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Abstract 

Witches’ broom disease of cacao is caused by the pathogenic fungus Moniliophthora perniciosa. By using tomato 
(Solanum lycopersicum) cultivar Micro-Tom (MT) as a model system, we investigated the physiological and meta-
bolic consequences of M. perniciosa infection to determine whether symptoms result from sink establishment during 
infection. Infection of MT by M. perniciosa caused reductions in root biomass and fruit yield, a decrease in leaf gas 
exchange, and down-regulation of photosynthesis-related genes. The total leaf area and water potential decreased, 
while ABA levels, water conductance/conductivity, and ABA-related gene expression increased. Genes related to 
sugar metabolism and those involved in secondary cell wall deposition were up-regulated upon infection, and the con-
centrations of sugars, fumarate, and amino acids increased. 14C-glucose was mobilized towards infected MT stems, 
but not in inoculated stems of the MT line overexpressing CYTOKININ OXIDASE-2 (35S::AtCKX2), suggesting a role for 
cytokinin in establishing a sugar sink. The up-regulation of genes involved in cell wall deposition and phenylpropanoid 
metabolism in infected MT, but not in 35S::AtCKX2 plants, suggests establishment of a cytokinin-mediated sink that 
promotes tissue overgrowth with an increase in lignin. Possibly, M. perniciosa could benefit from the accumulation of 
secondary cell walls during its saprotrophic phase of infection.

Keywords:  Cacao, cytokinin, lignin, saprotrophic, sugar, Theobroma cacao, witches’ broom disease.
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Introduction

Pathogenic fungi cause significant losses to crop production 
worldwide (Davies et al., 2021). Fungal pathogens have dis-
tinct feeding strategies and can be categorized according to 
their lifestyle (Horbach et al., 2011). Biotrophs require living 
tissues to grow and complete their life cycle, while necrotrophs 
kill host cells to thrive on dead tissue. Hemibiotrophs typically 
exhibit an initial short biotrophic stage before switching to a 
necrotrophic phase (Fernandez et al., 2014). Saprotrophs feed 
on dead organic matter or decaying tissues (Smith et al., 2017).

Infection by biotrophs or hemibiotrophs may directly im-
pact the primary metabolism of hosts by diversion in the plant 
from growth to defence or by diversion of metabolites to the 
pathogen itself, in either case affecting relevant processes of 
plant development (Rojas et al., 2014). To fulfil the energy de-
mand for plant defence, some pathways associated with carbo-
hydrate metabolism, such as glycolysis and the tricarboxylic acid 
cycle (TCA), are frequently induced in infected hosts (Berger 
et al., 2007; Veillet et al., 2017). A common consequence of 
fungal infection is the remobilization of photosynthates and 
other nutrients by inducing a strong sink at the infection site 
(Schultz et al., 2013; Sosso et al., 2019; Fernie et al., 2020), usu-
ally by up-regulating genes such as SUGAR TRANSPORTER 
PROTEINS (STPs), sugar facilitators from the SUGAR WILL 
EVENTUALLY BE EXPORTED TRANSPORTER family 
(SWEETs), SUCROSE TRANSPORTERs (SUTs), and 
CELL-WALL INVERTASEs (CWIVs) (Pommerrenig et al., 
2020). Cytokinins are known to induce the establishment of 
sink tissues, commonly through the induction of CWIVs, STPs 
(Tauzin and Giardina, 2014; Albrecht and Argueso, 2017), and 
amino acid transporters [e.g. amino acid permeases (AAP), ly-
sine and histidine transporters (LHT), and cationic amino acid 
transporters (CAT)], and promote the accumulation of hex-
oses and amino acids (Berger et al., 2007; Veillet et al., 2016; 
McIntyre et al., 2021). The increased availability of hexoses 
during pathogen infection may cause the down-regulation of 
genes related to photosynthesis (Berger et al., 2007), reducing 
the photosynthetic rate (Rojas et al., 2014; Matei et al., 2018).

Cytokinins are plant hormones that regulate several mech-
anisms of plant growth and development, and may act as posi-
tive regulators of pathogen virulence (Chanclud and Morel, 
2016). Usually, the involvement of cytokinins in plant–
pathogen interactions is associated with the establishment of 
a strong sink at the site of infection, mostly related to their 
role in cell division (McIntyre et al., 2021). Infection of hosts 
by the cytokinin-producing pathogens Rhodococcus fascians (the 
causal agent of leafy gall disease) and Plasmodiophora brassicae 
(the causal agent of the clubroot disease of Brassicaceae) was 
shown to increase the expression of sugar-related genes, trans-
forming the infection site into a strong sink (Pertry et al., 2009; 
Dhandapani et al., 2017; Walerowski et al., 2018; Zhang et al., 
2019a). The fungal maize pathogen Ustilago maydis produces 
cytokinins and induces sink formation through the expression 

of host STPs and SWEETs, with the consequent accumulation 
of hexoses for pathogen feeding (Bruce et al., 2011; Sosso et al., 
2019). The rice pathogen Magnaporthe oryzae was also reported 
to produce cytokinins and induce the accumulation of nutri-
ents at the site of infection (Chanclud et al., 2016).

Abscisic acid (ABA) is another plant hormone that, des-
pite its recognized role in water-stress responses (Kuromori et 
al., 2018), was shown to regulate the increase in sink strength 
during host infection by some pathogens (Hayes et al., 2010; 
Morrison et al., 2017; Huai et al., 2019). Infection of grapevine 
by Erysiphe necator or Plasmopora viticola increased the expres-
sion of CWIV, VvcwINV, and the hexose transporter VvHT5, 
enhancing sink strength through ABA regulation (Hayes et al., 
2010). Similarly, infection of wheat by Puccinia striiformis f. sp. 
tritici stimulates ABA biosynthesis, leading to increased expres-
sion of the hexose transporter gene TaSTP6, while promoting 
sugar supply and pathogen infection (Huai et al., 2019).

The basidiomycete Moniliophthora perniciosa causes witches’ 
broom disease (WBD) of cacao (Theobroma cacao). WBD is re-
stricted to South American and Caribbean cacao-producing 
countries, where it severely impacts cacao production (Artero 
et al., 2017). In cacao, germinating M. perniciosa basidiospores 
penetrate only active meristematic tissues. The monokaryotic 
hyphae grow slowly, colonizing the apoplast at low density 
during the biotrophic phase of infection (Sena et al., 2014), 
which is unusually long (up to 90 d) for a hemibiotroph 
(Teixeira et al., 2014). Biotrophic infection promotes remark-
able symptoms, including the loss of apical dominance and the 
induction of hypertrophic growth of axillary shoots (Purdy 
and Schimdt, 1996). Eventually, the hyphae of the pathogen 
form clamp connections and become dikaryotic, and the cacao 
tissues become necrotic due to an undetermined cause (Sena et 
al., 2014). Moniliophthora perniciosa belongs to the Marasmiaceae, 
which contains mostly saprotrophic litter- and wood-
decomposing species (Lisboa et al., 2020), but M. perniciosa has 
been considered a hemibiotroph. A novel classification based 
on the genome content of genes encoding carbohydrate-active 
enzymes (CAZymes) predicted M. perniciosa to be a saprotroph 
(Hane et al., 2020).

Biochemical and transcriptional changes related to cacao 
shoot primary metabolism during infection with M. perniciosa 
have been described (Scarpari et al., 2005; Barau et al., 2014; 
Teixeira et al., 2014). An analysis of infected shoots indicated 
an increase in glucose, fructose, sucrose, purine alkaloids, and 
asparagine (Scarpari et al., 2005). Transcriptional profiling of 
the biotrophic stage of infection revealed metabolic repro-
gramming (Teixeira et al., 2014), resulting in increased activity 
of a cell-wall invertase in the apoplast, reduced levels of su-
crose, and increased levels of glucose and fructose, suggesting 
the development of a sugar sink in infected cacao shoots 
(Barau et al., 2014) and the activation of premature senescence 
(Teixeira et al., 2014).
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Cacao, as a perennial tree species, is a challenging non-model 
biological system. Moniliophthora perniciosa can infect diverse 
hosts, including several Solanaceae species, inducing shoot 
symptoms similar to those observed in infected cacao (Lisboa et 
al., 2020). The C-biotype of M. perniciosa is pathogenic only to 
Theobroma and Herrania species, whereas the S-biotype infects 
mostly wild Solanaceae species (Pierre et al., 2017). The tomato 
(Solanum lycopersicum) cultivar Micro-Tom (MT) is susceptible 
to the S-biotype upon inoculation, and it has been used as a 
model to investigate pathogenesis (Deganello et al., 2014). The 
short life cycle (90 d) and small size of MT plants are highly at-
tractive characteristics for exploring the molecular and physio-
logical aspects of interaction with pathogens (Carvalho et al., 
2011).

