))
were removed from Panels (b) and (c) for simplicity. The example recruitment plots were obtaining using the genome and metagenome data
available through the ENA project PRJEB45291.

environmental conditions at the place of isolation which
may have confounded the existence of sequence-discrete,
species-like units [11]. It is important to note, however,
that a recent analysis of all available isolate genomes
(7=~90000) also revealed sequence discontinuities
between most named species around 85-95% ANI
[12°] consistent with the picture emerging from metage-
nomics (but not the early picture from comparisons of
isolate genomes). These results constitute a paradigm
shift since several scientists believed that microbes do not
form distinct populations or species (discussed above).
More recent work has even shown that intermediate
identity genotypes, for example, sharing 85-95% ANI,
when present, are ecologically differentiated and thus,
should be probably considered distinct species

[13°°,14°°,15°°]. Therefore, the 95% ANI threshold
appears to be robust [15°°]. Accordingly, we recommend
the use of 95% ANI to demarcate the important units of
microbial communities, in general, and the methods out-
lined by the studies mentioned above, and shown in
Figure 1, provide the means to identify and track the
sequence-discrete populations. Note, however, that we
do not claim that the 95% ANl is a hard threshold. On the
contrary, we observe this sequence boundary in nature,
likely as an emerging property of many eco-evolutionary
forces at play, and that this threshold may slightly differ
for different taxa (e.g. range between 90 and ~98% ANI).
Notably, the ANI-based approach also circumvents the
major limitation of 16S rRNA gene-based approaches.
That is, closely related, yet distinct populations (and
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species) at the genomic level often share >99% 16S rRNA
gene identity due to the high sequence conservation of
this gene relative to the whole genome and thus, are
lumped together by the most commonly used thresholds
for defining 16S rRNA gene-based OTUs.

Another major conclusion from genomic studies during
the previous decade is that the gene-content diversity
within a species is often overwhelming. In other words,
the pangenomes of bacterial species, that is, the number
of non-redundant genes carried by members of the spe-
cies, can be enormous based on the genome sequencing
of isolates from various sites around the globe and differ-
ent years. However, the value of this gene diversity for
ecosystem functioning has remained challenging to quan-
tify. For instance, it is not clear what fraction of this gene
content diversity is ecologically important (non-neutral)
as opposed to transient or ephemeral [13°°,16,17]. Itis also
important to note that the diversity within the sequence-
discrete populations cannot be efficiently studied solely
with shotgun metagenomic methods because advanta-
geous genes (if any) could be at low levels (e.g. have
not yet differentiated enough in abundance compared to
the pre-selection/pre-transition period to be detectable
by read-recruitment plots or other means) and/or show
high sequence identity at this (intra-population) level,
which prevents — for instance — robust assembly of
individual genomes and assessment of gene exchange.
The typical read lengths obtained by short-read meta-
genome sequencing (e.g. 100—500 bp) cannot recover the
full length of the average gene (~1000 bp long). Our team
has recently obtained novel, quantitative insights into
these questions by studying salterns.

Solar salterns are human-controlled, semi-artificial envir-
onments used for the harvesting of salt for human con-
sumption. These environments are operated in repeated
cycles of feeding with natural saltwater, increasing salt
concentration due to water evaporation, and finally, salt
precipitation. Several studies have shown that salterns in
different parts of the world harbor recurrent microbial
communities each year [18,19]. These communities show
low, and thus tractable, diversity, generally consisting of
two major lineages, that is, the archaeal Halobacteria class
and the bacterial family of Sa/inibacteraceae, class Rho-
dothermia [19-21], but with relatively high species rich-
ness within each class [14°%,22°°]. To cope with the
extreme salt concentrations close to or above salt satura-
tion (i.e. ~36% NaCl), halophilic microorganisms have
evolved different osmotic survival strategies such as pro-
duction of osmoprotectants and compatible solutes for the
moderate halophiles and a salt-in strategy (concentrating
salts, especially potassium, in the cytoplasm) for the
extreme halophiles [23]. Besides salinity, irradiation (sun-
light) is probably the second most relevant environmental
driver in these systems, and saltern-dwelling microorgan-
isms have distinct DNA repair systems and photolyases to

cope with UV radiation stresses [24]. Importantly, a large
fraction of the microbial communities in salterns can be
readily cultured [14°°,25], and it is relatively easy to
experimentally manipulate the two main drivers (light
intensity and salt concentration) of these systems 7 situ
(Figure 2) [22°°,26°°].

