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ARTICLE INFO ABSTRACT

Keywords: Salinity has a strong influence on microorganisms distribution patterns and consequently on the relevance of

Brines photoheterotrophic metabolism, which since the discovery of proteorhodopsins is considered the main

I;alophiles contributor to solar energy capture on the surface of the oceans. Solar salterns constitute an exceptional system
PLgntﬂemsth . for the simultaneous study of several salt concentrations, ranging from seawater, the most abundant environment
010S’ es1s . . . . .
o on Earth, to saturated brine, one of the most extreme, which has been scarcely studied. In this study, pigment
Photoheterotrophy . .. . :
Retinal composition across the salinity gradient has been analyzed by spectrophotometry and RP-HPLC, and the influ-

ence of salinity on microbial diversity of the three domains of life has been evaluated by a metataxonomic study
targeting hypervariable regions of 16S and 18S rRNA genes. Furthermore, based on the chlorophyll a and retinal
content, we have estimated the relative abundance of rhodopsins and photosynthetic reaction centers,
concluding that there is a strong correlation between the retinal/chlorophyll a ratio and salinity. Retinal-based
photoheterotrophy is particularly important for prokaryotic survival in hypersaline environments, surpassing the
sunlight energy captured by photosynthesis, and being more relevant as salinity increases. This fact has impli-
cations for understanding the survival of microorganisms in extreme conditions and the energy dynamics in solar
salter ponds.

rRNA metataxonomy

1. Introduction

Photosynthesis is the main biological process by which sunlight is
captured and converted into chemical energy on Earth. However, in the
photic zone of oceanic and continental waters, the importance of
chlorophylls-based light energy transduction systems has to compete
with retinylidene rhodopsins, which are the main contributors to pho-
toherotrophic metabolism [1]. The first light-driven ion-pumping rho-
dopsins were discovered in the 70s in haloarchaea [2]. Nevertheless,
photosynthesis continued to be considered the main mechanism
involved in capturing sunlight in marine environments, and phyto-
plankton (cyanobacteria, photosynthesizing bacteria, and microalgae)
the main responsible for light energy transduction in the sea, until the
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discovery that proteorhodopsins are widely distributed in many marine
microorganisms [3-5]. We now know that retinylidene rhodopsins are
present in many different taxonomic groups, including bacteria,
archaea, and unicellular eukaryotes, and that they are involved in a
variety of light-driven functions, such as protons, sodium, and chloride
pumping, light sensing, gene regulation, phototaxy or other energy-
demanding processes [6,7].

The systematic analysis of metagenomic data revealed that the genes
encoding proton-pumping rhodopsins are present in more than half of
all the heterotrophic bacteria and archaea inhabiting the ocean surface
[1,8-10], where they capture sunlight to pump protons extracellularly
and create a proton gradient that drives the production of ATP, allowing
these microorganisms to get some extra energy when nutrients are
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scarce [6]. Considering that retinal is equimolarly bonded to rhodopsins
and that there are around 300 molecules of chlorophyll a per reaction
center in oxygenic photosynthetic organisms, Gémez-Consarnau and
cowokers followed a non-genomic approach for the chemical quantifi-
cation of the different light-energy transducing systems along the
Mediterranean Sea. They confirmed that the contribution of retinal-
based energy harvested by aquatic heterotrophic organisms can be
even superior to that of chlorophyll-based photosynthesis on the ocean
surface, and demonstrated that rhodopsins-based capture of light, far
from being a rarity as previously thought, constitutes the main energy
input in the oceans [11].

Another important milestone in understanding rhodopsin function
was the discovery that some ketocarotenoids [5] and hydroxylated ca-
rotenoids [12] can act as auxiliary antenna chromophores, transferring
light energy to retinal. It has been estimated that about half of the known
rhodopsins could interact with a carotenoid secondary antenna [12].
The distribution of pigments in seawater has been thoroughly studied
and traditionally used as a taxonomic indicator for phytoplankton [13].
Pigments produced by halophilic bacteria and haloarchaea have also
received attention [14], however, their comparative distribution in
response to salinity at high salt concentrations has been scarcely
explored. Similarly, most studies about the levels of rhodopsins or
retinal have focused on open oceanic or brackish waters [8], but curi-
ously, despite the fact that the first proton-pumps rhodopsins were found
in hypersaline media, rhodopsins abundance in these environments has
not been studied so far.

Salinity has a strong influence on the distribution patterns of mi-
croorganisms, and consequently on the relative relevance of photoau-
totrophic and photoheterotrophic light capture. However, only a limited
number of studies have documented the complete microbial diversity,
including the three domains of life, along the salinity gradient [15-17].
Most existing studies are focused on the prokaryotic microbial com-
munity at very high salinity [18-20], while the population of eukaryotic
microorganisms in hypersaline waters have been often underestimated
[21-24].

Our studies have been focused on the Odiel Salterns, located on the
Atlantic coast in the Southwest of Spain. We have previously demon-
strated that crystallization ponds of the Odiel Marshlands harbor a va-
riety of halophilic microorganisms that have developed original
mechanisms to cope with high salinity, which usually involve enzymes
adapted to work at high salt concentrations [25] and new metabolites
with potential industrial and health applied bioactivities [26]. However,
Atlantic solar salterns, remain sparsely described [27] and the charac-
terization of the microbial community of Odiel Salterns at the growing
salinity gradient is not completed. The microbial profile and the rele-
vance of photoherotrophic light capture by retinylidene photoproteins
at environments of different salinities have implications for under-
standing the survival of microorganisms at extreme conditions. In
addition, understanding the energy dynamics in solar salter ponds can
help to optimize their performance.

