Systematic and Applied Microbiology 42 (2019) 126016

Contents lists available at ScienceDirect

Systematic and Applied Microbiology

journal homepage: http://www.elsevier.com/locate/syapm

Microbial diversity and long-term geochemical trends in the euxinic R)

Check for

zone of a marine, meromictic lake*

Milan Cankovi¢®*, Jurica Zu¢ko®, Iris Dup¢i¢ Radi¢¢, Ivica Janekovi¢?, Ines Petrié¢?,
Irena Ciglenecki?, Gavin Collins¢

2 Division for Marine and Environmental Research, Ruder BoSkovi¢ Institute, BijeniCka cesta 54, 10 000 Zagreb, Croatia

b Department of Biochemical Engineering, Faculty of Food Technology and Biotechnology, University of Zagreb, Pierottijeva 6, 10 000 Zagreb, Croatia

¢ Institute for Marine and Coastal Research, University of Dubrovnik, Ul. kneza Damjana Jude 12, 20 000, Dubrovnik, Croatia

d Microbial Communities Laboratory, Microbiology, School of Natural Sciences, National University of Ireland Galway, University Road, Galway, H91 TK33,
Ireland

ARTICLE INFO ABSTRACT

Article history:

Received 12 February 2019

Received in revised form 30 August 2019
Accepted 7 September 2019

Hypoxic and anoxic niches of meromictic lakes are important sites for studying the microbial ecol-
ogy of conditions resembling ancient Earth. The expansion and increasing global distribution of such
environments also means that information about them serves to understand future phenomena. In this
study, a long-term chemical dataset (1996-2015) was explored together with seasonal (in 2015) infor-
mation on the diversity and abundance of bacterial and archaeal communities residing in the chemocline,
monimolimnion and surface sediment of the marine meromictic Rogoznica Lake. The results of quanti-
tative PCR assays, and high-throughput sequencing, targeting 16S rRNA genes and transcripts, revealed
a clear vertical structure of the microbial community with Gammaproteobacteria (Halochromatium) and
cyanobacteria (Synechococcus spp.) dominating the chemocline, Deltaproteobacteria and Bacteroidetes
dominating the monimolimnion, and significantly more abundant archaeal populations in the surface
sediment, most of which affiliated to Nanoarchaeota. Seasonal changes in the community structure and
abundance were not pronounced. Diversity in Rogoznica Lake was found to be high, presumably as a
consequence of stable environmental conditions accompanied by high dissolved carbon and nutrient
concentrations. Long-term data indicated that Rogoznica Lake exhibited climate changes that could alter
its physico-chemical features and, consequently, induce structural and physiological changes within its
microbial community.
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Introduction Water profiles in meromictic lakes are strongly stratified

chemically due to incomplete mixing over multi-year intervals

Meromictic lakes account for <1% of the world’s lakes [4,38],
providing unusual, and rare, ecosystems suitable for studying
microbial ecology in redox transition zones. The expansion and
increasing global distribution of hypoxic and anoxic environments
relates to anthropogenic environmental impact and climate change
phenomena, and warrants study. Lakes, in general, are quite sus-
ceptible to climate change as their volume and salinity gradient
depend on hydrological conditions [95].

7 Raw sequence files supporting the results of this article are available in the
European Nucleotide Archive under the project accession number PRJEB29356.
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[5,23,38,58]. Reduced vertical mixing typically results in anoxia in
deeper water layers, and in the accumulation of sulfide, nutrients
and organic matter in the lower, anoxic layer (monimolimnion)
[38,74]. In Rogoznica Lake, which was used as a study site in this
work, an oxic surface water layer (mixolimnion) and a deeper, eux-
inic (anoxic and sulfidic) monimolimnion layer prevail throughout
the year. At the mixolimnion-monimolimnion interface, a steep
chemical gradient, the chemocline, is formed [55]. Such redox tran-
sition zones in marine environments are typically characterized
by diverse, abundant, and highly active prokaryotic communities
[27,32], and they have unique microbial communities at dis-
tinct layers consistent with geochemical and physical partitioning
[23,36,44,73]. Cyanobacteria usually dominate the oxic surface
[56,68]; anaerobic, phototrophic bacteria occupy the chemocline;
and sulfate-reducers and -oxidizers dominate deep, anoxic lay-
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ers [23,54,92]. Meromictic lakes with their shallow phototrophic
chemocline communities, extreme geochemical gradients, and
laminated sedimentary records under conditions of rapid sedimen-
tation that tend to preserve biosignatures [65] are of particular
interest for geochemical and microbial research.

Development of high-throughput sequencing (HTS) has con-
siderably improved the knowledge of the diversity and functions
of complex microbial communities [78]. However, an important
challenge in microbial ecology is to link the diverse, uncultivated
majority with their ecological role and ecosystem function. This is
best achieved by studying both total community potential (DNA-
based studies) as well asits active fraction (RNA-based studies) [46].
Indeed, compared to other well-explored freshwater and marine
environments, relatively little is known about the microbial ecology
of meromictic lakes [4,28,44].

The aims of this study, therefore, were to: (1) characterize
the multi-year, depth-resolved geochemistry; (2) identify dom-
inant members of the active prokaryotic communities of the
hypoxic, anoxic and euxinic niches during the investigated seasons;
and (3) describe the ecophysiological interactions underpinning
the biogeochemistry in marine, meromictic Rogoznica Lake. A
long-term (1996-2015) sampling campaign was undertaken to
comprehensively characterize and monitor the biogeochemistry of
the lake. Studies on the microbial ecology of the lake are mea-
gre [12,69,70,71], especially for the anoxic monimolimnion and
sediment layers. HTS and quantitative PCR assays were applied,
targeting 16S rRNA (DNA and RNA) phylogenetic markers, in order
to evaluate seasonal differences in the microbial ecology of the
chemocline, monimolimnion and surface sediment of Rogoznica
Lake.