Specifically, we sequenced 110 Sa/inibacter ruber isolate
genomes chosen from a larger collection of 220 isolates
based on different PCR random amplified polymorphic
DNA (RAPD) profiles in order to avoid sequencing the
same clone, from a single saltern site in the Mallorca
island, Spain. Mapping of metagenomic reads from the
samples of origin against these genome sequences
revealed that our isolates represent well the natural
(metagenomic) population, for example, few new alleles
of Sal. ruber housekeeping genes, defined as showing
<99.9% nucleotide identity to an existing allele, were
found among the mapped reads compared to the alleles
present in the genomes (our unpublished data). Notably,
our isolates seem to represent well the global Sa/. ruber
populations found in other salterns and continents
([13°°] and Figure 1c¢). Thus, our isolate collection con-
stitutes a unique resource to provide quantitative
insights into the abovementioned questions. Compari-
sons among these isolate genomes revealed an intriguing
population structure wherein the majority (100/110)
showed >97% ANI to each other, with the remaining
10 genomes showing ~93% ANI to the dominant group
and >97% ANI among themselves. Hence, the total
Salinibacter population appears to be composed of a
dominant sequence-discrete population and a minor
Sal. ruber-like population. The latter population is appar-
ently ecologically differentiated from the former domi-
nant population since under the same conditions (e.g.
same sample) it shows lower relative abundance and is
genetically distinct (Figure 1a), albeit its exact ecological
niche remains speculative. Therefore, these two popula-
tions further corroborated the applicability of the 95%
ANI threshold as outlined above and represent, in addi-
tion, a unique system to study population maintenance
and diversification in the future.

Whole-genome comparisons revealed that the pangen-
ome of the 100 isolate genomes representing the domi-
nant population Sa/. ruber composed of about 13 000 non-
redundant genes, revealing extensive gene-content diver-
sity that is similar to that observed among 100 randomly
sampled Escherichia coli genomes from NCBI [13°°].
While the E. c¢o/i genomes originated from different
ecological niches and samples, including disease (patho-
gens), healthy (commensal) and environmental samples,
and thus, as noted previously [16,27] an open pangenome
was expected, all Sa/. ruber isolates originated from the
same site and time (summer of 2012) and were apparently
present in the (same) source of preconcentrated brines.
Hence, these results are somewhat surprising, and do
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Figure 2
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Shading a saltern pond to assess the effect of light intensity in Majorca, Spain.
A pond is shaded with a mesh to assess the effects of sunlight on the indigenous microbial communities (upper) and is located next to a

saturated (bottom) pond in terms of salts.

suggest that natural populations like Sa/. ruber could
contain immense gene-content diversity and open
pangenomes.

Examination of the relative abundance of the pangenome
genes within the Sa/inibacter population in salterns under
shade (by the application of a mesh [22°°]) and low-
salinity (after dilution with fresh-water [26°°]) relative
to the control (ambient sunlight and salt saturation con-
ditions) revealed interesting patterns. While the majority
of genome-specific (i.e. found only in one of the total
100 genomes) and rare genes (i.e. found in <10% of the
genomes) remained low-abundance when conditions
changed, at least a handful of genes (about 2% of the
total) were found to significantly increase in abundance in
the low-salinity — but not the shaded — metagenomes
and became as abundant as — if not more than — the core
genes (i.e. found in >90% of the genomes) of the Sa/i-
nibacter population (Figure 3). Notably, function predic-
tion analysis revealed that the majority of these genes are
likely involved in sensing the environment, metabolite
transport infout of the cell, and gene regulation such as
various glycosyltransferases [13°%,26°°], although the
exact functional role of most of these genes remains
elusive at present. Further, we have previously observed
a correlation between the glycosyltransferase genome
load and the fitness in salinities below saturation [29°].

