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A B S T R A C T

Fusarium circinatum, the causal agent of pine pitch canker, is one of the most destructive pathogens of Pinus 
species worldwide. Infections by this pathogen result in serious mortality of seedlings due to root and root collar 
disease, and growth reduction in trees due to canker formation and dieback. Although much is known about the 
population biology, genetics, and genomics of F. circinatum, relatively little is known regarding the molecular 
basis of pathogenicity in F. circinatum. In this study, a protoplast-based transformation using CRISPR-Cas9- 
mediated genome editing was utilized to functionally characterize a putative pathogenicity gene in three 
different strains of the fungus. In silico analyses suggested the gene likely encodes a small secreted protein, and all 
isolates in which it was deleted displayed significantly reduced vegetative growth and asexual spore production 
compared to the wild-type isolates. In pathogenicity tests, lesions induced by the deletion mutants on detached 
Pinus patula branches were significantly shorter than those produced by the wild-types. The putative pathoge
nicity gene was named Pgs reflecting its role in pathogenicity, growth, and sporulation. Future research will seek 
to explore the molecular mechanisms underlying the mutant phenotypes observed. Overall, this study represents 
a significant advance in F. circinatum research as the development and application of a Cas9-mediated gene 
deletion process opens new avenues for functional gene characterization underlying many of the pathogen’s 
biological traits.

1. Introduction

Fusarium circinatum (Nirenberg and O’Donnell, 1998) is the causal 
agent of pine pitch canker, one of the most destructive pathogens of 
Pinus species globally (Wingfield et al., 2008). It is thought to have 
originated in Mexico and the Caribbean, and subsequently spread to 
many countries, posing a significant threat to natural forests and plan
tation forestry (Drenkhan et al., 2020). The fungus can infect all life 
stages of Pinus plants, causing symptoms ranging from root and collar 
disease in seedlings to resinous cankers and dieback in mature trees 
(Wingfield et al., 2008). As a result, disease epidemics almost always 
have negative economic impacts due to yield loss and reduction in 
timber quality (Mitchell et al., 2011; Wingfield et al., 2008).

Many Pinus species can be infected by F. circinatum, with some dis
playing higher levels of disease tolerance (e.g., P. caribaea and 

P. oocarpa) and others being highly susceptible (e.g., P. radiata and 
P. patula) to disease (Hodge and Dvorak, 2000; Mitchell et al., 2011). 
The basis of these differences in susceptibility is not well understood, 
although transcriptomic data point to an important role for early and 
efficient phytohormone signaling in the host plant (Visser et al., 2019). 
Infection by F. circinatum can also trigger systemic induced resistance in 
the host (Gordon et al., 2011), but the molecular basis for this remains 
unclear (Amaral et al., 2022).

The life history traits in F. circinatum further complicate in
vestigations into its relationship with the host plant. For example, the 
pathogen can colonize the intercellular spaces of Pinus roots and live as 
an endophyte without causing any signs of disease (Martín-Rodrigues 
et al., 2015; Swett et al., 2016), but the reasons for a switch to 
necrotrophy and symptom development are not understood (Swett et al., 
2016). Knowledge of the molecular basis of the interaction between 
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F. circinatum and its Pinus host is therefore crucial for developing stra
tegies to combat and mitigate the destructive capacity of this pathogen.

One of the main hurdles to deciphering the molecular basis of traits 
in non-model fungi is the availability of gene knockout/modification 
systems for the functional characterization of target genes (Amselem 
et al., 2011; Zheng et al., 2017). In F. circinatum, the two main ap
proaches that have been used for this purpose involve Agrobacterium 
tumefaciens-mediated transformation (ATMT) of conidia (Covert et al., 
2001) and polyethylene glycol (PEG)-mediated transformation (PMT) of 
protoplasts (Phasha et al., 2021a, 2021b). Apart from allowing for the 
characterization of genes involved in F. circinatum pathogenicity, studies 
employing ATMT and PMT have also provided some knowledge 
regarding the genetic mechanisms determining traits such as the pro
duction of secondary metabolites (Muñoz-Adalia et al., 2018; Phasha 
et al., 2021a, 2021b). Although, RNA guided genome editing with 
CRISPR (clustered regularly interspaced short palindromic repeats)-Cas 
(CRISPR associated protein) 9 has not yet been applied to the pitch 
canker pathogen, applications based on this methodology are increas
ingly widely adopted for gene deletion due to its simplicity, afford
ability, and efficiency (Shinkado et al., 2022; Wang and Coleman, 
2019a).

A widely used CRISPR-Cas9 strategy in Fusarium species involves 
utilizing pre-assembled CRISPR-Cas9 ribonucleoprotein (RNP) com
plexes (Ferrara et al., 2019; Lightfoot and Fuller, 2019; Pokhrel et al., 
2022). Such a complex consists of the Cas9 nuclease bound to a syn
thetically produced single-guide RNA (sgRNA) that directs the complex 
to the target DNA site, where Cas9 introduces a double stranded break 
(Jinek et al., 2012). In the presence of donor DNA (dDNA), Cas9- 
mediated DNA cleavage triggers the cell’s homology directed DNA 
repair mechanism, using the dDNA as the repair template (Doudna and 
Charpentier, 2014). In some Fusarium studies, the need for commercially 
available Cas9 and synthetically produced sgRNA have been eliminated 
by expressing these elements in vivo from expression cassettes on plas
mids or integration into the genome of the fungus (Wang and Coleman, 
2019a). However, development of these can be difficult (Song et al., 
2019) and the relevant expression vectors and isolates are not available 
for F. circinatum or any of its close relatives.