Previously, we have demonstrated that the S-biotype of 
M. perniciosa produces cytokinins in vitro and interferes with 
the cytokinin balance in infected tomato plants (Costa 
et al., 2021). We inoculated an MT transgenic line that 
overexpresses the Arabidopsis CYTOKININ OXIDASE-2 
gene (35S::AtCKX2) (Pino et al., 2010). We recently showed 
that this line had lower levels of cytokinins, and we observed a 
lower incidence of infection and reduced symptoms compared 
with infected wild-type MT (Costa et al., 2021). As expected 
(Werner et al., 2003), the transgenic plants showed retarded 
shoot development and enhanced root growth. RNA-seq 
analysis of infected MT plants revealed the up-regulation 
of a set of cytokinin-related marker genes in comparison to 
non-inoculated control plants (Costa et al., 2021). MT plants 
treated with benzyladenine (BA) developed similar infection 
symptoms, while M. perniciosa-infected plants treated with 
cytokinin-receptor inhibitors LGR-991 and PI55 showed less 
pronounced symptoms. We hypothesized that the change in 
the cytokinin balance may be associated with the manipu-
lation of sink establishment in favour of fungal infection. In 
cacao, yield losses are thought to derive mostly from pod 
rot, but they might involve the debilitation of plants via the 
remobilization of energy resources to infected tissues during 
the biotrophic phase of infection (Teixeira et al., 2014). Thus, 
the physiological reasoning behind losses in cacao yield is not 
yet fully explained.

Here, we characterized the physiological and metabolic re-
sponses of tomato MT to M. perniciosa infection. We evaluated 
physiological parameters of symptomatic tissues of MT plants, 
and analysed genes involved in plant metabolism by RNA-
seq analysis. Concentrations of ABA and the translocation of 
14C-glucose in infected MT and 35S::AtCKX2 plants were 
evaluated. The results point to the induction of a strong sink 
at the infected stem, along with the up-regulation of genes 
involved in cell wall deposition and phenylpropanoid metab-
olism, and the accumulation of lignin in MT stems, but not in 
the 35S::AtCKX2 line. It is possible that M. perniciosa could 
benefit from the accumulation of secondary cell walls (SCWs) 
during its saprotrophic phase of infection.

Materials and methods

Plant material
Tomato MT and an MT line overexpressing Arabidopsis CYTOKININ 
OXIDASE-2 (35SS::AtCKX2) (Pino et al., 2010) were used in the in-
oculation experiments. Plants were grown as described by Costa et al. 
(2021).

Inoculation experiments
Dry brooms from the Tiradentes isolate were obtained from Solanum 
lycocarpum naturally infected with M. perniciosa, basidiospores were col-
lected from detached pilei, and MT plants were inoculated as reported 
by Costa et al. (2021). Symptoms of infection in the MT plants were 
evaluated at 5, 15, 25, and 35 days after inoculation (dai). Root and stem 
dry weight, main root length, and fruit number and dry weight were de-
termined at 40 dai in a completely randomized design (n=10). Significant 
differences were determined by Student’s t-test at P<0.05 using R soft-
ware (R Core Team, 2020).

Detection of M. perniciosa in infected MT tissues by DNA 
amplification
Stem sections taken between the first and second leaves and roots of inocu-
lated and non-inoculated MT plants were collected at 35 dai (n=3), frozen, 
ground in a cryogenic mill (CryoMill, Retsch, Haam, Germany), and used 
for DNA extraction (Doyle and Doyle, 1990). DNA from in vitro-grown M. 
perniciosa mycelia (Costa et al., 2021) was used as a positive control. Primers 
specific for the M. perniciosa RPL35 gene (MP14350, WBD Transcriptome 
Atlas; Teixeira et al., 2014) (ACTTCGGGTGCAAAAGATTG 
and TGGTCCTTCTTCGTCTGCTT; Deganello 
et al., 2014) and for the tomato actin SlActin gene 
(Solyc04g011500.2.1; GGTCCCTCTATTGTCCACAG and 
TGCATCTCTGGTCCAGTAGGA) were used in amplification reac-
tions. Reactions were performed in a 12.5 µl total volume, containing 
100  ng of DNA, 3.75  mM MgCl2, 0.2  mM dNTPs, 0.5 μM of each 
primer, and 2.5 U Taq DNA polymerase in appropriate buffer. The amp-
lification reactions were conducted with an initial denaturation step of 
3 min at 95 °C, followed by 35 cycles of 30 s at 94 °C, 40 s at 60 °C, and 
30 s at 72 °C, and a final step of 10 min at 72 °C. No DNA template 
control was included. Products were visualized by gel electrophoresis in 
1.5% agarose gel.

Gas exchange analyses
Net assimilation of CO2 (A, µmol m–2 s–1), transpiration rate (E, mmol 
m–2 s–1), stomatal conductance (gs, mol H2O m–2 s–1), and intercellular 
CO2 concentration (Ci, µmol m–2 s–1) were determined using an infrared 
gas analyser (LI-6400XT, LI-COR, Lincoln, NE, USA) coupled with a 
fluorescence chamber (6400-40, LI-COR). The analyses were conducted 
at 25 °C, with photosynthetically active radiation at 800 µmol m–2 s–1, 
atmospheric CO2 concentration at ~400 µmol mol–1, and relative hu-
midity at ~60%. Gas exchange analysis was conducted on the second and 
third, symptomatic (chlorotic) or asymptomatic (non-chlorotic), leaves 
of infected MT plants at 25 dai and compared with equivalent leaves of 
non-inoculated MT plants in a completely randomized design (n=10). 
Significant differences were determined by Student’s t-test at P<0.05 
using R software.

Determination of leaf water potential and total leaf area
Leaf water potential (MPa) was estimated using a psychrometer 
(PSYPRO, Wescor, Logan, UT, USA) coupled to a C52 chamber. Leaf 
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discs from the second and third, symptomatic (chlorotic) or asymptom-
atic (non-chlorotic), leaves of infected MT plants at 35 dai were analysed 
and compared with equivalent leaves of non-inoculated MT plants. Total 
leaf area (cm2) was determined using a LI-3100C leaf-area integrator 
(LI-COR). The experimental design was completely randomized (n=10). 
Significant differences were determined by Student’s t-test at P<0.05 
using R software.

Stem hydraulic conductance and conductivity analysis
Stem segments of infected plants were fractionated into symptomatic 
(thickened) or non-symptomatic (above the thickened region) portions 
and compared with equivalent segments from non-inoculated MTplants 
at 35 dai. The hydraulic conductance determines the amount of water 
translocated through a stem section over a period of time, while the hy-
draulic conductivity establishes the flow rate at a given pressure when 
water is translocated throughout the length of a stem segment (Nardini 
and Tyree, 1999; Atkinson et al., 2003). Stem segments were connected 
to silicone tubing linked to a peristaltic pump. The base of the stem seg-
ment was submerged in water, and tension (0.03 MPa) was applied to the 
hydraulic system to promote suction of water through the segment. The 
tension draws the flow-through water from the stem segment to a dry 
cotton ball (Ehlert et al., 2009). The volumetric rate (Jv, in m3 s–1) of water 
translocated through the stem vascular system by the applied tension (T, 
in MPa) and the stem area (A, in m2) is calculated by

Jv =
Pu − Ps
t × ρ

,

where Pu is the final weight of the cotton ball (kg), Ps is the initial weight 
of the cotton ball (kg), t is the time interval (s–1), and ρ is the water density 
(kg m–3). The stem hydraulic conductance (Kstem in m3 MPa–1 s–1) is cal-
culated by 

Kstem =
Jv

T × A
.

The stem hydraulic conductivity (Kh, in kg ms–1 MPa–1) (Pivovaroff et al., 
2014) is calculated by

Kh =
F × L

∆p

where F is the flow rate (kg s–1), L is the stem segment length (cm), and 
Δp is the variation of tension applied (MPa). The experiment was com-
pletely randomized (n=9). Significant differences were determined by 
Student’s t-test at P < 0.05 using R software.

