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ABSTRACT Extracellular DNA (exDNA) can be actively released by living cells
and different putative functions have been attributed to it. Further, homolo-
gous exDNA has been reported to exert species-specific inhibitory effects on
several organisms. Here, we demonstrate by different experimental evidence,
including H-NMR metabolomic fingerprint, that the growth rate decline in
Saccharomyces cerevisiae fed-batch cultures is determined by the accumula-
tion of exDNA in the medium. Sequencing of such secreted exDNA represents
a portion of the entire genome, showing a great similarity with extrachromo-
somal circular DNA (eccDNA) already reported inside yeast cells. The recov-
ered DNA molecules were mostly single strands and specifically associated to
the yeast metabolism displayed during cell growth. Flow cytometric analysis
showed that the observed growth inhibition by exDNA corresponded to an
arrest in the S phase of the cell cycle. These unprecedented findings open a
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new scenario on the functional role of exDNA produced by living cells.

INTRODUCTION
Extracellular DNA (exDNA) has been widely reported as cell
free DNA in different environments [1-5]. Moreover,
exDNA may be part of extracellular structures such as the
matrix of microbial biofilms [6, 7], the outer leaflet of the
plasma membrane of human cells [8], and as a component
of defensive structures in animals or plants, known as neu-
trophil [9] and root-extracellular traps, respectively [10,
11].

ExDNA is also found in biological fluids in vivo as well as
in the culture medium of many cell types in vitro [10, 12—
14]. The occurrence of exDNA in vivo has been discussed
regarding the origins, structures, and different specific
functions [13]. ExXDNA in biofluids derives from cellular
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exDNA — extracellular DNA,
FCM — flow cytometric analysis,
LFC - limited feeding culture.

breakdown mechanisms (damaged, dying and/or dead
cells), but also from active release from living cells [1, 14].
Indeed, the release of DNA by blood human cells has been
described since 1976 [15] and mostly reported in sera
and/or plasma of oncological patients since 2007 [16]. The
exDNA can be found in molecular complexes with lipids
and proteins or kept inside vesicles, so being protected
from degradation by nucleases or recognition by immune
cells [12, 17]. In the microbial world, many bacteria are
also known to actively release DNA in a lysis-independent
way, led by quorum-sensing mechanisms [18, 19]. Different
roles have been attributed to exDNA delivered from bacte-
rial cells in the environment, where it can be source of
genetic material for Horizontal Gene Transfer (HGT), con-
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ferring novel functions to microbial cells, or, also, becom-
ing a stabilizing component of the extracellular matrix in
the case of biofilm producer species [20, 21].

In the context of ecological research, in studies on nat-
ural decomposition of organic matter and plant-soil nega-
tive feedback, a species-specific inhibitory effect of extra-
cellular self-DNA was reported in plants, on both root
growth and seed germination [22]. The same authors [23]
observed that inhibition by self-exDNA was not limited to
plants, being also revealed in experiments on different
species, including bacteria, protozoa, algae, fungi, and in-
sects, whereas no inhibitory effect was observed in all spe-
cies when treated with heterologous exDNA. Also, it has
been shown that in both freshwater and marine microal-
gae self-exDNA affected growth by arresting the cell cycle
and favouring aggregates formation [24]. Moreover, the
onset of developmental defects and DNA damage response
to self-DNA has been reported in the model animal Caeno-
rhabditis elegans [25]. Recently, in the model plant Ara-
bidopsis thaliana, the detailed investigation on tran-
scriptomic and metabolomic responses related to exposure
to self-exDNA showed a generalized effect on down-
regulation of gene expression [26], associated with a signif-
icant accumulation of RNA constituents, along with AMP
and GMP, with their cyclic analogues and methylated
forms [27].

All the inhibitory effects reported above have been ex-
perimentally observed by treatments with random frag-
ments of genomic self-DNA, either extracted or released by
decomposition of dead cells.

In the different context of yeast biomass production
[28-30], a theoretical Systems Dynamics model described
the aerobic fed-batch cultures of the yeast Saccharomyces
cerevisiae [31]. The model clearly predicted the dynamics
of cell density profiles, showing that the growth decline of
the population could not be related to the typical end-
products of yeast fermentation (ethanol and acetate), but

rather to another, yet undefined, inhibitory compound [31].

We hypothesize that the inhibitory compound in yeast
fed-batch cultures could be exDNA released by the cells
and accumulating in the culture medium. In yeast there is a
strong and well described evidence of extra-chromosomal
DNA circles, reported since a long time and related to aging
[32]. This finding has been confirmed and deeply studied
with isolation and sequencing of these extra-chromosomal
circular DNA (eccDNA) elements [33-35].

In the present work, we used S. cerevisiae in two dif-
ferent fed-batch cultures, characterized by either ferment-
ative or respiratory metabolism according to the type of
glucose feeding, to carry out the following investigations
on:

i) yeast growth dynamics and metabolomic fingerprint
profiling of the growth media by 'H nuclear magnetic reso-
nance (*H NMR),

ii) recovery of exDNA from the media and assessment
of its inhibitory effect on yeast growth,

iii) sequencing of the exDNA released by yeast exhibit-
ing different metabolism,
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iv) evaluation of the similarity between exDNA and ec-
cDNA,

v) analysis of the yeast cell cycle by flow cytometry
(FCM) in relation to the inhibition by exDNA.

RESULTS

Yeast achieves the same final biomass despite fermenta-
tive or respiratory metabolism

Two types of fed-batch cultures were used in the experi-
ments: an “exponential feeding culture” (EFC) and a “lim-
ited feeding culture” (LFC), characterized by different glu-
cose feeding profiles. The first ensuring full nutrient availa-
bility all over the run, while the latter based on a fine-
tuning of the glucose feeding according to the effective
population growth rate.

Growth curves of S. cerevisiae in the two cultures are
reported in Fig. 1A. The biomass increased in the initial
batch phase, lasting for 15 h, with an initial typical fer-
mentative metabolism based on glucose consumption,
followed by the switch to respiratory metabolism on etha-
nol as substrate. During the feeding phases, both cultures
achieved the same final value of biomass (about 30 g L?),
despite the very different feeding profiles adopted (Fig.
S1A). In both cases, glucose feeding rate started at a value
determining a respiratory metabolism of the yeast. In EFC,
the feeding increased exponentially during the whole run
(Fig. S1A), whereas in LFC, after an initial exponential in-
crease, the feeding was progressively decreased following
the biomass logistic growth (Fig. S1A). In both cultures, the
growth rate declined after 8-10 h, reflecting the onset of a
negative feedback on yeast proliferation. This occurred
also in EFC, regardless the unlimited nutrient availability in
the bioreactor (Fig. S1A). The exponential and the “limited”
feeding in EFC and LFC respectively, together with the on-
set of the growth decline and arrest, corresponded to dif-
ferent amounts of residual glucose in the media, increasing
in EFC, while not accumulating in LFC (Fig. S1B).

Despite the identical biomass growth in the two cul-
tures, major differences were evident for ethanol accumu-
lation in the vessels, which was indicative of the different
occurrence of a fermentative metabolism (Fig. 1A). In EFC,
ethanol was never completely respired and after 12 h of
the feeding phase started to accumulate in the medium,
indicating the shift from a respiratory to a fermentative
metabolism. This reflected the uncoupling between feed-
ing and growth rate in the culture. Differently, in LFC, the
progressive decrease of feeding corresponded to the
maintenance of a respiratory metabolism all over the run,
with complete exhaustion of ethanol in the medium (Fig.
1A).

