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ABSTRACT

Moniliophthora perniciosa is the causal agent of the witches' broom disease of cacao (Theobroma cacao), and it can infect
the tomato (Solanum lycopersicum) ‘Micro-Tom’ (MT) cultivar. Typical symptoms of infection are stem swelling and
axillary shoot outgrowth, whereas reduction in root biomass is another side effect. Using infected MT, we investigated
whether impaired root growth derives from hormonal imbalance or sink competition. Intense stem swelling coincided with
a reduction in root biomass, predominantly affecting lateral roots. RNA-seq analyses of root samples identified only a few
differentially expressed genes involved in hormone metabolism, and root hormone levels were not expressively altered.
Inoculation of the auxin highly-sensitive entire mutant genotype maintained the impaired root phenotype; in contrast, the
low-cytokinin MT transgenic line overexpressing CYTOKININ OXIDASE-2 (35S::AtCKX2) with fewer symptoms did not
exhibit root growth impairment. Genes involved in cell wall, carbohydrate, and amino acid metabolism were down-
regulated, accompanied by lower levels of carbohydrate and amino acid in roots, suggesting a reduction in metabolite
availability. '*CO, was supplied to MT plants, and less >C was detected in the roots of infected MT but not in those of
35S8::AtCKX2 line plants, suggesting that cytokinin-mediated sugar sink establishment at the infection site may contribute
to impaired root growth. Exogenous sucrose application to roots of infected MT plants partially restored root growth. We
propose that the impairment of lateral root development is likely attributed to disrupted sugar signalling and photo-
assimilate supply by establishing a strong sugar sink at the infected stem.
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Summary statement

« We investigated the causes of the impaired root growth
of shoot-infected tomato (Solanum lycopersicum) Micro-
Tom cultivar by Moniliophthora perniciosa, the causal
agent of the witches' broom disease of cacao.

« We propose that the impairment of lateral root devel-
opment is likely attributed to disrupted sugar signalling
and photoassimilate supply by establishing a strong
sugar sink at the infected stem.

1 | Introduction

Plant-pathogen interactions occur either below- or above-
ground. Soil-borne pathogens significantly contribute to crop
yield losses by directly damaging plant roots (Dutta et al. 2023);
however, aboveground colonisers can seldom also impair root
development (Nogueira Janior et al. 2017). Root functions are
highly dependent on their plastic and dynamic architecture,
commonly shaped by genetic and environmental factors
(Rogers and Benfey 2015). Most dicotyledonous plants exhibit
root systems with primary and lateral roots (LRs) (Rogers and
Benfey 2015). Lateral roots arise from the pericycle founder
cells of primary roots (Vermeer et al. 2014), and their recurrent
growth shapes the root system (Muller et al. 2019; Reyes-
Hernindez and Maizel 2023).

Root growth is determined by cell proliferation and elongation,
which are regulated by hormones and carbohydrate availability
(Stitz et al. 2023). The emergence of LRs depends on long-
distance shoot signals (Li, Testerink, and Zhang 2021). Auxin
(AUX) is the primary hormone player in root development, and
its periodic activation in a concentration dependent-manner
dictates meristem activity, with a critical role in the early events
of LR development (Marhavy et al. 2013; Motte, Vanneste, and
Beeckman 2019). Although AUX signalling from the shoot
usually governs LR initiation, emergence, and morphogenesis,
auxin-independent pathways have also been reported (Kircher
and Schopfer 2023).

Roots rely on shoot-derived sucrose as a primary energy source
for growth (Stitz et al. 2023). Additionally, sugars and their de-
rivatives serve as energy sources and signalling molecules (Yu,
Lo, and Ho 2015). Photosynthetic sucrose acts as a shoot-to-root
signal, inducing periodic LR initiation in an AUX-tuneable
manner or root elongation in an AUX-independent pathway
(Kircher and Schopfer 2023). Moreover, the central regulator of
energy homoeostasis, Target-of-Rapamycin (TOR), modulates
the translation of AUX Response Factors (ARF19 and ARF7) and
promotes the supply of photosynthetic carbohydrates to the ini-
tiation of LR, a process highly dependent on glycolysis (Stitz
et al. 2023). Glucose is sensed and transduced through specific
glucose sensors or indirectly via TOR and SNF1-RELATED
PROTEIN KINASE1 (SnRK1) (Li and Zhao 2024). SnRK1, a key
growth regulator under energy-depleted conditions, plays an
inhibitory role in LR growth (Crookshanks, Taylor, and
Dolan 1998; Morales-Herrera et al. 2023).

Plant pathogens are known to disrupt sugar balance at infection
sites to promote susceptibility by inducing invertases (Kocal,

Sonnewald, and Sonnewald 2008; Liu et al. 2015). High
invertase activity redirects a significant portion of photo-
assimilates, leading to sugar starvation in other sink regions,
including roots (Gorshkov and Tsers 2022). In roots, sugars are
absorbed either through symplastic routes or via sugar trans-
porters, such as SUCROSE TRANSPORTER (SUC) and SUGAR
WILL BE EXPORTED TRANSPORTER (SWEET), the latter
potentially playing a crucial role in mitigating stress conditions
(Li, Testerink, and Zhang 2021).

Limited root growth caused by aboveground pathogen infection
is often attributed to a compromised supply of photosynthates.
Cytokinins (CKs) and AUX are typically involved in plant-
pathogen interactions by contributing to the establishment of a
strong sink at the infection site, primarily because of their role
in promoting cell division and expansion, respectively
(McIntyre, Bush, and Argueso 2021). For instance, infection of
Pisum sativum cotyledons by Rhodococcus fascians increased
sink strength by the rise in CK and AUX levels and led to
reduced root growth (Dhandapani et al. 2017). Infection of
Pistacia atlantica X P. integerrima leaves by Rhodococcus led to
witches' broom and leafy gall formation and caused twisted
roots with limited lateral branching (Stamler et al. 2015;
Dhaouadi, Mougou, and Rhouma 2020). Similarly, infection by
phytoplasmas that cause witches' broom disease in cassava (by
16SrIII-B subgroup phytoplasma) and Mexican lime (by ‘Can-
didatus Phytoplasma aurantifolia’) was associated with smaller
roots, likely because of starch accumulation in the canopy,
depriving carbohydrate to the roots (Raiesi and Golmohammadi
2020; Hemmati, Nikooei, and Al-Sadi 2021; Noorizadeh,
Khakvar, and Golmohammadi 2022).

Moniliophthora perniciosa is an aboveground pathogen of
Theobroma cacao (cacao), the causal agent of the witches'
broom disease. Basidiospores are the only infective structures
targeting meristematic tissues such as the shoot apex, axillary
meristems, flowers, and developing fruits (Purdy and Schmidt
1996). After tissue penetration by basidiospore germ tubes, the
monokaryotic hyphae grow in the apoplast without specialised
feeding structures during the long biotrophic stage of infection.
During this stage, prominent shoot symptoms such as loss of
apical dominance and abnormal hypertrophic axillary shoots
occur. Then, the mycelia go through dikaryotization, invading
and killing the host cells, leading to tissue necrosis. M. perni-
ciosa can be categorised into biotypes based on host preference:
the C-biotype infects Theobroma species, the S-biotype infects
Solanaceae, including tomato (Solanum lycopersicum), and the
non-pathogenic L-biotype colonises wild Bignoniaceae lianas
(Lisboa et al. 2020).

