
Review Not peer-reviewed version

Genetic Engineering in Bacteria, Fungi,

and Oomycetes

Piao Yang * , Abraham Condrich , Ling Lu , Sean Scranton , Camina Hebner , Mohsen Sheykhhasan ,

Muhammad Azam Ali

Posted Date: 25 September 2024

doi: 10.20944/preprints202409.1958.v1

Keywords: Genetic engineering; CRISPR; Bacteria; Fungi; Oomycetes; GEMs

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1169589
https://sciprofiles.com/profile/3868340
https://sciprofiles.com/profile/3836406
https://sciprofiles.com/profile/3829268


 

Review 

Genetic Engineering in Bacteria, Fungi, and 
Oomycetes 
Piao Yang 1,*, Abraham Condrich 1, Ling Lu 1, Sean Scranton 1, Camina Hebner 1,  
Mohsen Sheykhhasan 2 and Muhammad Azam Ali 3 

1 Department of Molecular Genetics, College of Arts and Sciences, The Ohio State University, Columbus, 
OH 43210, USA 

2 Cellular and Molecular Research Center, Qom University of Medical Sciences, Qom, Iran 
3 Department of Biological Sciences, Virtual University of Pakistan, Punjab, Pakistan 
* Correspondence: yang.4636@buckeyemail.osu.edu 

Abstract: Genetic engineering has revolutionized our ability to modify microorganisms for various 
applications in agriculture, medicine, and industry. This review examines recent advances in genetic 
engineering techniques for bacteria, fungi, and oomycetes, with a focus on CRISPR-Cas systems. In bacteria, 
CRISPR-Cas9 has enabled precise genome editing, enhancing applications in antibiotic production and 
metabolic engineering. For fungi, despite challenges associated with their complex cell structures, 
CRISPR/Cas9 has advanced the production of enzymes and secondary metabolites. In oomycetes, significant 
plant pathogens, modified Agrobacterium-mediated transformation and CRISPR/Cas12a have contributed to 
developing disease-resistant crops. The review provides a comparative analysis of genetic engineering 
efficiencies across these microorganisms and addresses ethical and regulatory considerations. Future research 
directions include refining genetic tools to improve efficiency and expand applicability in non-model 
organisms. This comprehensive overview highlights the transformative potential of genetic engineering in 
microbiology and its implications for addressing global challenges in agriculture, medicine, and biotechnology. 
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1. Introduction 

Genetic engineering is a transformative field that involves the manipulation of an organism's 
genetic material to alter its characteristics. In microorganisms, genetic engineering has become a 
crucial tool due to its potential to enhance various applications in medicine, agriculture, and industry. 
The advent of advanced genetic tools, such as CRISPR-Cas9, has revolutionized the ability to 
precisely edit microbial genomes, allowing for targeted modifications that can lead to significant 
improvements in microbial functions and applications [1]. 

Microbial genetic engineering involves the integration of target genes into chassis cells, enabling 
the production of recombinant genes that endow microorganisms with new phenotypes or enhance 
their ability to produce desired products [2]. This process has been facilitated by advancements in 
sequencing technologies and bioinformatics, which have uncovered a vast array of functional genes 
and gene clusters from even non-culturable microorganisms. These discoveries have opened new 
avenues for the construction of genetically engineered microorganisms (GEMs) that can be used in 
diverse applications, from bioremediation to the production of biofuels and pharmaceuticals [3]. 

The significance of genetic engineering in microorganisms is underscored by its ability to 
address critical challenges in various fields. For instance, in agriculture, GEMs can be used to enhance 
plant disease resistance, improve crop yields, and reduce reliance on chemical pesticides [1,4]. In 
medicine, they hold promise for the development of new therapeutic strategies, such as 
bacteriotherapy, where genetically engineered bacteria are used to produce therapeutic proteins and 
compounds directly within the human body [2]. The continued development and application of 
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genetic engineering technologies in microorganisms have the potential to drive significant 
advancements across multiple sectors, contributing to improved health, sustainability, and economic 
growth [3]. 

Bacteria are indispensable in biotechnology due to their versatility and ease of genetic 
manipulation. They are extensively used in the production of antibiotics, enzymes, and biofuels. In 
agriculture, bacteria serve as biofertilizers and biopesticides, enhancing soil fertility and protecting 
crops from pests and diseases. Nitrogen-fixing bacteria, for instance, are crucial for sustainable 
agriculture as they naturally enrich soil with nitrogen, reducing the need for chemical fertilizers [5]. 
In medicine, bacteria are harnessed to produce therapeutic proteins and vaccines, and they are central 
to the development of new antibiotics to combat drug-resistant pathogens [6]. 

Fungi have long been utilized in biotechnology for their ability to produce a wide range of 
metabolites, including antibiotics, enzymes, and organic acids. They are essential in the food industry 
for the production of bread, beer, and cheese. They also improve agricultural crop yield and quality 
by enhancing plant physiology and stress tolerance. Fungi also play a significant role in 
environmental sustainability by decomposing organic matter, thus recycling nutrients in ecosystems 
[7]. In medicine, fungi are sources of important pharmaceuticals, such as penicillin, and are being 
explored for their potential in developing new drugs [8]. 

Oomycetes, although often less studied, are critical in agriculture as they include some of the 
most destructive plant pathogens, such as Phytophthora infestans, which causes late blight in potatoes. 
Managing oomycete diseases is vital for food security, and recent biotechnological advances have 
focused on understanding their pathogenic mechanisms to develop resistant crop varieties and 
effective control strategies [9]. Oomycetes also play roles in soil ecosystems, influencing nutrient 
cycling and plant health [10]. 

Together, these microorganisms are integral to advancing biotechnology, improving 
agricultural practices, and developing new medical therapies (Figure 1). This highlights their 
importance in addressing global challenges such as food security, environmental sustainability, and 
health care. 

 
Figure 1. Methods of gene manipulation in microbes. (A) Knock-in adds new genetic material. (B) 
Knock-out removes or inactivates genes. (C) Knock-down reduces gene expression. Created with 
BioRender.com. 

2. Genetic Engineering in Bacteria 

2.1. Techniques and Tools 

CRISPR-Cas9 has emerged as a groundbreaking tool in genetic engineering, particularly for 
bacteria, due to its precision and efficiency in editing genomes (Table 1). This technology harnesses 
the natural defense mechanism of bacteria against phages, allowing researchers to target and modify 
specific DNA sequences with unprecedented accuracy [11]. The CRISPR-Cas9 system utilizes a guide 
RNA (gRNA) to direct the Cas9 nuclease to a specific location in the genome, where it introduces a 
double-strand break. This break can then be repaired by the cell's natural repair mechanisms, 
facilitating the insertion, deletion, or modification of genetic material (Figure 1) [12]. 

Table 1. Popular tools for gRNA design of genetic engineering. 

