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Parasitic flowering plants are one of the most destructive agricultural pests and have major impact on crop yields throughout the
world. Being dependent on finding a host plant for growth, parasitic plants penetrate their host using specialized organs called
haustoria. Haustoria establish vascular connections with the host, which enable the parasite to steal nutrients and water. The
underlying molecular and developmental basis of parasitism by plants is largely unknown. In order to investigate the process of
parasitism, RNAs from different stages (i.e. seed, seedling, vegetative strand, prehaustoria, haustoria, and flower) were used to
de novo assemble and annotate the transcriptome of the obligate plant stem parasite dodder (Cuscuta pentagona). The assembled
transcriptome was used to dissect transcriptional dynamics during dodder development and parasitism and identified key gene
categories involved in the process of plant parasitism. Host plant infection is accompanied by increased expression of parasite
genes underlying transport and transporter categories, response to stress and stimuli, as well as genes encoding enzymes involved
in cell wall modifications. By contrast, expression of photosynthetic genes is decreased in the dodder infective stages compared
with normal stem. In addition, genes relating to biosynthesis, transport, and response of phytohormones, such as auxin,
gibberellins, and strigolactone, were differentially expressed in the dodder infective stages compared with stems and seedlings.
This analysis sheds light on the transcriptional changes that accompany plant parasitism and will aid in identifying potential gene

targets for use in controlling the infestation of crops by parasitic weeds.

Most land plants are sessile, obtaining water and
mineral nutrients from the soil, and are autotrophic,
relying on photosynthesis for carbohydrates. However,
numerous heterotrophic plants, commonly called par-
asitic plants, acquire water and nutrients by utilizing
specialized structures, called haustoria, to attach to,
penetrate, and establish vascular connections with a
host plant. Approximately 4,000 plant species, distrib-
uted in at least 13 families, are parasitic to some extent
and are classified as stem or root parasites, ranging
from facultative to hemiparasitic to holoparasitic, based
on the degree of host dependence (Yoder and Scholes,
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2010). Parasitic weeds severely compromise growth and
development of the host and cause annual yield losses
of more than $7 billion in sub-Saharan Africa alone (Ejeta,
2007). Despite the economic importance of parasitic
weeds, little is known about the basic molecular, genetic,
and biochemical mechanisms regulating host plant in-
fection by parasitic weeds.

The genus Cuscuta, a member of the family Con-
volvulaceae, consists of approximately 170 species and
includes successful and devastating obligate stem holo-
parasitic plants distributed throughout the world
(Dawson et al., 1994). Cuscuta pentagona, commonly
known as dodder, is one of the most widespread and
agriculturally destructive species, with a broad host
range (Fig. 1, A and B; Malik and Singh, 1979; Dawson
et al., 1994; Furuhashi et al., 2011). Dodder seedlings are
unable to survive more than a few days after germi-
nation without finding a host plant. Mature dodder
plants lack roots and have highly reduced leaves at the
shoot apex and nodes (Fig. 1C). Coiling of the thread-
like dodder stem around the host stem induces the
formation of prehaustoria and the subsequent devel-
opment of haustoria by dedifferentiation and reprog-
ramming of dodder cells (Fig. 1, D and E; Kuijt, 1983;
Vaughn, 2003; Yoshida and Shirasu, 2012).

