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Abstract: CRISPR/Cas9 has emerged as the predominant method for genome editing due to its cost-
effectiveness and broad applicability, playing a crucial role in advancing sustainable practices across various
sectors. This systematic review leverages the PRISMA methodology to explore CRISPR/Cas9’s impact on
environmental protection, thereby supporting the Sustainable Development Goals (SDGs). Analyzing data
from the Web of Science, the review found significant growth in related publications, with a 30% increase since
2014, predominantly from the US, China, Germany, and the UK. The study categorizes the scientific
developments into three trends: advancements in agriculture, gene editing techniques, and biofuel production.
Key discussions include the use of CRISPR/Cas9 in developing fourth-generation biofuels and environmental
biosensors, as well as its applications in enhancing genetic resilience and controlling invasive species. These
innovations highlight CRISPR/Cas9’s potential in promoting sustainable resource management and energy
generation, marking a pivotal contribution to ecological conservation and sustainability efforts.
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1. Introduction

Environmental degradation is one of the most urgent challenges, primarily driven by human
activities due to technological and industrial progress [1]. These activities encompass extensive
deforestation, which disrupts the water cycle and destroys habitats [2]. Simultaneously, the excessive
use of fossil fuels escalates greenhouse gas (GHG) emissions, resulting in a variation of the average
global surface temperature [1,2]. Human activities also contribute to water resource issues through
oil pollution[3,4] and mining extractions [5], substantially impacting food and water supplies,
infrastructure, public health, environmental conservation, and the economy [6]. Environmental
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degradation has further led to immigration and population growth, with adverse health and food
security consequences [7]. According to the Food and Agriculture Organization (FAO), around 900
million people faced severe food insecurity in 2022 [8]. Consequently, these challenges compound
the energy crisis by jeopardizing the reliability and sustainability of energy sources [9].

Most of the conventional approaches to address these issues have worsened environmental
impacts rather than mitigating them [10]. In the quest for alternatives, environmental biotechnology
has successfully contributed to the sustainable utilization of natural resources, bioenergy alternatives
[11], urban solid waste management [12], sustainable construction [13], and pollution avoidance [14].
This branch of biotechnology relies on harnessing the biochemical potential of organisms and their
molecular components for the preservation, restoration, and sustainable management of natural
resources and addressing environmental degradation [14,15]. In recent years, various
biotechnological tools have been employed with significant frequency. One of the outstanding
techniques is Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/Cas), which is applied
in medicine, environment, and agriculture[16-18]. CRISPR/Cas is now expanding into new realms of
research to achieve a circular bioeconomy in alignment with the Sustainable Development Goals
(SDG) through Environmental Biotechnology [10].

Among the different types of CRISPR/Cas, CRISPR/Cas9 is the most widely used system due to
its simplicity, efficiency, and versatility in genome editing across various organisms. Its popularity
stems from the ability to easily program the guide RNA to target specific DNA sequences for precise
modifications. These characteristics have made it a powerful tool [19,20], based on the immune
system mechanism found in archaea, a group of prokaryotic microorganisms known for their ability
to thrive in non-sterile and often extreme environments and bacteria [21,22]. The Cas9 nuclease,
associated with CRISPR, is a genomic editing technique employed to target and edit DNA sequences,
following the principles of complementary base pairing [23]. In 1993, CRISPR was first observed for
the first time in archaea, specifically in Haloferax mediterranei [24]. Starting in 2011, the analysis of
evolutionary relationships between CRISPR sequences and Cas proteins marked the beginning of a
steady expansion of its research. This led to the reprogramming and transfer of the CRISPR/Cas
system between different organisms [16]. In the field of environmental biotechnology, CRISPR/Cas9
has emerged as a highly significant tool [25]. Environmental biotechnology utilizes techniques such
as bioremediation of toxic substances, including organic compounds, metals, petroleum,
hydrocarbons, dyes, detergents, and biosensors [14].

Bioremediation is one of the most efficient technologies, and its purpose is to reduce
environmental pollution and restore ecosystems[26]. Different tools are used in bioremediation:
phytoremediation, biostimulation, biofilm formation, chemotaxis, bioaugmentation, genetically
modified microorganisms, and different omics techniques[27]. This way, phytoremediation is
economical and environmentally friendly to clean up heavy metal soil pollution, using specific plants
to absorb and remove these metals [28]. CRISPR technology is a vital tool in phytoremediation,
focusing on enhancing a plant’s ability to synthesize metal ligands and excrete root exudates.
Examples include genes like NAS1, which boosts tolerance to metals such as Cd, Cu, Fe, Mn, Ni, and
Zn, and genes like metallothioneins (MTA1, MT1, MT2), which increase the plant’s capacity to
withstand Cd, Cu, and Zn [29].

Additionally, biosensors, among the most powerful tools for detecting environmental
contamination, play a crucial role by providing specific quantitative and semi-quantitative analytical
information by recognizing the biological elements [30]. Moreover, CRISPR/Cas9 has been used in
multiple applications. This biotechnological tool has been employed to counteract the presence of
invasive fish species, which pose a significant risk to ecosystem biodiversity [25,31]. Simultaneously,
this technology has been instrumental in the early detection of organisms, pathogens, and pollutants
in environmental samples, playing a critical role in pollution prevention and the prevention of
waterborne disease outbreaks and contributing to environmental health monitoring [25]. In the
context of phytoremediation, CRISPR has revolutionized the identification of plants with the ability
to accumulate metals through chelation, and its genomic editing has advanced phytostabilization,
phytoextraction, phytomining, phyto-volatilization, and bioenergy generation [32].
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CRISPR/Cas9 has been used to address specific environmental issues that have been a significant
concern for many years. For example, the emergence of antibiotic resistance genes (ARGs) has had
far-reaching consequences, affecting critical environmental processes like biological wastewater
treatment. This issue was first identified by Korzeniewska et al. in 2013 [33]. In response, Li et al.
(2023) [34] introduced VANDER, a synthetic biology system built on the CRISPR/Cas mechanism that
enables ARG degradation. Another historical challenge has been the overreliance on pesticides in
agriculture, despite their toxic effects on human and environmental health, which have been
recognized since 1945 [35]. To combat this issue, Jose and Eva (2023) [36] propose that CRISPR/Cas
could be employed to develop pest-resistant plants, reducing the need for chemical insecticides.
Moreover, the enduring challenge of petroleum-related disasters has acquired increasing historical
importance [37]. Biotechnological tools, among which CRISPR/Cas stands out, provide potential
solutions, such as using genomic editing of Candida to enable petroleum metabolism, as demonstrated
in the study by Uthayakumar et al. (2021) [37].

In the agricultural domain, CRISPR/Cas9 has contributed to enhancing crop resistance to
drought and nutrient absorption and reducing pesticide dependence, aiming to promote more
sustainable and environmentally friendly food production practices [10]. Primarily, CRISPR/Cas9
allows us to address food safety and sovereignty issues by modifying the plant genome, enabling the
development of crops capable of resisting pests, diseases, and adverse environmental conditions,
including wild species, thereby reducing agricultural losses [25]. Additionally, it can simplify food
waste management processes by addressing lignin modification in plants, a critical structural
component of agricultural residues. Incorporating these genes allows for an economical and practical
approach to bioethanol production, one of the most common biofuels [10]. Biofuels are alternative
fuels, such as Vegetable oils, animal oils, and ethanol. The most advanced biofuels are derived from
lignocellulosic plant residues. These are attractive because they have a negative or neutral carbon
footprint and are more economical than crops [38].

This study conducted a scientometric analysis: bibliometric tools focused on applying CRISPR-
CAS9 in environmental biotechnology. Bibliometrics and scientometrics are considered quantitative
tools commonly used in scientific research [39—41], applying mathematical and statistical methods to
books and other research media. Scientometrics, a field examining bibliometric data, seeks patterns
and causalities in science through numerical correlations [42]. The bibliometric study is a method of
sadistic analysis that focuses on elucidating the influence and results of the literature investigations.
Academic researchers use bibliometrics to find emergent trends in articles and journals,
collaborations, patrons of research, and the intellectual structure of a specific literature subject [43].
Bibliometric analysis contributes to transparency in literary review and allows for examining a more
significant number of publications than peer review [44]. Furthermore, bibliometrics shapes science
as a network of knowledge that feeds back and legitimizes knowledge through production,
collaboration, and acts of recognition, establishing a hierarchy in scientific selection. Both tools are
intended to analyze the frontiers of a research topic or field from macro to micro perspectives,
including elements such as countries, institutions, authors, keywords, and journals [42,45].