Since cacao is a perennial tree species, we have adopted the
miniature tomato cultivar ‘Micro-Tom’ (MT) as a model to
investigate the molecular and physiological aspects of the
interaction with M. perniciosa (Deganello et al. 2014). While the
reduction in root biomass has been reported as an additional
indirect symptom of M. perniciosa MT infection (Marelli
et al. 2009; Costa et al. 2021), this finding is unprecedented in
cacao. Cacao trees exhibit conical taproots with extended LRs,
while fine LRs (diameter < 2 cm) grow mainly in the litterfall as
the primary driver of water and nutrient uptake (Kummerow,
Kummerow, and Souza da Silva 1982; Carmona et al. 2021).
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Cacao fine LRs are very plastic, with seasonal periods of turn-
over associated with leaf flushing and pod production under
field conditions, as a result of the redistribution of photosyn-
thates to sustain the reproductive organs (Kummerow,
Kummerow, and Souza da Silva 1982; Mufioz and Beer 2001;
McCormack et al. 2015).

Previously, we have demonstrated that infection by M. perni-
ciosa interferes with the CK and AUX balance in the stems of
infected MT plants (Costa et al. 2021). An MT line that over-
expresses the Arabidopsis CYTOKININ OXIDASE-2 gene
(358::AtCKX2) (Pino et al. 2022) showed less incidence and
symptoms when inoculated (Costa et al. 2021). Infection of MT
plants led to the induction of a strong sink at the infected stem
but not in the 35S::AtCKX2 MT line (Paschoal et al. 2022). The
translocation of sugars and water to the symptomatic region of
infection in MT appears to impair host development and fruit
yield (Paschoal et al. 2022).

Here, we investigated whether the impairment of LR growth in
M. perniciosa-infected MT plants was caused by hormonal
imbalance or derived from the restriction in photoassimilates by
sink competition. Possibly, the cytokinin-mediated sugar sink
established at the infection site (stem) (Costa et al. 2021;
Paschoal et al. 2022) disrupts sugar signalling and/or restricts
the availability of carbon skeleton for proper root development,
as indicated by histological, metabolic, and transcriptional re-
arrangements observed in the roots, and further supported by
the reduced '*C content in the roots after pulse-labelling. The
growth of LRs in cacao is also impaired by M. perniciosa
infection, a significant symptom overlooked for decades. We
propose that the compromised growth of the root system could
hinder water and nutrient uptake in infected MT plants, directly
affecting yield, and speculate that similar effects may occur in
the roots of cacao plants.

2 | Materials and Methods
2.1 | Plant Material

The plants used in the inoculation experiments were MT, the
low CK transgenic line 35S::AtCKX2, and the mutants diageo-
tropica (dgt), with low sensitivity to AUX (Oh et al. 2006) and
entire, with an increased response to AUX (Zhang et al. 2007),
all of which are in the MT background (Table 1), along with
cacao seedlings. MT and cacao plants were grown as described

(Costa et al. 2021). The plants were kept in a growth chamber at
25°C, 14 h photophase, and 80% humidity. For root measure-
ment, MT, 35S::AtCKX2, dgt, and entire seeds were germinated
in expanded vermiculite, and 7-day-old seedlings were trans-
ferred to pots containing Hoagland nutrient solution (Bosse and
Kock 1998).

2.2 | Shoot Inoculation

Dry brooms from the Tiradentes isolate (S-biotype) and from
the Urucuca isolate (C-biotype) were obtained from naturally
infected stems of Solanum lycocarpum and cacao, respectively.
Basidiospores were collected as described (Costa et al. 2021).
Using a micropipette, the shoot apex and axillary buds of
14-day-old MT and 20-day-old cacao plants were inoculated
with 70 uL of 10° basidiospores/mL in 0.3% water-agar. Inocu-
lated plants were kept in a humid chamber for 48 h to facilitate
infection. Disease symptoms were visually determined, and the
tomato stem diameter was measured between the first
and second leaves with a digital pachymeter at the indicated
periods. The cacao broom was measured at the base with a
digital pachymeter. The dry weight of the tomato root and 3-cm
stem segment was determined at 20 and 30d after inoculation
(dai); the dry weight of the cacao broom and the root was
determined at 20 dai.

2.3 | Anatomical Analyses and Histochemical
Staining

Cross-sections of the primary and LRs of inoculated or non-
inoculated MT plants were collected and immediately fixed in
formalin: acetic acid: 50% ethanol (5:5:90, v/v/v) for 72h
(Johansen 1940). Samples were dehydrated in an ethanol series,
washed in propanol and butanol, infiltrated in butanol (3:1, 1:1,
1:3), and embedded in Historesin (Leica; Heidelberg, Germany)
for 48 h. Root cross-section (4 um) was obtained with a Leica
RM 2155 rotary microtome (Nussloch, Germany), stained in
toluidine blue (Sakai 1973), or Periodic Acid-Schiff (PAS)
reagent (Feder and O'Brien 1968). Sections were visualised
under an Axioskop 2 upright microscope (Carl Zeiss; Jena,
Germany). Root measurements were estimated using ImageJ
(https://imagej.nih.gov/ij/). Cross-sections of primary roots
were also stained in zinc iodine chloride (Johansen 1940), ferric
chloride, or 4% phloroglucinol (Neon; Florianoépolis, SC, Brazil)
in 37% HCI for 3 min (Jensen et al. 1962). Significant differences

TABLE 1 | Mutants and transgenic-line associated with hormone perception or response introgressed into ‘Micro-Tom’ (MT) tomato.

Hormonal class

Description/Phenotype

Mutants
diageotropica Auxin
entire Auxin
Transgenic line
358::AtCKX2 Cytokinin

Reduced auxin sensitivity; cyclophilin-defective protein (Oh et al. 2006).

Increased auxin sensitivity; La2922 defective protein, involved in auxin

transcription pathway (Zhang et al. 2007).

Low levels of cytokinin. Overexpression of AtCKX2 gene (Werner

et al. 2003; Pino et al. 2010; Pino et al. 2022).
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were determined by the t-test at p <0.05 (n=3) using R. Free
hand cross-sections of cacao primary roots were obtained from
inoculated or noninoculated plants at 30 dai and stained in zinc
iodine chloride (Johansen 1940). Sections were visualised under
an S8APO (Leica) stereomicroscope with apochromatic optics.

