Environmental Microbiology (2019) 21(11), 43004315

S/am

society f
applied microbiology

doi:10.1111/1462-2920.14790

Predominance of deterministic microbial
community dynamics in salterns exposed

to different light intensities

Tomeu Viver ©,' Luis H. Orellana ©,2 Sara Diaz,’
Mercedes Urdiain,! Maria Dolores Ramos-Barbero,?
José E. Gonzalez-Pastor,* Aharon Oren,®

Janet K. Hatt,2 Rudolf Amann,® Josefa Antén ©,3
Konstantinos T. Konstantinidis? and

Ramon Rossell6-Méra'’

"Marine Microbiology Group, Department of Animal and
Microbial Biodiversity, Mediterranean Institute for
Advanced Studies (IMEDEA, CSIC-UIB), Esporles,
Spain.

2School of Civil and Environmental Engineering, Georgia
Institute of Technology, Atlanta, GA, USA.

SDepartment of Physiology, Genetics and Microbiology,
University of Alicante, Alicante, Spain.

4Laboratory of Molecular Adaptation, Department of
Molecular Evolution, Centro de Astrobiologia, Consejo
Superior de Investigaciones Cientificas — Instituto
Nacional de Técnica Aeroespacial, Madrid, Spain.
5Department‘ of Plant and Environmental Sciences, The
Institute of Life Sciences, The Hebrew University of
Jerusalem, Edmond J. Safra Campus, Jerusalem,
9190401, Israel.

8Department of Molecular Ecology, Max-Planck-Institut
fir Marine Mikrobiologie, Bremen, D-28359, Germany.

Summary

While the dynamics of microbial community assem-
bly driven by environmental perturbations have been
extensively studied, our understanding is far from
complete, particularly for light-induced perturbations.
Extremely halophilic communities thriving in coastal
solar salterns are mainly influenced by two environ-
mental factors—salt concentrations and high sun-
light irradiation. By experimentally manipulating light
intensity through the application of shading, we
showed that light acts as a deterministic factor that
ultimately drives the establishment of recurrent
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microbial communities under near-saturation salt con-
centrations. In particular, the stable and highly change-
resistant communities that established under high-light
intensities were dominated (>90% of metagenomic
reads) by Haloquadratum spp. and Salinibacter spp. On
the other hand, under 37-fold lower light intensity, dif-
ferent, less stable and change-resistant communities
were established, mainly dominated by yet unclassified
haloarchaea and relatively diverse photosynthetic
microorganisms. These communities harboured, in
general, much lower carotenoid pigment content than
their high-irradiation counterparts. Both assemblage
types appeared to be highly resilient, re-establishing
when favourable conditions returned after perturbation
(i.e. high-irradiation for the former communities and
low-irradiation for the latter ones). Overall, our results
revealed that stochastic processes were of limited sig-
nificance to explain these patterns.

Introduction

The ecosystem-specific assemblages of microbial com-
munities are the consequence of complex biotic and abi-
otic interactions with the physicochemical and biological
environment (Chesson, 2000). Amongst abiotic forces,
salinity has been described as a major driver determining
microbial community composition in a wide range of envi-
ronments (Lozupone and Knight, 2007). Solar salterns, in
particular, are human-controlled semi-artificial environ-
ments used for the harvesting of salt for human con-
sumption. These environments are operated in repeated
cycles of increasing salt concentration, precipitation and
feeding with natural saltwater. Several studies have
shown that salterns harbour recurrent microbial commu-
nities each year (Casamayor et al., 2002; Gomariz et al.,
2014). The communities usually show low diversity, gen-
erally consisting of two major lineages, i.e. the archaeal
Halobacteria and the bacterial halophilic family of
Salinibacteraceae, order Rhodothermia (Gomariz et al.,
2014; Mora-Ruiz et al., 2018), but with relatively high
species and genus diversity within each lineage. To cope
with these extreme conditions of salt concentrations
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close to or above NaCl saturation (~36%) and direct sun
irradiation, halophilic microorganisms have evolved
osmotic survival strategies, such as osmoprotectants and
compatible solutes, and also distinct DNA repair systems
and photolyases to cope with UV radiation stresses
(Kurth et al., 2017). Besides salinity, irradiation is proba-
bly the second most relevant environmental driver in
such systems.

Cyclic successions of microbial communities are
hypothesized to be driven by deterministic processes
(Chafee et al., 2018), and the understanding of the mech-
anisms controlling microbial successions is currently an
important open question in ecology (Zhou et al., 2014). It
is thought that deterministic and stochastic processes
occur simultaneously but their relative importance in
structuring microbial communities is often unknown. Gen-
erally, if stochastic processes (i.e. random birth, death,
colonization, extinction and speciation) control microbial
community assembly then high variation in species com-
position (beta-diversity) is expected between sites that
experience similar environmental conditions (Zhou et al.,
2014). In contrast, deterministic processes dominate
when microbial communities differ between sites and
these are tightly linked to differences in environmental
conditions between the sites (i.e. salinity and irradiation
differences). Saltern microbial communities generally
show high similarities in high taxa (i.e. genera, families or
higher; Casamayor et al., 2002; Gomariz et al., 2014).
However, it is not clear whether the same communities,
at the species and subspecies levels, re-establish after
each cycle of brine filling, evaporation and precipitation
during the same or different seasons each year. Accord-
ingly, it is not known to what extent deterministic pro-
cesses drive the succession patterns in solar salterns
and what microbial functions are selected for by the
changing conditions in salt saturation and light intensity.