There are no reports on that research gap; therefore, this review is based on the need for a
systematic and comprehensive study to analyze opportunities for environ-mental biotechnology
through CRISPR/Cas9. In exploring this area, we pose several key questions: Which countries are
leading this type of research? Which journals play a strategic role in this field? How do research
networks develop, and how do they evolve? We aim to conduct a bibliometric study that examines
institutions, journals, authors, and keywords. With this background, we delved into leading
applications while linking the pillars of the SDGs. Finally, some suggestions were proposed for future
studies to uncover the potential of emerging technologies to promote environmental biotechnology
using CRISPR/Cas9.
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2. Results

2.1. Dynamics Trends in the Number of Publications

We started from 406 publications obtained from January 2014 to September 8, 2023, according
to the available data, as shown in Figure 1.
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Figure 1. Number of publications and citations, according to CRISPR/Cas9 in Environmental
Biotechnology, from 2014 to 2023.

Figure 1 shows the annual growth of publications in the literature related to CRISPR/Cas9 in
Environmental Biotechnology. According to Figure 1, from 2014 to 2023, there were 406 publications.
In 2014, there was a lower production of scientific research. However, it showed a sharp increase
from 2019, reaching a peak in 2022. Xiao et al., (2022) mentioned that the quantity of citations is
commonly acknowledged as a significant metric for assessing the impact of articles, and it also
indicates the level of attention from researchers to a certain extent [46]. So, it can be said that the
increase in this subject since 2019 reflects a growing interest and focus in the field, possibly due to
technological advancements or a better understanding of the applicability of CRISPR/Cas9 in this
context [47-49]. The reference to citations underscores the influence of these works in the research
community [50].

2.2. Keyword Clusters Analysis

The co-occurrence of keywords in the study of CRISPR/Cas9 in Environmental Biotechnology,
allowed us to obtain five clusters differentiated by topics in the articles. Figure 2 indicates the most
relevant keywords, arranged in nodes by groups of colors, forming links between them, indicating
the connection of some words with others. We can also see the difference between nodes, with a
larger (CRISPR/Cas9), representing their relevance in the articles in this study.

Among the most prominent categories, we found “CRISPR/Cas9” with 111 citations, including
words such as RNA, DNA, and Cas9 protein. And a subgroup “gene editing” with 63 citations,
including words such as bacteria, Escherichia coli, and edition. The category “expression” obtained 59
citations, including words such as bioethanol, Saccharomyces cerevisiae, and three subgroups “gene,”
“proteins,” and “growth.” The category “identification” showed 28 citations containing words such
as dynamics, activation, and target. The category “resistance” showed 23 citations, including words
and subgroups such as plants, gene expression, adaptation, “sustainability,” “rice,” and “biosensors.”
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Finally, the category “biosynthesis” obtained 12 citations, finding words such as biotechnological
applications, stress, and mechanisms.
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Figure 2. The keywords’ visualization results for the last decade are represented in clusters by the
colors green, blue, red, and yellow.

2.3. Co-Occurrence Analysis

2.3.1. Scientific Production by Country and Institutions

Figure 3 shows the analysis of scientific production by country (2014-2023), including a co-
ocurrence map, where the main contributions of the countries related to CRISPR/Cas9 in
environmental biotechnology are depicted. The most significant nodes, comprising the United States,
the People’s Republic of China, Germany, and England, which are defined as the most relevant
countries, can be observed. In addition, there are rings of different colors, which show each country’s
scientific production years; the purple rings correspond to the oldest production, the rings degrade
in color until the yellow ones, which represent the most current production.
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Figure 3. Results of the visualization of production by country with their collaborative links over the
last decade. The colors of the rings represent the years: yellow, the most current (2023), and purple,
the oldest (2013).

The node analysis allows us to interpret the main contributor, namely the United States because
it has the highest degree of centrality (Centr = 0.80), followed by England (Centr = 0.28), then Brazil
(Centr = 0.13) and People’s Republic of China (Centr = 0.10). From these results, we can establish that
these countries have the highest index of cooperative relations among themselves, in conjunction
with other countries such as South Korea, Germany, Netherlands, and Israel.

On the other hand, based on the information obtained in CiteSpace (6.1.R6.), Table 1 was made,
detailing the scientific production of the top 10 countries, where two North American countries (the
United States and Canada), two Asian countries (People’s Republic of China and Japan), five
European countries (Germany, England, Spain, France, and Switzerland) and one country
representing Oceania (Australia) stand out.

Table 1. Top 10 of scientific production by countries related to CRISPR/Cas9 and Environmental

Biotechnology.

Ranking Count Centrality Year Country
1 160 0.80 2014 United States
2 93 0.10 2015 People’s Republic of China
3 36 0.08 2016 Germany
4 20 0.28 2015 England
5 19 0.00 2016 Japan
6 16 0.06 2016 Canada
7 14 0.06 2015 France
8 13 0.04 2017 Spain
9 11 0.06 2017 Switzerland
10 11 0.05 2017 Australia

2.3.2. Scientific Production by Institutions

Analyzing institutional production and cooperation allowed us to identify the institutions with
the greatest influence in publications on CRISPR/Cas9 in Environmental Biotechnology and their
cooperation networks. We found two hundred and thirty institutions, as seen in Figure 4, of which,
as leaders in publications on CRISPR/Cas9 in Environmental Biotechnology, we have the University
of California System with 31 citations, most of them in 2014. Chinese Academy of Sciences is in second
place with 19 citations, most in 2017, and Harvard University is in third place with 13 citations, most
in 2014.
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Figure 4. Results of the visualization of the production by institutions with their collaborative links

in the last decade. The red rings represent the closest production to 2023, and the yellow rings
represent the oldest production, 2013.

In the analysis of collaborative networks based on the intermediate centrality of the nodes, the
Chinese Academy of Sciences is the main node since it has the highest degree of centrality (Centr =
0.18). Followed by Howard Hughes Medical Institute (Centr = 0.15), then the University of California
System (Centr = 0.13) and UDICE-French Research Universities (Centr = 0.13). These nodes represent
the institutions with the highest index of cooperative relationships among themselves and in
conjunction with other institutions, such as the Chinese Academy of Agricultural Sciences, Johns
Hopkins University, Sorbonne University, and others mentioned above.

Based on the information obtained in CiteSpace (6.1.R6.), Table 2 was created, detailing the
scientific production of the ten main countries. Five institutions from the United States (University of
California System, Harvard University, Howard Hughes Medical Institute, University of California
Berkeley, Massachusetts Institute of Technology (MIT)) were found. Three institutions from the
People’s Republic of China (Chinese Academy of Sciences, Ministry of Agriculture & Rural Affairs,
Chinese Academy of Agricultural Sciences). And two from France (Centre National de la Recherche
Scientifique (CNRS), UDICE-French Research Universities).

Table 2. Top 10 of scientific production by institutions regarding CRISPR/Cas9 and Environmental

Biotechnology.

