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Abstract

Holoparasitic plants, such as broomrape, have abandoned a photosynthesis, relying
entirely on the resources of host plants. This departure from an autotrophic lifestyle
necessitates significant genetic and metabolic adaptations, offering a unique model system
to elucidate responses independent of canonical plastid functions in green plants. In this
study, we examined the acclimation kinetics of the holoparasitic weed Phelipanche ramosa
(broomrape) under unfavorable temperature and excessive light conditions through a
comprehensive time-course analysis of RNA sequence data and physiological monitoring.
Our work unveils that suboptimal abiotic conditions induce transcriptional changes in the
parasitic plant, involving coordinated expression of nuclear and plastid-encoded genes.
Notably, magnesium transporters, critical for heat-induced chlorophyll conversion, were
enriched among heat-repressed genes. Additionally, multiple copies of chloroplast-targeted
DnaJ proteins, responsible for maintaining CO; assimilation capacity in non-parasitic
plants, were identified. Comparative expression analysis with the parasite’s host plants,
tomato and Arabidopsis, revealed distinct patterns for certain plastid genes in Phelipanche.
Furthermore, an elevation in reactive oxygen species (ROS) in the parasite coincided with
the upregulation of numerous heat shock protein (HSP) genes, including HSP21, which
associates with thylakoid membranes in photosynthetic plants; noteworthily, thylakoids are
absent from Phelipanche's plastids. Collectively, our findings suggest that plastids of the
nonphotosynthetic model plant retains their ancestral role as environmental sensors. This
research opens new avenues for functional-genetic research into the nuanced roles of
plastids in the lifecycles of parasitic plants.
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Introduction

Plants confront a diverse array of environmental challenges, encompassing intense or
fluctuating light and varying temperatures. A pivotal player in the plant stress response and
acclimation is the plastid (Crosatti et al. 2013; Kleine et al. 2021). These organelles, integral
to photosynthesis and many other cell functions of plants, sense concurrent environmental
conditions and disturbances. In response, plants initiate specific anatomical or biochemical
modifications, such as relocating plastids away from heat, light, and cold sources. Plastids,
through organelle-based synthesis of phytohormones and secondary metabolites, as well as
retrograde and ROS signaling, contribute significantly to pathogen defense in both pathogen-
associated molecular pattern (PAMP)-triggered immunity and effector-triggered immunity
(Jones and Dangl 2006; Serrano et al. 2016).

In adverse abiotic conditions like heat, plants accumulate chaperones such as heat shock
proteins (HSPs) and proteins involved in signal transduction pathways. This response triggers
antioxidant biosynthesis, reactive oxygen species (ROS) control, and the regulation of gene
expression (Beltran et al. 2018). Beyond a plant species-specific environmental tolerance,
typically between 20-30°C, excessive heat leads to a rapid decline in photosynthetic efficiency.
Consequently, photorespiration increases, photosystems shut down, thylakoid membranes
become leaky, ATP flow disrupts, CO; fixation by RuBisCO slows, and ROS formation
intensifies (Yamori et al. 2011; Dopp et al. 2021). In the face of adverse conditions,
detoxification of ROS becomes a primary process, particularly when coupled with biotic
stressors. The interaction between responses to biotic and abiotic conditions can influence
plant—pathogen interactions, potentially leading to a trade-off (Pandey et al. 2015; Choudhury
et al. 2017).

Certain plants unable to photosynthesize exhibit aberrant plastid biology. Despite appearing
as outliers in the plant kingdom, non-photosynthetic parasitic plants have significantly
contributed to advancing our understanding of plant molecular processes and molecular
evolution. Evolving a range of unique adaptations, parasitic plants serve as crucial model
systems for studying plastid gene and genome evolution under relaxed selectional constraints
(Wicke et al. 2013, 2016; Wicke and Naumann 2018). They provide insights into de novo gene
evolution, sub- or neofunctionalization (Ichihashi et al. 2015; Yang et al. 2015; Yoshida et al.
2019), and ecological and molecular-evolutionary feedback loops (Chen et al. 2020; Lyko and
Wicke 2021). These plants also display molecular plasticity, exhibiting dramatic alterations in
gene expression and metabolic pathways in response to environmental changes. The ability
to parasitize other plants has allowed their plastids to evolve under relaxed selectional
constraints, eliminating the need to protect the photosynthetic apparatus. Noteworthily, whole-
genome sequencing of various independently evolved parasitic plant species has revealed
enriched gene losses in defense and stress response in various Orobanchaceae species and
Cuscuta spp. (Sun et al. 2018; Vogel et al. 2018; Yoshida et al. 2019; Cui et al. 2020; Xu et
al. 2022).

