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Abstract
Recent developments in sequencing technology and analytical approaches have allowed researchers to show that 
the healthy gut microbiome is very varied and capable of performing a wide range of tasks. The importance of 
gut microbiota in controlling immunological, neurological, and endocrine function is becoming well-recognized. 
Thereby, numerous inflammatory diseases, including those that impact the gastrointestinal system, as well as 
less obvious ones, including Rheumatoid arthritis (RA), cancer, gestational diabetes (GD), type 1 diabetes (T1D), 
and type 2 diabetes (T2D), have been linked to dysbiotic gut microbiota. Microbiome engineering is a rapidly 
evolving frontier for solutions to improve human health. Microbiome engineering seeks to improve the function 
of an ecosystem by manipulating the composition of microbes. Thereby, generating potential therapies against 
metabolic, inflammatory, and immunological diseases will be possible through microbiome engineering. This 
essay first provides an overview of the traditional technological instruments that might be used for microbiome 
engineering, such as Fecal Microbiota Transplantation (FMT), prebiotics, and probiotics. Moreover, we will also 
discuss experimental genetic methods such as Metagenomic Alteration of Gut microbiome by In situ Conjugation 
(MAGIC), Bacteriophage, and Conjugative plasmids in manipulating intestinal microbiota.
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Introduction
The human microbiome is full of mysteries and plays a 
significant role in the general well-being of the host’s 
immunity, metabolism, and digestion [1]. Generally, 
approximately 500–1,000 species of viruses, bacteria, 
protozoa, and fungi inhabit the human body. Every indi-
vidual has a particular microbiome composition, and 
these differences are much more significant compared to 
the usual biochemical differences within a person [2].

The gut microbiota carry out various functions influ-
encing the host’s overall health, including nutrient 
metabolism and immune system regulation [3]. Vari-
ous bioactive compounds are synthesized by human gut 
microbiota powered by dietary nutrients. It is also pos-
sible for microbial metabolites to signal other organs 
within the host body, enabling them to communicate 
with hormones, the immune system, metabolic pro-
cesses, and other functions within the host [4]. In this 
regard, Ma et al. conducted an experimental study to 
evaluate the effectiveness of sodium butyrate (NaB) - 
a prominent byproduct of microbial fermentation in 
the gut - in regulating the gut microbiota of mice with 
colorectal cancer (CRC) liver metastasis (CLM). In an 
intrasplenic tumor injection model of BALB/c mice, the 
addition of sodium butyrate (NaB) supplements reduced 
liver metastasis in CT26 colon cancer cells. Through 
the 16  S rRNA gene sequencing approach, a modified 
microbiota composition has been detected in CLM mice. 
Elevated levels of Firmicutes and Proteobacteria define 
this alteration. The dysbiosis observed in CLM mice was 
positively impacted by the administration of NaB. Upon 
conducting a functional analysis of the KEGG pathways, 
it was observed that NaB effectively modified pathways 
associated with immune system diseases and primary 
immunodeficiency in the CLM mice. In addition, in the 
liver of CLM mice, NaB was found to reduce the levels 
of T regulatory cells while simultaneously increasing the 
levels of natural killer T cells and T helper 17 cells. Con-
sequently, there was a decrease in the secretion of IL-10 
and an increase in the secretion of IL-17. Therefore, the 
administration of NaB in CLM mice resulted in a positive 
modulation of gut microbiota and an improvement in the 
host immune response [5]. In addition to nutrient metab-
olism, a substantial body of research, encompassing 
studies conducted in both animal and human subjects, 
has consistently demonstrated the pivotal relationship 
between the gut microbiota and inflammatory processes 
[6]. The gut microorganisms can enzymatically break 
down complex carbohydrates into SCFAs. SCFAs are piv-
otal in the intricate interplay among dietary components, 
the gut microbiota, and subsequent inflammatory path-
ways. Faecalibacterium prausnitzii has been recognized 
as a bacterium capable of producing butyrate and exhib-
its an inverse correlation with various pro-inflammatory 

markers. Butyrate is an anti-inflammatory metabolite 
recognized for suppressing the pathways generating pro-
inflammatory cytokines. Additionally, butyrate reduces 
the likelihood of insulin resistance development by 
enhancing insulin signaling [7]. Furthermore, studies 
have demonstrated that butyrate can mitigate the trans-
location of lipopolysaccharides (LPS) within the intesti-
nal tract, thereby diminishing the consequential effects 
associated with LPS. Thereby, perturbation to the gut 
microbiome has the potential to give rise to prolonged or 
persistent inflammation, which could consequently con-
tribute to the onset of inflammatory conditions, includ-
ing inflammatory bowel disease, diabetes, or cancer 
(Fig. 1) [8].

The Human Microbiome Project (HMP) and the 
advancement of omics technologies have substantially 
contributed to elucidating microbial composition and 
acquiring insights into microbiomes [9]. Microbiome 
engineering is primarily implemented in the context of 
the human microbiome, as it holds significant prom-
ise for the therapeutic management of diseases. This is 
attributable to the capacity to modulate human microbi-
ota, which has been shown to influence the host’s physi-
ological processes and its compositional links to various 
diseases and disorders, including diabetes and cancer 
[10, 11]. As a result, there is an increasing enthusiasm 
for microbiome engineering to influence the composi-
tion of microbiota in order to enhance host functional-
ity and promote human well-being. Here, we present a 
comprehensive survey of the existing technological tools 
that can be employed in microbiome engineering. These 
tools also offer the intriguing potential to delve into the 
development of targeted interventions and personalized 
therapeutic approaches for diseases associated with the 
microbiome, such as diabetes and cancer.

