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Abiotic stresses such as drought change plant-pathogen interactions by affecting both hosts and pathogens. Here,
we aimed to unravel the molecular mechanisms underlying forest tree-pathogen interactions under drought
stress and subsequent rewatering. We conducted glasshouse experiments involving infection by the stem canker-
causing fungal pathogen Chrysoporthe austroafricana under drought stress and rewatering in Eucalyptus grandis
and investigated host and pathogen transcriptomic changes using RNA-seq data from our current combined stress
experiment as well as previous single stress studies. We found that mild drought stress enhances disease pro-
gression while, upon rewatering, pathogen infection delays recovery of leaf stomatal conductance. Tran-
scriptomic changes in the host support increased susceptibility to the pathogen while the in planta fungal
transcriptome suggests prioritization of survival in the drought-stressed host. Upon rewatering, changes in the
host transcriptome suggest allocation of resources to stress responses at the expense of growth and carbohydrate
storage while that of the pathogen indicate downregulation of some fungal metabolic pathways potentially
because the pathogen takes advantage of changes in the host. Our study identified key molecular processes and
genes that provide mechanistic insights into tree-pathogen interactions under abiotic stresses. This enables
prediction of tree resilience under a changing climate and contributes towards future tree health improvement
endeavours.

1. Introduction may not be sufficient to predict what could happen under future climate.

For example, the effectiveness of a gene conferring resistance against

Plants are vulnerable to combinations of multiple biotic and abiotic
stresses. In the case of trees, this may include several cycles of exposure
to and recovery from abiotic stresses such as drought co-occurring with
or triggering pathogen attacks. Under combined stress, the oscillations
in the abiotic stressors could affect both the host plants and biotic
stressors (Teshome et al., 2020; Zarattini et al., 2021). Some of the
molecular changes in plants due to combined stress have been observed
to be different from those due to exposure to any of the single stresses
(Prasch & Sonnewald, 2013; Gupta et al., 2016). Hence, extrapolating
responses to multiple stressors from single stress experiments performed
in a controlled environment may not capture the complexity of the
regulations involved, especially in perennial plants. This implies that
our current knowledge on the resistance/tolerance of plants to com-
bined biotic and abiotic stresses, mainly based on single stress studies,
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Xanthomonas oryzae in rice (Oryza sativa) increased at higher tempera-
ture, while that of other resistance genes decreased (Webb et al., 2010).
Thus, as the exposure of plants to multiple biotic and abiotic stresses will
likely increase with changing climate-related droughts and heatwaves,
among others, more emphasis should be given to understanding their
responses to combined stress (Mittler, 2006; Suzuki et al., 2014;
Teshome et al., 2020).

Although studies focusing on the physiological changes of forest
trees in response to combined stresses have been increasing in recent
years (reviewed in Teshome et al., 2020; Gomez-Gallego et al., 2022;
Santos et al., 2024), investigations of the molecular mechanisms un-
derlying these changes are rare in the literature (Ghosh et al., 2022).
Model systems in which the responses of plants to individual biotic and
abiotic stresses are well-investigated could be used to enhance our
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understanding of plant responses to combined stress conditions. This
includes the interaction between the fungal pathogen Chrysoporthe
austroafricana and the economically important perennial biomass crop
Eucalyptus grandis, which has been established as a model pathosystem
to explore the response of trees to fungal pathogens (Naidoo et al., 2013;
Mangwanda et al., 2015; 2016; Zwart et al., 2017).

The molecular responses of E. grandis to C. austroafricana infection
have been investigated using the E. grandis clonal genotypes, ZG14 and
TAG5 (Mondi, South Africa), which were found to be susceptible and
moderately resistant to C. austroafricana, respectively (Van Heerden
et al., 2005). Defense against this pathogen mainly involves phytohor-
mones such as salicylic acid (SA), gibberellic acid (GA), and jasmonic
acid (JA) (Naidoo et al., 2013; Mangwanda et al., 2015; Zwart et al.,
2017). Higher SA and lower JA concentrations, conforming to the SA-JA
mutual antagonism established in E. grandis (Naidoo et al., 2013), have
been observed at the basal level in TAG5 compared to that in ZG14
(Mangwanda et al., 2015). In the early stages of pathogen infection, both
SA and GA concentration decreased in TAG5 but not in ZG14
(Mangwanda et al., 2015). In line with these changes, transcriptomic
and proteomic studies revealed differences in the expression of key
genes governing the biosynthesis and signalling of these phytohormones
in both the host and the pathogen (Mangwanda et al., 2015; 2016; Zwart
et al.,, 2017) showing that these signalling pathways are critical in
response to pathogen infection in Eucalyptus.

On the other hand, drought stress has been shown to activate the
abscisic acid (ABA) signalling pathways in many herbaceous (Yoshida
et al., 2014; Kuromori et al., 2018) and woody species, including
E. grandis (Teshome et al., 2023). ABA is known to have a
concentration-dependent antagonism with both JA/ET and SA signal-
ling pathways (Cao et al., 2011; Robert-Seilaniantz et al., 2011). In
Arabidopsis, the antagonistic interaction between ABA and SA signalling
pathways has been shown to mediate drought-induced susceptibility to
Pseudomonas syringae (Choudhary and Senthil-Kumar, 2022). The mo-
lecular and physiological changes related to recovery from drought was
also shown to impact the response of plants to cooccurring or subsequent
pathogen attacks by leading to either priming or predisposition (Bostock
et al., 2014). For example, infection during recovery from drought stress
reduced bacterial reproduction in Arabidopsis and improved resistance
to P. syringae (Gupta & Senthil-Kumar, 2017; Illouz-Eliaz et al., 2023).
However, studies focusing on such interactions involving necrotrophic
pathogens in forest trees have not yet been reported. Previously, we
reported transcriptomic changes including genes involved in
defense-related phytohormone signalling pathways during drought
stress and recovery in the E. grandis genotype, moderately resistant to
C. austroafricana infection, TAG5 (Teshome et al., 2023), suggesting an
impact on resistance to pathogen infection.

