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Abstract: Integrating metagenomics and synthetic biology has enormous potential to improve
biotechnological applications and deepen our understanding of microbial ecosystems. Synthetic
biology offers strong tools for creating new microorganisms or altering existing ones to carry out
particular tasks because of its capacity to design and build biological systems. Instead of requiring
cultivation, metagenomics allows the investigation of microbial diversity and function directly from
ambient samples. These disciplines’” merger enables scientists to modify genetic material, uncover
secret biochemical processes, and understand intricate microbial communities. Synthetic biologists
can find new genes, enzymes, and metabolic pathways by using metagenomic data. These can then
be synthesized and turned into customised microbes for a range of uses, such as environmental
cleanup, agriculture, and medicine. The development of microorganisms that work symbiotically
with human, plant, or animal hosts is made easier by this interaction, which also offers up new
avenues for microbiome study. Despite its promise, there are still obstacles in closing the gaps
between applications of synthetic biology, microbial function, and metagenomic data analysis. The
practical application of this convergence will be accelerated by future developments in
computational tools, DNA synthesis, and system biology, which will solve microbial mysteries and
spur breakthroughs in a variety of scientific and industrial fields.

Keywords: metagenomics; microbiome; microbial ecosystems; synthetic biology

1. Introduction

Microbes are some of the oldest and most diverse life forms on Earth. They include bacteria,
viruses, fungi, protists, and archaea, found in every possible habitat, from the highest mountain peaks
to the deepest oceans, playing a crucial role in maintaining balance in ecosystems. Microbial
Biodiversity in simple words is defined as several species that include the genetic composition of
microorganisms found in soil or other habitats performing major functions in the ecosystem.
Studying microbial biodiversity can help researchers understand and manipulate the working of
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ecosystems, ecosystems’ tolerance to major disturbances, shaping ecosystems, and providing
nutrients [1]. These microbes play multifunctional roles which include soil microbes decomposing
litter, detoxification, enhancing nutrient cycling, and establishing critical relationships with higher
organisms and among themselves [2]. Aquatic microbes found in lakes and ponds are the main
habitat for their growth playing an important role in remineralization and restoring nutrients, they
produce industrially important enzymes such as proteases that are used in food industries, and waste
treatment [3]. Additionally, microbes in the human gut and skin play important roles in digestion,
immune system, vitamin production and overall health [4]. Despite its ecological and biological
importance, most of the microbial world remains unexplored due to its enormous complexity and
the difficulty of cultivating many microbes in laboratory conditions.

1.1. Overview of Synthetic Biology (SynBio) and Metagenomics

The human microbiota plays various physiological functions such as drug metabolism,
digestion, and nutrient degradation. It is important to maintain their balance as any alteration in gut
microbes can lead to inflammatory diseases, and metabolic diseases [5]. In order to understand and
control microbial communities various system biology approaches were implicated. SynBio is an
interdisciplinary field which includes principles of engineering, molecular biology, and genetics to
create tools and computational modelling that has the potential to construct new biological parts, that
permit modify organisms to perform desired tasks [5-7] conducted an experiment using genetic
circuits that reprogrammed rat cell’s identity to treat diabetes converting normal cells to insulin
secreting cells. Such biological system helps to develop novel therapeutic and diagnostic ideas and
improve disease modelling studies. Metagenomic, a technique used for collecting genomes of
microbial communities, that can reveal the functional and compositional characteristics of microbial
populations [5,8]. This technique is also called 16s rRNA sequencing where at a specific region of the
16s rTRNA gene, DNA is extracted further amplified and sequenced and generated data is compared
to the reference database [9]. Bioinformatic tools such as MicrobiomeAnalyst are used for studying
tasks such as profiling, and visualisation of metagenomic networks [10]. Metagenomics has played a
huge role in identifying food microbiomes. A recent study was conducted in which 1,950 food
microbiomes were metagenomically sequenced [11]. The sequencing data obtained from
metagenomic is difficult to analyse due to its complex structure and various software tools such as
MicrobiomeAnalyst, Newbler (Roche), MIRA 4,37 or AMOS, as well as the recent MetaAMOS [12].
SynBio and metagenomics when combined, overcome the barrier of metabolic burden, that is,
recombinant microorganisms are engineered for producing desired products (e.g., insulin) but their
productivity is limited and decreases as commercialization demand grows [13]. Some of the major
landmarks in SynBio are depicted in the Figure 1.
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Figure 1. Some major SynBio landmarks between 2010-2024.

The purpose and scope are to explore the transformative potential of SynBio and metagenomics
in unravelling microbial mysteries. A primary objective is to show how SynBio, with its ability to
engineer and redesign biological systems, and metagenomics, which offers insights into microbial
genetic material, can be combined to unlock new insights into microbial diversity and its ecological
significance. The integration of these issues will allow us to address pressing global issues such as
environmental sustainability, health care, and industrial innovation. The approach also focuses on
modularity and innovation, connecting microbial communities to ecosystems to manage
antimicrobial resistance [14-17]. The ultimate purpose is to decode the microbial ecosystems by
enabling the vast microbial diversity from various sources, it also enhances the drug discovery and

production of various products by exploring the untapped microbial pathways and then uncovering
the functional potential of microbes and their interactions in ecosystems [18-22]. SynBio involves
redesigning and creating microorganisms with desired functions based on metagenomic data [23].
The study of metagenomics reveals untapped genetic material from a wide range of microbial
communities, which facilitates the discovery of new enzymes, metabolic pathways, and genes of
interest for industrial and medical applications. By developing antimicrobials and probiotics, these
fields contribute to improving healthcare and the environment: bioremediation and carbon capture

can be achieved by engineering microorganisms [24-26].

2. Tools and Techniques in Synthetic Biology
SynBio holds unique genetic tools and components that can be used to design metabolic
pathways or develop an artificial process. They rely upon the most expressed genetic components at
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higher concentrations. Any variation in the synthetic and native components can lead to reduced
performance in the engineered system [27]. Based on the complexity of the system, the chances of
failure are bigger [28]. Precise tool kits and a regulatory system of the cells were to be utilized to reach
their desired regulation. Traditional approaches, like chemical agents to induce mutation or
transposons, can be time-consuming and need increased screening time. DNA viral vectors (Double-
stranded) and RNA interference in gene knockdown approaches pose pitfalls [29]. Cellular
machinery involved in gene silencing can be disrupted by dsRNA (RNAi technology) when it is
added exogenously. The most common form of genetic engineering technique involves DNA-cutting
using enzymes to give double strands [30]. Endonucleases-based tools were helpful in target gene
inactivation studies [31].

Next Generation Sequencing (NGS) can generate 15 petabases of sequencing data in a year [32].
Advancements like CRISPR/Cas system make deletion, insertion of genes, and transcriptional control
much easier [33]. Modular components were interconnected to the assembled fragments to develop
biological circuits and control cellular behaviour for metabolic pathways [28]. When a repair template
is introduced into the system, they utilize the host double-stranded DNA break homologous repair
system as an advantage [34]. Genome editing tools have greater application in controlling pest
populations of invasive species (cane toads, malaria, carp, etc.) [35]. Gene drive is introduced into the
genetic element (meganucleases), which can distort the sex ratio, fertility, and pathogenicity among
the interbreeding population [36]. Well-known genome editing tools are meganucleases (MNs) [37],
zinc finger nucleases (ZFNs) [38], transcription activator-like effector nucleases (TALENSs) [39],
clustered regularly interspaced short palindromic repeat (CRISPR)-associated nuclease Cas9 [40],
targetrons [41]. The nonhomologous end-joining repair system (NHE]) causes frameshift mutation,
resulting in gene disruption or knockout [42]. Lesions are generated when a homologous sequence
containing a double-stranded DNA template corresponds to a flanking sequence at the break site in
a cell and is repaired with the help of HDR machinery [43]. The cleavage at the non-targeted sites
creates undesirable mutations, requiring extensive identification screening (Figure 2).
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Figure 2. Mechanism of gene editing via Homology-Directed Repair (HDR) or Non-Homologous End
Joining (NHE]).(a) Zinc Finger Nucleases (ZFNs), (b) Transcription Activator-Like Effector Nucleases
(TALENSs), (c) CRISPR-Cas9, and (d) Homing Endonucleases create targeted DNA double-strand
breaks, repaired by HDR or NHE]. (e) Synthetic DNA acts as a template for precise HDR-based gene
editing.

2.1. Gene Editing Mechanism

Breaks in the double-stranded DNA are repaired by two major pathways: Homology-directed
repair (HDR) or Non-homology end joining (NHE]). HDR works template-dependent at the broken
end by making homologous sequences [44]. Gene targeting efficiency by homology recombination
magnitude can be increased by DSB introduction at the target site [45]. The NHE] repair mechanism
doesn’t use a DSBs repair template at the target cleave ends [46]. The reading frame of a gene can be
shifted by using site-specific DSBs with the assistance of NHE] stimulation [47].