Microbiome composition and its variation
Gut microbiota comprises different bacteria species tax-
onomically classified by genus, family, order, and phyla 
[12, 13]. Only a few phyla are represented, accounting for 
more than 160 species from a taxonomical perspective 
classified by genus, family, order, and phyla. The central 
gut microbial phyla are Firmicutes, Bacteroidetes, Acti-
nobacteria, Proteobacteria, Fusobacteria, and Verruco-
microbia, and the two phyla Firmicutes and Bacteroidetes 
being the dominant ones representing up to 90% of gut 
microbiota. The Firmicutes phylum exceeds 200 genera, 
such as Lactobacillus, Bacillus, Clostridium, Enterococ-
cus, and Ruminococcus. A significant part of Firmicutes 
phyla is formed by Clostridium (95%). Bacteroidetes are 
composed of two dominant genera such as Bacteroides 
and Prevotella. The Actinobacteria phylum includes a 
minor proportion of the whole and is commonly repre-
sented by the Bifidobacterium genus [14]. Importantly, 
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each anatomical section of the intestine has its physi-
ological characteristics. In this context, the large intes-
tine, with its low metabolic rate and neutral to slightly 
acidic pH, is home to the largest microbial population 
in the body, which is dominated by obligate anaerobic 
bacteria. Meanwhile, due to its relatively short transit 
times (3–5 h) and high concentrations of bile, the small 
intestine presents a more challenging environment for 
microbes to colonize. So, the small intestine harbors a 
microbial community with less diversity and abundance. 
Multiple factors that ultimately influence gut microbiome 
compounds have been identified, such as seasonal varia-
tions in both (i) the abundance of specific taxa containing 
extremely abundant phyla Bacteroidetes and Firmicutes, 
also (ii) total gut microbiome diversity [15]. One explana-
tion for microbiome composition differences is a dietary 
fluctuation between seasons. These findings demon-
strated the plastic nature of the human gut microbiome in 
response to variations in diet [16]. Besides, a large cross-
sectional study by O Manor et al. provided a deeper anal-
ysis of the relationship between host-driving factors and 
the gut microbiome. This study was done on about ~ 3400 
healthy US individuals. Diet, medication use, and clini-
cal blood markers were identified as lifestyle and clinical 

factors influencing the gut microbiome’s composition, 
including individual taxonomies, diversity, and inferred 
functional pathways. Major axes of taxonomic variance 
in the gut were revealed, and the maximum diversity 
was discovered along the Firmicutes-to-Bacteroidetes 
axis. They also revealed that the host itself develops its 
microbiome community, which is robust and completely 
independent from the diverse subcategory species of 
microbial associations [17]. In another study by KVA 
Johanson et al., diversity analysis of gut microbiome dis-
closed that individuals with more personal relationships 
and interactions are prone to have a more diverse micro-
biome. This suggests that social interactions may affect 
determining the human gut microbiome composition. 
Their further analysis also disclosed that higher stress 
and anxiety levels are directly connected to lower diver-
sity and can change the microbiome community [18]. 
Another critical factor in determining diversity in micro-
biome composition has been claimed to be the host’s 
genetic profile. Therefore, the genetic compound of each 
individual can be the real explanation behind these differ-
ences. However, the actual mechanism behind these links 
still needs to be clarified. The crucial role of metabolic 
functions and the immune system was demonstrated by 

Fig. 1  The continuous movement of gut bacteria-derived metabolites, including short-chain fatty acids (SCFA), branched-chain amino acids (BCAA), 
trimethylamine N-oxide (TMA), tryptophan in human hosts from the intestinal mucosa to other extraintestinal sites. Gut microbiota-derived metabolites 
have a central role in the physiology and homeostasis of the body. They are implicated in the pathogenesis of complex inflammatory diseases such as 
diabetes and cancer
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surveying probable instruments involved in the host’s 
genetic profile shaping microbiome composition [19].

Microbiome and inflammation
The host immune system has been demonstrated to 
significantly impact gut microbiota development and 
function. Conversely, host-associated microorganisms 
contribute considerably to the development and func-
tion of innate and adaptive immunity by establishing a 
“tolerant” phenotype that facilitates the continuation 
of host-microbe co-existence [20]. Thereby, there is a 
bidirectional crosstalk between the immune response 
and the host’s commensal microorganisms. In this con-
text, recent investigations explore the interplay among 
the local immune responses and intestinal microbiota. 
It was observed that there is a significant positive cor-
relation between IL-18 and the two genera Mycoplasma 
and Mesoplasma, both members of the class Mollicutes 
[phylum Tenericutes]. It was validated that Mycoplasma 
induces the expression of pro-inflammatory cytokines in 
monocytic cells and that lipid membrane constituents are 
largely responsible for these effects. We further observed 
a relatively weak anti-correlation between members of 
the class Flavobacteria and both IL-8 and IL-4. A possi-
ble candidate for this trend is the genus Carnobacterium 
[a lactic acid bacterium producing bacteriocin-like com-
pounds] [21]. The direct communication of microbiota 
with the host has been exhibited to occur through highly 
conserved structural components, microbe-associated 
molecular patterns (MAMPs), which are recognized by 
the host and include lipopolysaccharides (LPSs), pepti-
doglycan (PGN), and flagellin. Immune cells and intes-
tinal epithelial cells (IECs) produce pattern-recognition 
receptors (PRRs) that bind to MAMPs as a primary 
method of their recognition by the host. Nucleotide-
binding oligomerization domain (NOD)-like receptors 
(NLRs) and Toll-like receptors (TLRs) are members of 
the PRRs, a diverse group of cytoplasmic and transmem-
brane nonspecific immune receptors [22]. Intracellular 
signaling cascades could be triggered through the stimu-
lation of PRRs, which could induce immunomodulatory 
molecule expression, thereby arranging early immune 
responses and mucosal inflammation and further trig-
gering nonspecific and specific immune pathways. While 
pathogens and pathobionts activate PRR to initiate pro-
inflammatory signaling cascades, commensal microbiota 
can also use similar mechanisms to dampen inflamma-
tion and promote intestinal homeostasis [23]. Notably, 
the host immune system is perpetually influenced by 
the gut microbiota to maintain the intestinal homeosta-
sis and symbiosis of the host and microbiome. MAMPs 
and microbiota-derived compounds, for example, can 
alter host immune responses and modulate mucosal 
barrier function by activating NLR complexes termed 

inflammasomes. The microbiota activates signaling of 
NOD-, leucine-rich repeat (LRR)-, and pyrin domain 
containing 6 (NLrP6) inflammasomes to induce the 
steady-state secretion of pro-inflammatory IL-18 and, 
consecutively, activating AMP and production of mucin 
in intestinal mucosa that could lead to refinement of 
microbiota composition [24]. In addition, SCFAs acti-
vate NLRP3 through GPR43 and GPR109A, resulting in 
mucosal IL-18 production. Notably, the gastrointestinal 
microbiota has recently been identified as a significant 
contributor to the regulation of immune effector cell 
maturation and activity, and dysbiosis has been shown 
to contribute to intestinal mucosa permeability and the 
induction of innate defenses, making it a candidate envi-
ronmental risk factor capable of triggering a variety of 
inflammatory diseases such as diabetes and cancer [25].

