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Striga hermonthica is a root parasitic plant that causes considerable crop yield losses. To parasitize host plants, parasitic plants develop a specialized organ called the haustorium that functions in host invasion and nutrient absorption. The initiation of a prehaustorium, the primitive haustorium structure before host invasion, requires the perception of host-derived compounds, collectively called haustorium-inducing factors (HIFs). HIFs comprise quinones, phenolics, flavonoids and cytokinins for S. hermonthica; however, the signaling pathways from various HIFs leading to prehaustorium formation remain largely uncharacterized. It has been proposed that quinones serve as direct signaling molecules for prehaustorium induction and phenolic compounds originating from the host cell wall are the oxidative precursors, but the overlap and distinction of their downstream signaling remain unknown. Here we show that quinone and phenolic-triggered prehaustorium induction in S. hermonthica occurs through partially divergent signaling pathways. We found that ASBr, an inhibitor of acetosyringone in virulence gene induction in the soil bacterium Agrobacterium, compromised prehaustorium formation in S. hermonthica. In addition, LGR-991, a competitive inhibitor of cytokinin receptors, inhibited phenolic-triggered but not quinone-triggered prehaustorium formation, demonstrating divergent signaling pathways of phenolics and quinones for prehaustorium formation. Comparisons of genome-wide transcriptional activation in response to either phenolic or quinone-type HIFs revealed markedly distinct gene expression patterns specifically at the early initiation stage. While quinone DMBQ triggered rapid and massive transcriptional changes in genes at early stages, only limited numbers of genes were induced by phenolic syringic acid. The number of genes that are commonly upregulated by DMBQ and syringic acid is gradually increased, and many genes involved in oxidoreduction and cell wall modification are upregulated at the later stages by both HIFs. Our results show kinetic and signaling differences in quinone and phenolic HIFs, providing useful insights for understanding how parasitic plants interpret different host signals for successful parasitism.
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Introduction

The Orobanchaceae family contains root parasitic plants with a spectrum of parasitic lifestyles: facultative parasites, obligate hemiparasites, and obligate holoparasites (Westwood et al., 2010). Of the family members, the obligate hemiparasite Striga spp. And holoparasites Phelipanche spp. And Orobanche spp. Infect various staple crops, such as rice, sorghum, carrot and sunflower, leading to huge economic losses via yield reduction (Rodenburg et al., 2016; Nosratti et al., 2020). Parasitic plants infect hosts by a multicellular organ, the haustorium, which specializes in host attachment, invasion, interspecific vascular connection and nutrient deprivation (Cui et al., 2016; Yoshida et al., 2016; Cui et al., 2020; Wakatake et al., 2020). Haustorium development involves multiple steps including prehaustorium formation, tissue penetration and vascular connection with the host, and requires intense signaling interactions between the host and parasitic plants in each of these stages (Clarke et al., 2019; Furuta et al., 2021; Mutuku et al., 2021).

Orobanchaceae parasitic plants generally require host-derived compounds, called haustorium-inducing factors (HIFs) to initiate prehaustorium formation (Goyet et al., 2019). In obligate parasites, the radical tip undergoes rapid deformation toward a terminal prehaustorium upon exposure to HIFs by terminating root meristematic activity and redirecting to cell expansion (Keyes et al., 2000; Xiao et al., 2022). HIF signals are thus perceived and transduced into cell reprogramming resulting in morphological changes in the root tip toward the host-parasitizing organ. On the other hand, facultative parasites do not terminate root growth, instead; they form lateral haustoria above the root meristematic zone leading to the formation of multiple haustoria on the lateral side of a root (Tomilov et al., 2005; Cui et al., 2016). Despite differences in the haustorium initiation sites and their morphology, both facultative and obligate parasites can respond to the same HIFs, i.e., facultative parasite Phtheirospermum japonicum and the obligate parasite S. hermonthica initiate prehaustorium formation by a similar set of monolignols and quinones that bear certain structural properties (Cui et al., 2018). Diverged HIF recognition also exists among three parasitic forms: S. hermonthica but not P. japonicum reacts to cytokinins (CKs) as HIFs (Aoki et al., 2022), whereas the holoparasite Phelipanche ramosa responds primarily to CKs (Goyet et al., 2017), and forms prehaustoria against only high concentration of quinones at millimolar range (Fernandez-Aparicio et al., 2021), reflecting reduced ability of holoparasites in sensing phenolics and quinones.

Striga spp. perceive various types of HIFs, including phenolics, quinones, flavonoids and CKs, which are secondary metabolites or phytohormones (Keyes et al., 2000; Cui et al., 2018; Aoki et al., 2022). A quinone molecule, DMBQ (2,6-dimethyl-1,4-benzoquinone) was the first HIF identified in sorghum tissue, a natural host of S. hermonthica (Chang and Lynn, 1986), and was later found to be potent against many hemiparasites, including the model parasitic plants P. japonicum and Triphysaria spp. Thus, DMBQ has been widely used for in vitro prehaustorium induction assays (Matvienko et al., 2001a and 2001b  Ishida et al., 2016). In Arabidopsis, DMBQ is sensed via the plasma membrane-localized LRR receptor kinase CANNOT RESPOND TO DMBQ 1 (CARD1, also known as HPCA1), leading to a Ca2+ increase in the cytosol (Laohavisit et al., 2020). DMBQ also induces rapid activation of mitogen-activated protein kinases (MAPK) and the expression of genes related to stress and defense responses in Arabidopsis, conferring higher resistance to pathogens (Laohavisit et al., 2020). Transcriptomic analyses in the roots of P. japonicum and T. versicolor after DMBQ treatments revealed similar gene expression profiles as those in Arabidopsis, in which genes related to stress responses and oxidoreduction-related genes were strongly upregulated (Matvienko et al., 2001a; Cohen et al., 2004; Ishida et al., 2016). Although direct binding of quinones to the CARD1 receptor has not been clarified, given that CARD1 homologs CADL1/2/3 in either Striga asiatica or P. japonicum all rescued Ca2+-increase deficiency in Arabidopsis card1, it is currently assumed that quinone triggers prehaustorium formation via CARD1 homologs (Laohavisit et al., 2020).