In this study, we aimed to unravel the molecular mechanisms un-
derlying drought x disease interaction in a forest tree species using the
E. grandis-C. austroafricana pathosystem as a model. By monitoring
disease progression and exploring the transcriptomic profiles of both the
host and the pathogen, we show how tree-pathogen interactions change
under drought stress and subsequent rewatering. Our results reveal how
host plant immunity changes and the pathogen thrives in its tree host
under the different watering conditions. By lending insights into the
mechanisms of tree-pathogen interactions under episodes of weather
extremes and recovery periods, our study contributes towards a better
understanding of the biological processes underlying tree health risks
under a changing climate.

2. Materials and methods

2.1. Drought stress/rewatering-pathogen inoculation glasshouse
experiment

We conducted a glasshouse experiment involving combined drought
stress/rewatering and inoculation by the CMW2113 isolate of the fungal
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pathogen Chrysoporthe austroafricana Gryzenhout & M.J. Wingf. in the
Eucalyptus grandis W. Hill ex Maiden clone, TAG5 (Fig. 1). The tran-
scriptomic responses to the single stresses of C. austroafricana infection
and drought as well as rewatering following exposure to the single stress
of drought has been previously investigated in this genotype
(Mangwanda et al., 2015; Teshome et al., 2023). We transplanted
two-year-old ramets into 10 litre pots filled with a 4:2:1 [v/v] mixture of
potting mix (Culterra Pty Ltd, South Africa), river sand, and vermiculite
and supplemented each pot with 10 g slow-release fertilizer. The plants
were acclimatized to glasshouse conditions in three phytotrons which
served as blocks in a randomized complete block design. Then, we
randomly allocated the pots into water-stressed (WS) and well-watered
(WW) treatments. After water had been withheld in the WS pots for 7
days, plants in each of the WW and WS groups were inoculated either
with C. austroafricana (IN) or sterile agar plugs (mock-inoculated, MI)
following previously described procedures (Roux et al., 2003; Man-
gwanda et al., 2015). For the rewatering (RW) treatments, we randomly
selected WS pots exposed to progressive drought (Fig. Sla,b) and
rewatered them on day 17 (Fig. 1). The soil water content of pots was
monitored gravimetrically and the trees were kept under the same
conditions as described in Teshome et al. (2023). Briefly, supplementary
light was used to keep the plants under long day conditions of 16 h light
and 8 h dark with mean daily minimum and maximum temperatures of
24.15 £ 1.51 °C and 29.27 + 3.62 °C, respectively.

We measured leaf stomatal conductance (gs) and stem lesion length
and collected stem samples at different timepoints (Fig. 1). We used AP4
porometer (Delta-T Devices Ltd, Cambridge, UK) to measure gs from one
fully developed leaf each of two ramets in each of three blocks. Stem
samples were destructively harvested from 2 cm length flanking either
side of the inoculation point. Samples harvested from two ramets were
combined for each of three biological replicates per treatment, flash-
frozen in liquid nitrogen, and stored at -80 °C until use. Stem samples
for three biological replicates each of four treatments harvested on days
3 and 17 (Fig. 1), respectively representing drought and rewatering
periods, were ground into fine powder under frozen conditions and used
for RNA sequencing (RNA-seq) at BGI Tech Solutions (Hong Kong) Co.,
Limited, Hong Kong as described in Teshome et al. (2023). Briefly, total
RNA was extracted following a modified
cetyl-trimethyl-ammonium-bromide (CTAB) protocol. Then, poly-A
containing mRNA molecules were selected. This was followed by
strand specific ¢cDNA library construction and Illumina sequencing
(Illumina, San Diego, CA, USA).

2.2. RNA-seq data pre-processing, differential expression, gene ontology,
and transcription factor enrichment analyses

RNA-seq data from the current and previous studies (Mangwanda
et al., 2015; 2016; Teshome et al., 2023) were pre-processed as
described in Teshome et al. (2023). Briefly, after quality assessment and
trimming, aligning the RNA-seq data to the concatenated reference ge-
nomes of E. grandis (Myburg et al.,, 2014) and C. austroafricana
(Wingfield et al., 2015) was followed by transcript quantification. The
outputs were imported into the R package DESeq2 to summarize into a
transcripts per million matrix and compute differential expression (DE)
of genes (Methods S1).

For the rewatering treatments, we computed DE by comparing the
WWIN, RWMI, and RWIN treatments with the WWMI control to identify
differentially expressed genes (DEGs, Logs fold change (L2FC) > |0.5],
adjusted P value < 0.05) for the single stress of pathogen infection (PI),
recovery from the single stress of drought (RD), and recovery from the
combined stresses of drought and pathogen infection (RDPI), respec-
tively. Venn intersection analysis was conducted to identify up- and
downregulated genes unique to or shared among PI, RD, and RDPI. Gene
ontology biological processes (GO) enrichment was analyzed in these
sets of DEGs. We took a selection of specific genes based on previous
studies and the co-expression network analysis in this manuscript and
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Fig. 1. Treatments and experimental design for the glasshouse experiment on combined drought stress/rewatering and pathogen infection in Eucalyptus grandis. The
number of trees depicted in the figure are not proportional to the number of trees used for the experiment. A total of 108 plants (36 plants in each phytotron) were
transplanted to 10 L pots and acclimatized to the glasshouse conditions. Seven days before inoculation, drought stress was induced by withholding water for 60 pots
while the remaining 48 pots were watered every day. In each of the well-watered and water stressed groups, half of the plants were inoculated with C. austroafricana
while the remaining half was mock inoculated with sterile agar. Twelve plants were rewatered at day 16 from each of the mock inoculated-water stressed and
inoculated - water stressed groups. Mock inoculated- well watered and inoculated — well watered plants were used as controls for the different sampling timepoints.
Measurements and stem samples were taken from a total of six trees per treatment in each timepoint. The roman numerals indicate the different phases of the
experiment i.e acclimatization to the glasshouse conditions and dry down period which respectively started 21 and 7 days before inoculation (i), combined stress
treatments (ii), and rewatering treatments (iii). Days 1 and 17 are days of inoculation and rewatering which respectively correspond to 8 and 24 days of withholding
water. Days 3, 7, 17, 18, and 22 are days of measurement and stem sampling and respectively correspond to 10-, 14-, 24-, 25-, and 29-days after withholding water.
Stem samples, 2 cm in length flanking the (mock) inoculation point, were destructively harvested. In (iii), days 17, 18, and 22 represent 1 day before and 1 and 5 days

following rewatering. The colours of pots and trees represent watering and inoculation conditions, respectively.

identified those which were DE in one or more of the rewatering treat-
ments (Methods S1). We also identified transcription factors (TF), whose
target genes were significantly overrepresented in each set of unique and
shared DEGs identified by Venn intersection and selected TFs, signifi-
cantly DE in one or more of the rewatering treatments.

