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Abstract

Xanthomonas campestris pv. musacearum (Xcm) bacteria cause banana Xan-
thomonas wilt (BXW), the most destructive disease of bananas in East and
Central Africa. During early stages of infection in susceptible banana cultivars,
incomplete systemic movement of Xcm limits bacterial colonization in the up-
per organs. The mechanistic basis of this delayed movement is unknown. We
hypothesized that Xcm infection triggers basal pattern-triggered immune (PTI)
responses whose spatial and temporal variability along the banana’s anatomical
structure accounts for initially limiting Xcm in upper organs. Hence, we exam-
ined PTI responses such as callose deposition and hydrogen peroxide (H,O)
production in different organs in response to Xcm infection in BXW-susceptible
Kayinja and Mbwazirume banana cultivars and wild resistant progenitor Musa
balbisiana. Xcm-induced callose increased and peaked at 14 days postinocula-
tion (dpi) and 28 dpi as assessed by fluorescence microscopy and enzyme-linked
immunosorbent assays, respectively. The levels of Xem-induced H,O, and callose
were highest in the pseudostems and corms, respectively, and were independent
of host susceptibility or resistance to BXW. H,O, production showed a biphasic
transient pattern with an initial increase at 1-hour post Xcm inoculation (hpi), fol-
lowed by a decline 3 to 6 hpi and then a second increase by 12 hpi. Our findings
point to organ-specific responses to Xcm infection in bananas. The corm, which
doubles as a subterranean perennating organ and interface between mother
plants and lateral shoots, was the most responsive organ in callose production,
whereas the pseudostem was the most responsive organ in H,O, production,

suggesting the significance of these organs in banana response to BXW.
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Plant—pathogen interactions constitute an evolutionarily old
“arms race” dynamic struggle between pathogens and plants in
which the goal of the host plant is to remain healthy and produc-
tive (Anderson et al. 2010; Jones and Dangl 2006; Wang et al.
2021). In this struggle, plants defend themselves by recognizing
pathogen-associated molecular patterns (PAMPs) such as bacte-
rial flagellin via host-pattern recognition receptors (PRRs) that
trigger a basal defense response called PAMP-triggered immunity
(PTD) (Dodds and Rathjen 2010; Jones and Dangl 2006; Nicaise
et al. 2009). PTI results in a myriad of defense responses such as
oxidative burst, callose deposition, mitogen-activated protein ki-
nase phosphorylation cascades, and transcriptome reprograming
(Altenbach and Robatzek 2007; Moore et al. 2011; Schwessinger
and Zipfel 2008). To overcome PTI response, pathogens se-
crete effectors that interfere with PTI (Dodds and Rathjen 2010;
Jones and Dangl 2006). Plants also have hundreds of R genes
that mainly encode nucleotide-binding and leucine-rich repeat
proteins that recognize and interact with the pathogens’ effec-
tors and activate a more robust defense response called effector-
triggered immunity (ETI) (Jones and Dangl 2006; Dodds and
Rathjen 2010). ETI response is often associated with localized
cell death at the site of pathogen infection called the hypersensi-
tive response that curtails pathogen progression (Jones and Dangl
2006; Nicaise et al. 2009).

During PTI, the production of reactive oxygen species such as
hydrogen peroxide (H,O,) is one of the early, rapid, transient, and
measurable events (Bigeard et al. 2015; Torres et al. 2006). H,O,
performs multiple functions in plant defense against pathogens.
For example, it is involved in direct antimicrobial activities at
the sites of pathogen invasion; cell-wall reinforcement via ligni-
fication and oxidative cross-linking of cell-wall polymers; syn-
thesis of phytoalexins; triggering programmed cell death during
hypersensitive response, which restricts the spread of infection;
signaling the induction and transduction of systemic acquired re-
sistance in distal tissues; and activation of defense genes, and
it is an essential component of the signal transduction cascade
leading to numerous defense responses (Kuzniak and Urbanek
2000; O’Brien et al. 2012; Torres et al. 2006; Wang et al. 2019).
The consequence of PTI prevention of microbial colonization
by enhancing accumulation of callose (a 1,3-B-D-glucan poly-
mer) between the cell wall and the plasma membrane and the
plasmodesmata (Beckman et al. 1982; Cohen et al. 1990; Luna
etal. 2011; Malinovsky et al. 2014; Underwood 2012). Callose is
naturally involved in numerous routine plant biological processes
(Nedukha 2015; PirSelova and Matusikova 2013). However, in-
creased callose deposition in cell walls in response to pathogen
infection prevents further microbial colonization (Beckman et al.
1982; Cohen et al. 1990; Kashyap et al. 2020; Malinovsky et al.
2014; Underwood 2012; Voigt 2014). By slowing pathogen in-
vasion in the attacked tissue, callose deposition allows time for
the induction of additional defense responses.

Studies of PTI in banana (Musa spp.) in response to bacte-
rial pathogen Xanthomonas campestris pv. musacearum (Xcm)
infection are very limited. The xylem-limited Xcm (also recently
redesignated as Xanthomonas vascicola pv. musacearum, Xvim)
(Studholme et al. 2020) is the cause of banana Xanthomonas wilt
(BXW) disease, the most destructive disease of banana in East
and Central Africa (ECA), where the crop supports the liveli-
hoods of more than 70 million people (Abele et al. 2007; Dotto
et al. 2018; FAOSTAT 2017; Nakato et al. 2018; Ocimati et al.
2019; Smith et al. 2008). Symptoms of BXW include progressive
yellowing and wilting of leaves, premature and uneven ripening
of fruits, and creamy yellowish bacterial oozes that appear 5 to
20 min after cutting diseased pseudostems (Smith et al. 2008;
Tushemereirwe et al. 2004). These symptoms develop rapidly,

and the infected plants wither and rot within 3 to 4 weeks under
field conditions (Smith et al. 2008). Banana plants on the same
mat (the mother plant, its lateral shoots, and underground corm)
can all get infected because the Xcm bacteria have sufficient time
to attack all the vital organs, including the underground corm
(Ocimati et al. 2015; Ssekiwoko et al. 2006a).

All cultivated banana varieties grown in ECA are susceptible
to BXW (Ndungo et al. 2006; Ssekiwoko et al. 2006b; Tripathi
et al. 2008). The progenitor of cultivated bananas, the inedible
wild Musa balbisiana, is the only source of resistance against
BXW (Nakato et al. 2019; Ssekiwoko et al. 2006b, 2015). Cur-
rently, the molecular basis of resistance in M. balbisiana is not
known. Considering the technical difficulties associated with in-
trogression of BXW resistance from M. balbisiana into edible
banana via conventional breeding, transgenic technologies are a
more feasible tool to improve banana resistance against BXW
(Tripathi et al. 2016, 2017). Alternatively, because Xcm bacteria
show limited systemic movement even in susceptible genotypes
(Ocimati et al. 2015), cultural methods such as single diseased
stem removal (SDSR) (Kubiriba et al. 2014) could be effective in
the management of BXW. In the SDSR method, diseased plants
are observed early for symptoms and aseptically removed from
the mats by cutting them off at the soil level, which curtails
the bacteria from crossing the corm tissue to attack the lateral
shoots (Blomme et al. 2017; Kubiriba et al. 2014). Indeed, in
the early stages of flower-mediated Xcm infection, the bacte-
ria are restricted to the upper parts of the true stem (Ssekiwoko
et al. 2006a), indicating that some unknown mechanism hinders
bacterial movement. Low bacterial loads in the corm together
with latent Xcm infections were observed and assumed to be the
cause of new BXW incidences in areas where the disease was pre-
viously controlled (Ocimati et al. 2013). Furthermore, Ocimati
et al. (2015) showed incomplete systemic infection of Xcm in ba-
nanas, suggesting some PTI defenses against BXW. According to
Tripathi et al. (2019), Xcm infection in banana could activate both
PTI and ETTI responses. Accordingly, our hypothesis is that Xcm
infection triggers basal PTI responses whose spatial and temporal
variability along the banana’s anatomical structure accounts for
initially restricting Xcm in upper organs.

In this study, we investigated how bananas respond to Xcm
infection under screenhouse conditions with respect to callose
deposition and H,O, production as early measurable events of
PTI. The understanding of these defense responses is vital for
the production of BXW-resistant banana cultivars through either
conventional breeding or genetic engineering technologies.