!H NMR metabolomic fingerprints of culture media reflect
the feeding conditions

'H NMR spectra acquired for supernatants from EFC and
LFC, collected at different times of the feeding phase are
reported in Fig. 1B. They represent the metabolomic fin-
gerprinting profiles of the two cultures (EFC and LFC) dur-
ing the feeding phase. The *H NMR spectrum of the nutri-
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FIGURE 1: Fed-batch cultures of S. cerevisiae CEN.PK2-1C carried out with either exponential (EFC) or limited (LFC) nutrient feeding and
associated *H NMR metabolomic profiles. (A) Dynamic trends of yeast biomass and ethanol in the medium. Dashed vertical lines separate
the batch and the feeding phases. Dark and light grey areas indicate the occurrence of either fermentative or respiratory metabolism, respec-
tively. (B) 'H NMR metabolomic fingerprinting profiles of growth media, collected at different times between 8 and 30 h of the feeding phas-
es. (C) Pearson’s correlation of *H NMR integrated signals of the growth media and yeast growth rates, along 30 h of the feeding phases, in
conditions of either unlimited or limited nutrient availability, EFC and LFC, respectively. Labels indicate *H NMR signals associated to nutrients
and DNA constituents. Asterisks refer to signals diagnostic for nitrogen bases (see text for details). Red and dark grey respectively correspond
to significance levels at p< 0.001 and p< 0.05. In EFC the significant negative correlations correspond to signals associated to DNA, whereas
the positive correlations refer to signals associated to different nutrients. Instead, in LFC, many negative correlations still include the same
DNA related signals, but also those signals linked to the limited nutrients.
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ent medium filling the bioreactor before inoculation is also
reported (Fig. S2). In this profile the key signals of glucose
were well distinguishable: a broad singlet at § 5.20 for H-1
of a-glucose and the doublet, J=7Hz, at 6 4.61 for H-1 of B-
glucose. The remaining glucose signals (H2-H6) resonated
in the § 3.15-3.90 interval. Moreover, other relevant com-
pounds of the nutritional medium were uracil (two coupled
doublets at § 5.75 and & 7.49), tryptophane (multiplets at &
7.20-7.40), leucine (doublet at & 1.00), glutamic acid (mul-
tiplets at 6 2.05 and 2.25), histidine (multiplet a § 2.98).

The metabolomic fingerprinting profile of EFC during
the feeding phase (Fig. 1B; from 8 to 30 h) clearly shows
that the glucose signals initially disappeared (compared to
the initial starting medium, in Fig. S2), as expected when
the feeding rate equalled the population growth rate and
consequently no residual glucose was present in the medi-
um. Instead, the signals of other nutrients remained evi-
dent during the run, thus indicating that no nutrient limita-
tion occurred during the cultivation.

The time series of the EFC showed the progressive in-
crease of ethanol, identified by a triplet at 6 0.92, increas-
ing after the appearance of growth decline followed by the
shift towards fermentation. Also, other two by-products of
glucose fermentation were detected at a late stage: ace-
tate and 2-3 butanediol with singlet signals at & 1.90 and
1.10, respectively. A late increase of unconsumed glucose
is shown by the signals in the carbohydrate region: 6 3.15-
3.90 (H2-H36), 6 5.20 H1 a-glucose and & 4.60 H1 B-glucose.

In the spectra of LFC medium (Fig. 1B), the signals for
nutrients were like to those reported above for EFC,
whereas the signals of ethanol and other fermentative by-
products were absent, reflecting the full respiratory me-
tabolism maintained by yeast during the whole LFC run.

A further analysis of the spectra at higher intensity (Fig.
S3) showed the progressive appearance of some signals in
the aromatic and carbohydrate regions. Particularly evi-
dent are the signals in the 3.40-4-40 ppm interval, increas-
ing during the runs, diagnostic for H3'/H4'/H5'/H5" of deox-
yribose and also in the range 2.30-2.80 ppm, indicative for
H2'/H2". Moreover, with lower intensity, the signals for
different nitrogen bases were observed at § 8.30-8.40 (H-8,
dA), 8.10-8.20 (H-2, dA), 7.85-7.95 (H-8, dG), 7.70-7.85 (H-6,
dC), and 1.75-1.85 (Me, dT) (Fig. S3).

DNA-related signals in 'H NMR spectra show significant
negative correlation with yeast growth rates

The Pearson’s correlation of *H NMR signals with yeast
growth rate during the feeding phases (Fig. 1C), in the case
of EFC highlighted a significant positive correlation for sig-
nals of aliphatic amino acids at § 0.60-0.75 and 6 1.80-2.20,
and of aromatic amino acids between & 6.50 and 7.30.
Differently, very significant negative correlations (p<0.001)
were found in the spectra for signals compatible with the
pentose deoxyribose. Thus, in the carbohydrate region
signals in the & 3.40-4.40 interval were attributed to H-
3'/H-4'/H-5!/H-5", while additional signals at 6 2.30-2.80
were ascribable to H-2'/H-2" (Fig. 1C). Moreover, a nega-
tive correlation was observed for signals at 6 5.60-6.30
related to the H-1" anomeric protons of the deoxyribose
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units (Fig. 1C). Interestingly, negative correlations were
also observed for the set of signals related to aromatic
heterocyclic nitrogen bases mentioned above in the spec-
tra analysis, although in some cases with border line statis-
tical significance. They were: 6 8.30-8.40 (H-8, dA), 8.10-
8.20 (H-2, dA), 7.85-7.95 (H-8, dG), 7.70-7.85 (H-6, dC),
7.15-7.30 (H-6, dT), 5.90-6.05 (H-5, dC) and 1.75-1.85 (Me,
dT) (Fig. 1C).

These values agreed with those of standard nucleotides
available in our laboratory and with data reported in the
literature[36, 37]. Of note, the different level of signifi-
cance between deoxyribose (all signals at p < 0.001) and
nitrogen bases (most signals at p < 0.05) reflects their rela-
tive abundance in the DNA structure.

Looking at the correlation analysis of LFC spectra, a
very different pattern appeared with reduced significant
positive correlations and stronger reversed correlation for
the aliphatic amino acid signals, showing negative correla-
tions at 6 2.10, 1,70 and 1.25. This opposite correlation to
that observed in the case of EFC, was associated to the
progressively limited feeding, which apparently set the
occurrence of a reduced nutrient availability condition.
Interestingly, the signals associated to both deoxyribose
and nitrogen bases of DNA still showed the same negative
correlation found for EFC (Fig. 1C).

EXDNA accumulating in the culture media produces an
inhibitory effect on yeast growth

An increasing amount of exDNA in the medium of both EFC
and LFC along the feeding phase (Fig. 2A) was observed.
The final recovered amounts of exDNA were quantitatively
comparable for EFC and LFC, with a final value of about 3
ng uL? in both media. In all the same samples, no quanti-
ties of RNA were found to be detectable. Noteworthy, the
purified exDNA was dominated by single strand fragments
always corresponding to more than 98% of the total ex-
tracted DNA (Fig. 2A). Further evidence of the occurrence
of exDNA in the media is shown by direct amplification of
EFC and LFC supernatants (Fig. S4).

Experiments in de novo batch cultures were performed
to verify the inhibitory effect on yeast growth of the ex-
hausted media from EFC and LFC. The exhausted culture
medium added to a fresh substrate of a batch culture de-
termined a strong inhibition of yeast growth. The iterated
removal of exDNA from the exhausted medium of EFC by
the HAP adsorption procedure corresponded to a progres-
sive reduction of such inhibitory effect, starting from a
growth of only 12% of the control and recovering, after
nine extraction steps, the full growth performance (Fig. 2B).
Noteworthy, the HAP adsorption procedure confirmed the
findings reported in Fig. 2A, allowing to recover, also in this
case, a large dominance of single strand fragments, with
double strands always less than 2% of the total extracted
amount (Fig. 2B). On the same samples, no detectable
quantities of RNA were observed.

So, a clear growth inhibition could be observed when
the exhausted media from EFC and LFC were added to de
novo batch cultures (Fig. 2C). The inhibitory effect was
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FIGURE 2: EXDNA accumulates in the medium and produces an inhibitory effect on yeast growth. (A) Quantification of single and double
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(black) stranded exDNA purified from the exhausted medium of EFC, by nine subsequent extractions with HAP. Circles refer to yeast growth
in batch cultures with addition of the eluate obtained by each HAP extraction. Cell growth was determined by A590 and expressed as per-

centage of the control. A clear reduction of the inhibitory effect of the eluates is observed with a complete recovery of 100% growth after
nine HAP treatments. (C) Effects of exhausted media, exDNA purified from EFC and LFC supernatants and heterologous DNA on yeast
growth in batch cultures. Growth was determined by ASQO after 12 h incubation expressed as percentage of the control. Data refer to mean

and standard deviation of 3 replicates. Different letters above bars indicate statistically significant pairwise differences (Tuckey post-hoc test
after one-way ANOVA for the effect of treatments on yeast growth). The highest inhibition level is observed for exDNA from EFC medium,
whereas no significant inhibitory effect is produced by heterologous DNAs (fish sperm ssDNA, or genomic DNA of C. albicans ) and genomic
DNA of S.cerevisiae CEN.PK2-1C. A significant recovery of growth was observed when exDNA was pretreated with S1 nuclease, whereas no
recovery was found using DNAse.
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significantly higher with the EFC medium compared to the
LFC one (Fig. 2C).

