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Abstract

All environments including hypersaline ones harbor measurable concentrations of dissolved extracellular DNA (eDNA) that
can be utilized by microbes as a nutrient. However, it remains poorly understood which eDNA components are used, and
who in a community utilizes it. For this study, we incubated a saltern microbial community with combinations of carbon,
nitrogen, phosphorus, and DNA, and tracked the community response in each microcosm treatment via 16S rRNA and rpoB
gene sequencing. We show that microbial communities used DNA only as a phosphorus source, and provision of other
sources of carbon and nitrogen was needed to exhibit a substantial growth. The taxonomic composition of eDNA in the
water column changed with the availability of inorganic phosphorus or supplied DNA, hinting at preferential uptake of
eDNA from specific organismal sources. Especially favored for growth was eDNA from the most abundant taxa, suggesting
some haloarchaea prefer eDNA from closely related taxa. The preferential eDNA consumption and differential growth under
various nutrient availability regimes were associated with substantial shifts in the taxonomic composition and diversity of
microcosm communities. Therefore, we conjecture that in salterns the microbial community assembly is driven by the
available resources, including eDNA.

Introduction

Dissolved extracellular DNA (eDNA) in the environment
plays important roles in global cycles of carbon (C),
nitrogen (N), and phosphorus (P). It is found at measur-
able concentrations in every analyzed habitat [1-4] and is
estimated to amount to gigatons globally [5]. Presence of
eDNA in environments is predominantly influenced by
release of DNA via microbial cell lysis from viral infec-
tions [6, 7], but also results from DNA freed up from
spontaneous and programmed cell death, autolysis, and
direct DNA secretion [8—11]. Subsequently, eDNA
becomes available for resident organisms to utilize, and in
some environments eDNA turnover rates can be as short
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as a few hours [12]. However, seasonal variability and
type of habitat can increase the residence time of eDNA to
months and years [13, 14], despite the presence and high
activity of secreted extracellular nucleases [3]. Adsorption
to minerals and particles can make eDNA unavailable for
microorganisms [15], but factors like nutrient obtain-
ability, and the presence of salt could also contribute to
the stability, availability and utilization of the available
eDNA [13, 16].
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Many microorganisms secrete enzymes that degrade
eDNA extracellularly [17]. The subsequent uptake of the
DNA components could be used to support growth by
being used as a C, N, or P source [18, 19]. Many archaea
and bacteria can also take up double-stranded eDNA as a
high molecular weight molecule via a process of natural
transformation, and use it either to repair damaged chro-
mosomes or to increase genetic variation [15, 20]. How-
ever, since natural transformation has low efficiency rates
and only one DNA strand is typically used in recombina-
tion, most of the eDNA transported into the cell may be
consumed for other purposes, such as an energy source or
as input building blocks (e.g., nucleotides) in metabolic
pathways [21-25].

Hypersaline environments are reported to have the
highest concentrations of eDNA [3]. These habitats have
little to no primary production near the saturation level of
NaCl, yet they support a high density of cells, usually
dominated by heterotrophic, aerobic, obligate halophilic
archaea, informally known as Haloarchaea [26-28]. A
nutritionally competent model haloarchaecon Haloferax
volcanii can grow on eDNA, primarily as a P source [29],
suggesting that in hypersaline habitats eDNA plays an
important role in the phosphorus cycle and also possibly
in carbon and nitrogen cycles. Notably, Hfx. volcanii
discriminates different eDNA sources for growth, as
cultures did not grow on purified Escherichia coli or
herring sperm DNA, but grew on Hfx. volcanii (i.e., its
own) or unmethylated E. coli DNA [23]. Although some
bacteria have demonstrated biased uptake of DNA for
natural transformation purposes [30-33], the above
observations for Hfx. volcanii raise the possibility that
many other microorganisms in a haloarchaeal community
can grow only on specific eDNA, perhaps based on its
methylation status. This remains a largely unexplored
phenomenon. To better understand how eDNA influences
growth of microbial communities in hypersaline envir-
onments, and to investigate eDNA utilization biases
associated with organismal source of eDNA by different
haloarchaea and hypersaline-adapted bacteria, we con-
ducted microcosm experiments on natural near-saturated
hypersaline waters collected from the Isla Cristina solar
saltern in southern Spain that were amended by sources of
C, N, inorganic phosphorus (P;) and DNA. We show that
eDNA, which was either available in the water column or
provided as a supplement, was utilized by the microbial
community as a source of phosphorus. Via sequencing of
rpoB and 16S rRNA genes from DNA collected from
both the cells and water column before and after the
experiments, we observe that composition of both
microbes in the community and eDNA in the water col-
umn changes depending on nutrients, and infer that at
least some of these shifts are due to the ability to use
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eDNA and to prefer eDNA of specific taxonomic origin
or taxonomic relatedness.