MATERIALS AND METHODS
Plant materials

This study was approved by the Uganda National Council for
Science and Technology with the reference number NS107ES.
Three banana genotypes, Pisang Awak (known in Uganda, and
hereafter referred to, as Kayinja), Mbwazirume, and Musa bal-
bisiana, were used in this study. Kayinja is a beer banana (triploid
genotype ABB), Mbwazirume is a cooking “matooke” type of the
East African Highland banana (EAHB, triploid AAA-EA), and
M. balbisiana is a wild and inedible banana (diploid genotype
BB). Kayinja and Mbwazirume were selected for their known
susceptibility to BXW, whereas M. balbisiana is resistant to BXW
(Nakato et al. 2019; Ssekiwoko et al. 2006b; Tripathi et al. 2008).
Kayinja and Mbwazirume represent genotypes that are predom-
inantly grown in two contrasting banana cropping systems of
ECA: the less-managed Kayinja-based system common in the



Democratic Republic of Congo, and the highly managed EAHB-
based cropping system common in Uganda (Smith et al. 2008).

Healthy Kayinja, Mbwazirume, and M. balbisiana mother
plants that were used to generate explants for tissue culture
of the experimental plants were obtained from farmers’ fields
in Mbarara, southwestern Uganda. These mother plants were
identified phenotypically using standard procedures at the Na-
tional Agricultural Research Laboratories (NARL) in Kawanda,
Uganda. Voucher specimens for Kayinja, Mbwazirume, and
M. balbisiana were deposited in the Makerere University Herbar-
ium with the deposition numbers ASM001, ASMO002, and
ASMO003, respectively. Plantlets of these genotypes were raised
from the explants through standard tissue culture procedures at
the Tissue Culture Laboratory of the NARL. The plantlets were
weaned at 75% humidity in the humidity chamber for 1 month
and hardened for 1 month before potting for establishment in
a screenhouse. They were maintained in the screenhouse at the
Banana Resource Centre at NARL under regular watering every
3 days at atmospheric temperatures between 18°C and 30°C for
2.5 months prior to inoculation with Xcm.

Isolation and preparation of Xcm inoculum

The Xcm inoculum was isolated from a BXW-infected Kayinja
plant from a banana plantation at Kifu Forest Reserve, Mukono
district, Central Uganda. The presence of Xcm in the plant was
confirmed using a lateral flow device (LFD) (DSMZ, Germany)
according to the manufacturer’s instructions. The pseudostem
was cut into short pieces of 0.5 m and left for 15 to 40 min
to allow the yellowish sap to ooze out of the cut surfaces. The
bacterial ooze was carefully collected into 50-ml falcon tubes,
immediately transferred into a cool box maintained at 4°C and
transported to the laboratory for analysis.

A portion of the fresh yellowish ooze was serially diluted 10-,
100-, 1,000-, 10,000-, and 100,000-fold with sterile distilled wa-
ter, and the rest of the fresh ooze was stored at 4°C. Aliquots
of 100 ul of each of the dilutions were spread onto yeast ex-
tract peptone glucose agar (YPGA) containing 1% (w/v) yeast
extract, 1% (w/v) peptone, 1% (w/v) glucose, and 1.5% (w/v)
agar at pH 7.0 and incubated for 48 h at 28°C as described
by Mwangi et al. (2007). Characteristic Xcm colonies that ap-
peared yellow, mucoid, and circular were sub-cultured further
on a new YPGA medium to obtain pure Xcm colonies (Tripathi
et al. 2007). To confirm whether the isolates were Xcm, DNA
was extracted from the pure colonies using the PureLink genomic
DNA extraction kit (Thermo Fisher Scientific, U.S.A.) following
the manufacturer’s instructions, and PCR was run using Xcm-
specific GspDm-F2/GspDm-R3 primers as described by Adriko
etal. (2012). The PCR product was assessed by agarose gel elec-
trophoresis and thereafter cleaned using the ExoSAP-IT PCR
product cleanup kit (Applied Biosystems) following the manu-
facturer’s instructions. The cleaned PCR product was subjected to
Sanger sequencing reactions using the BigDye Terminator v3.1
cycle sequencing kit (Applied Biosystems) at the DNA sequenc-
ing facility of the Department of Plant Sciences, Microbiology
and Biotechnology, Makerere University, Uganda. The DNA se-
quences generated were compared with the existing DNA se-
quences in the National Center for Biotechnology Information
(NCBI) GenBank using the Basic Local Alignment Search Tool
(BLAST).

Inoculation of banana plants with Xcm

Banana plants at 2.5 months old were used for this study in a
completely randomized design. The bacterial ooze stored at 4°C

was retrieved after 5 days and diluted with sterile distilled water
to ODggo = 2.5 (5 x 103 cells/ml). Experiments were performed
in triplicate and repeated two times with similar results. Using
1-ml sterile syringes (BD Micro-Fine Plus, U.S.A.), 60 plants
of each banana genotype were infiltrated with 200 pl of the
Xcm inoculum (1 x 108 cells) on the dorsal side of leaf petioles
as described by Ssekiwoko et al. (2006b). An additional 60
plants for each genotype were infiltrated with 200 ul of sterile
distilled water and used as controls. Twenty-four plants of each
genotype from the inoculated and control groups were used
to examine callose deposition in the banana tissues using both
fluorescence microscopy and triple antibody sandwich enzyme-
linked immunosorbent assay (TAS-ELISA, hereafter referred
to as ELISA). Additionally, 15 plants of each genotype from
the inoculated and control groups were used for determination
of H,O, production by spectrophotometry and bright-field
microscopy methods. The remaining 21 plants of each genotype
from the inoculated and control groups were left for further
observations of BXW disease development. These plants were
observed daily for 56 days, and the time taken to show initial
BXW symptoms and death of the entire plant were recorded.
About 5 cm? of leaf tissue from the Xcm-inoculated and control
groups were excised aseptically using sterile surgical blades and
tested for Xcm at 0, 1, 2, 7, 14, 28, and 56 days postinoculation
(dpi) by the LFD and PCR methods as described above.

Sampling

Destructive sampling was employed in the collection of sam-
ples from three Xcm-inoculated plants and three controls at 0,
1, 3, 6, and 12 h postinoculation (hpi) for determination of
H,0O; production by both spectrophotometry and bright-field mi-
croscopy methods. Similarly, tissue samples were collected at
0, 1, 2, 7, 14, and 28 dpi from a different set of plants for
determination of callose production by both fluorescence mi-
croscopy and ELISA methods. For fluorescence microscopy,
samples were quickly excised using sterile surgical blades from
pseudostems (5 cm long, longitudinally from the top, where
the pseudostem starts), roots (5 cm long, up to five different
roots), and corms (2 cm wide, sliced longitudinally from the cen-
ter). Samples for bright-field microscopy were collected from
the inoculated leaves (6 cm long, from the leaf apex including
the midrib), in addition to pseudostems and corms as described
above. All the excised tissues were immediately immersed into
formalin-acetic acid-alcohol (FAA) fixative solution, contain-
ing 50% (v/v) ethanol, 5% (v/v) acetic acid, 5% (v/v) forma-
lin, and 40% (v/v) sterile distilled water to preserve, destain,
and arrest any further metabolism in the tissues (Soukup and
Tylova 2014). The tissues were kept in the fixative solution at
room temperature in the laboratory until they were destained
(48 to 72 h).

For the ELISA and spectrophotometry methods, samples were
quickly excised using sterile surgical blades from the inocu-
lated leaves and the pseudostems (6 cm long, longitudinally from
where sampling for fluorescence microscopy and bright-field mi-
croscopy stopped). Sampling of roots (not considered for the
spectrophotometry method) and corms was performed as stated
above for fluorescence microscopy/bright-field microscopy. All
the excised tissues were placed into well-labeled 50-ml falcon
tubes and immediately immersed into liquid nitrogen. The sam-
ples were transported to the laboratory and stored at —80°C until
subsequent processing. Owing to the transient nature of H,O,
in plant tissues (Noctor et al. 2015), all tissues were processed
within 8 to 24 h after collection.



Vacuum infiltration and tissue sectioning

To further process the samples for fluorescence and bright-field
microscopy, the tissues fixed in FAA were vacuum infiltrated for
10 min to remove intercellular air from the tissues as described by
Soukup and Tylova (2014). Vacuum infiltration was done using a
vacuum pump (model COM71/a, Coverco, Italy) connected to a
glass desiccator. The vacuum-infiltrated tissues were recovered,
and up to five sections each of 100-um thickness were made from
each of the plant tissues using a sectioning knife (Dovo, Germany)
and a hand-held microtome (MCTO001, United Scientific Sup-
plies, U.S.A.) as described by Soukup and Tylova (2014).

