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Introduction: Fusarium wilt of bananas (Musa spp.), a threat to sustainable banana
production worldwide, necessitates immediate action to control the disease. The
current strategies are centered on preventing its spread or developing resistant
varieties. However, very little is known about the genetic machinery used by the
fungus to infect and kill banana plants. Therefore, research should the focused also
in understanding the plant-pathogen molecular interaction by targeting virulent
genes for knock-out in Fusarium. This study aims to standardize a gene editing
protocol using CRISPR Cas9 technology in Fusarium oxysporum f.sp. cubense race
1 (Focl); specifically, to induce targeted mutations on a particular effector gene,
SIX9, of Focl.

Methods: An in vitro protocol was optimized for the production of the Cas9
protein to target the SIX9 gene testing two gRNAs, by expression and purification
of the Cas9, included in plasmids pHis-parallell and pMJ922, in E. coli BL21
Rosetta, independently.

Results: Results demonstrated that the produced Cas9 exhibits high enzymatic
activity, comparable to the commercial standard. These findings underscore the
robustness of the in-house enzyme and highlight its suitability for future research
and biotechnological applications.

Discussion: This protocol facilitates the production of recombinant Cas9,
enabling its use in various experimental settings and accelerating research in
targeted gene editing, an area of significant relevance today. This protocol will
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support future studies on banana-Fusarium interaction by identifying candidate
genes for disease resistance for the plant, or lack of virulence for the pathogen,
by establishing the function of SIX effector proteins and evaluating the fungus's
infection capacity through pathogenicity assays.
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1 Introduction
1.1 General aspects of bananas (Musa spp.)

Bananas (Musa spp.) are cultivated in over 135 countries in tropical
and subtropical regions and are considered one of the most important
crops in the world. They represent a significant source of calories for
over 500 million people (FAO, 2023). They generate income for
millions of small farmers and represent a key export product for
many countries (Evizal and Prasmatiwi, 2024). Banana is affected by
several biotic stress, including black leaf streak and Fusarium wilt. A key
step to manage disease by biotechnological tools is the understanding of
plant-pathogen interactions at the molecular level, in which virulent
genes from the pathogen are identified and could become the target to
control disease. Therefore, the implementation of a methodology to
introduce mutations to virulent genes is relevant. In this scenario, the
CRISPR-Cas9 is an important tool to determinate gene function and
identify virulent genes in pathogens.

From a nutrition perspective, bananas are highly nutritious fruits
with a wide range of health benefits due to their rich composition of
vitamins, minerals, and bioactive compounds. Their high potassium
content is essential for cardiovascular health and muscle function.
This fruit is rich in vitamins B6, C, and potassium—key nutrients for
metabolism and immune function. Additionally, their dietary fiber
content, both soluble and insoluble, plays a crucial role in promoting
digestive health. (Kumari et al., 2023)

Bananas have great versatility that goes beyond their
consumption as fresh fruit. They are increasingly used in
producing food products, such as banana flour, which is gluten-
free and rich in resistant starch, offering additional health benefits
(Keeratiburana et al., 2024). In addition, banana by-products, such
as peels and pseudo-stems, are being researched for their nutritional
and functional properties, which help reduce waste and promote
sustainable farming practices (Kumari et al, 2023). Their wide
range of applications in food products and their health benefits
highlight their importance as a fundamental crop.

1.2 Fusarium oxysporum causal agent

The disease Fusarium wilt, caused by the fungus Fusarium
oxysporum f. sp. cubense (Foc), demands immediate attention and
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action. This disease poses a significant risk to the current banana
industry, and urgent measures are needed to prevent its further
spread. By 2040, Fusarium oxysporum f. sp. cubense tropical race 4
(Foc TR4), responsible for Fusarium wilt in bananas, will affect
approximately 17% of the global banana-cultivated areas. This
would represent a loss of 36 million tons of production, valued at
over 10 billion USD (Staver et al., 2020).

In 2022, Latin America was responsible for 60% of the 21
million tons of bananas exported worldwide. Eight countries from
Latin America and the Caribbean (Ecuador, Colombia, Costa Rica,
Guatemala, Honduras, Panama, Mexico, and the Dominican
Republic) are among the top ten global exporters. The top three
organic banana exporters are Ecuador, the Dominican Republic,
and Peru (Loeillet, 2023).

In previous years, and despite attempts to control the spread of
race 1 of this fungus, it was impossible to sustain production using a
susceptible variety, replacing the ‘Gros Michel’ (genotype AAA)
cultivar with Cavendish cultivars, including ‘Grand Naine’ and
‘Williams’ (genotypes AAA), now representing an estimated 40%
of the global supply (Bragard et al., 2022; Martinez et al., 2023;
Martinez-Solorzano et al., 2020)

Unlike Focl, this new race affects not only the Cavendish
cultivar but also 60% of all banana varieties worldwide. Foc TR4
has spread to more than 20 countries, including Taiwan, Indonesia,
Malaysia, Australia, India, England, Colombia, Peru, and Venezuela
(Dita et al,, 2018; FAO, 2023; Martinez et al., 2023). This severely
threatens Ecuador, the world’s largest banana exporter, with a 35%
international market share.