The aim of this study was to functionally characterize a putative 
pathogenicity gene in F. circinatum using pre-assembled CRISPR-Cas9 
RNP complexes to generate knockout mutants. For this purpose, multi
ple field-collected wild-type strains, together with their respective mu
tants, were subjected to pathogenicity tests, as well as growth and 
sporulation assays. The findings of this study would thus improve our 
understanding of pathogenicity in F. circinatum, while also expanding 
the molecular toolbox available for the fungus by providing a more 
effective and efficient method for genome editing.

2. Methods and materials

2.1. Isolates, routine culturing, and DNA extraction

Three isolates of F. circinatum (CMWF350, CMWF24 and 
CMWF1807) were used in this study and have all been preserved in the 
Fusarium culture collection (CMWF) of the Forestry and Agricultural 
Biotechnology Institute (FABI), University of Pretoria, South Africa. 
Isolate CMWF350 (FSP34) was obtained from diseased Pinus tissue in 
California and has whole genome sequence data (De Vos et al., 2024; 
Wingfield et al., 2018). Isolate CMWF24 (FCC1035) originated from a 
diseased P. patula seedling collected in the Mpumalanga province of 
South Africa (Santana et al., 2016), while isolate CMWF1807 was ob
tained from the leading edge of a canker collected from a 10-year-old 
P. greggii plantation tree in the KwaZulu-Natal province of South Af
rica (Fru et al., 2017).

The isolates were routinely grown for 7 days at 25 ◦C in 90 mm Petri 
dishes containing Potato Dextrose Agar (PDA) medium (Becton, Dick
inson and Company, Franklin Lakes, NJ, USA), supplemented with 300 

mg/l of Streptomycin sulfate salt (Sigma-Aldrich, Mannheim, Germany). 
DNA extractions were done as previously described (Phasha et al., 
2021b).

2.2. In silico characterization of a putative pathogenicity gene

The gene targeted in this study emerged from a preliminary genome 
wide association study (Swalarsk-Parry et al., unpublished). The 
sequence data and the inferred amino acid sequence data for this gene 
were compared using BLASTn and BLASTp analyses to those in the da
tabases of the National Center for Biotechnology Information (NCBI; htt 
ps://blast.ncbi.nlm.nih.gov/) as well as MycoCosm (Grigoriev et al., 
2014). To identify functionally important domains and conserved sites, 
sequences were analyzed using the online version (https://www.ebi.ac. 
uk/interpro/search/sequence) of InterProScan (Jones et al., 2014). 
Whether the gene encodes for a protein with signal peptide was inves
tigated using SignalP 6.0 (Teufel et al., 2022), while EffectorP 3.0 
(Sperschneider and Dodds, 2022) was used to determine whether the 
protein could represent an effector. The predicted protein was also 
examined using the Bologna Unified Subcellular Component Annotator 
(BUSCA) online tool (Savojardo et al., 2018). The transcriptome data 
produced in a previous in planta study of the F. circinatum-Pinus inter
action (Visser et al., 2019) were used to determine whether the gene was 
expressed.

2.3. Design, synthesis and testing of sgRNA

The sgRNA was designed to specifically target the gene of interest as 
described previously (Wilson and Wingfield, 2020). It consisted of a 
protospacer region (20 nucleotides, nt) complementary to a region in the 
target gene and a 76-nt scaffold region to which Cas9 binds (Fig. 1). 
Potential protospacer regions were identified manually by searching for 
5’ NGG 3′ sequence triplets within the target gene. These were annotated 
as protospacer adjacent motifs (PAM) (Wilson and Wingfield, 2020). The 
identified PAM and protospacer sequences were then compared to the 
remainder of the genome sequence using a BLASTn search implemented 
in CLC Main Workbench V 21.0.3 (Kim et al., 2013). This was to ensure 
that the potential protospacers did not have similarity outside the target 
gene, thus reducing the possibility of off-target effects of Cas9. Addi
tionally, the combined protospacer and scaffold sequence, without the 
PAM sequence, was analyzed using the RNAfold WebServer included in 
the Vienna RNA Websuite (Gruber et al., 2008). This step was taken to 
verify that the sgRNA folds into the correct 3D structure for the Cas9 
enzyme to bind effectively (Fig. 1).

The sgRNA was synthesized using the EnGen® sgRNA Synthesis Kit, 
Streptococcus pyogenes (New England Biolabs Inc.). In short, a T7 pro
moter sequence (5’ TTCTAATACGACTCACTATAG 3′) was added to the 
5′ end of the protospacer and a kit-specific sequence (5’ GTTTTA
GAGCTAGA 3′) was added to the 3′ end. The 5′ and 3′ amended proto
spacer oligonucleotide was synthesized by Inqaba Biotec and used to 
generate the full length sgRNA as per the manufacturer’s protocol. The 
synthesized sgRNA was visualized by electrophoresis in 1× TAE (40 mM 
Tris-acetate, 2 mM EDTA, pH 8.5) buffer on 1 % (w/v) agarose (Sea
Kem®) gels with GelRed® Nucleic Acid Gel Stain (Biotium). The sgRNA 
was purified using the Monarch® RNA Cleanup Kit (New England Bio
labs Inc.) and quantified using the Qubit™ RNA Assay Kit (Thermo 
Scientific™) as per the manufacturer’s protocol.