Staining and microscopy

The sections for determination of callose production were then
stained in the dark for 2 h in freshly prepared 0.01% aniline
blue fluorochrome prepared in 150 mM of KoHPO,4 (Schenk
and Schikora 2015), whereas the sections for determination
of H,O, production were stained using the chromogen 3,3'-
diaminobenzidine (DAB) as described by Daudi and O’Brien
(2012), with a few modifications. The modifications to the DAB-
staining procedure included subjecting the tissues to 8 min instead
of 5 min of vacuum infiltration with DAB; 2 h instead of 4 h of
shaking at 100 rpm; and 300 ul instead of 200 ul of DAB reagent.
These volumes were adjusted to enable better visibility of the
DAB stain under the microscope. The sections were then rinsed
using sterile water until the rinsing water was colorless. The clean
tissue sections were then mounted on glass slides in a droplet of
sterile water. The aniline blue-stained callose and DAB-stained
H,0, were visualized through fluorescence microscopy (using
the DAPI filter at 365 nm excitation and 450 nm emission) and
bright-field microscopy, respectively. All microscopic observa-
tions were done under an AxioScope A1 microscope (Carl-Zeiss,
Oberkochen, Germany). Image acquisition, processing, and man-
agement were conducted using ZEN 2.3 SP1 imaging software
(Carl-Zeiss). Up to four images were captured for each organ at
1,300 x 1,030 resolution in monochrome and color formats. All
images were captured at 100x magnification and then converted
to jpeg format for callose quantification and H,O, localization.

Quantitative determination of callose by the Callosecounter
software

To provide a quantitative estimate of callose observed un-
der the microscope, the images obtained from fluorescence mi-
croscopy were all first converted to 8-bit and saved as TIFF be-
fore batch processing for callose quantification. The multiple
rotational morphological processing program, set up as a Cal-
losecounter plugin for Icy software (Image Analysis Hub, Insti-
tut Pasteur, Paris, France), was used for callose quantification of
the TIFF images as described by Kohari et al. (2016). The cal-
lose particles observed under fluorescence microscope were read
and interpreted as callose particle counts per square millimeter
(counts mm~2) of the tissue sections.

ELISA and quantification of callose

The plant samples stored at —80°C were retrieved in 2 months,
and extraction of callose from the tissues was performed accord-
ing to Kohler et al. (2000) and Khaledi et al. (2018). The cal-
lose extracts were stored at —20°C until further analysis. TAS-
ELISA was used to quantify Xcm-induced callose deposition in
the banana organs contained in the extracts (Anderson and Mc-
Nellis 1998; Engvall and Perlmann 1971; Hosseini et al. 2018;

Van Weemen and Schuurs 1971). The ELISA plates (SARSTEDT
AG & Co. KG, Germany) were prepared by coating wells with
the primary coating antibody (1-3-f-glucan-directed mouse IgG,
Biosupplies Australia). To each well, 100 w1 of the coating anti-
body was added, and the plates were covered with aluminum foil
and incubated overnight at 4°C. The plates were further processed
by standard ELISA blotting and washing procedures (Hosseini
et al. 2018) prior to the addition of test samples.

One-hundred microliters of the callose extracts were added to
the designated wells of the plates in triplicate. Similarly, 100 1
of laminarin standard (Biosupplies Australia) at concentrations
0f 90, 70, 50, 30, 10, 0.9, 0.7, and 0.5 mg/ml was also added to the
designated wells of the plates in quadruplet and used as a stan-
dard for callose quantification (Chen and Kim 2009; Nelson and
Lewis 1974; Rioux et al. 2007; Zhang et al. 2015; Zvyagintseva
et al. 1999). Blanks of 100 wl (prepared by mixing 1 M NaOH
and blocking buffer at a ratio of 1:2) were also added to the
designated wells in quadruplet. The plates were covered and in-
cubated overnight at 4°C. The plates were allowed to warm to
room temperature; blotting and washing of the plates were done
as described above. About 100 ul of diluted secondary antibody
(1-3-B-glucan-directed Mouse IgG, Biosupplies Australia) was
added to the wells. The plates were covered with aluminum foil
and incubated for 4 h at 37°C, after which they were allowed
to cool to room temperature with blotting and washing proce-
dures repeated as described above. About 100 ul of the diluted
detection (conjugated) antibody (anti-Mouse IgG-Alkaline phos-
phatase, Lasec International, South Africa) was added to the wells
(Engvall and Perlmann 1971; Hosseini et al. 2018). The plates
were covered with aluminum foil and incubated overnight at 4°C.
The plates were then allowed to warm to room temperature; blot-
ting and washing of the plates were done as described above.

To quantify callose in the extracts by spectrophotometry, 100 ul
of freshly prepared para-nitrophenyl phosphate (Lasec Interna-
tional) at a concentration of 1 mg/ml was added to the wells and
left to incubate at room temperature (Reen 1994). After 30 min,
the reactions were terminated by addition of 100 ul of freshly
prepared 3 M NaOH (Reen 1994). The plates were transferred
to an iMark Microplate Reader (BIO-RAD, Japan) and shaken at
medium speed for 1 min, and absorbances were read at 405 nm
(Reen 1994). The absorbance readings obtained from the lami-
narin standard (y-axis) and the known laminarin concentrations
(x-axis) were used to plot a standard curve. A simple linear regres-
sion of laminarin absorbance at 405 nm against Log;o of lami-
narin concentration (ug/ml) was performed to obtain the standard
curve, Y = 31X + Bo (Y = callose absorbance at 405 nm, $; =
slope of the regression line, X = Logj( [callose concentration in
ug/ml], and By = Y-intercept). Callose absorbance and concen-
trations were recorded as laminarin equivalents.

Extraction and quantification of H,0,

Hydrogen peroxide was extracted from tissues using a method
described by Patterson et al. (1984). The amount of H,O, in each
of the extracts from the tissues was determined according to Zhou
et al. (2006), with absorbance of extracts measured using a spec-
trophotometer (model Nano Drop OneC U.V/Vis, Thermo Fisher
Scientific) at 240 nm. To determine the actual concentration of
H,0; in the plant extracts, a standard H, O, curve was produced.
Aliquots of 2.5 ml of distilled water were dispensed into five
10-ml falcon tubes. A stock solution of HyO, at 50% (w/v) was
used to prepare serial dilutions. An aliquot of 2.5 ml of 50%
H,0, was dispensed into the first tube containing 2.5 ml of dis-
tilled water and mixed well to make a uniform solution of H,O,.
The stock solution was then serially diluted each time by trans-



ferring 2.5 ml of the solution from the previous dilution into the
subsequent five falcon tubes each containing 2.5 ml of distilled
water. The amount of H, O, in each of the five serial dilutions was
determined against distilled water as a blank, and their respective
absorbance was recorded by a spectrophotometer at 240 nm. Ab-
sorbance values of the serially diluted H,O, were plotted against
their molar concentrations to generate a standard curve describ-
ing the Lambert-Beer relationship between absorbance and molar
concentration (M) (Beer 1852; Lambert 1760), which was used
to calculate the amount of H,O, in the aliquots of the filtrate
extracted from plant tissues.

Data analysis

All data analysis was conducted in R statistical package ver-
sion 3.6.3 (R Core Team 2020). The Shapiro-Wilk normality test
and Levene’s F test were used to check for normality of data dis-
tribution and homogeneity of variances (a = 0.05), respectively.
‘Where normality of distribution and/or homogeneity of variances
was violated, the data were log transformed before analysis of
variance (ANOVA) was performed, and where log transforma-
tions did not solve these violations, Welch’s ANOVA (assuming
unequal variances) was used instead. Data that were normally
distributed and homoscedastic were analyzed using ANOVA at
a = 0.05 followed by Tukey’s post hoc test, whereas data that
violated homogeneity of variance were analyzed using Welch’s
ANOVA followed by the Games-Howell post hoc test (Games and
Howell 1976) to show significant differences between the group
means. Additionally, the fluorescence microscopy and ELISA

Control
Kayinja [\ D

14 dpi

M. balbisiana C

FIGURE 1

data on callose were analyzed through factorial ANOVA to in-
vestigate the effect sizes of treatment, genotype, organ, and time
as well as their interaction on the total variance in callose pro-
duction. Actual values were used for data presentation using Ex-
cel tables and graphs (GraphPad Prism software version 8.0.2,
GraphPad Software, U.S.A.).

RESULTS
Susceptibility of host plants to Xcm and development of BXW

The identity of Xcm isolate collected from the field and used in
this study was confirmed by PCR showing the expected amplicon
size of approximately 265 base pairs (data not shown). The nu-
cleotide sequence of the amplicon when compared with the DNA
sequences in the NCBI database showed 100% identity to Xan-
thomonas campestris pv. musacearum NCPPB 4379 (accession
number CP034655.1).