2.2. Gene Knockouts and Gene Deletion

Gene knockout is the most straightforward form of gene editing, which focuses on creating
insertion and deletion (indel) at the target site created by NHE] error. There are two types of NHE].
Classical NHE]J acts directly on unprocessed DNA, whereas the alternative NHE], also called
microhomology-mediated end joining (MME]), requires end-resection and annealing of single-
stranded regions that are shorter in size. Both of these pathways repair DNA with a higher rate of
mutagenesis, forming indels at the break site; the indels formed cause frameshift [48]. In Duchenne
muscular dystrophy (DMD), disease frameshift is seen due to gene deletion resulting in loss of
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protein function; indels targeted by NHE]J-induction assist in correcting the reading frame of the gene
by restoring the correct one [49]. Knocking out endogenous genes helps in new treatments where the
particular gene function can be stopped permanently. They can be used in treating diseases like
Huntington’s disease, where an allele gene huntingtin (HTT) tends to expand repeatedly, producing
mutant HTT protein (toxic). Gene editing by NHE] could provide clinical benefits in other diseases
like HIV (CCR5 knockouts) [50]. More significant segments of DNA can be deleted by flanking the
sequence with the help of two double-stranded base pairs (DSBs). When two targeted breaks are
introduced simultaneously, megabases of genomic deletions are created [51]. This can be beneficial
in treating hemoglobinopathies where the BCL11A (erythroid-specific) region is deleted [52].

2.3. Gene Correction and Insertion

Exogenous donor template stimulates HDR gene editing with the help of targeted double
strands, which tend to be active at the S and G2 phases. During the process, the sister chromatid is
used as a template for DNA repair [48]. Delivering targeted nucleases and DNA homologous
containing vectors at the break site induces HDR-based gene editing with higher editing efficiency
[53]. The mutation responsible for a specific disease can be repaired using donor template sequences
on the endogenous locus [54]. The most commonly used donor templates are plasmids; single-
stranded oligonucleotides (ssODNs) with 80 base pairs can also serve as a template for HDR [55].
Where transfection is impossible, viral vectors like integrase-deficient lentivirus or adeno-associated
virus (AAV) were used as donors [56].

Viral vectors have long been used in traditional gene therapy to introduce the gene of choice
(exogenous genes) into the desired genome. Controlling the site of integration of these viruses poses
a challenge, so murine retroviral vectors were preferred [57]. Flanking the desired insert present in
the donor with the help of the homology arm and the nuclease enzyme site-specific sequence induces
the DSB-induced HDR DNA insertion at a particular site [58]. The insertion of therapeutic genes at
the target site, a “safe harbor,” increases the risk of insertion mutagenesis, which expresses
ubiquitous genes. To control this, a wild type of the same disease-causing gene is inserted at the
endogenous locus, where the promoter takes control of the process [59].

2.4. Genome Editing Tools

The Genome editing tools can be subdivided into two groups: (I) MNs (meganucleases), ZFNs
(zinc finger nucleases), and TALE (Transcription activator-like effector nucleases). They bind to their
specific DNA sequence with the help of protein-DNA interaction [37]. The second group comprises
two subgroups (I) RNA-guided systems CRISPR/Cas9 and targetrons [40]. The second subgroup
contains DNA-based guided systems peptide nucleic acids (PNAs), triplex-forming oligonucleotides
(TFOs), and structure-guided endonucleases (SGNs) [60]. Gene editing initiated by Double-stranded
breaks was repaired endogenously. Precise gene editing was implemented by introducing targeted
DSBs.

2.4.1. Zinc Finger Nucleases

Zinc finger nucleases (ZFNs) are the most abundant transcription factors, and it is artificially
generated by combining DNA binding and recognition domain (Cys:2Hisz), a common DNA-binding
domain encoded in the human genome to non-specific cleavage domain (IIS) from FoKI restriction
enzyme [61]. The zinc finger domain forms the BB« structure in a zinc atom’s presence. Where the o
helical portion of each finger makes contact with 4bp in the DNA [62]. ZFNs bind to an extended
target sequence where the three-finger protein binds to the nine-bp site. Structure-based design was
used to engineer two ZFNs that efficiently cleave DNA when paired as heterodimer, which can be
used as a potential gene-modifying reagent [63]. The dimerization by ZFN was studied using 3D
protein modeling and energy calculations with computer assistance, showing a potential dimer
within the FoKI interface [64]. Newly designed ZFNs were less toxic (genotoxic) in cellular-based
studies. When dimerization energy is lowered, dimeric FoKI formation is prevented [64]. Zif268 has
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an attractive framework that can be used to design new DNA-binding motifs [65]. ZFNs have been
used to inactivate specific core receptors (HIV CCR5 coreceptors) to avoid viral entry into cells [66].
Due to FoKI's non-specific nature and ZFN modular architecture, there is a high chance of breakage
at the ectopic site [67]. Artificial zinc finger protein (AZP) and Staphylococcal nuclease (SNase) give
a hybrid AZP-SNase that can be used for anti-viral therapies. This artificial nuclease can target a
particular site in human papillomavirus type 18 (HPV-18), which stops viral replication [68]. One
drawback of this hybrid is that it cleaves both single and double-stranded host DNA and RNA by
switching the moiety in the AZP-SNase to single-chain FoKI dimer (scFoKI) successfully cleaves the
viral DNA. It can inactivate human DNA viruses with fewer side effects [69]. ZFN technology was
made possible due to FoKI restriction endonuclease, which functions independently (DNA-binding
and cleavage domains) [70]. Chimeric nuclease with the novel binding site can be generated by
replacing the Fokl DNA-binding domain with a zinc finger domain. DSBs formed by ZFN induction
can be modified by either NHE] or HDR [71], where they find their application in somatic cells of
humans and stem cells [72].

2.4.2. Transcription Activator-like Effector Protein (TALENS)

These are artificial endonucleases made by the fusion of DNA-binding domain obtained from
transcription activator-like effector protein (TALE) with FoKI endonuclease-like cleavage domain
[73], primarily isolated from the plant pathogens Xanthomonas sp. [39].TALE repeats are highly
conserved, binding to a single base pair guided by the hypervariable residues. The binding of TALEs
to DNA forms a helical structure for each repeat connected by a loop that presents the hypervariable
region to the major groove where the protein forms a superhelical structure around the DNA [74].
Each corresponding nucleotide is recognized by a TALE repeat with its two variable residues, where
the repeats represent the sequence in the binding site. TALENs have higher genome editing than
ZFNs [75]. By joining proper repeated units, user-defined TALENs can be redesigned. TALENS are
dimeric, where the specificity of the enzymes is higher when compared to monomeric enzymes [39].
Tev-TALE nucleases (Tev-mTALENs) were an alternative to Fokl-based architecture, where the
sequence-specific I-Tevl HEase is joined with TALEs. Thus, the TeVI domain has predetermined
recognition sites with limitations over the genomic targets [76].

TALE assembly can recognize 12-20bps of DNA and higher genome editing can be achieved by
increasing the base pairs [77]. Each building domain in TALE is more than 34 residues in length. The
amino acid residue at the 12 and 13 in each repeat gets in contact with the DNA and is called repeat
variable residues (RVDs) [39]. RVDs used in synthetic tale arrays are NI for adenine, HD for cytosine,
NG for thymine, and guanine, NN, or HN [39]. One method used to construct TALE DNA-binding
domains is the Golden Gate Way assembly approach [78] —other methods include high throughput
TALE assembly, Flash Assembly, iterative capped assembly, and Ligation independent cloning.
TALENSs have two unique advantages in genome editing when compared with ZFNs. No selection is
needed to engineer the TALEN array. Also, assembling functional nuclease requires less time and no
prior experience. TALENSs have increased affinity towards targeted DNA with less toxicity. Due to
their larger size and repetitive structure, transportation into cells is done with the help of lentivirus
or single adeno-associated virus (AAV) [79].To make the delivery easy, TALENs can be delivered as
mRNA (Mock et al., 2015) and protein [80].

2.4.3. CRISPR-Cas9

CRISPR-Cas 9 protein has a significant application ranging from genetics to bioimaging systems.
They function as an adaptive immunity role in bacteria, which finds its way inside genome editing
[81]. The type II CRISPR system in bacteria helps protect against invading viruses and plasmids with
the help of Cas proteins through an RNA-guided DNA cleavage mechanism [82]. CRISPR RNA was
created by transcribing the locus containing foreign DNA and annealing it to transactivate crRNA
(tracrRNA). Sequence-specific degradation of pathogenic DNA was carried out by the Cas9 protein
[83]. Target recognition by Cas9 protein is made easy by integrating a seed sequence that must be in
the crRNA and a protospacer-adjacent motif (PAM) upstream of the crRNA binding site [83]. This
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finds its way inside the world of genome engineering, which contains Cas9 nuclease guide RNA
gRNA (crRNA (CRISPR RNA) and tracrRNA (trans-activating CRISPR RNA) elements). Both are
expressed on a single construct called single-guided RNA (sgRNA) [83]. CRISPR-Cas9 emerged as a
user-friendly and more flexible genome editing platform. One of the significant challenges is that the
PAM motif is to be located in the gRNA target during the downstream process. The PAM sequence
for the Streptococcus pyogenes Cas9 is 5" -NGG-3’, where 5 -NAG-3’ can be tolerated [40]. The gRNA
and the complementary strand form a heteroduplex structure between two nuclease domains, RuvC
and HNH, inside the Cas9 protein, where the PAM recognition is by the arginine-rich motif in Cas9
[84]. Cas9 and gRNA can be delivered using plasmids, and ECRISP is used to select the target site
and construct gRNA [85]. Reports suggest Cas9 can cause off-target mutations [86]. Using paired
Cas9 nickases, the specificity can be improved considerably by inducing nick in DSB formation or
increasing the sensitivity for mismatches on genomic target sites by truncated gRNA [87]. They use
configured Cas9 variants such as Cas9 architecture split induced by rapamycin or Cas9 variant with
responsive intein domain [88]. Methods like nucleofection and transient transfection over Cas9
complex reduces the off-target effects in gene editing in human T-cell [89], Stem cells form embryo
[90] gonads of Caenorhabditis elegans [91], mouse [92]. The secondary structure of RNA can be
protected and made stable by using specific chemical modifications, which further enhance the Cas9
ribonucleoprotein activity [93]. Protein engineering can increase Cas9 specificity and change PAM
requirements.