The formation and cleaving capacity of the RNP complex were 
evaluated to ensure that the sgRNA would be effective in guiding the 
Cas9 to the target gene, and that DNA cleavage occurs upstream of the 
PAM sequence, within the complementary region. To perform these 
tests, the synthesized sgRNA and the S. pyogenes Cas9 nuclease, EnGen® 
Spy Cas9 NLS (New England Biolabs Inc.) was used as per the manu
facturer’s protocol. Briefly, 30 nM sgRNA and 30 nM Cas9 were pre- 
incubated in the presence of NEBuffer™ 3.1 for 10 min at 25 ◦C. A 
total of 3 nM of the DNA target was then added to the mixture, followed 

A. van Dijk et al.                                                                                                                                                                                                                                

https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/interpro/search/sequence
https://www.ebi.ac.uk/interpro/search/sequence


Fungal Genetics and Biology 177 (2025) 103970

3

by incubation at 37 ◦C for 15 min. The DNA target was obtained using a 
touchdown PCR approach using the Phusion High-Fidelity PCR Master 
Mix with HF Buffer (Thermo Scientific™) and primers FCPPFTR and 
FCPPRTR (Table S1 and S2). The DNA target was cleaned using 
Sephadex® G-50 (Sigma-Aldrich) and quantified using a Qubit™ DNA 
Assay Kit as per the manufacturer’s protocol. Cleavage of the PCR 
product by the RNP complex was visualized using agarose gel electro
phoresis as above, where two smaller bands were expected to be seen in 
comparison to the larger intact target region.

2.4. Design and synthesis of dDNA

The dDNA used in this study was designed to mediate replacement of 
the target gene with a sequence coding for the hygromycin B resistance 
gene cassette (Fig. 2). To achieve this, the dDNA fragment was designed 
to contain a 5′ flanking region homologous to the genomic region up
stream of the target gene, followed by the resistance cassette, and ending 
with a 3′ flanking region homologous to the genomic region downstream 

of the target gene. For this purpose, the 5′ and 3′ flanking regions were 
amplified with touchdown PCR (Table S2) using the Phusion High- 
Fidelity PCR Master Mix with HF Buffer and with primers FCPP5F, 
FCPP5RHYGF and FCPP3FHYGR, FCPP3R3, respectively (Tables S1). 
The reverse primer for the 5′ flank and the forward primer for the 3′ flank 
had additional sequences of ca. 25 nt that overlapped with the 5′ and 3′ 
respective sequences at the ends of the hygromycin B resistance gene 
cassette (Fig. 2).

Primers HygF and HygR (Tables S1 and S2) were used to amplify the 
hygromycin B resistance cassette from the pCB1004 plasmid which was 
extracted from Escherichia coli (Carroll et al., 1994) using the QIAGEN 
Plasmid Mini Kit following the manufacturer’s protocol. Amplicons 
were cleaned with Sephadex® G-50 and sequenced using the BigDye 
Terminator Cycle Sequencing Kit v3.1 (Life Technologies) and AB13100 
Automated Capillary DNA sequencer (Thermo Fisher Scientific) at the 
Sequencing Facility of the University of Pretoria (Pretoria, South Africa).

An overlap extension PCR (Table S3) was performed using Long
Amp® Taq 2× Master Mix (New England Biolabs Inc.) to join all three 

Fig. 1. Secondary folding structure of the single-guide RNA (sgRNA) for targeted Cas9 mediated editing. The scaffold region (76 bp) is pictured in red, and the 
protospacer in green (20 bp). The sgRNA structure requires three stem loops (numbered 1–3) and five interrupting rings (indicated in arrows). The dsDNA target 
region is on the left in blue. The protospacer region is the 20 bp upstream of the 5’NGG3’ PAM (protospacer adjacent motifs) sequence (Wilson and Wingfield, 2020). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Synthesis of the donor DNA using an overlap extension PCR and homology directed DNA repair (HDR). A: The genomic region containing the gene to be 
deleted and its flanking regions. B: The amplified 5′ and 3′ flanking regions with overhang primers matching sequence from the hygromycin B resistance cassette. C: 
The fully assembled dDNA fragment. D: HDR to mend the double stranded DNA produced by Cas9. The HDR is facilitated by homologous recombination of the 
identical flanks. E: Integration of the hygromycin B resistance cassette into the genome, effectively knocking out the targeted gene. The light blue arrows depict 
primers that were used to confirm integration of the dDNA within the intended genomic region. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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components into the dDNA fragment in a single reaction (Zhao et al., 
2019). The 5′ flank forward primer (FCPP5F) and the 3′ flank reverse 
primer (FCPP3R3) were the only primers added, as the overlap regions 
attached to the 3′ end and 5′ end of the 5′ flank and 3′ flank, respectively, 
acted as primers for the hygromycin B resistance cassette (Fig. 2B). The 
assembled dDNA fragment was visualized by electrophoresis as above 
using the Lambda DNA/EcoRI + HindIII Marker 3 ladder (Thermo Sci
entific). Amplicons were cleaned as before and then subjected to long 
read Sanger sequencing in a primer walking approach, using primers 
FCPP5F, HygF, HygR and FCPP3R3 (Table S1) to obtain overlapping 
sequence reads for the ca. 900 base pair (bp) fragment.

2.5. Protoplast preparation and transformation

Protoplasts were prepared from F. circinatum isolates CMWF350, 
CMWF24 and CMWF1807 as described previously (Phasha et al., 2021a, 
2021b), but with modifications. In short, the isolates were inoculated in 
400 ml Potato Dextrose Broth (PDB; Difco Laboratories, Detroit, MI) and 
incubated for 5 days at 25 ◦C on an orbital shaker (3 g). Cultures were 
filtered through two layers of Miracloth (Merck Millipore), after which 
filtrates were centrifuged (4000 g) for 20 min at 4 ◦C to harvest conidia. 
Pelleted conidia were resuspended in 100 ml of sterile Yeast Peptone 
Dextrose (YEPD) broth containing 3 g/l yeast extract (Difco Labora
tories), 1 g/l Bacto™ peptone (Difco Laboratories), and 20 g/l dextrose. 
After orbital shaking (3 g) for 10 h at 25 ◦C, cultures were again filtered 
through two layers of Miracloth and centrifuged (4000 g) for 20 min at 
4 ◦C to pellet the germinating conidia. The latter were resuspended in 
protoplasting buffer containing 40 ml KCl, 1 g Driselase from Basidio
mycetes (Sigma Chemical Co., St. Louis; D8037), 2 mg Chitinase from 
Streptomyces griseus (Sigma Chemical Co., St. Louis; C6137) and 200 mg 
lysing enzyme from Trichoderma harzianum (Sigma Chemical Co., St. 
Louis; L1412). The mixture was then incubated on an orbital shaker (1 g) 
at 30 ◦C. The progress of the digestion was viewed under a light mi
croscope at hourly intervals.