On inoculation with the Xcm isolate, the plants developed
wilting symptoms at varying rates, with Kayinja plants show-
ing earlier wilting symptoms, followed by Mbwazirume and
M. balbisiana (Fig. 1). The three banana genotypes showed sta-
tistically significant differences in the mean number of days
postinoculation to first appearance of symptoms and death of en-
tire plants (Welch’s ANOVA, F4 13 28) = 3045, P < 0.001,n =21)
(Fig. IM). Symptoms were first characterized by necrosis around
the site of inoculation, followed by drooping of the inoculated
leaves, then widespread chlorosis and necrosis of the inoculated
leaves that spread to all leaves and the pseudostem, and finally,

56 dpi

BXW Disease development
in the three banana genotypes
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Banana Xanthomonas wilt (BXW) disease development in the three banana genotypes. Symptomless plants of non-inoculated Kayinja
(A), Mbwazirume (B), and Musa balbisiana (C) and development of BXW disease symptoms (white arrowheads) in Kayinja (D, G, J),
Mbwazirume (E, H, K), and M. balbisiana (F, I, L) at 14,28, and 56 days postinoculation (dpi) with Xanthomonas campestris pv.
musacearum (Xcm). Localized hypersensitive response was observed in the inoculated leaf of M. balbisiana plants by 14 dpi (F) and
remained symptomless and healthy by 56 dpi (L) compared with Kayinja (top row) and Mbwazirume (middle row), which displayed
systemic wilting or yellowing at 14 dpi and completely dried by 56 dpi. Experiments were performed in triplicate and repeated two times
with similar results. The mean number of days postinoculation to first appearance of BXW symptoms and death of entire plants in
response to Xcm inoculation in the three banana genotypes (Welch’s ANOVA; Fi4 g6) = 2,537, n = 21, P < 0.001) (M). Different letters

indicate significant differences (ANOVA; Welch’s ANOVA,; P < 0.05).
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death of the entire plant (Fig. 1). All inoculated Kayinja and
Mbwazirume plants experienced drooping of the Xcm-inoculated
leaves as early as 11 and 14 dpi, respectively (Fig. 1M). Further
systemic spread of BXW disease symptoms and death of the en-
tire plants for Kayinja and Mbwazirume were observed at 30 and
39 dpi, respectively (Fig. 1M). On the contrary, only 4 out of
21 M. balbisiana plants experienced drooping of the inoculated
leaves by 21 dpi, with no systemic disease progression observed;
later, the four plants recovered and were asymptomatic, like the
control plants (Fig. 1). At 7 dpi, the leaves of the Xcm-inoculated
Kayinja and Mbwazirume plants tested positive for Xcm using
LFDs and PCR, and at 14 dpi, the leaves of M. balbisiana tested
positive for Xcm. However, at the termination of the experiment,
56 dpi, M. balbisiana tested negative for Xcm, similar to the con-
trol plants (Table 1).

Variations in callose production due to Xcm inoculation

For callose quantification by fluorescence microscopy, the
method developed by Kohari et al. (2016) was used, whereas
the standard curve of laminarin absorbance at 405 nm against
known laminarin concentrations (Y = 0.5079*X — 0.04534,
r=0.9988, ¥ = 0.9975, Fa,7) = 2845, P < 0.001) was used to
compute the unknown callose concentrations from the obtained
callose absorbance at 405 nm (Supplementary Fig. S1A).

Treatment of the three banana genotypes with Xcm revealed
significant variation in callose production between the Xcm-
inoculated plants and the control plants by both fluorescence
microscopy (ANOVA, F(j 286y = 9.43, P = 0.0023) and ELISA
detection (Welch’s ANOVA, F( 1062y = 25.75, P < 0.001)
(Table 2, Fig. 2, Supplementary Fig. S2A and B). Although there
was also a general increase in callose in the controls, the amounts
were consistently lower than those in the inoculated plants (Table
2, Fig. 2, Supplementary Fig. S2A and B). Additionally, inocula-
tion of the plants with Xcm accounted for 3.2% of total variance in
callose production as detected by fluorescence microscopy (fac-
torial ANOVA, F(1216) = 1024.11, P < 0.001) or 0.7% of the
total variance as detected by ELISA (factorial ANOVA, F(1,1046)
=2228.38, P < 0.001) (Table 3).

Variations in callose production between the three banana
genotypes

Interestingly, this study revealed significant variation in cal-
lose production between the three banana genotypes when ana-
lyzed by fluorescence microscopy (ANOVA, F(2 285y =3.049, P =

TABLE 1

Presence (+) or absence (-) of Xanthomonas campestris pv. musacearum
(Xcm) in the leaves of the Xcm-inoculated and control plants as detected by
lateral flow devices and PCR*

Time (dpi) Kayinja Mbwazirume Musa balbisiana Controls
0 _ _ _ _
1 _ _ — _
2 _ _ - _
7 + + - -
14 + + + -
28 + + + -
35 na na + -
42 na na + -
49 na na + -
56 na na - -

“ The experimental plants had completely wilted, and testing of the plants by
lateral flow device and PCR was not performed. na = not applicable.

0.049) but not by the ELISA detection method (ANOVA, F(2,1175)
= 1.30, P = 0.273) (Table 2, Supplementary Fig. S2A and B).
The trend of callose production in the three genotypes was con-
sistent when fluorescence microscopy was used for callose quan-
tification, consistently showing the highest callose production
in M. balbisiana, followed by Mbwazirume and, lastly, Kayinja
(Fig. 2). However, partial eta squared (n?) showed that geno-
type only accounted for 2.1% and 0.2% (effect size) of the total
variance in the observed callose production by fluorescence mi-
croscopy and ELISA, respectively (factorial ANOVA, P < 0.001)
(Table 3).
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Callose production in pseudostems (A and B), corms (C and D),
leaves (E), and roots (F) of Xanthomonas campestris pv.
musacearum (Xcm)-inoculated and control banana genotypes at
0,2,7,14,and 28 days postinoculation (dpi) as assessed by
fluorescence microscopy (A and C) and ELISA (B, D, E, and F).
Significant variability (P < 0.001) in callose production in
Xcm-inoculated plants was observed between the genotypes
(fluorescence microscopy), treatments, organs, and time (dpi)
(Welch’s ANOVA, P < 0.05), whereas no significant difference
was observed between the genotypes as assessed by the ELISA
method (P > 0.05; Table 2). Experiments were performed in
triplicate and repeated two times, generating consistent results.



Variations in callose production between organs of different
banana genotypes

Callose deposits were consistently observed as densely packed
white fluorescing particles in the corm compared with few par-
ticles in the pseudostem (Fig. 3). Surprisingly, using the ELISA
method, callose was also detected in the roots, even though no
fluorescing callose particles had been observed in the roots by
the fluorescence microscopy method (Table 2, Figs. 2 and 3,
Supplementary Fig. S2). Therefore, for further analysis of flu-
orescence microscopy data, the root tissues were not considered.
This study revealed significant differences in callose deposition
in the banana organs by both fluorescence microscopy (Welch’s
ANOVA, F(1242.56) = 853.07, P < 0.001) and the ELISA detec-
tion method (Welch’s ANOVA, F 3 54250y = 1636.80, P < 0.001),
with the corm producing 2- to 4-fold more callose deposition
than roots, pseudostems, and leaves (Table 2, Supplementary Fig.
S2A and B). Quite interestingly, organs accounted for 74.9%
of the total variance in callose production as observed by flu-
orescence microscopy (factorial ANOVA, F(j 216 = 24027.78,

P < 2.2 x 107!6; Table 3). The same observations were made
using ELISA detection, in which up to 79.3% of total variance
in callose production was accounted for by the organs (factorial
ANOVA, F(3,1046) = 8977953, P<22x 10716, Table 3)

Effect of Xcm inoculation over time on callose production

This study showed that callose production was significantly
different across the different time points when assessed by
fluorescence microscopy (Welch’s ANOVA, F(s131.23) = 8.83,
P < 0.001). Significant differences in callose production across
the sampling time points were also obtained when the ELISA
method was used for callose quantification (Welch’s ANOVA,
Fi5,506.58) = 55.62, P < 0.001) (Table 2). Interestingly, corms and
pseudostems in all genotypes showed presence of constitutive cal-
lose at O dpi prior to Xcm inoculation (Table 2, Fig. 2, Supplemen-
tary Fig. S2A and B). Observations at 0 dpi by the fluorescence
microscopy method indicated the presence of constitutive cal-
lose in the pseudostems and corms in the range of 12.20 to 13.22
and 35.91 to 38.31 particles mm™2, respectively (Fig. 2A and C,

TABLE 2

Quantification of callose production in the three banana genotypes inoculated with Xanthomonas campestris pv. musacearum (Xcm)*

Callose quantification by fluorescence microscopy (particles per mm?)

