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Abstract: The role of extracellular DNA (exDNA) in soil and aquatic environments was mainly
discussed in terms of source of mineral nutrients and of genetic material for horizontal gene transfer.
Recently, the self-exDNA (conspecific) has been shown to have an inhibitory effect on the growth
of that organism, while the same was not evident for nonself-exDNA (non conspecific). The
inhibitory effect of self-exDNA was proposed as a universal phenomenon, although evidence is
mainly reported for terrestrial species. The current study showed the inhibitory effect of self-exDNA
also on photosynthetic aquatic microorganisms. We showed that self-exDNA inhibits the growth of
the microalgae Chlamydomonas reinhardtii and Nannochloropsis gaditana, a freshwater and a marine
species, respectively. In addition, the study also revealed the phenotypic effects post self-exDNA
treatments. Indeed, Chlamydomonas showed the formation of peculiar heteromorphic aggregates
of palmelloid cells embedded in an extracellular matrix, favored by the presence of DNA in the
environment, that is not revealed after exposure to nonself-exDNA. The differential effect of self
and nonself-exDNA on both microalgae, accompanied by the inhibitory growth effect of self-
exDNA are the first pieces of evidence provided for species from aquatic environments.

Keywords: extracellular aggregates; extracellular DNA; microalgae stress; palmelloids; self-DNA

inhibition

1. Introduction
1.1. The Environmental Extracellular DNA

The extracellular DNA (exDNA) is “the DNA located outside the cell and originating
from intracellular DNA by active or passive extrusion mechanisms or by cell lysis” [1]. It
can be located in different contexts, like varied natural habitats (e.g., soil, sediments,
oceans, and freshwater), independently from the originating cells, or still associated with
them (like in extracellular matrices or in biofilms), and/or remain in the body of
multicellular organisms [2]. Of note, it can be part of well-defined structures, for example,
matrices of organic compounds produced by the native organism (e.g., neutrophil
extracellular traps (NETs), root extracellular traps (RETs) and biofilms) [3-5], or even
heterologous organic material (e.g., bound to soil humic acids [6]), or dissolved organic
matters (DOM) found in marine ecosystems [7] or enclosed in organic organelles, such as
native extracellular vesicles [8,9] or presumably heterologous ones.
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The role of exDNA has been deeply investigated in soil, where it may originate from
microorganisms (e.g., archaea, bacteria, photosynthetic microorganisms, fungi, protozoa,
and soil invertebrates), and local or transient fauna as well as from plants [10]. In this
context, it functions as a nutrient source especially in environments with low nutrient
input [10] or serves as building blocks for the synthesis of new molecules, once cleaved
by DNases [11]. In multicellular organisms, the exDNA can be of exogenous (dead or alive
bacteria or viruses) as well as of endogenous origin [12], from lysed, apoptotic, or necrotic
cells, or be actively released from living cells, as clearly demonstrating in highly
proliferating cells [13] of plants [14,15], animals [16,17], and vertebrates of different phyla
[18-20]. It can be free in the bloodstream [2,13], bound to cytoplasm constituents (e.g.,
lipids and proteins and other nucleic acid molecules, such as RNAs) [21], or to
extracellular vesicles [13,17,22,23] but also physically attached to the outer leaflet of the
plasma membrane [24,25]. Moreover, exDNA is also an important component of specific
structures. Plant structures known as root extracellular traps (RETs) [4,15,26,27] have
DNA among the different components (i.e., sugars, proteins, amino acids). These
structures are actively produced by root cap cells and released in the external part of the
root apex [28], appearing to have defensive roles [4,29]. Notably, similarly to RETs in
plants, DNA has been found as component of defensive structures in animals, known as
neutrophil extracellular traps (NETs) that consist of aggregates secreted by neutrophils
composed by actin, histones, peroxidases, other proteins and DNA [3,30,31].

The exDNA is also a major component of the extracellular polymeric substance of
both terrestrial and marine biofilms [32-34], as well as of biofilms of clinically relevant
microorganisms [35]. EXDNA in biofilms can derive from lysed cells [36—40], or be actively
released by microorganisms producing the biofilm itself [41-46]. In these contexts, it is a
structural component required for proper biofilm formation and development [47] but it
also has a protective role. Indeed, being negatively charged, it chelates cationic
antimicrobials [48] and protects against aminoglycosides [49].

Beyond the well-known role as a nutrient and energy source, it has been highlighted
by several findings that the exDNA can also function as a signalling molecule. For
instance, in plants the presence of exDNA in the growth medium has been shown to
enhance the growth of lateral roots and root hairs, thus controlling root physiology [50],
while in animals, the exDNA acting as an endocrine molecule is able to modify the biology
of the recipient cells (e.g., transforming normal cells into cancer cells) [51,52].

Furthermore, in multicellular organisms, the exDNA deriving from exogenous
sources has been discussed in the context of pathogen-associated molecular patterns
(PAMP), i.e., molecules originating from pathogens that are recognized by and activate
cells of the innate immune system in both plants and animals. Differently, the exDNA of
endogenous origin has been proposed to act as a “Damage-associated molecular pattern”
(DAMP) [53-55] that, when present in an anomalous compartment, may trigger the
activation of a non-infectious inflammatory response [53,54]. In animals, for example, the
endogenous exDNA of nuclear or mitochondrial origin correlates with and/or determines
various types of diseases [56-59], such as cancers [56] hypertension [59], and autoimmune
diseases; among these are rheumatoid arthritis [60] and systemic lupus erythematosus
[61].

1.2. The exDNA: A Focus on Its Location and Roles in Marine and Aquatic Ecosystems

ExDNA present in aquatic systems can be released via cell lyses or by active release
[62—64]. In the marine context, the DNA not enclosed in living cells represents the 90% of
the total DNA pool [65], and includes DNA released in situ (autochthonous) by sediment
microbial communities or by local living species, as well as DNA of pelagic and of
terrestrial origin transiently deposited to the seafloor (allochthonous) [66]. It can been
found as free molecules in the water column, or in sediments, when complexed with
colloids and particles [64,65,67-69], or in extracellular polymeric matrices of marine
bacteria biofilms [70]. EXDNA preservation, concentration, and size depend on the
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physio-chemical features of the specific environment [63,64,67-69,71]. In general, its
stability is influenced by the adsorption to particles [72,73], the presence of nucleases,
mainly of bacterial origin [74,75], pollutants of anthropogenic origin [76], and by the
temperature and the salinity of the water [77,78], since increased temperature and
hypersaline environments enhances and limits exDNA degradation, respectively.
Moreover, the exDNA can persist longer if it is physically bound to particles such as clay
minerals and sand [79,80].

In aquatic contexts, exDNA is an important phosphate [69] and carbon [81] source
for many marine microbial communities [69,82] and an important pool for genetic
recombination and genetic modification via horizontal gene transfer [79,83]. It is part of
extracellular matrices of marine biofilms [34] and can bear, for example, antimicrobial
resistance genes whose exchange, mainly as plasmid DNA, may contribute to evolution
and speciation of mainly prokaryotic organisms [79,83].

1.3. The Inhibitory Effect of Self-exDNA: A Novel Research Line

Recent investigations suggested new roles and effects of exDNA when
independently considering conspecifics (self-exDNA) or non-conspecific (nonself-
exDNA) molecules. In 2015, Mazzoleni and his colleagues demonstrated for the first time
that the exposure to fragmented self-exDNA triggers inhibitory effects on conspecifics
based on experiments in plants [84], while nonself-exDNA was demonstrated not to exert
the same effect. In particular, within the same work, Mazzoleni and his colleagues
addressed the question of the effect of DNA from phylogenetically related species. Indeed,
they showed that A. thaliana exDNA inhibited the growth of Lepidium sativum seedlings
and vice versa, but DNA did not inhibit Acanthus mollis growth [84]. Interestingly, A.
thaliana and Lepidium belong to the same order (Brassicaceae), whereas the Acanthaceae
belongs to a different order, the Lamiales. Similarly, it was also shown that Capsicum
chinense DNA inhibited Lactuca sativa (both Asterales), whereas DNA extracted from
Acaciella angustissma (Fabales) did not [85], and DNA from lima bean inhibited common
bean growth whereas DNA from Acacia farnesiana did not [86]. This evidence supported
the observation that the closer the organism phylogenetic distance, the higher the
inhibitory effect of nonself-exDNA on the treated plant [84].

The inhibitory role of self-exDNA was also demonstrated in species of different
taxonomic groups (such as bacteria, fungi, and invertebrates), suggesting that this is a
general biological phenomenon [86]. Moreover, fragmented self-exDNA induces
intracellular calcium signalling and plasma membrane depolarization [87], H:0:
production, and MAPK activation [55] in plants. Recently, it has been shown that after
treatment with self-exDNA, tomato leaves activate a typical response to biotic stress
characterized by an early response consisting of the plasma membrane depolarization, the
increase of intracellular concentration of Ca* and K* ions, and ROS production,
accompanied by the modulation of genes involved in plant late responses to biotic stress
[88].

Interestingly, Chiusano et al., in 2021, demonstrated that plants are able to
distinguish self- from nonself-exDNA and, upon recognition, they trigger since the
earliest stages after exposure produce different molecular responses [89]. Indeed, nonself-
exDNA, after entering root cells, activates a hypersensitive response putatively evolving
into systemic acquired resistance, while self-exDNA remaining outside root cells activates
the chloroplast genome and ROS production eventually involving cell cycle arrest [89].

The suggested general phenomena causing different effects of self- versus nonself-
exDNA exposure on living systems and the inhibitory effect of self-exDNA on
conspecifics [84,89], that has been up to now mainly demonstrated for terrestrial species,
although also confirmed in the green alga Scenedesmus obliqguus, were here deeper
evaluated in other aquatic species. Using Nannochloropsis gaditana and Chlamydomonas
reinhardtii microalgae, both from aquatic environments and one from a marine and the
other from a freshwater context, respectively, we here reported on the effects on cell
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growth of the exposure to self-exDNA and nonself-exDNA. Our experiments confirmed
the differential response to self- and nonself-exDNA and highlighted novel phenotypic
effects determined by cell treatments with self-exDNA.