An even higher and very significant inhibitory effect
was observed with the direct addition of the purified
exDNA from both EFC and LFC to the batch cultures (Fig.
2C). Again, also in this case as for the exhausted media, the
inhibition effect was greater with exDNA extracted from
EFC compared to LFC. In contrast, no inhibition was ob-
served in the treatment with heterologous DNA, neither
the ssDNA of fish sperm, nor the genomic DNA from
C. albicans and S. cerevisiae, both even at 30 ng uL®. A
significant recovery of growth was observed when exDNA
was pretreated with S1 nuclease, whereas no recovery was
observed using DNAse (Fig. 2C).

Another experiment is reported in Fig. S5 demonstrat-
ing the inhibitory effect on yeast growth by DNA obtained
by the direct amplification of the EFC supernatant. This
effect of dsDNA was found to occur at significantly higher
concentrations (40 and 80 ng uL?) than in the case of the
extracted ssDNA (3 ng uL?) reported in Fig. 2C. Also in
this case, the inhibitory effect was absent in the presence
of different heterologous DNAs, as well as after pre-
treatment of the amplified DNA with DNase (Fig. S5).

Moreover, an experiment with RNA extracted from the
S. cerevisiae CEN.PK2-1C strain and added to the culture
medium, in parallel with heterologous RNA, showed no
inhibitory effects on yeast growth (Table S1).

ExDNA is only a portion of the entire genome with specif-
ic differences associated to active metabolism
The DNA fragments recovered from EFC and LFC exhausted
media collected at the end of the runs, where yeast dis-
played either fermentative or respiratory metabolism, re-
spectively, were analyzed by high-throughput sequencing
and bioinformatics (detailed results are in Supplemental
Dataset S1). The mapping procedure, showed 2133 and
12030 contigs for EFC and LFC, respectively, aligning on the
yeast genome (Table 1). Such difference between the sam-
ples was consistent when also considering the total length
in kbp of the contigs coverage (Table 1). Additionally, DNA
fragments were also obtained from EFC medium during the
exponential growth phase (EFC-6 h), when metabolism was
still respiratory, and submitted to the same bioinformatic
pipeline, producing a total of 3885 contigs (Table 1).

Contigs were relatively evenly distributed across all
chromosomes in all samples, with contigs counts per Mbp
across chromosomes equal to 165 + 35, 313 + 40 and 974 +
110 in EFC, EFC-6h and LFC exhausted media, respectively.
A remarkable exception to such pattern was the distribu-
tion of contigs in mitochondrial DNA. Indeed, opposite to
the nuclear chromosomes, mitochondrial DNA was far
more represented in EFC (1251 contigs per Mbp, a value of
almost one order of magnitude higher than that of nuclear
DNA) and in EFC-6h (1228 contigs per Mbp) as compared
to LFC (374 contigs per Mbp, a value much lower than that
of nuclear DNA) exhausted medium.

Fragment length was highly variable, but with similar
mean values in both media (319, 374 and 396 bp in EFC,
EFC-6h and LFC, respectively, Table 1), ranging between
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11 bp and 14.3 kbp in EFC, between 11 bp and 16.8 kb in
EFC-6h, and between 98 bp and 46.9 kbp in LFC. However,
counts of contigs shorter than 100 bp were 577 in EFC, 629
in EFC-6h, and only seven in LFC (Table 1). Then, after fil-
tering the contigs for length > 100 bp, reads counts were
also highly variable, showing different distribution patterns
in the sequenced samples (Table 1). Among the ten most
abundant sequences of length > 100 bp and FPKM (frag-
ments per kilobase per million) > 1000 (Table 1), two map
on chromosome VII and two more on chromosome XVI,
one on each of the chromosomes IV, Xl and XllI, and three
map on the mitochondrial chromosome. It is worth noting
that the latter mitochondrial fragments are far shorter
than all the others. Differently, in LFC we found a homoge-

TABLE 1. Descriptive metrics of the contigs resulting from the
high-throughput sequencing of exDNA fragments purified from
the culture media samples. For each sample, the number,
length and mean FPKM values are shown for all contigs, and
separately for contigs either shorter or longer than 100 bp and,
among the latter, for different classes of FPKM ranges: > 1000,
100-to-1000, 10-to-100, < 10.

Sample
EFC EFC_6h LFC
Contigs > 100 bp
FPKM > 1000
N 10 7 2
Total length (kpb) | 32 15 19
Mean FPKM 2,620 3,818 3,381
100 < FPKM < 1000
N 57 35 3
Total length (kpb) | 160 175 59
Mean FPKM 326 254 136
10 < FPKM < 100
N 1,469 981 90
Total length (kpb) | 471 795 957
Mean FPKM 19 18 23
FPKM < 10
N 20 2,233 11,928
Total length (kpb) | 3 454 3,729
Mean FPKM 10 6 2
All FPKM
N 1,556 3,256 12,023
Mean length (bp) | 428 442 396
Total length (kpb) | 665 1,438 4,763
Mean FPKM 47 21 3
Contigs < 100 bp
All FPKM
N 577 629 7
Mean length (bp) | 26 27 99
Total length (kpb) | 15 17 1
Mean FPKM 123 69 2
All contigs
N 2,133 3,885 12,030
Mean length (bp) | 319 374 396
Total length (kpb) | 680 1,455 4,763
Mean FPKM 68 29 3
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neous reads distribution with only two contigs with FPKM
values higher than 1000 (Table 1), both mapping on chro-
mosome XIl. Finally, the contigs resulting from EFC-6h
showed an intermediate reads distribution pattern, as
compared to the other exhausted media (Table 1). Only
seven contigs showed FPKM > 1000, one on each of the
chromosomes llI, 1V, X, XIlI, XIll and XIV, and one on the
mitochondrial chromosome. Interestingly, the most abun-
dant contigs mapping on the chromosome XIl in all the
three samples fall in the region including ribosomal DNA
(Supplemental Dataset S1).

Considering all the DNA fragments recovered from the
exhausted media, their sequences correspond overall to
5.6% (0.680 Mbp) and 39.2% (4.763 Mbp) of the whole
yeast genome, for EFC and LFC, respectively. The same
figure for the EFC-6h is 12.0% (1.455 Mbp).

By a comparative analysis of the sequencing results of
the exDNA purified from EFC, EFC-6h and LFC along the
different genomic regions and the gene loci, a striking pat-
tern was observed (Fig. 3). Indeed, in many cases, the
reads of the exDNA from EFC and LFC mapped on not over-
lapping genomic regions, as in the examples reported for
chromosome VIl and VIIl. However, noteworthy, the set of
sequence reads recovered from the EFC-6h supernatant
appears to map in regions overlapping and mostly included
in those associated to LFC. Instead, there were not over-
lapping genome regions between the reads at EFC at 6h
and those from the EFC exhausted medium (Fig. 3). Other
examples of differences between EFC and LFC are reported
for chromosomes Xl and XIV with regions exclusive for LFC
or chromosome IV and VIl for EFC (Fig. S6). Instead, note-
worthy, a very different pattern was observed for chromo-
some Xll regions associated to rDNA that were found over-
lapping in all media, both when considering the unique
mapped reads (Fig. 3) and the multiple mapping ones (Fig.
S6A)

It is evident that such different loci coverage could be
associated to either fermentative or respiratory metabo-
lism according to culture conditions. Based on KEGG data-
base, an analysis of the genes number exclusively associat-
ed to respiratory metabolism (TCA cycle, pentose phos-
phate pathway, and oxidative phosphorylation) or common
to both respiration and fermentation (genes of glycoly-
sis/gluconeogenesis and cell cycle) was done in the se-
quenced exDNA fragments, recovered from the exhausted
media of EFC, LFC, and EFC-6 h and reported in Table 2.

Data in Table 2 show a comparison among the se-
quences recovered from the different supernatants, re-
porting the number and percentage of genes in the differ-
ent growth conditions. Focusing on the coding regions rep-
resentative of the metabolic processes, clear differences
among the samples are evident. In EFC, it is apparent the
reduced number of genes related to respiratory metabo-
lism compared to LFC and EFC-6 h, the latter both exhibit-
ing a respiratory metabolism. The same analysis, per-
formed for the eccDNA recovered from 48 h respiratory
cells [33], shows a similarity of such eccDNA with the
exDNA from LFC and EFC-6h. Instead, constitutive genes
related to central glucose pathways and cell cycle were not
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significantly different among the samples from different
origins (Table 2).