The use of mesocosm and microcosm experiments
with pulsed abiotic disturbances (e.g. extreme tempera-
ture, salt and pH and toxic chemicals) can help reveal
the degree to which different environmental factors may
stochastically or deterministically act on microbial com-
munity dynamics and composition (Zhou et al., 2014).
Based on how microbial populations and their communi-
ties respond to disturbances, they could be categorized
as either (i) resistant to the perturbation, understood as
the degree to which a community is insensitive to a dis-
turbance, (ii) resilient, i.e. community structure changes
but returns to original state when the environment condi-
tions return to their original state, or (iii) not resilient,
i.e. altered community structure and/or functional redun-
dancy with respect to the original community (Allison and
Martiny, 2008). Exhaustive time-series before and after
the application of environmental disturbances are impor-
tant in order to quantify the level of resistance and
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resilience of microbial communities to disturbances
and to elucidate the exact underlying responses and
mechanisms.

In this study, we analysed the changes in the microbial
communities thriving in the solar salterns of Es Trenc,
located in the south of the Mallorca island (Spain), after
continuous shading and sudden uncovering (i.e. a 37-fold
reduction or increase in sun irradiation respectively) in
two non-consecutive years. Community dynamics were
studied by means of metagenomics as well as enumera-
tion of microbial cells and virus-like particles (VLP). The
experiment allowed us to evaluate the relative importance
of determinism versus stochastic processes and the com-
munity resistance and resilience to major environmental
disturbances that are highly relevant for solar salterns,
i.e. light intensity and salinity concentration.

Results
Experimental setup

From a group of six adjacent ponds (Fig. S1), separated
from each other by less than 1 m, and each containing
about 15 m® of brine, three ponds (E1, E4 and E5) were
selected in year 2012 for the mesocosm experiments
investigated herein (Fig. 1; Figure S1); the remaining
three ponds (E2, E3 and E6) were used for other experi-
ments not reported here. All ponds in this study belonged
to a broader collection of newly constructed crystallizers
for salt harvest and were fed with the same inlet brines
as all the remaining ponds in the vicinity that have been
used for decades as crystallizers. Ponds were initially
filled and regularly refilled with brine including in the
3 months prior to the start of the experiment (August
2012), and then allowed to evaporate which increased
the salinity from 17% in May to saturation or close to sat-
uration levels (34%—-38.4%) by early August (Table S1),
just before the onset of the experiment. Ponds E1 and
E4 both experienced regular daily sun irradiation, but E5
was kept covered by a thick mesh in the same time inter-
val, depleting the sun light intensity by about 37-fold for a
period of the 3 months prior to sampling, though light was
never completely depleted. Light was reduced from an
intensity of 1880 to 50 pmol s™' m™2 (Table S1). We refer
to E5 as the short-shaded-2012 pond. On the day of the
sampling (TO, August 2012; after 3 months of shade
operation), the short-shaded-2012 pond E5 was uncov-
ered, and the pond E4, which was treated as the control
up to that time point (no light depletion), was covered with
the mesh (Fig. 1; Fig. S1). The microbial communities of
the three ponds were subsequently followed for 1-month
with regular sampling and no brine refilling.

After our experiment in 2012, all three ponds were sub-
jected to the regular refilling and continuous evaporation
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2012 1st filling in May 22" (inlet brines 17.2%) & weekly refill and evaporation cycles until
August 8t 2012 (78 days) ponds were precipitating salt for the first time. E3 is not
represented here as it is not relevant for the experiments

CONTROL CONTROL Hishaded  Short-Shaded-2012  CONTROL
(E6)

TIME ZERO
(Aug 8)

TWO DAYS
(Aug 10)

ONE WEEK
(Aug 16) &

ONE MONTH
(Sep 6)

2013 2 years of refill and evaporation as the regular salt works activities until August 2014

R R |

2014 CONTROL CONTROL Long-Shaded-2014 CONTROL Hi-shaded
(E1) (E2) (E4) (E5) (E6)

TIME ZERO
(Aug 6)

o!
pressures

t
reported
ere

TWO DAYS
(Aug 8)

ONE WEEK
(Aug 11)

ONE MONTH
(Sep3)

Fig. 1. Graphical representation of the experimental setup.
All ponds (Figure 1) were subjected to refilling—evaporation cycles since May of 2012 (i.e. for 3 months). E1, E2, E4 and E6 were permanently exposed to sun-

light and E5 was shaded in May. E1 was the control pond, E4 (Hi-Shaded 2012) was a standard pond shaded at inception of the sampling at time zero in early
August 2012 and E5 was the Short-Shaded pond uncovered at time zero. In year 2014, after 23 months of regular refilling—evaporation cycles, E1 was
selected as control, E4 (the Long-Shaded 2014 pond) that had been covered since 2012 was uncovered and the cover was placed onto E6 (Hi-Shaded 2014)
that was a control pond for 2012. Ponds E2 and E6 (in year 2012) and E2 and E5 (in year 2014; grey-shaded ponds) were only used as control at their respec-
tive time zero. Inserted values indicate the percentage of salts at the time sampled. Pink and green reflect the colour of the pond during the experiment. Shade
turned from deep green to pink after uncovering and letting evaporate, and vice versa for the controls when shaded. [Color figure can be viewed at

wileyonlinelibrary.com]
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Fig. 2. Cell counts over time as determined by fluorescence microscopy.
Values are given as cells ml~" (DAPI) and separately for Bacteria and Archaea in the different ponds.

cycles for 2 years, from September 2012 to August 2014,
following the normal activity of the salt-producing facility.
The shaded pond (E4) was kept covered during this
2-year period and we refer to it as long-shaded-2014. In
August 2014, the long-shaded-2014 pond E4 was uncov-
ered, and a new, regularly operated (uncovered) pond E6
was shaded with the mesh thereby switching the irradia-
tion conditions between E4 and E6 ponds. The microbial
communities of the three ponds E1, E4 and E6 were sub-
sequently followed for 1-month with regular sampling at
1 day, 1 week, and 1 month, with no brine refilling. In the
year 2014, and for the metagenome analyses, the zero
timepoints of the ponds E1, E2, E5 and E6 (Fig. 1;
Figure S1) were considered controls as they had not been
submitted to any pressure in the previous 23 months
(i.e. they all underwent regular refilling and continuous
evaporation cycles for 2 years). Additional details of the
experimental procedures can be found in the Supplemen-
tary Materials and Methods (Appendix S1).

