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ABSTRACT The urban plan of Palermo (Sicily, Italy) has evolved throughout Punic,
Roman, Byzantine, Arab, and Norman ages until it stabilized within the borders that
correspond to the current historic center. During the 2012 to 2013 excavation cam-
paign, new remains of the Arab settlement, directly implanted above the structures of
the Roman age, were found. The materials investigated in this study derived from the
so-called Survey No 3, which consists of a rock cavity of subcylindrical shape covered
with calcarenite blocks: it was probably used to dispose of garbage during the Arabic
age and its content, derived from daily activities, included grape seeds, scales and
bones of fish, small animal bones, and charcoals. Radiocarbon dating confirmed the
medieval origin of this site. The composition of the bacterial community was character-
ized through a culture-dependent and a culture-independent approach. Culturable
bacteria were isolated under aerobic and anaerobic conditions and the total bacterial
community was characterized through metagenomic sequencing. Bacterial isolates
were tested for the production of compounds with antibiotic activity: a Streptomyces
strain, whose genome was sequenced, was of particular interest because of its inhibi-
tory activity, which was due to the Type | polyketide aureothin. Moreover, all strains
were tested for the production of secreted proteases, with those belonging to the ge-
nus Nocardioides having the most active enzymes. Finally, protocols commonly used
for ancient DNA studies were applied to evaluate the antiquity of isolated bacterial
strains. Altogether these results show how paleomicrobiology might represent an inno-

vative and unexplored source of novel biodiversity and new biotechnological tools. Editor Feng Gao, Tianjin University
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New Sources of Bacterial Biodiversity and Biomolecules

relevance of paleomicrobiology, this work reports a case of germination of putatively
ancient bacterial spores recovered from soil rather than extreme environments. Moreover,
in the case of spore-forming species, these results raise questions about the accuracy
of techniques usually applied to estimate antiquity of DNA, as they could lead to its
underestimation.

KEYWORDS paleomicrobiology, bacterial spores, aureothin, Streptomyces,
Nocardioides, Palermo

he urban plan of Palermo (Panormus as a Phoenician-Punic city) has evolved

throughout Punic, Roman, Byzantine, Arab, and Norman ages until it stabilized
within the borders that today correspond to the current historic center. Generally
speaking, the centrality of this area from the 2nd century BCE to the 3rd century CE
was well known so far (1). The 2012 to 2013 excavations (by Aleo Nero of the BBCCAA
Superintendency, Archaeological Section of Palermo), carried out on the occasion of
urban works, have brought out a new building phase starting from the Arab age that
was not highlighted before and that is implanted directly above the structures of the
Roman age. Wall structures and abundant Arabic ceramics of different types dating
from the mid-10th to the mid-11th century CE have been discovered.

The materials investigated in this study come from the so-called Survey No 3 (2), in
particular from the stratigraphic unit 176 (hereinafter indicated as SU176) (Fig. 1). It
consists in a rock cavity of subcylindrical shape (3.20 m deep and an average width of
0.80 m) covered with calcarenite blocks. This structure was used to dispose of garbage
during the Arabic age, as evidenced by a layer of thousands of perfectly preserved
seeds (particularly grape seeds), together with other organic remains such as scales
and bones of fish, small animal bones, and charcoals. Thus, this deposit was used to
get rid of daily activity remains. The soil is finely grainy and highly organic. SU176 is
sealed by three distinct successive stratigraphic units (Fig. 1B).

The layers of soil and debris have very informative potential and are very useful for
the possibility of reconstructing the ancient environment and landscape. Moreover,
they offer the opportunity to carry out wide-spectrum analyses, including biological
ones. In this context, paleomicrobiology investigations can often provide valuable and
complementary information about past events, taking advantage of next generation
sequencing-based approaches (3, 4). Although most examples of this multidisciplinary
approach regard the study of the natural history of human infectious diseases and
pathogens to understand their evolution and virulence (5-8), other investigations have
been conducted to provide evidences about past human activities (9, 10), to date envi-
ronmental changes (11) and conduct ecological studies about past ecosystems (12,
13), to detect traces of bacterial infections in ancient animal remains (14), and to recon-
struct events occurred in past human settlements (15).

Soil is recognized as one of the richest sources of bacteria producing bioactive com-
pounds (16). In this regard, recent examples of the successful isolation from soil of bacteria
producing interesting and promising biomolecules (e.g., compounds with antibacterial,
antifungal, antiviral, anti-inflammatory, and anticancer activities) are available in literature
(17-22). For instance, such bacteria have been shown to inhibit growth of human and ani-
mal pathogenic microorganisms (23-26). Notably, most of the isolated producer bacteria
belong to the phylum Actinomycetota, in particular to the genus Streptomyces (27, 28).
Thus, the aims of this work were to characterize the composition of the bacterial commu-
nity of the samples collected from Survey No 3 by using both culture-dependent and cul-
ture-independent approaches, and to screen culturable bacteria for their ability to produce
bioactive molecules and hydrolases with biotechnological potential.

RESULTS

Analysis of SU176 content. Content analysis and dating indicated that during the
High Middle-Ages, the pit described in this work might have been used to dispose rub-
bish. Indeed, besides soil, samples contained 210 grape seeds, some metal wastes, a
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FIG 1 Survey No 3 site. A: Top view picture. B: Vertical stratigraphic section (2). Six stratigraphic units were identified and described as
follows (from up to bottom): SU168 had inconsistent materials attributable to infiltration activities occurred during modern age; SU173
had a loose consistency and included loose materials; SU174 had a loose consistency and contained tiles, a few ceramic fragments, and
fragments of cocciopesto; SU175 had a very compact consistency, a greenish color, and contained several ceramic fragments (one of
these was relative to an Islamic overpainted amphora); SU176 (the stratigraphic unit investigated in this work) was black colored
(burnt), with a relatively compact consistency (but slightly less than SU175), and included grape seeds, bone fragments, fish scales and
bones, and coals; SU177 was very compact, beige colored, with rock fragments relating to the construction of the well.

fragment of upper bivalve valves (possibly derived from the biogenic limestone), and
some animal bone fragments (i.e., three sesamoid bones of Canis familiaris, bones,
teeth and scales of fish, and a fragment of sheep long bone). In the case of the grape
seeds, such a quantitatively large finding is very rare. The medieval origin of this site
was confirmed by AMS '#C dating: in fact, calibrated radiocarbon dating of the grape
seeds gave results reported in Table 1.

The morphometric analysis of the grape seeds identified a low level of variability
inside the sample and an intermediate position in terms of fine morphology between
current wild Vitis and Sicilian cultivars. This could indicate a rather uniform provenience
of the Vitis vinifera seeds (G. Lombardo personal communication) and presumably the
short duration, in terms of use, of this stratum.

Isolation and identification of bacteria from sample of SU176. Bacteria were iso-
lated under aerobic and anaerobic conditions: the total viable count of aerobic bacteria
in the soil sample was 2.088 x 10* CFU/g, while that of anaerobic ones was 5 x 107
CFU/g. Isolated colonies were clustered by phenotype and two representatives of each
were used for further analyses. Thus, 23 isolates were considered. Sequencing and
analysis of genes encoding the 16S rRNA (16S rDNAs) revealed that bacterial isolates
were affiliated with the following genera: Arthrobacter, Bacillus, Nocardia, Nocardioides,
Paenibacillus, and Streptomyces (Table 2, Table S1).

Metagenomic analysis and analysis of ancient DNA. Shotgun sequencing of
metagenome was performed to characterize the bacterial community of the soil sample
and to investigate the hypothesis that isolated bacteria were ancient. Microorganisms
are normally heterogeneously distributed inside microaggregates and macroporosities
of the soil (29) and, under specific physical-chemical conditions, soil particles can bind
DNA fragments of diverse lengths, enabling the preservation of ancient DNA (aDNA)
molecules over time (30-32). However, DNA extraction and purification from sediments

TABLE 1 Radiocarbon dating regarding grape seeds found in SU176

Radiocarbon age 908 =+ 33 BP (before Present)

813C —34 + 2%0

1 Sigma CE 1044 - CE 1099

2 Sigma CE1034-CE1193
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TABLE 2 Strains isolated from SU176. + and - indicate isolation in aerobic and anaerobic
conditions, respectively

Isolate Accession no. Aerobiosis Isolation medium Genus
Arthrobacter sp. AV21P MW282143 + SFM Arthrobacter
Bacillus sp. AV1 MW282129 + LB agar Bacillus
Bacillus sp. AV11 MW282135 + LB agar

Bacillus sp. AV13 MW282136 + LB agar

Bacillus sp. AV15 MW282137 + LB agar

Bacillus sp. AV16 MW282138 + LB agar

Bacillus sp. AVA MW282147 - FeRid

Bacillus sp. AVF MW282151 - Postgate C

Nocardia sp. AV9 MW282133 + LB agar Nocardia
Nocardia sp. AV10 Mw282134 + LB agar

Nocardioides sp. AV21 MW282142 + SFM Nocardioides
Nocardioides sp. AV22 MW282144 + SFM

Nocardioides sp. AV23 MW282145 + SFM

Nocardioides sp. AV24 MW282146 + SFM

Paenibacillus sp. AVB MW282148 - FeRid Paenibacillus
Paenibacillus sp. AVC MW282149 - FeRid

Paenibacillus sp. AVD MW282150 - FeRid

Streptomyces sp. AV2 MW282130 + LB agar Streptomyces
Streptomyces sp. AV6 MW282131 + LB agar

Streptomyces sp. AV8 MWwW282132 + LB agar

Streptomyces sp. AV19 MWwW282139 + SFM

Streptomyces sp. AV20A MWwW282140 + SFM

Streptomyces sp. AV20B MW282141 + SFM

is hindered by the presence of mineral and organic components of the soil matrix and
by the numerous inhibitory compounds commonly found in environmental samples
(33). Thus, two different extraction protocols optimized for the recovery of ancient DNA
(i.e, method PS and method D, as described in Materials and Methods) were used. The
highest DNA yield was obtained through method D, with a concentration of 2.44 ng/uL,
while extraction with method PS yielded a DNA concentration of 1.49 ng/uL (Table S2).