For the pathogen transcripts, we selected the top 100 highly
expressed genes (top 100 genes) for each treatment and compared the
expression patterns with in vitro and in planta RNA-seq data from pre-
vious studies (Mangwanda et al., 2015; 2016). We also computed DE and
identified DEGs specifically related to pathogenicity (Methods S1).
Finally, we visualized the expression pattern of selected host and path-
ogen genes using heatmaps.

2.3. Co-expression network construction and identification of key
modules and hub genes

After checking for a possible batch effect among the different RNA-
seq data sets and conducting batch correction (Fig. S2a,b), we con-
structed two co-expression networks consisting of ‘unstressed’ and

‘stressed’ sets of samples (Fig. S3a; Methods S2) using Pearson correla-
tion coefficient to measure co-expression between genes and Weighted
Gene Co-expression Network Analysis (WGCNA) to detect co-expression
modules (Langfelder & Horvath, 2008) with at least 50 genes in a
module. This was followed by calculation of module eigengenes and
merging close modules.

We employed two different methods for the identification of modules
of interest from the two networks (Methods S2). For the network of the
‘unstressed’ samples, we conducted module preservation analysis (MPA)
where we used the ‘unstressed’ set of samples as a reference. We used
composite module preservation statistics Zgmmary and medianRank to
identify unpreserved modules (Langfelder et al., 2011). For the network
of the ‘stressed’ set, we used the correlation between module eigengenes
and experimental conditions (module-trait correlation analysis, MTCA)
to identify modules showing strong correlations with the target experi-
mental conditions. Then, we identified hub genes from key modules
selected by MPA and MTCA.
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3. Results

3.1. Pathogen infection does not cause a further reduction in stomatal
conductance under combined stress but delays the recovery of stomatal
conductance upon rewatering

We conducted a glasshouse experiment involving combined drought
stress and infection by C. austroafricana as well as rewatering following
these stresses using two-year-old ramets of the E. grandis clone TAG5,
which is moderately resistant to the pathogen (Fig. 1). To get an insight
into the physiological changes under these conditions, we measured
stomatal conductance (gs) at different timepoints. As the severity of
drought stress progressed (part ii, Fig. 1), gs decreased at days 17 and 22
for both mock inoculated and C. austroafricana inoculated trees (Fig. 2a).
This difference in gs between WW and WS was significant (P < 0.05) for
mock-inoculated trees (WWMI vs WSMI, Fig. 2a), while in the pathogen-
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challenged group, the reduction in gs between WWIN and WSIN was
lower and not statistically significant. This was caused by a reduction in
gs in the well-watered conditions in response to the presence of the
pathogen (WWIN), while, irrespectively to the presence or absence of
the pathogen, drought-stressed trees reached similar values of gs
(Fig. 2a, Table S1). The apparent reduction of gs in the WWIN trees is
indicative of an effect of the pathogen on the overall plant physiology.
For the rewatering treatments (part iii, Fig. 1), we observed a sta-
tistically significant difference (P < 0.05) in gs between WW and RW
trees only in the inoculated plants at 1 day of rewatering (Fig. 2b,
Table S1), suggesting that pathogen infection may have delayed the
recovery of gs. However, the treatments did not show any detectable
difference (P < 0.05) in gs at a later time point, 5 days of rewatering
(Fig. 2b), suggesting that trees were ultimately able to resume carbon
assimilation under both single and combined stress conditions.
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Fig. 2. Stomatal conductance (gs) of leaves measured from glasshouse experiments involving drought stress/recovery and pathogen infection in Eucalyptus grandis. a.
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3.2. Mild drought stress increases stem lesion length while rewatering
causes no detectable change during recovery from combined stress

To monitor disease progression in the inoculated trees under
different watering conditions, we measured stem lesion length at
different timepoints (Fig. 1, Fig. S4a-i). As a result of fungal infection, we
observed a significant difference (P < 0.05) in lesion length between
inoculated and mock-inoculated treatments in both WW and WS plants
at all the measurement timepoints (Fig. 3a), with a gradual increase in
lesion length from day 3 to day 22 post inoculation. There was a sig-
nificant water x inoculation interaction on day 3 (Table S1), and the
average lesion length in the inoculated trees was significantly higher (P
< 0.05) under WS than WW conditions (Fig. 3a) indicating that mild
drought stress (Fig. S1a,b) may have increased the susceptibility of trees
to pathogen challenge. However, the differences in lesion length were
not statistically significant (P < 0.05) at later timepoints (Fig. 3a) sug-
gesting that more severe drought may have affected the pathogen as well
as the plants. This trend at the later timepoints did not change after
rewatering as there was no significant difference (P < 0.05) between the
lesion lengths of the RWIN and WWIN treatments (Fig. 3b) suggesting
that rewatering did not impact disease progression at least in the short
term.
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3.3. Drought-induced changes in host defense related signalling pathways
contribute to increased susceptibility to pathogen infection under combined
stress conditions

As 3 dpi has been established as a key timepoint to explore the
transcriptomic responses of E. grandis to C. austroafricana infection
(Mangwanda et al., 2015) and as we observed significantly longer stem
lesion under combined stress (Fig. 3a), we used stem samples from day 3
(Fig. 1) for RNA-seq analysis. To compare the transcriptomic changes of
the moderately resistant genotype, TAG5, under combined stress with
that of unstressed and single stressed samples of TAG5 and ZG14, we
included RNA-seq data from previous studies (Mangwanda et al., 2015;
Teshome et al., 2020) into our analyses (Methods S1). To compare the
changes in co-expression patterns due to individual and combined
stresses and identify key signalling pathways and genes related to the
response of trees to these stresses, we constructed two co-expression
networks by dividing the RNA-seq data into an ‘unstressed’ set,
including either unwounded or mock-inoculated well-watered samples
and a ‘stressed’ set, including samples exposed to C. austroafricana
infection, drought stress, or a combination of both stresses (Fig. S3a;
Methods S2).