2.4 | Lignin Quantification

Roots from inoculated or noninoculated MT plants were col-
lected at 10, 20, and 30 dai, and cacao roots were collected at
30dai, ground in a cryomill and freeze-dried. Samples were
subjected to sequential extraction to prepare cell wall residue
(CWR) to estimate total lignin (% cell wall) (Paschoal
et al. 2022). Lignin quantification (n =4) was performed using
the acetyl bromide method (Fukushima and Kerley 2011).

2.5 | RNA Extraction and RNA-Seq Analysis

Total RNA was extracted using TRIzol (Thermo Fisher Scientific;
Waltham, MA, USA). Five biological replicates of roots from inoc-
ulated or noninoculated MT plants were collected at 5, 10, 20, and
30dai. 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 mRNA using 1 ug
of total RNA using a KAPA Stranded RNA-Seq Kit (Kapa Biosys-
tems; Wilmington, MA, USA). The insert size was approximately
200-300 bp, and dual adapters (2D, TruSeq RNA adapter plate, II-
lumina; San Diego, CA, USA) were used. Each pool was sequenced
in one flow cell lane in single-end 100 bp reads using a HiSeq 4000
sequencer (Tllumina). RNA-seq data analysis was conducted as
previously described (Costa et al. 2021). A one-way experimental
design was adopted to compare five libraries from the roots of
inoculated MT plants vs. those of noninoculated plants at each time
point using a generalised linear model implemented in edgeR
(Robinson, McCarthy, and Smyth 2010). The false discovery rate
(FDR) was applied to correct the p values after multiple compari-
sons (Benjamini and Hochberg 1995). Genes with FDR <0.01 and a
fold-change >2 were considered differentially expressed (DEGS).
RNA-seq reads, and the count matrix are available in the NCBI SRA
database (PRINA1032597). Principal component analysis (PCA)
was performed using the Abundance Matrix Operations in R
(AMOR v. 0.2-2) package (Paredes 2016), based on the 500 genes
exhibiting the highest variance across samples. Gene Ontology (GO)
term enrichment was analysed using the compareCluster function
from the clusterProfiler package in R (Yu et al. 2012). We used
MapMan (Thimm et al. 2004) to classify the DEGs into defined
hierarchical categories (BINs). Hierarchical clustering analyses were
conducted using the ComplexHeatmap package in R (Gu, Eils, and
Schlesner 2016), employing the Euclidean distance and complete
linkage clustering method.

2.6 | Hormone Quantification

Roots from inoculated or noninoculated MT and cacao plants
were used to estimate CKs (isopentenyladenine [iP], dihy-
drozeatin [DHZ], trans-zeatin [tZ]), AUX indole-3-acetic acid
(IAA), salicylic acid (SA), jasmonic acid (JA), abscisic acid

(ABA) and gibberellic acid (GA,) levels as previously described
(Costa et al. 2021). Roots were collected at 5, 10, 20, and 30 dai
(n=5 per time point) for MT or at 30dai (n=15) for cacao.
Hormones were extracted as described by Martinez-Bello,
Moritz and Lépez-Diaz (2015) and analysed as described by
Costa et al. (2021).

2.7 | Analysis of Primary Metabolites by Gas
Chromatography Coupled to Time-of-Flight Mass
Spectrometry (GC-TOF-MS)

Roots from inoculated or noninoculated MT plants collected at
5, 10, 20, and 30 dai were ground (n =5 per time point), and
metabolites were extracted from 50 mg of samples as described
(Giavalisco et al. 2011; Paschoal et al. 2022). The chromato-
grams were exported from Leco ChromaTOF (v. 4.51.6.0) into
cdf files to be processed in R (R Core Team. 2020). TargetSearch
(Bioconductor) was used for peak detection and retention-time
alignment (Cuadros-Inostroza et al. 2009). The extracted mass
spectra and retention times were queried for metabolite iden-
tification against the Golm Metabolome database reference
library (http://gmd.mpimp-golm.mpg.de/). Metabolites were
quantified by the intensity of peaks by quantitative mass. Nor-
malisation of metabolite intensity was achieved by dividing
fresh weight and ion counts (Giavalisco et al. 2011), and data
were normalised by dividing each value by the average of all
measures for one metabolite. Principal component analysis
(PCA) was conducted employing pcaMethods in Bioconductor
(Stacklies et al. 2007).

2.8 | Root and Total Leaf Area Measurements

Roots of MT, 35S::AtCKX2, dgt, and entire plants were collected
at 5, 10, and 20 dai, and roots of cacao seedlings were collected
at 30 dai, and analysed using WinRHIZO (Regent Instrument;
Quebec, Canada). To determine the total root length, volume
and area, the roots were placed in a water tray and scanned
using an Epson Expression 10 000XL Pro at 800 dpi resolution.
Images were analysed using WinRHIZO 2016a (Wang and
Zhang 2009). The experimental design was completely rando-
mised in four genotypes X two inoculation conditions factorial
for tomato (n =6 per time point). The total leaf area (cm?) of
MT and 35S::AtCKX2 plants was determined using an LI-3100C
leaf-area integrator (LI-COR; Lincoln, NE, USA).

2.9 | CO0, Enrichment

MT and 35S:AtCKX2 plants were grown and inoculated as
described earlier. Each acrylic 31L chamber was used to supply
130, (Silva et al. 2021) to four contained plants, two MT
(inoculated or noninoculated) and two 35S:AtCKX2 plants
(inoculated or noninoculated). *CO, was obtained from a 10L
cylinder containing 99% '*C (Cambridge Isotope Laboratories,
Tewksbury, MA, USA). The pot substrate surface was covered by
plastic film to avoid a direct supply of *CO, to the roots. Plants
remained inside the chambers for 30 min before the first supply of
13C0,. Each chamber received four applications of 20 mL **CO, at
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40-min intervals between 8 and 11 h AM for four consecutive days
(Silva et al. 2021). The experimental design was completely rando-
mised (n = 5 chambers). Stems and roots were harvested three and
8 days after the last 13C0, enrichment, dried at 60°C, and ground.
The samples were subjected to **C determination using a CH4 Flow
Mass Spectrometer (ATLAS MAT; Bremen, Germany). Isotopic
analysis is described in File S2.

2.10 | In Vitro Sucrose Supplementation

Tomato seeds were germinated in vitro on semi-solid media
(half-strength MS salts, B5 vitamins, 6 gL™1 agar) for 1 week
when seedlings were transferred to sterilised moist vermiculite
in 500-mL jars under sterile conditions. Fifteen days later,
10 mL of 30 mM sucrose was added to the vermiculite. Twenty-
day-old plants were then inoculated with M. perniciosa basid-
iospores as described earlier. Two days after inoculation, and
subsequently every 10 days, 10 mL of either sterile 10 mM or
60 mM sucrose solution was supplied to the vermiculite sub-
strate. The plants were kept in a growth chamber at 25°C, and
14 h photophase. Root parameters were measured at 35dai as
described earlier.