. . .. Number of .
Ranking Organizations Country Documents Year Centrality
1 University of California United States 31 2014 0.3

System
People’s R lic of
2 Chinese Academy of Sciences copie s .epub 1o 19 2017 0.18
China
3 Harvard University United States 13 2014 0.10
4 Howard Hughes Medical ;5 4 States 12 2014 0.5
Institute
5 Ministry of Agriculture & People’s Republic of 1 2018 0.08

Rural Affairs China
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University of California

6 United States 9 2014 0.00
Berkeley
7 Chlflese Acade'my of People’s Repubhc of 9 2021 0.07
Agricultural Sciences China
Centre National de la
8 Recherche Scientifique France 8 2015 0.10
(CNRS)
9 UDICE-French Research France 8 2015 0.13
Universities
10 Massachusetts Institute of United States 8 2014 0.01

Technology (MIT)

2.4. Co-Citation Analysis

2.4.1. Journal Co-Citation Analysis

Figure 5 shows scientific production and cooperation networks analysis by journals with
publications on CRISPR/Cas9 in Environmental Biotechnology. We obtained two hundred and
ninety-four journals, of which more than 85% had at least two publications on the topic of study. The
vast majority of these journals were from the United States (Proceedings of the National Academy of
Sciences (PNAS), Science, PloS ONE) and the United Kingdom (Nature, Nucleic Acids Research,
Nature Biotechnology).
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Figure 5. Results of the visualization of the production by journals and their linkage to each other.
The green rings represent the most current publications, and the blue rings are the oldest publications
of the decade.
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Analyzing the intermediate centrality of the nodes to determine the collaboration network
among the journals, it was found that eLife had the highest degree of centrality (Centr = 0.14). It was
followed by Plant Journal (Centr =0.14), then Molecular Cell (Centr = 0.13), and Angewandte Chemie-
International Edition (Centr = 0.11). This indicates that these journals have the highest index of
cooperative relationships among them and in conjunction with others, such as Science, PloS ONE,
and Nature.

Table 3 ranks the ten journals with the most articles on CRISPR/Cas9 in Environmental
Biotechnology. Proceedings of the National Academy of Sciences (PNAS) stand out in the top
position, with 249 scientific contributions, four more compared to the following journal Nature, with
245 cited publications. This is followed by Science and PloS ONE journals, with 244 and 197 scientific
contributions, respectively.

Table 3. Top 10 journals by number of scientific productions related to CRISPR/Cas9 and
Environmental Biotechnology.

Number of SJR

Ranking Journal Country Documents 2022 Quartile
Proceedings of the National
1 Academy of Sciences United States 249 4.03 Q1
(PNAS)
2 Nature United Kingdom 245 20.96 Q1
3 Science United States 244 13.33 Q1
4 PloS ONE United States 197 0.89 Q1
5 Cell United States 194 26.49 Q1
6 Nucleic Acids Research ~ United Kingdom 180 8.23 Q1
7 Nature Biotechnology United Kingdom 178 22.78 Q1
8 Nature Communications ~ United Kingdom 161 5.12 Q1
9 Scientific Reports United Kingdom 147 0.97 Q1
10 Nature Methods United Kingdom 132 14.36 Q1

2.4.2. Scientific Production by Authors

In the evaluation of scientific production by authors, in Figure 6, a map of nodes illustrating the
key contributions of CRISPR/Cas9 within Environmental Biotechnology was generated. The most
prominent nodes represent the most influential authors of the last decade, and the different colored
rings correspond to the annual scientific production. The purple ring corresponds to the oldest
contributions, and the yellow ring corresponds to the most recent ones.

We found two hundred and ninety-two authors, of which about 70% have at least two
publications related to the topic of study. Martin Jinek leads the group with his article published in
2012 entitled “A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial
Immunity,” which has the highest number of citations.
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Figure 6. Results of the visualization of scientific production by authors. The contrast between yellow
and purple rings represents the most current and oldest publications cited in the last decade.

The analysis of node betweenness centrality determines the collaboration network among
authors. We found that Ran F (2015) and Akcakaya P (2018) exhibit the highest centrality degree
(Centr = 0.20), making them key contributors to the dynamics of the scientific research cooperation
network. Following closely are Jinek M (2012) (Centr = 0.20), Chen JS (2018) (Centr = 0.19), and Cong
L (2013) (Centr = 0.14). However, the collaboration network among authors is extensive, as several
articles combine laboratory groups for joint studies, underscoring the indispensable nature of
cooperation and collaboration among them.

On the other hand, using the obtained information, Table 4 was generated, presenting a top 10
list of highly cited articles related to CRISPR/Cas9 in Environmental Biotechnology. Jinek M, Cong L,
and Zetsche B emerge as leaders on the list with the highest number of cited publications in journals
from the United States.

Table 4. Top 10 authors with the highest scientific production related to CRISPR/Cas9 and
Environmental Biotechnology.

Ranking Authors Article Journal Citations

Jinek M et al A Programmable Dual-RNA-Guided

1 [51] " DNA Endonuclease in Adaptive Bacterial Science 16

Immunity

Cong Letal. Multiplex Genome Engineering Using .

2 [52] CRISPR/Cas Systems Science 14

Cpfl Is a Single RNA-Guided
3 Zetsc}[‘;? ®tal Endonuclease of a Class 2 CRISPR-Cas ~ Cell 13

System
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Optimized sgRNA design to maximize

Doench ] et al. Nature

4 activity and minimize off-target effects of _. 11
[54] CRISPR-Cas9 Biotechnology
Development and applications of
> HsuPetal. [53] CRISPR-Cas9 for genome engineering Cell 1
Sternberg S et  DNA interrogation by the CRISPR RNA-
1
6 al. [56] guided endonuclease Cas9 Nature 0
Anders C et al. Structural basis of I"{XM—dependent
7 [57] target DNA recognition by the Cas9 Nature 7
endonuclease
DoudnaJ et al. The new frontier of genome engineering _
7
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2.5. Applications of CRISPR/Cas9 in Environmental Biotechnology

The urgency posed by environmental degradation alongside the imperative for sustainable
solutions has spurred heightened interest in leveraging tools such as CRISPR/Cas9 within
environmental biotechnology. Employing a bibliometric approach, the current research landscape
concerning CRISPR/Cas9 applications within this realm has been systematically examined. This
rigorous analysis delineates publications, citations, keywords, geographical distribution,
institutional affiliations, journal outlets, and prolific authors shaping the scientific discourse.
Drawing from these findings, we elucidate two overarching domains and six distinct applications
that epitomize the potential of CRISPR/Cas9 within environmental biotechnology: Environmental
Monitoring and Sustainable Energy (encompassing fourth-generation biofuels and biosensors) and
Genetic Resilience and Biodiversity Conservation (encompassing conservation efforts, genetic
resilience enhancement, combating invasive species, and fostering sustainable agriculture).
Moreover, Table 5 visually represents how these identified applications correspond with the clusters
derived from the bibliometric analysis, underscoring the invaluable contributions of such research
endeavors toward advancing sustainable development objectives (SDG). These applications will be
discussed in detail in the following sections.

Table 5. Applications of CRISPR/Cas9 in Environmental Biotechnology and its contribution to the

SDG.
Applications Cluster from bibliometric study SDG
Fourth generation 19
biofuels ’
Biosensors 1,3
Conservation 1,4
Enhanci ti
nhancing genetic 12

resilience
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Combating invasive

- 1,4
species
Sustainable 13
agriculture ’

SDG= Sustainable development goals.

2.5.1. Fourth-Generation Biofuels

The development of alternative renewable energies with a lower environmental impact is
necessary, given the increase in GHG emissions that directly affect the global climate and generate
environmental concern [61,62]. Biofuels have the potential to reduce and even eliminate carbon
emissions by reducing the use of fossil fuels fuels [63,64]. Biofuels are classified according to various
characteristics, for example, by the origin or type of biomass (aquatic, terrestrial, and microbial);
primary according to the state of the biomass (liquid, solid, and gaseous); secondary according to the
type of feedstock (first, second, third and fourth generation); and by the technological conversion
route (thermochemical, biochemical, physical-chemical) [64-68].

The systematic evolution of secondary biofuels encompasses four generations; the first
generation refers to energy production from edible crops. However, its main disadvantage is the use
of plots of land on which food supply products could be grown [64,65,68]. The second generation
considers non-food products as feedstock [69,70]. The negative side of these biofuels is the production
cost that rises when applying the technologies produced at the laboratory level on a real scale [62].
The third generation includes microbial sources and algae [71]; its main advantage lies in using
unproductive land to place production tanks or reactors [72-74]. Finally, fourth-generation biofuels
originate from the bioconversion of organisms through the use of biotechnological tools (metabolic
engineering) that make genetic modifications to improve tolerance to biofuels, elevated
temperatures, and inhibitors or to increase the amount of lipids that can be used as feedstock for
biodiesel production [62,75].