Tool 
name 

Access link PAM 
sequence 

Functio
ns 

Referen
ce(s) 
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ATUM https://www.atum.bio/eCommerce/cas9/input  NGG, 
NAG 

Knock-
in, 
knock-
out 

[79] 

Benchlin
g 

https://www.benchling.com/crispr  Custom 
PAM 

Knock-
in, 
knock-
out, 
knock-
down 

[80] 

CasOFFi
nder 

http://www.rgenome.net/cas-offinder/  NGG, 
NRG, 
NNAGA
AW, 
NNNNG
MTT, 
NNGRRT
, 
NNNVRY
AC, 
NNNNR
YAC, 
TTTN, 
TTTV, 
NNGTGA
, TTN, 
NNNRRT
, KYTV, 
NGCG, 
NGA, 
NGT, NG, 
TTN, 
ATTN, 
DTTN, 
NAAN, 
NNNNC
C, TYCV, 
TATV, 
NNNNG
NA, 
YTTV, 
NCC, 
NNNNC

Knock-
in, 
knock-
out, 
knock-
down 

[81] 
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NR, 
NNNNC
NAA, 
NNN, 
NRN, 
NGC, 
TTTR, 
NTTR, 
TTCN, 
NRTH, 
NNGG, 
NGGNG, 
NGGNG, 
NRTA, 
NNNA, 
TTNA, 
TTNA, 
NRNH, 
NGNG, 
NRCH 

CCTop https://cctop.cos.uni-heidelberg.de:8043/  NGG, 
NRG, 
NG, NG-
NRG, 
NGA, 
NGCG, 
TTTN, 
TTTV, 
YTN, 
TTN, 
YTTN, 
NNGRRT
, 
NNNNG
ATT, 
NNAGA
AW, 
NAAAA
C, 
NNNNR
YAC 

Knock-
in, 
knock-
out 

[82,83] 

CHOPC
HOP 

https://chopchop.cbu.uib.no/  NGG, 
NRG, 

Knock-
in, 

[84] 
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NG, NG-
NRG, 
NGA, 
NGCG, 
TTTN, 
TTTV, 
YTN, 
TTN, 
YTTN, 
NNGRRT
, 
NNNNG
ATT, 
NNAGA
AW, 
NAAAA
C, 
NNNNR
YAC 

knock-
out, 
activati
on, 
repress
ion, 
nanopo
re 
enrich
ment 

CRISPO
R 

http://crispor.gi.ucsc.edu/  NGG, 
NNG, 
NGN, 
NNGT, 
NAA, 
NNG, 
NNG, 
NNGRRT
, NGK, 
NNNRRT
, NGA, 
NNNNC
C, NGCG, 
NNAGA
A, 
NGGNG, 
NNNNG
MTT, 
NNNNA
CA, 
NNNNR
YAC, 
TTTV, 
TTTN, 

Knock-
in, 
knock-
out 

[85] 
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ATTN, 
NTN, 
TYCV, 
TATV, 
TTTA, 
TCTA, 
TCCA, 
CCCA, 
GGTT, 
YTTV, 
TTYN, 
NNNNC
NAA, 
NNN, 
NRN, 
NYN 

CRISPRd
irect 

https://crispr.dbcls.jp/  NGG, 
NRG, 
NNGRRT
, NG 

Knock-
in, 
knock-
out 

[86] 

CRISPR-
ERA 

http://crispr-era.stanford.edu/  NGG Gene 
editing, 
gene 
repress
ion, 
gene 
activati
on 

[87] 

CRISPick https://portals.broadinstitute.org/gppx/crispick/pu
blic  

NGG, 
NNGRR, 
TTTV 

Knock-
in, 
knock-
out, 
knock-
down 

[88] 

IDT https://www.idtdna.com/site/order/designtool/ind
ex/CRISPR_SEQUENCE  

Custom 
PAM 

Knock-
in, 
knock-
out, 
knock-
down 

[89] 

Off-
Spotter 

https://cm.jefferson.edu/Off-Spotter/  NGG, 
NAG, 
NNNNA

Knock-
in, 

[90] 
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CA, 
NNGRRT 

knock-
out 

Synthego https://design.synthego.com/#/  Custom 
PAM 

Knock-
in, 
knock-
out, 
knock-
down 

[91] 

TrueDesi
gn 
Genome 
Editor  

https://www.thermofisher.com/us/en/home/life-
science/genome-editing/invitrogen-truedesign-
genome-editor.html  

Custom 
PAM 

Knocko
ut a 
target 
gene, 
add a 
fluores
cent or 
epitope 
tag, 
Insert, 
delete, 
or 
replace 
up to 
30 
bases, 
long 
insertio
n up to 
10kb, 
Genera
te a 
SNP 

[92] 

In bacteria, CRISPR-Cas9 has been applied to a wide range of fields, including biotechnology 
and medicine. For instance, it has been used to engineer bacteria for the production of biofuels, 
pharmaceuticals, and other valuable compounds by enhancing metabolic pathways and optimizing 
production processes [11]. Moreover, CRISPR-Cas9 is being explored as a tool to combat antibiotic 
resistance, a growing global health concern. By precisely targeting and disrupting resistance genes, 
CRISPR-Cas9 can potentially restore the efficacy of existing antibiotics and help manage multidrug-
resistant bacterial infections [13]. 

Recombineering is a technique that leverages homologous recombination facilitated by 
bacteriophage-derived recombination proteins, allowing for precise genetic modifications in bacterial 
genomes. This method is particularly advantageous because it requires only short homology arms 
(approximately 40–50 base pairs) to introduce genetic changes such as deletions, insertions, and point 
mutations [14]. Initially developed for Escherichia coli, recombineering has since been adapted for use 
in other bacteria, making it a versatile tool for genetic engineering across various species [15]. The 
integration of CRISPR-associated endonucleases has further enhanced recombineering by enabling 
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efficient selection and screening of edited cells, thereby facilitating the creation of markerless and 
scarless mutants [14]. This approach is widely used for functional genomic studies, metabolic 
engineering, and the development of bacterial strains with improved traits for industrial applications 
[15]. 

Synthetic biology, on the other hand, involves the design and construction of new biological 
parts, devices, and systems, or the redesign of existing biological systems for useful purposes. This 
field has grown exponentially, driven by advances in DNA synthesis and assembly technologies, 
which allow for the creation of complex genetic circuits and metabolic pathways [16]. In bacteria, 
synthetic biology enables the rational engineering of microbial chassis to produce therapeutic 
compounds, biofuels, and other valuable products. By integrating computational models with 
genetic engineering, synthetic biology facilitates the design of organisms with tailored functionalities, 
enhancing their robustness and efficiency in various applications [17]. This approach not only 
improves the scalability of microbial production processes but also opens new avenues for 
addressing challenges in agriculture, medicine, and environmental sustainability [16]. 

2.2. Applications 

Genetic engineering in bacteria, particularly through the use of Escherichia coli as a host system, 
has significantly advanced the production of therapeutic proteins. E. coli is favored for its simplicity, 
cost-effectiveness, and rapid growth, making it an ideal platform for large-scale production of protein 
therapeutics [18]. The ability to manipulate bacterial genomes using recombinant DNA technology 
allows for the production of proteins with modified features, enhancing their stability and 
functionality. Despite the lack of post-translational modifications in bacteria, which are often 
essential for the activity of human proteins, engineering strategies such as protein fusion and the 
expression of proteins in the periplasmic space have been developed to overcome these limitations 
(Table 2) [18]. 

Table 2. Important examples of genetic engineering in bacteria, fungi and oomycetes. 