2.11 | Statistical Analyses

Depending on the specific experiment, statistical differences were
determined using the t-test, one-way ANOVA, or two-way ANOVA.
All data were assessed for the assumptions of parametric analysis.
Statistical details are specified in each figure legend.

3 | Results

3.1 | Shoot Infection With M. perniciosa Impairs
Root Development

MT infection by the S-biotype of M. perniciosa reduces root
biomass; however, the pathogen could not be detected in the
roots (Paschoal et al. 2022). Here, we inoculated MT plants at
the shoot apices, and the significant increase in stem diameter
at 20 dai (Figure 1a) coincided with the significant reduction in
root biomass (Figure 1b,c). To verify whether infection of cacao
plants by M. perniciosa followed a similar reduction in root
growth, we inoculated seedlings at the shoot apex with the
C-biotype of M. perniciosa (Figure 1d). Infected plants showed
an increase in shoot diameter (Figure 1le) and dry weight
(Figure S1) together with a decrease in root biomass at 30 dai
(Figure 1f).

3.2 | Primary Roots Display Reduced Diameter
and Xylem Cross-Section Area and Lower
Polysaccharide, Starch, and Phenolic Contents

Cross-sections of regions of the primary roots of inoculated MT
plants were analysed by light microscopy (Figure S2). We
observed a reduction in the root diameter (Figure 2a,d,e) and
xylem area (Figure 2b,f,g) of inoculated plants in comparison to
noninoculated controls; no difference was observed for the

phloem area (Figure 2c). After specific staining, lower poly-
saccharide (Figure 2h,i), starch (Figure S3a), and phenolic
(Figure S3b) contents were observed in the roots of inoculated
MT plants. However, no changes in lignin content were evi-
denced by phloroglucinol-HCI staining (Figure S3c). Accord-
ingly, the levels of lignin were not significantly different
between roots from inoculated and noninoculated MT plants
(Figure S3d).

Likewise, no significant difference in lignin content was
observed between the roots of inoculated and noninoculated
cacao seedlings (Figure S3e). Cross-sections of primary roots
from inoculated cacao seedlings showed reduced starch con-
tent, along with visible thinning and reduced xylem, consistent
with the results observed in MT (Figure S4a-c).

We also analysed cross-sections of LRs of MT tomato emerging
from the region of the primary roots used for histology (Figure S2).
LRs did not differ in diameter (Figure S5a). Nevertheless, histology
after blue toluidine staining revealed lower polysaccharide contents
in the LRs of inoculated MT plants (Figure S5b,c).

3.3 | Hormones Appear to Play a Minor Role in
the Impairment of Root Growth

A time-course RNA-seq analysis of roots from inoculated MT
plants was conducted to identify presumed causes for root
growth impairment. While most of the variation in the root
transcriptional profile was related to the time of sampling (5, 10,
20, or 30dai), roots from inoculated MT plants exhibited a
distinct transcript profile from noninoculated controls as early
as 20dai (Figure S6a), when impaired root growth was first
observed (Figure 1b). Hundreds of differentially expressed
genes (DEGs) were detected in inoculated plants at all-time
points, with the highest number of DEGs observed at 30 dai
(Figure S6b). From 20 dai, upregulated genes were associated
with AUX response, response to toxic compounds, and trans-
membrane transport of water and anion (Figure Séc). By 30 dai,
genes related to cell organisation, root hair development, and
nitrate response were enriched (Figure S6c). Downregulated
genes were linked to responses to water, light, oxidative stress,
and ABA signalling at 30 dai (Figure Séc).

To specifically investigate hormonal metabolism by changes in the
transcriptional profile, members of well-known gene families
related to hormone metabolism were compared between samples of
roots of inoculated or noninoculated plants at each time point
(Figure 3a). The annotation within each group is shown in File S1;
DEGs are presented in Table S2. Overall, genes related to ABA,
ethylene (ET), and CK metabolism were downregulated. Genes
involved in ABA signalling and oxidation were repressed, except for
one gene encoding the ABA receptor PYLA-like and another en-
coding a cytochrome P450 with ABA 8'-hydroxylase activity, both of
which were induced (Figure 3a Table S1). Genes involved in ET
biosynthesis (ACC oxidase), perception and signal transduction
(Never-ripe 2), and CK biosynthesis (adenylate isopentenyl trans-
ferase and CK riboside 5-monophosphate phosphoribohydrolase),
as well as CK transport (ABC transporter-like), response (two-
component response regulator), and oxidation (CK oxidase/
dehydrogenase), were consistently downregulated (Figure 3a).
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FIGURE 1 | Infection of ‘Micro-Tom’ (MT) tomato (Solanum lycopersicum) and cacao (Theobroma cacao) plants inoculated at the shoot apex and

axillary buds with isolates of the S-biotype or the C-biotype of Moniliophthora perniciosa, respectively, reduces root biomass. (a) Stem diameter and
(b) root dry weight of noninoculated or inoculated MT plants with the S-biotype of M. perniciosa at 5, 10, or 20 days after inoculation (dai) (n = 6). (c)
Representative pictures comparing noninoculated (upper panel) or inoculated (lower panel) MT plants at 5 (at left), 10 (at the middle), and 20 (at
right) dai. (d) Representative pictures comparing noninoculated (at left) or inoculated (at right) cacao plants with the C-biotype of M. perniciosa at
20 dai. Red lines indicate picture inset of stem-thickening symptoms. (e) Stem diameter of noninoculated or inoculated (‘broom’) cacao plants at
20 dai (n = 8). (f) Root dry weight of noninoculated or inoculated cacao plants at 20 dai (n = 5). Statistically significant differences were determined
by the t-test at 5% probability. 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.

While the AUX repressor AUX-regulated IAA15 and a PIL-like
efflux carrier were repressed, the genes encoding the members of
AUX biosynthesis indole-3-acetic acid-amido synthetase were
induced at 30 dai (Figure 3a).

We also quantified the levels of gibberellin (GA,), JA, ABA, iP,
DHZ, tZ, IAA, and SA in roots at 20 dai, when we first observed a
reduction in root biomass, and later at 30 dai (Figure 3b-i). The
levels of JA increased at 20 dai compared with the noninoculated
control (Figure 3g), while the levels of GA;, ABA, and SA were
not significantly different between treatments (Figure 3a,d.i).
Regarding CKs, only DHZ levels exhibited a significant reduction
at 20 dai (Figure 3e), corroborating the cytokinin transcriptional
behaviour; iP and tZ levels did not display significant differences
at 20 or 30dai comparing inoculated with the noninoculated
control (Figure 3f,g). Despite the repression of a few genes
associated with AUX response and increase in the expression of
one auxin biosynthetic gene, we did not observe significant
changes in root IAA levels of inoculated plants (Figure 3h).

To verify whether the hormonal profile of cacao roots after
inoculation with the C-biotype of M. perniciosa displayed a
similar pattern as MT roots, we quantified the same
hormones at 30dai, but none of the analysed hormones
presented any significant difference from noninoculated
controls (Figure S7).