Callose quantification by ELISA (ug/ml)

Factors Df,;,Df» F P Factor levels N X + SEM Df,;,Df>» F P Factor levels N X + SEM
Genotype 2,285 3.049 0.049 Kayinja 96 29.74+146a 2,1175 1.30 0.273 Kayinja 403 2.64 +0.07
Mbwazirume 96 31.88 £ 1.59 ab Mbwazirume 383 2.81 £ 0.08
Musa balbisiana 96 3542 +1.85b M. balbisiana 392 2.77 +0.08
Treatment 1,286 9.43 0.0023 Control 144 29.46 £1.22 1,1062 25.75 T<0.001 Control 643 2.53 +£0.06
Xcm 144 3524 +£1.44 Xcm 535 2.99 +0.07
Organ 1,242.56 853.07 T<0.001 Pseudostems 144 18.34 +0.51 3,542.52 1,636.80 T<0.001 Pseudostems 300 2.42+0.04b
Corms 144 46.35 £ 0.81 Corms 262 5.06 £0.07d
Leaves N/A N/A Leaves 330 1.16 £ 0.01a
Roots N/A N/A Roots 286 2.76 +0.03 ¢
Time (dpi) 5,131.23 8.83 T<0.001 0 48 2492+ 180a 5,506.58 55.62 T<0.001 0 111 1.78 +£0.08 a
1 48 26.15+185a 1 243 2.03 £ 0.07 ab
2 48 29.10 £ 2.24 ab 2 235 2.40+0.08b
7 48 3541 +2.22bc 7 204 2.95+0.10c
14 48 3927 +2.54c¢ 14 197 3.424+0.13d
28 48 39.23+243c¢ 28 188 3.70 £0.14d

Z Means at each factor level followed by different letters indicate significant differences (ANOVA or Welch’s ANOVA, P < 0.05). The symbol T indicates
Welch’s ANOVA. For data that violated Levene’s test for homogeneity of variance, Welch’s ANOVA was used. Data are shown as mean = standard error of
the mean. Experiments were performed in triplicate and repeated two times with similar results.

TABLE 3

Main and interaction effect sizes of the different independent factors on callose production in the three banana genotypes inoculated with Xanthomonas
campestris pv. musacearum (Xcm)

Callose detection by fluorescence microscopy

Callose detection by ELISA method

Factors Df; F P Partial eta squared (nzp) Df; F P Partial eta squared (nzp)
Genotype (G) 2 336.02 <0.001 0.021 2 300.85 <0.001 0.002
Organ (O) 1 24,027.78 <0.001 0.749 3 89,779.5 <0.001 0.793
Time (Ti) 5 853.44 <0.001 0.133 5 9,363.88 <0.001 0.138
Treatment (Tr) 1 1,024.11 <0.001 0.032 1 2,228.38 <0.001 0.007
GxO0 2 70.21 <0.001 0.004 6 107.17 <0.001 0.002
GxTi 10 17.31 <0.001 0.005 10 39.33 <0.001 0.001
O xTi 5 52.69 <0.001 0.008 15 1,016.87 <0.001 0.045
G x Tr 2 188.36 <0.001 0.012 2 11.33 <0.001 0
OxTi 1 9.63 0.022 0 3 213.12 <0.001 0.002
Ti x Tr 5 113.18 <0.001 0.018 4 26.71 <0.001 0
G x O xTi 10 9.84 <0.001 0.003 30 20.82 <0.001 0.002
GxO0OxTr 2 30.54 <0.001 0.002 6 27.42 <0.001 0
G xTixTr 10 12.31 <0.001 0.004 8 32.2 <0.001 0.001
O xTixTr 5 2.86 0.016 0 12 50.21 <0.001 0.002
GxOxTixTr 10 5.01 <0.001 0.002 24 29.16 <0.001 0.002
Residuals (Df,) 216 0.007 1,046 0.003




Supplementary Fig. S2A). The ELISA method indicated consti-
tutive callose production in the leaves, pseudostems, corms, and
roots in the range of 6.87 to 2132 ug/ml (Fig. 2B and D to F,
Supplementary Fig. S2B). On Xcm inoculation, callose produc-
tion increased significantly (P < 0.001), rapidly reaching a max-
imum of 17.36 to 34.85 and 47.64 to 73.31 particles mm™2 at
14 dpi in the pseudostems and corms, respectively, as analyzed
by fluorescence microscopy (Fig. 2A and C).

On the contrary, the ELISA data showed a slow increase in
callose in the pseudostems as compared with the corms to a max-
imum of 555.86 to 6,540.30 and 1,778,609.36 to 8,673,866.36
ug/ml at 28 dpi for the pseudostems and corms, respectively
(Fig. 2B and D). The leaves and roots analyzed by ELISA showed
a similar trend to that of the pseudostems and corms (Fig. 2E
and F). In all cases, an initial increase in callose lasted for and
peaked at 7 to 14 dpi, followed by a negligible increase observed
at 28 dpi (Fig. 2A to F).

Callose production attained statistically significant levels at
7 dpi as compared with 0 and 1 dpi but not 2 dpi and further
increased, although not significantly, at 14 dpi and remained
not significantly different until 28 dpi (Table 1, Supplementary
Fig. S2A). According to ELISA, there was significant callose
production at 2 dpi as compared with O dpi, which increased sig-
nificantly at 7 and 14 dpi and remained unchanged up to 28 dpi
(Table 2, Supplementary Fig. S2B). ELISA showed a slow in-
crease in callose from O to 14 dpi, followed by a sharp increase
up to 28 dpi, an exception being the slow decline in the pseu-
dostems (7 to 28 dpi) and a sharp decline in the corms (14 to
28 dpi) of Kayinja (Fig. 2B and D).

Interestingly, partial eta squared (n?) showed that time ac-
counted for 13.3 and 13.8% of total variance in callose produc-

M. balbisiana

Control Xcm-inoculated Control

Corms Pseudostems

Roots

FIGURE 3

Mbwazirume

tion as detected by fluorescence microscopy (factorial ANOVA,
F5216) = 853.44, P < 0.001) and ELISA (factorial ANOVA,
Fs216) = 9363.88, P < 0.001), respectively (Table 3).

Interaction effects between treatment, genotype, organ, and
time on callose production

The interactions between all experimental variables showed
statistically significant effects on callose production by fluores-
cence microscopy (P =1.5 x 107%)and ELISA (P=2.2 x 107'6)
(Table 4). However, certain interactions contributed no variance
(0.0%) in callose production, such as organ x treatment, organ
X time x treatment (fluorescence microscopy), and genotype
X treatment, time X treatment, genotype X organ X treatment
(ELISA). Organ x time yielded the highest interaction effect by
contributing to 4.5% of the total variance in callose detection
by ELISA. Additionally, organ and time, which had the highest
single-factor effects of 79.3 and 13.8%, respectively, had a 4.5%
effect due to their interaction (factorial ANOVA, Table 4). In
contrast, fluorescence microscopy data showed that the time x
treatment interaction contributed the highest interaction effect
of 1.8% of the total variance in callose production (factorial
ANOVA, Table 4).

Histolocalization of H,0; in Xcm-inoculated banana tissues

We investigated whether Kayinja and Mbwazirume differ in
terms of H, O, production in response to Xcm infection by stain-
ing tissues with DAB. Tissue sections from Xcm-inoculated plants

Kayinja

Xcm Xcm-inoculated

-inoculated

=

Callose deposition in different banana genotypes in response to Xanthomonas campestris pv. musacearum (Xcm) infection. Callose
deposition (white fluorescing particles shown by the red arrowheads) at 14 days postinoculation obtained by fluorescence microscopy
of aniline blue-stained sections of pseudostems (A to F), corms (G to L), and roots (M to R) in the three banana genotypes. Callose
was consistently detected in pseudostems (A to F) and corms (G to L) but not in roots (M to R). Callose deposition was greater in
Xcm-inoculated plants than in control plants. All images were taken at 100 x magnification using an AxioScope microscope (Carl-Zeiss,
Oberkochen, Germany). Scale bar represents 200 um. Experiments were performed in triplicate and repeated two times with similar

results (ANOVA, n = 16, P < 0.05).
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showed a relatively dense DAB stain compared with controls
(Fig. 4), with the exception of pseudostems of Kayinja and corms
of both Kayinja and Mbwazirume, which showed DAB stain in
controls (Fig. 4B, C, and O). There was a tendency of the DAB
stain to accumulate in patches within areas surrounding vascular
tissues of the pseudostems and leaves (Fig. 4D, E, G, H and P,
Q, V, W). In contrast, the corms showed the presence of stains in
the form of vesicle-like structures that were randomly distributed
across the corm tissue (Fig. 4C, F, I and O, R, U). There were
only slight and subtle differences in intensity and frequency of
the DAB stain between tissues over time after infection with Xcm.
For example, although tissues at 6 hpi showed a consistent DAB
stain across all tissues (Fig. 4G to I and S to U), this was not the
case at the other time points.