To investigate changes in network properties between the ‘un-
stressed’ and ‘stressed’ sets, we performed a module preservation
analysis (MPA, Fig. S3b) and identified modules of the ‘unstressed’
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Fig. 3. Stem lesion development in 2-year-old Eucalyptus grandis trees under drought stress/recovery-pathogen infection glasshouse experiment. a. lesion length
measurements during drought. For the water-stressed group, days 3, 7, and 22 correspond to 10-, 14-, and 29-days of withholding water. b. lesion length mea-
surements during recovery. For the rewatered group, plants were rewatered at 17 days post inoculation which corresponds to 24 days of withholding water. In b, days
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reference network with either minimal (preserved, 19 modules) or sig-
nificant (unpreserved, 20 modules) changes in network properties when
tested against the ‘stressed’ samples. As the unpreserved modules indi-
cate network perturbations due to stress, we conducted functional
enrichment analyses in these modules to get an overview of the mo-
lecular changes underlying responses to the stresses (Fig. 4a; Table S2).
This included the darkgreen module (Fig. S3b), enriched with several GO
terms related to known pathogen responses in E. grandis such as SA
signalling pathways (Fig. 4a; Table S2; Mangwanda et al., 2015), and the
darkslateblue module (Fig. S3b), enriched with GO terms associated with
responses to abiotic stresses including responses to heat and reactive
oxygen species (Fig. 4a; Table S2; Teshome et al., 2023). In the highly
unpreserved floralwhite module (Fig. S3b), the GO term secondary cell
wall biogenesis was the only term enriched (Fig. 4a; Table S2).
Furthermore, TF enrichment analysis in these modules identified po-
tential regulators of single and combined biotic and abiotic stress re-
sponses including potential members of the WRKY, MYB, and HSF
families (Table S3). These results highlight that module preservation
analysis is able to identify potential key molecular actors and regulators
that play a role in the interaction between drought stress and pathogen
infection. Thus, these three modules were selected as key unpreserved
modules for further analysis.

To investigate the molecular processes and key genes specifically
related to tree responses to combined stress, we correlated the experi-
mental conditions with the average profile of each module of the co-
expression network built for the ‘stressed’ set. As disease progression
was enhanced under mild drought stress (Fig. 3a), we explored modules
correlated with the combined stress treatment and the susceptible ge-
notype under pathogen infection (WSIN and ZG14IN, Fig. S3c) to
identify possible mechanisms of drought-induced susceptibility to the
pathogen. We found three and seven modules significantly correlated
with the combined stress treatment and the susceptible genotype (r >
0.53, P < 0.05), respectively (Fig. S3c). Notably, GO terms related to
metabolism and abiotic stress responses (Fig. 4b, Table S4) as well as
several TFs involved in the ABA, ET, and brassinosteroid (BR) signalling
pathways (Table S3) were significantly enriched (Benjamini-Hochberg
adjusted P-value (BH P-value) < 0.05) in the saddlebrown module. In the
darkolivegreen module, GO terms related response to pathogen such as
response to chitin, respiratory burst involved in defense response, and
ET mediated signalling pathway (Fig. 4b, Table S4) as well as TFs such as
the putative orthologs of MYB61, ANACO075, ERF48, and ARF16
(Table S3), known to be involved in secondary cell wall formation
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(Hussey et al., 2013; Zhong et al., 2021) and hormonal cross-talks
related to growth and abiotic stress response (Chen et al., 2010; Mei
et al., 2023), were significantly enriched (BH P-value < 0.05).
Furthermore, visualization of the expression of genes in the highly
correlated modules (Fig. S5a-j) as well as unpreserved modules
(Fig. S5k-m) using heatmaps revealed that the combined stress treat-
ment (INWS) clustered closer to the susceptible (ZG14) than the
moderately resistant (TAG5) genotype in some of the modules such as
the darkolivegreen module (Fig. S5e). These results suggest that drought
stress may have triggered transcriptomic changes in the moderately
resistant genotype under combined stress, similar to that of the sus-
ceptible one under the single stress of pathogen infection, consistent
with the observed increase in disease progression under combined stress
(Fig. 3a).

We identified a total of 393 hub genes from the 13 key modules that
were found to be associated with the combination of stresses (selected
using MPA and MTCA; Methods S2; Table S5). This included the putative
orthologs of NPR1, a key regulator of SA-mediated defense and hor-
monal crosstalk (Backer et al., 2019), BIP1, a member of the HSP70
family that are induced by abiotic stresses such as heat stress (Koizumi,
1996), ACO4, a gene involved in ET biosynthesis (Gomez-Lim et al.,
1993), and several uncharacterized genes selected for modules unpre-
served in response to stress (Table S5). The putative orthologs of NPR1
and ACO4 were downregulated only under the combined stress treat-
ment, while that of BIP1 was upregulated (Fig. 5a, Table S5). As these
genes underlie network perturbation due to stress, they could be related
to pathogen infection, drought stress, and/or their combination,
although it is not possible to establish whether these genes specifically
mediate the response during the combination of stresses. To detect genes
possibly involved in governing combined stress response, we identified
hub genes from the modules correlated with the combined stress treat-
ment including the putative orthologs of AAE18, involved in the acti-
vation of auxin precursors (Wiszniewski et al., 2009) and VDAC1, which
encodes an anion channel related to pathogen-induced ROS production
(Tateda et al., 2011). Both genes were upregulated only under combined
stress (Fig. 5b, Table S5). Similarly, we identified hub genes from the
modules correlated with the susceptible genotype including the putative
orthologs of HSPRO2, which regulates basal resistance (Murray et al.,
2007), BGALS, a gene in the p-galactosidase family that includes genes
such as OsBGAL9, which confers disease resistance and heat tolerance
(Hoang et al., 2023), and several uncharacterized genes (Table S5).
These genes were respectively downregulated and upregulated only
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Fig. 5. Selected hub genes identified from key co-expression modules. a. Hub genes selected from key unpreserved modules b. Hub genes selected from modules
correlated with the combined stress treatment c. Hub genes selected from modules correlated with the susceptible genotype. The details of all hub genes identified
from all the key modules is given in Table S5. The log, foldchange (L2FC) between different comparisons was used to plot the heatmap using the R package
ComplexHeatmap. * Indicates a L2FC > |0.5|. MIWW = Mock-inoculated-well-watered, MIWS = Mock-inoculated-water-stressed, INWW = Inoculated-well-watered,
INWS = Inoculated-water-stressed, TAG5 and ZG14 refer to comparisons between the respective inoculated and mock-inoculated treatments using the data from
Mangwanda et al., (2015), drought and pathogen respectively refer to comparisons of MIWS and INWW with MIWW based on the data from the present experiment.

under combined stress (Fig. 5b, Table S5), suggesting increased host
susceptibility due to drought stress.