Microbial species Modifications Importance Reference(s) 
Bacteria 
Acidithiobacillus ferrooxidans Knock-down Utilized for the bioleaching of 

metals 
[93] 

Bacillus methanolicus Knock-down Methylotrophic bacteria [94] 
Bacillus smithii Knock-in Moderate thermophile capable of 

C5 and C6 sugar metabolism 
[95,96] 

Bacillus subtilis Knock-in Producer of industrial enzymes 
and valuable low-molecular-
weight substances 

[97] 

Clostridium acetobutylicum Knock-in  Isopropanol production [98] 
Clostridium autoethanogenum Knock-in Capable of fermenting CO, CO2, 

and H2 into biofuel ethanol and 
2,3-butanediol 

[99] 

Clostridium beijerinckii Knock-in Production strain for biofuels and 
biochemical 

[100] 

Clostridium cellulolyticum Knock-in Capable of conversion of 
lignocellulosic biomass to 
valuable endproducts 

[101] 

Corynebacterium glutamicum Knock-down Producer of amino acids [102] 
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Clostridium ljungdahlii Knock-down Capable of producing ethanol 
from synthesis gas 

[103] 

Clostridium pasteurianum Knock-in Capable of converting waste 
glycerol to butanol 

[104] 

Clostridium thermocellum Knock-out Thermophilic bacteria [105] 
Clostridium tyrobutyricum Knock-out  Butanol production  [106] 
Corynebacterium glutamicum Knock-down Producer of amino acids [102] 
Cupriavidus metallidurans Knock-in Facultative chemolithoautotroph [107] 
Cupriavidus necator Knock-in Facultative chemolithoautotroph [108] 
Escherichia coli Knock-in, 

Knock-down, 
Knock-out 

Programmed antimicrobial, 
recombination, multiplex 
recombination, CRISPRi, 
multiplexed CRISPRi, gene 
circuit, RNA targeting 

[109,110] 

Halomonas bluephagenesis Knock-out  3-Hydroxyvalerate production [111] 
Hungateiclostridium 
thermocellum 

Knock-down Thermophilic bacterium [112] 

Lactobacillus reuteri Knock-in Probiotic strain and producer of 
biotherapeutics 

[113] 

Methylobacterium extorquens Knock-down Methylotrophic bacterium [114] 
Pseudomonas putida Knock-down Exhibits solvent tolerance and 

highly versatile metabolism 
[115] 

Rhodobacter capsulatus Knock-down Facultative photo- and 
chemolithoautotroph species 

[116] 

Rhodococcus ruber TH Knock-out  Acrylamide production [117] 
Streptococcus thermophilus Knock-in Probiotic and industrial 

fermentation strains 
[118] 

Streptomyces albus Knock-in Producer of heterologous 
secondary metabolites 

[119] 

Streptomyces coelicolor Knock-in Source of pharmacologically 
active and industrially relevant 
secondary metabolites 

[119,120] 

Synechococcus elongatus PCC 
7942 

Knock-down Squalene production [121] 

Synechococcus sp. PCC 7002 Knock-down Lactate production [122] 
Tatumella citrea Knock-in Producer of vitamin C precursor 

(2-keto-D-gluconic acid) 
[123] 

Vibrio natriegens Knock-down Fast-growing bacteria [124] 
Fungi 
Aspergillus aculeatus Knock-in Source of and producer of 

enzymes 
[125] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 September 2024 doi:10.20944/preprints202409.1958.v1

https://doi.org/10.20944/preprints202409.1958.v1


 10 

 

Agaricus bisporus Knock-in Anti-browning mushroom with 
extended shelf life and enhanced 
resistance to blemishes 

[126] 

Aspergillus fumigatus Knock-in For studying mechanisms of 
azole resistance 

[127] 

Aspergillus niger Knock-in Enhances the expression and 
secretion of α-galactosidase; 
improves protein production; 
facilitates heterologous laccase 
expression; and boosts 
glucoamylase secretion 

[128–131] 

Aspergillus oryzae Knock-in Enhances the expression and 
secretion of α-galactosidase; 
improves protein production; 
facilitates heterologous laccase 
expression; and boosts 
glucoamylase secretion 

[132,133] 

Candida albicans Knock-in Common production strain, 
capable of phenol and 
formaldehyde catabolism 

[134–136] 

Fusarium graminearum Knock-out Functional study of 5-
oxoprolinase 

[137] 

Fusarium fujikuroi Knock-out  GA4/GA7 mixtures production [138] 
Kluyveromyces lactis Knock-in Common production strain [139] 
Kluyveromyces marxianus Knock-out  Ethyl acetate production [140] 
Magnaporthe oryzae Knock-out Study of endolysosomal 

trafficking mechanisms in rice 
blast 

[141] 

Monascus purpureus KL-001 Knock-out  Monascus Red pigment 
production 

[142] 

Myceliophthora thermophile Knock-in Thermophilic strain and 
producer of cellulases 

[143] 

Neurospora crassa Knock-in hyper-production of cellulases [144,145] 
Penicillium chrysogenum Knock-in Producer of β-lactam antibiotics [146] 
Pichia pastoris Knock-in Common production strain [147] 

 
Trichoderma reesei Knock-in Expression and secretion of 

human erythropoietin; enhanced 
secretion of glucose oxidase; and 
hyper-cellulase production 

[143,148,149] 

Saccharomyces cerevisiae Knock-in, 
Knock-down 

Common production strain [150–152] 
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Sclerotinia sclerotiorum Knock-in Introduction of large sequence 
inserts 

[153] 

 
Synechococcus elongatus PCC 
7942 

Knock-in, 
Knock-out 

Succinate production  

 
Yarrowia lipolytica 

Knock-in  Lycopene production [154] 

Oomycetes 
Phytophthora capsici Knock-out Conferring resistance to 

oxathiapiprolin 
[155] 

Phytophthora infestans Knock-out Increase in transformation 
efficiency; a modified genetic 
transformation and genome 
editing system 

[2] 

Phytophthora sojae Knock-out Efficient disruption and 
replacement of an effector gene. 

[156] 

Plasmopara viticola Knock-out Increase in transformation 
efficiency; a modified genetic 
transformation and genome 
editing system 

[2] 

Ustilago maydis Knock-out Natural producer of valuable 
biochemicals; causative agent of 
corn smut 

[157,158] 

Yarrowia lipolytica Knock-in, 
Knock-out 

Natural producer of valuable 
biochemical 

[154,159] 

Recent advancements have focused on optimizing E. coli systems for the expression of complex 
proteins that were traditionally difficult to produce in prokaryotic hosts. For instance, continuous 
manufacturing and cell-free production techniques have been explored to enhance the yield and 
quality of therapeutic proteins [19]. These advancements have expanded the range of proteins that 
can be produced in bacterial systems, including those that are typically extracted from mammalian 
tissues, such as alpha-1 antitrypsin and antithrombin III [19]. The development of these systems not 
only reduces production costs but also mitigates the risk of viral contamination associated with 
mammalian cell lines. 

Moreover, genetic engineering has enabled the development of engineered probiotics that can 
deliver therapeutic proteins directly within the human body. These engineered probiotics interact 
with the host's immune system and can be used to deliver enzymes, vaccines, and other therapeutic 
agents, offering a more efficient and targeted drug delivery system compared to traditional methods 
[20]. However, challenges remain in ensuring the stability and efficacy of these engineered probiotics 
in the human gastrointestinal tract, necessitating further research and development to optimize their 
therapeutic potential [20]. The genetic engineering of bacteria for the production of therapeutic 
proteins continues to be a dynamic and promising field, with significant implications for medicine 
and biotechnology. 