In the present work, we have addressed some of the topics under-
studied in hypersaline environments, analyzing the pigment composi-
tion at different salinities and studying, by a 16S/18S metabarcoding
analysis, the influence of salinity on the prokaryotic and eukaryotic
microbial population. Moreover, we performed a systematic determi-
nation of the concentration of chlorophyll a and the apocarotenoid
retinal at different salinities, and following the approach proposed by
Goémez-Consarnau and coworkers [11], we estimated the relative
abundance of rhodopsins and photosynthetic reaction centers to un-
cover the relative significance of the different light energy photo-
conversion mechanisms at different salinities, establishing a correlation
between the retinal/ chlorophyll a ratio and salinity in Odiel Saltworks.
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2. Materials and Methods
2.1. Sampling and Physico-Chemical Analyses of Water

Water samples were collected at the beginning of summer (July)
from four different ponds with increasing salinities of Odiel Salterns,
located in the estuary of Odiel and Tinto Rivers in the Odiel Marshes
Nature Reserve near the city of Huelva, SW Spain (37.255787,
—6.971191). Samples were collected in triplicate from the surface layer
of the water in sterile 5 L plastic tanks and transported to the lab for
processing. The physicochemical parameters conductivity (EC, pS
cm’l), pH, and temperature (T, °C), were determined in situ by a
portable multimeter (Hanna HI98195). Density (g mL ™) and ionic
composition of the brine were measured following the standard methods
as previously reported [28].

2.2. Flow Cytometry

Non-fixed samples were filtered by a 20 pm Nylon mesh before being
analyzed in an Accuri C6 (Becton Dickinson) flow cytometer. FL2 (585
nm / 40 nm window wavelength) and FL3 (670 nm / Long Pass Filter)
signals were plotted versus Side Scatter signal, in order to detect and
count particles showing phycoerythrin (orange) and chlorophyll (red)
fluorescence, respectively. 100 pL were analyzed per sample in triplicate
to calculate cellular density. Controls (Milli-Q ultrapure water, not
plotted in the text) were also analyzed to ensure the absence of instru-
mental background noise.

2.3. Pigment and Retinal Determination

Pigments and retinal were extracted from 12 samples from four
different sampling points: Seawater inlet (SI), Evaporation pond 1 (EP1),
Evaporation pond 2 (EP2), and Crystallization pond (CP), and analyzed
by HPLC. Microbial biomass was collected by filtration using 0.45 pm
Whatman® glass microfiber filters (GF/F) until filter saturation, with a
final filtered volume of 2 L for sample SI, 200 mL for sample EP1, 700 mL
for EP2, and 600 mL for sample CP, in triplicate for every pigment and
retinal extractions. Each filter was treated with 5 mL of cold acetone
(—20 °C) overnight to extract the pigments. Subsequently, the samples
were centrifuged to separate acetone fractions from cellular debris and
the obtained supernatant was used for the analysis of the pigments. For
an efficient extraction of retinal as retinal oxime, hydroxylamine was
added to the extraction solution. Since acetone has been found to react
with hydroxylamine, in this study we used a solution of chloroform/
methanol instead [29]. Each filter was treated with 5 mL chloroform/
methanol (2:1, v/v) and 50 pL of 1 M hydroxylamine-HCl in 1 M Tris-HCl
(pH 8). The suspension was sonicated for 5 min, incubated in light (150
pmol/m~2/s71) for one hour, and centrifuged. The supernatant was
collected, evaporated, dissolved in 500 pL methanol, and subjected to
HPLC analysis.

The absorbance profile of each sample was recorded in an Ultrospec
3100 pro UV/visible spectrophotometer and the chromatographic
analysis of pigments was performed in a Merck Hitachi HPLC equipped
with a DAD detector, using an RP-18 column and a flow rate of 1 mL
min L. Solvents were (A) a mixture of acetonitrile/water (9:1 v/v) and
(B) pure ethyl acetate. The gradient elution program was as follows:
0-16 min 0 %- 60 % A; 16-30 min 60 % A; 30-35 min 100 % A. The
column temperature was kept at 25 °C, and the injection volume was
100 pL. Chromatograms were recorded in the range 300-700 nm and the
EZ ChromeElite program was used for data processing. The identifica-
tion of the pigments was done by comparison of their retention times
and absorption spectra with reference spectra and commercial standards
purchased from Sigma-Aldrich (Munich, Germany) or DHI Lab
(Hgrsholm, Denmark), which were also employed for the quantitative
determination of the principal pigments found. Retinal-oxime standard
was prepared from the bacteria Salinibacter ruber M13.When no
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standards were available, the quantification of the pigments were done
according to Zapata and coworkers [30]. All measurements were per-
formed at least in triplicate and representative data is shown.

2.4. Genomic DNA Isolaton

For the isolation of genomic DNA, 2 L of each water sample were
centrifuged at 19,800 xg and the obtained pellet was used for the
extraction of genomic DNA with the GeneJET Genomic Purification kit
(Thermo Fisher Scientific, Waltham, MA, USA) following the manufac-
turer’s instructions. The quantification of the genomic DNA and the
assessment of its purity were done in a Nanodrop Spectrophotometer
ND-1000 (Thermo Fisher Scientific). The four samples were then used
for high throughput sequencing of 16S and 18S ribosomal RNA coding
genes.

2.5. Libraries Preparation and DNA Sequencing

Prokaryotic and eukaryotic rDNA amplicons of specific hypervari-
able regions of the 16S rRNA and 18S rRNA coding genes were obtained
by PCR amplification of the previously isolated genomic DNA with the
Phusion® High-Fidelity PCR Master Mix (New England Biolabs, MA,
USA). The hypervariable regions V3-V4 of the 16S rRNA and V9 of the
18S rRNA coding genes were amplified using the primer sets 341F/806R
and 1380F/1510R, respectively (Table 1).

The primers used for the amplification of hypervariable regions of
the 16S and 18S rDNA are shown, including the length of the amplified
fragment and the primer sequences.