Materials and methods

Nutrient supplementation of samples, microcosms’
incubation, DNA purification, rpoB and 16S rRNA
genes amplification

Isla Cristina water samples were aliquoted into 50 mL conical
tubes, with each tube receiving 30 mL of water sample. These
samples were supplemented with various combinations of C
(0.5% wlv glucose), N (S5mM NHCl), and P; (I mM
KH,PO,4) sources, as well as with high molecular weight,
undigested genomic DNA (~6 ng/uL of either Hfx. volcanii
DS2 or E. coli dam™/dcm™) (the listed concentration values
are final concentrations). Each combination of nutrient sup-
plementation was performed in duplicate. The microcosms
were incubated at 42°C and once they reached stationary
phase, they were centrifuged and filtered. DNA was extracted,
and rpoB and 16S rRNA genes were PCR-amplified. For
details see Supplementary Methods.

Quantification of nutrients in Isla Cristina water
samples

The Isla Cristina water samples before and after experi-
ments (including duplicates) were analyzed for total organic
carbon (TOC), total dissolved nitrogen (TN), total phos-
phorus (TP), and inorganic phosphorus (P;). For each
microcosm, 5 mL was aliquoted into 50 mL conical tubes,
which were then diluted 1:10 with deionized water. The
organic phosphorus in each sample (P,) was calculated as
the difference between TP and P;. See Supplementary
Methods for details.

DNA sequencing, sequence quality control, pair
merging, clustering of sequences into the
operational taxonomic units, and assignment of
taxonomic affiliations

The purified amplicon products were used to construct 69
rpoB-based and 28 16S rRNA-based libraries. The libraries
were sequenced using Illumina MiSeq technology, collec-
tively producing 3,567,797 and 2,277,899 paired-end raw
reads for rpoB and 16S rRNA genes, respectively. The raw
reads were trimmed from poor quality regions and pairs were
merged as described in Supplementary Methods. This pro-
cedure resulted in the 1,174,289 rpoB and 1,320,673, 16S
rRNA merged pairs, which were clustered into operational
taxonomic units (OTUs) using QIIME v1.9.1 [34] and
assigned taxonomic affiliations using the Ribosomal Database
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Project classifier v2.2 [35], as detailed in Supplementary
Methods. Since E. coli and Hfx. volcanii are not indigenous
members of the initial microbial community, the DNA
assigned to these taxa were excluded from all further analyses.

Quantification of similarities and differences in
taxonomic composition across and within samples

For each sample, relative abundance of its OTUs, overall
taxonomic composition, and the OTU diversity were cal-
culated as described in Supplementary Methods. Addition-
ally, the samples were clustered via Principal Coordinates
Analysis (PCoA), using beta-diversity distances calculated
from Bray-Curtis and Jaccard dissimilarity values. The
clusters were tested for similarity and differences in the
OTU composition (see Supplementary Methods for details).

Examination of the impact of provided nutrients on
community composition using linear regression

Linear regression modeling was conducted with provided
nutrients (C, N, P; and P,) as explanatory variables and
number of OTUs in each sample as dependent variables as
described in Supplementary Methods.

Quantification of changes in relative abundances of
the abundant haloarchaeal OTUs (ahOTUs) in
response to provided phosphorus

Changes in ahOTU abundance in microcosms and eDNA
pools in response to addition of DNA and P; were visualized
as heatmaps mapped to a cladogram of relationships among
ahOTUs (see Supplementary Methods for details). Addi-
tionally, changes in relative abundance of an ahOTU in
microcosms and eDNA pools between two experimental
treatments were summarized using two metrics, D = (ICW, —
ICW,) — (ICC, ~1CC;) and In(Odds ratio) = In (%)
where a and b denote two compared treatments and ICC; and
ICW; represent relative abundances of an ahOTU in com-
munities and eDNA pools of a treatment i, respectively.