Genetic engineering in bacteria has been pivotal in advancing industrial applications, 
particularly in the fields of bioremediation and biofuel production. These applications leverage the 
unique capabilities of bacteria to metabolize a wide range of substrates, including pollutants and 
biomass, into valuable products. For instance, bioremediation is a process where genetically 
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engineered bacteria are used to detoxify and remove pollutants from the environment. Bacteria such 
as Pseudomonas and Bacillus have been engineered to degrade complex organic compounds like 
hydrocarbons, pesticides, and heavy metals, which are major environmental contaminants [21]. 
Genetic modifications enhance the metabolic pathways of these bacteria, enabling them to break 
down pollutants more efficiently and even under extreme environmental conditions [22]. The use of 
genetically engineered bacteria in bioremediation not only aids in environmental cleanup but also 
offers a sustainable alternative to conventional chemical methods, reducing the ecological footprint 
of remediation efforts [23]. 

In the realm of biofuel production, genetic engineering has been instrumental in optimizing 
bacterial strains to convert biomass into biofuels such as ethanol, butanol, and biodiesel. The 
manipulation of metabolic pathways in bacteria like Clostridium thermocellum has improved the 
efficiency of converting lignocellulosic biomass into bioethanol, addressing one of the key challenges 
in biofuel production [23]. Genetic engineering techniques, including CRISPR-Cas9, have been 
employed to enhance the tolerance of bacteria to inhibitors and end-products, thereby increasing 
biofuel yield and reducing production costs [24]. These advancements in bacterial engineering are 
crucial for developing economically viable and sustainable biofuel industries, contributing to the 
transition towards renewable energy sources [25]. 

2.3. Challenges and Future Directions 

Genetic engineering in bacteria faces several limitations that hinder its full potential, particularly 
when applied to non-model organisms. One major challenge is the diversity of microbial species, 
which poses difficulties in developing universal genetic tools that can be effectively applied across 
different bacterial species [26]. Many genetic engineering techniques, such as recombineering and 
CRISPR-Cas9, have been optimized for a few model organisms like E. coli, but their efficiency and 
applicability often decrease significantly in other bacteria. This limitation is compounded by the lack 
of detailed knowledge about the genetic and metabolic pathways in non-model bacteria, which 
complicates efforts to engineer these organisms for specific applications [26]. 

Recent advancements, however, are addressing these challenges. For instance, the development 
of serine recombinase-assisted genome engineering (SAGE) offers a promising solution by providing 
a high-efficiency genome integration tool that can be applied to a wide range of bacterial species [27]. 
This method allows for the stable insertion of multiple genetic elements into bacterial chromosomes, 
thereby expanding the toolkit available for engineering diverse bacterial hosts. Moreover, advances 
in omics technologies and computational tools are enabling a more systematic approach to 
understanding and manipulating the genetic makeup of non-model bacteria, facilitating the design 
of strains with enhanced capabilities for industrial applications [26]. 

Despite its potential, the application of CRISPR-Cas9 in bacteria also faces several challenges, 
including off-target effects and delivery issues. Researchers are actively working on improving the 
specificity of the gRNA and developing efficient delivery systems to introduce the CRISPR 
components into bacterial cells [12]. Advances in these areas could significantly enhance the utility 
of CRISPR-Cas9 in bacterial genetic engineering, paving the way for innovative solutions in 
biotechnology and medicine [11]. CRISPR-Cas9 represents a powerful tool with the potential to 
revolutionize bacterial genetic engineering, offering new opportunities for scientific and industrial 
applications. 

Also, the genetic engineering of bacteria for industrial applications holds significant promise for 
addressing environmental and energy challenges. By enhancing the natural capabilities of bacteria, 
these technologies offer innovative solutions for sustainable industrial processes. 

Looking to the future, the integration of synthetic biology with genetic engineering holds 
significant promise for overcoming current limitations. By designing modular genetic parts and 
systems, synthetic biology can provide more flexible and robust solutions for bacterial engineering 
[27]. Additionally, ongoing research into improving the specificity and efficiency of CRISPR-Cas 
systems, as well as developing novel gene-editing tools, is expected to enhance the precision of 
bacterial genetic modifications. These developments will likely lead to more efficient and versatile 
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bacterial strains [28–31] that can be used in a variety of biotechnological applications, from 
environmental remediation to the production of biofuels and pharmaceuticals [25]. 

3. Genetic Engineering in Fungi 

3.1. Transformation Techniques 

Polyethylene glycol (PEG)-mediated transformation is a widely used technique in the genetic 
engineering of fungi, particularly for introducing foreign DNA into fungal protoplasts. This method 
capitalizes on the ability of PEG to facilitate the uptake of DNA by protoplasts, which are cells that 
have had their cell walls removed. The transformation process typically involves mixing the 
protoplasts with a solution containing PEG, calcium ions, and the DNA to be introduced. The PEG 
promotes cell agglomeration, which aids in DNA uptake, while calcium ions facilitate the DNA's 
entry into the cells [32] 

Recent advancements have optimized PEG-mediated transformation systems for various fungal 
species, improving transformation efficiencies and expanding their applicability. For instance, in 
Pleurotus eryngii var. ferulae, comprehensive optimization of the transformation protocol, including 
the use of multiple endogenous promoters, has led to the establishment of an efficient PEG-mediated 
transformation system. This system is characterized by high conversion efficiency and mild reaction 
conditions, making it a cost-effective and convenient option for genetic manipulation [33]. 

The molecular weight of PEG is a critical factor influencing transformation efficiency. Studies 
have shown that lower molecular weight PEGs, such as PEG 3350, yield higher transformation 
efficiencies compared to higher molecular weight variants like PEG 8000, which can drastically 
reduce transformation success rates [32]. Additionally, the preparation of high-quality protoplasts is 
crucial, as the integrity and viability of protoplasts significantly affect the transformation outcome. 
The use of cell wall-degrading enzymes and appropriate osmotic stabilizers is essential to maintain 
protoplast stability during the transformation process [34]. 

PEG-mediated transformation has been successfully applied to a range of fungi, including 
economically important species like Pleurotus ostreatus, Ganoderma lucidum, and Lentinus edodes. In 
these species, the transformation efficiencies have been significantly improved, making PEG-
mediated transformation a valuable tool for genetic engineering aimed at strain improvement and 
the study of gene function [33,35]. Despite its advantages, challenges such as low integration 
efficiency and the temporary expression of introduced genes remain, necessitating further refinement 
of the technique to enhance its reliability and effectiveness in different fungal systems. 

Agrobacterium-mediated transformation (AMT) has become a pivotal technique in the genetic 
engineering of fungi, offering a robust method for introducing foreign DNA into fungal genomes. 
This method leverages the natural ability of Agrobacterium tumefaciens to transfer DNA to host cells, 
a process initially exploited in plants and now adapted for fungi. AMT is particularly valuable for its 
ability to achieve single-copy integration of transferred DNA, which is often more stable and 
predictable compared to other transformation methods. This technique has been successfully applied 
to a wide range of fungal species, including both filamentous fungi and yeasts, making it a versatile 
tool in fungal biotechnology [36,37]. 