Materials and methods
Study site

Rogoznica Lake (known as “Dragon Eye”) is situated on the
central part of the eastern Adriatic coast (Croatia) on the Grad-
ina peninsula (43°32’'N 15°58’E). The lake is relatively small
(10.276 m?) and shallow (maximum depth, 15 m). It is surrounded
by karstic cliffs (4-23 m) that prevent wind-shear mixing. During
the year, the water column is chemically and physically stratified
into an oxic mixolimnion, and a euxinic chemocline and mon-
imolimnion. The depth of the chemocline is influenced by the
prevailing meteorological conditions (i.e. temperature and rainfall),
and it is characterized by a sharply increasing concentration gra-
dient of nutrients, organic matter, and sulfide [18]. Accumulation
and mineralization of allochthonous organic matter is characteris-
tic of the monimolimnion, as indicated by high concentrations of
dissolved organic carbon (DOC up to 6 mgL~-1), iodine species (up
to 1 wM) and nutrients (NH4* up to 150 wM; PO43~ up to 22 uM;
Si044~ up to 400 wM). As a result of biological sulfate reduction,
the monimolimnion is rich in reduced sulfur species (RSS), mainly
in the form of sulfide that can reach 5mM [12,20,24,96]. Sediment
in Rogoznica Lake is laminated, and composed of poorly sorted silt
and clay silt, such as biogenic carbonates. The most abundant min-
eral is calcite followed by aragonite, quartz, dolomite and pyrite
[12,19].

Sampling, and measurements of physico-chemical parameters

Long-term data were collected from the middle of the lake at
the deepest point, during regular seasonal sampling between 1996
and 2015. Temperature (T), sulfide (H,S) and ammonium (NH4*)
concentrations were measured as described below [20]. To deter-
mine any possible long-term trends of these concentrations in

the monimolimnion (12 m depth), a linear regression method fit
was used comprising a linear trend in time together with seasonal
cycles (only for temperature). Chemical parameters did not follow
a seasonal cycle, and so an additional term representing yearly
variability was not used. Grouping data by seasons significantly
reduced the number of measurements, thus compromising statisti-
cal confidence. Therefore, whole time series were used, which was
necessary in order to avoid uneven sample datasets (there were
more data during the summer season).

Samples for microbiological analysis were taken seasonally -
in January, April, July and September - in 2015. Water samples
were taken from the chemocline (8.5 m depth) and monimolimnion
(12m depth), using 5-L Niskin bottles, which were immediately
placed on ice until they were filtered (0.22 um MCE) within 2-3 h
of sampling. Filters were immediately flash-frozen in liquid nitro-
gen. Surface sediment samples were obtained using a gravity corer
(to 10 cm) and frozen (—80 °C) until further analysis. Reduced sulfur
species (RSS) were measured immediately after sampling using an
electrochemical method [9,16]. Dissolved and particulate organic
carbon (DOC and POC) were measured in filtered samples using
standard high-temperature catalytic oxidation (TOC-VCPH-5000
solid sample TOC analyzer, Shimadzu, Japan). Temperature (T),
salinity (S), dissolved oxygen (0,), oxidation-reduction potential
(ORP) and pH were measured in situ by a HQ40D multimeter probe
(Hach Lange, Germany).

Samples (50mL) for ammonium (NH4*) measurements were
stabilized by adding 2 mL phenol (1 M dissolved in 95% v/v ethanol)
[47] before being stored in the dark at 4°C. Samples (500 mL) for
measurements of other nutrients were directly stored at —20°C.
The concentrations of nitrate (NO3~), nitrite (NO, ), ammonium
(NH4") and orthophosphate (PO43~) were determined according to
the approach of Strickland and Parsons [84], but without filtration.

Nucleic acid co-extraction, and cDNA synthesis

All solutions for use in nucleic acid purifications were prepared
with diethylene pyrocarbonate-treated (DEPC) water to inactivate
RNase. Nucleic acids were co-extracted according to a modified ver-
sion of the method described by Griffiths et al. [37]. Filters - in case
of water samples - or 0.2 g sediment were mixed with 0.5mL 2%
(w/v) cetyl trimethylammonium bromide (CTAB) buffer and 0.5 mL
phenol:chloroform:isoamyl alcohol (25:24:1). Samples were lysed
by bead beating for up to 4 min. After centrifugation (13,300 rpm,
10min), the supernatant was transferred to a new tube together
with an equal volume of chloroform:isoamyl alcohol (24:1), before
being mixed gently and then centrifuged (13,300 rpm, 10 min).
Total nucleic acids were precipitated from the extracted aqueous
layer with 0.1 volume 3 M sodium acetate and 1 volume of ice-cold
isopropanol, followed by centrifugation (12,500 rpm, 30 min). Pel-
leted nucleic acids were then washed in ice-cold 70% (v/v) ethanol
and air-dried prior to resuspension in 50 wL DEPC-treated water.
The quality of DNA and RNA was determined using a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, USA).
The concentrations were determined using a Qubit fluorometer
(Invitrogen, USA), as well as by electrophoretic separation on 1%
(w/v) agarose gels.

Total RNA was treated with Turbo DNase (2U pL~!, Ambion)
at 37°C for 30 min. The DNase was inactivated at room tempera-
ture for 5min. Possible DNA contamination of the RNA templates
was routinely monitored using PCR assays targeting 16S rRNA
genes and using RNA aliquots as template. No contaminating DNA
was detected in any of these reactions. To construct complemen-
tary DNA (cDNA), aliquots of 1.5 wL 10mM deoxyribonucleoside
triphosphate (ANTP) mix (New England Biolabs), 0.75 L 50 mM
MgCl, (Sigma Aldrich, USA) and 2.25 p.L random primers (60 uM)
(New England Biolabs) were added to 16 wL RNA samples, before
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incubation at 75 °C for 4 min followed by chilling on ice. Aliquots
of 3 wL 10x first-strand buffer [500 mM Tris—HCI (pH 8.3), 750 mM
KCl, 30 mM MgCl,, 50 mM DTT], 1 w.L SUPERase-In RNase inhibitor
(10U pL-1, New England Biolabs), and 1.5 wL Moloney murine
leukemia virus-reverse transcriptase (M-MuLV) (200U pwL~1, New
England Biolabs) were added to provide a final reaction volume
of 25 p.L. The mixture was incubated at 25 °C for 10 min and 42 °C
for 50 min, and then at 90°C for 10 min to inactivate the reverse
transcriptase (RT) [50]. The concentration and quality of cDNA
were determined using NanoDrop and Qubit spectrophotometers,
as before.

