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Moniliophthora perniciosa, the causal agent of witches' broom
disease of cacao, interferes with cytokinin metabolism during
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Introduction

Summary

® Moniliophthora perniciosa causes witches' broom disease of cacao and inflicts symptoms
suggestive of hormonal imbalance. We investigated whether infection of the tomato
(Solanum lycopersicum) model system Micro-Tom (MT) by the Solanaceae (S)-biotype of
Moniliophthora perniciosa, which causes stem swelling and hypertrophic growth of axillary
shoots, results from changes in host cytokinin metabolism.

¢ Inoculation of an MT-transgenic line that overexpresses the Arabidopsis CYTOKININ
OXIDASE-2 gene (355::AtCKX2) resulted in a reduction in disease incidence and stem diame-
ter. RNA-sequencing analysis of infected MT and 35S::AtCKX2 revealed the activation of
cytokinin-responsive marker genes when symptoms were conspicuous.

¢ The expression of an Moniliophthora perniciosa tRNA-ISOPENTENYL-TRANSFERASE sug-
gests the production of isopentenyladenine (iP), detected in mycelia grown in vitro. Inocu-
lated MT stems showed higher levels of dihydrozeatin and trans-zeatin but not iP. The
application of benzyladenine induced symptoms similar to infection, whereas applying the
cytokinin receptor inhibitors LGR-991 and P155 decreased symptoms.

e Moniliophthora perniciosa produces iP that might contribute to cytokinin synthesis by the
host, which results in vascular and cortex enlargement, axillary shoot outgrowth, reduction in
root biomass and an increase in fruit locule number. This strategy may be associated with the
manipulation of sink establishment to favour infection by the fungus.

Natural plant cytokinins include N®-(A%-isopentenyl)adenine
(iP), rrans-zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin (DHZ).

Pathogens have developed the ability to alter hormone signalling
to promote virulence and/or induce susceptibility by altering host
physiology (Spallek er al, 2018; Han & Kahmann, 2019).
Cytokinins are responsible for regulating several mechanisms
concerning plant growth and development, including the mainte-
nance and differentiation of root and stem meristems, cell divi-
sion, vascular differentiation, delay of senescence, and source-
sink relationships (Werner & Schmiilling, 2009). More recently,
the role of cytokinins in plant abiotic and biotic stress responses
has been demonstrated (Cortleven ez /., 2019).

*These authors contributed equally to this work.
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Cytokinins are derived from substitutions at the N®-terminus of
an adenine or from the degradation of transfer RNAs (tRNAs)
(Sakakibara, 2006). In brief, isopentenyl transferases (IPTs)
either catalyse the linking of an isopentenyl to adenosine diphos-
phate (ADP) or adenosine triphosphate (ATP) or metabolize
tRNAs, producing iP and cZ, respectively. tZ is then derived
from the hydroxylation of iP by cytochrome monooxygenase
(Kiba et al., 2013). DHZ is considered to be derived from the
reduction of tZ (Martin ez al., 1989), but new evidence suggests
that DHZ biosynthesis occurs independently from the other
pathways (Hosek ez al, 2020). The endogenous level of
cytokinins is regulated by inactivation via conjugation or
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degradation by cytokinin oxidases (CKXs) (Sakakibara, 2006).
Histidine kinase (HK) receptors sense cytokinin and self-
phosphorylate to transduce a signal to response regulators (RRs)
by histidine phosphotransfer proteins (Argueso ez al., 2009).

Cytokinins may act as positive regulators of pathogen virulence
(Chanclud & Morel, 2016). Symptoms of Rhodococcus fascians
infection in Arabidopsis are primarily dependent on cytokinin
perception through the receptors ARABIDOPSIS HISTIDINE-
KINASE-3 (AHK3) and CYTOKININ RESPONSE-1 (CRE1)/
AHK4 (Pertry er al., 2009). Rhodococcus fascians synthesizes iP,
tZ and cZ and their 2-methylthio derivatives, and inoculation of
an Arabidopsis ahk3/ahk4 mutant did not result in any symptoms
(Pertry ez al., 2009). Fungal pathogens can produce cytokinin or
cytokinin-like molecules to manipulate hosts (Walters &
McRoberts, 2006; Chanclud & Morel, 2016). In Claviceps
purpurea, there is overlap between the de novo and tRNA-IPT
pathways for the synthesis of iP and tZ required for fungal colo-
nization (Hinsch ez al, 2016). Similarly, in the rice pathogen
Magnaporthe oryzae, mutation of the tRNA-IPT gene (CKSI)
increased the plant defence response and decreased the amount of
sugars and amino acids available for fungal use, suggesting a role
for cytokinins as pathogen effectors (Chanclud ez 4., 2016).

Witches” broom is a major disease of cacao (Theobroma cacao
L.) that causes severe yield losses in cacao producing countries of
South America (Marelli ez 4., 2019). The disease is caused by the
peculiar basidiomycete pathogen Moniliophthora perniciosa. The
pathogen can infect only active meristematic tissues, causing
symptoms in shoots, flower cushions and pods. Drastic shoot
swelling with abnormal hypertrophic growth of axillary shoots
(‘brooms’) is the most remarkable symptom, but infection of
flower cushions can cause the reversion to a vegetative shoot and
the production of parthenocarpic pods, all potentially associated
with host hormone imbalance (Melnick ez al., 2012; Teixeira et
al., 2014). The overall debilitation of trees by intense shoot flush-
ing, together with pod rot, is considered the major cause of crop
losses (Purdy & Schmidt, 1996).

Pathogens can be categorized according to their lifestyles:
biotrophs or hemibiotrophs depend on host living tissue, but
hemibiotrophs eventually switch to a necrotrophic stage that kills
host cells to feed from the dead tissue (de Silva et al, 2016).
Moniliophthora perniciosa is an unusual hemibiotroph with a
peculiar long biotrophic phase (over 30 d) during which signifi-
cant alterations of host morphology and physiology occur (Teix-
eira er al, 2015). The germinating spores develop as
monokaryotic mycelia to intercellularly colonize living tissues
(Sena et al., 2014). After a few weeks, the pathogen hyphae
become dikaryotic by forming a short hyphal connection between
adjacent cells (clamp connection), which enables the binuclear
state of the fungal cells. Dikaryotization is triggered by an unde-
termined factor, while the cacao tissues become necrotic (Sena et
al., 2014).

Because the symptoms of Moniliophthora perniciosa infection
of cacao imply a hormonal imbalance, the roles of various classes
of hormones, including auxins (Krupasagar & Sequeira, 1969)
and gibberellins (Dudman & Nichols, 1959; Mondego et al,
2008; Teixeira et al, 2014), have been long investigated, but
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without a sound association established. Although cytokinins are
obvious candidates to induce witches’ broom symptoms, this
class of hormones used to be difficult to detect. Only one study
reported the detection of tZ-riboside in cacao ‘green brooms’ via
enzyme-linked immunosorbent assay (ELISA) (Orchard er a4/,
1994). Therefore, the strategies by which

Moniliophthora perniciosa interferes with host hormone balance

pathogenic

are still poorly understood.