Spatial and temporal stability of prokaryotic community
Structure in control ponds (high-irradiation communities)

We conducted a first comparison amongst all samples
that represented the control (no shading perturbation)
such as those of the control E1 pond (no shading), and
the initial sampling timepoints of E4 in 2012 and E2, E5
and E6 in 2014 (Fig. 1). In general, all ponds that were
considered controls showed similar salinities (above sat-
uration; 38.4%—40%), neutral pH values (7.4-7.5) and
similar temperatures (26.3°C-32.4°C at time zero and
28.3°C-31.6°C after 1 month; Table S1) at the same
timepoints. Total cell densities determined by DAPI

staining were, on average, 3.27 x 10’ and 4.88 x 10’
cells mI=" in 2012 and 2014 respectively (Fig. 2 and
Table S2). The percentage of archaeal cells measured
by CARD-FISH ranged between 72.2% and 82.2%, and
bacterial cell counts were between 17.8% and 27.8% in
2012. In 2014, the percentage of Archaea ranged
between 70.8% and 74.0%, while Bacteria were between
26.0% and 29.2%.

Phylogenetic diversity. Analysis of 16S rRNA gene frag-
ments retrieved from the trimmed metagenomic reads
showed those associated with the Halobacteria class to
be the most abundant (Text ST1 and Fig. S2), with Hal-
oquadratum (9.2 £1.0% in 2012 and 9.3 + 1.4% in
2014), Halobaculum (82 +1.8% in 2012 and
0.9 £+ 0.4% in 2014), Halorubrum (11.6 £+ 3.1% in 2012
and 13.2 £+ 3.1% in 2014) and Halonotius (8.05 + 0.9%
in 2012 and 32.79 + 4.7% in 2014) as the most abundant
representative genera. For the bacterial domain, the most
abundant taxon corresponded to the genus Salinibacter
(17.3 £ 5.9% of the total 16S rRNA gene fragments).
Operational phylogenetic unit (OPU) classification dem-
onstrated that the taxonomic profiles of all control sam-
ples were not significantly different (p-values >0.3843
using the Kolmogorov—Smirnov test) between samples of
the same or different years (Table S3-A).

Metagenome assembled genomes diversity. The highest
quality metagenome assembled genomes (MAGs) of the
control ponds were recovered from the co-assembly of all
2014 samples that were sequenced at higher coverage
compared with the 2012 control samples (see Texts ST2
and ST3). These MAGs were used to quantify
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abundance of the corresponding populations in all sam-
ples by read recruitment. Altogether, we were able to
recover a total of 19 MAGs (Table 1). In agreement with
the 16S rRNA gene-based data reported above, the most
abundant MAGs in all the samples were identified as a
member of the species Hqr. walsbyi (MAG C1), an
as-yet-unclassified species of the genus Halorubrum
(MAG C16), and two uncultured Salinibacter species
(MAGs C2 and C20). Fourteen additional MAGs were
also obtained, all being representatives of Halobacteria.

Accordingly, the temporal dynamics of these (control)
communities during the 1-month period of sampling and,
even between two non-consecutive years, showed high
stability in their taxonomic and functional gene composi-
tion, physicochemical characteristics and DAPI/FISH cell
counts (Figs. 2 and 3, Fig. S3, Tables S1 and S3). In
general, the most abundant populations (in both MAGs
and OPUs; Fig. 4 and Fig. S2 respectively) persisted,
and their relative abundances differed only slightly
between the two sampling years. We designated these
communities as high-irradiation adapted.

Taxonomic and functional shifts under shaded
conditions (low-irradiation communities)

The E5 short-shaded-2012 pond was under shade for
3 months and the E4 long-shaded-2014 pond was contin-
uously shaded for two consecutive years (Fig. 1; shown
with green colour). Evaporation rates in the covered
ponds were always lower than in the controls, and their
brines never showed salt precipitates covering the sedi-
ments (34% salt concentration for the short-shaded-2012
and 29% for the long-shaded-2014 at maximum). The
control brines were red/pink in colour; in contrast, the
shaded brines were green/brown (Fig. S1).

OPU diversity. In both years, the shaded ponds showed
higher OPU diversity and richness than the controls
(Fig. S4a, b, insets; Table S4), and the differences were
due to the bacterial, rather than the archaeal, compo-
nents (see below). The higher diversity was also reflected
by the OPU rarefaction curves, which did not saturate for
the shaded ponds (Fig. S4). Unlike the control ponds, the
OPU composition in the short-shaded-2012 and long-
shaded-2014 was significantly different (p-value 2.93e-
08, Kolmogorov—Smirnov test; Fig. S2; Table S3).
However, we found that, in general, the same dominant
populations were shared between the two shaded ponds
in both years, albeit in distinct proportions (Fig. S2 and
Spreadsheet T2). For instance, in both shaded ponds,
the seven dominant bacterial OPUs were two uncultured
members of the Spiribacter genus (OPU181 and
OPU182) representing ~10% in the short-shaded-2012,
and ~2% in the long-shaded-2014, Salinibacter (OPU396

and OPU397 ~3.5% in both years), the Bacteroidetes
member Fodinibius sp. (OPU400; ~4% in both years)
and Psychroflexus sp. (OPU372; 2.33% in short-shaded-
2012, 0.5% in long-shaded-2014), the uncultured
alphaproteobacterial Rhodobacteraceae (1.5% in short-
shaded-2012) and the cyanobacterial Euhalothece
(OPU613; 1.31% in short-shaded-2012, 0.1% in long-
shaded-2014). The MASH-based distances and the taxo-
nomic differences of the shaded ponds relative to the
controls were also most pronounced amongst all compar-
isons performed (Fig. 3; Fig. S3 and Text ST4). In con-
trast to the bacterial fraction, the top 10 most abundant
OPUs (making up 47% of the total abundance) of the
archaeal fraction were the same between the shaded
and the control ponds in both years (Fig. S2). The differ-
ences in archaeal composition when compared with the
control ponds were limited to the relative proportions of
the low-abundant OPUs. For instance, the OPU714,
associated with Natronomonas spp., was always more
abundant under low-irradiation relative to ambient condi-
tion (control), and in both years. We considered these
recurrent communities with shared major taxa to be low-
irradiation adapted.