Results

Isla Cristina’s microbial communities grow on eDNA
as a phosphorus source

Supplementation of microbial communities from the Isla
Cristina saltern (Huelva, Spain) with various combinations of
C, N, P;, and DNA from either Hfx. volcanii DS2 (denoted as
H) or E. coli dam™ /dcm™ (denoted as E) revealed that unless
both C and N were provided, no notable growth was observed
(Fig. 1a, b). Supplementation with both C and N (+ C+N

treatment) yielded an average net ODgq increase of 0.414
(Fig. 1a) and 0.506 (Fig. 1c) in the two sets of conducted
experiments. Providing P; in addition to C and N (+C+N+-P;
treatment) resulted in the largest growth (Fig. la and c).
Interestingly, samples that were supplemented with DNA
instead of P; (+C+N-+H, or +C+N+E treatments) also
exhibited a comparable amount of growth, although net
ODg( increase was ~12.9% lower than in the +C+N+P;
treatment (one-way ANOVA test; P value 0.0036; Fig. lc).
Nevertheless, the net ODgy increases in the +C+N-+H and
+C+N+E treatments were 50% and 54% higher, respec-
tively, than in the +C+N treatment (One-way ANOVA test;
P values 0.0023 and 0.0018, respectively; Fig. lc). This
suggests that besides P;, the saltern community can utilize
eDNA as a source of phosphorus.

The observed patterns of microbial community growth
under different treatments are consistent with the consumed
amounts of C, N, and P;, as measured by comparing the total
organic carbon (TOC), total nitrogen (TN), and total phos-
phorus (TP) in the filtered untreated water samples and in the
treated filtered water samples after the communities reached
the stationary phase. The pre-incubation communities con-
tained small quantities of TOC, TN, and TP (Supplementary
Table S1). In treatments where communities exhibited no
notable growth (i.e., C was not provided), there were also no
notable changes in TOC, TP, and TN (Fig. 1d). In the
microcosms with some growth (C was provided but N was
not), a 31-36% decrease in TN was observed (Fig. 1d and
Supplementary Table S1), suggesting that growth was sus-
tained until naturally occurring utilizable nitrogen resources
were depleted. The fastest-growing microcosms, i.e. in which
both C and N were supplied, exhibited the largest decreases in
TN, TP, and TOC (Fig. 1d).

To further investigate the effectiveness of DNA as a
source of phosphorus, we examined the contributions of
inorganic (P;) and organic (P,) phosphorus to the TP in the
microcosms after they reached stationary phase (Fig. le and
Supplementary Table S2). We found that in the microcosms
supplemented with C and N but not provided with P; (i.e.,
+C+N, +C+N+H or +C+N+E treatments), the remain-
ing TP was dominated by P, (~91%, ~70%, and ~74%,
respectively). Since the microcosms under the +C+N,
+C+N+H, or +C+N+E treatments exhibited substantial
growth, we conjecture that while DNA (i.e., P,) was used
by the communities as a source of phosphorus, P; is gen-
erally preferred when available.

The taxonomic composition of the microbial
communities and eDNA pool varies across
treatments

To better understand how the different nutrient availability
affects both organismal composition of a community and
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Fig. 1 Microbial growth and associated changes in available
nutrients in the experimental microcosms. a—¢ Growth curves under
experimental treatments. Each line represents a separate experimental
treatment. For each treatment, the added nutrients are denoted as “+”
followed by a nutrient symbol of carbon (C), nitrogen (N), phosphorus
(P;), Hfx. volcanii DS2 DNA (H) and E. coli dam™/dem~ DNA (E).
Starvation growth curve (S) serves as a control. Error bars represent
the standard error of the mean. b Growth curves of the slow-growing
microcosms from (a) plotted on a different scale. a, ¢ Two independent
sets of experiments. d, e Changes in carbon, nitrogen and phosphorus
after the microbial growth has stopped. The plotted changes are mean

organismal sources of DNA in the eDNA pool, we
sequenced 16S rRNA and rpoB genes from the DNA
extracted from the Isla Cristina living Cells (ICC) and the
Isla Cristina Water column (ICW) before and after the
above-described microcosm experiments.

Analysis of the 16S rRNA OTUs revealed that, as
expected for a saltern environment, the pre-incubation
community (ICC sample “X” on Fig. 2a) is numerically
dominated by archaea from class Halobacteria (relative
abundance of 92.9%) and by bacteria from the genus Sali-
nibacter (relative abundance of 6.6%). The remaining 0.5%

SPRINGER NATURE

values from two experimental replicates. The experimental treatments
(X axis) are grouped into three categories based on whether carbon
and/or nitrogen were provided. Nutrient abbreviations: TOC, total
organic carbon; TN, total nitrogen; TP, total phosphorus; P;, inorganic
phosphorus. Organic phosphorus (P,) was computed as by subtracting
P; from TP. For “+P;” treatment, the calculated value of P, is replaced
with an asterisk, due to errors associated with measurements of TP and
P; for that treatment. Actual values for the measured nutrient con-
centrations and the associated calculations are shown in Supplemen-
tary Tables S1 and S2.

of OTUs belong to either other archaeal classes or other
bacterial genera (see Supplementary Data). Halobacteria
and Salinibacter also dominate all post-treatment commu-
nities, with their relative abundances in 92.3-99.9% and
0.02-7.2% range, respectively (Fig. 2a).