2.5.2. Environmental Monitoring through the Use of Biosensors

The contemporary world grapples with a significant challenge of environmental contamination,
propelled by ongoing industrial expansion, rapid urbanization, and population growth, leading to
the release of diverse harmful substances that severely impact ecosystems and human well-being in
the air, soil, and water [76]. Scientists actively pursue lasting solutions through environmental
monitoring, understanding the critical importance of effectively managing toxic substances; this
involves essential data collection and analysis for comprehending and safeguarding the environment,
covering air and water quality, soil conditions, biodiversity, and climate patterns [77].

Despite notable advancements over the past century, controlling toxins on-site remains a
formidable challenge [78]. The increasing demand for early warning systems parallels the rise in
pollution sources, emphasizing the need for immediate on-site monitoring to tackle environmental
degradation effectively. Although conventional analytical techniques such as high-performance
liquid chromatography, gas chromatography, and inductively coupled plasma-mass spectrometry
have been conventionally employed for their sensitivity and precision in monitoring water or [39]
soil samples, their efficacy is constrained in centralized laboratories due to cost and time constraints,
requiring skilled personnel [79].

In contrast, biosensors exhibit cost-effectiveness, energy efficiency, and suitability for real-time,
on-site monitoring [80,81]. In their design, it is crucial to consider factors such as user-friendly
manipulation, safe operation, on-site detection without complex sample preparation, real-time
monitoring capabilities, cost efficiency, and environmental sustainability [82]. However, biosensors
face drawbacks such as high expenses and a restricted operational lifespan due to device degradation,
sensor drift, and the need for component replacements [83]. Other unfavorable aspects include
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susceptibility to interference, sensitivity to environmental factors, the necessity for regular
calibration, and substantial overall costs [84].

The need to utilize rapid, selective, sensitive, accurate, and capable real-time pollutant detection
and screening has prompted the development of sophisticated biosensing devices [80]. A biosensor
is an analytical approach for meticulously and dependably identifying pollutants using
biotechnology while maintaining a low cost [81]. Additionally, biosensors utilizing biological sensors
for detection have been innovated to enhance our understanding of the bioavailability of
environmental pollutants [85].

A biosensor is a self-contained integrated device incorporating a biological recognition element
(e.g., enzyme, antibody, or microorganism) that interacts with a chemical sensor, displaying a
reversible and concentration-dependent response to a chemical species [86]. It comprises signal
transducer components that generate detectable or quantifiable signals when pollutants are sensed
[87]. These analytical devices, known as biosensors, integrate a biological sensing element to identify
a specific analyte or molecule from complex samples [88]. The capability to generate recognition sites
with high specificity makes biosensors a feasible replacement for techniques relying on traditional
chromatography [89].

In recent decades, biosensors have significantly advanced in detecting various substances, from
pollutants to pharmaceuticals [90,91]. The biosensor technology has recently undergone evaluation
in diverse scenarios, including monitoring in agriculture, detection of groundwater, surveillance in
oceans, and environmental monitoring [86], and fields including medicine, industry, environmental
monitoring, agriculture, food and forensic chemistry [92].

Biosensors exhibit diverse forms, encompassing cell-free variations such as enzymatic
biosensors  (Enzyme-Based Biosensors), immunosensors (Antibody-Based Biosensors),
genosensors/aptasensors (DNA/Aptamer-Based Biosensors), and Biomimetic Sensors. Whole-cell-
based biosensors, like microbial biosensors, further expand biosensor types types [80,81]. These
biosensors have been well-documented for their effectiveness in detecting and monitoring various
environmental pollutants [80,81,93].

2.5.3. CRISPR/Cas9 for Conservation and Sustainability

CRISPR/Cas9 technology has marked a transformative era in conservation and sustainability,
offering unparalleled precision and efficiency in genetic editing [94]. This technology has emerged as
a cornerstone in addressing some of the most pressing environmental challenges, from preserving
biodiversity [95,96]. CRISPR/Cas9 has been applied in various iconic cases for conservation and
sustainability, including enhancing conservation, advancing fish aquaculture, and addressing
extinction challenges through gene editing [97-99].

Moreover, CRISPR/Cas9 has been successfully applied to enhance microalgae-based water
treatment, improving biomass productivity, tolerance to abiotic stressors, and increasing lipid
content for environmental biofuels [100]. Additionally, the self-sustaining method based on the
CRISPR/Cas9 system shows potential for pest management, which is crucial for sustainable
agricultural practices [101]. Farmers’ attitudes toward CRISPR/Cas9, particularly in blast-resistant
rice, indicate that new breeding techniques such as CRISPR/Cas9 could represent a valuable solution
for achieving sustainable agricultural systems [102].

2.5.4. Enhancing Genetic Resilience

The remarkable capabilities of CRISPR/Cas technology, particularly its application in
augmenting the resilience of genetically modified organisms, hold profound implications for species
conservation. This is especially pertinent for organisms teetering on the brink of extinction, where
the technology’s potential to foster enhanced genetic robustness could be a linchpin in their survival
and recovery.

Several studies have demonstrated the potential of CRISPR/Cas9 for enhancing genetic
resilience and species conservation. For instance, Fuchs et al. (2021) demonstrated resistance to a
CRISPR-based gene drive at an evolutionarily conserved site, showcasing the complexities and
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potential of gene drives for species conservation and highlighting the importance of understanding
resistance mechanisms when considering CRISPR for conservation efforts [103].

On the other hand, Monast (2019) discussed the governance of extinction in the era of gene
editing, pointing towards the regulatory and ethical considerations of using CRISPR/Cas9 for species
conservation [104]. The regulatory landscapes shaping the deployment of gene editing for extinction
prevention are discussed, presenting a narrative that bridges the gap between cutting-edge science
and the policy frameworks that must evolve in tandem to ensure ethical, ecological, and societal
consonance [104]. This dialogue between technology and governance encapsulates the multifaceted
considerations underpinning the application of CRISPR/Cas9 in conservation efforts, highlighting
the imperative for a balanced approach that respects scientific innovation and precautionary
principles.

2.5.5. Combating Invasive Species

Invasive species pose a significant threat to biodiversity, often outcompeting native species for
resources and disrupting ecological balances [105]. CRISPR/Cas9 can be strategically employed to
control invasive populations through gene drives, which promote the inheritance of a particular trait
throughout a population at an accelerated rate. This could reduce the fertility rates of invasive
species, thus limiting their spread [106,107]. The precision of CRISPR/Cas9 minimizes collateral
damage to non-target species, a common issue with traditional eradication methods. The application
of CRISPR/Cas9 technology in combating invasive species represents a relevant advancement in
ecological management and biodiversity conservation [108,109].

This innovative approach presents a lifeline for endangered species and a strategic tool against
invasive species that compromise biodiversity. The capability of CRISPR/Cas9 to edit genes with high
precision facilitates the development of tailored interventions to enhance the resilience and
adaptability of endangered species to environmental stressors and diseases, thereby bolstering efforts
to prevent extinction [110-112]. This technology’s application extends beyond conservation to
managing invasive species, offering a novel paradigm for ecological restoration. The employment of
gene drives enabled by CRISPR/Cas9 can strategically reduce the reproductive capability of invasive
species, thereby controlling their populations in a targeted manner. This method significantly
advances traditional control strategies, often resulting in unintended harm to non-target species and
ecological systems [113,114]. Moreover, CRISPR’s precision and versatility facilitate the design of
species-specific biocontrol measures, minimizing ecological disruption and fostering a balance within
ecosystems.