Here, we aimed to provide a first look into a holoparasitic plant’s strategies to acclimate to
adverse conditions. Using the broomrape species Phelipanche ramosa infecting tomato or
Arabidopsis, we first assessed the physiological response of the holoparasite when it suddenly
experiences high temperatures or excessive light. A time-structured expression analysis was
then employed to explore Phelipanche’s transcriptional changes of an exposure to heat and
light stress. Our results implicate that despite its non-photosynthetic lifestyle and full
dependence on the host for survival, the holoparasite retains the ability to deal with adverse
conditions through plastid-mediated responses. We gathered evidence of acclimation
responses that are independent from canonical key functions of the chloroplast in fully
autotrophic plants. Therefore, this study’s focus on holoparasite biology is a promising start to
identifying novel, very basal modulations in molecular acclimation processes in plants.
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Material & Methods

Plant material. All host-parasite experiments were carried out using the well-established
tomato-broomrape pathosystem (Brun et al. 2023), co-cultivated in semi-in vitro rhizotrons.
Seeds of Solanum lycopersicum ‘Zuckertraube’ (Demeter quality) were purchased as
precision germplasm (accession: G427) from Bingenheimer Saatgut AG (Echzell, Germany).
Tomato seeds were germinated for seven days on Petri plates on moist filter paper, and
primary-leaf developing tomato seedlings were then transferred onto GF/A Whatmann filter
paper in vermiculite-packed rhizotrons. Tomato plants were then grown under greenhouse
conditions (23°C, 16h/8h photoperiod, 100 umol m? s™) for 21 days, watered regularly with
0.5X Hoagland solution.

Phelipanche ramosa seeds were kindly provided by the Delavault lab (University of Nantes,
France) and were harvested in a winter oilseed rape field in Sainte-Maxire (Deux-Sévres,
France) in 2017. Seeds were surface-sterilized in commercial bleach diluted to 4% active
chlorine for five minutes and pre-washed three times in autoclaved deionized water for 30
seconds each. The seeds were then rinsed in autoclaved deionized water for another three
times of five minutes each. Sterilized seeds were resuspended in an incubation medium (10
mg/ml), composed of 0.1 % (v/v) Plant Preservative Medium (PPM, Plant Cell Technology,
USA) and 1 mM HEPES buffer (pH 7.5). The resuspended seeds were transferred in a culture
flask wrapped with aluminum foil, and incubated at 21 °C for seven days.

Seeds of Arabidopsis Col-0 accession and cp37a-1 T-DNA insertion mutant (Tillich et al. 2009)
were a kind gift from the Schmitz-Linneweber lab, Humboldt-Universitat zu Berlin, Germany.
Seeds were sown on a mixture of soil and vermiculite (2:1) and incubated for five days at 4°C
in the dark to synchronize germination. Seedlings were then grown at 21°C in a 16-h-dark/8-
h-light cycle (100 umol m? s™"). Four-week-old plants were transferred to rhizotrons.

Host infection. To synchronize germination, we sprinkled the roots of 21 days old tomato
plants with rac-GR24 (10° M) with Pasteur pipettes prior to broomrape infection. Pre-
conditioned P. ramosa seeds were then aligned on to the tomato roots using a soft paintbrush.
Rhizotrons were covered with aluminum foil, and tomato-Phelipanche plants were grown
undisturbedly under greenhouse conditions as described above with weekly watering using
Hoagland 0.5X. All experiments were conducted five weeks after infection, at which time
parasite tubercles reached an advanced spider stage.

Heat and high irradiance treatments. Parasite-host co-cultures were subjected to either
42°C or 1400 pmol m? s™" light intensity for 4.5h then returned to control conditions (23°C, 100
umol m? s™). Rhizotron lids were removed and rhizotrons were covered with one layer of
saran foil to prevent water evaporation. Heat-stressed rhizotrons were additionally covered
with one layer of aluminum to avoid direct exposure to light. Parasite tubercles were carefully
detached from host roots and immediately snap frozen in liquid nitrogen to quench metabolic
activities. Tubercles grown in control conditions were used as reference.

Photosynthesis measurement. Photosynthesis efficiency - also referred to as Y(Il) - of
tomato leaves was assessed using a Maxi-Imaging Pulse-Amplitude Modulation (PAM)
fluorometer (Heinz Walz, Germany). Three plants per species were randomly selected for
PAM measurements per condition per timepoint. Plants were first dark-adapted for 15 minutes
to deoxidize photosynthetic reaction centers and relax energy-dependent quenching
processes. For all experiments, we used a measuring light intensity of 1 Hz and a saturation
pulse intensity of 7 for 200 ms. Capturing plant responses was performed in live video mode.
In fluorescence mode, we selected up to three leaflets per tomato and manually delimited
areas of interest (AOI). Seventeen saturating pulses were triggered over 8 minutes for a kinetic
readout. Due to the 'Kautsky effect', only the last three measured values of Y(Il) were
considered and averaged per leaflet.
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RNA sequencing. Total RNA was extracted from frozen tissue using the PureLink™ RNA
Mini kit (ThermoFisher Scientific, Hennigsdorf, Germany) according to manufacturer’s
instructions. DNA contamination was removed using the RNAse-free DNAse Set (Qiagen,
Hilden, Germany) and additional were removed using the RNeasy® Power Clean® ProCleanup
kit (Qiagen). RNA samples of at least 200 ng total RNA and achieving a RIN® greater than 7
on a 4200-tape station (Agilent Technologies) were selected for RNA sequencing. Poly-A
capture libraries using the TruSeq Stranded mRNA Library Prep kit were prepared and
sequenced by Eurofins Genomics (Konstanz, Germany) on an lllumina NovaSeq 6000
platform in 150 bp paired-end mode for a readout of 30 million read pairs per library.

