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and biosynthetic genes with promising
antibacterial activity

Laila Ziko'?, Omnia AbdelRaheem?, Marina Nabil?, Ramy K. Aziz*> and Rania Siam?®*

Abstract

Background: The search for novel antimicrobial agents is crucial as antibiotic-resistant pathogens continue to
emerge, rendering the available antibiotics no longer effective. Likewise, new anti-cancer drugs are needed to com-
bat the emergence of multi-drug resistant tumors. Marine environments are wealthy sources for natural products.
Additionally, extreme marine environments are interesting niches to search for bioactive natural compounds. In the
current study, a fosmid library of metagenomic DNA isolated from Atlantis Il Deep Lower Convective Layer (ATII LCL),
was functionally screened for antibacterial activity as well as anticancer effects.

Results: Two clones exhibited antibacterial effects against the marine Bacillus Ccé strain, namely clones 102-5A
and 88-1G and they were further tested against eleven other challenging strains, including six safe relatives of
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bauman-

nii, Pseudomonas aeruginosa, and Enterobacter spp.), a safe relative to Mycobacterium tuberculosis and four resistant
clinical isolates. Clone 88-1G resulted in clear zones of inhibition against eight bacterial strains, while clone 102-5A
resulted in zones of inhibition against five bacterial strains. The whole cell lysates of clone 88-1G showed 15% inhibi-
tion of Mtb ClpP protease -Mycobacterium tuberculosis drug target-, while whole cell lysates of clone 102-5A showed
19% inhibition of Mtb ClpP protease. Whole cell lysates from the selected clones exhibited anticancer effects against
MCF-7 breast cancer cells (cell viability at 50% v/v was 46.2% 4 9.9 for 88-1G clone and 38% =+ 7 for 102-5A clone),
U20S osteosarcoma cells (cell viability at 50% v/v was 64.6% 4= 12.3 for 88-1G clone and 28.3% 4= 1.7 for 102-5A clone)
and 1BR hTERT human fibroblast cells (cell viability at 50% v/v was 74.4% =4 5.6 for 88-1G clone and 57.6% 4 8.9 for
102-5A clone). Sequencing of 102-5A and 88-1G clones, and further annotation detected putative proteases and
putative biosynthetic genes in clones 102-5A and 88-1G, respectively.

Conclusions: The ATII LCL metagenome hosts putative peptidases and biosynthetic genes that confer antibiotic and
anti-cancer effects. The tested clones exhibited promising antibacterial activities against safe relative strains to ESKAPE
pathogens and Mycobacterium tuberculosis. Thus, searching the microbial dark matter of extreme environments is a
promising approach to identify new molecules with pharmaceutical potential use.

Keyword: Metagenomics, Natural products, Cancer, Antibiotics, Red Sea, Specialized metabolites

*Correspondence: rsiam@aucegypt.edu; rsiam@umhs-sk.net Background

2 Department of Biology, School of Sciences and Engineering, The American Antibiotic resistance is a major glObal health  chal-
University in Cairo, 11835 New Cairo, Egypt lenge, which necessitates the search for new antimicro-
Full list of author information is available at the end of the article bial agents [1]. Additionally, resistance of cancers to

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-022-01835-z&domain=pdf

Ziko et al. Microbial Cell Factories (2022) 21:109

chemotherapy is another challenge that remains to be
addressed by new anticancer agents [2]. One possible way
to address such challenges is to search for natural prod-
ucts that have novel chemistries [3]. Particularly, search-
ing for specialized metabolites which are produced by
a subset of organisms, including microbes, is a valuable
approach as it resulted into an array of compounds with
antimicrobial and anticancer activities, such as doxoru-
bicin, bleomycin, and salinosporamide [3].

Specialized metabolites are produced by a subset of
organisms, and the enzymes producing them are encoded
by biosynthetic gene clusters (BGCs) in the genome of
the producing organism [4-6]. Currently, mining for
BGCs is an expanding field, with the aim to search for
antimicrobial agents to cater to the antimicrobial resist-
ance problem, especially the ESKAPE pathogens [7, 8].
Mining for BGCs within genomes and metagenomes,
followed by elucidating the chemical structure and fur-
ther testing of the bioactive compound has unraveled a
plethora of bioactive specialized metabolites [9, 10]. Min-
ing for BGCs is facilitated by bioinformatics approaches,
including the use of homology and machine learning
algorithms [11, 12]. One approach is to exploit DNA iso-
lated from new niches and under-explored environments,
followed by functional screening for the activity of inter-
est [13—15]. Such metagenomic approaches have enabled
researchers to screen the microbial dark matter for new
BGCs with antibacterial activities [16—18].