Quantitative PCR

Reaction mixtures (20 wL) for quantitative PCR (qPCR) assays
targeting 16S rRNA genes contained 10wl TagMan Master-
mix (Roche Applied Science, Switzerland), 0.2uM of each
primer with the corresponding hydrolysis (TagMan®) probe,
and 5pL template DNA or cDNA. Primers targeting bacterial
16S rRNA genes were BAC338F (5-ACTCCTACGGGAGGCAG-
3’) and BAC805R (5'-GACTACCAGGGTATCTAATCC-3’), with the
hydrolysis probe BAC516F (5-TGCCAGCAGCCGCGGTAATAC-
3’). Archaeal 16S rRNA genes were targeted using ARC787F
(5’-ATTAGATACCCSBGTAGTCC-3') and ARC1059R (5-
GCCATGCACCWCCTCT-3’) with hydrolysis probe ARC915F
(5’-AGGAATTGGCGGGGGAGCAC-3’), as previously described
[94]. Reactions were performed in a LightCycler® 480 (Roche
Applied Science, Switzerland) under the following conditions:
94°C for 10 min; 45 cycles of 94°C for 10s and 60°C for 30s [64].
A control without DNA template was included in each qPCR assay,
and for each primer and probe set, and all experiments were
undertaken in triplicate (n=36).

To obtain standards, 16S rRNA genes were amplified and ligated
into the pCR 4-TOPO Vector (Invitrogen, USA), which was used to
transform One-Shot OmniMAX 2 T1R competent E. coli cells (Invit-
rogen, USA), according to the manufacturer’s instructions. Plasmid
DNA was extracted from cultures of isolated transformants using
the Isolate II Plasmid Mini Kit (Bioline, UK), and then sequenced.
BLASTn was used to identify bacterial and archaeal 16S rRNA gene
sequences against the NCBI database according to a minimum iden-
tity of 97%. The concentration of plasmid DNA was determined
with a Qubit fluorimeter (Invitrogen, USA) and 16S rRNA gene
concentrations in plasmid DNA were extrapolated. A series of stan-
dard samples was produced by ten-fold serial dilution of bacterial
(4.14 x 1010 to 4.14 x 10!) and archaeal (3.78 x 1010 to 3.78 x 101)
plasmid DNA preps. Standard curves, derived from qPCR assays
using the standard series, were observed to have R2>0.99. The
qPCR efficiencies (E), calculated using the formula E=10(-1/slope)
— 1 (where slope is the slope of the standard curve), were 90% for
bacterial and 91.6% for archaeal assays.

Amplicon sequencing and bioinformatics

Samples of DNA and cDNA were used for high-throughput
sequencing of partial 16S rRNA genes on an Illumina MiSeq
platform by FISABIO (Valencia, Spain). Forward and reverse
primers for PCR were 515f and 806r, respectively [13]. A total of
1,684,033 raw sequences were obtained from 24 samples. Sequence
screening, alignment to the Silva (v123) database, clustering,
chimera-removal, and taxonomic classification were performed
using Mothur v1.39.3 [76]. Sequences were clustered into opera-
tional taxonomic units (OTUs) at a 97% similarity level based on
the distance matrix and Shannon-Wiener diversity. Chao1l (bias-
corrected species richness estimator) and ACE (non-parametric
abundance-based coverage estimator) coverage measurements

were calculated after normalization due to the unequal numbers
of sequences in the samples.

Data are presented as the mean + standard deviation (SD) and
were performed on 24 samples (n). Normality was tested using
Statistica 7 software, and differences in the abundance of bacterial
and archaeal 16S rRNA genes were evaluated using a Kruska-Wallis
test. For statistical non-metric multidimensional scaling (nMDS),
the PRIMER 6 v.6.1.11. and PERMANOVA +v.1.0.1. statistical soft-
ware packages were used [21]. Similarities were calculated for each
abundance resemblance matrix by means of the Bray-Curtis sim-
ilarity index [22]. Canonical correspondence analysis (CCA) and
Monte Carlo permutation tests were used to analyze the relation-
ships between the lake’s community structure and environmental
factors using Canoco version 5 software [60]. Spearman’s rank cor-
relation test was used to define the degree of dependence between
the variables and was performed with Statistica 7 software. Anal-
yses were undertaken using only classes assigned as dominant
(frequency of appearance >1% and at least in one sample), and both
relative abundance and environmental data from individual sam-
pling depths were used. Rare species (frequency of appearance <1%
in all samples) were not included so as to minimize the number
of regressions and avoid the influence of false positives that may
occur due to automatic annotations.

Results
Environmental parameters

Environmental conditions in the small, marine meromictic
Rogoznica Lake (eastern Adriatic Coast, Croatia) were investigated
seasonally in 2015. Temperature, dissolved oxygen, pH, oxidation-
reduction potential (ORP), salinity, reduced sulfur species (RSS),
nutrients, and the organic matter profiles of the water column
indicated thermohaline stratification tightly coupled to chemical
stratification with the chemocline spanning from 8-9 m during all
sampled seasons (Fig. 1). Temperature in the mixolimnion ranged
from 7.3°C in the winter to 28.9°C in the summer season. Salin-
ity fluctuations were also observed in the mixolimnion (14.5 to
32.1 psu in the winter and summer seasons, respectively). Sea-
sonal differences were less pronounced in the chemocline and
monimolimnion. Temperature ranged from 21.7 to 29.5°C in the
chemocline, and from 18.8 to 20.9°C in the monimolimnion, dur-
ing the winter and summer seasons, respectively. Salinity was
34.2 psu in the chemocline during spring and 40.3 psu during
winter sampling, whereas in the monimolimnion it ranged from
33 psu during autumn to 40.4 psu in the winter. pH was con-
stant throughout the year (7.5-8.0 in the mixolimnion), with the
lowest pH occurring in the monimolimnion (6.82-7.0 in the sum-
mer and spring seasons, respectively) (Fig. 1). The mixolimnion
was well oxygenated (6.6 and 12.3mgL-! in the autumn and
winter seasons, respectively), with rapid drawdowns through the
chemocline to the monimolimnion, resulting in decreasing redox
potential. The concentration of reduced sulfur and nitrogen species
followed these gradients. Highest sulfide (maximum 2.97 mM in
the autumn) and ammonium concentrations (up to 329 wM in the
winter) were observed in the monimolimnion. NO, ~ and NO3 ™~ con-
centrations were quite low, decreasing along the redox gradient
with lowest NO,- in the spring sampling of the monimolimnion
(0.03 M) whilst NO3~ was below detection limits beneath the
mixolimnion. Vertical profiles of particulate (POC) and dissolved
organic carbon (DOC) concentrations sharply increased in the
chemocline layer, suggesting pronounced bacterial production and
accumulation. POC (3.6 mgL-') and DOC (4.8 mgL~!) concentra-
tions reached respective maxima in the summer monimolimnion
(Fig. 1).
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Fig. 1. Vertical profiles of physico-chemical parameters in Rogoznica Lake during
the investigated seasons. Samples for high-throughput 16S rRNA gene sequencing
were taken from the chemocline (shadowed areas) and monimolimnion (12 m).