Cell wall-related phenolics, including syringic acid (SyA), acetosyringone (AS) and vanillic acid, were reported to induce prehaustorium in S. hermonthica (Lynn and Chang, 1990; Cui et al., 2018). These phenolic-type HIFs commonly have a hydroxyl group at position 4 of a benzene ring and methoxy groups at positions 3 and/or 5. It appears that the number of methoxy groups affects prehaustorium induction activity in S. hermonthica and P. japonicum (Cui et al., 2018). The hosts’ lignin biosynthesis pathway partially but not exclusively contributes to HIF production, indicating the existence of multiple routes for the origin of HIFs, in line with the ability of sensing diverse HIFs in Striga. It has been proposed that phenolics act as the precursors of quinones that trigger prehaustorium formation (Keyes et al., 2001), as SyA and sinapic acid are oxidatively converted to DMBQ in vitro by peroxidases presumably produced by parasitic plants (Kim et al., 1998). Although plants produce various phenolic compounds as metabolites or as rhizosphere secreted compounds, in general, phenolic compounds have not been considered signaling molecules for plants, except for a few examples, such as salicylic acid. In addition, plant-derived phenolic compounds are known as signaling molecules for microbes. In soil-borne bacteria Rhizobium radiobacter (synom. Agrobacterium tumefaciens), phenolic compounds, including AS from plants, trigger the expression of Virulence (Vir) genes to facilitate DNA transfer into plant genomes (Lee et al., 1995). In this case, transmembrane histidine kinase VirA is known as the phenolic sensor because mutation or swapping of the VirA gene altered phenolic sensing in Agrobacterium, yet its direct binding to phenolics was not observed (Lee et al., 1995; Fang et al., 2015). Interestingly, the structural specificity of phenolic compounds that trigger vir gene expression in Agrobacterium is, to some extent, similar to HIFs for parasitic plants (Lynn and Chang, 1990). It is a tempting hypothesis that, similar to bacteria, plants can directly perceive phenolic compounds, but no evidence has been provided thus far.

CKs, the essential phytohormones governing multiple processes of growth and development, induce prehaustoria in S. asiatica and S. hermonthica at the nanomolar scale. CKs exhibit higher potency than other HIFs by approximately more than two magnitudes (Keyes et al., 2000; Aoki et al., 2022). CKs are perceived by ARABIDOPSIS HISTIDINE KINASES (AHK2, 3, 4) involved in two-component regulatory systems, and the signals are transduced by downstream response regulators. Our recent study demonstrated that LGR-991, a CK receptor antagonist that directly binds to AHKs inhibited prehaustorium formation by CKs, indicating the importance of direct CK perception by AHKs for prehaustorium induction (Aoki et al., 2022). Because LGR-991 did not inhibit DMBQ-induced prehaustorium formation, CK perception is not necessary for DMBQ signaling. In addition, CKs and DMBQ induced distinct marker genes during prehaustorium formation (Aoki et al., 2022). Furthermore, TFBQ, an inhibitor of prehaustorium induction, inhibited both CK- and DMBQ- induced prehaustorium formation, suggesting that CKs are perceived independently from quinone while their signaling pathways converge downstream for prehaustorium induction.

Formation of prehaustorium is the first transition step from autotrophic to heterotrophic lifestyles for parasitic plants and thus represents a key step to control parasitic weeds. The complexity of HIFs reflects the capacity to parasitize a wider spectrum of hosts, particularly certain obligate parasitic plants in need of immediate parasitization after germination. To better understand the molecular pathways underlying prehaustorium induction, we investigated the interaction of phenolic signaling with quinone signaling by performing inhibitor assays and transcriptome analyses in S. hermonthica. Our results reveal distinct responses to phenolics and quinones during prehaustorium formation, suggesting the possibility of the presence of the phenolic signaling pathway in plants.



Materials and methods


Plant materials

The plant materials and growth conditions used were previously reported in Aoki et al. (2022). Briefly, S. hermonthica seeds of approximately 50-100 mg were sterilized with 20% commercial bleach solution (Kao Ltd., Tokyo, Japan; final concentration of sodium hypochlorite was approximately 0.6%) for 5 min, washed at least 5 times with sterilized water, poured into petri dishes with moist glass fiber filter paper (GE Healthcare UK Ltd., Little Chalfont, UK), and preconditioned for 1 week at 25°C in the dark. Ten nanomolar (+)-strigol (Hirayama and Mori, 1999) was directly added to Striga seeds in a petri dish and incubated for 24 h at 25°C in the dark to induce germination. Germinated seedlings were subjected to the inhibitor assay described below. The rice cultivar Oryza sativa cv. Koshihikari and A. thaliana ecotype Columbia (Col-0) were used for the exudate experiment. Root exudates of rice and Arabidopsis were collected as previously reported (Aoki et al., 2022)



Inhibitor assay for prehaustorium induction

Germinated S. hermonthica seedlings were transferred to 96-well plates (Iwaki, Shizuoka, Japan) with each well containing HIFs with or without chemical inhibitors in a total volume of 100 µl. Chemical stocks of HIFs and inhibitors were initially prepared using DMSO as the solvent and added to each well according to the final working concentrations. Approximately 20~40 seedlings were placed in each well. The plates were kept at 25°C for 24 h in the dark followed by quantification of prehaustorium formation by observation under a stereomicroscope (Zeiss, Oberkochen, Germany, Stemi-2000). Prehaustorium induction rates were measured by the ratio of the number of S. hermonthica with prehaustorium versus the total number of seedlings in each well. For each treatment, three wells were measured as three replicates.