Despite containment efforts, the spread of the fungus. The lack
of genetic diversity, intensive agricultural practices, insufficient
awareness, and inadequate public policies exacerbate the issue
despite attempts to implement biosafety measures. Fusarium wilt
poses a significant threat to the food security of millions of people.

Fusarium oxysporum is a Species Complex (FOSC) consisting of
pathogenic and non-pathogenic races. It is a cosmopolitan fungus
found in various ecological niches, colonizing plant roots or as a
saprophyte in the soil (Gonzalez et al., 2012). Those races causing
disease in specific crops have been classified into special forms
(forma specialis). More than 120 f.sp. of F. oxysporum have been
reported, including F. oxysporum f.sp. cubense (Foc), for its
specificity in exclusively attacking bananas (LoOpez-Zapata and
Castafio-Zapata, 2019).
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Three pathogen races are identified based on their ability to
cause disease in specific banana cultivars. Race 1 affects banana
varieties such as ‘Gros Michel’ (AAA), ‘Manzano’ (AAB), and
‘Pisang Awak.” Race 2 affects cooking bananas, especially those of
the ‘Bluggoe’ (ABB) subgroup. Race 3, which affects Heliconia
species, tropical relatives of bananas, is mentioned. Foc Race 3 is
not considered part of Fusarium oxysporum f. sp. cubense (Foc;
Ploetz, 2015).

Race 4 affects all varieties susceptible to races 1 and 2, with a
particular impact on cultivars of the Cavendish subgroup. Foc race 4 is
subdivided into Subtropical Race 4 (SR4) and Tropical Race 4 (TR4).
SR4 causes disease in subtropical areas, especially under stress
conditions such as drought and low temperatures. Although
Cavendish bananas are not affected by SR4 in tropical regions, SR4
strains are distributed and affect ‘Gros Michel’ in tropical areas,
classified as R1 (Munhoz et al, 2024). In contrast, TR4 causes
disease in tropical regions, even without stress factors (Dita et al,
2018; Magdama et al., 2019).

FocTR4 is a quarantine pathogen due to its destructive capacity
and complex management (Magdama et al., 2020). FocTR4 spread
typically occurs through the movement of contaminated soil, infected
plant material, tools, contaminated farm equipment, shoes, and other
means (Izquierdo-Garcia et al,, 2021). Runoff and contaminated river
water used for irrigation also contribute to the fungus’s dispersion.
(Ordonez et al., 2015).

The progression of this pathogen causes vascular obstruction,
affecting water translocation and physiological processes such as
photosynthesis. The most common symptoms associated with
Fusarium wilt include yellowing, wilting, cracking of the
pseudostem, and internal necrosis with reddish-brown
discoloration (Lopez-Zapata and Castano-Zapata, 2019).

Foc is a complex pathogen, and its disease is challenging to
manage. Due to its saprophytic characteristics and the ability to
produce resistant structures called chlamydospores, its eradication
is nearly impossible. According to reports, chlamydospores can
survive in the soil for over 20 years (Buddenhagen, 2009).

Currently, banana producers’ biosecurity measures in the face
of a possible incursion of Foc are short and medium-term strategies
focused on prevention (O'Neill et al., 2016). However, given the
ongoing spread of the pathogen and the industry’s high dependence
on Cavendish-type varieties, which are susceptible to FocTR4,
developing and adopting new resistant or tolerant varieties to the
disease is imperative.

1.3 Action of Secreted in Xylem proteins

Foc is polyphyletic, and there is limited knowledge about the
genetic basis of its specificity to bananas. Recent evidence shows that F.
oxysporum has evolved complex mechanisms to overcome plant
immunity by secreting proteins called effectors inside the plant cell
(Jangir et al., 2021; Michielse and Rep, 2009; Redkar et al., 2022).
Effectors are proteins or other molecules (e.g., secondary metabolites
and small RNAs) linked to host processes that facilitate pathogen
colonization and disease advancement (Carvalhais et al., 2019; de Sain
and Rep, 2015).
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Researchers initially identified these effectors in the sap
proteome of tomato plants infected with the special form F.
oxysporum f.sp. lycopersici, naming them SIX genes for Secreted
in Xylem (Gawehns et al., 2015; Houterman et al., 2007). So far, 15
proteins related to the SIX genes have been identified: F. oxysporum
formae specialis (An et al., 2019; Jobe et al., 2024; Yu et al,, 2024).
Studies have shown that these effectors are located in specific
regions of the fungal ‘accessory genome’ composed of mobile
chromosomes (Rep et al., 2004). Despite their mobility, these
chromosomes play an important role under specific conditions,
conferring pathogenicity against particular species.

One of the most well-documented examples is the pathogenic
chromosome of F. oxysporum f.sp. lycopersici, where its absence does
not affect the strain’s normal development but does affect its ability to
infect the tomato plant (Lievens et al., 2009). Indeed, recent studies
have shown that strains from different lineages within the same
formae speciales contain identical SIX gene sequences. Despite their
significant genetic differentiation, the presence of these homologous
genes unifies them in their ability to cause disease, suggesting the
hypothesis of horizontal transfer of genetic material (Czislowski et al.,
2018). The SIX9 gene has been identified in FocTR4 (Maymon et al,,
2020) but is also present in Focl (An et al., 2019).