After shotgun sequencing, 20,308,706 raw reads were obtained (10,487,426 for extrac-
tion D and 8,655,023 for PS). Microbial taxonomic profiling showed that the two extrac-
tion methods produced similar results regarding the bacterial taxonomic composition
(Table S3). Bacterial genera having a relative abundance >0.2% are represented in Fig. 2,
as this threshold was chosen for its capacity to describe >50% of the overall biodiversity
of each sample. The bacterial community identified with metagenomic analysis included
also all the genera that the isolated bacteria belonged to (i.e, Arthrobacter, Bacillus,
Nocardia, Nocardioides, Paenibacillus, and Streptomyces; Table 2). Moreover, it is important
to notice that, although their DNA was detected with this analysis, bacteria belonging to
the genera that are commonly present in soil samples (e.g., Agrobacterium, Pseudomonas,
Stenotrophomonas, etc.) and that are generally cultivable in nonselective media (like those
used in this work) were not isolated, probably because they could be unviable or in a via-
ble but not-culturable (VBNC) state (34, 35). Thus, these findings supported the hypothe-
sis that isolated bacteria were ancient.

To this aim, antiquity of DNA was then investigated through the analysis of deamination
patterns. Data showed that DNA of only eight species could be considered ancient (Table
S4): Anaerostipes hadrus, Bifidobacterium angulatum, Blautia sp. SC05B48, Castellaniella defra-
grans, Clostridium perfringens, Escherichia coli, Methylocystis rosea, and Methylocystis sp. SC2.
Except for C. perfrigens (36), none of these species are able to produce spores (37-44): in
the case of C. perfrigens it cannot a priori be excluded that, besides its DNA, even its spores
were present in the soil sample and that they would have been able to germinate if seeded
in the appropriate conditions (e.g., optimal medium and anaerobiosis).

Antimicrobial activity and identification of bioactive compounds. The produc-
tion of bioactive compounds by the 23 isolates was assayed against Escherichia coli, Kocuria
rhizophila, and Saccharomyces cerevisiae that were chosen because they are a Gram-negative
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FIG 2 Bacterial genera distribution. The histograms represent the relative abundance of the most abundant genera in the samples extracted with the two
protocols reported in Materials and Methods (Panel A: method PS; Panel B: method D). Genera with a relative abundance higher than 0.2% in each sample

are reported in the plot.

bacterium, a Gram-positive bacterium, and a eukaryote, respectively. Isolates were cultivated
on three different media to evaluate the possible influence of nutrients on antimicrobial syn-
thesis. Among them, only those belonging to the genus Streptomyces exerted an antimicro-
bial activity. In particular, Streptomyces sp. AV8 and Streptomyces sp. AV19 were of particular
interest because they produced the largest inhibition halos (Fig. 3, Table S5).

As shown in Fig. 3, both strains exerted a strong growth inhibition of the Gram-pos-
itive K. rhizophila and, although to a lesser extent, even the growth of E. coli and S. cere-
visiae was inhibited. Notably, their inhibition halos had also almost identical diameters
(Table S5), and alignment of their 16S rDNA partial sequences (100% identity) sug-
gested that these two isolates belonged to the same species and/or strain.
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E. coli K. rhizhophila S. cerevisiae

19

FIG 3 Antimicrobial activity assay using the agar plug method. Streptomyces sp. AV8 and Streptomyces
sp. AV19 were cultivated on R2YE (left upper plug), LB Agar (right upper plug) and SFM (lower plug).

Hence, on the basis of these results, a screening of bioactive compounds produced by
Streptomyces sp. AV19 grown on R2YE was performed, and methanolic extracts whose anti-
microbial activity was verified by microbiological assays against K. rhizophila (Fig. S1) were
analyzed by means of HPLC/ESI/Q-TOF (High Performance Liquid Chromatography/Electron
Spray lonization/Quadrupole-Time of Flight). In Fig. 4, the HPLC trace for Streptomyces sp.
AV19 is reported.

The main compound found in the extract was the Type | polyketide antibiotic aur-
eothin (peak 1 in Fig. 4) accompanied by some compounds related to its production
(peaks 2 to 8 in Fig. 4) and a membrane hopanoid (peak 9 in Fig. 4) (45-48) (Fig. 5,
Table 3, Fig. S2).

Sequencing of Streptomyces sp. AV19 genome. Genomic DNA of Streptomyces sp.
AV19 was extracted and sequenced, obtaining a draft genome with 8 contigs and
N50 = 4,053,991 bp: the total length was 7,671,946 bp and a GC content 72.15%, thus
both parameters being consistent with other Streptomyces genomes. The phylogenetic
analysis based on the complete 16S rDNA of Streptomyces sp. AV19 showed that the
closest species is Streptomyces luteireticuli (Fig. S3). The antiSMASH program (version
6.1.1) (49) was used to identify secondary metabolite biosynthetic gene clusters, select-
ing ‘strict’ as detection strictness. Data obtained revealed the presence of 36 clusters in
Streptomyces sp. AV19 genome (Table S6). The most represented gene cluster type was

x10 & [+ESI BPC Scan Frag=175.0V
311 1
2.751
254
2.251
24
1.751
1.5
1.25-
1
0.754
0.51 3

x
0.25 - . s8 g4

04
05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10
Counts vs. Acquisition Time (min)

FIG 4 Representative HPLC/MS trace for methanolic extract of Streptomyces sp. AV19. *, peaks referred to the culture medium.
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FIG 5 Chemical structure of aureothin and related metabolites. Numbers refer to peaks depicted in Fig. 4.

Polyketide Synthase (PKS), followed by Non-Ribosomal Peptide Synthetase (NRPS). In
agreement with the HPLC/MS data, aureothin biosynthetic gene cluster was detected,
having a 100% similarity with the Streptomyces thioluteus one (50-52). Moreover, in the
case of coelichelin biosynthetic gene cluster, a 100% similarity was found with the
Streptomyces coelicolor one (53-55).

Protease activity. All isolates were tested for the production of secreted proteases
through a gel zymography exploiting gelatin as the substrate. Although this assay showed
that most of the isolates produced this kind of hydrolases, those belonging to the
Nocardioides genus (i.e., Nocardioides sp. AV21, Nocardioides sp. AV22, Nocardioides sp.
AV23, and Nocardioides sp. AV24) had the most complex patterns (Fig. 6). As shown in
Fig. 6, for each isolate no differences were observed between the two media used for cul-
tivation. Noteworthy, the four couples of patterns were different one another, suggesting
that the four isolates belonged to different species and/or strains. Moreover, since spent
media were tested without further processing (e.g., concentration), the intensity of the
bands suggested an interesting potential of these bacteria for future biotechnological
applications.

DISCUSSION

In this work the characterization of the bacterial community of an ancient soil
retrieved from an Arabic site located in Piazza della Vittoria in Palermo (Sicily, Italy) has
been described. The isolation of culturable bacteria was performed in both aerobic and
anaerobic conditions, yielding to the growth of strains belonging to Arthrobacter, Bacillus,

Microbiology Spectrum

TABLE 3 Metabolites identified in the methanolic extract of Streptomyces sp. AV19 culture through HPLC/MS. Peaks are numbered in

agreement with the HPLC trace depicted in Fig. 4

Peak Compound Rt (min) Calcd. mass Exp. mass Formula

1 Aureothin 837 398.1598 [M + H]* 398.1596 C,,H,sNO,
2 Isoaureothin 8.82 398.1598 [M + H]* 398.1602 C,,H,sNO,
3 Griseulin® 8.87 342.1336 [M + H]* 342.1334 C,oH,oNO;
4 Luteoreticulin® 9.05 342.1336 [M + H]* 342.1330 CyoH;oNO,
5 Aureothin isomer 9.14 398.1598 [M + H 398.1596 C,,H,5NO¢
6 Deoxyaureothin 9.30 384.1805 [M + H]* 384.1805 C,,H,sNO,
7 Deoxydehydroaureothin 9.50 382.1649 [M + H]* 382.1646 C,,H,5NO,
8 Deoxydehydroaureothin isomer 9.64 382.1649 [M + H]* 382.1650 C,,H,5NO,
9 35-Aminobacteriohopane —32,33,34-triol 10.52 546.4881 [M + H]* 546.4877 C;5HgsNO,

aTentative identification.
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FIG 6 Extracellular proteases secreted by bacterial isolates belonging to the genus Nocaridioides (i.e.,
Nocaridioides sp. AV21, Nocaridioides sp. AV22, Nocaridioides sp. AV23, and Nocaridioides sp. AV24). L
and F indicate the medium used, LB and Fermll, respectively.

Nocardia, Nocardioides, Paenibacillus, and Streptomyces genera. They belong to either
Actinomycetota or Bacillota phyla (56) and are commonly recognized as soil-dwelling bac-
teria. Notably, bacteria belonging to all these genera include species able to produce
spores (i.e., Bacillus, Nocardia, Nocardioides, Paenibacillus, and Streptomyces) (28, 57) or
dormant forms (i.e., Arthrobacter) (58). This peculiarity might be considered a strong sug-
gestion that all described procedures, from sampling to isolation, were performed avoid-
ing any external contaminations and, above all, that the sampled site was really isolated
from the surrounding environment, at least in more recent times. Indeed, neither com-
mon environmental and laboratorial bacteria (e.g., E. coli, Staphylococcus, Agrobacterium,
Burkholderia, Pseudomonas, Rhizobium, etc.) nor fungi, for example molds, were isolated,
although normally able to grow in the nonselective media used in this work. However, in
the case of fungi, it should be considered that specific and/or selective media for their iso-
lation were not used here and that the adopted cultural conditions might have not sup-
ported their growth.