2.4.4. Homing Endonucleases

Homing Endonucleases (HEs) cut DNA encoded by the Homing Endonuclease gene (HEGs).
These mobile genetic elements also induce the movement of genetic elements where they are seen.
They are sequence-specific endonucleases that recognize base pairs that are >14 bp compared to
restriction enzymes from bacteria (REs). HEs tolerate sequence degeneracy. It may not interfere with
the cleavage process but can reduce efficiency. It is also the final member of the targeted nuclease
family. There is an endonuclease family named after the conserved motif region present within these
enzymes LAGLIDADG (LHEs). It has the most comprehensive host range from plants, protists, and
branching metazoans. The domains (binding and cleavage) are not modular, as seen in ZFNs and
TALENs. HEGs perform double-strand break (DSB) or single-stranded nick inside the alleles
(cognate), which do not have coding sequences for endonuclease enzyme; such process is called
homing.

The most frequently encountered group I intron-containing Open reading frames (ORFs) is
LHEs. At certain times, they can be seen in group II introns [94]. LHEs make staggered cuts at the site
of cleavage, leaving 3’ overhangs over four nucleotides. Dodecapeptide motifs (one or two)
LAGLIDADG helps in protein encoding, where one of the motifs is of ancestral version, which after
duplication resulted in a double motif [95].When single motif LHEs act as a homodimer, whereas
double motif LHEs are monomers. I-Scel comes under the family of HEs and was the first encoded
intron. The intron in the mtDNA of Sacharomyces cerevisiae in the rnl gene is mobile and referred to as
the omega (u) locus. The nuclear genome of Saccharomyces species contains two non-intron encoded
LHE family members: homothallism (HO) and VMAIl-derived endonuclease (VDE). This
endonuclease, also known as PI-Scel, was the first structure elucidated intein [96]. Switching between
mating types can be achieved through HO, which acts as a catalyst in budding yeast [97]. GIY-YIG
endonuclease introns have been reported within the mitochondria, chloroplast, and bacteriophage
genome. The GIY-YIG motif is associated with DNA-binding enzymes that require endonuclease
activity, like UvrC in archaea and UvrABC in bacteria (excision repair complex) [98]. The group one
intron-containing ORF encodes specific domains from proteins such as H-N-H proteins or H-N-H
domains, where the H-N-H motif bearing endonuclease domain can be seen associated with inteins,
Res of bacteria, transposases, DNA acting factors [99]. Group II introns have varied functional
domains with various activities that encode complex proteins. The Intron insertion site is cleaved by
Endonucleases [100].
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2.5. Synthetic DNA

DNA holds the basic information of life. Recently, many efforts have been made to generate
viable microbes using synthetic genome technology [101]. Synthetic DNA can be used as a probe in
living organisms, which can be used to amplify inaccessible sequences. Using xeno nucleic acids
(non-natural nucleotides) (XN As), new DNA architectures with functionalities can be created [102].
Single-stranded DNA acts as a donor in genome engineering in synthesizing homo-polynucleotides
[103]. Next-generation sequencing (NGS) has dramatically improved the editing of DNA, which has
revolutionized population genomics analysis. Technologies like DNA de novo synthesis and gene
editing by CRISPR have the most significant advantage over editing and DNA writing [104]. This can
be applied in fields like vaccines, data storage, drug delivery, and designing microorganisms with
resistant capabilities. DNA synthesis by chemical method has produced DNA chains of <200-
nucleotide (oligonucleotides). Technologies that plasmid template approaches are rolling circular
amplification [105], Polymerase chain assembly or Gibson assembly [106], template-independent
enzymatic oligonucleotide synthesis (TiEOS) in which terminal deoxynucleotidyl transferase (TdT)
as a DNA synthesis tool [107]. One of the significant challenges in DNA synthesis is generating >300
nucleotide DNA sequence that entirely depends on the efficiency of the elongation cycle. The
elongation cycle (99%) yield of oligonucleotide has 120 nucleotides. During the commercial
preparation of the>1 kb sequence,>300 bp polynucleotides were used as the building blocks (Crosby
et al., 2019).

2.5.1. Synthetic DNA Using Phosphoramidites

This method synthesizes the DNA from 5'-protected dimethoxy trityl (DMT) nucleotide
phosphoramidites [108]. In 1980, applied biosystems designed the first automatic DNA synthesizer
(synthetic oligonucleotides) [109]. Individual sequences of oligonucleotides were chemically
assembled onto solid support (silicon). By applying varied microarray formats, parallel in situ
synthesis of oligonucleotides has been achieved. The sequence assembled in one site can be controlled
independently, thus giving an insight into the synthesis of various sequences in a site-specific manner
[110]. Compared to the single sequence synthesis approach, the multisequence approach on silicon
chip reduces the reaction volume and increases the DNA output [111]. Phosphoramidite synthesis
has poor bench stability and requires more significant organic solvents. Depurination occurs when
the 5-DMT protecting group (PG) is removed during acid treatment, leading to the loss of purine
bases, which makes the synthesized DNA susceptible to hydrolysis (Ravikumar et al., 1996).
Asymmetric PCR can amplify DNA, which is thousands of nucleotides in length [112].

2.5.2. Enzymatic Oligonucleotide Synthesis

They work on the principles of solid phase synthesis, where the DNA of choice is synthesized
on solid phase support with the help of DNA polymerase nucleoside 5'-triphosphates (NTPs) [113].
DNA polymerase works on a base-pairing mechanism through the template strand and assists in
selecting incoming nucleotides. DNA polymerase is unable to go de novo. The enzyme that can aid
in the elongation of the polynucleotide sequence in the absence of a template strand is required,
which has been identified as TdT and has been commercially incorporated into the TIEOS Methods
[107].

2.5.3. Template Independent Synthesis

Elongation of oligonucleotides occurs promiscuously from 5'-3’ by taking in the nucleotides and
raising the concomitant formation of various sequences [114]. One of the best ways to control
nucleotide incorporation is through reversible termination. Where modified NTPs are used as the
synthesis terminator at the 3’ position. Chemically synthesized single-stranded initiator DNA 19 was
preloaded onto resin beads, followed by ligation between the 3'-protected NTPs 20 to the desired
sequence 23. Before each elongation cycle, deblocking of 3'-PG was performed along with the
washing step to remove any side products and other reagents [115]. A particular deoxyuridine
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cleavage site is found in initiator DNA 19 at the 3’ end, which is liable enzymatically. Once the
synthesis is over, Uracil DNA glycosylase cleaves the site to release the assembled sequence of the
resin [116].

There are some limitations reported on TdT. It prefers some nucleotides over others, which could
increase the chances of sequence-specific errors [115]. TdT works on single-stranded DNA rather than
double-stranded DNA. This is due to the steric shield attributed to the lariat loop in the enzyme that
prohibits double-stranded DNA access [117] . The efficiency of the synthesized strand can be reduced
if the strand under construction forms a secondary structure (Hoose et al., 2023). TdT-catalysed
phosphoryl transfer requires divalent cations to synthesize new strands from NTPs. Unlike other
DNA polymerases that require Mg? to initiate the synthesis of DNA molecules, TdT can utilize
numerous divalent metal cations Co %, Mn %, Zn > and Mg 2. Using Mg? incorporates
deoxyguanosine triphosphate and deoxyadenosine triphosphate, Co?* deoxycytidine triphosphate,
and deoxythymidine triphosphate (Hoose et al., 2023). Placing appropriate 3'-PGs onto NTPs avoids
the random incorporation of NTPs onto the extending DNA chain; this technology can be seen in
DNA Script and Nuclera Nucleics.

