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Loss of function of MusaPUB genes in
banana can provide enhanced resistance
to bacterial wilt disease
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Plants deploy a sophisticated defense mechanism against pathogens through pattern recognition

receptors (PRRs) and resistance (R) proteins, activating pattern-triggered immunity (PTI) and effector-
triggered immunity (ETI). E3 ubiquitin ligases, notably U-box types like PUB22 and PUB23, modulate
PTI by suppressing immune responses. The role of MusaPUB22/23 in immunity against Xanthomonas
vasicola pv. musacearum (Xvm), the cause of banana Xanthomonas wilt (BXW) in East Africa, was
investigated by knocking out these genes in the BXW-susceptible ‘Sukali Ndiizi’ cultivar. The gene
targets used in this study, MusaPUB22 and MusaPUB23, were identified through prior comparative
transcriptomics analysis, which revealed their upregulation in susceptible versus resistant genotypes
during early infection with Xvm. Gene edited plants exhibited mutations in both genes, with no
significant growth penalties in most events. Several edited lines displayed complete resistance to Xvm
infection, while others showed partial resistance, in contrast to the full susceptibility of wild-type
controls. Resistance correlated with hydrogen peroxide accumulation and activation of key defense-
related genes, indicating enhanced immune responses. This study identifies MusaPUB22/23 as
susceptibility genes and provides strong evidence for their role in modulating immunity in banana. The
results highlight the potential of gene editing as a promising strategy against BXW, addressing a
crucial agricultural issue in East Africa while unraveling plant immunity regulation and paving the way
for disease-resistant crop engineering targeting PUB genes.

Plants possess a sophisticated defense mechanism against invading patho-
gens, exhibiting a multi-layered immunity system based on pattern recog-
nition receptors (PRRs) and resistance (R) proteins. The first line of defense,
pattern-triggered immunity (PTI), initiates upon PRR recognition of
pathogen-associated molecular patterns (PAMPs). However, pathogens can
evade PTI by secreting virulence effectors, leading to the activation of
effector-triggered immunity (ETI) mediated by R proteins. PTI mediated by
PRRs is effective against a broad range of pathogens, whereas ETI mediated
by R proteins is typically effective against specific pathogens or strains. Both
PTIand ETI involve complex signaling events, including ion influx, reactive
oxygen species (ROS) bursts, activation of mitogen-activated protein
kinases (MAPKs), transcriptional reprogramming, phytohormone pro-
duction, and callose deposition in the cell wall'.

In plant immune signaling, ubiquitination and protein phosphoryla-
tion regulate defense responses, with E3 ubiquitin ligases playing a crucial
role’. E3 ubiquitin ligases, in particular, have emerged as key players in
various facets of plant immunity, from pathogen perception to signal
transduction and immune response’. Among these, U-box-type E3

ubiquitin ligases like PUB22, PUB23, and PUB24, localized in the cyto-
plasm, serve as a critical negative regulator of PTT. In Arabidopsis thaliana,
PUB22 effectively attenuates PTI responses in coordination with PUB23
and PUB24". The significance of these E3 ligases is underscored by the
enhanced resistance demonstrated by the pub22/pub23/pub24 triple
mutants in Arabidopsis against pathogens like Fusarium oxysporunr’. These
ligases target proteins like Exo70B2, modulating immune responses by
regulating ROS production and MAPK activation’. The degradation of
Ex070B2 via ubiquitination redirects positive signaling toward vacuolar
degradation pathways, effectively downregulating the immune response’. It
has been shown that exo70B2 mutants showed increased susceptibility to
pathogens”.

The significance of these findings extends beyond basic research,
especially in addressing critical agricultural challenges. In East and Central
Africa, the cultivation of banana faces a severe threat from banana Xan-
thomonas wilt (BXW), caused by Xanthomonas vasicola pv. musacearum
[(Xvm), formally known as Xanthomonas campestris pv. musacearum
(Xem)]’, causing substantial economic losses’. BXW management is
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profoundly challenging, and effective management requires adherence to a
set of cultural practices that farmers often neglect due to the associated high
labor and doubts about the efficacy of these practices. To date, resistance to
BXW is only found in wild-type banana progenitors such as Musa bal-
bisiana (BB genome) and Musa acuminata subsp. Zebrina (AA genome)’,
with all the cultivated varieties remaining highly susceptible. Traditional
breeding for BXW resistance is hindered by cultivar sterility, low genetic
diversity, and long generation times, making gene editing an attractive
alternative. In this study, we used CRISPR/Cas9 technology to generate
pub22/23 double mutants in a banana cultivar susceptible to BXW disease.
These edited events exhibited enhanced resistance to BXW without affecting
their growth, underscoring the potential of MusaPUB22/23 knockout in
engineering disease-resistant crops. Molecular analysis of these edited
events provided deeper insights into the role of MusaPUB22/23 in banana
immunity. The successful editing of MusaPUB22/23 not only showcases the
potential of targeting PUB genes for enhancing disease resistance in banana
but also suggests a broader application of this approach across various crops.
By precisely modifying key immune regulators such as PUB22/23, we offer a
viable solution for advancing food security and addressing agricultural
challenges in pathogen-prone regions.

Results
Gene target identification
The selection of MusaPUB22 and MusaPUB23 genes for this study was based
on the comparative transcriptomic analysis between the BXW-susceptible
cultivar ‘Pisang Awak’ and the resistant wild-type progenitor ‘Musa bal-
bisiana’ during the early stages of Xvm infection. This analysis revealed
upregulation of MusaPUB22/23 genes in the susceptible cultivar compared to
the resistant one'’. Building upon this finding, this study aimed to disrupt the
function of MusaPUB22/23 in the BXW-susceptible cultivar ‘Sukali Ndii-
zi'(AAB genome), a dessert type of banana commonly grown in East Africa.
The relative expression patterns of MusaPUB22 (Ma07_g03320) and
MusaPUB23 (Ma07_g03310) genes in the BXW-susceptible banana cultivar
‘Sukali Ndiizi’ and the resistant wild-type progenitor ‘Musa balbisiana’

during early Xvm infection provide insights into the functional role of
MusaPUB genes in plant disease resistance. In ‘Sukali Ndiizi’, MusaPUB22
and MusaPUB23 were both upregulated (~ 10-fold and ~ 2-fold, respec-
tively) in inoculated plants compared to uninoculated control plants at 12 h
post inoculation (hpi) (Fig. 1a,b). In contrast, the expression of MusaPUB22
and MusaPUB23 in the BXW-resistant M. balbisiana plants remained
unchanged between the inoculated and non-inoculated plants (Fig. 1a, b).
These results signify the activation of MusaPUB22 and MusaPUB23 in the
BXW-susceptible cultivar ‘Sukali Ndiizi’ in response to Xvm infection,
suggesting their potentially critical role in disease development.