Variations in H,0, production in Xcm-inoculated banana
tissues

Our study showed that H,O, concentrations varied signif-
icantly between Xcm-inoculated and control plants (Welch’s
ANOVA, F(1’125A13) = 748, P = 0007) (Table 4, Flg 5, Sup—
plementary Fig. S2C). Additionally, H,O, concentration varied
significantly between the different organs, with the pseudostem
producing the highest H,O, as compared with the leaves and
corms (Welch’s ANOVA, F(2,104.59) = 3.88, P = 0.024) (Table 4,
Fig. 5, Supplementary Fig. S2C). The ANOVA results also show
that H,O, production significantly varied across the sampling
time points (Welch’s ANOVA, Fs6.158) = 25.94, P < 0.001)
(Table 4, Fig. 5, Supplementary Fig. S2C). In studied tissues of
both genotypes, there was an initial transient spike in H,O, ob-
served at 1 hpi, followed by a decline at 3 to 6 hpi, and then
another increase detected at 12 hpi (Fig. 5). There was a biphasic
H,0; production in the tissues of Xcm-inoculated plants, which
yielded a peak of 10.21 to 18.92 mol/liter at 1 hpi, followed by a
decrease to 2.44 to 4.81 mol/liter at 6 hpi and a further increase of
5.71 to 15.42 at 12 hpi. Constitutive and differential production
of H,0; in the banana tissues at 0 hpi varied between 1.12 and
6.77 mol/liter, with the highest constitutive H,O, production ob-
served in the pseudostem tissues and lowest in the corm tissues
(Fig. 5). Control plants generally showed constant production of
H,0; in all the tissues between 3 and 12 hpi. These results also
show that there was no significant difference in H,O, production
between the genotypes studied (ANOVA, F 173y = 0.08, P =
0.779) (Table 4, Supplementary Fig. S2C).

DISCUSSION

Xcm infection in banana stimulates production of callose and
H,0,

In this study, we examined the Xcm-mediated callose deposi-
tion and H,O, production as early defense signals in BXW and
demonstrated for the first time striking variations between vege-
tative organs of the banana plants. Furthermore, these differences
were independent of resistant or susceptible genotypes. A previ-
ous study showed that resistance to BXW in M. balbisiana is not
due to hypersensitive response, systemic acquired resistance, or
induced systemic resistance (Ssekiwoko et al. 2015). However,
another study showed that Xcm-mediated upregulation of biotic
stress-related genes was higher in M. balbisiana than in the BXW-
susceptible Kayinja (Tripathi et al. 2019), indicating activation of
both PTT and ETI. Our findings described here show that callose
and H,0, are physiological signatures of PTI in banana—Xcm
interaction.

Callose was present in banana tissues prior to inoculation
because besides plant immunity, callose is widely distributed
naturally and participates in numerous biological processes
in plants, such as development and plasmodesmata function
(Nedukha 2015; PirSelova et al. 2012; Schneider et al. 2016). The
increase in Xcm-mediated callose deposition suggests the central
significance of callose in defense against Xcm in bananas. Simi-
larly, a rapid increase in H,O, suggests an oxidative burst as one
of the earliest responses in banana defense against Xcm. Previ-
ous studies in bananas (e.g., De Ascensao and Dubery 2000; Van
Den Berg et al. 2007) reported no change in callose deposition in
either tolerant banana cv. Goldfinger or susceptible cv. Williams
challenged with Fusarium oxysporum f. sp. cubense. Instead,
tolerance was associated with induction of cell wall-associated
phenolic compounds (De Ascensao and Dubery 2000; Van Den
Berg et al. 2007). In contrast, callose is required for resistance
to X. campestris pv. campestris, and xanthan induces suscepti-
bility in Nicotiana benthamiana and Arabidopsis by suppressing
the callose deposition (Yun et al. 2006). In pepper, strong accu-
mulation of callose and H,O, was detected upon infection with
X. campestris pv. vesicatoria (Xcv) deficient in XopB type-3 ef-
fector protein that is known to interfere with these responses
(Priller et al. 2016; Ustiin et al. 2013). Furthermore, X. citri
pv. citri, using its HrpE protein (which is a component of the
type III secretion system), triggers defense responses in host and

TABLE 4

Hydrogen peroxide quantification by spectrophotometry in moles per liter in the two banana genotypes inoculated with Xanthomonas campestris pv.
musacearum (Xcm)*

Factors Df;,Df, F P Factor levels N X + SEM
Genotype 1,178 0.08 0.779 Kayinja 90 7.81 £0.41
Mbwazirume 90 7.65 + 0.39
Treatment 1,125.13 7.48 T0.007 Control 90 6.98 +0.23
Xem 90 8.48 +0.50
Organ 2,104.59 3.88 T0.024 Leaves 60 729£025a
Pseudostems 60 8.57+0.39b
Corms 60 7.33 £0.69 a
Time (hpi) 4,86.158 25.94 T<0.001 0 36 5.02+046a
1 36 11.79 £ 0.68 ¢
3 36 7.89 +£0.39b
6 36 548 +031a
12 36 8.46 +0.50b

“ Means at each factor level followed by different letters indicate significant differences (ANOVA or Welch’s ANOVA, P < 0.05). The symbol T indicates
Welch’s ANOVA. For data that violated Levene’s test for homogeneity of variance, Welch’s ANOVA was used. Data are shown as mean =+ standard error of
the mean. Experiments were performed in triplicate and repeated two times with similar results.



non-host plants that include callose deposition, H,O, production,
and other responses (Gottig et al. 2018). The drop in H,O, pro-
duction shown in our study at 6 hpi could be explained by the
activity of HO,-scavenging enzymes such as superoxide dismu-
tase, ascorbate peroxidase, and catalase (Gambino et al. 2013;
Kreslavski et al. 2013). The biphasic HO, production observed
in our study was similar to Cui et al. (2019), in which H,O, was
produced in a biphasic manner in the xylem tissues of wounded
Dalbergia odorifera stems, with the first peak at 2 hpi, followed
by a drop at 6 hpi, a second peak at 12 hpi, and then a further
drop at 24 hpi. Similarly, Edreva et al. (2015) observed a biphasic
production of H,O, in UV-B-irradiated cell suspension cultures
of the green microalga Chlorella vulgaris, with the first peak at
30 min and second peak at 4 h post exposure. They propose that
the first peak could have signal functions, whereas the second one
that is longer and more sustained could play a vital role in initia-
tion of programmed cell death (Edreva et al. 2015). Biphasic pro-
duction of H,O; in plant defense against biotic and abiotic stress
have also been reported elsewhere (Castro et al. 2021; Pellegrini
etal. 2013; Wietal. 2012). Callose production peaking at between
14 and 28 dpi followed by a progressive decline in the different
organs is consistent with the time needed for appearance of BXW
symptoms at 11 to 21 dpi as observed under this study and previ-
ously under field conditions (Smith et al. 2008; Tushemereirwe
et al. 2004), suggesting possible correlations between onset of
symptoms and decline in callose production. Similarly, decline

Control |

1-hpi

6-hpi

12-hpi

FIGURE 4

in callose depositions coinciding with the onset of symptoms was
previously observed in pepper infected with Xcv (Priller et al.
2016) and tomato infected with Pseudomonas syringae (Popov
et al. 2016).