3. Advancement in Metagenomics
3.1. Metagenomics- Exploring the Microbial World

Years back, our awareness of the microbial world was limited to strains that were capable of
culturing under laboratory conditions. However, with the advancement in sequencing techniques
and with the discovery of metagenomics, genetic materials from vast environmental and clinical
niches could be analysed without being isolated or grown under laboratory conditions. This
technique has transformed our understanding of microbial communities by providing unparalleled
insights into their complexity and functionality[24].Metagenomics enables scientists to visualise
microbial communities by separating genetic material (RNA, DNA) straight from an
environmental/clinical sample, eliminating the effort of growing them. The isolated genetic materials
are a collection of genomic samples that illustrate the microbial diversity of an ecosystem. For
instance, the metagenomic data processed from human samples, which claim to include billions of
microorganisms, was a significant achievement for the metagenomic method serving the scientific
world. The basic steps to metagenomics have been listed below (Figure 3).
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Figure 3. Workflow of next-generation sequencing (NGS): DNA/RNA extraction, library preparation,
sequencing, and bioinformatic analysis for data interpretation.
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3.1.1. Extraction of Metagenomic DNA

DNA from a sample can be extracted directly from a location of interest, providing 1-50 kb of
low-quality DNA, or indirectly, by separating microbes and isolating the DNA, yielding greater DNA
quality and more precise outcomes. The indirect approach can recover DNA ranging from 20 to 500
kb, although it is time-consuming and elaborate. The indirect method usually results in the loss of
some DNA of microbial species[118]

3.1.2. Metagenome Libraries

The method for creating a microorganism DNA library varies depending on the goal of the
study. Specific work goals are needed to know what vector to use and what portion of the gene or
gene cluster needs to be cloned to make a library. Plasmid, cosmid, fosmid, bacterial artificial
chromosome (BAC), yeast artificial chromosome (YAC), and phage are examples of frequent vectors
used for making metagenomic libraries[119].

3.1.3. Screening of Metagenome Library

Function-driven screening, sequence-driven screening, and substrate-induced gene expression
screening (SIGEX) are the three methods used today for screening environmental metagenomic
libraries. Fluorescence in situ hybridisation and DNA stable-isotope probing (DNA-SIP) are further
methods. Further, some new microarray, stable isotope labelling, and fluorescence in situ
hybridisation-based approaches have also been applied to sequence screening[24]

3.1.4. Metagenomic Sequencing and Analysis

Metagenomic DNA can be sequenced from DNA libraries using next-generation sequencing or
third-generation sequencing and obtained high-quality reads are compiled into a complete genome
sequence by software. The data is next analysed for quality, followed by functional and taxonomic
profiling. The amplified sequences are library-prepared, and the relevant statistical and bioinformatic
analysis is conducted [120].

3.2. Advances in DNA Sequencing Technologies

Over the years, sequencing 165 amplicon has been a legacy in identifying and classifying
bacterial species. Now, with the recent advances in the field of sequencing techniques, it has become
much more feasible to study the mysteries behind different microbial communities. The availability
of public depositories of novel metagenome-assembled genomes and protein sequences has
accelerated the journey of achieving significant milestones in the field of medicine. The advancement
in the field of sequencing techniques is marked by the discoveries of third-generation sequencing and
the latest NGS-based sequencing

3.2.1. llumina Sequencing

The majority of metagenomic research uses second-generation sequencing, which produces
billions of short sequences in a single run. The most popular platforms for this type of sequencing
include Illumina. [llumina sequencing is the most commonly used sequencing technique that can run
up to a read length of 150-30 bp with errors ranging from 0.1% to a maximum of 1%. For instance,
when combined with metagenomic WGS the system can generate up to 1.5Tb of read information
through Illumina NovaSeq 6000. The read separations obtained from the Illumina sequencing are of
the top quality [121].

3.2.2. Applied Biosystems Sequencer

The Applied Biosystems (AB) sequencer is a popular tool in metagenomics research because of
its special “sequencing by ligation” technique, which enables double-base encoding. Because each
base is questioned twice during sequencing, the platform has a far lower chance of error compared
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to other similar ones, which contributes to its high accuracy. Despite having higher accuracy they
have a read length of 85bp which is prone to cause errors in the assembly and generate increased
sequencing time [122].

3.2.3. Ion Torrent Sequencing

The Ion torrent sequencer senses the changes in hydrogen ion concentration that happen when
a nucleotide is inserted into the sequence. The output of the sequencing quality is great and reliable
and is cost-effective when compared to Illumina or pyrosequencing[122]. Further, the “Ion 165
Metagenomics Solution” offers a specialised workflow for analysing bacterial diversity within a
sample by targeting and sequencing a specific gene like the 16S rRNA[123].

3.2.4. Roche 454 Genome Sequencer

The Roche 454 genome sequencer is a high-throughput sequencing tool that is frequently used
in metagenomics studies. The 454 genome sequencer is useful for building and analysing complex
microbial communities from environmental samples. Finding the pyrophosphate (PPi) chemical that
is generated when a nucleotide is integrated into the polymerase is the foundation of a real-time
sequencing-by-synthesis (SBS) pyrosequencing technique. However, the efficacy of this sequencer is
not as great as [llumina sequencing [124].

3.2.5. PacBio Technology

PacBio eliminates the need for DNA amplification, allowing for faster sequence reading. It also
reads the complete DNA molecule in real-time as it traverses through a specialised sequencing
device. The typical sequencing read length ranges between 8 and 15 kb, with the most complex
sequences spanning 40 to 70 kb. Can identify small variations at a rate of 0.1%. Because there is no
PCR amplification stage, base changes may be identified promptly during sequencing having a
precision of as high as 99% [125-127].

3.2.6. Oxford Nanopore Technology (ONT)

ONT can overcome the limitations of short reads, such as identifying structural variations and
highly repetitive areas, thanks to its ultra-long read capabilities. In ONT, DNA and RNA bases are
characterized by detecting different ionic current signals according to their characteristics when they
pass through nanopores[128]. In addition to sequencing nucleic acid molecules with lengths well
above 100,000 bp, ONT produces reads with N50 values up to 40,000 bp, which are longer than the
average read length due to the unique sequencing technology. In addition to real-time base detection
the MinION (ONT commercialised product) is a low-cost technology that collects samples and
sequences them in a lab. Consequently, nanopore sequencing will eventually replace all other
sequencing devices [129]. Other currently available versions of ONT include, benchtop GridION,
VoITRAX, and high-throughput PromethION [130].

4. Synergistic Benefits of Synthetic Biology and Metagenomics

To investigate, comprehend, and create biological systems, the areas of SynBio and
metagenomics have come together to form a potent synergy. Scientists can find novel genes and
antibiotics from a variety of habitats by merging SynBio and metagenomics. As resistance
mechanisms continue to evolve and outstrip our strategies for fighting these diseases, antimicrobial-
resistant (AMR) bacterial pathogens pose an ever-increasing threat to human health. Many antibiotics
are classified as natural products (NPs) because they are naturally occurring substances that are
released by bacteria and fungus. Numerous small molecule NPs called secondary metabolites in
bacteria are encoded by biosynthetic gene clusters (BGC), which may be found by genomic
sequencing and automated genome mining technologies [131]. Advanced computer bioinformatics
methods are used by programs like Secondary Metabolite Unique Regions Finder (SMURF) and
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Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) to predict and locate BGCs in
genomic data [132,133].

BGCs that are found, but not connected with known secondary metabolites, are called “cryptic”
since they have been previously undetected or transcriptionally quiet. Following the discovery of
these cryptic BGCs in the genome, bioengineering techniques may be used to edit the genome and
either stimulate the production of the encoded NP or possibly change it to produce novel antibiotics
and more chemical diversity [134]. With the right methods, bioengineering and molecular cloning
concepts may be applied to biological systems that generate protein or small molecule products with
specific, controlled characteristics. To alter, reimagine, or create new biological systems, these
methods often seek to change gene circuits, genes, and metabolic pathways [135]. Through the
activation and manipulation of cryptic BGCs encoding potentially new antibiotic secondary
metabolites, SynBio and metagenomics can leverage these strategies to help combat AMR bacterial
infections by increasing the chemical diversity of antibiotics. To extract and investigate potentially
new antibiotics from understudied and environmental microorganisms, methods centred on genomic
mutagenesis, endogenous gene expression, and heterologous gene expression can be employed [136].

The convergence of metagenomics and SynBio is increasingly being used as an approach to
anticipate and induce new, natural antibiotics. By using SynBio perspective, advances in cloning and
mutagenesis techniques may be used to study the natural control of antibiotic biosynthetic gene
clusters (BGCs) and find possible changes that could result in stronger antibiotic action. Furthermore,
a large number of cryptic antibiotic BGCs originate from the biosynthesis pathways of polyketide
synthase (PKS) and non-ribosomal peptide synthase (NRPS); these routes are complicated, clustered
genetic sequences that result in natural compounds produced from amino acids [134].

To regulate and manipulate gene expression, gene circuits, or metabolic pathways in non-native
species, SynBio may be applied to current genome editing methods through the use of designed and
constructed components. Numerous methods exist that may be adjusted and customized for the
activation of cryptic BGC. To activate BGCs and create their encoded natural product as antibiotics,
SynBio uses genomic mutagenesis techniques to induce genetic changes inside a bacterium’s genome.
Cloning and genetic engineering methods are being employed in SynBio to activate cryptic BGCs
utilizing endogenous and heterologous expression platforms. Activating these mysterious BGCs
aims to find, describe, and employ new natural compounds as antibiotics. Researchers and scientists
might be able to start a new generation of antibiotic production that can go back in time and stop the
impending threat of the growing list of MDR and XDR bacterial pathogens if these techniques can be
successfully modified and used to concentrate on antibiotic BGC discovery and characterization
[134].