Cacao, as a perennial tree species, is a challenging system to
investigate, and its interaction with Moniliophthora perniciosa
involves two nonmodel organisms (Teixeira ez al, 2014).
Moniliophthora perniciosa can infect many hosts, particularly
Solanaceae species, inducing shoot symptoms similar to those in
cacao (Lisboa ez al., 2020). Isolates that infect cacao are considered
to be from the C-biotype, whereas those that can infect Solanaceae
species are classified as the S-biotype (Pierre ez al., 2017). We pre-
viously demonstrated that inoculation of the tomato (Solanum
lycopersicum) cultivar Micro-Tom (MT) with an isolate of the S-
biotype of Moniliophthora perniciosa induces typical symptoms of
cacao infection at the biotrophic stage (e.g. stem swelling with out-
growth of axillary shoots), and we proposed using MT as a model
system (Deganello er al., 2014). Here, we demonstrate that the S-
biotype of Moniliophthora perniciosa produces cytokinins in vitro
and interferes with the cytokinin balance in MT plants to induce
typical witches” broom disease symptoms, plus a reduction in root
biomass and an increase in the number of tomato fruit locules.
This strategy may be associated with the manipulation of sink for-
mation in favour of fungal infection and metabolism.

Materials and Methods

Plant materials

All experiments used MT, and some experiments were repeated
with M82 as a nonminiature control cultivar. MT and transgenic
lines and mutants associated with hormone perception or
response introgressed into the MT background (Table 1; Car-
valho ez al., 2011) were used in a screening experiment. We inoc-
ulated MT-ARR5::uidA (GUS) to determine cytokinin signalling
after infection (D’Agostino ez al., 2000). Seeds from all genotypes
were germinated in a 1: 1 mixture of substrate : expanded vermi-
culite (Carvalho ez 4/, 2011). The plants were grown in a growth
chamber at 25°C, a 14 h photophase and 80% humidity.

Isolates of Moniliophthora perniciosa and spore produc-
tion

Dry brooms from the Tiradentes isolate were obtained from nat-
urally infected S. Jycocarpum plants from Tiradentes (21°11'9.4"
S 44°19'15.8"W), MG, Brazil. Basidiomata of the isolates
WMAS5 and APS1 were obtained by the pie-dish method (Pierre
et al., 2017). Pilei from basidiomata produced after exposure of
the brooms or the pie-dishes to alternating wet—dry cycles (12 h)
were placed over storage buffer (16% glycerol; 0.01 M 2-(N-mor-
pholino)ethanesulphonic acid (pH 6.1); 0.01% Tween 20) to
collect spores (Frias ez al., 1995) for storage in liquid nitrogen.

© 2021 The Authors
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Table 1 Transgenic lines and mutants associated with hormone perception
and response introgressed into Micro-Tom (MT) tomato (Solanum
lycopersicum L.).

Hormonal

Mutants class Description/phenotype

diageotropica  Auxin Reduced auxin sensibility. Cyclophilin
defective protein

(Ohetal., 2006).

Increased auxin sensibility. La2922 defective
protein, involved in auxin transcription
pathway

(Zhanget al., 2007).

Increase production of ethylene. Unknown
gene function (Fujino et al., 1988).

Low ethylene sensibility. Ethylene receptor
defective protein (Wilkinson et al., 1995).

Hypersensitive to gibberellin. Loss of
function of DELLA protein repression
domain (Bassel et al., 2008).

entire Auxin

epinastic Ethylene

Never ripe Ethylene

procera Gibberellin

Transgenic lines
35S::PS Jasmonic  Increased levels of jasmonic acid.
acid Overexpression of PROSYSTEMIN, positive

regulator of jasmonic acid signalling path-
way (McGurl et al., 1994).

Salicylic Low levels of salicylic acid. Expression of
acid NAHG gene, which catalyses the conver-
sion of salicylic acid into catechol (Brading
etal., 2000).

Low levels of cytokinin. Overexpression of
AtCKX2 gene (Werner et al., 2003; Pino et
al., 2010).

35S::nahG

35S:: Cytokinin
AtCKX2

The basidiospore concentration was estimated in a Neubauer
chamber.

Inoculation of MT, mutants and transgenic lines for their
response to Moniliophthora perniciosa

The shoot apices and axillary buds of 17-d-old tomato
seedlings of all genotypes were inoculated with 70 ul of 10°
basidiospores in 0.3% agar—water (w/v) and kept in a humid
chamber for 48 h. Control plants were treated with 0.3%
agar—water. Symptoms were evaluated at 5, 15, 25 and 35d
after inoculation (dai). Disease symptoms were visually deter-
mined, and the stem diameter was measured between the first
and second leaves with a digital pachymeter. Root dry weight
was determined at 45 dai. The number of locules per fruit was
determined at 35dai. Data on disease incidence were trans-
formed into vx+1 values for statistical analysis. The first
experiment tested the isolates Tiradentes, WMAS5 and APS1 in
a completely randomized design (7=66). Significant differ-
ences were determined by one-way analysis of variance
(ANOVA), and the means were compared by the Tukey test
using Statistical Analysis System. Sas (SAS Institute, 1999).
The genotype screening was conducted in a completely ran-
domized design with nine genotypes X two inoculation condi-
tions as factorials (z=40), and the data were subjected to
two-way ANOVA; means were compared by the Tukey test
using SAS.

© 2021 The Authors
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Histological analysis

Stems from inoculated MT or 355::AtCKX2 plants and the respec-
tive noninoculated controls were collected at 35 dai. The stem frag-
ments between the first and second leaves (symptomatic or not)
were sectioned using a microtome (SM200R; Leica, Heidelberg,
Germany). The stem sections were then clarified in 50% sodium
hydroxide (NaOH) and stained with 0.05% toluidine blue. The
sections were visualized under a stereomicroscope with apochro-
matic optics (S8APO; Leica). The areas of the pith, xylem, phloem
and cortex were quantified using IMAGE] (Schneider ez al, 2012)
(n=3). The estimated area for each tissue was subjected to one-
way ANOVA; means were compared by the Tukey test using SAS.

Histochemical assay of ARR5:uidA expression in response
to infection

The line MT-ARR5::uidA, which contains the reporter gene uidA
(GUS) under the control of the cytokinin-responsive promoter
ARR5 (D’Agostino et al., 2000), was inoculated or not as
described. Whole-plant samples were collected at 24 h after inoc-
ulation (hai) (#z=5). Plant tissues were placed into GUS buffer
(Jefferson et al., 1987), subjected to vacuum for 5 min, incubated
at 37°C for 12 h, and then washed with 70% ethanol until tissue
clarification. The samples were then observed under a stereomi-
croscope with apochromatic optics (S8AP0; Leica).

RNA extraction and RNA-sequencing analysis

Total RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA). Five biological replicates of
stems from inoculated or noninoculated MT or 35S::AtCKX2
plants were collected at 5, 10, 20, and 30 dai. RNA-sequencing
(RNA-seq) analysis was conducted at the High-Throughput
Sequencing Facility at the University of North Carolina, Chapel
Hill, NC, USA. Libraries were constructed from messenger RNA
(mRNA) using 1 pg of total RNA via a KAPA Stranded RNA-
seq kit for Illumina platforms (Kapa Biosystems, Wilmington,
MA, USA). The insert size was approximately 200-300 bp, and
dual adapters (2D, TruSeq RNA adapter plate, Illumina, San
Diego, CA, USA) were used. Each pool was sequenced in one
lane of the flow cell in single-end 50 bp reads using a HiSeq 4000
sequencer (Illumina). The read quality was evaluated using
FastQc (Andrews, 2010), and adapters were removed using
Trimmomatic (Bolger e al, 2014). The cleaned reads were
mapped against the reference tomato genome ITAG3.1 (Sato ez
al., 2012) using Hisat2 (Kim e# al., 2015). Reads were counted
with the featureCounts function from the subread package (Liao
et al., 2013). The reads that mapped to exons were used for dif-
ferential expression analysis. A one-way experimental design was
adopted to compare five libraries from inoculated MT plants vs
those of noninoculated plants at each time point using a general-
ized linear model implemented in EDGER (Robinson ez al., 2010).
The Benjamini—-Hochberg method (false discovery rate, FDR)
was applied to correct the P-values after performing multiple
comparisons (Benjamini & Hochberg, 1995). Genes with an
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FDR<0.01 (1%) and a fold-change >2 were considered differ-
entially expressed. We defined a set of 148 cytokinin marker
genes whose expression was significantly induced in tomato leaves
at 2 and 24 h after treatment with 5 UM benzyladenine (BA) (Shi
et al., 2013). We used COMPLEXHEATMAP v.2.0.0 (R v.3.5.3) to
construct heatmaps based on Euclidean distances and to perform
a hierarchical cluster analysis to categorize the cytokinin marker
genes by their expression profiles. RNA-seq reads and the count
matrix are available at the National Centre for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO) under
the accession number GSE153345.