Collectively, these results indicate that while the majority
of the (non-core) pangenome may be ephemeral and/or
functionally neutral under the prevailing conditions in
this study, at least a small fraction of it appears to be
important when the population adapts to environmental
transitions, and we have outlined an approach to detect
such genes (Figures 1 and 3). It is important to note that
additional genes could be ecologically important during
different environmental transitions such as viral predation
and fall nutrient flux due to rain events, and these genes
remain to be identified.

Remarkably, similar gene abundance patterns during the
same treatments in salinity and light intensity were
observed with the major archaeal sequence-discrete pop-
ulation of the salterns, Haloguadratum walsbyi [26°°),
revealing commonalities in how the two domains of life
cope with changing conditions. Notably, the results for
Hyr. walsby: were based on population genome binning
due to the fastidious nature of this archaecon in lab
cultivation [26°°], suggesting that culture-independent
approaches could also be used to identify the ecologically
important pangenome genes when populations are abundant
enough to be adequately sampled by sequencing (e.g. >5-
6X coverage [10°]). In addition, the ecologically important
genes were carried by distinct Hgr. walsbyi subpopulations, or
ecotypes, in terms of their intra versus inter-population ANI.
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post-transition. This pattern summarizes the dynamics observed for a few specific genes in extreme halophilic bacterial and archaeal species
when they underwent a salinity change (representative functions are provided in the Figure key). In the Hgr. walsbyi case, the ecologically
important genes are carried by distinct subpopulations, which was not observed in Sal. ruber (see text for further details).

Hence, in the Hygr. walsbyi case, and unlike Sal. ruber, it
appears that the adaptation to different salinity concentration
has led to subpopulation differentiation and (ongoing) spe-
ciation. In Sa/. ruber case, the strains that carry the ecolog-
ically important genes for the environmental transition
appear to be highly similar, if not identical, in other parts
of the genome and thus, it has been challenging to document
strain or subpopulation replacement based on short-read data
[13°°]. Long-read data and additional experiments will be
required to provide further insights in the Sa/. ruber case with
respect to strain replacement. It would also be interesting to
understand the underlying mechanism(s) that have led to the
two different outcomes in terms of intra-species diversity in
Hyr. walsbyi versus Sal. ruber in the future.

Conclusions

Recent studies have shown that microbial communities
are predominantly composed of sequence-discrete popu-
lations, defined usually — but not necessarily always — at
95% ANI level, which can serve as an important unit to
study community function and adaptation. The methods
outlined above, and in Figure 1, provide the means to
identify, track and study these populations over time or
perturbations. Our own results with Sa/. ruber and Hgr.
walsbyi show that such populations harbor extensive gene
content diversity (open pangenome), the majority of
which may be neutral or ephemeral but at least a small
minority of the (non-core) genes appear to be important
for ecosystem functioning and population adaptation to
changing conditions. These results are also consistent
with prevailing theories about the functional role of the

pangenome diversity [1,16]. It would be interesting to test
how these results with the Sa/. ruber and Hgr. walsby:
genomes from the salterns apply, or not, to other, more
complex habitats in the future.
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This manuscript showed at that time the closest genome to genome
comparison between two Salinibacter strains isolated from the same

sample. There we could observe how one strain, encoding for a genomic
island with high number of glycosyltransferases exhibited a metabolome
with higher amount of glycosilated residues in contrast to the closest
relative type strain, and this correlated with a better performance in
salinities below saturation of the former.
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