Upon parasitization, dodder is intimately associated
with the host plant and can benefit from the herbicide
resistance mechanisms of the host, making it difficult
to achieve effective control without detriment to the
host (Cook et al.,, 2009; Nadler-Hassar et al., 2009).
Agronomic and traditional breeding practices have
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limited efficacy in the control of parasitic plant infection
(Musselman et al., 2001; Gurney et al., 2006; Mishra,
2009; Sandler, 2010; Westwood et al., 2010). Recently,
cross-species transfer of small RNAs has been sug-
gested as a promising agrobiotechnological tool for
controlling parasitic plant infections, as haustorial con-
nections have been shown to facilitate RNA and protein
movement between the parasite and host (Roney et al.,
2007; David-Schwartz et al., 2008; Yoder et al., 2009;
Runo et al., 2011). Consistent with the increased ex-
pression of SHOOT MERISTEMLESS-like (STM) at the
time of haustoria induction, the ability to make haus-
toria was attenuated in dodder grown on host trans-
genics expressing dodder STM RNA interference using
a phloem-specific promoter (Alakonya et al., 2012).
Similar transspecific silencing of parasite genes encod-
ing key enzymes caused reduced viability of the root
parasites Orobanche aegyptiaca and Triphysaria versicolor
(Aly et al., 2009; Bandaranayake and Yoder, 2013).
However, manipulation of the expression levels of none
of these genes provides complete control of the parasite,
suggesting that suitable target genes for cross-species
RNA silencing that will confer complete parasitic
weed control remain to be identified. The development
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Figure 1. Parasitism of host plants by
dodder. A and B, Tomato (A) and tobacco
(B) plants infected with dodder. C, Scan-
ning electron microscopy (SEM) image of
the dodder shoot apex with reduced
leaves. D, SEM image of prehaustoria
(arrowheads). E, SEM image of mature
haustoria (arrowheads) penetrating host
tissue in the dodder-tomato interaction.
Bars = 100 um.

of comprehensive genomic and molecular resources for
these species may lead to the identification of such
targets.

Recently, de novo assembly and analysis of tran-
scriptomes of root parasites, belonging to family
Orobanchaceae, provided important insight into the
process of parasitism, showing the association of
photosynthesis-related genes and cell wall-modifying
B-expansin in the process of parasitism (Wickett et al.,
2011; Honaas et al., 2013). To understand the molec-
ular mechanisms underlying dynamic morphological
and functional changes in haustoria development,
however, detailed transcriptional profiling along de-
velopmental stages of parasitism is necessary. In this
study, we use diverse tissue and developmental
stages to assemble and annotate a reference tran-
scriptome for the rootless stem parasite dodder
(Supplemental Fig. S1). This transcriptome was
then used to investigate the dynamic gene expres-
sion patterns across different developmental stages
of dodder and identified statistically robust Gene
Ontology (GO) categories and underlying genes
associated with the prehaustorial and haustorial
stages of dodder development.
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RESULTS

De Novo Assembly, Refinement, and Quality Assessment
of the Dodder Transcriptome

In organisms without a reference genome, massive
INlumina short-read sequencing, in conjunction with
efficient de novo transcriptome assembly, has become
a feasible method for generating a reference transcriptome
with sufficient depth coverage to carry out differential
gene expression analysis (Wang et al., 2009; Surget-Groba
and Montoya-Burgos, 2010; Schliesky et al., 2012). RNA-
sequencing (RNA-seq) libraries were prepared from the
seed, seedling, coiling stem strand, prehaustorial, haus-
torial, and flowering stages of dodder growing on both
tomato (Solanum lycopersicum) and tobacco (Nicotiana
tabacum) as hosts (Fig. 1, A and B). A total of 198,992,437
paired-end reads (100 bp) were obtained after sequencing
libraries on the Nlumina HiSeq2000 platform. Initial pre-
processing of reads involved the removal of low-quality
sequences, duplicated reads, and reads containing
adapter/primer sequences. In order to minimize host
tissue contamination, care was taken to remove any host
tissue attached to dodder during tissue collection. Fur-
thermore, preprocessed reads aligning to either host
transcriptome, tomato or tobacco, were discarded prior to
the assembly, as mRNA can translocate from host to
dodder (Roney et al., 2007; David-Schwartz et al., 2008). A
total of 127 million paired-end reads, obtained after pro-
cessing and filtering, were used for transcriptome as-
sembly utilizing the Trinity software package (Grabherr
et al, 2011). The resulting Dodder_all transcriptome,
with 275,483 contigs (longer than 200 bp), N50 of 1.8 kb
(N50 is defined as the largest contig length such that
using equal or longer contigs produces half the bases of
the transcriptome), and average length of 1.1 kb, was
subsequently used for refinement and downstream
differential expression analysis (Table I; Supplemental
Data Set S1). The assembly generated a high number of
transcripts particularly enriched for smaller sized con-
tigs (approximately 28% of contigs are in the size range
200-400 bp; Supplemental Fig. S2).