Vegetative organs of banana vary in their Xem-mediated
responses

The banana organs showed differences in responses to infec-
tion, suggesting variable abilities of different organs in banana
response to Xcm. This was surprising because pathogen-induced
callose deposition is known to be localized to callosic papil-
lae, providing strategic structural defense against pathogens and
providing targeted delivery of chemical defenses at the sites of
pathogen attack (Chowdhury et al. 2014; Ellinger and Voigt 2014;
Kashyap et al. 2020; Schneider et al. 2016). Similarly, H,O, ac-
tivates antimicrobial defenses at or near sites of infection, stimu-
lating hypersensitive response to limit pathogens to the infection
site (Bigeard et al. 2015; Jambunathan 2010; Torres et al. 2006).
We therefore anticipated the highest callose deposition in the
aerial banana organs, such as leaves and pseudostems, because
Xcm naturally gains entry via the aerial tissues. However, this
was not the case. Our results showed the highest Xcm-mediated
callose in corms, indicating that the corm could be the main organ
of Xcm-mediated callose-based defenses. In contrast, the high-
est Xcm-mediated H,O, was shown in the pseudostem. These

Mbwazirume

Pseudostem Corm

Hydrogen peroxide (H2,O;) production observed by 3,3’-diaminobenzidine (DAB) staining and visualization of the yellow-orange

precipitate by microscopy in banana tissues (leaf, pseudostem, and corm) of Kayinja and Mbwazirume genotypes following inoculation
with Xcm. Non-inoculated control samples (top row, A to C and M to O) and 1, 6, and 12 h postinoculation (rows 2 to 4) are shown. The
brown precipitate from DAB staining accumulated in patches near vascular tissues of leaves (D to E and G to H) and pseudostems (P
to Q and V to W) compared with randomly distributed vesicle-like structures across the corm tissue (C, F, | and O, R, U). All images are
of 50x magnification and were taken using a Zeiss-Axiocam digital camera, mounted on an AxioScope microscope (Carl-Zeiss,
Oberkochen, Germany). Experiments were performed in triplicate and repeated two times, generating consistent results.
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findings suggest organ-based defense responses against Xcm or
organ-specific determinants of resistance/susceptibility similar to
what was previously observed in other pathosystems (Chuberre
et al. 2018; Lyons et al. 2015; Park and Ryu 2015; Song et al.
2016; Strugala et al. 2015). For example, defense mechanisms
against some pathogenic fungi differ in the roots and leaves of the
same plant (Heath 1991; Jansen et al. 2006; Strugala et al. 2015).
In maize, roots show a stronger defense response than leaves
on shoot inoculation with Colletotrichum graminicola (Balmer
et al. 2013). Similarly, strong differences in callose expression
and callose synthase activities were observed in stem, leaf blade,
and spike tissues of wheat, suggesting organ-specific expression
patterns (Voigt et al. 2006). Leaves and tubers of potato (Solanum
tuberosum) activate contrasting defense responses in terms of re-
active oxygen species production and activation of defense genes
following treatments with Phytophthora PAMP Pep-25 or bacte-
rial PAMP flg22, indicating organ-specific responses to PAMPs
(Lacaze and Joly 2022). Although most of these organ-specific
defenses are in response to phytopathogenic fungi and in rela-
tively smaller plants compared with bananas, it seems reason-
able that organ-specific responses observed in the current study
are more of a rule than an exception.

The corm is essential in Xcm-mediated responses in banana

The banana corm is a subterranean modified stem, provides
attachment for the roots, and serves as an organ of perenna-
tion supporting vegetative and perennial continuity of the crop
across seasons. In this sense, its active participation ensuring a
disease-free next generation should be a relevant feature. Plants
on the same “mat” are anatomically connected with each other
via the corm (Robinson and Galdn Satico 2010; Skutch 1932) in
which Xcm-mediated defenses under this study could be viewed
as a form a “mother-to-offspring” transmission bottleneck against
Xcm into lateral shoots. Generally, growth and developmental
programs of plants are constrained by trade-offs with defense
against pathogens depending on what is most essential at a given
time (Huot et al. 2014; Karasov et al. 2017; Smakowska et al.
2016). Therefore, a BXW-infested mother plant on the corm

A Leaves B

Molar H,0, concentrations
Molar H,0, concentrations

Pseudostems C

might be sacrificed at the expense of Xcm-mediated defense for
healthy or latently infected lateral shoots. As such, incomplete
systemic movement of Xcm in mats coupled with a gradual de-
cline of bacterial load in subsequent generations to levels that can-
not initiate (or take very long, 5 to 16 months to initiate) disease
have been observed (Ocimati et al. 2013, 2015). We observed the
characteristic orange-yellowish bacterial ooze from the cut sur-
faces of corms of inoculated plants of Kayinja and Mbwazirume
(data not shown) but did not test for Xcm in those tissues. Our
expectation is that bacterial invasion into the corm should be rel-
atively low because of leaf- and pseudostem-based defense bar-
riers mounted prior to entry into the corm. Additionally, mother
banana plants can be 3 to 6 m tall (Robinson and Galdn Satico
2010; Skutch 1932); the distal location of the corm with respect to
leaves as entry points for the bacteria could provide an “anatomi-
cal leverage” for the plant to assemble defenses in the corm and/or
escape the infection of the lateral shoots. Previously, no diseased
plants were observed in corm-inoculated Mbwazirume plants,
and for Kayinja, only 1 to 15% of mild symptom incidences were
observed along the true stem and fruit of some plants (Nakato et al.
2014). This study found no significant differences between the
control and the corm inoculation for all symptoms compared with
inoculations made in other tissues. In contrast, flower-inoculated
plants show fast Xcm movement through the true stem to the leaf
sheaths and corm of the mother plants and from where the bacte-
ria invade the corm and the pseudostem of the attached suckers
(Ssekiwoko et al. 2006a). It is plausible that the Xcm-mediated
defenses observed in our study promote attenuation of Xcm pro-
gression from leaves, which constrains bacterial entry from the
pseudostem into younger lateral shoots via the corm; hence, the
entire plant in susceptible varieties is sacrificed at the expense
of the lateral shoots on the same mat. Whether faster disease
development and/or defense responses could arise from flower
rather than leaf inoculations of Xcm in bananas is an interesting
future topic to study. Thus, in early stages of infection, the bac-
teria are restricted to the upper parts of the true stem (Ssekiwoko
etal. 2006a) (and pseudostem), and these enable successful SDSR
for BXW management in which diseased banana stems are asep-
tically removed at the soil (or corm) level immediately after ob-
servation of leaf or fruit symptoms (Kubiriba et al. 2014).

Corms

- Mbwazirume, Xcm-inoculated
20 —— Kayinja, Xcm-inoculated

-0- Mbwazirume, control

4~ Kayinja, control

Molar H,0, concentrations

4

6
Time (hpi)
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Time (hpi)
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FIGURE 5

Quantitative variation in mean concentration of hydrogen peroxide (H2O2) (umol/liter) in the leaf (A), pseudostem (B), and corm (C)
tissues of Xanthomonas campestris pv. musacearum (Xcm)-inoculated and control plants of Kayinja and Mbwazirume as assessed
between 0 and 12 h postinoculation (hpi). All tissues showed an initial transient spike in H,O, at 1 hpi, followed by a decline at 3 to 6
hpi and a second spike at 12 hpi. Differences between treatments, organs, and time points were significant (P < 0.01), whereas they
were not significant between genotypes (P > 0.05) (Table 4). Experiments were performed in triplicate and repeated two times,
generating consistent results.



Xcm-mediated callose and H,0, alone do not account for
resistance to BXW

Although all the banana genotypes grown in ECA are suscep-
tible and succumb to BXW once infected (Nakato et al. 2019;
Ssekiwoko et al. 2006b, 2013; Tripathi et al. 2008), previous
observations show that Kayinja is relatively more susceptible
than Mbwazirume (Nakato et al. 2019; Ssekiwoko et al. 2006b;
Tripathi et al. 2008). This differential susceptibility was also ob-
served under our study because Kayinja plants succumbed to
BXW faster than did Mbwazirume. However, no significant dif-
ferences in H,O, production were found between susceptible
and resistant genotypes under this study, suggesting that these
responses alone might not account for the observed differential
susceptibilities between these genotypes. Moreover, the results
were unexpected for M. balbisiana (analyzed only for callose
deposition under this study) because this genotype is resistant to
BXW (Nakato et al. 2019; Ssekiwoko et al. 2006b, 2013; Tripathi
et al. 2008); however, under this study, it could not be differenti-
ated from susceptible genotypes by the ELISA method. The ob-
served difference between ELISA and fluorescence microscopy
results for callose quantification in the genotypes could have been
due to the sensitivity of the two methods because ELISA is prone
to false positives and could have less discriminating power. Al-
though Xcm disables host detection systems and related down-
stream reactions in both resistant and susceptible genotypes, the
bacteria fail to establish in M. balbisiana, where their multipli-
cation and migration was slowed and subsequently cleared from
host tissues (Ssekiwoko et al. 2013, 2015). A recent study showed
that many of the differentially expressed genes (that mapped to
the biotic stress pathways) were higher in M. balbisiana than
in Kayinja, suggesting activation of early response to Xcm in-
fection via both PTI and ETI in M. balbisiana (Tripathi et al.
2019). These authors further observed suppression of most genes
associated with pB-1,3-glucanases that degrade callose to ensure
callose accumulation in M. balbisiana after inoculation with Xcm
at 12 hpi, suggesting cell-wall enforcement by callose deposition.
Pathogen-derived callose deposition is one of the early defense
“hallmarks” in plants against pathogens (Voigt 2014; Wang et al.
2021). Our results indicate that although a substantial amount of
callose deposition occurs in response to Xcm infection, callose
alone might not account for BXW resistance in M. balbisiana.
Even though the fluorescence microscopy results showed that
there was significant callose production between M. balbisiana
and Kayinja, this was not the case with Mbwazirume, whereas
the ELISA method showed no significant variation in callose
production between all three genotypes. Furthermore, neither hy-
persensitive response nor systemic acquired resistance or induced
systemic resistance accounts for the resistance of M. balbisiana
against Xanthomonas vasicola pv. musacearum (Xvm, alias Xcm)
because the bacteria suppress key genes in these pathways (Sseki-
woko etal. 2013, 2015). Therefore, other processes yet to be iden-
tified could promote resistance in M. balbisiana. One possibility
is that there are numerous interactions between PTI pathways
such that callose deposition becomes part of the complex net-
work culminating in resistance in M. balbisiana. For example,
powdery mildew-resistant 4 (pmr4), a mutant lacking pathogen-
induced callose, is resistant to pathogens rather than more sus-
ceptible because the pmr4 mutant is associated with hyperactiva-
tion of salicylic acid signaling, leading to increased resistance in
Arabidopsis (Nishimura et al. 2003). Similar observations have
been made in tomatoes (Huibers et al. 2013; Santillan Martinez
et al. 2020). Additionally, tolerance of banana to fusarium wilt
was linked to significantly increased induction of cell wall-
associated phenolic compounds (Van Den Berg et al. 2007).