Metagenomic analysis of the soil sample revealed the existence of a more complex
bacterial composition. It is quite possible that bacteria detected by metagenomic anal-
ysis, but not isolated, (i) were unviable and only their DNA endured in the soil, or (ii)
they could be in a VBNC state, or (iii) they were viable but they did not grow due to
the adopted culturing conditions or to inhibition activity by other growing bacteria.
Nevertheless, it is not possible to know whether the site has remained constantly iso-
lated along the centuries. In this regard, it cannot a priori be excluded that the site
could have been contaminated because of disparate and unpredictable events (e.g.,
water infiltration, accidental opening, colonization by arthropods normally inhabiting
soil, etc.) after it stopped being used for its original purpose and it was abandoned and
eventually forgotten.

Isolation of bacteria potentially able to produce spores or dormant forms might sug-
gest that these isolates derived by germination of ancient spores. Shotgun sequencing
and degradation patterns analysis identified a group of eight species with the expected
features of DNA isolated from ancient organisms (i.e., short fragments and high fre-
quency of misincorporation at the ends of the molecules [59]), with none of them being
related to our isolated bacteria. Thus, antiquity of our isolates would be fairly question-
able. However, it should be considered that the antiquity of DNA is normally qualitatively
evaluated on the basis of the degradation that occurs over time under specific environ-
mental and taphonomic conditions (60-63). Moreover, degradation kinetics process is
well-known in ancient bones and teeth (64-66) rather than in other biological substrates.
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Indeed, the absence of damage patterns could be potentially explained by the structure
of spores: DNA packed within spores is probably less (or not at all) exposed to environ-
ment. Thus, it might be possible that evaluation of DNA deamination patterns is not the
most reliable method to determine antiquity of DNA derived by organisms producing re-
sistant forms such as spores, as this approach could possibly lead to its underestimation.
Albeit these considerations are probably reasonable, data reported in this work do not
allow to undoubtedly confirm that bacteria described here were truly ancient.

Although works regarding the successful, and in some cases controversial, germination
of very ancient Bacillus spores have been reported, environmental conditions described
thereof do not resemble ours (67-72). Indeed, our isolates derived from a buried, although
isolated, soil sample rather than uncommon and extreme environments, such as extremely
old inclusions in amber or permafrost. If confirmed, this might represent an example of
germination of ancient spores recovered from a soil sample and produced by bacteria
belonging to other genera than Bacillus, whose longevity and resistance against abiotic
stresses are extensively reported and under investigation, even with a 500 year-long
experiment (73-75). Noteworthy, in case of confirmation, this would be, to the best of our
knowledge, the first example of germination of ancient spores produced by the actinomy-
cete Nocardia, Nocardioides, and Streptomyces strains.

Among the isolates, only streptomycetes exhibited the production of bioactive com-
pounds with antimicrobial activity. In detail, Streptomyces sp. AV19 was of particular in-
terest because of its strong inhibitory effect on the growth of target organisms. HPLC/
MS procedures allowed to identify the Type | polyketide aureothin as the antibiotic com-
pound produced by this strain. In agreement with experimental data, sequencing of its
genome revealed the presence of the aureothin biosynthetic gene cluster sharing a
100% degree of similarity with that of S. thioluteus, the only known producer of this anti-
biotic until now. Moreover, the analysis of the Streptomyces sp. AV19 complete genome
also revealed the presence of 38 predicted gene clusters for the biosynthesis of second-
ary metabolites, such as polyketides, nonribosomal peptides, and siderophores.

Finally, this work gave us the opportunity to test the presence of features amenable of
further studies and which could be exploited for biotechnological purposes. This is the
case of the sets of secreted proteases produced by Nocardioides isolates. Indeed, although
commonly found in soil sample, this genus is still poorly characterized, especially from a
molecular viewpoint, and, necessarily, new experiments will be performed to exploit its
full potential. At this regard, next steps will take advantage of high-throughput proce-
dures such as third-generation sequencing of DNA and phenotype microarray.

In conclusion, we underline the importance of having found daily wastes in a strati-
graphically limited situation and sealed by depositions and later works. The experimen-
tal approach applied in this work is an example of how ancient bacterial strains might
represent new sources of biochemical and metabolic capabilities potentially useful for
modern biotechnology, demonstrating once again the need for and importance of a
multidisciplinary approach to solve an archaeological problem.

MATERIALS AND METHODS

Sampling. Two samples, consisting in 500 g of soil collected from the pit located in Piazza della
Vittoria in Palermo, were examined. They were harvested using sterile scalpels and containers and
derived from a defined and sealed stratum inside the pit. Samples were processed immediately upon ar-
rival at the laboratory the same day of collection. The aliquot used for DNA extraction was kept in ice to
avoid possible degradation and sent to a dedicated ancient DNA facility. The materials in the soil sam-
ples were analyzed under stereo microscope (Leica) and grape seeds coming from the stratigraphic unit
underwent AMS '“C dating (Laboratory INNOVA Scarl. Caserta, Italy).

Isolation of bacteria in aerobic conditions. One g of sample was resuspended in 1 mL of sterile
0.9% wt/vol NaCl solution and 100 L of 10" and 102 dilutions were plated on LB agar (Miller's LB
broth base, Invitrogen) and SFM (20 g/L mannitol, 20 g/L soy flour, 20 g/L Bacto agar) (76). CFU were
enumerated upon incubation in standard atmosphere at 30°C for 3 to 7 days. Three independent repli-
cates from the same soil sample were processed. Colonies were repeatedly streaked on fresh medium
until pure cultures were obtained.

Isolation of bacteria under anaerobic conditions. Bacteria belonging to the functional group of Fe
(Ill) reducing bacteria (FeRB) were isolated using an anaerobic medium (FeRid) containing: 1.0 g/L Fe ci-
trate, 1.5 g/L peptone, 0.6 g/L NaH,PO,, 2.5 g/L NaHCO,, 1.5 g/L NH,Cl, 0.1 g/L CaCl, - 2H,0, 0.1 g/L KCl,
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0.1 g/L Mgdl, - 6H,0, 0.005 g/L MnCl, - 6H,0, 0.001 g/L NaMoO,, - 2H,0, pH 7.0. The medium was steri-
lized and cooled down under nitrogen flux, then 100 mL of medium were distributed in 10 different
sealed vials. The soil sample (100 mg) was suspended in 3 mL of sterile water, injected in the sealed vials
and incubated at 28°C.

Bacteria belonging to the functional group of sulfate reducing bacteria (SRB) were isolated in the
same way (at 28°C), but the previous medium was replaced by medium “Postgate C,” which contained:
0.5 g/L KH,PO,, 1.0 g/L NH,Cl, 4.5 g/L Na,S0,, 0.06 g/L CaCl, - 6H,0, 0.06 g/L MgSO, - 7H,0, 3.0 g/L Na
lactate, 3.0 g/L Na acetate, 1.0 g/L yeast extract, 0.1 g/L FeSO, - 7H,0, 0.3 g/L Na citrate - 2H,0, pH 7.5.

Both FeRB and SRB were isolated by injecting 1 mL of culture into new fresh medium for five times
in a row, spending 3 months for isolating FeRB and SRB in liquid media. At the end, 100 uL of culture
were streaked on the corresponding agar plates for the final isolation.

16S rDNA amplification and sequencing. Genera of all isolated strains described in this work were
determined through sequencing of 16S rDNA. PCRs were performed in a 25 uL volume containing 1x
PCR Reaction Buffer (Invitrogen), 3.5 mM MgCl,, 200 uM each dNTPs (Invitrogen), 0.2 uM each universal
primer (27F 5'-AGAGTTTGATCMTGGCTCAG-3" and 1492R 5'-TACGGYTACCTTGTTACGACTT-3') and 1 U of
Taq DNA polymerase Recombinant (Invitrogen). One uL of single colony thermal lysate was used as the
template DNA: briefly, a bacterial colony was resuspended in 25 uL of TE buffer (10 mM Tris-HCI, 1T mM
EDTA, pH 8) and incubated at 100°C for 5 min; then the lysate was incubated in ice for 5 min and centri-
fuged (5 min at 11,000 x g); the resulting supernatant was eventually used as the template DNA. The
thermal cycle was 94°C for 3 min, followed by 30 cycles of 94°C for 45 sec, 50°C for 1 min and 72°C for
90 sec, and finally 72°C for 10 min. PCR products were purified using the Purelink Quick Gel Extraction
and PCR Purification Combo kit (Invitrogen) and sequenced by BMR Genomics (Padua, Italy) through
Sanger sequencing.

In the case of Streptomyces sp. AV19, a 16S rDNA-based phylogenetic analysis was performed. The
complete 16S rDNA was used as BLAST query, choosing the 16S rRNA sequences (Bacteria and Archaea)
database, and limiting the search to the species recognized as whorl-forming Streptomyces (Table S7)
(77). Sequence alignments were downloaded using the Multiple Sequence Alignment (MSA) Viewer tool
and the phylogenetic tree was constructed by using the phangorn R library (v.2.10) (78). The maximum
likelihood method was used to reconstruct the tree (79) with 100 bootstrap and stochastic rearrange-
ments. Different nucleotide substitution models were tested before choosing the one with the lowest
BIC value. The phylogenetic tree was visualized using the online tool iTOL (80).

Analysis of metagenomic DNA. All molecular laboratory work was conducted in the dedicated an-
cient DNA (aDNA) facilities at the Laboratory of Anthropology (University of Florence), following strict
guidelines to prevent contaminations. Blank controls were processed in parallel with samples for moni-
toring of potential reagent contamination. Additionally, before proceeding with DNA extraction, the
archaeological sample was exposed to UV light for 10 min to sterilize the external surface.

Two different silica-based extraction methods were used to increase the chances of recovering an-
cient microbial DNA from the sample. Here, these two methods are designated D and PS, respectively.

(i) Extraction method D. This method is based on a digestion and purification protocol commonly
used to extract highly fragmented DNA molecules from mineralize tissues (81). While this protocol was
developed for the recovery of aDNA from bones and teeth, it was successfully applied on different bio-
logical materials (82-84). Approximately 50 mg of soil were digested overnight at 37°C in 1 mL of
Extraction Buffer (0.5 M EDTA, 0.25 mg/mL Proteinase K, and 0.05% vol/vol Tween 20). After pelleting,
DNA was purified and concentrated using a High Pure Extender Assembly column from the Viral Nucleic
Acid kit (Roche), combining the supernatant with 10 mL of binding buffer (5 M GuHCI, 40% vol/vol iso-
propanol) and 400 uL of 3 M Na acetate. After two washing steps with wash buffer (20 mM NaCl, 2 mM
Tris-HCL in ethanol), DNA was eluted twice in a final volume of 60 uL of elution buffer.