2.5.6. Sustainable Agriculture

The integration of CRISPR/Cas9 technology into sustainable agriculture represents a significant
leap forward in addressing the twin challenges of global food security and environmental
conservation. Several research studies have explored this revolutionary genetic editing tool
extensively, underscoring its potential to revolutionize crop improvement strategies. For instance,
Rodriguez-Leal et al. (2017) have demonstrated how CRISPR/Cas9 can engineer quantitative trait
variation, a fundamental step in enhancing crop yields and resilience [115]. Similarly, Shahriar et al.
(2021) highlighted its efficacy in controlling plant viral diseases, reducing crop losses, and improving
food availability [116]. Prabhukarthikeyan et al. (2020) further elucidated the role of CRISPR/Cas9 in
understanding plant-microbe interactions, a crucial aspect in developing crops that can withstand
environmental stresses [117].

The scope of CRISPR/Cas9’s application extends to the development of improved fruit,
vegetable, and ornamental crops, as illustrated by Erpen-Dalla et al. (2019) [118], and the conferment
of enhanced resistance to rice root-knot nematode, a significant threat in rice agriculture [119].
Innovations in floricultural crops through genetic improvement [120], drought gene breeding in rice
[121], and the enhancement of horticultural crops [122] further showcase the technology’s versatility.

The positive reception of CRISPR/Cas9 among farmers, especially in developing blast-resistant
rice, reflects the agricultural community’s acknowledgment of its potential to foster sustainable
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agricultural systems [102]. The idea is similarly reflected in the examination of CRISPR/Cas9 for
breeding maize and wheat and in developing resistance against Cotton leaf curl virus in model plants
[96], highlighting its role in promoting sustainable agriculture.

3. Discussion

3.1. Dynamics Trends in the Number of Publications

Furthermore, the number of citations is equivalent to the annual scientific production. It is worth
mentioning that for 2023, the definitive values still need to be evident because the present study
collected data until September 2023. This biotechnological technology was first applied within the
environmental field in 2014 [123]. After this, research gradually increased until 2016. On the other
hand, between 2016 and 2019, the number of publications in this field fluctuated. The present study
showed increasing publications on CRISPR/Cas9 in Environmental Biotechnology in the last decade.
The steady increase in the number of publications has been correlated with the rise of biotechnology
since the 2000s, especially CRISPR/Cas9-mediated gene editing. One of the relevant milestones was
the meaningful recognition of CRISPR/Cas9 technology with the Nobel Prize in Chemistry in 2020
[124,125]. Three distinct phases can be identified concerning the number of citations over the years,
as observed in Figure 2. In the early years of research on this topic (2014-2016), the number of citations
per author ranged from 131 to 531, indicating an initial investigation stage. Between 2016 and 2019,
a fluctuation stage is observed. Over time, the number of citations for publications gradually
increased from 2020. They peaked in 2022, rising from 1603 to 3125 citations, suggesting that research
on CRISPR/Cas9 applications in Environmental Biotechnology has accelerated steadily. This
sustained increase in citations from 2020 may suggest a growing recognition and acceptance of
CRISPR/Cas9 applications in Environmental Biotechnology [126]. The peak in 2022 could indicate
that technological advances, significant discoveries, or an increasing awareness of the possibilities of
CRISPR/Cas9 may have contributed to this positive trend [127-129], indicating a promising period
for future research in this area.

3.2. Keyword Clusters Analysis

By examining keyword frequencies and co-occurrence patterns, this method enables a
comprehensive analysis. Grouping high-frequency keywords into 5 clusters sharpens focus,
revealing thematic trends and emerging areas of interest within the field. This structured approach
facilitates a deeper understanding of current research dynamics and identifies potential future
directions.

Cluster 1 (green), entitled “CRISPR/Cas9 editing”, focuses on the basis and qualities that make
the CRISPR/Cas9 system stand out among gene-editing tools. The main one is that the system
comprises the Cas9 enzyme that acts as “molecular scissors” that cut DNA at a specific site directed
by the guide RNA [51]. Although CRISPR/Cas9 was discovered as an immune system in prokaryotes
during the 20th and 21st centuries, its development and competence were only recognized in 2020.
Less than a decade after discovering its main molecular components, the CRISPR/Cas9 gene editing
system was awarded the Nobel Prize in Chemistry in 2020 [130]. It is now widely studied to increase
biotechnological possibilities with genome editing in plants, fungi, microorganisms, and humans.

The expression “Enhancing Bioethanol Production” in cluster 2 (blue) discusses the genetic basis
of bioethanol production, including genetic expression components of growth, proteins, and its use
by S. cerevisiae. The forefront methodology of Crispr/Cas9 has been deployed in the advancement and
refinement of crops instrumental in bioethanol production, notably sugar cane [131]. Furthermore,
this genetic editing tool is employed to enhance microbial strains to optimize ethanol production
processes. Emphasis has been placed on enhancing S. cerevisiae, a relevant yeast species in ethanolic
fermentation, with efforts directed toward augmenting its activity, tolerance, yield, and efficiency.
This pursuit facilitates time reduction and enhanced productivity and streamlines labor
requirements, concurrently fostering a more profound comprehension of molecular genetics and
metabolism [132,133].
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Cluster 3 (red) explores “Biotechnological advancements for agriculture, environmental
monitoring and conservation”. Biotechnology, particularly CRISPR/Cas9, is crucial in addressing
agricultural challenges by enhancing crop adaptation and resilience [134]. New genetically modified
plant varieties exemplify this development, increasing desirable trait yields and resistance to
environmental stresses and diseases. Adopting these practices could result in lower agricultural
production costs and more food and animal feed availability.

From the environmental monitoring perspective, integrating biotechnology, CRISPR/Cas9, and
modern electronics resulted in biosensors, which are indispensable for detecting heavy metals and
other pollutants [135], with wide-ranging applications spanning water, food, and health sectors.
Besides, the application of biotechnology and molecular tools in conservation endeavors has
introduced innovative approaches for endangered species, underscoring its role in biodiversity
preservation [136]. These advancements underscore the crucial role of biotechnological alternatives
in strengthening adaptive capacities, enhancing conservation efforts, and promoting sustainability
across various ecosystems [137]. Nevertheless, it is imperative to proceed with caution due to ethical
considerations. These include ensuring fairness in the distribution of risks and benefits and the
necessity for ethical approaches [138], principled decision-making strategies, citizen-stakeholder
participation, effective science communication, and bioethics education.

Cluster 4 (yellow) concludes with research on “Biosynthesis and biotechnological applications
of organisms under stress”. CRISPR/Cas9 technology has emerged as a prominent tool in
biotechnology, allowing plants to resist biotic and abiotic stress and improve their productivity and
quality by modifying specific genes[139,140]. For example, Liu, et al. (2020) demonstrated that
overexpression of the LBD40 gene increases susceptibility to drought, while deletion of this gene
using CRISPR/Cas9 significantly improves drought tolerance in tomato plants [141]. Chen, et al.
(2021) used the CRISPR/Cas9 system to enhance stress tolerance in Arabidopsis thaliana. Silencing of
the AITR3 and AITR4 genes increased salt tolerance in the plant without compromising normal
growth and development [142]. Yu, et al. (2019) conducted a study on heat stress response in tomato
plants, where they observed that deletion of the SIMAPK3 gene, mediated by CRISPR/Cas9, led to
reduced wilting and membrane damage compared to wild-type plants. Additionally, an increase in
the expression of genes encoding heat stress transcription factors (HSFs) and heat shock proteins
(HSPs) was observed [143]. Baeg, et al., (2021) demonstrated tolerance to sulfamethoxazole. This
sulfonamide herbicide suppresses cell growth by inhibiting the folate biosynthesis pathway and
cadmium when introducing indels via CRISPR/Cas9 into the ox1 gene of A. thaliana [144]. Wang, et
al., (2017) revealed that deletion of the transcription factor OsARM1 in rice improves tolerance to As
(IIT) while its overexpression increases sensitivity to As (III) [145].

3.3. Co-Occurrence Analysis

3.3.1. Scientific Production by Country and Institutions

Intermediate node centrality analysis is a measure used in network analysis, such as cooperation
networks in scientific research [40]. The value provided by the intermediate centrality is interpreted
as the total number of paths passing through the node [146]. This can be independent of the size of
the network and the citations of the top-scoring nodes because it serves to find the “bridges” in a
network [146].