After 2–6 h, the digestion solution was filtered through three layers 
of Miracloth and centrifuged (3000 g) for 5 min at 4 ◦C. The supernatant 
was discarded, the pelleted protoplasts were resuspended in 10 ml of 
STC (1.2 M Sorbitol, 10 mM Tris-HCl pH 8, 50 mM CaCl2) buffer and 
centrifuged as before. The supernatant was again discarded, and the 
pellet resuspended in 1 ml STC and centrifuged (3500 g) for 5 min at 
4 ◦C. This step was repeated, and the pellet was resuspended in a final 
volume of 300–600 μl STC buffer. The protoplasts were quantified using 
a hemocytometer (Neubauer Improved Brightline) with an expected 
yield of 106–108 protoplasts/ml (Fig. S1).

Transformation reactions were prepared in 50 ml Falcon™ tubes 
using protoplast suspensions, freshly prepared, pre-assembled RNP 
complex, and dDNA. The RNP complex was assembled by incubating 3 
μM sgRNA and 3 μM EnGen® Spy Cas9 NLS for 10 min at 25 ◦C in 
NEBuffer™ 3.1. Each transformation reaction contained 100 μl of the 
protoplast suspension, 100 μl STC buffer, 12.5 μl RNP complex and 6 μg 
dDNA in the presence of 30 % (w/v) PEG 8000 (Sigma-Aldrich). Re
actions were incubated at room temperature for 10 min, after which 4 ml 
STC buffer was added and mixed by gentle inversion. Lastly, 9 ml of 
regeneration medium (RM) was added to the mixture, followed by 
overnight incubation on an orbital shaker (3 g) at room temperature. 
The RM consisted of 271 g/l sucrose; 1 g/l yeast extract; 1 g/l N-Z-Amine 
AS (Sigma-Aldrich).

To select for putative transformants, 1.4 ml of the transformation 
reaction was decanted into 65 mm Petri dishes. A thin layer of selection 
medium (SM; identical to RM but containing 12 g/l agar) supplemented 
with 100 μg/ml hygromycin B from Streptomyces hygroscopicus (Sigma- 
Aldrich) was added to the Petri dish and mixed with gentle swirling. 
After the SM solidified, another layer of SM, this time supplemented 
with 150 μg/ml of hygromycin B, was added (Phasha et al., 2021a, 
2021b).

Potential transformants (i.e., those that grew through both layers of 

hygromycin B-supplemented SM), were screened by PCR using hyR and 
ygF primers nested within the hygromycin B resistance cassette 
(Table S1 and S2). Positive recombinants were further screened to 
confirm that the dDNA had integrated into the correct genomic position. 
For this purpose, primers FCPPI5F and FCPPI3R were designed to border 
the 5′ and 3′ flanking regions of the dDNA, while primers FCPPI5R and 
FCPPI3F were situated within the resistance cassette (Fig. 2E). PCR 
amplification was done using Phusion High-Fidelity PCR Master Mix 
with HF Buffer (Thermo Scientific™) (Table S1 and S2). Amplified 
fragments were cleaned and sequenced as before. The number of in
tegrations was then assessed by Southern Blot analysis as described 
previously (Phasha et al., 2021a).

Isolates that were positive for the hygromycin resistance cassette but 
had been shown by PCR to have been integrated at a locus other than the 
target locus were also isolated and used as transformant controls. 
Therefore, transformant controls represented isolates that have under
gone the same protoplasting and transformation procedures as the mu
tants, but where the hygromycin B resistance cassette had integrated 
elsewhere in the genome and did not disrupt the gene of interest. These 
control isolates were selected for by using SM supplemented with 150 
μg/ml hygromycin B. To confirm random integration, PCRs with primers 
hyR and ygF as described above were done to confirm integration in the 
genome, while PCR of the target gene was done using FCPPFTR and 
FCPPRTR, as above, to confirm that the target gene was still intact 
(Table S1 and S2). To ensure phenotypic differences observed between 
the wild-type and knockout strains are not due to the transformation 
process, transformant controls were included in all assays.

2.6. Analysis of vegetative growth and sporulation

A study was conducted to assess the effect of the gene knockout on 
mycelial growth. For this purpose, conidia were harvested from 7-day 
old PDA cultures of the three wild-type, three knockout, and three 
transformant control isolates. This was done by washing the cultures 
with 20 % (v/v) glycerol solution, harvesting the conidia, and then 
quantifying the suspension with a hemocytometer. A 10 μl suspension of 
spores (5 × 104 spores/ml) was transferred to the center of each of three 
90 mm Petri dishes containing PDA. For each isolate, three replicates 
were incubated at 25 ◦C in the dark for 7 days. Colony diameter was then 
recorded using the mean of two measurements taken along two 
perpendicular axes.

