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ABSTRACT 

Parasitic plants have evolved the ability to recognize neighboring plants and invade their 

tissues to acquire resources. We hypothesize that the mechanisms used by parasitic plant roots to 

recognize neighboring plant roots are a specialized adaptation of a general phenomenon that 

happens in most plants. In Chapter 2, I analyzed the transcriptional regulation of host recognition 

and prehaustorium development in Triphysaria versicolor using RNASeq. Promoter elements 

enriched in host-responsive genes were identified and evaluated using a fluorescent reporting 

construct. Seven elements showed clear tissue specific regulation in Triphysaria. The spatial 

regulation of five elements was strongly conserved in the two non-parasitic plants Arabidopsis 

and Mimulus. One element enhanced transcription of our fluorescent reporter in response to the 

host derived compound DMBQ. In Chapter 3, I show the TvQR1 promoter contains DMBQ 

responsive and tissue specific elements with conserved activities in two non-parasitic plants. The 

lack of up-regulation in the endogenous QR1 genes of these non-parasites suggests Triphysaria 

has co-opted the expression of QR1 for haustorium formation using conserved cis-elements. 

Lastly, as described in Chapter 4, I tested a Host Induced Gene Silencing approach to control the 

parasitic weed Phelipanche aegyptiaca. This method yielded a modest reduction in transcripts 

for four lipid biosynthesis genes but did not sufficiently suppress parasite growth for agricultural 

application. Together, this work contributes to the understanding of plant-plant interactions 

through studying the transcriptional regulation of host recognition in a parasitic plant and its 

conserved aspects in non-parasitic plants. It also yields possible applications for engineering 

patterns of gene expression in plants and gives insights into controlling parasitic weeds. 
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CHAPTER 1: 

INTRODUCTION 

Parasitic plants have evolved the ability to recognize nearby plants and directly acquire 

resources from them. The ability of plant roots to recognize and respond to their neighbors is not 

unique to parasitic plants and is likely mediated by root secreted chemicals for both parasites and 

non-parasites [1,2]. The co-option of genes for new functions through changes in regulation is 

thought to be the major source for establishing new traits during evolution [3]. Thus, the 

initiation of haustorium development may have been co-opted from an earlier root-root 

recognition mechanism from its autotrophic progenitor. 

The evolution of a parasitic lifestyle has occurred at least 12 times independently and 

represents roughly 1% of all flowering plants [4]. This includes parasites with varying degrees of 

host reliance. Facultative parasites are able to live and reproduce without a host but can connect 

with neighboring plants when presented the opportunity. Alternatively, obligate parasites require 

a host to complete their life cycle. Parasitic plants can be further ordered by their ability to 

photosynthesize. Hemiparasites retain the capability to photosynthesize while holoparasites have 

lost this function and acquire nearly all their fixed carbon from the host plant [5]. Among the 

families containing parasitic plants, only Orobanchaceae contains examples of all these classes 

of parasitic plants, including some non-parasitic plant species (e.g. Lindenbergia) [4].  

The multifunctional organ used by parasitic plants to attach, invade, and connect with the 

host's vasculature is known as a haustorium [6]. A key evolutionary step in the transition to 

parasitism is the origin of haustoria. These likely occurred first as lateral haustoria, similar to 

those in facultative hemiparasites such as Triphysaria and Phtheirospermum [4]. These haustoria 

form laterally on the side of roots near the elongation zone and allow the root tip to continue 

https://paperpile.com/c/6r4TjB/PBsz+Q9Rf
https://paperpile.com/c/6r4TjB/ZzX6v
https://paperpile.com/c/6r4TjB/98uc
https://paperpile.com/c/6r4TjB/MBRa
https://paperpile.com/c/6r4TjB/98uc
https://paperpile.com/c/6r4TjB/kax88
https://paperpile.com/c/6r4TjB/98uc
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growing and potentially form additional haustoria [7,8]. The clear phenotypic response of 

haustoria in recognition of a host plant, makes parasitic plants an excellent model for studying 

plant-plant interactions.  

Triphysaria versicolor is a non-weedy annual wildflower, common along the Pacific 

Coast of North America. It is used as a model parasite for Orobanchaceae as research can occur 

without restrictions and risk of spreading invasive plant material. Being a facultative 

hemiparasite that can live without a host plant makes Triphysaria easier to cultivate in a 

laboratory setting. The ability to precisely trigger haustorium development through the addition 

of chemical Host Inducing Factors (HIFs) greatly facilitates the study of plant-plant recognition 

and the developmental events of haustorium development in this model parasite. A highly 

efficient root transformation system has been established for Triphysaria which enables the 

introduction of new genetic material for evaluation [9]. The transcriptomic and genomic data 

created by the Parasitic Plant Genome Project (PPGP) are critical resources in studying the 

genetics of parasitic plants and our studies build upon their foundational work.  

The haustoria of Triphysaria appear as hemispherical or spherical swellings with a 

localized proliferation of root hairs [10]. If a host root is not present, the haustorium 

development is halted and does not continue to develop structures for invading host tissues and 

acquiring resources such as intrusive cells or a xylem bridge. These partially developed haustoria 

that are induced without a host, will be referred to as “prehaustoria” in this work to fit with the 

currently suggested naming convention [11] 

In the root parasitic plants of Orobanchaceae, haustoria are triggered by the perception of 

chemical HIFs from host root exudates[6]. Similar mechanisms are proposed to regulate the 

interactions of non-parasitic plant roots as well [12]. Phenolic and quinone compounds have been 

https://paperpile.com/c/6r4TjB/ZnJBe+29iXj
https://paperpile.com/c/6r4TjB/hsKu
https://paperpile.com/c/6r4TjB/MHQbO
https://paperpile.com/c/6r4TjB/BAxX4
https://paperpile.com/c/6r4TjB/kax88
https://paperpile.com/c/6r4TjB/2wsn
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identified as active HIFs through various in vitro applications [13–16]. One of the few HIFs 

identified from host plants is 2,6-dimethoxybenzoquinone (DMBQ) which was isolated from 

sorghum root extracts[17]. There are likely more HIFs present in host root exudates that have yet 

to be identified [18]. In the current model of haustorium development in Orobanchaceae, HIFs 

are redox cycled between quinone and phenolic states which generates highly reactive 

semiquinone intermediates that activate a redox sensitive signaling pathway [19–21]. TvQR1 is a 

gene from Triphysaria that encodes a quinone oxidoreductase that generates a semiquinone and 

is necessary for efficient haustorium development in Triphysaria.  

Chapter 3 of this work examines patterns of spatial and temporal transcription from 

natural variants of the TvQR1 promoter in response to host root exposure. Using fluorescent 

reporter constructs, I showed that the TvQR1 promoter was upregulated in transgenic roots of 

Triphysaria as well as transgenic roots of Arabidopsis and Mimulus. However the endogenous 

Arabidopsis and Mimulus QR1 genes were not upregulated in response to DMBQ while the 

endogenous Triphysaria gene was. This shows the differential regulation of QR1 between 

Triphysaria and the non parasites Arabidopsis and Mimulus results from cis-element differences 

in the relevant promoters. 

 When a neighboring plant is recognized and haustorium development is initiated, a suite 

of developmental genes and pathways are activated which transition the parasite root to form this 

novel structure. Many of the genes in Orobanchaceae that are differentially expressed during 

haustorium development are present in other non-parasitic plants [22]. This includes the genes 

TvQR1, TvQR2, TvPirin, and PjYUCC3 which were shown to be necessary for haustorium 

development using RNA interference (RNAi) in either Triphysaria versicolor or 

Phtheirospermum japonicum [21,23–25]. It is largely unknown how these genes are regulated in 

https://paperpile.com/c/6r4TjB/hTvSA+AA5MV+24lYr+WtQHB
https://paperpile.com/c/6r4TjB/SeGI7
https://paperpile.com/c/6r4TjB/3wKQe
https://paperpile.com/c/6r4TjB/JYMEv+HjBvV+iwUyI
https://paperpile.com/c/6r4TjB/2Ty7e
https://paperpile.com/c/6r4TjB/iwUyI+FJG7B+JtMGX+BWdCt
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non-parasitic plants in response to host exudates. These genes may have been co-opted for 

haustorium development by parasitic plants by changing their regulation in the course of 

evolution. 

The co-option of genes and pathways for new functions is thought to be the major source 

for establishing new traits during evolution [3]. The abundance, location, and timing of gene 

expression during development is often controlled by cis-regulatory elements which are 

sequences of DNA typically near a gene that serve as binding sites for regulatory proteins. 

Changing these cis-regulatory elements can co-opt the function of a gene for a new purpose by 

adjusting where and when it is expressed. This change in cis-elements has the potential to not 

interrupt the role already served by the gene by leaving the established elements in place. In 

contrast, changes to a coding sequence may have much higher pleiotropic effects as this affects 

any cell expressing that gene and may alter its function [26].  

Chapter 2 of this work describes my search for cis-regulatory elements located in the 

promoters of genes responsive to host root factors. Several sequence motifs were identified that 

led to the expression of a fluorescent marker in specific root tissues, notably the root tip and 

epidermal cells.  One motif conferred responsiveness in the transgenic plant to the host derived 

compound DMBQ. 

Parasitic plants can be major agricultural pests, with those in Orobanchaceae being 

among the most damaging. Species of Striga alone are estimated to cause one billion US dollars 

in crop losses annually [27]. Egyptian Broomrape (Phelipanche aegyptiaca) causes severe 

damage to a wide range of economically important crops in the families Solanaceae, Fabaceae, 

Brassicaceae, Cucurbitaceae, Apiaceae and Asteraceae [28]. P. aegyptiaca is particularly 

limiting in processing tomato production [29]. These weeds can produce copious amounts of 

https://paperpile.com/c/6r4TjB/ZzX6v
https://paperpile.com/c/6r4TjB/RSK67
https://paperpile.com/c/6r4TjB/C5Xh
https://paperpile.com/c/6r4TjB/PLSn
https://paperpile.com/c/6r4TjB/gbyR
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tiny, long-lived seeds that lie dormant in the soil until the exudate of a host root triggers 

germination. Currently there are few methods to control these parasites with those available often 

being costly and resource intensive [30].  

In Chapter 4, I describe my experiments using Host Induced Gene Silencing to reduce the 

negative impact of the parasitic plant Phelipanche aegyptiaca on tomato. Tomatoes were 

transformed with an RNAi construct that targeted four Phelipanche genes simultaneously via 

RNAi, transformed tomato, and then assayed Phelipanche growth on transgenic tomatoes. While 

transcript levels in attached Phelipanche plants were reduced, their growth was not sufficiently 

suppressed for commercial application. 

Studying the transcriptional regulation of host recognition in a parasitic plant will give 

insights into the genes and functions involved during a plant-plant interaction and the 

development of a novel organ. The mechanisms regulating these transcriptional changes can 

suggest the evolutionary changes that lead to parasitism. The cis-elements controlling this gene 

regulation, could potentially be applied in other non-parasitic plant systems for engineering new 

expression patterns. The knowledge underlying the basic biology of haustorium development, 

could also yield new mechanisms for controlling parasitic weeds. Applying this knowledge by 

altering the gene expression of parasitic plants through host derived RNA interference has shown 

promise as a means of engineering resistance [31–35].   

  

https://paperpile.com/c/6r4TjB/7Pm7
https://paperpile.com/c/6r4TjB/pY2X+n69G+eiZ1+qbls+xFAd
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CHAPTER 2:  

THE TRANSCRIPTIONAL REGULATION OF HOST-RESPONSIVE GENES IN 

TRIPHYSARIA VERSICOLOR  

ABSTRACT: 

The roots of Orobanchaceae parasitic plants recognize specific molecules present in the 

root exudates of neighboring plants to identify potential host roots.  When parasite roots are 

exposed to specific host root factors, they initiate the development of haustoria, which are used 

by the parasite to attach, invade and acquire resources from host tissues. Root-root recognition 

systems are not specific to parasitic plants and have been well documented in non-parasitic 

interactions as well. I hypothesize that genes responsible for host recognition and haustorium 

initiation in parasitic plants may have evolved from root-root recognition systems functioning in 

their autotrophic precursors. The genes and processes involved in host recognition and 

prehaustorium development in Triphysaria versicolor were analyzed using RNASeq. The 

genome of Triphysaria versicolor was sequenced and annotated to obtain promoter sequences. 

The promoters of genes co-expressed in the data set were evaluated for an enrichment of cis-

elements to identify potential regulators of host responsive genes. Promoter sequences for these 

genes were obtained through the sequencing and annotation of the Triphysaria versicolor 

genome. Candidate cis-elements were evaluated for regulatory activity using a fluorescent 

reporting construct. Seven motifs were identified that resulted in tissue specific patterns of 

expression in Triphysaria. One motif enhanced transcription of a reporter gene in transgenic 

roots exposed to the haustoria inducing factor DMBQ. I then transformed these motifs into 

Arabidopsis and Mimulus and observed similar patterns of transcriptional regulation. These 



10 

 

regulatory motifs, which are conserved across plant families, have possibly been recruited by 

parasitic lineages to regulate the expression of parasite genes in response to nearby host roots.  
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INTRODUCTION: 

The ability of plants to recognize and respond to neighboring plants has been well 

documented [1]. Subterranean plant-plant interactions are mediated by species or genotype 

dependent root-root recognition systems.  These root-root interactions can affect phenotypes 

including changes in morphology, flowering timing, and exudate profiles [2,3]. This type of 

recognition may be an ancient phenomenon as it occurs in phylogenetically diverse taxa 

including angiosperms, cycads, and likely conifers [4]. Studying this activity is challenging due 

to the difficulty of phenotyping often subtle below-ground changes highlighting the need for a 

robust model. 

Evidence suggests that root secreted chemicals facilitate root-root recognition [2,3]. The 

root parasitic plants of Orobanchaceae present a robust response to detecting host root exudates 

through the formation of haustoria. These host inducing factors are typically phenolic molecules 

such as 2,6-dimethoxybenzoquinone (DMBQ) [5]. This same chemical has been shown to 

facilitate neighboring root recognition in the non-parasitic parasitic plant Arabidopsis [6]. The 

morphologically obvious development of haustoria in response to host root secreted chemicals 

serves as an excellent model for studying mechanisms of plant-plant interactions.   

         Identifying the gene regulation involved in a developmental or physiological process can 

contribute to understanding its mechanism. Cis-elements play a major role in regulating genes. 

They are composed of specific DNA sequences, typically non-coding, that contain binding sites 

for transcription factors or other regulatory molecules that enable, enhance, or suppress the 

spatio-temporal transcription of genes [7]. Cis-elements typically reside in the 5’ upstream, 

intronic, or 3’ downstream regions of genes with the highest proportion in the 5’ region [8–11]. 

The specific genomic location of a cis-element may be important for its regulatory activity but, 

https://paperpile.com/c/7okvy7/2Eat
https://paperpile.com/c/7okvy7/NRsTt+y1yvz
https://paperpile.com/c/7okvy7/eglNR
https://paperpile.com/c/7okvy7/NRsTt+y1yvz
https://paperpile.com/c/7okvy7/IqhOh
https://paperpile.com/c/7okvy7/QcUw3
https://paperpile.com/c/7okvy7/njqFS
https://paperpile.com/c/7okvy7/j78T+20yj+Pb1Y+kt9r6


12 

 

for the purposes of this work, we will define a cis-element just by its sequence. Experimentally 

identified cis-elements in plants have a median observed length of 8 base pairs and are 

infrequently > 30 base pairs[12]. Changes in cis-regulatory elements are hypothesized to 

contribute more to phenotypic divergence than coding sequence changes [7]. This is due to the 

higher pleiotropic effects associated with protein changes that affect all cells expressing the gene, 

while a change in the cis-regulatory region may only affect a tissue or specific condition under 

which the gene is expressed. There are likely many factors that contribute to the evolution of 

new phenotypes with cis-element changes being a frequent contributor. 

While parasitic plants have evolved from autotrophic ancestors, the mechanism is still 

unknown [13]. Haustorium development in Orobanchaceae may have evolved through altering 

the expression of autotrophic plant genes and pathways by changing their cis-element regulation. 

The initiation of haustoria may have also been co-opted from an earlier root-root recognition 

mechanism as this phenomenon is widespread in autotrophic plants. My hypothesis is that cis-

elements used to regulate genes mediating root-root interactions in autotrophic plants have been 

recruited by the Orobanchaceae for parasitic functions. 

 

  

https://paperpile.com/c/7okvy7/y9vuu
https://paperpile.com/c/7okvy7/njqFS
https://paperpile.com/c/7okvy7/NxjcF
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METHODS: 

Plant material:  

Seeds for Triphysaria versicolor were collected from an open pollinated population 

growing in pasture land located in Napa, CA (GPS: 38.226214, -122.270785). The seeds were 

sterilized by immersing in 70% ethanol for 5 minutes, removing the ethanol, adding 50% 

commercial bleach (6.15% sodium hypochlorite) with 1% Triton x100 and gently shaking for 30 

minutes. The seeds were then washed 8 times with distilled water and plated on 0.25X Hoagland 

media [14] with 0.75% (w/v) Phytagel(Sigma-Aldrich: P8169) [15]. The plates were then 

vernalized at 4°C for at least three days. To initiate germination, the seed plates were placed at 

16°C with fluorescent grow lights set to 12 hours light and 12 hours dark. When Triphysaria 

seedlings were 10-14 days old, they were used for either transformation or genotyping analyses.  

Seeds for Mimulus guttatus were collected from an open pollinated population growing 

near a stream at the North Table Mountain Ecological Preserve (GPS: 39°36'39.2"N 

121°33'33.8"W). Arabidopsis thaliana seeds were a wild-type accession of Col-0. Seeds from 

both non-parasites were treated with the same methods as Triphysaria except the ethanol 

incubation was reduced to 1 minute and the bleach treatment to 5 minutes and 10 minutes, 

respectively for Mimulus and Arabidopsis. 

Induction of host recognition and prehaustoria formation: 

 For the RNASeq, ten to fourteen day old Triphysaria seedlings were transferred to square 

plastic plates containing 0.25X Hoagland nutrient media [14], 0.75% (w/v) sucrose and 0.75% 

(w/v) Phytagel(Sigma-Aldrich: P8169). The square plates were placed for 3 days at 22°C in a 

vertical position with a fluorescent light set to 16 hour light and 8 hour dark. The seedlings were 

treated with 1 mL of Arabidopsis root exudate applied directly to the roots. Arabidopsis root 

https://paperpile.com/c/7okvy7/Pllj3
https://paperpile.com/c/7okvy7/iyapl
https://paperpile.com/c/7okvy7/Pllj3
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exudate was obtained using a previous method and standardized to 100 μM total phenolic 

content [16]. The two control time points (0.5 and 24 hours “C”) were treated with H2O. The 

plates were left horizontal for 2 hours to allow the inducer to settle into the media and for gravity 

to elicit a tactile response in the seedlings. Roughly 0.5 cm of root tip were collected from 20-25 

plants per time point and pooled in a single 2 mL tube for RNA isolation. Three replicates of 

each time point were collected. To minimize the influence of circadian rhythm on gene 

expression, we staggered the treatment of Arabidopsis root exudate to collect each time point at 

roughly the same time. For instance, the 24 hour time point was induced 23 hours before the 1 

hour time point so the roots could be collected at the same time.  

The induction and root collection of other Orobanchaceae species was performed the 

same as Triphysaria. The induction of transgenic roots was performed similarly but with 30 μM 

DMBQ instead of root exudate. These prehaustoria were evaluated 24 hours after DMBQ 

treatment. 

RNA isolation and reverse transcription: 

 Two stainless steel balls were added to the pooled roots from each collection in round 

bottom 2 mL tubes. The tubes were placed in a liquid nitrogen chilled plastic block and ground 

for one minute using a paint shaker. This method facilitated the thorough grinding of all root 

material in a high throughput manner. RNA was isolated from the ground material using the 

Qiagen RNeasy plant mini kit (74904) following manufacturer’s instructions with the optional 

RNase-Free DNase Set (79254). RNA was reverse transcribed into cDNA using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems,Cat.# 4368814).  

  

https://paperpile.com/c/7okvy7/0zzCD
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Quantitative PCR (qPCR): 

Common target and reference gene primers were established for Triphysaria and the 

other Orobanchaceae studied in this work. Eight potential reference genes were identified as 

having a stable and high level of expression across our RNASeq samples. Primers for both 

targets and reference genes were chosen in conserved regions of the coding sequence using 

genomic sequences from Phtheirospermum japonicum and Striga asiatica and transcriptomic 

sequences from the PPGP. Multiple sets of primers for each gene were evaluated and those 

chosen all had a single dissociation peak and a linear amplification efficiency > 90% and <110% 

using a 10-fold dilution series of cDNA from multiple Orobanchaceae species. The program 

Normfinder was used to identify the two genes, PTB and PAB2, as having the most stable 

expression relative to all of the genes assessed [17]. The relative expression pattern obtained 

when using these reference genes matched the pattern obtained from the RNASeq quantification 

for three separate genes, QR1, BAG, and Pirin-like, Supplemental Figure S1. The agreement 

between these different quantification methods for the same sample of RNA, suggests both are 

accurate at estimating the relative abundance of transcripts across samples. 

The cDNA (diluted 15-20 times) was combined with gene specific primers (300 nM) 

with the Power SYBR Green PCR Master Mix (Thermo Scientific Cat.# 4368577). The PCR was 

run in 96 well plates (MicroAmp Optical 96-Well Reaction Plate, Thermo Scientific™, 

4306737) in an Applied Biosystems 7300 Real-Time PCR Machine. The program used was: 1 

cycle 95°C for 10 minutes; 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds, followed 

by a dissociation step transitioning from 95°C to 60°C to 95°C. The Ct values for the transcripts 

of each gene were obtained from the mean of three technical replicates. The delta-delta Ct 

https://paperpile.com/c/7okvy7/Nuqzi
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method (2–∆∆Ct ) was used to calculate the levels of target gene transcripts relative to the 

geometric mean of two internal reference genes, PTB and PAB2.  