RNA-seq analysis
RNA-seq reads were obtained from the NCBI Gene Expression 
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) (#GSE153345) 
and reanalysed. The transcriptomic data were originally obtained from 
stem sections from between the first and second leaves collected at 5, 
10, 20, and 30 dai (n=5 per time point) for MT, and at 30 dai for the 
35S::AtCKX2 line (n=5) (Costa et al., 2021). The read quality was 
evaluated using FastQC/0.11.8 (Andrews, 2010) and trimmed using 
the BBduk tool of the BBMap package (https://sourceforge.net/pro-
jects/bbmap/) and Trimmomatic (Bolger et al., 2014). The cleaned reads 
were mapped against the tomato transcriptome ITAG3.1 and quantified 
using Salmon (Patro et al., 2017). Read counts were retrieved using the 

R package tximport (https://bioconductor.org/packages/release/bioc/
html/tximport.html), and data were converted into lengthScaledTPM 
(Soneson et al., 2015). Differential gene expression was analysed as de-
scribed by Costa et al. (2021). We used MapMan (Thimm et al., 2004) 
to classify the differentially expressed genes (DEGs) into defined hier-
archical categories (BINs). Heatmaps of expression profiles of significant 
DEGs were generated using the R package pheatmap (Kolde, 2018); clus-
ters were obtained using the cuttree function (Montero et al., 2014).

Quantification of ABA
Stems of inoculated MT and 35S::AtCKX2 plants were used to estimate 
ABA concentrations, as previously described (Costa et al., 2021). Stem 
sections taken between the first and second leaves were collected at 5, 10, 
20, and 30 dai (n=5 per time point) for MT, or at 30 dai (n=5) for the 
35S::AtCKX2 line. ABA was extracted as described by Martínez-Bello et 
al. (2015) and analysed as described by Costa et al. (2021). Significant dif-
ferences were determined by two-way ANOVA, followed by comparison 
of means by the Tukey test at P<0.05 using R software.

Analysis of primary metabolites
Stem sections taken between the first and second leaves of inoculated or 
non-inoculated MT, collected at 4, 10, and 20 dai, were ground in a cryo-
genic mill (n=5 per time point). Metabolites were extracted from 50 mg 
of samples using methyl-tert-butyl-ether (MTBE):methanol:water (3:1:1, 
v/v) (Giavalisco et al., 2011). Samples were homogenized for 10 min at 
4 °C, incubated for 10 min in a cooled sonicator, vortexed, and centri-
fuged at 13 000 g for 5 min at 4 °C. Then, 150 µl of the polar fraction 
was collected and dried. The dry extract was dissolved and derivatized 
in methylamine–HCl and N-methyl-N-trimethylsilyl fluoroacetamide 
(MSTF) for 90 min at 30 °C, and a standard mixture of retention-time 
indices was added and kept for 30 min at 37 °C (Roessner et al., 2000). 
Volumes of 1 μl of the derivatized samples were analysed using a Combi-
PAL autosampler (Agilent Technologies, Waldbronn, Germany) coupled 
to an Agilent 7890A gas chromatograph (GC) and a Leco Pegasus HT 
time-of-flight mass spectrometer (TOF-MS) (LECO, St. Joseph, MI, 
USA). The chromatograms were exported from Leco ChromaTOF (v. 
4.51.6.0) into cdf files to be processed in R software (R core Team, 2020). 
TargetSearch (Bioconductor) was used for peak detection and retention-
time alignment (Cuadros-Inostroza et al., 2009). For metabolite iden-
tification, the extracted mass spectra and retention times were queried 
against the Golm Metabolome Database reference library (http://gmd.
mpimp-golm.mpg.de/). Metabolites were quantified by the intensity of 
peaks by quantitative mass. Normalization of metabolite intensity was 
achieved by dividing fresh weight and ion counts (Giavalisco et al., 2011), 
and data were normalized by dividing each value by the average of all 
measures for one metabolite. Principal component analysis was con-
ducted employing pcaMethods in Bioconductor (Stacklies et al., 2007). 
The effects of treatment were assessed by ANOVA, followed by Tukey’s 
test using R software. The heatmap was constructed with the R package 
‘pheatmap’ version 1.0.12.

14C-glucose mobilization assay
In the first experiment, MT or 35S::AtCKX2 plants, inoculated with 
M. perniciosa or non-inoculated, were treated with 10 µl of 14C-glucose 
(312.583 Bq µl–1) applied to the first leaf above the inoculation site at 4, 
10, and 20 dai (n=6). The treated plants were kept at room temperature 
for 6 h and then separated into organs and weighed, and each organ was 
oxidized (Biological Oxidizer OX500, Harvey Instrument; Tappan, NY, 
USA). The resulting 14CO2 was fixed in scintigraphy buffer, quantified 
by liquid scintigraphy spectrometry (Liquid Scintillation Analyser 1600 
TR, Packard Canberra; Schwadorf, Austria), and expressed in specific 
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radioactivity (Bq mg–1). In the second experiment, stock solutions of 1 
M BA dissolved in DMSO were diluted in lanolin (1:49) heated to 55 
°C (Roman et al., 2016; Costa et al., 2021). Volumes (12 μl in total) of 
20 mM BA were applied to the shoot apices and axillary buds of MT 
plants (n=15) and again 10 d after the first application; control plants re-
ceived DMSO:lanolin at 1:49 (n=6). The remobilization of 14C-glucose 
was estimated in MT plants treated with BA or untreated controls, 
collected at 5, 10, and 20 days after application (daa) of BA (n=6). 
Significant differences were determined by Student’s t-test at P<0.05 
using R software.

Lignin quantification
Stem sections taken between the first and second leaves of inoculated or 
non-inoculated MT plants were collected at 30 dai, frozen, ground in 
a cryomill, and freeze-dried. Samples were used to estimate total lignin 
(% cell wall) (n=9). Samples were subjected to sequential extraction to 
prepare the cell wall residue. The extractions were performed for 30 min 
each at near-boiling temperature in water (98 °C), ethanol (76 °C), 
chloroform (59 °C), and acetone (54 °C), and the resulting cell wall 
residue was dried at 60 °C overnight. Lignin quantification was per-
formed using the acetyl bromide method (Fukushima and Kerley, 2011). 
Significant differences were determined by Student’s t-test at P<0.05 
using R software.

Lignin staining of MT stem cross-sections
Stems from infected or non-inoculated MT plants were collected at 
30 dai (n=5). Fresh stem fragments taken between the first and second 
leaves were sectioned using a microtome (SM200R, Leica, Heidelberg, 
Germany). The sections were specifically stained for lignin with 
phloroglucinol–HCl (Jensen, 1962). Slides were covered with glycerol 
and immediately observed under a Leica EZ4E stereomicroscope (Leica 
Biosystems, Nussloch, Germany) with apochromatic optics (S8AP0; 
Leica).

Results

Infection with M. perniciosa increased the weight of 
symptomatic stems and reduced fruit yield

Using the MT model system, we previously described symp-
toms such as stem swelling, a reduction in root biomass, and 
an increase in fruit locule number in response to infection 
with M. perniciosa (Costa et al., 2021). Here, we inoculated 
MT plants and observed, in addition to the typical symptoms 
(Supplementary Fig. S1A, B, F, G, K, L), leaves near the site of 
infection that were wrinkled and chlorotic at the edges, and 
thickened petioles, leaf veins, and floral peduncles at 35 dai 
(Supplementary Fig. S1C–E, H–J).

The infected swollen stem segments showed a significant 
increase in dry weight compared with equivalent segments 
of non-inoculated plants (Fig. 1A, B), proportional to the in-
crease in stem diameter (Costa et al., 2021). As a control, we 
determined the dry weight of non-symptomatic stem seg-
ments above the symptomatic sections and compared it with 
the dry weight of equivalent stem segments of non-inoculated 
plants; no significant differences were observed (Fig. 1A, B). 
The severity of swelling symptoms progressed over time, and 

the symptomatic stem remained green, with few necrotic spots, 
as late as 90 dai (Supplementary Fig. S2).

Infection resulted in a significant decrease in the total 
number of fruits produced per plant (Fig. 2A) and in total 
fruit dry weight per plant (Fig. 2B) at 35 dai. We observed 
a reduced number of flowers after anthesis per plant at 20 
dai (Supplementary Fig. S3A), along with the repression of 
DEGs related to flowering (e.g. CONSTANS, AGAMOUS, 
APETALA) at the infection site at 20 dai and 30 dai, as de-
termined by RNA-seq (Supplementary Fig. S3B). The root 
system of infected plants showed impaired growth, with re-
duced total root dry weight at 35 dai (Fig. 2C), but no differ-
ence in the main root length (Fig. 2D). 