Among the marine ecological niches that harbor a huge
microbial diversity are environments with extreme con-
ditions [3, 19]. The Red Sea brine pools are areas with
higher temperature and higher salinity than the rest of
the Red Sea water. There are twenty-five distinct brine
pools in the Red Sea [20, 21]. The largest Red Sea brine
pool, possessing the highest recorded temperature and
with depth of 2194 m, characterized by having large
amounts of heavy metals and very low Oxygen levels, is
Atlantis II Deep Red Sea brine pool (ATII) [20, 22]. The
Lower Convective Layer (LCL) of the brine pool water is
characteristic of multiple extreme conditions, as it has a
salinity of 270 psu, a pH of 5.3, in addition to the high
temperature of 68.2°C [20, 22]. In this work, we used a
previously generated fosmid library from the microbial
metagenome of ATII LCL [23, 24] and tested two selected
clones for antibacterial and anticancer activity, in addi-
tion to sequencing and annotating the genes inserted in
these two clones.

Earlier, we have screened the metagenomic fosmid
library that harbored prokaryotic environmental DNA
from the Atlantis II Red Sea brine pool LCL water sam-
ples (ATII) [23, 24]. In our earlier study, we focused on
two clones that harbored putative orphan biosynthetic
gene clusters [24]. We focused this current study on two
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other clones, namely 88-1G and 102-5A, for antibacte-
rial effects against clinically relevant strains and assessed
their cytotoxic activities against different mammalian cell
lines.

The aim of this work was to screen the ATII LCL
metagenomic fosmid library by a functional assay for
anti-bacterial effects. Two positive clones were then
selected to assess their antibacterial effects against clini-
cally relevant bacterial strains. Furthermore, cytotoxic
effects of the extracts from the two clones were deter-
mined against breast cancer and bone cancer cells in
addition to non-cancerous fibroblasts. Lastly, the selected
clone inserts were sequenced, and their putative protein-
coding genes were annotated. The present two clones
harbored individual genes which resulted in the observed
effects.

Results

Antibacterial effects of clones 88-1G and 102-5A from Red
Sea Atlantis Il LCL (or Red Sea ATII LCL) fosmid library
against clinically relevant strains

In antimicrobial overlay assays, clones 88-1G and 102-
5A exhibited zones of inhibition against the challenging
strain Bacillus Cc6. The antibacterial overlay assay was
also conducted against eleven additional challenging
strains (Table 1), including Staphylococcus epidermidis,

Table 1 The antibacterial effect of clones 88-1G and 102-5A
against the challenging strains

Name of the Strain 88-1G 102-5A
Marine strain
A Bacillus Cc6 + +
Safe relatives of ESKAPE pathogens
Safe strain Relative Pathogen
B Staphylococcus epider-  Staphylococcus aureus  + +
midis
C  Erwinia carotovora Erwinia species + -
D Enterococcus raffinosus  Enterococcus faecium + -
E Enterobacter aerogenes  Enterobacter species + -
F Mycobacterium smeg-  Mycobacterium tuber-  + +
matis culosis
G Pseudomonas putida Pseudomonas aerugi- - +
nosa
H Acinetobacter baylyi Acinetobacter bau- - -
manni
Clinical isolates
| Resistant ZC- AB2 + +
J MRSA-zC1 + -
K MRSA-ZC2 + -
L MRSA-ZCé - +

The detection of an inhibition zone is denoted by + and absence of the inhibition
zone is denoted by -
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Erwinia carotovora, Enterococcus raffinosus, Acinetobac-
ter baylyi, Enterobacter aerogenes, Mycobacterium smeg-
matis, Pseudomonas putida, and the following clinical
isolates: MRSA-ZC1, MRSA-ZC2, MRSA-ZC6, and Aci-
netobacter ZC2. Clone 88-1G showed zones of inhibition
against nine strains: Staphylococcus epidermidis, Erwinia
carotovora, Enterococcus raffinosus, Enterobacter aero-
genes, Mycobacterium smegmatis, Acinetobacter ZC2,
MRSA-ZC1, MRSA-ZC2, and Bacillus Cc6 (Additional
file 1: Fig. S1). Clone 102-5A showed zones of inhibition
against six of the tested strains, namely Staphylococcus
epidermidis, Mycobacterium smegmatis, Pseudomonas
putida, Acinetobacter ZC2, MRSA-ZC6, and Bacillus Cc6
(Additional file 1: Fig. S2).