MAGs diversity. The best MAGs recovered from the
shaded ponds were obtained by population genome bin-
ning of the co-assembly of the TO samples, 1 and 2 days
after uncovering the shade in 2012, resulting in seven
good quality MAGs (e.g. completeness >70% and con-
tamination <10%; Table 1; Konstantinidis et al., 2017).
The MAG S41 was the most abundant in both years and
was identified as a yet uncultured, new species of the
family Halorubraceae (see Text ST5). The next most
abundant MAGs were MAG S42 almost identical to MAG
C1 from the control pond with 99.94% average nucleotide
identity (ANI) and identified as Hqr. walsbyi, MAG S44
almost identical to MAG C16 from the control pond with
99.57% ANI and identified as an uncultured species of
the genus Halorubrum (Sup. Table S5), and MAG S46
identified as Spiribacter sp. (Table 1). We were not able
to recover any Salinibacter MAGs from these samples,
although a few reads with high identity to Salinibacter
16S rRNA genes were detected. The differences in the
community structure between years observed at the OPU
(e.g. 16S rRNA gene) level were more pronounced com-
pared with the MAG level. This is presumably due to the
lack of binning of low abundance organisms that were
mainly responsible for the differences observed between
the 2 years according to the OPU diversity. The high-
irradiation and low-irradiation communities showed
inverted abundances of the most representative taxa.
The halobacterial MAGs C1, C3, C4, C5, C8, C11 and
C14 and the Salinibacter MAG C2 were twice as abun-
dant in the high-irradiation assemblage, and reciprocally,
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Fig. 3. Relatedness amongst of all
metagenomes determined in this
study.
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MAGs S41, S46, S51, S52 and S53 showed higher abun-
dance in the low-irradiation assemblage (Table 2). Inter-
estingly, MAG C30, which originated from binning the
control ponds, was also a major component of the low-
irradiation communities, with its abundance values being
double of those in the control ponds.

Diversity in photosynthetic microorganisms.
Conspicuously, brines in the shaded pond were
green/brown in colour, clearly different from the common
red/pink of the control ponds (Fig. S1), which harboured
Dunaliella sp. as the major photosynthetic eukaryote
(Text ST6, Fig. S5A, and Tables S6 and S7). The combi-
nation of optical microscopy, metagenomic analysis, 18S
rRNA gene amplicon sequencing and pigment determina-
tion (Text ST6) suggested that the shaded brines
exhibited a similar abundance of Dunaliella sp. as the
controls, but with an additional larger diversity of photo-
synthetic organisms. We observed a conspicuous pre-
dominance of large (20 pm), rod-shaped autofluorescent
organisms (Fig. S5C) that could be related to some type
of red algae (Rhodophyceae). The pigment analyses
(Text ST6 and Fig. S6) indicated that the differences in
colour were mainly due to a lower concentration of
Dunaliella-derived p-carotene and the higher chlorophyll
content of the community under light-depleted conditions.

Taxonomic and functional shifts of low-irradiation
communities after removing shade

Once uncovered and exposed to ambient irradiation
(from 50 to 1880 pumol s~" m~2), the microbial community
structure of the two (previously) shaded ponds changed
rapidly and resembled closely the communities in the
control ponds after 1 month (Fig. 3). The shifts were very
similar in both ponds despite the fact that they were
shaded for different durations or years. In both ponds,
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salinity increased from below saturation (34% for the
short-shaded-2012 and 29% for the long-shaded-2014)
to saturation (36%—38.4% respectively). The environmen-
tal transition promoted changes in the most abundant
OPUs (Fig. S2) and MAGs that were consistent with our
categorization as high- (after shade was removed and
salinity increased) and low-irradiation (before the removal
of the shade, and just below NaCl saturation) communi-
ties. In accordance with these findings, the Bray—Curtis
and MASH distance values between the short-shaded-
2012 and long-shaded-2014 and the control ponds
clearly decreased over time (i.e. the corresponding com-
munities became more similar in composition), whereas
the values amongst the control samples remained sta-
ble (Fig. 5).

The low-irradiation communities transitioned to a struc-
ture that was similar to that of the control just after 1 month
of exposure to a high-irradiation. Interestingly, community
diversity, measured by metagenomic read-redundancy
values (i.e. Nonpareil curves) and Chao-1 indices (OPU-
based) showed a pulsed increase in diversity immediately
after removing the shade (Fig. S4 and Table S4) and ret-
urned to similar values to those of the control ponds after
about 1 week. Specifically, the fast and sharp peak of
increase in diversity was largely attributable to an increase
in the number of bacterial OPUs (Table S4). The changes
in the community structure during this transition time of the
first couple of days after removing the shade were also evi-
dent in the cell abundances. DAPI and CARD-FISH counts
revealed a sharp decline after just 1 day of high-irradiation
exposure, mainly due to the decline of the archaeal
populations (Fig. 2), and the cell counts quickly recovered
after that period. This archaeal cell decline (cell lysis) was
at least partly responsible for the transient peaks in richness
and diversity of mainly bacterial, and presumably heterotro-
phic, species (Fig. S4 insets and Table S4). In addition, the
initial sharp decrease in archaeal cells was followed with a
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sharp 2.5-fold increase of VLPs after ~3 days of sunlight
exposure (only measured in the long-shaded-2014; Fig. S7,
Table S8 and Text ST7).