Chemicals

The chemicals used in this study were obtained from the following providers: DMBQ (Sigma−Aldrich, St Louis, MO, USA), acetosyringone (Tokyo Chemical Industry Co., Tokyo, Japan), syringic acid (Sigma−Aldrich), kinetin (Sigma−Aldrich), 2-isopentenyladenine (2iP), tetrafluoro-1,4-benzoquinone (TFBQ, Sigma−Aldrich), alpha-bromoacetosyringone (ASBr, Toronto Research Chemicals, North York, Canada), 6-benzylaminopurine (BA, Wako Pure Chemical Co., Osaka, Japan), trans-zeatin (Wako Pure Chemical Co.) and thidiazuron (Wako Pure Chemical Co.). LGR-991 (Nisler et al., 2010) was a kind gift from Dr. Lukáš Spíchal at the Czech Advanced Technology and Research Institute.



qRT−PCR

After treatment with water or syringic acid for 1, 6 or 24 h, S. hermonthica seedlings were collected for RNA extraction and a subsequent qRT−PCR assay was performed using a previously described method and primers (Aoki et al., 2022).



Transcriptome analysis of S. hermonthica

One-day-old S. hermonthica seedlings were treated with or without 10 µM DMBQ or SyA and harvested at 1, 3, 6, 12, 18 and 24 hr after treatments (Supplemental Table 1). As biological replicates, at least three different sample sets were prepared at each time point. RNA sequence libraries were constructed with the breath adapter directional sequencing (BrAD)-seq method according to a previously published protocol (Townsley et al., 2015). Sequence reads were obtained by an Illumina 2500 sequencer for 151 cycles and paired-ends. After trimming adaptor sequences and low quality nucleotides using Trimmomatic (ver0.39) (Bolger et al., 2014) and fastqc (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), the sequence reads were mapped to the S. hermonthica genome assembly (Qiu et al., 2022) using HiSAT2 (Kim et al., 2019). The mapped reads were counted with the featurecounts function in the R subread library (https://sourceforge.net/projects/subread/files/subread-1.5.2/), and the differentially expressed genes were detected by edgeR (Robinson et al., 2009). The genes with low expression levels (total cpm per sample less than 4.5) were removed from the analysis. The expression values are shown in transcripts per million (tpm). The fold change in the expression value was calculated by dividing the DMBQ- or SyA- treated sample tpm by the mock treatment expression value. To avoid division by zero, 10-5 was added to the expression values of each sample before calculation. Self-organized mapping (SOM) clustering was performed for the fold change values using Kohonen (Wehrens and Buydens, 2007). GO enrichment analysis was conducted by AgriGO (Tian et al., 2017) using the homologous (blast top hit) gene from S. asiatica proteins (Yoshida et al., 2019).




Results


Prehaustorium induction in S. hermonthica by phenolic compounds

The phenolic HIFs syringic acid (SyA) and acetosyringone (AS) (Figure 1A) were previously reported to induce prehaustoria at 1~10 µM in P. japonicum and S. hermonthica (Cui et al., 2018; Wada et al., 2019). To compare their prehaustorium-inducing activities with quinone DMBQ, we applied SyA and AS to S. hermonthica seedlings. One day after treatments, S. hermonthica seedlings formed prehaustoria with a swollen root tip covered with haustorial hairs similar to DMBQ-induced prehaustorium (Figure 1B). To further investigate the prehaustorium-inducing activity of phenolic compounds, we conducted a kinetic experiment using various concentrations of the compounds. The kinetics showed a concentration-dependent linear increase in the prehaustorium induction rate by all compounds (Figure 1C). Whereas SyA induced prehaustorium in 100% of S. hermonthica seedlings at 5 µM, AS exhibited approximately 80% at even 20 µM, illustrating the higher potency of SyA compared to AS. These results indicate that the prehaustorium-inducing activity of phenolic compounds can be vary depending on the chemical properties of the groups at the para position of the phenol ring. Compared to these phenolic compounds, DMBQ displayed higher activity, consistent with a previous study (Wada et al., 2019).




Figure 1 | Prehaustorium induction by phenolic compounds acetosyringone and syringic acids. (A) Chemical structures of HIFs. DMBQ: a quinone. Acetosyringone (AS) and syringic acid (SyA): the phenolics. (B) Representative images of S. hermonthica seedings treated without (water) or with HIFs for 24 h upon germination. (C) Prehaustorium inducing activity of DMBQ (10 µM), AS (50 µM) and SyA (20 µM) after 24 h of treatment. Data represents mean ± SE with three replicates. Scale bars = 500 µm.





Effects of an acetosyringone inhibitor on prehaustorium induction

To investigate phenolic signaling in plants, we tested an inhibitor that is known to inhibit phenolic signaling in Agrobacterium. The gram-negative bacterium A. tumefaciens recognizes AS produced from wounded plant cell walls via VirA, a membrane-localized histidine kinase involved in the two-component regulatory system, to induce downstream Vir gene expression (Gelvin, 2000). While the direct binding of AS and VirA has not yet been confirmed, alpha-bromoacetosyringone (ASBr) (Figure 2A), a structural analog of AS (Figure 2A), can suppress AS-mediated Vir gene expression at a range of 1 to 10 µM (Hess et al., 1991; Lee et al., 1992). We found that application of 10 µM ASBr strongly inhibited prehaustorium formation by AS and to a lesser extent by SyA (Figure 2B), suggesting the presence of similar sensing mechanisms of AS in S. hermonthica and Agrobacterium. The solvent DMSO only was tested as control and no inhibitory effects was detected at the highest concentration (Supplemental Figure 1). To further explore the effects of ASBr on prehaustorium formation, we applied ASBr to DMBQ and trans-zeatin (tZ)-induced prehaustorium assays. The addition of 10 µM ASBr reduced prehaustorium formation by either DMBQ or cytokinins (CKs) in a concentration-dependent manner (Figure 2B; Supplemental Figure 2), suggesting that ASBr acts as a general prehaustorium inhibitor in S. hermonthica. Of note, however, the effect of ASBr appears to be strongest against AS among all HIFs tested, as shown by the lack of an increasing trend with increasing concentrations of AS. This may indicate that in addition to competitive inhibition of AS sensors, ASBr has general inhibitory properties for prehaustorium formation induced by various types of HIFs.