(ii) Extraction method PS. A standard microbial extraction protocol for DNA recovery from soil was
applied using the DNeasy PowerSoil Pro kit (Qiagen) and following manufacturer instructions with some
modifications. In brief, approximately 200 mg of sediment were resuspended in a solution prepared with
400 plL of 0.5 M EDTA and 100 uL of 20 mg/mL Proteinase K. The sediment suspension was added to a
PowerBead Tube containing 750 uL of Solution CD1 and rotated for 4 h at room temperature, followed by
bead beating at 3,200 rpm for 10 min. After pelleting, the supernatant was split into two equal aliquots to
reduce clogging issues encountered when loading extraction lysates onto a single column (83). Each ali-
quot was combined with 7.5 mL of binding buffer and centrifuged twice in a Roche High Pure Extender
Assembly column. After two washing steps, DNA was eluted in two rounds of 30 uL of elution buffer for a
total volume of 60 wL. After extraction, DNA yield was quantified using Qubit 4 Fluorometer with dsDNA
High Sensitivity kit (Invitrogen).

(iii) Preparation of DNA library and sequencing. Twenty uL of each extract (i.e., D and PS) were
prepared for shotgun metagenome sequencing. Double-stranded Illumina libraries were constructed fol-
lowing a custom double-indexing protocol (85) optimized for ancient samples. No uracil DNA glycosylase
(UDG) treatment was performed to retain misincorporation patterns that can be used to authenticate
aDNA sequences (86). After 15 cycles of indexing PCR, qualitative and quantitative analysis of the libraries
was executed with Agilent TapeStation (D1000 kit). The two libraries were pooled in equimolar amounts
and sequenced by lllumina MiSeq in paired-end mode (2 x 75 + 8 + 8 run parameters).

(iv) Bioinformatic analysis. Sequencing data were demultiplexed and sorted according to the indi-
vidual sample barcodes using Illumina bcl2fastq conversion software. Raw reads were processed for their
quality, the adapter sequences were removed, and paired-end reads collapsed using AdapterRemoval (v2)
(87) software with the following option: —minlength 30 —minquality 25 —trimns —trimqualities — collapse.
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After sequences duplicate removal with Prinseq (88), Kraken2 (v.2.0.8-beta) (89) was used for taxonomic
identification.

A custom database updated to December 2020 of bacterial, viral, archaeal, and mitochondrial
genomes from the NCBI Reference Sequence (RefSeq) database (https://www.ncbi.nlm.nih.gov/refseq/)
was created. To avoid spurious classification, we masked reference genomes for low-complexity regions
with Dustmasker (https://www.ncbi.nlm.nih.gov/books/NBK569845/). The output of Kraken2 was ana-
lyzed through Bracken software to estimate species read abundances (90). In order to evaluate the au-
thenticity of the most abundant identified species, each sample read was aligned to its respective refer-
ence genomes deposited in the NCBI RefSeq database using only that species reported as “reference” or
“representative.” Burrows-Wheeler Alignment (BWA) program was used for this aim, using the aln algo-
rithm with high stringency (-n 0.1) (91). Aligned sequences were then investigated for their deamination
profile using PMDtools (—threshold 1 -requiremapq = 30) (https://github.com/pontussk/PMDtools). For
each species aligned, bam files were converted to bed using bedtools (https://bedtools.readthedocs.io/
en/latest/) and we estimated the edit distance (-tag NM) that was subsequently used to compute the
edit distance algorithm (—A%) to further confirm sequence authenticity (92). The Bracken output was
used to investigate species distribution among samples using R software and phyloseq package (93).

Genome sequencing. Genomic DNA of Streptomyces sp. AV19 was extracted as previously reported
(76) and sequenced with both lllumina and Nanopore technologies. lllumina library was prepared through
a strategy based on enzymatic fragmentation to produce dsDNA fragments followed by end-repair, A-tail-
ing, adapter ligation and library amplification using the Kapa Hyperplus kit (Kapa Biosystems). The obtained
DNA library was sequenced with single-end 300 cycle strategy by NextSeq550 using the NextSeq550 high
output v2 kit (Illumina Inc.). Nanopore library was prepared as previously described (94), adopting a PCR-
free approach and using the protocol provided by Oxford Nanopore Technologies (ONT) (version
NBE_9065_v109_revY_14Aug2019). One ug of DNA was repaired and end-prepped using the NEBNext
Companion Module for Oxford Nanopore Technologies Ligation Sequencing (New England Biolabs). Five
hundred ng of end-prepped DNA were barcoded using Native Barcoding Expansion 13-24 (ONT) and NEB
Blunt/TA Ligase Master Mix (New England Biolabs). Finally, adapters were ligated and the DNA library was
enriched with >3 kb-long fragments using the Long Fragment Buffer included in the Ligation Sequencing
kit (ONT). DNA library was immediately sequenced using an R9.4.1 Flow Cell (ONT), previously primed with
Flow Cell Priming kit (ONT). Sequencing was performed with a MinlON Mk1B (ONT) and the MinKNOW soft-
ware (v.21.10.4) for 72 h. Basecalling was performed using Guppy (v.4.3.4).

De novo hybrid assembly of the genome sequence was accomplished using Unicycler software (v.
0.4.8.0) in ‘conservative’ bridging mode (95), within a Galaxy environment. The draft genome has 8 con-
tigs, a total length of 7,671,946 bp and N50 of 4,053,991 bp.

Antibiotic activity assay. All bacterial isolates were tested to assess the production of bioactive
metabolites. The agar plug method was applied and Escherichia coli DH10B, Kocuria rhizophila ATCC
9341 and Saccharomyces cerevisiae DBY746 were used as target organisms. Briefly, isolates were culti-
vated on LB Agar, SFM, and R2YE (76) at 30°C for 24 to 48 h to obtain a homogeneous growth. Fresh cul-
tures of target organisms were used to prepare suspensions in 0.9% wt/vol NaCl solution having OD,, =
1. Then, 180 uL of suspension were inoculated in 10 mL of LB Soft Agar (10 g/L NaCl, 5 g/L yeast extract,
10 g/L tryptone, 7 g/L Bacto agar) in case of E. coli and K. rhizophila, and in 10 mL of YPD Soft Agar (10
g/L yeast extract, 20 g/L peptone, 20 g/L glucose, 7 g/L Bacto agar) in case of S. cerevisiae (both media
were previously melted and cooled before addition of microorganisms), and poured in Petri dishes.
Then, a circular plug from the aforementioned cultures of testers was placed on the surface of solidified
target organism cultures. E. coli and K. rhizophila plates were incubated at 37°C for 24 h, while those
with S. cerevisiae were incubated at 30°C for 24 h. The production of antibiotics was qualitatively eval-
uated as the presence of growth inhibition halos surrounding the agar plugs. This assay was performed
in triplicate and agar plugs of the corresponding solid media (i.e., without bacteria) were used as
control.

Reversed phase HPLC/ESI/Q-TOF HRMS (high resolution mass spectrometry) experiments.
Samples for HPLC/MS analysis were prepared by treating cultures of Streptomyces sp. AV19 grown on R2YE
with MeOH (40 mL), under sonication for 30 min. The methanolic extract was centrifuged (4,000 x g,
10 min) and the supernatant was directly injected or diluted with mobile phase. Water and acetonitrile
were of HPLC/MS grade. Formic acid was of analytical quality. The HPLC system was an Agilent 1260
Infinity. A reversed-phase C18 column (ZORBAX Extend-C18 2.1 x 50 mm, 1.8 um) with a Phenomenex
C18 security guard column (4 mm x 3 mm) was used. The flow rate was 0.4 mL/min and the column tem-
perature was set to 30°C. The eluents were formic acid-water (0.1:99.9, vol/vol) (phase A) and formic acid-
acetonitrile (0.1:99.9, vol/vol) (phase B). The following gradient was employed: 0 to 10 min, linear gradient
from 5% to 95% B; 10 to 15 min, washing and reconditioning of the column to 5% B. Injection volume was
10 L. The eluate was monitored through MS TIC. Mass spectra were obtained on an Agilent 6540 UHD
accurate-mass Q-TOF spectrometer equipped with a Dual AJS ESI source working in positive mode. N, was
employed as desolvation gas at 300°C and a flow rate of 8 L/min. The nebulizer was set to 45 psig. The
Sheat gas temperature was set at 400°C and a flow of 12 L/min. A potential of 3.5 kV was used on the cap-
illary for positive ion mode. The fragmentor was set to 175 V. MS spectra were recorded in the 150 to 1000
m/z range. Metabolite identification was accomplished by means of HRMS data and comparison with the
Metlin database (Scripps Center for Metabolomics, https://metlin.scripps.edu). Two independent replicates
were analyzed.