RNA sequencing: 

Strand-specific and barcode indexed RNA-seq libraries were generated from 500 ng total 

RNA each, after poly-A enrichment, using the Kapa mRNA-seq Hyper kit (Kapa Biosystems-

Roche, Basel, Switzerland) following the instructions of the manufacturer. The fragment size 

distribution of the libraries was verified via micro-capillary gel electrophoresis on a LabChip GX 

system (PerkinElmer, Waltham, MA). The libraries were quantified by fluorometry on a Qubit 

instrument (LifeTechnologies, Carlsbad, CA) and pooled in equimolar ratios. The pool was 

quantified by qPCR with a Kapa Library Quant kit (Kapa Biosystems) and sequenced on an 

Illumina HiSeq 4000 (Illumina, San Diego, CA) with paired-end 150 bp reads. The library 

preparations and sequencing were carried out at the UC Davis Genome Center DNA 

Technologies and Expression Analysis Core, supported by NIH Shared Instrumentation Grant 

1S10OD010786-01. 

RNASeq data processing: 

 The adaptor sequences and low quality regions were trimmed from the raw fastq reads for 

each sample using the program scythe (v. 0.991) and sickle (v. 1.33) respectively with default 

parameters. The program Salmon (v. 0.14.1) was used to map and quantify the processed reads 

using the refined transcriptome described below. In Salmon, an index for the transcriptome was 

created using the “-quasi” and “-k 31” options. The reads were then mapped using this index and 

different library types. The library type that gave the highest mapping rate was chosen, in our 

case “-l IU”. The resulting TPM quantification for the transcripts in each sample was used 

moving forward. 
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High molecular weight DNA isolation for Triphysaria genome: 

 The methods used to isolate high molecular weight DNA from Triphysaria can be found 

in Supplemental Method 1. 

10X genomics linked-read genome sequencing: 

High molecular weight genomic DNA was isolated from frozen above-ground material of 

Triphysaria versicolor using a modified CTAB method, described in detail in Supplemental 

Method 1. The genomic DNA was then size-selected to enrich for fragments greater than 40 kb 

on a BluePippin instrument (Sage Science, Beverly, MA). The DNA was then treated in a PreCR 

Repair Mix reaction (NEB, Ipswich, MA). The DNA was loaded onto a 10X Genomics 

Chromium Genome Chip at a concentration of 1 ng/ul and processed according to the 

instructions of the manufacturer (10X Genomics, Pleasanton, CA).  The resulting random 

priming products were sheared to a peak size of 350 bp on an E220 Focused Ultrasonicator 

(Covaris, Woburn, MA) before sequencing library preparation 10X Genomics Chromium 

Genome Kit V2.  The library fragment size distribution was verified via micro-capillary gel 

electrophoresis on a Bioanalyzer 2100 (Agilent, Santa Clara, CA). The library was sequenced 

with paired-end 150 bp reads on an Illumina Hiseq X sequencer (Illumina, San Diego, CA). 

Genome assembly: 

The genomic sequencing generated 713.5 million paired-end reads, which were input to 

supernova (v2.1.1) for assembly using default parameters [18]. The estimated genome size by 

supernova was 2.02Gb. The raw sequencing data represented 53X coverage of the genome. After 

removing the GEM barcodes, the effective coverage was 39X. About 39% of the nonduplicated 

reads provided the phasing information. The final haploid assembly contained ~1.9G bases in 

235998 scaffolds, which included 8.14% uncharacterized ‘N’ bases. The GC content of the 

https://paperpile.com/c/7okvy7/WvYzO


18 

 

assembly is 39.88%. The N50 of the assembly is ~23Kb. The completeness of the genome was 

assessed to be 87.4% (S:62.2%, D:25.2%) by BUSCO, using the embryophyte_odb9 dataset and 

Arabidopsis as Augustus training species [19]. 

Genome annotation: 

The haploid assembly was used for annotation using MAKER (v3.01.02-beta) [20]. 

Transcriptome sequences for Triphysaria versicolor generated using previous RNASeq data 

were provided as EST evidence. The protein sequences from Mimulus guttatus were provided as 

protein homology evidence. The annotation process produced 62730 predicted genes. 

Refining the transcriptome and genome: 

The trimmed read files were then assembled into transcriptomes using the “De Novo 

Assembly” function with default parameters in CLC Genomics Workbench (v. 12.0.3). Different 

combinations of samples were assembled together to maximize the chance of assembling as 

many unique transcripts as possible. These newly made transcriptomes were combined with 

those created by the Parasitic Plant Genome project into a single file. A reciprocal best hit blast 

approach was used to identify the best pair of transcript and genomic coding sequence. The 

program Blast2GO (v.5.2.5) was used with blastn at an e-value  ≤ 1.0E-25 to obtain the 

reciprocal best hit blast pairs which resulted in a refined set of 23378 genes. This greatly reduced 

the redundancy and fragmentation of our transcriptomes and is refined for genes expressed in our 

RNASeq data set. The refined set of genomic coding sequences represent the most likely sources 

of each transcript which allows us to best associate a promoter region with each transcript. To 

test if I retained most of the expressed genes from this strict refinement, the RNASeq reads were 

mapped to both the full and refined transcriptomes. A minimal loss in the mapping rate was 

observed when using the refined version of the transcriptome. 

https://paperpile.com/c/7okvy7/Z7JVA
https://paperpile.com/c/7okvy7/SAUpk
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Differential expression analyses: 

   The TPM values from Salmon were loaded into Rstudio using the tximport package. 

The transcript levels between our RNASeq  samples were compared using the package DESeq2 

(v. 1.24.0). To compare the overall similarities and differences between the expression values of 

our samples, their variance was plotted using a PCA after a variance stabilizing transformation of 

the TPM values. This transformation also normalizes for library size. To identify differentially 

expressed transcripts I first filtered out those with low expression across our data set (those with 

a total TPM ≤ 24 across all 24 of our samples, 95.2% of the transcripts remained after this step). 

Transcripts were considered differentially expressed if there was at least a 2 fold change in 

expression (with an adjusted of p-value ≤ 0.01) when compared with the 0.5 hour water treated 

control time point.  

The expression levels of our 1619 genes with differential expression were normalized by 

dividing the TPM of each time point by the total of all time points for each transcript. This 

normalization shows the relative change of each transcript across our data set. These relative 

expression profiles were grouped by similarity using a Self-Organizing Map (SOM) created from 

the kohonen package in R [21]. Using an SOM with 16 groups in a 4 by 4 hexagonal pattern 

yielded groups of transcripts with distinct expression changes without too much overlap between 

the groups. This level of group separation was judged by eye. All graphs were generated using 

ggplot2 in R [22]. 

Predicting functions: 

 Blast2GO was used to predict the functions and provide GO term annotations for each 

transcript. BLASTX was used with the NCBI nr database (updated on 12/17/2019) to identify 20 

hits for each transcript with an e-value  ≤ 1.0E-5. A word size of 6 was used with the remaining 

https://paperpile.com/c/7okvy7/iCqbo
https://paperpile.com/c/7okvy7/vsn4q
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parameters set to the default. The functional annotation pipeline in Blast2GO was used with 

default parameters to predict functions of each transcript through a summary of the best hits.  

GO enrichment: 

 Blast2GO was used to identify the Gene Ontology (GO) terms over and under 

represented in groups of differentially expressed genes between our time points. Transcripts up 

and down regulated between our 7 time points when compared to the 0.5 hour control were 

evaluated for an enrichment of GO terms using a two-tailed Fisher’s Exact test and the whole set 

of transcripts as the reference. In R, the over-represented GO terms from the enrichment test of 

each time point compared to the control were filtered for a False Discovery Rate adjusted p-

value (FDR)  ≤ 0.05. All enriched GO terms that fit this criteria were collected and the FDR from 

each time point obtained. GO terms were selected for Figure 2 to summarize the processes 

enriched during our developmental RNASeq. A heatmap of the log2 transformed FDR values 

was generated using ggplot2.  

Motif identification: 

 Promoters from groups of differentially expressed genes were evaluated for an 

enrichment of known and de novo motifs. All promoters analyzed were 500 bps in length. 

Promoters were grouped based on the SOM or being differentially expressed at a certain time 

point. Known motifs were identified using the AME program in the MEME suite (v.5.0.5) [23]. 

The promoters from genes non-differentially expressed from our data set were used as control 

reference sequences. The average odds scoring and fisher exact test method were selected. The  

known motif databases for plants include the Plant Transcription Factor Database (v4.0) and the 

JASPAR 2020 Core Plants non-redundant set were utilized for enrichment [24]. From the 

https://paperpile.com/c/7okvy7/d4pV
https://paperpile.com/c/7okvy7/KZlsk
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resulting enriched motifs, specific candidates were selected with low p-values and as 

representatives of repeatedly enriched motifs.  

 To identify de novo motifs, the same groups of promoter sequences mentioned above 

were used in the oligo-diff program from the web-based Regulatory Sequence Analysis Tool 

(RSAT)[25]. Oligomer lengths of 6, 7, and 8 were used for each enrichment. The resulting de 

novo motifs were combined into a single file and validated for enrichment using the AME 

program. This RSAT file served as the known set of motifs and was queried for enrichment 

against the differentially expressed programs from which they were originally identified. This 

analysis confirmed using a different algorithm that these motifs were enriched and ranked the 

level of enrichment for later selection. Motifs with low enrichment p-values and at least some 

sequence complexity were chosen for further analyses. 

 The presence of a larger conserved motif between Triphysaria promoters was checked for 

those identified through both approaches. The specific sequences and locations for each motif in 

the promoter sequences was determined using the FIMO program from the MEME suite. These 

sites were filtered based on their similarity to the original motif and the expression of the 

promoter's transcript. These refined sites were extended by 10 bps on either side and run through 

MEME to identify any enrichment of a larger motif sequence. 

Orobanchaceae expression comparison: 

 Genes commonly up-regulated across multiple Orobanchaceae species were identified 

through qPCR and by comparing expression data sets. The qPCR was performed as described 

above across nine members of Orobanchaceae. Expression data were obtained for three parasites 

exposed to host factors. Striga gesnerioides and Phelipanche aegyptiaca RNASeq data was 

provided by the PPGP while a Phtheirospermum japonicum microarray data set was provided by 

https://paperpile.com/c/7okvy7/1SO78
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Satoko Yoshida. To identify genes commonly up-regulated across these parasites, the data were 

filtered for transcripts having at least a 2 fold increase in expression after host recognition. Next, 

an orthologous sequence for each parasite transcript was identified using both a receptacle best 

hit blast (RHBH) and best hit blast (BHB) approaches. Both parasite transcriptomes were queried 

against the other and the single best hit for each transcript was obtained using blastn, an e-value 

of 1.0E-10, and word size of 11 in Blast2GO. For the RHBH, only those transcripts that matched 

with one another from both data sets were considered orthologous. For the BHB, the single best 

hit from the parasite data set for Triphysaria was considered orthologous. Both of these 

approaches were used to identify genes commonly up-regulated with more weight given to the 

strict RBHB method.  

Candidate promoter selection: 

 Specific candidate promoter sequences were identified for each selected motif. These 

genes were chosen based on the p-value of the motif site, the promoter’s transcript exhibiting a 

robust expression change in our data set, the transcripts being common up-regulation across 

multiple Orobanchaceae, and having an interesting functional annotation.  

Phylogenetic footprinting: 

  Phylogenetic footprinting was used to identify if candidate motifs existed within a larger 

conserved sequence that may be important for their function. Orthologous promoter sequences 

from Phtheirospermum japonicum, Striga asiatica, Mimulus guttatus, Sesamum indicum, and 

Antirrhinum majus were identified from the coding sequence of Triphysaria for each candidate 

gene. The promoters from these genes were then aligned in the program Geneious and compared 

for conserved regions. Extra weight was given to conserved promoter sites between the three 
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parasitic plants. The non-parasite sequences were often useful to refine the conserved sites to 

manageable sizes for later evaluation. 

 Predicting transcription factor binding sites: 

 The potential transcription factor binding sites in each TRE motif were predicted using 

the Plant Transcription Factor Database (PlantTFDB v.5.0) and filtered for a p-value  ≤ 1.0E-5. 

Fluorescent reporting construct:  

The promoter reporting construct pDS-MRC was created using the pCAMBIA-0380 

binary plant expression vector. The individual components of the T-DNA shown in Figure 6 

were amplified using PCR with flanking sequences overlapping the adjacent fragment and 

column purified before assembly. The template for the Omega-NLS-tdTomato sequences came 

from the addgene vector #61628 [26]. The sequence for mClover3 came from the addgene vector 

#74252 [27]. The 35S promoter and terminator originated from the pHG8-YFP vector [28]. The 

completed pDS-MRC was completed through multiple rounds of Gibson assembly (NEB 

#E2611) that sequentially added the above-mentioned PCR amplified components into the 

multiple cloning site of pCAMBIA-0380.  

The relative positions of regulatory components and number of motif copies were 

informed by the best practices outlined previously [29]. A 35S minimal promoter was used to 

assemble the basic machinery for transcription so a motif can trigger the process. The motifs in 

pDS-MRC were placed 60 bp upstream of the TATA box in the 35S minimal promoter to give 

sufficient space for regulatory proteins to interact. The 35S minimal promoter and 60 bp spacing 

sequence were obtained from a vector used to report the regulatory activity of an auxin motif 

[26]. The 10 bp spacer sequence between the tandem motif copies was randomly generated and 

selected for having few predicted transcription factor binding sites. The restriction enzyme sites 

https://paperpile.com/c/7okvy7/eLkGM
https://paperpile.com/c/7okvy7/N7pFf
https://paperpile.com/c/7okvy7/joq3l
https://paperpile.com/c/7okvy7/FRXjH
https://paperpile.com/c/7okvy7/eLkGM
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BspEI and AatII were placed on either side of the motif region for ligating in new sequences. 

These enzymes were chosen for not already being present in the vector, working in the same 

NEB 3.1 buffer, and creating incompatible sticky ends to minimize the empty recircularization of 

the vector. To clone a motif into the construct, a primer pair was ordered with the motif sequence 

and complementary sticky-ends for the vector. Either a single motif copy or tandem duplicate 

was ordered based on the motif size. The 10 bp spacer sequence was included between the 

tandem duplicated motif. The annealed primers with exposed sticky-ends were then ligated into 

the pDS-MRC vector with T4 Ligase (NEB #M0202).  

The completed vectors were transformed into NEB® 5-alpha Competent E. coli (NEB# 

C2987) and selected for using kanamycin resistance and colony PCR. T-DNA regions from the 

resulting vectors were sequenced to verify their correct identity.  

Plant transformation:  

Triphysaria root transformations were performed following procedures established 

previously[30]. In short, young seedlings for each of the three species used were cut at or slightly 

below the root shoot junction and the cut site on the part of the plant containing the shoot was 

dipped in freshly grown Rhizobium rhizogenes strain MSU440 containing the vector of interest. 

These inoculated shoots were left on the horizontal surface of a plate containing 1X MS media 

with vitamins(PhtyoTechLabs: M519), 30 g/L sucrose, 2 g/L Phytagel(Sigma-Aldrich: P8169), 

and 400 uM Acetosyringone for one to two weeks depending on the growth of MSU440. The 

shoots were then transferred to a 0.25X Hoagland plate with 0.75% sucrose, 0.75% Phytagel, and 

300 mg/L Timentin to stimulate root development and suppress the bacterial growth [30].  

 

https://paperpile.com/c/7okvy7/9BkUm
https://paperpile.com/c/7okvy7/9BkUm


25 

 

Fluorescent microscopy: 

Dissecting: A Zeiss Stemi SV 11 dissecting scope with dsRED and GFP NB filters 

(equipped with an HBO 100 1007-980 light source powered by an ebq 100 isolated power 

supply) was used to observe the red and green fluorescence from tdTomato and mClover 

respectively exhibited by our transgenic roots. Transgenic roots were selected if they displayed a 

robust expression of mClover3. The presence of tdTomato before and after prehaustrium 

induction was used as a first round of screening before imaging with the confocal microscope 

described below. 

Confocal: Roots were imaged using a Zeiss Axio inverted Observer Z1 microscope with 

an LSM 710 laser scanning confocal system and a Plan-Apo 10X objective. The red and green 

fluorescent proteins, tdTomato and mClover3, were excited using lasers at wavelengths 561 nm 

and 488 nm respectively. The pinhole was adjusted to 1 AU. The lasers were set to 100% to 

maximize the depth at which we could image inside the roots a Z stack. The digital gain was 

adjusted for each sample using the “Range Indicator” to avoid over-exposing the fluorescence of 

any image. The detection of red and green fluorescence was done with separating images to 

avoid the false-positive red fluorescence created by the 488 nm green excitation laser.  

PI stain: 

 Triphysaria root tips were stained with 10 μg/ml PI in H2O to better visualize the cell 

files and help estimate the tissue layer identities. Roots were imaged using the same procedure 

described above for the Zeis confocal microscope with a 514 nm excitation wavelength 

Image processing and analyses:   

Images from the dissecting scope images were evaluated using the program Lightroom 

(from Adobe) with exposure and contrast adjusted to more easily see the red and green 
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fluorescence. Confocal images were processed using ImageJ [31]. The CZI files were loaded into 

ImageJ using the Bio-Formats plugin. To better visualize the fluorescence throughout the root, a 

Z Projection was created using the max intensity from the images in each Z stack. The brightness 

and contrast were subsequently adjusted for each image. 

Statistical analysis:  

 A statistically significant difference between two groups of measurements was tested 

using a two-tailed Welch’s t-test. A significant difference was obtained if the resulting p-value ≤ 

0.05.  

https://paperpile.com/c/7okvy7/iVDFe
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RESULTS: 

The experiments in this chapter aimed to identify and functionally annotate cis- 

regulatory elements from the promoters of host responsive genes in parasitic plants. The 

approaches were to 1) identify genes upregulated in parasite roots within 24 hour of host 

exposure, 2) obtain promoter sequences for the host responsive genes, 3) bioinformatically 

identify candidate cis-regulatory elements in these promoters, and 4) functionally evaluate the 

regulatory activity of the cis-elements using a fluorescent reporter in the transgenic roots of 

parasitic and non-parasitic plants. 

 

1.  Identify parasite genes upregulated after exposure to host root exudates 

Identification of upregulated transcripts by RNASeq 

RNASeq was used to identify genes transcriptionally regulated soon after exposure to 

host exudates. This was created by treating Triphysaria roots with Arabidopsis root exudate and 

harvesting the root tips at eight time points after exposure, Table 1. The times selected focused 

on initiation and early stages of prehaustoria development. Control roots were treated with water 

and harvested after 0.5 and 24 hours. Representative images of Triphysaria root tips at each of 

these developmental time points is in Figure 1B. 

To validate the transcript levels obtained from quantifying the RNASeq, quantitative 

PCR (qPCR) was performed on cDNA from the same samples of RNA used for the RNASeq. 

The relative transcript levels for three host-responsive genes (TvQR1, TvPirin, and TvBAG) 

were quantified using both the RNASeq data set and qPCR (Figure S1). Both methods estimated 

a similar relative transcript level across our samples. 
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A principal component analysis (PCA) analysis was also performed on the expression 

values across all of the RNASeq samples to evaluate the quality of the replicates and distinction 

between the time points, Figure S2. This analysis measures the variance between samples and 

plots the values for the two components containing the most variation. All replicates for a given 

time point clustered tightly with one another and were clearly distinguished from other samples. 

The relatively large distance between early time points, indicates the greatest change in 

transcription expression occurs soon after host exudate exposure. The relative distance between 

timepoints continually diminishes between 3 and 24 hours, suggesting the change in 

transcriptional expression lessens over time. This waning of expression change continues to the 

point where the clusters for 12 hours and 24 hours are largely overlapping, meaning there are 

little differences in expression between these time points. Together, these results suggest that 

largest changes in transcription occur between 0.5 and 3 hours after host exudate exposure and 

these changes diminish to the point where the expression patterns for prehaustorium 

development are largely stable by 12 hours.  

SOM Clustering 

To reduce the dimensionality of our data set and to identify patterns in the expression 

values, I grouped transcripts based on the similarity of their expression profiles across the time 

points. Transcripts with at least a 2-fold change in expression were clustered in co-expressed 

groups using an unsupervised machine learning technique known as Self-Organizing Map 

(SOM)[21]. The average expression levels of the transcripts in the 16 groups identified by the 

SOM can be seen as a heat map in Figure 1A. The number of transcripts in each group and 

representative pictures of Triphysaria roots at each time point are included in Figure 1A,B. The 

relative expression profiles for all transcripts in each SOM group can be seen in Figure S3.  

https://paperpile.com/c/7okvy7/iCqbo
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The SOM identified groups of transcripts with clear peaks of expression at specific time 

points. Roughly half of the differentially expressed transcripts were upregulated within 0.5-3 

hours after Arabidopsis exudate treatment. This indicates a burst of transcriptional activity 

quickly after exposure to host root exudates. The remaining SOM groups included transcripts 

that continued to increase expression up to the 24 hour time point, or were down-regulated at 

some point in time. About twice as many transcripts show patterns of up-regulation in our data 

set compared to those that are down-regulated. 

GO term enrichment analysis 

To identify biological processes functioning during prehaustorium initiation and 

development, I determined which Gene Ontology (GO) terms were enriched in differentially 

expressed transcripts. The heat map in Figure 2 shows the level of statistical significance for 

each term in transcripts differentially expressed at each time point. The positive and negative 

values show whether the enrichment occurs in transcripts up or down-regulated respectively. The 

GO terms in Figure 2 were selected based on their level of enrichment and function. A total of 

157 GO terms were enriched in up-regulated transcripts while 36 terms were enriched in 

transcripts down-regulated. 

Identifying genes commonly upregulated across multiple Orobanchaceae. 

To identify if the genes differentially expressed in Triphysaria are commonly up-

regulated in other Orobanchaceae parasites in response to host recognition, I performed qPCR 

and compared data sets from other parasites.  

For the qPCR, I collected seeds from hemiparasitic Orobanchaceae from diverse sites 

across California with representative pictures and details in Supplemental Figure S4A. Voucher 

specimens for these species were submitted to the UC Davis Herbarium with the details in Figure 
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S4B. Roots of the nine plants were treated with Arabidopsis exudate for 1 hour, Figure 3. The 

phylogenetic relationships shown to the left came from a larger study of the Orobanchaceae [32].  