Microbiome and inflammatory diseases
The causes of inflammatory diseases are multifactorial 
and include age, genetics, and environment. Microorgan-
isms are crucial in maintaining gastrointestinal homeo-
stasis and can potently modulate systemic immunity, 
and differences in the microbiota have been observed in 
patients with inflammatory diseases compared to healthy 
controls. A growing amount of clinical research is being 
done better to understand the microbial community’s 
role in inflammatory diseases (Fig. 2) [26, 27].

Diabetes mellitus (DM) is a diagnostic term for chronic 
metabolic diseases characterized by abnormal glucose 
homeostasis resulting in elevated blood sugar [28–30]. 
In the past ten years, the importance of gut microbi-
ome in DM pathogenesis has attracted much attention 
worldwide [31–36]. In this regard, Das et al. investigated 
whether the abundance of pro-inflammatory and anti-
inflammatory bacteria in the gut microbiomes of people 
with DM and DR changed. They observed decreased 
anti-inflammatory bacteria (Roseburia, Lachnospira, 
Coprococcus, Phascolarctobacterium, Blautia, and 
Anaerostipes). In contrast, the pro-inflammatory bacte-
ria (Escherichia, Enterobacter, Methanobrevibacter, and 
Treponema) were more abundant in T2DM than healthy 
controls (HC). They also observed an increase of a few 
pro-inflammatory and anti-inflammatory bacteria in HC 
and T2DM, respectively. Their findings show that a bal-
ance of anti- and pro-inflammatory bacteria is critical for 
HC, but there must be a predominance of anti-inflamma-
tory bacteria over pro-inflammatory bacteria. Further-
more, in their study, T2DM patients had lower levels of 
anti-inflammatory gut microbiota (Roseburia, Lachno-
spira, Coprococcus, Phascolarctobacterium, Blautia, and 
Anaerostipes). In addition to the genera such as Rose-
buria, Lachnospira, and Blautia, numerous additional 
anti-inflammatory genera like Faecalibacterium, Bifido-
bacterium, Ruminococcus, Mitsuokella, Streptococcus, 
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lactobacillus, and Butyrivibrio were also reduced in DR. 
In addition, they found that the pro-inflammatory bac-
terium Sutterella, as well as various potentially harmful 
bacteria (Clostridium, Haemophilus, Erwinia, Desulfo-
vibrio, Bulleida, Rothia, and Comamonas) and probiotic 
bacterium Lactobacillus, were lower in DR patients com-
pared to HC and T2DM. Thus, gut microbiota dysbiosis 
that promotes inflammation is a general feature of T2D 
and diabetes-related comorbidities [37].

Cancer is considered the leading cause of death 
worldwide, prompting extensive scientific inquiry into 
molecular mechanisms, treatment modalities, and asso-
ciated prognostic factors [38–43]. Recent experimental 
investigations confirm a direct relationship between the 
microbiome and cancer [44–47]. Carcinogenesis can be 
enhanced by microbiota dysbiosis in three different ways. 
Firstly, secreted genotoxins can be harmful to the host’s 
DNA. Secondly, inflammation happens due to the tox-
ins and metabolites produced by microbiota. Thirdly, the 
abnormally regulated immune system responding to vari-
ous microbes could initiate cancer [48]. In a survey by 
RM Ferreira et al., the compounds of the gastric microbi-
ota in chronic gastritis and gastric carcinoma were evalu-
ated. Their findings showed decreased microbial diversity 

and a considerable drop in the density of Helicobacter. In 
contrast, they witnessed the enrichment of other genera, 
demonstrated mainly by intestinal commensals in gas-
tric carcinoma microbiota. Additionally, they concluded 
that dysbiosis could discriminate between gastritis and 
gastric carcinoma [49]. In research by J Zhang et al., thy-
roid endocrine disorders such as thyroid cancer and thy-
roid nodules association with the gut microbiome were 
investigated. This study identified higher abundances of 
Neisseria and Streptococcus for thyroid cancer and thy-
roid nodules via 16 S rRNA (16 S ribosomal RNA) gene-
based sequencing protocol. However, Butyricimonas 
and Lactobacillus demonstrated particularly less relative 
abundance for thyroid cancer and thyroid nodules. Thus, 
thyroid cancer and thyroid nodules are closely related to 
the gut microbiome composition [50]. In addition, Nic-
colai et al. explored the immunity–microbiota axis in 
human CRC, comparing the distribution of the cytokine 
profile and the GM composition in cancerous and sur-
rounding mucosa. Their data describe an apparent dis-
similarity of the cellular and molecular inflammatory 
profile and intestinal microbiota composition between 
the tumor and the adjacent healthy tissue, displaying the 
generation of a peculiar CRC microenvironment. Their 

Fig. 2  Schematic representation of microbiome dysregulation in inflammatory diseases. The host immune system plays an essential role in shaping 
the gut microbiota, and reciprocally, host-associated micro-organisms significantly influence the development and function of innate and adaptive 
immunity. It was found that a disrupted microbial community leads to the activation of an inflammatory response and is linked to various pathological 
conditions such as inflammatory bowel disease, rheumatoid arthritis, diabetes, and even cancer [52–54]
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further experimentation disclosed that microbial com-
munities can drive and modulate the antitumor immune 
response. They finally observed that Prevotella and Bac-
teroides species are correlated positively and negatively, 
respectively, with the IL-9 that has an intriguing and still 
debated role in tumor immunity. In this manner, their 
findings confirm the presence of bidirectional crosstalk 
between the immune response and the host’s commensal 
microorganisms [51].