2. Results
2.1. Self-exDNA Inhibits Growth of Freshwater and Marine Algae

C. reinhardtii growth curves (Figure 1a,b) showed that the cell density is not at af-
fected at concentrations of nonself-exDNA (Figure 1a), as well as at lower concentrations
(8 and 10 ng/uL) of self-exDNA (Figure 1b), following over time the same sigmoidal trends
of the control. Conversely, the treatment with self-exDNA at 30 ng/uL significantly af-
fected the culture cell density along the time course. In particular, differences between the
self-exDNA and the control appeared more evident, with a decrease in cell density in
treatments at 30 ng/uL that remained significantly lower than the control, and almost sta-
ble until 168 hpt, and at both 10 ng/pL at 96 hpt. It is worth noting that the higher cell
density was in treatments at 3 ng/uL at 96 and 168 hpt, and in treatments at 10 ng/uL at
168 hpt.

At higher concentrations of nonself-exDNA (10 and 30 ng/uL), there were not signif-
icant differences compared with the control (Figure 1a), except at 168 hpt for the treatment
at 30 ng/uL.

In N. gaditana, the treatments with nonself-exDNA at 3, 10, and 30 ng/uL slightly but
significantly reduced cell density (Figure 1c), while the treatments with self-exDNA
strongly affected the growth in a concentration-dependent manner, showing the highest
growth inhibition at 30 ng/uL at 168 hpt (Figure 1d).

The evaluation of the growth rate inhibition versus the control (GRI (%)) at 168 hpt
for C. reinhardtii and N. gaditana (Table 1) showed that, for both microalgae, the treatment
with self-exDNA at 30 ng/uL strongly confirmed the growth inhibition (Table 1). The gen-
eration time (Tg) of C. reinhardtii at 168 hpt was around 3-4 days in all treatments and
only in the treatment with self-exDNA at 30 ng/uL did it delay reaching the value of 22
days if compared with the control (Table 1). In N. gaditana, after all nonself-exDNA treat-
ments, the Tg slightly elongated when compared with the control. Differently, after the
treatment with self-exDNA, the Tg increased in a concentration-dependent manner,
reaching a value at least six times higher than the control in self-exDNA at 30 ng/uL (Table
1).
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Figure 1. Cell density of Chlamydomonas reinhardtii (a,b) and Nannochloropsis gaditana (c,d) after the
exposure to different concentrations of nonself- and self-exDNA. Controls (black lines and dots) are
represented by microalgae grown in Bold’s Basal Medium (BBM) and Artificial Seawater Medium
(ASW) for C. reinhardtii (a,b) and N. gaditana (c,d), respectively. Different coloured * indicate statis-
tically significant differences between treatments and the control at each time (post hoc ANOVA,
Dunnet test with p <0.05).
Table 1. Microalgae growth parameters (index). Average cell density (x 10* cells ml™!), generation
time (Tg), and growth rate inhibition measured as the % with respect to the control (GRI (%)) of C.
reinhardtii and N. gaditana at 168 h post treatment (hpt), at different concentrations of nonself- and
self-exDNA; sd: standard deviation. Different letters indicate statistically significant differences be-
tween treatments in each column.
C. reinhardtii N. gaditana
A 11
Treatment  Average cell density Tg GRI de‘r]ijg?:i 04 Tg GRI
(exDNA ng/uL) (x 10*cells ml' +sd) (days+sd) (% of control + sd) cells m}II* 1+ sd) (days +sd) (% of control + sd)
Contr 422+3.6° 3.6+02°P - 65.3+9.82 6.7+0.2¢ -

Nonself 3 427+33°P 3.8+04P 6.3+9.22 52.8+£9.8¢ 102+0.2¢ 11.0+1.5°%
Nonself 10 45.7+2.8° 34+0.1° -48+382 57.6+9.8°b 8.8+0.34 28.0+£282
Nonself 30 529+7.72 32+04P° -13.1+12.32 59.7+19.6> 85+1.34 14.0+10.22

Self 3 51.8+8.62 36+0.7P -1.6+19.22 58.0+£13.0¢ 103+03¢ 20£1.7¢
Self 10 57.1+87= 30+£03°? -17.8+9.7 2 512+11.0c 11.7+0.3%b 280+1.62
Self 30 13.7+0.6 224+332 83.7+2.7P 422+132f 36.6+11.22 81.6+94d

2.2. Morphological Changes after Treatment with exDNA

C. reinhardtii cells treated at the three different concentrations of nonself-exDNA
showed a morphology and a chlorophyll autofluorescence similar to the control (Figure
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2a,b and Supplementary Figure S1a). This also appeared for the self-exDNA treatments at
3 and 10 ng/uL (Supplementary Figure Sla), while at 30 ng/uL the cells showed an altered
morphology, appearing in a similar palmelloid phenotype and forming aggregates
(Figures 2a,b and 3a).

In N. gaditana, cells treated with the three different concentrations of nonself-exDNA
showed a morphology and a chlorophyll autofluorescence similar to the control. At lower
concentrations of self-exDNA treatments (3 and 10 ng/pL), the cells appeared with an al-
tered organization (Supplementary Figure S1b) that became remarkable at 30 ng/uL, a
concentration in which the formation of aggregates was evident too (Figures 2b and 3b
and Supplementary Figure S1b). In both species, the aggregates appeared as heteromor-
phous organizations with cells surrounded by a dense substance that appears similar to
an extracellular matrix.

C. reinhardtii N. gaditana

a Chlorophyll Merge b Chlorophyll Merge

Nonself-exDN A Control

Self-exDNA

Figure 2. Microscopy analysis of C. reinhardtii (a) and N. gaditana (b) samples in controls and after
treatments with nonself- and self-exDNA at 30 ng/uL. In red, the chlorophyll autofluorescence is
shown (Ex/Em : 405/300-800); the composite is also shown (Merge). Microscope: Zeiss LSM 700,
Oberkochen, Germany Excitation at 405, detection in the range 300-800, Objective: 63x 1.40 Oil
Dic. 1 Ex/Em = Excitation/Emission.
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%)

Control

Self-exDNA Nonself-exDNA

C. reinhardtii N. gaditana

Figure 3. Light microscopy analysis of microalgae cells. C. reinhardtii (a) and N. gaditana (b) samples
in controls and after treatments with nonself- and self-exDNA. Focus on the cell morphology show-
ing aggregates and/or structural changes occurring only after treatments with self-exDNA at 30
ng/uL. In (a), red arrows indicate cells resembling a palmelloid stage (Scale bar = 10 um). Micro-
scope: Zeiss LSM 700, Oberkochen, Germany, Objective: 63x 1.40 Oil Dic.

2.3. Microscopic Analysis of Aggregates after Self-exDNA Treatments

In order to investigate the nature of cellular aggregates and extracellular matrices
observed after the treatment with self-exDNA at 30 ng/uL, we stained the aggregates
formed in both species with DAPI (Supplementary Figure S3). The dye remarked the lo-
calization of DNA in the cell nucleus and in the organelles (plastids and mitochondria) in
both control cells, and cells treated with both self- and nonself-exDNA. Moreover, in the
self-exDNA treatments, the dye also stained all heteromorphous aggregates including the
extracellular matrices, which were instead absent in nonself-exDNA treatments and in the
control.

For further analyses, we monitored the cell aggregate formation along time in the
treatment of C. reinhardtii. An aliquot of the cellular suspension was analyzed under mi-
croscope starting from 48, to 96, and to 168 hpts by using DAPI staining and FITC filtering
(Figure 4). The presence of palmelloid cells was evident already at 48 hpt, and, interest-
ingly, the formation of aggregates surrounded by an extracellular matrix appeared since
this stage. At 96 hpt, the cellular aggregates became more evident and the DAPI also dif-
fusely stained the extracellular formations. At 168 hpt, the heteromorphous formations
acquired a more evident and structurally defined organization with swelling cells with no
evidence of nuclei (Figure 4, 168 hpt and Figure 5a). Interestingly, 1 hpt after the RNase-
Free DNase treatment of aggregates formed at 168 hpt, in self-exDNA at 30 ng/uL, it re-
sulted in disaggregation of the extracellular matrices embedding the C. reinhardtii cells
(Figure 5b).
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Control Self-exDNA
FITC+DAPI FITC+DAPI Merge

48 hpt 5 "

96 hpt

168 hpt ¥ :

"\" : l‘l ‘
Figure 4. Fluorescence analysis of C. reinhardtii cells after treatment with self-exDNA at 30 ng/pL:
focus on cellular aggregates formation. Cellular aggregates were analyzed using DAPI staining. Mi-
croscope: Leica DM6000B, Wetzlar, Germany; Ex/Em: 358/460 nm; Objective: HC PL APO 63x 1.40
Oil, scale bar =10 pm.
a Before the treatment with DNase b After the treatment with DNase

Self-exDNA 30 ng/uL

Chlorophyll Merge Chlorophyll Merge Chlorophyll Merge

Figure 5. Microscopy analysis of C. reinhardtii aggregates after treatment with DNase. Aliquots of
C. reinhardtii cells treated with self-exDNA at 30 ng/uL were observed before (a) and after the treat-
ment (b) with 6uL of 2.25 U/uL RNase-Free DNase (Qiagen) for 1 hr. After treatments with DNase,
cell aggregates break down. In red, the chlorophyll autofluorescence is shown (Ex/Em1: 405/300—
800). Microscope: Zeiss LSM 700, Oberkochen, Germany; excitation at 405 and detection in the range
300-800; objective: 63x 1.40 Oil Dic; scale bar = 10 pm.
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3. Discussion
Inhibitory Effect of Self-exDNA in Microalgae

The exDNA has been found in nearly all terrestrial and aquatic habitats [2]. In marine
and freshwater environments it is reported to be freely present in the water column as
well as in sediments [62,63,66—68,70]. Its persistence in the environment is influenced by
surrounding conditions, for example, the adsorption to particles [71,72], the presence of
bacterial nucleases [75,76], and the temperature and salinity of the water [76,77]. Most of
the recently published efforts describe the exDNA as a mineral source of phosphate [69]
and carbon [81]. In the context of marine microbial communities or when located in the
extracellular polymeric substance of marine biofilms, exDNA is also considered a source
for genetic recombination and horizontal gene transfer [79,83].