5. Diverse Applications of Synthetic Biology and Metagenomics

Although microbes have their immense significance, only a small percentage of microbes have
been successfully cultivated in the lab. It is now evident that molecular methods have been crucial in
identifying and revealing the vast diversity of microorganisms. Characterization of a large and
unexplored portion of the microbial diversity was made possible by “omic” technologies such as
single-cell genomics and metagenomics etc. [137]

SynBio is a scientific field that is initiated at the start of the current millennium aa visionary
extension of what was previously known as genetic engineering or recombinant DNA technology in
the 1970s. Enhancing the genetic engineering process through a multidisciplinary approach that
combines the fundamental sciences of chemistry, biology, mathematics, and biophysics with
biological, chemical, and electrical engineering techniques is one of the main objectives of SynBio. Its
broadest definition includes cell-state analysis, systems biology and bioinformatics, DNA synthesis
and assembly, genetic programming, protein engineering, pathway engineering, metabolic
engineering, computer-aided design, in vitro biochemistry, and artificial life [138]. Many of these
SynBio fields have obvious uses in the biotechnology and biomanufacturing sectors microbial
fermentations can be optimized to produce chemicals, industrial enzymes, and biofuels; microbial
fermentations can be used to produce natural products for plant-crop protection, animal health, and
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human medicine; and bacterial and mammalian cells can be engineered to produce human
therapeutic proteins. This viewpoint presents reviews and original [139,140]

Metagenomics facilitates the examination of all microorganisms, irrespective of their culturing
capabilities, by analyzing genomic data sourced directly from environmental samples. This approach
yields insights into the species present and enables the extraction of information concerning the
functional roles of microbial communities within their natural environments. Function-based
screenings, which involve the cloning and expression of metagenomic DNA in a heterologous host,
can be utilized to identify novel proteins of industrial significance that are encoded by genes from
microorganisms that were previously difficult to access. [141]

The integration of SynBio and metagenomics is anticipated to represent a major advancement in
the engineering of intricate biological systems. The complete biosphere, encompassing its myriad life
forms, can be viewed as a reservoir of evolutionary innovations and a valuable source of modules for
SynBio. Additionally, metagenomics, which represents a significant aspect of biodiversity, ought to
be recognized as a crucial source of these modules.

Standardized integration of components, devices, circuits, and modules into functional chassis
is part of the abstraction hierarchy of combining SynBio and metagenomics (also known as “synthetic
metagenomics”). The engineering of biodiversity sustainability in multicellular entities, their
interconnections, and their dynamics in communities and entire ecosystems are all covered by these
principles, which go beyond the confines of single cell design. [14]

In order to design basic functional units, which are typically bottom-up and could be referred to
as modules, SynBio has essentially “borrowed” concepts from electrical engineering or software.
Therefore, SynBio is a technoscience founded on the core notion that modules can be integrated,
combined, or arranged as interchangeable systems to create complexity. [142]

In order to produce ever-more intricate designs, scientists have taken components from natural
gene circuits and altered them since the development of recombinant DNA technology. These gene
circuits use separate and interacting components to produce particular responses, and they depend
on regulatory factors for cellular functions. This has led to the development of flexible components
and tools for gene circuit engineering. In SynBio, a “device” is a group of biological components that
cooperate to produce a specific beneficial function or behavior. More intricate structures can be
created by scaling up or further integrating these devices. For instance, a bacterium that has been
genetically modified to break down plastic polymers into their monomers will be able to both
catabolically “burn” the hydrolysis products of the broken polymer and use anabolic processes to
turn the monomers into biomass. [143,144]

By utilizing the genetic and biochemical diversity found in the genomes of microorganisms from
environmental samples or through metagenomics, SynBio’s integration of metagenomics encourages
the development of sophisticated modular design that uses host cells for customized bioactivities.
Since its fundamental ideas —modular integration, standardization, abstraction, and orthogonality —
apply to the engineering of biodiversity sustainability in single cells as well as in multicellular
entities, their interconnections, and their dynamics in communities and entire ecosystems, we expect
that this integration will greatly advance the entire SynBio field. The biosphere as a whole, with all
of its varied life forms, can also be viewed as a source of SynBio modules and a repository for
evolutionary innovations. Unquestionably, a significant portion of biodiversity is derived from
metagenomics, which should be regarded as a valuable source of modules. Standardized processes
can be used to take advantage of the bioengineering of these modules in particular situations to
develop new biobased economies and technologies, as well as artificial cells and communities.[14]

Analyzing and sequencing the DNA or RNA found in a sample from a specific ecological niche
is known as metagenomics. Genetic information is retrieved using sophisticated sequencing
technologies because this material is typically fragmented and piecemeal. Metagenomics, in theory,
enables us to investigate the genetic makeup of entire microbial communities in their native
environments, uncovering the ecosystems’ hidden biodiversity and functional potential. In this
regard, metagenomics is developing into a technology that uses SynBio’s system design concepts and
enhances gene and protein engineering techniques. Utilizing the abundance of genetic and
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biochemical diversity found in the genomes of microorganisms found in environmental samples
metagenomics provides a variety of new technologies for screening environmental samples for novel
catalytic activities that may have biotechnological or even diagnostic uses. For instance, the extent of
novel compounds encoded in the enormous bacterial diversity and richness of the marine ecosystem
is starting to be revealed by metagenomic analyses of marine ecosystems.[14] [145] [146]

Our knowledge of ecosystems and biodiversity has increased as a result of metagenomic
analyses in a number of areas, including plastic biodegradation, oil spill bioremediation, and
antimicrobial resistance in waste management systems. Consequently, metagenomes are functionally
studied using the main tenets of SynBio in the developing field of synthetic metagenomics. The list
of recognized biological activities and building blocks is significantly increased by this method. [147]

The field of SynBio makes it possible to create controllable metabolic and regulatory networks,
circuits, and pathways. Additionally, it makes it possible to create whole cell systems, pathways, and
new enzymes. As a result, SynBio makes it possible to create new organisms that can be engineered
to generate useful products like medications, as well as chemicals, fuels, and materials that avoid
using non-renewable fossil fuels. Human, bacterial, viral, and plant cells have all been manipulated
using SynBio to create compounds or change processes that may improve human health. SynBio has
had a big impact on human health and disease treatment, from fortifying crops to modifying T cells.
A fresh avenue for disease treatment research is provided by SynBio. This entails the therapeutic and
diagnostic engineering of bacterial communities or cells. Salmonella, for instance, can regulate tumour
growth by releasing drugs in a time-dependent manner in response to the hypoxic microenvironment
of the tumour. Salmonella carries genes for synthetic antechamber drugs. 2010 saw the development
of viruses that specifically target brain tumour cells; oncolytic viral therapy was used to stop the
growth of blood vessels in brain tumour cells by focusing on a protein known as a vascular statin,
which prevents blood vessel growth. Additionally, SynBio can be applied to biosensing and cellular
homeostasis regulation, which can change how a disease progresses. The use of engineered T cells,
such as chimeric antigen receptor T cell immunotherapy (CAR-T), which is used to treat cancers, is
an example of SynBio in this context. Tisagenlecleucel was the first CAR-T treatment to receive FDA
approval [148].

5.1. Impact on Biotechnology-Based Research and Development

SynBio and omics technologies (Metagenomics) have had a significant impact on biotechnology
through a deeper understanding of biological systems and the ability to design and engineer
organisms with specialized functions. This has led to advancements in fields such as
biomanufacturing, medicine, and agriculture. SynBio and metagenomics have an important role in
biotechnology like the development of organisms with specialized characteristics for particular uses,
such as the production of useful macromolecules or the invention of novel treatments. New
techniques in biotechnology can optimize an organism’s metabolic processes to produce more of the
desired chemicals and to alter cells to produce new protein-based medications, cell treatments, and
customized medicine techniques. Below are the modern techniques in which SynBio and
metagenomics help revolutionise biotechnology by making it possible to create new biological
systems with tailored functions.