Gel zymography. The protocol used for detection of secreted proteases in spent media derived
from Salamone et al. (96) with minor modifications. Tris-glycine SDS-PAGE gels were prepared (97) add-
ing, just in the resolving gel, a warmed gelatin (Gelatin from bovine skin, Sigma-Aldrich) solution to get
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a final concentration of 0.54 g/L. Gelatin was used as the substrate to detect the presence of proteases.
All isolates were grown in LB or Fermll (20 g/L dextrin, 10 g/L tryptone, 1 g/L KH,PO,, 3.4 g/L K,HPO,,
0.3 g/L MgS0, - 7H,0, 0.01 g/L FeSO, - 7H,0, 0.1 g/L ZnCl,, 0.01 g/L CuSO, - 7H,0, 0.003 g/L MgCl, -
4H,0, 0.01 g/L CaCl,, 0.03 g/L NaCl, pH 7) (98) at 30°C in shaking conditions for 1 to 5 days to have rich
cultures. Then, 10 uL of spent medium obtained after centrifugation were added to 10 uL of 2x native
loading buffer (50 mM Tris-HCI pH 6.8, 0.1% wt/vol bromophenol blue, 10% vol/vol glycerol, 10% wt/vol
SDS) and loaded in gels. After electrophoresis, gels were first washed for 10 min at room temperature
and under shaking with wash buffer (2.5% vol/vol Triton X-100, 0.02% wt/vol NaN,) to remove running
buffer traces, then they were incubated in activation buffer (1.5% vol/vol Triton X-100, 0.02% wt/vol
NaN;, 2 mM CaCl, - 2H,0, 50 mM Tris-HCl pH 7.5) for 1 h at 50°C to activate proteases. Gels were stained
with a staining solution (1 g/L Coomassie brilliant blue R-250, 10% vol/vol acetic acid, 50% vol/vol
MeOH) overnight under gentle shaking. Finally, gels were treated with a destaining solution (7.5% vol/
vol acetic acid, 5% vol/vol MeOH) and presence of proteases was assessed as the appearance of clear
bands on the stained background.
Data availability. Shotgun sequencing reads have been deposited in the Sequence Read Archive
(SRA) database and are available under the BioProject with accession number PRINA877812.

Draft genome was deposited at DDBJ/ENA/GenBank under the accession JAOAQK000000000. The ver-
sion described in this paper is version JAOAQK010000000. The BioProject accession number is PRINA877812.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.3 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 6, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS
MIUR FFABR 2017 and University of Palermo FFR-D15-301225 Fondo di Finanziamento
per la Ricerca di Ateneo to G.G.; University of Palermo for FFR-D15-161670 Fondo di
Finanziamento per la Ricerca di Ateneo to A.P.P,; Radiocarbon dating and sequencing of
PCR products have been performed on funds DBMASTS01 + 00D2 (University of Palermo)
attributed to L.S,; this work was supported by the European Commission Marie Sklodowska-
Curie Actions H2020 RISE Metable — 645693 attributed to S.P.

The authors have no conflicts of interest to declare.

REFERENCES

1.

Spatafora F. 2017. Palermo nell'antichita, p 11-20. In Bajamonte C,
Campione FP, de Seta C, Spadaro MA, Spatafora F, Troisi S (ed), Palermo
I'arte e la storia. Edizioni Kalds, Palermo, Italy.

. Aleo Nero C, Di Maggio A. 2015. Discariche, rifiuti e ricerca archeologica:

le trasformazioni della citta antica tra Medioevo ed eta Moderna. Il caso di
Piazza della Vittoria a PalermoVIl AISU Congress - food and the city. Il cibo
e la citta. Padua, Italy.

. Pérez V, Liu Y, Hengst MB, Weyrich LS. 2022. A case study for the recovery

of authentic microbial ancient DNA from soil samples. Microorganisms
10:1623. https://doi.org/10.3390/microorganisms10081623.

. Arriola LA, Cooper A, Weyrich LS. 2020. Palaeomicrobiology: application

of ancient DNA sequencing to better understand bacterial genome evolu-
tion and adaptation. Front Ecol Evol 8:40. https://doi.org/10.3389/fevo
.2020.00040.

. Drancourt M, Raoult D. 2005. Palaeomicrobiology: current issues and per-

spectives. Nat Rev Microbiol 3:23-35. https://doi.org/10.1038/nrmicro1063.

. Aboudharam G. 2016. Sources of materials for paleomicrobiology. Micro-

biol Spectr 4:1-9. https://doi.org/10.1128/microbiolspec.PoH-0016-2015.

. Bos Kl, Kihnert D, Herbig A, Esquivel-Gomez LR, Andrades Valtuefa A,

Barquera R, Giffin K, Kumar Lankapalli A, Nelson EA, Sabin S, Spyrou MA,
Krause J. 2019. Paleomicrobiology: diagnosis and evolution of ancient
pathogens. Annu Rev Microbiol 73:639-666. https://doi.org/10.1146/
annurev-micro-090817-062436.

. Barbieri R, Signoli M, Chevé D, Costedoat C, Tzortzis S, Aboudharam G,

Raoult D, Drancourt M. 2020. Yersinia pestis: the natural history of plague.
Clin Microbiol Rev 34:1-44. https://doi.org/10.1128/CMR.00044-19.

Month YYYY Volume XX Issue XX

. Margesin R, Siles JA, Cajthaml T, Ohlinger B, Kistler E. 2017. Microbiology

meets archaeology: soil microbial communities reveal different human
activities at archaic Monte lato (sixth century BC). Microb Ecol 73:925-938.
https://doi.org/10.1007/s00248-016-0904-8.

. Siles JA, f)hlinger B, Cajthaml T, Kistler E, Margesin R. 2018. Characterization

of soil bacterial, archaeal and fungal communities inhabiting archaeologi-
cal human-impacted layers at Monte lato settlement (Sicily, Italy). Sci Rep
8:1-14. https://doi.org/10.1038/541598-018-20347-8.

. Linford N, Linford P, Platzman E. 2005. Dating environmental change

using magnetic bacteria in archaeological soils from the upper Thames
Valley, UK. J Archaeol Sci 32:1037-1043. https://doi.org/10.1016/j.jas.2005
.01.017.

. Capo E, Monchamp ME, Coolen MJL, Domaizon |, Armbrecht L, Bertilsson S.

2022. Environmental paleomicrobiology: using DNA preserved in aquatic
sediments to its full potential. Environ Microbiol 24:2201-2209. https://doi
.0rg/10.1111/1462-2920.15913.

. Capo E, Giguet-Covex C, Rouillard A, Nota K, Heintzman PD, Vuillemin A,

Ariztegui D, Arnaud F, Belle S, Bertilsson S, Bigler C, Bindler R, Brown AG,
Clarke CL, Crump SE, Debroas D, Englund G, Ficetola GF, Garner RE,
Gauthier J, Gregory-Eaves |, Heinecke L, Herzschuh U, Ibrahim A, Kisand V,
Kjeer KH, Lammers Y, Littlefair J, Messager E, Monchamp ME, Olajos F, Orsi
W, Pedersen MW, Rijal DP, Rydberg J, Spanbauer T, Stoof-Leichsenring KR,
Taberlet P, Talas L, Thomas C, Walsh DA, Wang Y, Willerslev E, van Woerkom
A, Zimmermann HH, Coolen MIL, Epp LS, Domaizon |, Alsos IG, Parducci L.
2021. Lake sedimentary DNA research on past terrestrial and aquatic biodiver-
sity: overview and recommendations. Quat 4:6.

10.1128/spectrum.04374-22 12

Downloaded from https://journals.asm.org/journal/spectrum on 19 April 2023 by 80.180.33.123.


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA877812
https://www.ncbi.nlm.nih.gov/nuccore/JAOAQK000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAOAQK000000000
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA877812
https://doi.org/10.3390/microorganisms10081623
https://doi.org/10.3389/fevo.2020.00040
https://doi.org/10.3389/fevo.2020.00040
https://doi.org/10.1038/nrmicro1063
https://doi.org/10.1128/microbiolspec.PoH-0016-2015
https://doi.org/10.1146/annurev-micro-090817-062436
https://doi.org/10.1146/annurev-micro-090817-062436
https://doi.org/10.1128/CMR.00044-19
https://doi.org/10.1007/s00248-016-0904-8
https://doi.org/10.1038/s41598-018-20347-8
https://doi.org/10.1016/j.jas.2005.01.017
https://doi.org/10.1016/j.jas.2005.01.017
https://doi.org/10.1111/1462-2920.15913
https://doi.org/10.1111/1462-2920.15913
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04374-22

New Sources of Bacterial Biodiversity and Biomolecules

14.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Bendrey R, Taylor GM, Bouwman AS, Cassidy JP. 2008. Suspected bacterial
disease in two archaeological horse skeletons from southern England:
palaeopathological and biomolecular studies. J Archaeol Sci 35:1581-1590.
https://doi.org/10.1016/j.jas.2007.11.002.

. Milanesi C, Cresti M, Costantini L, Gallo M, Gallo G, Crognale S, Faleri C,

Gradi A, Franco B. 2015. Spoilage of oat bran by sporogenic microorgan-
isms revived from soil buried 4000 years ago in Iranian archaeological
site. Int Biodeterior Biodegradation 104:83-91. https://doi.org/10.1016/j
.ibiod.2015.05.016.

. Laubscher WE, Rautenbach M. 2022. Direct detection of antibacterial-pro-

ducing soil isolates utilizing a novel high-throughput screening assay.
Microorg 10:2235. https://doi.org/10.3390/microorganisms10112235.

. Waschulin V, Borsetto C, James R, Newsham KK, Donadio S, Corre C,

Wellington E. 2022. Biosynthetic potential of uncultured Antarctic soil bac-
teria revealed through long-read metagenomic sequencing. ISME J 16:
101-111. https://doi.org/10.1038/541396-021-01052-3.

. Vind K, Maffioli S, Fernandez Ciruelos B, Waschulin V, Brunati C, Simone

M, Sosio M, Donadio S. 2022. N-Acetyl-cysteinylated streptophenazines
from Streptomyces. J Nat Prod 85:1239-1247. https://doi.org/10.1021/acs
Jjnatprod.1c01123.

. Zhang C, Chen H, Hiittel S, Hu S, Zhang W, Ding X, Yin J, Yin Y, Miller R,

Xia L, Zhang Y, Tu Q. 2022. A novel tumor-targeting strain of Xenorhab-
dus stockiae exhibits potent biological activities. Front Bioeng Biotechnol
10:1618. https://doi.org/10.3389/fbioe.2022.984197.

Awada B, Hamie M, El Hajj R, Derbaj G, Najm R, Makhoul P, Ali DH, Abou
Fayad AG, El Hajj H. 2022. HAS 1: a natural product from soil-isolated
Streptomyces species with potent activity against cutaneous leishmania-
sis caused by Leishmania tropica. Front Pharmacol 13:4264. https://doi
.org/10.3389/fphar.2022.1023114.