For this analysis, I created universal reference gene and target gene primers for all nine 

Orobanchaceae species. The primers were designed in conserved coding regions, validated using 

cDNA from each plant, and were observed to be efficient and specific during PCR. The heat map 

in Figure 3 shows the fold change in transcript level after this treatment for six host responsive 

genes. The genes were chosen based on having a known association with haustorium 

development in Orobanchaceae or as differentially expressed in our RNASeq.  

Overall, the hemiparasites up-regulate these genes more than the closely related non-

parasite Lindenbergia. Three genes, BAG, bHLH93 and ERF86, were significantly upregulated 

in multiple parasites. BAG, but not bHLH93 or ERF86, was also upregulated in Lindenbergia. 

Three genes; QR1, QR2, and Pirin-like were up-regulated in some parasites but not others. The 

regulation of QR1 was species specific and significantly upregulated in T. versicolor but not 

other Triphysaria genera.  

 In addition to the qPCR described above, I compared expression of our differentially 

expressed genes with data sets from several other Orobanchaceae parasites shown in Figure S5. 

Genes were determined to be up-regulated in the other data sets if their expression increased by 

at least 2-fold after exposure to host factors. The orthologs for each gene were determined 

through a reciprocal best hit BLAST approach. The genes with orthologs up-regulated in 

multiple parasite data sets can be seen in Figure S5.  

 

 

 

https://paperpile.com/c/7okvy7/Ui2iY
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2. Identification of promoter sequences 

Genome sequence for Triphysaria 

With the goal of identifying promoter sequences for the differentially expressed genes 

identified above, we used 10X Chromium libraries followed by Illumina sequencing to obtain 

genomic sequences from a single T. versicolor plant, Table 2. This work was done in 

collaboration with the Bioinformatics and DNA Technologies Cores at the UC Davis Genome 

Center. The resulting genome had an N50 of 23,077 bp, meaning half of the genome is contained 

on fragments equal to or larger than 23 kbp. A BUSCO (Benchmarking Universal Single-Copy 

Orthologs) score of 87.4% indicates that most single copy orthologs are represented in the 

dataset. The Triphysaria genome is of appropriate quality to identify promoter regions of most 

genes. 

Using the gene sequences for the closely related plant Mimulus guttatus as a guide, we 

predicted 62730 genes to be present in our Triphysaria genome with the program Maker [20]. 

This number is likely an overestimation due to factors such as the heterozygosity between alleles 

causing them to be counted as separate genes, the fragmentation in assembly, and possible 

alternative splicing of transcripts. 

To reduce this redundancy and noise, the number of genes and transcripts was reduced 

through a reciprocal best hit BLAST approach between the annotated CDS regions of the 

Triphysaria genome and a combined set of transcriptomes created from our RNASeq data and 

those developed by the PPGP.  This yielded the single best transcript-gene match and enabled a 

link between the expression of a transcript and a specific promoter region. After this refinement, 

the effective gene/transcript number used in further analyses was 23378.  When comparing the 

mapping rate of RNASeq reads to the full transcriptome and our refined version, there was a 

https://paperpile.com/c/7okvy7/SAUpk
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minimal loss in mapping frequency which suggests the redundancy was reduced while capturing 

the majority of expressed transcripts in our data set.  

For this study the promoter was defined as the region upstream of the start codon. This 

includes the 5’ untranslated region (UTR) as it may contain regulatory elements of interested. All 

of the motif identifying analyses moving forward use the 500 bp of promoter sequence as this 

region immediately up from the start codon is thought to contain the highest frequency of active 

cis-regulatory elements[8–10]. 

 

3. Identify candidate cis-elements from the promoters of host responsive genes 

 Candidate cis-elements were identified from the promoters of host-responsive genes 

using three methods: an enrichment of known cis-element motifs, an enrichment of de novo 

motifs, and phylogenetic footprinting. Promoters were grouped using different degrees of co-

expression before the enrichment approaches.  

Enrichment of known motifs 

Using transcription factors databases from the PlantTFBD and JASPAR, I searched for 

enriched known motifs in groups of promoter sequences with the AME program from the 

MEME suite. This yielded a large set of mostly redundant motifs with some clear trends in 

enrichment. I observed strong and repeated levels of over-represented CAMTA/FAR1, WRKY 

and HSF motifs. The CAMTA/FAR1 and WRKY motifs were enriched in promoters of genes 

up-regulated within an hour of exudate treatment. Specifically these were SOM 8 for 

CAMTA/FAR1 and SOMs 3, 7, 8, and 12 for WRKY. The HSF motifs were enriched in genes 

up-regulated throughout the time course with the highest enrichment being at 3 hours, SOMs 13 

and 14.  

https://paperpile.com/c/7okvy7/j78T+20yj+Pb1Y
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To determine if there was an association between the enriched motifs and their predicted 

corresponding transcription factors, I analyzed the expression profiles of transcription factors 

across our data set. The expression profiles for differentially expressed transcription factors 

grouped by their annotated families are shown in Figure S6. Twenty eight total transcription 

factor families had distinct changes in expression during the initiation and development of 

prehaustoria with the most frequent change being rapid up-regulation after host exposure. 

Of note, several WRKY and HSF transcription factors were up-regulated at time points 

matching with their enriched motifs. For instance, the HSF transcription factors peak in 

expression at 1 hour while the genes with enriched HSF motifs in their promoters peak at 3 

hours. The association of enriched motifs with the expression of their predicted corresponding 

transcription factors, suggests they may play roles in prehaustorium initiation. 

Enrichment of de novo motifs 

 The oligo-diff program from the Regulatory Sequence Analysis Tools group was used to 

identify de novo motifs in the promoters of host responsive genes. These motifs were validated 

as enriched using the AME program from the MEME suite. Motifs with high levels of 

enrichment and non-repetitive sequences were chosen as candidates.  

Selection of representative genes with promoter motifs 

The motifs identified represent a frequency of nucleotides at specific positions. To obtain 

a specific nucleotide sequence for the enriched motif, I identified representative genes with a 

robust expression change in our RNASeq data set as well as those from three other 

Orobanchaceae parasites mentioned above. I also considered the functional annotation in the 

selection of gene representatives.   
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Phylogenetic footprinting 

Phylogenetic footprinting was used to identify conserved promoter sequences between 

parasites and non-parasites. Promoters from genes with known associations with haustoria 

formation in Orobanchaceae parasites, such as QR1 and QR2, and those with robust changes in 

expression across multiple Orobanchaceae were compared for conserved sequences. 

Phylogenetic footprinting was also used to determine if a sequence larger than the enriched 

motifs was conserved among parasites and/or non-parasites.  

For this analysis, I used promoter sequences from three parasites (T. versicolor, P. 

japonicum and S. asiatica) and three closely related non-parasites (M. guttatus, Sesamum 

indicum, and Antirrhinum majus). Promoters from the orthologous genes in these species were 

obtained using BLASTn and the coding sequence from Triphysaria. Promoters were aligned 

using Geneious to identify regions of conservation. The promoter sequence in Triphysaria 

surrounding the location of each motif that was well conserved among the three parasites was 

chosen for evaluation in the fluorescent constructs discussed below. If the use of these promoters 

did not refine the element under 70 bps, then the non-parasitic promoter sequences were 

included.  

Conclusions 

I identified 34 sequences conserved in the promoters of host responsive parasite genes 

(Table S1). I next evaluated how the presence of these motifs affected the spatial and temporal 

expression of a reporter construct under the regulation of a minimal promoter. 
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4. Functional analysis 

pDS-MRC construction 

The pDS-MRC construct is a T-DNA based binary vector constructed using pCAMBIA-

0380 to evaluate the regulatory activity of promoter motifs in transgenic roots, Figure 4, S7. In a 

set of pilot experiments, I evaluated several fluorescent marker proteins for their brightness in 

transformed Triphysaria roots and found the red and green fluorescent proteins tdTomato and 

mClover3 were among the brightest. The plasmid constitutively expresses mClover3 using a 35S 

promoter to select transformed roots and outline cells during imaging. 

The regulatory activities of candidate motifs were reported using the red fluorescent 

protein tdTomato. A minimal 35S promoter was used to assemble the machinery for transcription 

and allow the candidate motif to initiate the process. Motifs were cloned as tandem (with a 10 bp 

spacer) or single copies at a location 60 bps upstream of the TATA box in the 35S minimal 

promoter. The relative spacing of these elements was determined from the best practice outline 

in a review on plant synthetic promoters [29].   

 Additionally, a nuclear localizing signal was used to target tdTomato to the nucleus. 

Sequestering the red fluorescence to the nucleus allowed more ready visualization of which cells 

were expressing the protein as each cell is represented by a single dot of red fluorescence. The 

Omega sequence from Tobacco Mosaic Virus was used to enhance translation of both tdTomato 

and mClover3.  

As a negative control, the level of tdTomato fluorescence was assessed for Triphysaria 

roots transformed with an empty version of pDS-MRC that did not contain a cloned motif. 

Minimal red fluorescence was observed in these roots, Figure S8,9 . 

 

https://paperpile.com/c/7okvy7/FRXjH
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Seven functional motifs 

I cloned each of 34 candidate motifs into the reporter construct and then transformed 

these into Triphysaria roots using Agrobacterium rhizogenes. The level of tdTomato expression 

was assessed before and 24 hours after the induction of haustoria using DMBQ, Table S1. Seven 

motifs facilitated a robust expression of tdTomato across multiple independently transformed 

roots, Table 3. The remaining motifs did not show evidence of enhancing expression. These 

seven motifs were named “Triphysaria Regulatory Elements” or “TRE”.   

Spatial expression in Triphysaria roots  

The TRE motifs fell into two groups based on the localization of tdTomato fluorescence; 

roots containing TRE 1-3 expressed tdTomato predominantly near the root tip while TRE 4-7 

resulted in tdTomato expression in more mature root parts, Figure 5. This pattern in localization 

was mirrored by the pattern of temporal expression for their source genes, Figure S10. The three 

genes containing the tip expressed motifs all peak in transcript levels early in our RNASeq. All 

four of the genes that contained mature root localized motifs (mostly epidermal and root hair), 

peak in transcript level at our last time point, 24 hours. The tissue types of Triphysaria roots 

were identified through propidium iodide staining which outlined the cell files, Figure S11.  

The first two motifs, TRE1 and 2, both regulated expression almost exclusively in the 

columella, Figure 5A-F. TRE1 tends to give a higher expression level in the younger columella 

cells and potentially the meristematic region when compared to TRE2.  

TRE3 led to tdTomato being expressed in the root cap, a layer of ground tissue, and some 

in a vascular associated tissue. In the promoter of a 10-hydroxygeraniol dehydrogenase (10HGO) 

gene in Triphysaria, this motif was copied at least four times. These copies were also conserved 

in Phtheirospermum and Striga promoters. Intriguingly, the coding sequence for this gene was 
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also copied in Triphysaria many times without intron sequences. These intron-less copies of 

10HGO were also found in the parasites Phtheirospermum and Striga but not the non parasites  

Arabidopsis, Mimulus, Antirrhinum, or Tomato. The intron-less gene copies of 10HGO were 

compared between the parasites and suggested some of these copies have occurred independently 

in each parasite as the copies were more similar to those within a parasite and not between 

parasites.  

The motifs TRE4-6 all predominantly facilitate expression in epidermal or hair cells. 

TRE4 is mostly expressed in both mature epidermis and root hairs with some lower expression in 

a vascular associated tissue and young columella cells, Figure 5J-L. The level of tdTomato in the 

vasculature and tips looked to increase when imaged 24 hours after DMBQ exposure.  

The other two epidermal utilized motifs, TRE5 and 6 were both specific to hair cells, 

Figure 5M-R. These motifs enabled expression in both haustorial hairs and typical root hairs. 

The full promoters of the genes these motifs originated from were cloned into the construct pDS-

PRC and show almost identical patterns of root hair specific expression, Supplemental Figure 

S12. The refined motifs for both TRE5 and 6 (just 18 bp), were able to recapitulate the tissue 

specific expression of their full promoter.  

TRE7 was predominantly localized at the sites of lateral roots. This is consistent with 

TRE7 originating from the gene LRP1 (Lateral root primordia 1) which has been shown with a 

full promoter to be highly expressed in developing lateral roots [33,34]. Part of this tissue 

localization is now refined to an element only 36 bp in size. 

 

 

 

https://paperpile.com/c/7okvy7/piQpS+8ecqH
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Spatial expression in non-parasite roots 

I next transformed the TRE reporting constructs into two non-parasitic plants Mimulus 

guttatus and Arabidopsis thaliana. Mimulus is fairly closely related to Triphysaria as both are in 

the same order Lamiales. Arabidopsis is less related and classified as a Rosid while Triphysaria 

and Mimulus are Asterids. These groups represent two distinct branches of the eudicot 

evolutionary tree which are estimated to have shared a common ancestor roughly 128 million 

years ago[35].  

The expression patterns of tdTomato under the influence of TRE motifs in Triphysaria 

was similar in Arabidopsis and Mimulus, except for TRE3 and TRE7 which did not express 

robustly in the non-parasites, Figures 6,7. The motifs TRE1 and 2 directed expression to the root 

tip and the columella as they did in Triphysaria.  In Mimulus, TRE1 was also expressed in the 

lateral root cap and in some cells lining young vascular tissues, Figures 6A-C. In Arabidopsis, 

TRE1 was more localized to younger columella cells, Figure 6 G-I. When transformed with 

TRE2 constructs, both Mimulus and Arabidopsis exhibited expression in the root cap overall, 

which includes both columella and the lateral root cap, Figure 6D-F, J-L. 

The three Triphysaria motifs that directed expression to epidermal and hair tissues, 

TRE4-6, exhibited similar patterns in the non-parasites, Figure 7. For TRE4, both Mimulus and 

Arabidopsis had expression throughout the mature root but at a relatively higher level in the 

epidermis, including root hairs, and vasculature. To a lesser extent expression was observed at 

the outer root tip. The motifs TRE5 and 6 were root hair specific in both non-parasites which is 

consistent with the pattern observed in Triphysaria. 

 

 

https://paperpile.com/c/7okvy7/B1bkh
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DMBQ responsiveness 

 The regulation of expression in response to DMBQ was also assessed for these motifs in 

Triphysaria. Only the TRE4 motif enhanced the expression of tdTomato after 0.5 hours of 

DMBQ treatment, Figure 8. The motifs TRE1-3 were not clearly up-regulated after DMBQ 

treatment.  
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DISCUSSION: 

I discovered seven motifs from the promoters of host exudate responsive genes with 

regulatory activity in the parasitic plant T. versicolor. The spatial regulation of these motifs was 

highly conserved in two non-parasitic plants and likely represent elements used by other eudicots 

as well.   

Triphysaria transcriptome during early haustorium development 

One of the foundations on which my work was based is the RNASeq data set which 

contains the transcriptional response of Triphysaria roots exposed to Arabidopsis root exudates. 

For Orobanchaceae parasitic plants, this recognition results in the triggering of haustorium 

development. For non-parasitic plants, the responses to nearby root exudates can vary widely and 

have significant effects on development [3]. 

Our expression data builds off previous work in collaboration with the PPGP and adds a 

higher level of detail for initiation and prehaustoria development in Triphysaria. The raw, 

assembled, and quantified data are publicly available and will be a valuable resource for those 

investigating parasitic plants and those generally interested in chemical communications between 

plants. 

The RNASeq analysis showed that more genes were up regulated than down regulated. 

Furthermore, these changes mostly occurred immediately after host factor exposure. When I 

analyzed the functional processes enriched in these differentially expressed genes, I also found a 

much higher level of over represented GO terms than under represented. 

The GO terms “geraniol dehydrogenase activity” and “lignin biosynthetic process” were 

enriched in transcripts upregulated early after exudate exposure and downregulated later within 

24 hour. The earliest enriched GO terms include processes responsible for responding to stimuli 

https://paperpile.com/c/7okvy7/y1yvz


41 

 

including signal transduction, transcriptional regulation and hormone mediated activities. For 

instance, calcium is a well known signaling molecule and developmental regulator while the 

phosphorelay signal transduction system has established roles in cytokinin and ethylene 

signaling[36]. Another cytokinin related process enriched at early time points of prehaustorium 

development is “cytokinin dehydrogenase activity”, which is known to degrade cytokinin 

molecules.  

The GO terms related to oxidation-reduction (redox) reactions are enriched in up-

regulated transcripts within an hour of exposure. These include the general terms 

“oxidoreductase activity” and more specific redox related terms such a “iron ion binding” and 

“heme binding”. Shortly after this burst of redox related activities there is an enrichment of 

processes such as “response to hydrogen peroxide”, “response to reactive oxygen species”, 

“unfolded protein binding” and “response to heat”. This immediate and robust response is 

diminished by 12 hours. Another redox responsive term, “antioxidant activity”, increased its 

representation from 3 hours to 24 hours. This suggests we are able to see a progression of related 

activities in response to a burst of redox activity after host recognition.   

Processes related to cell wall modifications, including “cell wall”, “pectin catabolic 

process”, “polysaccharide catabolic process”, and “peroxidase activity”, are enriched from about 

3 to 24 hours. Similarly enriched are terms referring to the outside of the cell including 

“extracellular region” and “cell periphery”. The enrichment of these processes is likely related to 

the rapid increase in cell size during prehaustoria development. 

Lastly, some terms are enriched in down-regulated transcripts. These include “Response 

to karrikin” which decreases by 0.5 hours after host exudate exposure. Terms relating to the cell-

https://paperpile.com/c/7okvy7/aDHoO
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cell connections including “cell-cell junction assembly” and “Casparian strip” are strongly 

enriched in transcripts down-regulated 12 hours after exposure. 

Triphysaria genome 

The above analyses identified Triphysaria transcripts up and down regulated within 24 

hours of exposure to host exudates. A genomic sequence of Triphysaria was needed to identify 

the specific promoter sequences regulating these expression changes. The genome sequence we 

generated for Triphysaria using 10X Chromium libraries and Illumina sequencing was of an 

appropriate quality for our analyses. However, the highly polymorphic structure of Triphysaria 

led to a higher level of fragmentation compared to other published genomes. The incorporation 

of longer sequences through another platform such as Pac-Bio or Oxford Nanopore would likely 

improve the continuity of our genome.  

Motif discovery 

The methods I used for motif discovery and validation utilized both our RNASeq 

expression data and genomic sequence to identify promoter motifs enriched in host responsive 

genes. There are many methods and programs that can analyze our type of data for the goal of 

identifying patterns of expression and enriched sequences but due to a lack of consensus, a 

custom combination of programs and steps was developed to find enriched motifs.  

There was a fair amount of judgement required at certain steps through our methods, for 

instance, choosing the threshold genes are considered co-expressed, how well a motif needs to 

match a genomic site to be present, and what level of conservation is significant during 

phylogenetic footprinting. These decisions leave room to improve our methods as it is often 

unclear what the best parameters are. The more experiment data that could be integrated into the  

identification and refinement of motifs, the more successful it would likely be. A method that 
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models the complex combination of motifs in promoters and interacting regulatory proteins 

could be effective in predicting the combinations and spacing of motifs that may be required for 

the regulation at specific times or locations.  

To lessen the impact of setting strict thresholds, I started the motif discovery methods 

with promoters from genes with varying degrees of expression similarity. The goal was to 

increase the chance of finding a group of promoters with a high enough enrichment signal to rise 

above the noise. These included promoters from genes up-regulated at any time point in our data 

set to those specifically grouped into a single SOM cluster and multiple groups in between. 

I also utilized three routes to identify enriched motifs to not rely too heavily on a single 

set of assumptions and decisions. These included identifying an enrichment of known motifs, de 

novo motifs, and conserved motifs through phylogenetic footprinting. All three routes 

successfully identified motifs with regulatory activity at a roughly similar ratio compared to the 

total number of motifs tested from each route. The number of motifs tested from the known and 

de novo enrichment approaches (5 and 7 motifs respectively) were not large numbers so it is 

difficult to make conclusions on the relative success rate of one technique over another. Each 

route did identify functional motifs however and thus show promise for future use. 

Our methodology mostly identified motifs with tissue specific activity and only one motif 

with a temporal response to DMBQ. It is possible that the identification processes through the 

enrichment approaches and phylogenetic footprinting could be bias for tissue specific motifs due 

to a common characteristic of that type of regulatory element. The vector used to recapitulate the 

motifs activity may not be ideal for this type of element due to the motif location, number of 

repeats, motif spacing, or use of the 35S minimal promoter for instance. It is also possible the 

motifs that regulate expression in response to a stimulus may be more complex and require a 
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combination of motifs to function. Regardless of these possible issues, our methodology was 

effective in identifying motifs with regulatory activity in specific tissues.  

TRE motif responsive to DMBQ 

 The TRE4 motif enhanced the expression level of tdTomato transcripts in response to 

DMBQ. To our knowledge, this is the first promoter motif identified that is responsive to 

DMBQ. The TRE4 motif was identified from the promoter of a peroxidase gene and immediate 

up-regulated expression 0.5 hours after DMBQ treatment. This function and timing of regulation 

suggests it could be involved in the burst of redox related activities that occur at the same time. 

The genomic distribution and conservation in DMBQ response should be further explored to 

determine if this motif is part of a conserved response to neighboring root chemicals or a 

function specific to parasites. This is of particular interest as it has been suggested that 

Arabidopsis can use DMBQ to sense the roots of neighboring plants [6]. 

Tissue specificity of TREs 

Three TRE motifs identified had clear activity at the root tip. The genes they were 

identified from all peaked in transcriptional expression by 1 hour after exudate treatment. 