The quantity and quality of PCR products were analyzed by elec-
trophoresis on 2 % agarose gel. PCR products were purified by the
Qiagen Gel Extraction Kit (Qiagen, Germany) and pooled in equal ratios
to generate two tagged libriries (one prokaryotic and one eukaryotic),
with NEBNext® UltraTM DNA Library Prep Kit for Illumina and quan-
tified via Qubit and Q-PCR. Finally, amplicons were sequenced on the
[llumina MiSeq platform, using the Illumina MiSeq Reagent kit V2x 250
bp to generate paired-end raw reads. To keep the reliability of the data,
quality controls were performed at each step of the procedure, from the
raw DNA samples to the final data (Q > 36).

2.6. Sequence Data Processing

Bioinformatic data analysis was carried out using QIIME 2 (v2020.8)
[31]. First of all, raw data were demultiplexed using the q2-demux
plugin and filtered to get clean data, by trimming and truncating low-
quality regions, dereplicating reads, and filtering chimeras, using
DADA2 [32] (via q2-dada2). Then, the reads were organized in opera-
tional taxonomic units (OTUs) using de novo clustering method (via q2-
vsearch) from VSEARCH [33]. The clustering was performed with a
threshold identity value of 97 %, meaning that sequences that were 97 %
identical to each other were grouped in the same OTUs. These OTUs
were classified at each taxonomic rank using the q2-feature-classifier
plugin (via the classify-sklearn method) and the SILVA database [34].
The SILVA (138.1) database was applied as two different pre-trained
classifiers, specially curated, for 16S_V3-V4 and 18S_V9 regions. Anno-
tation was performed with a 0.7 threshold. Venn diagrams representing
common and specific taxons in the group of samples were obtained using
the Venn Diagram package (v.1.6.20) for RStudio (v1.3.1093) and the

Table 1
Description of regions and primers used for DNA sequencing.

Target Region Amplicon Primer Primer sequence (5-3")
1380F CCCTGCCHTTTGTACACAC
185 rDNA vo 131 pb 1510R  CCTTCYGCAGGTTCACCTAC
1F TAY BGCASCA!
16S rDNA V3-v4 466 pb 34 CCTAYGGGRBGCASCAG

806R GGACTACHVGGGTWTCTAAT
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data of the normalized OTUs. For the diversity analysis, the diversity
alpha-rarefaction tool was used (via q2-diversity) to randomly select a
different number of sequences and analyze the detected OTUs at each
fraction to form a rarefaction curve. The core-metrics-phylogenetic tool
(via q2-diversity) was also used to compute alpha diversity metrics.
Biodiversity was estimated on the basis of the Shannon-Wiener diversity
index (H).

2.7. Statistical Analysis

Statistical studies were performed in IBM SPSS Statistics (v29).
Correlation matrix and Principal Component Analysis (PCA) based on
Bartlett’s Test of Sphericity were used to study the relationships between
the diverse data obtained along the salinity gradient.

3. Results
3.1. Sampling and Physicochemical Characterization of Water Samples

Four ponds of the Odiel Saltworks with increasing salt concentra-
tions were sampled to perform this study. In coastal salterns, seawater is
naturally evaporated over a series of connected ponds. In the first ponds,
the less soluble salts, such as carbonates and sulfates, precipitate.
Evaporation continues through the following pools until the point at
which sodium chloride precipitates and can be harvested. Water samples
were taken from: the seawater inlet (SWI), two different steps of the
evaporation process (EP1 and EP2), and the crystallization pond (CP)
(Fig. 1).

The main physicochemical parameters (conductivity, temperature,
pH), as well as the total salinity, density, and brine composition of the
collected samples, are shown in Table 2. Sodium chloride is clearly the
main component of the brine, followed by magnesium chloride and
magnesium sulfate, besides potassium chloride, calcium sulfate, and low
levels of sodium bromide were also detected in the different sampled
ponds. The salinity of the studied ponds is approximately 2-, 4- and 8-
fold the salinity of the seawater, with total salt concentrations of 7.8,
14.4, and 31.8 %, respectively. As expected, density increases with
salinity, rising from 1.025 g mL™! in the seawater to 1.21 g mL ™! in the
crystallization pond. Similarly, conductivity and the concentration of
each individual salt increases with salinity, except the concentration of
calcium sulfate, which is very insoluble and precipitates before reaching
the crystallization pond. Temperature shows a slight increase, from 20
°C at the seawater inlet to 22 °C in the crystallization pond, which can be
attributed to the slightly lower depth of this last pond, and pH shows
little variation among the different sampled pools with a small decrease
in the crystallization pond. As a result, salt-making works offer a set of
ponds of increasing salinity, ranging from seawater, the most abundant
environment on Earth, to saturated brine, one of the most extreme, in
which most physicochemical parameters, except salinity, have very
similar values, and given the shallow depth of the water in these ponds,
there is no water stratification. Therefore, solar salterns constitute a
particularly suitable system, for the simultaneous study of microbial
biodiversity, pigment distribution, and relevance of photoheterotrophic
metabolism throughout the whole salinity range.

Density, salinity, brine composition, conductivity, temperature, and
pH are indicated for each sampling point. Values are the mean of three
water samples (SD < 3 %). SWI, seawater inlet point; EP1 evaporation
pond-1; EP2, evaporation pond-2; and CP, crystallization pond.

3.2. General Distribution of Pigments and Phytoplankton Across the
Salinity Gradient

A general picture of pigments and phytoplankton distribution at
different salinities was obtained from the absorption spectra of the
acetone extracts and the fluorescence assisted flow cytometry analysis of
the samples collected from the different ponds (Fig. 2). Both
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Fig. 1. Satellite view of Odiel Salterns and location of the sampling points at the seawater inlet point (SWI), two evaporation ponds (EP1, EP2), and the crystal-
lization pond (CP) (A). Images of two of the selected ponds: EP2 (B) and CP (C), where the reddish color of the water at the highest salinity can be appreciated.