To assess the impact of gene knockout on conidium production, a 
conidial suspension was prepared by taking a 10 mm diameter plug from 
the leading edge of mycelial growth on a 7-day-old PDA culture. The 
plug was added to a cryotube containing 1.5 ml of 20 % (v/v) glycerol 
and agitated thoroughly in a vortex mixer, after which the number of 
spores in the suspension was quantified using a hemocytometer. This 
was done three times, with plugs taken from different locations on the 
same plate (three technical repeats). For each isolate, the entire pro
cedure was conducted using three separate 7-day-old PDA cultures, thus 
providing three biological repeats.

Conidial germination was assessed by plating 1 ml of the spore sus
pension (5 × 104 spore/ml) onto 90 mm Petri dishes containing PDA. 
These were incubated at 25 ◦C for 12 h in the dark and visualized under a 
microscope to assess whether germination time was affected by the gene 
knockout. Three replicate assessments were made for each isolate. A 
block of agar was excised from the plate and a coverslip was placed over 
it and visualized under a light microscope. The lengths of the germ tubes 
emerging from the conidia were measured for each of the isolates.

Microscopic features such as the formation of sporodochia and types 
of spores of the various isolates were also examined. For this purpose, all 
isolates were inoculated onto Petri dishes containing PDA and pieces of 
sterile carnation leaves (Phasha et al., 2021b). Plates were incubated at 
25 ◦C under a 12/12-h near-UV light/dark cycle. Microscopic observa
tions were then made at 63× magnification under a light microscope 
using a standard slide and water as a mounting medium.
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2.7. Pathogenicity assays

Aggressiveness, the quantitative component of pathogenicity 
(Pariaud et al., 2009), of the wild-type, knockout, and transformant 
control isolates was assessed by inoculating freshly detached branches 
collected from 3-year-old P. patula trees grown in a plantation in Jes
sievale, Mpumalanga Province, South Africa (26◦09′47.1”S 
30◦24′24.1″E). Healthy branches of ca. 14 mm in diameter were taken 
from the lower whorls of the trees and cut to ca. 174 mm lengths by 
selecting regions between whorls. The cut ends of branch sections were 
immediately dipped in molten paraffin wax to prevent desiccation. A 
total of 10 branches were collected per tree, from 30 trees. In the 
pathogenicity assay, each isolate was inoculated onto a branch obtained 
from a different tree. This meant that all 9 isolates and a negative control 
were inoculated per tree, yielding 30 replicates (Table S4).

For inoculation, a sterile 10 mm cork borer was used to expose the 
sapwood in the middle of the branch. The same sterile cork borer was 
then used to remove a 10 mm mycelial plug from the actively growing 
margin of a 7-day-old culture grown on PDA supplemented with 300 
mg/l of Streptomycin sulphate salt (Sigma-Aldrich). The plug was 
placed into the wound on the branch with the mycelium-side facing the 
sapwood, and then kept in place with parafilm. For the negative control, 
a sterile PDA plug was used. The inoculated branches were incubated at 
25 ◦C for 21 days in open containers. The bark was then peeled back to 
reveal the lesion in the sapwood and cambium layer, which were 
measured with vernier calipers along the length of the branch. To 
normalize for potential variation linked to branch thickness, lesion 
lengths were recorded as the measured length (mm) of the lesion divided 
by the width (mm) of the branch. The entire pathogenicity trial was 
repeated using the same methods and materials. The first trial was 
conducted in April 2023, while the second trial was conducted in July 
2023.

To confirm that the lesions were caused by F. circinatum, isolations 
were done from the leading edges of the lesions. From the resulting 7- 
day-old culture, DNA was extracted using PrepMan™ Ultra Sample 
Preparation Reagent (Thermo Scientific™). These DNAs were used as 
templates in PCRs with the diagnostic CIRC1 and CIRC4 primers 
(Table S1) as previously described (Schweigkofler et al., 2004). 
Knockout isolates and transformant control isolates were confirmed via 
PCR with primers HygF and HygR (Table S1 and S2).

2.8. Data analysis

Analysis of variance (ANOVA) was used to compare the means 
recorded for the wild-type, knockout, and transformant control isolates 
(as well as the negative controls in case of the pathogenicity assays). 
Tukey’s Honestly Significant Difference (HSD) tests were used to 
determine which groups were significantly different from each other 
(Christensen, 1997). All ANOVAs and Tukey’s HSD tests were performed 
using the online tools available at https://astatsa.com/OneWay_Anova_ 
with_TukeyHSD/.

3. Results

3.1. In silico characterization of a putative pathogenicity gene

Comparison of the coding sequence of a putative pathogenicity gene 
examined in this study against the transcriptome data previously pro
duced from F. circinatum-infected Pinus tissue showed that expression of 
the gene was upregulated in planta (Visser et al., 2019). SignalP analysis 
suggested that the predicted protein contains a signal peptide. It re
ported a probability score of 0.9989 that the first 24 aa at the N-terminus 
of the inferred protein represents a signal peptide that typically targets a 
protein to the secretory pathway (Teufel et al., 2022). Analysis with 
BUSCA suggested that the mature protein is likely (prediction score = 1) 
secreted because it was assigned the “extracellular space” Gene 

Ontology (GO) term with GO number 0005615 (Binns et al., 2009). 
EffectorP predicted with 0.75 probability that the protein represents an 
apoplastic effector, i.e., a protein secreted into the space outside the 
plasma membrane of plant tissues (De Wit, 2016). These predictions 
were corroborated with InterProScan, which annotated the first 24 
residues as a signal peptide, and the remainder of the protein as a “non- 
cytoplasmic” domain. No other conserved domains were detected with 
InterProScan.