The DNA in water column is also dominated by eDNA
from Halobacteria and Salinibacter OTUs (Fig. 2a). How-
ever, DNA originating from bacteria on average represents a
higher fraction in the eDNA pools than in the microbial
communities, with the largest fraction (27%) found in the
pre-incubation water column (ICW sample “X” on Fig. 2a).
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In addition, some eDNA comes from OTUs that were either
not observed in any of the ICC samples (Fig. 2b) or were
found in the ICC samples in low abundances. Examples
include OTUs from bacterial genus Bradyrhizobium and
archaeal subphylum Nanohaloarchaeota (Supplementary
Table S3; see Supplementary Results and Supplementary

<« Fig. 2 OTU composition of the microbial communities (ICC) and

of eDNA in the associated water columns (ICW). a Relative
abundance of 16S rRNA-based OTUs in the pre-incubation commu-
nity (X), after starvation (S), and after nutrient-addition experiments.
For experimental treatment abbreviations see Fig. 1 legend. Only a few
selected taxonomic groups are highlighted, while other OTUs are
pooled into “Other Archaea” and “Other Bacteria” categories.
b Overlap of 16S rRNA-based OTUs in ICC and ICW across all
samples combined. ¢ Relative abundances of 16S rRNA-based OTUs
that constitute > 1% of at least one sample (designated as “‘abundant
OTUs”) in comparison to the OTUs with < 1% abundance (denoted as
“Other OTUs”). d Relative abundances of rpoB-based OTUs from
class Halobacteria that constitute 21% of at least one sample (desig-
nated as “ahOTUs”) in comparison to the Halobacterial OTUs with
<1% abundance (denoted as “Other Halobacterial OTUs”).

Data for details). These eDNA fragments may have origi-
nated from living microorganisms elsewhere and were
transported to the saltern environment. Alternatively, they
may represent resistant-to-consumption eDNA that has
slowly accumulated from the rare members in the pre-
incubation community (see Supplementary Results for
specific examples.)

Overall, OTUs present at >1% abundance constitute the
greatest majority of OTUs in every sample (Fig. 2c).
Unfortunately, many haloarchaea are known to carry mul-
tiple non-identical copies of 16S rRNA gene [36-38], with
some copies exhibiting within-genome identity as low as
91.3% (Supplementary Table S4). Since this intragenomic
heterogeneity is likely to affect accuracy of the 16S rRNA-
based relative abundance estimates, we also amplified the
rpoB gene, which is known to exist in haloarchaeal gen-
omes in a single copy, and was shown to resolve genera
assignments better than the 16S rRNA gene [39-41].
Because the 16S rRNA analysis indicates that the microbial
communities are dominated by Halobacteria and do not
contain any OTUs from other archaeal classes at > 1%
abundance, we amplified the rpoB gene using the
Halobacteria-specific primers. Of the 5,905 rpoB-based
OTUs detected across all samples, 5,851 (99.1%) are
assigned to class Halobacteria, demonstrating that the pri-
mers designed to amplify this class of Archaea have high
specificity. Relative abundances of Halobacterial genera
observed in the rpoB-based and 16S rRNA-based analyses
are comparable, with few discrepancies detailed in Supple-
mentary Results. Finally, the rarefaction analysis indicates
that the amount of performed sequencing is adequate for
capturing the diversity of microbial communities and water
columns (Supplementary Fig. S1 and Supplementary
Results).

Thirty-four of the rpoB-based OTUs have >1% relative
abundance in at least one ICC sample. Thirty two of the 34
OTUs maintain > 1% relative abundance in at least one
ICW sample. Additional 29 halobacterial OTUs have > 1%
relative abundance in at least one ICW sample, and found in

SPRINGER NATURE
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low abundance in at least one ICC sample. For the
remainder of the analyses we designated these 34 + 29 = 63
OTUs as abundant halobacterial OTUs (ahOTUs). Notably,
an individual sample contains only a fraction of the 63
ahOTUs: 16 + 1.8 of ahOTUs per ICC sample and 18 +2.8
ahOTUs per ICW sample. Because in each sample the
cumulative relative abundance of ahOTUs is 67-78% and
80-95% for ICC and ICW samples, respectively (Fig. 2d),
there are non-negligible differences in the ahOTU compo-
sition and their relative abundances across samples. Below,
we examine in detail how these differences relate to nutrient
availability.