Defense responses of resistant and susceptible banana cultivars
treated with biological control agents and Fusarium oxysporum
f. sp. cubense were regulated by differentially expressed genes in
numerous categories of defense pathways (Kaushal et al. 2021).
According to Ssekiwoko et al. (2013), M. balbisiana resists Xcm
by slowing the multiplication and migration of the bacterium,
followed by subsequent death of the affected organs together
with the Xcm, which accounts for delayed symptoms and later
recovery. Indeed, the assembly of different physico-chemical or
structural barriers to pathogen migration is a hallmark for vas-
cular wilt pathogens intended to limit the pathogen spread to
distant tissues (Beckman et al. 1982; Kashyap et al. 2020; Lee
et al. 2019; Planas-Marques et al. 2020; Pouzoulet et al. 2017,
Robb et al. 1991; Schneider et al. 2016; Sebastia et al. 2021).
Such physico-chemical/structural barriers could include a myr-
iad of phenolic compounds, lignin, suberin, tyloses, gels, and
callose. In Solanum dulcamara, a reservoir host for Ralstonia
solanacearum, resistance to the bacterial wilt is due to restricted
colonization of the bacteria (Sebastia et al. 2021). It is reasonable
that Xcm resistance in M. balbisiana could be a multicomponent
strategy curtailing the multiplication and migration of bacteria,
the dissection of which will benefit from future studies.

Detectability of callose in roots by fluorescence microscopy
and ELISA methods

Callose deposition was determined under this study using
two independent methods: fluorescence microscopy and ELISA
(PirSelova and Matusikova 2013). These were applied for the first
time to bananas. Fluorescence microscopy is a well-established
method based on staining with aniline, which forms fluorescing
complexes (Stone et al. 1984). In contrast, the ELISA method,
which is not well-established, is based on enzyme immunoas-
say used to detect the presence of an antigen/ligand (in this
case, callose) in the crude 1M NaOH banana extract using an-
tibodies directed against callose (Anderson and McNellis 1998;
Engvall and Perlmann 1971; Van Weemen and Schuurs 1971).
Although a few differences were observed in the data (e.g., the
peaking of callose deposits in the different tissues), statistical
analysis largely showed congruence of fluorescence microscopy
and ELISA data, indicating consistency in the two methods of
callose detection. However, we highlight that ELISA is highly
prone to false positives (Anderson and McNellis 1998; Hosseini
et al. 2018) and could be less reliable than the well-established
aniline blue staining and direct observations of callose. For ex-
ample, no fluorescing callose particles were observed in the root
tissues under fluorescent microscopy. We first viewed this to im-
ply that banana roots are irrelevant with respect to Xcm-mediated
defense, but ELISA provided contradictory results, indicating
the abundance of Xcm-mediated callose in the banana roots. In-
deed, both constitutive and pathogen-mediated callose deposits
can be found in the roots of plant species (Bonhoff et al. 1987;
Daayf et al. 1997), although root callose could also arise from
soilborne heavy metal contamination (Nedukha 2015; PirSelova
etal. 2012; Tahara et al. 2005; Wissemeier et al. 1992; Zhang et al.
2015). Indeed, the discrepancy between aniline blue staining and
ELISA could be accounted for by the fact that ELISA is prone
to false positives and requires further analysis, including stud-
ies of the physico-chemical properties and anatomical assembly
of banana tissues. One possibility is that callose in the roots of
banana might occur in “isoforms” that do not easily form com-
plexes with aniline blue compared with the isoforms that exist in
the other tissues, although both types could be easily detectable
by ELISA. For example, whereas most of the callose is charac-
terized by (1,3)-B-branches, some (1,6)-p-branches also occur



(Aspinall and Kessler 1957; Chen and Kim 2009; Stone and
Clarke 1992), which could account for variances in biochem-
istry and/or detectability by different methods. Such is the case
in a laticiferous plant, Euphorbia heterophylla, in which laticifer
walls differ from those of their surrounding cells in that the level
of a (1—4)B-D-galactan epitope is much lower in laticifers than
in other cells (Serpe et al. 2004). Consequently, an anti-(1— 3)g-
D-glucan antibody that recognizes callose failed to label laticifer
walls and those walls immediately adjacent to laticifers, but it
produced a punctuated labeling pattern in most other cells (Serpe
et al. 2004). The second possibility is that different plant tis-
sues might accumulate various primary or secondary metabolites,
which, at higher concentrations, could obscure or interfere with
fluorescent signal in aniline staining measurement (Ko and Lin
2004; Pirselova and Matusikova 2013; Smith and McCully 1978;
Yan et al. 2015). Up to eight glucan synthase-like genes control
callose synthesis and are regulated in an organ-specific manner in
wheat (Voigt et al. 2006), whereas at least nine callose synthase
genes in stinging nettle (Urtica dioica) show variable expression
in roots and leaves (Guerriero et al. 2020). However, whether the
differential controls in synthesis could generate different “forms”
of callose or its complexes is unknown. The third possibility is
that the various primary or secondary metabolites at higher con-
centrations in banana roots provide high background noise and,
with the lower discriminating power of ELISA, could generate
false positives of callose in root extracts. Overall, whereas results
from the two methods were largely congruent, it is reasonable
for the results from ELISA to be interpreted with caution, as the
method still requires extensive optimization.

CONCLUSIONS

Overall, this is the first study to examine pathogen-mediated
callose and H,O, production at different tissue and organ levels in
response to Xcm in bananas and the resulting BXW disease. Our
findings point to an organ-specific response to Xcm infection in
bananas that is independent of resistant or susceptible genotypes.
Determination of callose deposits both qualitatively and quanti-
tatively provided fair reproducibility of the data. Although M.
balbisiana is resistant to Xcm, it has not been possible to transfer
the resistance to commercial banana cultivars to control BXW,
partly because of the challenges associated with its introgression,
and the resistance mechanism is also not well understood. Effec-
tive transgenic resistance against BXW in bananas is available;
however, it suffers legislative impediments in the ECA region.
Consequently, cultural methods have been used in the manage-
ment of BXW (e.g., SDSR, in which only the BXW-diseased
plant is removed from the corm while leaving the other symp-
tomless lateral shoots). Pseudostems of infected plants accumu-
late high quantities of H,O;. Our findings that corm accumulates
higher quantities of callose (and also H,O,) while also support-
ing a H,O,-loaded pseudostem provide a possible mechanistic
basis by which Xcm progression into lateral shoots is slowed dur-
ing natural infection. Therefore, corm plays an important role in
Xcm-mediated response to BXW. It is noteworthy that banana
corm is a subterranean organ of perennation enabling perennial
continuity of the crop seasons, and in this sense, active participa-
tion to ensure a disease-free next generation should be a desirable
and relevant feature. Additional evidence is needed to determine
whether Xcm-medicated callose in the corm might be essential
in limiting vertical transmission of Xcm into lateral shoots and
whether this represents an example of trade-offs between plant
development and defense against pathogens. Contrary to our ex-
pectations, susceptible and resistant genotypes under this study
showed no significant differences in relation to levels of Xcm-

derived callose and H,O,, indicating that these are not the pri-
mary responses that impart resistance to BXW in M. balbisiana.
Future studies should be aimed at uncovering other defense re-
sponses in M. balbisiana that promote resistance against BXW.
Furthermore, strategies that increase callose and H,O, produc-
tion in susceptible bananas without compromising yield could be
a potential avenue for controlling BXW in the field.
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