Recent studies have also highlighted the effectiveness of AMT in various fungal species, such as 
Aspergillus vadensis and Simplicillium subtropicum. In A. vadensis, the optimization of co-cultivation 
conditions, particularly temperature, was found to be crucial for successful transformation, 
demonstrating the importance of fine-tuning environmental parameters to enhance transformation 
efficiency [37]. Similarly, in S. subtropicum, the choice of Agrobacterium strain and spore concentration 
during co-cultivation were key factors influencing the number of successful transformants, 
underscoring the need for species-specific protocol adjustments [36]. 

The application of AMT extends beyond simple gene insertion. It is a powerful tool for functional 
genomics, allowing for both forward and reverse genetic approaches. In forward genetics, AMT 
facilitates the creation of mutant libraries through random T-DNA insertional mutagenesis, which 
can be screened for phenotypic changes to identify gene functions. In reverse genetics, targeted gene 
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disruptions or deletions can be achieved, enabling detailed studies of gene roles in fungal biology 
[38]. This versatility makes AMT a cornerstone technique for exploring complex genetic traits and 
improving industrially relevant fungal strains [36,37]. 

Despite its advantages, AMT is not without challenges. The efficiency of transformation can vary 
significantly between species and even among different strains of the same species. Factors such as 
the presence of phenolic inducers like acetosyringone, the pH of the medium, and the duration of co-
cultivation are critical parameters that need careful optimization for each application. Nonetheless, 
the ongoing refinement of AMT protocols continues to expand its applicability and effectiveness, 
making it an indispensable tool in the genetic engineering of fungi [36,37].  

3.2. CRISPR-Cas9 

The CRISPR-Cas9 system has emerged as a transformative tool in the genetic engineering of 
fungi, enabling precise genome editing that has significantly advanced both basic research and 
industrial applications (Table 1). This technology is particularly effective in filamentous fungi, where 
it has been used to manipulate genes involved in the synthesis of secondary metabolites. For instance, 
CRISPR-Cas9 has facilitated the activation of silent gene clusters, leading to the discovery of new 
bioactive compounds. This capability is crucial for industries that rely on fungal metabolites, such as 
pharmaceuticals and agriculture, where the production of specific compounds can be enhanced or 
new ones can be discovered [39,40]. 

In the realm of edible fungi, CRISPR-Cas9 has been instrumental in the molecular breeding of 
various species, including Agaricus bisporus and Ganoderma lucidum. The technology allows for high-
efficiency and high-precision genome modifications, which are essential for developing superior 
strains with enhanced nutritional and medicinal properties. This application is particularly relevant 
in the context of the rapidly growing edible fungi industry, where traditional breeding methods are 
often slow and labor-intensive. CRISPR-Cas9 offers a more streamlined and effective approach to 
strain improvement, addressing both consumer demand and industrial needs [41]. 

Despite its advantages, the application of CRISPR-Cas9 in fungi is not without challenges. One 
significant issue is the preference of many fungal species for non-homologous end joining (NHEJ) 
over homology-directed repair (HDR), which can limit the precision of genetic modifications. To 
overcome this, researchers have developed mutant strains with impaired NHEJ pathways, thereby 
enhancing HDR efficiency. Additionally, the design of single guide RNAs (sgRNAs) and the potential 
for off-target effects remain areas of ongoing research and development. Advances in computational 
tools for sgRNA design and the engineering of Cas9 variants are helping to address these challenges, 
making CRISPR-Cas9 an increasingly reliable tool for fungal genome editing [42,43]. 

3.3. Applications 

Genetic engineering in fungi has significantly advanced the production of enzymes and 
secondary metabolites, which are crucial for various industrial applications. Fungi are prolific 
producers of enzymes, such as cellulases and amylases, which are widely used in industries ranging 
from biofuel production to food processing. Recent research has focused on optimizing fungal strains 
for enhanced enzyme production through genetic modifications. For instance, the use of 
CRISPR/Cas9 technology has facilitated targeted gene editing in fungi, allowing for the precise 
modification of genes involved in enzyme biosynthesis pathways. This has led to increased enzyme 
yields and improved enzyme characteristics, such as stability and activity under industrial conditions 
(Table 2) [44]. 

In addition to enzyme production, fungi are renowned for their ability to synthesize a diverse 
array of secondary metabolites, which have significant pharmaceutical and agricultural applications. 
These metabolites include antibiotics, immunosuppressants, and anticancer agents. The genetic 
engineering of fungi to enhance the production of these secondary metabolites involves manipulating 
biosynthetic gene clusters (BGCs) that encode the necessary enzymes and regulatory proteins. 
Advances in genomic and transcriptomic technologies have enabled the identification and activation 
of cryptic BGCs, leading to the discovery of new bioactive compounds. Techniques such as 
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CRISPR/Cas9 have been instrumental in this process, allowing for the precise activation or silencing 
of specific genes within these clusters [43]. 

The application of systematic experimental design and chemometrics analysis has further 
improved the production of targeted secondary metabolites. By optimizing culture conditions and 
nutrient concentrations, researchers have been able to significantly increase the yield and diversity 
of secondary metabolites produced by fungi. This approach not only enhances the production of 
known metabolites but also facilitates the discovery of novel compounds with potential therapeutic 
applications. The integration of genetic engineering with advanced analytical techniques thus holds 
great promise for the sustainable production of valuable fungal metabolites [44]. 

Genetic engineering offers a powerful alternative to conventional breeding methods for 
increasing disease resistance in plants. Fungal diseases pose a significant threat to crops, and 
traditional methods, such as fungicide application, often have limitations, including non-specificity 
and environmental hazards. Genetic engineering allows for the introduction of genes that confer 
resistance to multiple pathogens simultaneously, even if these genes do not exist in the natural gene 
pool of the plant. Techniques like CRISPR/Cas9 have been utilized to enhance disease resistance in 
crops by enabling precise genome editing. This approach not only targets plant genomes but also the 
genomes of fungal pathogens, providing new strategies for plant disease management [1,45,46]. 

Fungi have also been used in food production for their nutritional benefits and sustainability. 
Genetic engineering can enhance these benefits by overcoming the limitations of non-engineered 
fungal strains. For example, the industrial fungus Trichoderma reesei has been genetically modified to 
produce significant quantities of proteins such as egg white and milk protein. Extending such 
synthetic biology tools to food-safe fungi could enhance the nutritional and sensory properties of 
fungal foods, such as mycoprotein, making them more suitable for human diets. This approach also 
offers a sustainable alternative to traditional animal agriculture, reducing environmental impact [47]. 

Filamentous fungi, known for their efficient protein secretion, serve as excellent cell factories for 
producing valuable agricultural products. Genetic engineering facilitates the development of fungi 
capable of producing secondary metabolites and proteins that can be used as bio-inputs in 
agriculture. These bio-inputs, which include biofertilizers and biopesticides, contribute to sustainable 
agricultural practices by enhancing soil health and crop productivity while minimizing the use of 
chemical fertilizers and pesticides [3,48]. 