Comparison of the nucleotide sequence of the coding region and the 
inferred protein sequence of the target gene against those in the NCBI 
database showed high similarity (>96 %) to genes annotated as a 
“pathogenicity protein” in F. circinatum (accession number 
KAF5663390) and in Fusarium subglutinans (accession number 
XM_036676922.1). Both genes were annotated in silico in a previous 
genomics study without supporting experimental evidence of gene 
function (Kim et al., 2020). The same was true for most of the remaining 
BLAST hits. Similar results were obtained using MycoCosm’s BLAST 
tool, with the only exception being gene FGSG_07755 in Fusarium gra
minearum for which additional information was available. It shared 89,4 
% mRNA and 89,3 % protein sequence identity with the F. circinatum 
target gene and was previously shown to be involved during the infec
tion of wheat by F. graminearum (Hoang, 2017).

3.2. Deletion mutants and transformant controls

The sgRNA targeted a region 66 nt from the first nucleotide in the 
target gene. The RNP complex prepared by combining this sgRNA with 
EnGen® Spy Cas9 NLS cleaved the targeted double stranded DNA region 
as expected. This was evidenced by the production of two distinct bands 
corresponding to 66 bp and 412 bp from the intact 478 bp amplicon. In 
the presence of dDNA, the pre-assembled RNP complex also mediated 
efficient replacement of the target gene with the hygromycin B resis
tance cassette because transformation of the F. circinatum protoplasts 
yielded numerous putative transformants. Although capable of growing 
on PDA supplemented with 150 μg/ml hygromycin B, PCRs with primers 
FCPPI5F, FCPPI5R, FCPPI3F and FCPPI3R were used to confirm inte
gration of the cassette in the correct position in transformants from all 
three isolates. For each of the three wild-type isolates, a transformant 
control isolate was also isolated, where the dDNA integrated elsewhere 
in the genome without disrupting the target gene. Southern blot analysis 
confirmed single-copy integrations for all knockout isolates and trans
formant control isolates.

3.3. Vegetative growth and sporulation

Colony morphology and sporodochia formation, as well as the shape 
and size of conidia were similar among isolates, regardless of their ge
notype (Fig. 3 and Fig. S2). The conidia of all isolates also germinated 
after ca. 12 h of incubation at 25 ◦C, suggesting a limited impact of the 
gene knockout on these properties. However, differences in pigmenta
tion were seen in the cultures, with the wild-type strains and trans
formant controls appearing more purple than the pale knockout 
mutants. Also, the isolates all produced aerial hyphae, but the knockout 
isolates appeared to have a slightly increased number of aerial hyphae 
compared to the wild-type and transformant controls. The growth assay 
further showed that the knockout mutants for the three F. circinatum 
strains all produced significantly smaller (p < 0.1) colonies on PDA 
following incubation at 25 ◦C for 7 days (Fig. 3). Their mean colony 
diameter ranged from 32 mm to 39 mm compared to the 48 mm to 54 
mm for the wild-type strains (Fig. 3B). Mean colony diameters recorded 
for the transformant controls did not differ significantly from those of 
the wild-type strains. Similarly, conidium production was significantly 
(p < 0.01) decreased in the knockout mutants compared to the trans
formant controls and wild-type isolates (Fig. 4), with the wild-type 
strains producing similar numbers of conidia as the transformant 
controls.
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3.4. Pathogenicity assays

The knockout mutants were significantly less aggressive (p < 0.1) 
than the transformant controls and wild-type isolates in the assay using 
detached Pinus branches (Fig. 5). The lesions caused by the three 
knockout mutants ranged in length from 1,2 mm to 4,8 mm relative to 
the 5,0–6,9 mm lesions produced by the wild-type strains. The lesion 
lengths induced by the wild-type isolates did not differ significantly from 
the transformant control isolates. For the control treatment, in which 
detached Pinus branches were inoculated with sterile PDA, no lesion 
development was observed (Fig. 5). PCR with the F. circinatum-specific 
primers of fungi re-isolated from the lesions (and sequencing of a portion 
of the hygromycin B resistance cassette for the mutants) confirmed that 
the lesions were caused by the same isolates used in the inoculations.

4. Discussion

A gene deletion process based on CRISPR-Cas9 in F. circinatum was 
developed and applied in this study. The target gene was knocked out in 
three isolates of the fungus and the deletion mutants were characterized 
using a range of phenotypic traits. All the knockout mutants showed 
significant reduction in comparison to their respective wild-type isolates 
with regards to the lesions induced on detached P. patula branches, 
vegetative growth, and the number of conidia produced. Accordingly, 
we propose that the putative pathogenicity gene characterized in this 
study be referred to as Pgs to reflect its involvement in pathogenicity, 
growth, and sporulation.

Our gene knockout system involved the in vitro combination of the 
Cas9 effector and sgRNA to form an RNP-complex, which was then 
combined with protoplasts for transformation. The use of in vitro pre- 
assembled RNPs is generally thought to be more advantageous than 
using transformation with plasmids encoding Cas9 and the relevant 
sgRNA, particularly because insufficient Cas9 expression and potentially 
random genomic integrations are avoided (Nagy et al., 2017; Wang 
et al., 2018a, 2018b; Wilson and Wingfield, 2020). Additionally, the 
introduction of Cas9 under a constitutive promoter into filamentous 
fungi using a plasmid-based approach could also lead to overexpression 
of Cas9, resulting in off-target effects over time (Nagy et al., 2017). In 
contrast, transformation using the RNP complex ensured that Cas9 was 
present at a precise concentration and ensured the rapid degradation of 
in-vitro-assembled RNPs minimized off-target effects by only exposing 
cells to Cas9 for a brief period (Kim et al., 2014).