To determine the systemic presence of the pathogen in 
infected tissues, we amplified fragments of a M. perniciosa-
specific gene (MpRPL35) and a host gene as a normal-
izer (SlActin) using DNA from stems and roots of infected 
or non-inoculated MT plants. MpRPL35 was detected 
only in symptomatic stem samples from infected plants 
(Supplementary Fig. S4A), and no amplification occurred in 
samples from roots or in samples from non-inoculated plants 
(Supplementary Fig. S4B).

Fig. 1. Quantification of stem swelling in tomato Micro-Tom (MT) 
plants infected with the S-biotype of Moniliophthora perniciosa. (A) 
Dry weight of 3 cm stem segments around the first leaf (base of stem) 
from non-inoculated or infected symptomatic plants, and from stem 
segments above the symptomatic region from non-inoculated or infected 
symptomatic plants, at 35 dai (n=10). In each boxplot, the middle line 
represents the median value, the upper and lower bars correspond to the 
first and third quartiles, respectively, and the whiskers represent 1.5 times 
the interquartile range. Statistically significant differences were determined 
by the t-test and are indicated with asterisks (*P<0.05). (B) Indication of 
the sampled stem segments of non-inoculated (left) and infected (right) MT 
plants. Scale bar=4 cm.
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Infection reduces leaf net photosynthesis and stomatal 
conductance while increasing water conductance and 
conductivity in infected stems

MT plants infected with M. perniciosa showed a significant de-
crease in net photosynthesis (A) in symptomatic (chlorotic 
and wrinkled) leaves and in adjacent non-symptomatic (non-
chlorotic) leaves compared with leaves at the same developmental 
stage and position in non-inoculated plants (Fig. 3A). A signifi-
cant decrease in gs (Fig. 3B) and E (Fig. 3C) was detected only in 
symptomatic leaves. In contrast, Ci was increased in symptomatic 
leaves compared with leaves of non-inoculated plants (Fig. 3D).

Using the RNA-seq data (NCBI GEO #GSE153345), we 
analysed the expression profile of DEGs related to photosyn-
thesis in symptomatic tissues at 20 dai and 30 dai by employing 
hierarchical clustering (Fig. 3E; Supplementary Fig. S5). In in-
fected stems, we detected decreased expression of DEGs re-
lated to the photosynthetic apparatus, electron carriers, and 
the Calvin cycle, including those that encode chlorophyll 
a/b-binding proteins, subunits of the photosystem reaction 
centre, ferredoxin, the small subunit of ribulose bisphosphate 
carboxylase, glyceraldehyde-3-phosphate dehydrogenase, and 
fructose-1,6-bisphosphatase, compared with expression in the 
stems of non-inoculated plants (Fig. 3E).

To investigate the impact of the reduced root system of in-
fected MT plants, presuming that this imposed a constraint on 

water uptake, we estimated the leaf water potential. Water po-
tential decreased in both symptomatic and non-symptomatic 
leaves of infected plants (Fig. 4A), which might contribute to 
the observed reduction in gs (Fig. 3B). Total leaf area per plant 
was significantly reduced in infected plants (Fig. 4B). We also 
observed the up-regulation of some DEGs related to ABA 
signalling, including those that encode ABA-responsive pro-
tein, receptors (PYR/PYL/RCAR), S-type channel anion 
proteins, and a plasma membrane intrinsic protein, whose best 
hit in Arabidopsis was the aquaporin PIP2;1 (Fig. 4C). ABA 
concentrations decreased in non-inoculated MT stems at 20 
dai and 30 dai, while infection impaired this reduction, with 
more ABA being detected in infected MT stems (Fig. 4D). 
We also quantified ABA in inoculated 35S::AtCKX2 plants. 
Non-inoculated 35S::AtCKX2 plants showed a higher ABA 
concentration than non-inoculated MT plants at 30 dai, while 
inoculation of 35S::AtCKX2 plants did not result in increased 
ABA concentrations (Fig. 4D).

We investigated whether water conductance and conductivity 
were affected in infected symptomatic stems, which are associ-
ated with hypertrophic growth of the vascular tissue (Marelli 
et al., 2009; Costa et al., 2021). Compared with the equivalent 
segment in non-inoculated plants, hydraulic conductance (Fig. 
5A, C) and conductivity rates (Fig. 5B, C) were higher in the 
infected symptomatic stem. Conversely, the non-symptomatic 
region of the stem, above the symptomatic region, had hydraulic 
conductance (Fig. 5A, C) and conductivity rates (Fig. 5B, C) 
similar to those of the stem in non-inoculated plants.

Transcriptional reprogramming of infected stems 
suggests growth and induction of a nutrient sink

We analysed the RNA-seq data of infected MT stems and 
non-inoculated controls at 5, 10, and 20 dai. Transcriptional 
analysis pointed to the metabolic reprogramming of in-
fected stems over time, especially at 20 dai, when symptoms 
were evident (Supplementary Table S1). Genes associated 
with starch anabolism and catabolism were down-regulated, 
including those encoding β-amylases, ADP-glucose 
pyrophosphorylase small subunits, granule-bound starch 
synthase, callose synthase, and cytosolic malate dehydro-
genase (Fig. 6A). Conversely, genes encoding proteins related 
to sugar sensing and signalling [e.g. Trehalose-6-Phosphate 
Synthase 1 (TPS1), Trehalose 6-Phosphate Phosphatase 
(TPP)], a phosphotransferase orthologue of Arabidopsis 
hexokinase-3 and -4, H+/monosaccharide transporters 
(e.g. STP1 and STP12), and polyol and tonoplast mono-
saccharide transporters (Fig. 6A) were induced. Notably, we 
found overexpression of a cell-wall invertase (INVERTASE 
6) required for sucrose breakdown in the apoplast (Fig. 
6A). Regarding amino acid metabolism, genes encoding 
an arogenate dehydrogenase, amino acid and nitrate trans-
porters, glutamate synthase, and proline dehydrogenase were 
up-regulated at 20 dai (Fig. 6B).

Fig. 2. Effect of infection of tomato Micro-Tom plants by the S-biotype 
of Moniliophthora perniciosa on fruit yield and root development. (A) Total 
number of fruits per plant, (B) total fruit dry weight per plant, (C) root dry 
weight, and (D) root length of non-inoculated or infected MT plants at 
35 dai (n=10). In each boxplot, the middle line represents the median 
value, the upper and lower bars correspond to the first and third quartiles, 
respectively, and the whiskers represent 1.5 times the interquartile range. 
Statistically significant differences between infected and non-inoculated 
control plants were determined by the t-test and are indicated with 
asterisks (*P<0.05).
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Fig. 3. Leaf gas exchange parameters and photosynthesis-related gene expression in response to infection of tomato Micro-Tom (MT) plants by the 
S-biotype of Moniliophthora perniciosa. (A) Net photosynthetic rate (A), (B) stomatal conductance (gs), (C) transpiration rate (E), and (D) Intercellular CO2 
concentration (Ci) in the non-symptomatic leaf (NSL, non-chlorotic) and symptomatic leaf (SL, chlorotic)—the second and third fully expanded leaf, 
respectively—from infected plants, compared with the corresponding leaves from non-inoculated plants at 25 dai (n=10). In each boxplot, the middle line 
represents the median value, the upper and lower bars correspond to the first and third quartiles, respectively, and the whiskers represent 1.5 times the 
interquartile range. Statistically significant differences between infected and non-inoculated control plants were determined by the t-test and are indicated 
with asterisks (*P<0.05). The image inserts of leaves in (D) represent NSL and SL in (A–C) and Fig. 4A. (E) Heatmap of differentially expressed genes 
associated with photosynthesis in stems from non-inoculated or infected MT plants at 20 dai and 30 dai determined by RNA-seq, with clustering analysis 
according to the expression profiles obtained via the cuttree function in R (4.0.0). Genes with FDR ≤0.01 (1%) and fold change ≥2 were considered 
differentially expressed and are indicated with asterisks. The scale bar represents z-score-transformed TPM values (n=5).
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Fig. 4. Determination of water stress- and ABA-related gene expression and quantification in the stem and leaves of tomato Micro-Tom (MT) plants 
infected with the S-biotype of Moniliophthora perniciosa. (A) Water potential of the third expanded leaf without symptoms (non-chlorotic; NSL) or with 
symptoms (chlorotic; SL) from infected plants compared with the corresponding leaves from non-inoculated plants at 35 dai (n=10). (B) Total leaf area 
from non-inoculated or infected MT plants at 35 dai (n=10). In each boxplot, the middle line represents the median value, the upper and lower bars 
correspond to the first and third quartiles, respectively, and the whiskers represent 1.5 times the interquartile range. Statistically significant differences 
between infected and non-inoculated control plants were determined by the t-test and are indicated with asterisks (*P<0.05) (C) Heatmap of differentially 
expressed genes associated with abscisic acid (ABA) metabolism determined by RNA-seq in stems from non-inoculated or infected MT plants at 20 
dai and 30 dai. Genes with FDR ≤0.01 (1%) and fold change ≥2 were considered differentially expressed and are indicated with asterisks. The scale 
bar represents z-score-transformed TPM values (n=5). (D) Quantification of ABA in stems from non-inoculated or infected MT plants at 5, 10, 20, and 
30 dai, and in non-inoculated or inoculated transgenic 35S::AtCKX2 MT plants overexpressing an Arabidopsis cytokinin oxidase gene at 30 dai (n=5). 
Statistically significant differences (P<0.05) were determined by two-way ANOVA followed by the Tukey test. Different lowercase letters indicate mean 
significant differences between inoculated or non-inoculated plants within the MT or 35S::AtCKX2 genotypes at each time point; different uppercase 
letters indicate mean significant differences among time points within non-inoculated MT; different uppercase letters with ’ indicate mean significant 
differences among time points within inoculated MT; different underlined uppercase letters indicate mean significant differences between non-inoculated 
MT and 35S::AtCKX2 genotypes at 30 dai; different underlined uppercase letters with ’ indicate mean significant differences between inoculated MT and 
35S::AtCKX2 plants at 30 dai.
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Changes in metabolite accumulation in response to 
infection corroborate the development of a nutrient sink