Hormone quantification

Samples of Moniliophthora perniciosa mycelia and stem tissues of
inoculated MT and 355::4rCKX2 plants were used to estimate
cytokinin (iP, tZ, DHZ), indole-3-acetic acid (IAA), salicylic acid
(SA), and jasmonic acid (JA) levels. Stem sections between the first
and second leaves were collected at 5, 10, 20 and 30 dai (n=>5 per
time point), frozen, and ground in a cryogenic grinder (Cryo Mill;
Retsch, Haam, Germany). Mycelia of the Tiradentes isolate grown
in MYEA media (30 g1™" agar; 30 g1 malt extract; 5g1™" yeast
extract; pH 6.8) for 15d were frozen, dried and ground. Hor-
mones were extracted as described by Martinez-Bello ez 4l (2015).
Briefly, the samples were homogenized in 80% methanol with 1%
acetic acid, the solution of which contained deuterated hormones
as internal standards. The mixture was then mixed for 1h at 4°C
and incubated at —20°C overnight. The extracts were filtered
through an Oasis-HLB cartridge (Seo ez al., 2011). The eluate was
then dissolved in 5% acetonitrile : 1% acetic acid and injected into
a UPHL chromatograph (Accucore RP-MS column 2.6 um,
50 x 2.1 mm; Thermo Fisher Scientific). The hormones were sep-
arated using a 5-50% acetonitrile gradient containing 0.05% acetic
acid at 400 pl min~" for 14 min. Hormone quantification was per-
formed using a Q-Exactive mass spectrometer (Q-Exactive, Orbi-
trap detector, Thermo Fisher Scientific) in conjunction with
internal standards, calibration curves and the XcaLBUR 2.2 SP1
build 48 TRACEFINDER programs. The experiment was conducted
in a completely randomized design at four time points X two inoc-
ulation conditions (7=75). A second analysis was conducted com-
paring the MT and 355:AtCKX2 genotypes, with or without
inoculation (2 x 2 factorial) at 30 dai. The data were subjected to
two-way ANOVA, and the means were compared by the Tukey
test using SAS.

Exogenous application of 6-benzyladenine (BA) or the
cytokinin receptor inhibitors LGR-991 and PI-55

LGR-991 (6-(2,5-dihydroxybenzylamino)purine) and PI-55 (6-(2-
hydroxy-3-methylbenzylamino)purine), which are  synthetic
cytokinin inhibitors that block AHK3 and AHK4, respectively
(Spichal et al., 2009; Nisler ez al., 2010), were kindly provided by
Professor Lukas Spichal. Stock solutions of 1 M BA dissolved in
dimethyl sulphoxide (DMSO) and 20 mM solutions of LGR-991
and PI-55 were diluted in lanolin (99 : 1) heated to 55°C. A pre-
liminary experiment tested increasing doses of LGR-991 or PI-55

New Phytologist (2021) 231: 365-381
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(50, 100 or 200 uM) applied to MT plants (»=15) with or with-
out inoculation, as described previously. Briefly, 12 ul of 20 mM
BA or 12 ul of 100 uM LGR-991 or PI-55 was applied to the shoot
apices and axillary buds of MT plants (z=15), previously inocu-
lated with Moniliophthora perniciosa, every 10 d after the first appli-
cation, while control plants received DMSO on 99:1 lanolin.
Similarly, 12 pl of 20 mM BA or 12 ul of 100 uM PI-55 was
applied to M82 plants (z=10), with identical controls. The stem
diameter between the first and second leaves was evaluated at 15,
25, and 35 d after application (daa) of either compound, whereas
the root biomass and number of locules per fruit were determined
at 55 daa for the BA experiment. Both experiments were completely
randomized, and the data were subjected to one-way ANOVA. The
means were compared by Tukey’s test using Sas. Stem fragment
samples from the BA experiment using MT were collected at 35 dai
for histological analysis (7= 3) as described.

Results

Infection of MT by Moniliophthora perniciosa reduces root
biomass and increases the number of fruit locules

We previously characterized the infection of MT by the Tiraden-
tes isolate of the S-biotype of Moniliophthora perniciosa
(Deganello ez al., 2014). Here, APS1 and WMAS (Pierre et al.,
2017) plus Tiradentes were evaluated for their aggressiveness,
which was estimated by the disease incidence assessed at 40 dai,
changes in stem diameter, root biomass, and fruit locule number
of the infected MT plants (Fig. 1). Plants inoculated with the
Tiradentes isolate showed a significantly higher disease incidence
than those inoculated with APS1 or WMA5 (Fig. la). The
increase in stem diameter in inoculated plants occurred more
prominently after 20 dai, and plants inoculated with Tiradentes
presented a more pronounced increase in stem diameter than
those inoculated with the other two isolates (Fig. 1b).

Plants inoculated with Tiradentes (Fig. 1g) and WMAS5 (Fig. 1)
presented significantly less root biomass (Fig. 1¢) than did the con-
trols (Fig. 1d). We also noticed a change in fruit morphology, in
which there was a significant increase in the number of locules per
fruit of inoculated MT compared with those produced by noninoc-
ulated plants (Supporting Information Fig. Slc—e). Uninfected
MT predominantly produced fruits with two or three locules
(mean of 3 locules per fruit, ranging from 2 to 5; Fig. Sla,b). The
fruits of MT inoculated with Tiradentes had on average 4.7 locules
fruit™" (ranging from 2 to 10), which was significantly more than
those of plants inoculated with APS1 (4.2 locules per fruit, ranging
from 3 to 9) or WMAS5 (3.9 locules per fruit, ranging from 2 to 8)
(Fig. Sla). Since Tiradentes was shown to be more aggressive, all
subsequent experiments were conducted using this isolate.