In the long term, i.e. 1 month after removal of the
shade, and mirroring the beta-diversity trends, the com-
munity cell densities in both short-shaded-2012 and
long-shaded-2014 ponds tended to stabilize, with
slightly lower values than the initial sampling point (T0),
and with similar bacterial/archaeal proportions to the
control ponds. Mirroring the OPU observations, we
observed a specific decrease in the abundances of
MAGs enriched or recovered from the low-irradiation
communities in parallel with an increase in the abun-
dances of MAGs enriched or recovered from high-

© 2019 Society for Applied Microbiology and John Wiley & Sons

irradiation communities to form a final taxonomic struc-
ture similar to the control pond after 1 month (Table 2).
For example, the most abundant archaeal and bacterial
MAGs under shaded conditions, i.e. Halorubrum
sp. (MAG S41) and Spiribacter sp. (MAG S46), experi-
enced a gradual decline over time after shade was
removed (Fig. 4B). Conversely, Hqr. walsbyi (MAG
S42) and Salinibacter sp. (MAG C2) ended up being by
far the most abundant populations after 1 month.
Hence, multiple lines of evidence, e.g. cell counts,
OPU diversity and MAG relative abundance, consis-
tently showed similar resilience trends after perturba-
tion, i.e. removal of the shade, albeit with different
resolution.
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Table 2. Log,-fold MAG abundance differences between high-irradiation (C) and low-irradiation (S) MAGs recovered from the short-shaded and

control metagenomes in both the 2012 and 2014 experiments

Condition MAGs Oh 1 day 2 days 1 week 1 month

Low-irradiation MAG_S41- Halorubrum sp. 4.9 4.93 5.05 4.25 -

MAGs MAG_C30- uncultured Halobacteria 3.28 3.28 3.22 2.63 -

MAG_S46- Spiribacter sp. 2.88 3.31 3.06 3.75 -

MAG_S51- uncultured Halobacteria 2.75 2.96 3.1 2.49 -

MAG_S54- Psychroflexus sp. 2.72 2.66 2.7 - -

MAG_S52- Natronomonas sp. 2.03 213 2.22 2.34 1.94

High-irradiation MAG_C2- Salinibacter sp. —2.05 -2.15 -2.15 -2.18 -

MAGs MAG_C11- uncultured -2.11 -2.1 - -2.01 -
Halobacteriaceae

MAG_CS3- uncultured Halobacteriales -2.43 -2.52 -2.39 -2.78 -

MAG_C8- uncultured Haloferacales -2.57 -2.61 —-2.49 -2.29 -

MAG_C5- uncultured Haloarculaceae -2.95 -2.93 -3.03 -3.14 -

MAG_C4- uncultured Halorubraceae -3.69 -3.96 -3.84 -39 -

MAG_C14- uncultured - - -1.62 -1.84 -
Halobacteriaceae

MAG_C1- Hgr. walsbyi - - - -1.74 -

MAG_S42- Hqgr. walsbyi - - - -1.74 -

The arrow indicates shaded—unshaded transition.
Positive twofold change values indicate a higher MAG abundance in the short and long-shaded ponds (E5 year 2012 and E4 year 2014), and
negative values indicate a higher abundance of the MAGs in control ponds. For MAGs showing similar abundances in both conditions (consid-

ered as Logo-fold change value <2), no value is given.

Finally, and consistently with the higher diversity indi-
ces, we observed that in both short-shaded-2012 and
long-shaded-2014 (before removal of the shade) there
was generally higher functional diversity than in the

control ponds (Fig. S8). Control and shaded ponds after
removal of the shade exhibited a continuous decrease in
their Bray—Curtis dissimilarity values over the sampling
time for both taxonomic and functional diversity, reflecting
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Fig. 5. Changes in microbial community similarity over time relative to the control (ambient light).

Graphs show the MASH-based distances between the shaded—unshaded ponds and the control pond in 2012 (A) and 2014 (B). Bray—Curtis dis-
similarity values based on abundance of MAGs (most abundant populations used only) in 2012 (C) and 2014 (D) for the same comparison. The
reference control community used in all comparisons is the control E1 pond after 1 month of sampling. [Color figure can be viewed at
wileyonlinelibrary.com]
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the rapid convergence of both microbial communities
towards a high-light-adapted state typical of unperturbed
crystallizer ponds (Fig. S8).

Dynamics of the high-irradiation communities after light
depletion

We also performed the reverse experiment with two
ponds, i.e. apply the same shading mesh after the ponds
had stabilized to ambient light, in order to test for differ-
ences and similarities in the response of the microbial
communities relative to those in the removal of shade
treatment. For this, pond E4 in 2012, which debuted in
salt harvest at TO and had an identical pre-treatment as
the E1 control pond, and pond E6 in 2014, which had all
been subjected to the regular evaporation and refilling
procedure during the 2 years prior to the treatment
(i.e. application of shade), were used. Both the E4 pond
in 2012 and the E6 pond in 2014 were covered with the
mesh just after taking the TO sample, depleting the sun
irradiation by about 37-fold.

On the basis of OPUs and metagenome MASH dis-
tances (Fig. S3 and Fig. 3 respectively), we did not
observe significant changes in the high-irradiation com-
munity structures at the short (1-2 days) and medium
(1 week) time points after shading. The major taxa of the
communities were similar in the two sampling years and
also exhibited similar dynamics as shown by their OPU
diversity (Tables S4 and S9 and Spreadsheet Tables T7
and T8) and MAG composition (Fig. S9). However,
shortly after the treatment was applied (1 day), the com-
munity experienced a sharp peak followed by a gradual
decline in cell abundances that subsequently recovered,
which was reminiscent of the one observed with the treat-
ment of removing the shade (Fig. 2, pond E4). The reduc-
tion in cell counts coincided with increased diversity
(Table S4) and a corresponding threefold increase in
VLP counts (Fig. S7). The stable taxonomic and func-
tional diversity and the stable viral dynamics during the
1-month sampling period indicated a relatively low effect
of irradiation intensity reduction, at least for this period.
However, and despite the apparent stability, shading of
pond E4 in 2012 did cause some observable minor
changes to the community structure, and the prolonged
shading for 2 years led to a distinct structure that we
named long-shaded-2014. Altogether, the changes after
shading were slower compared with those previously
observed after removing shade from the ponds.