Long-term trends of temperature, sulfide and ammonium profiles

Correlation and statistical justification of the method for long-
term, monimolimnion temperature data (1996-2015) analysis
were high (r2=0.5 at 95% significance; p value, 3.0 x 10~18) and
indicated a clear trend of increasing temperature by 0.70°C+0.73
in 10 years (Fig. 2a).

For sulfide at 12m, r2=03 (at 95% significance; p value,
1.0x 10-8) with the linear trend of increased values being

8.0x1074+£3.0x10"#mM/10 y (Fig. 2b). The analyses were
focused on the first 10 years, when there was less variability and
the trend was still evident (7.9 x 10~4 mM/10y). In the second half
(decade) of the measurements (2006-2015), the variability was
larger and the linear trend of 1.2 x 10~3 mM/10 y was more pro-
nounced (marginal p value similar to the confidence interval value
of 0.05; Fig. 2b).

In the case of ammonium at 12 m, the linear trend of increasing
values across the entire period of 20 years was 60+34 uM/10 y
(Fig. 2¢), which was more variable (correlation coefficient, r2 =0.18)
than for sulfide but was statistically relevant (p value, 8.2 x 10~4).

Taxonomic structure of the prokaryotic community

The taxonomic structure of the microbial communities in the
euxinic zones of Rogoznica Lake was assessed using phylogenetic
annotations of the 16S rRNA gene (DNA) sequence reads gen-
erated from HTS (Fig. 3). Bacteria - as distinct from Archaea -
comprised 93.2-99.7% of the reads from the water column and
>80% from the sediment. Among bacterial sequences, Cyanobac-
teria (most of which were related to the Synechococcus sp. CC9902
strain) represented a plurality of designated sequences from the
chemocline layer. They dominated the chemocline during winter
(40.8%) and spring (20.2%), comprising on average 23.6 +11.7% of
the total chemocline community. Synechococcus-related sequences
were also frequently retrieved from the monimolimnion sam-
ples (5.5-7.6% in the spring and autumn, respectively; average,
6.5 +0.9%), while in the surface sediment they comprised <0.4% of
DNA sequences. The second most abundant class in the chemocline
was Gammaproteobacteria (represented exclusively by Chromati-
aceae), which accounted for 7% in the winter to 16.2% in the summer
season (average, 14 +5%), whereas in the monimolimnion they
comprised on average 11.2 & 5.42%. Chromatiaceae were lowly rep-
resented in the surface sediment (average, 1.3 &+ 1.2%). The next
abundant class throughout the investigated zones was Deltapro-
teobacteria, accounting on average for 9.4+3.1% of the total
community in the chemocline, 12.4 & 2.4% in the monimolimnion
and 14.54+2.9% in the surface sediment. Within Deltaproteobacte-
ria, the dominant genus was Desulfatiglans followed by unclassified
Desulfobacteraceae. Bacteroidetes (represented by Sphingobacteri-
ales and Bacteroidetes VC2.1 Bac22) was the most abundant phylum
in the monimolimnion (average, 19.7 &+2%), whereas they were
less abundant in the chemocline (average, 12.1 £3.3%) and sed-
iment (average, 2.5+0.9%). The proportion of the community
represented by Anaerolineaceae was highest in the monimolimnion
(3.9% in the spring and 8.4% in the autumn; average, 6.1 + 1.8%).
In other layers they accounted on average for 2.8 +2.1%, except
in the winter sediment sample, when they comprised 16.6% of
DNA sequences. Often retrieved sequences were also affiliated
to Alphaproteobacteria (Rhodobacterales, Rhodospirillales and Rhi-
zobiales orders), which enriched the chemocline community in
the winter (13.7%), and Planctomycetes (average, 5.6 4 3.9%; max-
imum in winter sediment 13.4%). Other taxa comprising >1% of
sequences at least during one season included Chlorobia (aver-
age, 0.5+0.4%), Cloacimonetes (more abundant in water layers;
average, 5.2 +2.3%), Dehalococcoidia (prevalent in the surface sed-
iment; average, 14.7+11.9%), Kiritimatiellae (prevalent in the
monimolimnion; average, 3.9 + 1.4%), Latescibacteria (found only
in autumn and summer sediment samples), Omnitrophicaeota (the
highest abundance in the surface sediment; average, 2.7 +1.3%),
Patescibacteria (prevalent in both water layers; average, 2.7 +1.3%)
and Spirochaetia (detected in all samples; average, 1.4+0.6%).
Among bacterial DNA, 3.3 £0.4% of chemocline reads, 5.6 +0.8%
of monimolimnion reads, and 8.8 +1.2% of sediment reads were
designated as unclassified sequences.
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Fig. 2. Long-term (1996-2015) trends of temperature (a), sulfide (b) and ammonium (c) in the monimolimnion layer of Rogoznica Lake at a depth of 12 m.

Archaeal sequences from the chemocline and monimolimnion
DNA were affiliated to Euryarchaeota (average, 1.1 +0.83%) and
Nanoarchaeota, comprising on average 6.5 + 5.3% of the prokaryotic
community from the water column. In addition to Euryarchaeota
(average, 4.9 +2%) and Nanoarchaeota (average, 8.5 +5.2%) in the
surface sediment, Asgardaeota was also detected but accounted
for only 0.6 +£0.4% of DNA sequences. Taxonomically unclassified
Archaea comprised on average 1.8 +1.6% of reads in the DNA pool.