Mazzoleni and colleagues provided the first demonstration showing that the expo-
sure to fragmented self-exDNA triggers inhibitory effects on conspecifics, while the treat-
ment with nonself-exDNA did not show similar effects [84,86]. The authors first described
the inhibitory effect in plants [84] and subsequently confirmed similar effects also in spe-
cies of different taxonomic groups, including the green alga Scenedesmus, suggesting a
general biological phenomenon with ecological and evolutionary implications [85].

The exDNA has been demonstrated to be sensed in animals by receptors located in
various cellular compartments, such as the nucleus [90,91], the cytoplasm [92-94], and the
endosomes [95].

Nevertheless, in plants, no specific DNA receptor has been reported yet even if de-
fensive pathogen-related (PR) proteins released by plants in the extracellular environment
and plant pattern recognition receptors (PRRs) are considered good candidates as exDNA
receptors [96].

Nevertheless, the possible mechanisms that allow cells or individual organisms to
differently sense self- or nonself-exDNA, triggering a growth inhibition after exposure to
self-exDNA, are still under investigation. Several hypotheses have been proposed to ex-
plain the early response to exDNA and the inhibitory effect of conspecific exDNA when
compared with nonself-exDNA.

In bacteria, the perception and recognition of exogenous DNA is widely docu-
mented. In order to recognize foreign DNA, such as the viral genomes, bacteria are known
to recognize differential patterns in the DNA structure. Usually unmethylated or differ-
ently methylated DNA of exogenous DNA are recognized through the DNA restriction—
modification [97] and/or by the CRISPR-Cas systems [98-100]. Cis elements as the Chi
sequences may be recognized by the RecBCD recombination system, and may character-
ize the bacterial DNA because of their higher frequency and their absence in phages [101],
explaining specificity in the recognition. In addition to the above-mentioned systems, bac-
teria can also keep track of invasive elements by specific transcriptional silencing of hori-
zontally acquired genes or prophages recombined with their own genome through the
recognition of different compositional patterns, such as the higher A-T contents in foreign
molecules, thus silencing them by the binding of repressor proteins (i.e., the heat-stable
nucleoid-structuring protein [102]) or through the action of transcription termination fac-
tor (i.e., Rho protein [103]). Nevertheless, these process do not justify growth inhibition.

The sensing of exDNA molecules and the different processes triggered by self or non-
self-exDNA, inhibition included, were suggested to be ascribed to mechanisms similar to
sequence-specific recognition between small-sized nucleotide molecules, which could jus-
tify the specific inhibitory roles of extracellular self-exDNA in terms of the well-known
processes of nucleic acid interference-like mechanisms [84,89,104], therefore justifying by
a simple hybridization-like process the phylogenetic distance-related effects. Self-exDNA
inhibition in plants was also suggested to be triggered by a costly immunological response
[105,106].
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Recently, the analysis of the molecular response of tomato [90] and A. thaliana [91]
after treatments with self-exDNA added more molecular evidence to the current efforts
in the field. In the first case, a similarity with biotic stress response was proposed.

In A. thaliana [89], the authors depicted complex and different cascades of events
emerging from the molecular response to self- or nonself-exDNA. They observed different
patterns of exDNA localization by fluorescence microphotography, with nonself-exDNA
(non-similar or phylogenetically distant) entering root tissues and cells, while self-exDNA
(conspecific and/or similar or “homologous”) remained outside. In addition, transcrip-
tome analyses revealed that specific and different molecular pathways are triggered by
the early response to self- and nonself-exDNA, respectively. They proposed to define
these pathways with the new acronym EDAP, i.e., Extracellular DNA Associated Path-
ways, underlining that no specific pathways had been yet described that could explain
the difference between the two categories of molecules (self and nonself-exDNA, respec-
tively). Specifically, in the case of nonself-exDNA, the authors describe a remarkable dif-
ferential gene expression, involving both biotic and abiotic stress-related genes, accompa-
nied by the mounting of a hypersensitive response, putatively triggering a systemic ac-
quired resistance. On the other hand, they demonstrated that self-exDNA triggers oxida-
tive stress and the activation of the chloroplast genes, with the down-regulation of stress
responsive genes [89], phenomena associated to Ca? spike signals and cell membrane de-
polarization at 30 min after exposure to self-exDNA, as demonstrated by other authors
[87]. This is accompanied by the downregulation in signal transduction-related genes,
suggesting decreased intracellular dynamics, possibly affecting the crosstalk between the
chloroplast and the nuclear genome activities. They suggest that the lack of the up-regu-
lation of genes acting as chloroplast ROS scavenging was mainly due to the inhibition of
the chloroplast-nuclear cross-talk linked to Oz drop down, which may contribute to the
activation of the NO pathway determining the downregulation of ethylene response after
exposure to self-exDNA. The inhibition of the intracellular dynamics and crosstalk can
justify the inhibitory effect of self-exDNA on cell growth and the extent of the damage to
the whole organism. The process finds confirmation by the overproduction of chloroplast-
related ROS, confirmed by overproduction of H20: reported in similar experiments in
common bean [55] and in tomato [88], and can be associated with the lack of the overex-
pression of genes like ascorbate peroxidases (APX1) that could act as a scavengers of H202
in the chloroplast, as shown in A. thaliana [89], causing a not efficient ROS elimination and,
ultimately, cell or DNA-damaging effects determining cell cycle arrest and growth inhi-
bition observed at the macroscopic level [89]. Similarly, in tomato, the ubiquinol oxidase
and catalase, which are major ROS scavengers in plants, were found downregulated in
response to the treatment with self-exDNA [88], and this is probably directly correlated to
the increased ROS production together with an impaired removal observed in tomato
leaves. Interestingly, a very recent investigation highlighted that the treatment with self-
exDNA in the model organism Caenorhabditis elegans affects reproductive behavior induc-
ing cell damage and cell death [107], revealed by double-strand breaks demonstrated by
the activation of RAD-51 and apoptotic nuclei.

As discussed in Chiusano et al.,, 2021, the different response to self- or nonself-
exDNA exposure in A. thaliana appears to start in the extracellular environment, possibly
on the extracellular surface of the plasma membrane or on its immediate surroundings,
explaining the reasons for the accumulation of extracellular self-exDNA on cell surfaces,
in contrast with the entrance and the active endocytosis stimulated by the nonself-exDNA.
This justifies different molecular mechanisms associated with the different molecular re-
sponses. On this basis, the authors also speculated that nucleic acids known to be present
in the extracellular environment could be directly involved in the self/nonself-exDNA
sensing in plants, and presumably in all living beings [21].

However, further validation on the location and the nature of the possible receptors
involved in specific sensing of exDNA is needed.
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The first insight of the inhibitory effects of self-exDNA in aquatic environments was
highlighted by Mazzoleni and his colleagues in 2015 [86] and also on the green alga
Scenedesmus growth, in comparison with the exposure to nonself-exDNA, which did not
exert any evident effect on the algal growth. Nevertheless, beyond this first confirmation,
the analysis of the microalgae growth over time (i.e., through the evaluation of growth
curves) as well as the microscopic evaluation of any cellular morphological change and
the confirmation of an inhibitory effect in both freshwater and marine environments fol-
lowing the treatment with self-exDNA in comparison with nonself-exDNA was never ex-
plored up to now.

Our results showed that the presence of self-exDNA in mineral growth medium af-
fects cell growth in both freshwater and marine microalgae. Indeed, cell growth was re-
duced and the generation time increased. Indeed, the growth inhibition rate was almost
the 80% for both microalgae species when compared with the control, and the generation
time increased by almost 5 times more than in the control at the highest concentrations of
DNA (30 ng/pL). Interestingly, this inhibition appeared to have a concentration-depend-
ent effect in N. gaditana. In C. reinhardtii, the self-exDNA at 10 ng/uL exerted the highest
inhibitory effect at 96 hpt, while, at the same concentration, the cell growth overcame the
control at 168 hpt when cell density was higher than the control, demonstrating a possible
recovery from the inhibitory effect. The cell growth seemed to be favored also in the pres-
ence of very low concentrations of self-exDNA (3 ng/uL) in the medium. This could be
interpreted as a prevalence of a nutritive advantage at very low concentration that op-
poses the evident inhibitory effects at higher concentrations. These results, while confirm-
ing the remarkable inhibitory effect in both species at higher self-exDNA concentrations,
also revealed the positive effects of lower concentrations due to the well-known nutritive
role of exDNA, as extensively discussed in the literature [2,10,69]. This can also explain
the positive recovery from the self-exDNA inhibition revealed in N. gaditana at 10 ng/uL
considering 96 and 168 hpts.

It is worth noting that the cell growth at 168 hpt in all the tested concentrations of
nonself-exDNA seemed to slightly promote C. reinhardtii cell growth, while reducing the
growth in N. gaditana. This highlights that species can have different sensitivity to DNA
exposure and that the nature of the DNA, as well as the environmental context in which
this exposure takes place, can affect species growth and generation time, paving the way
for the need for further investigations to highlight the possible different effects due to
molecular phylogenetic distances and environmental physico-chemical conditions.

Interestingly, microscopy analyses revealed the formation of heteromorphous organ-
izations after treatments with self-exDNA at 30 ng/uL. These organizations appear to be
formed by both morphological altered cells and extracellular matrices forming aggregates
in both species. Interestingly, we highlighted the presence of palmelloid cells within the
aggregates formed when treating C. reinhardtii. It is well-known that C. reinhardtii cells
show palmelloids phenotypes in multicellular aggregates when exposed to stress agents,
such as organic acids [108], chloroplatinic acid [109], herbicide paraquat [110], and in salt
stress [111], as well as in phosphate-limited growth medium [112]. These cells, while pro-
ceeding through cell division, appear to be unable to complete their separation, thus re-
maining enclosed within a common cell wall [111]. Accordingly, the treatment with self-
exDNA at 30 ng/uL seems to determine a similar cell phenotype, putatively arresting cell
growth and determining an uncomplete development. Nevertheless, other molecular and
morphological analyses are required to better characterize the formation of palmelloids in
C. reinhardtii, for example, investigating to what extent the cell cycle progression is af-
fected by the exposure to higher concentrations of self-exDNA.