Whole cell lysates from 88-1G and 102-5A Red Sea Atlantis
Il LCL (or Red Sea ATII LCL) fosmid library clones showed
inhibition of M. tuberculosis target ClpP Protease

Using the ClpP protease assay to assess the effectiveness
of the clone extracts against Mycobacterium tubercu-
losis, the 88-1G extract showed ~15% inhibition of Mtb
ClpP1P2 peptidase activity. This inhibition was statisti-
cally significant when compared to the negative con-
trols: TRIS (the extraction solvent) and EPI300 control.
The 102-5A fosmid extract was slightly more potent and
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demonstrated an inhibition activity equivalent to 19%
that was also statistically significant when compared to
the negative controls (Fig. 1).

Differential cytotoxicity of the extracts from 88-1G

and 102-5A Red Sea Atlantis Il LCL (or Red Sea ATII LCL)
fosmid library clones against cancer cell lines

All the extracts were prepared similarly, and the cyto-
toxic effects were determined for equal concentrations
of whole-cell lysates against MCF-7, U20S cancer cell
lines, and 1BR hTERT cells for 48 h. (Fig. 2). Extracts
of both 88-1G and 102-5A clones exhibited significant
cancer cell cytotoxic effects at 50% v/v concentration.
Whole-cell lysate extracts at 50% v/v of clone 102-5A
were more cytotoxic to all the cell lines when compared
to 88-1G extracts (Fig. 2). For the breast cancer cell
line MCE-7 cells, the cell viability was 46.2% +9.9 and
38% 17 after 48 h exposure to 88-1G and 102-5A clone
whole cell lysate extracts, respectively (Fig. 2A). For
the osteosarcoma cell line U20S cells, the cell viabil-
ity was 64.6% £ 12.3 and 28.3% £ 1.7 after 48 h exposure
to 88-1G clone and 102-5A whole cell lysate extracts,
respectively (Fig. 2B). Lastly, for the human skin fibro-
blasts 1BR hTERT cells, the cell viability was 74.4% £ 5.6
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Fig. 1. 88-1G and 102-5A clone extracts inhibit the peptidase activity of Mtb ClpP1P2. ClpP protease % activity was analyzed by Mtb CIpP assay,
and fluorescence was obtained. The statistical significance was estimated by the Kruskal-Wallis test followed by post hoc Wilcoxon tests. p-values
are denoted as follows: *p-value <0.05, **p-value <0.01, and ****p-value < 0.0001
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Fig. 2 Cell viability assay results. The cell viability percentage after incubation with the fosmid cell lysates: (A) MCF-7 cells, (B) U20S cells, and (C)
1BR hTERT cells viability, after 48 h exposure to whole-cell extracts from clones 88-1G (blue) and 102-5A (Green). A 50% v/v concentration of the
prepared whole-cell extracts was used. The results were obtained from at least three independent experiments and the p values were calculated
in comparison to negative control cells exposed to the buffer concentration 50% v/v. p-values are denoted as follows: * <0.05, ** <0.01, ***< 0.001

and 57.6% + 8.9 after 48 h exposure to 88-1G and 102-5A
whole cell lysate extracts, respectively (Fig. 2C).

Annotated sequences from 88-1G and 102-5A Red Sea
Atlantis Il LCL (or Red Sea ATII LCL) fosmid library clones
are similar to genes from organisms inhabiting similar
extreme niches

The fosmid DNA was extracted from both clones (102-
5A and 88-1G) and sequenced in an Illumina MiSeq plat-
form. After trimming the vector and E. coli sequences,
102-5A had 8 scaffolds and 88-1G had 19 scaffolds. The
assembly metrics are denoted in Table 2.