Microbiome engineering
The application of microbiome knowledge is mainly 
focused on treating and preventing dysbiosis and related 
disorders. However, due to a lack of complete under-
standing, it has not been used to its full potential, and a 
significant portion of the human microbiota has yet to 
be discovered [55]. As a result, identifying dominant or 
unique members of microbial communities performing 
specific therapeutic roles is expected to bridge this gap 
and become the backbone of bacteriotherapy for various 
illnesses in the future. The aim of microbiome engineer-
ing is the refinement of an ecosystem’s function through 
alterations in microbial composition. Microbiome engi-
neering can also alter microbial compositions to improve 
host characteristics. So, the possibility of modifying gut 
bacterial ecology has become a principal aim, and vari-
ous steps have been tried to identify appropriate popula-
tions. The success of microbiome engineering faces two 
fundamental hurdles: [1] the design of a microbiome 
with improved function and [2] the development of an 
improved microbiome in a recipient system of interest 
[56]. The direct methods of modifying the gut micro-
biome include using Fecal Microbiota Transplantation 
(FMT), prebiotics, and probiotics [57]. To change gut 
microbiota by FMT, a healthy donor’s microbiome was 
examined as a possible treatment targeted to restore 
healthy microbiota in the recipient. This is a microbiota-
agnostic approach since the complete microbial spe-
cies’ associations are transplanted from a healthy donor. 
Most importantly, the donor’s health must be examined 
before the transplant [58]. This method carries a high 
risk of transplanting unwanted microbes, which may 
cause more damage. Prebiotics are considered as another 
means besides FMT in microbiome engineering. A Pre-
biotic is a substrate elected by host microorganisms to 
bestow health benefits. Commonly known as prebiot-
ics, they are utilized as modifiers of the gut microbiome 
that are non-digestible carbohydrates (NDC), including 
fructooligosaccharides, galactooligosaccharides, inulin, 
and oligosaccharides [59]. In studies involving Bifido-
bacterium containing prebiotics, oligosaccharides can 
produce fermentative end products, such as acetate and 
lactate. These products lead to better gut barrier integ-
rity along with pathogen inhibition. Nowadays, the aim 

is to enhance the growth of available bacterial communi-
ties by using natural prebiotics and adjusting metabolic 
pathways present in the gut. However, the precise mech-
anisms of both methods are still unclear [60]. In addition 
to prebiotics, probiotics are also utilized as targeted mod-
ifiers in regulating the gut microbiome. Unlike prebiotics, 
these are living microorganisms and can benefit the host 
when applied in sufficient portions. Probiotics improve 
gut health through various mechanisms, including pH 
level modification and resistance to colonization. The gut 
microbiome is manipulated to alter its compositions by 
using probiotic supplements [61]. Although these estab-
lished methods are effective for directing bioprocess 
engineering, they must allow for the precise manipula-
tion and control of microbiomes required to realize their 
full potential. Over the last two decades, systems biology 
has changed our knowledge of the metabolic networks 
that drive microbiome activities, and more recently, 
genetic engineering methods for nonmodel microorgan-
isms and microbiomes have begun to emerge [62].

We employ genetically modified bacteria as noninva-
sive tools in microbiome genetic engineering to assist 
available research and acquire insights into what could 
be happening in situ. “Chassis” is a term within synthetic 
biology, referring to the cell type keeping and maintain-
ing DNA constructs for a particular purpose. The follow-
ing factors influence the choice of chassis for interactions 
with the microbiome: [1] survivability, [2] colonization, 
[3] localization, and [4] genetic tractability. The viability 
of the chassis relates to whether it will survive through 
the gastrointestinal tract. The term “colonization” relates 
to whether the chassis will integrate with the natural gut 
bacteria, and certain chronic disorders require coloniza-
tion for long-term therapy. Localization could be defined 
as the specific affected area of disease in the intestine. 
For instance, Bacteroides spp., which are localized in the 
cecum and colon, could also act as a means of ulcerative 
colitis treatment, only affecting the large intestine; in 
addition, Lactobacillus spp., localized in the small intes-
tine, could be utilized for the treatment of Crohn’s dis-
ease, possibly affecting any region of the gastrointestinal 
tract. Finally, genetic tractability is the possibility of the 
organism being potently genetically modified through 
transformation, gene expression, or activation [60]. 
Despite this, the possibility of genetically engineering 
existing gut microbes to be compatible with the human 
immune system or the rest of the community has yet to 
be extensively investigated. Some gene editing tools have 
only been developed for individual species or bacterial 
composition. Such tools can upgrade the gut microbiome 
from association to causation and lay the grounds for 
future therapeutics [63].
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CRISPR as a powerful genetic tool in genetic engineering
Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR), along with associated proteins, orga-
nize the adaptive immune system of bacteria, which 
makes them capable of protecting the bacteria against 
invasive nucleic acids [64]. The CRISPR-Cas system 
allows for incorporating foreign genetic material into the 
CRISPR array, which may be seen as a genomic index of 
repeated immunizations. CRISPR/Cas system is catego-
rized generally into two different groups, which consist 
of five types (I, II, III, IV, V) with 16 subtypes (I-A, B, C, 
D, E, F, U; II-A, B, C; III-A, B, C, D; IV & V), predomi-
nantly laid on functions plus the architecture of spe-
cific Cas endonucleases with CRISPR. The most favored 
and broadly explored subtype is II-C CRISPR/Cas9. It 
is widely typical in most bacterial genomes and capable 
of sustaining omnipresent cas1 & cas2 like other sub-
types along with cas9 protein-coding genes [65]. Nowa-
days, the CRISPR/Cas9 mechanism is considered a way 
of engineering probiotic strains for supplement thera-
pies. In this regard, Zhou et al. exploited the heterolo-
gous Type II CRISPR-Cas9 system and the endogenous 
Type I-B CRISPR-Cas system in probiotic C. butyricum 
for seamless genome engineering. They realized that 
advancement in heterologous CRISPR-Cas9 and endog-
enous Type I‐B CRISPR‐Cas systems for genome editing 
in C. butyricum could drastically expand available gene 
engineering tools for this specific probiotic bacterium, 
which is also a valuable method for disclosing beneficial 
impacts of C. butyricum mechanisms, therefore encour-
aging discovering the full potential of multifunctional 
probiotic [66]. L Zheng et al. worked on developing a 
CRISPR/Cas-based genome editing tool that is versatile 
and very efficient, enabling gene deletion and insertion 
without any trace on the human gut microbiome. For this 
reason, multiple CRISPR/Cas systems were constructed 
in one Bacteroides–E. coli shuttle plasmid and the effec-
tiveness of genome editing in Bacteroides thetaiotao-
micron was evaluated, such as the mode of Cas protein 
expression (constitutive, inducible), various Cas pro-
teins (FnCas12a, SpRY, SpCas9), and sgRNAs. They later 
proposed that CRISPR/FnCas12a can be widely used to 
engineer diverse gut Bacteroides species such as Bacte-
roides fragilis, Bacteroides ovatus, Bacteroides uniformis, 
and Bacteroides vulgatus [67]. Moreover, Shin et al. used 
CRISPR-Cas9 to implant the bacterium E. limosum, an 
essential bacteria from a biotechnological perspective. 
Through the CRISPR-Cas9 editing system, they showed 
the exact knock-out of the Wood-Ljungdahl (WL) path-
way by homologous recombination. Subsequently, they 
examined the CRISPRi technique’s abilities to suppress 
some genes in the WL pathway and fructose-PTS sys-
tem. These investigations indicate that advances in the 
CRISPR system and genetic tools can be multifunctional 