Among the 393 hub genes identified in the modules of interest,
several genes showed expression pattern in the moderately resistant
genotype under combined stress similar to that of the susceptible one
under the single stress of pathogen infection (Fig. 5a-c, Table S5). This
included the potential orthologs of genes such as SCL13, a putative
positive regulator of GA accumulation (Zhang et al., 2011), AtGA20X8,
a gene which inactivates GA (Schomburg et al.,, 2003), AtERF4, a
negative regulator of JA/ET-induced defense genes (McGrath et al.,
2005), MAPKKK13, a gene that induces the ET biosynthesis gene ACS8
(Li et al., 2018; Sozen et al., 2020), and several uncharacterized genes.
The putative orthologs of SCL13 were downregulated only under the
single stress of pathogen infection, while those of AtERF4 and
MAPKKK13 were induced only under combined stress (Fig. 5c,
Table S5). While the putative ortholog of AtGA20X8 was downregulated
under both the single stress of pathogen infection and combined stress,
the reduction in expression was higher under combined stress (Fig. 5c,
Table S5). Overall, the identified hub genes may involve key drivers of
tree response to combined stress and provide molecular evidence to the
enhanced disease progression observed in the moderately resistant

E. grandis genotype. In this regard, these genes with similar expression
pattern to the susceptible genotype could more likely be related to
drought-induced susceptibility to the pathogen under combined stress.

3.4. Rewatering following exposure to combined stress triggers distinct
transcriptomic changes indicating a trade-off between stress response and
growth in the plants

To understand the transcriptomic changes during rewatering
following combined stress, we conducted RNA-seq analysis using stem
samples from day 18, which corresponds to 1 day of rewatering (Fig. 1).
We identified genes, DE under one or more of the single stress of path-
ogen infection (PI), recovery from the single stress of drought (RD), and
recovery from the combined stresses of drought and pathogen infection
(RDPI) using Venn intersection analysis (Fig. 6a) and conducted GO and
TF enrichment analyses (Fig. 6b,c) followed by investigation of selected
specific genes (Fig. 7a-f), which together revealed distinct tran-
scriptomic changes during RDPI.

Several GO terms related to the biosynthesis and signalling pathways
of JA and ET were enriched in the upregulated DEGs shared between
RDPI and PI (Fig. 6b; Table S6). Some genes related to JA biosynthesis



D.T. Teshome et al.

(2)

RDPI

Rewatered— Inoculated

RD

Rewatered— Mock-inoculated

vs. Vs,
‘Well watered — Mock-inoculated Well watered — Mock-inoculated

PI

Well-watered— Inoculated

A Upregulated

vs.
Well watered - Mock-inoculated ¥ Contra regulated
(b) xylan biosynthetic process |
translation Log padi
sccondary cell wall biogenes

TRNA pro [ ]

response to red light | °
response to far red light ) - R0
® 15

.
[ 20

photosynthetic electron tra .

photosynthesis, light reaction °

photosynthesis, light harvesting . Nurmber of genes

photosynthesis | 3
NADH dehydrogenase complex (plastoquinone)... 4 * 2
heat acclimation { o «

glucuronoxylan metabolic process
glucuronoxylan biosynthetic process e «©
chloroplast organization §

| conbnet recove™y

athoge™

e 10 o ond P

e 3 comoie
pared &

| e

JA and ET-dependent SR, ET mediated signaling pathway -

Plant Stress 14 (2024) 100697

(©) ubiquitin-dependent protein catabolic process
toxin catabolic process { °
SAR, salicylic acid mediated signaling pathway -
salicylic acid mediated signaling pathway -
response to wounding -
response to salt stress -
response to jasmonic acid stimulus |
response to hydrogen peroxide

response to cyclopentenone 4 .
response to chitin - o

response to cadmium ion °
regulation of plant-type hypersensitive response -
regulation of hydrogen peroxide metabolic process -
reductive pentose-phosphate cycle - 10
protein targeting to membrane 4 J
protein catabolic process

o000

Log_padj

photosynthesis, light reaction { s
phosphatidylinositol biosynthetic process |
pentose-phosphate shunt, non-oxidative branch
para-aminobenzoic acid metabolic process {
oxidation-reduction process - { ]

negative regulation of programmed cell death § * w0
negative regulation of defense response §

leucine catabolic process -

jasmonic acid mediated signaling pathway -

Number_of genes

® w
o

intracellular signal transduction § ® w
heat acclimation

Golgi organization

glycolysis 1 o

fatty acid beta-oxidation

ethylene biosynthetic process §

cell wall macromolecule catabolic process |
abscisic acid mediated signaling pathway <

noined athoge®

e 0
i

Fig. 6. Transcriptomic changes during recovery from combined drought stress and pathogen infection in Eucalyptus grandis. a. Venn-intersection of differentially
expressed genes (DEG) for recovery from drought stress at 1 day following rewatering (RD), pathogen infection at 18 days post inoculation (PI), and recovery from
combined drought stress and pathogen infection at 1 day following rewatering (RDPI). Stem samples collected from the rewatering experiment indicated in part iii,
Fig. 1, were used for RNA-seq analysis for these treatments b. GO enrichment for downregulated DEGs unique to and shared between PI, RD, and RDPI c. GO
enrichment for upregulated DEGs unique to and shared between PI, RD, and RDPI. For the set of DEGs shared between RDPI and PI, only the top 10 highly enriched
GO terms were included in the figures. All the enriched GO terms (Adjusted P-value < 0.1) are given in Table S3. The roman numerals indicate the different Venn
intersections representing shared and unique sets of DEGs in a and the respective GO terms enriched in these sets of DEGs in b and c.