Moreover, the reads of sequenced exDNA (Fig. 3),
showed a high, randomly distributed sequence variability,
with many nucleotide mismatches as compared to the cor-
responding sequences in the reference genome. Further
investigation confirmed their specific alignment of exDNA
reads on S. cerevisiae genome and their specific variants.
First, by a BLAST alignment of three different reads map-
ping on the rDNA region against the nucleotide database
(Fig. S7), exclusive hits were found on the same corre-
sponding regions of S. cerevisiae, i.e., on rDNA on chromo-
some Xll. Second, repeating the BLAST alignment, after
excluding S. cerevisiae records from the nucleotide data-
base, produced very few hits, with low similarity values (Fig.
S8).

EXDNA sequences correspond to eccDNA, but depending
on active metabolism
Comparing exDNA fragments with extrachromosomal DNA
circles accumulated in yeast cells grown for 48 h under
respiratory metabolism conditions (eccDNA) [33], we
found a striking correspondence between LFC exDNA and
eccDNA. They showed similarity ratio of 83.6%, when cal-
culated as the number of overlapping fragments (i.e., con-
tigs of exkDNA mapping on regions of the reference genome
overlapping those where eccDNA contigs map) on the total
number of eccDNA fragments, and of 91.2% when calcu-
lated as the length in bp of overlapping fragments on the
total eccDNA length (Supplemental Dataset S1). However,
it should be noted that exDNA included many fragments in
addition to those overlapping eccDNA. Differently, exDNA
from EFC exhausted medium had much less in common
with eccDNA, with a similarity ratio of 20% based on over-
lapping fragments (39.5% in bp), while exDNA from EFC-6h,
still under respiratory metabolism, showed higher similari-
ty to eccDNA (similarity ratios of 27.8% and 45.1%, based
on overlapping fragments and bp, respectively), closer to
the values reported for LFC (Supplemental Dataset S1).
When the comparisons were limited to coding se-
qguences (Fig. 4 and Supplemental Dataset S2), we found
that 1342 (216 + 1126, Fig. 4A) eccDNA genes, correspond-
ing to 70% of all the 1957 eccDNA genes, were also repre-
sented in LFC exDNA fragments. Differently, only 288 (216
+72) eccDNA genes, less than 16% of all the eccDNA genes,
were represented in EFC exDNA fragments (Fig. 4A). Inter-
estingly, when considering the coding sequences in DNA
fragments purified from the EFC-6h medium (Fig. 4B; still
respiratory condition), we found a higher similarity with
both eccDNA and LFC exDNA. In particular, the genes in
common between EFC-6h and eccDNA were 503 (354 +
149, Fig. 4B), corresponding to 25.7% of all the eccDNA
genes, whereas the genes in common with LFC were 1304
(354+950, Fig. 4B), corresponding to 28,2% of all LFC genes.
Confirming the higher similarity of eccDNA with LFC
and the lower one with EFC, we found the following corre-
spondences for the regions overlapping with high copy
eccDNA: HXT6-7 in LFC whereas in EFC only HXT7; ENA and
CUP1 only in LFC; some coding regions within the telomeric
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FIGURE 3: EXDNA sequencing from yeast culture media reveals specific differences associated to active metabolism. Examples of nucleo-
tide reads mapped to the S288C S. cerevisiae reference genome. Shown are samples of sequenced exDNA collected from media of early
respiratory EFC (EFC-6h), late fermentative EFC (EFC), and respiratory LFC (LFC). The reads are aligned on the corresponding parts of ge-
nomic regions of different chromosomes: chromosome VIl (A, B), chromosome VIII (C), and chromosome Xl (D). Blue bars refer to specific
sequence features of the mapped regions. Grey histograms represent mapped reads coverage. Coloured boxes indicate individual reads
nucleotide mismatches, with respect to the reference genome sequences. Magnification of a portion of chromosomes Xll, showing the high
degree of mismatch rate, is shown in the inset (D).
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TABLE 2. Number and percentage of genes in sequenced exDNA from exhausted media of different fedbatch conditions (EFC and LFC at
the end of the runs and EFC at 6h) compared to eccDNA [33]. The percentages refer to genes included in specific KEGG metabolic path-
ways either exclusively associated to respiratory metabolism (TCA cycle, pentose phosphate, oxidative phosphorylation) or common to
both fermentative and respiratory metabolism (glucose pathways and cell cycle).

ToE | e | P | e | KRG |

Genes i"M'I(:yGG path- 31 28 76 55 130
EFC 1001 2 6% 3 11% 0 0% 10 18% | 24 | 18%
EFC_6h 1823 7 23% 11 39% 2 3% 17 31% | 45 | 35%
LFC 4632 2 71% 23 82% 4 5% 40 73% | 101 | 78%
eccDNA 1861 16 52% 10 36% 2 3% 0 0% | 42 | 32%

Y prime in all conditions, for example the genes YBL113C
and YFLO66C were found in LFC but not in EFC (Supple-
mental Dataset S2).

Regarding mitochondrial DNA in eccDNA, it was report-
ed as a single fragment of 85 kbp [33], whereas the contigs
of mitochondrial DNA resulting from our study in all condi-
tions were shorter by two orders of magnitude, ranging on
average between 172 and 333 bp (Supplemental Dataset
S1).

Then, the overall comparisons of the exDNA purified
from our yeast culture media with eccDNA clearly indicates
a greater similarity of DNA from cells displaying the same
metabolism. This result agrees with the outcome of KEGG
pathways analysis of genes related to respiratory metabo-
lism reported in Table 2.

The onset of growth inhibition arrests the cell-cycle in S
phase

The progression of cell cycle in the yeast populations in
both EFC and LFC was monitored by flow cytometry (FCM)
based on the differences in DNA content and cellular size,
so permitting the identification of the pre-replicative (GO
and G1), DNA synthesis (S), post-replicative and mitotic
(G2/M) phases. The dynamic trends for each stage of the
cell cycle in the yeast population, during both the feeding
phases of EFC and LFC, are reported in Fig. 5A, with the
corresponding outputs of the bi-dimensional FCM analyses
in Fig. 5B.

Looking at the dynamic trends along the runs, cells
were initially in active division with higher levels of G1 and
G2/M states, which later declined with the progression of
the cultures, whereas levels of both GO and S cells in-
creased, reaching values over 40%. From 10 h onwards, the
two cultures showed different trends, with GO and S states
stabilizing in EFC at high comparable levels, whereas, in LFC,
the cells in the S phase progressively decreased reaching a
final GO dominance (Fig. 5A).

In bi-dimensional FCM plots (Fig. 5B), it can be noticed
that in EFC the population of S phase cells showed a split in
two sub-sets, which was evident from 8 h onward, tending
to merge again at the end of the run. Differently, such divi-
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sion is not observed in LFC, with only one population of
cells in S phase, decreasing abundance after 10 h until the
end of the run.

The Fig. 5C highlights the distribution of the population
in the S phase during the EFC run. The occurrence of a bi-
modal distribution is set between 8 and 24 h, with an ac-
cumulation of a sub-population in the region with lower
fluorescence intensity (early stages of S phase).

Moreover, for reference, an assessment of the cell cy-
cle of a yeast population in a typical batch cultivation on
glucose is shown, during either exponential or stationary
phase, with the former being dominated by active cell divi-
sion, while the latter characterized by quiescence induced
by starvation, with dominance of GO cells (Fig. 5D).

In Fig. 5E, a summary comparison of the yeast popula-
tions in the different cell cycle phases, in either batch or
fed-batch cultivations, is reported. As compared to the
starved batch culture, dominated by a large percentage of
GO cells, in EFC at 30 h the growth arrest corresponds to an
unexpected high percentage of the population in S phase,
along with the GO cells. LFC population at 30 h, instead,
shows a level of S cells comparable to the batch starved
condition (Fig. 5E).

DISCUSSION

In batch cultures, microbial populations exponentially pro-
liferate, until unavoidable stationary phase is reached, due
to nutrient depletion [38]. Otherwise, fed-batch cultiva-
tions, with continuous flow of nutrients to the vessel, allow
prolonged growth with the achievement of higher cell den-
sities than in batch [39-41]. However, also in such systems,
the population growth always shows a logistic trend, inevi-
tably reaching a limit to the maximal attainable cell density,
despite the maintenance of nutrient availability [42-44].