In 2021, the European Commission, in a report by the Commission’s Joint Research Centre (JRC),
noted that most New Genomic Techniques (NGT) applications have been developed in the United
States and China. While within the European Union, Germany has produced the largest number of
applications due to the flexibility and affordability of NGTs, especially when talking about CRISPR.
In addition, it’s mentioned that the advancement of these NGTs should be expected to increase in the
several biological kingdoms in the coming years, mainly in the agricultural area [147].

From these top 10 countries, the highest scientific production regarding CRISPR/Cas9 in
Environmental Biotechnology focused on the United States, the People’s Republic of China,
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Germany, and England. Generating 160, 98, 36, and 20 articles, respectively, with predominance
between the years 2014 and 2017.

In the report of the Organization for Economic Co-operation and Development (OECD)
conference on “Genome editing: Applications in agriculture: implications for health, environment
and regulation” held in 2018. Countries such as France and the United States stood out, expounding
on the predictable benefits of genome editing techniques to agriculture. Similarly, the People’s
Republic of China described genome editing techniques’ advantages and novel opportunities for crop
improvement [148]. Undoubtedly, the OECD conference presentations show that cooperation
between countries is crucial in achieving significant advances in CRISPR/Cas9-led gene editing.

3.3.2. Scientific Production by Institutions

A contribution of significant relevance and, above all, cooperation between institutions was the
2018 OECD conference on “Genome Editing: Applications in Agriculture: Implications for Health,
environment, and Regulation.” Caixia Gao, a researcher at the Chinese Academy of Sciences,
presented CRISPR/Cas9 as the most promising system to execute targeted modifications in the
genome. She also pointed out that CRISPR/Cas9 should be considered a new, faster, cheaper assisted
agriculture breeding method [149].

3.4. Co-Citation Analysis

3.4.1. Journal Co-Citation Analysis

It is important to mention that the journals listed in the top 10 belong to quartile Q1, which
implies that they are in the top quartile regarding visibility and quality. This status validates the
relevance of publications on CRISPR/Cas9 in Environmental Biotechnology in these journals and
suggests that these contributions are being recognized and cited by the scientific community [150].

In addition, when evaluating the quality index in scientific publications of the journals, by
reviewing citations in Scimago Journal & Country Rank. We identified that at least three of them
(Cell, Nature Biotechnology, Nature) have an index of importance and visibility higher than 20.
According to the Scimago Journal & Country Rank report, Cell, noted for its high impact,
disseminates significant discoveries, especially in experimental biology, which encompasses cellular,
molecular biology, and microbiology. This journal publishes articles that present relevant conceptual
advances or raise innovative hypotheses on interesting and crucial biological questions [148].

On the other hand, the Proceedings of the National Academy of Sciences (PNAS) during the last
decade (January 2013 to September 2023) published 430 scientific articles related to evolution and the
environment. Of these contributions, the most outstanding topics are Biological Sciences 428, Physical
Sciences 56, and Social Sciences 25 [53]. An example is the study Kitomi and his team conducted in
2020. This study applied the CRISPR/Cas9 system to modify a cloned rice quantitative trait locus
associated with root growth angle (qSOR1). Significantly improving rice yield, especially in saline
soils affected by climate change [151].

3.4.2. Scientific Production by Authors

In 2019, Wu and collaborators performed genetic modifications to silence resistance genes in the
alga Shewanella, an emerging pathogen found in marine environments. They employed a plasmid
containing CRISPR/Cas9 and recombinase recE/recT, which reverses antibiotic resistance phenotypes
in S. algae. This discovery represents a potential validation strategy for functional genome annotation
in S. algae. In addition, the method presented in this study reduces the time, cost, and labor required
for precise genetic manipulation [152].

On the other hand, in the study conducted by Huang and colleagues in 2020, they demonstrated
the feasibility of applying two gene editing systems (mesophilic and thermophilic Cas9 proteins) to
edit one or two genes in Thermomyces dupontii. This thermophilic fungus is considered a model
organism in the research of the adaptation mechanisms of these fungi to various environments.
Following the combined editing using CRISPR/Cas9 systems, a biosynthetic gene was activated,
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producing additional metabolites that did not exist in the parental strains. This study significantly
enhances the acquisition of unique natural products and marks a significant milestone in
CRISPR/Cas9-mediated genetic editing in other thermophilic fungi [153].

3.5. Applications of CRISPR/Cas9 in Environmental Biotechnology

3.5.1. Fourth-Generation Biofuels

Fourth-generation biofuels can be classified into three groups: solar biofuels, which use
photosynthetic microorganisms that, through synthetic biology, can convert solar energy into fuels,
using CO2 and water as substrates to obtain ethanol, butanol, hydrogen, and lactic acid [63];
electrofuels are obtained through photovoltaic cells and bioelectrochemical systems where
microorganisms take CO: as a carbon source and electrons from electrodes as energy [63,64,154];
finally, synthetic biofuels, constitute the biological systems, new devices, and development of
metabolic pathways for the synthesis of cost-effective biofuels using CO: and excreting sugars
[63,155]. Among the most promising organisms for the production of fourth-generation biofuels are
algae, which naturally have an important lipid content, which, depending on each species, can vary
from 2 to 63 % on a dry basis [156,157], which implies that its oil production is 15 to 300 times higher
than traditional crops [158].

Genetic engineering made it possible to use CRISPR/Cas9 system through gene editing to
improve the performance of certain species of algae [159], mainly in the increase of triacylglycerol
(TAG) production and cell growth rates [160], is the case of Chlamydomonas reinhardtii, which through
silencing of the phospholipase A2 gene increased its lipid portion up to 64.25% [161]; in addition,
mutants of C. reinhardtii were created by inactivating fatty acid degrading genes, which allowed
production of 28% of lipids on a dry basis [162]; on the other hand, in the case of the marine
microalgae Tetraselmis sp. the action of ADP-glucose pyrophosphorylase (AGP), which is responsible
for the synthesis of carbohydrates, was inhibited, since it is a metabolic pathway that competes with
lipid biosynthesis; mutants with 2.7 to 3.1 times more lipid content than the wild type were obtained
[163].

However, there are also environmental and health concerns, as there is insufficient evidence to
ensure that gene transfers are safe [157,164]. Their development on an industrial scale has technical
and economic obstacles, such as the high cost of photobioreactors, high initial investment, and early-
stage research, among others. For this reason, to improve fuel efficiency in the short term, its study
remains imperative [75,162].

Similarly, there are cases of success in which it has been possible to increase the lipid content in
oilseeds; this is clear in tobacco (Nicotiana tabacum), where genetic restriction by CRISPR/Cas9 of the
homologous genes of TT8 resulted in an increase of 15 to 18% of lipids [165]; on the other hand, the
high content of polyunsaturated fatty acids is one of the main limitations of oilseeds to be used as
raw material for biofuels generation [166]; in this regard, CRISPR/Cas9 gene editing was used in
soybean [Glycine max (L.) Merr.] to increase the efficiency of monounsaturated oleic acid production
(80%) and the reduction of polyunsaturated linoleic acid by knocking out the GmFAD2 genes[167];
likewise, Camelina (Camelina sativa) seeds were improved by silencing the FAD2 gene and its
homologs, which allowed the increase of oleic acid from 16 to 50% and, in parallel, the decrease of
the less desirable polyunsaturated fatty acids (linoleic acid and linolenic acid) [168]. In addition to
the cases where the percentage of lipids in seeds is increased, there are studies where oil precursor
genes are sought, as in the case of Brassica napus. This oilseed was genetically modified with the
CRISPR/Cas9 system to identify the genes involved in lipid biosynthesis; thus, a total of 11 genes
related to the generation of oil in the form of triacylglycerol were found, which demonstrates the
effectiveness of CRISPR for editing homologous genes of seeds, and therefore, the possibility of
improving lipid production [169].
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3.5.2. Environmental Monitoring through the Use of Biosensors

In the realm of environmental monitoring, most biosensors have traditionally been categorized
as immunosensors and enzymatic biosensors; however, there has been a recent rise in the
development of aptasensors, driven by the favorable attributes of aptamers, including ease of
modification, thermal stability, in vitro synthesis, and the capability to design their structure,
allowing for the differentiation of targets with diverse functional groups and facilitating
rehybridization [93,170-173]. The technology of biosensors is expected to serve as a potent tool for
monitoring environmental pollutants, given its benefits in promoting sustainable development.