Although pre-assembled RNPs have been used to generate gene 
knockouts in other species of Fusarium including F. graminearum (Lee 
et al., 2022), Fusarium proliferatum (Ferrara et al., 2019) and Fusarium 
oxysporum (Wang et al., 2018a, 2018b; Wang and Coleman, 2019b), it 
had not previously been done in F. circinatum. This is also the first report 
of using the CRISPR-Cas9 system to generate knockouts in F. circinatum 
as previous gene knockouts were generated with PMT of protoplasts 
using the split marker approach (Phasha et al., 2021a, 2021b) or ATMT 
coupled with the use of a deletion construct (Covert et al., 2001; Muñoz- 
Adalia et al., 2018). Indeed, the introduction of CRISPR-Cas9 knockout 
system as an RNP complex is advantageous over these previous systems 
as it avoids the lengthy and laborious process of designing and synthe
sizing the particular vectors required (Ullah et al., 2020). The CRISPR- 
Cas9-mediated gene knockout system developed in the present study 
expands the molecular toolbox available for F. circinatum and other 

Fig. 3. Mycelial growth comparisons of the wild-type (WT), knockout strain 
(Δ) and transformant control (TC) of isolates CMWF350, CMWF24 and 
CMWF1807 of F. circinatum. A: After 7 days of incubation at 25 ◦C in the dark 
on PDA, the WT and TC isolates showed little difference, but both produced 
significantly (p < 0.001) larger colonies than the Δ strains. B: Average colony 
diameter of the respective isolates after 7 days of growth at 25 ◦C in the dark on 
potato dextrose agar medium. For each set of results (i.e., those for a wild-type 
isolate and its corresponding deletion mutant and transformant control), sig
nificant differences among means are shown with different letters (a to f) above 
the bars depicting standard deviation.

Fig. 4. Comparisons of sporulation of the three F. circinatum wild-type isolates 
and their corresponding mutant and transformant control isolates. Average 
spore counts recorded for the respective fungal isolates. For each set of results 
(i.e., those for a wild-type isolate and its corresponding deletion mutant and 
transformant control), significant differences among means are shown with 
different letters (a to f) above the bars depicting standard deviation.
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closely related species, providing an efficient method to functionally 
characterize genes involved in any number of biological processes.

To ensure the reliability of our gene deletion process, we created 
transformant control mutants with a fungicide resistance cassette inte
grated outside the targeted gene, serving as a baseline for comparative 
analyses. This approach avoided potential confounding effects arising 
from the insertion process or fungicide resistance. Unlike typical gene 
knockout studies using complementation mutants in which the dis
rupted gene is reintroduced using a second fungicide selection marker 
(Turgeon et al., 2010; Arras et al., 2015), our method minimized the risk 
of unintended genetic alterations or expression changes. For example, 
presence of the geneticin resistance cassette has been shown to dereg
ulate translation of neighboring genes in knockout strains of Saccharo
myces cerevisiae (Egorov et al., 2021), while off-target kinase activity of 
the phosphotransferase encoded by the hygromycin B resistance gene 
has been linked to altered virulence in Histoplasma capsulatum (Smulian 
et al., 2007). Therefore, to ensure experimental rigor, we produced Pgs 
knockout mutants for multiple wild-type F. circinatum strains and 
generated transformant control mutants to use as a basis for comparison 
during the phenotypic assays.

The results of the inoculation assay on detached P. patula branches 
provides evidence that the product of Pgs gene contributes to 

pathogenicity and disease development in F. circinatum. The knockout 
strains for all isolates caused significantly shorter lesions compared to 
the wild-type isolates and the transformant controls. The Pgs homolog in 
F. graminearum (i.e., FGSG_07755) was also putatively designated as a 
pathogenicity gene in a transcriptome study (Hoang, 2017). In that 
study, the FGSG_07755 gene appeared to be integral to the infection 
process as it was significantly upregulated during infection and exclu
sively expressed in the pathogen’s infection cushions (Hoang, 2017). 
Likewise, Pgs was also significantly upregulated in planta in a previous 
transcriptome analysis of F. circinatum-infected Pinus tissue (Visser et al., 
2019). However, to the best of our knowledge, the product of 
FGSG_07755 or any other homolog of Pgs has not yet been described or 
functionally characterized.

In silico analyses of the F. circinatum Pgs suggests that its protein 
product could represent an effector that is targeted to the secretory 
pathway and secreted into the extracellular space outside the plasma 
membrane of plant tissues (Savojardo et al., 2018; Sperschneider and 
Dodds, 2022; Teufel et al., 2022). The effectors secreted by fungi are 
typically involved in altering host-cell structure and function, facili
tating infection, and triggering defense responses (Sperschneider et al., 
2016; Wang et al., 2020). These small secreted proteins (SSPs), 
harboring a signal peptide and a sequence of less than 300 aa, have been 
shown to play important roles in niche colonization, nutrition, and 
virulence in fungi (Plett and Plett, 2022; Tanaka and Kahmann, 2021; 
Teulet et al., 2023). The results of this study provide strong justification 
for further research aimed at understanding the specific mechanisms 
associated with the Pgs gene and the role of its product in the patho
genicity of F. circinatum to Pinus species.

The Pgs gene was found to play a role in conidium production but 
was dispensable for the germination of these reproductive propagules. 
Conidia produced by the knockout mutants germinated at the same time 
as those of the wild-type and transformant control isolates. Compared to 
these isolates, however, the knockout mutants produced significantly 
fewer conidia. In other Fusarium species, various genes have been 
implicated in conidium development and production (Lu et al., 2023; 
Tang et al., 2020; Yang et al., 2023) of which some represent effectors or 
SSPs. In Fusarium oxysporum, for example, deletion of the SIX9 (secreted 
in xylem 9) gene significantly reduced conidium production (Ayukawa 
et al., 2021), while knockout of SSPs such as FoSsp1 (a 145 aa unchar
acterized protein) and FocCP1 (a cerato-platanin) apparently enhances 
conidiation (Liu et al., 2019; Wang et al., 2022). The decreased sporu
lation associated with Pgs deletion in the present study suggests that this 
gene affects the biological fitness of F. circinatum, as these propagules 
could be involved in dispersal and establishment of the pathogen in 
forests (Wingfield et al., 2008). This is because high rates of conidiation 
increase the potential for primary and secondary infections, driving 
polycyclic disease cycles and facilitating the spread of the pathogen to 
new host tissues or plants (Garbelotto et al., 2008; Dvořák et al., 2017). 
Future research should investigate the role of Pgs in conidial production 
and development under natural field conditions, especially when it in
fects and colonizes the Pinus host.