The sequence for TRE1 came from a homolog of calmodulin-binding protein 25. These proteins 

act as secondary messengers by binding to calcium and interacting with downstream targets to 

perpetuate calcium signal transduction pathways [37]. A calcium binding GO term was enriched 

in our RNASeq and calcium has been shown to be involved in triggering haustorium 

development in the closely related parasite Phtheirospermum [38]. TRE2 was identified from a 

BAG family molecular chaperone regulator gene which has shown to be involved in both abiotic 

and biotic stress responses [39]. The tissue specific expression of both TRE1 and 2 suggests 

these genes are expressed and function in the columella. 

https://paperpile.com/c/7okvy7/QcUw3
https://paperpile.com/c/7okvy7/GFQp
https://paperpile.com/c/7okvy7/fFjul
https://paperpile.com/c/7okvy7/disqN
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TRE3 originated from a 10-hydroxygeraniol dehydrogenase (10HGO) promoter. 

promoter. This gene is a zinc-dependent oxidoreductase involved in the biosynthesis of 10-

oxogeranial which is a crucial step in iridoid biosynthesis [40]. The GO term “geraniol 

dehydrogenase activity” was enriched at 1 hour in up-regulated genes and enriched in down-

regulated genes between 6-24 hours. Oxidoreductases have known roles in haustorium 

development and the expression of this specific type of oxidoreductase seems to be dynamically 

regulated during host recognition and prehaustorium development.  

To summarize the genomic observations for this gene, the de novo motif responsible for 

identifying the TRE3 sequence was copied multiple times and conserved in the promoter of 

10HGO, this gene was copied multiple time in the parasites without its introns, some of this 

copying look to have occurred independently in the parasites and seems to be specific to the 

parasites when compared to a sample of non-parasite genomes.   

The second group of TRE motifs, TRE4-7, all had expression in mature root tissues. The 

genes these motifs originated from all increased in transcriptional expression up to the last time 

point in our data set, suggesting a role in tissues developing later in our data set such as root 

hairs. TRE4 was found from a de novo motif in a lignin-forming anionic peroxidase gene. 

Peroxidases are heme-containing glycoproteins with known roles in removing hydrogen 

peroxide, oxidizing toxic reductants, the metabolism of lignin in cell walls, and have been shown 

to release HIFs from Triphysaria roots [16,41]. TRE4 was the only motif tested to be confirmed 

as DMBQ responsive. The expression of TRE4 was also found to be predominantly localized in 

the epidermis and root hairs. Together, these observations fit with the motif regulating genes in 

response to external chemical stimuli. 

https://paperpile.com/c/7okvy7/3nWdp
https://paperpile.com/c/7okvy7/TH18U+0zzCD
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Both TRE5 and 6 were found to be expressed specifically in root and prehaustorial hairs. 

These motifs were independently identified through phylogenetic footprinting of a pistil-specific 

extensin-like protein (PELP) and a non-classical arabinogalactan protein 30 (AGP30). Both 

genes were chosen for their host induced expression that increased across our RNASeq data set. 

These genes are types of structural glycoproteins that form crosslinked networks with 

components in cell walls and have been found to be important for cell expansion including root 

hair growth [42]. The hair specific expression of both motifs supports the role of these specific 

genes in root hair development. 

The motifs for TRE5 and 6 convergently resembled a conserved root hair specific motif 

known as RHE [43]. TRE5 matched the consensus motif presented for RHE, while TRE6 was 

close but had some clear differences as well. The conserved regulation of TRE6 in Arabidopsis 

and Mimulus root hairs suggests the root hair specific motif RHE should be amended to include 

more sequences to encompass more of the variation present in root hair specific motifs such as 

TRE6. 

TRE7 was identified from the gene Lateral root primordia 1 (LRP1) which was found to 

be highly expressed in early lateral roots and functions in root elongation [33,34]. Our refined 

motif was able to recapitulate some of this tissue specific regulation with the lateral root sites 

clearly showing tdTomato expression in Triphysaria. This was one of the few motifs without 

conserved regulatory activity in the non-parasitic plants which suggests Triphysaria uses a 

slightly different motif to control the location of LRP1 expression. 

 

 

 

https://paperpile.com/c/7okvy7/VDv8l
https://paperpile.com/c/7okvy7/afIh1
https://paperpile.com/c/7okvy7/piQpS+8ecqH
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Transcription factors 

The number of transcription factors from each family that were identified from the 

refined set of Triphysaria coding sequences are shown in Figure S13. A few cases stand out 

where some transcription factor families in Triphysaria look to have amplified when compared 

to Mimulus and Arabidopsis. For instance, the FAR1 family in Triphysaria has more than eight 

times as many copies as Arabidopsis, four fold more than Mimulus, and more copies than 98% of 

the plants present in the Plant Transcription Factor Database [24]. Interestingly, a known FAR1 

site was equally similar to TRE1 as the CAMTA site used to identify it. Thus, a FAR1 

transcription factor may be the regulator of TRE1. Additionally, FAR1 transcription factors did 

not change in expression in our RNASeq. This expansion of FAR1 in Triphysaria could relate to 

a different stage of parasitism than what was studied, not require a change in transcription to 

serve its functional role, or perhaps serve a purpose outside of parasitism as Triphysaria can live 

autotrophically as well. 

The predicted binding sites of known transcription factors were identified in the TRE 

sequences using the PlantTFDB, Figure S14. All seven TRE sequences had at least 1 significant 

match (p-value ≤ 1e-5) with a known transcription factor binding motif. TRE3 contained up to 7 

significant predicted sites. These predictions serve as a starting point for future research on the 

transcription factors that parasitic and non-parasitic plants use to bind the TRE sequences and 

regulate transcriptional expression. 

Translational opportunities of plant responsive motifs 

The root specific patterns of transcription conferred by five different sequence motifs 

were highly conserved in both parasitic and non-parasitic plants. One of these, motif TRE4, was 

specifically upregulated when roots were exposed to the host root factor DMBQ. The ability to 

https://paperpile.com/c/7okvy7/KZlsk
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control where and when a gene is expressed with a minimal motif sequence has clear 

applications in synthetic biology to more readily engineer the expression dynamics of a desired 

gene. My reporting construct could facilitate this goal by replacing the tdTomato gene with a 

candidate gene of choice. Once small regulatory elements are identified, they can be deleted or 

replaced in planta using a CRISPR system. 
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FIGURES:  

Figure 1: Clustering co-expressed transcripts. 

A. Differentially expressed transcripts were clustered into 16 groups using a Self-Organizing 

Map (SOM) based on their expression similarity across the RNASeq data set. The average 

transcript level for each group across the 8 time points is shown as a heat map. The number of 

transcripts in each SOM group is shown to the right. B. Representative images of T. versicolor 

root morphology at each developmental time point in the RNASeq. 
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Figure 3: Heat map of qPCR fold change values for host responsive transcripts from 

multiple hemiparasitic and one non-parasitic member of Orobanchaceae. The transcripts 

were chosen based on their host responsive activity in the Triphysaria RNASeq data and 

functional annotation. Roots from each species were treated with water for 0.5 hours or 

Arabidopsis exudate for 1 hour before collection. The numbers in the heat map represent the fold 

change in transcript level. Grey boxes represent data not obtained due to the common primers not 

working for that specific target. The phylogenetic relationships between these species is shown. 

QR1: Quinone Reductase 1, QR2: Quinone Reductase 2, BAG: BAG family molecular 

chaperone regulator 2, bHLH93: Basic helix-loop-helix protein 93, ERF86: Ethylene-responsive 

Transcription Factor 86. TV: Triphysaria versicolor, TP: Triphysaria pusilla, TE: Triphysaria 

eriantha, CR: Castilleja rubicundula, CE: Castilleja exserta, CD: Castilleja densiflora, CP: 

Cordylanthus pilosus, PJ: Phtheirospermum japonicum, and LP: Lindenbergia philippensis.  
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Figure 4: Motif reporting vector 

pDS-MRC is a T-DNA based plasmid to evaluate the regulatory activity of promoter motifs 

using the red fluorescence protein tdTomato. tdTomato was localized to nuclei to aid in 

identifying cells. The green fluorescent protein mClover3 served as a selectable marker for 

transformation and to outline the cells during imaging. Motifs were cloned as either a single copy 

or tandem duplication (with a 10 bp spacer sequence) into the construct. The sizes of each 

element in the diagram are not to scale. RB: Right border, 35Smin: Minimal CaMV 35S 

promoter, Ω: Omega translational enhancer, NLS: Nuclear localizing signal, tNOS: NOS 

terminator, 35S 3’: CaMV 35S terminator, LB: Left border. 
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Figure 5: Tissue specific expression of TRE motifs in Triphysaria 

Confocal images of T. versicolor roots transformed with pDS-MRC containing the active TRE 

motifs shown in Table 1. Green, red, and green/red overlay images are presented for each root. 

A-C: TRE1, D-F: TRE2, G-I: TRE3, J-L: TRE4, M-O: TRE5, P-R: TRE6, S-U: TRE7. 
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Figure 5 continued: Tissue specific expression of TRE motifs in Triphysaria 

Confocal images of T. versicolor roots transformed with pDS-MRC containing the active TRE 

motifs shown in Table 1. Green, red, and green/red overlay images are presented for each root. 

A-C: TRE1, D-F: TRE2, G-I: TRE3, J-L: TRE4, M-O: TRE5, P-R: TRE6, S-U: TRE7. 
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Figure 6: Root tip expression of TRE1 and 2 in the non-parasitic plants Mimulus guttatus 

and Arabidopsis thaliana. 

Confocal images of roots from the non-parasitic plants Mimulus guttatus (A-F) and Arabidopsis 

thaliana (G-L) transformed with pDS-MRC containing the TRE motifs TRE1 (A-C, G-I) or 

TRE2 (D-F, J-L)  
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Figure 7: Epidermal and hair expression of TRE4, 5, and 6 in Mimulus guttatus and 

Arabidopsis thaliana. 

Confocal images of roots from M. guttatus (A-I) or A. thaliana (J-R). TRE4 (A-C, J-L), TRE5 

(D-F, M-O), TRE6 (G-I, P-R). 



57 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: TRE4 is responsive to DMBQ 

Quantitative PCR (qPCR) of tdTomato transcript levels in transgenic roots bearing pDS-MRC-

TRE4 before and after exposure to 30μM DMBQ for thirty minutes. The relative transcript levels 

were determined using two independent reference genes. The bars represent the average of 2-3 

independently transformed plants. The Empty vector is the full pDS-MRC construct without the 

motif sequences. The error bars represent the standard error for each group of measurements. 

The means for TRE4 are significantly different between DMBQ treatments (p-value = 0.045), 

while the means for the Empty construct were not significantly different between treatments (p-

value = 0.436).  
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TABLES: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: RNASeq dataset and the Triphysaria transcriptome 

Twenty four RNASeq reactions were run on RNA samples collected from Triphysaria roots 

harvested at eight timepoints after exposure to Arabidopsis root exudate. We identified 1619 

differentially expressed (DE) genes at a threshold of a ≥ 2-fold change with an adjusted p-value 

≤ 0.01. Transcripts were functionally annotated using Blast2GO and the NCBI nr database. 
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Table 2: Triphysaria versicolor genome 

10X chromium sequencing was used on high molecular weight DNA isolated from a single 

Triphysaria plant. N50: the shortest contig length at which half the genome is contained on equal 

to or larger contigs. L50: the smallest number of contigs that contain half of the genome, 

BUSCO: Benchmarking Universal Single-Copy Orthologs. The BUSCO score reflects the 

presence of single copy genes identified. 
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Table 3: Motifs with regulatory activity in Triphysaria 

Seven motifs with clear regulatory activity in Triphysaria roots are listed with details about the 

gene whose promoter yielded the motif, how the motif was identified, the size of the motif and 

the expression patterns observed. TRE: Triphysaria Regulatory Element. 
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SUPPLEMENTAL: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: Validation of transcript quantification using RNASeq and qPCR. The relative 

transcript levels for three host-responsive genes are shown from the RNASeq data set and qPCR. 

The relative transcript levels for each gene were obtained by dividing the absolute transcript 

level for each sample by the total of all absolute transcript levels for that gene. 
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Figure S2: Principal component analysis of RNASeq samples. The variance between the 

RNASeq expression values for all 24 samples (8 time points and 3 replicates each) were 

estimated and graphed using DESeq2.  

 

 

  



63 

 

Figure S3: Relative expression profiles for all transcripts in each self-organizing map (SOM) 

created group. The SOM placed all differentially expressed transcripts into one of 16 different 

groups based on the similarity of their expression profiles across our eight time points. 



64 

 

Figure S3 continued: Relative expression profiles for all transcripts in each self-organizing map 

(SOM) created group. The SOM placed all differentially expressed transcripts into one of 16 

different groups based on the similarity of their expression profiles across our eight time points. 
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Figure S4: Hemiparasitic Orobanchaceae collections in California. A. Map showing the seed 

collection sites across California from different genera of hemiparasitic Orobanchaceae. The 

images shown to the right were taken at the collection sites. B. Details for the voucher specimens 

submitted to the University of California Davis herbarium for each of the species listed.  
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Figure S5: Genes with expression changes across multiple parasitic Orobanchaceae whose 

promoters were used in phylogenetic footprinting to identify conserved motifs. The chart shows 

the frequency at which orthologs for each of the listed genes were also up-regulated in other 

Orobanchaceae parasite data sets. The Phtheirospermum japonicum (Pj) microarray data was 

provided by Satoko Yoshida while the Striga hermonthica (StHe) and Orobanche aegyptiaca 

(OrAe) expression data was provided by the Parasitic Plant Genome Project.   
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Figure S6: Absolute and relative expression profiles of differentially expressed transcripts from 

each transcription factor (TF) family. TFs were annotated using the Plant Transcription Factor 

Database v5 and graphed if they had at least a 2-fold change in expression. 
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Figure S6 continued: Absolute and relative expression profiles of differentially expressed 

transcripts from each transcription factor (TF) family. TFs were annotated using the Plant 

Transcription Factor Database v5 and graphed if they had at least a 2-fold change in expression 

in our data set. 
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Figure S7: Diagram of the motif reporting construct pMRC. The circular image of pMRC was 

generated through the program Geneious and represent the exact location and size of each 

element. The linear diagram is easier to read but the elements are not proportional in size.  RB: 

Right border, LB: Left border, 35Smin: Minimal 35S promoter, Ω: TMV Omega, NLS: Nuclear 

localization signal, tNOS: NOS terminator, CaMV 35S: Full 35S promoter, and 35S 3’: 35S 

terminator.  
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Figure S8: Confocal images of root tips transformed with pDS-MRC-Empty. 

Confocal images of T. versicolor roots transformed with pDS-MRC-Empty which did not 

contain a motif. Green, red, and green/red overlay images are presented for each root. Three 

independently transformed roots are shown. A-C: Root1, D-F: Root2, G-I: Root3.  
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Figure S9: Confocal images of haustoria on roots transformed with pDS-MRC-Empty. 

Confocal images of T. versicolor roots transformed with pDS-MRC-Empty which did not 

contain a motif. Green, red, and green/red overlay images are presented for each root. Three 

independently transformed roots are shown. A-C: Root1, D-F: Root2, G-I: Root3.  
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Figure S10: The relative expression patterns of the seven genes whose promoters yielded the 

TRE motifs. This shows the temporal expression patterns for each gene are associated with the 

spatial expression of their promoter motifs.  The transcript levels were obtained from the 

RNASeq data set.  
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Figure S11: Confocal images of wild type Triphysaria roots stained with propidium iodide (PI). 

Four independent roots of Triphysaria were stained with 10 μg/ml PI in H2O. 
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Figure S12: Confocal images of Triphysaria roots transformed with full promoters for PELP 

and AGP30. Green, red, and green/red overlay images are presented for each root. A-I: pDS-

PRC-PELP, J-L: pDS-PRC-AGP30. 
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Figure S13: The number of transcription factor genes belonging to each family from the 

genomes of Arabidopsis thaliana (AT), Mimulus guttatus (MG), Triphysaria versicolor (TV), 

and Striga asiatica (SA). Genes were annotated as transcription factors from specific families 

using the Plant Transcription Factor Database (PlantTFDB4.0). 
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Figure S14: Predicted transcription factor binding sites in TRE sequences. A: TRE1, B: TRE5, 

C: TRE6, D: TRE3, E: TRE4, F: TRE7, G: TRE2. Potential sites were predicted using the 

“Binding Site Prediction” tool from the PlantTFDB4.0 with a p-value ≤ 1e-5. 
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Supplemental Methods 1: 

High Molecular Weight Genomic DNA Isolation – 

Optimized for Triphysaria versicolor 

 

Reagents: 

-        DNA extraction buffer: 100 mM Tris (pH 8), 20 mM EDTA (pH 8), 2% CTAB, 

         1 M NaCl 

-        RNase A (10 mg/ml stock) 

-        Phenol:Chloroform:Isoamyl Alcohol (25:24:1) 

-        Chloroform:Isoamyl Alcohol (24:1) 

-        100% ethanol 

-        70% ethanol 

-        EB or TE 

Notes: 

-        Use wide-bore tips for all pipetting steps. 

-        Take care to mix gently at all times. 

-        Centrifuge at 20 C. 

  

1. Ground ~100 mg of liquid nitrogen frozen tissue for 1 minute with 2 steel balls in a rounded 

bottom 2 ml microcentrifuge tube using a paint shaker. Keep everything frozen throughout this 

process with a chilled microcentrifuge tube block. 

2. Preheat 1 ml of extraction buffer and add 10 ul RNase A (10 mg/ml stock). 

3. Add 1 ml preheated extraction buffer to 2 ml tube, gently mix and get all powder into the 

liquid. Incubate at 65°C for 10 minutes. Mix tubes a few times during incubation period by 

gentle inverting. Remove the steel balls during this stage as well. 

4. Spin the tube at 13k g for 30 seconds. 

5. Carefully remove the aqueous layer without disturbing the Pellet. Place into a clean 2 mL 

microcentrifuge tube. 

6. Add 1 mL of Phenol:Chloroform:Isoamyl Alcohol (25:24:1) to the aqueous layer. 

7. Invert the tube gently 25 times to mix. 

8. Spin the tube at 13k g for 10 minutes. 

9. Carefully remove the aqueous layer, do not disturb the interface. Place into a clean 2 mL 

microcentrifuge tube.  

10.  Add an equal volume of Chloroform:Isoamyl Alcohol (24:1) to the aqueous layer. 

11.  Invert tube gently 25 times to mix. 

12.  Spin the tube at 13k g for 10 minutes. 

13.  Carefully remove the aqueous layer, do not disturb the interface. Place into a clean 2 mL 

microcentrifuge tube. 

14.  Add 0.3X volume of ethanol (100%) to the aqueous layer. This high-salt, low-ethanol 

mixture precipitates the excess polysaccharides while gDNA remains in the solution. 
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15.  Invert tube gently 20 times to mix. 

16.  Spin tube at 13k g for 15 minutes. 

17.  Carefully remove the supernatant without disturbing the polysaccharide pellet. Place 

supernatant into a clean 2 mL microcentrifuge tube.  

18.  Add 1.7X volume of ethanol (100%) to the supernatant. The gDNA can be seen as a white 

stringy precipitate forming at the interface. 

19.  Spool with hooked pastuer pipette by mixing interface until the layers combine. gDNA 

should be a visible precipitate around the hook. Invert tube with unspooled gDNA multiple times 

to finish the mixing. 

Note: I recover the leftover unspooled gDNA for other future purposes but if HMW gDNA is all 

you are interested in then you can only proceed forward in the next steps with the spooled 

gDNA.    

20.  Dunk hook into a tube with 1 ml 70% ethanol a few times and let sit for 10 minutes. 

21.  Rinse hook with 1 ml 70% ethanol. 

22.  Dunk hook into a new tube with 1 ml 70% ethanol a few times and let sit for 10 minutes. 

23.  Rinse hook into new tube with 70% ethanol and wash/scrape spooled DNA off hook. 

Spooled DNA: 

24.  Spin tube with spooled DNA at 2.5k g for 1 minute. 

25.  Pour off supernatant and save in a clean tube. 

26.  Add 1 mL of 70% ethanol and let sit for 5 minutes. 

27.  Spin the tube at 2.5k g for 2.5 minutes. 

28.  Pour off supernatant and save in a clean tube.    

29.  Add 1 mL of 70% ethanol. 

30.  Spin the tube at 13k g for 3 minutes. Proceed forward at step 38. 

Left-over gDNA (recover is desired for other purposes): 

31.  Spin tube with leftover unspooled at 13k g for 5 minute. 

32.  Pour off supernatant and save in a clean tube. 

33.  Add 1 mL of 70% ethanol. 

34.  Spin the tube at 13k g for 2.5 minutes. 

35.  Pour off supernatant and save in a clean tube. 

36.  Add 1 mL of 70% ethanol. 

37.  Spin the tube at 13k g for 2.5 minutes. 

Continue for all gDNA: 

38.  Carefully remove the supernatant; do not disturb the pellet. Save supernatant in a clean tube. 

Quick spin to gather the residual ethanol at the bottom of the tube and carefully remove with a 

pipette tip. 

39.  Let pellet air dry for 5 min at room temperature, taking care not to over dry. 

40.  Resuspend the gDNA pellets in 50 µL EB. Incubate at 4ºC for at least a few hours or 

overnight to resuspend. Store at 4ºC for use within one week, or store at -80ºC for long-term 

storage.  
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CHAPTER 3:  

NATURAL VARIATION IN THE TVQR1 PROMOTER: TRANSCRIPTIONAL 

REGULATION, MITES, AND HAUSTORIUM DEVELOPMENT 

 

ABSTRACT: 

Biochemical and functional studies have shown the TvQR1 gene from Triphysaria 

versicolor encodes an enzyme that catalyzes the reduction of DMBQ to the semiquinone form 

that activates the haustorium development pathway. In Triphysaria, TvQR1 is transcriptionally 

up-regulated immediately upon exposure to host root exudates or purified DMBQ. In contrast, 

the endogenous QR1 genes in Arabidopsis and Mimulus were not upregulated in response to 

DMBQ. The regulation of TvQR1 was recapitulated using a 652 bp promoter sequence and 

visualized in transgenic roots with a red fluorescent protein. When the TvQR1 promoter reporter 

was transformed into roots of the non-parasites, the fluorescent reporter was upregulated 

following DMBQ exposure but the endogenous genes were not. Together, this suggests 

Triphysaria has co-opted the function of TvQR1 for host response and haustorium formation 

through the use of conserved cis-elements.   
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INTRODUCTION: 

 Many of the genes associated with parasitism are present in other non-parasitic plants [1–

5]. Non-parasitic plants do not regulate at least some of these genes the same way in response to 

host exudates [6]. This implies that parasitic plants have co-opted autotrophic plant genes by 

changing their regulation during the evolution of haustorium development. The co-option of 

genes and pathways for new functions is thought to be the major source for establishing new 

traits during evolution[7]. To date, little is known for how parasitic plants regulate their haustoria 

associated genes or how new expression patterns may have been co-opted for parasitic functions 

through changes in cis-regulatory sequences. 