Furthermore, previous research has shown that the SIX1 and
SIX9 genes are present in all reported genotypes, including Focl,
Foc2, FocSTR4 and FocTR4 (Czislowski et al., 2018). The SIX9 gene
is found in multiple copies in the tropical race 4, and its expression
increases upon contact with the host (banana), suggesting that the
product of this gene needs to accumulate at high levels within a
short period (An et al, 2019; Maymon et al., 2020). However,
understanding the genetic basis of what makes Foc fully pathogenic
towards bananas is inconclusive. Therefore, gene functional
analyses of the SIX genes should be performed to have a better
insight in this plant-pathogen interaction.

1.4 Advances in genetic modification: The
CRISPR-Cas9 revolution

Several years ago, the gene-editing technology known as
CRISPR-Cas9 (an acronym for Clustered Regularly Interspaced
Short Palindromic Repeats) was developed (reviewed by Huang
et al., 2022). This technology utilizes the adaptive immune systems
of various microorganisms to make specific and targeted cuts in
DNA (Wei and Li, 2023). It has demonstrated high compatibility
with most prokaryotic or eukaryotic species (Wu et al., 2014). One
of the main requirements for this system to function is the presence
of a small sequence (for Streptococcus pyogenes, it is 5'-NGG-3")
known as the protospacer adjacent motif (PAM), which is
complementary to the site of the DNA under study and allows
the cell to distinguish between its DNA and foreign DNA during the
expression stage (Marraffini, 2016).

The Cas9 protein exhibits some variations, one of the most
interesting being fused with a recombinant nuclear localization
signal (NLS) at the C and N terminals, which enables precise DNA
cleavage, ultimately forming a ribonucleoprotein complex (RNP)
along with the guide RNA (Lino et al., 2018; Zhang et al., 2020).
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Genome editing based on ribonucleoprotein complexes provides
rapid and efficient genome editing. Once transfection is completed,
endogenous proteases within cells rapidly degrade the genome
(Gong et al, 2021). Unlike other systems, the RNP does not
require translation or transcription processes, thus avoiding the
risk of inserting foreign DNA into the genome (Zhang et al., 2020).
Additionally, it has been demonstrated that RNPs cut chromosomal
target sites immediately after transfection and are rapidly degraded
by endogenous proteases in cells. This helps reduce the effects of
mosaicism, off-targets, or any genetic variation in regenerated
plants (Bhattacharjee et al., 2023; Woo et al., 2015).

The assembly of RNPs only requires incubation periods, during
which the Cas protein is mixed with the synthesized gRNA (Zhang
et al.,, 2020). However, this technique still faces many technological
challenges and variations in different experimental protocols,
including the Cas:gRNA ratio. On multiple occasions, adding
higher concentrations of Cas does not necessarily improve
efficiency (Feng et al, 2022). Additionally, several methods for
RNP delivery exist, such as using protoplasts, Agrobacterium
tumefaciens, or biolistics, each with its advantages and
disadvantages (Laforest and Nadakuduti, 2022; Nadakuduti and
Enciso-Rodriguez, 2021; Sandhya et al, 2020). Protoplasts have
been one of the most commonly used methods as they facilitate
direct entry into the cell and allow the generation of whole plants
from edited cells, although they have a low regeneration percentage
in certain species.

On the other hand, Agrobacterium ofters greater stability, which
is crucial for long-term expression (Peterson et al., 2021). However,
it can present challenges, such as random integration into the plant
genome, which could lead to undesired effects. Additionally,
eliminating these DNA sequences from the transformed plant or
any other foreign DNA is often not feasible or difficult in asexually
reproducing plant species. (Douches et al., 2020; Villao-Uzho
et al., 2023).

Considering these cases where undesired results can occur, it is
important to note the significance of understanding the functions of
essential genes for plant cellular functions, including replication and
cellular repair (Meiliana et al., 2017). The sustainable production of
bananas faces significant challenges due to diseases such as
Fusarium Wilt, which threaten the viability of this essential crop
worldwide. Given the limitations of conventional breeding, such as
the high ploidy and low fertility of bananas, new breeding
techniques (NBTs), particularly gene editing through CRISPR/
Cas9, emerge as a biotechnological tool for developing resistant
varieties and ensuring the continuity of this key resource.

The integration of innovative approaches, such as the functional
study of essential genes related to critical cellular processes and the
deactivation of pathogenicity genes in Fusarium oxysporum f. sp.
cubense (Foc), not only broadens our understanding of the
underlying molecular mechanisms but also opens new perspectives
for effectively addressing one of the greatest phytosanitary challenges in
banana cultivation.

In this context, after producing the Cas9 protein, we evaluated
its effectiveness compared to a commercial Cas9. This comparison
aimed to determine whether our protocol could generate a Cas9
protein with comparable or superior performance to the
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commercially available options, resulting in a more efficient and
accessible tool for gene editing in bananas and other crops.