Inoculation of hormone mutants and transgenic lines with
Moniliophthora perniciosa suggests the involvement of
cytokinin in symptom development

To identify the classes of hormones that might be involved in
pathogenesis  during  Moniliophthora perniciosa  infection of

© 2021 The Authors
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Days after inoculation

Fig. 1 Response of Micro-Tom (MT) tomato (Solanumlycopersicum) plants to inoculation by three isolates of the S-biotype of Moniliophthoraperniciosa.
(@) Incidence of symptoms (%) in inoculated MT plants by isolates APS1, WMAD5 and Tiradentes at 40 d after inoculation (dai) (n=66: 6 replicates of 11-
plant plots). (b) Stem diameter (cm) between the first and second leaves of inoculated plants compared to noninoculated at 10, 20, 30 and 40 dai (n = 66).
(c) Root biomass (g dry weight) of inoculated MT plants compared to noninoculated at 45 dai (n =30). The error bars represent SE. Statistically significant
differences were determined by one-way ANOVA, followed by the Tukey test at 5% probability; different letters indicate statistically significant
differences. (d) Representative image of noninoculated MT plant at 45 dai with leaves removed. (e) MT plant inoculated with APS1 at 45 dai with leaves
removed. (f) MT plant inoculated with WMAD5 at 45 dai with leaves removed. (g) MT plant inoculated with Tiradentes with leaves removed at 45 dai. Scale

bar represents 2 cm (d-g).

tomato, we screened five mutants (diageotropica, entire, epinastic,
Never ripe, and procera) and three transgenic lines (358::AtCKX2,
358::PS and 35S::nahG) with altered synthesis or perception of
hormones, all in the MT genetic background (Table 1). Inocula-
tion with Moniliophthora perniciosa significantly increased the
stem diameter of all genotypes compared with that of the respec-
tive noninoculated control plants at 35 dai (Fig. 2a). Compared
with all the other inoculated genotypes, the inoculated 35S::
AtCKX2 plants presented the smallest increase in stem diameter.
In addition, the genotypes that contrasted in terms of their auxin
perception,
responses, with significant decreases or increases in stem diame-
ter, respectively, in relation to those of inoculated MT plants
(Fig. 2a). Regarding disease incidence, inoculated 35S::A:CKX2
was the only genotype with a significant reduction in incidence
(Fig. 2b). Therefore, 355::ArCKX2 seems to prevent symptom
development.

diageotropica and  entire, exhibited contrasting

There was no major difference in the number of locules in
fruits from inoculated compared with noninoculated 35S::
AtCKX2; this was in contrast to the increase in the number of

© 2021 The Authors
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locules per fruit in the inoculated MT plants (Fig. S2). The low
incidence of disease, less stem swelling and the absence of an
infection effect on the number of locules per fruit suggest that
358::AtCKX2 exhibits some tolerance to infection. Since 358::
AtCKX2 expresses a cytokinin oxidase, symptom development
after infection by Moniliophthora perniciosa may be associated
with increased levels of cytokinins, and the number of locules per
fruit appears to be associated with alteration in the cytokinin bal-
ance.

To investigate which tissues correlated with the increase in
stem diameter of inoculated plants, we performed a histological
analysis of cross-sections of MT and 358::AtCKX2 stems. We
observed that the pathogen promoted a significant increase in the
cell number and size of the pith (Fig. 3b,c,e—g), xylem (Fig. 3b,c,
e,f,h), phloem (Fig. 3b,c,e,f,i), and cortex (Fig. 3b,c,e,f,j) in both
genotypes compared with those of the respective noninoculated
control plants (Fig. 3a,d,g—j). Compared with the inoculated
358::AtCKX2, the inoculated MT plants presented an increased
area of pith (Fig. 3g), xylem (Fig. 3h), phloem (Fig. 3i), and cor-
tex (Fig. 3j). Inoculation with Moniliophthora perniciosa may
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promote hyperplasia and hypertrophy of vascular tissues, leading
to stem thickening through the action of cytokinin and, possibly,
auxin.

Moniliophthora perniciosa infection of ARR5::GUS indi-
cates cytokinin signalling

We inoculated the MT-ARR5::GUS line (D’Agostino et al.,
2000) with Moniliophthora perniciosa basidiospores. We detected
differential cytokinin signalling in response to infection in inocu-
lated ARR5::GUS plants at 24 hai (Fig. 4g-1), compared to that
in noninoculated plants (Fig. 4a—f). Increased differential histo-
chemical expression of GUS was detected in the roots (Fig. 4g),
hypocotyls (Fig. 4h), stems (Fig. 4i), leaf veins (Fig. 4j,k), and
shoot apices (Fig. 4) in the inoculated plants compared with the
controls (Fig. 4a—f). The differential cytokinin signalling in
response to infection corroborates the increase in cytokinin
levels/signalling during pathogenesis.

New Phytologist (2021) 231: 365-381
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RNA-seq analysis revealed differentially expressed marker
genes associated with cytokinin metabolism

We performed RNA-seq analysis to verify the expression profiles
of genes associated with cytokinin metabolism in stems by com-
paring infected MT plants with noninoculated controls. For this,
we evaluated a set of cytokinin marker genes previously defined
as being induced in MT leaves after BA treatment (Shi et al,
2013). Hierarchical clustering based on the gene expression pro-
files grouped these marker genes into seven clusters, each with a
similar expression pattern during infection (Fig. 5a). The annota-
tion and cluster classification of the 148 marker genes are given
in Supporting Information Table S1; all differentially expressed
genes are presented in Table S2. Clusters 1, 2 and 5 contained
upregulated cytokinin marker genes compared to those in non-
inoculated plants, particularly at 20 and 30 dai (Fig. 5a).
CYTOCHROME-P450 (Solyc02g094860), orthologous to Ara-
bidopsis  cytokinin  hydroxylase  that N°-

converts
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Fig. 3 Histology of stem cross-sections
stained in 0.05% toluidine blue, with
estimated tissue areas from Micro-Tom (MT)
tomato (Solanumlycopersicum) and the
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isopentenyladenosine-5'-monophosphate  (iPRMP) to tZ-  (Solyc08g081960: orthologous to Arabidopsis CRF1, CREF2,
riboside-monophosphate (Takei et al., 2004; Kiba et al., 2013), CRF3, and CRF4), and adenine phosphoribosyltransferase-like
belongs to Cluster 1 (Fig.5a). Purine permeases (Soly- (Solyc08g079020), whose product is known to inactivate iP to
c02g071080;  Solyc02g071100) and cytokinin  oxidase/  isopentenyladenosine-5'-monophosphate (Hosek ez al., 2020).

dehydrogenase-like genes (Solyc04g016430: orthologous to The expression profiles of Clusters 1, 2 and 5 are presented as
AtCKX1I; Solyc01g088160) are members of Cluster 2. Upregula-  box-plots, highlighting the effect of MT plant infection on each
tion of CKXs may indicate a feedback response to high levels of  group of genes (Fig. 5b). Importantly, genes in Clusters 1, 2 and

cytokinins, as previously observed in cacao shoots (Teixeira ez al., 5 were not strongly activated in inoculated 358::4AtCKX2 plants
2014) and flower cushions (Melnick et @/, 2012) infected by (Fig. 5b, last column), indicating that the responses after inocula-
Moniliophthora perniciosa. Cluster 5 contains induced marker  tion in MT are cytokinin-dependent.

genes that encode cytokinin RRs (Solyc02g071220: orthologous We also detected the strong downregulation of two tomato

to Arabidopsis ARR5 and ARRG-type-A; Solyc03gl113720:  genes encoding tRNA-dimethylallyltransferase (:RNA-IPTs)
orthologous to ARR4 and ARR3-type-A; Solyc05g006420: no  (Solyc09g064910.1; Solyc01g080150.3) in inoculated MT
orthologue in Arabidopsis but groups with type-ARRs) and a  plants at 10 and 30 dai in relation to those in noninoculated con-
histidine-kinase (Solyc04g008110) orthologous to Arabidopsis trols (Fig. S3). However, the same rRNA-IPT gene (Soly-
AHK4 (Fig. 5a; Table S1). Clusters 4 and 7 comprise genes that c09g064910.1) was 30-fold less repressed in inoculated 35S::
encode an RR (Solyc06g048930: tomato RR16,17 orthologous ~ A:CKX2 at 30 dai, whereas the other RNA-IPT (Soly-
to Arabidopsis ARR16 and ARR17), cytokinin-response factor ~ c01g080150.3) was 5- and 15-fold less repressed at 10 and 20