To functionally investigate whether the CK and AUX imbalance
at the infected stem (Costa et al. 2021) could impact root
development, we inoculated two AUX mutants, dgt and entire,
plus the transgenic line 35S:AfCKX2, all in the MT genetic
background (Figure S8). The stem diameter of MT, dgt, and
entire, but not 35S::AtCKX2, increased at 20dai (Figure 4a).
Inoculated MT and entire plants exhibited reduced root dry
weight compared with noninoculated controls, but not dgt and
35S::AtCKX2 plants (Figure 4b). Since AUX is associated with
the promotion of LR development, we expected that inoculation
of the entire genotype would recover the impaired root pheno-
type; however, this was not the case.
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FIGURE 2 | Infection of ‘Micro-Tom’ (MT) tomato (Solanum lycopersicum) with the S-biotype of Moniliophthora perniciosa reduces primary root

diameter and xylem area. (a) Primary root diameter of noninoculated or inoculated MT plants with M. perniciosa at 20 days after inoculation (dai)
(n =mean of 10 cross-sections of three biological replicates). (b) Xylem and (c) phloem cross-section area of the primary root of noninoculated or
inoculated MT plants at 20 dai. (n = mean of 10 cross-sections of three biological replicates). Statistically significant differences were determined by
the t-test at 5% probability indicated by *. 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. Histology of primary root cross-sections of (d), (f)
noninoculated or (e), (g) inoculated MT plants stained with blue toluidine. Histology of primary root cross-sections of (h) noninoculated or (i)
inoculated MT plants stained with periodic acid-Schiff (n =3). co, cortex; Ir, emerging lateral root; ph, phloem; xy, xylem; bold arrows indicate

polysaccharide contents. Bars: (d and e) = 500 um; (f-i) = 200 um. [Color figure can be viewed at wileyonlinelibrary.com]|

3.4 | Shoot Infection Mainly Affects LRs

To identify which parts of the root system of MT, 35S::AtCKX2,
dgt, entire are mostly affected by infection with M. perniciosa,
we estimated root size using image scanning by WinRHIZO. We
observed a decrease in total root volume (Figure 4c) and pro-
jected area (Figure 4d) in inoculated MT and entire genotypes
compared with noninoculated controls. Specifically, MT and
entire infection caused a reduction in total LR length, consid-
ering roots from 0 to 0.5 mm long (Figure 4e) and from 0.5 to
1 mm long (Figure 4f). Despite the stem thickening of inocu-
lated dgt, this genotype with fewer LRs did not show changes in
root biomass, volume or LR length. Therefore, infection with M.
perniciosa appears to impair LR growth.

To evaluate whether the pattern of impaired LR growth also occurs
in cacao, we evaluated roots from cacao seedlings infected with the
C-biotype of M. perniciosa. Inoculated cacao displayed a reduction
in root volume and total LR length considering roots from 2.5 to
3 mm long (Figure S9a,b) and from 4 to 4.5 mm long (Figure S9c,d),
demonstrating that LRs are similarly affected in cacao.

3.5 | Roots Undergo Transcriptional Changes
Related to Cell Wall Modification

RNA-seq analysis identified DEGs associated with cell wall
modification in the roots of inoculated MT plants (Table S1;
Table S2). Genes related to hemicellulose biosynthesis were
predominantly upregulated. In contrast, those involved in cutin,
suberin, and pectin biosynthesis—including a $-xylosidase, a f3-
galactosidase, and a lipid transfer protein—were downregulated
at 20 dai. Additional genes encoding proteins such as glycoside
hydrolases, hexosyltransferases, fatty acid hydroxylase, xylosi-
dases, pectin-acetyl esterases, and lipid transfer were repressed
at 30 dai (Figure 5a).

Analyses of primary metabolites from roots of inoculated MT
plants compared with noninoculated controls (Table S3)
detected by GC-TOF-MS showed variability mainly based on the
time of sampling (5, 10, 20, or 30 dai). However, inoculated and
noninoculated samples became distinctly separated from 20 to
30dai (Figure S10). A significant change in the relative accu-
mulation of 35 metabolites was observed in the roots (Figure 5b,
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FIGURE 3 | Transcriptomic and hormonal profiling of the roots of inoculated ‘Micro-Tom’ (MT) tomato (Solanum lycopersicum) plants with the

S-biotype of Moniliophthora perniciosa. (a) Heatmap of differentially expressed genes (DEGs) associated with hormones in the roots of inoculated
compared to noninoculated MT plants at 5, 10, 20, or 30 days after inoculation (dai) obtained via RNA-seq analysis (n = 5). Scale bar represents values
in z-score TPM. Genes with log, (FC) > 2 or <-2; FDR <0.01 were considered differentially expressed when comparing inoculated to mock plants.
Upregulated DEGs were marked in purple; downregulated DEGs were marked in green. M represents mock (noninoculated); I represents inoculated
plants with the S-biotype of M. perniciosa. MapMan (Thimm et al. 2004) was used to classify the DEGs into defined hierarchical categories (BINs).
Quantification of (b) indole-3-acetic acid (IAA), (c) isopentenyladenine (iP), (d) dihydrozeatin (DHZ), (e) trans-zeatin (tZ), (f) gibberellic acid (GA,),
(g) jasmonic acid (JA), (h) salicylic acid (SA), and (i) abscisic acid (ABA) in roots from noninoculated and inoculated MT plants at 20 or 30 dai (n =
5). Statistically significant differences were determined by the t-test at 5% probability, comparing inoculated with noninoculated plants at the same
time point. 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. [Color figure can be viewed at wileyonlinelibrary.com]

Table S3, Figure S11), with notable metabolic reprogramming at
20 dai. Metabolites associated with cell wall modification, such
as galactonate, glucarate, and glycerol, accumulated at 20 dai
(Figure 5b). Levels of chlorogenic acid, possibly involved in root
development or lignin biosynthesis (Franklin and Dias 2011;
Silva, Mazzafera, and Cesarino 2019), were reduced at 20 dai
but increased again at 30 dai (Figure 5b).

3.6 | Roots Undergo an Adjustment of Energy/
Carbon Sources Upon Shoot Infection

To determine whether changes in sugar metabolism drive
changes in root development, we investigated the expression of
genes related to carbohydrate metabolism and measured
carbohydrate levels. Genes involved in oligosaccharide metab-
olism, such as a-galactosidase, hexosyltransferase, and
a-galactosidase, as well as those related to sucrose and starch
metabolism, including ADP-glucose pyrophosphorylase,
sucrose synthase and hexokinase-6 (a key enzyme in the glu-
cose metabolism via glycolysis) (Figure 6a, Table S1) were

consistently downregulated. Sugar transporters, including the
monosaccharide transporter SISFP7, Sugar Transporter Protein
2, Sugar Facilitator Protein 1, bidirectional sugar transporter
SWEET (putatively orthologous to Arabidopsis AtSWEET11/12/
13/14), PLASTID GLUCOSE TRANSLOCATOR 2 (pGlIcT), and
SISUT1, along with genes involved in TOR signalling and reg-
ulation of SnRK1 were downregulated at 30dai (Table SI).
In contrast, genes associated with cellular fermentation pro-
cesses and trehalose metabolism were upregulated at 30 dai
(Figure 6a).