RT-qPCR. Four hundred of DNA-free RNA were reverse-transcribed using the qScript™
cDNA SuperMix (Quantabio, Berverly, MA, USA) following manufacturer’s instructions.
Quantitative real-time PCR reactions consisted of 12.5 ul PerfeCTa SYBR® Green SuperMix
Reagent (Quantabio), 1.25 ul of each primer, 5 yl ddH20, and 5 pl 100-fold diluted cDNA. PCR
took place on a qTOWER®G cycler (Analytik Jena) with the following parameters: 3 minutes
at 95°C and 42 cycles of denaturation for 15 seconds at 95°C and annealing for 30 seconds
at 58°C. Melting curve analysis following each PCR run was performed to ensure clean
amplification. The efficiency of each primer pair was assessed on 5 cDNA serial dilutions prior
to all gPCR events. The following primers were designed based on homology to OrArBC5
sequences from the Parasitic Plant Genome Project (Westwood et al., 2012): HSP17.6-F,
GAGGAGAAGAACGACACGTG; HSP17.6-R, TCAGCACTCCGTTCTCCATAC; Ef1o-F,
TTGCCGTGAAGGATCTGAAAC; Effa-R, CCTTGGCAGGGTCGTCTTTA.

Reactive oxygen species (ROS) quantification. Determination of reactive oxygen species
was carried out as described in (Jambunathan 2010). Briefly, frozen tubercle tissues were
ground in liquid nitrogen using sterile mortar and pestle. Ground samples were resuspended
in 1 ml Tris-HCI (10 mM) buffer, centrifuged at 12,000 g for 20 minutes at 4°C. The supernatant
was transferred into Eppendorf tubes and diluted (1:9) with Tris-HCI (1 mM) buffer. One
microliter of 10 mM 2’,7’-Dichlorofluorescein diacetate (DCFH-DA) was added, and 200 L of
the mixture was distributed into 96-well plates. The control consisted of diluted samples
without DCFH-DA. All samples were incubated for 10 minutes at room temperature. The ROS
were measured using a Infinite M200 TECAN fluorometer (excitation 500 nm, emission 531
nm). Protein content was measured from the same extract using the Pierce™ BCA Protein
assay (ThermoFisher Scientific) on a Multiskan Sky High spectrophotometer (Thermo
Scientific) at 562 nm absorbance in precision mode.

Transcriptome analyses. Adaptors and low-quality paired-end sequences were removed
from the raw reads using Trimmomatic v0.36 (Bolger et al. 2014). We used Bowtie2 v2.4.1
(Langmead and Salzberg 2012) to map trimmed reads to the OrAeBC5 reference build
(http://ppap.huck.psu.edu) as described earlier (Brun et al. 2023). Read counts per sample
were estimated using RSEM v1.3.3 (Li and Dewey 2011).

To identify genes that are differentially expressed during the course of adverse condition
treatments and between experimental groups, we performed a comparative time-course
differential gene expression analysis using the maSigPro R package (Nueda et al. 2014). To
this end, read count data was converted to a TMM matrix using the edgeR package (Robinson
et al. 2010), from which quadratic regression model fitting our four timepoints was computed.
Gene-wise regression fits were calculated with an FDR threshold of 0.05 and an F-statistics
alpha-level cutoff of 0.05. To identify significantly differentially expressed genes, we
subsequently employed a “backward” stepwise regression model with a P-value cutoff at 0.05
of the regression coefficients. Significant genes with a minimum R-square of 0.8 of the
regression model were extracted by treatment group. Optimal number of clusters was
determined using the elbow method by calculating the Within-Cluster-Sum of Squared Errors
(WSS). Over-representation analysis of gene ontology (GO) terms was performed based on
the previously re-annotated OrAeBC5 build (Brun et al. 2023). Over-representation results and
annotation of clustered genes are available as Supplementary Information (Tables S1, 2).
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Results & Discussion

Adverse abiotic conditions induce
ROS accumulation and HSP17.6
expression in Phelipanche tubercles

We examined the physiological responses of
the holoparasite Phelipanche ramosa to
adverse abiotic conditions. To this end, we
quantified reactive oxygen species (ROS)
contents in parasite tubercles as a marker of
stress response due to their documented
dual role as signaling molecules in plant
growth and as toxic compounds produced
through anaerobic metabolic processes
during plants abiotic stress responses
(Fichman and Mittler 2020). ROS content

was expressed as redox-sensitive
fluorescing  signal (i.e., DCFH-DA
fluorescence) relative to total protein
abundance in order to account for