After the vector and host sequences were trimmed, the
number of PEGs (protein-encoding genes) detected by
RAST (Rapid Annotations using Subsystems Technol-
ogy) in each assembly was 21 and 22 in inserts 102-5A
and 88-1G, respectively (Table 2). The majority of PEGs
detected by RAST coded for hypothetical proteins.
This includes 81% and 86% in 102-5A PEGs and 88-1G,
respectively (Additional file 1: Tables S1, 2). To further
annotate the PEGs, we analyzed each PEG by PSI-BLAST
(Position-Specific Iterative Basic Local Alignment Search

Tool) to determine the most similar sequences in publicly
available databases. The full annotation results for all the
detected PEGs are presented in Additional file 1: Tables
S1 and 2. PEGs with hits in PSI-BLAST of higher than
the threshold E-value 0.005 were depicted as non-signifi-
cant (Table 3, Additional file 1: Tables S1, Tables S2).
Annotation results of clones 102-5A and 88-1G showed
similarity to organisms with significant hits, which are
inhabiting similar environments as the Red Sea Atlan-
tis II brine pool. Protein-based phylogeny for clone
102-5A resulted in similarity to organisms such as
Candidatus Bathyarchaeota archaeon ex4484_ 40, an
uncultured hydrothermal sediment archaeon from
the Guaymas basin in California [25], candidate divi-
sion MSBLI archaeon SCGC-AAA382A20, uncultured
archaea from the Red Sea Neurus brine [26], Thermoa-
naerobacterium sp. PSU-2, a thermophilic bacterium
[27], and Candidatus Nanosalinarum sp. J07AB56, a
halophilic archaeon [28]. MIBiG (Minimum Information
about a Biosynthetic Gene cluster) alignments yielded
one significant result, which was evident by the align-
ment of a putative S8 peptidase with the SLI-2138 RiPP
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(ribosomally synthesized and post-translationally modi-
fied peptide) biosynthetic gene cluster [29, 30]. Similarly,
clone 88-1G protein-based phylogeny detected signifi-
cant similarity with: Candidatus Micrarchaeota archaeon
CG1_02_49_24, an uncultured archaeon adapted to
high carbon dioxide levels [31], and the haloalkaliphilic
archaea Natronococcus occultus [32] and Natronobacte-
rium texcoconense [33]. MIBiG comparison yielded two
significant results, which was evident by the alignment of
a putative serine protease AprX with the SLI-2138 bio-
synthetic gene cluster, and the alignment of a putative
glycosyltransferase with a glucosyltransferase within a
carotenoid biosynthetic gene cluster [29].

Annotation of putative biosynthetic genes inserted
in clones 102-5A and 88-1G
Clone 88-1G insert harbored the following PEGs (Fig. 3,
Table 3): (1) a putative LysR family transcriptional regula-
tor [Hydrocarboniphaga effusal, (2) a putative CopG fam-
ily transcriptional regulator [Natronococcus occultus], (3)
a putative serine protease AprX [Bradyrhizobium eryth-
rophlei] and (4) a putative glycosyltransferase [Candida-
tus Micrarchaeota archaeon CG1_02_49_24].
Annotation of clone 102-5A insert revealed two
putative peptidases and a putative hydrolase, with the
best hits being (Fig. 4, Table 3): (1) S9 family peptidase
[Nocardia pseudobrasiliensis), (2) peptidase S8 [Strepto-
myces sp. CB02613] and (3) cobalt-precorrin 5A hydro-
lase [Hyphomicrobium facile].

Discussion

Broad spectrum antibacterial activity of clones from Red
Sea brine pool Atlantis Il (ATIl) LCL fosmid library

Clone 88-1G exhibited antibacterial activity against
Bacillus Cc6 marine strain, which is a Gram-positive
marine bacterial strain (Table 1, Additional file 1: Fig.
S1), implying its possible in situ activity, as the metagen-
omic clones were from a marine environment [34]. Addi-
tionally, antibacterial activity was also observed against
clinically relevant strains including Staphylococcus epi-
dermidis, Erwinia carotovora, Enterococcus raffinosus
and Enterobacter aerogenes, which are safe relatives of
ESKAPE pathogens (Table 1, Additional file 1: Fig. S1).
Methicillin-resistant =~ Staphylococcus aureus (MRSA)
and Acinetobacter (Acinetobacter AB2) clinical isolates
were obtained from hospitalized patients in Egypt. Clone
88-1G inhibited the growth of Acinetobacter AB2 strain,
MRSA-ZC1, and MRSA-ZC2. Additionally, clone 88-1G
resulted in an inhibition zone with the acid-fast bacteria
Mpycobacterium smegmatis. This result was corroborated
with the results of the Mtb ClpP protease assay [30, 31],
as the whole-cell lysate of 88-1G resulted in 15% inhibi-
tion of the M. tuberculosis target enzyme.
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Clone 102-5A similarly exhibited antibacterial activ-
ity against Bacillus Cc6 marine strain (Table 1, Addi-
tional file 1: Fig. S2) [24, 34], however it showed a broad
but different pattern of zones of inhibition than the one
observed for 88-1G clone. Antibacterial activity was also
observed against Staphylococcus epidermidis and Pseu-
domonas putida, other safe relatives of ESKAPE patho-
gens (Table 1, Additional file 1: Fig. S2). Antimicrobial
activities against the ESKAPE pathogens are important
because of their emerging antimicrobial resistance, par-
ticularly in nosocomial settings [32, 33]. Clone 102-5A
inhibited the growth of Acinetobacter AB2 strain and
MRSA-ZC6. Additionally, it displayed an inhibition zone
against Mycobacterium smegmatis (Table 1, Additional
file 1: Fig. S2). We confirmed the former results by per-
forming an Mtb ClpP protease assay [35, 36]. The whole-
cell lysates of 102-5A resulted in 19% inhibition of the
M. tuberculosis target enzyme, which is higher inhibition
than that observed for lysates of 88-1G clone.