In line with the downregulation of genes involved in carbohy-
drate metabolism, levels of glucose and fructose decreased
starting at 10 dai and continued to decline at 20 dai (Figures 6b,
and S11), potentially leading to reduced root biomass. The rel-
ative increase in trehalose levels (Figures 6b, and S11) corro-
borates the transcriptomic data (Figure 6a), suggesting that
roots may be undergoing stress-induced cellular survival
mechanisms. Overall, the data indicate a nutrient, energy, and
carbon deficiency in the roots, which could adversely affect root
growth.
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FIGURE 4 | Biometric evaluation of roots in transgenic lines and hormonal mutants (metabolism or perception) in the ‘Micro-Tom’ (MT) tomato

(Solanum lycopersicum) background in response to inoculation with the S-biotype of Moniliophthora perniciosa. (a) Stem diameter, (b) total root
biomass (dry weight), (c) total root volume, (d) total root projected area, (e) total length of roots 0 to 0.5 mm long, (f) total length of roots 0.5 to 1 mm
long from MT, 35S::AtCKX2, diageotropica (dgt), and entire noninoculated or inoculated plants at 20 days after inoculation (dai) (n = 6). Statistically
significant differences were determined by two-way ANOVA, followed by the Tukey test at 5% probability. Different lowercase letters indicate
significant differences between inoculated or noninoculated plants within each genotype; different uppercase letters indicate significant differences
among the noninoculated genotypes; different uppercase letters with * indicate significant differences among the inoculated genotypes. 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. [Color figure can be viewed at wileyonlinelibrary.com]

3.7 | Roots of MT, but Not of 35S::AtCKX2,
Accumulate Less 3C

Inoculation of 35S::AtCKX2 plants resulted in less severe shoot
symptoms compared with MT (Figure 4a) and did not signifi-
cantly impair root development (Figure 4b). Therefore, we hy-
pothesised that root impairment might be associated with the
formation of a strong sink at the site of infection, limiting the
availability of photosynthates to the roots. Infected 35S::AtCKX2
plants did not display a reduction in plant height (Figure S12a)
or in total leaf area (Figure S12b), suggesting that the physio-
logical constraints observed in MT plants by sink establishment
(Paschoal et al. 2022) are not observed in 35S::AtCKX2 plants.

We exposed infected MT and 35S::AtCKX2 plants to *CO, for
two h d™' for four d (Figure S13). Compared with non-
inoculated plants, inoculated MT plants displayed relatively less
13C accumulation in the roots at 3 days after exposure (dae) and
at eight dae, corresponding to 15 or 25dai, respectively
(Figure 6¢). Conversely, no difference was observed when
comparing roots of inoculated 35S::AtCKX2 with the non-
inoculated control (Figure 6d), suggesting that 35S::AtCKX2,
which does not form a sink at the infection site, does not limit
root growth and exhibits no difference in *C in the roots.

In addition, in vitro supplementation of sucrose in a vermiculite
substrate partially restored the total root volume (Figure 6d)
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lycopersicum) plants after inoculation with the S-biotype of Moniliophthora perniciosa. (a) Heatmap of differentially expressed genes (DEGs)
associated with cell wall metabolism in roots from inoculated compared to noninoculated MT plants at 5, 10, 20, or 30 days after inoculation (dai)

(n=5), obtained via RNA-seq analysis. Scale bar represents values in z-score TPM. Genes with log, (FC) > 2 or <-2; FDR <0.01 were considered

differentially expressed when comparing inoculated to mock plants. Upregulated DEGs were marked in purple; downregulated DEGs were marked

in green. M represents mock (noninoculated) and I represents inoculated plants with the S-biotype of M. perniciosa. MapMan (Thimm et al. 2004)

was used to classify DEGs into defined hierarchical categories (BINs). (b) Mean peak intensity normalised by total ion count and sample mass +SE of

metabolites (Chlorogenic acid, Glucarate, Galactonic acid, Glycerol) hypothetically involved in cell wall metabolism with significant changes in roots
from noninoculated or inoculated plants at 5, 10, 20 or 30 dai, identified by gas chromatography coupled to time-of-flight mass spectrometry (GC-
TOF-MS; n = 6). Statistically significant differences were determined by t-test at 5% probability, comparing inoculated and noninoculated control
plants at the same time point, indicated by *. SE = standard error. [Color figure can be viewed at wileyonlinelibrary.com]

and lateral root growth of infected plants, particularly for roots
measuring 0.5 to 1 mm long (Figure 6e) and 1.5 to 2 mm long
(Figure 6f). In comparison, noninoculated plants exhibited
increased lateral root length in response to sucrose supple-
mentation (Figure 6e—f), which has been proposed to be a better
carbon source for the development of tomato roots (Devaux
et al. 2003; Gonzalez-Hernandez et al. 2020).

3.8 | Shoot Infection Impacts Glycolysis, the
Tricarboxylic Acid (TCA) Cycle, and Amino Acid
Metabolism in Roots

The transcriptional data suggest that reduced glucose availa-
bility in the roots may have impaired the glycolysis pathway, as
evidenced by the downregulation of genes encoding key en-
zymes such as Hexokinase-6 (HXK6) and ATP-dependent
6-phosphofructokinase (PFK) at 30 and 20dai, respectively
(Figure 7, Tables S1, S2). Notably, levels of several amino acids,
including valine, alanine, serine, leucine, threonine, proline,
and 4-aminobutyrate (GABA), showed significant reduction at
20 dai, coinciding with the onset of impaired root growth
(Figure 7). Moreover, several genes related to amino acid
metabolism and transport (Figure S14, Tables S1, and S2) were
downregulated in the roots of inoculated plants at 30 dai.
Conversely, a set of genes involved in cationic amino acid
transporters, glutamate decarboxylases, and branched-chain

aminotransferase (SIBCAT6), potentially involved in the re-
cycling of branched-chain amino acids (Maloney et al. 2010),
and 3-HYDROXYISOBUTYRYL-COA HYDROLASE, associated
with amino acid catabolism, were induced at 20 and 30 dai
(Figure S14). These transcriptional changes corroborate the
observed reduction in amino acid levels in the impaired roots.

The decline in amino acid levels could be attributed to the
reduced glycolytic activity or the oxidation of these amino acids
to supply energy via their incorporation into the TCA cycle. The
accumulation of TCA cycle intermediates, such as malate,
fumarate, and citrate, supports this hypothesis (Figure 7;
Table S3). Accordingly, genes involved in cellular respiration
and coenzyme metabolism showed significant repression at 30
dai, including those encoding nudix hydrolase, cytochrome-c
oxidase, and external alternative NAD(P)H-ubiquinone oxido-
reductase, which are critical components of oxidative phos-
phorylation and energy metabolism (Table S1). These findings
align with the observed low energetic status of the roots.