Concerning the extracellular aggregates formed only after treatment with self-
exDNA at 30 ng/uL, our temporal analysis revealed that palmelloids cells and the extra-
cellular matrix started to form at 48 hpt, becoming progressively evident and clearly de-
fined up to 168 hpt, where swelling cells without nuclei appeared. The presence of exDNA
within these aggregates was confirmed by both DAPI staining and by their break down
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after the treatment with DNase. For these structure features, these heteromorphous ag-
gregates resemble extracellular matrices recalling microbial biofilms of both prokaryotes
[35,113] and eukaryotes origin [114], as well as RETs, i.e., root extracellular traps, in plants
[14], and NETs, i.e., neutrophil extracellular traps, in mammals [3], where it is widely re-
ported that the exDNA has both a structural and a functional role [27].

On the basis of the observations of the inhibitory effects of self-exDNA [84,86], and
of our results reporting that aggregates of cells and extracellular matrices organize after
exposure to self-exDNA, and that DNA is essential for maintaining these formations, we
hypothesize that self-exDNA-mediated growth inhibition may facilitate the formation of
aggregates. These aggregates are possibly organized by extruded material, DNA in-
cluded, forming extracellular structures that break down thanks to nucleases, as also re-
ported in other efforts [4,115,116], confirming the crucial role of DNA molecules in favor-
ing the formation of these structures. It was also proposed [27] that these matrices, favor-
ing the trap of free self-exDNA, limit its bio-availability within the environment as a free
molecule and, therefore, its effect as growth inhibitor [27], favoring the hypothesis that
biofilm formation could represent an evolutionary outcome providing and advantage in
adverse conditions. In addition, this also confers a protective role, since the exDNA in
these matrices has been shown to exert a protective role, impeding pathogen attacks [4,29].
Indeed in plants it was demonstrated that, upon DNase treatments, the degradation of the
DNA in the RETs matrices results in the loss of root tip resistance, thus favoring pathogens
infection [4]. Additionally, the removal of DNA in NETs matrices decreases their for-
mation and downstream favorable effects (i.e., the activation of the complement system)
[117]. Moreover, it has been demonstrated that treatments of NETs with an excess of cati-
ons or phosphatase enzyme, and exogenous or secreted microbial DNases, protects path-
ogens from the NET antibacterial action [118]. These independently described pieces of
evidence highlight that all these phenomena may be deeply crosslinked and should be
considered as an overall picture, suggesting that these processes could have evolved be-
cause they limit the inhibitory effects of the presence of self-exDNA in the environment,
meanwhile favoring protection of the individuals.

The formation of these aggregates, also composed of exDNA, and appearing after the
treatment with self-exDNA at 30 ng/pL, show the main effects of a mechanism involving
a specific recognition of the nature of the exDNA (i.e., conspecific or heterospecific), also
recently discussed in higher plants [89]. Further molecular and morphological analyses
should be performed to better characterize C. reinhardtii cells within aggregates (i.e.,
palmelloids cells) as well as the aggregates composition in the two species. Moreover, fu-
ture investigations are still required to clarify the mechanism of differential perception
involved in the sensing of self- and nonself-exDNA, the confirmation of similar effects
with other nonself nucleic acids, and a better characterization of the nature of these aggre-
gates and the molecular processes involving their formation.

4. Impact and Future Perspectives

Considering the body of information related to multicellular organisms exposure to
self and nonself-exDNA, and the similar inhibitory effects revealed in unicellular species
(to Trichoderma harzianum and Scenedesmus [86]), the analysis here presented for two mi-
croalgae growing at different salt concentration confirms the universality of the process
involved in the responses, offering suitable photosynthetic model systems to deeper un-
derstand the possible molecular mechanisms involved in extracellular sensing and ROS
formation. In addition, as hypothesized in Monticolo et al., 2020 [27], the presence of self-
exDNA could trigger the formation of cell aggregates mediated by etheromorphous cell-
secreted substances that could restrict the extent of inhibition exerted by self-exDNA to
exposed cells.

Furthermore, from previous observations on the relevance of the phylogenetic dis-
tance in influencing the inhibitory effect, as also reported in the introduction, we could
assume that the DNA from other microalgae would have an inhibitory effect on either C.
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reinhardtii or N. gaditana and that the degree of the inhibition would be in accordance with
the phylogenetic distance from the target species. These observations, together with the
need of a deeper view on the mechanism through which the self- and nonself-exDNA act,
raise the interest for further investigations, both at transcriptomic and microscopic levels,
of microalgae response after the exposure to nonself-exDNA at different degrees of phy-
logenetic distance. For these reasons, our results showing the inhibitory effect of self-
exDNA in aquatic species also have great ecological and biotechnological implications.
Indeed, the evidence of the inhibitory effect of self-exDNA paves the way to novel inves-
tigations on ecological issues impacting ecosystems biodiversity and biocontrol in aquatic
environments. In addition, the development of strategies focusing on removal of self-
exDNA to avoid growth inhibition or biofilm formation may be useful in industrial appli-
cations.

5. Materials and Methods
5.1. DNA Extraction and Fragmentation

The genomic DNA from C. reinhardtii and N. gatitana (self-DNA) was extracted adapt-
ing the protocols of Jagielski, 2017 [119] and Jeffrey Doyle, 1991 [120]. The algal cells were
collected and ground with pestle in a pre-chilled mortar in presence of Polyvinylpyrroli-
done (PVP) powder and re-suspended in pre-warmed CTAB isolation buffer (2% CTAB,
1.4 M NaCl, 100 mM Tris pH 8.0, 20 mM EDTA) for 1 hr in a water bath set at 60 °C. The
DNA was extracted within an equal volume of chloroform-isoamyl alcohol (24:1) and cen-
trifuged 15 min at max speed. The supernatant was collected and the DNA was precipi-
tated overnight at —20 °C with two volumes of 100% ethanol v/v and 1/10 of 3M NaOAc
pH 5.2. The ethanol was removed after 15 min of centrifugation at max speed (4 °C), and
the pellet was washed with 70% ethanol v/v and centrifuged for 10 min at max speed. The
pellet was air-dried and then dissolved in sterile MilliQQ water. The nonself-exDNA was
extracted from the Sardina pilchardus (nonself-DNA) abdominal muscle following the
same procedure used for microalgae.

After DNA extraction, the re-suspended DNA was treated with RNase A (Thermo
Fisher) for 1 hr at the final concentration of 0.25 mg/mL at 37 °C.

The DNA was extracted with the same procedure from different tissue types to ran-
domize and overcome biases due to the extraction procedure itself. From 8 to 10 inde-
pendent DNA extractions were performed per sample type (technical replicates). DNA
purity was assessed with nanodrop standard quality parameters (260/280 and 260/230 ra-
tios all always above 1.8 and 1.7, respectively). The DNA quantity was evaluated using a
QUBIT (Thermo Fisher) fluorimeter, and its integrity was evaluated by electrophoresis in
1% (w/v) agarose gel (Supplementary Figure S2). The DNA was sheared using a Bioruptor
Plus (Diagenode), in 12 min at the high power setting, 60 sec ON and 30 sec OFF [84].

5.2. Algal Growth and Growth Inhibition Assay

Axenic cultures of Chlamydomonas reinhardtii (strain CCAP 11/32b) and Nannochlo-
ropsis gaditana (strain 639) obtained from the Algal Collection University Federico II were
grown in Bold’s Basal Medium (BBM) and Artificial Seawater Medium (ASW) both sup-
plemented with vitamins, respectively at 24 + 1°C, on a rotary shaker at 100 rpm with a
photoperiod of 16:8 h light/dark at 100 E m s; subculturing was maintained weekly in
fresh medium [121,122].

Growth inhibition assays were performed based on the modified protocol reported
in Nunes et al. in 2014 [123]. Specifically, the assay was performed in 24-well microplates
and, for each treatment, three replicates were assayed; then, plates were incubated for 168
h. The cell density was estimated by an indirect method, i.e., measuring the optical density
using a Multiskan Sky Microplate Spectrophotometer (Thermo scientificTM) every 24 h
by taking an aliquot from each treatment that was fine resuspended by pipetting and
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transferred in a 96 flat-bottomed well, used for light absorbance measurements. Each mi-
croalgae species was treated with fragmented self and nonself-ex DNA at 0, 3, 10, and 30
ng/uL in triplicates. A schematic overview of the experimental design is represented in
Figure 6.

The specific growth rate (1) was calculated for each species according to the follow-
ing equation:

ln N 2 - ln N 1

= tp =t

where N2 and N1 represent the cell density (cell ml™) at time t2 and t1 (expressed in hours).
The generation time (Tg) was calculated based on the following equation:

T In2
g=—
i

The percentage of inhibition (%I) for both species was calculated with respect to con-
trol at 96 h post treatment (hpt) and at 168 hpt, using the following equation:

% = [u] 100
He

with p. representing the specific growth rate in the control group and p, the specific
growth rate in the DNA treatment, respectively.

Statistical analyses were performed by Shapiro-Wilk and Bartlett test using the SPSS
27.0 software.
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Figure 6. Schematic overview of the experimental design. DNA PREPARATION: extraction, RNase
treatment, and sonication of DNA from C. reinhardtii or N. gaditana (self-DNA) and from Sardina
pilchardus (nonself-DNA), according to Mazzoleni et al., 2015a. TREATMENTS: the exposure of both
microalgae to three different concentrations (3, 10, and 30 ng/uL) was performed in triplicate. AN-
ALYTICAL APPROACHES: Growth curves of microalgae and microscopy analyses were per-
formed to evaluate the effects of both exDNA. Legend: BB medium is Bold-Basal medium and ASW
is Artificial Seawater Medium.