In S. cerevisiae fed-batch cultures, the occurrence of
growth curve inflections was thoroughly discussed in terms
of a negative feedback due to the inhibitory effect of a
growth-linked by-product accumulation [31]. The experi-
ments presented here confirmed the occurrence of a
growth rate decline in the yeast cultures under two differ-
ent feeding conditions, EFC and LFC. Both cultures reached
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LFC

the same value of final biomass, thus reflecting a compara-
ble occurrence of inhibition, despite the different cell me-
tabolism displayed. Indeed, both systems started with the
same exponential glucose feeding that was set in such a
way to ensure a respiratory metabolism after the batch
phase completion. Instead, during the EFC run, the pro-
gressive increase of feeding induced the metabolic shift to
fermentation, typical for the glucose-sensitive yeast
S. cerevisiae under high glucose concentrations [45, 46].
Differently, in LFC, the modulation of glucose feeding, with
its controlled progressive reduction following the growth
rate decline, avoided sugar accumulation in the medium,
allowing yeast metabolism to remain respiratory for the
whole run. So, the two cultivation strategies allowed us to
collect and process medium samples deriving from cultures
under either initial respiratory and then fermentative me-
tabolism (early and late phases of EFC culture, respectively)
or always maintained under respiratory conditions (LFC).
These different metabolic dynamics are clearly displayed
by the changes of *H NMR profiles during the fed-batch
runs.

In a previous modelling work [31] it was hypothesized
that the accumulation of an inhibitory compound in yeast
fed-batch cultures was proportional to cell population
growth. Here, we provide evidence that the molecule in-
hibiting yeast proliferation is the exDNA accumulated in
the medium.

The general metabolomic H NMR analysis of the cul-
ture media highlighted the statistical significance of emer-
gent negative correlation between DNA-related *H NMR
signals and yeast growth rate. This result clearly supports
the hypothesis of DNA as the major growth inhibitor, and it
is unequivocally highlighted in EFC, with the absence of
other significant negative signals for different organic
compounds. Instead, in LFC, the same correlation analysis,
while confirming the negative correlation of DNA signals,
also showed many other nutrient related signals simulta-
neously associated to the growth rate decrease, as ex-
pected, because of the progressively limited feeding in this
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FIGURE 4: ExDNA sequences
EFC 6h correspond to subsets of
eccDNA depending on active
metabolism. Venn diagrams
comparing genes found in
eccDNA with those occurring
in exDNA from different
growth media. Genes com-
pletely or partially represent-
ed in at least one S. cerevisiae
eccDNA sample (N=1957) [33],
are compared to those occur-
ring in exDNA purified from
exhausted media of LFC and
either EFC (A) or EFC 6h (B).
ExDNA from respiratory LFC
and, to a lesser extent EFC 6h,
shows higher similarity with

eccDNA as compared to the
LFC fermentative EFC.

culture system. No significant increase has been observed
for the 'H NMR signals of known putative inhibitory me-
tabolites belonging to the classes of aromatic alcohols (2-
phenylethanol, tryptophol and tyrosol) and saturated me-
dium-chain C6, C8 and C10 fatty acids [47, 48].

Indeed, the ssDNA recovered from the exhausted me-
dia of both EFC and LFC showed accumulation profiles dur-
ing the runs. Noteworthy, such exDNA increasing concen-
tration still occurred even after reaching the growth plat-
eau, thus reflecting a process related to a general metabol-
ic activity rather than to cell division only. The amounts of
exDNA in the media at the end of the culture runs were in
the range of concentrations of exDNA reported in the me-
dia of different microbial isolates [49]. They were similar in
both EFC and LFC, with ssDNA always more than 98% of
the extracted amount.

The occurrence of exDNA has not been reported in
S. cerevisiae cultures so far. Of note, however, exDNA has
been detected in the exopolymeric matrix of biofilms of
another yeast species, Candida albicans, constituting
around 5% of the weight of the matrix and composed
largely of random non-coding sequences [6].

Looking at the sequences of the exDNA recovered from
the yeast culture media, we found a large dominance of
rDNA in all the samples, i.e., of fragments associated to the
ribosomal region on chromosome XIl. These were found
identical for both EFC and LFC, as well as in both EFC sam-
pling times. Instead, striking differences were found be-
tween other regions associated to exDNA fragment map-
pings, with the exDNA sequences significantly reflecting
the different active metabolism of yeast under the two
conditions, either fermentative or respiratory.

The DNA fragments recovered from EFC were shorter
and not overlapping with the significantly larger contigs
found in LFC. Instead, the DNA fragments recovered for
early EFC (at 6 h, when cells were still under respiratory
metabolism) resulted to be included in the larger set of
contigs reconstructed from LFC, where a respiratory me-
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FIGURE 5: Flow cytometric analysis (FCM) of the cell cycle shows an arrest in S phase despite unlimiting nutrient availability. (A) Dynamic
trends of the yeast population in the different cell cycle phases (G1, GO, S, G2/M) during the feeding phase of either unlimiting (EFC) or limit-
ing (LFC) nutrient availability. (B) Representative outputs of the bi-dimensional FCM analyses at different times of the feeding phase of EFC
and LFC. In the dot plots of each panel, GO, G1, S, and G2/M cell cycle stages are identified according to both forward scatter signal (FSC-A)
and green fluorescence (FL1-A), representing cell size and DNA content per cell, respectively. (C) S phase heterogeneity in the yeast popula-
tion during the EFC feeding phase. The histograms show the fluorescence (FL1-A) distribution during the S phase of the EFC. Starting from 8 h,
a doubling of the population, in terms of fluorescence intensity, is evident, while at the end of the cultivation run a convergence towards only
one fluorescence peak is observed. (D) Outputs of the bi-dimensional FCM analyses for a yeast population in a batch exponential and starved
culture. (E) Comparison of the percentages of the yeast population in each phase of the cell cycle (G1, GO, S, G2/M) in different culture condi-
tions: batch (exponential), batch (starved), EFC (30 h of feeding), LFC (30 h of feeding).

tabolism was maintained during the whole run, as consist-
ently observed in different chromosomes.

Considering the total exDNA recovered from the su-
pernatants, it is relevant that it did not represent the
whole yeast genome, but only 5.6 and 39.2% for EFC and
LFC, respectively. This evidence was indicative of an active
release of the nucleic acid into the medium, excluding a
derivation from cellular lysis.

Pioneer studies reported the accumulation of DNA cir-
cles inside yeast cells in association with cell aging process
[32]. Later on, eccDNA was reported in yeast [33], ranging
in size from 1 to 38 kb and corresponding to 22% of the S.
cerevisiae genome. These results were extended to differ-
ent yeast strains, also showing reduction of eccDNA after
15 cell divisions [35]. In this context, the circular DNA ac-
cumulation has been discussed as a general phenomenon
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in eukaryotic cells, with sequences arising from different
parts of eukaryotic genomes [50, 51], and possibly involved
in cell aging [52].

The comparison between the eccDNA [33] (recovered
from respiratory cells after 48 h batch cultures) with the
exDNA recovered from our cultivations clearly showed a
significant similarity of sequences with the respiratory LFC,
and a much reduced correspondence with the mostly fer-
mentative EFC. This was consistent both when considering
the whole sequencing products and, more interestingly,
when focusing the analysis on known high copy eccDNA
(rDNA, Telomeric Y prime, CUP1, ENA, HXT6-7) that are
always recovered in the LFC, but only partially in EFC
exDNA. Moreover, the comparison of eccDNA with the
sequences from early respiratory EFC consistently showed

Microbial Cell | in press



E. de Alteriis et al. (2023)

an intermediate similarity, lower than that found with LFC,
but higher than that observed with EFC.

Noteworthy, the bioinformatic analysis by KEGGS
pathways showed that the fragments from LFC included
sequences of genes of specific metabolic pathways associ-
ated with respiratory metabolism, that were mostly absent
among the fragments from EFC.

Different mechanisms of production of free circulating
DNA fragments have been reported, reviewing their differ-
ent origins, such as necrosis, apoptosis, and active secre-
tion by living cells. The relative frequency of the sequences
in such fragments was correlated to the density of DNA
packaging into chromatin, so being associated with ge-
nome transcription activity and to the levels of methylation
[12]. These observations of over-represented active re-
gions among extracellular fragments are very consistent
with our results in yeast. In fact, the exDNA recovered from
yeast media was significantly associated with regions con-
taining genes involved with the specific active metabolism
displayed during cultivation, thus suggesting that their
production is from accessible chromatin in transcriptionally
active regions. This is in agreement with the reported sub-
liminal replication activity in these regions [53, 54].