Phylogenetic analysis of PUB
The phylogenetic relationships of Musa E3 ubiquitin ligase with its homolog
in other plant species, Arabidopsis thaliana, Oryza sativa, M. acuminata, M.
balbisiana, and Solanum lycopersicum revealed the presence of 144 E3
ubiquitin ligase genes in M. acuminata, 116 in Musa balbisiana, 65 in A.
thaliana, 83 in O. sativa and 64 in S. lycopersicum (Fig. 2). Upon con-
structing the Clustal Omega phylogenetic tree, all members of E3 ubiquitin
ligase were classified into seven categories, namely group I to group VII. The
largest group was group V, predominantly comprising of genes of M.
acuminata and M. balbisiana genes. The smallest group was group I,
encompassing only twelve genes, with three representatives each from M.
acuminata, M. balbisiana, A. thaliana, and . lycopersicum. Focusing on the
MusaPUB22/23 genes targeted for mutation in this study, Ma07_p03320
(MusaPUB22), Mba07_p03250 (MusaPUB22), Ma07_p03310 (Musa-
PUB23), and Mba07_p03220 (MusaPUB23), were classified in group VII
along with AtPUB22 and AtPUB23.

The primary protein structure of MusaPUB22 and MusaPUB23 in
Musa spp. contains a U-box of 69 amino acids (Fig. 1c and Supplementary
Fig. S1), characteristic of E3 ubiquitin ligase.

gRNA design and CRISPR/Cas9 plasmid construction
The alignment of the coding DNA sequences (CDS) for MusaPUB22
(Ma07_g03320 and Mba07_g03250) and MusaPUB23 (Ma07_g03310 and
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Fig. 1 | Targeting MusaPUB genes for editing in banana. a, b Relative expression
levels of MusaPUB22 and MusaPUB23 in BXW-susceptible and BXW-resistant
banana genotypes. Mb, Musa balbisiana (BXW-resistant genotype). SN, Sukali
Ndiizi (BXW-susceptible genotype). C, control; Xvm, Xanthomonas vasicola pv.

musacearum. Control and Xvm represent uninoculated and inoculated, respectively.
Data were presented as box-and-whisker plots (# = 3). ¢ Primary protein structure of
MusaPUB22 and MusaPUB23.
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Fig. 2 | The phylogenetic tree of the PUB gene family. Multiple protein sequence
alignments of the U-box domain sequences of Arabidopsis thaliana, Oryza sativa, M.
acuminata, M. balbisiana, and Solanum lycopersicum were performed using the
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Clustal Omega multiple sequence alignment program, and a phylogenetic tree was
constructed using the ggtree package in R.

Mba07_g03220), obtained from the banana genome hub, reveals 97.5%
nucleotide similarity. Both MusaPUB22 and MusaPUB23 exhibit a single
exon, but the MusaPUB22 CDS spans 240 bp (Fig. 3a), while the Musa-
PUB23 CDS is 1239 bp long (Fig. 3b). Two gRNAs with canonical cut sites
84 bp apart, targeting the U-box region of MusaPUB22 and MusaPUB23
genes, were designed. The gRNAs with the highest efficiency and minimal
potential for off-target mutations were selected. Sequencing analysis of the
target fragment from ‘Sukali Ndiizi’ confirmed the PUB22/23 sequences
were identical with the reference genomes, and no SNPs were detected in the
gRNAs (Supplementary Fig. S2a, b). Subsequently, the gRNAs, together
with the high GC content plant codon-optimized Cas9 gene, driven by the
CaMYV 35S promoter, were integrated into the T-DNA region of the binary
vector pMDC32 to yield the CRISPR/Cas9 construct pMDC32-Cas9-
MusaPUB, where each gRNA is independently regulated by the OsU6
promoter (Fig. 3¢).

Generation of transgenic events

Agrobacterium-mediated transformation was used to introduce the T-DNA
into the embryogenic cell suspension of ‘Sukali Ndiizi’, and 53 putative
transgenic events were regenerated (Fig. 3d). The PCR analysis of the

regenerated events showed an amplified fragment of 587 bp, indicating the
presence of the Cas9 gene in the events (Supplementary Fig. S3). These
events were micropropagated in the proliferation medium to produce
enough replicates for disease evaluation. Upon obtaining well-rooted
plantlets, they were transplanted to soil in the pots and acclimatized in the
greenhouse for subsequent phenotyping.

Detection of edits in transgenic plants

CRISPR/Cas9-mediated knockout of MusaPUB22/23 was confirmed
through analysis of edits in 12 independent events, along with the wild-type
control plants. This involved amplifying the target sites, cloning the PCR
product into a vector, and performing Sanger sequencing of 10 clones per
sample. All events contained at least one mutated allele for each gene (Fig. 4).
Predominantly, the mutations were deletions ranging from —1 to —255 bp
or insertions (+1 or +49bp) or substitutions. The frequency of each
mutation type is detailed in Fig. 4.