Table 2
Physicochemical parameters of the collected water samples.
Sample Density (gomL’l) Salinity (%) Brine Composition (goL’l) Cond. (rnSocm’l) T (°C) pH
CaS04 MgSO4 MgCl, NaCl KCl NaBr
SWI 1.025 3.5 1.4 2.1 3.4 27.3 0.7 0.1 51 20 7.30
EP1 1.055 7.8 3.1 4.8 7.4 60.6 1.6 0.2 109 21 7.47
EP2 1.100 14.4 4.7 9.2 13.6 113.0 3.1 0.3 220 21 7.37
CP 1.210 31.8 1.6 21.1 30.8 256.8 7.0 0.8 241 22 6.99

phytoplankton and pigments profiles are strongly determined by the
salinity.

The extracts from seawater (SWI) and the first evaporation pond
(EP1) exhibit strong absorption in the range of 400-470 nm, with
maxima at 450 nm and 670 nm. As salinity increases, in the EP2 and CP,
the absorption spectrum experiments a shift to higher wavelengths. This
is especially noticeable in the CP, at which the salt concentration reaches
levels near saturation (~36 % w/v). At this salinity, the first maximum
peak shifts from 450 to 500 nm, due to the presence of new carotenoids
such as bacterioruberin. While the last peak, observed at 670, which is
characteristic of chlorophylls, practically disappears. In the crystalliza-
tion pond, the absorption spectrum of the acetone extract is practically
like that of bacterioruberin, denoting the total dominance of this
pigment, the main carotenoid of haloarchaea (Fig. 2).

Besides, profiling of phytoplankton single cells analyzed by fluores-
cence assisted flow cytometry allowed the discrimination of different

photosynthetic populations according to their size and pigment content.
Chlorophyll detection was based on the red autofluorescence (FL3, 670
nm), while phycoerythrins, characteristics of cyanobacteria, red algae,
and cryptophytes were recognized by their orange fluorescence (FL2,
585 nm). The highest number of photosynthetic cells (1.4e10°
cellsemL™!) was registered at 7.8 % salinity, decreasing at higher sa-
linities. Photosynthetic cells encountered in the crystallization pond
(4.40104 cellsomL’l) were much lower than the cells found in the
seawater (6.9¢10° cellsemL ™). Phycoerythrin-containing cells were
particularly abundant at an intermediate salinity in the EP1 (Fig. 2). This
result is in agreement with the information obtained from meta-
barcoding, which revealed that the phylum cyanobacteria supposes 21
% of the prokaryotic population of the EP1, as discussed below. The
cellular density of phytoplankton was particularly low in the CP, coin-
ciding with the disappearance of the maximum at 670 in the absorption
spectrum, which corresponds to chlorophylls.
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Fig. 2. UV-Vis spectra of the acetonic extracts (top) and density plots representing red fluorescence (FL3, 670 nm) vs. side scatter (SSC) (center) and orange
fluorescence (FL2, 585 nm) vs. side scatter (SSC) (down) for the saltern ponds analyzed; SWI: 3.5 % salinty; EP1: 7.8 % salinty; EP2: 14.4 % salinity, and CP: 31.8 %
salinty). The coloration of glass microfiber filters used for biomass collection at each salinity and the total concentration of photosynthetic cells encountered in each
sample are also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article)

3.3. Variations in the Pigment Composition in Response to Salinity Levels

To get further insight into the influence of salinity in the pigment
profile, the main components of the extracts obtained at each salinity
were identified by RP-HPLC (Fig. 3, Supplementary Material Table S1)
and feature pigments were quantified (Supplementary Material Table
S2). The results showed that chlorophyll a and b were present at all the
studied salinities, with their maxima in the EP1, at 7.8 % salinity.
Similarly, lutein and zeaxanthin were the main carotenoids found in the
EP1, and considerably abundant in the SWI and in the EP2. Bacterior-
uberin appeared at 14.4 % salinity in the EP2 and was the main carot-
enoid recorded in the CP, at 31.8 % salinity, while salinixanthin was
only detected at the highest salinity. In addition, several xanthophylls,
such as fucoxanthin, neoxanthin, violaxanthin, diadinoxanthin, and
diatoxanthin, representative of different phytoplankton groups, were
identified in the SWI and the EP1. Chlorophyll c and the ketocarotenoid
siphonaxanthin were only observed in the SWI sample, while

canthaxanthin was exclusively present at 7.8 % salinity (EP1). Finally,
B-carotene was found in small quantities in all the samples, with its
maximum in the CP (Fig. 3, Supplementary Material Table S2).

The presence of these signature pigments is a good taxonomic marker
to identify the composition of the microbial community at each salinity.
In this sense, fucoxanthin indicated the presence of diatoms, and simi-
larly, chlorophyll ¢, diadinoxanthin, and diatoxanthin revealed the
presence of dinoflagellates and diatoms. Likewise, zeaxanthin noted the
inhabitance of cyanobacteria, bacterioruberin highlighted the existence
of haloarchaea, and salinixanthin pointed out the inhabitance of the
halophilic bacteria Salinibacter. Chlorophyll b and lutein marked the
prevalence of green microalgae, while chlorophyll a is considered an
indicator of whole oxygenic photosynthetic microbiota [35,36]. Other
carotenoids detected, like violaxanthin, neoxanthin, and f-carotene, are
usually present in diverse photosynthetic microorganisms, including
chlorophytes, prasinophytes, and some dinoflagellates, whereas
siphonaxanthin is a dominant pigment in prasinophytes [37].
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Fig. 3. HPLC elution profiles of the pigments at 450 nm (left panel) and retinal-oxime at 360 nm (central panel) obtained from the biomass recovered at the indicated
salinities SWI: 3.5 % salinty; EP1: 7.8 % salinty; EP2: 14.4 % salinity, and CP: 31.8 % salinity.The UV-vis spectra of the main pigments are also shown (right panel),
including chlorophyll ¢ (1), siphonaxanthin (2), fucoxanthin (3), neoxanthin (4), violaxanthin (5), bacterioruberin (6), diadinoxanthin (7), diatoxanthin (8), lutein
(9), zeaxanthin (10), canthaxanthin (11), salinixanthin (12), chlorophyll b (13), chlorophyll a (14), p-carotene (15), retinal-oxime (16).