Figure 2 | Effects of ASBr on prehaustorium induction triggered by syringic acid, quinone or cytokinin. (A) Chemical structure of α-bromoacetosyringone (ASBr), an inhibitor of AS in inducing virA-mediated vir genes in Agrobacterium for tumor induction. (B) S. hermonthica seedlings were treated by AS, SyA, DMBQ and a cytokinin trans-zeatin (tZ) at the concentrated indicated on the horizontal axis in the absence (ctrl) or presence of 10 µM ASBr for 24 h. Data represents mean ± SE with three replicates.



Because ASBr can suppress prehaustorium formation induced by various HIFs, this compound can be a potential candidate for a Striga control reagent. Thus, we tested whether ASBr suppresses prehaustorium formation induced by host root exudates derived from rice or Arabidopsis (Supplemental Figure 3). Application of ASBr suppressed prehaustorium induction by both rice and Arabidopsis root exudates. While ASBr almost completely suppressed rice exudate-induced prehaustorium formation, the effects on Arabidopsis exudate were moderate. These may reflect different composition of HIFs in root exudates from various species.



Effects of quinone and cytokinin inhibitors on phenolic-induced prehaustorium formation

Following ASBr, which showed inhibitory effects on prehaustoria induced by various types of HIFs, we sought to explore inhibitors that could differentiate quinone- and phenolic-mediated signals. For this purpose, we chose two prehaustorium formation inhibitors, tetrafluoro-1,4-benzoquinone (TFBQ) and LGR-991. TFBQ is a known DMBQ inhibitor that can inhibit DMBQ-triggered prehaustorium formation in S. asiatica, T. versicolor and P. japonicum (Smith et al., 1996; Wang et al., 2019; Laohavisit et al., 2020) at a range of 0.1 to 100 µM. Our recent analysis, however, revealed that TFBQ at 20 µM can also inhibit CK-induced prehaustorium formation in S. hermonthica (Aoki et al., 2022), suggesting that TFBQ may be a general inhibitor of prehaustorium formation. LGR-991 is a CK analog and inhibits CK signaling by competitively binding to CK receptors (Nisler et al., 2010). In Arabidopsis study, 10 µM LGR-991 was shown to greatly inhibit activation of CK receptors in vitro and CK receptors mediated expression of downstream reporter ARR5. In S. hermonthica, 10 µM LGR-991 was previously shown to suppress CK-induced but not DMBQ-induced prehaustorium formation (Aoki et al., 2022). Similar to ASBr, we found that 20 µM TFBQ inhibited prehaustorium formation treated with either AS or SyA (Figure 3A). The inhibitory effect of TFBQ was the most profound against SyA, as determined by the absence of recovery in prehaustorium formation even at higher concentrations of SyA. On the other hand, increasing the concentration of AS partially recovered the induction in the presence of TFBQ. The inhibitory effect of TFBQ is thus stronger against SyA than AS, which is opposite to the effect of ASBr (Figure 2B). Such differences may reflect structural similarity to TFBQ of SyA compared to that of AS. To our surprise, treatment of 10 µM CK inhibitor LGR-991, which shows no effects on DMBQ-induced prehaustorium induction at the same concentration (Aoki et al., 2022), inhibited AS and SyA-induced prehaustorium formation (Figure 3B). The inhibition of prehaustorium formation was gradually recovered by increasing concentrations of either SyA or AS in the presence of LGR-991. Together, our data showed that ASBr and TFBQ compromise prehaustorium induction by all types of HIFs, while LGR-991 exerts an inhibitory effect exclusively on CKs and phenolics but not DMBQ. The effects of LGR-991 thus highlighted the difference in the quinone-induced and phenolic-induced signaling pathways for prehaustorium formation.




Figure 3 | TFBQ and LGR-991 inhibit prehaustorium formation induced by phenolic compounds. S. hermonthica seedlings were treated with AS or SyA with indicated concentrations in the absence (ctrl) or presence of a quinone inhibitor TFBQ (A) and cytokinin receptor inhibitor LGR-991 (B). 20 µM of TFBQ and 10 µM LGR-991 were used. Data represents mean ± SE with three replicates.





Comparison of downstream gene regulation by syringic acid and DMBQ in S. hermonthica by transcriptome analysis

To understand genome-wide transcriptional regulation by phenolics and quinones, we surveyed transcriptional changes during prehaustorium formation in S. hermonthica. S. hermonthica seedlings treated with SyA or DMBQ for 0, 1, 3, 6, 12, 18 and 24 h were collected and subjected to RNA-seq analysis (Supplemental Table 1). Water-treated samples were collected at each time point as control. Differentially expressed genes (DEGs) were selected from each time point compared to water control samples (adjusted p value<0.05 by the Benjamini−Hochberg method, Supplemental Tables 2, 3). Interestingly, a large number of genes were upregulated by DMBQ, while only a small number of genes were upregulated by SyA (DMBQ vs. SyA:565 vs. 12) at 1 hour post induction (hpi) (Figure 4A). Eleven of 12 genes upregulated by SyA were also induced by DMBQ, representing commonly induced genes at the early time point. At 3 hpi, the number of upregulated DEGs by SyA treatment increased to 100 genes, while only a slight increase in the number of DEGs was observed in DMBQ (615). The DEG numbers continuously increased upon longer incubation with SyA to 24 hpi, when prehaustorium morphology is generally established. Compared to this gradually rising pattern, DMBQ-induced DEGs exhibited a transient decrease between 6 and 18 hpi. Overall, we found a continuous increase in a fraction of genes commonly regulated by DMBQ and SyA during prehaustorium formation (Figure 4A). A similar tendency was also observed for the downregulated DEGs by DMBQ and SyA; only one common commonly downregulated DEG was detected at 1 hpi and increased to 328 at 24 hpi (Supplemental Figure 4). These results suggest that only a set of several core genes is required for the onset of prehaustorium initiation, and along with morphological changes such as root tip swelling and haustorium hair proliferation, many genes are involved at the later stages.