For the MusaPUB22 gene target, all the events tested exhibited
mutations at both target sites, confirming the effectiveness of both gRNAs
(Fig. 4a). Event P26 showed mutations alongside a wild-type (WT)
sequence, detected in 1 out of 10 sequenced clones, suggesting that not all
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Fig. 3 | CRISPR construct design, generation and validation of ‘Sukali Ndiizi’
gene-edited events. Illustration of MusaPUB22 (a) and MusaPUB23 (b) gene
structure. The positions of gRNA binding sites in target regions in MusaPUB22/23
genes are shown with black arrows (W) indicating canonical cut sites for both
guides. Orange boxes denote coding DNA sequences (CDS), while Blue arrows
indicate the U-box. Red letters correspond to the gRNA binding sites in the targeted
regions, while black letters (G/C) denote the single-nucleotide polymorphism at
position 751 (position 1 at 5> of gRNA1) in MusaPUB23. Purple letters indicate the
protospacer-adjacent motif (PAM) sequence. The primers used for amplifying and
sequencing the MusaPUB gene are shown with their positions relative to the start
codon position indicated in brackets. The region of coding sequence of the U-box is

L o n

OsU6 P 358P hpt 358 T

compressed in length in the diagram and is not to scale. ¢ T-DNA region of binary
plasmid construct pMDC32-Cas9-MusaPUB used for editing of banana. LB, Left
border; RB, Right border, hpt, hygromycin phosphotransferase gene; 35S P,

CaMV 35S promoter, OsU6 p, Oryza sativa U6 promoter; 2 x 35S P, double
CaMV35S promoter. d Agrobacterium-mediated delivery of T-DNA of the CRISPR/
Cas9 plasmid and regeneration of edited events (1) Agro-infected embryogenic cell
suspension on embryo development medium; (2) Embryos on embryo maturation
medium; (3-4) Germination of embryos in selective medium containing hygro-
mycin; (5) Well-rooted plantlets in proliferation medium; (6) Potted plants of gene-
edited events in the greenhouse. The scale bar represents 1 cm for panels 1-5 and
10 cm for panel 5.
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PUB22-1 |AGTCAGGATACTGCAC-CGGTGG. . 61..ACTGTGCCTGGTG----AAGTGG |-1/-4 |gl/g2 40 SUB231 COTCAGGATACTOCACTOCoTGE | 61 . ACTCTGOCTGOTOOTC-ARGTCS Ry 52 50
AGTCAGGATACTGCAC-CGGTGG. . 61. . ACTGTGCCTGGT-----AAGTGG [-1/-5 |gl/g2 60 e At eeeeore MaaTcE _255/-1 g1/g2 10
PUB22-2 | AGTCAGGATACTGCAC-CGGTGG. . 61. . ACTGTGCCTGGTG— -1/-48 [g1l/g2 80
AGTCAGGATACTGCAC--GGTGG. . 61. . ACTGTGCCTGGTGC---AAGTGG [-2/-3 |gl/g2 20 PUB23-2 GGTCAGGATACTGCAC------- U CTGGTGCTCCCAAGTGG -75/+1 91/92 100
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AGTCAGGATACTGCAC-CGGTGG. . 61. . ACTGTGCCTGGTGCT--AAGTGG [-1/-2 |gl/g2 10 -- .. 61. . ACTGTGCCTGGTG----AAGTGG -231/-4 91/92 10
PUB22-20 | AGTCAGGATACTGCAC-CGGTGG. . 61. .ACTGTGCCTGGTGCTCCAAGTGG | -1 gl 20 PUB23-20 ‘GG. . 61. . ACTGTGCCTGGTGC: -20/-3 g1/g2 10
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R TR ORI AT - OO EE - 61, A P R i gl/g2 10 GGTCAGGATA--GCACTCGGTGG. . 61 . . ACTGTGCCTGGT- - --CAAGTGG -2/-4 g1/g1 60
:G:ci ATACT ;“"’;wb' :i' ':L;b;b"l'T POCTCE ARG Ay qi;gz :g PUB23-39  |GGTCAGGATACTGCACTCGGIGG. . 61. . ACTGTGCCTGGTGCTCCAAGTGG T 70
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Fig. 4 | Sanger sequence analysis of pub22/23 edited events to detect mutations.
a Mutations in targeting the MusaPUB22 gene. b Mutations in targeting the
MusaPUB23 gene. Red nucleotides indicate the gRNAs, and purple nucleotides
indicate the Protospacer Adjacent Motif (PAM). Black dashes (—) represent dele-
tions, green nucleotides denote substitutions, and blue nucleotides indicate inser-
tions. C, wild-type non-edited control sequences; P2-P50, independently edited

events. The number of indels as deletions (-), insertions (+), and substitutions (S)
are indicated on the right panel. * indicates a big insertion in PUB22-25, and the
sequence of the insert is written in blue. The first nucleotide in gRNA1 of Musa-
PUB22/23 is underlined to indicate the single-nucleotide polymorphisms (SNPs); ‘A’
in MusaPUB22 and ‘G’ in MusaPUB23.

alleles may have been mutated. In contrast, event P25 showed uniform
mutations across all ten clones, with + 49/— 1 mutations (Fig. 4a). Events
P2, P20, and P50 exhibited big deletions, with the largest deletions being
— 48, — 80, and — 83 bp, respectively (Fig. 4a). Events P6 and P39 showed
chimeric mutations. Except for event P26, no WT sequence was detected,
indicating that all three MusaPUB22 alleles were likely edited (Fig. 4a).
However, further deep sequencing would be necessary to confirm this
conclusion. The close proximity of the forward sequencing primer,
PUB_Seq_F, to gRNA1 in the sequencing of the MusaPUB22 gene may have
limited the detection of some of the edits closer to the primer, particularly
deletions in the 5 direction.

For the MusaPUB23 gene target, events P25, P33, P39 and P50 dis-
played mutations only at the target site 2, while event P45 showed mutations
exclusively at the target site 1 (Fig. 4b). Events P6, P33, P39 and P50 showed
a WT sequence alongside mutations, suggesting that not all alleles may have
been mutated. Except for these four events (P6, P33, P39, and P50), the WT
sequence was not detected, indicating that all three MusaPUB23 alleles may
have been edited. Events P2 and P45 showed uniform mutations across all
10 clones, with very big deletions, — 75 and — 50, respectively (Fig. 4b).
Event P1 displayed a very big deletion of — 255 bp (Fig. 4b). Event P26
featured a 1bp substitution in addition to the deletions. Events P6 and
P35 showed chimeric mutations (Fig. 4b).

Assessment of plant growth in pub22/23 edited events

Twelve edited events, along with wild-type controls, were assessed for their
growth parameters, including plant height, pseudostem girth, number of
functional leaves, and total leaf area at 90 days after planting to determine
any potential adverse effect of MusaPUB22/23 allele knockout. Most of the
edited events displayed a normal appearance, exhibiting no discernible
morphological or phenotypical disparities compared to the control plants
(Fig. 5a-d). Notably, only two events produced off-type plants (P20 and
P50), characterized by relatively shorter height and smaller total leaf area.
This observation suggests that the knockout of MusaPUB22/23 alleles pri-
marily led to a consistent and normal growth pattern in most edited events,
with only marginal deviations detected in a few events.