This study contributes to the advancement of genetic improvement
of this crop, laying a solid foundation for implementing sustainable and
effective strategies against Fusarium wilt. Furthermore, the identification
and deactivation of genes responsible for pathogenicity in Fusarium
oxysporum f. sp. cubense using tools like CRISPR/Cas9 could
significantly enhance the genetic improvement efforts for bananas by
directly interfering with the pathogen-plant interaction and boosting the
resistance of cultivated varieties to this devastating disease.

2 Materials and methods

2.1 Isolation of Fusarium oxysporum race
1 strains

For the editing assays, strains EC44-M-GM1 and O-1968 were
used, characterized as Foc race 1 (Focl), and preserved in the
Phytopathology Laboratory of the Biotechnological Research Center
of Ecuador (CIBE; Magdama et al., 2020).

2.2 In silico design and sgRNA synthesis

For the design of gRNAs, the Breaking-Cas software was utilized
(Oliveros et al., 2016). Various factors should be considered to avoid
cuts in other loci and potential off-target effects, including the
protospacer and PAM sequence similarity based on the Fusarium
oxysporum genome. Additionally, efforts were made to ensure that
the sgRNA cleavage site is close to the 5" region encoding the SIX9
gene of interest (GenBank: KX435015.1; Czislowski et al., 2018).

The sgRNA consists of 20 nucleotides plus the PAM sequence
(NGG; Figure 1), with the T7 promoter sequence (TTCTAATA
CGACTCACTATA) added to the 5 region and a 14-nucleotide
overlap sequence (GTTTTAGAGCTAGA) at the end of the 3’
region (Table 1).

For sgRNA synthesis, the EnGen® sgRNA Synthesis S. pyogenes
kit (NEB #E3322) was employed, following the manufacturer’s
instructions. The reaction was incubated for 30 minutes at 37°C,
after which the samples were transferred to ice. Additionally, a
DNase treatment was performed by adding 30pl of ultrapure water
and 2pl of DNase I, followed by incubation for an additional 15
minutes at 37°C. Subsequently, the samples were analyzed using a
2% agarose gel in 1X TAE buffer.

2.3 Preparation of plasmids

The pHis-parallel1-NLSH,BCas9 (pHIS) plasmid (9761 bp) and
the pMJ922 (10930 bp) plasmid (Figure 2), both obtained from the
Addgene repository, were utilized for this study (Burger et al., 2016;
Wang et al., 2018).

The circular plasmid pHis-parallell is harbored within the E.
coli Dh5alpha strain. The Cas9 coding sequence is fused with the
nuclear localization signal (NLS) of histone H2B from Fusarium
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FIGURE 1

Guide RNA Synthesis. (A) The specific oligo contains the T7 promoter sequence, 20 nucleotides of the target sequence designed in silico, and a 14-
nucleotide overlap sequence from S. pyogenes Cas9. (B) At 37°C, the two overlapping oligos align. (C) DNA polymerase extends both oligos from
their 3" ends, creating a double-stranded DNA template. (D) RNA polymerase recognizes the double-stranded T7 promoter DNA and

initiates transcription.

oxysporum. The Cas9 is an optimized coding sequence from
Streptococcus pyogenes Cas9 (SpCas9), and coupled with the T7
promoter and terminator. The pMJ922 circular vector contains de
Cas9 fused to the GFP reporter gene, a His6-MBP-TEV (N-terminal
on the backbone) and HA-2xNLS-EGFP-NLS (C terminal on
insert; Figure 2).

Petri dishes (PD) containing Luria Bertani (LB) culture medium
(10 g Tryptone, 10 g NaCl, and 5 g yeast extract supplemented with
100 pg/mL of ampicillin per liter H,O) were used to isolate colonies.
The PD were then incubated at 37°C for 24 hours. Following
incubation, a single colony was selected and cultured in 5 mL of
liquid LB medium supplemented with ampicillin (100 pg/mL) for
24 hours at 37°C.

Colony PCR was conducted to verify the presence of the target
gene for the pHis-parallell plasmid, the DetCas9F (CGCG
AGCGGATGAAGCGGAT) forward primer, and DetCas9R
(CGCAGTTCCCA CGACTGCGT) reverse primer were used. The
expected amplicon was 657 bp, while for the pMJ922 plasmid, the
hSpCas9 FWD (AAGAAGGGCATCCTGCAGAC) forward primer

and hSpCas9 REV (CTCGCTCTTGGCGATCATCT) reverse primer
was employed expected amplicon of 879 bp.

The PCR protocol included an initial denaturation step at 94°C
for 3 minutes, followed by 30 cycles of denaturation at 94°C for 30
seconds, annealing at 60°C for 30 seconds, and extension at 72°C for
1 minute, followed by a final extension step at 72°C for 5 minutes.
Subsequently, plasmid extraction was performed using the
PureLink ™ Quick Plasmid Miniprep Kit (K210010).

Subsequently, the obtained plasmids were cloned into E. coli
BL21 Rosetta (Thermo Scientific, ECO114) expression bacteria.
Plasmid presence was confirmed via colony PCR under the same
conditions mentioned above (Figure 3). Finally, stocks were
prepared with 20% glycerol and stored at -80°C.