© 2021 The Authors New Phytologist (2021) 231: 365-381
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Fig. 4 Histochemical assay of ARR5::uidA (GUS) Micro-Tom (MT) tomato
(Solanumlycopersicum). Histochemical assay of ARR5::uidA (GUS) of
noninoculated control plants: (a) root, (b) hypocotyl, (c) stem, (d) petiole
and leaf veins, (e) leaf veins, (f) shoot apex; and of plants inoculated with
the Tiradentes isolate of the S-biotype of Moniliophthoraperniciosa at 24 h
after inoculation (hai) (g) root, (h) hypocotyl, (i) stem, (j) petiole and leaf
veins, (k) leaf veins, and (I) shoot apex. Samples were stained in GUS buffer
for only 12 h at 37°C followed by clarification using 70% ethanol. Bars: (a),
(d), (e), (g), () and (k): 2 mm; (b), (c), (h), (), (): 1 mm; (f): 0.5 mm.

dai, respectively, than in inoculated MT (Fig. S3). The difference
between inoculated MT and 355::ArCKX2 suggests that the inhi-

bition of tomato tRNA-IPT expression is not needed in 35S8::

ArCKX2 plants with low cytokinin levels.
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Notably, we detected the expression of an Moniliophthora
perniciosa tRNA-IPT (MP02226) gene in our RNA-seq analysis
of infected MT stems (Fig. S4). Mycelia of the C-biotype grown
in vitro express this tRNA-IPT (MP02226) gene (Fig. S4),
whereas analysis of the “WBD Transcriptome Atlas’ (Teixeira ez
al., 2014) indicates that the C-biotype expresses MP02226 dur-
ing the biotrophic infection of cacao (Fig. $4).

Altogether, the expression data suggest that Moniliophthora
perniciosa could synthesize cytokinins via the tRNA-IPT pathway,
as observed for other fungi (Chanclud ez 4/, 2016; Hinsch ez al.,
2016). A phylogenetic analysis showed the clustering of the
Moniliophthora perniciosa tRNA-IPT sequence with those from
other plant pathogens that use this pathway to produce cytokinins
as an effector (Fig. S5). Increased cytokinin levels in infected plants
may explain the downregulaton of tomato tRNA-IPTs. Since
358::AtCKX2 degrades cytokinins, Moniliophthora perniciosa may

require increased cytokinins to establish pathogenesis.

MT plants inoculated with Moniliophthora perniciosa and
fungal mycelia accumulate cytokinin

We measured the levels of iP, DHZ and Z in infected MT and
358::AtCKX2 plants (Fig. 6). Compared with the noninoculated
plants, the inoculated MT plants showed significantly less iP at 5
dai and no significant differences thereafter (Fig. 6a). However, we
detected a significant increase in tZ (Fig. 6b) and DHZ levels
(Fig. 6¢) after 10 dai in inoculated MT compared to those in non-
inoculated controls. Notably, we detected the production of iP but
no other type of cytokinin by Moniliophthora perniciosa dikaryotic
mycelia (Fig. 6a). It is possible that Moniliophthora perniciosa pro-
duces iP via the tRNA-IPT biosynthesis pathway, as described for
other pathogens (Siddique ez 4/, 2015), and this cytokinin could be
part of a mechanism of pathogenesis (Chanclud et al, 2016; Mor-
rison et al., 2017). Noninoculated 35S::AtCKX2 plants presented
lower levels of iP (Fig. 6a) and DHZ than noninoculated MT
plants at 30 dai (Fig. 6c). Compared with noninoculated plants,
inoculated 355::ArCKX2 plants showed only a modest increase in
iP and DHZ levels (Fig. 6a,c). Since 35S::ArCKX2 overexpresses a
cytokinin oxidase, this genotype likely degrades the cytokinins pro-
duced by the plant and/or the pathogen, preventing the develop-
ment of typical symptoms of infection.

Additionally, we detected a significant increase in IAA, SA,
and JA levels in inoculated MT compared with levels in noninoc-
ulated MT after 10 dai, and after 5 dai for SA and JA (Fig. S6).
Compared with noninoculated controls, inoculated 35S:
AtCKX2 showed a significant decrease in IAA (Fig. S6a) and SA
(Fig. S6b). We detected IAA (Fig. S6a) and SA (Fig. S6b) in
dikaryotic mycelia of Moniliophthora perniciosa, supporting previ-
ous reports (Chaves & Gianfagna, 2006; Kilaru et 2/, 2007).

Exogenous application of BA mimics infection symptoms,
while cytokinin receptor inhibitors reduce symptoms in MT
plants

To mimic the presumed changes in cytokinin levels after infec-
tion with Moniliophthora perniciosa, we applied BA at the

© 2021 The Authors
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Fig.5 Expression changes of tomato (Solanumlycopersicum) cytokinin marker genes in Micro-Tom (MT) after inoculation with the Tiradentes isolate of
the S-biotype of Moniliophthoraperniciosa. (a) Heatmap of differentially expressed cytokinin marker genes (Shi etal., 2013) obtained via RNA-seq analysis
of stems from infected MT compared to noninoculated MT at 5, 10, 20 and 30 d after inoculation (dai), with clustering analysis according to temporal
expression profiles. Scale bar represents values in z-score-transformed RPKM values (at left) or fold-change (at right) (n =5). The annotation for the
highlighted genes (from the top to bottom of the heatmap) is as follow: Cluster 2 — cytokinin oxidase (Solyc04g016430 — orthologous to the Arabidopsis
AtCKX1); cytokinin oxidase (Solyc01g088160); Cluster 4 — response regulator (RR) (Solyc06g048930 — Tomato RR 16,17 — orthologous to Arabidopsis
ARR16 and ARR17); Cluster 5 — histidine kinase (Solyc04g008110 — orthologous to Arabidopsis AHK4, RR (Solyc02g071220 — type-A RR2 — orthologous
to Arabidopsis ARR5 and ARR6 — type-A), RR (Solyc03g113720 orthologous to Arabidopsis ARR3 and ARR4 —type-A, RR (Solyc05g006420); Cluster 7:
cytokinin response factor (Solyc08g081960 orthologous to Arabidopsis CRF1, CRF2, CRF3, and CRF4). (b) Gene expression pattern of the Clusters 1, 2
and 5 of infected MT compared to noninoculated control plants at 5, 10, 20 and 30 dai, and inoculated 355::AtCKX2 compared to noninoculated at 30 dai
(last column). Values are represented in z-score-transformed RPKM. Gene expression values are represented by the filled circles. In each boxplot, the
middle line represents the median value, upper and lower bars correspond to the first and third quartiles, respectively, and whiskers represent 1.5 times the
interquartile range. The complete annotation of the differentially expressed cytokinin marker genes can be found in Supporting Information Table S1. The
complete list of all differentially expressed genes with their respective annotation can be found in Table S2.

equivalent site of inoculation of MT (Fig.7) or M82 (Fig. S7)
after inoculation or not with Moniliophthora perniciosa. Treat-
ment of MT and M82 with BA induced symptoms similar to
those in response to inoculation with the S-biotype, resulting in
an increase in stem diameter at the site of treatment (Figs 7a,e,
S7¢,e) compared to that of noninoculated/mock-treated plants
(Figs 7a,c, S7a,e). Application of BA to MT or M82 inoculated
with Moniliophthora perniciosa promoted an even larger increase
in stem diameter at the site of treatment and inoculation (Figs 7a,

© 2021 The Authors
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f, S7d,e) compared with that of inoculated plants without BA
treatment (Figs 7a,d, S7b,e).