Ogawa A, Golé C, Bermudez M, Habarugira O, Joslin G, McCain T, Mineo
A, Wise J, Xiong J, Yan K, Vriezen JAC. 2022. Extracellular DNAses facilitate
antagonism and coexistence in bacterial competitor-sensing interference
competition. Appl Environ Microbiol 88:1-18. https://doi.org/10.1128/
aem.01437-22.

Wu M-D, Cheng M-J, Zhang C, Wu M-D, Cheng M-J. 2022. Undescribed
metabolites from an actinobacteria Acrocarpospora punica and their anti-
inflammatory activity. Mol 27:7982. https://doi.org/10.3390/molecules2
7227982.

Delfino V, Calonico C, Nostro A, Lo Castronovo LM, Del Duca S, Chioccioli S,
Coppini E, Fibbi D, Vassallo A, Fani R. 2021. Antibacterial activity of bacteria
isolated from Phragmites australis against multidrug-resistant human patho-
gens. Future Microbiol 16:291-303. https://doi.org/10.2217 fmb-2020-0244.
Rahman MM, Paul SI, Rahman A, Haque MS, Ador MAA, Foysal MJ, Islam
MT, Rahman MM. 2022. Suppression of Streptococcosis and modulation
of the gut bacteriome in Nile tilapia (Oreochromis niloticus) by the marine
sediment bacteria Bacillus haynesii and Advenella mimigardefordensis.
Microbiol Spectr 10:1-17. https://doi.org/10.1128/spectrum.02542-22.
Sharma P, Thakur D. 2020. Antimicrobial biosynthetic potential and diver-
sity of culturable soil actinobacteria from forest ecosystems of Northeast
India. Sci Rep 10:1-18. https://doi.org/10.1038/541598-020-60968-6.
Rammali S, Hilali L, Dari K, Bencharki B, Rahim A, Timinouni M, Gaboune F,
El Aalaoui M, Khattabi A. 2022. Antimicrobial and antioxidant activities of
Streptomyces species from soils of three different cold sites in the Fez-
Meknes region Morocco. Sci Rep 12:1-22. https://doi.org/10.1038/541598
-022-21644-z.

da Cunha BR, Fonseca LP, Calado CRC. 2019. Antibiotic discovery: where
have we come from, where do we go? Antibiot 8:45. https://doi.org/10
.3390/antibiotics8020045.

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-
Kolthoff JP, Klenk H-P, Clément C, Ouhdouch Y, van Wezel GP. 2016. Tax-
onomy, physiology, and natural products of actinobacteria. Microbiol Mol
Biol Rev 80:1-43. https://doi.org/10.1128/MMBR.00019-15.

Robe P, Nalin R, Capellano C, Vogel TM, Simonet P. 2003. Extraction of
DNA from soil. Eur J Soil Biol 39:183-190. https://doi.org/10.1016/S1164
-5563(03)00033-5.

Slon V, Hopfe C, Wei8 CL, Mafessoni F, De La Rasilla M, Lalueza-Fox C,
Rosas A, Soressi M, Knul MV, Miller R, Stewart JR, Derevianko AP, Jacobs Z,
Li B, Roberts RG, Shunkov MV, De Lumley H, Perrenoud C, Gusic I, Ku¢an
Z, Rudan P, Aximu-Petri A, Essel E, Nagel S, Nickel B, Schmidt A, Priifer K,
Kelso J, Burbano HA, Pdabo S, Meyer M. 2017. Neandertal and Denisovan
DNA from Pleistocene sediments. Science 356:605-608. https://doi.org/
10.1126/science.aam9695.

Month YYYY Volume XX Issue XX

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Microbiology Spectrum

Ogram A, Sayler GS, Gustin D, Lewis RJ. 1988. DNA adsorption to soils and
sediments. Environ Sci Technol 22:982-984. https://doi.org/10.1021/
es00173a020.

Cai P, Huang Q, Zhang X, Chen H. 2006. Adsorption of DNA on clay miner-
als and various colloidal particles from an Alfisol. Soil Biol Biochem 38:
471-476. https://doi.org/10.1016/j.50ilbio.2005.05.019.

Wilson 1G. 1997. Inhibition and facilitation of nucleic acid amplification.
Appl Environ Microbiol 63:3741-3751. https://doi.org/10.1128/aem.63.10
.3741-3751.1997.

Ramamurthy T, Ghosh A, Pazhani GP, Shinoda S. 2014. Current perspec-
tives on viable but non-culturable (VBNC) pathogenic bacteria. Front Pub-
lic Heal 2:103.

Li L, Mendis N, Trigui H, Oliver JD, Faucher SP. 2014. The importance of
the viable but non-culturable state in human bacterial pathogens. Front
Microbiol 5:1-1. https://doi.org/10.3389/fmicb.2014.00258.

Shen A, Edwards AN, Sarker MR, Paredes-Sabja D. 2019. Sporulation and
germination in clostridial pathogens. Microbiol Spectr 7:1-30. https://doi
.0rg/10.1128/microbiolspec.GPP3-0017-2018.

Wartiainen |, Hestnes AG, McDonald IR, Svenning MM. 2006. Methylocystis
rosea sp. nov., a novel methanotrophic bacterium from Arctic wetland soil,
Svalbard, Norway (78° N). Int J Syst Evol Microbiol 56:541-547. https://doi
.org/10.1099/ijs.0.63912-0.

Scardovi V, Crociani F. 1974. Bifidobacterium catenulatum, Bifidobacte-
rium dentium, and Bifidobacterium angulatum: three new species and
their deoxyribonucleic acid homology relationships. Int J Syst Bacteriol
24:6-20. https://doi.org/10.1099/00207713-24-1-6.

Orruio M, Kaberdin VR, Arana I. 2017. Survival strategies of Escherichia coli
and Vibrio spp.: contribution of the viable but nonculturable phenotype to
their stress-resistance and persistence in adverse environments. World J
Microbiol Biotechnol 33:1-7. https://doi.org/10.1007/511274-017-2218-5.
Kémpfer P, Denger K, Cook AM, Lee ST, Jéckel U, Denner EBM, Busse HJ.
2006. Castellaniella gen. nov., to accommodate the phylogenetic lineage
of Alcaligenes defragrans, and proposal of Castellaniella defragrans gen.
nov., comb. nov. and Castellaniella denitrificans sp. nov. Int J Syst Evol
Microbiol 56:815-819. https://doi.org/10.1099/ijs.0.63989-0.

Foss S, Heyen U, Harder J. 1998. Alcaligenes defragrans sp. nov., descrip-
tion of four strains isolated on alkenoic monoterpenes ((+)-menthene,
a-pinene, 2-carene, and a-phellandrene) and nitrate. Syst Appl Microbiol
21:237-244. https://doi.org/10.1016/50723-2020(98)80028-3.

Bowman JP, Sly LI, Nichols PD, Hayward AC. 1993. Revised taxonomy of
the methanotrophs: description of Methylobacter gen. nov., emendation
of Methylococcus, validation of Methylosinus and Methylocystis species,
and a proposal that the family Methylococcaceae includes only the group
I methanotrophs. Int J Syst Bacteriol 43:735-753. https://doi.org/10.1099/
00207713-43-4-735.

Allen-Vercoe E, Daigneault M, White A, Panaccione R, Duncan SH, Flint HJ,
O'Neal L, Lawson PA. 2012. Anaerostipes hadrus comb. nov., a dominant
species within the human colonic microbiota; reclassification of Eubacte-
rium hadrum Moore et al. 1976. Anaerobe 18:523-529. https://doi.org/10
.1016/j.anaerobe.2012.09.002.

Liu X, Mao B, Gu J, Wu J, Cui S, Wang G, Zhao J, Zhang H, Chen W. 2021.
Blautia-a new functional genus with potential probiotic properties? Gut
Microbes 13:1-21. https://doi.org/10.1080/19490976.2021.1875796.
Poralla K, Muth G, HAertner T. 2000. Hopanoids are formed during transi-
tion from substrate to aerial hyphae in Streptomyces coelicolor A3(2).
FEMS Microbiol Lett 189:93-95. https://doi.org/10.1111/j.1574-6968.2000
tb09212.x.

Peng H, Ishida K, Hertweck C. 2019. Loss of Single-domain function in a
modular assembly line alters the size and shape of a complex polyketide.
Angew Chem Int Ed Engl 58:18252-18256. https://doi.org/10.1002/anie
.201911315.

Nair MG, Chandra A, Thorogood DL. 1993. Griseulin, a new nitro-containing
bioactive metabolite produced by Streptomyces spp. J Antibiot (Tokyo) 46:
1762-1763. https://doi.org/10.7164/antibiotics.46.1762.

He J, Hertweck C. 2004. Biosynthetic origin of the rare nitroaryl moiety of the
polyketide antibiotic aureothin: involvement of an unprecedented N-oxy-
genase. J Am Chem Soc 126:3694-3695. https://doi.org/10.1021/ja039328t.
Blin K, Shaw S, Kloosterman AM, Charlop-Powers Z, Van Wezel GP, Medema
MH, Weber T. 2021. antiSMASH 6.0: improving cluster detection and compari-
son capabilities. Nucleic Acids Res 49:W29-W35. https://doi.org/10.1093/nar/
gkab335.

Hirata Y, Nakata H, Yamada K, Okuhara K, Naito T. 1961. The structure of
aureothin, a nitro compound obtained from Streptomyces thioluteus. Tet-
rahedron 14:252-274. https://doi.org/10.1016/S0040-4020(01)92175-1.