2.4 Expression of Cas9 protein

From the glycerol stock at -80°C, initial PD for protein
expression were prepared by streaking onto LB agar plates

TABLE 1 Sequences obtained from in silico design using Breaking-Cas software and the EnGen® sgRNA Synthesis Kit, S. pyogenes.

SgRNA name T7 Promoter Sequence
six9crisprl TTCTAATACGACTCACTATA
six9crispr2 TTCTAATACGACTCACTATA

Frontiers in Plant Science

sgRNA Overlap sequence
GTCGCGCGTGCGTCTGAGTTA GTTTTAGAGCTAGA
GCAGATCTACGCTTTGGATTT GTTTTAGAGCTAGA
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FIGURE 2
Linear diagram of the plasmids pHIS-parallel (9761bp) and pMJ922 (10930bp) used to produce the Cas9 protein. Both plasmids have the T7

promoter, nuclear localization signal (NLS) sites, and 6X Histidine tags to facilitate affinity purification. Finally, the plasmid pMJ922 fuses a codon-
optimized SpCas9 nuclease from the CRISPR-Cas9 system of the bacterium Streptococcus pyogenes.

This bacterial suspension was subsequently added to 500 mL of
Terrific Broth (TB) culture medium (24 g yeast extract, 20 g
tryptone, and 4 mL glycerol per liter H,0), supplemented with
100 pg/mL ampicillin and 100 mL of sterile phosphate buffer

supplemented with 100 pg/mL ampicillin, covering the entire PD
surface, and then left overnight at 37°C. The following day, using a
sterile loop, the PD was scraped to collect the maximum number of
bacteria and resuspended in 5 mL of LB medium with an antibiotic.

100bp

FIGURE 3
Colony PCR of E. coli was performed to confirm the presence of the Cas9 DNA region for the vector pMJ922. The expected band size was 879 bp,

while the pHis-parallell insert was expected to yield a band of 657 bp. The PCR products were separated on a 1.2% agarose gel in 1X TAE buffer.
The presence of the 879 bp band in the PCR results confirms the successful integration of the Cas9 DNA region into the vector, validating and
confirming the correct insertion of the gene of interest. This result supports the transformation’s success and our experimental approach’s accuracy.
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(KH,PO,4 23.1g/L, K,HPO, 125.4g/L). To ensure proper aeration,
the assay was conducted in 2 L flasks.

The culture was then incubated at 37°C with agitation at 200
RPM for 4 hours or until the absorbance reached an O.D. of 0.6 Units
at 600 nm. To prevent further bacterial proliferation, the culture was
cooled to 4°C for approximately 30 minutes and then supplemented
with 100 pg/mL ampicillin. At this point, an aliquot of the culture was
taken for a miniprep to confirm the presence of the plasmid.

Induction was performed with 200 uM Isopropyl B-D-
thiogalactoside (IPTG; SIGMA, 16758), and the culture was
maintained at 180 RPM for 16 hours at temperatures between 18
and 22°C. After this time, the bacteria was centrifuged at 3000 x g for
20 minutes at 4°C in 50 mL Falcon tubes. Once completed, the pellets
obtained were weighed and stored at -80°C for subsequent use. At this
stage of the process, the fluorescent activity of the green protein should
be visible when using the plasmid pMJ922 (Figure 4).

2.5 Purification of Cas9 protein

The obtained pellets were weighed, and subsequently, bacterial
lysis was performed. For this purpose, an IMAC A precipitation

10.3389/fpls.2025.1523884

buffer (TRIS pH 7.5, NaCl 500 mM, MgCl, 5 mM) was used at a 5:1
buffer-to-pellet ratio. The pellet underwent three freeze-thaw cycles
at -80°C. Upon completion, the lysate was supplemented with a
complete Roche protease inhibitor tablet (Cat: 04693132001), 1 mM
DTT, 2 mM MgCl,, 2 pl RNase, and 2 pl DNase.

The lysate was kept on ice with gentle agitation for 30 minutes,
ensuring minimal foaming. Subsequently, three sonication steps of
3 minutes each with 2-minute pauses in between were performed,
keeping the samples under a cold chain. The lysate was centrifuged
for 15 minutes at 16,000 x g at 4°C, and the supernatant was
transferred to a new tube. A further 45-minute centrifugation step
under the same conditions was carried out; if suspended debris
persists, filtering the clarified solution is recommended.

2.5.1 His-Tag Affinity Column Purification Process

In this step, HisPur " Ni-NTA chromatography cartridges
(Cat: Thermo Fisher Scientific, 88221) were used. Before the first
use, the columns were washed with 10 volumes of ultrapure water
and equilibrated with 10 volumes of IMAC A buffer. Subsequently,
the clarified lysate obtained earlier was added through the columns,
and an aliquot was taken for SDS-PAGE.

FIGURE 4

Process to obtain the E. coli culture containing the plasmids of interest. (A, B): collection of E. coli in solid medium to start liquid incubation, (C, D):
pelletized E. coli after incubation in liquid medium product of both plasmids, where pMJ922 contains the GFP reporter gene. A slight change in the
color of the obtained product can already be noticed, and it was subsequently used in the cell lysis process.