Functional gene shifts during community transition

Functional gene annotation analysis using the SEED
subsystems reflected the distinct tempo in microbial
community response we observed between the two

Resilient halophilic microbial assemblages 4309

treatments, i.e. the fast low-to-high and the slow high-to-
low change in irradiation (Texts ST4 and ST10, and
Fig. S10 and S11). In general, the high-irradiation com-
munities showed a higher occurrence of genes related to
DNA protection and repair. On the other hand, the low-
irradiation communities exhibited a high number of genes
related to photosynthesis, autotrophy and dimethylsulfide
(DMS) and dimethylsulfoniopropionate (DMSP) metabo-
lism (best matching to some archaeal members of
Haloplanus, Halobellus or Haloarcula; and Spiribacter bac-
teria), as well as a relatively high abundance of D-ribose uti-
lization and compatible solute synthesis genes. Moreover,
the abundance of genes related to autotrophy (CO, uptake
and carboxysome formation) was increased in the shaded
conditions, and were mostly assigned to cyanobacteria
(Geitlerinema with a 95% identity).

Notably, removing the shade treatment promoted shifts
in functional gene content that were already apparent in
the short and medium sampling time points, and nearly
undetectable at the OPU and genome levels. These
shifts included, for example, an increase in DNA-binding
proteins (DNA repair bacterial DinG and relatives, DNA
repair bacterial RecBCD pathway, DNA repair bacterial
photolyases), photolyases and genes related to the
shikimate pathway just after 1 week of ambient sunlight
exposure (Fig. S10). An increase in the abundance of
genes related to cobalamin and genes involved in the
UvrABC system (genes related to DNA repair) was also
observed.

Conversely, only minor gene content shifts were
observed in the slow transition from high- to low-
irradiation communities relative to the control ponds
(Fig. S11). For example, and in line with the increased
photosynthetic diversity under low-light conditions, we
observed a significant higher number of genes involved
in the release, mineralisation and catabolism of DMS
and DMSP.

Resilience and deterministic processes driving
community dynamics

All p-diversity analysis based on (i) MAG dynamics using
the Bray—Curtis metric, (i) MASH distances of all meta-
genomic reads and (iii) Bray—Curtis using OPU diversity,
showed a strong increase in similarity between both
short-shaded-2012 and long-shaded-2014 communities
and their controls after uncovering the ponds (Fig. 5 and
Fig. S12). On the other hand, the reverse experimental
manipulation (i.e. shading the ambient irradiation ponds)
revealed less dramatic shifts during the 1-month-long
sampling period with a relatively slow transition that was
indicative of a strong resistance to change.

A null model analysis (Zhou et al., 2014; Chase et al.,
2011; for further details see Sup. Material and Methods)
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was carried out on data sets from each of the 2 years
considering each condition and each time (i.e. 0 h, 1 day,
2 days, 1 week and 1 month) independently. To quantify
the importance of deterministic processes in light treat-
ments (Fig. 6), the similarity for each pairwise compari-
son and the null expected similarity divided by the
observed similarity was presented in Fig. 6. This ratio is
designated as selection strength and provides an esti-
mate of the deterministic selection processes (Zhou
et al., 2014). Deterministic processes (opposed to sto-
chastic) are expected to drive the microbial assembly
when the deterministic selection is >50%. In the controls,
the deterministic processes explained between 92% and
97% of the variation observed over time (Fig. 6, blue
line). Similarly, but with even stronger influence after
shading the ponds, community dynamics seemed to be
solely driven by deterministic processes (effects ranging
from 97% to 100%, yellow line). In contrast, while the
deterministic processes contributed around 98% in the
initial transition stage after previously covered ponds
were exposed to high-light intensity, this value decreased
to a minimum of 84% after 1 week (Fig. 6, red line). The
slightly higher effect of stochastic processes during the
transition phase of this light exposure treatment was
probably promoted by the combination of light and salinity
increase, in contrast to the other two cases in which only
light was acting as a driving factor.

Discussion

Light and salt act as deterministic processes driving
community dynamics

Salterns undergo seasonal (Gomariz et al., 2014) and
even daily (Andrade et al., 2015) fluctuations in environ-
mental conditions such as temperature, irradiation or
ionic composition. In order to reduce the influence of
such fluctuations in our analyses, we performed the
experiments at the same time of the day and in the same
season in two non-consecutive years. It was remarkable
that despite the slightly different initial states, microbial

1 month

communities from the same treatment or control ponds
were nearly identical in their structures based on the spe-
cies and gene composition. In all cases, the basic com-
position determined by OPUs and MAGs was
reminiscent of the previous reports on the crystallizers of
Mediterranean solar salterns (Anton et al., 2000; Pasi¢
et al., 2005; Gomariz et al., 2014; Mora-Ruiz et al.,
2018). In addition, brines exhibited the typical red-
pigmentation originating by the combination of the pres-
ence of the Dunaliella sp. algae with various carotenoid-
encoding halophilic prokaryotes as previously reported
(Oren and Rodriguez-Valera, 2001; Oren, 2005). These
findings suggested that such high-irradiation communities
are well adapted to extreme salinity and irradiation, a fact
that is supported by our observed relative high abun-
dance of genes related to DNA protection and repair.
These findings were also consistent with those reported
for high altitude hypersaline lake with strong light inci-
dence (Kurth et al., 2017). Results from communities
thriving under very low-irradiation conditions exhibited
slight differences. These results, consistent with distinct
initial states, showed significant, albeit relatively small dif-
ferences in the composition of the low abundant taxa,
and on the relative abundances on the highly represen-
ted taxa, mainly composed of yet unclassified organisms.
To our knowledge, this is the first report of the community
composition of hypersaline brines under aerobic and very
low-irradiation intensity.