discrepancies in tubercle weight across
samples (Fig. 1). We could not detect
significant variations in ROS abundance
under control environmental conditions while
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Fig. 1. Reactive oxygen species accumulation
in Phelipanche tubercles upon biotic
stressors. Parasite-infested plants were
subjected to heat or light stress during 4.5 h and
allowed to recover in control conditions for 19.5
h. Reactive oxygen species (ROS) were
quantified in P. ramosa tubercles and normalized
to total protein content. Data are means + SE (n
= 9-12) from two independent experiments.
Letters indicate significant differences between
environmental conditions (P-adjusted < 0.05;
Dunn post hoc test followed by Benjamini-
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significant changes in ROS content were
observed throughout the kinetic under both
adverse heat conditions (P < 0.001; Kruskal-Wallis test). Group comparisons through Dunn
post hoc test revealed significant five-fold or more increases in ROS content upon heat stress,
including after 19.5h of recovery in control conditions. We made similar observations upon
high irradiance. Indeed, ROS significantly accumulated by more than 5-fold after 1h of light
stress (P-adjusted = 0.003) and after recovery (P-adjusted = 0.002). More than half the
measurements fell above the control median (Fig. 1). The much higher variance observed in
light stress conditions may reflect that transient exposure to high irradiance has a milder
physiological effect on the parasite, which would be in line with its milder effect on the host
photosynthetic status (see below).

Hochberg correction).

Additionally, we investigated the expression of the Phelipanche orthologue of the Arabidopsis
HSP17.6, which was previously identified as a marker of heat and high light responses (Sun
et al. 2001; Crisp et al. 2017; Huang et al. 2019). Primers were designed based on homology
between the Arabidopsis sequence (AT5G12030) and the Phelipanche reference
transcriptome (OrAeBC5 build) from the PPGP database, and expression of the PrHSP17.6
gene was normalized to the expression of the housekeeping gene PrEF1-a (Fig. S1).
Exposure of the tubercles to heat led to a significant up-regulation by 3.8 + 0.7 and 2,282 +
122.5-fold after 1h and 4.5h, respectively. PrHSP17.6 declined to 397.1 + 90.9-fold after 19.5h
of recovery. In contrast, we could not detect any significant variation in gene expression upon
light stress (Fig. S1). This corroborates our observations that the impact of transient exposure
to elevated temperatures is overall stronger than that of high irradiance.

The parasite is much more affected by transient heat stress compared to high light conditions.
RNA sequencing enabled us to cluster genes based on their expression profiles over time and
under different treatment conditions. Our analysis found that the quantity of genes differentially
expressed in response to heat was clearly greater than in response to light. Finally, the heat
wave induced rapid necrosis of the tubercles up to the point where a total loss of viability
occurred (Fig. S2).
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Parasite infestation amplifies abiotic stress-induced effects on the host

In parallel, we analyzed the photosynthetic ability of tomato plants under combined biotic and
abiotic stress, we used chlorophyll fluorometry to measure the quantum yield of photosystem
Il (prsi) over time in leaves of tomato plants subjected or not to the holoparasite Phelipanche

and/or to high irradiance or increased
temperatures. Infested and non-infested
plants were therefore subjected to
abiotic stress for 4.5 h then placed back
to control conditions for 19.5 h (Fig. 2).
Photosynthesis efficiency was not
affected by the presence of the parasite
in plants cultivated under control
conditions (23°C, 100 pmol m? s7).
Exposure of non-infested plants to
elevated temperatures (42°C, 100 ymol
m? s') led to a two-fold decrease in
photosynthesis efficiency after 4.5 h,
while recovery in control conditions for
19.5h led to retrieve 89.9 £ 0.9 % of the
initial quantum vyield. Plants that were
infested exhibited a slightly lower
photosynthesis efficiency within the first
hour of heat stress (P = 0.08), and
retrieved only 36.1 £ 13.4% of the initial
quantum yield after returning to control
conditions, indicating a significant failure
to recover from heat stress (P = 0.004).
Quantum yield decreased by about 20 %
in non-infested and infested plants after
1 h of light stress, and to a significantly
higher extent by 39.2 % in infested
plants after 4.5 h (P = 0.04). Plants
retrieved up t0 81.9 £ 0.9 % and 79.6 +
0.9 % of their initial photosynthesis
efficiency after 19.5 h of recovery in
control conditions. Altogether these
results indicate a negative additive effect
of root parasitism and abiotic stresses on
host photosynthesis, particularly when
plants are subjected to a transient
increase in temperature.

Control (23 °C, 100 ymol m™2s™")
2.0

1.5
1.0 = -
0.5
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Heat stress (42 °C , 100 ymol m™2s™")
2.0
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Fig. 2. Effect of combined biotic and abiotic
stresses on tomato photosynthesis efficiency.
Parasite-infested and non-infested tomato plants
were subjected to heat or light stress during 4.5 h and
allowed to recover in control conditions for 19.5 h.
Data are mean ratios + SE (n = 6-12) from two
independent  experiments.  P-values indicate
significant differences between infested and non-
infested plants at specific timepoints (Kruskal-Wallis
test).

Transcriptional responses of Phelipanche tubercles upon abiotic stresses

Our physiological analyses indicate that the Phelipanche exhibits immediate responses to
momentarily adverse temperature and excessive light conditions. This led us to hypothesize
that variations in the parasite's transcriptional landscape are one of the main and immediate
modifications. To test this, we collected RNA samples were collected in a time-series
experiment to capture transcriptome changes that underlie acclimation and recovery. Trimmed
reads were mapped against the broomrape reference transcriptome and the genes were
subsequently clustered according to differences in expression profiles over time and between
treatment groups.