Assessment of disease resistance in pub22/23 edited events

To assess the response of pub22/23 double mutants to the bacterial pathogen
Xvm, twelve edited events, along with wild-type control plants, underwent
evaluation for disease resistance under greenhouse conditions. Upon artifi-
cially challenging with Xvm infection, the wild-type controls exhibited pro-
nounced disease symptoms like drooping, wilting, and necrosis within
22.6 + 6.5 days post inoculation (dpi) with a 100% disease incidence (Table 1).
Subsequently, these symptoms progressed to encompass the entire plant,
culminating in complete wilting within 38 +4.3 dpi (Fig. 6 and Table 1),
confirming their susceptibility to Xvm infection. In contrast, four edited
events (P2, P5, P35, and P50) exhibited complete resistance against Xvm,
displaying no disease symptoms development upon Xvm challenge (Fig. 6
and Table 1). These events showed no growth deformity. In addition, event
P39 demonstrated a substantial 93.3% disease resistance, with the manifes-
tation of disease symptoms confined solely to the inoculated leaf with a very
low disease severity index of 6.6%. The remaining seven events (P1, P6, P20,
P25, P33, and P45) showed partial resistance against Xvm, while one edited
event (P26) exhibited susceptibility similar to the control non-edited event.
The sequencing result of event P26 indicated that not all alleles of Musa-
PUB22 were knocked out. This comprehensive evaluation unveils a spectrum
of disease resistance levels among the edited events, signifying the efficacy of
the pub22/23 mutations in conferring protection against Xvm infection.

Reactive oxidative burst study

To gain insights into the basic mechanism underlying pathogen infection in
the pub22/23 events, a reactive oxidative burst assay was conducted. The
accumulation of hydrogen peroxide (H,O,) was assessed as the signal
molecule released during Xvm-infection and an indicator of programmed
cell death (PCD) phenotype. The five events (P2, P5, P35, P39, and P50)
exhibiting enhanced BXW-resistance were stained with the 3’/diamino-
benzidine (DAB) combined with image analysis of digital leaf photographs
by the Image J program. Upon Xvm infection, the cut leaves of edited plants
displayed more browning compared to wild-type controls (Fig. 7). These
findings suggest that during the Xvm infection, pub22/23 edited events
exhibited PCD associated with H,O, accumulation.
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Assessment of defense-related gene activation in pub22/23
edited events upon Xvm infection

The activation of key defense signaling genes, including Pathogenesis related
protein (PRI), antimicrobial peptide (AMP, Vicilin), Respiratory burst
oxidase homolog A and C (Rboh-A and Rboh-C), Oxidative Signal-
Induciblel (Oxil), MYB family transcription factor 4 (MYB4), Leucine-rich
repeat (LRR), Polyamine oxidase-like and Phosphatidylinositol
4-phosphate 5-kinase 6-like (PPKL) was evaluated in the selected edited
events (P2, P5 and P50) at 12 hpi (Fig. 8). The relative expression of Rboh-A,
Rboh-C, Oxil, and Polyamine oxidase-like genes, pivotal players in plant
pathogen response involving oxidative burst, were higher in the edited
events compared to both Xvm-inoculated and uninoculated wild-type
controls. PRI gene, known for its toxicity to invading bacterial pathogens,
exhibited a remarkable activation, up to 30-70-fold in the edited events. In
addition, other defense genes, PPKL involved in plant defense signaling,
MYB transcription factors crucial for various biological processes, including
responses to plant pathogen attacks, LRR serving as intracellular receptors
for pathogen recognition, and Vicilin as AMPs, were also observed to be
activated in edited events compared to wild-type controls upon Xvm
infection. These findings collectively indicate that the mutation of
MusaPUB22/23 activated the defense signaling genes, resulting in robust
and stable resistance against Xvm.

Discussion

This study delves into the intricate defense mechanisms employed by plants,
mainly focusing on the role of PUB22 and PUB23 in regulating PTT against
pathogens. The study explores the involvement of these genes in banana
immunity against Xvm, the causative agent of BXW. By utilizing the
CRISPR/Cas9 tool, MusaPUB22 and MusaPUB23 were disrupted in the
BXW-susceptible banana cultivar ‘Sukali Ndiizi’, resulting in resistance to
Xvm without compromising growth, a promising avenue for addressing
critical agricultural challenges posed by BXW.

The research findings align with previous studies elucidating the
sophisticated defense mechanisms plants employ against pathogen inva-
sion. Comparative transcriptomic analysis and functional validation high-
lighted the role of MusaPUB22 and MusaPUB23 in the context of BXW
resistance'’. The study revealed the upregulation of these genes in the sus-
ceptible cultivar compared to the BXW-resistant wild-type progenitor,
suggesting their involvement in disease susceptibility, corroborating find-
ings from other plant species like Arabidopsis’. This reinforces the rationale
behind the selection of MusaPUB22/23 for the current study.

The phylogenetic analysis of Musa E3 ubiquitin ligase genes revealed
distinct categorization into seven groups, similar to previous reports from
maize'' and banana'?, with MusaPUB22 and MusaPUB23 classified within
group VII, alongside their homologs from Arabidopsis thaliana. This clas-
sification, coupled with the presence of a U-box domain of 69 amino acids,
points to their role as E3 ubiquitin ligases involved in ubiquitin proteasome-
mediated degradation. This study showed the presence of 144 E3 ubiquitin
ligase genes in M. acuminata and 116 in M. balbisiana; however, a previous
report in banana (M. acuminata) reported only 94 genes'.