5.1.1. Synthetic Biology and CRISPR-Cas9

CRISPR-Cas9 has been profoundly impacted by SynBio and this is a powerful genome editing
tool that allows scientists to make precise changes to DNA sequences in living organisms. It has
revolutionized the field of genetic engineering and has enormous potential for developing new
treatments for genetic diseases. Through system optimization and fine-tuning, more accurate gene
editing with fewer off-target effects, better delivery systems, and the creation of intricate genetic
circuits that can regulate CRISPR activity depending on particular conditions, SynBio has had a
substantial impact on CRISPR-Cas9 and increased its potential uses in industrial biotechnology,
medicine, and agriculture. [149] Metagenomics has had a significant impact on CRISPR-Cas9
technology by offering a large reservoir of novel CRISPR systems from various microbial
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communities. This has enabled researchers to find new Cas enzymes with distinct properties, which
could result in increased efficiency, specificity, and applications for genome editing across a variety
of organisms, including ones that were previously challenging to target with current CRISPR
systems. Scientists can discover novel CRISPR-Cas systems that might differ from the widely used
CRISPR-Cas9 system in terms of target recognition sequences or cutting capabilities by using
metagenomics to analyze DNA sequences from environmental samples. Natural anti-CRISPR
proteins can also be found through metagenomic research, which is useful for comprehending
CRISPR mechanisms and creating instruments to regulate CRISPR activity. [150]

5.1.2. DNA Synthesis

The creation of unique DNA sequences is now simpler and less expensive thanks to
developments in DNA synthesis technology. This has made it possible for scientists to start from
scratch and create completely new genes and genetic circuits. The design, build, test, learn, and repeat
cycle that underpins advancements in SynBio is made possible by the chemical synthesis of DNA
oligonucleotides and their assembly into synthons, genes, circuits, and even entire genomes using
gene synthesis techniques. [151] Metagenomics fundamentally expands the potential for DNA
synthesis beyond known organisms by enabling researchers to access and sequence genetic material
directly from environmental samples. This opens up a vast pool of novel DNA sequences from
previously uncultured microorganisms, allowing the discovery of new genes and potential
applications in areas like drug discovery, bioremediation, and enzyme development by eliminating
the need to first isolate and cultivate individual species in a lab.[152]

5.1.3. Directed Evolution

Through the use of genetic engineering, scientists can produce vast collections of mutant genes
and subsequently select for desired characteristics. New proteins, enzymes, and other molecules with
a variety of uses have been created using this method. Even though directed evolution’s therapeutic
uses are still in their infancy, this method has potential in several therapeutic domains that are
significant for cardiovascular disease patients, including the following: Enzyme replacement
therapies, drug development, enhancing tissue repair, and antibody development. [153] By giving
researchers access to a large and hitherto untapped reservoir of genetic diversity from uncultured
microorganisms, metagenomics has had a significant impact on directed evolution. This has sped up
the process of discovering new enzymes, antibodies, and other functional molecules with unique
properties that are difficult to find in well-studied organisms. All things considered, metagenomics
has greatly increased the potential of directed evolution by providing access to a large genetic
diversity reservoir from unidentified microorganisms, which has made it possible to find new
proteins with useful roles for a range of applications. [154]

5.1.4. Synthetic Cells

Researchers have succeeded in producing artificial cells that can carry out fundamental tasks
like reproduction and stimulus-response. These cells may find use in environmental remediation,
biotechnology, and medicine. SynBio and its evolution have made its application in many genetic
tools for reprogramming and engineering cells for enhanced performance, new functions, and a
variety of applications. Research and development of new treatments may benefit greatly from the
use of such cell engineering resources. With the help of SynBio, synthetic cells have the potential to
develop engineered cell-based therapeutics for cancer, and engineered cell-based therapeutics for
infectious diseases. engineered cell-based therapeutics for imbalanced flora-related diseases. [135]
Through metagenomics, scientists can find genes with distinct roles not present in well-studied
model organisms. These genes can then be integrated into artificial cells to produce novel cellular
behaviours or metabolic pathways. All things considered, metagenomics gives synthetic biologists
access to a large genetic reservoir, facilitating the production of artificial cells with distinct functions
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and potential uses in a range of industries, including environmental remediation, bioenergy, and
medicine [155].

5.1.5. Metabolic Engineering

The development of metabolic engineering and SynBio has been greatly impacted by the new
tools and techniques introduced by the “-omics” era. Metabolic engineering entails optimizing
metabolic pathways in organisms, like yeast and bacteria, through genetic engineering to generate
useful chemicals and fuels. While SynBio is primarily concerned with basic biological research made
possible by the use of synthetic DNA and genetic circuits, metabolic engineering is about designing
cell factories for the biological production of chemical and pharmaceutical products. These two
exciting fields have made significant biotechnology advancements and helped to solve issues with
the production of medications, vaccines, chemical compounds, etc. are metabolic engineering and
SynBio. [156] Metagenomics help researchers to discover new proteins, enzymes, and biochemical
pathways, which can also identify viruses and microorganisms. This provides biological information
that is useful for metabolic engineering goals. One of the best ways to inform strategies to engineer a
cell to produce a target compound is to learn how the cell is currently using its biochemical resources.
It is fairly common practice to drive metabolic engineering by analyzing the target compound’s (or a
few closely related molecules’) extracellular or intracellular levels. Additionally, metagenomics has
the potential to have a major biotechnological impact on metabolic engineering because it naturally
supports the goal of manipulating metabolite production, which is the aim of metabolic engineering.
Furthermore, using metagenomics to study different strains originating from both directed evolution
strategies and rational design can be interpreted and understood in the rich biological context
provided by the extensive study of organisms like S. cerevisiae and E. coli. [156].

5.1.6. Microbial Biosensing

SynBio has facilitated the development of microbial biosensors, organisms designed to detect
and respond to specific environmental stimuli. These biosensors are important tools for monitoring
environmental pollutants [157], detecting pathogens [158], and assessing soil health in agriculture
[159]. Synthetic pathways enable microbes to produce detectable signals like fluorescence upon
exposure to target molecules, providing real-time monitoring capabilities [160]. An example includes
the engineering of Pseudomonas putida to sense and degrade environmental pollutants such as toluene
and other hydrocarbons [158,161]. These microbial sensors offer cost-effective, scalable, and in situ
detection solutions.

5.1.7. Therapeutic Applications

SynBio has enabled advances in microbial research that are transforming therapeutic
applications, particularly in designing probiotics and engineered bacteria for disease treatment.
Engineered strains of Lactobacillus and Escherichia coli have been developed to deliver therapeutic
molecules directly to the gut, modulate the gut microbiome, and even target tumours [162]. For
instance, synthetic gene circuits have allowed E. coli strains to sense and respond to inflammation
markers, releasing anti-inflammatory compounds in conditions like inflammatory bowel disease
[163]; [164]. Furthermore, genetically modified microbes are being explored as live biotherapeutics
for metabolic disorders, cancer, and infection control [165].

5.2. Using Synthetic Microbes to Improve the Environment

Synthetic biology has a significant impact on the development of synthetic microbes enabling
scientists to create custom microorganisms with improved capacities to degrade particular pollutants
in the bioremediation. These microorganisms can target complex pollutants, withstand harsh
conditions, and even detect contaminants through biosensing mechanisms. In other words, synthetic
biology creates “tailor-made” microbes for specific bioremediation efforts.
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SynBio helps the use of extremophilic microorganisms and is one of the essential SynBio
resources for the development of bioremediation technologies in particular. These organisms offer a
multitude of functionally adapted enzymes. In harsh conditions that would cause other proteins to
denature. For instance, thermotolerant microalgae Galdieria sulphyraria, when combined with
heterotrophic bacteria, can remediate ammonium and phosphates from wastewater systems,
producing biofuel without requiring the energy-intensive cooling of the photobioreactor system.
Halophilic bacteria can also break down petroleum and polycyclic aromatic hydrocarbons from
highly saline wastewater [166].

According to purists, prokaryotic organisms are currently modified or artificially created using
SynBio techniques. Although SynBio’s use in more intricate, multicellular organisms is still in its early
stages. However, with incredible potential, ambitious projects like the C4 Rice project
(c4rice.com/the-project-2), engineering nitrogen-fixing cereals are currently in progress. However,
the development of microbial-based systems remains the primary focus of the application of SynBio
techniques in the field of bioremediation. Although plants play a significant part in bioremediation,
current technologies only express one or a small number of transgenes, and fully SynBio techniques
have not yet been developed [166,167].

5.2.1. Engineered Biofilms for Bioremediation

A new area of study in bioremediation is bioengineered biofilms, which are designed to
overcome the inherent limitations of biofilms and lessen the effects of hydrocarbons, pesticides, and
hazardous metals in the environment. Biofilms’ capacity for regeneration makes them suitable for
sustainable use, while the composition of extracellular polymeric substance (EPS) can be tuned to
perform particular tasks for a range of bioremediation applications. Among the conventional
bioremediation uses that biofilm engineering can enhance are bioleaching (heavy metal dissolution
from the solid matrix), metal corrosion prevention, and wastewater treatment using microbial fuel
cells (MFCs). For example, a mercury detector (MerR promoter) was used in a selective mercury
detoxification system that was. For example, a mercury detector (MerR promoter) was constitutively
expressed in E. coli as part of a selective mercury detoxification system [16].