We determined a total of 1,321 differentially-expressed genes (DEGs), grouped into eight
clusters (Fig. 3A) with little functional overlaps between each cluster (Fig. S3). We observed
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a few variations in gene expression in plants grown under control conditions, mostly occurring
in the 4.5-24h window when day/night alternation takes place. Clusters 3, 7 and 8 signify that
the broomrape, which relies completely on its host plant for survival, has the genetic makeup
to regulate the circadian cycle. Genes associated with the gene ontology (GO) terms
GO0:0048511 (“rhythmic process”) and GO:0007623 (“circadian clock”) such as CRY1, LNK1,
APRRY9, and JMJ30 were up-regulated between 4.5 and 24h (Figs. S4A-B, Tables S1-2).

The overall larger amplitude of expression variation in response to heat represented a
significant main difference between abiotic stressors (Fig. 3C). These findings suggest that
exposure to high temperatures for a short period of time has a more significant effect than
high irradiance. This was particularly evident in clusters 2 and 7, which gathered genes that
were predominantly down-regulated and up-regulated in response to 4.5 h of abiotic stress,
respectively (Fig. 3). The most enriched biological process associated with cluster 2 was that
of “histone modification” (GO:0016570). This included down-regulation of genes encoding
histone methyltransferases such as SUVH1 and SUVR2, histone deacetylases from the
Sirtuin family such as SIR1 and SNL2, histone acetyltransferases such as IDM1, and histone
demethylases such as JMJ25 (Fig. S4C). Noteworthily in cluster 6, additional chromatin
remodelers like the histone acetyltransferases ADA2 and the histone deubiquitinase OTU6
were down-regulated upon heat stress only. This overall suggests a certain degree of
functional redundancy in epigenetic control in the response to adverse conditions.

Cluster 2 additionally contained genes associated with “jasmonic acid mediated signaling
pathways” (GO:0009867), such as RCF3 known as an upstream regulator of heat stress
responsive gene expression (Guan et al. 2013), the ubiquitin-specific protease UBP12, and
the homeodomain transcription factor OCP3. The latter is known to be involved in drought
tolerance (Ding et al. 2013), depending on the perception of jasmonic acid through COI1
(Ramirez et al. 2010) (Fig. S4D). COI1 itself was massively up-regulated upon 4.5h of heat
stress together with the ethylene-response factor ERF42. This implies recruitment of the
jasmonate-ethylene pathway in response to heat. Another line of evidence is the strong heat-
induced down-regulation of the gene encoding NINJA (NOVEL INTERACTOR OF JAZ; Fig.
S4D), co-repressing transcription in the absence of jasmonate (Pauwels et al. 2010). On the
other hand, biological processes over-represented in cluster 7 were mostly associated with
serine and cysteine metabolism. This notably includes up-regulated genes encoding CNIF1
for the maturation of plastidic Fe-S proteins (Léon et al. 2002; Ye et al. 2005), the chloroplast-
localized serine acetyltransferase SAT1 for cysteine biosynthesis and known to function in a
redox-sensitive module that integrates oxylipin/jasmonate signaling during high light response
(Mdller et al. 2017), and a cytosolic isoform of cysteine synthase CYSK (Fig. S4E).