We conducted a metabolic analysis of stems of infected MT 
plants compared with non-inoculated plants by gas chro-
matography coupled to time-of-flight mass spectrometry 
(GC-TOF-MS). Overall, we detected 54 metabolites asso-
ciated with primary metabolism (Supplementary Table S2). 
Principal component analysis was performed to assess vari-
ability among samples from infected or non-inoculated plants 
at 4, 10, and 20 dai (Supplementary Fig. S6). Principal com-
ponent 1 grouped the samples according to the developmental 
stage (Supplementary Fig. S6; Supplementary Table S3).

A significant change in the relative accumulation of 29 metab-
olites occurred in MT stems in response to infection at 4, 10, or 

20 dai (Fig. 7A, B; Supplementary Fig. S7). The TCA intermediate 
fumarate, which might be related to carbon storage, accumulated 
at 20 dai (Fig. 7A). Sugars including fructose, gulose, and sorbose/
tagatose (Fig. 7A) accumulated at 20 dai. Serine, glutamate, and 
β-alanine contents increased in infected tissues, while proline and 
phenylalanine contents were reduced (Fig. 7B). Metabolites re-
lated to cell wall modification, such as myo-inositol-1-phosphate, 
glucuronate, and threonate, also accumulated (Fig. 7C).

Swollen stems of infected MT take up 14C-glucose, 
with a possible role for cytokinin

To investigate whether the swollen stem of infected MT 
plants indeed acts as a sugar sink, we applied 14C-glucose 

Fig. 5. Water conductance through the stem of tomato Micro-Tom (MT) plants infected with the S-biotype of Moniliophthora perniciosa. (A) Hydraulic 
conductance (m3 MPa–1 s–1) and (B) hydraulic conductivity (m3 MPa–1 cm–1) in non-symptomatic stems (INSS) or symptomatic stems (swollen region; ISS) 
from infected MT plants, or stems at the corresponding location from non-inoculated MT plants (NIS), at 35 dai (n=9). In each boxplot, the middle line 
represents the median value, the upper and lower bars correspond to the first and third quartiles, respectively, and the whiskers represent 1.5 times the 
interquartile range. Statistically significant differences between infected and non-inoculated control plants were determined by the-t test and are indicated 
with asterisks (*P<0.05). (C) Examples of non-inoculated (left) and inoculated (right) MT plants used for water conductance estimations. 
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to the first leaf above the inoculation site and to the corres-
ponding leaf of non-inoculated plants at 4, 10, and 20 dai 
(Fig. 7D; Supplementary Fig. S8). 14C-specific radioactivity 
was significantly higher in infected stems than in non-
inoculated stems, corroborating the occurrence of a sugar 
sink, only at 20 dai (Fig. 7D). No significant difference was 
observed for the roots and leaves of infected plants at 20 dai 
(Fig. 7D) or for stems, roots, and leaves at 4 dai and 10 dai 
(Supplementary Fig. S8A, B).

We then applied 14C-glucose to the low-cytokinin 
35S::AtCKX2 line. Infected 35S::AtCKX2 plants showed no 
significant differences in 14C-glucose translocation towards 
the stem or any other organs compared with non-inoculated 
35S::AtCKX2 plants at 4, 10, or 20 dai (Fig. 7E; Supplementary 
Figs S8C, D, S9).

Application of 20 mM BA to the shoot apices and axillary 
buds of MT plants promoted stem thickening, loss of apical dom-
inance, and a reduction in root biomass, somewhat mimicking 

Fig. 6. Changes in the expression of genes associated with plant primary metabolism in response to infection of tomato Micro-Tom (MT) plants with 
the S-biotype of Moniliophthora perniciosa, determined by RNA-seq analysis. (A) Heatmap of differentially expressed genes (DEGs) associated with 
carbohydrate metabolism during infection at 5, 10, or 20 dai; (B) heatmap of DEGs associated with amino acid metabolism in stems from non-inoculated 
or infected MT plants, with clustering analysis according to the expression profiles obtained via the cuttree function in R (4.0.0). Genes with FDR ≤0.01 
(1%) and fold change ≥2 were considered differentially expressed and are indicated with asterisks (n=5). The scale bar represents z-score-transformed 
TPM values.
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the symptoms of infected MT plants (Supplementary Fig. 
S10A–D) (Costa et al., 2021). When 14C-glucose was applied 
to plants treated with BA, the detection of 14C-radioactivity in-
creased in stems and leaves at 5, 10, and 20 daa (Supplementary 
Fig. S10E–G) and in roots at 10 and 20 daa (Supplementary 
Fig. S10F, G) compared with mock-treated plants.

Sink development at the infection site may divert 
carbon resources towards secondary cell wall 
formation

We evaluated the expression of DEGs involved in cell wall 
deposition and modification in infected and non-inoculated 
plants. In the vascular tissue, xylem cells (e.g. tracheary elements 
and xylary fibres) deposit high amounts of SCWs. We observed 
the up-regulation of several genes involved in diverse aspects 
of cell wall deposition and modification, especially at 20 dai 
(Fig. 8A). Several of these genes encode enzymes involved in 
the biosynthesis of cellulose (e.g. cellulose synthase, COBRA) 
and hemicellulose (e.g. xyloglucan endotransglucosylase, cel-
lulose synthase-like, glycosyltransferases), the biosynthesis of 

nucleotide sugars required for cell wall polysaccharide bio-
synthesis (e.g. UDP-glucose epimerase, UDP-glucunorate-4-
epimerase, UDP-xylose synthase), and cell wall modification (e.g. 
endoglucanases, pectinesterases, glycosyl hydrolases, expansins) 
(Fig. 8A). Some cyclins were also up-regulated at 20 dai 
(Supplementary Fig. S11).