In conclusion, each of the tested clones exhibited a
unique and broad antibacterial activity pattern, includ-
ing gram-positive, gram-negative strains, and acid-fast
bacteria.

Anticancer activity of whole-cell lysates from the Red Sea
brine pool Atlantis Il (ATII) LCL fosmid library clones

We observed differential cytotoxicity of the two fos-
mid library clones against the different tested cell lines.
For the breast cancer cell line MCF-7, the whole cell
lysate extracts of clone 102-5A exhibited a greater cyto-
toxic effect with cell viability (38% +7), when compared
to the 88-1G clone, which exhibited a cell viability of
46.2%+9.9 (Fig. 2A). 102-5A extracts also exhibited
more cytotoxicity against U20S cells -osteosarcoma cell
line- (28.3% +1.7) when compared to extracts from the
88-1G (64.6% +12.3) (Fig. 2B).

The cell viability of 1BR hTERT cells incubated with
clone 88-1G extracts was close to that of the negative
control: 74.4% £ 5.6 cell viability and 71.6% =+ 5.6 cell via-
bility with 88-1G extracts and buffer control, respectively.
On the other hand, 102-5A cell lysates were more lethal
to the 1BR hTERT cells (57.6% £ 8.9 viability) (Fig. 2C).
The lack of cytotoxicity observed on incubation of 1BR
hTERT with 88-1G suggests that 88-1G is a better candi-
date for selective cancer cytotoxicity.

Putative peptidases and hydrolase detected on clone

102-5A insert of the Red Sea brine pool Atlantis Il (ATII) LCL
Clone 102-5A annotation included putative (Fig. 4,
Table 3): (1) S9 peptidase, (2) S8 peptidase and (3)
a hydrolase. This includes a serine protease of the
S9 peptidase family, whose members are not yet
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Fig. 3 Sequence maps of the putative biosynthetic genes on 88-1G clone insert. Five of the six annotated scaffolds are depicted. Top to bottom:
scaffold 753, scaffold 34, scaffold 11, scaffold 13 and scaffold 8. Dark blue: regulatory genes. Green: Transferases and synthases. Orange: hydrolases
and peptidases. Blue: ORFs with significant hits. Grey: ORFs with non-significant hits
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Fig. 4 Sequence maps of the putative biosynthetic genes on 102-5A clone insert. All two annotated scaffolds are depicted. Top to bottom: scaffold
1 and scaffold 7. Dark blue: regulatory genes. Green: Transferases and synthases. Orange: hydrolases and peptidases. Blue: ORFs with significant hits.

fully characterized [37]. A novel putative hydrolase
was identified by a similar approach from the metagen-
omes of microbes associated with marine sponges and
was observed to exhibit antibacterial effects [34]. It was
hypothesized that hydrolases were produced by eukary-
otic hosts to limit the overgrowth of the microbial sym-
bionts [34]. Although the microbial community included
in the present study is not a symbiotic community owing
to the studied sample, however, it is likely that the
detected putative hydrolytic enzymes would have simi-
lar antagonistic effects owing to the observed antibacte-
rial activities.