10.1128/spectrum.04374-22 13

Downloaded from https://journals.asm.org/journal/spectrum on 19 April 2023 by 80.180.33.123.


https://doi.org/10.1016/j.jas.2007.11.002
https://doi.org/10.1016/j.ibiod.2015.05.016
https://doi.org/10.1016/j.ibiod.2015.05.016
https://doi.org/10.3390/microorganisms10112235
https://doi.org/10.1038/s41396-021-01052-3
https://doi.org/10.1021/acs.jnatprod.1c01123
https://doi.org/10.1021/acs.jnatprod.1c01123
https://doi.org/10.3389/fbioe.2022.984197
https://doi.org/10.3389/fphar.2022.1023114
https://doi.org/10.3389/fphar.2022.1023114
https://doi.org/10.1128/aem.01437-22
https://doi.org/10.1128/aem.01437-22
https://doi.org/10.3390/molecules27227982
https://doi.org/10.3390/molecules27227982
https://doi.org/10.2217/fmb-2020-0244
https://doi.org/10.1128/spectrum.02542-22
https://doi.org/10.1038/s41598-020-60968-6
https://doi.org/10.1038/s41598-022-21644-z
https://doi.org/10.1038/s41598-022-21644-z
https://doi.org/10.3390/antibiotics8020045
https://doi.org/10.3390/antibiotics8020045
https://doi.org/10.1128/MMBR.00019-15
https://doi.org/10.1016/S1164-5563(03)00033-5
https://doi.org/10.1016/S1164-5563(03)00033-5
https://doi.org/10.1126/science.aam9695
https://doi.org/10.1126/science.aam9695
https://doi.org/10.1021/es00173a020
https://doi.org/10.1021/es00173a020
https://doi.org/10.1016/j.soilbio.2005.05.019
https://doi.org/10.1128/aem.63.10.3741-3751.1997
https://doi.org/10.1128/aem.63.10.3741-3751.1997
https://doi.org/10.3389/fmicb.2014.00258
https://doi.org/10.1128/microbiolspec.GPP3-0017-2018
https://doi.org/10.1128/microbiolspec.GPP3-0017-2018
https://doi.org/10.1099/ijs.0.63912-0
https://doi.org/10.1099/ijs.0.63912-0
https://doi.org/10.1099/00207713-24-1-6
https://doi.org/10.1007/s11274-017-2218-5
https://doi.org/10.1099/ijs.0.63989-0
https://doi.org/10.1016/s0723-2020(98)80028-3
https://doi.org/10.1099/00207713-43-4-735
https://doi.org/10.1099/00207713-43-4-735
https://doi.org/10.1016/j.anaerobe.2012.09.002
https://doi.org/10.1016/j.anaerobe.2012.09.002
https://doi.org/10.1080/19490976.2021.1875796
https://doi.org/10.1111/j.1574-6968.2000.tb09212.x
https://doi.org/10.1111/j.1574-6968.2000.tb09212.x
https://doi.org/10.1002/anie.201911315
https://doi.org/10.1002/anie.201911315
https://doi.org/10.7164/antibiotics.46.1762
https://doi.org/10.1021/ja039328t
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1016/S0040-4020(01)92175-1
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04374-22

New Sources of Bacterial Biodiversity and Biomolecules

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Maeda K. 1953. Chemical studies on antibiotic substances. IV. A crystalline
toxic substance of Streptomyces thioluteus producing aureothricin. J
Antibiot (Tokyo) 6:137-138.

He J, Hertweck C. 2003. Iteration as programmed event during polyketide
assembly; molecular analysis of the aureothin biosynthesis gene cluster.
Chem Biol 10:1225-1232. https://doi.org/10.1016/j.chembiol.2003.11.009.
Challis GL, Ravel J. 2000. Coelichelin, a new peptide siderophore encoded
by the Streptomyces coelicolor genome: structure prediction from the
sequence of its non-ribosomal peptide synthetase. FEMS Microbiol Lett
187:111-114. https://doi.org/10.1111/j.1574-6968.2000.tb09 145 X.
Vassallo A, Palazzotto E, Renzone G, Botta L, Faddetta T, Scaloni A, Puglia
AM, Gallo G. 2020. The Streptomyces coelicolor small ORF trpM stimulates
growth and morphological development and exerts opposite effects on
actinorhodin and calcium-dependent antibiotic production. Front Micro-
biol 11:224. https://doi.org/10.3389/fmicb.2020.00224.

Faddetta T, Renzone G, Vassallo A, Rimini E, Nasillo G, Buscarino G, Agnello
S, Licciardi M, Botta L, Scaloni A, Piccionello AP, Puglia AM, Gallo G. 2022.
Streptomyces coelicolor Vesicles: many molecules to be delivered. Appl En-
viron Microbiol 88:1-16. https://doi.org/10.1128/AEM.01881-21.

Oren A, Garrity GM. 2021. Valid publication of the names of forty-two
phyla of prokaryotes. Int J Syst Evol Microbiol 71:¢005056.

Grady EN, MacDonald J, Liu L, Richman A, Yuan ZC. 2016. Current knowl-
edge and perspectives of Paenibacillus: a review. Microb Cell Fact 15:
1-18. https://doi.org/10.1186/512934-016-0603-7.

Solyanikova IP, Suzina NE, Egozarian NS, Polivtseva VN, Prisyazhnaya NV,
El-Registan GI, Mulyukin AL, Golovleva LA. 2017. The response of soil
Arthrobacter agilis lush13 to changing conditions: transition between
vegetative and dormant state. J Environ Sci Health B 52:745-751. https://
doi.org/10.1080/03601234.2017.1356665.

Arning N, Wilson DJ. 2020. The past, present and future of ancient bacte-
rial DNA. Microb Genom 6:1-19.

Sawyer S, Krause J, Guschanski K, Savolainen V, Padbo S. 2012. Temporal
patterns of nucleotide misincorporations and DNA fragmentation in ancient
DNA. PLoS One 7:¢34131. https://doi.org/10.1371/journal.pone.0034131.
Winkel T, Aguirre MG, Arizio CM, Aschero CA, del Pilar Babot M, Benoit L,
Burgarella C, Costa-Tértara S, Dubois MP, Gay L, Hocsman S, Jullien M,
Lopez-Campeny SML, Manifesto MM, Navascués M, Oliszewski N, Pintar E,
Zenboudji S, Bertero HD, Joffre R. 2018. Discontinuities in quinoa biodiver-
sity in the dry Andes: an 18-century perspective based on allelic genotyp-
ing. PLoS One 13:e0207519. https://doi.org/10.1371/journal.pone.0207519.
Modi A, Vergata C, Zilli C, Vischioni C, Vai S, Tagliazucchi GM, Lari M,
Caramelli D, Taccioli C. 2021. Successful extraction of insect DNA from
recent copal inclusions: limits and perspectives. Sci Rep 11:1-8. https://
doi.org/10.1038/s41598-021-86058-9.

Trucchi E, Benazzo A, Lari M, lob A, Vai S, Nanni L, Bellucci E, Bitocchi E,
Raffini F, Xu C, Jackson SA, Lema V, Babot P, Oliszewski N, Gil A, Neme G,
Michieli CT, De Lorenzi M, Calcagnile L, Caramelli D, Star B, de Boer H,
Boessenkool S, Papa R, Bertorelle G. 2021. Ancient genomes reveal early
Andean farmers selected common beans while preserving diversity. Nat
Plants 7:123-128. https://doi.org/10.1038/s41477-021-00848-7.

Allentoft ME, Collins M, Harker D, Haile J, Oskam CL, Hale ML, Campos PF,
Samaniego JA, Gilbert TPM, Willerslev E, Zhang G, Scofield RP, Holdaway
RN, Bunce M. 2012. The half-life of DNA in bone: measuring decay kinetics
in 158 dated fossils. Proc Biol Sci 279:4724-4733. https://doi.org/10.1098/
rspb.2012.1745.

Sosa C, Vispe E, Nufez C, Baeta M, Casalod Y, Bolea M, Hedges REM,
Martinez-Jarreta B. 2013. Association between ancient bone preservation
and dna yield: a multidisciplinary approach. Am J Phys Anthropol 151:
102-109. https://doi.org/10.1002/ajpa.22262.

Kendall C, Eriksen AMH, Kontopoulos |, Collins MJ, Turner-Walker G. 2018.
Diagenesis of archaeological bone and tooth. Palaeogeogr Palaeoclima-
tol Palaeoecol 491:21-37. https://doi.org/10.1016/j.palae0.2017.11.041.
Kennedy MJ, Reader SL, Swierczynski LM. 1994. Preservation records of
micro-organisms: evidence of the tenacity of life. Microbiology 140:
2513-2529. https://doi.org/10.1099/00221287-140-10-2513.

Cano RJ, Borucki MK. 1995. Revival and identification of bacterial spores
in 25- to 40-million-year-old Dominican amber. Science 268:1060-1064.
https://doi.org/10.1126/science.7538699.

Vreeland RH, Rosenzweig WD, Powers DW. 2000. Isolation of a 250 mil-
lion-year-old halotolerant bacterium from a primary salt crystal. Nat 407:
897-900. https://doi.org/10.1038/35038060.

Christner BC, Mosley-Thompson E, Thompson LG, Reeve JN. 2003. Bacterial
recovery from ancient glacial ice. Environ Microbiol 5:433-436. https://doi
.0rg/10.1046/j.1462-2920.2003.00422 x.

Month YYYY Volume XX Issue XX

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Microbiology Spectrum

Miteva VI, Brenchley JE. 2005. Detection and isolation of ultrasmall microor-
ganisms from a 120,000-year-old Greenland glacier ice core. Appl Environ
Microbiol 71:7806-7818. https://doi.org/10.1128/AEM.71.12.7806-7818
.2005.

Steven B, Pollard WH, Greer CW, Whyte LG. 2008. Microbial diversity and
activity through a permafrost/ground ice core profile from the Canadian
high Arctic. Environ Microbiol 10:3388-3403. https://doi.org/10.1111/j
.1462-2920.2008.01746.X.

Nicholson WL, Munakata N, Horneck G, Melosh HJ, Setlow P. 2000. Resist-
ance of Bacillus endospores to extreme terrestrial and extraterrestrial envi-
ronments. Microbiol Mol Biol Rev 64:548-572. https://doi.org/10.1128/
MMBR.64.3.548-572.2000.

Wood JP, Meyer KM, Kelly TJ, Choi YW, Rogers JV, Riggs KB, Willenberg
ZJ. 2015. Environmental persistence of Bacillus anthracis and Bacillus
subtilis spores. PLoS One 10:e0138083. https://doi.org/10.1371/journal
.pone.0138083.