Deletion of the Pgs gene demonstrated that it has a role in vegetative 
growth and pigmentation of F. circinatum in culture, as all the knockout 
mutants were less pigmented and grew significantly slower than their 
respective wild-types and transformant controls. Reduced growth was 
previously also associated with mutants in which guanosine triphos
phatase (GTPase)-encoding genes such as Ras2 and Fcrho1 were deleted 
(Phasha et al., 2021; Muñoz-Adalia et al., 2018). In terms of pigmen
tation, various previous studies illustrated the role of secondary 
metabolite biosynthesis genes for producing characteristic coloration in 
Fusarium cultures (Brown et al., 2012; Cambaza, 2018; Studt et al., 
2012). In F. verticillioides, for example, deletion of certain genes needed 
for fumonisin biosynthesis yielded cultures that were more intensely 
purple than the wild-type strain, presumably due to stresses caused by 
the build-up of biosynthetic intermediates (Josselin et al., 2024). This is 
similar to that seen in F. circinatum, where disruption of fusaric acid 

Fig. 5. Results of the pathogenicity assay conducted on detached branch sec
tions collected from 3-year-old plantation trees of P. patula. A: The relative 
lesion length calculated as the average length of lesion (mm) on detached 
branch sections of P. patula, normalized by branch width (mm). For each set of 
results (i.e., those for a wild-type isolate and its corresponding deletion mutant 
and transformant control, as well as the negative control involving inoculation 
with sterile agar plugs), significant differences among means are shown with 
different letters above the bars depicting standard deviation. B: Examples of the 
lesions observed, which presented as brown discoloration in the cambium layer. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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biosynthesis yields cultures with a reddish coloration, likely due to a 
feedback mechanism causing enhanced biosynthesis of bikaverin, 
another secondary metabolite (Phasha et al., 2021b). Disruption of these 
pathways and other secondary metabolite biosynthesis pathways also 
has been shown to yield pale or unpigmented Fusarium cultures 
(Rodríguez-Ortiz et al., 2013). Although little is known regarding the 
role of SSPs in the pigmentation and growth in culture of Fusarium 
species, these phenotypes have mostly been reported not to change in 
deletion mutants (Guo et al., 2022; Hao et al., 2020).

All of the identified phenotypes impacted by the deletion of Pgs in 
F. circinatum (i.e., aggressiveness, conidium production and vegetative 
growth) represent complex biological traits that are underpinned by 
multiple genes and molecular processes (Lannou, 2012). Such traits are 
increasingly also being shown in systems biology studies to be regulated 
by intricate gene networks (Wang et al., 2018). This is consistent with 
reports of certain genes having joint functions in pathogenicity, vege
tative growth, and conidial production (Li et al., 2019; Liu et al., 2020; 
Xiong et al., 2019). In F. circinatum, for example, the Ras2 GTPase is 
essential for both pathogenicity and efficient growth in culture (Phasha 
et al., 2021a). Despite a general lack of correlation in mycelial growth 
and pathogenicity across populations of F. circinatum and other Fusarium 
species (Brennan et al., 2003; De Vos et al., 2011; Swalarsk-Parry et al., 
2024), it is probable that these complex traits involve shared regulatory 
proteins and/or parts of pathways.

Given that these complex traits may have related underlying genetic 
mechanisms, we cannot discount the possibility that reduced growth 
and conidiation of the Pgs deletion mutants directly impacted the 
decreased levels of aggressiveness observed (Pariaud et al., 2009). 
Growth facilitates colonization and invasion of host tissues, with rapid 
growth often enabling the pathogen to outpace defense responses 
(Koeck et al., 2011), while conidiation contributes to this process by 
producing more infectious propagules (Drenkhan et al., 2020). In fact, a 
range of other potential developmental defects could have also caused 
the reduced lesion lengths observed for the Pgs deletion mutants 
(Pariaud et al., 2009; van der Does and Rep, 2017). Undoubtedly, 
detailed analyses of how Pgs mediates the phenotypic traits observed in 
this study would contribute significantly to our understanding of the 
pitch canker pathogen’s developmental biology and interaction with its 
Pinus host.

5. Conclusions

This study represents a significant advancement in the field of 
Fusarium species research. The development and application of a Cas9- 
mediated gene deletion process in F. circinatum opens new avenues for 
functional gene characterization, particularly in the context of traits 
determining the pathogen’s biological fitness. Successful knockout of 
the Pgs gene also provides a first glimpse as to how some of these traits 
might be impacted by a SSP, the function of which would be explored in 
our future research. The findings presented here also warrant research 
into the specific molecular mechanisms underlying the various fitness 
traits, especially as some might be correlated or associated with one 
another as reported in other fungi (Doohan et al., 2003; Kim et al., 2009; 
Luo et al., 2014). Undoubtedly, the application of CRISPR-Cas-based 
technologies, combined with conventional genetics approaches, will 
allow for a more detailed understanding of the molecular mechanisms 
and processes shaping the biological fitness of F. circinatum, as well as its 
interaction with Pinus species.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fgb.2025.103970.
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