The edited pub22/23 banana events demonstrated enhanced resistance
against Xvm infection, similar to the enhanced disease resistance observed in
the triple pub22/23/24 mutants of Arabidopsis”. The pub22/23 banana edited
events showed normal growth parameters, indicating the potential of
MusaPUB22 and MusaPUB23 in immune responses to bacterial pathogens
without compromising plant growth. All BXW-resistant edited events (P2, P5,
P35, P39, P50; Table 1) showed mutations in all alleles of MusaPUB22.
Notably, events P2 and P5, which exhibited knockout of all three alleles in both
MusaPUB22 and MusaPUB23 genes with no WT sequence and no chimer-
ism, were fully resistant to Xvm infection and displayed no growth defects.
However, sequencing of additional clones or deep sequencing could provide
further insight into mutations present in these edited events. Future studies
will focus on assessing the stability of these edited events, including the pre-
sence of mutations and the long-term durability of the disease resistance trait.
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Table 1| Greenhouse evaluation of pub22/23 edited events of banana cultivar ‘Sukali Ndiizi’ for resistance against Xanthomonas

vasicola pv. musacearum (Xvm)

Edited The mean number of days for the The mean number of days for  Disease severity Disease Percent Remark
Events appearance of the first symptoms complete wilting (mean + std)  (mean = std) Severity resistance (%)

(mean + std) Index (%)
P1 30.5+3.5° 45+2.8° 3.3+2.8° 66.6 33.3+£57.7° PR
P2 NS NW 0 0 100*
P5 NS NW 0 0 100*
P6 26.5+3.5° 39.5+4.5° 3.3+2.8° 66.6 33.3+£57.7° PR
P20 23+19.9° 29.6+25.7¢ 3.3+2.8° 66.6 33.3+£57.4° PR
P25 325+0.7% 46.5+0.7% 3.3+2.8° 66.6 33.3+57.7° PR
P26 25.6+2° 40.33+3.8° 5+0¢ 0 0¢ S
P33 28.5+0.7° 39.5+4.5° 3.3+2.8° 66.6 33.3+57.7° PR
P35 NS NW 0* 0 100*
P39 28 +0° NW 0.33+0.57° 6.6 93.3+11.3°
P45 325+4.9° 36.5 + 14.85° 3.3+2.8° 66.6 33.3+£57.7° PR
P50 NS NW 0 0 100* R
C 22,6 £6.5° 38+4.3° 5+0° 100 o¢ S

Data are presented as Mean + Standard deviation. Means with the same letter (a—d) are not significantly different according to the Fisher Test at p < 0.05. NS no initial symptoms, NW no wilting, S

susceptible, PR partial resistance, R resistance.

The results of this study shed light on the molecular mechanisms
underlying disease resistance in the edited banana plants, particularly in
response to Xvm. Upon recognition of PAMPs by PRRs, a cascade of
reactions is triggered, leading to PTT as the first line of plant immunity.
Further analysis revealed a notable enhancement in oxidative burst or
accumulation of H,O, in pub22/23 edited events compared to wild-type
controls upon pathogen infection, indicating an activation of PTL This
observation mirrors findings from pub22/23/24 Arabidopsis mutants, sug-
gesting that the disruption of MusaPUB22 and MusaPUB23 genes enhanced
one of the earliest immune responses, including the generation of ROS as
part of the oxidative burst and hypersensitive response (HR), leading to
programmed cell death”. Gene expression patterns demonstrated the
upregulation of key PTT marker genes in BXW-resistant edited events in
response to pathogen challenge.

Overall, these results demonstrate the role of E3 ubiquitin ligases
MusaPUB22 and MusaPUB23 as negative regulators of plant immunity.
The activation of PTT pathways in pub22/23 edited events contributes to
resistance to BXW disease. The findings advance our understanding of plant
immunity and offer practical avenues for addressing agricultural challenges
such as BXW in banana cultivation. By leveraging CRISPR/Cas9 technology
to enhance disease resistance, this study represents a step towards sustain-
able and resilient agriculture, paving the way for future research in crop
improvement and agricultural sustainability. However, field trials will be
essential to validate these findings since the observed results were in
greenhouse conditions. In addition, because PTI is involved in broad-
spectrum disease resistance, the edited banana plants may also show
resistance to other diseases, such as the devastating Fusarium wilt caused by
Fusarium oxysporum f. sp. cubense Tropical Race 4 (Foc TR4) and black
Sigatoka caused by Mycosphaerella fijiensis. Testing these edited events
against such diseases could further demonstrate their potential for broader
agricultural impact.

Methods

Plant material

The ‘Sukali Ndiizi' banana cultivar, also known as the apple banana, is
widely cultivated in East and Central Africa but is highly susceptible to BXW
disease. Originally classified within the Kamaramasenge subgroup, a
2003 study using flow cytometry and chromosome counts revealed that
‘Sukali Ndiizi” is a triploid cultivar belonging to the AAB genome group'.
For this study, ‘Sukali Ndiizi’ was selected due to its agricultural significance.

As embryogenic cell suspensions (ECS) are preferred explants to
generate gene-edited plants, ECS of ‘Sukali Ndiizi’ were generated using
immature male flowers". The ECS were maintained by regular subculture
every 10-14 days in the liquid callus induction medium (CIM) at 28 +£2°C
on a rotary shaker at 95 rpm in the dark chamber.

Relative expression of MusaPUB transcript in susceptible and
resistant banana

The second fully open leaf of one-month-old in vitro plantlets of the BXW-
susceptible banana cultivar ‘Sukali Ndiizi’ and the BXW-resistant wild-type
progenitor Musa balbisiana were inoculated with Xvm. The inoculated leaf
sample was collected 12 h post-inoculation (hpi). Total RNA was extracted
from the leaves using a Qiagen Plant RNeasy Kit according to the manu-
facturer’s instructions to determine transcript accumulation of MusaPUB22
and MusaPUB23. Subsequently, cDNA was synthesized from 1 pg of total
RNA using LunaScript” RT SuperMix cDNA Synthesis Kit (New England
BioLabs inc, Cat. E3010L) according to the instructions in the user manual.
The ¢cDNA was diluted 10 times, and 5 pl was used for qRT-PCR with
primers PUB22_qPCR_F and PUB22_qPCR_R and PUB23_qPCR_F and
PUB23_qPCR_R (Supplementary Table S1) using SYBR Green Master Mix
(Applied Biosystems; www.lifetechnologies.com). The qRT-PCR analysis
was performed in a QuantStudio5 real-time PCR system (Applied Biosys-
tems, Thermo Fisher Scientific). Musa primers, Musa 25S_F and Musa
255_R (Supplementary Table S1) were used as the internal control. The 2

method was used to calculate the relative gene expression levels'®.