3.4. Analysis of Relative Chlorophyll a / Retinal Abundance

In addition to chlorophyll a and signature pigments, the concentra-
tion of retinal in the samples from the four salinities was studied (Fig. 3-
central panel). In this case, chloroform/methanol extracts were treated
with hydroxylamine to obtain retinal-oxyme, which was determined by
HPLC as indicated in 2.3. As salinity increased, the retinal content ex-
hibits an important rise, being especially noticeable at very high salinity
(Fig. 3, Supplementary Material Table S2). The relative significance of
the two main mechanisms for solar energy photoconversion in the sea,
chlorophyll a-based oxygenic photosynthesis (Fig. 4A) and retinal-based
rhodopsin systems (Fig. 4B), can be estimated from the determination of
the concentrations of retinal and chlorophyll a. Therefore, molar
retinal/chlorophyll a ratio was calculated at different salinities (Fig. 4,
Table S2). Following the assumptions made by Gémez-Consarnau and
coworkers [11], which take into account that all known rhodopsins have
a single retinal chromophore associated with the rhodopsin while in
each photosynthetic unit there are around 300 molecules for Chl a per
reaction center, and also previous estimations that suggest that about 80

% of the quantified retinal is bound to proton pumping rhodopsins,
being the other 20 % linked to sensory rhodopsins, the effective retinal/
Chl a ratio, understood as the light energy harvesting capability of each
transduction system, can be estimated as follows:

[Retinal] x 300

Effecti inal : Chl io=———+—"———
ective Retinal : Chl a Ratio Chla x 1.25

The molar concentration of retinal and chlorophyll a, as well as the
molar effective ratio at each salinity, are shown in Fig. 4. It can be
observed that the concentration of Chl a is higher than that of retinal in
all the studied salinities except for the highest one, 31.8 %, at which the
concentration of retinal is 20 times higher. Nonetheless, the effective
ratio retinal:Chl q, is always considerably much higher than one, indi-
cating the relevance of the retinal-based energy transducing mechanism
over the Chl-a-based photosynthesis. Furthermore, this effective ratio
increases exponentially with the salinity, reaching in the CP 2200 times
the value observed in the SWI.
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Fig. 4. Scheme of the chlorophyll-based (A) and retinal-based (B) mechanisms for capture of solar energy at different salinities. Ratios and concentration of retinal
(as retinal oxime) and chlorophyll a at each sampled ponds (C). Values are the mean of three determinations (SD < 5 %). Effective retinal/chlorophyll a ratio is

calculated by the expression: ([Retinal] x 300)/([Chl a] x 1.25).

3.5. High Throughput Sequencing of rDNA Marker Genes

To complete the study, the microbial diversity of the three domains
of life, Bacteria, Archaea, and Eukarya, proliferating at the four studied
ponds, was characterized by next-generation sequencing of the 16S
rRNA and 18S rRNA marker genes, as detailed in Materials and Methods.
Sequencing of the generated libraries gave rise to a series of paired-end
raw reads with mean lengths of 416 bp for prokaryotes (16S rRNA gene)
and 269 pb for eukaryotes (18S rRNA gene). The bioinformatics pro-
cessing of the sequences for assembling, denoising, filtering, and elim-
ination of chimeras and artifacts, performed as detailed in Material and
Methods, generated the effective tags, which were finally grouped by 97
% DNA sequence similarity into operational taxonomic units (OTUs).
The number of input reads, effective tags, and final OTUs for each
sample are shown in Fig. 5A. Finally, the OTUs were annotated and the
identified taxons with their relative abundance are shown in Supple-
mentary Material Table S3.

As shown in Fig. 5A, the number of OTUs observed in both, eu-
karyotes and prokaryotes, comes down as salinity increases, with an
exception for eukaryotes in the CP that experienced a rise with respect to
the EP2. The number of prokaryotic taxons was higher than the number
of eukaryotic ones in all the sampled ponds. This superiority was
particularly noticeable in the samples from the EPs. Fig. 5A also shows
the Shannon diversity index (H) for the prokaryotic and eukaryotic
populations at each studied salinity, while the rarefaction curves are
shown in Supplementary Material Fig. S1. The Shannon diversity index
combines richness and diversity, measuring the number of taxonomic
groups and the disparity between them. High Shannon index values
indicate the presence of many species with well-balanced abundances
[38]. As shown in Fig. 5A, the highest biodiversity values were found in
seawater, where Shannon values were slightly higher for eukaryotes
(6.30) than for prokaryotes (5.50). However, it should be noted that
eukaryotic diversity declined sharply in the EP1 and EP2 and showed a

slight increase at the highest salinity (CP). Contrarily, the diversity of
prokaryotes presented a sustained decline as salinity increased, showing
higher Shannon values than eukaryotes along the whole salinity
gradient, indicating a higher diversity of prokaryotic species at all the
studied salinities.