5.3. Microscopic Analysis of Cell Structure and Chlorophyll Distribution

Morphological analyses were performed with two independent microscopes by us-
ing a 63x oil immersion objective. The confocal microscope Zeiss LSM 700, Oberkochen,
Germany, was used to observe the cellular chlorophyll distribution (Ex/Em: 405/300-800
nm) and the microscope Leica DM6000B, Wetzlar, Germany was used to observe cells
using FITC and DAPI filters (Ex/Em: 488/525 nm and 358/460 nm, respectively)

5.4. DNase Treatment

C. reinhardtii cell aggregates were analyzed at 168 hpt with self-exDNA at 30 ng/uL.
13.5U of RNase-Free DNase (Qiagen) were added to the microalgae cell culture and a phe-
notypic analyses were carried out using the microscope Leica DM6000B, Wetzlar, Ger-
many, 1 h post DNase treatment. All analyses were performed at least in triplicates to
confirm the results.

Supplementary Materials:The following are available online at www.mdpi.com/arti-
cle/10.3390/plants11111436/s1. Figure S1. Microscopy analysis of C. reinhardtii (a) and N. gaditana (b)
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samples in controls and after treatment with nonself- and self-exDNA at 3, 10 and 30 ng/uL. In red,
the chlorophyll autofluorescence (Ex/Em: 405/300-800). Microscope: Zeiss LSM 700, Oberkochen,
Germany , Excitation at 405, detection in the range 300-800, scale bar = 10 um, Objective: 63x 1.40
Oil Dic. Figure S2. Agarose gel electrophoresis of the DNA extracted from C. reinhardtii and N.
gaditana cells. Figure S3. Fluorescence analysis of C. reinhardtii (a) and N. gaditana (b) samples in the
controls and after treatments with self-exDNA at 30 ng/pL. Controls are represented by microalgae
grown in BB and ASW media for C. reinhardtii (a, b) and N. gaditana (c, d), respectively Cellular
aggregates were analysed using DAPI staining. Microscope: Leica DM6000B, Wetzlar, Germany,
Ex/Em: 358/460 nm, Objective: HC PL APO 63x 1.40 Oil, scale bar = 10 um.

Author Contributions: M.L.C. was the group coordinator and the project designer; M.L.C., S.M.,
P.T., E.P. and P.C. planned the different experiments; E.P., P.C. and P.T. performed the cell culture
experiments and subsequent analyses and P.C. wrote the related methods and performed the sta-
tistical analyses; E.P. performed the fluorescence microscopy experiments; R.P. gave technical sup-
port to the experiments; M.L.C. and E.P. wrote the manuscript and prepared the figures. E.F. and
S.M. contributed to the discussion. All authors have read and agreed to the published version of the
manuscript.

Funding: EP was supported by a PhD fellowship funded 50% by the Stazione Zoologica Anton
Dohrn and by the NOSELF s.r.l (https://www.noself.it/), the PhD duration was from 1-10-2018 to
30-10-2021.

Data Availability Statement: Data sharing not applicable to this article as no datasets were gener-
ated or analyzed during the current study.

Acknowledgments: The authors wish to thank Gaetana Cremona, Marina Iovene (Institute of Bio-
sciences and Bioresources, National Research Council, Portici, Italy) and Giovanna Benvenuto (Bi-
ology and Evolution of Marine Organisms Department (BEOM), Stazione Zoologica “Anton
Dohrn”, 80121 Napoli, Italy) for their technical support for microscopy observations.

Conflicts of interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Ceccherini, M.T.; Ascher-Jenull, J.; Agnelli, A.; Borgogni, F.; Pantani, O.; Pietramellara, G. Experimental discrimination and
molecular characterization of the extracellular soil DNA fraction. Antonie Van Leeuwenhoek Int. |. Gen. Mol. Microbiol. 2009, 96,
653-657. https://doi.org/10.1007/s10482-009-9354-3.

Nagler, M.; Insam, H.; Pietramellara, G.; Ascher-Jenull, J. Extracellular DNA in natural environments: Features, relevance and
applications. Appl. Microbiol. Biotechnol. 2018, 102, 6343 —6356. https://doi.org/10.1007/s00253-018-9120-4.

Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532-1535. https://doi.org/10.1126/science.1092385.

Hawes, M.C.; Curlango-Rivera, G.; Wen, F.; White, G.J.; Vanetten, H.D.; Xiong, Z. Extracellular DNA: The tip of root defenses?
Plant Sci. 2011, 180, 741-745. https://doi.org/10.1016/j.plantsci.2011.02.007.

Flemming, H.-C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623-633. https://doi.org/10.1038/nrmicro2415.
Crecchio, C.; Stotzky, G. Binding of DNA on humic acids: Effect on transformation of Bacillus subtilis and resistance to DNase.
Soil Biol. Biochem. 1998, 30, 1061-1067. https://doi.org/10.1016/S0038-0717(97)00248-4.

Hansell, D.A.; Carlson, C.A. Biogeochemistry of Marine Dissolved Organic Matter; Academic Press: Cambridge, MA, USA, 2014.
Thakur, S.; Cattoni, D.I; Nollmann, M. The fluorescence properties and binding mechanism of SYTOX green, a bright, low
photo-damage DNA intercalating agent. Eur. Biophys. ]. 2015, 44, 337-348. https://doi.org/10.1007/s00249-015-1027-8.

Malkin, E.Z.; Bratman, S.V. Bioactive DNA from extracellular vesicles and particles. Cell Death Dis. 2020, 11, 584.
https://doi.org/10.1038/s41419-020-02803-4.

Levy-Booth, D.J.; Campbell, R.G.; Gulden, R.H.; Hart, M.M.; Powell, ].R.; Klironomos, ]J.N.; Pauls, K.P.; Swanton, C.J.; Trevors,
J.T.; Dunfield, K.E. Cycling of extracellular DNA in the soil environment. Soil Biol. Biochem. 2007, 39, 2977—2991.
https://doi.org/10.1016/j.s0ilbio.2007.06.020.

Morrissey, E.M.; Mau, R.L.; Schwartz, E.; McHugh, T.A.; Dijkstra, P.; Koch, B.].; Marks, J.C.; Hungate, B.A. Bacterial carbon use
plasticity, phylogenetic diversity and the priming of soil organic matter. ISME ] 2017, 11, 1890—1899.
https://doi.org/10.1038/ismej.2017.43.

Grabuschnig, S.; Bronkhorst, A.].; Holdenrieder, S.; Rosales Rodriguez, I.; Schliep, K.P.; Schwendenwein, D.; Ungerer, V.;
Sensen, C.W. Putative Origins of Cell-Free DNA in Humans: A Review of Active and Passive Nucleic Acid Release Mechanisms.
Int. ]. Mol. Sci. 2020, 21, 8062. https://doi.org/10.3390/ijms21218062.

Stroun, M.; Anker, P.; Maurice, P.; Gahan, P.B. Circulating Nucleic Acids in Higher Organisms. Int. Rev. Cytol. 1977; 51, 1-48.



Plants 2022, 11, 1436 17 of 21

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wen, F.; White, G.J.; VanEtten, H.D.; Xiong, Z.; Hawes, M.C. Extracellular DNA Is Required for Root Tip Resistance to Fungal
Infection. Plant Physiol. 2009, 151, 820-829. https://doi.org/10.1104/pp.109.142067.

Wen, F.; Curlango-Rivera, G.; Huskey, D.A,; Xiong, Z.; Hawes, M.C. Visualization of extracellular DNA released during border
cell separation from the root cap. Am. . Bot. 2017, 104, 970-978. https://doi.org/10.3732/ajb.1700142.

Olsen, L; Harris, G. Uptake and release of DNA by lymphoid tissue and cells. Immunology 1974, 27, 973-987.

Anker, P; Stroun, M.; Maurice, P.A. Spontaneous release of DNA by human blood lymphocytes as shown in an in vitro system.
Cancer Res. 1975, 35, 2375-2382.

Stroun, M.; Anker, P. Nucleic acids spontaneously released by living frog auricles. Biochem. ]. 1972, 128, 100P-101P.
https://doi.org/10.1042/bj1280100pb.

Neumann, A.; Brogden, G.; von Kockritz-Blickwede, M. Extracellular Traps: An Ancient Weapon of Multiple Kingdoms. Biology
-Basel 2020, 9, 34. https://doi.org/10.3390/biology9020034.

Hoessli, D.; Jones, A.P.; Eisenstadt, J.; Waksman, B. Studies on DNA release by cultured rat lymphoblasts. Int. Arch. Allergy
Appl. Immunol. 1977, 54, 517-528.

Gahan, P.B.; Stroun, M. The virtosome— A novel cytosolic informative entity and intercellular messenger. Cell Biochem. Funct.
2010, 28, 529-538. https://doi.org/10.1002/cbf.1690.

Thierry, A.R.; El Messaoudi, S.; Gahan, P.B.; Anker, P.; Stroun, M. Origins, structures, and functions of circulating DNA in
oncology. Cancer Metastasis Rev. 2016, 35, 347-376. https://doi.org/10.1007/s10555-016-9629-x.

Elzanowska, ].; Semira, C.; Costa-Silva, B. DNA in extracellular vesicles: Biological and clinical aspects. Mol. Oncol. 2021, 15,
1701-1714. https://doi.org/10.1002/1878-0261.12777.

Meinke, W.; Hall, M.R.; Goldstein, D.A.; Kohne, D.E.; Lerner, R.A. Physical properties of cytoplasmic membrane-associated
DNA. J. Mol. Biol. 1973, 78, 43-56. https://doi.org/10.1016/0022-2836(73)90427-0.

Bennett, R.M.; Davis, J.; Merritt, M. Anti-DNA antibodies react with DNA expressed on the surface of monocytes and B lym-
phocytes. |. Rheumatol. 1986, 13, 679-685.

Driouich, A.; Smith, C.; Ropitaux, M.; Chambard, M.; Boulogne, I.; Bernard, S.; Follet-Gueye, M.-L.; Vicré, M.; Moore, J. Root
extracellular traps versus neutrophil extracellular traps in host defence, a case of functional convergence? Biol. Rev. 2019, 94,
1685-1700. https://doi.org/10.1111/brv.12522.