Structure of the active fraction of the prokaryotic community

Bacterial sequences accounted for >96% of the active micro-
bial community (based on analysis of cDNA sequencing) in the
water column and >77% in the sediment samples. Archaea com-
prised <1% of the active fraction of the microbial community in
the chemocline and, on average, 0.6 +0.5% in the monimolimnion.
Archaea appeared more relatively abundant in the active frac-
tion of surface sediment samples, ranging from 11% in the winter
to 23% in the summer. Unclassified Bacteria comprised average

proportions of 0.7 +0.2% of the active chemocline community,
2.3 £0.3% of the active monimolimnion community, and 8.2 4+ 1.7%
of the active surface sediment community. Meanwhile, unclassified
Archaea comprised an average proportion of 1.4 & 0.3% of the active
sediment community.

In the surface sediment, the most frequently retrieved
sequences affiliated to Nanoarchaeota (from 6.1% in the winter to
11.6% in the summer; average, 7.954+2.5%). Euryarchaeota com-
prised an average 4.8 +2.1% of total reads. Within the active
community, Asgardaeota comprised up to 5% of the surface sedi-
ment community, while it was absent from the water layers. The
most relatively abundant recovered bacterial 16S rRNA sequences
(average, 54.4% + 19%) indicated the presence of Gammaproteobac-
teria in the chemocline layer. Gammaproteobacteria accounted for
6.1% (winter) to 50.1% (summer) of the active monimolimnion
community (average, 23 +19%), but only 0.7 +£0.4% in the sur-
face sediment samples. Interestingly, Gammaproteobacteria were
represented exclusively by the family Chromatiaceae (i.e. Halochro-
matium). A considerable fraction (average, 30 & 22%) of the cDNA
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Fig. 3. Relative abundance of bacterial and archaeal community composition in the chemocline, monimolimnion and surface sediment samples over the sampling seasons
based on DNA (a) and cDNA (b) sequences of the 16S rRNA gene. Represented taxa occurred on average at >3% abundance in at least one sample. Relative abundances of rare

and unclassified taxa are given in Supplementary Table S1.

sequences in the chemocline belonged to Cyanobacteria (i.e. Syne-
chococcus sp. CC9902-related cyanobacteria). All other bacterial
taxa in the chemocline accounted for 12% of the community.
Synechococcus-related sequences were also prominent in the mon-
imolimnion and comprised from 10% in the summer to 20.4% in
the winter (average, 16.7 +4.3%). Deltaproteobacteria (a majority
of which belonged to the Desulfatiglans family, with a minor pro-
portion of unclassified Desulfobacteraceae) was the most abundant
class in the monimolimnion, comprising on average 27.2 +7.3%
of active bacteria. Meanwhile, they accounted for 14% (spring)
to 27.6% (winter) in the surface sediment (average, 22.3 +5.9%).
Bacteroidia was enriched in the monimolimnion and ranged from
9.8% in the summer to 17.8% in the winter (average, 13.5+3.4).
The surface sediment samples were abundant in Planctomycetacia
sequences that comprised from 2% in the summer to 30% in the
autumn season (average, 14.6 +11.9%), whereas Anaerolineaceae
were present in the monimolimnion (average, 3.8 +£1%) and in
sediment samples (average, 544.5%). Other taxa that comprised
>1% of sequences at least in one season were Chlorobia (up to
1.1% in the chemocline), and Alphaproteobacteria (Rhodobacterales,

Rhodospirillales and Rhizobiales) that comprised ~1% of the active
community in the chemocline and monimolimnion. Cloacimonetes
and Kiritimatiellae comprised up to 2.9% and 1.3% of the commu-
nity in the monimolimnion, respectively, while Dehalococcoidia
(up to 3.6%), Latescibacteria (up to 1.4%), Omnitrophicaeota (up to
2.2%) and Spirochaetia (up to 1.7%) were found only in the sur-
face sediment. Overall, the most relatively abundant recovered
rRNA sequences were related to Gammaproteobacteria (Chro-
matiaceae, average, 54.44+26%), followed by Deltaproteobacteria
(average, 17.9 +11.5%) and Cyanobacteria (average, 15.9 +17.6%).
These populations appeared to be spatially, rather than temporally,
distributed, with clear structural differences between the investi-
gated layers.

Prokaryotic diversity in Rogoznica Lake

After the quality check, 1,290,344 sequences (average length,
254 + 11 bp) were used to generate OTUs (3% distance cut-off level).
Rarefaction curves derived from the samples did not reach an
asymptote, since the number of OTUs increased as more sequences
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were added (Supplementary Fig. S1) even in the samples with
most sequences. Although rarefaction curves did not reach an
asymptote, coverage was >90% in all seasonal samples. The fewest
OTUs were in DNA and cDNA samples from the chemocline (aver-
age, 1,456+ 158 in DNA and 1,939+442 in cDNA), followed by
the monimolimnion samples (average, 2,688 +644 in DNA and
3,934+ 873 in cDNA), while significantly more (Kruskal-Wallis;
p<0.05) OTUs were found in surface sediment in both DNA (aver-
age, 5,297 +1,330) and cDNA (average, 6,553 + 534) pools (Fig. 4).
Accordingly, Shannon-Wiener indices (Fig. 4) increased with depth
and were significantly (Kruskal-Wallis; p <0,05) higher in the sur-
face sediment. In DNA samples, the diversity index ranged from
4.4+04 in the chemocline, 5.2+0.3 in the monimolimnion, to
6.4+0.4 in the sediment. A similar pattern was observed from

cDNA samples. In the chemocline, the Shannon-Wiener index was
2.9+0.3, in the monimolimnion 3.7+ 0.6, and in the sediment
6.2 +0.4. A similarly increasing gradient with depth was found for
Chao1 and ACE (Fig. 4), although none of these diversity descriptors
showed significant (p <0.05) seasonal differences.