Carbon, DNA, and inorganic phosphorus alter
taxonomic composition of microbial communities
and eDNA pools

Based on the relative abundances of both the rpoB-based
and the 16S rRNA-based OTUs, the samples aggregated
into three distinct clusters (Fig. 3 and Supplementary
Fig. S2). Differences in OTU composition of the three
clusters are significant (PERMANOVA: R=0.74, P=
0.001 [rpoB] and R =0.72, P = 0.001 [16S rRNA]). Cluster
1 consists of the cellular communities’ samples that come
from the pre-treatment and all microcosms that either
exhibited no notable or some growth (Fig. 1b), hereafter
referred as “slow-growing communities”. Cluster 2 consists
of the water column samples that correspond to the cellular
communities of Cluster 1. Cluster 3 consists of the cellular
communities’ and water column samples from all experi-
ments that produced fast-growing microcosms, that is, the
microcosms that were supplemented simultaneously with C
and N. Such clear taxonomic separation of fast- and slow-
growing microcosms suggests substantial shifts in com-
munity composition in response to nutrient supplementa-
tion. Clusters 1, 2, and 3 also emerge even if OTU
abundance is ignored and only OTU richness is considered
(Supplementary Fig. S3), suggesting that the observed
clustering is not driven solely by a few abundant commu-
nity members, but also influenced by rare microorganisms
and their DNA in the water column.

Presence and abundance of specific bacterial and
archaeal OTUs, and especially those with > 1% abundance,
are behind the observed shifts in taxonomic composition
among the three clusters (Fig. 2). Among Halobacteria, the
relative abundances of 48 of the 63 ahOTUs differ sig-
nificantly among the three clusters (the Mann—Whitney U
test; see Supplementary Table S5 for P values; Fig. 4a).
Cluster 1 samples are dominated mostly by Haloferac-
aceae ahOTUs (Fig. 4b, c). In contrast, eDNA from
Halorubraceae ahOTUs (Fig. 4b, d) dominate Cluster
2 samples. Finally, in Cluster 3 samples, Haloferacaceae
and Halorubraceae ahOTUs become much less abundant

SPRINGER NATURE

and are replaced by Haloarculaceae and Halobacteriaceae
ahOTUs (Fig. 4b, e).

Within the three clusters, there are visibly distinct sub-
clustering of samples that imply more nuanced differences
in taxonomic composition of the samples. For the Cluster 1
communities and their water columns (Cluster 2), the pre-
treatment sample, samples without notable growth (no C
added), and some growth (C added) form separate clusters,
with further subdivision due to provision of Hfx. volcanii
DNA (PERMANOVA: R=0.75 and 0.84, P=0.001 and
0.001 [rpoB] and R =0.74 and 0.81, P =0.008 and 0.007
[16S rRNA]) (Fig. 3b, ¢ and Supplementary Fig. S2b, c).
Within fast-growing microcosms (Cluster 3), sub-clustering
is less pronounced but reflects availability and type of P
sources provided in treatments (Fig. 3d and Supplementary
Fig. S2d). Taxonomically, the observed groups are due to
differences in relative abundance of Halorubraceae,
Haloarculaceae, and Haloferacaceac OTUs for slow-
growing communities and of Haloferacaceae, Haloru-
braceae, Haloarculaceae, and Halobacteriaceae OTUs in
fast-growing communities (Fig. 3e).

Taken together, supplementation of nutrients sig-
nificantly influences composition of both the microbial
community and the eDNA pool. Linear regression modeling
with nutrients as categorical variables revealed that provi-
sion of C is the primary driver of microbial community
composition shifts (Radj2:0.45; P =0.002; t value: 4.5),
suggesting unequal abilities of various taxa to compete for
added glucose. Provision of N alone does not affect com-
munity composition, suggesting that community members
have equal abilities in its assimilation. Provision of P; and
DNA significantly alters the composition of eDNA in the
water column (Radj2 =0.327; P=0.001; ¢ value: 3.6),
raising a possibility that there are organismal preferences for
phosphate and specific “taxonomic affiliation” of DNA as a
P source.