The most abundant MAG in both high and low-
irradiation adapted communities was a member of the
archaeal Hqr. walsbyi [99.8% ANI with the reference
genome (Bolhuis et al., 2006)], and this finding probably
underlies the generalist nature of this organism, which
has been considered a microbial weed (Cray et al.,
2013). In the light-depleted hypersaline communities,
Salinibacter was not the most dominant bacterium (as is
frequently observed salterns; Antén et al., 2000; Mutlu
et al., 2008; Gomariz et al., 2014; Mora-Ruiz et al.,
2018), but was accompanied by several other members
of the bacterial domain, especially Spiribacter sp. has
been reported as moderately to extremely halophilic,
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thriving in brines from 10% concentration up to around
34% (Leodn et al., 2014, 2017). Therefore, the salt con-
centrations below saturation of the covered brines were
presumably responsible, at least in part, for the overall
composition of taxa observed. It was remarkable that
after uncovering the shaded ponds, the brines were
green-brown, with a higher diversity of photosynthetic
microorganisms in accordance with low-light fostering
higher photosynthetic diversity (Majchrowski and
Ostrowska, 2000). However, the most abundant taxa in
the shaded brines were compatible with being capable of
synthetizing carotenoids that give the typical red colour
pigmentation of the ponds (Oren and Rodriguez-Valera,
2001; Oren, 2005) and act as irradiation-protectants
(Demming-Adams and Adams, 2002). Therefore, the syn-
thesis of these carotenoids seems to be downregulated
under the shaded condition in a physiological adaptation
and this accounted for the colour of the ponds observed.

The dynamics differed qualitatively between the high-
and low-irradiation-adapted communities. The latter
experienced relatively fast changes upon removal of the
shade within 1 month, promoting a clear transition
towards the high-irradiation structure just after 1 month,
which was dominated by Hqr. walsbyi and Salinibacter
sp. similar to the untreated salterns (Anton et al., 2000;
Anton et al., 2008). In contrast, the high-irradiation com-
munities, after being covered, transitioned to a low-
irradiation structure over longer time scales (i.e. longer
than 1 month). This more resistant nature of the high-
irradiation taxa and their communities was most probably
due to the long-term adaptation of the corresponding taxa
to the conditions in the saltern systems, e.g. the treat-
ments applied (light intensity and salt concentration) were
highly relevant for the salterns. The adaptation was likely
supported by the high abundance of suitable substrates
that could maintain the community structure for a pro-
longed period independent of the degree of light deple-
tion and the stable salt concentration (saturation) during
the sampling period.

Overall, community transition after treatment was
highly influenced by deterministic processes, which
explained between 92% and 100% of the diversity
changes during the 1 month of sampling. Only in the
shaded mesocosms right after exposure to light, an iso-
lated, relatively small increase in stochasticity in the
short-term (max 14% at 1 week) observed, coinciding
with a peak in taxa diversity. Alternatively, the transient
increase in diversity could also be due to sampling both
dying (e.g. low-light adapted taxa) and growing
(e.g. high-light adapted) taxa, and not necessarily that a
larger number of taxa grew. It is important to note that
our sampling methodology did not discriminate between
live versus dead cells or even relic DNA. Altogether, it
was clear that light intensity (and salt concentration of the
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low-irradiation ponds) acted as predominantly as deter-
ministic processes in driving microbial diversity in hyper-
saline environments. Our observations were further
reinforced by the fact that the experiments started at
slightly different stages in the 2 years, (e.g. shading for
3 months versus 2 years that most likely were responsi-
ble for the minor differences in the initial microbial com-
munity composition observed); yet very similar patterns
were observed between the 2 years.

Transient peak of taxonomic diversity after light
treatment

As a short-term response, both light treatments coincided
especially with a decline of the archaeal components in
parallel with an increase of the VLP counts and bacterial
diversity, consistent with previously reported over-
expression of archaeal viruses after UV stress (Santos
et al., 2011). Apparently, the increased light intensity
affected the major groups through the effects of photo-
inhibition, changes in the photosynthetic populations, and
viral stimulation effects. Probably the selective decline of
(mainly) Archaea due to virus lysis (or predation) enabled
the detection of bacterial taxa that were below the detec-
tion thresholds, i.e. members of the rare biosphere
(Pedrés-Alio, 2006) that could even take advantage of
the dissolved products after cell lysis to grow. However,
as mentioned above, we cannot rule out that we sample
both dying and growing cells. The reduction of the com-
petitively dominant communities (Salinibacter spp. and
Haloquadratum spp.) resulted in an increase in species
richness, also consistent with the intermediate distur-
bance hypothesis, in which the highest diversity levels
occur at the intermediate stages/timeframe after the dis-
turbances (Miller et al., 2011; Zhou et al., 2014). Accord-
ingly, only specialist species are favoured in a given
environment in the absence of disturbances, and an inter-
mediate disturbance is a factor maintaining the highest
levels of diversity.

Functional gene shifts after light treatment

The distinct succession of the corresponding microbial
communities after shading or removal of the shade treat-
ment was also reflected by functional gene shifts. The
low-irradiation community, when exposed to high light,
rapidly showed gene shifts that were reflective of the
community changes due to environmental stress. We
especially detected an increase in abundance of genes
related to osmotic stress, which tend to be accompanied
by reactions related to oxidative stress in bacterial cells
(Botsford and Lewis, 1990; Bojanovic et al., 2017).
Genes related to the biosynthesis of compounds such as
glutathione that can hamper oxidative damage under
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osmotic stress (Smirnova and Oktyabrsky, 2005), and
ergothioneine, an amino acid with antioxidant and cyto-
protective capabilities against cellular stressors (Cheah
and Halliwell, 2012), were also detected in increased
abundances. Furthermore, we observed an increase in
genes related to cobalamin, which can contribute to the
reduction of the intracellular levels of ROSs (reactive
oxygen species and oxidative stress) and the damage of
biomolecules, enhancing cell survival when exposed to
oxidative stress (Ferrer et al., 2016). Finally, the sudden
light exposure (shade removal) promoted a rapid
increase in genes involved in the UvrABC system (genes
related to DNA repair).