Likely misassembled transcripts and/or contigs not
well supported by the reads used to assemble the tran-
scriptome, based on mapping reads back to the contigs,
were filtered out based on abundance estimation, and
91,250 transcripts were retained for further processing
(Table I). In order to remove redundant and/or highly

Table I. Assembly statistics for dodder transcriptomes

Parameter Dodder_all Dodder_filtered Dodder_final
No. of transcripts 275,483 91,250 79,867
No. of 102,906 43,492 43,473
Trinity_components
Transcriptom_size (Mb) 312 98 80
N50 (bp) 1,806 1,620 1,550
Average_length (bp) 1,132 1,069 1,005
Median_length (bp) 778 772 704
Minimum_length (bp) 201 201 201
Maximum_length (bp) 29,317 29,317 29,317
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similar contigs, the filtered transcripts were then clus-
tered at a sequence similarity threshold value of 95%.
The resulting Dodder_final_transcriptome has 79,867
transcripts, with N50 of 1,550 bp and average contig
size of 1,005 bp (Fig. 2A; Table I; Supplemental Data
Set S2).

To investigate the efficacy of transcript refinement,
the reads used to assemble the transcriptome were
mapped to the raw transcriptome, filtered transcriptome,
and final transcriptome as well as filtered out transcripts.
Although the number of transcripts decreased signifi-
cantly during the process of refinement of the assembled
transcriptome, almost the same percentage of reads
(approximately 80%) mapped to the retained transcripts
at each step of refinement, indicating retention of most of
the real transcripts throughout the process and, thus,
good quality of the filtered transcriptome (Table II). Only
20% of reads mapped to discarded transcripts, of which
only 7% were uniquely mapped, suggesting that filtered
out transcripts are likely assembly artifacts and/or
transcripts not well supported by the used Illumina
reads.

To evaluate the quality of the Dodder_final
transcriptome, a full-length transcript analysis was per-
formed by aligning transcripts to the UniProt database.
Fifty-seven percent of unique hits in the protein data-
base were represented by nearly full-length transcripts,
having more than 70% alignment coverage, and 83% of
proteins showed more than 50% ali ent coverage
(Supplemental Table S1). On the other hand, 73% of
assembled transcripts with at least one BLAST hit
showed more than 50% sequence identity to a matching
database sequence, indicating the contiguity and qual-
ity of the assembled transcripts. In addition, the pre-
diction of likely coding sequences from 79,867 filtered
transcripts resulted in 49,463 putative open reading
frames (ORFs)/coding sequences, of which more than
half (25,345) were complete, further highlighting the
quality of the filtered transcriptome. Those predicted
ORFs were further clustered at the peptide level with a
similarity threshold value of 95%, resulting in 44,758
ORFs/coding sequences (Supplemental Data Set S3).

Dodder Transcriptome Annotation

BLAST searches against the National Center for
Biotechnology Information (NCBI) nonredundant data-
base and the Arabidopsis (Arabidopsis thaliana) protein
database (The Arabidopsis Information Resource 10
[TAIR10]) resulted in the annotation of 40,261 tran-
scripts (50.4% of transcripts), of which 29,144 transcripts
were assigned GO terms (Supplemental Data Set S4).
BLASTX-annotated transcripts showed normal dis-
tribution for transcript size, whereas nonannotated
transcripts were extremely enriched for small-sized
transcripts, with more than 70% of unannotated tran-
scripts being smaller than 600 bp (Fig. 2, B and C;
Supplemental Table S2). Moreover, mapping reads back
to annotated and nonannotated transcripts demonstrated
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Figure 2. Transcript size distribution showing the high proportion of
small-sized transcripts in Dodder_final_transcriptome (A), the normal
size distribution for BLASTX-annotated final transcripts (B), and the
extremely high enrichment of small-sized transcripts for the unanno-
tated final transcripts (C).