Figure 4 | Number of transcripts upregulated at each time point after DMBQ or SyA treatments. (A) Venn diagrams show the number of transcripts (contigs) upregulated by DMBQ or SyA treatment at each time point. Differentially expressed genes were selected by edgeR based on the comparison of HIF treatment with water control. (B) Expression patterns of early core signaling genes at 1, 3, 6, 12, 18 and 24 h after treatment.



The common genes induced at 1 hpi are possible early core genes for prehaustorium initiation (Figure 4B; Supplemental Figure 5). These genes include QR2 and Pirin, which were previously reported to be involved in early prehaustorium formation stages in Orobanchaceae parasitic plants, indicating that our transcriptome analysis properly represents early molecular responses to HIF treatments. The early core gene set includes cytokinin hydroxylase (CYP735A), CYP81D8, defense-related NPR3 homolog, bHLH-type transcription factor, and an ABC transporter. Most of these genes presented higher levels of induction by DMBQ treatment than SyA treatment within 6 h and, conversely, decreased to lower levels than SyA treatment at 24 hpi.



Temporal differences in DMBQ and SyA transcriptional responses

To further examine the temporal differences in gene induction by each HIF, we analyzed 66 genes commonly upregulated by DMBQ and SyA at 3 hpi (Supplemental Table 4). Hierarchical clustering of expression patterns indicates that these genes can be categorized into three clusters (Figure 5A). Cluster III contains genes that respond strongly to DMBQ at 1-3 hpi and decreased to the basal level at 18-24 hpi. On the other hand, these were induced moderately at 1-3 hpi by SyA treatment, and the expression levels were decreased to 24 hpi but maintained slightly higher levels compared to DMBQ at 24 hpi. Cluster II includes genes whose expression was induced 1-3 hpi by both DMBQ and SyA. The genes included in Cluster I showed induction at 3-6 hpi in both DMBQ and SyA, and their expression levels were decreased at 18-24 hpi in DMBQ samples but retained in SyA samples at these late time points (Figure 5A). Overall kinetic differences in gene expression by DMBQ and SyA were confirmed by LOESS regression analysis (Figure 5B). While DMBQ treatment induced rapid and higher transcript accumulation and peaked out before 24 h, SyA treatment showed relatively lower levels of gene induction at early stages that were maintained until the late stage of prehaustorium formation (Figure 5B). Similarly, 547 genes commonly upregulated at 24 hpi showed an early peak pattern by DMBQ, while slower and gradual increases eventually reached higher expression levels at 24 hpi by SyA (Figures 5C, D; Supplemental Table 5). These analyses indicate the distinct gene activation properties of these HIFs quick and strong gene induction by DMBQ, and slower but continuous gene induction by SyA.




Figure 5 | Expression patterns for 3-h and 24-h commonly upregulated contigs after DMBQ or SyA treatments. (A) Heatmap of relative expression values for 66 genes commonly upregulated by DMBQ or SyA at 3 h after treatment. Hierarchical clustering divide these transcripts into three large clusters I, II and III as labeled at the right. (B) The scaled expression values (tpm) of the 3-h commonly upregulated genes are shown by LOESS regression. (C) Heatmap of relative expression values for 534 genes commonly upregulated by DMBQ or SyA at 24 h after treatment. (D) The scaled expression values (tpm) of the 24-h commonly upregulated genes are shown by LOESS regression.



To validate the occurrence of delayed gene expression by SyA, we analyzed the expression of QR2, PIRIN, YUCCA3 and EXPB1, which were previously reported to be induced at the early time point upon DMBQ treatment in S. hermonthica (Aoki et al., 2022), after SyA treatment for 1, 6 and 24 h using qRT−PCR. Although substantial upregulation occurred at 1 and 6 h after SyA treatments compared to the water control, significant induction was observed at 24 h for all these genes (Supplemental Figure 6), further confirming the RNA-seq results. We also tested the expression of these genes by AS, another phenolic HIF. Although induction of these genes tends to be observed in AS treatment at a similar time point as SyA, significant upregulation of these genes was not confirmed (Supplemental Figure 6). This may reflect the lower prehaustorium induction activity of AS. Taken together, our results show that whereas DMBQ triggered marked transcriptional changes at the initial stage, SyA resulted in progressive expressional increases along prehaustorium formation.



Global time course gene regulation during prehaustorium formation

To understand time-course transcriptional changes during phenolic- or quinone-induced prehaustorium formation, we performed clustering analysis of 2684 DEGs in SyA or DMBQ compared to the water control (Supplemental Table 6). Principal component analysis (PCA) showed that PC1 contributed 29.7%, PC2 contributed 21.0%, PC3 contributed 12.0%, PC4 contributed 7.7%, PC5 contributed 6.5%, and PC6 contributed 6.2%, resulting in a cumulative contribution rate of 83.2% through PC6 (Supplemental Figure 7). PC1 and PC4 represent changes in genes over time, while PC2, PC3 and PC5 reflect changes induced by DMBQ and SyA treatments. These results suggest that gene expression changes are associated primarily with the exposure time and with the type of HIFs. Using the self-organized mapping (SOM) clustering method, DEGs were classified into 150 groups based on their expression patterns (Supplemental Figure 8A) and further into 10 clusters by hierarchal clustering (Supplemental Figures 8B, C, Supplemental Table 6). PCA and color code mapping showed reasonable separation of each cluster, indicating successful clustering in our analysis (Supplemental Figure 8D).