On the other hand, despite the slower transition, after
1 month of light depletion we observed several significant,
albeit rather small, changes such as increased subsystems
related to Nudix proteins (nucleoside triphosphate hydro-
lases) that contribute to the intracellular removal of oxidized
mutagenic, and therefore damaged nucleotides (Fisher
et al., 2004), and DNA repair base excision genes. Interest-
ingly, we also detected a significant increase in genes
involved in the release, mineralisation and catabolism of
DMS and DMSP compounds produced by phytoplankton
and seaweeds (Yoch, 2002), in line with the increased
occurrence of photosynthetic organisms in the light-
depleted ponds. We believe that the 1-month samples
showed the beginning of a transition of a high-irradiation
community towards low-irradiation. However, additional
samples were not available to more precisely estimate the
time it takes to complete the transition.

Es Trenc solar salterns have been in use for centuries
(www.salinasdestrenc.com) and therefore, the high-
irradiation populations (mainly Haloquadratum spp. and
Salinibacter spp.) may be well adapted to the system by
the recurrent (human-driven) cycles of evaporation and
refilling. Our results suggested that these communities
are highly resistant to environmental changes (transition
to low-light intensity, for example) and resilient to pulsed
environmental pressures. However, a substantial, pro-
longed reduction in light intensity caused the establish-
ment of a different, more diverse community that was
adapted to low-irradiation. Salt concentration and light
intensity seem to be responsible for the establishment of
recurrent communities on a cyclic basis, whereas high
levels of irradiation appear to represent a stronger selec-
tion factor than shade.

Experimental procedures
Experimental site and sampling

This study was carried out in the Mediterranean solar sal-
terns at 'Es Trenc,’ located on the southeast coast of the

island of Mallorca (39°20’N; 2°59'E) in August 2012 and
2014. For further details, see the Experimental Setup in
the Results section. All ponds were sampled at time zero
(TO) just before the application of the treatment, and then
regularly sampled during a 1-month period for physico-
chemical parameters and cell and VLP counts. Samples
for metagenomics were taken at time zero (TO), 1 day,
2 days, 1 week and 1 month after starting the experiment
in both non-consecutive years. Ponds were not refilled
until the experiment finished in each respective year. To
control the light intensity, we used a plastic mesh (typi-
cally used for domestic sunshades; Fig. S1), which
decreased the environmental light intensity from 1880 to
50 pmol s~' m™2. The screen was removed or placed on
the pond just after taking the time zero samples (initial
sample TO hours).

Summary of the methods

This section gives a summary of the methods given in
supplementary material. DNA extraction was performed
as detailed in Urdiain et al. (2008). The samples from the
2012 and 2014 experiments were sequenced using
lllumina HiSeq and MiSeq respectively, and trimming,
assembly and gene annotation procedures are detailed
in Text ST1. Statistics of the metagenomic data sets
obtained are provided in Text ST2. Metagenomic cover-
age, i.e. what fraction of the extracted DNA was
sequenced, was predicted using Nonpareil v2.4 software
(Rodriguez-R and Konstantinidis, 2014). MASH distance
analyses (Ondov et al., 2016) were visualized in an
NMDS plot using the vegan library (Oksanen et al., 2007)
in RStudio v3.2.2. For phylogenetic reconstruction pur-
poses, 16S rRNA gene-encoding reads extracted from
metagenomes and 18S rRNA gene amplicons were sep-
arately clustered at 98.7% nucleotide identity using
QIIME. The representative sequences from each OTU
were aligned using SINA (Pruesse et al., 2007) and
added to the reference database SILVA REF123 by the
parsimony method implemented in ARB (Ludwig et al.,
2004). The OTUs were clustered into OPUs as rec-
ommended by Mora-Ruiz et al. (2015). Rarefaction cur-
ves and statistical indices were calculated using the
PAST statistical tool (Hammer et al., 2001), and diver-
gence between samples was estimated based on phylo-
genetic distances between corresponding OPUs using
non-parametric Kolmogorov—Smirnov tests (Jarek, 2015).

Contigs with length over 1000 bp were binned using
MaxBin v2.1.1 (Wu et al., 2014) with default parameters.
Average amino-acid identity (AAl) calculations of each
MAG against the NCBI genome database were done
using the Microbial Genomes Atlas (MiGA; Rodriguez-R
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et al.,, 2018). The abundance of the MAGs in each
metagenome was calculated by mapping the reads using
BLASTnN (Altschul et al., 1990) and selecting reads with
>98% similarity and alignment length =70%. The number
of mapped reads was divided by the total number of
reads in each metagenome to provide the relative abun-
dance of the MAG (%) or divided by the size (bp) of the
total length of the MAG to provide the X coverage value.
The ’Null Model Analysis’ proposed by Chase et al.
(2011) was used to provide a quantitative estimate of the
role of deterministic versus stochastic processes in com-
munity composition based on MAG diversity. For this pur-
pose, and following the methods used by Chase et al.
(2011), we used the Jaccard index together with Bray—
Curtis as they are the least vulnerable to errors of taxon-
omy, enumeration or geography, and give very similar
error rates as reported by Schroeder and Jenkins (2018).
Pigments were analysed using a HITACHI U-2900 spec-
trophotometer and viral count by flow cytometry (FACS
Canto Il cytometer). Microbial cell counts were carried
out using DAPI, FISH and CARD-FISH methodology. All
samples were immediately fixed with formaldehyde and
processed for the fluorescence microscope counts as
previously reported (Viver et al., 2017). Additional details
on the experiments’ methods are described in Supple-
mentary Materials and Methods.

Raw metagenomic data sets are deposited in the
European Nucleotide archive under study number
PRJEB27445.
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tion from all MAGs in the experiment Unshaded - Shaded.
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