The gene Quinone Reductase 1 (TvQR1) is one of the earliest genes involved in 

haustorium initiation in Triphysaria versicolor [1]. TvQR1 is an NADPH-dependent 

oxidoreductase that reduces quinones by a single-electron to create free radical semiquinones. 

TvQR1 was discovered from cDNAs isolated from T. versicolor roots treated with DMBQ and is 

likely a single copy gene [6]. TvQR1 is thought to trigger haustorium formation through a 

signaling mechanism initiated by redox cycling of host derived phenolic compounds, such as 

2,6-dimethoxybenzoquinone (DMBQ), between quinone and hydroquinone states. The 

transcriptional expression of TvQR1 is up-regulated as early as 30 minutes after exposure with 

DMBQ or host root exudates. This change in TvQR1 expression does not require the translation 

of new proteins meaning it is a primary response gene to the presence of nearby hosts[1].  

Triphysaria versicolor is a highly polymorphic, obligate outcrossing plant. When the 

transcript sequence of TvQR1 was compared between Triphysaria versicolor plants, it was 

shown to contain a higher level of variability than another gene necessary for haustorium 

development, Pirin [8]. Our lab has also observed variation in the size and sequence content of 
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the promoter region for TvQR1. This variation creates the opportunity for new expression 

patterns or functions to arise. 

A common source of genomic variation with implications for gene expression and 

genome evolution are transposable elements. Miniature inverted-repeat transposable elements 

(MITEs) are a group with high copy number and enrichment near genes[9,10]. MITEs are 

widespread in plant and animal genomes and can account for up to 8-10% of the total genome in 

plants[11,12]. MITEs are small (usually < 800 bp) deletion derivatives of autonomous DNA 

transposons and lack their own transposase [13,14]. MITEs retain common features of 

autonomous DNA transposons including terminal inverted-repeats (TIR) flanked by a target site 

duplication (TSD). Because MITEs lack a transposase and origin of replication, their 

transposition requires a transposase derived from an autonomous element[15].  

The polymorphisms induced by the insertion or excision of MITEs have been shown to 

affect the expression of nearby genes in a variety of ways. Typically, the insertion of a MITE 

near a gene lowers its expression and is often attributed to an interruption of a sequence at the 

insertion site or the introduction of new regulatory sequences within the MITE itself [16–18]. 

The change in distance between promoter sequences and the gene they regulate caused by the 

MITE insertion could also affect the expression of nearby genes by disrupting the interactions of 

regulatory proteins. MITEs can also trigger the silencing of genes through the generation of 

sRNAs [17,19]. These sRNAs can travel to other sites and cause the silencing of sequences 

similar to the insertion site [20]. The genetic and epigenetic changes induced by MITEs are 

thought to play an important role in establishing new patterns of gene regulation and genome 

evolution overall [17,19,21].  
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METHODS: 

Plant material:  

 Methods regarding the seeds and plants for Triphysaria versicolor, Mimulus guttatus, and 

Arabidopsis thaliana were performed as described in Chapter 2.  

Genotyping TvQR1 promoter:  

 Triphysaria seedlings were grown on square plates as described in chapter 2. To 

genotype the TvQR1 promoter alleles of individual seedlings, a piece of leaf was taken from 

each plant and placed it in a 2 mL tube with multiple silica beads. The samples were then placed 

in a liquid nitrogen cooled plastic block and ground for 1 minute using a paint shaker. A DNA 

extraction buffer (100mM Tris (pH8), 20 mM EDTA (pH8), 2% CTAB, 1M NaCl, 1% 2-

Mercaptoethanol) was then added to the ground leaf sample and vortexed. This solution was 

used immediately for the PCR with 0.25 ul being added to each reaction. The high-fidelity DNA 

polymerase Q5 (NEB #M0491) was used for the PCR with an annealing temperature of 66°C 

and an extension time of 2:30. Completed PCRs were run on a 1% agarose gel (w/v) and 

evaluated by size. Primers at the 5’ end of the promoter and within the coding sequence of 

TvQR1 exon 3 were used to genotype the promoter alleles. A clear size difference allowed for a 

clear differentiation between most alleles. Two of the most common alleles were cloned, 

sequenced, and names TvQR1-P1 and TvQR1-P2. There were some additional and less frequent 

TvQR1 alleles that were near the size of the TvQR1-P2. To confirm the presence of the TvQR1-

P2 allele, the PCR was repeated with a forward primer in the MITE sequence. A total of 855 

Triphysaria plants were genotyped for the TvQR1 promoter. Plants genotyped as either P1/- or 

P2/- means the P1 and P2 were the only observed alleles on the genotyping agarose gel for those 
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plants. The P1/- genotype can then represent P1/P1 or P1/other null allele(not detected in the 

PCR).  

Comparing promoter sequences: 

 The promoter fragments obtained through PCR were sequenced, aligned and compared in 

Geneious to determine their level of similarity. A dot-plot was used to study the structure of the 

promoter sequences and facilitated the discovery of the MITE in TvQR1-P2 by identifying its 

inverted repeat sequences.  

Expression vectors:  

 The promoter reporting construct pDS-PRC is almost identical to the pDS-MRC 

construct from Chapter 2 except the motif expression cassette (between the unique restriction 

sites BspEI and XbaI) was replaced with the TvQR1-P1 promoter. For this study, the promoter 

was defined as the 652 bp sequence beginning after the start codon of TvQR1 and ending at the 

coding sequence of the next gene upstream, a PPR gene. To clone the TvQR1 promoter into 

pDS-PRC, the vector was linearized using the enzymes BspEI and XbaI. The TvQR1 promoter 

was amplified using PCR with primers that added part of the vector insertion site to the ends of 

the product. Gibson assembly (NEB #E2611) was then used to clone the TvQR1 promoter PCR 

with the linearized pDS-PRC.  

 The artificial promoter fragments were created using overlapping PCR. First the sequence 

content of the MITE from TvQR1-P2 was randomized and synthesized to create the scrambled 

version of the MITE. The specific scrambled sequence was chosen for having few predicted 

transcription factor binding sites (PlantTFBD4.0) and minimal secondary structure (RNAFold 

server - ViennaRNA Web Services). Each individual piece of the artificial promoter construct 

was PCR amplified using printers that added part of the planned adjoining fragment to its ends. 
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These products with overlapping DNA sequences were added to a new PCR with primers 

flanking the entire planned region. These flanking primers also added pieces of the vector 

insertion site mentioned above to facilitate a Gibson assembly of the completed promoter into the 

pDS-PRC vector.  

Plant transformation:  

As described in Chapter 2. 

Fluorescent microscopy:   

 Confocal microscopy was used to assess the location and relative level of fluorescence in 

transgenic Triphysaria roots before and after DMBQ treatment. When referring to transgenic 

root images, the expression of tdTomato was estimated based on the qualitative visual level of 

red fluorescence. The remaining procedures and details are as described in Chapter 2. 

Image processing and analyses:  

 As described in Chapter 2. 

RNA isolation and cDNA synthesis: 

As described in Chapter 2. 

Quantitative PCR (qPCR):  

 Primers for endogenous versions of QR1 for Arabidopsis and Mimulus were designed 

using the closest orthologous sequence identified using NCBI blastn. Four sets of potential 

reference gene primers were obtained from previous works for both non-parasites. All primers 

were evaluated as gene specific and efficient using the same methods as Chapter 2. Two sets of 

reference gene primers were chosen for each plant: ACT2 and PDF2 for Arabidopsis and EF1A 

and GAP for Mimulus. The geometric mean of these two genes was used to normalize the data 

and correct for different amounts of cDNA.  
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The DMBQ induced change in TvQR1 transcript levels were evaluated in ten Triphysaria 

plants for each genotype. Three to twelve root tips were collected from each plant before and 1 

hour after DMBQ exposure. The remaining qPCR procedures were performed as described in 

Chapter 2.  

Prehaustoria induction and evaluation: 

Prehaustoria were induced in Triphysaria the same as described in Chapter 2 except that 

wild type and transgenic seedlings were treated with 10 and 30 uM DMBQ respectively. Wild-

type plants were treated with a lower level of DMBQ to better evaluate the differences between 

plants while the transformed plants received a higher dose to maximize the expression of our 

transgenic constructs. Prehaustoria were evaluated 24 hours after exposure to DMBQ using a 

dissecting microscope. The formation of prehausoria was judged based on the presence of 

localized hair proliferation and swelling just behind the tip of the root. If a root was lacking any 

additional hair development or swelling it was said to have not formed a prehaustoria. The 

proportion of roots forming haustoria was determined by the ratio of roots on a single plant that 

formed prehaustoria compared to the total number of root tips. The proportion of prehaustoria 

formation was calculated by inducing 5-40 roots per Triphysaria plant (16 root tips on average) 

with DMBQ.  

Graphs:  

All figures were generated using Microsoft Excel, PowerPoint or in R using the package 

ggplot2 [22]. In the box plots, the boxes represent the upper and lower quartiles, the whiskers 

represent the minimum and maximum data points (excluding outliers), and the midline in the box 

is the median.  
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Statistical analysis:  

 To determine if groups were significantly different, two types of tests were performed 

depending on the number of groups. When evaluating the difference between just two groups, a 

two-tailed Welch’s t-test was performed. A significant difference was obtained if the resulting p-

value ≤ 0.05. If more than two groups were compared, then our data was fit to a linear model 

using the lm() function in R. An analysis of variance (ANOVA) was then performed on our 

model using aov(). A Tukey HSD test was performed on this ANOVA using a confidence level 

of 95% to determine if groups were significantly different. Groups determined to be significantly 

different using this method were indicated with different letters above each group.  

Genomic MITE characterization: 

The location of MITEs in the Triphysaria genome (discussed in Chapter 2) were 

annotated using the program MITE-Hunter [23]. Additional repetitive sequences were predicted 

de novo using RepeateModeler [24]. The repetitive sequences were compared with a BLAST 

database of plant proteins and the sequences with significant hits, along with 50bp flanking 

sequences, were excluded. 

The locations of MITEs similar to the TvQR1-P2 MITE were selected and refined based 

on having an SW score  > 1500. The window function of the program BEDtools was used to 

identify genes with TvQR1-P2 like MITEs within 500, 1000, 2000, 5000, or 10000 base pairs 

upstream from their start codon [25]. The mean expression level for genes with MITEs at each of 

these distances were obtained from the RNASeq data set in Chapter 2. The values graphed in 

Figure 9 represent the mean of the mean expression levels for each group of genes. The 95% 

confidence interval for each group of means was determined using the summarySE function in 

R.  

https://paperpile.com/c/xnGWpN/1DhYT
https://paperpile.com/c/xnGWpN/kPvnX
https://paperpile.com/c/xnGWpN/OhaK5


91 

 

RESULTS: 

Transcriptional response of TvQR1 to host exudate 

The expression profile of TvQR1 across prehaustorium development in Triphysaria can 

be seen in Figure 1A. The transcript level of TvQR1 immediately increases after exposure to 

Arabidopsis root exudate, peaks at 1 hour, and returns to a basal level of expression by 6 hours 

before any noticeable morphological changes occur. This expression profile matches previously 

shown expression changes in TvQR1 induced with DMBQ in Triphysaria as determined by 

qPCR [1].  

The fold change in QR1 transcript levels before and 1 hour after exposure to Arabidopsis 

root exudate were determined using qPCR in nine species of Orobanchaceae, Chapter 2 Figure 3. 

Only Triphysaria versicolor exhibited a robust upregulation of QR1 in response to host exudate. 

Notably, the other two parasites in the genus Triphysaria had just a small change in QR1 

expression which suggests the strong response of TvQR1 to HIFs is fairly unique to T. 

versicolor.  

 

TvQR1 promoter alleles 

For this study, the promoter region was defined as the region immediately upstream of 

the TvQR1 start codon until the coding sequence of the next upstream gene, a pentapeptide 

repeat protein (TvPPR). Multiple alleles for the TvQR1 promoter region with clear size 

differences were identified from our single population of Triphysaria versicolor seeds. These 

alleles were identified using primers in the coding sequences of the TvQR1 and TvPPR genes 

flanking this promoter region. These primers reliably amplified 1-2 promoter alleles from most 

Triphysaria plants.  

https://paperpile.com/c/xnGWpN/b4ji8
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Two of the most frequent promoter alleles were cloned, sequenced, and named TvQR1-

P1 and TvQR1-P2 (Figure 2). When the sequences were analyzed for repeated regions using a 

dot plot, a set of inverted repeats was discovered in TvQR1-P2 not found in TvQR1-P1. Upon 

further analysis, the size, target site duplication, and inverted repeat sequences matched those of 

a Stowaway-like MITE. A 290 bp region at the beginning of the promoter is starkly more 

conserved than the rest of the sequence which showed very little similarity. In the TvQR1-P2, 

the MITE occurs roughly in the middle of this conserved region, 152 bps upstream of the coding 

sequence.  

 In terms of allele frequencies, 51.2% of the 855 genotyped Triphysaria plants had at 

least one of these two alleles. Of this group, 41.5% contained only the P1 allele, 5.4% contained 

P2 and 4.3% contained both P1 and P2. The other 48.8% of plants contained either a different 

TvQR1 promoter allele (23.6%) or were lacking a promoter PCR product entirely (25.2%). 

These additional alleles were not characterized in this study. 

 

Spatial regulation of TvQR1-P1 in Triphysaria versicolor 

Given the established role of TvQR1 in haustorium development, I investigated the 

spatio-temporal regulation of the most common promoter allele TvQR1-P1 in response to the 

host derived molecule DMBQ. This 652 bp promoter sequence was used to drive the expression 

of the red fluorescent protein tdTomato to visually report the transcriptional regulation of the 

TvQR1-P1, Figure 3A.  

Before DMBQ exposure, tdTomato was predominantly localized to the columella, lateral 

root cap, epidermis, and center of the root in mature regions, Figure 3B1-6. This central 

expression is likely either endodermis, pericycle, or a vascular associated tissue. 
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In the DMBQ induced prehaustoria, tdTomato was mostly present in the epidermis, 

including the haustorial hairs, Figure 3B7-9. The prehaustorium was younger tissue than the 

mature root section which is why the center of the prehaustorium does not show tdTomato 

expression.  

To get a better sense for the temporal change in tdTomato levels regulated by TvQR1-P1, 

dissecting microscope images were taken every hour after DMBQ exposure to create time lapse 

images of prehaustorium development, Figure S1. Here the expression of tdTomato is seen 

almost exclusively in the root tip, before DMBQ treatment (0 hrs). At 6 hrs post DMBQ 

treatment, the region where the prehaustorium is forming starts to visibly show tdTomoto 

expression. Soon after, expression in the epidermis begins to visibly increase as well. The levels 

of tdTomato continually increases across this 24 hr window with particularly high levels at the 

tip, prehaustorium, and epidermis overall.  

This delay in observable fluorescence after the increase in transcript level seen in Figure 

1 is expected given the time it takes for translation or other intermediate processes to occur. Due 

to this delay, qPCR is a more effective means at assessing the temporal characteristics of 

transcriptional regulation than the change in visual fluorescence.  

 

Temporal and spatial regulation of TvQR1-P1 in Arabidopsis thaliana and Mimulus 

guttatus. 

TvQR1 is upregulated in Triphysaria roots after exposure to host root exudates leading to 

the formation of haustoria. I wanted to determine whether QR1 orthologs in plants that do not 

form haustoria are similarly upregulated by host root exudates. I first evaluated transcriptional 

regulation of the QR1 genes endogenous to two autotrophic plants Mimulus guttatus and 
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Arabidopsis thaliana. Mimulus and Triphysaria are relatively closely related with both being in 

the order Lamiales. Arabidopsis is less related and is estimated to have shared a common 

ancestor with Triphysaria than Mimulus roughly 128 million years ago[26].   

The transcript levels for the QR1 gene endogenous to each species was evaluated using 

qPCR. Figure 4A shows the fold change in transcript levels after 1 hour of DMBQ exposure. 

There is a rapid upregulation in the number of TvQR1 transcripts in Triphysaria. However, there 

was no change in the number of AtQR1 or MgQR1 transcripts after DMBQ exposure. This 

shows the endogenous gene in Triphysaria is regulated differently than the endogenous genes in 

Arabidopsis or Mimulus, Figure 4A.  

I similarly measured the levels of tdTomato transcripts in Arabidopsis or Mimulus roots 

transgenic for the TvQR1-P1 reporter, Figure 4B. The tdTomato transcript driven by the TvQR1-

P1 were upregulated after DMBQ exposure while the endogenous AtQR1 and MgQR1 genes 

were not, Figure 4B.  

The spatial regulation of TvQR1-P1 in Triphysaria was remarkably similar when 

transformed into Mimulus and Arabidopsis, Figure 5. In all three species, the TvQR1-P1 was 

strongly active in the columella, mature epidermis including root hairs, and the center of the root. 

To a lesser extent, TvQR1-P1 was also active in young epidermis and the lateral root cap of 

Arabidopsis. The clearest difference between the autotrophic plants was the strong level of 

TvQR1-P1 expression in the lateral root cap of Mimulus, Figure 5H.  

 

Transcriptional expression of TvQR1 in plants genotyped for the promoter 

Quantitative PCR (qPCR) was performed on genotyped root tips before and one hour 

after exposure to DMBQ, Figure 6. Before DMBQ treatment, the transcript level of TvQR1 was 

https://paperpile.com/c/xnGWpN/WEwrW
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low for all genotyped Triphysaria roots. After DMBQ treatment, the transcript level of TvQR1 

was significantly higher only in roots with the P1/- genotype. Roots with either the P1/P2 or P2/- 

genotypes did not significantly up regulate TvQR1 in response to DMBQ.  

 

Haustoria formation of TvQR1 genotyped plants 

The proportion of Triphysaria roots that form haustoria in response to DMBQ was 

assessed with plants genotyped for the P1 and P2 alleles. Triphysaria with either the P1/P2 or 

P2/- genotypes formed significantly less haustoria 24 hours after DMBQ treatment, Figure 7.  

 

Artificial promoter constructs 

To determine the possible influence of the MITE insertion on DMBQ induced expression 

of TvQR1, I created artificial promoter constructs with different types of MITEs and insertion 

locations. These insertions test whether the MITE’s effect on expression could be caused by 

three distinct types of promoter changes: the introduction of sequences within the MITE, the 

direct interruption of a sequence at the insertion site, or the increase in distance between 

promoter sequences caused by the insertion. When a change results in a reduced DMBQ 

responsiveness, then it could be responsible for the lower expression from the TvQR1-P2 allele.  

The first construct (PRC-1) represents the uninterrupted TvQR1-P1 allele which is 

DMBQ responsive. The second construct (PRC-2) imitated the TvQR1-P2 allele and has the 

MITE inserted into a similar location, Figure 8A. This construct represented all three types of 

promoter changes and its DMBQ responsiveness was diminished, Figure 8B. The third construct 

(PRC-3) has a scrambled version of the MITE in the same location as PRC-2 to remove the 

potential effect of a MITE specific sequence. This construct was also reduced in DMBQ 
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upregulation. The fourth construct (PRC-4) has the intact TvQR1-P1 with the MITE sequence 

shifting the promoter upstream from tdTomato. This construct removes the effect of interrupting 

a promoter sequence but still had a reduced DMBQ response. The last construct (PRC-5) shifted 

the intact TvQR1-P1 promoter upstream using a scrambled MITE sequence. Similar to the other 

artificial promoter constructs, PRC-5 also had a diminished DMBQ response. 

The constructs PRC2-5 exhibited a lower overall expression level and reduced 

upregulation in response to DMBQ. The only shared promoter change for all four of these 

constructs was an increase in distance between promoter sequences and the coding sequence. 

This suggests the change in spacing between promoter sequences is sufficient to interrupt the 

typical DMBQ induced regulatory activity of TvQR1-P1. This does not rule out the possibility of 

the other two types of changes also having effects, but that their effect was not large enough to 

see through the influence of the change in distance between sequences.  

 

Genome characterization of the TvQR1-P2 like MITEs 

To determine if the expression effect associated with the MITE in TvQR1-P2 is a trend 

with other genes as well, we annotated the locations of all MITE sequences in our genome. A 

total of 665748 potential MITEs were identified with an average size of 645.8 bp, Figure 9A. 

The total sites these MITEs occupied, accounted for up to 6.28% of the Triphysaria genome. Of 

the total sites, 383 belonged to the TvQR1-P2 like MITE. 

The expression levels of genes with the TvQR1-P2 like MITE in their promoter were 

summarized to estimate if this MITE has an overall effect on transcriptional expression. The 

average transcript level of genes containing the TvQR1-P2 like MITE within 1000 bps of the 

start codon and the level from all genes in our RNASeq data set are shown in Figure 9B. A lower 
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level of transcriptional expression was observed for genes with the TvQR1-P2 like MITE in their 

promoter. 
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DISCUSSION: 

 In this study, I characterized the spatio-temporal regulation of the TvQR1 promoter 

before and after prehaustorium induction in Triphysaria. The high level of TvQR1-P1 activity at 

the epidermis and root tip fits with the predicted role of TvQR1 in modifying host derived 

compounds encountered by the parasite roots. The relatively high expression in the root cap and 

early epidermal cells could result from these cell types originating from the same initial cells  

[27]. The expression of TvQR1-P1 in the prehaustorium region also supports the established role 

in haustorium development for Triphysaria.   

The DMBQ responsiveness and spatial regulation controlled by the TvQR1-P1 is 

remarkably conserved between all three plants tested. This defined a relatively small region (652 

bps) that contains conserved cis-elements that regulate the above activites. The two non-

parasites, Arabidopsis and Mimulus, represent two major branches of the eudicot phylogenetic 

tree, Rosids and Asterids respectively. The conservation in DMBQ response and spatial 

regulation across evolutionary time, suggests these elements may be utilized by other eudicots as 

well.  