Abundance of bacterial and archaeal 16S rRNA genes

The abundance of bacterial 16S rRNA genes in the chemo-
cline followed an increasing trend from winter to summer when
it reached a maximum of 4.23+3.7 x 108 genes mL~!, although
it was slightly lower in autumn (Fig. 5). Generally, fewer bacteria
were apparent in the monimolimnion, and 1.46 x 107 +2.88 x 106
genes mL~! were detected in the winterand 1.01 x 108 +4.42 x 106
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genes mL~! in the autumn. Bacteria were significantly (p <0.05)
more abundant in the surface sediment samples, where a similar
seasonal trend to the chemocline layer was seen, with maximum
abundance in the summer (9.48 + 4.3 x 108 genes g~! dry weight).

The lowest abundance of archaeal 16S rRNA genes was observed
in the chemocline that, in contrast to bacterial abundance, reached
the maximum in spring (1.21 x 106 +1.1 x 10° genes mL™!). In
the monimolimnion, a maximum of archaeal 16S rRNA genes was
observed in the autumn (4.64 x 106 +1.59 x 10° genes mL~1). Sed-
iment harbored significantly higher archaeal abundance (p <0.05)
that followed the same trend as for bacteria, increasing from win-
ter to summer (8.89 x 107 +2.51 x 106 genes g~! dry weight) and
decreasing in the autumn.

According to Kruskal-Wallis tests, there were no significant
(p>0.05) seasonal differences in the abundance of bacteria or
archaea. However, on average, significant differences in archaeal
abundance (p<0.05) were observed between the chemocline,
monimolimnion and surface sediment, whilst there were no sig-
nificant (p>0.05) seasonal differences between average bacterial
and archaeal abundances.

Community structure in relation to the environmental variables

Non-metric multidimensional scaling (nMDS) was performed
in order to compare the differences in bacterial community com-
position between the three regions of the lake. In nMDS and
cluster analysis, relative abundance data relating to all bacterial
classes from samples collected at two different water depths, and
from sediment, were integrated for each sampling season. Analy-

sis of spatio-temporal succession of the total (DNA) bacterial and
archaeal community using nMDS and cluster analysis (similar-
ity level 70%) clustered data into two groups and showed clearly
separated water (chemocline and monimolimnion) and sediment
samples (Fig. 6). nMDS analyses of the active (cDNA) community
fraction, however, produced higher resolution and clustered data
into three groups at each of the sampling depths, indicating a ver-
tical change in the composition of the active community (Fig. 6).
Collinearity of environmental parameters was checked using
Spearman’s rank correlation, and selected for canonical corre-
spondence analysis (CCA), in order to establish the relationships
between the environmental factors and the main bacterial taxa
based on DNA and cDNA sequences (Fig. 7). CCA analyses were plot-
ted to show relative abundance data together with environmental
data (including temperature, sulfide, particulate and dissolved
organic carbon, phosphate, and ammonium). Using Monte Carlo
permutation tests (499 permutations), significant relationships
between environmental variables and canonical axes were ana-
lyzed using a Canoco program. Based on the 5% level in a partial
Monte Carlo permutation test, the community structure was sig-
nificantly linked (p <0.05) to the physico-chemical characteristics
of the water. Results of the CCA analysis of the total (DNA)
community explained 65.8% variation in the first axis and 16.8%
in the second axis. The most important factors influencing the
community were H,S (F=6.6; p=0.004), DOC (F=4.4; p=0.026),
and PO43- (F=3.2; p=0.049), while T (F=3.1; p=0.062), NH4*
(F=0.4; p=0.756) and POC (F=0.3; p=0.794) were not signifi-
cant. CCA results of the active community explained 28.4% and
47.9% of the variation in the first and second axis, respectively.
T (F=5.3; p=0.044) was the most important factor on the first
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axis, whereas positive loadings on the second axis were observed
for DOC (F=4.2.6; p=0.037) and H,S (F=3.7; p=0.049). NH4*
(F=1.3; p=0.342) and POC (F=0.4; p=0.754) were not found to
be significant. Furthermore, some specific bacterial groups cor-
related closely with particular environmental variables in the
CCA plot. Gammaproteobacteria were associated with temperature,
whereas Anaerolineae, Alphaproteobacteria and Bacteroidetes were
associated with dissolved organic carbon, sulfide and phosphates,
indicating their role in organic matter degradation.

Discussion

In this study, the spatio-temporal distribution of prokaryotic
communities occupying the hypoxic/anoxic (i.e. euxinic) niche of
Rogoznica Lake was investigated. High-throughput 16S rRNA gene
sequencing of DNA and cDNA, together with qPCR data and physico-
chemical parameters, were used to describe the dynamics of the
microbial community in the lake. Physico-chemical measurements
revealed the water column was vertically stable throughout the
year as a result of the thermohaline and chemical stratification,
which is typical for meromictic lakes. Seasonal changes were less
apparent in the chemocline (which was established at a depth of
8-9m) and in the monimolimnion, which represented relatively
stable and conserved regions. In accordance with the stability of the
water column, long-term data gathered from the monimolimnion
over the past two decades clearly showed increasing temperature,
sulfide and ammonium concentrations, indicating that the temper-
ature had increased throughout the entire water column of the
lake. However, the warming rate of the anoxic layer was lower
compared to the surface layer, although it was greater than in the
monimolimnion of stratified Lake Kivu [53]. It has been shown that
even such a small increase in temperature can greatly influence the
microbial food web in the adjacent Adriatic Sea [79]. Two periods
could be characterized by sulfide and ammonium concentrations,
which were less variable during the first decade and more variable
in the second decade (i.e. more extreme values were observed), as
the main indicators of climate change.