We determined changes in the expression of genes asso-
ciated with the phenylpropanoid pathway, particularly with 
lignin metabolism, another major component of SCWs. 
Several genes associated with the phenylpropanoid biosyn-
thetic pathway were up-regulated in infected stems, espe-
cially at 20 dai (Fig. 8B). We found genes involved in various 
aspects of lignin metabolism, including transcriptional regu-
lation (e.g. LOB, orthologous to AtLOB15, and MYBs, 
orthologous to MYB11/12/13/14; Supplementary Fig. S12), 
biosynthesis (e.g. CCR and CAD, orthologous to AtCAD4/5; 
Supplementary Fig. S13), and polymerization (e.g. peroxidases, 
orthologous to AtPRX9; Supplementary Fig. S14) (Fig. 8B). 
The up-regulation of lignin-related genes at 20 dai was ac-
companied by the down-regulation of secondary-metabolism-
related genes in infected MT plants, including those involved 

Fig. 7. Relative changes in metabolite levels in stems and 14C translocation to organs of tomato Micro-Tom (MT) plants infected with the S-biotype 
of Moniliophthora perniciosa. (A–C) Mean peak intensity normalized by total ion count and sample mass ±SE identified by GC-TOF-MS (n=6): (A) 
carbohydrates and other metabolites possibly involved in sink induction at the site of infection; (B) amino acids; (C) metabolites related to cell wall 
modification with significant changes in stems from non-inoculated or infected plants at 20 dai. Statistically significant differences between infected 
and non-inoculated control plants at the same time point were determined by the t-test and are indicated with asterisks (*P<0.05). (D, E) 14C-glucose 
translocation measured by specific activity (Bq mg–1) in leaves, stem, or roots, applied at the first expanded leaf of (D) non-inoculated or infected MT 
plants; or (E) non-inoculated or inoculated MT transgenic line 35S::AtCKX2 plants at 20 dai (n=5). In each boxplot, the middle line represents the median 
value, the upper and lower bars correspond to the first and third quartiles, respectively, and the whiskers represent 1.5 times the interquartile range. 
Statistically significant differences between infected and non-inoculated plants in the same plant organ were determined by the t-test and are indicated 
with asterisks (*P<0.05). 
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Fig. 8. Changes in the expression of genes associated with secondary cell wall metabolism in stems of tomato Micro-Tom plants infected with the 
S-biotype of Moniliophthora perniciosa. Heatmaps of differentially expressed genes associated with (A) cell wall and (B) phenylpropanoid metabolism 
in stems of non-inoculated or infected MT plants at 5, 10, or 20 dai determined by RNA-seq. Data were clustered according to the expression profiles 
analysed via the cuttree function in R (4.0.0) (n=5). Genes with FDR ≤0.01 (1%) and fold change ≥2 were considered differentially expressed and are 
indicated with asterisks. The scale bar represents z-score-transformed TPM values.
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in flavonoid transcriptional regulation (e.g. MYBs) and bio-
synthesis (e.g. chalcone synthase, orthologous to AtLAP5; 
flavonol synthase; dihydroflavonol 4-reductases, orthologous 
to AtFLS1/3; anthocyanin acyltransferase, orthologous to 
AtDLR1; (Supplementary Fig. S15; Fig. 8B), as well as alkaloid 
and isoprenoid biosynthesis (Supplementary Fig. S16).

We further compared the transcriptional profile of genes 
related to cell wall and phenylpropanoid metabolism in 
MT and 35S::AtCKX2 plants at 30 dai (Fig. 9). Inoculated 
35S::AtCKX2 plants did not exhibit the up-regulation of 
genes related to cell wall deposition and modification that 
was evident in MT plants (Fig. 9A). Other SCW- and lignin-
related genes were up-regulated in stems of infected MT plants 
at 30 dai, including master regulators of the NAC (XND1, 
orthologous to AtXND1; Supplementary Fig. S17) and MYB 
family (MYB46), MYB transcription factors, the lignin bio-
synthesis gene 4-Coumarate 3-hydroxylase, and several 
monolignol oxidases (e.g. peroxidases and laccases, orthologous 
to AtLAC1/6; Supplementary Fig. S17; Fig. 9B). Importantly, 
these genes were not up-regulated in 35S::AtCKX2 plants at 
30 dai (Fig. 9B).

To evaluate whether the up-regulation of SCW- and lignin-
related genes was accompanied by changes in SCW contents, 
we measured the content of lignin in stems of infected and 
non-inoculated plants (Fig. 9C) and performed histochemical 
analysis for lignin staining at 30 dai (Fig. 9D). We observed 
that lignin contents were significantly higher in infected stems 
than in non-inoculated stems (Fig. 9C), and phloroglucinol–
HCl staining indicated that there was more lignin deposition 
in infected stems in the hypertrophic growth of the vascular 
tissue (Fig. 9D; Supplementary Fig. S18).

To evaluate whether the increase in SCW/lignin contents 
in infected stems of MT could benefit the pathogen, we veri-
fied the expression of M. perniciosa genes with a presumed 
role in lignin degradation using the WBD Transcriptome 
Atlas (Teixeira et al., 2014). We found 29 M. perniciosa laccases 
expressed during infection of cacao, with five (MP16486, 
MP14660, MP12873, MP07567, MP09646) (Supplementary 
Fig. S19) being preferentially expressed at the advanced 
necrotrophic stage of infection of cacao and in in vitro 
dikaryotic mycelium. A phylogenetic tree built with the com-
plete laccase family of M. perniciosa and other characterized 
laccases from ligninolytic fungi showed the clustering of some 
of the M. perniciosa laccases preferentially expressed during the 
necrotrophic stage with fungal laccases recognized to degrade 
lignin (Supplementary Fig. S20).

Discussion

It is well established that WBD severely reduces cacao yield, 
but the cause of yield losses is poorly understood and pod rot 
is assumed to be the major reason for yield reduction (Purdy 
and Schmidt, 1996). However, it has been proposed that the 

general debilitation of trees culminates in yield losses (Teixeira 
et al., 2014). The consequences of M. perniciosa infection on the 
physiology of cacao, a perennial tree, have been difficult to es-
timate (Rudgard, 1986). The availability of the S-biotype of M. 
perniciosa, which infects MT, allows the use of this model to fully 
investigate pathogenesis (Deganello et al., 2014). Previously, we 
demonstrated a role for cytokinins in mediating symptom de-
velopment during M. perniciosa infection of MT (Costa et al., 
2021). Here, we investigated the physiological and metabolic 
consequences of infection, proposing that the symptoms re-
sult from the formation of a novel and strong nutrient sink at 
the infection site while inducing SCW and lignin deposition 
(Supplementary Fig. S21).

Moniliophthora perniciosa infection of MT decreased the 
whole plant fruit yield (Fig. 2A, B), reduced the number of 
flowers in anthesis, and repressed genes related to flowering 
(Supplementary Fig. S3A, B), which might result from the 
lack of carbohydrates (Gibson et al., 2005) and hormonal im-
balance (Matías-Hernández et al., 2016). Infected plants ex-
hibited decreased root biomass but not primary root length 
(Fig. 2C, D), suggesting a negative effect on lateral root 
formation, presumably affecting nutrient and water uptake 
(Muller et al., 2019). It is possible that a hormonal imbalance 
or nutrient deprivation might be affecting the root devel-
opment (Celenza et al., 1995; Liu et al., 2017; Michniewicz  
et al., 2019).

We observed reduced A, gs, and E in leaves of infected 
plants but an increase in Ci (Fig. 3A–D), suggesting that the 
reduced A may have derived from impairment in gs and in 
the Calvin cycle (Rouhi et al., 2007; Gago et al., 2016). The 
down-regulation of photosynthesis-related genes at 30 dai 
(Fig. 3E) might be related to the accumulation of hexoses at 
the infection site (Berger et al., 2004; Walters and McRoberts, 
2006), and the decrease in A might have resulted from the 
diversion of nutrients to the infected stem (sink) (Berger et 
al., 2007), leading to the chlorotic phenotype of symptomatic 
leaves (Supplementary Fig. S1H). Despite the general positive 
effect of cytokinins in photosynthesis (McIntyre et al., 2021), 
cytokinin-inducing pathogens were reported to decrease the 
expression of photosynthesis-related genes at the site of in-
fection (Bruce et al., 2011; Gohlke and Deeken, 2014; Matei 
et al., 2018). Studies in cacao have indicated a decrease in A 
during infection with M. perniciosa (Orchard and Hardwick, 
1988; Scarpari et al., 2005; Barau et al., 2014; Teixeira et al., 
2014) but, to the best of our knowledge, a comprehensive 
evaluation of the physiological consequences of infection has 
not been reported. During infection, MT plants exhibited a 
decrease in leaf water potential (Fig. 4A), likely reducing the 
total leaf area (Fig. 4B) and prompting decreases in gs, E, and 
some of the carbon assimilation (Chaves, 1991; Aguirrezabal 
et al., 2006). Stomatal closure is commonly associated with 
ABA accumulation and remobilization under conditions 
of water stress (Acharya and Assmann, 2009; Dittrich et al., 
2019), reducing transpiration rates in leaves (Else et al., 2001;  
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Fig. 9. Differential changes in the expression of genes related to secondary cell wall metabolism in stems of tomato Micro-Tom (MT) plants in comparison 
to the low-cytokinin transgenic line 35S::AtCKX2 infected or non-inoculated with Moniliophthora perniciosa. Heatmaps of differentially expressed genes 
associated with (A) cell wall and (B) phenylpropanoid metabolism in stems of non-inoculated or infected MT plants, or non-inoculated and inoculated 
MT-line 35S::AtCKX2 plants, at 30 dai, determined by RNA-seq analysis. Data were clustered according to the expression profiles analysed via the 
cuttree function in R (4.0.0) (n=5). Genes with FDR ≤0.01 (1%) and fold change ≥2 were considered differentially expressed and are indicated with 
asterisks. The scale bar represents z-score-transformed TPM values. (C) Quantification of lignin (% cell wall) in the stem of non-inoculated or infected MT 
plants at 30 dai (n=10). In each boxplot, the middle line represents the median value, the upper and lower bars correspond to the first and third quartiles, 
respectively, and the whiskers represent 1.5 times the interquartile range. Statistically significant differences between infected and non-inoculated 
corresponding control plants at the same time point were determined the by t-test and are indicated with asterisks (*P<0.05). (D) Histology of stem cross-
sections of non-inoculated (left) or infected (right) MT plants stained with phloroglucinol–HCl. co, cortex; ph, phloem; pi, pith; xy, xylem. Bar=2mm.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/11/3651/6530360 by U