3.9 | Roots Undergo Transcriptional Changes
Indicative of Abiotic Stress and Nutritional
Deficiencies

Genes categorised as related to abiotic stresses were upregu-
lated in the roots of infected MT plants, including several
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FIGURE 6 | Gene expression and metabolite changes associated with carbohydrate metabolism of roots of ‘Micro-Tom’ (MT) tomato (Solanum

lycopersicum) plants after inoculation with the S-biotype of Moniliophthora perniciosa. (a) Heatmap of differentially expressed genes (DEGs)
associated with carbohydrate metabolism in roots from inoculated compared to noninoculated MT plants at 5, 10, 20, or days after inoculation (dai),
obtained via RNA-seq analysis (n = 5). Scale bar represents values in z-score TPM. Genes with log, (FC) > 2 or <-2; FDR <0.01 were considered
differentially expressed when comparing inoculated to mock plants. Upregulated DEGs were marked in purple; downregulated DEGs were marked
in green. M represents mock (noninoculated) and I represents inoculated plants with the S-biotype of M. perniciosa. MapMan (Thimm et al. 2004)
was used to classify DEGs into defined hierarchical categories (BINs). (b) Mean peak intensity normalised by total ion count and sample mass +SE of
sugars (Trehalose, Glucose, Fructose) with significant changes in roots from noninoculated or inoculated plants at 5, 10, 20 or 30 dai identified by
GC-TOF-MS (n = 6). (c) '*C accumulation in 0.2 mg samples of roots of MT or 35S::AtCKX2 plants after exposure of shoots to *CO, after 3 or 8 days
(n=S5; File S1). Statistically significant differences were determined by the t-test at 5% probability, comparing inoculated and noninoculated plants
within the same genotype, indicated by *. (d) total root volume, (e) total length of roots 0.5 to 1 mm long, (f) total length of roots 1.5 to 2 mm long of
MT plants inoculated or not, supplied with 10 mM or 60 mM of sucrose. Statistically significant differences were determined by the #-test, comparing
plants supplied with 10 and 60 mM sucrose, with significance indicated by the p value. 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. [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 | Metabolic rearrangement of roots of ‘Micro-Tom’ (MT) tomato (Solanum lycopersicum) plants after inoculation with the S-biotype of

Moniliophthora perniciosa. A schematic representation of glycolysis, the tricarboxylic acid (TCA) cycle, and amino acid biosynthetic and catabolic

pathways illustrates changes in metabolite levels and the expression of genes encoding key enzymes in these pathways. Line graphs of metabolite

levels show mean peak intensity, normalised by total ion count and sample mass +SE, with significant differences between inoculated and
noninoculated roots at 5, 10, 20, or 30 days after inoculation (dai), identified by GC-TOF-MS (n = 6). Statistically significant differences were
determined by the t-test at 5% probability, indicated by an asterisk (*), comparing inoculated and noninoculated plants at the same time point. SE

represents standard error. Green outlines around the line graphs indicate lower metabolite levels in inoculated plants, while purple outlines indicate

metabolite accumulation in inoculated plants at 20 dai. Gene expression levels are shown in blue for downregulated differentially expressed genes
(DEGs) and red for upregulated DEGs in inoculated plants. Genes with log, (FC) > 2 or < —2; FDR < 0.01 were considered differentially expressed
when comparing inoculated to mock plants. Detailed gene expression data is provided in Tables S1 and S2. [Color figure can be viewed at

wileyonlinelibrary.com]

tonoplast intrinsic proteins and aquaporins, which are poten-
tially linked to water stress response (Table S1). This fact,
combined with the observed increase in trehalose and raffi-
nose metabolism (Figures 6, 7; and S11) and the reduction in
amino acids and carbohydrate levels (Figures 6b and7,

Figure S11), suggests that the roots of infected plants are ex-
periencing stress.

Additionally, several genes involved in nitrogen metabolism,
such as high-affinity nitrogen transporters and nitrogen
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reductases, were upregulated in the roots of infected plants at
20 and/or 30dai (Figure S15). By 30 dai, further reduction in
glutamine, lysine, and asparagine levels and increased methi-
onine levels (Figures 7, and S11), suggest an impact on nitrogen
metabolism. A set of genes that include low-affinity nitrate
transporters was repressed either at 20 and/or 30dai
(Figure S15). Likewise, the metabolism of phosphate is tran-
scriptionally activated with the induction of phosphate trans-
porter genes at 20 and/or 30dai (Figure S15), commonly
upregulated under phosphate starvation (Castrillo et al. 2017),
along with a decrease in phosphate levels in the roots of in-
fected plants at 30 dai (Figure S11, Table S3).

4 | Discussion

Studies have associated LR growth with crop yield (Duque and
Villordon 2019; Zhang et al. 2023). Particularly in cacao trees,
fine root steady-state has been associated with water and
nutrient uptake, contributing to yield, nutrient recycling, and
carbon sequestration (Almeida and Valle 2010). The establish-
ment of witches' broom disease in cacao stands leads to chronic
yield losses. Still, the presumed indirect impact of infection in
the root system is a nonobvious symptom that remains
unexplored. Here, we demonstrated that cacao seedling roots
are impaired upon infection by M. perniciosa; however, esti-
mating root parameters in cacao trees is challenging.

The availability of the MT model allowed the evaluation of
mechanisms involved in root growth impairment. The reduced
root size of tomato plants after M. perniciosa infection was
previously reported (Marelli et al. 2009; Costa et al. 2021);
however, the specific factors underlying impaired root growth
remained unknown (Paschoal et al. 2022). Here, we showed
that the metabolic rearrangement of MT roots and the limited
availability and/or signalling of carbohydrates might affect root
growth after infection.

We have shown that the major symptom of M. perniciosa
infection of MT is stem swelling and xylogenesis mediated by
CKs (Costa et al. 2021), inducing a sink of carbon skeleton and
other nutrients that likely leads to a decrease in net photo-
synthesis, reducing total flower and fruit production (Paschoal
et al. 2022). Here, symptom evaluation of stems (infection site)
and roots (distal region) after M. perniciosa infection of MT
showed a concurrent reduction in root biomass with stem en-
largement. Since M. perniciosa was not detected in root tissue
after inoculation (Paschoal et al. 2022), root symptoms are likely
an indirect effect of infection.

After infection of MT or cacao plants, the total LR length of
particular length categories was reduced, accounting for
total root length and biomass reduction. Although AUX is
the primary hormone related to LR development, we could
not associate the decrease in total LR length with less AUX
or repression of auxin-related genes in MT roots. Inocula-
tion of the entire plants indicated that their increased
response to AUX was not sufficient to prevent the reduction
or recovery of LR growth. However, because we analysed
IAA levels and related transcripts in the whole root system,
the spatial-specific auxin concentration/gradient was not

evaluated. Indeed, the auxin-mediated regulation of LR
emergence/elongation is a refined time-space-specific
mechanism dependent on an oscillating auxin gradient
and gene expression (Perianez-Rodriguez et al. 2021; Torres-
Martinez, Napsucialy-Mendivil, and Dubrovsky 2022).