To classify the functions of DEGs along with different stages of prehaustorium formation, we dissected the prehaustorium formation process into early (1,3 hpi), middle (6, 12 hpi) and late (18, 24 hpi) stages. Early responsive DEGs fell in Clusters 3, 5, 6, and 9. Among these, Cluster 9 includes genes specifically responding to DMBQ while Clusters 3, 5 and 6 include genes responsive to both HIFs. Genes categorized to Cluster 3 were upregulated at 1 hpi and quickly downregulated after 3 hpi. Clusters 5 and 6 included genes strongly induced at 3 hpi and 1 hpi with stronger responses to SyA and DMBQ, respectively (Figure 6A). To analyze the functional classification of DEGs, Gene Ontology (GO) enrichment analysis was performed. GO analysis showed that DEGs in Cluster 9 were functionally enriched in the oxidation−reduction process, indicating dramatic changes in cellular redox status by DMBQ but not by SyA (Figure 6A; Supplemental Table 7). Cluster 3 showed GO enrichment for the terms glucan and polysaccharide metabolic process and oxidation-reduction process, representing early cell wall modification and redox regulation as early common responses to DMBQ and SyA (Figure 6A; Supplemental Table 7). At the middle stage, 299 DEGs were commonly upregulated by DMBQ and SyA treatments (Cluster 8), and 130 DEGs were specifically induced by DMBQ (Cluster 10), indicating that DMBQ-specific responses still occur at 6 hpi (Figure 6B; Supplemental Table 7). Despite the large number of genes classified into these clusters, no enriched GO terms were found in these clusters.




Figure 6 | Clusters and GO terms for genes expressed at the early, middle and late stages of prehaustorium formation. (A) Clusters displaying genes differentially induced at 1 or 3 h after treatment of DMBQ or syringic acid. (B) Clusters displaying genes differentially induced at least at 6 or 12 h after treatment of DMBQ or syringic acid. (C) Clusters displaying genes differentially induced at least at 18 or 24 h after treatment of DMBQ or syringic acid. (D) Clusters displaying genes downregulated after treatment of DMBQ or syringic acid. Representative enriched GO terms for each cluster are shown in squares under heatmaps.



A total of 630 DEGs were classified as late-stage genes and showed induction by both HIFs. Cluster 7, containing a considerable number of DEGs (575) was functionally enriched in oxidation−reduction process, cell wall biosynthesis and organization, protein modification process, and phosphorous metabolic process, showing that these are linked with prehaustorium development (Figure 6C; Supplemental Table 7). These results indicate that both DMBQ and SyA trigger a large number of cell wall-related genes in common to establish the prehaustorium structure. Although most DEGs were upregulated, 411 DEGs were downregulated in the early stages (Clusters 1 and 2, Figure 6D). Both clusters showed sharp expression reduction by DMBQ at 1 hpi and more moderate downregulation by SyA (Figure 6D). Cluster 1 showed functional enrichment for the GO terms movement of cell or subcellular component, microtubule-based movement and process, and Cluster 2 showed enrichment in phosphorylation (Figure 6D; Supplemental Table 7). These results may reflect suppression of cell division at the root meristematic zone upon HIF treatment, resulting in reduced microtubule movement and phosphorylation of developmental signaling proteins.



Expression of CK biosynthesis and signaling genes upon HIF treatments

Since the CK inhibitor LGR-991 can suppress prehaustorium formation by phenolic compounds and early inducible genes include cytokinin dehydrogenase (CYP735A), which catalyzes hydroxylation of iP ribotides to tZ-type CK (Planas-Riverola et al., 2021), we hypothesized that CK biosynthesis may occur after phenolic HIF treatment. To test this possibility, CK biosynthesis and signaling genes were selected from the S. hermonthica genome annotation by reciprocal blast using Arabidopsis genes as queries (Qiu et al., 2022). As a biosynthesis gene, the S. hermonthica genome contains 1 CYP735A (cytokinin hydroxylase), 6 isopentenyltransferases (IPTs) and 10 LONELY GUY (LOGs) (Supplemental Table 8). Among them, 1 CYP735A, 1 IPT and 4 LOGs were detected as DEGs from the RNA-seq analysis of DMBQ- or SyA- treated S. hermonthica (Supplemental Table 8). An IPT gene (SHERM_11219) was upregulated together with CYP735A in DMBQ- and SyA- treated samples at early time points (Figure 7A; Supplemental Figure 8). This IPT gene is phylogenetically close to Arabidopsis IPT1, IPT4, IPT6 and IPT8, which were reported to be expressed in seeds (Nguyen et al., 2021). On the other hand, a LOG homolog (SHERM_05530) was induced at 1 hpi by SyA but not by DMBQ (Figure 7A). Other LOG genes also showed distinct expression patterns between DMBQ and SyA. SHERM-04667 and SHERM-20010, belonging to the Arabidopsis LOG8 and 9 clade, and LOG2 and 7 clade, respectively, increased their expression at 24 hpi in DMBQ and from 12-24 hpi in SyA (Figure 7A). Therefore, genes related to CK biosynthesis are induced to a greater extents by SyA than by DMBQ.




Figure 7 | Expression of CK biosynthesis and signaling genes in response to DMBQ and SyA during prehaustorium formation. (A) The expression patterns of genes involved in CK biosynthesis (CYP735A, IPT, LOG) and (B) signaling and catabolism (AHK, ARR, CKX) were shown as heatmaps.