metabolic engineering tools for E. limosum [68]. In this 
regard, such tools supply innovative methods to study 
microbes thoroughly and clarify their parts in complex 
compositions, leading to innovative therapies such as 
microbiome engineering. There is a significant problem 
in the implementation of regulating microbiome mem-
bers broadly, which is the complexity of introducing 
exogenous DNA in most bacterial species. Some bacteria 
are more or less amenable to electroporation, conjuga-
tion, or transduction techniques. However, most bacte-
ria are facilitated by restriction systems that can perish 
incoming DNA. Another obstacle is related to the origin 
of replication, and if chosen incorrectly, bacteria may 
become incapable of replicating plasmid DNA. It is also 
worth mentioning that bacteria resistant to growing in 
a laboratory environment, including Mycobacteria and 
Treponema, are the most difficult to engineer [69].

Major strategies used in microbiome genetic engineering
Genetic engineering begins with inducing DNA into the 
cell. The conventional transformation consists of elec-
troporation, chemical transformation, and natural com-
petence. Approximately 80 species of bacteria have been 
categorized as suitable for genetic engineering through in 
vitro methods. Each species requires special conditions 
for transformation, and creating such conditions for indi-
vidual species demands a lot of effort [70]. In the follow-
ing section, current genetic engineering approaches will 
be discussed (Fig. 3).

Conjugative plasmids  These circular antagonistic 
genomic elements regulate their transfer from one bac-
terium to another. Through proper oriT sites, these self-
transmissible plasmids will be capable of co-transfer of 
non-conjugative plasmids. Non-conjugative plasmids can 
become mobile through conjugation when the relaxo-
some of the conjugative plasmid identifies the equivalent 
oriT site. Conjugative plasmids can operate indepen-
dently without specific receptors on the host. They are 
relatively immune to bacterial defense systems (restric-
tion-modification systems) because of the complemen-
tary strand with host-specific epigenetic modifications. 
Numerous factors, including concentrations of NaCl, 
butyrate, or propionate, epithelial cells, and inflamma-
tion, have been demonstrated to impact the transfer of 
certain conjugative plasmids in the intestinal micro-
biota. A methodical quantification of transfer rates was 
performed by Neil et al. in the intestinal tract of mice for 
13 conjugative plasmids, which included ten significant 
incompatibility groups. Most of these plasmids exhibited 
limited or no ability to undergo conjugation under the 
investigated conditions or achieved only modest transfer 
rates. Surprisingly, the IncI2 conjugative plasmid TP114 
was recognized as an effective vehicle for DNA transfer, 
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displaying a high level of proficiency by successfully trans-
ferring to nearly all of the recipient bacteria examined. 
Furthermore, the data demonstrate that the I-complex 
conjugative plasmids’ type IV pilus is vital in TP114 trans-
fer within the mouse intestinal microbiota. Its contribu-
tion is believed to be related to enhancing the stability of 
the mating pair during conjugation. These findings offer 
novel perspectives on gene mobility within the gut micro-
biota and underscore the potential value of TP114 as an 
exceptionally effective DNA delivery system for appli-
cations related to microbiome genetic engineering [71]. 
Furthermore, P Ruotsalainen et al. utilized modified and 
mobilized CRISPR-Cas9-inducing plasmids to alter bac-
terial communities. Their team designed a midbiotic sys-
tem composed of a conjugative IncP plasmid RP423 and a 
mobilized pCas9 plasmid consisting of Streptococcus pyo-
genes–derived CRISPR/Cas9 that targets conserved sites 
in two different beta-lactamase genes by plasmid-encoded 
CRISPR RNA (crRNA). They demonstrated that ESBL-
positive transconjugants could effectively lose resistance 
by conjugative plasmid aligned with a mobilized antibiotic 
resistance gene targeting CRISPR-plasmid. Thus, various 
gene types can be targeted together by some CRISPR RNA 
encoding sections within the transferred plasmids. Their 
work allowed the inserting or deletion of genes in natural 

bacteria by CRISPR reality, which could be recognized as 
a tool for genetic engineering of already existing bacterial 
communities [72]. In conclusion, these findings introduce 
conjugative plasmids as a robust and efficient strategy for 
targeted genetic manipulation of diverse bacterial species 
from the human gut.