The inhibitory effect of exDNA on yeast growth was
confirmed by the addition of exhausted media from EFC
and LFC to de novo batch cultures. This produced very sig-
nificant growth inhibition, which, in parallel, was reduced
by iterative extractions of DNA from the media by HAP
adsorption. Moreover, higher inhibition levels were shown
by purified DNA. Instead, no inhibition was found when
cells were exposed to the genomic S. cerevisiae DNA. This
finding indirectly shows that growth inhibition was not due
to genomic DNA deriving from possible cell lysis during
cultivations, thus remarking the role of ssDNA released by
living cells. Noteworthy, both exhausted media and ex-
tracted DNA from the fermentative EFC, compared to the
respiratory LFC, induced a higher inhibitory effect on cells
of a batch fermentative culture, suggesting a metabolism
specific effect.

The analysis of the cell cycle dynamics in our fed-batch
cultures by FCM showed that the growth rate decline of
yeast populations, in both EFC and LFC, affected the cell
cycle dynamics in different ways. Indeed, in a batch culture,
the well-known progression into the different phases of
the cell cycle typically showed the entrance of the whole
population in a GO phase in correspondence of the growth
arrest due to nutrient depletion [55]. Instead, our results
highlight, on one hand, that in EFC the growth arrest was
associated to both GO and S phases, with the percentage of
cells in the S phase stabilized at 40% of the total population.
On the other hand, in LFC, the distribution in the S phase at
the end of the run, was like a typical starved batch culture,
presumably due to the co-occurrence of both nutrient de-
pletion and inhibitor accumulation, as also suggested by
the 'H NMR correlation analysis.

The anomalous level of S cells observed at the end of
the EFC happened despite the maintenance of the contin-
uous feeding, thus apparently reflecting the accumulation
of the inhibitor in the medium, even in the absence of nu-
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trients limitation. The peculiarity of this phenomenon was
also highlighted by the observed bimodality of the cell
population in S phase, which appeared in correspondence
with the beginning of the growth rate decline, i.e., the
flexus in the growth curve [31]. Indeed, this can be seen as
an indicator of the onset of the exDNA sensing by the cells,
that either remained blocked in an early stage of the S
phase or progressed along the cell cycle ending up to a
later stop in GO.

Experimental observations of S-phase arrest in a grow-
ing cell population have been reported [56-58]. The intra
S-phase arrest in yeast growth are presumably due to
stalling replication, triggering the intra-S phase checkpoint,
and are generally due to replication stress that impairs the
processivity of the normal replisome [59, 60]. It is well
known that ssDNA may be the crucial effector in response
to replication stress in yeast [61]. In addition, interestingly,
it is known that a threshold level of ssDNA exists that de-
termines DNA damage checkpoint activation, although the
amount of ssDNA required to reach the threshold is not
clear [62].

On the base of the above reported findings, we pro-
pose a new speculative model, which takes shape integrat-
ing in one conceptual picture the exDNA production and its
inhibitory function, as schematically represented in Fig. 6:
the production of free DNA fragments could be seen as the
unavoidable side effect of unscheduled single stranded
DNA synthesis within active transcription regions. This idea
mirrors the recent finding that RNA transcription persists
during DNA replication [54]. In other words, we suggest
that, during active transcription, it is likely that nucleotide
strands can be erroneously duplicated, thus producing
fragments of ssDNA, which are fated to accumulate inside
the cells and then continuously released into the extracel-
lular environment. In this view, the eccDNA can be seen as
the intermediate phase of the ongoing flow from the nu-
cleus to the external environment, in which exDNA can be
found at the end of the process.

As underlined, we found a large dominance of rDNA
fragments in all samples of exDNA, independently of the
metabolism displayed. This is consistent with the proposed
mechanism because the rDNA is known to be present in
multiple copies and the ribosome production is always
active, under both fermentative and respiratory conditions.
Work by Kobayashi and co-authors [63] described a phe-
nomenon of instability of repeated ribosomal sequences,
explaining the production of intracellular rDNA fragments,
and interpreted this process as the driving mechanism of
cellular aging.

The observed high heterogeneity of the sequences of
exDNA supports the hypothesis that these fragments come
from failing replicative initiations, thus providing waste-
DNA replicons. This idea is further supported by the evi-
dent random distribution of the mismatches in the reads of
exDNA that cannot be associated to the typical polymor-
phism of different haplotypes.

Therefore, the eccDNA found inside the cells and the
exDNA recovered from the media appear to be different
frames of a unique process, i.e., the active secretion of
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FIGURE 6: Model hypothesis of metabolism specific exDNA production and inhibitory effect in yeast cultures. (A) Production of single
stranded DNA (ssDNA) fragments in the nucleus, with eccDNA formation, their moving through the cytoplasm, and release into the medium
(exDNA). (B) The ssDNA production is associated to open transcription regions, so fragments that accumulate in the medium present specif-
ic sequences associated to the active metabolism. Respiratory cells produce a larger variety of exkDNA compared to fermentative cells,
whereas fragments from common regions of the genome, such as ribosomal DNA, are equally produced by all cells, irrespectively of their
displayed metabolism. The inhibitory effect of exDNA is higher when cells are exposed to specific exDNA sequences corresponding to the

active regions of the genome.

waste-DNA material. This is also in accordance with obser-
vations that secretion of exosomes in mammalian cells
containing various lengths of chromosomal DNA fragments,
maintains cellular homeostasis by removing harmful DNA
from cells [64].

According to our model, although speculative and still
requiring further experimental confirmation, the secretion
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of exDNA is a spontaneous process, leading to an emergent
property at population level, that is a metabolism specific
inhibition on cell proliferation. We suggest that ssDNA
fragments when sensed as DNA damage, induce a quorum
sensing action activating a regulatory cascade, leading to
cell cycle arrest (Fig. 6).
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In conclusion, the occurrence of exDNA in yeast cul-
tures, its metabolism specificity, and the inhibitory effect
on cell proliferation, paves the way to a new scenario of
studies on actively secreted DNA by living cells. Further
investigation is ongoing to elucidate the mechanism of
action of the observed inhibitory effect of exDNA by both
transcriptomic and metabolomic in depth analysis, coupled
with an accurate mass and carbon balance. Also, the
mechanism of release of exDNA in the culture medium is a
topic of major relevance requiring future focused investi-
gation in the context of vesicles trafficking at membrane
level.

Moreover, in terms of application, it will be interesting
to assess the relevance of exDNA as a self-produced inhibi-
tory compound for its impact in the management of mi-
crobial cell cultures in bioreactors.

Limitations of the study

One limitation of the present study is that experiments
have been performed using only one strain of S. cerevisiae,
the CEN.PK 2-1C, already studied in our previous work [31].
Here we used the same strain to identify the inhibitory
compound. Indeed, this strain is considered as a reference
strain belonging to the CEN.PK family of isogenic laboratory
strains constructed with the expressed aim of meeting the
requirements of physiologists, geneticists, and engineers
[65]. However, further studies should extend the investiga-
tion to other S. cerevisiae strains and different yeast spe-
cies.

A second limitation regarding the possible generality of
our findings is that fed-batch cultures were done only with
glucose as carbon and energy source to induce two differ-
ent fundamental metabolisms. A larger variety of sub-
strates and cultivation modes could allow to check the
level of specificity of DNA secretion under other condi-
tions.