niversity of N
orth C

arolina at C
hapel H

ill user on 09 M
arch 2023



Moniliophthora reprograms host physiology | 3665

Xiong and Nadal, 2020). Accordingly, we observed the 
up-regulation of genes that encode ABA receptors, anion 
channel proteins, and aquaporins (Fig. 4C), possibly as a pro-
tective mechanism against water stress. ABA levels did not 
decrease over time in infected stems, as occurred in non-
inoculated stems (Fig. 4D). We propose that the reduction in 
root biomass caused by the infection of MT plants may inter-
fere with water uptake, decreasing water potential in the leaves 
and possibly prompting ABA signalling (Li et al., 2020), even 
with the increase of cytokinin (Costa et al., 2021), which is an 
ABA antagonist (Cowan et al., 1999). In other plant–pathogen 
interactions, the mutual increase of cytokinin and ABA levels to 
regulate sink formation has been reported (Bruce et al., 2011; 
Gohlke and Deeken, 2014; Morrison et al., 2017). Consistently, 
non-inoculated 35S::AtCKX2 plants showed higher levels of 
ABA compared with non-inoculated MT plants (Fig. 4D). It is 
possible that inoculation of 35S::AtCKX2 plants did not lead 
to the accumulation of ABA in comparison to non-inoculated 
plants, since these plants presented limited symptoms, without 
a sink establishment and evading a water stress response.

The swollen stems of MT plants in response to M. perniciosa 
infection result from the hypertrophic growth of xylem, 
phloem, and cortex tissues (Marelli et al., 2009; Costa et al., 
2021), which is possibly induced by cytokinin and auxin im-
balance (Aloni, 1995; Immanen et al., 2016). The increase 
in water conductance/conductivity in the infected swollen 
MT stems (Fig. 5A, B) may be explained by the induction of 
xylogenesis (Costa et al., 2021). Leafy gall caused by R. fascians 
in Arabidopsis promotes a hormonal imbalance and culmin-
ates in de novo vascularization to shunt water and nutrients 
to the infection site (Dolzblasz et al., 2018), while Picea glauca 
branches parasitized by Arceuthobium pusillum form new vas-
culature to strengthen the organ sink, mediated by cytokinins 
(Logan et al., 2013). Whether the increase in water transloca-
tion to infected MT stems is a fortuitous result of excessive 
xylogenesis or a key mechanism for infection remains to be 
determined.

Our results suggest that the infected swollen stem leads to 
the establishment of a nutrient sink. Previous work with cacao 
suggested that M. perniciosa infection induced sink establishment 
(Barau et al., 2014; Teixeira et al., 2014). Here, we observed the 
up-regulation of genes involved in sugar and nitrogen transport 
and catabolism (Fig. 6A, B) (Tegeder and Masclaux-Daubresse, 
2018; Fichtner et al., 2020a). The induction of INVERTASE-6 
is associated with the release of hexoses to the host apoplast 
(Proels and Roitsch, 2009), as proposed in cacao (Teixeira et al., 
2014) and other plant–pathogen interactions (Lemoine et al., 
2013; Veillet et al., 2016; Pommerrenig et al., 2020). The infec-
tion of Pisum sativum cotyledon with R. fascians increased N6-
(∆2-isopentenyl)adenine levels and induced the expression of 
cytokinin-responsive genes, sugar transporters, and invertases 
(PsSWEET, PsSUT, CWIV, PsINV), and the retention of the 
infected cotyledons as sink tissues (Dhandapani et al., 2017). 
As cell-wall invertases are known to be induced by cytokinins 

(Walters and McRoberts, 2006), we propose that the in-
creased concentrations of cytokinins in MT stems infected 
with M. perniciosa (Costa et al., 2021) may explain the higher 
expression of INVERTASE-6. Application of cytokinins to 
Chenopodium rubrum suspension cells up-regulated the hexose 
transporter genes CST2 and CST3 and increased the uptake 
of 14C-glucose (Ehneß and Roitsch, 1997). The significant 
increase in 14C-glucose remobilization towards the infected 
stem (Fig. 7D) reinforces the suggestion of sink establishment. 
Inoculation of the low-cytokinin 35S::AtCKX2 line did not 
increase the translocation of 14C-glucose towards the stem (Fig. 
7E), whereas BA treatment of MT plants increased the trans-
location towards stems, leaves, and roots (Supplementary Fig. 
S10E–G), corroborating a role of cytokinin in regulating sugar 
partitioning to induce a sink at the infected stem.

We observed up-regulation of the sugar sensors TPS and 
TPP and a PHOSPHOTRANSFERASE orthologue of 
Arabidopsis HKX1 (Fichtner et al., 2021), suggesting altered 
sugar signalling at the infected stem. TPS was suggested to co-
ordinate the source–sink relationship by redirecting sucrose 
carbon into the TCA and to amino acid synthesis and by regu-
lating the cell cycle (Figueroa et al., 2016; Fichtner et al., 2020a, 
b). The induction of STP1 (orthologue of Arabidopsis STP1) 
and STP12 (orthologue of Arabidopsis STP14) corroborates 
sink establishment in the infected stem (Büttner, 2010; Sakr et 
al., 2018). The infection of cabbage with the biotroph P. brassicae 
induced BoSTP4b and BoSTP12, suggesting an involvement in 
carbon partitioning in gall development (Zhang et al., 2019b), 
while infection of wheat with P. striiformis f. sp. tritici (the causal 
agent of stripe rust disease) induced TaSTP13, possibly to ac-
cumulate hexoses to feed the pathogen (Huai et al., 2020). 
Transcriptional analysis of the interaction of M. perniciosa with 
T. cacao revealed the up-regulation of hexose transporters in 
cacao (Teixeira et al., 2014). In MT, hexose transporters may 
function in providing the high energy demanded for sink 
establishment (Horst et al., 2010), as the pathogen grows at 
low density during biotrophic infection. Alternatively, hexose 
transporters could benefit the pathogen’s consumption of hex-
oses (Teixeira et al., 2014).

Metabolic analysis depicted an increase in the levels of fruc-
tose and other sugars (gulose, sorbose, and psicose) and some 
amino acids (glutamate and serine) in the infected stem (Fig. 
7A, B; Supplementary Fig. S7), likely contributing to sink 
establishment and functioning as a signal to decrease the 
photosynthetic rates in leaves (Berger et al., 2007). Although 
glucose did not accumulate, we presume that the induced 
phosphotransferase might be channelling glucose into the 
glycolytic pathway (Rojas et al., 2014). During Botrytis cinerea 
infection of Arabidopsis, although a cell-wall invertase and 
several sugar transporters were up-regulated, reduced levels 
of hexoses were found, suggesting an increased activity of 
the glycolytic and respiration pathways to fuel plant defences 
(Veillet et al., 2017). The infection of maize tissues with U. 
maydis, and of Arabidopsis with powdery mildew, caused the 
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up-regulation of genes related to glycolysis and the TCA cycle 
(Doehlemann et al., 2008; Chandran et al., 2010; Horst et al., 
2010), suggesting a flow of carbon to synthesize amino acids or 
to increase respiration to adapt to the high energy demand at 
the infection site. Here, we found increased fumarate contents, 
suggesting either the activation of the glycolytic and respir-
ation pathways or carbon storage (Sweetlove et al., 2010; Zell 
et al., 2010).