Target gene identification and phylogeny

Protein sequences containing the U-box domain, belonging to the Interpro
protein family IPR003613, were downloaded for five plant species, including
Arabidopsis thaliana, Oryza sativa, Solanum lycopersicum, Musa acumi-
nate, and Musa balbisiana from GreenphlyDB (https://www.greenphyl.org/
cgi-bin/index.cgi). The individual proteins from the pangenome clusters
were retrieved using the mapping files provided under the download section
within GreenphylDB. The PUB protein identifier for the proteins from
Arabidopsis thaliana was obtained from the Arabidopsis Information
Resource (TAIR) database (https://www.arabidopsis.org/). The file pro-
viding the protein IDs and the PUB protein numbers from Arabidopsis are
provided in the supplementary information (Supplementary Table S2). The
protein sequences were aligned using the Clustal Omega multiple sequence
alignment program, and a phylogenetic tree was constructed using the
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Fig. 6 | Greenhouse evaluation of gene-edited events (P2, P5, P35, P39, and P50) and non-edited control plants (C) after inoculation with Xanthomonas vasicola pv.
musacearum (Xvm). Photographs were taken 60 days post-inoculation. The scale bar represents 10 cm.

Fig. 7 | Reactive oxidative burst assay of BXW-resistant pub22/23 edited events of
‘Sukali Ndiizi’. a Reactive oxidative burst assay of pub22/23 edited events and non-
edited control upon infection with Xanthomonas campestris pv. musacearum (Xvm)
followed by diaminobenzidine (DAB) staining. Photomicrographs showing the
difference in browning intensity between the leaves of edited events compared to

200

=
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50

Oxidative burst activity (pixel)

P35 P39 P50 c

Edited events

P2 P5
(b)

non-edited control plants. All images were captured at 300 dpi with a resolution of
2600 x 1595 pixels. Scale bar corresponds to 100 pixels, equivalent to 2.6 cm at the
displayed resolution. b Graphical representation of browning intensity of edited and
non-edited control leaves after Xvm infection, followed by DAB staining. Data were
presented as box-and-whisker plots (1 = 3).

ggtree package in R. The categories in the phylogenetic tree are based on the
categories for the Arabidopsis genes'.

gRNA designing and plasmid construction

Banana homologs of the E3 ubiquitin-protein ligase MusaPUB22 gene
(Ma07_g03320 and Mba07_g3250) sequences and MusaPUB23 gene
(Ma07_g03310 and Mba07_g3220) were downloaded from banana genome
A (Musa acuminata ‘DH-Pahang’ V2) and genome B (Musa balbisiana
‘DH-PKW’ V1.1) through the banana genome hub (http://banana-genome-
hub.southgreen.fr), respectively. To identify the conserved region, the four
gene sequences were aligned using Multalin (http://multalin.toulouse.inra.

fr/multalin/). Two gRNAs were initially designed with an 84 bp spacing
between the canonical cut sites using the Alt-R Custom Cas9 crRNA design
tool (https://eu.idtdna.com/site/order/designtool/index/CRISPR_
CUSTOM). To assess their specificity, the gRNAs were checked for any
potential off-target sites using the Breaking Cas tool (https://bioinfogp.cnb.
csic.es/tools/breakingcas/). The targets for editing in ‘Sukali Ndiizi'were
sequenced to eliminate the potential impact of single-nucleotide poly-
morphisms (SNPs) on gRNA activity. The gRNAs were ordered for
synthesis only after confirming the sequence in the ‘Sukali Ndiizi’ cultivar.

To confirm the conservation of the gRNAs in the cultivar ‘Sukali
Ndiizi’, which may have a different sequence from the reference genome
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(Musa acuminata ‘DH-Pahang’ V2 and Musa balbisiana ‘DH-PKW’ V1.1)
used for initial gRNA design, the target region was sequenced. Primers
flanking the two gRNAs, primers PUB_Seq_F and PUB_Seq_R (Supple-
mentary Table S1, Supplementary Fig. S2a), designed from a highly con-
served region in the U-box, were used to amplify the target region in ‘Sukali
Ndiizi’.

Genomic DNA was extracted from the leaves of the banana cultivar
‘Sukali Ndiizi' using the cetyltrimethylammonium bromide (CTAB)
method"”. The PCR was carried out in a final reaction volume of 20 wl,
comprising 2 pl 10X PCR buffer, 0.4 yl ANTP mix (10 mM), 0.5 ul of 10 mM
of each primer, 0.1 pl Hotstar Taqg DNA polymerase (www.qiagen.com),
1 ul DNA (200 ng/pl), and 15.5 pl nuclease-free water. The PCR program
was 95 °C for 5 min, then 30 cycles of 94 °C for 30 s, 53 °C for 30 s and 72 °C
for 1 min, followed by 72 °C for 7 min. The PCR products were visualized on
a 1% agarose gel and stained with GelRed. The PCR products were then
directly purified (amplicon pool) and sequenced. The sequences were
aligned using SnapGene software (WWW.snapgene.com). No SNPs were
found in the gRNA target regions, confirming the accuracy of the gRNAs.
gRNAI: AGTCAGGATACTGCACTCGG and gRNA2: ACTGTGCCT
GGTGCTCCAAG, with their corresponding reverse sequences, were syn-
thesized as oligos after adding the appropriate adaptors to the 5 end
(Supplementary Table S1), and cloning was performed'®.

Five plasmids were used to produce the multiplexed CRISPR construct:
pYPQI131, pYPQ132, pYPQI42, pYPQ167, and pMDC32. Plasmids
pYPQ131 (Addgene, Plasmid #99886) and pYPQ132 (Addgene, #99889)
are Golden Gate entry vectors for cloning gRNA oligos. Each plasmid
contains the gRNA scaffold, the OsU6 promoter, and the tetracycline-
resistant gene. Plasmid pYPQ142 (Addgene, Plasmid #69294) is a Golden
Gate vector for multiplexing two gRNAs and contains a spectinomycin-
resistant gene. The plasmid pYPQ167 (Addgene, Plasmid #69309) is a
Gateway entry vector carrying a plant codon-optimized Cas9 gene without

promoter and terminator and a spectinomycin resistance gene as a selection
marker.