Shifts in eDNA OTU composition depending on
available sources of phosphorus suggest
preferential eDNA uptake

It is surprising that the DNA content of the initial com-
munity and the slow-growing microcosms (Cluster 1) are
quite different from the eDNA pools of their water columns
(Cluster 2). This distinction, albeit less apparent, also exists
in the fast-growing microcosms (Cluster 3; Fig. 3d).
Assuming that all cells in a microcosm have equal prob-
ability of birth and death, it would be expected to see similar
OTU compositions of a microbial community and of the
eDNA from the corresponding water column. Interestingly,
in the slow-growing communities, provision of Hfx. vol-
canii DNA (+H and +C+H treatments) significantly
increases the eDNA OTU richness (the Mann—Whitney U
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samples within each of the three PC1 (59.01%) PC1 (41.74%)
clusters. See Supplementary
Table S3 for the actual relative e Relative abundance (%)
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test, P = 1.6 x 10~>; Supplementary Fig. S4; Supplementary
Table S6). In the fast-growing communities, the increase in
eDNA OTU richness, albeit not significant, is caused by the
addition of P; (+C+ N+ P; treatment; Supplementary
Fig. S4). Therefore, we hypothesize that the observed dif-
ferences in OTU compositions of cellular communities and
their water columns are due to biased eDNA uptake from

certain taxonomic groups. Furthermore, we propose that the
availability of Hfx. volcanii DNA and inorganic phosphorus
in slow- and fast-growing communities, respectively, results
in the reduced uptake of available eDNA as a P source,
leading to eDNA accumulation in the environment and
causing the observed changes in eDNA OTU composition.
And in reverse, the observed limited OTU diversity when P
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Cluster 3 Cluster 1

Fig. 4 Relative abundance of ahOTUs across three clusters.
a, b Relative abundance of ahOTUs in three clusters summarized in a
ternary plot. Each vertex represents one of the three clusters. Each
circle represents an ahOTU. The position of a circle is determined by
relative abundance (RA) of the ahOTU in three clusters, and the circle
size is proportional to the ahOTU’s average relative abundance across
all 69 samples. In a, ahOTUs with significantly higher abundance in
Cluster 1, 2, or 3 than in the other two clusters are colored in green,
orange and brown, respectively, while OTUs without significant dif-
ference in abundance are shown in gray. In b, the circles are colored

sources are scarce may be due to depletion of eDNA from
specific taxa through taxonomically-biased eDNA uptake.

Preferences for eDNA of specific taxonomic origins
by the saltern microbial community

Complexity and variability of microcosms across experi-
mental treatments (Fig. 3e), as well as impacts of sequen-
cing depth and sequencing biases, make it difficult to
establish exact eDNA preferences of specific OTUs from
our data. However, by comparing relative abundances of
specific OTUs in microcosms with and without additional P
sources, we can indirectly infer some taxonomic biases of
eDNA uptake in this saltern microbial community as a
whole. Specifically, we will continue to assume that all cells
in a microcosm have equal probability of birth and death.
As a result, OTUs that do not substantially change their
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50

TR

Cluster2  Cluster 3 Cluster 1 Cluster2  Cluster 3

according to the taxonomic assignment of the ahOTUs. c—e Aggre-
gated relative abundances (aRA) of ahOTUs with significantly higher
abundance in one cluster across each of the three clusters. Each point
represents an ahOTU. For each OTU its aRA in a cluster i (i = 1, 2, 3)
is defined as aRA; = —4— where RA; is the relative abundance of

22 (Ra)
the ahOTU in the cluster i. The distribution of aRAs within a cluster is
summarized by a probability density function and a box-and-whisker
plot, with whiskers extending to 1.5 of the interquartile range.

relative abundance in treatments with and without an extra
P source are not expected to show substantial changes in the
relative abundance of their eDNA in the water column.
Deviations from these patterns would suggest an eDNA
uptake bias, and we developed and applied two metrics to
quantify such differences (see Materials and methods sec-
tion for details).