The use of DMBQ in neighboring root recognition has been supported for Arabidopsis in 

addition to parasitic plants [28]. The likely receptor for DMBQ has been identified in 

Arabidopsis as well [29]. Upon treatment with DMBQ, Arabidopsis roots exhibit a spike in Ca2+ 

and ROS followed by an arrest of further growth [28,29]. Our work identifies a region of cis-

regulatory elements used by Arabidopsis and Mimulus to repond to DMBQ. The conserved 

spatial regulation at the epidermis and root tip for all three plants, fits with a potential role that 

these cis-elements regulate genes that respond to neighboring root derived compounds and that 

may participate in the regulation of root development.  

https://paperpile.com/c/xnGWpN/q5YpS
https://paperpile.com/c/xnGWpN/9fBvk
https://paperpile.com/c/xnGWpN/NnTfk
https://paperpile.com/c/xnGWpN/9fBvk+NnTfk
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The lack of DMBQ response for orthologous QR1 genes in Arabidopsis and Mimulus 

suggests these non-parasites do not use the same cis-elements to regulate QR1 as Triphysaria. In 

addition, when the response of QR1 to host exudate was measured in other hemiparasitic plants, 

it was found that Triphysaria versicolor was unique in its up-regulation of QR1, even among 

other species of Triphysaria, (see Chapter 2 Figure 1). In another hemiparasitic member of 

Orobanchaceae, a different quinone reductase gene (QR2) was found to be involved in 

haustorium development [5]. Together, these observations suggest the expression of QR1 in 

Triphysaria versicolor has been co-opted for haustorium development through the use of 

conserved cis-elements.  

Through our experiments, we also showed how natural variation between TvQR1 

promoter alleles can impact a parasite's ability to respond to a host derived compound. The allele 

TvQR1-P2 was associated with a dominant suppression of TvQR1’s host induced up-regulation 

and a reduced ability for Triphysaria to form haustoria in response to DMBQ.  

The TvQR1 promoter alleles identified through this study are most likely from the same 

loci as only one or two alleles were present for each plant and only one TvQR1 locus was 

discovered through a 10X genomic sequencing of Triphysaria from Chapter 1. Plants that only 

amplified a single allele by PCR were genotyped as either P1/- or P2/-. This was because these 

plants could be either homozygous (e.g. P1/P1) or heterozygous for a null allele missed by the 

PCR (e.g. P1/null allele). The presence of null alleles is supported by the fact that roughly a 

quarter of Triphysaria seedlings did not have a promoter amplified while a positive control gene, 

TUB1, confirmed the presence of amplifiable DNA. Null alleles are a known issue when 

genotyping wild populations [31-33]. 

https://paperpile.com/c/xnGWpN/MZ5tP
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The association of lower transcriptional expression and reduced haustorium formation 

observed with the TvQR1-P2 allele is consistent with TvQR1 participating in haustorium 

development for Triphysaria. The TvQR1-P2 allele being present in 19% of Triphysaria 

seedlings may be surprising if its negative effect on haustoria formation also occurs in a natural 

context. It is possible the effect of TvQR1-P2 on haustorium formation is stronger when grown 

in our controlled conditions and induced with a single host-derived compound. It is also possible 

the TvQR1-P2 allele has some positive selection in nature that maintains its presence even with a 

potential fitness cost. Annual plants have to contend with different conditions from year to year. 

Annual parasitic plants have the additional challenge of dealing with variable host populations 

between years. The variation observed in the TvQR1 alleles could be beneficial in specific 

contexts. These possibilities would need to be tested in a natural setting, ideally over multiple 

years to capture any fitness advantage conferred by annual differences in conditions such as host 

composition, drought, fire, pathogen pressure, or others. 

One aspect of variation between the TvQR1 promoter alleles was a MITE which was 

found in the conserved region between these alleles. It was expected that the expression of this 

allele could be affected by this variation. It was not expected however, that the MITE associated 

reduction in expression was dominant and affected the other TvQR1 allele as well. MITE 

sequences are frequently targeted with sRNAs that can silence expression either post-

transcriptionally through the cleavage of mRNA or transcriptionally through the recruitment of 

epigenetic remodeling machinery. The dsRNA structure the TvQR1 MITE is predicted to form 

once transcribed could result in the generation of sRNAs, Figure S3. The dominant effect on 

expression could be explained if the insertion of the MITE triggered the production of sRNAs 

that targeted the surrounding TvQR1 sequences. These sRNAs could then travel to the other 
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allele and trigger its silencing. This phenomenon has been observed but not explored deeply[20]. 

Our results suggest that MITEs may have additional effects on gene expression than what has 

been previously established which warrants further research.  

The lower level of TvQR1 expression from the P2 allele could result from a variety of 

promoter changes created by the MITE insertion including the introduction of a sequence with 

regulatory activity, the direct interruption of a promoter sequence, or the increased distance 

between promoter sequences caused by the insertion. By creating artificial promoters with 

different combinations of these types of changes, our experiments show the change in the 

distance between promoter sequences resulting from the insertion can interrupt the DMBQ 

responsiveness of the promoter. This does not rule out the possibility of the MITE bringing in 

new transcription factor motifs with regulatory activity or the silencing of a MITE specific 

sequence, but that the change in distance between promoter elements was sufficient to reduce 

expression. 

The identification of MITE sequences in the Triphysaria genome yielded a similar 

overall proportion to other plant genomes [11,12]. This large scale annotation of MITE locations 

allowed us to identify trends in their effect on transcriptional expression. Overall, genes with a 

TvQR1-P2 like MITE in the first 1000 bps of the promoter, had lower transcriptional expression 

than Triphysaria genes on average. This trend fits with our specific observation for the TvQR1 

promoter and previous findings on MITE induced expression changes[17,18].  

Our experiments show that genotypic variation created in the TvQR1 promoter by a 

MITE insertion may have resulted in a phenotypic change in expression and haustorium 

formation. Due to the prevalence, location bias, and action of MITEs potentially interrupting or 

creating new regulatory elements, it is thought they likely play a major role in gene and genome 

https://paperpile.com/c/xnGWpN/kXQ5m
https://paperpile.com/c/xnGWpN/RYE0Y+8R6LS
https://paperpile.com/c/xnGWpN/McUMM+IUSMl
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evolution. The exploration of transposable elements as drivers of genomic change in parasitic 

plants warrants further research.  

Through this work, I identified a 652 bp promoter region containing conserved cis-

elements that regulate spatial expression and response to DMBQ in multiple eudicots. The 

function of these cis-elements may be involved in the recognition and response of roots to those  

of neighboring plants. Triphysaria may have used these elements to co-opt the QR1 gene for use 

in haustoria formation. Further research is warranted to identify the specific cis-element 

controlling this response, as it may yield insights into the ecology of plant-plant interactions and 

how parasitic plants have co-opted this communication for haustorium development during the 

evolution of parasitism. These refined elements may also be useful in engineering the expression 

of plant genes for synthetic biology.  
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FIGURES: 

 

A. 

 
 

 

 

Figure 1: TvQR1 transcript levels after treatment with Arabidopsis root exudate.  

A. Transcript levels were determined by the RNASeq experiment described in Chapter 1. The 

error bars represent the standard error of three replicates for each time point. Representative 

images of Triphysaria versicolor root tips are shown beneath each developmental time point.   
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Figure 2: Diagram of two TvQR1 promoter alleles showing key features. 

The TvQR1-P1 and TvQR1-P2 promoter alleles are shown with key features annotated. The 

location of region boundaries relative to the TvQR1 start codon are shown on either side of each 

promoter. The darker shaded region at the beginning of each promoter shows the region of high 

conservation between the sequences. The MITE is located within this conserved promoter 

region. The diagonal striped regions represent those with little similarity between the promoters. 

A pentapeptide repeat protein (PPR) gene is immediately upstream of TvQR1.  
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A. 

B.  

Figure 3: Fluorescent reporting system for promoter sequences. A. The promoter reporting 

construct pDS-PRC was used to characterize the regulatory activity of candidate promoter 

sequences (e.g. TvQR1-P1) in transgenic roots (Ω: TMV Omega, NLS: Nuclear Localizing 

Signal). B. Confocal images showing the spatial regulation of the TvQR1-P1 in T. versicolor 

root tips before DMBQ exposure(1-3), a mature root section before DMBQ exposure(4-6), and a 

prehaustorium 24 hours after DMBQ treatment(7-9). Red is TvQR1::tdTomato and green is the 

constitutively expressed 35S::mClover3 used to outline cells for imaging.  
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Figure 4: The DMBQ responsiveness of TvQR1-P1 in Triphysaria, Arabidopsis, and 

Mimulus. The pDS-PRC construct from Figure 2A was transformed into Triphysaria versicolor 

(Tv), Mimulus guttatus (Mg) and Arabidopsis thaliana (At). The transcript levels before and 1 

hour after DMBQ exposure were determined by qPCR for the endogenous versions of QR1 from 

each species (A) and tdTomato (B). The log2 of the fold change between these time points is 

shown on the y-axis. The bars represent the mean of 3 independently transformed plants with the 

error bars showing the standard error. An * represents if the log2(fold change) values were 

significantly different than a mean of 0 using a Welch’s t-test (p-value ≤ 0.05).  
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Figure 5: TvQR1-P1 fluorescent reporting construct transformed in the non-parasitic 

plants Arabidopsis thaliana and Mimulus guttatus. The pDS-PRC construct shown in Figure 

2A, containing the Triphysaria TvQR1 promoter driving the expression of tdTomato, was 

transformed into Arabidopsis thaliana (A-F) and Mimulus guttatus (G-L). Panels A-C and G-H 

are root tips, while D-F and J-L are mature root sections.  
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Figure 6: Endogenous TvQR1 transcript levels of genotyped Triphysaria plants before and 

after DMBQ treatment.  Box plots of quantitative PCR (qPCR) data showing the relative 

transcript level of TvQR1 before and after DMBQ treatment in Triphysaria plants genotyped as 

TvQR1-P1 (P1/-),  TvQR1-P2 (P2/-), or heterozygous for both promoter alleles (P1/P2). For 

each genotype, ten plants were evaluated. The letters above each box represent statistically 

significant groups using a TukeyHSD test with a confidence level of 95%.   
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Figure 7: Frequency of haustoria formation for genotyped Triphysaria roots.  

The frequency of haustoria formation per plant was calculated by the ratio of roots that formed 

haustoria to the total number of root tips present. Box plots show the distribution of these 

frequencies for Triphysaria plants genotyped as TvQR1-P1 (P1/-),  TvQR1-P2 (P2/-), or 

heterozygous for both promoter alleles (P1/P2). The number of plants evaluated for each 

genotype is as follows: (P1/-)=60, (P1/P2)=24, (P2/-)=32. The letters above each box represent 

statistically significant groups using a TukeyHSD test with a confidence level of 95%.  
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A. 

 

 

 

 

 

 

 

 

 

B. 

Figure 8: Artificial promoter constructs testing different effects of a MITE insertion on 

transcription expression. A. Diagram of five artificial promoter constructs used to test different 

types of MITE induced changes to a promoter sequence. MITE and scrambled MITE (Scram) 

sequences were inserted either within or before the TvQR1-P1. B. qPCR data showing the 

average tdTomato transcript level for 2-5 independently transformed roots per construct before 

and after DMBQ treatment. The transcript level of tdTomato is relative to two reference genes, 

PTB and PAB2. The error bars show the standard error of the qPCR data. The letters above each 

box represent statistically significant groups using a TukeyHSD test with a confidence level of 

95%. 
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B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Genome wide effect of TvQR1-P2 like MITEs on transcriptional expression.  

A. Characteristics of all MITE and the TvQR1-P2 like MITE annotated in the Triphysaria 

genome. B. The x-axis shows two groups of transcripts: those with a TvQR1-P2 like MITE in 

their promoter (n = 76) and all of the transcripts from our RNASeq (n = 23378). The promoter 

was defined as 1000 bps upstream of the start codon. The y-axis represents the transcript level 

from our RNASeq. The transcript levels for individual genes was determined by the sum of 

expression across all 24 samples of our RNASeq data set described in Chapter 1. The bars 

represent the mean of each transcript group. The error bars show the 95% confidence intervals 

for the means of each group of transcripts. Using a Welch’s t-test, the means are significantly 

different with a p-value of 0.002. 
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SUPPLEMENTAL: 

Figure S1: Time lapse images of pDS-PRC-TvQR1-P1 expression during prehaustorium 

development in Triphysaria. Prehaustoria were induced using 30 μM DMBQ. One image was 

taken every hour.  
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Figure S1 continued. 
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Figure S2: Alignment of TvQR1-P1 and TvQR1-P2 promoter alleles. 

The TvQR1 promoter alleles were aligned using the MUSCLE algorithm with default parameters 

followed by a shaded visualization using Boxshade. 

 
TvQR1-P1         1 CGGATGGTACGGTGTAAAAGGGAGGTCATTGCTGGTGGCCGGGGGCGGTCAGTGGGCTAG 

TvQR1-P2         1 CGGATGGTACGGTGTAAAAGGGAGGCCATTGCTGGTGGCCGAGGGCGGTGAGAGGGCTAG 

 

TvQR1-P         61 TGGTCGGGGTTTGTTGGTTAACGTTTTGGTTGACTTGGTGGGCTNTTGATGTGGGCCGAC 

TvQR1-P2       61 TGGTCGGTTTTTGTTGGTTAACGTTTTGGTTGACTTGGTGGGCTTTTAATGTGGGCCGAC 

 

TvQR1-P1     121 AGTTTGGTGATACAGTGAGTTGGGTTGGGCCAAATA------------------------ 

TvQR1-P2     121 ATTTTGGTGATGAGGTGAACTGGGATGTGTTTGATATAATAAGGTCAACTCTATTCATAT 

 

TvQR1-P1     157 ------------------------------------------------------------ 

TvQR1-P2     181 TCATAAGTTATCTACATATATACCCGGAAAAATGTTAAAATATGAAATAACTTTTATACT 

 

TvQR1-P1     157 ------------------------------------------------------------ 

TvQR1-P2     241 ATTTATTAGATTGTTGACACATTTGCTTAAAAAATCACATATAAAACTTCTCGATATGTT 

 

TvQR1-P1     157 ------------------------------------------------------------ 

TvQR1-P2     301 TCCGAAAATAATCGGATTGGAATCGGAATAAATTATAAAAACTCCGGAAATTCCGATTTT 

 

TvQR1-P1     157 ------------------------------------------------------------ 

TvQR1-P2     361 CGATCCGATTTTATTTCCGATTTTTATAACTATTTTTTAATTTTTATATATATAATATAG 

 

TvQR1-P1     157 ------------------------------------------------------------ 

TvQR1-P2     421 ATTTAATAAATATAAAGGTTGGAATTAGATCGAAAATTCCGATTAGATATATTCCGAAAT 

 

TvQR1-P1    157 ---------------------------------------------                                                             GTTAGAAGACGGGAC 

TvQR1-P2    481 TGAAAGGCGTATCTGAAATCCAAAATTCCGATTTCTGATTTTCCCGTAAAAAATCGGATC 

 

TvQR1-P1    172 GGGAT------------------------------------------------------- 

TvQR1-P2    541 GGAATCGGAAACGTGTATAATAATTCCGAAAAAAAACAGAAATTTTCAAAAGGCCTCAAT 

 

TvQR1-P1    177 -----------------------------                                      GCCCACAATCTCAAGTA-------------- 

TvQR1-P2    601 TTCGATCGGATCTGATCCGTCCGATTTCCACCCCTAACCACGAGTGACCAAACACATAAA 

 

TvQR1-P1    194 ------------------------------------------------------------ 

TvQR1-P2    661 AGAGCGTTACACATAGAGATGCTTTATGCTTTATGCGTTCGGCCTGTAAATCTTTTTCCC 

 

TvQR1-P1    194 -------------------------------                                       GTAGAAA---------------------- 

TvQR1-P2    721 AAAAATGTTTGTAATAAATTTGATTCCTTGTGTAGAAAGTTTTGGTGGGGTGTTAATAAC 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2    781 AATGGGAACTCCCTAATGCTGAAAAACTGGAATGCAATTTGCACTCCCAAGAACTTAGGA 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2    841 GGGCTTGGATTGAAAAGAATGTTTGATTTGAACATTGCTCTCCTTTTCAGATTGGTCTAG 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2    901 ACTATGACAAACAATCCAAAACTCTTTGTGGGTTACTCTGCTTAATGCTAAGTACCTTAG 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2    961 AGGTAAAGCTTTCTTAAATAATGATCTTAAATCCACTAACAGTTCTTGGATTTGGAAAAG 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2  1021 CATAAGTTTTTGCAGGGATTTGATAAAAAGGGGTGCCTTGTACCCTGTCTCTTGCAACTC 
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TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2  1081 CATTGTGGCAATCTGGATTGGCCCATGGATTCCCTCCTTACCAGGTTTTACCCCCTCAAT 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2  1141 TTCTCCTAGCAATCCAAATAATCTGTCTTTGAGCCTTATCAGGGATCTCATTGACCAAAG 

 

TvQR1-P1    201 ------------------------------------------------------------ 

TvQR1-P2  1201 GAGCAATTCTTGGAAATAGGAAACTCTCAACTCTACTTTCTCCCCTGAAGTGGTGTCTGA 

 

TvQR1-P1    201 ------       TAAAATCAGAATTTCACATAAAAAT----------------------------- 

TvQR1-P2  1261 GATTCTTAAAATCAAAATCTCCTGTGAAAATAAGCCAAAAACTCTTTGTTTGAGCCCTTC 

 

TvQR1-P1    226 ------------------------------------------------------------ 

TvQR1-P2  1321 CAAGGCAGGAAAGTTTTCCTCCAAAAGTGCTTATTTTCTTGATCAGTCTGTCAGATTTGA 

 

TvQR1-P1    226 ------------------------------------------------------------ 

TvQR1-P2  1381 TTATAGATCTTCTTTACATTTTTTTGACTGGAAAAGCTTGTGGTGCTCTAGAATTCATAA 

 

TvQR1-P1    226 ------------------------------------------------------------ 

TvQR1-P2  1441 CACGCATAAACATCTTTTATGGCGCATCATCAATAATATTATGCCTTGCAAAGTCAAACT 

 

TvQR1-P1    226 ---    CAATGAATTTTAAAT------------------------------------------ 

TvQR1-P2  1501 TAGCAATATATTTTTGATCAATGATACTTTTTGTCATATCTGTAACTCTGCTGATGAAAG 

 

TvQR1-P1    241 ----------------------------------------                                                      ATTTG---------           AAAATG 

TvQR1-P2  1561 CATTGAGCATTTATTCATGAACTGCCCTGTGGTTCAACAAATCTGGTTCTCCTCAAATTG 

 

TvQR1-P1    252 TCA----------------------------------------------                                                             AAATTGATT-- 

TvQR1-P2  1621 GCACTTTAACATCTCTTTGTTTTGTAATTTAAGCATTATCCAGTGGATTAAACTGATTTT 

 

TvQR1-P1    264 --------------------------------------------------                                                                    TTTTTAGTGT 

TvQR1-P2  1681 GGATTCAACTAACCTGGTAATTGCTCCTCATAATAAACTTGAGTTCCTTGTTTTTAATGT 

 

TvQR1-P1    274 TA----------------------------------------------------                                                                       AGTTTT 

TvQR1-P2  1741 GACCTTGTTTGACTTCATCTGGCAGTATAGAAACTCCCTGGCTCATGGTGGTAGACCTCT 

 

TvQR1-P1    282 TTCTGTATATAT------------------------------------------------ 

TvQR1-P2  1801 CTCTGTGCATATCATGGTCAGGAAAATCACTGCTATTGCTCAGAGCCATTGGTGGTCCAT 

 

TvQR1-P1   294 ------------------------------------------------------------ 

TvQR1-P2  1861 TGTTAAGAACACTCAATCCAGACATCCAGCCAACCACACTTGGATTCCACCTCAAAATGG 

 

TvQR1-P1    294 ------------------------------------------------------------ 

TvQR1-P2  1921 TTGGCTCAAAATCAACATGGATGCTACCTTTTCTTTGGATGCCTCTCACTCGGGTGTCAT 

 

TvQR1-P1    294 ------------------                         ATTTATC-----------------------                                TAACTATTTT-- 

TvQR1-P2  1981 TATCAGGAACTGTAATGGATCTATCCTCAAAACTGCTGCTCATGCTCACAACTGCCTTGA 

 

TvQR1-P1    311 ----------              ACCGA--------------------------------------------- 

TvQR1-P2  2041 TGCCTCTACAACTGAATGCTTGGCTATTCTTGATGGATGCAAGCTGCTCTGCAATCTCAA 

 

TvQR1-P1    316 ----------              GTCATGCATAAGTCAAGTT--------------                 TATTAC----------- 

TvQR1-P2  2101 AATAAAAAATGTTGTGCTTGAGTCTGATTGCCTGTCTGCTATCTCTTACATTAATGGCAA 

 

TvQR1-P1    341 ----------------------                               GGAAACC---   TTAACAATTAGAGAAGA----------- 

TvQR1-P2  2161 TACCACCAACTGCAACTGGACTGCAAATCTTGTTATTGATCAGATAAGAAAGCTATGGAA 

 

TvQR1-P1    365 ------------------------------------------------------------ 

TvQR1-P2  2221 CTGTTGGCCCTCTTGGATCTTCAAGTTCACACCAAGACAAGCTAACAGAGTTGTCCACAA 

 

TvQR1-P1    365 ---------------                    AAAAAAATCC------------               AGTATTTTCA------------- 

TvQR1-P2  2281 TCTTGCTCACTGGGCAAAAAAACTCTTGTTTTGATGGAATAATTTCAAATGATGTAATTC 
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TvQR1-P1    385 ------------               TTCGTGA----------------------------------------- 

TvQR1-P2  2341 CCATTTCTGTTTTTTGTGATGTTGGTTTCCCTCTTGTTGACATTTTTTAACCTTATTAAT 

 

TvQR1-P1    392 --------------------------------------------                                                            CGTCACTGCATACACT 

TvQR1-P2  2401 ATATTCTAATTATCAAAAAAAAAATCTTCGTTGGCTTCGTCAGTCGTCACGGCATACACT 

 

TvQR1-P1    408 TTGTTCCGGTCACTGCTTAC-  ATATAATTCCATCATTGAACCAAGTTTTAAAAACTT--- 

TvQR1-P2  2461 TTGTTTCGGTCACGGCATACGACATGATTTTATCGTTAAAAACAATTTCAATAACTTTTG 

 

TvQR1-P1    464 -----------              TTATATGCACACAAATCCACTCACATGTTAAA---     CAATTCTTCTTTCT 

TvQR1-P2  2521 TGTTTGATTAGTTATATGCACACAAATCCACTCACATGTCAAGAGCCAATAATTCTTTCC 

 

TvQR1-P1    510 CAAGAAA----      ATTCTCAAA---------------------------------------- 

TvQR1-P2  2581 CAAGAAACACGCTTCTCAAATACTACCTCCGTTTCATATTAAGTGTCCACTTAGCACTTT 

 

TvQR1-P1    526 ------------------------------------------------------------ 

TvQR1-P2  2641 TTTTTCGTTTCAAATTAAGTGTCCACTTAGGAATCCAAGACAAAAAGTATTTTGCTTTTC 

 

TvQR1-P1   526 ------------------------------------------------------------ 

TvQR1-P2  2701 TTAATATTACCCCTAATCATTACTTCCTTTACTTGTATTTACATTATTTTATTATTTATG 

 

TvQR1-P1    526 ------         GTCAAAAT---------------------------------------------- 

TvQR1-P2  2761 CATAGGGGTAAAATTGAGTTTTCACAACTAAAAGTAGACTAATCATTTGATTTCTTAATG 

 

TvQR1-P1    534 --------------------------------------------------                                                                       AATAATAAAA 

TvQR1-P2  2821 GGCGTAAAATTGTGTAAGTGGACACTTAATATGAAACGGAGGTAGTATAAAATTATAAAA 

 

TvQR1-P1    544 GTAATCAATGCGCAC- AATACCGTTTAGACAATTATTATTAATTTATTATGCGACAAT-G 

TvQR1-P2  2881 ATAATCAACGTGAACAAATACTGTTTAAACAAGTATTATTAATTTATTGTGCGCCACCAA 

 

TvQR1-P1    602 TCTATAAATTCTGGACTCCATTTTCAAGCTTCTCAAGCCTTTTACATAATAAAAAAAAAT 

TvQR1-P2  2941 TCTATAAATTCTGGACTCCATTTTCAAGCTTCTCAATCCTTTT-T  ACAAAATAAAAAAAT 

 

TvQR1-P1    662 CGCTGAAATTTAATTTGAATATGGCCGGAAAGCTTATGCGTGCGGTTCAGTACGACGGTT 

TvQR1-P2  3000 CGCTGAAATTTAATTTGAATATGGCCGGAAAGCTTATGCGTGCGGTTCAGTACGACGGTT 

 

TvQR1-P1    722 ATGGCGGTGGAGCTGCTGGTTTGAAG 

TvQR1-P2  3060 ATAGCGGTGGAGCTGCTGGTTTGAAG 
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Figure S3: Model of potential secondary structure formed by the transcribed TvQR1 promoter 

MITE. The RNAFold Server from the ViennaRNA Web Services was used with default settings 

to predict the secondary folding structure the TvQR1 promoter MITE could form if transcribed. 