Bacteriophage  Phages are bacterial viruses that can 
infect bacteria. These viruses can be classified into two 
groups, including lytic or temperate [73]. Their DNA is 
packed within their capsids and can be injected into host 
bacteria. The vital aspect of phages is particularly their 
specificity. Usually, such viruses target some strains in a 
specific bacterial species and fail to penetrate even the 
closest ones. This ability to selectively infect bacterial 
strains is controlled by complex intermolecular interac-
tions among molecules on the cell surface (e.g., proteins, 
polysaccharides, macromolecular structures, like flagella) 
and the phage’s host recognition domain (HRD) [74]. BB 
Hsu et al. discovered a non-invasive strategy for modify-
ing the gene expression of particular bacteria in mam-
mals’ gut microbiomes through oral delivery. First, the 
temperate phage λ is engineered to express a nuclease-
deactivated Cas9 (dCas9), which makes it capable of sup-
pressing gene expression in bacteria both in vitro and in 

Fig. 3  Major strategies in microbiome genetic engineering (A: MAGIC; B: Bacteriophage-mediated gene transfer; C: Conjugative plasmid gene transfer)
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vivo (colonizing the mouse gut). They worked on an aque-
ous-based capsule with a release mechanism based on 
microbiota while reducing the possibility of disturbance 
in host mechanisms, which facilitated the phage with 
administrative strength. Based on their findings, bacteria’s 
gene expression within the mammalian gut can be modi-
fied by an exact oral dose [75]. D Bikard’s team utilized the 
RNA-guided nuclease Cas9 delivered by a phage to make 
programmable, sequence-specific antimicrobials. They 
show that Cas9, reprogrammed to target virulence genes, 
kills virulent, but not avirulent, Staphylococcus aureus. To 
prevent plasmid-borne resistance genes from spreading, 
reprogramming the nuclease allows it to suppress antibi-
otic-resistant genes. As a result, staphylococcal plasmids 
that carry antibiotic-resistance genes will be destroyed 
without harming non-pathogenic staphylococcal genes. 
Their investigation revealed that CRISPR-Cas9, charac-
terized by antimicrobial features, can eliminate S. aureus 
in in-vivo conditions, as demonstrated in a colonized 
mouse skin model. Thus, the phagemid-delivered CRISPR 
mechanism provides opportunities to modify complex 
bacterial communities by a sequence-specific procedure. 
Phagemid delivery is suitable for several applications, 
but obstacles related to the purity of their content, mass 
production, and limited host span prevent utilizing them 
extensively [76]. These findings suggest that phage-based 
tools could be developed as a powerful tool to precisely 
modulate gut bacteria and restore a sustainable microbi-
ome in different dysbiosis-associated diseases.

Metagenomic alteration of gut microbiome by in situ 
conjugation (MAGIC)  This procedure differs from 
CRISPR, directly manipulating gut bacteria in their origi-
nal habitat through natural horizontal gene transfer to 
render engineered DNA. Since providing the right con-
ditions for cultivating gut bacteria and applying required 
changes is difficult in a laboratory environment, MAGIC 
exploits donor bacteria. Therefore, to conjugate mobile 
vectors carrying genetically engineered information, it is 
directly delivered to the gut microbiome. An engineered 
donor transfers replicative or integrative pGT vectors 
into prepared recipients within a microbiome composi-
tion. Replicative vectors are characterized by a wide range 
of host’s origin of replication, while integrative vectors 
possess a transposable Himar cassette and transposase 
(Tnase). A genetically integrated E. coli strain accounts 
for one donor carrying genetically integrated conjugative 
transfer genes (tra) and a mCherry gene (mCh). In addi-
tion, Transconjugated bacteria are distinguishable based 
on the expression of an engineered DNA that contains 
GFP and an antibiotic-resistance gene (AbR). Necessary 
improvements of the system include enhancing vector 
stability so that the donor-strain dosage could authorize 
finer quantitative and temporal control of preservation 

of genetic content in situ, which might be productive in 
short-term or long-term stimulation of engineered func-
tions. Constructing genetic programs regarding recipi-
ents’ exact features should be optimized to target the 
implementation of required tasks in a specific genus exist-
ing within a community [77].

Environmental Transformation sequencing (ET-
Seq)  This mechanism was developed for goal-oriented 
genome editing of particular organisms in microbial 
compositions by establishing a new example for micro-
bial modification related to that specific experiment or 
program for all microbial communities, such as human, 
environmental, and industrial. ET-Seq function requires 
a microbial community to be exposed to a randomly 
integrating mobile genetic matter. When any selection 
is missing, the whole DNA community can be extracted 
and sequenced to supply closely related insertion effi-
ciencies for individual microbiome members. Eventually, 
species-specific genetic availability would be disclosed by 
percentage measurement of every member of the micro-
biome community, which attains transposon insertion 
through bioinformatics and experimental procedures. 
Furthermore, ET-Seq has been established as a strong 
tool to analyze and discover horizontal gene transfer in 
various communities. Finally, DNA-editing All-in-one 
RNA-guided CRISPR-Cas Transposase (DART) systems 
were designed and utilized to target the DNA insertion 
into organisms recognized as tolerable by ET-Seq.  This 
approach provides the ability to both ablate the function 
of targeted genes and deliver customized genetic cargo in 
organisms shown to be genetically tractable by ET-Seq. It 
is capable of assaying the efficacy of CRISPR-Cas-guided 
transposition into the genome of a target organism by 
using DART systems that are barcoded and compatible 
with the same sequencing methods used for ET-Seq. Thus, 
using DART to target genome editing permits genetic 
manipulation of distant microbial community members. 
In conclusion, ET-Seq and DART systems combination 
lays the foundation of the novel field of in situ microbial 
genetics [78] (Table 1).