3.4. Challenges and Innovations 

One of the primary challenges in the genetic engineering of fungi is the low transformation 
efficiency, especially in filamentous fungi. This inefficiency is often due to the complex cell wall 
structure of fungi and their preference for non-homologous end joining (NHEJ) over homologous 
recombination (HR) for DNA repair. Traditional methods such as Agrobacterium-mediated 
transformation and protoplast transformation have been used, but they often result in low success 
rates, particularly in species with complex genomes like medicinal mushrooms [48]. Additionally, 
the lack of sufficient selection markers and the difficulty in achieving precise gene targeting further 
complicate genetic modifications in these organisms [43]. 

Recent advancements have focused on overcoming these challenges through the application of 
CRISPR/Cas technology. This system has been adapted to improve gene editing efficiency in various 
fungal species. For example, optimizing the CRISPR/Cas9 protocol in Penicillium digitatum has 
significantly increased editing efficiency from 10% to much higher levels by targeting genes 
associated with easily observable phenotypes [49]. Moreover, the development of modular synthetic 
biology toolkits has expanded the possibilities for genetic engineering in fungi, allowing for the 
integration and regulation of multiple genes and pathways simultaneously [47]. 

While genetic engineering in fungi faces significant challenges, particularly in transformation 
efficiency, recent innovations offer promising solutions. These advancements not only improve the 
feasibility of genetic modifications but also open new avenues for the application of fungi in various 
biotechnological fields. More specifically, genetic engineering in fungi holds great potential for 
advancing agricultural biotechnology. By enhancing disease resistance, improving nutritional value, 
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and developing sustainable agricultural practices, genetically engineered fungi can play a crucial role 
in meeting the growing demands for food security and environmental sustainability. 

The future of fungal genetic engineering looks promising with the continuous refinement of 
CRISPR/Cas systems and the development of new computational tools for sgRNA design. These 
innovations are expected to enhance the precision and efficiency of gene editing by considering 
factors such as chromatin architecture and sgRNA secondary structures [43]. Furthermore, the 
identification of neutral loci for gene integration in fungi like Aspergillus oryzae could lead to more 
stable and predictable expression of engineered traits, thereby expanding the applications of fungi in 
biotechnology and agriculture [47]. 

4. Genetic Engineering in Oomycetes 

4.1. Challenges in Oomycete Genetics 

Genetic engineering in oomycetes, a group of eukaryotic microorganisms including many plant 
pathogens, presents significant challenges due to their complex life cycles and genetic structures. 
These challenges have historically hindered the progress of functional genomics research in 
oomycetes compared to other microorganisms. 

One of the primary difficulties in genetic manipulation of oomycetes is their lower 
transformation efficiency and homologous recombination frequency compared to fungi. This makes 
it more challenging to introduce genetic changes effectively [50,51]. Additionally, the manipulation 
of the sexual stage in oomycetes is notoriously difficult, particularly in species such as Phytophthora 
[52]. This complexity is compounded by the unique features of oomycete genomes, such as their large 
size, high ploidy levels, and unique cell wall compositions, which differ significantly from those of 
true fungi [51]. 

Recent advances in CRISPR-Cas technologies have begun to address some of these challenges. 
CRISPR-Cas systems, including Cas9 and Cas12a, have been adapted for use in oomycetes, offering 
new tools for genome editing (Table 1). However, the application of these technologies in oomycetes 
faces specific challenges related to the delivery, expression, and design of CRISPR components, 
leading to variable editing rates across different studies [53]. Furthermore, the lack of effective 
selection markers for oomycetes further complicates genetic engineering efforts. Although some 
progress has been made with the development of fungicide-resistance genes as selection markers, 
these are not yet widely applicable across different oomycete species [1,54]. 

Despite these challenges, the development of genome editing techniques is crucial for advancing 
our understanding of oomycete biology and improving disease management strategies. The ability 
to manipulate oomycete genomes could lead to significant breakthroughs in controlling plant 
diseases caused by these pathogens, which are of considerable economic importance due to their 
impact on global agriculture [1,9]. As research continues to overcome these genetic engineering 
challenges, it is expected that more efficient and effective methods will be developed, facilitating 
deeper insights into oomycete genetics and their interactions with host plants.  

4.2. Recent Advances 

Recent advances in genetic engineering of oomycetes have seen significant progress with the 
development of a modified Agrobacterium-mediated transformation (AMT) method (Figure 2). This 
method has been particularly effective for oomycete pathogens such as Phytophthora infestans and 
Plasmopara viticola, which are known for their destructive impact on agriculture [2]. The modified 
AMT technique involves the prokaryotic expression of the Arabidopsis bZIP gene AtVIP1 in 
Agrobacterium tumefaciens. This gene is crucial for AMT but is absent in oomycete genomes, and its 
introduction has led to increased transformation efficiency in P. infestans strains. The method also 
enabled the successful transformation of P. viticola, a species notoriously difficult to transform due to 
its inability to grow in axenic culture [2]. 
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Figure 2. Exemplary genetic engineering in oomycetes. Modified from [2]. (A) Zoospore induction. 
(B) Vector construction. (C) T-DNA integration. (D) AMT in zoospores. AMT, Agrobacterium-
mediated transformation. (E) Isolation of positive colonies of engineered oomycete. Created with 
BioRender.com. 

Recent advances in genetic engineering of oomycetes have also been significantly bolstered by 
the application of CRISPR-Cas12a for targeted mutagenesis. This technology has opened new 
avenues for genetic manipulation in oomycetes, a group of filamentous microbes that include many 
plant pathogens. The Cas12a system, derived from the Lachnospiraceae bacterium, has been particularly 
effective in species such as Phytophthora palmivora and Phytophthora infestans [55]. Unlike Cas9, which 
can be toxic to P. infestans, Cas12a offers a non-toxic alternative, making it a preferred choice for 
genome editing in these organisms [56]. 

By integrating this modified AMT method with CRISPR/Cas12a genome editing, researchers 
have achieved targeted mutagenesis in P. infestans. This approach has allowed for the creation of loss-
of-function mutations in key genes, such as a MADS-box transcription factor gene, leading to reduced 
sporulation and virulence. Additionally, targeting the avirulence effector gene Avr8 demonstrated 
that its loss could enable the pathogen to evade the host's immune response, as seen in potato plants 
carrying the resistance gene R8. These findings underscore the potential of the modified AMT method 
as a powerful tool for molecular genetic studies in oomycetes and other microorganisms, facilitating 
advances in understanding pathogen biology and developing disease management strategies [2].  

Another notable advancement in this area is the development of a multiplex CRISPR-Cas12a 
editing protocol for P. palmivora, which allows for the simultaneous knockout of multiple genes. This 
protocol employs a time-efficient transformation method using zoospore electroporation and a 
D156R point mutation in the Cas12a enzyme to enhance its activity at 25°C. This approach has been 
successfully used to knock out genes encoding adenine phosphoribosyltransferase (APT), rendering 
the mutants resistant to 2-fluoroadenine (2-FA) while retaining full virulence on Nicotiana benthamiana 
[57]. The use of 2-FA as a counter-selection marker provides a practical alternative to antibiotic 
selection, offering more flexibility for subsequent genetic manipulations. 

These advances in CRISPR-Cas12a technology not only enhance the genetic toolkit available for 
oomycetes but also facilitate the study of gene function and pathogenicity. By enabling precise and 
efficient genome editing, researchers can better understand the molecular mechanisms underlying 
oomycete virulence and develop strategies for disease management. The ability to perform multiplex 
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gene editing is particularly valuable for studying complex traits controlled by multiple genes, thereby 
accelerating the pace of research in this field [53]. 