Finding desirable characteristics in artificially selected microbial communities synthesized by
SynBio can greatly aid bioremediation. A consortium of synthetic microorganisms entails the co-
cultivation of specific strains with favorable characteristics. Every microbe can take part in the
degradation pathway in this configuration. Therefore, it is possible to prevent over-engineering of a
single strain and the associated metabolic load. With the help of SynBio it is easy to develop
bioremediation as an inexpensive, labor-, energy-, and chemical-saving technique for managing
pollution. Heavy metals pose environmental and longer times and inadequate metal removal are
frequent drawbacks of using these procedures on a large scale. Consequently, synthetic biologists
began addressing the issues by altering the systems of living organisms. Inserting resistance genes is
one method of increasing tolerance. Recently, several engineering techniques have been proposed to
improve microorganisms’ resistance to Cu. The use of SynBio in hydrocarbon bioremediation is
becoming more widespread. Hexachlorocyclohexane (HCH), petroleum and its derivatives,
polyaromatic hydrocarbons (PAHs), Polychlorinated biphenyls (PCBs), chloroalkanes, organic
halides, and aromatic dyes are removed applying new degradation pathways through SynBio. [168]
[169] Multiple microorganisms, such as actinomycetes, algae, bacteria, and fungi, use enzymes to
drive the microbial decontamination of plastics. With the help of SynBio and metagenomics the
ability of Pseudomonas, Escherichia, and Bacillus species to enzymatically depolymerize plastics has
been improved. The majority of plastic biodegradation engineering research has concentrated on
altering the genes that code for efficient degradative enzymes. Particularly useful were Pseudomonas
species that provided effective enzymes for cloning in other bacterial hosts. Similarly, SynBio and
metagenomics have been used to enhance the breakdown of organophosphorus compounds (OPCs),
a common class of pesticides, the enzyme organophosphate hydrolase (OPH) was developed. Key
players in the breakdown of xenobiotics, such as cytochrome P450 systems and dioxygenases, have
been discovered and characterized thanks to functional metagenomics techniques [16,170].


https://doi.org/10.20944/preprints202412.0015.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2024 d0i:10.20944/preprints202412.0015.v1

19

5.2.2. Ecosystem Restoration

SynBio and metagenomics can address problems like invasive species, pollution removal, and
the recovery of endangered native populations within an ecosystem. SynBio can be used to actively
restore a degraded environment by employing genetic engineering techniques to create and
introduce modified organisms that are specifically suited to address environmental degradation. This
could improve biodiversity, ecosystem services, and resilience. Targeted interventions can be
designed with the help of SynBio. Researchers can create organisms with particular characteristics to
address specific environmental issues. For example, bacteria can be created to break down particular
pollutants in contaminated soil, or algae can be created to absorb heavy metals from water. The basic
research and application of SynBio as a tool for eco-engineering or working directly with biodiversity,
the field of ecological restoration is now beginning. Landscape designers or council employees may
use databases of socially engaged SynBio to guide their designs for restoring biodiversity
habitats.[171]

Crude oil spills contain thousands of compounds and polycyclic aromatic compounds (PACs)
are particularly dangerous because they can cause cancer [172], mutagenesis, and acute and chronic
toxicity to living things. By incorporating synthetic biology and metagenomics techniques designed
to understand the microbiome linked to hydrocarbon plastics, bioremediation procedures for oil
spills can be improved, which in turn helps in ecological restoration. A thorough grasp of the
degradation processes of bacteria and fungi, their complex interactions within microbiomes, and their
interactions with the soil matrix are essential to achieving this goal. Although petroleum-based
synthetic plastics like polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), and polystyrene (PS) are essential to modern industry and daily life, their
extreme resistance to environmental biodegradation has resulted in serious environmental issues
worldwide. According to several studies, Arthrobacter and Mortierella were either able to break down
plastics or were enriched on plastics in soils. According to metagenomic analyses, and SynBio certain
and prevalent microbial groups in both terrestrial and marine environments have adapted to degrade
the plastics and helps in ecological restoration.[171,173]. In addition to potentially alleviating the
strain on ecosystems by providing sustainable food for a future world of nine billion people, SynBio
may offer novel answers to well-known “wicked” problems like animal disease. [174]

5.2.3. Microbial Consortia Engineering

SynBio has also driven the design of microbial consortia, groups of different microorganisms
engineered to work collaboratively. These consortia can be structured to perform complex functions
that single organisms cannot efficiently achieve. In microbial research, consortia can be engineered
for applications like nutrient cycling, pollutant degradation, and bioproduction [175]. For example,
synthetic consortia are used in wastewater treatment, where various microbes sequentially degrade
organic pollutants, heavy metals, and other contaminants [176]. This multi-organism approach
optimizes resource utilization and enhances resilience in fluctuating environments.

5.3. Potential for Novel Applications in Medicine and Agriculture

The integration of SynBio and metagenomics offers transformative potential for both medicine
and agriculture by harnessing microbial diversity and engineering capabilities. The combination of
these fields allows for precise manipulation of microbial genomes and exploration of previously
inaccessible microbial communities, opening doors for innovation across several domains.

5.3.1. Medicine

5.3.1.1. Microbiome-Based Therapies

The human microbiome, consisting of trillions of microbes inhabiting various parts of the body,
plays a critical role in maintaining health and preventing disease. Recent advances in SynBio and
metagenomics are enabling unprecedented exploration and manipulation of these microbial
communities, particularly within the gut, where microbial imbalances are linked to a wide range of
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diseases, including gastrointestinal disorders, metabolic syndromes, and even cancers [177]. By
mapping out the vast genetic diversity of the gut microbiota through metagenomic approaches,
researchers can identify specific bacterial strains that are either beneficial or pathogenic.

SynBio offers the toolkit to engineer these microbes, turning them into “living medicines” that
can address health conditions with greater precision than traditional pharmaceuticals. For example,
engineered bacteria can be designed to release anti-inflammatory compounds directly in the gut,
which can help treat inflammatory bowel diseases like Crohn’s disease or ulcerative colitis [178].
Similarly, synthetic microbes can be programmed to degrade toxins, regulate metabolic processes, or
produce essential metabolites that are deficient in patients with certain genetic disorders [179].

Another promising area is cancer treatment. Certain engineered microbial strains have been
developed to either stimulate the immune system to recognize and attack cancer cells or to deliver
anti-cancer drugs in a targeted manner. For instance, synthetic bacteria have been designed to home
in on tumors and produce tumor-killing agents locally, reducing side effects and improving efficacy
over systemic treatments [177]. This approach not only opens new therapeutic avenues but also
underscores the versatility of SynBio in utilizing the human microbiome to address complex diseases.

Moreover, microbiome-based therapies provide an alternative to broad-spectrum antibiotics.
Traditional antibiotics often disrupt healthy microbial communities, leading to issues such as
antibiotic-associated diarrhea or secondary infections like Clostridium difficile [180]. Engineered
probiotics, on the other hand, can selectively target pathogens while preserving the balance of
beneficial microbes, offering a more nuanced and sustainable approach to treating infections.

5.3.1.2. Antibiotic Resistance Management

Antibiotic resistance is one of the most critical public health threats of the 21st century, with
resistant bacteria causing millions of infections and thousands of deaths annually [181]. The overuse
and misuse of antibiotics in both medicine and agriculture have accelerated the emergence of
resistant strains, often referred to as “superbugs.” Metagenomics has become a powerful tool in this
fight, allowing scientists to scan microbial communities —whether from clinical, environmental, or
agricultural sources—for genes that confer resistance to antibiotics [182]. By understanding how
these genes spread within and between microbial populations, researchers can devise more effective
strategies to counteract them.

SynBio can build on this knowledge to combat resistance in novel ways. One promising
approach involves the use of CRISPR-Cas systems, originally discovered as a bacterial defense
mechanism against viruses, to selectively target and disable antibiotic resistance genes in pathogenic
bacteria [183]. By engineering CRISPR-based tools, scientists can design systems that recognize and
cleave resistance genes, rendering resistant bacteria susceptible to antibiotics once again [183]. This
targeted strategy avoids the collateral damage to healthy microbiota that is often seen with broad-
spectrum antibiotics.

Additionally, SynBio can be used to create new classes of antibiotics. Using metagenomic data,
researchers have identified previously unknown biosynthetic gene clusters in environmental samples
that are responsible for the production of natural antibiotics. These gene clusters can be transferred
into laboratory strains of bacteria using SynBio techniques, enabling the mass production of novel
antibiotics that have not yet faced resistance [184]. These “mined” antibiotics from metagenomic
databases represent a new frontier in drug discovery, offering hope in the fight against resistant
pathogens.

Engineered microbes can also play a role in preventing the spread of resistance. For example,
synthetic bacteria could be designed to outcompete resistant strains in the human body or in
agricultural environments by producing compounds that inhibit resistance mechanisms or disrupt
biofilms where resistant bacteria tend to thrive [185]. These engineered organisms could be deployed
as part of a preventative strategy to reduce the prevalence of resistant bacteria in hospitals, food
production, or natural ecosystems.
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Applications of Synthetic Biology —Metagenomics in diverse fields
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Figure 4. Diverse applications of SynBio and Metagenomics.

5.3.2. Agriculture
5.3.2.1. Engineered Biofertilizers and Biopesticides

Agriculture has long relied on chemical fertilizers and pesticides to meet the growing demand
for food production. However, the environmental costs of these practices—such as soil degradation,
water pollution, and loss of biodiversity —have prompted the search for more sustainable
alternatives. The convergence of SynBio and metagenomics offers a powerful solution by tapping
into the vast diversity of soil microorganisms and enhancing their natural abilities to promote plant
growth and protect crops.

Metagenomics allows for the comprehensive exploration of soil microbial communities,
uncovering microbes that play pivotal roles in nutrient cycling, such as nitrogen-fixing bacteria
(Rhizobium, Azotobacter) and phosphate-solubilizing fungi (Penicillium, Aspergillus) [186]. By
identifying and cataloging the genes involved in these processes, researchers can gain insights into
how microbial consortia contribute to soil fertility and plant health. These metagenomic datasets
serve as the foundation for SynBio, which enables the precise manipulation of microbial genomes to
enhance or modify their functions.