including EgrLOX2 were uniquely upregulated under RDPI (Fig. 7a;
Table S7). Additionally, a potential ortholog of WRKY22, which induces
MYC2, a negative regulator of the JA/ET-induced defense genes (Kloth
et al., 2016), was one of the enriched TFs, and both of these genes were
uniquely downregulated under RDPI (Fig. 7a,d). Some JA/ET-induced
defense genes including EgrPR4, a marker for JA signalling in
E. grandis (Naidoo et al., 2013), were upregulated under both PI and
RDPI. EgrPR3 and two other genes encoding potential homologs of PR3
were upregulated under PI and RDPI but downregulated under RD. On
the other hand, the putative orthologs of AtICS2, a gene involved in SA
biosynthesis, as well as AtMES10 and AtSAGTI, genes involved in the
formation of inactive conjugates of SA, were respectively down- and
upregulated only under RDPI (Fig. 7b). Overall, our transcriptomic data
suggests that the JA/ET signalling pathways could be key players of
recovery from drought under combined stress conditions.

The GO terms such as cellular water homeostasis, water transport,
and cellular cation homeostasis were enriched in the downregulated
DEGs shared between PI and RDPI (Fig. 6¢; Table S6), while the GO
terms response to ABA and water deprivation, proline transport, and
carbohydrate metabolic process were enriched in the upregulated DEGs
indicating the plants’ response to dehydration related to impairment of
water transport possibly caused by the pathogen (Fig. 6b; Table S6). The
ABA induced gene EgrNAC123, one of the enriched TFs (Table S8), was
upregulated under both PI and RDPI but showed a further increase in
expression in the later (Fig. 7c). The putative ortholog of ABF2, a TF
which regulates ABA-induced genes (Yoshida et al., 2010), was another
enriched TF (Table S8) uniquely upregulated under PI (Fig. 7d) sug-
gesting that the ABA-dependent pathway could be important under PI.
On the other hand, EgrDREB2.5, a marker of the ABA-independent
pathway in E. grandis (Nguyen et al., 2017) was uniquely upregulated
under RDPI (Fig. 7c) suggesting that this pathway could be more
important during RDPI. Furthermore, several genes potentially encoding
HSPs, were uniquely upregulated under RDPI (Fig. 7c, Table S7) indi-
cating that more stress responsive genes were induced during RDPI.
Overall, these results indicate the importance and differential regulation

of abiotic stress responsive genes during RDPI compared to PI.

The GO terms starch biosynthetic process, response to auxin stim-
ulus, and several terms associated with photosynthesis were over-
represented in the downregulated DEGs shared between RDPI and PI
(Fig. 6¢, Table S6). Additionally, the GO terms chloroplast organization,
photosystem II assembly, and secondary cell wall biosynthesis were
enriched in the downregulated DEGs unique to RDPI (Fig. 6¢). The po-
tential orthologs of genes involved in sucrose degradation, stachyose
and starch biosynthesis including FLN1, AtGolS2, AtSTS, and APL2, were
uniquely downregulated during RDPI, while genes involved in trehalose
biosynthesis such as ATTPS1 and ATTPS2 were uniquely upregulated
(Fig. 7e; Table S7) suggesting a reduction in carbohydrate storage during
RDPL. In contrast, genes involved in starch and stachyose biosynthesis
such as SIP1 and ATSS3 were uniquely upregulated during RD.
Furthermore, several genes related to cell wall formation were uniquely
downregulated under RDPI (Fig. 7f; Table S7). Notably, EgrMYB46, an
ortholog of AtMYB46 (Brown et al., 2019), a key transcriptional regu-
lator of secondary cell wall formation (Hussey et al., 2013; Ko et al.,
2014), was one of the enriched TFs uniquely downregulated under RDPI
(Fig. 7d; Table S8). Together, our transcriptomic data suggests that
secondary cell wall formation and carbohydrate storage could have been
compromised under RDPI possibly due to reallocation of carbon towards
stress response-related functions.

3.5. Transcriptomic changes in the pathogen suggest alterations in fungal
metabolism and interaction with the host during drought stress and
subsequent rewatering

To get an insight into how the pathogen thrives in its tree host under
drought stress and subsequent rewatering, we investigated the changes
in the in planta fungal transcriptome using RNA-seq data on days 3 and
18 of the moderately resistant genotype, TAGS5, inoculated with
C. austroafricana (Fig. 1; Methods S1). We compared these changes with
in planta fungal transcriptome in the susceptible genotype, ZG14, and in
vitro on minimal media using RNA-seq data from a previous study
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Fig. 7. Expression pattern of selected key genes potentially involved in different molecular process and signalling pathways during recovery from single and
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(Mangwanda et al., 2016). The top 100 genes in the WW treatment on
day 3 showed a reduction in expression under WS conditions and clus-
tered with that of infected ZG14, supporting a susceptible interaction
under drought stress (Fig. 8a). The top 100 genes in the WS treatment on
day 3 showed both an increase and decrease in expression compared to
the WW condition (Fig. 8b). Upon rewatering, the expression of the top
100 genes mostly increased under the RW treatment compared to the
WW control (Fig. 8c,d). Furthermore, GO enrichment analysis on these
sets of genes suggested that there was also a change in the function of the
highly expressed genes under drought stress and rewatering (Fig. 8e).
To identify key fungal genes underlying the changes in
C. austroafricana under drought stress and rewatering, we selected genes
with a significant L2FC (adjusted P value < 0.05) as DEGs for WS and
RW in comparison to the respective WW controls (Table S9). We clas-
sified the fungal DEGs with a percent identity of at least 60 % into
different pathogenicity related categories curated by the pathogen host
interactions database (PHI-base) (Urban et al., 2022) (Fig. 9a, Table S9).
In the lethal category, two potential orthologs of the Fusarium grami-
nearum TFs GzOB014 and GzOB009 (Son et al., 2011) were down-
regulated during drought stress. In the loss of pathogenicity category,
genes related to fungal metabolism and transport such as the putative

orthologs of PTH3, a histidine biosynthesis gene (Sweigard et al., 1998),
GNA1, a gene involved in chitin biosynthesis (Lockhart et al., 2020),
PTH2, a lipid transporter (Bhambra et al., 2006), and Neol-like
Calcium-transporting ATPase 3 (Nguyen et al., 2008) were upregulated
while genes involved in fungal growth such as MST50p and Vphl
(Kramer et al., 2009; Sarmiento-Villamil et al., 2018) were down-
regulated during drought. In the reduced virulence category, genes
involved in fungal metabolism and stress response such as the putative
orthologs of AOX1 (Segers et al., 2001) and FpHsp104 (Xia et al., 2021)
were upregulated while those related to growth and reproduction such
as Mollv1 (Du et al., 2014), MoPyr5 (Qi et al., 2016), and CPKK1 (Moretti
et al., 2014) were downregulated. These results suggest that the path-
ogen may have maintained its metabolism under drought stress, while
its in planta growth could have been compromised.