Putative proteases with antibacterial effects were
detected in a study using Ralstonia species as the host
for heterologous gene expression, rather than E. coli [15].
The detected putative proteases belonged to the metal-
lopeptidase family and the S8A serine protease family
[15]. Such antibacterial properties of proteases are likely
to act on breaking the amide bond connecting two adja-
cent present peptidoglycan layers within the cell walls of
both gram-positive and gram-negative bacteria, which
could explain the broad spectrum of activity observed in
this study [15]. Previous studies have reported the anti-
bacterial and anticancer activities of peptidases [15, 38,
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39]. It is worth noting that S8 peptidases (subtilases) have
industrial significance including the high-alkaline subti-
lases (family A), which are used in the detergent industry
[40].

The annotated peptidases and hydrolase may play a
role in the observed antibacterial and cytotoxic effects,
particularly that two putative serine peptidases were
detected on 102-5A clone insert; namely an S9 and an
S8 peptidase, in addition to a putative hydrolase. Fur-
ther structure and function analysis studies need to
be performed to confirm the hypothesized roles of the
annotated peptidases and hydrolase in the antibacterial
and cytotoxic effects and to pinpoint the inhibitory role
of each protein.

Putative biosynthetic gene and peptidase detected

on clone 88-1G insert of the Red Sea brine pool Atlantis Il
(ATII) LCL

Clone 88-1G fosmid DNA harbored several puta-
tive biosynthetic genes linked to the observed activi-
ties (Fig. 3, Table 3). Four genes were detected that are
likely to contribute to the observed activities: (1) a ser-
ine protease, (2) a glycosyltransferase and (3) two puta-
tive transcriptional regulators. A serine protease was
detected, and as aforementioned, it is likely to function
by targeting the synthesis of the peptidoglycan bacterial
cell wall [15].

Furthermore, glycosyltransferases have been reported
to play a pivotal role in specialized metabolite biosyn-
thetic pathways [11, 41]. Glycosyltransferase enzymes
catalyze the formation of glycosidic bonds and the trans-
fer of sugar moieties to carbohydrate, lipid, small mol-
ecule, protein or DNA substrates [42]. Previous studies
had identified the role of glycosyltransferases in the syn-
thesis of natural products [43]. Further biochemical stud-
ies need to be conducted to elucidate the natural product
produced by the putative glycosyltransferase enzyme and
its role in the observed antibacterial and/or cytotoxic
effects.

Future prospects
Our present study points to the importance of bio-
prospecting microbial dark matter from extreme envi-
ronments, particularly in the discovery of antibacterial
and anti-cancer agents. Yet the present study use of a
mesophilic bacterial strain in the fosmid library con-
struction is likely to limit the expression of extremophilic
genes [8] and therefore further studies should assess the
activity in extremophiles.

Additionally, future studies should aim to identify
the nature of the antibacterial and/or anticancer active
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compounds, whether it is a specialized metabolite, or a
protein as per the annotations. Peptide active compounds
can be challenging in drug delivery [44]. However, several
studies are considering AMPs (antimicrobial peptides),
RiPPs, bacteriocins and other peptides for anti-bacterial
and anti-cancer testing, to increase the array of pharma-
ceutically-relevant natural products as drug leads [9, 44].
Further structure—function studies would also be inter-
esting in elucidating the cytotoxic and antibacterial cel-
lular mechanisms of the active compound/s in the clones.

Conclusions

Mining microbial metagenomes for specialized metabo-
lites with pharmaceutical use is one way to find new
antibacterial and anticancer compounds. Through the
approach of mining yet under-explored environments of
microbiomes inhabiting harsh marine niches, followed
by functional screening, putative peptidases and biosyn-
thetic genes have been identified and further studies are
required to fully decipher the specialized metabolites’
structures.

Methods

Metagenomic fosmid library screening for antibacterial
activity

Water samples from the lower Convective Layer (LCL) of
Atlantis II Red Sea brine pool (21° 20.72’ N and 38° 04.59’
E) was previously collected in the 2010 KAUST/WHOI/
HCMR expedition [23]. Prokaryotic eDNA was extracted
from the 0.1 pm filter as previously described [45]. The
ATII LCL fosmid library was previously constructed as
per the manufacturer’s protocol and it was composed of
10,656 clones, by using pCC2FOS vector with the Copy-
Control Fosmid Library Production Kit (Epicenter) [23].
A fresh copy of the aforementioned fosmid library was
prepared prior to the downstream assays and further
used [24]. The recipient strain for the fosmid was EPI300-
T1R E. coli as per the manufacturer’s protocol.