Opposite expression profiles between light and heat stresses were mostly found in cluster 5,
which included genes highly up-regulated upon 4.5h of light stress while following a milder
variation albeit up-down expression pattern upon 1 and 4.5h of heat stress, respectively (Fig.
4). These genes predominantly associated with “response to red light” (GO:0010114) and
“red, far-red light phototransduction” (GO:0009585). This included one member of the plastid-
localized Early Light-Inducible Proteins (ELI) thought to be involved in photoprotection
(Montané and Kloppstech 2000), the bZIP transcription factor HY5, which acts as a positive
regulator of phytochrome-mediated photoresponses (Toledo-Ortiz et al. 2014) and
anthocyanin accumulation (Shin et al. 2013), the repressor of photomorphogenesis SPA3
thought to be part of the COP1/SPA ubiquitin-protein ligase complex (Laubinger and Hoecker
2003), and the POZ/BTB containing-protein POB1, predicted to be involved in protein
ubiquitylation (Figs. S4F-G). Cluster 5 additionally contained genes associated with “terpenoid
biosynthetic process” (G0O:0016114) and encoding heme-binding proteins such as the
geranylgeranyl diphosphate reductase CHLP indirectly involved in tocopherol and chlorophyll
synthesis by synthesizing phytol (Tanaka et al. 1999), and the hydroxymethylglutaryl-coA-
synthase HMCS (Fig. S4H), which is required for the development of elaioplasts (Ishiguro et
al. 2010). Finally, genes belonging to the expansin superfamily were up-regulated in response
to either stresses, suggesting a loosening of cell walls upon abiotic stresses. In relation to this,
the genes encoding the Leucine-rich repeat receptor-like kinases FEI1 and FEI2, both
involved in cell wall biosynthesis, were down-regulated upon heat stress (Fig. S4l).
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Fig. 3. Transcriptional changes upon abiotic stresses in tubercles of Phelipanche. (A) Gene clusters harboring differential expression patterns of stress response.
Parasite-infested plants were subjected to heat or light stress for 4.5h and allowed to recover in control conditions for 19.5 h. Gene expression data were clustered
according to their differential accumulation patterns over time and between treatments. The obtained results of significantly differently expressed genes are medians
of TMM-normalized counts from three biological replicates. (B) Overview of the 6 most significant abbreviated GO terms per cluster, highlighting functional specificity
per cluster and treatment. (C) A detailed bioinformatic analysis of Phelipanche’s plastid-target genes reveals a heat acclimation-specific recruitment of many plastid
ribonucleoproteins (cpRNPs), most notably so of CP31A, which is a known integrator of cold acclimation in Arabidopsis and whose primary target RNAs no longer
exist in the holoparasite’s plastid genome (Wicke et al. 2016).
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Finally, clusters 1 and 6 gathered genes whose expression was exclusively influenced by heat
stress however in opposite directions (Fig. 3A). Both clusters shared over-represented
biological processes such that of “inorganic cation transmembrane transporter activity”
(G0O:0022890). Among the up-regulated genes were those encoding Glutamate receptors
(GLR) and Na*/Ca®" exchangers of the NCL gene family. On the other hand, down-regulated
genes were annotated as heavy metal ATPase (HMA) and magnesium transporters (MRS;
NIPA) (Fig. S4J). A total of 36 genes up-regulated upon heat stress were annotated as
“response to heat” (GO:0009408), more than 80% of which related to families of heat shock
proteins (HSP) and heat shock transcription factors (HSF) (Fig. S4K). Of note is the up-
regulation of two ClpB/Hsp100 genes known to be essential during chloroplast development,
as well as two chloroplast-targeted HSP90 transcripts, known to be crucial for protein import
into the stroma (Jiang et al. 2020). Three additional HSP70-encoding genes were also found
under the over-represented term “chloroplast stroma” (GO:0009570), along with two plastidial
pyruvate kinases, the plastid-localized peroxiredoxin PR2E1, the thylakoid-located
thioredoxin-like protein SOQ1, a plastid superoxide dismutase SODM, the plastid
phosphoglucose isomerase G6PIP/PGI, and the chloroplast co-chaperonin CH20/CPN21
(Fig. S4L). Finally, we found several genes involved in mitochondria-associated processes,
such as the aconitase ACOT9, three chaperonins with homology to the GroES superfamily,
the translation factor GUF1, which is involved in mitochondrial protein synthesis (Bauerschmitt
et al. 2008), a mitochondrial-processing peptidase MPPB, part of the mitochondrial import
complex, and a mitochondrial acyl carrier protein ACPM1, contributing to the respiratory chain.

Altogether, our analysis showed that abiotic stresses such as elevated temperature or light
influence the transcriptional landscape of the obligate root parasite Phelipanche. Annotation
of the differentially-expressed genes indicated that a non-trivial proportion of nuclear-encoded
genes influence the function of other major organelles such as mitochondria and chloroplasts,
which suggests a major role for anterograde signaling in coping with adverse environmental
conditions.

Plastid-targeted genes are notably differentially upregulated in response to heat

Our data shows that ROS elevation in the parasite (Fig. 1) coincides with the strong up-
regulation of many HSP genes (Fig. 3C, Fig. S4K). Interestingly, this includes HSP21, which
in Arabidopsis encodes one of the few proteins that associate with thylakoid membranes upon
heat stress (Bernfur et al. 2017). Noteworthily, the holoparasite develops no thylakoid
membranes in its achlorophyllous plastids (Laudi and Albertini 1967). Beyond that, the
parasite activates genes for plastid-to-nuclear response pathways and the membrane
translocation complex (Tic/Toc, CIA2). Apparently, adverse conditions induce the
reorganization of the parasite’s plastid structure and relocates them, e.g. by CHUP1 under
heat or PMIR1 under light, as our expression data suggests (Fig. 3C, Fig. S5). Several more
genes with key function in the plastid are differentially upregulated upon heat exposure, and
their identities suggest that plastids of Phelipanche retain their primordial roles as
environmental sensors. Of the over 460 unigenes associated with plastid-nuclear signaling
pathways in our Phelipanche reference transcriptome, only an orthologue of HMOX1 is
activated after 4.5 h heat treatment (Fig. 3C). This gene is known to encode a plastid heme
oxygenase, which is relevant both for phytochrome chromophore biosynthesis and for
coupling the expression of selected nuclear genes to the functional state of the plastid.
Puzzling are results regarding Phelipanche’s heat-specific significant upregulation of
chlorophyll- or thylakoid associated pathway genes (e.g. CHLP, SOQ1, RR31; Fig. 3C, Figs.
S4K-L) and of the DASH-cryptochrome (CRYD) during recovery (Fig. 3C). In contrast, the
differential expression of the uncharacterized proteins Y2766 (copper-iron binding protein
At2g37660;), Y4833 (At4g08330), Y3725 (At1g66480), and Y3725 (GTP-binding protein
At3g49725) upon heat in the parasite implicates their role in heat response or recovery,
respectively, as a first clue to their function. Moreover, heat, rather than high light, strongly
induces gene expression to modulate the plastid’s RNA processing machinery in the parasite