Furthermore, the common and the unique taxa in the different sa-
linities were plotted in Venn diagrams for prokaryotes (Fig. 5B) and
eukaryotes (Fig. 5C). Seawater (SWI) was the sample that showed more
unique taxons, which were not found at higher salinities, for both groups
of microorganisms. Concerning prokaryotic microorganisms, the sam-
ples that shared more taxons were those from the evaporation ponds
with intermedium salinities (7.8 and 14.4 %) (Fig. 5B). While for eu-
karyotes, the samples with more common taxons were those with the
nearest salinities, 3.5 with 7.8 %, and 14.4 with 31.8 % (Fig. 5C).

3.6. Prokaryotic Community Composition

16S metataxonomic high-throughput analysis was performed to
identify the prokaryotic microorganisms through the salinity gradient
(Fig. 6). At the lowest salinities, 3.5 and 7.8 %, Bacteria accounted for
almost 99 % of the prokaryotic population, while their abundance
decreased to 77 % and 42 % in the EP1 and the CP, respectively. Instead,
Archaea was the dominant group in the CP, representing 58 % of the
total prokaryotes (Fig. 6A). The analysis of the main phyla in the pro-
karyotic domain revealed that the phylum Proteobacteria was dominant
at all salinities, except at the highest one, where it was not even present.
At seawater, the phylum Proteobacteria represented 90 % of the pro-
karyotic population, but its abundance decreased to around 35-40 % in
the EP1 and EP2 (Fig. 6B). At saturating salt conditions (CP), only two
main phyla could be distinguished, Bacteroidetes and Euryarcheaota,
which is one of the main archaeal phyla.

A deeper analysis of the most abundant prokaryotic OTUs in the
dominant phylum at each salinity allowed their classification into family
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Fig. 5. Sequencing statistics. The number of inputs, non-chimeric de-noised merged inputs (effective tags) Observed Operational Taxonomic Units (OTUs), and
Shannon indexes (H) obtained are shown for each sample, including the four salinities and the two groups, prokaryotes (16S rRNA) and eukaryotes (18S rRNA) (A).
Venn diagrams with the number of identified taxons for prokaryotes and eukaryotes at each of the studied salinities (3.5, 7.8, 14.4, and 31.8 %) are also shown for
prokaryotes (B) and eukaryotes (C). Values in the overlapping zones in the Venn diagrams represent normalized common taxons, while the others are specific taxons

in each sample. All samples exhibited Q > 30.

and genus (Fig. 6C). At seawater salinity, twelve different genera clas-
sified in eight families with relative abundance higher than 1 % were
identified. The major bacteria found at this salinity belong to the genus
Stenotrophomonas and to an uncultured member of the family Pelagi-
bacteraceae, which together formed almost half of the entire proteo-
bacteria population. In the EP1 (7.8 % salinity), the majority of the
proteobacteria community belonged to the family Rhodobacteraceae.
Nonetheless, when salinity reached 14.4 % (EP2), the genus Spiribacter,
which was a minority in the EP1, became predominant. Finally, in the
CP, the prokaryotic population was composed of a great variety of hal-
oarchaea (~60 %), with Halorubrum, Haloquadratum, and Halonotius as
the dominant genera, and only two representatives of bacteria, among
which Salinibacter (39 %) was clearly predominant (Fig. 6C).

3.7. Eukaryotic Community Composition

The metabarcoding study of the 18S rRNA coding gene revealed that
the phylum Chlorophyta was absolutely dominant among the eukaryotes
at all the studied salinities, exceeding 95 % in the evaporation ponds
(EP1, EP2) (Fig. 7A). Other remarkable members of phytoplankton
found in the seawater sample were diatoms, included in the phylum
Ochrophyta, as well as, dinoflagellates, such as the genus Alexandrinum
(8 %), and protalveolates, like Parvilucifera (7 %), belonging to the
phylum Miozoa. Non-photosynthetic eukaryotes were only perceptible
at low salinity. In seawater, fungi species of the phyla Basidiomycota and
Ascomycota represented around 2 %, while the phylum Amoebozoa

accounted for 1 % of total eukaryotes. All these genera and their relative
percentages are detailed in Supplementary Material Table S3.

Further taxonomic analysis of the phylum Chlorophyta through the
salinity gradient showed that the main representatives belonged to the
classes Chlorophyceae and Trebouxiophyceae. Picochlorum was the pre-
dominant genus in the SWI, EP1, and EP2, with a relative abundance of
57, 99, and 78 %, respectively. By contrast, Dunaliella was the main
genus found at the highest salinity (CP), with 83 % of relative abun-
dance. The presence of this microalgae has been extensively reported in
environments with saturating salt concentration, where it is considered
the primary producer [39,40]. In seawater, other microalgae found in a
minor proportion belonged to marine species of the genera Tetraselmis
and Chlamydomonas. The appearance of the genus Blidingia, a multi-
cellular alga of the family Kornmanniaceae, in this study could be due to
the presence of rests or spores from this seaweed in the seawater sample.
In addition to the identified microalgae, it should be noted that in the
SWI uncharacterized chlorophytes were found in considerable abun-
dance (Fig. 7B).

3.8. Statistical and Comparative Analyses

The combined analysis of the different obtained data allows stab-
lishing correlations among the abundance of prokaryotes and eukary-
otes, the chlorophyll a/retinal ratio and the salinity (Table 3), and
between the most abundant phyla and pigments at each salinity (Fig. 8).
The heat map correlation matrix offers a global view of the microbial
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Fig. 6. Distribution of the prokaryotic representatives across the salinity gradient (salinities of 3.5, 7.8, 14.4, and 31.8 %). Relative abundance of the Bacteria and
Archaea domains (A). The main phyla (with more than 1 % of relative abundance) represented alphabetically (B). Relative abundance of the main genera found in the
dominant prokaryotic phylum at each salinity (C), indicating their taxonomic classification, family (F), and genus (G).

profiles and the contribution of different solar light transduction
mechanisms across the salinity gradient in the Odiel solar salterns
(Table 3). The negative correlation between salinity, the number of
OTUs, and the Shannon biodiversity indexes for both prokaryotes and
eukaryotes, indicates the decrease in species-richness as salinity in-
creases. Similarly, the content of chlorophyll a and phytoplankton
correlate negatively with salinity, denoting a reduction in the energy
captured by photosynthesis when salinity rises. On the contrary, the
retinal content and the calculated effective retinal/Chl a ratio have a
strong positive correlation with salinity, which points to the expansion
of photoheterotrophy in sunlight capturing as salinity increases.