Antimicrobial overlay assay

An antimicrobial overlay assay was used to test for clones
with anti-bacterial activity similar to that reported in the
literature [34, 46]. E. coli CBAA11 strain producing the
antibacterial tambjamine was used as the positive control
strain [13, 34]. The challenging strain that was used was
Bacillus Cc6 strain which is a marine Bacillus strain asso-
ciated with the Australian marine sponge Cymbastela
concentrica (gift from Prof. Torsten Thomas, University
of New South Wales) [13, 34]. Bacillus Cc6 strain was
used as a challenging strain because it was isolated from
a marine environment and because it was reported in a
functional screening assay utilizing the same vector CC2
as used in our study [13, 34]. E. coli CBAA11 strain was
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chosen as a positive control because it produces the anti-
bacterial tambjamine and was reported to result in clear
zones against Bacillus Cc6 [13, 34]. All the plates were
supplemented with 0.01% arabinose and 12.5 pg/ml chlo-
ramphenicol. All the plates were tested against the clones
and included both a positive control (E.coli CBAA11) and
a negative control (EPI300).

First the clones were plated on LB/chloramphenicol/
arabinose overnight at 37 °C. Chloramphenicol was
not added to the other strains, other than Bacillus Cc6
strain. The following day, the plates were incubated over-
night at 25 °C and an overnight culture of Bacillus CC6
in LB/chloramphenicol was prepared and incubated at
37 °C with shaking. The following day, the starter cul-
ture was used to inoculate 100 ml LB/chloramphenicol
of Bacillus CC6 till the OD reached 0.5. Then Bacillus
CC6 was poured on the plates using top agar at 1:1000
dilution. The overlaid plates were finally incubated over-
night at 25 °C and observed carefully for clear zones in
the top layer [34]. Clones exhibiting antibacterial activity
were further tested against the eleven challenging strains
(Table 1).

Extract preparation

Whole-cell extracts were prepared from the clones
namely 102-5A and 88-1G, using a method similar to that
reported in the literature [47]. Overnight cultures from
the E. coli bearing the eDNA from the positive clones
-previously supplemented with auto-induction solution
and chloramphenicol- were centrifuged at 3,500 rpm for
10 min. Afterwards, the cell pellets were resuspended in
0.01 M Tris—HCI pH 7. The extracts were then sonicated
on ice at 20% maximal amplitude for 370 s (with 10 s
intervals without sonication). Finally, the extracts were
sterile-filtered with 0.2 um membrane filters (Corning)
[47]. Two negative controls were used: (1) cells incubated
with only the media, and (2) cells incubated with buffer.
The buffer concentration, in the latter, was the same con-
centration used in the highest extract concentration 50%
v/v (Fig. 2).

Cell lines and culture conditions

Three cell lines were used for the cytotoxicity assay, a
human breast adenocarcinoma cell line (MCEF-7) [48],
an osteosarcoma cell line (U20S) [49] (gift from Dr.
Andreas Kakarougkas (University of Sussex) and skin
fibroblast cells—wild-type and non-cancerous cells- that
are immortalized with human telomerase reverse tran-
scriptase (1BR hTERT) [50-52]. The cells were cultured
in DMEM (Lonza, Germany), supplemented with 10%
Fetal Bovine Serum (Lonza, Germany) and 5% Penicillin—
Streptomycin (Lonza, Germany). All cells were grown in
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an incubator adjusted at 37°C and 5% CO, at a seeding
density of 10* cells/well.

Cell viability assay

The initial seeding density was adjusted to 10* cells/well
and left overnight to adhere to the bottom of the 96-well
plates (Greiner Bio-One, Germany). The old media was
discarded the following day and the media containing the
different v/v% concentrations of the extracts was added
(0, 15, 20 and 50%). The cells were exposed for 48 h to the
extracts before assessing the cell viability.

The extracts were incubated for 48 h with MCEF-7,
U20S and 1BR hTERT cell lines with different v/v% con-
centrations (0, 15, 20 and 50%) [47]. Cell viability percent-
age was assessed by the MTT assay after 48 h exposure
to the extracts. Firstly, the media was replaced by 100 pl
fresh media containing MTT reagent 3-(4, 5-dimethylthi-
azolyl-2)-2, 5-diphenyltetrazolium bromide in a concen-
tration of 20 pl MTT (5 mg/ml) (Serva, Germany) for 3 h.
Afterwards, the media was discarded and 100 ul DMSO
(Sigma-Aldrich, USA) was added to solubilize the purple
precipitates.