4.3. Applications 

Genetic engineering in oomycetes, a group of filamentous microorganisms that include 
significant plant pathogens, has seen substantial advancements in recent years. These advancements 
have provided deeper insights into pathogenesis and facilitated the development of disease-resistant 
crops. 

Oomycetes, such as Phytophthora infestans and Plasmopara viticola, are notorious for causing 
severe agricultural damage. Recent studies have focused on enhancing genetic transformation 
methods to better understand these pathogens. For instance, Wang et al. [2] developed a modified 
Agrobacterium-mediated transformation method, which improved the efficiency of genetic 
manipulation in oomycetes. This approach, combined with CRISPR/Cas12a genome editing, enabled 
targeted mutagenesis in P. infestans, revealing the role of specific genes in pathogenicity and virulence 
[2]. Such genetic tools have been crucial in dissecting the molecular mechanisms of oomycete 
pathogenesis, which were previously challenging due to limited genetic manipulation techniques 
(Table 2). 

The application of CRISPR technology has revolutionized the development of disease-resistant 
crops. This system allows precise genome editing, which has been applied to enhance resistance 
against oomycete pathogens in various crops, including rice, wheat, and grape [1]. By targeting 
specific genes in both the host plants and the pathogens, researchers have been able to enhance plant 
immunity and reduce susceptibility to infections. For example, the CRISPR/Cas9 system has been 
used to edit genes in oomycetes that are crucial for their pathogenicity, thereby reducing their ability 
to infect host plants [53]. 

4.4. Future Prospects 

Recent advances in genetic engineering of oomycetes have significantly contributed to 
understanding pathogenesis and developing disease-resistant crops. The application of CRISPR-Cas 
technologies, particularly CRISPR-Cas9 and CRISPR-Cas12a, has facilitated precise genome editing 
in oomycetes, which are notorious for causing devastating plant diseases. These technologies have 
been instrumental in dissecting the molecular mechanisms of oomycete pathogenesis by enabling 
targeted mutagenesis of key pathogenicity genes. For instance, CRISPR-Cas9 has been employed to 
knock out genes in Phytophthora infestans, leading to insights into its virulence strategies and host 
interactions [1,53]. 

The integration of CRISPR-Cas systems into oomycete research has also opened new possibilities 
for developing disease-resistant crops. By editing the genomes of both the pathogens and host plants, 
researchers can enhance plant resistance to oomycete infections. This dual approach allows for the 
identification and modification of susceptibility genes in crops, thereby reducing their vulnerability 
to oomycete attacks. Recent studies have demonstrated the potential of this strategy by creating 
resistant phenotypes in crops such as rice, wheat, and tomatoes through CRISPR-mediated editing of 
specific resistance genes [58,59]. 

Moreover, the development of modified transformation methods, such as Agrobacterium-
mediated transformation combined with CRISPR-Cas12a, has further advanced the genetic 
manipulation of oomycetes. This approach has been successfully applied to Phytophthora infestans and 
Plasmopara viticola, resulting in enhanced transformation efficiencies and effective targeted 
mutagenesis. Such innovations not only facilitate the study of oomycete biology but also aid in the 
development of crops with improved resistance to these pathogens, thereby contributing to 
sustainable agricultural practices and food security [2]. 

The future of genetic engineering in oomycetes looks promising, with ongoing research focusing 
on expanding the genetic toolbox available for these pathogens. The development of novel 
transformation systems and gene editing technologies continues to open new avenues for studying 
oomycete biology and improving crop resistance. As more genome sequences of oomycetes become 
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available, researchers can perform comprehensive genomic comparisons, which will enhance our 
understanding of the evolution and mechanisms of pathogenicity in these organisms [60]. These 
insights will be instrumental in devising innovative strategies for sustainable agriculture and food 
security. 

In conclusion, genetic engineering in oomycetes has significantly advanced our understanding 
of their pathogenesis and facilitated the development of disease-resistant crops. Continued research 
and technological innovations will likely yield further breakthroughs, contributing to more resilient 
agricultural systems. 

5. Comparative Analysis 

5.1. Comparison of Techniques 

In bacteria, genetic engineering has been revolutionized by tools such as CRISPR/Cas9, which 
allows for precise genome editing. This technology has been widely adopted due to its simplicity, 
cost-effectiveness, and ability to target multiple genes simultaneously [61]. Bacteria's relatively 
simple and well-understood genetic systems make them ideal candidates for genetic manipulation, 
enabling advancements in areas like antibiotic resistance research and metabolic engineering [62]. 
The high efficiency of CRISPR/Cas9 in bacteria is largely due to their single-celled nature and the 
absence of complex cellular structures that can impede genetic modifications (Table 1). 

In fungi, genetic engineering has faced more challenges compared to bacteria. The presence of a 
rigid cell wall and complex mycelial structures makes the transformation process more difficult [63]. 
However, advancements in CRISPR/Cas9 technology have significantly improved the precision and 
efficiency of genetic modifications in fungi [43]. Despite these advancements, the integration of 
exogenous DNA is often less efficient in fungi due to their intrinsic ploidy and propagation 
characteristics [64]. Nonetheless, CRISPR/Cas9 has facilitated targeted mutagenesis in fungi, allowing 
for the study of gene function and the development of disease-resistant strains [65]. 

Oomycetes, a group of filamentous microorganisms, present unique challenges for genetic 
engineering due to their distinct evolutionary lineage and complex life cycles. Traditional 
transformation methods, such as homologous recombination, have been less effective in oomycetes. 
However, recent developments in transformation systems and gene editing technologies, including 
CRISPR/Cas12a, have enhanced genetic manipulation in these organisms [66]. The modified 
Agrobacterium-mediated transformation method has improved transformation efficiency in 
oomycetes like Phytophthora infestans and Plasmopara viticola [2]. These advancements have opened 
new avenues for studying pathogenicity and developing disease-resistant crops, although the 
complexity of oomycete genomes still poses significant challenges [60,67]. 

While genetic engineering tools have been effectively applied across bacteria, fungi, and 
oomycetes, the success and applicability vary significantly among these groups due to their distinct 
biological characteristics. Continued advancements in genetic technologies are essential for 
overcoming the existing challenges and enhancing the applicability of these tools across different 
organisms. 

5.2. Case Studies 

In bacteria, genetic engineering has been extensively used to enhance industrial and clinical 
applications. For instance, CRISPR-Cas9 technology has been employed to modify bacterial genomes 
for the production of antibiotics and other valuable compounds [68]. This technology allows for 
precise editing of bacterial DNA, enabling the creation of strains with desirable traits such as 
increased production efficiency or resistance to certain environmental conditions [69]. Additionally, 
the engineering of gut microbiota has shown promise in medical applications, where genetically 
modified bacteria can produce therapeutic compounds directly in the human gut, offering potential 
treatments for metabolic diseases and cancer [70]). 

In fungi, CRISPR/Cas9 has been used to improve strains of edible fungi, enhancing their 
nutritional and medicinal value. This technology has enabled targeted gene editing in species such 
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as Agaricus bisporus and Ganoderma lucidum, leading to improved growth rates and resistance to 
diseases [71]. The application of CRISPR/Cas9 in fungi has also facilitated the discovery of new 
bioactive compounds by enabling the manipulation of biosynthetic gene clusters responsible for 
secondary metabolite production [63]. Despite challenges such as off-target effects and low editing 
efficiency, these advancements highlight the potential of genetic engineering to revolutionize fungal 
biotechnology [65]. 