In addition, the PCA of the main phyla and pigments at each salinity,
shown in Fig. 8, confirms that there is a strong correlation between
detected signature pigments and the abundance of the corresponding
microorganisms identified in the metabarcoding study, and makes
evident that three main groups can be distinguished with accordance to
the salinity, divided into low (3.4 %), medium (7.8 % and 14.4 %), and
high (31.8 %) salinity (Fig. 8).

4. Discussion

Extreme hypersaline ecosystems harbor a wide variety of halophilic
microorganisms that can be a potential source of valuable molecules,
such as poly-extremophilic enzymes and carotenoids, useful for many
biotechnological applications [25,26,41,42]. A better understanding of
the microbiology of saltern ponds may reveal details about the mecha-
nisms they use to tolerate high concentrations of salt and to capture solar

energy in these challenging conditions. To our knowledge, this work
entails the first insights into the prokaryotic and eukaryotic microbial
dynamics through the salinity gradient in coastal Atlantic solar salterns
and a pioneer study of the relevance of photoheterotrophy in hypersa-
line habitats.

The retinal/chlorophyll ratios observed at different salinities in this
study confirm that microbial rhodopsin-based photoheterotrophy is the
main contributor to the solar energy capture on the surface of the sea, as
has been already reported in the Mediterranean Sea [11], and show that
its importance is progressively higher as salinity increases, reaching a
maximum at the CP, in which the salinity is near saturation (Fig. 4). The
remarkable decrease in the concentration of photosynthetic microor-
ganisms at the EP2 and the CP observed by flow cytometry (Fig. 2)
joined to the bloom of haloarchaea and Salinibacter, microorganisms
that possess light-driven proton pumps, are strong indicators that pho-
toheterotrophy is the overriding mechanism in this extreme environ-
ment. The negative correlation of salinity with photosynthesis and
species-richness as salinity increases is highlighted in the correlation
matrix (Table 3), as expected for extreme environments [43]. Instead,
retinal-based photoheterotrophy has a strong positive correlation with
salinity, which remarks the boost of photoheterotrophy as salinity in-
creases. Moreover, the high effective retinal/Chl a ratio at the CP, which
becomes 2200 times the value observed in seawater offers an idea of the
quantitative importance of this mechanism for capturing sunlight en-
ergy, which could get even more importance in areas where the salinity
is raising due to climate change. Previous studies suggest the high sig-
nificance of rhodopsin-based phototrophy under starvation of nutrients,
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Table 3
Heat map correlation matrix among the normalized values of the main parameters studied through the salinity.
Eff.
samiy | S {10 0 | tinds | e | | || s
Salinity 1.00 -0.83 -0.99 -0.48 -0.96 -0.55 -0.38 -0.57 0.98 0.99
Total OTUs -0.83 1.00 0.86 0.89 0.94 0.35 -0.06 0.18 -0.70 -0.76
OTUs Prokarya -0.99 0.86 1.00 0.53 0.98 0.62 0.40 0.60 -0.94 -0.98
OTUs Eukarya -0.48 0.89 0.53 1.00 0.67 0.02 -0.46 -0.24 -0.31 -0.38
H Index Prokarya -0.96 0.94 0.98 0.67 1.00 0.57 0.27 0.49 -0.88 -0.94
H Index Eukarya -0.55 0.35 0.62 0.02 0.57 1.00 0.85 092 | 048 -0.64
Phytoplankton -0.38 -0.06 0.40 -0.46 0.27 0.85 1.00 0.97 -0.43 -0.51
Chlorophyll a -0.57 0.18 0.60 -0.24 0.49 0.92 0.97 1.00 -0.59 -0.69
Retinal 0.98 -0.70 -0.94 -0.31 -0.88 -0.48 -0.43 -0.59 1.00 0.97
Eff. Ratio Ret:Chla 0.99 -0.76 -0.98 -0.38 -0.94 -0.64 -0.51 -0.69 0.97 1.00

Heat map correlation matrix with the obtained data including the number of OTUs (total, prokaryotic, and
eukaryotic), the biodiversity Shannon index (H) for prokarya and eukarya, the content of retinal and Chl a, and
the calculated effective ratio retinal:Chl a. Possitive values are indicated in green, while negative values are

shown in reddish colors.

such as carbon [44] or iron [45]. However, the extraordinary increase of
the retinal/Chl a ratio observed at high salinity has never been reported.

The strong correlation of signature pigments with the microorgan-
isms identified in the metabarcoding study shown in the PCA (Fig. 8),
allows the establishment of three groups based on their distribution
according to salinity, including low (3.4 %), medium (7.8 % and 14.4
%), and high (31.8 %) salinity. For example, diatoms and dinoflagellates
that belong to the phyla Ochrophyta and Miozoa, respectively, which are
the second and third most abundant phyla in seawater (Fig. 7A),
grouped with pigments only detected at this salinity, such as chlorophyll
¢, and with the features pigments fucoxanthin, diadinoxanthin, and
diatoxanthin, observed in the SWI and the EP1, but much more

10

abundant in seawater (Fig. 3).