Monticolo, F.; Palomba, E.; Termolino, P.; Chiaiese, P.; de Alteriis, E.; Mazzoleni, S.; Chiusano, M.L. The Role of DNA in the
Extracellular Environment: A Focus on NETs, RETs and Biofilms. Front. Plant Sci. 2020, 11, 2045.
https://doi.org/10.3389/fpls.2020.589837.

Vincent, D.; Rafigi, M.; Job, D. The Multiple Facets of Plant-Fungal Interactions Revealed Through Plant and Fungal Secretom-
ics. Front. Plant Sci. 2020, 10, 1626. https://doi.org/10.3389/fpls.2019.01626.

Hawes, M.C.; Curlango-Rivera, G.; Xiong, Z.; Kessler, J.O. Roles of root border cells in plant defense and regulation of rhizo-
sphere microbial populations by extracellular DNA ‘trapping.” Plant Soil 2012, 355, 1-16. https://doi.org/10.1007/s11104-012-
1218-3.

Sofoluwe, A.; Bacchetta, M.; Badaoui, M.; Kwak, B.R.; Chanson, M. ATP amplifies NADPH-dependent and-independent neu-
trophil extracellular trap formation. Sci. Rep. 2019, 9, 16556. https://doi.org/10.1038/s41598-019-53058-9.

Tamkovich, S.; Laktionov, P. Cell-surface-bound circulating DNA in the blood: Biology and clinical application. IUBMB Life
2019, 71, 1201-1210. https://doi.org/10.1002/iub.2070.

Abada, A, Segev, E. Multicellular Features of Phytoplankton. Front. Mar. Sci. 2018, 5, 144.
https://doi.org/10.3389/fmars.2018.00144.

Flemming, H.-C.; Wingender, J.; Szewzyk, U.; Steinberg, P.; Rice, S.A.; Kjelleberg, S. Biofilms: An emergent form of bacterial
life. Nat. Rev. Microbiol. 2016, 14, 563-575. https://doi.org/10.1038/nrmicro.2016.94.

Decho, A.W.; Gutierrez, T. Microbial Extracellular Polymeric Substances (EPSs) in Ocean Systems. Front. Microbiol. 2017, 8, 922.
https://doi.org/10.3389/fmicb.2017.00922.

Mann, E.E.; Rice, K.C.; Boles, B.R.; Endres, J.L.; Ranjit, D.; Chandramohan, L.; Tsang, L.H.; Smeltzer, M.S.; Horswill, A.R.; Bayles,
K.W. Modulation of eDNA release and degradation affects Staphylococcus aureus biofilm maturation. PLoS ONE 2009, 4, e5822.
https://doi.org/10.1371/journal.pone.0005822.

Barnes, AM.T.; Ballering, K.S.; Leibman, R.S.; Wells, C.L.; Dunny, G.M. Enterococcus faecalis produces abundant extracellular
structures containing DNA in the absence of cell lysis during early biofilm formation. MBio 2012, 3, e00193-12.
https://doi.org/10.1128/mBio.00193-12.

Brockson, M.E.; Novotny, L.A.; Mokrzan, E.M.; Malhotra, S.; Jurcisek, J.A.; Akbar, R.; Devaraj, A.; Goodman, S.D.; Bakaletz,
L.O. Evaluation of the kinetics and mechanism of action of anti-integration host factor-mediated disruption of bacterial biofilms.
Mol. Microbiol. 2014, 93, 1246-1258. https://doi.org/10.1111/mmi.12735.

Rose, S.J.; Bermudez, L.E. Identification of Bicarbonate as a Trigger and Genes Involved with Extracellular DNA Export in
Mycobacterial Biofilms. MBio 2016, 7, €01597-16. https://doi.org/10.1128/mBio.01597-16.

Okshevsky, M.; Meyer, R.L. The role of extracellular DNA in the establishment, maintenance and perpetuation of bacterial
biofilms. Crit. Rev. Microbiol. 2015, 41, 341-352. https://doi.org/10.3109/1040841x.2013.841639.



Plants 2022, 11, 1436 18 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sutherland, L.W. The biofilm matrix— An immobilized but dynamic microbial environment. Trends Microbiol. 2001, 9, 222-227.
https://doi.org/10.1016/s0966-842x(01)02012-1.

Gallo, P.M.; Rapsinski, G.J.; Wilson, R.P.; Oppong, G.O.; Sriram, U.; Goulian, M.; Buttaro, B.; Caricchio, R.; Gallucci, S.; Tiikel,
C. Amyloid-DNA Composites of Bacterial Biofilms Stimulate Autoimmunity. Immunity 2015, 42, 1171-1184.
https://doi.org/10.1016/j.immuni.2015.06.002.

Kim, M.; Jeon, J.; Kim, J. Streptococcus mutans extracellular DNA levels depend on the number of bacteria in a biofilm. Sci. Rep.
2018, 8, 1-6. https://doi.org/10.1038/s41598-018-31275-y.

Peterson, B.W.; van der Mei, H.C,; Sjollema, J.; Busscher, H.].; Sharma, P.K. A Distinguishable Role of eDNA in the Viscoelastic
Relaxation of Biofilms. MBio 2013, 4, €00497-13-13. https://doi.org/10.1128/mBio.00497-13.

Kadurugamuwa, J.L.; Beveridge, T.J. Virulence factors are released from Pseudomonas aeruginosa in association with mem-
brane vesicles during normal growth and exposure to gentamicin: A novel mechanism of enzyme secretion. J. Bacteriol. 1995,
177, 3998-4008. https://doi.org/10.1128/jb.177.14.3998-4008.1995.

Grande, R.; Di Marcantonio, M.C.; Robuffo, I.; Pompilio, A.; Celia, C.; Di Marzio, L.; Paolino, D.; Codagnone, M.; Muraro, R.;
Stoodley, P.; et al. Helicobacter pylori ATCC 43629/NCTC 11639 Outer Membrane Vesicles (OMVs) from Biofilm and Planktonic
Phase Associated with Extracellular DNA (eDNA). Front. Microbiol. 2015, 6, 1369. https://doi.org/10.3389/fmicb.2015.01369.
Kassinger, S.J.; van Hoek, M.L. Biofilm architecture: An emerging synthetic biology target. Synth. Syst. Biotechnol. 2020, 5, 1-10.
https://doi.org/10.1016/j.synbio.2020.01.001.

Ascher, J.; Ceccherini, M.T.; Pantani, O.L.; Agnelli, A.; Borgogni, F.; Guerri, G.; Nannipieri, P.; Pietramellara, G. Sequential
extraction and genetic fingerprinting of a forest soil metagenome. Appl. Soil Ecol. 2009, 42, 176-181. https://doi.org/10.1016/j.ap-
s0il.2009.03.005.

Mulcahy, H.; Charron-Mazenod, L.; Lewenza, S. Extracellular DNA Chelates Cations and Induces Antibiotic Resistance in Pseu-
domonas aeruginosa Biofilms. PLoS Pathog. 2008, 4, e1000213. https://doi.org/10.1371/journal.ppat.1000213.

Chiang, W.-C.; Nilsson, M.; Jensen, P.0.; Haiby, N.; Nielsen, T.E.; Givskov, M.; Tolker-Nielsen, T. Extracellular DNA shields
against aminoglycosides in Pseudomonas aeruginosa biofilms. Antimicrob. Agents Chemother. 2013, 57, 2352-2361.
https://doi.org/10.1128/AAC.00001-13.

Paungfoo-Lonhienne, C.; Lonhienne, T.G.A.; Schmidt, S. DNA uptake by Arabidopsis induces changes in the expression of CLE
peptides which control root morphology. Plant Signal. Behav. 2010, 5, 1112-1114. https://doi.org/10.4161/psb.5.9.12477.

Gahan, P.B.; Chayen, J. Cytoplasmic Deoxyribonucleic Acid. Int. Rev. Cytol. 1965, 18, 223-247.

Garcia-Olmo, D.C.; Dominguez, C.; Garcia-Arranz, M.; Anker, P.; Stroun, M.; Garcia-Verdugo, ].M.; Garcia-Olmo, D. Cell-free
nucleic acids circulating in the plasma of colorectal cancer patients induce the oncogenic transformation of susceptible cultured
cells. Cancer Res. 2010, 70, 560-567. https://doi.org/10.1158/0008-5472.CAN-09-3513.

Seong, S.-Y.; Matzinger, P. Hydrophobicity: An ancient damage-associated molecular pattern that initiates innate immune re-
sponses. Nat. Rev. Immunol. 2004, 4, 469-478. https://doi.org/10.1038/nri1372.

Roh, J.S.; Sohn, D.H. Damage-Associated Molecular Patterns in Inflammatory Diseases. Immune Netw. 2018, 18, €27.
https://doi.org/10.4110/in.2018.18.e27.

Duran, D.; Heil, M. Extracellular self-DNA as a damage-associated molecular pattern (DAMP) that triggers self-specific immun-
ity induction in plants. Brain. Behav. Immun. 2018, 72, 78-88. https://doi.org/10.1016/j.bbi.2017.10.010.

Hawes, M.C.; Wen, F., Elquza, E. Extracellular DNA: A Bridge to Cancer. Cancer Res. 2015, 75, 4260-4264.
https://doi.org/10.1158/0008-5472.CAN-15-1546.

Fuchs, T.A,; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D.; Wrobleski, S.K.; Wakefield, T.W.; Hartwig,
J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880-15885.
https://doi.org/10.1073/pnas.1005743107.

Vakrakou, A.G.; Boiu, S.; Ziakas, P.D.; Xingi, E.; Boleti, H.; Manoussakis, M.N. Systemic activation of NLRP3 inflammasome in
patients with severe primary Sjogren’s syndrome fueled by inflammagenic DNA accumulations. ]. Autoimmun. 2018, 91, 23-33.
https://doi.org/10.1016/j.jaut.2018.02.010.

McCarthy, C.G.; Wenceslau, C.F.; Goulopoulou, S.; Ogbi, S.; Baban, B.; Sullivan, J.C.; Matsumoto, T.; Webb, R.C. Circulating
mitochondrial DNA and Toll-like receptor 9 are associated with vascular dysfunction in spontaneously hypertensive rats. Car-
diovasc. Res. 2015, 107, 119-130. https://doi.org/10.1093/cvr/cvv137.