(Fig. 3).
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Phelipanche upregulates the RNA-binding protein cp31A in response to heat

Under heat conditions, the parasite significantly differentially upregulates CP31A (Fig. 3C,
alongside other plastid-targeted RBPs, which is most pronounced after 4.5 h of heat exposure.
This result is puzzling considering the parasite’s extensive plastid genome reduction. In
consequence to Phelipanche’s nonphotosynthetic lifestyle, it has lost nearly all plastid-
encoded photosynthesis genes including those of the NDH complex, which is the primary
target of CP31A (Lenzen et al. 2020). Of CP31A’s previously implicated binding partners
(Lenzen et al. 2020), only matK as well as rps2 and rps8 are encoded in the parasite’s
plastome and are expressed under heat (Fig. S5). We may hypothesize that CP31A either
targets these genes’ mRNAs, or that the RBP has diversified its specificity for plastid mRNAs
or expanded its role beyond cold signal integration in the parasite. Alternatively, it could more
generally serve a cryptic function, which has been overshadowed by the canonical key
functions of the photosynthetically active chloroplasts in Arabidopsis. In addition to cp31A and
other RBPs, we find the RNA-binding protein WTF1 to be activated upon heat in Phelipanche
(Fig. 3C). WTF1 binds to most chloroplast introns, including trnK, rpl2, as well as rps12, and
it is required for splicing of at least rp/2 (Kroeger et al. 2009). WTF1 might be required to
promote splicing the parasite’s three remaining group Il introns residing in the genes trnK,
rpl2, and rps12 (3-end); all others have been lost from Phelipanche species’ plastomes
(Wicke et al. 2016). These findings are puzzling, implying that absence of this plastid-targeted
RBPs stabilizes Arabidopsis’ heat tolerance. The RBP CP31A is mostly relevant for cold
acclimation in Arabidopsis. Its upregulation in the holoparasite under heat prompts the
question about its general role under temporary heat conditions and which plastid mRNAs
CP31A stabilizes in Phelipanche.

Chloroplast gene expression is a multifaceted process, commencing with RNA transcription
and culminating in a cascade of post-transcriptional events mediated predominantly by RNA-
binding proteins (RBPs) (Small et al. 2023). RBPs are encoded in the nucleus and imported
into chloroplasts post-translationally. Members of the chloroplast ribonucleoprotein family
(cpRNPs) target multiple plastid RNAs and govern chloroplast RNA processing and regulation.
The roles of cpRNPs extend from editing and stabilizing RNA to orchestrating chloroplast
development in response to environmental fluctuations (Ruwe et al. 2011). To examine the
role of CP31A in heat response tolerance, we measured photosynthetic ability of Arabidopsis
Col-0 and cp37a mutant seedlings, subjected to heat conditions for 4.5h (Fig. 4).
Photosynthesis efficiency significantly decreased by 2.2-fold in the wild-type after 4.5h of heat
stress (P = 0.06). In contrast, we found no significant alteration of photosynthesis efficiency in
the cp371a mutant (Fig. 4A). Parasite infestation induces differential anthocyanin accumulation
in wildtype Arabidopsis plants infested with Phelipanche (Fig. 4B). In the presence of parasite
infection, both wildtype Arabidopsis and all mutant lines exhibit increased stability in the
quantum vyield of photosystem Il (Yll) when exposed to heat. The cp37a deletion line
demonstrates an increase in Yll after 4.5 hours of heat exposure (Fig. 4C) and a milder decline
in Yll under cold conditions over several days (Fig. 4D). This results in a reduced variability in
acclimation responses to adverse environmental conditions, suggesting that there is a
synchronization of acclimation responses in Arabidopsis when faced with dual-challenge
conditions.

Together, the newly obtained data suggest several key findings related to acclimation of
Arabidopsis under dual-challenge conditions. The differential accumulation of anthocyanin in
Arabidopsis plants indicates that the presence of the parasite triggers a specific response,
resulting in a stabilizing effect on the quantum yield of photosystem Il (YIl) in both wildtype
and mutant plants when exposed to adverse heat and cold conditions. The presence of the
parasite seems to enhance Arabidopsis’ ability to maintain photosystem Il functionality under
abiotic stress. The stabilization of photosynthetic efficiency in infected plants leads to a
reduction in the variability of acclimation responses to adverse conditions of infected plants,
which may be advantageous for their survival. The cp37a deletion line exhibits distinct
responses under adverse conditions, suggesting that this mutant synchronizes acclimation
response, perhaps as part of the plant’s strategy to cope with the combined stressors.
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Fig. 4. Performance of the Arabidopsis cp31a mutant under adverse temperature conditions. A. Arabidopsis
21-week-old seedlings were subjected to heat stress during 4.5 h and allowed to recover in control conditions for
19.5 h. Data are mean ratios + SE (n = 3-6) from two independent experiments. Symbols indicate marginal
significant differences between treatments at specific timepoints (Kruskal-Wallis test; see text). Parasite infestation
in Arabidopsis plants (B) influences anthocyanin accumulation under standard conditions, (C) stabilizes quantum
yield around photosystem Il (YIl) under (C) temporary heat conditions and (D) over extended cold exposure.
Notably, infestation with the parasitic plant reduces acclimation response variability in the cp31A mutant plants.
These findings shed light on the complex interplay between biotic (parasite) and abiotic (heat and cold) stress
factors and how plants adapt to and synchronize their responses under dual challenges.