We verified the pattern of tissue proliferation in the stems of
MT treated with BA by histology (Figs S8, S9). BA caused an
increase in xylem, phloem and cortex tissues (Figs S8c,d, S9)
compared with those of noninoculated/mock-treated plants (Figs
S8a, S9), similar to tissues from the stems of MT inoculated with
Moniliophthora perniciosa (Figs S8b, S9). In turn, plants inocu-
lated and treated with BA presented an even larger increase in
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phloem and cortex (Figs S8e,f, S9) than did noninoculated plants
treated with BA (Figs S8c,d, S9) and inoculated and mock-
treated plants (Figs S8b, S9).

The application of BA to inoculated MT or M82 led to a sig-
nificant reduction in root biomass (Figs 7b, S7f). However, BA
alone did not significantly decrease the root biomass compared
with inoculation with Moniliophthora perniciosa. We also
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Fig. 6 Quantification of cytokinins in Micro-Tom (MT) tomato
(Solanumlycopersicum) or 355::AtCKX2 plants after inoculation with the
Tiradentes isolate of the S-biotype of Moniliophthoraperniciosa, or in
invitro-grown mycelia of the same Moniliophthoraperniciosa isolate.
Quantification of cytokinins in MT plants occurred at 5, 10, 20 and 30d
after inoculation (dai), in 355::AtCKX2 plants at 30 dai, or 15-day old
invitro grown Moniliophthoraperniciosa mycelia. (a) Quantification of
isopentenyladenine (iP) in ng g”; (b) trans-zeatin (tZ) in ng gq; (c)
dihydrozeatin (DHZ) in ng g~ . The error bars represent SE. Statistically
significant differences were determined by two-way ANOVA, followed by
the Tukey test (P <0.05) (n =5). Different lowercase letters indicate mean
significant differences between inoculated or noninoculated plants within
MT or 35S::AtCKX2 genotypes at each time point; different uppercase
letters indicate mean significant differences among time points within the
MT genotype at the same condition (inoculated or noninoculated);
different underlined uppercase letters indicate mean significant differences
between MT and 35S5::AtCKX2 genotypes at the same condition
(inoculated or noninoculated) at 30 dai.

analysed the number of locules in fruits from MT treated or not
with BA to verify whether the effects would resemble those of
inoculated plants. The application of BA indeed increased fruit
locule number, which varied from 1 to 6 locules fruit™" in BA-
treated MT plants and from 2 to 8 locules fruit~' in MT inocu-
lated with Moniliophthora perniciosa and treated with BA
(Fig. $10).

To confirm whether cytokinin signalling is critical for symp-
tom development in Moniliophthora perniciosa-infected plants,
we tested two synthetic inhibitors of the cytokinin receptors,
LGR-991 and PI-55 (Spichal et al, 2009; Nisler ez al., 2010).
PI55 inhibits AHK4, blocking tZ action (Spichal er al., 2009),
whereas LGR-991 inhibits both AHK4 and AHK3 (Nisler et al.,
2010). We applied LGR-991 or PI-55 to the shoot apices and
axillary buds of MT plants that were previously inoculated (2 dai)
or not (Fig. 8), as previously described (Roman ez al., 2016), via
a dose tested in a previous experiment (Fig. S11). Treatment with
PI55 or LGR-991 led to a significant decrease in stem diameter
(Fig. 8g,h) compared with that of inoculated mock-treated MT
plants (Fig. 8d,g,h). We repeated this experiment using M82 and
PI55 (Fig. S12). PI55 led to a significant decrease in stem diame-
ter at the site of treatment of inoculated M82 plants (Fig. S12d,
e) compared with inoculated mock-treated MS82 plants
(Fig. S12b,e). Thus, plants with a limited cytokinin response pre-
sented less pronounced symptoms after inoculation with
Moniliophthora perniciosa than mock-treated inoculated plants.
These results corroborate the fundamental role of cytokinins dur-
ing symptom development in Moniliophthora perniciosa
infection.

Discussion

Witches’ broom is a typical symptom of various plant diseases
and is characterized by excess brush-like outgrowth of shoots
(Agrios, 2005). Witches” broom symptoms have been associated
with the production/induction of cytokinins by invading organ-
isms (Kilaru et al, 2007). In cacao, witches’ broom disease has
long been suggested to result from a hormone imbalance

© 2021 The Authors
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Fig. 7 Effect of topical application of 20 mM 6-benzyladenine (BA) in Micro-Tom (MT) tomato (Solanumlycopersicum) shoot apices and axillary buds,

inoculated or not with the S-biotype of Moniliophthoraperniciosa. (a) Stem diameter (cm) between the first and second leaves of inoculated MT plants
treated or not with 20 mM BA, or noninoculated plants treated or not with 20 mM BA, at 5, 15, 25, 35, 45 and 55 d after inoculation (dai). (b) Root
biomass (g dry weight) of inoculated MT, treated or not with 20 mM BA, or noninoculated MT plants treated or not with 20 mM BA at 55 dai. The error
bars represent SE. Statistically significant differences were determined by one-way ANOVA, followed by the Tukey test (P <0.05) (n=15); different letters
indicate significant differences among the four treatments. (c) Image of a noninoculated, mock-treated MT plant. (d) MT plant inoculated, but not treated
with BA. (¢) MT plant noninoculated, but treated with 20 mM BA. (f) MT plant inoculated plant and treated with 20 mM BA, with the development of a

gall-like structure.

(Dudman & Nichols, 1959; Krupasagar & Sequeira, 1969).
Some cacao-infected tissues have shown increases in ethylene
(Scarpari ez al., 2005), IAA and SA (Chaves & Gianfagna, 2006;
Kilaru er al, 2007). Transcriptomic analysis of infected tissues
revealed the upregulation of cacao genes related to the auxin
response together with biosynthesis and response to gibberellins
and ethylene and cytokinin degradation (Teixeira ez al., 2014).
The accumulation of transcripts associated with cytokinin oxida-
tion suggests the occurrence of a feedback response to altered
levels of cytokinins, but there has been no direct evidence of
cytokinin accumulation (Melnick ez al, 2012; Teixeira er al.,
2014). One study detected small quantities of tZ-riboside in
infected cacao (Orchard ez al, 1994). In addition, abscisic acid,
IAA, JA, and SA have been detected in the mycelia of the C-
biotype of Moniliophthora perniciosa (Kilaru ez al, 2007).

© 2021 The Authors
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Therefore, the specific roles of hormones during Moniliophthora
perniciosa infection remain elusive. Here, we used the MT model
to provide evidence of the involvement of cytokinins during the
pathogenesis of Moniliophthora perniciosa. We propose a hypo-
thetical model to explain the role of cytokinins, possibly pro-
duced by the fungus or by the host in response to the fungus, in
inducing symptom development and pathogenesis (Fig. S13).
We previously characterized the infection of MT by the S-
biotype of Moniliophthora perniciosa, particularly the abnormal
swelling of stems, similar to that of cacao infected by the C-
biotype during the biotrophic phase (Deganello er al, 2014).
Here, we demonstrated additional symptoms in infected MT,
such as a decrease in root biomass and an increase in the number
of fruit locules. We speculate that the reduction in roots in
infected MT could also be derived from hormone imbalance,

New Phytologist (2021) 231: 365-381
www.newphytologist.com



New

376 Research Phytologist

(@ 8. PISS (100uM) (h) 8- LGR-991 (100 M)
. —e— Noninoculated ‘ —e— Noninoculated