To investigate the impact of drought stress and rewatering on the
pathogenicity of C. austroafricana, specifically with respect to cell wall
degrading enzymes (CWDE), we conducted a BLASTp search on the
carbohydrate-active enzyme annotation database, dbCAN3 (Yin et al.,
2012) (Fig. 9b, Table S9). Genes potentially encoding glycosyl trans-
ferase (GT) family proteins, related to strengthening fungal cell wall and
other adaptive responses (Klutts et al., 2006; Grille et al., 2010) as well
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as those potentially encoding enzymes such as glycoside hydrolases
(GH) that degrade pectin and cellulose were upregulated during
drought. However, several other genes potentially encoding GH related
to cellulose, hemicellulose, and pectin degradation (Rafiei et al., 2021)
were downregulated. These results suggest a prioritization of survival in
the drought-stressed host environment by strengthening the fungal cell
wall and reducing the expression of several CWDEs.

To gain further information on the overall performance of the

10

pathogen under drought stress and rewatering, we identified several
DEGs with known functions in other pathogens but have not been
necessarily related to pathogenicity (Fig. 9c; Table S9). This included
three upregulated DEGs potentially encoding major facilitator super-
family (MFS) transporters, necessary for protection against plant defense
such as ROS (Chen et al., 2017), SA (Chen et al., 2021), and glucosi-
nolates (Vela-Corcia et al., 2019). Genes potentially encoding
short-chain alcohol dehydrogenase and carbohydrate and acetate
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kinases, related to fungal metabolism and are necessary for the survival
of the pathogen were also upregulated. Genes potentially encoding
FAD/NAD(P)-binding proteins and potential orthologs of the Valsa mali
ent-kaurene oxidase were downregulated during drought. These results
suggest that the pathogen may have altered its interaction with its newly
susceptible host and prioritized survival in the drought-stressed host.

We identified fewer genes with a significant L2FC (adjusted P value
< 0.05) during rewatering compared to those during drought stress
(Table S9). These included downregulated genes in the unaffected
pathogenicity PHI-base category including the potential orthologs of
Hxt1 and TRH1 (Fig. 9a), related to fungal growth (Liang et al., 2018;
Yuan et al., 2021). The putative orthologs of GH-28, -72, and GT1 were
also downregulated during rewatering (Fig. 9b). Other genes including
the potential orthologs of the Coniella lustricola MFS transporter, the
Colletotrichum truncatum O-methyltransferase, and the C. parasitica
endothiapepsin were downregulated (Fig. 9¢). These results indicate a
reversal of some of the drought-induced changes in the pathogen and
downregulation of some fungal metabolic pathways upon rewatering
following drought stress.

4. Discussion and conclusion
In this study, we found that combined stress conditions enhanced

disease progression at early timepoints during drought (Fig. 3a), sug-
gesting that mild drought stress could have increased susceptibility to
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pathogen in the moderately resistant E. grandis genotype, TAG5, while
pathogen infection delayed the recovery of gs during rewatering
(Fig. 2b), suggesting a possible impairment or blockage of the vascular
system limiting water movement (da Silva et al., 2018; Aguirre et al.,
2024) and/or phytohormones such as ABA, JA, and ET possibly inhib-
iting stomatal opening (Forster et al., 2019; Yao et al., 2021). Although
there was no detectable difference in gs at the early timepoints (Fig. 2a)
despite the decrease in soil moisture content (Fig. S1a,b), this could be
related to fast root growth under mild drought stress, which increases
the absorption of available water and possibly delays responses such as
stomatal closure, as has been previously shown in Eucalyptus (Li &
Wang, 2003; Susiluoto & Berninger, 2007; Amrutha et al., 2019). While
evaporation from the soil could contribute to the reduction in soil
moisture content, this would have been minimal, particularly after a
short phase of soil surface evaporation that forms a dry surface layer
leading to a reduction of evaporation from the deeper soil (Han & Zhou,
2013). Chrysoporthe austroafricana has been suggested to be either a
necrotroph (Wingfield, 1989; Gryzenhout et al., 2004) or hemibiotroph
(Zwart et al., 2017). Thus, the observed increase in disease progression
is consistent with the model in Oliva et al. (2014) which hypothesized
that the combinatorial effect of drought stress and necrotr-
ophic/hemibiotrophic pathogen attacks may be more rather than less
damaging to plants. However, the enhancement of disease progression
diminished at later timepoints (Fig. 3a), and this pattern did not change
up to five days following rewatering (Fig. 3b) suggesting that more
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severe drought (Fig. Sla,b) may also have affected the pathogen
(Zarattini et al., 2021) as has been shown for C. austroafricana using in
vitro experiments where media with lower water potential reduced
fungal growth (Swart et al., 1992).