The synthesized oligos were annealed and inserted into the BsmBI
sites of pYPQI31 and pYPQI32, resulting in pYPQI31_gRNAIl and
pYPQ132_gRNAZ2. The cloning reaction was transformed into E. coli strain
DHb5a and confirmed by sequencing. To assemble both gRNAs together, the
cassette containing the gRNAs, the OsU6 promoter, and terminator from
pYPQ131_gRNAI and pYPQI132_gRNA2 were cloned by Golden Gate
reaction using the Bsal and T4 DNA ligase enzymes into the entry vector
pYPQ142 to yield pYPQ142_gRNA1_gRNA2. The resulting reaction was
confirmed by digestion with Ncol and EcoRI. The correct clone containing
the gRNA sequences with OsU6 promoters, alongside the Cas9 entry vector
pYPQ167, was cloned into the Gateway destination binary vector pMDC32
(Addgene, Plasmid #32078) in a multi-site cloning reaction by LR
clonase™ (Invitrogen, New Zealand) recombination reaction,
resulting in the construct pMDC32_Cas9_MusaPUB. After con-
firmation by restriction digestion with Kpnl, the correct clone was
transformed into Agrobacterium strain EHA105 by electroporation
and selected on LB medium containing kanamycin (50 mg/l) and
rifampicin (25 mg/l). The transformed Agrobacterium was checked
by colony PCR for the presence of the plasmid construct and used for
editing experiments. The plasmid pMDC32_Cas9_MusaPUB con-
tains the hpt gene as an in planta selection marker, the Cas9 gene,
and two gRNAs, each driven by the rice OsU6 promoter.

Generation of the gene-edited events

The gene-edited events were generated by delivering the T-DNA of the
plasmid pMDC32_Cas9_MusaPUB into the ECS of ‘Sukali Ndiizi’ using the
Agrobacterium-mediated transformation system" with minor changes.
Agrobacterium tumefaciens strain EHA105 harboring the construct
pMDC32_Cas9_MusaPUB with a hygromycin selection marker gene was
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used for transformation. The Agro-infected cells were regenerated on a
selective medium containing hygromycin (25 mg/l). The regenerated, edited
events were maintained and multiplied by sub-culturing every 6-8 weeks on
proliferation medium for further analysis.

PCR analysis to confirm the presence of the Cas9 gene
Genomic DNA was extracted from 100 mg of fresh leaf samples collected
from putative edited and wild-type plantlets using the cetyl-
trimethylammonium bromide (CTAB) method"”. The presence of the
transgene in all hygromycin-resistant events was assessed through PCR
analysis, utilizing the primers 35S_F and Cas9_R (refer to Supplementary
Table S1). The PCR was performed in a 20 pl reaction volume comprising of
1 ul genomic DNA (100 ng/ul), 2 pl of 10X PCR buffer, 0.4 ul of ANTP mix
(10 mM), 0.5 pl of 10 mM of each primer, 0.1 pl HotStar Taq polymerase
(www.qiagen.com), and 15.5 pl nuclease-free water. PCR amplification
conditions were initial denaturation step at 95 °C for 5 min, followed by 34
cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension
at 72 °C for 1 min, and final extension at 72 °C for 10 min. After amplifi-
cation, 10 pl of the PCR product was resolved on 1% agarose gel stained with
GelRed.

Detection of edits in transgenic plants

Genomic DNA from the Cas9 positive events and wild-type plants were
used for PCR amplification of the target regions in the MusaPUB22 and
MusaPUB23 genes. A single plantlet of each event was used for cloning. To
differentiate  MusaPUB22 and MusaPUB23 genes, the primer pair
PUB23_Seq_F and PUB_Seq_R was used to amplify the MusaPUB23 gene,
while primers PUB_Seq_F and PUB22_Seq_R were used to target the
MusaPUB22 gene. Due to the higher level of conservation within the region
targeted by the primers PUB_Seq F and PUB22_Seq R, four single
nucleotide polymorphisms (SNPs) at positions 751 (position 1 at 5 of
gRNAL1), 774, 804 and 920 were also considered to differentiate SNPUB22
and SNPUB23 within the target region in ‘Sukali Ndiizi’ (Supplementary
Fig. S2a and S2b).

The PCR was performed following the conditions described
under the gRNA design and plasmid construction section. After
amplification, 10 pl of the PCR product was resolved on a 1% agarose
gel stained with GelRed. Before sequencing, the PCR products were
purified with a QIAquick PCR purification Kit (Qiagen). The purified
products were cloned into pCR™8/GW/TOPO® (Invitrogen) accord-
ing to the manufacturer’s instructions, transformed to DH5a che-
mical competent E. coli cells and selected on LB plates containing
spectinomycin. Ten clones from each transgenic event were Sanger
sequenced using the BigDye Terminator v3.1 sequencing system from
Thermo Fisher. The sequencing reaction was set up as follows: a
reaction mixture containing 2.5 pl of plasmid DNA clone, 1.5 pl of 5X
sequencing buffer, 0.5 ul of Big Dye Terminator, 1l of 10 mM of
specific primers (PUB_Seq_F and PUB22_Seq_R, PUB23_Seq_F and
PUB_Seq_R, Supplementary Table S1), and 4.5ul of nuclease-free
water. The reaction was amplified in a thermal cycler using the fol-
lowing conditions: initial denaturation step at 95°C for 2 min, fol-
lowed by 40 cycles of denaturation at 94°C for 10s, annealing at
50°C for 10s, extension at 60 °C for 4 min, and final extension at
72 °C for 4 min. Following amplification, the sequencing product was
purified, resuspended in 10 pl HiDi" formamide, and sequenced using
an ABI 3130 DNA sequencer (Applied Biosystems, California, USA).
The sequence analysis, including alignments and chromatogram
visualization, was performed in Geneious version 7.1.9 (Auckland,
New zealand) software using the default parameters in the assemble
to reference feature.