The scale bar represents the base-pair probabilities.  
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CHAPTER 4: 

HOST INDUCED GENE SILENCING TARGETING LIPID BIOSYNTHESIS IN THE 

PARASITIC WEED PHELIPANCHE AEGYPTIACA 

 

ABSTRACT:  

Root parasitic weeds are among the most internationally devastating crop pests. This 

chapter investigates using Host Induced Gene Silencing (HIGS) as a control strategy against 

parasitic weeds. We have evaluated the effectiveness of RNAi mediated silencing on the growth 

and development of the parasite Phelipanche aegyptiaca on tomato (Solanum lycopersicum). 

Hairpin RNA (hpRNA) constructs were transformed into tomato that targeted four P. aegyptiaca 

genes critical for lipid biosynthesis. Roots of both transgenic and non-transgenic host plants were 

then challenged with P. aegyptiaca and the success of parasitism was evaluated at different 

stages of development. While there was no reduction in the number of P. aegyptiaca plants 

attached to transgenic tomato roots, there was a decrease in their weights relative to non-

transgenic tomato infections, particularly at early and late stages of parasite development. The 

transcript levels of all four genes were reduced to varying degrees in different tissues, most 

notably with a higher transcript reduction in tissue more distal to the host connection. In no case 

were P. aegyptiaca transcripts reduced more than 50%. The lack of effective resistance to P. 

aegyptiaca may result from an insufficient level of transcript silencing. Alternatively, more 

complicated dynamics may be at play involving dual RNAi systems associated with both the host 

and pathogens being plants. 
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INTRODUCTION: 

Parasitic plants in the family Orobanchaceae are major agricultural pests, with species in 

the genera Phelipanche, Orobanche, and Striga being among the most damaging. Striga alone is 

estimated to cause one billion US dollars in crop losses annually [1]. Egyptian Broomrape 

(Phelipanche aegyptiaca) causes severe damage to a wide range of economically important crops 

in the families Solanaceae, Fabaceae, Brassicaceae, Cucurbitaceae, Apiaceae and Asteraceae [2]. 

P. aegyptiaca is particularly limiting in processing tomato production [3]. Currently there are 

few methods to control these parasites with those available often being costly and resource 

intensive [4].  

The intimate association between hosts and parasites make them particularly difficult to 

control [5]. In addition, parasitic plants produce copious amounts of tiny, long-lived seeds that 

lie dormant in the soil until the exudate of a host root triggers germination. The emerging radicle 

of the parasite then attaches to the host root via a structure known as a haustorium, which 

subsequently penetrates the host root and establishes a vascular connection to obtain the vast 

majority of its nutrients [6]. The exchange of materials through this graft-like junction allows the 

parasite to feed, but also enables the transfer of host-produced molecules that can selectively 

harm the connected parasite [7]. In recent years, the prospect of genetically engineering an 

RNAi-mediated defense response in host plants that could be transmitted through the haustorium 

has been proposed [8–12]. 

RNA interference (RNAi) is a eukaryotic system used for silencing endogenous gene 

expression and that of intimately interacting organisms. This process begins with the creation of 

double stranded RNA that is recognized by Dicer-like enzymes and cleaved into 21-24 nt small 

interfering RNA (siRNA). These small RNAs then act as guides for the Argonaute proteins to 
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silence matching target genes. This silencing can occur at post-transcriptional, translational, or 

epigenetic stages of expression depending on the size of the siRNA and the specific proteins in 

which it associates [13]. This process has important roles in fighting viral infections and is used 

by both eukaryotic hosts and pathogens to manipulate one another [13]. In the parasitic plant 

Cuscuta campestris, microRNAs (miRNAs), a type of siRNA, are transferred to the host 

Arabidopsis and increase its susceptibility to the parasite [14].  

RNAi can also be utilized for host resistance with a process known as Host Induced Gene 

Silencing (HIGS). HIGS is accomplished by engineering a host to produce RNAi silencing 

molecules. When the pathogen begins to acquire host resources, the silencing molecules travel to 

the pathogen and reduce the expression of targeted genes. This method has successfully enabled 

resistance to viruses, bacteria, nematodes, fungi, oomycetes, and insects through the selective 

silencing of parasite transcripts using host produced siRNAs [15]. This technique has been 

explored in parasitic plants but has yet to yield a high level of resistance, Table 1. 

Early studies using the non-weedy parasite Triphysaria versicolor showed that RNA 

silencing molecules can move bi-dirctionally across the haustorial bridge from host to parasite 

and reduce targeted transcripts [8]. Later work with the agriculturally damaging parasites 

Cuscuta pentagona and Phelipanche aegyptiaca have shown some success in suppressing 

parasite attack but not to a level meaningful for agriculture [10–12,17]. These attempts have 

largely overlapping methods in targeting parasite metabolic genes and generating siRNA by 

expressing hpRNA or TRV sequences driven by constitutive promoters.  

The 35S promoter was used in all constitutive examples except for Striga where another 

viral constitutive promoter, CMPS, was used [16]. The HIGS targeting Cuscuta was the only 

example that used a tissue specific promoter from AtSUC2, expressed in the phloem [17]. In 
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most cases, the siRNA was generated using short hairpin RNAs (hpRNAs) expressed in stably 

transformed hosts. In two examples, Agro-infiltration was used to transiently express a TRV 

sequence joined with parasite sequence to produce parasite specific siRNAs [11,12,17]. Both 

transformation systems and siRNA production methods yielded similar levels of parasite 

transcript silencing which in some cases lead to a degree of host resistance.  

The genes targeted for silencing in all parasites except Cuscuta pentagona are enzymatic 

genes important for normal metabolism. In C. pentagona, two KNOX1 transcription factors were 

targeted to better understand the molecular mechanisms involved in haustorium development and 

host interactions. Unsurprisingly, when haustorium development was interrupted there was a 

reduction in parasite vigor that conferred a low level of host resistance [17]. 

In this study, we targeted four parasite genes with crucial roles in lipid biosynthesis to 

generate host resistance. Lipids are major structural and functional molecules in living organisms 

that form the foundation for cell membranes, energy storage, and many other diverse roles [18]. 

Reducing the expression of lipid metabolic genes can be lethal to Arabidopsis and even parasitic 

plants [9,19]. To enable crop resistance to P. aegyptiaca, we choose to silence four parasite 

genes (ACC1, LCB1, ATS2, and MCMT) that exhibit lethal phenotypes when reduced in 

Arabidopsis embryos [19–23] and Medicago truncatula roots. Further information on the 

functions of these lipid biosynthesis genes can be found in Table S1. Our results silencing these 

four genes in P. aegyptiaca highlight the complexity involved in trans-specific silencing.  
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MATERIALS AND METHODS 

RNAi target genes 

P. aegyptiaca transcript sequences that are orthologous to the RNAi targets were 

identified from PPGP transcriptomic data using the Arabidopsis mRNA sequence (ACC1: 

NM_103313.4, LCB1: NM_119811.3, ATS2: NM_119204.4, MCMT: NM_128573.4) and 

tBLASTx in the program Geneious (version R8)[25]. The Medicago truncatula RNAi target 

orthologs were identified by Pradeepa CG Bandaranayake using the Arabidopsis mRNA 

sequence and NCBI BLAST. For both P. aegyptiaca and M. truncatula, transcripts with the 

lowest e-value were selected as the most likely orthologs of the Arabidopsis genes. 

RNAi Vector Construction 

To evaluate the necessity of candidate genes for root development, roughly 500 base 

pairs of M. truncatula transcripts were cloned into the vector pHellsGate8-YFP in an inverted 

repeat conformation using a Gateway cloning strategy by Pradeepa CG Bandaranayake[24,40]. 

To create the P. aegyptiaca silencing construct, I assembled four roughly 200 bp P. aegyptiaca 

transcript sequences into one fragment using overlapping PCR. During the first reaction, primers 

add sequences to each of the four fragments which overlap the fragment planned to be adjacent. 

These four products flanked with overlapping sequences ran in a PCR for 20 cycles to build the 

single 4X fragment. At which point, two primers flanking the entire 4X fragment were added 

that built Gateway cloning sites attB1 and attB2 onto the fragment ends, and ran for an additional 

15 cycles. This 4X fragment was then cloned into the destination vector pHellsGate8-YFP in an 

inverted repeat conformation using Gateway cloning, Figure S5. The sequences for all primers 

used in this study can be found in Table S2. 
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Plant Transformation 

The Medicago truncatula silencing vectors were transformed into M. truncatula roots 

using Agrobacterium rhizogenes strain MSU440 according to a previous method by Pradeepa 

CG Bandaranayake[9]. The P. aegyptiaca silencing vectors were transformed into the tomato 

line T5 (Solanum lycopersicum) using Agrobacterium tumefaciens strain EHA105 at the UC 

Davis Transformation Facility. For each independently transformed T0 tomato line, I self-

pollinated and grew out progeny to the T2 generation. To identify progeny for each independent 

transformant that were homozygous for the transgene, I selected those T2 progeny that all 

expressed YFP. Three lines with the highest YFP expression were selected for further analyses. 

Polyethylene Bag Assay 

Due to restrictions on working with P. aegyptiaca in California, the parasite was grown 

by the lab of Jim Westwood at Virginia Polytechnic Institute and State University. RNA samples 

along with data on parasite numbers and weight, and host weight were generated by the 

Westwood lab and sent to the Yoder lab for further investigation. 

 P. aegyptiaca seeds were surface-disinfested in 70 % ethanol for 40 seconds followed by 

immersion in a solution of 1% sodium hypochlorite with two drops of Silwet for 4 minutes. 

Seeds were rinsed in 0.01 M HCl solution for 4 minutes, then rinsed in sterile distilled water 4 

times for 4 minutes each rinse, and finally air-dried in a laminar flow hood for 6 hr. The cleaned 

seeds were conditioned by spreading them evenly on sterile glass-microfiber sheets that had been 

moistened with sterile distilled water, in Petri dishes that were then held in the dark at 23 C for 7 

d. The seeds were stimulated to germinate by blotting them to remove excess moisture, then 

adding filter-sterilized racemic GR24 (2 mg/L; courtesy B. Zwanenburg). After 24 h, the seeds 

were ready to use for inoculation. Tomato seeds were sown in potting media and grown in a 
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growth chamber for two weeks. Tomato seedlings were then carefully removed from their pots 

and roots were rinsed in tap water until free of medium. The cleaned seedlings were transferred 

to polyethylene bags containing moist glass-microfiber sheets and laid flat under high humidity 

to recover. The next day, the bags were suspended in a box to hang vertically and were covered 

to keep roots dark, while tomato shoots were exposed to light. Bags were kept wet initially by 

the addition of 10 ml of 1/8 x Hoagland solution, followed by adding 1/4 x Hoagland solution 

each day as needed to replenish liquid. After 10 d of growing under short day conditions at 25 C, 

tomato plants were ready for inoculation. The P. aegyptiaca seeds described above were 

transferred to the tomato roots using a fine brush and working under a dissecting microscope. 

Plants were watered by adding 1/4 x Hoagland solution each day as needed. 

Soil Pot Assay 

To assay the long term effects of RNAi on parasite success, the tomato plants with P. 

aegyptiaca tubercles from the polyethylene bag experiment were carefully transplanted into pots 

with potting medium. Plants were grown at 25 C until harvest 29 d after transplanting, at which 

time P. aegyptiaca floral shoots had emerged in most pots. The tomato plants were removed 

from the pots, roots rinsed of potting medium, and P. aegyptiaca plants carefully dissected away 

from hosts. Fresh weights were determined for all plants, and specific tissues were frozen in 

liquid N2 for subsequent RNA extraction. 

The key stages of P. aegyptiaca development analyzed included the tubercle stage (underground 

purely vegetative tissue), pre-emerged (a tubercle containing a floral shoot that had not yet 

emerged above the soil surface), emerged (tubercle containing a floral shoot that has emerged 

above the soil surface) and flowering (tubercle containing a floral shoot that has emerged and at 

least one flower has opened). For the gene expression study, tissues were taken from flowering 
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parasites and divided into the basal part consisting of the tubercle adjacent to the host root, and 

the flower, consisting of the top 3 cm of the floral shoot. 

RNA Isolation 

RNA was isolated using the Qiagen RNeasy plant mini kit following manufacturer’s 

instructions, but slightly modified for small tissue samples. P. aegyptiaca tubercles (0.1 g per 

extraction) were ground in a 2 ml glass micro tissue grinder on ice. For initial extraction, 550 ul 

RLT buffer was used.  

Quantitative PCR (qPCR) 

RNA was reverse transcribed into cDNA using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems™,Cat.# 4368814). The cDNA (diluted 15-20 times) was 

combined with gene specific primers (300 nM) and a SYBR based master mix (ABsolute Blue 

SYBR Green QPCR Mix, Thermo Scientific™, Cat.# AB4323A) in 96 well plates (MicroAmp™ 

Optical 96-Well Reaction Plate, Thermo Scientific™, 4306737) and run in an Applied 

Biosystems 7300 Real-Time PCR Machine. The program used was: 1 cycle 95°C; 40 cycles of 

95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds; and lastly a dissociation 

step transitioning from 95°C to 60°C to 95°C.  

The Ct values for the transcripts of each gene were obtained from the mean of three 

technical replicates. The delta-delta Ct method (2–∆∆Ct ) was used to calculate the levels of 

target gene transcripts relative to the geometric mean of two internal reference genes, TUB1 and 

UBQ1. These reference genes were stability expressed across all tissue types used in the PPGP 

transcriptomic data and validated as stable reference genes using the RNA samples in Figure 4 

and the programs Bestkeeper and Normfinder[41,42]. All qPCR primers used exhibited a single 
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dissociation peak and a linear amplification efficiency > 90% and <110% using a 10-fold 

dilution series of cDNA. 

Statistical tests: 

To determine the statistical significance of the transcript and biomass differences, student 

t-tests were performed using Microsoft Excel with two tails and unequal variance selected. The 

subsequent p-values were corrected for multiple testing errors using the Benjamini & Hochberg 

method in the “p.adjust” R package. The biological replicates for each experiment are detailed in 

Table S3. 
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RESULTS: 

RNAi target genes 

Twelve genes with embryo lethal phenotypes in Arabidopsis thaliana were identified by 

Pradeepa CG Bandaranayake as candidate HIGS targets in P. aegyptiaca. To test if these genes 

have vital functions in roots, she silenced orthologous Medicago truncatula transcripts in 

transformed roots. The degree of lethality was determined by the lack of transgenic roots that 

emerged relative to the empty vector transformed plants. When tested by a previous postdoctoral 

scholar in our lab, four lipid biosynthesis genes were among the most suppressive of transgenic 

root emergence which suggests they have important roles in root development. 

Parasite silencing construct 

The orthologous target gene sequences for P. aegyptiaca were identified from the 

Parasitic Plant Genome Project’s (PPGP) transcriptomic data using the Arabidopsis thaliana 

mRNA sequences [25]. The expression patterns from the PPGP data show the four target genes 

expressed across all stages of parasite development, Figure S1. This suggests the function of 

these genes is needed throughout development which is consistent with their known roles as 

critical lipid biosynthesis genes. The P. aegyptiaca transcripts were aligned with orthologous S. 

lycopersicum sequences and parasite RNAi targets were identified in regions of high 

dissimilarity to lower the chance of unintentionally targeting tomato transcripts, Figure S2. I 

selected roughly 200 base pairs of 3' UTR (Untranslated Region) for ACC1, LCB1, and ATS2 

and 5’ UTR extending into the coding region for MCMT to generate the parasite specific 

siRNAs. Alignments of the target P. aegyptiaca sequences with the orthologous tomato sequence 

show the high level of dissimilarity in this region, Figure S3. These four roughly 200 base pair 

parasite sequences were linked together into a single fragment and cloned in an inverted repeat 
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conformation into the vector pHellsGate8-YFP, Figure S4. This vector was then transformed into 

tomato line T5 using Agrobacterium tumefaciens. Three independently transformed lines at the 

T2 generation with high YFP expression were chosen for subsequent analysis. These lines had 

no obvious morphological differences compared to the non-transformed line and had roughly 

similar weights after parasitism, Figure S5. 

Parasite biomass reduced at early and late stages of development 

To evaluate the effectiveness of our HIGS-based resistance, P. aegyptiaca seeds were 

inoculated onto the roots of three hpRNA expressing tomato lines (RNAi1-3) and the non-

transformed control (NT) in a polyethylene bag system [26]. No obvious differences were 

observed for attachment success and survival of germinated P. aegyptiaca plants. To check if the 

RNAi expressing tomatoes had increased resistance to P. aegyptiaca at later stages of 

development, we transferred the infected tomatoes into soil pots. When P. aegyptiaca plants 

began to flower in most tomato pots, the parasites attached to each host were harvested, weighed, 

and separated into four developmental stages: tubercle, pre-emerged, emerged, and flowering. 

Further details describing the criteria for each developmental stage can be found in the Methods 

section. A reduction in the average parasite weight occurred during the tubercle and flowering 

stages of development for lines RNAi-1 and RNAi-2, Figure 1. Reductions in parasite biomass 

were observed at the emerged and flowering stages of development for line RNAi-3, however, 

these values were not significant (p > 0.1). There were no significant differences in the numbers 

of parasites at all developmental stages growing on RNAi or NT tomato lines, Figure S5.  

Parasite tubercle transcripts are reduced 

The transcript levels for P. aegyptiaca genes were measured using quantitative reverse-

transcription PCR (qPCR). The P. aegyptiaca transcripts ATS2 and MCMT were reduced in 
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tubercles attached to RNAi tomato lines compared with the non-transformed controls by 19-52% 

and 46-50% respectively, Figure 2. ACC1 was only slightly reduced while LCB1 had no obvious 

reduction. The level of silencing in ATS2 and MCMT is comparable to previously reported 

HIGS-based transcript reductions in parasitic plants [9–11]. The lack of statistical significance in 

the transcript reduction of MCMT is likely due to the high variability observed in the control 

plants. 

Target transcript reduction is higher in tissue more distal from siRNA source 

To determine if parasite transcripts are silenced at later stages of development and how 

silencing changes with increased distance from the siRNA source, we collected RNA from 

parasite root and floral tissues from flowering P. aegyptiaca plants attached to RNAi line 2 or 

non-transformed tomatoes. Transcripts of all four target genes showed a pattern of reduction in 

floral tissue with ACC1 and LCB1 being statistically significant (p < 0.05), Figure 3. This is in 

contrast to the tubercle data where ACC1 and LCB1 showed little to no reduction. These results 

show the silencing of specific genes can be influenced by the parasite’s tissue type.  