Rykova, E.; Sizikov, A.; Roggenbuck, D.; Antonenko, O.; Bryzgalov, L.; Morozkin, E.; Skvortsova, K.; Vlassov, V.; Laktionov, P.;
Kozlov, V. Circulating DNA in rheumatoid arthritis: Pathological changes and association with clinically used serological mark-
ers. Arthritis Res. Ther. 2017, 19, 85. https://doi.org/10.1186/s13075-017-1295-z.

Barrat, F.J.; Meeker, T.; Gregorio, J.; Chan, J.H.; Uematsu, S.; Akira, S.; Chang, B.; Duramad, O.; Coffman, R.L. Nucleic acids of
mammalian origin can act as endogenous ligands for Toll-like receptors and may promote systemic lupus erythematosus. J.
Exp. Med. 2005, 202, 1131-1139. https://doi.org/10.1084/jem.20050914.

Barnes, M.A.; Turner, C.R; Jerde, C.L.; Renshaw, M.A.; Chadderton, W.L.; Lodge, D.M. Environmental conditions influence
eDNA persistence in aquatic systems. Environ. Sci. Technol. 2014, 48, 1819-1827. https://doi.org/10.1021/es404734p.



Plants 2022, 11, 1436 19 of 21

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

De Aldecoa, A.L.; Zafra, O.; Gonzalez-Pastor, J.E. Mechanisms and Regulation of Extracellular DNA Release and Its Biological
Roles in Microbial Communities. Front. Microbiol. 2017, 8, 1390. https://doi.org/10.3389/fmicb.2017.01390.

Torti, A.; Lever, M.A.; Jorgensen, B.B. Origin, dynamics, and implications of extracellular DNA pools in marine sediments. Mar.
Genomics 2015, 24, 185-196. https://doi.org/10.1016/j.margen.2015.08.007.

Herndl, G.J.; Reinthaler, T. Microbial control of the dark end of the biological pump. Nat. Geosci. 2013, 6, 718-724.
https://doi.org/10.1038/ngeo1921.

Zafra, O.; Lamprecht-Grandio, M.; de Figueras, C.G.; Gonzalez-Pastor, J.E. Extracellular DNA Release by Undomesticated Ba-
cillus subtilis Is Regulated by Early Competence. PLoS ONE 2012, 7, e48716. https://doi.org/10.1371/journal.pone.0048716.
Deflaun, MLF.; Paul, ]. H.; Davis, D. Simplified method for dissolved DNA determination in aquatic environments. Appl. Environ.
Microbiol. 1986, 52, 654—659. https://doi.org/10.1128/AEM.52.4.654-659.1986.

Karl, D.M.; Bailiff, M.D. The measurement and distribution of dissolved nucleic acids in aquatic environments. Limmnol. Oceanogr.
1989, 34, 543-558. https://doi.org/10.4319/10.1989.34.3.0543.

Dell’Anno, A.; Danovaro, R. Extracellular DNA Plays a Key Role in Deep-Sea Ecosystem Functioning. Science 2005, 309, 2179.
https://doi.org/10.1126/science.1117475.

Passerini, D.; Fécamp, F.; Marchand, L.; Kolypczuk, L.; Bonnetot, S.; Sinquin, C.; Verrez-Bagnis, V.; Hervio-Heath, D.; Colliec-
Jouault, S.; Delbarre-Ladrat, C. Characterization of Biofilm Extracts from Two Marine Bacteria. Appl. Sci. 2019, 9, 4971.
https://doi.org/10.3390/app9224971.

Nielsen, K.M.; Johnsen, P.J.; Bensasson, D.; Daffonchio, D. Release and persistence of extracellular DNA in the environment.
Environ. Biosafety Res. 2007, 6, 37-53. https://doi.org/10.1051/ebr:2007031.

Agnelli, A.; Ascher, J.; Corti, G.; Ceccherini, M.T.; Pietramellara, G.; Nannipieri, P. Purification and isotopic signatures (5 13C,
0 15N, A14C) of soil extracellular DNA. Biol. Fertil. Soils 2007, 44, 353-361. https://doi.org/10.1007/s00374-007-0213-y.

Lorenz, M.G.; Wackernagel, W. Adsorption of DNA to sand and variable degradation rates of adsorbed DNA. Appl. Environ.
Microbiol. 1987, 53, 2948-2952. https://doi.org/10.1128/aem.53.12.2948-2952.1987.

Bylemans, J.; Furlan, E.M.; Gleeson, D.M.; Hardy, C.M.; Duncan, R.P. Does Size Matter? An Experimental Evaluation of the
Relative Abundance and Decay Rates of Aquatic Environmental DNA. Environ. Sci. Technol. 2018, 52, 6408-6416.
https://doi.org/10.1021/acs.est.8b01071.

Demaneche, S.; Jocteur-Monrozier, L.; Quiquampoix, H.; Simonet, P. Evaluation of biological and physical protection against
nuclease  degradation of clay-bound plasmid DNA. Appl.  Environ.  Microbiol. 2001, 67, 293-299.
https://doi.org/10.1128/ AEM.67.1.293-299.2001.

Yang, B.; Qin, C.; Hu, X;; Xia, K;; Lu, C;; Gudda, F.O.; Ma, Z; Gao, Y. Enzymatic degradation of extracellular DNA exposed to
chlorpyrifos and chlorpyrifos-methyl in an aqueous system. Environ. Int. 2019, 132, 105087. https://doi.org/10.1016/j.en-
vint.2019.105087.

Okabe, S.; Shimazu, Y. Persistence of host-specific Bacteroides-Prevotella 165 rRNA genetic markers in environmental waters:
Effects of temperature and salinity. Appl. Microbiol. Biotechnol. 2007, 76, 935-944. https://doi.org/10.1007/s00253-007-1048-z.
Borin, S.; Crotti, E.; Mapelli, F.; Tamagnini, I.; Corselli, C.; Daffonchio, D. DNA is preserved and maintains transforming poten-
tial after contact with brines of the deep anoxic hypersaline lakes of the Eastern Mediterranean Sea. Saline Syst. 2008, 4, 10.
https://doi.org/10.1186/1746-1448-4-10.

Mao, D.; Luo, Y.; Mathieu, J.; Wang, Q.; Feng, L.; Mu, Q.; Feng, C.; Alvarez, P.].]J. Persistence of extracellular DNA in river
sediment facilitates antibiotic resistance gene propagation. Environ.  Sci.  Technol. 2014, 48, 71-78.
https://doi.org/10.1021/es404280v.

Saeki, K.; Thyo, Y.; Sakai, M.; Kunito, T. Strong adsorption of DNA molecules on humic acids. Environ. Chem. Lett. 2011, 9, 505
509. https://doi.org/10.1007/s10311-011-0310-x.

Lennon, ].T. Diversity and metabolism of marine bacteria cultivated on dissolved DNA. Appl. Environ. Microbiol. 2007, 73, 2799—
2805. https://doi.org/10.1128/ AEM.02674-06.

Dell’Anno, A.; Corinaldesi, C. Degradation and turnover of extracellular DNA in marine sediments: Ecological and methodo-
logical considerations. Appl. Environ. Microbiol. 2004, 70, 4384-4386. https://doi.org/10.1128/AEM.70.7.4384-4386.2004.
Corinaldesi, C.; Danovaro, R.; Dell’Anno, A. Simultaneous recovery of extracellular and intracellular DNA suitable for molec-
ular studies from marine sediments. Appl. Environ. Microbiol. 2005, 71, 46-50. https://doi.org/10.1128/AEM.71.1.46-50.2005.
Mazzoleni, S.; Bonanomi, G.; Incerti, G.; Chiusano, M.L.; Termolino, P.; Mingo, A.; Senatore, M.; Giannino, F.; Carteni, F.;
Rietkerk, M.; et al. Inhibitory and toxic effects of extracellular self-DNA in litter: A mechanism for negative plant-soil feedbacks?
New Phytol. 2015, 205, 1195-1210. https://doi.org/10.1111/nph.13121.

Vega-Mufioz, I; Feregrino-Pérez, A.A.; Torres-Pacheco, I.; Guevara-Gonzalez, R.G. Exogenous fragmented DNA acts as a dam-
age-associated molecular pattern (DAMP) inducing changes in CpG DNA methylation and defence-related responses in Lac-
tuca sativa. Funct. Plant Biol. 2018, 45, 1065-1072. https://doi.org/10.1071/FP18011.

Mazzoleni, S.; Carteni, F.; Bonanomi, G.; Senatore, M.; Termolino, P.; Giannino, F.; Incerti, G.; Rietkerk, M.; Lanzotti, V.;
Chiusano, M.L. Inhibitory effects of extracellular self-DNA: A general biological process? New Phytol. 2015, 206, 127-132.
https://doi.org/10.1111/nph.13306.



Plants 2022, 11, 1436 20 of 21

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

Barbero, F.; Guglielmotto, M.; Capuzzo, A.; Maffei, M.E. Extracellular Self-DNA (esDNA), but Not Heterologous Plant or Insect
DNA (etDNA), Induces Plasma Membrane Depolarization and Calcium Signaling in Lima Bean (Phaseolus lunatus) and Maize
(Zea mays). Int. ]. Mol. Sci. 2016, 17, 1659. https://doi.org/10.3390/ijms17101659.

Barbero, F.; Guglielmotto, M.; Islam, M.; Maffei, M.E. Extracellular Fragmented Self-DNA Is Involved in Plant Responses to
Biotic Stress. Front. Plant Sci. 2021, 12, 1558. https://doi.org/10.3389/fpls.2021.686121.

Chiusano, M.L.; Incerti, G.; Colantuono, C.; Termolino, P.; Palomba, E.; Monticolo, F.; Benvenuto, G.; Foscari, A.; Esposito, A.;
Marti, L.; et al. Arabidopsis thaliana Response to Extracellular DNA: Self Versus Nonself Exposure. Plants 2021, 10, 1744.
https://doi.org/10.3390/plants10081744.

Brazda, V.; Coufal, J.; Liao, ].C.C.; Arrowsmith, C.H. Preferential binding of IFI16 protein to cruciform structure and superhelical
DNA. Biochem. Biophys. Res. Commun. 2012, 422, 716-720. https://doi.org/10.1016/j.bbrc.2012.05.065.