Through SynBio techniques, beneficial microbes can be engineered to optimize nutrient cycling,
providing a next-generation biofertilizer that reduces dependence on chemical inputs. For instance,
engineered nitrogen-fixing bacteria can be designed to thrive in diverse soil conditions and enhance
nitrogen availability to plants, promoting higher yields while minimizing the environmental impact
of synthetic nitrogen fertilizers [187]. Similarly, phosphate-solubilizing microbes can be genetically
engineered to increase their efficiency in making phosphorus—an essential but often limiting
nutrient—available to crops.

In addition to biofertilizers, the integration of metagenomics and SynBio is revolutionizing
biopesticides. Beneficial soil microbes that produce natural antimicrobial or insecticidal compounds
can be identified through metagenomic screening and subsequently enhanced using SynBio to create
robust, environmentally friendly biopesticides. These engineered organisms can target specific pests
or pathogens without the negative ecological consequences associated with chemical pesticides. For
example, microbes engineered to produce specific insecticidal proteins or antifungal compounds can
protect crops from harmful pathogens while preserving beneficial organisms, such as pollinators
[188].

Moreover, engineered microbial consortia can be tailored to local soil ecosystems, ensuring that
biofertilizers and biopesticides are both effective and environmentally compatible. This shift from
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synthetic chemicals to biologically engineered solutions hold great promise for advancing sustainable
farming practices, improving soil health, and reducing the environmental footprint of agriculture.

5.3.2.2. Crop Microbiome Engineering

Plants, like humans, have their own microbiomes—complex communities of bacteria, fungi, and
other microorganisms that live on and within them. These microbial communities play a critical role
in promoting plant health, resilience, and productivity. By studying plant-associated microbiomes
through metagenomic analysis, scientists are gaining new insights into how these microbes influence
crop performance, opening up the possibility of engineering plant microbiomes to enhance
agricultural output in the face of challenges such as climate change, disease outbreaks, and soil
degradation [189].

SynBio is enabling researchers to design microbes that can confer specific benefits to crops, such
as increased tolerance to drought, heat, or salinity. For instance, microbes that produce plant growth-
promoting hormones like auxins or gibberellins can be engineered to enhance root development,
enabling crops to access water and nutrients more efficiently, even in poor soil conditions [190]. These
engineered microbes can also help plants cope with abiotic stress, such as extreme temperatures or
water scarcity, by enhancing their resilience mechanisms, such as antioxidant production or osmotic
adjustment.

Moreover, crop microbiome engineering has the potential to boost plant immunity against
pathogens. Using metagenomic data, scientists can identify beneficial microbes that naturally
suppress plant diseases, such as bacterial or fungal infections. By applying SynBio, these microbes
can be enhanced to provide stronger or more targeted protection. For example, bacteria that produce
antifungal compounds can be engineered to colonize plant roots and protect against soil-borne
pathogens like Fusarium or Phytophthora [191]. This approach reduces the need for chemical
fungicides, making crop protection both safer and more sustainable.

The ability to engineer the crop microbiome also has significant implications for improving
agricultural sustainability. By designing microbial consortia that promote nutrient uptake, protect
against pests, and improve resilience to environmental stressors, SynBio could help shift agriculture
toward a more sustainable model that relies less on synthetic inputs and more on natural processes.
This is particularly critical in the context of climate change, which is expected to increase the
frequency of droughts, floods, and other extreme weather events that threaten global food security
[186]. Engineered plant-associated microbes could help crops withstand these challenges, ensuring
stable food production even under changing environmental conditions.

5.3.3. Ethical Considerations and Societal Implications

The convergence of SynBio and metagenomics offers transformative opportunities but also
presents significant ethical and societal concerns. These technologies could dramatically alter
ecosystems, human health, and agricultural systems, raising critical questions regarding safety,
equity, and environmental impact.

5.3.3.1. Biosafety and Biosecurity

5.3.3.1.1 Unintended Consequences:

One of the primary concerns with SynBio and metagenomics is the unpredictability of
engineered microbes once they are released into the environment or the human body. Synthetic
organisms could disrupt natural microbial communities, potentially leading to ecological imbalances.
Horizontal gene transfer between engineered microbes and native organisms could result in the
spread of synthetic traits in unintended ways, which may lead to the emergence of new pathogenic
strains [192]. For example, if engineered microbes designed for agricultural purposes transfer traits
to environmental microbes, they could inadvertently disrupt soil health or nutrient cycles.
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5.3.3.1.2 Containment and Control

Developing reliable containment strategies for engineered organisms is essential to minimize
risks. Features like “kill switches,” which enable synthetic organisms to self-destruct in case of
uncontrolled spread, or other biocontainment mechanisms are crucial in mitigating biosafety hazards
[193]. The global release of these organisms, however, necessitates the creation of international
regulations and monitoring frameworks to prevent their misuse and manage biosafety risks
effectively [194].

5.3.3.2. Equity and Access

5.3.3.2.1 Unequal Access to Technologies

The benefits of SynBio and metagenomics may not be evenly distributed across societies.
Developing advanced microbial therapies or bioengineered agricultural products can be expensive,
limiting access to wealthier nations or large corporations. As a result, low-income communities and
small-scale farmers may be excluded from the benefits of microbial biofertilizers or therapeutics [195].
This raises concerns about exacerbating global inequalities, particularly in agriculture, where
smallholder farmers in developing regions might not have access to high-tech biofertilizers or
biopesticides [196].

5.3.3.2.2 Patents and Ownership

Intellectual property issues further complicate the use of SynBio and metagenomics. Innovations
in SynBio are often subject to patent protections, which may limit access to genetic resources derived
from metagenomic studies. Questions about who holds the rights to engineered organisms,
particularly those based on microbial communities from nature, are increasingly important. There
are also concerns about “biopiracy,” where genetic resources from developing countries may be
exploited without fair compensation [197].

5.3.3.3. Environmental Impact and Sustainability

5.3.3.3.1 Long-Term Ecological Impact

The release of engineered organisms into ecosystems poses ecological risks, and their long-term
effects are not fully understood. Synthetic organisms could outcompete natural species, potentially
leading to biodiversity loss or disrupting food webs [198]. This requires comprehensive ecological
risk assessments to evaluate potential long-term environmental effects. SynBio also holds the promise
of solving environmental challenges, such as developing organisms that help restore degraded
ecosystems, but their impacts need to be carefully considered.

5.3.3.3.2 Sustainability and Environmental Justice

While SynBio and metagenomics provide promising solutions for sustainability, such as
reducing chemical use in agriculture or developing new methods for environmental remediation,
their equitable implementation is crucial. For instance, communities most affected by environmental
degradation should have a role in deciding how these technologies are applied locally [199]. Ensuring
that the benefits of these innovations contribute to environmental justice and that marginalized
communities are not further disadvantaged is a key ethical challenge.

6. Challenges and Limitations

Metagenome sequencing offers more promise than just new understandings of microbiome
function since it opens up new avenues for microbial separation and culture. Specifically, the
standard of genomic data from single organisms and species via MAGs may be enhanced for more
precise metabolic interpretation. Metagenomic samples frequently offer intriguing novel biological
activities and contain distinct genetically encoded information acquired from various geographical
habitats, such as severe conditions (hot, cold, acidic, basic, and salty). Finding a suitable host or
chassis that can express metagenomic DNA effectively is a major obstacle. This task is made more
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difficult by species-specific variations in metabolic profiles, regulatory networks, transcription,
translation, and post-translation processes [200].

Therefore, in order to fully use the biological novelties of metagenomics, standardized hosts
(chassis) and SynBio principles must be introduced. Thermophilic, psychrophilic, halophilic,
mesophilic, and other species should all be included in these flexible chassis, which should be
standardized platforms with integrated metagenomic libraries. For instance, microbial hosts (such as
a chassis based on Escherichia coli) might be used in live bacterial therapies to guarantee robust
colonization and drug delivery in difficult luminal conditions [201]. Other strategies include synthetic
metagenomics in yeast, which has the potential to replicate the metabolic processes of a whole
ecosystem in a single Saccharomyces cerevisiae cell, or the discovery of standardized chassis for
genomic clusters encoding different natural products [14,202-204].

The creation of novel culture media is supported by data from SynBio and metagenomics. It is
reported that targeted culture procedures are intricate and now necessitate a thorough understanding
of genetic data to forecast cultivation requirements. After the target organisms have been separated,
the right growth medium and physicochemical conditions must be determined to sustain their
growth over time. However, because the chemical makeup of natural settings is sometimes unknown,
genome sequences by themselves frequently do not give enough information to precisely determine
all needs to grow a specific bacterium effectively. For instance, Lavy et al. created a medium for
Candidatus Poribacteria sp. WGA-4E is based on the available genetic information [205]. Poribacteria
were not captured in culture using this particular medium under the conditions used, even though
metabolic characteristics of this phylum, such as the potential use of urea as the source of nitrogen
and assimilatory reduced sulfate metabolism, were inferred from genomic data [206]. It is possible
that the medium’s component concentrations weren't ideal for Poribacteria, or that signal molecules
needed to be added [205]. Researchers may be able to accomplish cultivation by combining
metagenomic methodologies with other empirical techniques including culturomics, in situ culture,
single-cell isolation, and factorial trial and error [204].
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