Oomycetes, known for their role as plant pathogens, have benefited from recent advancements 
in genetic engineering techniques. A notable example is the use of a modified Agrobacterium-
mediated transformation method combined with CRISPR/Cas12a to edit the genomes of Phytophthora 
infestans and Plasmopara viticola [2]. This approach has enabled the creation of loss-of-function 
mutations in genes critical for pathogenicity, providing insights into disease mechanisms and 
potential strategies for developing disease-resistant crops. These advancements represent significant 
progress in overcoming the historical challenges associated with genetic manipulation in oomycetes, 
offering new tools for plant disease management [53]. 

Genetic engineering has been effectively applied across bacteria, fungi, and oomycetes, each 
with specific examples demonstrating the potential of these technologies to address diverse biological 
and industrial challenges. Continued research and innovation in genetic tools are expected to further 
enhance their applicability and effectiveness across these groups. 

6. Ethical and Regulatory Considerations 

6.1. Safety Concerns 

Genetic engineering in microorganisms, including bacteria, fungi, and oomycetes, presents 
several potential risks that need careful consideration. These risks stem from the inherent 
characteristics of microorganisms and the nature of genetic modifications. 

In bacteria, one of the primary concerns is the potential for horizontal gene transfer (HGT), 
which can lead to the spread of antibiotic resistance genes and other undesirable traits across 
microbial communities [72]. This process can occur naturally among bacteria and is exacerbated by 
genetic engineering, potentially leading to unforeseen ecological impacts and public health 
challenges. Moreover, the release of genetically engineered bacteria into the environment, such as 
those used in agriculture or bioremediation, raises concerns about their persistence and impact on 
native microbial communities and ecosystem functions [73]. 

For fungi, genetic engineering poses risks related to ecological balance and biodiversity. 
Engineered fungi released into natural environments could outcompete native species, leading to 
reduced biodiversity and altered ecosystem dynamics [74]. Additionally, there is a risk of unintended 
effects due to off-target mutations, which can affect fungal physiology and interactions with other 
organisms [63]. These unintended changes could have cascading effects on ecosystems, particularly 
if engineered fungi are used in agricultural settings where they interact with a wide range of 
organisms. 

Oomycetes, being plant pathogens, present unique risks when genetically engineered. The 
potential for engineered oomycetes to develop new virulence factors or overcome existing plant 
resistance mechanisms is a significant concern [66]. This could lead to more aggressive plant diseases, 
impacting agricultural productivity and food security. Additionally, the release of genetically 
modified oomycetes into the environment could disrupt natural plant-pathogen interactions, leading 
to unintended ecological consequences [60]. 

While genetic engineering offers significant benefits, such as improved agricultural productivity 
and bioremediation capabilities, the potential risks associated with genetically engineered 
microorganisms must be carefully managed. This includes robust risk assessments, stringent 
regulatory frameworks, and ongoing monitoring to mitigate negative impacts on human health and 
the environment [72,75]. 

6.2. Regulatory Frameworks 
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The regulation of genetically engineered microorganisms, including bacteria, fungi, and 
oomycetes, is governed by a complex and evolving set of guidelines that vary significantly across 
different regions. These regulations are designed to address the potential risks associated with the 
release and use of genetically modified organisms (GMOs) in various environments. 

Globally, there is a lack of uniformity in the regulation of genetically engineered 
microorganisms. The European Union (EU) has one of the most stringent regulatory frameworks, 
where GMOs, including microorganisms, must undergo a rigorous approval process before being 
released into the environment. This process involves proving that the GMO is as safe as its 
conventional counterpart, both for human health and the environment [76]. The EU's regulations also 
require labeling of products containing GMOs, which reflects a high level of consumer protection 
and transparency [76]. 

In contrast, the regulatory landscape in the United States is more fragmented. The U.S. 
Department of Agriculture (USDA), Environmental Protection Agency (EPA), and Food and Drug 
Administration (FDA) share responsibilities for regulating genetically engineered microorganisms 
under various acts, including the Plant Protection Act (PPA), Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA), and the Federal Food, Drug, and Cosmetic Act (FFDCA) [77]. The USDA's 
Animal and Plant Health Inspection Service (APHIS) regulates microorganisms that are considered 
plant pests, while the EPA oversees those used for pesticidal purposes [77]. This division of 
regulatory responsibilities can lead to complexities in the approval process but allows for specialized 
oversight based on the intended use of the genetically engineered organism. 

The advent of genome editing technologies, such as CRISPR, has introduced new challenges for 
existing regulatory frameworks. Many countries are in the process of updating their regulations to 
address these technologies, which can create organisms with minimal genetic changes that might not 
fit traditional definitions of GMOs [78]. For instance, some countries differentiate between genome-
edited organisms based on whether foreign DNA is present in the final product, which influences 
their regulatory classification [78]. 

The regulation of genetically engineered microorganisms is characterized by a diverse and 
dynamic landscape. While regions like the EU maintain strict regulatory standards, others like the 
U.S. adopt a more segmented approach. The rapid development of genome editing technologies 
continues to challenge existing regulations, necessitating ongoing revisions to ensure safety and 
address public concerns effectively. 

7. Conclusions and Future Directions 

This review has delved into the advancements and applied methodologies in genetic 
engineering for bacteria, fungi and oomycetes. A key focus has been on the utilization of the CRISPR 
system, highlighting its precision and efficacy in editing genomes to confer resistance against various 
pathogens. Notable successes include the transformation protocols for oomycete pathogens, which 
present promising avenues for future agricultural applications. Additionally, the exploration of 
bacterial, fungal and oomycete genomes has uncovered significant potential for creating more 
resilient species, contributing to sustainable agricultural practices and food security. 

One promising area for future research is the refinement of CRISPR-based techniques to increase 
editing efficiency and specificity in microbial genomes. This involves developing novel Cas variants, 
optimizing delivery methods, such as nanoparticle-mediated delivery systems, to overcome existing 
barriers to transformation. 

Another critical direction is the integration of multi-omics approaches, including genomics, 
transcriptomics, proteomics, and metabolomics, to gain a comprehensive understanding of host-
pathogen interactions. This holistic view can reveal novel targets for genetic manipulation, 
potentially leading to the development of plants with enhanced disease resistance. 

Moreover, exploring the potential of synthetic biology in genetic engineering offers exciting 
opportunities. By designing and constructing synthetic gene networks, researchers can create new 
metabolic pathways or regulatory circuits that can enhance desired traits. This interdisciplinary 
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approach can also facilitate the development of custom-built organisms tailored to specific microbial 
cell factories. 

Lastly, the ethical, environmental, and regulatory aspects of deploying genetically engineered 
organisms in the field warrant attention. Conducting thorough risk assessments and engaging with 
stakeholders, including farmers, consumers, and policymakers, will be crucial to ensure the 
responsible and sustainable application of these technologies. By addressing these areas, the field of 
genetic engineering can continue to advance, contributing significantly to sustainable agriculture and 
industrial biotechnology. 
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