In 2015, the highest POC concentrations were observed in the
chemocline, indicating pronounced accumulation and production
of organic carbon in this layer. On the other hand, phosphates,
ammonium and DOC concentrations reached maximum values
in the monimolimnion, suggesting mineralization was an impor-
tant process under anoxic conditions. This was further confirmed
by CCA analysis that identified sulfide, together with DOC, phos-

phates and temperature, as the most significant factors influencing
the abundance of dominant taxa, which was similarly observed
in the anoxic zones of other meromictic lakes [4]. Interestingly,
although seasonal fluctuations are typically recorded in bacte-
rioplankton communities of eutrophic lakes and coastal waters
[25,29,77], the prokaryotic community structure and abundance
of Rogoznica Lake in this current study were found to be relatively
stable year-round within the layers studied, based on both DNA
and RNA gene pools. Neither diversity nor the abundance of these
communities varied significantly (p > 0.05) over the sampling sea-
sons. As demonstrated by nMDS clustering, a clear vertical zonation
was observed in the community composition, which was consis-
tent with physico-chemical gradients. In the investigated period,
and based on primers used for HTS, phototrophic Gammapro-
teobacteria and Cyanobacteria were predominant in the chemocline,
and sulfate-reducing Deltaproteobacteria in the monimolimnion,
whereas a significantly higher proportion of Archaea was found in
the surface sediment.

gPCR analyses confirmed that prokaryotic abundance did not
vary significantly (p>0.05) over the sampling seasons, neither in
the water layers nor the surface sediment, reflecting the prevailing
stable environmental conditions. Furthermore, qPCR revealed that
Bacteria were numerically more important than Archaea in all the
samples. Archaeal abundance increased with depth, and was signif-
icantly higher in the sediment than in the water layers. Enrichment
of Archaea in deeper layers confirmed earlier findings from marine
systems and other meromictic lakes, supporting the idea that such
sediments are low-energy environments [12,55,87,90].

DNA and cDNA sequencing similarly revealed the dominance of
Bacteria over Archaea.Based on OTUs, Shannon-Wiener indices, and
all other diversity descriptors, diversity increased with depth but
was seasonally stable. This trend was consistent with findings from
similar environments, although the diversity in Rogoznica Lake was
higher, especially in the surface sediment [3,4,14,31,54,59]. To the
best of our knowledge, this is one of the highest levels of microbial
diversity recorded in the literature. High prokaryotic diversity in
Rogoznica Lake could be supported by its small volume and by sta-
ble environmental conditions (i.e. stable stratification), as well as
high nutrients and DOC concentrations, thus promoting a variety
of mineralization processes requiring complex community inter-
actions [4,56].

In addition to the increase of diversity, dominance of the indi-
vidual communities was depth-specific. Based on the results in
this study, it is proposed that carbon fixation was conducted
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by phototrophic Gammaproteobacteria (i.e. Chromatiaceae and
Synechococcus-related cyanobacteria) in the chemocline, which
corresponded to the highest POC concentrations observed in this
layer. Phototrophs comprised >80% of the active chemocline com-
munity. Chromatiaceae dominated the community during most of
the sampling periods, except during the winter season, when Syne-
chococcus became prevalent even in the monimolimnion. Although
Synechococcus strains are ubiquitous in marine environments,
including microbial mats [75] and anoxic estuarine sediments [26],
their presence below the oxycline in meromictic lakes is not usual
[11]. Two Synechococcus strains have been isolated recently from
a dark euxinic water layer of the Black Sea. A metagenomic study
has shown that under these extreme conditions isolated strains
possessed heterotrophic ability and were potentially capable of fer-
menting polyglucose to lactate and use various nitrogen source, all
of them converging to ammonia [10]. This might also be one of
the reasons for the high ammonium concentrations recorded in
the monimolimnion of Rogoznica Lake. The large supply of H,S
fuels Gammaproteobacteria (Chromatiaceae), typical anoxygenic,
phototrophic sulfide-oxidizers that have been observed near the
oxic—anoxic interfaces of other stratified systems [8,30,39,57,62].
They were also found to be active in the monimolimnion, espe-
cially during the summer season, where they accounted for 54% of
retrieved sequences. This may be due to increased insolation sup-
porting their growth in deeper layers, and, indeed, also confirms
their obligatory photosynthetic nature. Capacity for oxidation of
reduced sulfur compounds has also been linked to Alphaproteobac-
teria [92], which were represented mainly by Rhodobacterales and
Rhodospirillales (purple non-sulfur bacteria), but comprised a minor
fraction (generally around 1%) of the active community within
the studied water layers. Although green sulfur bacteria (GSB, i.e.
Chlorobia) were previously shown to be the most abundant anoxy-
genic phototrophs in the lake during the stratified periods of 2011
and 2012 [69], in the present study, Chlorobia represented only a
minor fraction (up to 2.6% in the chemocline during the autumn
season) from both DNA and RNA pools. One of the reasons for
such a discrepancy could be the primer set used in this study that
can overestimate Gammaproteobacteria [67]. Furthermore, in the
current study, the upper hypoxic part of the chemocline was sam-
pled, whereas the other study focused on the lower, anoxic part.
Taking into account the changes of many environmental condi-
tions over a short vertical distance in this layer, changes in the
microbial community structure can also be expected. Despite the
different sampling and methodological approaches, we believe
that anoxygenic phototrophs in Rogoznica Lake exhibit temporal
shifts, as recorded similarly in permanently stratified Lake Cadagno
[88]. Observed shifts in Rogoznica Lake are likely to be related to
the POC concentration, which was consistently higher (up to six
times) in the mixolimnion in 2011/2012 than in 2015. This must
have increased light scattering and attenuation in this layer and
reduced light intensity in the chemocline and monimolimnion.
Subsequently, low light availability in 2011/2012 enabled devel-
opment of GSB that can grow at lower light intensity than PSB [7].
On the other hand, PSB (Chromatiaceae) were also found dominant
in the chemocline of the lake in 1997 [17] when the POC concentra-
tions were quite similar to the ones recorded in this study. Thus, it
seems that the productivity of the oxygenated mixolimnion plays
an important role in shaping the anoxygenic phototrophic popu-
lations in the chemocline and monimolimnion of Rogoznica Lake
[12].