Frontiers in Plant Science

07

frontiersin.org


https://doi.org/10.3389/fpls.2025.1523884
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Villao et al.

Next, the columns were washed with 25 volumes of IMAC A
buffer, and the residual product was collected in case of protein loss
in the following steps. The Cas9 protein was eluted using IMAC B
buffer (50 mM TRIS pH 7.5, 250 mM NaCl, 5 mM MgCl,, 400 mM
Imidazole), which contains a high concentration of imidazole to aid
in the proper elution of the His-tagged protein through the
IMAC columns.

Several fractions of approximately 500ul were collected
(Figure 5); the column was washed with 20 volumes of IMAC B
buffer, followed by 10 volumes of water, and finally stored in 20%
ethanol. In the end, the presence of the protein was evaluated using
the Bradford technique on an ELISA plate.

2.5.2 Salt removal and buffer exchange

Additionally, salt removal was carried out using columns with
SephadexTM G-25 (Sigma-25150). The column was equilibrated
with 20 mL of water, followed by 20 mL of LVA buffer (50 mM
TRIS pH 7.5, 100 mM NaCl, and 5 mM MgCl,). Subsequently, 3 mL
of the protein was loaded slowly; we also used 3 mL of LVA buffer
for elution and added a reducing agent, which in this case was 1 mM
DTT. The column was washed with the same buffer and stored in
20% ethanol adapted from (Fleitas et al., 2022).

2.5.3 Cation exchange

As part of the purification process, a cation exchange was
performed using columns with CM Sepharose (Cat: Sigma CL-
6B-100). The columns were equilibrated with LVA buffer, and the
protein was loaded onto the column. The unbound fraction was
collected for analysis by SDS-PAGE (Fleitas et al., 2022).

Subsequently, a washing process was carried out using the same
buffer, and LVB buffer (50 mM TRIS pH 7.5, IM NaCl, and 5 mM
MgCl,) was used for elution. Pierce Protein Concentrator PES
columns (CAT. 88523) were used to concentrate the obtained
protein. This involved a single centrifugation step for 5 minutes
at 14,000g. The protein was quantified using a Nanodrop 2000 and
finally stored at -80°C in different aliquots.

10.3389/fpls.2025.1523884

2.6 In vitro cleavage assay for targeted
editing of the SIX9 gene

This study utilized recombinant Cas9 protein, purified using an
optimized affinity and size-exclusion chromatography protocol.
The cleavage assay was conducted in a reaction buffer optimized
for Cas9 activity, consisting of HEPES (200 mM), NaCl (1 M),
MgCl2 (50 mM), DTT (10 mM), and EDTA (1 mM), adjusted to
pH 6.5. To ensure experimental rigor, the assay included three
controls: a reaction with sgRNA targeting the SIX9 gene, a reaction
without sgRNA, and another lacking both sgRNA and Cas9 as
negative controls.

The ribonucleoprotein (RNP) complex was prepared by mixing 3
ug of Cas9 protein with sgRNA at a molar ratio of 3:1. Following the
formation of the RNP complex, the final reaction mixture (20 uL) was
assembled, comprising 17 pL of the Cas9-sgRNA complex, 1 g of
DNA template in 5 pL, and 5 pL of 10X reaction buffer. The reaction
was incubated at 37°C for 1 hour in a thermal cycler. To terminate the
enzymatic activity, 1 uL of proteinase K (20 mg/mL) was added,
effectively chelating magnesium ions essential for Cas9 functionality.

The cleavage products were resolved by agarose gel
electrophoresis, and the resulting DNA fragments were analyzed.
Comparison of these fragments with positive and negative controls
validated the specificity and efficiency of the Cas9-mediated cleavage.

3 Results and discussion

3.1 Optimized cloning and guide
RNA design

To efficiently produce and purify the recombinant Cas9 protein,
plasmids encoding the Cas9 sequence were cloned into the Rosetta
strain of Escherichia coli. This strain is specifically optimized for
expressing proteins requiring rare codons, often found in
eukaryotic genes. The use of Rosetta ensures higher fidelity and

FIGURE 5

Purification of Cas9 protein. (A) Passage of the clarified lysate through the HisPur™ Ni-NTA chromatography column, (B) product obtained at the
end of the elution under normal light, (C) product eluted with the pMJ922 plasmid containing the GFP under UV light.
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yield during protein synthesis, making it a reliable choice for
recombinant protein production (Figure 3).

In parallel, the guide RNAs (gRNAs) design was a step in the
gene editing workflow. These gRNAs were meticulously designed to
target the SIX9 gene, implicated in Fusarium wilt resistance in
bananas. The selection of gRNA sequences was guided by
computational tools to ensure high specificity and minimal off-
target effects, as these factors are essential for precise and efficient
gene editing. The final sequences of the gRNAs employed in this
study are detailed, providing a foundation for the subsequent
editing process (Table 1).