From comparisons of slow-growing microcosms with
and without added Hfx. volcanii DNA, we found that when
Hfx. volcanii DNA is not provided, eDNA from five
Halorubraceae and Haloarculaceae ahOTUs is depleted (see
highlighted taxa in Supplementary Fig. S5 and Supple-
mentary Table S7) and eDNA of 305 additional OTUs
become undetectable in the water columns (Supplementary
Table S8). Of these 305 OTUs, 98 (32%) belong to
Halorubraceae and Haloarculaceae families. These findings
suggest preferential consumption of Halorubraceae and
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Haloarculaceae eDNA in slow-growing microcosms. In
fast-growing microcosms, eDNA from Haloarculaceae,
Halorubraceae and Halobacteriaceae ahOTUs are depleted
in water columns without provided P source (either Hfx.
volcanii DNA, E. coli DNA or P;; see highlighted taxa in
Supplementary Fig. S6 and Supplementary Table S9). In
comparisons between +C+N and +C+N+-P; treatments,
eDNA from 158 OTUs become depleted in the water col-
umn without P;, and 62 of the 158 OTUs (39%) belong to
Haloarculaceae, Halorubraceae and Halobacteriaceae
families (Supplementary Table S10). These observations
suggest preferential consumption of eDNA from these three
families in fast-growing microcosms. Interestingly, the most
abundant of the depleted eDNA belongs to ahOTUs from
families that represent a substantial fraction of the micro-
cosms (Halorubraceae for the slow-growing and Haloarcu-
laceae for the fast-growing communities; Fig. 3e),
indicating that eDNA most closely related to the most
abundant OTUs in the community is preferentially con-
sumed. Intriguingly, several ahOTUs become depleted in
the +C+N+P; water columns when compared to the other
three treatments with fast growth (+C+N, +C+N+H, and
+C+N+E) (Supplementary Fig. S6 and Supplementary
Table S9), suggesting that some eDNA may be more pre-
ferred by some organisms than inorganic phosphorus.

We also hypothesize that the saltern community can
also utilize bacterial eDNA, which can be exemplified by
Chitinophagaceae DNA (Supplementary Fig. S7). Chit-
inophagaceae OTUs are not detected in the pre-
incubation cellular community sample, but their DNA is
abundant in the pre-incubation water column. Under all
experimental treatments, the Chitinophagaceae OTUs
continue to be undetected in the microbial communities,
suggesting they are at best extremely rare community
members. However, their DNA is either absent or found
at very low abundance in the treatments’ water columns,
suggesting that Chitinophagaceae eDNA in the initial,
pre-incubation water column was consumed by the
microcosms’ communities.

Provision of large amounts of Hfx. volcanii DNA
allowed us to identify taxa that likely prefer to utilize Hfx.
volcanii DNA as a P source (Supplementary Table S7). For
example, the ahOTU denovo3413, which is assigned to
Haloarculaceae family and has 91.4% of nucleotide iden-
tity to Halapricum sp. strain SY-39 (MF443862.1), has the
average relative abundance of 0.08% in the slow-growing
communities without provided Hfx. volcanii DNA and
0.05% in the corresponding water columns. However, when
Hfx. volcanii DNA is supplied, the abundance of
denovo3413 increases significantly, to 4.6% in microbial
communities and to 4.3% in the water column samples (the
Mann-Whitney U test, P=7.4x107> and 1.1x107°,
respectively).

The above inferences do rely on an assumption that all
cells in a microcosm have equal probability of birth and
death, which may not hold. Future work that establishes
relative growth rates of individual OTUs in the community
will allow more precise estimation of eDNA preferences.

Discussion

Our microcosm experiments with saltern-derived microbial
communities revealed that carbon, nitrogen, and phos-
phorus are limiting nutrients of the microcosms, and by
inference the Isla Cristina crystallizer pond habitat, since
their simultaneous provision resulted in the largest growth
of cells. Having a readily accessible carbon source is most
crucial for this microbial community, because no notable
growth was observed without supplementation of carbon.
Nitrogen, on the other hand, was more easily assimilated
from the naturally available sources, as microcosms with no
supplemented nitrogen exhibited growth until the environ-
mental nitrogen was depleted. Interestingly, the commu-
nities supplied with carbon and nitrogen grew well even if
not supplied with inorganic phosphorus, suggesting that
they were able to utilize either provided DNA or naturally
occurring eDNA as a source of phosphorus. However,
eDNA (while likely present in all experimental micro-
cosms) evidently could not serve as a source of carbon and
nitrogen, for an unknown reason.

Nutrient usage of eDNA is not unique to the saltern
microorganisms, as other microbes are known to use DNA
as a nutrient by enzymatic cleavage of eDNA (either
extracellularly or intracellularly) into deoxyribose, inor-
ganic orthophosphate, and nucleobases [14, 17]. Yet, there
is also a possibility that the observed growth in our
microcosms was instead due to utilization of internal cel-
lular DNA as a source of phosphorus. For example, pre-
vious experiments on a model haloarchacon Hfx. volcanii
demonstrated that in the absence of supplemented phos-
phate Hfx. volcanii was able to utilize phosphate stored in
dozens of its chromosome and plasmids copies [23, 29].
Polyploidy was detected in all tested species and strains of
Haloarchaea, and may be common in Haloarchaea [42—44]
and Euryarchaeota [45]. Hence, many microorganisms
populating the communities in our experiments could be
polyploid and consequently could use the extra copies of
their chromosomes as a P source.