- 1.61 —= Inoculated —_ 1.61 — Inoculated
£ 1 4] —#— Noninoculated + PI55 £ 1.4{ ~ Noninoculated + LGR-991
L - —¢— Inoculated + PI55 L - —— Inoculated + LGR-991
S St
o 1.21 o 1.21
~— N
%) -]
g 1.0 £ 1.0
3 =
= 0.8 = 0.8
g 0.61 § 0.61
(7} 90}

0.4 0.4-

0.2 - ; y - y - 0.2 - y y : y '

5 10 20 30 40 50 60 5 10 20 30 40 50 60
Days after inoculation Days after inoculation

Fig. 8 Application of the cytokinin receptor inhibitors PI55 and LGR-991 in Micro-Tom (MT) tomato (Solanumlycopersicum) shoot apices, inoculated or
not with the S-biotype of Moniliophthoraperniciosa. (a) Noninoculated and mock-treated plant; (b) noninoculated plant treated with 100 pM LGR-991;
(c) noninoculated plant treated with 100 uM P155; (d) inoculated with the S-biotype of Moniliophthoraperniciosa and mock-treated plant; (e) plant
inoculated with the S-biotype of Moniliophthoraperniciosa treated with 100 pM LGR-991; (f) plant inoculated with the S-biotype of
Moniliophthoraperniciosa and treated with 100 uM P155. Mean stem diameter (cm) between the first and second leaves of MT plants, inoculated or not,
and treated or not with (g) 100 pM LGR-991; (h) 100 pM PI55 at 5, 15, 25, 35, 45 and 55 d after inoculation (n=30). The error bars represent SE.
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considering the critical roles of cytokinins and auxins in root
development (Ioio et al., 2008). The accumulation of cytokinins
and auxins at the site of infection might affect the amount and
distribution of these hormones to other organs, affecting proper
root development. Another possibility is the systemic presence of
the fungus in the roots; however, the plants were inoculated at
the shoot apex, and Moniliophthora perniciosa tends to remain
confined to symptomatic tissues (Calle er al, 1982). Alterna-
tively, a potential change in sink strength by infection may lead
to a lack of energy for root growth. Infection of white spruce by
mistletoe caused an increase in localized host cytokinins that alter
the balance of carbon distribution of the tree to favour the para-
site (Logan et al., 2013). Considering the fundamental role of
roots, the determination of the factors associated with root reduc-
tion is critical. The decrease in root biomass might be the cause
of the overall debilitation of infected cacao trees, which may
severely affect cacao yield (Marelli e 4/, 2019). The effect of
witches” broom disease on cacao roots remains to be determined.

The number of fruit locules in tomato is controlled by at least
three genes fasciated, locule number, and excessive floral organs
(Munos et al, 2011; Xu et al, 2015; Yuste-Lisbona et al.,
2020), all associated with the expression of CLAVATA3 (CLV3)
and WUSCHEL (WUS). Meristem maintenance is coordinated
by WUS, which regulates CLV3 expression, which in turn acti-
vates a signalling cascade to repress WUS transcription as part of
a feedback loop (Somssich ez al., 2016). Studies in Arabidopsis
have suggested the regulation of WUS by cytokinins in the shoot
stem-cell niche (Gordon ez al., 2009), axillary meristem initia-
tion (Wang ez al, 2017), and flower development (Lindsay ez
al., 2006). Thus, we speculate that the accumulation of
cytokinins at the inflorescence meristem of infected MT can
contribute to the increase in locule number. Accordingly, the
inoculation of 3585:A4rCKX2 did not affect the number of
locules, whereas the application of BA to MT increased the
number of locules per fruit.

Our screening using mutants and transgenic lines pointed to
cytokinins as major players in symptom development upon
Moniliophthora perniciosa infection. The reduced disease inci-
dence and stem diameter after inoculation of 3585:ArCKX2
demonstrated that cytokinins are associated with the develop-
ment of symptoms. The differential detection of a cytokinin sig-
nal via ARR5::uidA in inoculated plants at the initial stage of
infection (24 h) in comparison to noninoculated plants indicates
a role of cytokinin during Moniliophthora perniciosa infection.
Our RNA-seq analysis of infected stems at 20 and 30 dai, when
the symptoms were prominent, revealed the upregulation of some
cytokinin responsive-genes, corroborating the role of cytokinins
in the development of symptoms. Furthermore, a tomato CKX
gene was 30 x more upregulated in inoculated MT than in 358:
AtCKX2; 358:AtCKX2 containing low levels of cytokinins, and
cytokinins failed to accumulate in these plants during
Moniliophthora perniciosa infection. In support of this hypothesis,
BA treatment of MT plants mimicked stem enlargement, resem-
bling Moniliophthora perniciosa-infected tissues, as well as increas-
ing the number of fruit locules and decreasing root biomass. The
application of cytokinin agonists to infected MT plants reduced

© 2021 The Authors
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stem swelling, reinforcing the primary role of cytokinins in the
development of symptoms.

Tomato tRNA-IPT was downregulated in infected stems, simi-
lar to what was found in infected cacao (Teixeira et al., 2014).
Notably, we found an Moniliophthora perniciosa tRNA-IPT
expressed by the S-biotype during MT infection and by the C-
biotype during cacao infection. The presence and expression of
this MptRNA-IPT suggests that the pathogen can produce
cytokinins via this alternative pathway. Indeed, we detected iP in
the mycelia of Moniliophthora perniciosa grown in vitro. It is pos-
sible that Moniliophthora perniciosa produces cytokinin via tRNA-
IPT biosynthesis and, consequently, represses tomato tRNA-IPT
during infection, although this pathway is thought to contribute
mostly cZ (Sakakibara, 2006). After inoculation of 358:AtCKX2,
tomato tRNA-IPT was not repressed, suggesting that the mecha-
nism of repression is active only in fully symptomatic MT plants.
Therefore, we considered that although we detected the expres-
sion of only tRNA-IPT, this pathway might contribute to the
accumulation of iP in Moniliophthora perniciosa mycelia.

The nematode Heterodera schachtii relies on tRNA-IPT to pro-
duce iP (Siddique e# al., 2015); silencing HstRNA-IPT reduced
cytokinins at the infection site and decreased virulence in Ara-
bidopsis. Infection of Arabidopsis mutants deficient in cytokinins
resulted in reduced susceptibility, suggesting that the cytokinin
produced by the nematode is required to establish the infection,
while host cytokinins play a major role in maintaining the feed-
ing site (Siddique e# @/, 2015). In Arabidopsis, there are two
cytokinin biosynthetic pathways: the AMP/ATP/ADP-IPT path-
way, which produces iP followed by tZ, and the tRNA-IPT path-
way, which is thought to mainly contribute to c¢Z synthesis
(Sakakibara, 2006). Conversely, Physcomitrella patens produces
cytokinins exclusively via the tRNA-IPT pathway, including iP
(von Schwartzenberg et al., 2007).

We believe that the combination of cytokinins produced by
Moniliophthora perniciosa and MT leads to hypertrophic growth
during infection. We detected the accumulation of ¢Z and DHZ
in infected MT but not of iP found in Moniliophthora perniciosa
mycelia. Moniliophthora perniciosa produces iP and possibly
releases it to the MT host, acting as a precursor for the synthesis
of tZ by the plant (Fig. S13). The RNA-seq data suggest that the
iP produced by Moniliophthora perniciosa might presumably be
released to the host to be converted into inactive iPRMP, then
converted into tZ-riboside-monophosphate by CYTOCHROME-
P450 (Solyc02g094860), and then converted further to tZ to
promote symptoms. Conversely, a recent study of cytokinin
biosynthesis in Arabidopsis revealed no detection of the conver-
sion of exogenously applied tZ to DHZ and concluded that the
origin of DHZ-riboside-5"-monophosphate remains unknown
(Hosek ez al., 2020). In our study, we observed increased levels of
DHZ in infected stems, but additional studies are needed to clar-
ify the origin of DHZ accumulation.