Most of the lake’s sulfide production occurred in the mon-
imolimnion and surface sediment where the highest H,S
concentrations were recorded. Although high, these concentra-
tions did not exceed the threshold concentration thought to inhibit
sulfate reduction (~16 mM) [72]. The potential for dissimilatory
sulfate reduction is presumed to originate from Deltaproteobacte-

ria, the majority of which belonged to the Desulfatiglans lineage
and a few unclassified Desulfobacteraceae, which comprise all of the
known SRB that oxidize acetate completely during sulfate reduc-
tion (although members of this group may carry out both reductive
and oxidative parts of the sulfur cycle) [62,80]. Active Deltapro-
teobacteria members were detected in the chemocline layer, but
were more prominent in the monimolimnion and the surface sedi-
ment, where they are known to account for >50% of organic carbon
mineralization [49]. Desulfatiglans-related populations are typi-
cal and abundant in marine sediments [1,85] where they occur
with increasing sulfate and organic matter concentration. Their
physiology is poorly understood, however, isolated strains are
sulfate-reducers that can grow on aromatic hydrocarbons, which
can explain their high abundance in sediments [48]. Taking into
account high H,S concentrations and their sharp gradient between
the monimolimnion and chemocline recorded in this study and
previously [16], sulfur disproportionation would be energetically
unfavorable compared to sulfate reduction [35,86]. Therefore, and
as already confirmed by multiple sulfur isotope fractionations, dis-
proportionation does not appear to be a dominant process within
the sulfur cycle in Rogoznica Lake [51]. High concentrations of
organic matter can also be degraded by a dense population of Bac-
teroidetes, which were most abundant in the monimolimnion of the
lake in both DNA and RNA gene pools over the sampling seasons.
Members of this phylum are commonly found in the anoxic zones
of meromictic lakes [4,39], and also in marine environments where
they can comprise up to 30% of total bacterial counts [2]. It has
been shown that marine Bacteroidetes possess abundant glycosyl
transferases and a large number of polymer degrading enzymes,
confirming their role in the degradation of particulate organic
matter, especially proteins [34]. Members of Anaerolineaceae were
identified as potential fermentative bacteria in the monimolimnion
of the lake, and have been found to decompose carbohydrates by
fermentation [93]. Although they were lowly represented in all
DNA samples, RNA analysis suggested that they comprised a con-
siderable fraction of the active community in the monimolimnion
and surface sediment, especially in the winter.

In contrast to the investigated water layers, surface sedi-
ment harbored a considerable fraction of Planctomycetes (mostly
assigned as the AKAU3564 sediment group) and Chloroflexi
(Dehalococcoidia-related sequences). This heterotrophic Plancto-
mycetes group was first described in methane hydrate-bearing deep
marine sediments [45] and a recent study showed their strong
association to Deltaproteobacteria as part of a methane-oxidizing
consortia [89]. Dehalococcoidia species are widespread in marine
sediments [52,91] and anoxic zones of meromictic lakes [6] where
they are usually linked to reductive dehalogenation, but their
metabolic versatility also indicates an important role in the chlo-
rine and carbon cycles within uncontaminated environments [91].
In contrast to Planctomycetes that were less represented in the
DNA gene pool, Dehalococcoidia-related sequences were frequently
recovered from DNA samples (up to 30%), but they comprised only
a minor (up to 4%) fraction of the active community. However,
the exact role of these communities in Rogoznica Lake should be
investigated further.

Archaeal abundance was significantly higher in the sedi-
ment and the majority of archaeal sequences were affiliated
to Nanoarchaeota. Members of this phylum have been found
in various extreme environments [15,40,42,61], but to the best
of our knowledge this is its first record in a meromictic lake.
These organisms are obligate symbionts/parasites found in asso-
ciation with chemolithotrophic crenarchaeon Ignicoccus hospitalis,
which reduces sulfur [43,66]. Since neither I. hospitalis nor other
Crenarchaeota have been detected in this study, it is possible
that the Nanoarchaeota in Rogoznica Lake are associated with
some other sulfur-respiring Euryarchaea or unclassified Archaea,
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as noticed similarly in Yellowstone National Park hot springs
[10], however, its ecology in the lake should be elucidated in
detail. Archaeal sequences that were often retrieved, but only in
the sediment samples, affiliated with Asgardaeota (i.e. recently
described phylum Lokiarchaeota) found in hydrothermal vents [82].
Its genome harbors a complete tetrahydromethanopterin (H4MPT)-
dependent Wood-Ljungdahl pathway and enzymes, revealing it
to be a hydrogen-dependent, strictly anaerobic and very probably
autotrophic archaeon [81].

Interestingly, few very specific bacterial populations, compris-
ing only a minor fraction within the active bacterial community,
were characteristic for the specific investigated layer of the Lake.
These bacteria included Latescibacteria (WS3), Omnitrophicaeota
and Spirochaetia, which were found to be enriched in the surface
sediment, as well as Cloacimonetes and Kiritimatiellae found more
abundant in the monimolimnion. These bacteria were detected
in different anoxic environments including meromictic systems.
However, their ecological roles within these environments are not
entirely clear since many species lack cultured representatives
[33,39,63,83]. Although lowly represented, their ecological contri-
bution to the functioning of the investigated zones in Rogoznica
Lake cannot be neglected since rare taxa are often highly active [41].

Overall, high-throughput 16S rRNA gene sequencing revealed
a clear differentiation of complex microbial communities between
the chemocline, monimolimnion and surface sediment of
Rogoznica Lake. The extreme euxinic chemistry highly influ-
enced their distribution. This was characterized by photosynthetic
bacteria in the chemocline, anaerobic Deltaproteobacteria and
Bacteroidetes in the monimolimnion, and archaeal populations
characteristic for the sediment. Nevertheless, in order to make
quantitative estimates of the exact microbial role in a specific
metabolic pathway and to learn more about their interdepen-
dencies, metagenomic analyses, accompanied by incubation
experiments, are needed and planned for future study. This would
be especially important for abundant and active Synechococcus-
related species below the chemocline, as well as for Nanoarchaeota,
in order to predict their exact niches and physiological features
under these extreme conditions.

Most importantly, the results of this study clearly emphasized
the need for further, comprehensive and long-term investigations
on the interaction between different physico-chemical and bio-
logical components of the Rogoznica Lake ecosystem in order
to fully understand its functioning, behavior and population
dynamics. Rogoznica Lake can serve as a good model for both
hypoxia-anoxia appearance and an environment threatened by
climate changes. Observed long-term changes (warming, sulfide
and ammonium accumulations) are typical indicators of global
change that may adversely affect the physical stability of the water
column and, subsequently, nutrient cycling and ecosystem produc-
tivity.
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