Growth analysis of pub22/23 edited events

Twelve gene-edited events were randomly selected to assess their plant
growth. Three replicates of well-rooted plantlets for each independent
edited event, along with the wild-type control, were transferred to sterile soil

in small plastic disposable cups (size 150 ml) and acclimatized for 4 weeks in
a humidity chamber. Following acclimatization, the plants were transi-
tioned to bigger pots (10 liters in size) and grown in the greenhouse under
controlled conditions for a duration of 90 days, maintaining a temperature
range of 25-30 °C".

At the end of the 90-day growth period, various parameters were
recorded, including plant height, pseudostem girth, total number of func-
tional fully opened green leaves, and length and width of the fully developed
second leaf from the top. The total leaf area (TLA) was calculated'>*.

Total leaf area = 0.8 X LX W XN

In which L = Length of the middle leaf, W = width of the middle leaf,
and N = total number of leaves in the plant.

Disease evaluation of pub22/23 edited events under greenhouse
conditions
To assess the resistance to BXW disease, three-month-old plants of 12 edited
events and wild-type control plants were evaluated under greenhouse
conditions. Three replicates of each edited event and control non-edited
plants were injected with 100 pl of the bacterial culture of Xvm (Ugandan
strain) in the midribs of the second fully opened leaf, starting from the top.
The onset of disease symptoms, including leaf drooping, wilting, necrosis,
and complete wilting of plantlets, was diligently recorded over 60 days post-
inoculation (dpi). Disease severity was quantified on a scale of 0-5, where 0
denoted no symptoms, and subsequent ratings reflected increasing levels of
severity: 1 indicated only the inoculated leaf wilting, 2 denoted 2 to 3 leaves
wilting, 3 represented 4 to 5 leaves wilting, 4 signified all leaves wilting but
the plant remaining alive, and 5 indicated the entire plant succumbing to the
disease. The relative resistance of edited events to BXW disease was
calculated”.

DSI (%) = [2 (Disease severity scale) X no. of plants in each scale)/
(total number of plants) X (maximal disease severity scale) X100

Resistance (%) = (Reduction in wilting in event /Proportion of leaves
wilted in control) X 100

Reactive oxidative burst analysis in pub22/23 edited events

To investigate hydrogen peroxide production in edited plants following
Xvm infiltration, a histochemical staining assay using DAB (3,3’-diami-
nobenzidine) solution was performed”*. Fully opened green leaves of six-
weeks-old in vitro plantlets of the edited events and wild-type control
plants were infiltrated with 100 pl of fresh Xvm culture. The infiltrated
leaves were incubated for 12 h post-infection (hpi), after which they were
cut and incubated in DAB solution in 15 ml falcon tubes wrapped with
aluminum foil for 12 h on a shaker (70 rpm) at room temperature. After
incubation, the DAB solution was removed, and samples were washed
with a bleaching solution (ethanol: acetic acid: glycerol in the ratio of 3:1:1)
for 30 min in a water bath at 95 °C to remove chlorophyll. The bleaching
solution was refreshed, and the samples were further incubated for 30 min
at room temperature. Subsequently, the samples were removed from the
bleaching solution, stored in 70% ethanol, and photographed using an
SMZ1500 stereomicroscope (Carlsbad, CA, USA) equipped with a high-
zoom Nikon camera. Image] software (National Institutes of Health,
USA) was employed to analyze the pixel intensity of browning in the
photographs.

Relative expression of defense genes in pub22/23 edited events
One-month-old selected edited events (P2, P5, and P50) and wild-type
control plants were inoculated with a fresh culture of Xvm. Leaf tissues were
collected at 12 hpi. Total RNA was extracted from leaf tissues of three edited
events (P2, P5, and P50) and wild-type plantlets using the Qiagen Plant
RNeasy Kit following the manufacturer’s instructions. Subsequently, cDNA
was synthesized from 1 pg of total RNA using LunaScript” RT SuperMix
cDNA Synthesis Kit (New England BioLabs inc, Cat. E3010L) according to
the instructions in the user manual. The cDNA was diluted 10 times, and

Communications Biology | (2025)8:708

10


http://www.qiagen.com
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08093-w

Article

5 ul was used for qRT-PCR with primers listed in Supplementary Table S1
using SYBR Green Master Mix (Applied Biosystems; www.lifetechnologies.
com). qRT-PCR was performed in a QuantStudio5 real-time PCR system
(Applied Biosystems, Thermo Fisher Scientific) with primers for Patho-
genesis related R protein (PR1), antimicrobial peptide (AMP) (vicilin),
Respiratory burst oxidase homolog A and C (Rboh-A and Rboh-C), Oxi-
dative Signal-Induciblel (Oxil ), MYB family transcription factor 4 (MYB4),
Leucine-rich repeat (LRR), Polyamine oxidase-like and Phosphatidylino-
sitol 4-phosphate 5-kinase 6-like (PPKL) (Supplementary Table S1). For
each sample, three technical replicates were used. Musa primers, Musa
25S_Fand Musa 25S_R (Supplementary Table S1), were used as the internal
control, and normalization was performed using the untreated control. The
relative expression levels of the defense genes were calculated using the 2
method'®.

Statistics and reproducibility
All experiments were conducted with three independent biological repli-
cates, defined as independent experiments performed on different days using
distinct biological samples (e.g., different plants or independently regener-
ated events). Disease evaluation data were collected and analyzed using
Minitab Statistical Software, version 16 (Pennsylvania, USA). Differences in
disease resistance between various edited events and wild-type control were
analyzed using one-way analysis of variance (ANOVA) and means sepa-
rated by Fisher’s Test. Statistical significance was determined at p < 0.05.
Plant growth measurements, qRT-PCR, and reactive oxidative burst
assay results for edited events compared to control non-edited plants were
visualized as boxplots using Minitab. For other experiments where statistical
analysis was not applicable (e.g, molecular confirmation by PCR or
sequencing), reproducibility was ensured by performing at least three inde-
pendent experimental repeats with consistent results. Sample sizes (n) for
each experiment are indicated in the respective figure legends or methods
section. No data were excluded from the analyses. Experimental conditions
were standardized across replicates to ensure consistency and reproducibility.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data that underpin the findings of this study are available within the
manuscript and its supplementary materials. The sequencing data of edited
events are submitted to Zenodo and are publicly accessible at https://doi.
org/10.5281/zenodo.15119408. Numerical source data underlying all
graphs presented in the main figures are provided as supplementary data in
excel file.
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