MATERIAL AND METHODS
Experimental cultures
The strain selected for the study of growth inhibition during
fed-batch cultures was CEN.PK2-1C (MATa ura3-52 his3-D1
leu2-3,112 trp1-289 MAL2-8c SUC2), purchased at EUROSCARF
collection (www.uni-frankfurt.de/fb15/mikro/euroscarf).
Aerobic fed-batch cultures were performed in a 2.0 L
working volume of a stirred fermenter, Bioflo 110 (New
Brunswick Scientific) at 28°C. The vessel initially contained 1 L
of a medium prepared [66] with 2% w/v glucose, vitamins and
trace elements, and supplemented with 10 g L™! of casamino
acids (BD Bacto TM Casamino Acids, BectonDickinson & Co.,
Sparks, MD 21152 USA). Uracil, histidine, leucin, tryptophan
were added to fully cover the yeast strain request for the en-
tire fermentation run [67]. The reactor was inoculated with an
adequate aliquot of a pre-culture in the exponential phase, to
give an initial optical density at 590 nm (0.D.sg) of 0.04. After
an initial batch phase (15 h), where glucose was depleted, the
reactor was fed with a solution containing 50% w/v glucose
and salts, trace elements, glutamic acid and vitamins [68].
Oxygen was supplied to the reactor by air sparging. The
dissolved oxygen tension (DOT) was kept at 30% air saturation
by the cascade system, by controlling the impeller speed, or,
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when this reached its maximum value (1,000 rpm) by enrich-
ment with pure oxygen. The culture pH was maintained at
5.00 by automatic addition of 2N KOH during batch phase, and
10% v/v NH4OH during fed-batch phase. The foam level in the
fermenter was controlled by the automatic addition of anti-
foam B (Sigma Aldrich) solution at 10% v/v.

After the initial batch phase (15 h), a fed-batch culture was
performed by supplying the reactor with two types of feeding
regimes, both starting with an exponentially increasing feed-
ing at a specific feed rate (SFR) of 0,16 h-1. Hereafter, we
named the two types of fed-batch cultures “exponential feed-
ing culture” (EFC) and “limited feeding culture” (LFC), respec-
tively.

The exponential feeding was calculated according to:

F(t)= Fo-exp (SFR-t)
where F(t) is the time-dependent feed rate, Fpis the initial
feed rate and SFR is the specific feed rate (h-1) which, in ideal
conditions [69], is equal to the population specific growth rate
(u). The SFR value was below the u critical value for the se-
lected strain in correspondence of which ethanol begins to be
produced [65].

In EFC, the exponential feeding was maintained all over
the run. Differently, in LFC, a similar starting feeding regime
(Eq. 1) was applied, followed by a logistically decreasing SFR
value. In detail, the SFR starting from the initial value of 0,16 h-
1 was progressively decreased, so to follow the specific growth
rate (u) decline of the culture, as already reported [31].

The panel A in Figure S1 shows the two different feeding
profiles in EFC and LFC.

Samples of culture medium were collected from the reac-
tor at different times (from 0 to 15 h of the batch phase, and
from 0 to 30 h of the feeding phase) during the two experi-
mental runs. Supernatants were recovered after centrifuga-
tion (3000 g, 5 min) followed by filtration (Stericup® Millipore
Express®, 0,22 um diameter), and used for analytical determi-
nations of ethanol. Supernatants from the feeding phase were
used for extraction of DNA and for 'H NMR analysis as de-
scribed below. Supernatants at the end of EFC and LFC runs
(exhausted media) were also used for experiments of inhibi-
tion of yeast growth.

Yeast cell mass was determined by O.D.sg0 and dry weight
determination. The calibration curve relating 0.D.sqo values to
biomass density provided a correlation factor of 2.30 O.D.sgo
per g L. Absence of loss in cell viability during fed-batch runs
was determined by viable count (in triplicate) on YPD (yeast
extract 1%, bactopeptone 2%, dextrose 2% w/v) agar plates,
incubated at 28°C for 48 h.

Ethanol in the supernatants were determined by Ethanol-
enzymatic kit from Megazyme (Megazyme International, Ire-
land Ltd.). No ethanol was present in the exhausted medium
from LFC, as expected. Instead, ethanol in the EFC exhausted
medium was reduced down to 0,03% v/v, following vacuum
distillation at 37°C using a Buchi R-215 (Biichi Labortechnik AG,
Switzerland) rotary evaporator.

1H NMR characterization of the culture supernatants
IH NMR spectra were acquired for samples of supernatants
collected from both EFC and LFC during the feeding phase at 8,
10, 12, 14, 16, 18, 20, 22 and 30 h and of the nutrient medium
before yeast inoculation.

Samples (1 mL each) were centrifuged (3000 g, 5 min), ly-
ophilized and kept at -20°C for 'H NMR analysis. Experiments
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were performed in triplicate to assure their reproducibility. 1H
NMR spectra were acquired after solubilization of the dry
residue with 600 pL of deuterium oxide (99,8% D,0) and
transferred into a 5 mm NMR tube. DSS (Sodium trimethylsi-
lylpropanesulfonate) was used as internal standard and the pH
was adjusted to 6.0 by using KH,PO4 as a buffering agent and
1N NaOD [70]. The spectra were acquired at 298K on a Bruker
Avance NEO 600 MHz spectrometer. The recycle time was set
to 5s, and a 45-pulse angle was used. Chemical shifts were
referred to DSS signal (0.00 ppm) and the residual solvent
signal for D,0 resonated at 4.70 ppm. All spectra were pro-
cessed using 'H NMR program (www.inmr.net), phased and
baseline corrected manually. Spectral peak assignments of
nucleotides were obtained by comparison with data reported
in the literature [71] and standard nucleotides, purchased by
Sigma-Aldrich, registered in our laboratory.

To obtain quantitative information of the detected com-
pounds, the 'H NMR spectra were preliminarily normalized
and reduced to integrated regions of equal widths (bins = 0.01
ppm), corresponding to 0-10 ppm and subsequently converted
to ASCII files using the software package 'H NMR v. 5.1.2
(Mestrelab Research, Molfetta, Italy). Peak quantification was
performed by signal integration relative to the internal stand-
ard, with peak intensity expressed as parts per thousand with
respect to the whole spectrum once the region of the residual
solvent peaks was excluded.

Extraction of exDNA from culture supernatants
exDNA was directly extracted and purified from aliquots (5
mL) of filtered supernatants collected at different time during
the feeding phase of both EFC and LFC. DNA extraction kit
particularly indicated for complex matrices (DNeasy®
PowerMax® Soil Kit, Qiagen, USA) was used following the
manufacturer instructions. Briefly, each aliquot was placed in
a 50 mL falcon tube containing beads (0.7 mm diameter) and a
lysis buffer on a rotating mixer (40 rpm) for 30 min. After cen-
trifugation (4°C, 3 min, 2500 g) the supernatant was collected
and subjected to 5 cycles of purification and centrifugation to
precipitate additional non-DNA organic and inorganic com-
pounds (including cell debris and proteins). At the end of puri-
fication, all DNA samples were suspended in 5 mL H,0 and
quantified. Purity of the samples was checked verifying the
ratios Azeo:Azs0 and Aze0:Az30 by Nanodrop spectrophotometer
(Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Furthermore, aiming to confirm the occurrence of exDNA
in the culture medium, a different procedure of extraction was
followed in the case of the exhausted medium of EFC, i.e. the
conventional operating mode for fed-batch systems. This was
made by adsorption of the exhausted medium on hydroxyap-
atite (HAP) column, according to Anker et al. (1975) [15] with
some modifications described below. The medium was loaded
on a HAP (Hydroxyapatite DNA grade: Bio-Gel HTP) column,
which was previously adapted in 0.005 M phosphate buffer pH
6.8, pre-heated at 60°C. The column was eluted with 0.005 M
PBS and the collected fraction was called A. Single-stranded
DNA (ssDNA) was eluted from the column with 0.12 M phos-
phate buffer and called B, while the double-stranded DNA
(dsDNA) was eluted from the column with 0.48 M phosphate
buffer and called C. The column was then equilibrated with
0.005 M phosphate buffer. The extraction procedure by HAP
of exDNA from the exhausted medium was repeated nine
consecutive times collecting all intermediate A fractions (ex-
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cluded volumes after passage through the column), which
were used for de novo inhibitory experiments on yeast growth.
Fractions B and C were used to determine the amount of ssD-
NA (ng uL1) and dsDNA (ng pL2).

DNA was quantified by fluorimeter Qubit™ 3.0 using Qubit
dsDNA HS Assay Kit, and Qubit ssDNA Assay Kit, (Life Technol-
ogy, Carlsbad, California, USA). Also, RNA was detected in the
samples by Qubit RNA BR Assay Kit (Life Technology, Carlsbad,
California, USA).

The quality of samples was assessed by NanoDrop spec-
trophotometer (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). Fluorometric quantification assays were made
on all samples to determine the amount of ssDNA (ng uL?),
dsDNA (ng uL1), and RNA (ng pL1).