Investigation of the host transcriptome using co-expression network
analysis supported increased host susceptibility to the pathogen under
drought stress. We found that GO terms related to phytohormone sig-
nalling pathways including SA and JA/ET, involved in defense against
C. austroafricana (Mangwanda et al., 2015), were overrepresented in the
identified co-expression modules (Fig. 4a,b). We also identified key
genes related to defense signalling pathways with altered expression
under combined stress (Fig. 5a-c). Notably, we found an increase in the
relative expression of the putative orthologs of SCL13 and reduction in
that of AtGA20X8 under combined stress which could contribute to an
increased GA concentration, and hence, support increased susceptibility
to the pathogen (Mangwanda et al., 2015). The increased SCL13
expression and possible increase in GA concentration could facilitate the
degradation of DELLA proteins (Zhang et al., 2011; Lan et al., 2014). As
DELLA proteins also repress SA accumulation (Navarro et al., 2008; Lan
et al., 2014), these changes will at least abolish decreases in GA and SA
levels at 3 dpi which have been shown to lead to moderate resistance to
the pathogen (Mangwanda et al., 2015). Furthermore, we found an in-
crease in the relative expression of MAPKKK13, a gene that promotes ET
biosynthesis (Li et al., 2018; Sozen et al., 2020), and AtERF4, a gene that
negatively regulates JA/ET-induced defense genes (McGrath et al.,
2005). Previously, it has been shown that differential suppression of
ERF2, which positively regulates JA/ET-induced defense genes
(McGrath et al., 2005), contributes to the susceptibility to
C. austroafricana of ZG14 (Mangwanda et al., 2015). Overall, these
changes in the defense related signalling pathways support increased
host susceptibility to the pathogen observed under drought stress.

Changes in the pathogen transcriptome under drought stress sug-
gested that the pathogen may have altered its interaction with the host
and prioritized maintaining metabolism and strengthening fungal cell
wall while downregulating several genes potentially encoding CWDEs to
survive in the drought-stressed host. Genes potentially encoding GT and
GH were upregulated under drought stress (Fig. 9b). These proteins are
involved in strengthening the fungal cell wall (Free, 2013). However,
several genes potentially encoding GHs were also downregulated during
drought as has been observed when C. austroafricana was grown on
minimal media (Mangwanda et al., 2016). This suggests that the
increased disease progression under drought stress may not be due to
increased pathogenicity, at least in relation to CWDEs, but due to
increased host susceptibility. However, downregulation of some CWDEs
may not necessarily result in reduced pathogenicity. In Setosphaeria
turcica, in vitro osmotic stress reduces fungal growth but enhances
pathogenicity (Liu et al., 2021). In Fusarium oxysporum, impairment of
cellulose degradation enhances virulence but reduces growth and con-
idiation (Gamez-Arjona et al., 2022). Here, in line with the reduction in
C. austroafricana growth under in vitro osmotic stress (Swart et al.,
1992), we found that some genes associated with growth were down-
regulated under drought stress while genes related to fungal metabolism
were upregulated. This is consistent with the initial increase in lesion
length although the pathogen’s growth could be negatively affected at
later timepoints. Furthermore, while the pathogen could be vulnerable
to drought, it may retain the ability to infect the now-susceptible host
through altered strategies, at least under mild drought stress. For
example, the upregulation of genes such as FpHsp104 and MFS trans-
porters could respectively protect the pathogen from abiotic stresses
(Xia et al., 2021) and the host’s defense responses (Chen et al., 2017;
Vela-Corcia et al., 2019; Chen et al., 2021) enabling survival in the
drought-stressed host environment.

Upon rewatering following combined stress, host transcriptomic
changes highlighted alterations in the expression of key genes involved
in some of the major biotic and abiotic stress response pathways possibly
suggesting prioritization of stress response over carbohydrate storage
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and growth. We found transcriptomic evidence indicating that the JA/
ET signalling pathways could have been induced under RDPI. This could
be related to the central role of JA in regulating responses to stress
combinations and coordinating defence and growth (Pascual et al.,
2023; Sood, 2023). Our transcriptomic data also suggested that the
ABA-dependent pathway was possibly activated under PI, while the
ABA-independent pathway could have been induced under RDPI. A
possible scenario for this is that rewatering may signal a reduction in
ABA accumulation under RDPI (Correia et al., 2014), while ABA may
play a role in defense under PI (Adie et al., 2007; Garcia-Andrade et al.,
2020). While these stress responses were activated, genes related to cell
wall formation, including EgrMYB46, were uniquely downregulated
during RDPI (Fig. 7d). Mutations in AtMYB46 have been associated with
increased resistance against necrotrophs (Ramirez et al., 2011).
Consistent with the induction of the JA/ET signalling pathways, this
suggests improved resistance to the pathogen during RDPI, and hence,
indicates a trade-off between wood formation and stress response.
However, we observed an increase in the expression of the carbon
starvation-induced TF, EgrNAC123 (Garapati et al., 2015; Ployet et al.,
2019) under RDPI compared to PI (Fig. 7d), suggesting a possible
shortage of resources largely caused by the pathogen attack. Thus, the
canonical defense mechanisms were activated and resources were
diverted towards defense, potentially leading to carbon starvation
(Oliva et al., 2014) during RDPI due to multiple factors such as the
available carbon pool, speed of recovery of photosynthesis, and expo-
sure to subsequent stresses.

The changes in the pathogen transcriptome during rewatering indi-
cate a reversal of some drought-induced changes and downregulation of
some fungal metabolic pathways. Genes potentially encoding GT1 and
GH72, upregulated during drought, were downregulated during rewa-
tering indicating elastic responses. The downregulation of genes related
to some fungal metabolic pathways may be related to the changes in the
resistance responses of the host during rewatering. In support of this, the
downregulation of the putative ortholog of MFS transporter, which ex-
ports SA in the pathogen (Chen et al., 2021), matches the down-
regulation of SA biosynthesis genes in the host (Fig. 7b). It could also be
possible that the pathogen may take advantage of the changes in the host
upon rewatering and may have contributed to carbon starvation in the
plants (Oliva et al., 2014).

In summary, we showed that mild drought stress increased host
susceptibility to C. austroafricana in a moderately resistant E. grandis
genotype under combined stress and that this was possibly related to
transcriptional rewiring involving the JA/ET, SA, and GA signalling
pathways in the host as well as changes in the fungal transcriptome that
could alter host-pathogen interaction. Upon rewatering, our tran-
scriptomic data revealed prioritization of defense at the expense of cell
wall formation and carbohydrate storage in the host and down-
regulation of some fungal metabolic processes indicating that the
pathogen could take advantage of the changes in the host. Overall, the
key molecular processes and genes we identified in both the host and the
pathogen shed light on the complex molecular mechanisms underlying
biotic stress responses under the cycles of exposure to and recovery from
abiotic stresses such as drought in forest trees and contribute to devising
mitigation strategies for tree health risks under a changing climate such
as future tree breeding and use of beneficial microorganisms.
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