When symptoms became prominent, we observed the down-
regulation of several genes associated with carbohydrate
metabolism and low levels of sugars in MT roots. In particular,
we identified the repression of a bidirectional sugar transporter
SWEET gene orthologous to AtSWEET11/12/13/14, which is
involved in sucrose transport/phloem loading (Chen
et al. 2012), suggesting a restriction of carbohydrate loading into
roots of infected plants. The downregulation of SWEET11 has
been associated with a reduction in Arabidopsis root growth
(Wang et al. 2023). The repression of other sugar transporters,
including the putative monosaccharide transporter SISFP7,
with a role in sink tissues (Garcia-Rodriguez et al. 2005), and
the PLASTID GLUCOSE TRANSLOCATOR 2, orthologous to
the AtSGBI glucose transporter, expressed in dividing cells
(Wang et al. 2006), also points to linking the privation of car-
bohydrates with reduced root biomass.

Roots are major photoassimilate sinks, and less strength has
been linked to less LR formation (Lambers, Atkin, and
Millenaar 2002). Shoot-derived carbohydrate catabolism affects
the translation of AUX-induced factors linked to LR formation
via TOR signalling while having only a marginal effect on the
AUX-induced transcriptional response (Stitz et al. 2023).
Although photosynthetic sugars act as shoot-to-root signals that
induce LR initiation in an AUX-tunable manner, carbohydrate-
dependent root elongation can occur independently of AUX
signalling (Kircher and Schopfer 2023). In MT-infected plants,
although the transcriptional profiling of AUX-responsive genes
did not fully account for the impaired LR development, the
reduction in glucose/fructose levels, along with the repression
of genes related to oligosaccharide, sucrose, and starch metab-
olism, as well as components of the TOR signalling pathway,
may, at least partially, explain the limited root growth.

Shoot-infection of MT leads to limited '*C content in roots. In
contrast, no difference was observed in the roots of inoculated
low CK 35S::AtCKX2 plants, which exhibit no significant
increase in stem diameter (Costa et al. 2021) nor impairment in
LR growth. The absence of symptoms does not create a sink at
the site of infection (Paschoal et al. 2022), and, therefore, it
might not contribute to physiological constraints or limit carbon
supply to the roots. It is worth noting that the total foliar area of
MT plants was reduced after infection (Figure S12b), possibly
interfering with '*C reallocation to the roots. These findings
indicate that root impairment after MT infection is likely sig-
nificantly affected by sugar deficiency, probably due to sink
establishment at the site of infection or a reduced photo-
synthetic rate in leaves (Paschoal et al. 2022). It has been re-
ported that infection of grapevine by the rust Phakopsora euvitis
leads to decreased photosynthetic rates and hypertrophy of
mesophyll cells around the infection site, limiting the carbo-
hydrate supply to the roots (Nogueira Junior et al. 2017).

Along with the downregulation of carbohydrate-related genes, a
subset of genes involved in coenzyme (energy) metabolism and
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cell respiration was repressed, particularly those associated with
oxidative phosphorylation and glycolysis, which may be linked
to the observed decrease in root biomass (Fernie, Carrari, and
Sweetlove 2004). Under insufficient carbohydrate supply, pro-
teins can be degraded, and amino acids can be used as alter-
native substrates for mitochondrial respiration/ATP production
(Batista-Silva et al.2019; Heinemann and Hildebrandt 2021).
We identified the upregulation of genes involved in amino acid
catabolism, including SIBCAT6, which acts in the recycling of
proteolytically derived branched-chain amino acids (Maloney
et al. 2010). The decrease in proline, leucine, valine, and lysine
levels might contribute to ATP production, either by redirecting
the carbon skeleton to the TCA cycle, as suggested by the sig-
nificant increase in TCA cycle intermediates, and/or by trans-
ferring electrons into the respiratory chain (Hildebrandt
et al. 2015; Dellero 2020).

The limitation of carbohydrates is also reflected in the down-
regulation of genes related to cell wall metabolism and poly-
saccharide biosynthesis in the roots of infected MT and in the
reduction in polysaccharides and starch observed by histology of
root cross-sections. The cell wall is an important carbon pool of the
plant biomass, which reflects the carbon status (Schédel et al. 2010;
Huang et al. 2021). In particular, the repression of lipid-transfer
proteins, orthologous to glycosylphosphatidylinositol-anchored
proteins in Arabidopsis, involved in cell wall regulation (Zhou
2022), and genes involved in pectin metabolism, such as
f-galactosidases and pectin-acetyl esterase, which contribute to cell
wall loosening and LR development (Prince et al. 2019; Wachsman
et al. 2020), may account for the reduction in root growth. The
accumulation of cell wall metabolite precursors (glucarate and
galactonate) also suggests that incorporating precursors into poly-
mers is not adequate (Chu et al. 2019).

We observed a reduction in the primary roots' diameter and
xylem area, which may impair adequate water and/or nutrient
uptake and transport (Lynch 2022). In agreement, roots of in-
fected MT exhibited the upregulation of genes encoding tono-
plast intrinsic proteins (aquaporins) and increased levels of
trehalose, typically induced in response to water stress in plants
(Barzana and Carvajal 2020; Padilla et al. 2023). Furthermore,
the induction of high-affinity nitrogen transporters may indi-
cate nitrogen deprivation (Lezhneva et al. 2014; Krapp 2015),
while the reduced levels of glutamine and asparagine suggest
hydrolysis of their amide groups to remobilise nitrogen within
the roots (Hildebrandt et al. 2015). Similarly, the upregulation
of genes encoding phosphate transporters and the reduced
content of organic phosphate suggests a scenario of phosphate
starvation (Castrillo et al. 2017).

Altogether, our data reveal that the roots of infected MT by M.
perniciosa undergo a transcriptional and metabolic rearrangement,
probably as a result of restriction of sugar availability, decreasing
local carbohydrate and amino acid levels leading to the repression
of genes involved in root respiration and carbohydrate, amino
acid, and cell wall metabolism (Figure S16). Reduction in LR
growth might contribute to yield losses by M. perniciosa infection
in MT (Paschoal et al. 2022). Future studies should investigate
whether root reduction in cacao is similarly driven by sink com-
petition, as excessive shoot outgrowth in witches' broom symp-
toms may compete for energy and carbon. The reduced starch

content observed within cacao seedling roots could potentially
affect the capacity for water and nutrient uptake and/or interac-
tion with the rhizosphere microbiota. Belowground interactions in
cacao agroforestry systems are less evident than aboveground in-
teractions and remain primarily unexplored; here, we shed light
on how M. perniciosa infection might chronically affect host root
function.
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