In recent times, the clustered, regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein system (Cas) have become favorable signal amplification tools for
enhancing biosensor sensitivity [174]. CRISPR, endowed with customizable features, serves as a
versatile gene-editing tool capable of accurately cleaving nucleic acids, while the CRISPR/Cas
systems operate collaboratively to function as both a sensing and actuation apparatus [175,176]. This
unique advantage enables engineers to create uncomplicated interfaces and molecular circuits,
utilizing CRISPR’s programmability to identify diverse targets, including proteins and nucleic acids
[128]. CRISPR/Cas9, a cutting-edge genome-editing technology, has proven its efficacy in creating
novel biological markers for distinct environmental contaminants [177].

[178] employed CRISPR/Cas9 technology to develop a knock-in zebrafish transgenic line
featuring enhanced green fluorescent protein (eGFP). This transgenic line utilizes the regulatory
region upstream of vitellogenin 1 (vtgl) to indicate estrogenic exposure. The increase in EGFP-
positive larvae and fluorescence expression significantly correlated with EGFP and vtgl mRNA
levels. Furthermore, the transgenic line exhibited potential in evaluating the estrogenic activity of
endocrine-disrupting chemicals like bisphenol A. This zebrafish reporter introduces a distinctive
approach for in vivo screening of estrogenic effects, providing endpoints applicable to laboratory
testing to assess potential environmental risks.

[179] their investigation focuses on bryophytes, a group of plants commonly used as indicators
of environmental metal and metalloid pollution. Employing the CRISPR/Cas9 system, the study
generated variants of the model bryophyte Marchantia polymorpha with altered activity of the
phytochelatin synthase (MpPCS) enzyme, essential for synthesizing metal chelators. The increased
sensitivity to cadmium observed in MpPCS mutants suggests their potential utility as valuable
bioindicators, particularly for detecting environmental cadmium contamination through direct
visual assessments of plant growth and pigmentation. Therefore, CRISPR/Cas9 genome editing
technology offers a simple approach to creating cost-effective and efficient biological markers.

3.5.3. CRISPR/Cas9 for Conservation and Sustainability.

CRISPR/Cas9 has been essential in conservation to combat the extinction of endangered species.
For instance, the technology’s potential to edit the genomes of species to enhance their resilience
against diseases and changing environmental conditions is a significant advancement [97-99].
Moreover, CRISPR/Cas9 can control invasive species that threaten native biodiversity, thus
maintaining ecological balance. Given the enormous potential application of CRISPR/Cas technology
for species conservation and environmental sustainability [100].

3.5.4. Enhancing Genetic Resilience

Amidst these discussions, Johnson et al. (2016) pondered the future of genome-editing
technologies in conservation, highlighting the possibilities and challenges of CRISPR/Cas9 in
enhancing species resilience, namely animal conservation [180]. Lastly, Novak, et al. (2018) discussed
advancing a new toolkit for conservation from science to policy, showcasing the practical applications
of CRISPR/Cas9 in real-world conservation scenarios [181]. These studies underline the
transformative potential of CRISPR/Cas9 in promoting genetic diversity, enhancing species
resilience, and contributing to the conservation of endangered species, all while navigating the
ethical, legal, and ecological considerations inherent in such promising technology.


https://doi.org/10.20944/preprints202405.0100.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2024 doi:10.20944/preprints202405.0100.v1

20

3.5.5. Combating Invasive Species

Recent studies have shown the path toward implementing CRISPR-based solutions for
ecological management. The development of CRISPR-based diagnostics for the rapid and accurate
identification of invasive pests paves the way for timely interventions, potentially preventing
widespread ecological damage [182]. Additionally, genetic biocontrols utilizing CRISPR/Cas systems
for the targeted eradication of invasive mammals underscore the technology’s capability for scalable
and ecologically responsible interventions [183].

The innovative application of gene drives to counteract resistance mechanisms in invasive
species populations highlights the adaptability and potential sustainability of CRISPR/Cas9-based
biocontrol measures [184]. Furthermore, the modeling of CRISPR gene drives for suppressing
invasive rodents demonstrates this technology’s targeted and environmentally considerate potential
in ecological restoration efforts [185]. Lastly, assessing gene drive effectiveness in haplodiploid
species emphasizes the careful application of CRISPR/Cas9 to control pest populations while
preserving beneficial organisms and maintaining ecological integrity [186].

These advancements signify a relevant shift in ecological management and conservation
strategies. By harnessing the power of CRISPR/Cas9 technology, researchers and conservationists can
address two of the most pressing challenges in environmental science today: preserving endangered
species and controlling invasive species. Thus, CRISPR/Cas9 represents not only a gene editing tool
but also a beacon of hope for the sustainable preservation of global biodiversity and ecosystem health.

3.5.6. Sustainable Agriculture

The deployment of CRISPR/Cas9 technology emerges as a strategy in mitigating the global food
security challenge, exacerbated by an escalating population and the depletion of natural resources
[187]. This technology’s capacity to engineer crop varieties with improved yields, nutritional value,
and resilience against pests and diseases notably diminishes dependence on chemical fertilizers and
pesticides [188,189]. This assertion is fortified by the work of Jaganathan et al., who underscore the
technology’s efficacy in countering biotic stress from pathogens that significantly reduce food
production [190]. Similarly, El-Mounadi et al. spotlight the transformative potential of genome
editing, including CRISPR/Cas9, as a critical contributor to augmenting the food supply for the
burgeoning human populace. Haque et al. further accentuate the critical need for innovative solutions
like CRISPR/Cas9 to satisfy the anticipated surge in food demand by 2050 [191,192].

The comprehensive review of CRISPR/Cas9’s potential in crop enhancement and its role in
averting a global food crisis calls for swift, reliable methods to boost crop yield and environmental
stress tolerance, crucial for ensuring global food security [193,194]. Moreover, the technology’s
application in managing genetic and non-genetic plant traits underscores its capacity for genetically
tailoring crops to meet the exigencies of food security challenges, showcasing the integral role of
CRISPR/Cas9 in the future of agriculture [192].

3.6. Future Perspectives and Final Remarks

Future perspectives for environmental biotechnology with CRISPR/Cas9 are promising and are
depicted in Figure 7, offering innovative solutions to address combat challenges such as climate
change, environmental pollution, and resource management as shown in Table 6. Some key future
perspectives for environmental biotechnology with CRISPR/Cas9 include:

e CRISPR/Cas9 technology offers novel ways to reduce biological sources of methane, a potent
global warming contributor, by modifying genetically livestock microorganisms [192]. Other
efforts that could be used include the combination of fourth-generation biofuels with carbon
capture and utilization (CCU) technologies, potentially allowing the development of sustainable
energy solutions. By integrating CCU technology, CO: can be repurposed as a nutrient or
substrate more efficiently, accomplishing circular economy goals by reducing the reliance on
finite resources [63,64,154,155]. This principle is the basis of new biorefinery processes, which
include aerobic and anaerobic microorganisms that currently are sequestrating CO: [195], and
CRISPR/Cas9 could enhance its metabolic pathway. Nevertheless, there are environmental and
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health concerns that must be addressed and warrant further investigation alongside these
technologies [192,196]. These methodologies demonstrate the potential of CRISPR/Cas9 in
mitigating GHGs emissions and advancing the carbon neutrality goals of several countries.