Intriguingly, when the levels of silencing were compared between the floral and root tissues of 

flowering parasites, the genes LCB1, ATS2, and MCMT were reduced more in floral tissues, 

Figure 3. The higher transcript reduction in floral issue compared to roots was only significant (p 

< 0.05) for one gene while the pattern still seems to be present for the other two genes. This 

shows the silencing of specific genes is not uniform across the parasite and can be higher in 

tissue farther from the siRNA source. 
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DISCUSSION: 

Obtaining host resistance against the parasitic weed P. aegyptiaca has been a challenge as 

traditional breeding has returned limited gains [27]. In our experiment, the HIGS-based approach 

reduces the steady-state level of targeted parasite transcripts in a tissue dependent manner. At the 

tubercle stage of development, the transcripts of two genes (ATS2 and MCMT) were reduced. At 

the flowering stage, all four genes were reduced but only two genes (ACC1 and LCB1) had 

statically significant decreases. In roots, only one gene (ACC1) was reduced significantly. The 

different sets of genes silenced between P. aegyptiaca tubercle, floral, and root tissues suggests 

these tissues may have different levels of susceptibility to the silencing of specific genes. The 

tissue-specific reductions observed were unlikely due to large differences in the basal transcript 

levels as the expression patterns across non-transformed control tissues do not match the patterns 

in silencing that was observed, Figure S6. A lack of RNAi machinery needed to process siRNA 

and silence transcripts does not seem to be a limitation for our system as these components are 

expressed at all stages of parasite development, Figure S7. 

The higher degree of silencing in floral tissue, which is up to 25 cms away from the 

source of siRNA at the host connection compared to root tissues, could result from a more 

effective transport of siRNA to the floral region due to differences in sink strengths. 

Alternatively, siRNA unloading from vascular tissues may be more effective in flowers. This 

pattern of higher silencing in parasite tissue more distal to the point of host attachment was also 

observed for HIGS targeting STM in Cuscuta tissues harvested at the host connection and 15 cm 

away [17]. Cuscuta is a stem parasitic plant that evolved a parasitic lifestyle separately from 

Phelipanche. The consistency in silencing patterns between these independent origins of plant 

parasitism may highlight a similar mechanism behind this counterintuitive result.  
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The effects on parasite biomass were developmentally specific. I observed lower average 

biomass at the earliest and latest developmental stages. Similar developmental specificity has 

also been observed in multiple cases for insects [28,29]. In these cases, mortality was higher for 

younger insects feeding on siRNA-expressing plants than those at the adult stage. The stage-

specific effects observed may result from the targeted lipid metabolic genes being needed at 

different levels during parasite development. 

In our experiments, RNAi based host resistance to parasitic plants was not obtained as 

shown by the lack of differences in host weights and the numbers of attached parasites between 

RNAi and control tomato lines. The level of transcript silencing obtained through our HIGS 

approach was likely insufficient to suppress the parasite’s growth. This may have been due to our 

hairpin construct not being expressed at a high enough level or an aspect of the parasite’s biology 

limiting the silencing effect. It would be beneficial in future HIGS studies to measure the level of 

hairpin expression in the host to verify it is occurring at a high level.  

 RNAi has many known roles in plant pathogen interactions [13]. When a viral infection 

occurs, viral RNAs detected by the host are used to generate siRNAs that target the degradation 

of viral RNA throughout the plant. Viruses have evolved an ability to overcome this defense 

response with proteins known as Suppressors of Gene Silencing that interfere with the host’s 

RNAi mechanism. This interaction gets more complicated when pathogens are eukaryotic 

because both players have RNAi systems to regulate the expression of their genes as well as 

those of other interacting organisms. For example, miRNAs are used by both eukaryotic hosts 

and pathogens to manipulate each other for defense or invasion, respectively [13,15]. The 

parasitic plant Cuscuta campestris transfers miRNAs to the host Arabidopsis that increase its 

susceptibility to the parasite [14]. In other cases, pathogens selectively down regulate the host’s 
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RNAi system to lower its resistance [13]. When components of the host’s RNAi system are 

mutated, these plants are typically more susceptible to pathogens. In some cases for eukaryotic 

pathogens, when this host RNAi machinery is mutated, specifically DCL1 and AGO1, the trend 

is reversed and it increases host resistance [13]. The varying roles host RNAi components play 

during specific plant-pathogen interactions highlights the complexity of these trans-eukaryotic 

interactions. More information on how this pathway is expressed and affected in specific host-

parasitic plant interactions could aid in the design of more effective HIGS.  

The exchange of RNA between hosts and parasitic plants may be regulated in ways that 

affect the efficiency of HIGS. The transfer of mRNA through the haustoria of Cuscuta resembles 

that of graft junctions where most transcripts move in a nonspecific manner. There are examples, 

however, of transcripts with much higher or lower rates of transmissibility and movement across 

Cuscuta haustoria than would be predicted by expression [7]. Plasmodesmata that connect 

companion cells with sieve elements are major regulators of movement to and from phloem 

vascular tissues and mRNA movement through plasmodesmata is regulated by specific proteins 

that bind nucleic acids and facilitate the exchange [35]. This regulation may similarly influence 

the transfer of RNAs between hosts and parasitic plants. The presence of specific sequences in 

the mRNA may also affect its stability during transport between the host and parasite [7]. Once it 

is understood how specific types of RNAs can transfer from the host and move through the 

parasite, these features could be mimicked to enhance the movement and function of artificial 

RNAs for more efficient RNAi based resistance. 

The previous HIGS attempts in parasitic plants enable some resistance but not at a level 

practical for agriculture. The lack of effective host resistance may result from an insufficient 

level of parasite gene reduction. In most cases, parasite transcripts are not reduced below 20% of 
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normal expression and are typically reduced to more intermediate levels. The majority of 

parasitic plant HIGS studies use constitutive viral promoters to express the siRNA-generating 

sequence. It has been observed that these promoters, while considered constitutive, can show 

significant expression variation in different tissues [36]. It is possible that the 35S promoter is 

not appropriate for optimal siRNA delivery. The overexpression from a 35S promoter can also 

cause unintended pleiotropic effects on transgenic plants. In some cases, these issues were 

mitigated by the use of tissue specific promoters [37]. In Cuscuta, the use of a phloem-specific 

promoter from AtSUC2, to drive the hpRNA expression, facilitated a 100-fold higher flow of 

mRNA between the parasite and host then what is observed to move across graft junctions [38]. 

This suggests tissue-specific promoters can facilitate high levels of siRNA transfer from a host to 

a parasitic plant. 

The choice to silence metabolic genes with lethal phenotypes when mutated or targeted 

by an herbicide, seems logical for HIGS but have not yielded effective resistance against 

parasitic plants. Parasites might compensate for a reduction in biosynthetic activity by acquiring 

metabolites from the host. Genes with vital functions that cannot be compensated by the host, 

such as transcription factors or other regulatory proteins, may be more effective RNAi targets. 

The choice of better target genes, use of tissue specific promoters, and understanding more about 

the exchange of RNA between hosts and parasites may aid in further reducing parasite transcript 

levels. 

Other artificial methods for generating siRNA, such as amiRNAs and syn-tasiRNAs, use 

different parts of the RNAi pathway and show promise in enabling pathogen resistance through 

HIGS [39]. The differences in how these RNAs are processed and utilized compared to hpRNA 

may enable higher levels of siRNA production and transport into the parasite. The amiRNA and 

https://paperpile.com/c/uYE37d/tb7s
https://paperpile.com/c/uYE37d/tb7s
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syn-tasiRNA systems also offer higher specificity of the target sequence which is of particular 

importance when targeting parasitic plants where sequence similarities with the host are higher 

than other pathogens [39].  

Inducing the production of secondary siRNA within the parasite could facilitate higher 

levels of transcript silencing because the siRNA signal is amplified when it interacts with a 

target. Amplification is minimal with traditional hpRNA constructs because the products are 

mainly 21 nt siRNAs [17]. In contrast, amiRNAs can be engineered to produce 22 nt fragments 

that trigger the production of secondary siRNA through phasing and the recruitment of RDR6 

[44]. When constructs expressing 22nt-amiRNA, 21nt-amiRNA, and hpRNA were directly 

compared, the 22nt-amiRNA triggered more widespread silencing than the other two constructs 

[45]. Adapting this technology to trigger an amplification of siRNA within a parasite may yield a 

higher level of transcript reduction facilitating effective host resistance.  

Shifting the population of siRNAs to 24 nts could be effective in triggering an epigenetic 

form of silencing through the RNA-directed DNA methylation (RdDM) pathway [13]. The 

enzyme Dicer-like 3 (DCL3) is known to produce 24 nt siRNAs from dsRNA. If DCL3 was co-

expressed in the host with the production of dsRNA then the epigenetic silencing of targeted 

genes may be triggered. The success of this and other HIGS based resistance approaches rely on 

the pathogen expressing certain aspects of the silencing pathway. This does not seem to be a 

limitation for P. aegyptiaca because transcriptomic data shows that all major enzymes in the 

RNAi pathway are expressed across development, Figure S7 [25]. Combining multiple RNAi 

based approaches may maximize the reduction in parasite transcripts and make it more difficult 

for the parasite to overcome the resistance.  

https://paperpile.com/c/uYE37d/tb7s
https://paperpile.com/c/uYE37d/tb7s
https://paperpile.com/c/uYE37d/5EO68
https://paperpile.com/c/uYE37d/5EO68
https://paperpile.com/c/uYE37d/BbflM
https://paperpile.com/c/uYE37d/BbflM
https://paperpile.com/c/uYE37d/BbflM
https://paperpile.com/c/uYE37d/SosKd
https://paperpile.com/c/uYE37d/SosKd
https://paperpile.com/c/uYE37d/SosKd
https://paperpile.com/c/uYE37d/t4X9n
https://paperpile.com/c/uYE37d/t4X9n
https://paperpile.com/c/uYE37d/QNLH
https://paperpile.com/c/uYE37d/QNLH
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Combining the RNAi strategy with other control methods will be critical in minimizing 

the parasite's ability to overcome the host resistance. The use of single host resistance genes in 

sunflower quickly breaks down as it creates high selection pressure on broomrape with the 

ability to overcome this single target [46]. The use of multiple control methods should prolong 

the efficacy of HIGS based resistance as it would be more difficult for any individual parasite to 

overcome multiple simultaneous controls.   

Developing host resistance to parasitic plants is a paramount concern as few control 

methods exist. HIGS has been attempted many times against parasitic plants without generating 

strong host resistance. The lack of resistance obtained, compared to a similar level of transcript 

reduction in other systems, suggests parasitic plants may be more difficult to target using this 

system. The tissue specific silencing and stage specific biomass reductions observed highlight 

the complex dynamics involved in cross eukaryotic RNA transfer. Newer RNAi mechanisms 

such as amiRNAs and syn-tasiRNAs have potential to increase parasite transcript reduction and 

facilitate effective host resistance to parasitic plants. 

 

  

https://paperpile.com/c/uYE37d/3bvz
https://paperpile.com/c/uYE37d/3bvz
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FIGURES: 

Figure 1: Stage specific growth reduction of P. aegyptiaca: Biomass data for four stages of 

parasite development growing on three independently transformed RNAi tomato lines (RNAi1-

3) or non-transformed (NT) control tomato plants. A reduction in P. aegyptiaca biomass for 

tomato lines RNAi-1 and RNAi-2 during early (tubercle) and late (flowering) stages of 

development was observed. Data represent the mean +/- the standard error for 4 ≤ n ≤ 19 

samples. Values are relative to the non-transformed (NT) control plants. ** indicates p-value < 

0.05, * indicates p-value ≤ 0.1. 
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Figure 2: Reduction of target gene transcripts in P. aegyptiaca tubercle tissues: Transcript 

levels of ACC1, LCB1, ATS2, and MCMT in P. aegyptiaca tubercles growing on three 

independently transformed RNAi tomato lines (RNAi1-3) or non-transformed (NT) control 

tomato plants. Transcript levels were determined using qPCR. Data represent the mean +/- the 

standard error for 2 ≤ n ≤ 8 samples. Transcript levels are relative to the non-transformed control 

plants. ** indicates p-value ≤ 0.05. 
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Figure 3: Transcript reduction is higher in tissue more distal to the siRNA source: 

Transcript levels of ACC1, LCB1, ATS2, and MCAT in P. aegyptiaca root and floral tissues 

growing on tomato line RNAi-2 and non-transformed (NT) tomatoes. Transcript levels were 

determined using qPCR. Data represent the mean +/- the standard error for n = 7 samples. 

Transcript levels are relative to the corresponding non-transformed control plant tissue. ** 

indicates p-value < 0.05. 
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TABLES: 
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SUPPLEMENTAL:  

Figure S1: Expression of RNAi target gene transcripts in P. aegyptiaca across stages of parasite 

development. RNASeq data for P. aegyptiaca was obtained from the Parasitic Plant Genome 

Project (PPGP) [22]. Log2FPKM expression values show RNAi target transcripts expressed 

across all stages of P. aegyptiaca development.   
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 Figure S2: Alignments of Phelipanche aegyptiaca and Solanum lycopersicum          

orthologs of RNAi target gene transcripts. (a) ACC1, (b) LCB1, (c) ATS2, (d) MCMT. The yellow 

annotations show the predicted coding sequences (CDS) for each transcript and the red 

annotations show the location of the P. aegyptiaca sequences used to generate parasite specific 

siRNA. Nucleotides highlighted as black lines represent sequence similarity between the two 

species. The regions chosen for siRNA production have low levels of similarity relative to the 

CDS as seen by the higher frequency of black lines in the CDS region. Sequences were obtained 

from NCBI and the PPGP (Parasitic Plant Genome Project). Alignments were made using the 

program Geneious (R8). 
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Figure S3: Alignments of P. aegyptiaca and S. lycopersicum transcript sequences in the regions 

used to specifically target the parasite. Nucleotides highlighted in black on both sequences at the 

same position are similar between the two species. The alignments show little similarity between 

the host and parasite in these regions. The alignments were created using the T-Coffee web 

server [Di Tommaso, et al. 2011] and visualized using the program BOXSHADE (ver. 3.2) 
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Figure S4: pHG8-YFP-4X vector map and hpRNA diagram. (a) The construct pHG8-YFP was 

used to produce parasite specific siRNA with an inverted repeat sequence containing P. 

aegyptiaca mRNA for four lipid biosynthetic target genes (ACC1, LCB1, ATS2, and MCMT). 

The diagram was created in the program Geneious (R8). (b ) When the inverted repeat is 

transcribed, the complementary regions fold over to form a double stranded hairpin RNA 

(hpRNA).  
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Figure S5: Host weight after parasitism and average number of parasites at each developmental 

stage for the four tomato lines. (a) The average host weight for the three RNAi tomato lines and 

the non-transformed control after parasitism. (b) The average number of P. aegyptiaca plants at 

each developmental stage growing on three RNAi tomato lines or the non-transformed control. 

Both sets of data show no significant differences (p-value < 0.05) between the RNAi and control 

tomato lines The data represents the mean +/- the standard error. 
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Figure S6: Transcript levels of four target genes in non-transformed controls. The transcript 

levels for each RNAi target gene were determined using qPCR relative to two internal reference 

genes, TUB1 and UBQ1. Data represent the mean +/- the standard error.  
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Figure S7: Expression of RNAi pathway components in P. aegyptiaca across stages of parasite 

development. RNASeq data for P. aegyptiaca was obtained from the Parasitic Plant Genome 

Project (PPGP) [22]. Log2FPKM expression values show the main RNAi components expressed 

across all stages of P. aegyptiaca development. The P. aegyptiaca orthologs for these genes were 

identified using BLASTn and the Arabidopsis thaliana mRNA sequence in the program 

Geneious (R8).  

  

  

  

   



150 

 

  

  



151 

 

 

Table S2: Primers used in this study. 

Primer name: Sequence: 

PhAe.ACC1.F1 GTACAATCAGTTTTCCAGATGAAGG 

PhAe.ACC1.R1 CCAGATCAAATTCAAACTAATACAAAGC 

PhAe.LCB1.F1 AGTTATTTGTTGTGTTACTTACACTTTACAAG 

PhAe.LCB1.R1 CTGGGAGCTAGTGGTGGAATAAG  

PhAe.ATS2.F1 GCTAATGTAATGGAAGGTATTTGCTC  

PhAe.ATS2.R1 TTTAACCGTATATTTATTTCAATCTTATGGATAC  

PhAe.MCMT.F1 CGATGTTTCTGAAGCCAATTCTTCG  

PhAe.MCMT.R1 GTGAGAGAAATAGAAGAAATCACGACC  

PhAe.ACC1.F1.attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTACGTACAAT

CAGTTTTCCAGATGAAGG 

PhAe.ACC1.R1.attB2  GGGGACCACTTTGTACAAGAAAGCTGGGTGCCAGATCA

AATTCAAACTAATACAAAGC 

PhAe.LCB1.F1.attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTACAGTTATT

TGTTGTGTTACTTACACTTTACAAG 

PhAe.LCB1.R1.attB2  GGGGACCACTTTGTACAAGAAAGCTGGGTGCTGGGAGC

TAGTGGTGGAATAAG  

PhAe.ATS2.F1.attB1  GGGGACAAGTTTGTACAAAAAAGCAGGCTACGCTAATG

TAATGGAAGGTATTTGCTC  

PhAe.ATS2.R1.attB2  GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTAACCG

TATATTTATTTCAATCTTATGGATAC  

PhAe.MCMT.F1.attB1  GGGGACAAGTTTGTACAAAAAAGCAGGCTACCGATGTT

TCTGAAGCCAATTCTTCG  

PhAe.MCMT.R1.attB2  GGGGACCACTTTGTACAAGAAAGCTGGGTGGTGAGAGA

AATAGAAGAAATCACGACC  
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PhAe.4X.ACC1-LCB1.F  GCTTTGTATTAGTTTGAATTTGATCTGGAGTTATTTGTT

GTGTTACTTACACTTTACAAG  

PhAe.4X.ACC1-LCB1.R CTTGTAAAGTGTAAGTAACACAACAAATAACTCCAGAT

CAAATTCAAACTAATACAAAGC  

PhAe.4X.LCB1-ATS2.F CTTATTCCACCACTAGCTCCCAGGCTAATGTAATGGAA

GGTATTTGCTC  

PhAe.4X.LCB1-ATS2.R GAGCAAATACCTTCCATTACATTAGCCTGGGAGCTAGT

GGTGGAATAAG  

PhAe.4X.ATS2-MCMT.F GTATCCATAAGATTGAAATAAATATACGGTTAAACGAT

GTTTCTGAAGCCAATTCTTCG 

PhAe.4X.ATS2-MCMT.R  CGAAGAATTGGCTTCAGAAACATCGTTTAACCGTATAT

TTATTTCAATCTTATGGATAC 

ACC1.qPCR.F1 CGTGGGTGGTTCTCGACAGTA 

ACC1.qPCR.R1 TGACTAGCTCTGGGTCGAGTC 

LCB1.qPCR.F1 GGTGTGCACTGGGGAATTCAA 

LCB1.qPCR.R1 TTCGTTTGTTGGCGTGGGTAA 

ATS2.qPCR.F1 CGATTATTGGGTGGGCCATGT 

ATS2.qPCR.R1 AGCTGCCATCTTTACTCCTAGTGC 

MCMT.qPCR.F1 CTGAGCCACATGCAGATCCAG 

MCMT.qPCR.R1 TTCATAGCTCTTTCTCAATCCTCTGCTT 

TUB1.qPCR.F1 GCTCATTGACTCCGTGCTTGA 

TUB1.qPCR.R1 CCCATCCCAGAACCAGTACCA 

UBQ1.qPCR.F1 TGCATTTGGTTTTGAGGCTCAGG 

UBQ1.qPCR.R1 TGGTTGCTGTGTCCACACTTC 
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CHAPTER 5: 

CONCLUSIONS 

The transcription regulation of host recognition was characterized in the parasitic plant 

Triphysaria. By comparing these expression changes to non-parasitic plants, it yielded conserved 

regulatory elements, insights into possible mechanisms of gene co-option, and implications for 

plant-plant interactions overall. 

By searching for enriched sequences in the promoters of host-responsive genes, I 

discovered seven motifs that regulate tissue specific expression in Triphysaria roots. The 

patterns of spatial regulation for five motifs were highly conserved in two non-parasitic plants 

Arabidopsis and Mimulus. This suggests Triphysaria uses conserved cis-elements to regulate the 

location where its host-reponsive genes are expressed. The similar use of these motifs across 

divergent eudicots suggests they could be useful in engineering the spatial expression of plant 

genes in the future.   

One of the promoter motifs from Triphysaria was able to enhance transcription in 

response to the host derived compound DMBQ. The presence and use of this motif in non-

parasites warrants further research to determine if it represents a conserved aspect of a plant’s 

response to nearby plants or if parasites have co-opted its use for haustoria formation. 

To evaluate the conserved regulation of a host responsive promoter, I defined a 652 bp 

sequence from TvQR1 which recapitulated its expression using a fluorescent reporting construct. 

The spatial regulation and DMBQ responsiveness was conserved in two non-parasitic plants 

Arabidopsis and Mimulus. Intriguingly, these non-parasites did not up-regulate their endogenous 

QR1 in response to DMBQ. This suggests Triphysaria has co-opted the expression of QR1 for 

haustorium initiation through the use of conserved DMBQ responsive cis-elements. Refining 



158 

 

these elements in the future may yield insights into the mechanism of root-root interactions 

among plants and how parasites have co-opted this communication for the function of parasitism. 

Natural variation in the TvQR1 promoter was also found to affect transcriptional 

expression and haustorium formation in Triphysaria. A MITE transposable element was 

associated with these phenotypic differences and could contribute to the dominant effect of its 

allele. The prevalence, location bias, and action of MITEs in changing gene expression justifies 

further research into their role as drivers of genomic change in parasitic plants. The observed 

variation in TvQR1 has implications for ecology as it could affect host preference. This may be 

useful as the population of host plants can change from year to year and as an annual plant, 

Triphysaria must contend with these variable conditions. 

 Lastly, we applied our knowledge of gene expression in parasitic plants to control the 

agricultural weed Phelipanche aegyptiaca through Host Induced Gene Silencing. Our approach 

obtained a modest level of transcript reduction but did not sufficiently suppress the parasite for 

commercial applications. Other methods of inducing gene silencing, such as amiRNAs and syn-

tasiRNAs could yield a higher level of transcript reduction and parasite control and thus warrant 

further testing.  

Overall, this work contributes to the understanding of plant-plant interactions through the 

study of host recognition in a parasitic plant and its conserved aspects in non-parasitic plants. 

Possible applications of this work includes engineering specific patterns of plant gene expression 

with the identified motifs and improving methods of controlling parasitic weeds through RNAi 

based host resistance. 