Similarly, cyanobacteria are one of the main prokaryotic phyla
detected in the EP1 (Fig. 6B), in agreement with the high content of
canthaxanthin and zeaxanthin at medium salinity within the second
PCA group (Fig. 3, Fig. 8), also reinforced by the presence of phycoer-
ythrins observed in the flow cytometry assay at this salinity (Fig. 2).
These results are in consonance with the surveys carried out in Santa
Pola salterns (Spain), where the phytoplankton presented the most
abundant population at 8 % salinity [46] and other salterns ponds with
moderate salinities [47]. Moreover, lutein and chlorophyll b, correlate
well with the dominance of Chlorophyta among the eukaryotic com-
munity especially in the EP1 and EP2 (Fig. 7A), with the great
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dominance of the green microalga Picochlorum (Fig. 7B). Microalgae of
this genus are halotolerant and usually grow in brackish water from
marshlands and other hypersaline habitats with salinity fluctuations
[48,49].

Finally, in the third group of the PCA, it is shown the strong corre-
lation of salinity with the pigments retinal, bacterioruberin, and sali-
nixanthin, found in the CP and the phyla Euryarcheaota and
Bacteroidetes, which includes haloarchaea and the halophilic bacteria
Salinibacter, respectively. In addition, although f-carotene is present in
all the salinity, its maximum was recorded in the CP, where species of

the halophilic microalgae Dunaliella proliferate (Fig. 7). Previous find-
ings from crystallizer ponds in different locations, shown in Table 4,
have demonstrated that bacterioruberin is usually the major carotenoid
at saturating salinity [50]. In this case, it is necessary to take into ac-
count that, unlike bacterioruberin, salinixanthin usually appears tightly
bound in an equimolar ratio to the retinal protein xanthorhodopsin,
acting as an accessory chromophore [51] and consequently, salinix-
anthin content per cell is usually low [52].

The great wealth of haloarchaea in hypersaline habitats has been
widely reported [18,53], whereas, the population of Salinibacter varies

Table 4

Percentage of the main prokaryotic (A) and eukaryotic (B) phyla reported in different locations through an increasing salinity gradient.
Mean salinity 4% 8% 14 % 28 %
Prokaryota SP-AT IN POL SP-AT IN POL SP-AT IN POL SP-AT IN POL
Actinobacteria 4 1 0 28 1 0 2 0 0 0 0 0
Bacteroidetes 4 13 10 10 0 13 6 9 28 34 8 28
Cyanobacteria 0 0 0 0 0 21 1 6 0 0 0 0
Euryarcheota 0 34 0 1 0 15 23 51 49 58 920 920
Firmicutes 1 6 0 0 0 1 1 18 0 0 0 0
Proteobacteria 90 36 90 36 0 72 43 10 21 0 1 22
Mean salinity 4% 8 % 14 % 28 %
Eukaryota SP-AT AU SP-MD SP-AT AU SP-MD SP-AT AU SP-MD SP-AT AU SP-MD
Alveolata 21 18 32 0 15 0 0 920 0 0 0 0
Chlorophyta 41 12 10 98 5 0 95 10 0 66 95 95
Fungi 2 5 38 0 0 0 0 0 0 5 0 0
Ochrophyta 10 56 10 0 75 0 0 0 0 3 0 0
Prymnesiophyta 1 15 5 0 0 0 0 0 0 0 0 0

Distribution of the main prokaryotic and eukaryotic phyla through an increasing salinity gradient in: Atlantic Odiel salterns in Spain (SP-AT, present study), Goa
salterns in India (IN) [58], Ciechocinek spa in Poland (POL) [56], salty lakes [23,59] in Australia (AU), Mediterranean Sea [60], and Santa Pola salterns [46] in Spain

(SP-MED).
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substantially between the different locations. Similarly to our findings,
the abundance of Salinibacter in the Saltern of Margherita di Savoia
(Italy) was around 40 % at very high salinities [54]. By contrast, in other
hypersaline habitats the maximum concentration of this species was up
to 17 % [55], and not even detected in Poland [56]. Diverse reports
support that green algae (Chlorophyte) and alveolates (Miozoa) conform
usually the eukaryotic community of hypersaline systems, always being
Dunadliella the predominant at the highest salinity [23,46,57].
Geographic conditions, brine composition, and specific microbial in-
teractions could be responsible for the observed differences, as shown in
the comparative analysis of the few reports that describe the dynamics of
the dominant microbial phyla across the salinity gradient at different
locations around the world, including in solar salterns in India [58],
brine graduation tanks in Poland [56], Santa Pola salterns in the Med-
iterranean coast of Spain [46], and salty lakes of Australia [23,59],
summarized in Table 4.

5. Conclusions

This research entails an exhaustive study of microbial populations
over a wide range of salinities, from seawater to hypersaline water near
saturation, an extreme environment where only specially adapted mi-
croorganisms can proliferate and that constitute a valuable source of
unique compounds and biological processes for multiple biotechnolog-
ical purposes. The composition of microbial communities at each
salinity was obtained by a combination of metataxonomy, cytometry,
and pigment analyses that showed well-correlated data. Our results
demonstrate that, in general, microbial pigments are good indicators to
reveal the main inhabitants at each salinity, allowing the comparison
between pigmented populations such as microalgae, cyanobacteria, and
extreme halophilic archaea and bacteria, which are the main represen-
tatives at intermedium and high salinities. Finally, our pioneer study of
the evolution of sunlight harvesting systems along the salinity gradient
disclosed the progressively outstanding role of retinal-based photo-
heterotrophy over photosynthesis as salinity increases. Although the
amount of the harvested solar energy transformed into specific biolog-
ical functions has not been addressed in this study, we showed that the
uptake of radiant energy to the biosphere by retinal-based photo-
heterotrophy in this extreme ecosystem is undoubtedly of utmost
importance, especially when photosynthetic microorganisms are scarce
at the highest salinities. Further challenges will be the determination of
how proteorhodopsin photoheterotrophy influences global energy and
carbon cycling, especially in sunlit oligotrophic locations, where this
mechanism is exceptionally valuable.
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