Ulrich N, Nagler K, Laue M, Cockell CS, Setlow P, Moeller R. 2018. Experi-
mental studies addressing the longevity of Bacillus subtilis spores — the
first data from a 500-year experiment. PLoS One 13:e0208425. https://doi
.0rg/10.1371/journal.pone.0208425.

Kieser T, Bibb MJ, Buttner MJ, Chater KF, Hopwood DA. 2000. Practical
Streptomyces genetics. John Innes Foundation, Norwich.

Hatano K, Nishii T, Kasai H. 2003. Taxonomic re-evaluation of whorl-forming
Streptomyces (formerly Streptoverticillium) species by using phenotypes,
DNA-DNA hybridization and sequences of gyrB, and proposal of Strepto-
myces luteireticuli (ex Katoh and Arai 1957) coring., sp. nov., nom. rev. Int J
Syst Evol Microbiol 53:1519-1529. https://doi.org/10.1099/ijs.0.02238-0.
Schliep K, Potts AJ, Morrison DA, Grimm GW. 2017. Intertwining phyloge-
netic trees and networks. Methods Ecol Evol 8:1212-1220. https://doi
.org/10.1111/2041-210X.12760.

Felsenstein J. 1981. Evolutionary trees from DNA sequences: a maximum
likelihood approach. J Mol Evol 17:368-376. https://doi.org/10.1007/
BF01734359.

Letunic I, Bork P. 2021. Interactive Tree Of Life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res 49:W293-W296.
https://doi.org/10.1093/nar/gkab301.

Dabney J, Knapp M, Glocke I, Gansauge MT, Weihmann A, Nickel B,
Valdiosera C, Garcia N, Paabo S, Arsuaga JL, Meyer M. 2013. Complete mi-
tochondrial genome sequence of a Middle Pleistocene cave bear recon-
structed from ultrashort DNA fragments. Proc Natl Acad Sci U S A 110:
15758-15763. https://doi.org/10.1073/pnas.1314445110.

Mann AE, Sabin S, Ziesemer K, Vagene AJ, Schroeder H, Ozga AT,
Sankaranarayanan K, Hofman CA, Fellows Yates JA, Salazar-Garcia DC,
Frohlich B, Aldenderfer M, Hoogland M, Read C, Milner GR, Stone AC,
Lewis CM, Krause J, Hofman C, Bos KI, Warinner C. 2018. Differential pres-
ervation of endogenous human and microbial DNA in dental calculus
and dentin. Sci Rep 8:1-15. https://doi.org/10.1038/5s41598-018-28091-9.
Hagan RW, Hofman CA, Hubner A, Reinhard K, Schnorr S, Lewis CM,
Sankaranarayanan K, Warinner CG. 2020. Comparison of extraction meth-
ods for recovering ancient microbial DNA from paleofeces. Am J Phys
Anthropol 171:275-284. https://doi.org/10.1002/ajpa.23978.

Modi A, Pisaneschi L, Zaro V, Vai S, Vergata C, Casalone E, Caramelli D,
Moggi-Cecchi J, Mariotti Lippi M, Lari M. 2020. Combined methodologies for
gaining much information from ancient dental calculus: testing experimen-
tal strategies for simultaneously analysing DNA and food residues. Archaeol
Anthropol Sci 12:1-11. https://doi.org/10.1007/512520-019-00983-5.

Meyer M, Kircher M. 2010. Illlumina sequencing library preparation for
highly multiplexed target capture and sequencing. Cold Spring Harb Pro-
toc 2010:pdb.prot5448. https://doi.org/10.1101/pdb.prot5448.

Renaud G, Schubert M, Sawyer S, Orlando L. 2019. Authentication and
assessment of contamination in ancient DNA. Methods Mol Biol 1963:
163-194. https://doi.org/10.1007/978-1-4939-9176-1_17.

Schubert M, Lindgreen S, Orlando L. 2016. AdapterRemoval v2: rapid adapter
trimming, identification, and read merging. BMC Res Notes 9:1-7. https://doi
.0rg/10.1186/s13104-016-1900-2.

Schmieder R, Edwards R. 2011. Quality control and preprocessing of
metagenomic datasets. Bioinformatics 27:863-864. https://doi.org/10
.1093/bioinformatics/btr026.

Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis with
Kraken 2. Genome Biol 20:1-13. https://doi.org/10.1186/s13059-019-1891-0.
Lu J, Breitwieser FP, Thielen P, Salzberg SL. 2017. Bracken: estimating spe-
cies abundance in metagenomics data. Peer) Comput Sci 3:e104. https://
doi.org/10.7717/peerj-cs.104.

10.1128/spectrum.04374-22 14

Downloaded from https://journals.asm.org/journal/spectrum on 19 April 2023 by 80.180.33.123.


https://doi.org/10.1016/j.chembiol.2003.11.009
https://doi.org/10.1111/j.1574-6968.2000.tb09145.x
https://doi.org/10.3389/fmicb.2020.00224
https://doi.org/10.1128/AEM.01881-21
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1080/03601234.2017.1356665
https://doi.org/10.1080/03601234.2017.1356665
https://doi.org/10.1371/journal.pone.0034131
https://doi.org/10.1371/journal.pone.0207519
https://doi.org/10.1038/s41598-021-86058-9
https://doi.org/10.1038/s41598-021-86058-9
https://doi.org/10.1038/s41477-021-00848-7
https://doi.org/10.1098/rspb.2012.1745
https://doi.org/10.1098/rspb.2012.1745
https://doi.org/10.1002/ajpa.22262
https://doi.org/10.1016/j.palaeo.2017.11.041
https://doi.org/10.1099/00221287-140-10-2513
https://doi.org/10.1126/science.7538699
https://doi.org/10.1038/35038060
https://doi.org/10.1046/j.1462-2920.2003.00422.x
https://doi.org/10.1046/j.1462-2920.2003.00422.x
https://doi.org/10.1128/AEM.71.12.7806-7818.2005
https://doi.org/10.1128/AEM.71.12.7806-7818.2005
https://doi.org/10.1111/j.1462-2920.2008.01746.x
https://doi.org/10.1111/j.1462-2920.2008.01746.x
https://doi.org/10.1128/MMBR.64.3.548-572.2000
https://doi.org/10.1128/MMBR.64.3.548-572.2000
https://doi.org/10.1371/journal.pone.0138083
https://doi.org/10.1371/journal.pone.0138083
https://doi.org/10.1371/journal.pone.0208425
https://doi.org/10.1371/journal.pone.0208425
https://doi.org/10.1099/ijs.0.02238-0
https://doi.org/10.1111/2041-210X.12760
https://doi.org/10.1111/2041-210X.12760
https://doi.org/10.1007/BF01734359
https://doi.org/10.1007/BF01734359
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1073/pnas.1314445110
https://doi.org/10.1038/s41598-018-28091-9
https://doi.org/10.1002/ajpa.23978
https://doi.org/10.1007/s12520-019-00983-5
https://doi.org/10.1101/pdb.prot5448
https://doi.org/10.1007/978-1-4939-9176-1_17
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.7717/peerj-cs.104
https://doi.org/10.7717/peerj-cs.104
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04374-22

New Sources of Bacterial Biodiversity and Biomolecules

91.

92.

93.

94,

Li H, Durbin R. 2009. Fast and accurate short read alignment with Bur-
rows-Wheeler transform. Bioinformatics 25:1754-1760. https://doi.org/10
.1093/bioinformatics/btp324.

Hubler R, Key FM, Warinner C, Bos K, Krause J, Herbig A. 2019. HOPS: auto-
mated detection and authentication of pathogen DNA in archaeological
remains. Genome Biol 20:1-13. https://doi.org/10.1186/s13059-019
-1903-0.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
€61217. https://doi.org/10.1371/journal.pone.0061217.

Semenzato G, Alonso-Vasquez T, Del Duca S, Vassallo A, Riccardi C,
Zaccaroni M, Mucci N, Padula A, Emiliani G, Piccionello AP, Puglia AM, Fani
R. 2022. Genomic analysis of endophytic Bacillus-related strains isolated
from the medicinal plant Origanum vulgare L. revealed the presence of

Month YYYY Volume XX Issue XX

95.

96.

97.

98.

Microbiology Spectrum

metabolic pathways involved in the biosynthesis of bioactive compounds.
Microorg 10:919. https://doi.org/10.3390/microorganisms10050919.

Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial
genome assemblies from short and long sequencing reads. PLoS Comput
Biol 13:21005595. https://doi.org/10.1371/journal.pcbi.1005595.
Salamone M, Carfi Pavia F, Ghersi G. 2016. Proteolytic enzymes clustered in
specialized plasma-membrane domains drive endothelial cells’ migration.
PLoS One 11:e0154709. https://doi.org/10.1371/journal.pone.0154709.
Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular cloning: a laboratory man-
ual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York.
Ghorbel S, Kammoun M, Soltana H, Nasri M, Hmidet N. 2014. Streptomy-
ces flavogriseus HS1: isolation and characterization of extracellular pro-
teases and their compatibility with laundry detergents. Biomed Res Int
2014:1-8. https://doi.org/10.1155/2014/345980.

10.1128/spectrum.04374-22 15

Downloaded from https://journals.asm.org/journal/spectrum on 19 April 2023 by 80.180.33.123.


https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s13059-019-1903-0
https://doi.org/10.1186/s13059-019-1903-0
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.3390/microorganisms10050919
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1371/journal.pone.0154709
https://doi.org/10.1155/2014/345980
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.04374-22

	RESULTS
	Analysis of SU176 content.
	Isolation and identification of bacteria from sample of SU176.
	Metagenomic analysis and analysis of ancient DNA.
	Antimicrobial activity and identification of bioactive compounds.
	Sequencing of Streptomyces sp. AV19 genome.
	Protease activity.

	DISCUSSION
	MATERIALS AND METHODS
	Sampling.
	Isolation of bacteria in aerobic conditions.
	Isolation of bacteria under anaerobic conditions.
	16S rDNA amplification and sequencing.
	Analysis of metagenomic DNA.
	Genome sequencing.
	Antibiotic activity assay.
	Reversed phase HPLC/ESI/Q-TOF HRMS (high resolution mass spectrometry) experiments.
	Gel zymography.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