For CK signaling or catabolism genes, we searched for the genes encoding ShHK, ShRR and CKX, which are CK receptors, downstream response regulators, and CK hydrolases, respectively, in the S. hermonthica genome. Three ShHK, 5 ShHP, 21 ShRR and 14 CKX genes were found in the S. hermonthica genome, of which 2 ShHK, 11 ShRR and 3 CKX were detected as DEGs (Supplemental Table 8). One ShHK, 8 ShRR and one CKX gene were upregulated at early stages (1-6 hpi) by both DMBQ and SyA (Figure 7B; Supplemental Figure 9). ShRRs are generally classified into type-A and type-B, which function as negative and positive regulators in CK signaling, respectively (Kieber and Schaller, 2014). For the eight type-A ShRRs (SHERM_01173, 28944, 18826, 06864, 11170, 05470, 13378, and 25355) upregulated after treatment with both DMBQ and SyA, the upregulation by SyA tended to be stronger than that by DMBQ (Figure 7B; Supplemental Figure 9). Two type-B ShRRs (SHERM_14037 and 19086) and two CKXs (SHERM_14567 and 02779) were upregulated from early to late stages in SyA treatments, while the same genes were only slightly upregulated from 6 to 24 hpi in DMBQ (Figure 7B; Supplemental Figure 9). In addition, one ShRR (SHERM_02648) and one ShHK (SHERM_26943) were downregulated in the DMBQ and SyA treatments compared to the water control. These results suggest that DMBQ and SyA differentially regulate CK biosynthesis and signaling, which may link the different responses against CK perception inhibitors by DMBQ and SyA.




Discussion

In the rhizosphere, phenolic compounds are often released by plant roots. Phenolic compounds are known to influence the soil-borne microbial community through their external antibacterial and antifungal activities or sometimes by attracting activity (Baetz and Martinoia, 2014). However, the influence of rhizosphere phenolic compounds on plants is not well understood. In Orobanchaceae parasitic plants, phenolics represent important host targeting signals for inducing prehaustoria. To date, the quinone HIF DMBQ has the main focus due to its high potency against various Orobanchaceae parasitic plants, and phenolics are considered precursors for quinone signals. Thus, limited information has been provided on how phenolics are perceived and induce prehaustorium. In this regard, we took a first step in characterizing phenolic signaling by inhibitor analysis and in terms of gene transcription in comparison to DMBQ signaling in S. hermonthica. In particular, it provides interesting insights into the unique transcriptional activation pattern between phenolics and quinones during prehaustorium formation. Moreover, we identified core early-signaling genes that might be minimally required for triggering prehaustorium induction and thus provide useful genetic information that could lead to a novel understanding of the signaling pathway and evolution of haustoria.


Potential roles of ASBr in inhibiting prehaustorium formation in Striga

One of the significant findings in our study is the effect of ASBr, an inhibitor of VirA-mediated AS signal transduction in Agrobacterium, in inhibiting prehaustorium formation. Intriguingly, the suppressive effect was not only against AS and the structurally related phenolic SyA but also against quinone and CKs. The inhibitory effect of ASBr on all HIFs was unexpected but clearly indicates the converged signaling of phenolics, quinone and CKs during prehaustorium formation. The question is then what is the target of ASBr in Striga. In Agrobacterium, the cytoplasmic linker domain of VirA mediates phenol sensing (Turk et al., 1994; Fang et al., 2015; Swackhammer et al., 2022). ASBr is known as a specific and irreversible inhibitor of AS-induced Vir genes, acting in an AS competitive manner (Lee et al., 1992). However, the AS perception mechanisms of the VirA sensor are still under debate. Although structural modeling suggests the presence of a phenol binding site in the linker domain of VirA, direct binding of neither AS nor ASBr to VirA has been shown (Swackhammer et al., 2022). One possibility is that an adaptor protein that directly binds to AS mediates signal perception (Lee et al., 1992). Nevertheless, it was proposed that AS can directly or indirectly bind to a phenolic receptor, in which the carboxyl residue of phenolics activates the receptor by protonating the receptor surface that leads to conformational changes (Lee et al., 1992). In this model, replacement of a hydrogen with Br in the carboxyl residue of AS is assumed to interrupt the protonation. In parasitic plants, numerous lines of evidence suggest the importance of redox regulation involving ROS downstream of DMBQ perception; thus, the electron transfer system may play a crucial role in mediating prehaustorium induction (Matvienko et al., 2001a; Matvienko et al., 2001b; Bandaranayake et al., 2010; Ishida et al., 2016; Wada et al., 2019; Wang et al., 2019). Concomitantly, our transcriptomic data showed upregulation of genes bearing oxidoreduction activity by treatment with either syringic acid or DMBQ. Hence, we assume that ASBr may perturb the function of redox mediator(s)/receptors thus influencing the electron transfer system, which is a central hub of the prehaustorium induction system downstream of various HIFs. The suppressive effect of TFBQ, a DMBQ analog, on not only quinone but also phenolics and CKs (Figure 3) (Aoki et al., 2022) may also apply to this scenario, emphasizing converged signaling pathways at cellular oxidation and reduction processes involving redox regulation systems. Because ASBr effectively suppresses prehaustorium formation by rice root exudate, our findings present the potential utilization of ASBr as a Striga control reagent.