e The synergistic utilization of Building Information Modeling (BIM), Artificial Intelligence (AlI),
and machine learning (ML) with environmental practices has been reported [197,198]. These
technologies offer unprecedented opportunities to design, monitor, and optimize genetic
interventions for sustainability by CRISPR/Cas9 technology. Further research and development
in these areas required a robust database. This information could be obtained from monitoring
waste treatment plants or municipal solid waste facilities. Thus, the potential combination of
these emerging technologies with biosensors would enable the prediction of harmful substances
like pesticides or heavy metals [199]. Additionally, integrating nanotechnology might enhance
the sensitivity and selectivity and improve efficiency in environmental monitoring [200]. This
novel approach could revolutionize environmental applications. Therefore, integrating BIM, Al
ML, and nanotechnology with environmental practices holds a relevant potential to develop
innovative alternatives for environmental monitoring, genetic modifications, and food safety
towards to sustainable practices.

e The future of CRISPR/Cas9 technology in environmental and agricultural sciences is promising,
representing a relevant shift in managing biodiversity, ecological balance, and food security
[201]. Its applications in conserving endangered species, controlling invasive populations, and
enhancing crop resilience are promising in addressing some of the most pressing global
challenges. The potential to precisely edit genetic sequences allows for targeted interventions,
reducing unintended ecological impacts and fostering sustainable practices. As research
progresses, the integration of CRISPR/Cas9 into conservation and agricultural strategies
promises to revolutionize these fields, balancing ecological integrity with the demands of a
growing human population [202]. However, the ethical, regulatory, and ecological
considerations surrounding its widespread adoption necessitate careful deliberation and
adaptive governance to ensure that the benefits are maximized while minimizing potential risks
[203]. The journey of CRISPR/Cas9 from a laboratory tool to a cornerstone of ecological and
agricultural innovation underscores its transformative potential, necessitating continued
research, dialogue, and responsible implementation to fully realize its benefits for a sustainable

future.
A B
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Figure 7. Future perspectives cutting-edge applications of CRISPR/Cas9 in Environmental
Biotechnology. (A) Fourth generation biofuels combined with carbon capture and utilization. (B)
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Biosensors enhanced with building information modeling, artificial intelligence, and machine
learning. (C) Improving agriculture for food security while keeping an ecological balance.
Table 6. Potential areas of CRISPR/Cas9 research in environmental biotechnology.
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4. Materials and Methods

4.1. Exploratory Description Analysis Supported by Databases

The bibliometric analysis was based on the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) methodology, which allows concise, playful, and straightforward
elucidation of the information obtained concerning the purpose of the research [208]. It was divided
into two phases: data collection and data analysis.

i) Data collection

Articles related to gene editing with CRISPR/Cas9 and Environmental Biotechnology were
searched in the scientific database Web of Science (WOS), considered one of the best sources of data
collection [209,210]. Final press articles were selected, and review articles, early access, proceeding
papers, book chapters, and editorial material were excluded. Using the following advanced search
operator (((crispr/cas9) OR (crispr-cas9) OR (crispr cas9))) AND ((environment) OR (environmental
biotechnology)) delimited with the chosen keywords. Also, the scientific articles in English and
Spanish published in the last decade were selected between 2014 and 2023 to obtain 409 records of
articles using data collected on 8 Sept 2023.

ii) Data analysis

First, we analyzed the development of research on CRISPR/Cas9 and environmental
biotechnology using the Origin software. Where we presented the number of publications on the left
Y-axis, the number of citations on the right Y-axis, and the number of publications per year on the X-
axis. We then used the VOSviewer software tool to create maps from a database, obtaining
visualization and exploring these maps [211]. To optimize the exploration, we draw up the
visualization map by cluster (defined as the collection of data, items, and information that show
similarity to each other) of the “keywords” [212].

Using CiteSpace (6.1.R6.), the base data for our study was imported since it is an open-access
software and one of those recommended for bibliometric analysis by Dr. Chen Chaomei [40].
CiteSpace allowed us to obtain a visualization of scientific contributions, collaboration networks, and
distribution among countries and institutions in developing research on CRISPR/Cas9 and
Environmental Biotechnology [213,214]. For this purpose, the presentation of information was
configured in the software using nodes for “country,” “institution,” “journals,” and “authors” with
the respective correlation lines between each analyzed topic [40]. For the correlation with the years
of publication, the program configuration was modified to incorporate the data into a timeline
structure, thereby determining the highest scores.

Similar procedures were conducted for both “countries” and “institutions”. Given the extensive
diversity of active institutions and countries in research, the configuration was adjusted to visualize
nodes with correlation lines grouped into clusters based on their influence. A half-moon
configuration was employed for grouping “journals,” revealing the leading journals where articles
related to CRISPR/Cas9 and Environmental Biotechnology were published and their correlation
among them. Finally, in the analysis of “authors,” the system was configured to represent nodes and
correlation lines, grouping authors based on their frequent citations and the similarity in the works
they carried out. The workflow established for the exploratory, descriptive analysis supported by
databases can be observed in Figure 8.
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i) Data collection ii) Data analysis

TIMELINE DISPLAY
Data coupled on a timeline

Database: Web of Cience
Keywords: ({(crispr/cas9) OR (crispr-casg) OR (crispr cas9))) AND| Keywords
((environment) OR (environmental biotechnology))

NODE VISUALIZATION

Data fitted to nodes with correlation lines

INCLUSI RITERIA |
Document type: Articles Country
Language: English, Spanish .
Total documents: 718 H

NODE VISUALIZATION

[ oamAseeeron | P atitution
Institution
Elimination of duplicate or erroneous documents -

Software: CiteSpace (6.1.R6.64-bit) H
Total documents: 409 HALF MOON DISPLAY

Data docked in a crescent
Journals

Performance analysis: Annual scientific production, Countries with v
he highest production. NODE VISUALIZATION

Correlation analysis: Topics addressed, keywords, institutions Data fitted to nodes with correlation lines

Authors

Figure 8. Diagram for the descriptive analysis based on the PRISMA methodology and CiteSpace
software (6.1.R6.).

4.2. Cutting-Edge Applications

The most relevant cutting-edge applications in environmental biotechnology were considered,
i.e, Environmental Monitoring and Sustainable Energy (biosensors, fourth-generation biofuels),
Genetic resilience, and biodiversity conservation (CRISPR/Cas9 for conservation, enhancing genetic
resilience, combating invasive species, sustainable agriculture). The case studies discussed in section
3.5 were complemented with bibliographic sources such as book chapters, reviews, and associated
experimental research papers. This analysis allowed us to deepen the applications of CRISPR/Cas9
in environmental biotechnology and its potential uses in the following years.

5. Conclusions

CRISPR/Cas9 has been widely used in environmental biotechnology for several applications in
the last decade. A progressive interest has been identified by the scientific community around the
world (mainly in countries such as the United States, China, England and Canada) in its use within
this area of research. One of these remarkable researches is the versatility of CRISPR/Cas9 as an
essential tool that could ensure food security and play a crucial role in reducing agricultural losses.
On the other hand, one study offers solutions focused on CRISPR/Cas9 based conservation
technologies, while another study suggests using CRISPR to eradicate harmful invasive species that
function as pesticides. This breakthrough might signal a noticeable contribution to the improvement
of agricultural productivity.

Furthermore, its application in developing fourth-generation biofuels has enabled the successful
genetic transformation of algae and oilseed species, significantly increasing their lipid content. This
capability may lay the foundation for implementing large-scale systems that could provide cost-
effective and environmentally friendly biofuels, marking a significant milestone toward reducing
dependence on fossil fuels. The contribution of CRISPR/Cas9 extends beyond food security and
sustainable energy into the environmental arena, with significant implications for achieving the
Sustainable Development Goals. By applying this technology in the environmental context, a path to
a more sustainable future is in sight, addressing fundamental problems on a global level
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Finally, CRISPR/Cas systems and their gene editing capabilities stand out for their potential in
biosensor applications, especially in environmental monitoring. The prospect of developing
CRISPR/Cas9-based biosensors suggests an increasing role in diverse fields, enhancing detection and
monitoring capabilities in the environmental domain. These findings underscore the positive and
diversified impact of CRISPR/Cas9 technology in different sectors, fostering significant advances
toward more sustainable solutions aligned with global development goals.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Bibliometric search result in Web of Sciencie.
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