Microbiome genetic engineering in clinical application
The uremic solute indoxyl sulfate has been discovered to 
be associated with an elevated mortality rate and other 
h24 armful results, specifically in patients suffering from 
chronic kidney disease. Furthermore, the tryptophanase 
gene BT1492 in several Bacteroides species, including 
B. thetaiotaomicron (B. theta), produces uremic solutes 
such as indoxyl sulfate and p-Cresyl sulfate. Researchers 
colonized germ-free mice with the mutant bacteria Bt 
Δ1492.5 (carrying a deletion of the relevant tryptopha-
nase gene 1492) in order to investigate if modification 
of a single bacterial gene can encourage indoxyl sulfate 
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production in vivo. Unlike those with wild-type bacteria, 
these colonized mice with Bt Δ1492 showed no trace of 
serum or urinary indoxyl sulfate. Thus, manipulating the 
manufacture of indoxyl sulfate by genetic modification 
of the gut microbiota is possible [84]. R D’Souza et al., 
using plasmid pVE5523 encoding PAMI (peptide blocker: 
GHWYYRCW), genetically engineered Lactococcus lactis 
subsp. lactis IL1403 and Lactococcus lactis subsp. cremo-
ris MG1363 and fed them to diabetic mice models. They 
discovered a considerable decline in the blood glucose 
level by the end of the 20 days trial. Hence, this product 
can be classified as a biodrug capable of controlling the 
blood glucose level in diabetic patients [85]. An expres-
sion and delivery system founded on recombinant pro-
biotic species L. paracasei to act as a live vector for the 
oral delivery of human ACE2 was developed by A. Verma 
et al. They demonstrated that codon-optimized human 
ACE2 could be adequately expressed in L. paracasei with 
enzymatic activity. Another finding of A Verma et al. was 
that oral administration of recombinant L. paracasei 
expressing the secreted ACE2 in fusion with CTB in mice 
enhanced serum and tissue ACE2 activities. Another 
turning point is that oral administration of recombinant 
ACE2-LP considerably lowers diabetes-induced retinal 
neurovascular degeneration in two mouse models of DR 
[86]. CL Ho et al. objective circled reprogrammed com-
mensal Escherichia coli Nissle 1917 (EcN) to attach to the 
heparan sulfate proteoglycan (HSPG) on the cancer cell 
external surface, then secrete myrosinase to alter dietary 

glucosinolate to sulforaphane that could limit growth and 
activate apoptosis in cancer cells. First, they enhanced 
Myrosinase genes for E. coli expression, cloned them into 
the pET28b expression vector, and transformed them 
into E. coli BL21 (DE3). They revealed that genetically 
engineered microbes and glucosinolates lead to > 95% 
proliferation inhibition of murine, human, and colorec-
tal adenocarcinoma cell lines in vitro. They show that in 
mice models of colorectal carcinoma, the combination of 
a cruciferous vegetable diet and engineered microbes sig-
nificantly reduced tumor growth and cancer lesion devel-
opment [87]. Moreover, ML Hanson et al. worked on a 
method for localized delivery of the immunosuppressive 
cytokine interleukin (IL)-27 that is actively synthesized 
in situ by the food-grade bacterium Lactococcus lactis 
(LL-IL-27) and examined its impact on reducing coli-
tis in mice. At first, they synthesized two genes encod-
ing mouse IL-27 with optimum codon use for L lactis 
and joined them by a linker. Then, a signal sequence was 
introduced to enable product secretion, and the prod-
uct was added to L lactis. From their findings, it can be 
concluded that genetically engineered Lactococcus lactis 
can be therapeutic in T-cell–dependent chronic entero-
colitis, proposing a safer and more effective treatment for 
IBD patients [88]. E Spisni et al. developed engineered 
nonpathogenic-invasive Escherichia coli (InvColi) strains 
for anti-COX-2 RNAi (InvColishCOX2). Their objective 
was to examine the in vivo possibility of a novel COX-2 
silencing strategy in a murine model of colitis impelled 

Table 1  Major limitations and advantageous of common tools in microbiome genetic engineering
Major tools 
in microbi-
ome genetic 
engineering

Major limitations Major advantages Ref.

Conjugative 
plasmid

1. Create significant errors or artifacts in the measurement of 
conjugation rates
2. Dissemination of antibiotic resistance

1. independent operation
2. Generally resistant to bacterial defence mechanisms

[79]

Bacteriophage 1. Large libraries of fully characterized phages are necessary for 
targeting even the most therapeutically important bacterial 
strains.
2. Development of resistance species
3. mass production
4. purity of their content
5. It is difficult to deliver bacteriophages to the proper location 
inside a microbiome.

1. possess a limited range of specificity, making them 
harmless to commensal microbiota
2. Capsids are the outer shells of phages, which guard 
the DNA or RNA within
3. Extremely stable, usually unaffected by changes in 
temperature and pH
4. Easy and inexpensive to propagate on bacterial hosts

[80, 
81]

MAGIC 1. Penetrance of the donor
2. Host variables including effectiveness of genomic integration, 
plasmid copy number, and etc. might interfere with expression of 
the target product in recipient cells.
3. Long-term in vivo stability maintenance of genetically designed 
constructs in complex microbial ecosystems

1. Both Gram- negative and Gram- positive cells are 
compatible
2. Isolation of genetically modifiable strains from diverse 
communities

[77, 
82]

ET-Seq 1. The successful transfer of microbial communities is contin-
gent on the presence of appropriate host organisms to serve as 
recipients.

1. Is able to evaluate the relative amenability of each 
bacteria species agnostically within the community to 
genetic manipulation in a quantitative fashion
2. It is possible to avoid the necessity of culturing 
and evaluating individual strains within the microbial 
population.

[83]
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by dextran sulfate sodium (DSS). Enema administrations 
of InvColishCOX2 in DSS-treated mice resulted in vari-
ous outcomes such as COX-2 downregulation, colonic 
mucosa conservation, decreased colitis disease activity 
index (DAI), and an increase in the number of survived 
mice. Furthermore, DSS/InvColishCOX2-treated mice 
showed fewer signs of circulating pro-inflammatory 
cytokines and a lessened colitis-assisted switch of gut 
microbiota. Thus, the InvColishCOX2 strategy could be 
rewarding for molecularly treating intestinal inflamma-
tory illnesses [89].