Overlap and distinction of quinone and phenolic responses in S. hermonthica

Our transcriptome analysis revealed largely overlapping yet temporally distinct expression patterns between DMBQ and SyA responses. One of the significant differences was the immediate response upon exposure; compared to rapid and drastic transcriptional activation by DMBQ, only limited numbers of genes were induced by SyA at 1 hpi. The number of genes induced by SyA gradually increased and merged with DMBQ-responsive genes during prehaustorium development. Of note, despite differences in the expression patterns, more than half of the genes induced by SyA overlapped with the genes induced by DMBQ at each stage (Figure 4), indicating that transcriptional activation by SyA largely converges with DMBQ signaling alongside prehaustorium formation. Delayed induction of gene expression by SyA compared to DMBQ may indicate that syringic acid gradually undergoes conversion to DMBQ, as the previous model suggested (Keyes et al., 2001). It is still questionable, however, whether conversion could explain whole responses against SyA because SyA eventually induced higher responses than DMBQ, although the conversion rates were suggested to be 2-17% in S. asiatica seedlings or in vitro experiments (Kim et al., 1998). The gap can be filled if the assumption for the presence of a phenolic-specific pathway is taken into account. Indeed, the inhibitory effects of LGR-991 observed in SyA but not DMBQ (Aoki et al., 2022), as well as the distinct expression of CK-related genes, imply that phenolic compounds can drive signaling pathway distinct from those of quinones. Gradual conversion of SyA to DMBQ together with the contribution of presumed SyA-specific pathways may synergistically boost prehaustorial genes.

Another marked difference appears in the capacity of DMBQ, but not syringic acid, to induce a large number of genes within a short time frame (Figure 4). In Arabidopsis, DMBQ but not SyA was shown to induce a rapid increase in the level of cytosolic Ca2+ and activate the expression of genes related to defense and stress responses, conferring resistance toward pathogens in a CARD1-dependent manner (Laohavisit et al., 2020). Genes immediately induced by DMBQ in S. hermonthica are related to the oxidation−reduction process, indicating that the highly reactive nature of DMBQ may provoke oxidative stress responses unrelated to prehaustorium formation within this time frame.

To our surprise, SyA induced only 12 genes, 11 of which overlapped with DMBQ-induced genes at 1 h after treatment. Of these, QR2 and Pirin were previously reported as early responsive genes to DMBQ in several parasitic Orobanchaceae (Bandaranayake et al., 2010; Bandaranayake et al., 2012; Ishida et al., 2017). The knockdown of QR2 and Pirin leads to decreased prehaustorium formation in the facultative parasites P. japonicum and T. versicolor, respectively, suggesting the importance of these genes in prehaustorium formation (Bandaranayake et al., 2012; Ishida et al., 2017). The other early core genes include a homolog of transcription factor bHLH093, NPR3, and cytokinin hydroxylase. bHLH093 regulates nitrate transporters (NRTs) in response to light in Arabidopsis (Ruffel et al., 2021). Nitrogen is a primary target for parasitic plant nutrient acquisition from host plants and prehaustorium formation is suppressed by exogenous nitrogen (Kokla et al., 2022). Thus, prehaustorium formation processes may be adopted from nitrogen acquisition systems of autotrophic plants. NPR3 is known as a receptor component of the immune signal salicylic acid and negatively regulates immune responses (Ding et al., 2018). Induction of NPR3 homolog during prehaustorium formation may indicate another overlap between HIF response and immunity signals.

The late-stage genes commonly induced by DMBQ and SyA are enriched in GO terms related to cell wall organization and biosynthesis, suggesting that cell wall modification occurs during prehaustorium formation, presumably for rapid cell expansion (Yoshida et al., 2019). The large number of common genes in the late stage indicates that the cellular processes were similar between DMBQ and SyA responses at this stage, consistent with the morphological similarity of prehaustoria induced by different HIFs at 24 hpi.



Interaction of phenolic signaling with cytokinin signaling

No detectable variation was found in the morphology of prehaustoria induced by phenolics, quinones or CKs, implying that their signaling must converge toward the same physiological output, at least in S. hermonthica. This was clearly supported by the inhibitory effect of ASBr and TFBQ on all of these HIFs (Figure 3) (Aoki et al., 2022). On the other hand, we found that LGR-991, a competitive inhibitor of CK that directly binds CK receptors, inhibited CKs, AS and SyA but not DMBQ (Figure 3) (Aoki et al., 2022). These results remarkably demonstrate the independence of quinone signaling transduction from CK perception and indicate that phenolic signaling is integrated into CK perception. CKs are perceived by several membrane-bound sensor histidine kinases (HKs) consisting of an extracellular CHASE domain, cytoplasmic HK domain and receiver domain, of which the CHASE domain biophysically binds CKs and LGR-911 (Nisler et al., 2010). The S. asiatica and S. hermonthica genomes contain 3 orthologs of Arabidopsis AHKs that bear those conserved domains (Yoshida et al., 2019). The effect of LGR-991 on both CKs and phenolics indicates that CK binding by CK receptors through the CHASE domain may be required for phenolic signal transduction. In this case, it would be plausible that phenolic acids induce CKs, thereby acting upstream of CKs for signal transduction. Coordinate induction of CK biosynthesis genes IPT, CYP735A1 and LOG may indicate activation of CK biosynthesis after SyA treatment. Interestingly, DMBQ induced that expression of IPT and CYP735A but not LOG at the early stage. Such a difference may cause different integration of CKs downstream of DMBQ and SyA, although how DMBQ and SyA differentially regulate CK biosynthesis genes remains unknown. The expression of CK signaling and catabolism genes also differed between DMBQ and SyA. The positive regulator of CK signaling B-type ShRR showed higher expression in SyA from the early to late time point, while it showed less induction in DMBQ. At early time points, A-type ShRRs, negative feedback regulators of CK signaling, are induced in both DMBQ and SyA with a tendency toward higher expression in SyA. Some of the CK catabolism genes CKXs also showed similar expression patterns. This may suggest that SyA induces temporal CK biosynthesis and response, but the signal is quickly downregulated by negative regulators. Further work is necessary to determine the crosstalk between phenolics and CKs through the measurement of CK levels in response to phenolics as well as quinone.

In conclusion, this study shows overlap and differences between quinone and phenolic signals for prehaustorium formation in S. hermonthica. The divergent signaling pathway may support the robustness of the initial transition step to become a parasite, which is crucial for the survival of obligate parasitic plants. Chemicals that attack the converged pathway from various HIFs, such as ASBr, could be useful components for future parasitic weed management.
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