In many cases, the role of cytokinins during infection has been
to support pathogenesis and to promote symptoms. Evidence
that pathogens produce cytokinins has been accumulating (Chan-
clud & Morel, 2016; Serensen ez al., 2018). Inoculation of Ara-
bidopsis overexpressing CKX with Plasmodiophora brassicae
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resulted in reduced symptoms, suggesting a role for cytokinins in
pathogenesis (Siemens ez al, 2006). In smut disease, Ustilago
maydis is known to produce cZ in vitro and during infection of
Zea mays, triggering the biosynthesis of cytokinins by the host to
form tumours (Morrison et al, 2017). Furthermore,
Magnaporthe oryzae contains a gene related to cytokinin biosyn-
thesis (CKS) and produces cZ-riboside, isopentenyl-adenosine,
cZ-nucleotide, and iP-nucleotide in its mycelia (Chanclud et 4/,
2016). Infection by the Magnaporthe oryzae cksl mutant did not
promote the development of sugar or amino acid sinks around
the site of infection, as observed during wild-type infection
(Chanclud ez al., 2016). Claviceps purpurea was shown to pro-
duce cytokinins iz vitro by the iP and tRNA-IPT biosynthesis
pathways (Hinsch er al, 2015). Deletion of CpIPT-LOG or
CpP450 did not affect virulence, but the deletion of CprRNA-
IPT suppressed cZ synthesis and reduced C. purpurea virulence,
whereas the double mutant AAiéps-logl tRNA-ipt severely impaired
virulence, confirming the role of cytokinins in pathogenicity
(Hinsch et al, 2016). Despite numerous efforts, Moniliophthora
perniciosa has been recalcitrant to genetic manipulation so far
(Teixeira er al., 2015), restricting the use of genome editing to
demonstrate the involvement of tRNA-IPT in pathogenesis.

In addition to the increase in cytokinins, we also observed an
increase in IAA, SA, and JA in infected stems of M T, whereas the
dikaryotic mycelium of Moniliophthora perniciosa produced IAA
and SA in vitro. We did not verify any change in disease inci-
dence after inoculation of the auxin mutants diageotropica or
entire, but we detected a contrasting response of stem enlarge-
ment for both mutants. Since auxin is also a hormone associated
with the development of symptoms from pathogen infections
(Kazan & Manners, 2009), we suggest that the increase in auxin
may contribute to hypertrophic and hyperplastic tissue growth,
especially increasing the size of xylem and phloem cells. It is well
established that auxins and cytokinins play a major role during
xylogenesis, increasing the size of the cells and stimulating cell
division, respectively (Aloni, 1995). Using the auxin-responsive
reporter construct DR5:GUS, Marelli er al. (2009) showed
increased auxin signalling in the xylem of tomato plants infected
by Moniliophthora perniciosa. Inoculated 358:AtCKX2 showed
less IAA than infected MT; therefore, cytokinins and auxin affect
each other during Moniliophthora perniciosa infection of MT,
and auxins may participate in the development of symptoms.

Alrogether, our findings suggest that Moniliophthora perniciosa
produces cytokinins that might interfere with host cytokinin
biosynthesis to establish pathogenesis and develop symptoms. To
our knowledge, this is the first report of cytokinins in the mycelia
of Moniliophthora perniciosa. Although studies in cacao have sug-
gested a role for cytokinins and auxins during Moniliophthora
perniciosa pathogenesis, this work demonstrates that cytokinins
are major players inducing symptoms in hosts. This increase in
host cytokinins induced by Moniliophthora perniciosa infection
might be associated with altering source-sink relationships and
increasing the supply of sugars to help the pathogen establish and
thrive in the apoplast. How the changes in cytokinins favour the
pathogen requires further investigation.
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Fig. S1 Histogram of classes of number of locules per fruit
expressed in percentage from Micro-Tom (MT) plants, inocu-
lated or not with three isolates of the S-biotype of Moniliophthora
perniciosa.

Fig. S2 Histogram of classes of number of locules per fruit

expressed in percentage from Micro-Tom (MT), mutants
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(diageotropica, entire, Never ripe, epinastic and procera) and trans-
genic lines (35S8::PS, 358::nahG, and 35S::AtCKX2) introgressed

into MT, inoculated or not with Moniliophthora perniciosa.

Fig. S3 Expression in FoldChange of the tomato #RNA
DIMETHYLALLYLTRANSFERASE ~(:RNA  IPT)  (Soly-
c01g080150.3, Solyc09g064910.1) and CYTOKININ OXIDASE
(Solyc10g017990.2) genes in inoculated Micro-Tom (MT) or
358::ArCKX2 plants.

Fig. S4 Box-plots indicating the expression in RPKM of the
Moniliophthora perniciosa tRNA
ISOPENTENYLTRANSFERASE-tRNA-IPT gene in
Moniliophthora perniciosa mycelium, and in Micro-Tom (MT) or
cacao infected plants.

Fig. S5 Cladogram constructed with tRNA-isopentenyl trans-
ferase (tRNA-IPT) protein sequences from plant pathogens.

Fig. S6 Quantification of hormones in Micro-Tom (MT) or
358::AtCKX2 plants inoculated with the Tiradentes isolate of the
S-biotype of Moniliophthora perniciosa, or in in vitro-grown
mycelium of the same isolate.

Fig. S7 Effect of topical application of 20 mM 6-benzyladenine
(BA) in tomato cv. M82 shoot apex and axillary buds, inoculated
or not with the S-biotype of Moniliophthora perniciosa.

Fig. S8 Histology of stem cross-section of Micro-Tom (MT)
plants treated with 20 mM benzyladenine (BA) after inoculation
or not with the S-biotype of Moniliophthora perniciosa.

Fig. S9 Pith, xylem, phloem, and cortex areas of stem cross-sec-
tion of Micro-Tom (MT) plants treated or not with 20 mM ben-
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zyladenine (BA) after inoculation or not with the S-biotype of
Moniliophthora perniciosa.

Fig. $10 Histogram of classes of number of locules per fruit in
percentage from inoculated Micro-Tom (MT) plants, treated or
not with 20 mM benzyladenine (BA), or noninoculated plants
treated or not with 20 mM BA.

Fig. S11 Doses evaluation of the cytokinin-receptors inhibitors
PI55 and LGR-991 in Micro-Tom (MT) shoot apices and axil-
lary buds, inoculated or not with the S-biotype of Moniliophthora
perniciosa.

Fig. $12 Application of the cytokinin-receptors inhibitor PI55 in
tomato cultivar M82 shoot apices and axillary buds, inoculated
or not with the S-biotype of Moniliophthora perniciosa.

Fig. S13 Proposed hypothetical model of infected Micro-Tom
(MT) plants compared to inoculated 358::ArCKX2 plants.

Table S1 Annotation of differentially expressed cytokinin marker
genes of Micro-Tom tomato (Solanum lycopersicum) in response
to inoculation with the S-biotype of Moniliophthora perniciosa.

Table S2 Annotation of all differendally expressed genes of
Micro-Tom and 35S::AtCKX2 tomato (Solanum lycopersicum) in
response to inoculation with the S-biotype of Moniliophthora
perniciosa at 5, 10, 20 and 30 d after infection (dai).
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