Several negative controls were used in the experiments.
Cells with no cell lysates added were used as the first neg-
ative control cells. Cells exposed to the buffer only with
no cell lysates were used to test the buffer effect. Addi-
tionally, cells exposed to the cell lysates of EPI300 strain
were used to test the effect of the strain.

All the negative control cells (Asy; control) were sup-
plemented with complete media. The wells used for
measuring Ag,: blank were only supplemented with
media and no cells. Absorbance was finally measured at
595 nm (Asys), using a SPECTROstar Nano microplate
reader (BMG LabTech, Germany). Cell viability was cal-
culated as follows:

Cell Viability % = [(Asgssample — Asgsblank)
/(Asgscontrol — Asgsblank)] x 100

Sequencing and bioinformatics

The two clones, 88-1G and 102-5A, were selected for
DNA extraction and sequencing [24]. Overnight cultures
were supplemented with auto-inducer/chloramphenicol.
Fosmid DNA was extracted by QIAprep Spin Miniprep
Kit (Qiagen). The fosmid DNA was sequenced using Illu-
mina MiSeq V3 300 bp paired-end read platform (LGC,
Germany). After sequencing and quality filtering, the
reads were assembled by de novo assembly programs,
namely SOAPdenovo2 [53] and CLC Genomics Work-
bench v 8.0 (Qiagen), respectively. The details of the
sequencing and assembly metrics are depicted in Table 2.
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Prior to annotation, the vector sequences—pCC-
2FOS"™- were trimmed from the resulting scaffolds. E.
coli sequences were also removed from the sequences.
NC_010473 DHI10B reference sequence was used
because the strain used for the fosmid library construc-
tion—EPI300" -T1R Phage Tl-resistant E. coli- was
derived from E. coli DH10B strain. The resulting scaf-
folds were used to determine the putative PEGs —pro-
tein-encoding genes- using RAST platform (analysis
conducted March 2017) [54]. Each PEG was further com-
pared to sequences in the publicly available databases by
using PSI-BLAST [55]. The PEGs were also compared to
the protein sequences curated in the Minimum Informa-
tion about a Biosynthetic Gene cluster (MIBiG) database
by BLASTX [30]. Lastly, PEAM alignments were done for
the selected PEGs (Additional file 1: Fig. S4).

M. tuberculosis ClpP Protease Assay

The protein degradation enzyme ClpP protease of M.
tuberculosis that is composed of subunits P1 and P2 is
a proven drug target against M. tuberculosis. Mtb ClpP
assay was used to determine the inhibition of the pepti-
dase activity of Mtb ClpP1P2. The cleavage of the labeled
peptide substrate generates fluorescence at 460 nm
(excitation at 355 nm). The assay was performed in a
F-bottom, black plate, clear bottom 96- well plate with a
final reaction volume of 30 pl, as per the manufacturer’s
instructions (ProFoldin, USA). The assay buffer and Mtb
CIP1P2 were mixed. For the negative control, DMSO was
used, and for the positive control, the Mtb CIP1P2 was
boiled at 95 °C for 10 min (35, 36). Finally, for the extracts
under investigation, 0.6 ul of 450 pg/mL of 88-1G, and
102-5A were added and incubated at 37 °C for 20 min.
The 100 X labeled substrate was freshly diluted to make
the 10 X, added to the assay reaction solution, and set
again at 37°C for 60 min. The fluorescence was meas-
ured using FLUOstar OPTIMA microplate reader (BMG
LabTech, Germany) by exciting at 355 nm and follow-
ing the increase in fluorescence emission at 460 nm.
Percentage inhibition was calculated=F (sample)/F
(control) x 100.

Statistical analysis

Statistical analysis was conducted by one-way ANOVA
and Post-hoc Tukey test to calculate the P values for the
cytotoxicity results (Fig. 2). R program version 4.1.2 (R
Development Core Team 2016) was used to compute the
statistical calculations. The P values represent the sig-
nificant differences between the mean of each condition
and the mean of the negative control cells with buffer
concentration 50% v/v (* <0.05, ** <0.01, *** <0.001 and
% <0.0001).
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R program was also used to generate Fig. 1, and
Kruskal-Wallis one-way analysis of variance (ANOVA)
was used to compute the p-values.
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