Sequencing of exDNA and bioinformatic analysis of exDNA

In the case of EFC, samples of supernatants were collected at
6 and 30 h when the culture exhibited either respiratory or
fermentative metabolism, respectively. Instead LFC superna-
tant was sampled only at 30 h, since the respiratory metabo-
lism was maintained constant across the whole run. The col-
lected supernatants from two biological replicates were di-
rectly subjected to amplification by using REPLI-g kit (Quiagen)
that operates a random amplification with minimal sequence
bias on both ssDNA and dsDNA.

The amplification products (EFC 6_h, EFC and LFC) were
sequenced by the llluminaNextSeq500 1X150 (single-read).
The raw reads per sample were cleaned from adaptors and
low-quality bases wusing the Trim Galore package
(http://www.bioinformatics.babraham.ac.uk/projects/trim ga
lore/), applying the default settings for single read sequencing.
The cleaned reads were then mapped onto the Yeast genome
(5288C, r64) downloaded from the Saccharomyces Genome
Database using the STAR software (version 2.4.2a) [72] and
accepting up to 50 mismatches.

The map of the reads versus the genome was performed
following two different criteria by reporting either “multiple”
hits (to detect all matches that each read can find on the ge-
nome) or reads with “unique” hits on the genome. The se-
guence analysis to assess the specificity of exDNA sequences
recovered from the supernatants was performed by the BLAST
tool versus the nucleotide sequence database (GenBank) at
the NCBI web site.

Comparative analysis of exDNA vs. eccDNA

To assess the degree of similarity among DNA fragments ac-
cumulating in the exhausted media, in EFC 6 h supernatant,
and those occurring in the yeast cells collected after 72 h of a
batch culture, i.e., under respiratory metabolism [33], two
datasets were used. They included: (i) the results of high
throughput DNA sequencing, as well as alignment on yeast
genome, of EFC and LFC fragments (from exhausted media
and EFC 6 h), (three different replicated samples; Supple-
mental Dataset S1); and (ii) the extrachromosomal circular
DNA (eccDNA) [33].

In both datasets, the location on the genome (reference
SGD), the length in bp and the abundance (number of reads,
standardized and expressed as FPKM), as well as the list of
genes completely or partially overlapping to each DNA frag-
ment found in the samples are reported.

Therefore, the comparative analysis was carried out con-
sidering three different metrics of similarity among the sam-
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ples: a) the number of bp in common between the two sam-
ples (i.e. aligning at the same position on the reference yeast
genome); b) the number of overlapping contigs between the
two samples; c) the number of genes in common between the
two samples. All metrics were expressed as raw values or as
percentages of the total numbers in either sample considered
in the comparison. Results were presented as tables or, in the
case of gene numbers, as Venn’s diagrams.

Moreover, the list of genes of the pathways associated to
yeast respiration or common to both respiration and fermen-
tation (genes of cell cycle and glycolysis/gluconeogenesis) was
obtained from KEGG database (https://www.kegg.ip/kegg/) in
the KEGG pathways section
(https://www.kegg.ip/kegg/pathway.html).

Inhibitory effect of exhausted media and exDNA on yeast
growth

The inhibitory effects of both exhausted media (also after
passage through the HAP column) and extracted exDNA were
tested on yeast growth in batch cultures. Aiming at this, batch
cultures were set up in 50 or 5 cm-3shake flasks (10 or 1 mL
final working volumes), in the case of tests with exhausted
media or exDNA, respectively. Flasks contained the same min-
eral medium used for fed-batch cultivations, with 2% glucose,
supplemented with casamino acids, uracil, histidine, leucin,
tryptophan, vitamins and trace elements, as reported above.
In the case of the inhibitory tests with exhausted media, the
latter were added to the substrate up to a final concentration
of 75% v/v. In the experiments with exDNA from EFC and LFC,
the purified nucleic acid was added so to have a final concen-
tration of 3.0 ng uL?, which was the concentration found at
the end of the fed-batch runs. As heterologous DNA (nonself-
DNA), a commercial fish sperm ssDNA (Roche Diagnostics,
Netherlands) provided as a pure, sonicated, denatured single-
stranded DNA fragment mixture (chain length 120 to 3,000
nucleotides) was used at the same final concentration of 3.0
ng ULl In addition, another heterologous DNA, genomic DNA
extracted from Candida albicans ATCC 90028 was used. More-
over, a genomic DNA of S. cerevisiae CEN.PK 2-1C was also
used in the inhibition test. Both genomic DNAs were prepared
from 24 h cells grown in YPD medium at 30°C, following the
standardized protocol already reported [26]. Both genomic
DNAs were used at 30 ng uL? final concentrations in the inhi-
bition test.

Pre-treatment of exDNA with S1 nuclease (Promega Co.,
Madison WI, USA) or with DNAse (Promega) was performed
incubating the exDNA samples in the presence of the enzyme
at 37°C for 2 h, following the manufacturer’s instructions.

Supplementary experiments were also performed adding
the amplification product obtained by Repli-g from EFC in
inhibitory experiments on yeast growth. The amplification
product was sonicated [26] and added to de novo batch cul-
tures at concentration ranging from 10 to 80 ng uL' Pre-
treatment of such amplified DNA with DNase (Promega) was
performed incubating DNA in the presence of the enzyme
following manufacturer’s instructions.

Also, RNA extracted from S. cerevisiae CEN.PK2-1C strain,
in parallel with a heterologous RNA from human Hematopoi-
etic Progenitor Cells (HPC) available in the laboratory were
used in inhibition tests. Both RNAs were extracted by using
RNeasy micro kit (Qiagen) following the manufacturer’s in-
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structions., and used at final concentrations of 3, 15 and 30 ng
pLt

Flasks were inoculated with an adequate aliquot of a yeast
pre-culture, to give an initial O.D.sgo of 0.1 and incubated at
28°C, 200 rpm. Yeast growth was checked after 12 h incuba-
tion by determining cell density (O.D.sg0). Data are mean val-
ues of 0.D.sqp assessed after the incubation time expressed as
percentage of untreated control (=100).

Flow Cytometric Analysis (FCM)

The cell cycle dynamics was studied during the feeding phases
of the two fed-batch runs, EFC and LFC, by assessing the DNA
content in the yeast cells by cytofluorimetric analysis. Aiming
at this, yeast cell samples, collected from the bioreactor at
different times during the feeding phase of both EFC and LFC,
were centrifuged (3000 g, 5 min) to obtain cell pellets. Then,
cells were re-suspended and fixed in 75% v/v ethanol, added
dropwise under continuous vortexing to avoid cell agglomera-
tion.

Fixed cells were centrifuged, treated with 1 mg mL?
DNase-free RNAse A (Sigma-Aldrich) and stained with SYTOX
Green (1 uM, Invitrogen™, Aex 504 nm/ Aem 523 nm) as DNA
binding dye [73]. Cells were acquired by Gallios Flow cytome-
ter, equipped with three lasers (405 nm, 488 nm, 633 nm,
Beckman Coulter, Milan, Italy) and data were analysed with
Kaluza Analysis Software v. 2.1 (Beckman Coulter).

In parallel, from a batch culture set up at 28°C with the
same culture medium [66, 67], yeast cells were collected at
0.D.sg0 = 0,6 (exponential cells) and after seven days (starved
cells), to be used as reference samples. Cells collected from
the batch culture were processed for flow cytometric analysis
as reported above.

Statistical analysis

An extensive correlation analysis [74] was performed consid-
ering the linear correlation (Pearson’s r) between yeast
growth rate (i.e. A mass/ A t, with A t = t-ti.; at each i-th ob-
servation time) in the growing media and 'H NMR data rec-
orded for the same media at each resonance signal (n = 1000,
from 0.01 ppm t 10 ppm with interval 0.01 ppm), providing a
fine-resolution profile of the variation in H types in the tested
media with its associated effect on yeast growth. In this way, a
significant correlation, either positive or negative, indicated a
causal effect, either enhancing or inhibiting on yeast growth,
respectively, specifically attributable to the molecular trait of
the medium corresponding to the 'H NMR signal. Two thresh-
old levels were considered for significant correlations (p<
0.001 and p< 0.05).

Considering the bioassays testing the effects of exhausted
media, DNA purified form the same media, and heterologous
DNA on yeast growth, a one-way ANOVA was run on the de-
pendent variable expressed in percentage of the untreated
control, considering the treatment as the dependent variable
(five levels: EFC and LFC media, EFC ad LFC DNA, heterologous
DNA). Pairwise significant differences among treatments were
assessed by Tuckey posthoc test at a = 0.05.

Materials and resources

Details on all used reagents, yeast strains and software can be
found in Table S2.
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