3.2 Streamlined purification process for
high-yield Cas9 protein

The purification of recombinant Cas9 protein is a critical step in
ensuring its functional integrity for subsequent applications in gene
editing. Given the complex nature of Cas9 and its pivotal role in
CRISPR-based gene editing, achieving high yield and purity is
paramount. To this end, a carefully optimized protocol was
developed to isolate Cas9 from the Escherichia coli Rosetta strain,
where it had been overexpressed.

The purification process began with cell lysis, utilizing
mechanical and enzymatic methods to break open the bacterial
cells and release the intracellular contents.

Following this, chromatographic techniques were employed to
isolate the Cas9 protein. Initially, the crude lysate underwent affinity
chromatography using a His-tag strategically included in the
plasmid vector to facilitate easy capture of the recombinant
protein (Figure 5). This step allowed for the initial enrichment of
Cas9, removing a significant number of contaminating proteins.

10.3389/fpls.2025.1523884

3.3 Cas9 affinity purification process

Subsequent purification steps included size-exclusion
chromatography to refine the protein sample further, ensuring
the removal of aggregates and misfolded proteins. This
refinement process was critical for obtaining a highly pure and
functional Cas9 protein. The final preparation underwent rigorous
evaluation for purity using SDS-PAGE (Figure 6), while its
functionality was confirmed through in vitro assays that
demonstrated its ability to perform targeted DNA cleavage.

Several fractions were obtained from the purification process
with the different Histidine columns (Figure 5). This process
involved passing the samples through columns designed to bind
proteins with histidine tags, allowing for selective purification.
There was a significant difference in the concentration of both
proteins in these fractions, which we attribute to the fact that the
sample obtained from the pMJ922 vector was always fresh. Fresh
samples typically yield higher protein concentrations due to
reduced degradation and loss of activity.

To ensure accurate quantification, the obtained fractions were
analyzed using the Nanodrop 2000, a spectrophotometer that
measures the concentration of nucleic acids and proteins by
assessing their absorbance at specific wavelengths. Additionally, we
employed the Bradford technique to visually confirm the presence of
the proteins, and this two-step verification process ensured the
reliability and consistency of our protein purification results.

Further analysis was conducted using SDS-PAGE (12%) gel
electrophoresis to evaluate the molecular weight and purity of the
proteins. As shown in (Figure 6), wells loaded with 15 uL of the
sample displayed varying results. Fractions derived from the pHIS-
parallel vector showed a somewhat faint band corresponding to the
expected size of the target protein despite achieving a quantification

IMAC - IEX FRACTIONS
1

2 3 4 S5

IMAC - IEX FRACTIONS

1 2 3 4 5

pHIS-parallel1

FIGURE 6

pMJ922

SDS-PAGE analysis for Cas9 protein detection. SDS-PAGE (12%) showed a faint band for the pHIS-parallel vector protein despite a 125 pg/mL
concentration. In contrast, the pMJ922 vector displayed a clearer band under native conditions with a higher concentration of 225 pg/mL.
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of 125 ug/mL. In contrast, fractions from the pMJ922 vector
exhibited a more distinct and prominent band under native
conditions, with a higher concentration of 225 pg/mL.

These results highlight the superior expression and stability of
the protein purified from the pMJ922 vector, underscoring its
effectiveness in recombinant protein production.

3.4 In vitro cleavage test of the SIX9 gene

After producing the Cas9 protein, we evaluated its efficacy
compared to a commercial Cas9. This comparison aimed to
determine whether our protocol could create a Cas9 protein with

10.3389/fpls.2025.1523884

performance comparable to or exceeding the available commercial
options. Initially, we focused on testing the commercial TrueCut Cas9
protein (Invitrogen, Cat # A36496) for this first round of testing
(Figure 7A); we included two negative controls to ensure the reliability
and accuracy of our results. These controls were crucial for identifying
any potential background activity and for validating the specificity of
the Cas9-mediated cleavage. In the subsequent phase of our evaluation
(Figure 7B), we expanded the assay to include the commercial
TrueCut Cas9 protein and the Cas9 proteins produced using our
protocol. This allowed us to directly compare the performance of our
in-house Cas9 with the established commercial standard. Including
our Cas9 proteins in the assay was essential for assessing the practical
application of our production process and identifying any necessary

FIGURE 7

In vitro test for ribonucleoprotein (Cas9-gRNA) digestion of target amplicon. (A) The first well contained the 100 bp marker (Promega, G2101). The
next two wells included negative controls with the DNA of interest (PCR product of target) without Cas9 or the guide. In the final well, all the
samples were loaded. (B) In this image, two negative controls were used. The same gene of interest was tested, but the PCR product was amplified
with the M13 primers to obtain a larger sequence of around 550 bp (from a pGEM vector with a cloned SIX9 PCR product). The third well contained
the commercial Cas9 from Invitrogen, while wells 4 and 5 contained Cas9 obtained in the CIBE — ESPOL laboratory for all cases; guide 1 was used
(Table 1). Both gels were run for 50 minutes at 90 volts in TAE buffer 1X 2.5% concentration.