Microbiome engineering via Extracellular vesicle  Plant 
exosomes are membranous structures originating from 
eukaryotic plant cells. These structures have a size rang-
ing from 30 to 150 nanometers and consist of multiple 
vesicles. Plant exosomes refer to vesicles with a two-
layered membranous structure made up of lipids. These 
vesicles contain biologically active proteins, lipids, and 
RNA. They play a crucial role in transmitting intercellular 
information and have been found to regulate several phys-
iological processes, such as intestinal diseases, cancer, and 
the immune system. In vivo, exosome-like nanovesicles 
(ELNs) derived from plants present a reduced immune 
risk and do not induce an elevation in the production of 
pro-inflammatory cytokines [90]. According to a recent 
inquiry, plant vesicles may be able to modify the gastroin-
testinal tract’s microbial composition, thereby indicating 
their potential utility in addressing intestinal dysbio-
sis and associated disorders. In this regard, Zhang et al. 
investigated whether Taraxacum officinale (T. officinale)-
derived ELNs exerted hypotensive effects in intermittent 
hypoxia (IH)-induced hypertensive disorders and their 
potential mechanisms. Initially, the researchers produced 
natural nanoparticles sourced from T. officinale that pos-
sessed desirable dimensions and exhibited a consistently 
negative surface charge. These particles were rich in lip-
ids and also contained several functional proteins. Their 
study observed that ELNs significantly reduced hyper-
tension caused by IH and displayed remarkable anti-
inflammatory properties on intestinal tissues in rats with 
IH-induced hypertension. The administration of ELNs 
also decreased in intestinal tissue damage, specifically 
the loss of goblet cells and compromised barrier integrity, 
ultimately inhibiting the systemic inflammatory response. 
In addition, the researchers analyzed the intestinal micro-
bial composition and the content of SCFAs, wherein they 
discovered significant alterations in the structure and 
diversity of the intestinal microbial communities. Notably, 
the key factor associated with the observed differences in 
the flora was identified as butyrate. In this manner, using 
T. officinale-derived ELNs was efficacious in mitigating 
hypertension caused by IH. Mechanistically, the benefi-
cial effects of ELNs were mediated through modulation 

of the microbiome and the resultant increase in butyr-
ate levels [91]. As well, Teng et al. developed ginger 
exosome-like nanoparticles (GELNs) that delivered their 
microRNAs to Lactobacillus rhamnosus (LGG), altering 
the bacteria’s gene expression. Lactobacillus rhamnosus 
preferred absorption behavior was lipid-dependent, and 
GELN-derived lipids were enriched with 1, 2-dilinoleoyl-
sn-glycero-3- phosphate, C18:1/C18:3 (36:4), and 1-pal-
mitoyl-2-linoleoyl-sn-glycero-3-phosphate, C16:0/C18:2 
(34:2). GELN-derived mdo-miR7267-3p has a potential 
binding site for mRNA encoding LGG monooxygenase 
ycnE. Accordingly, GELN-RNAs are capable of inhibiting 
ycnE gene expression, elevating indole-3- carboxaldehyde 
(an identified aryl hydrocarbon receptor ligand), and pro-
moting I3A and IL-22 production, thereby ameliorating 
colitis [92](Fig. 4).

Conclusion and future perspectives
The gut microbiota community consists of many living 
organisms, such as bacteria, archaea, fungi, and small 
arthropods. These organisms form and interact together 
and could influence the host’s health. Recent findings uti-
lizing molecular techniques consisting of sequencing of 
16  S rRNA genes have distinguished alterations in the 
composition and action of the gut microbiome accom-
panied by various diseases. Developing advanced strat-
egies to manipulate the gut microbiome one by one or 
as a community to enhance human health is immense. 
Genome editing using CRISPR-Cas9 opens up new ways 
to modify the gut microbiome and understand its func-
tion of specific components. The genetic engineering of 
microbiomes has recently become an area of interest for 
researchers since it provides solutions to a significant 
health problem. In this context, recent experimenta-
tion demonstrated that strategies including conjugative 
plasmids, bacteriophage, MAGIC, and ET-Seq could 
be effective in the genetic modification of the microbi-
ome. However, there have been obstacles in microbiome 
genetic engineering. Due to their low abundance in the 
intestinal tract (e.g., E. coli or L. lactis) and inability to 
effectively colonize the gut, these modified bacteria can-
not continually supply the required therapeutic com-
pound at large concentrations (e.g., EcN). Therefore, 
these bacteria’s activity is frequently restricted to tem-
porary effects: as they are cleared from the body, their 
therapeutic benefits may fade. Another critical difficulty 
is safety. In the long run, the functional integrity of host 
immunity will decay due to their microbiome overdepen-
dence as a means of defense against pathogens, toxins, 
and cancers. Furthermore, spontaneous mutations are 
unavoidable characteristics of each live cell. It frequently 
results in carcinogenesis, microbial drug resistance, and 
virulent prototype exaltation. Hence, beneficial microbes 
may mutate and turn up as pathogenic or carcinogenic.
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Nanoparticles (NPs) are among the structurally and 
dynamically altered nano-medicines interacting with 
their environment [93]. They usually use chemical bonds 
and reactions to improve their structure at their des-
ignated drug release site. Targeted methods of deliv-
ery are becoming more abundant due to technological 
advancements. Production of nanoparticles could use a 
short-step synthesis process, usually using polyethylene 
glycol (PEG) and polycaprolactone (PCL), polymers of 
FDA-approved products. These molecules possess a high 
capacity for drug loading. The interior fold may be filled 
with minimal influence on drug delivery or molecular 
behavior, allowing for an effective and safe delivery sys-
tem to be constructed. Their lengthy polymeric chains 
can shield the payload from immune cells or antibodies 
before it reaches its activation site. Engineered nanopar-
ticles or biomaterials have demonstrated the ability to 
modulate the gut microbiota for treating inflamma-
tory diseases such as colorectal cancer. In this context, 
Lee et al describe the creation of a nanomedicine com-
prised of hyaluronic acid and bilirubin (HABN). This 
novel compound selectively accumulates in inflamed 

colonic epithelial cells, effectively repairing the dam-
aged epithelial barrier in a murine model with acute coli-
tis. Surprisingly, HABN can regulate the composition of 
the gut microbiota by increasing its overall richness and 
diversity. Moreover, it significantly enhances Akkerman-
sia muciniphila and Clostridium XIVα abundance, two 
microorganisms that are vital in maintaining gut homeo-
stasis. Importantly, HABN was found to be linked with 
pro-inflammatory macrophages and was able to regulate 
innate immune responses, ultimately demonstrating sig-
nificant therapeutic efficacy in treating colitis. There-
fore, their findings shed valuable light on the influence of 
nanotherapeutics on gut homeostasis, microbiome engi-
neering, and innate immune responses in the context of 
treating inflammatory diseases [94]. Thereby, NPs show 
great promise for engineering of microbiota or even 
potentially live biotherapeutic products as treatment for 
inflammatory diseases such as cancer and diabetes.
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