Conclusions

This study presents the first detailed assessment of acclimation to adverse environmental
conditions for a holoparasitic plant. Several studies have shown that parasitic plants of the
Orobanchaceae family negatively influence their host’s growth and biomass in correlation with
a reduction in host photosynthesis. For example, maximum quantum yield of photosystems
was reduced in Plantago lanceolata plants infested with the facultative hemiparasite
Rhinantus minor (Cameron et al. 2008). Similar to this, a steady decrease in transpiration and
photosynthesis rates was shown in sorghum varieties that were vulnerable to the obligate
hemiparasite Striga hermonthica but not in varieties that were partially tolerant to it (Frost et
al. 1997). An earlier study also showed that Striga-induced reduction in sorghum
photosynthesis preferentially occurs before its emergence above ground (Graves et al. 1989).
In contrast, our study shows that the obligate holoparasite Phelipanche ramosa does not
induce any significant reduction in photosynthesis of tomato plants grown under optimal
conditions. A sensible interpretation to such contrasted observations may be that the parasite
was still several weeks ahead shoot differentiation and aboveground growth. This would be
consistent with another study which showed that Phelipanche only induced significant and
increasingly harmful effects on the initial and maximum fluorescence of chlorophyll in
tomatoes after more than a hundred days of interaction, at which time the parasite has long
transitioned to reproductive growth (Mauromicale et al. 2008). This leads to assume that the
gradual transition of hemiparasites to (semi-)autotrophic growth is accompanied by a relaxed
pressure on host photosynthesis, while fully heterotrophic parasites such as weedy
broomrapes increasingly suppress host photosynthesis as sink strength amplifies along
aboveground, reproductive growth. Significant reduction in host photosynthesis was observed
upon momentarily higher temperatures, yet it is likely that the duration of the stress was short
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enough to allow the tomato plants to recover up to 89% of their initial photosynthesis rates
within one day. Heat stress effects were however markedly higher in Phelipanche-infested
plants both during stress exposure and after recovery. This validates assumptions that
combining abiotic and biotic stresses exerts an additively negative influence on host
performances. It also implicitly raises numerous concerns as to how C3 plants with poor water
use efficiency and high sensitivity to even short exposure to heat and drought stresses will
cope with increasingly worrying field infestation rates in the context of global warming.

In contrast, high irradiances did not seem to affect host photosynthesis as significantly. This
aligns well with previous reports showing only minor reductions in quantum yield upon brief
high light treatment (Anderson et al. 2021) while prolonged or repeated exposures are
necessary to influence photosynthesis parameters significantly (Galvez-Valdivieso et al. 2009;
Proietti et al. 2023). The same probably holds true for parasite-infested plants, which
recovered fully after displaying a significant albeit slight reduction in photosynthesis efficiency
upon light stress. Yoshida et al. (2011) demonstrated that rapid acclimation to short-term high
light stress in Arabidopsis underlies a transient reduction/re-oxidization of the ubiquinone pool
concomitant to elevated alternative oxidase levels. This suggests that plants have greater
physiological plasticity to light stress than to heat stress in order to maintain their
photosynthetic performance, and therefore that there are different degrees of tolerance to
parasite infestation depending on both the extent and the nature of unfavorable environmental
conditions. The parasite itself also seemed to be much more affected by transient heat stress
compared to light stress. Indeed, the increase in ROS content reached a higher level in
response to heat and failed to diminish after recovery even after a strong up-regulation of
several ROS detoxification marker genes such as peroxidases and superoxide dismutases.
In addition, the quantity of genes differentially expressed in response to heat was clearly
greater than in response to light. Finally, the heat wave induced rapid necrosis of the tubercles
up to the point where a total loss of viability is expected.

In sum, our experiments were the first to highlight that abiotic stress-induced transcriptional
changes in an obligate parasitic plant encompass both nuclear and plastid-encoded genes
with known implications in plastid-related processes (Fig. 3C, Fig. S5). One such example is
the over-representation of magnesium transporters among the heat-repressed genes, which
is reminiscent to the central role of Mg?* ions in heat-induced chlorophyll conversion into
pheophytin and photosystem degradation (Shimoda et al. 2016). Additional responses to heat
stress in autotrophic plants include the maintenance of CO; assimilation capacity as a
protective mechanism of Rubisco activity. In tomato, this is facilitated by chloroplast-targeted
DnaJ proteins (Kong et al. 2014; Wang et al. 2015), which we also found in multiple copies
among the heat-induced genes. The plastid-encoded housekeeping genes clpP, accD, and
rps14 were reported to be down-regulated upon heat in Arabidopsis (Danilova et al. 2018),
which is consistent with the expression patterns of the corresponding orthologs in
Phelipanche. Therewith, the present study highlights that abiotic stress-induced transcriptional
changes in obligate parasitic plants encompass both nuclear and plastid-encoded genes with
known implications in plastid-related processes.
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