FIGURE 8

In vitro test for ribonucleoprotein (Cas9-gRNA) digestion of target amplicon using two gRNA. A 2.5% agarose gel was used with a 100bp marker. In wells
2 and 3, the enzymatic cleavage assay is shown, testing each of the designed guides. Wells 4-6 contain controls and a negative control. Guide one was
used, and well 7 contains the cleavage assay with both guides. Wells 9-11 display the cleavage assays at different sampling times with the same guide.
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improvements or adjustments. The enzymatic reaction was carried out
for 1 hour at 37°C, with deactivation for 10 minutes using proteinase
K at the same temperature.

In addition to these tests, an assay was conducted with the obtained
protein, using the two RNA guides designed specifically for this
purpose, individually and in combination. The results demonstrated
consistency with previous findings using guide 1, as successful DNA
cuts were achieved. Conversely, guide 2 was ineffective, as no DNA cuts
were observed. The discrepancies could be attributed to some
mismatch with the target sequence, particularly because it was a
small sequence with several secondary structures in the gene of
interest that might have hindered its function. Mismatches between
the guide sequence and the target DNA are tolerated to some extent,
especially in the region distal to the PAM sequence. These factors could
explain why Guide 2 did not yield the desired results and why Guide 1
was preferred for subsequent experiments (Jinek et al., 2012). Samples
were collected at various time intervals—20, 40, and 60 minutes—to
monitor the progression of the enzymatic activity (Figure 8).

Initial signs of enzymatic cleavage were already apparent at the
20-minute mark; by 60 minutes, the target DNA fragment (SIX9,
316bp) was entirely disintegrated in the gel, reflecting the high
efficiency of our Cas9 enzyme. The gel analysis revealed small DNA
fragments accumulating in the lower regions, further confirming
our system’s thorough breakdown of the DNA.

4 Discussion

The experimental design was developed to and rigorously evaluates
Cas9-mediated DNA cleavage, incorporating appropriate controls,
molecular markers, and optimized gel electrophoresis conditions.
This methodology assesses the enzymatic activity of the Cas9 protein
produced in-house at CIBE—ESPOL and enables a direct performance
comparison with the commercially available TrueCut Cas9 enzyme.
TrueCut was selected as the benchmark due to its established reliability
and widespread use in genome editing applications (Figure 7).

Results demonstrated that the internally produced Cas9 exhibits
high enzymatic activity, comparable to the commercial standard,
thereby validating the efficacy of the production protocol and its
potential for practical applications in gene editing. These findings
underscore the robustness of the in-house enzyme and highlight its
suitability for future research and biotechnological applications (Lee
et al., 2022; Liu et al., 2022).

When used with guide one, the study found that our Cas9
protein successfully cleaved the target DNA fragment (SIX9, 316
bp) in 60 minutes, demonstrating high enzymatic activity
comparable to the commercial standard. Using two RNA guides,
tested individually and in combination, provides insight into their
effectiveness in directing Cas9 to the target DNA sequence. These
results are consistent with other studies, where the efficiency of Cas9
cleavage often varies depending on the RNA guide used (Liang
et al.,, 2016; Tsakirpaloglou et al., 2023).

Temporal analysis of cleavage, with samples taken at 20, 40, and
60 minutes, further strengthens the study by showing the progressive
nature of Cas9 activity (Mehravar et al, 2019). The complete
degradation of the target DNA at 60 minutes highlights the high
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efficiency of our Cas9 enzyme, while the appearance of smaller DNA
fragments confirms DNA degradation, indicating effective cleavage.

On the other hand, using negative controls (without Cas9 or
guide) helped us confirm that any observed DNA cleavage is indeed
the result of Cas9 activity and not due to other factors, such as
contamination or spontaneous DNA degradation (Ly et al., 2023).

On the other hand, the variability in protein concentration
observed in this study can be explained by the freshness of the
sample, as mentioned in the text. Proteins in fresh samples tend to
maintain their integrity and activity, leading to a higher
concentration of purified product (Bornhorst and Falke, 20005
Rosano and Ceccarelli, 2014). Protein degradation in non-fresh
samples can occur due to proteolytic activity or denaturation,
resulting in a lower amount of functional protein for purification.

This study reveals that using RNP-CRISPR-Cas9 for genome
editing is an efficient, accurate, and reproducible approach for gene
manipulation, applicable to knock-out genes in Fusarium oxysporum.

5 Conclusions

The production of recombinant proteins is a crucial aspect of
biotechnological research. This protocol facilitates the production of
recombinant Cas9, enabling its use in various experimental settings
and accelerating research in targeted gene editing, an area of
significant relevance today. The SIX9 gene is recognized as a highly
promising target due to its strong association with destructive diseases
like Fusarium wilt in bananas, making it a critical focus for gene
editing studies. In vitro digestion of specific genes using CRISPR/Cas9
in RNP format offers a straightforward and rapid method for pre-
validating the CRISPR/Cas9 system before applying it to any cell type.

Future research could further explore additional parameters or
process modifications to improve the performance of the internally
produced Cas9, potentially creating a viable and cost-effective
alternative to commercial options. Additionally, as a future
outlook, there are plans to continue in vivo evaluations using
transformation with protoplasts or electroporation, selecting the
edited lines for potential greenhouse evaluation.
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