Wang, Q.-W,; Jia, L.-Y,; Shi, D.-L.; Wang, R.; Lu, L.-N.; Xie, ].-].; Sun, K.; Feng, H.-Q.; Li, X. Effects of extracellular ATP on local
and systemic responses of bean (Phaseolus vulgaris L) leaves to wounding. Biosci. Biotechnol. Biochem. 2019, 83, 417-428.
https://doi.org/10.1080/09168451.2018.1547623.

Hornung, V.; Ablasser, A.; Charrel-Dennis, M.; Bauernfeind, F.; Horvath, G.; Caffrey, D.R,; Latz, E.; Fitzgerald, K.A. AIM2 rec-
ognizes cytosolic dsDNA and forms a caspase-l-activating inflammasome with ASC. Nature 2009, 458, 514-518.
https://doi.org/10.1038/nature07725.

Herzner, A.-M.; Hagmann, C.A.; Goldeck, M.; Wolter, S.; Kiibler, K.; Wittmann, S.; Gramberg, T.; Andreeva, L.; Hopfner, K.-P.;
Mertens, C.; et al. Sequence-specific activation of the DNA sensor cGAS by Y-form DNA structures as found in primary HIV-1
cDNA. Nat. Immunol. 2015, 16, 1025-1033. https://doi.org/10.1038/ni.3267.

Szczesny, B.; Marcatti, M.; Ahmad, A.; Montalbano, M.; Brunyanszki, A.; Bibli, S.; Papapetropoulos, A.; Szabo, C. Mitochondrial
DNA damage and subsequent activation of Z-DNA binding protein 1 links oxidative stress to inflammation in epithelial cells.
Sci. Rep. 2018, 8, 1-11. https://doi.org/10.1038/s41598-018-19216-1.

Hemmi, H.; Takeuchi, O.; Kawai, T.; Kaisho, T.; Sato, S.; Sanjo, H.; Matsumoto, M.; Hoshino, K.; Wagner, H.; Takeda, K; et al.
A Toll-like receptor recognizes bacterial DNA. Nature 2000, 408, 740-745. https://doi.org/10.1038/35047123.

Bhat, A.; Ryu, C-M. Plant Perceptions of Extracellular DNA and RNA. Mol. Plant 2016, 9, 956-958.
https://doi.org/10.1016/j.molp.2016.05.014.

Wilson, G.G,; Murray, N.E. Restriction and Modification Systems. Annu. Rev. Genet. 1991, 25, 585-627.
https://doi.org/10.1146/annurev.ge.25.120191.003101.

Dupuis, M.-E.; Villion, M.; Magadan, A.H.; Moineau, S. CRISPR-Cas and restriction-modification systems are compatible and
increase phage resistance. Nat. Commun. 2013, 4, 2087. https://doi.org/10.1038/ncomms3087.

Shah, S.A.; Erdmann, S.; Mojica, F.J.M.; Garrett, R.A. Protospacer recognition motifs: Mixed identities and functional diversity.
RNA Biol. 2013, 10, 891-899. https://doi.org/10.4161/rna.23764.

Van der Oost, J.; Westra, E.R.; Jackson, R.N.; Wiedenheft, B. Unravelling the structural and mechanistic basis of CRISPR-Cas
systems. Nat. Rev. Microbiol. 2014, 12, 479-492. https://doi.org/10.1038/nrmicro3279.

Vasu, K.; Nagaraja, V. Diverse functions of restriction-modification systems in addition to cellular defense. Microbiol. Mol. Biol.
Rev. 2013, 77, 53-72. https://doi.org/10.1128/MMBR.00044-12.

Navarre, W.W.; McClelland, M.; Libby, S.J.; Fang, F.C. Silencing of xenogeneic DNA by H-NS-facilitation of lateral gene transfer
in Dbacteria by a defense system that recognizes foreign DNA. Genes Dev. 2007, 21, 1456-1471.
https://doi.org/10.1101/gad.1543107.

Cardinale, C.J.; Washburn, R.S,; Tadigotla, V.R.; Brown, L.M.; Gottesman, M.E.; Nudler, E. Termination factor Rho and its co-
factors NusA and NusG silence foreign DNA in E. coli. Science 2008, 320, 935-938. https://doi.org/10.1126/science.1152763.
Carteni, F.; Bonanomi, G.; Giannino, F.; Incerti, G.; Vincenot, C.E.; Chiusano, M.L.; Mazzoleni, S. Self-DNA inhibitory effects:
Underlying  mechanisms and  ecological  implications.  Plant  Signal. ~ Behav. 2016, 11,  e1158381.
https://doi.org/10.1080/15592324.2016.1158381.

Duran-Flores, D.; Heil, M. Growth inhibition by self-DNA: A phenomenon and its multiple explanations. New Phytol. 2015, 207,
482-485. https://doi.org/10.1111/nph.13542.

Heil, M.; Vega-Murioz, I. Nucleic Acid Sensing in Mammals and Plants: Facts and Caveats. Int. Rev. Cell Mol. Biol. 2019, 345,
225-285. https://doi.org/10.1016/bs.ircmb.2018.10.003.

Germoglio, M.; Adamo, A.; Incerti, G.; Carteni, F.; Gigliotti, S.; Storlazzi, A.; Mazzoleni, S. Self-DNA Exposure Induces Devel-
opmental Defects and Germline DNA Damage Response in Caenorhabditis elegans. Biology-Basel 2022, 11, 262.
https://doi.org/10.3390/biology11020262.

Iwasa, K., Murakami, S. Palmelloid Formation of Chlamydomonas. Physiol. Plant. 1968, 21, 1224-1233.
https://doi.org/10.1111/.1399-3054.1968.tb07353.x.

Nakamura, K.; Bray, D.F.; Wagenaar, E.B. Ultrastructure of Chlamydomonas eugametos palmelloids induced by chloroplatinic
acid treatment. J. Bacteriol. 1975, 121, 338-343. https://doi.org/10.1128/jb.121.1.338-343.1975.



Plants 2022, 11, 1436 21 of 21

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Metaxatos, A.; Panagiotopoulos, C.; Ignatiades, L. Monosaccharide and aminoacid composition of mucilage material produced
from a mixture of four phytoplanktonic taxa. ]. Exp. Mar. Bio. Ecol. 2003, 294, 203-217. https://doi.org/10.1016/S0022-
0981(03)00269-7.

Khona, D.K.; Shirolikar, S.M.; Gawde, K.K.; Hom, E.; Deodhar, M.A.; D’Souza, J.S. Characterization of salt stress-induced
palmelloids in the green alga, Chlamydomonas reinhardtii. Algal Res. 2016, 16, 434—448. https://doi.org/10.1016/j.algal.2016.03.035.
Olsen, Y.; Knutsen, G.; Lien, T. Characteristics of Phosphorus Limitation in Chlamydomonas Reinhardth (Chlorophyceae) and
its Palmelloids 1. J. Phycol. 1983, 19, 313-319.

Whitchurch, C.B.; Tolker-Nielsen, T.; Ragas, P.C.; Mattick, J.S. Extracellular DNA required for bacterial biofilm formation. Sci-
ence 2002, 295, 1487. https://doi.org/10.1126/science.295.5559.1487.

Payne, D.E.; Boles, B.R. Emerging interactions between matrix components during biofilm development. Curr. Genet. 2016, 62,
137-141. https://doi.org/10.1007/s00294-015-0527-5.

Nguyen, U.T.; Burrows, L.L. DNase I and proteinase K impair Listeria monocytogenes biofilm formation and induce dispersal
of pre-existing biofilms. Int. |. Food Microbiol. 2014, 187, 26-32. https://doi.org/10.1016/j.ijfoodmicro.2014.06.025.

Halverson, T.W.R.; Wilton, M.; Poon, KK.H.; Petri, B.; Lewenza, S. DNA is an antimicrobial component of neutrophil extracel-
lular traps. PLoS Pathog. 2015, 11, e1004593. https://doi.org/10.1371/journal.ppat.1004593.

De Bont, C.M.; Boelens, W.C.; Pruijn, G.J.M. NETosis, complement, and coagulation: A triangular relationship. Cell. Mol. Immu-
nol. 2019, 16, 19-27. https://doi.org/10.1038/s41423-018-0024-0.

Baums, C.G.; von Kockritz-Blickwede, M. Novel role of DNA in neutrophil extracellular traps. Trends Microbiol. 2015, 23, 330—
331. https://doi.org/10.1016/j.tim.2015.04.003.

Jagielski, T.; Gawor, ].; Bakuta, Z.; Zuchniewicz, K.; Zak, I; Gromadka, R. An optimized method for high quality DNA extraction
from microalga Prototheca wickerhamii for genome sequencing. Plant Methods 2017, 13, 77. https://doi.org/10.1186/s13007-017-
0228-9.

Doyle, J. DNA Protocols for Plants. In Molecular Techniques in Taxonomy; Hewitt, G.M., Johnston, A.W.B., Young J.P.W., Eds.;
Springer: Berlin/Heidelberg, Germany, 1991; pp. 283-293. https://10.1007/978-3-642-83962-7_18.

Bischoff, H.C. Some Soil Algae from Enchanted Rock and Related Algal Species. In Phycological Studies IV, No. 6318; University
of Texas: Austin, TX, USA, 1963; pp. 1-95.

Chiaiese, P.; Palomba, F.; Tatino, F.; Lanzillo, C.; Pinto, G.; Pollio, A.; Filippone, E. Engineered tobacco and microalgae secreting
the fungal laccase POXA1b reduce phenol content in olive oil mill wastewater. Enzyme Microb. Technol. 2011, 49, 540-546.
https://doi.org/10.1016/j.enzmictec.2011.06.002.

Nunes, B.; Antunes, S.C.; Santos, J.; Martins, L.; Castro, B.B. Toxic potential of paracetamol to freshwater organisms: A headache
to environmental regulators? Ecotoxicol. Environ. Saf. 2014, 107, 178-185. https://doi.org/10.1016/j.ecoenv.2014.05.027.