Given the presumed utilization of eDNA as a P source, it
is puzzling why so much of the available eDNA has
remained unused. One possibility is that the community
reached the stationary phase because it ran out of other
nutrients first. For instance, nitrogen was used up in the fast-
growing communities (Supplementary Table S1). Alter-
natively, the microorganisms may not have been able to
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utilize all available eDNA. For instance, aquatic bacteria are
hypothesized to specialize on different sizes of DNA frag-
ments [19], and naturally competent Haemophilus influen-
zae and Neisseria gonorrhoeae use species-specific DNA
uptake recognition sequences and therefore would not
import each other’s DNA [46—48]. DNA methylation pat-
terns are also important for discriminating different sources
of DNA during the uptake process [23, 49]. As a result,
some eDNA might not be recognized as a P source. Con-
sistent with these observations, the changes in eDNA
composition of the water columns associated with our
experimental microcosms showed that organismal origin of
eDNA indeed matters for growth on eDNA, with some
bacterial and archaeal eDNA being clearly preferred.
Especially preferred is eDNA from the most dominant
members of the microcosms, suggesting some haloarchaea
prefer eDNA that is most closely related to their own. This
preference may be based on DNA methylation patterns [23].
Future studies are needed to better understand the specific
reasons behind the observed biases in eDNA utilization.

The observed patterns of preferential eDNA consump-
tion and differential growth under various nutrient avail-
ability regimes are associated with substantial shifts in the
taxonomic composition and overall diversity of underlying
microcosm communities. While the “bottle effect” [50, 51]
can never be completely ruled out for any laboratory
microcosm experiments, lack of growth and absence of
rapid changes in nutrient availability in the microcosms
without provided nutrients, as well as similarity of the pre-
incubation and slow-growing communities, suggest that the
observed substantial changes to community composition
occur in response to the addition of specific nutrient com-
binations rather than due to the bottle effect. Therefore, we
conjecture that in salterns the microbial community
assembly is determined by the available resources.

Such resource-based assembly also has been demon-
strated in synthetic bacterioplankton communities [52], and
therefore may represent a general principle for a microbial
community assembly. The changes in a microbial commu-
nity structure in response to environmental challenges are
highly dynamic [53], and are likely due to a combination of
differential abilities of lineages to survive under severe
nutrient limitation [54, 55], to compete for assimilation of
limited nutrients [56], to compete for uptake of abundant
nutrients [57], to inhibit growth of their competitors [58],
and to create mutualistic relationships via metabolic
exchange and cross-feeding [53, 59]. Although relative
importance of these factors in our saltern community
remains to be established, differential abundance of Halo-
feraceae, Halorubraceae, and Halobacteriaceae families in
response to availability of carbon and phosphorus indicate
that competition for the available nutrients plays a major
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role in shaping saltern communities. Moreover, after addi-
tion of limiting nutrients, the microcosms exhibited
increased biomass production and reduction in OTU rich-
ness. Such loss of species diversity in response to increase
in nutrient availability has been also demonstrated in bac-
terial biofilms [60], soil microbial communities [61], phy-
toplankton [62], and plants [63], and was interpreted as a
support for the niche dimensionality theory [64]. The theory
postulates that biodiversity is maintained under limiting
resources because competition for them can be achieved via
different trade-offs, which in turn creates multiple niches
that can be occupied by similar but not identical species or
lineages. Removing nutrient limitation eliminates trade-offs
and leads to a decreased diversity. Yet, presence of several
closely related and abundant OTUs from Haloarcula and
Halomicroarcula genera in the fast-growing microcosms
cannot be explained by competition under the niche
dimensionality framework. Therefore, other processes, such
as mutual exchange of metabolic by-products, may be at
play to promote their coexistence [59]. Future metagenomic
surveys of metabolic genes within these microcosms will
help to test this hypothesis.

Data availability

Raw sequencing data is available in GenBank under Bio-
Project ID PRINA646965. Supplementary Data, which
includes a script used for raw data quality control, merged
pairs, database used for rpoB-based OTU taxonomy
assignment, tables of OTU composition per sample, and
nucleotide sequences are chosen to represent each OTU, are
available in FigShare repository at https://doi.org/10.6084/
m9.figshare.12609068.
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