We propose that the establishment of a nutrient sink at the 
infection site may involve the channelling of carbon skeletons 
towards SCW formation. This hypothesis is supported by the 
following: (i) hypertrophic growth of the vascular tissue (Costa 
et al., 2021), which is enriched in SCWs, upon infection; (ii) 
up-regulation of genes encoding master switches of SCW de-
position, which are known to regulate SCW synthesis and 
programmed cell death (Figs 8A, B, 9A, B) (Zhong et al., 2007; 
Zhao et al., 2008; Zhong and Ye, 2012); (iii) up-regulation of 
biosynthetic genes for all three major components of SCW 
(i.e. cellulose, hemicellulose, and lignin) (Figs 8A, B, 9A); (iv) 
up-regulation of MYB transcription factors known to spe-
cifically regulate lignin deposition (Chezem et al., 2017; Kim 
et al., 2020) and of monolignol oxidases (i.e. peroxidases and 
laccases) (Figs 8B, 9B); and (v) a decrease in phenylalanine 
(lignin precursor) (Fig. 7B) and an increase in lignin contents 
upon infection (Fig. 9C). Lignin deposition is known to occur 
in response to biotic stresses to reinforce the cell wall against 
pathogens (Cesarino, 2019). Here, we suggest that lignifica-
tion in infected MT stems is part of the hypertrophic growth 
of the vascular tissue during the establishment of a nutrient 
sink at the site of infection. Whereas cytokinin treatment was 
shown to increase the expression of phenylpropanoid-related 
genes (Bhargava et al., 2013; Tyagi et al., 2021), xylem differ-
entiation and SCW deposition were shown to be regulated 
by ABA via transcriptional and post-translational regulation 
of master switches of the NAC family (Ramachandran et al., 
2021; Liu et al., 2021). In parallel, genes related to the bio-
synthesis of specialized metabolites involved in plant defence 
(e.g. flavonoids, alkaloids, and isoprenoids) were repressed, 
suggesting that the pathogen might disable potential pro-
tective pathways in the plant. The up-regulation of genes re-
lated to cell wall reinforcement and lignin biosynthesis was 
also observed in cacao infected with M. perniciosa, suggesting 
a host strategy to limit pathogen colonization (Teixeira et al., 
2014). Importantly, 35S::AtCKX2 plants did not show the 
up-regulation of SCW- and phenylpropanoid-related genes 
(Fig. 9A, B), suggesting a key role of cytokinins inducing sink 
establishment in mediating these responses. Thus, we propose 
that M. perniciosa induces the establishment of a nutrient sink 
via the accumulation of cytokinins at the infection site, along 
with the accumulation of ABA, contributing to the activation 
of xylem differentiation and SCW deposition.

Although it displays a pathogenic lifestyle, M. perniciosa be-
longs to the Marasmiaceae, which contains predominantly 
saprotrophic species (Lisboa et al., 2020) with significant 

ligninolytic activity (Osono et al., 2020). Moreover, M. perniciosa 
has been demonstrated to decompose cellulose and lignin in 
vitro (Lindeberg and Molin, 1949; Hedger et al., 1987). Fungal 
laccases are major players in lignin degradation during wood 
decomposition (Janusz et al., 2017). The genome of M. perniciosa 
contains genes encoding ligninolytic enzymes (e.g. manganese-
dependent peroxidase and laccases) (Mondego et al., 2008), and 
we found five laccases expressed in the dikaryotic mycelium 
and during the advanced necrotrophic stage of infection of 
cacao by the C-biotype of M. perniciosa (WBD Transcriptome 
Atlas) (Supplementary Fig. S19). It is possible that the accumu-
lated lignin at the infection site could benefit M. perniciosa as 
an energy source in the saprotrophic phase, when the fungus 
grows abundantly (Sena et al., 2014), and before facing other 
competing saprotrophs (Hedger et al., 1987).

Thus, we propose that infection with M. perniciosa may in-
duce the establishment of a cytokinin-mediated nutrient sink, 
SCW deposition, and accumulation of lignin at the infected 
stem. It is possible that the translocation of sugars and water to 
the symptomatic region, along with the reduction in root bio-
mass, contributes to reducing photosynthesis and water status 
in leaves, possibly impairing plant development and reducing 
fruit yield. The overall metabolic and physiological disarrange-
ment during M. perniciosa infection, demonstrated in tomato, 
likely contributes to the severe and prolonged impact of WBD 
in cacao production.

Supplementary data

The following supplementary data are available at JXB online.
Table S1. Annotation of MapMan BINs enriched for differ-

entially expressed genes at 5, 10, 20, and 30 dai of tomato MT 
with the S-biotype of M. perniciosa.

Table S2. Metabolites detected by GC-TOF-MS in stems of 
tomato MT plants infected with the S-biotype of M. perniciosa 
or non-inoculated, analysed over the period of infection.

Table S3. Loadings of principal component analysis repre-
senting relative changes in metabolite levels in stems of tomato 
MT plants infected with the S-biotype of M. perniciosa or non-
inoculated, analysed over the period of infection.

Fig. S1. Symptoms of tomato MT plants infected with the 
S-biotype of M. perniciosa.

Fig. S2. Representative images of the progression of symp-
toms of tomato MT plants infected with the S-biotype of M. 
perniciosa.

Fig. S3. Number of flowers after anthesis per plant and 
DEGs related to flowering in tomato MT plants infected with 
the S-biotype of M. perniciosa.

Fig. S4. Detection of M. perniciosa in stems or roots from in-
fected tomato MT plants by DNA amplification.

Fig. S5. MapMan representation of DEGs of the Calvin 
cycle and light reactions in stems of tomato MT plants infected 
with the S-biotype of M. perniciosa.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/11/3651/6530360 by U

niversity of N
orth C

arolina at C
hapel H

ill user on 09 M
arch 2023

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac057#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac057#supplementary-data


Moniliophthora reprograms host physiology | 3667

Fig. S6. Principal component analysis scores plot repre-
senting relative changes in metabolite levels in stems of tomato 
MT plants infected with the S-biotype of M. perniciosa.

Fig. S7. Heatmap representing changes in all identified 
metabolites in stems of tomato MT plants infected with the 
S-biotype of M. perniciosa.

Fig. S8. Specific activity (Bq mg–1) detected in leaves, stem, 
or root of tomato MT plants infected with the S-biotype of M. 
perniciosa after application of 14C-glucose.

Fig. S9. Representative images of transgenic MT line 
35S::AtCKX2 non-inoculated or inoculated with the 
S-biotype of M. perniciosa.

Fig. S10. Specific activity (Bq mg–1) detected in leaves, stem, 
or root of tomato MT plants treated with 20 mM BA after ap-
plication of 14C-glucose.

Fig. S11. Heatmap of DEGs related to cell cycle metabolism 
in stems of tomato MT plants infected with the S-biotype of 
M. perniciosa.

Fig. S12. Comparative phylogenetic trees of Lateral organ 
boundaries (LOB) domain (LBD) and MYB transcription factors.

Fig. S13. Comparative phylogenetic tree constructed with 
cinnamyl alcohol dehydrogenase (CAD) enzymes from 
Arabidopsis thaliana, Populus trichocarpa, and tomato.

Fig. S14. Comparative phylogenetic tree constructed with 
peroxidase proteins from Arabidopsis thaliana and tomato.

Fig. S15. Comparative phylogenetic tree constructed 
with chalcone synthase, leucoanthocyanidin dioxygenase/
anthocyanidin synthase, and dihydroflavonol-4-reductase/
anthocyanidin reductase enzymes.

Fig. S16. Heatmap of DEGs related to secondary metabolism 
in stems of tomato MT plants infected with the S-biotype of 
M. perniciosa.

Fig. S17. Comparative phylogenetic tree constructed with 
No Apical Meristem, Arabidopsis transcription activation 
factor, and Cup-Shaped Cotyledon (NAC) transcription fac-
tors, 4-Coumarate 3-hydroxylase, and laccases.

Fig. S18. Histology of stem cross-sections of infected MT 
stained with phloroglucinol–HCl for lignin detection.

Fig. S19. Boxplots indicating the expression of five 
M. perniciosa laccase genes preferentially expressed at the 
necrotrophic stage of infection of Theobroma cacao shoot by the 
C-biotype of M. perniciosa.

Fig. S20. Comparative phylogenetic tree constructed with 
laccases from M. perniciosa and other fungi with ligninolytic 
function.

Fig. S21. Proposed hypothetical schematic model repre-
senting the physiological and metabolic changes in response to 
infection of MT plants by the S-biotype of M. perniciosa.
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