that nonannotated transcripts were poorly supported
by reads or represent lowly expressed sequences
(Supplemental Table S2). Interestingly, no ORFs were
predicted for 80% of nonannotated transcripts (31,359
of 39,606 nonannotated transcripts). In order to test if
these nonannotated transcripts are real or assembly
artifacts, we selected nine such nonannotated transcripts,
five with a predicted ORF and four without an OREF,
belonging to different size ranges, that appeared among
top transcripts in differential expression analysis
(described below) and detected the presence of all the
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selected transcripts by reverse transcription (RT)-PCR
(Supplemental Fig. S3). Sequencing of the RT-PCR
products confirmed that these sequences represent real
dodder transcripts and are not assembly artifacts.

As part of Blast2GO, BLASTX against the nonre-
dundant database provided insight into the taxonomic
distribution of the transcripts (Fig. 3A). More than 55%
of transcripts had top hits to sequences from members
of the family Solanaceae (tomato, potato [Solanum
tuberosum], Nicotiana spp., Petunia spp., and Capsicum
spp.). This is consistent with the fact that the family
Convolvulaceae is monophyletic and sister to Solanaceae
(Stefanovic et al., 2002). Only a few top hits were found
to be sequences from different species of Ipomoea, which
also belongs to Convolvulaceae. This likely reflects a lack
of Ipomoea spp. transcript sequences in the databases.

Among the 29,144 transcripts with at least one GO
term assigned, 21,851 transcripts (27.3% of final tran-
scripts), 21,961 transcripts (27.5% of final transcripts),
and 23,287 transcripts (29.2% of final transcripts) were
annotated in the biological process (GO:0008150), mo-
lecular function (GO:0003674), and cellular component
(GO:0005575) categories, respectively. Overall and
multilevel GO distribution within these broad GO
categories is shown in Figure 3B and Supplemental
Figure 54 (Supplemental Data Set S5). We have also
classified transcripts among plant GOslims, a simplified
version of the full GO ontologies (Supplemental Fig. S5).
The overall and slim GO annotations for dodder tran-
scripts are available as Supplemental Data Set S6. In
addition, 12,675 transcripts were annotated as enzymes
and were confirmed by the Enzyme Code number pro-
vided by the Kyoto Encyclopedia of Genes and Genomes
(KEGG; http:/ /www.genome.jp/kegg/), with transfer-
ases being the most abundant class of enzymes followed
by hydrolases and oxidoreductases (Supplemental Fig. S6;
Supplemental Data Set S7).

Transcript Expression Patterns across Different Stages
of Dodder

[Mlumina reads (combined from both tomato and to-
bacco plants as well as from either host plant separately)
from six different developmental stages, seeds, seedlings,
stems/strands, prehaustoria, haustoria, and flowers,
were aligned to the assembled transcripts. A multi-
dimensional scaling plot showed clustering together
of stage-specific biological replicates, despite being

Table II. Percentage of total and uniquely mapped reads to tran-
scriptomes at different stages of refinement and to the filtered
transcripts

Transcriptome Total_mapped_reads Uniquely_mapped_reads

%

Dodder_all 80.36 39.25
Dodder _filtered 79.1 42.11
Dodder_final 78.57 53.40
Filtered_out_transcripts 19.75 6.78
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Figure 3. Blast2GO annotation of Dodder_final_transcriptome. A, Top-hit species distribution of the Dodder_final_
transcriptome showing the abundance of top hits to the sequences from members of the family Solanaceae. B, GO category
distribution of dodder transcripts among level 1 GO categories: biological process (BP), molecular function (MF), and cellular
component (CC). [See online article for color version of this figure.]

from different host plants, suggesting that gene ex-
pression at specific stages of dodder development
was not greatly influenced by the host (Supplemental
Fig. S7). Therefore, in order to investigate gene ex-
pression dynamics across different stages of dodder
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development, a principal component analysis (PCA)
with self-organizing maps (SOM) was performed us-
ing normalized read counts (Supplemental Data Set S8)
obtained from mapping reads combined from both host
plants (Wehrens and Buydens, 2007; Chitwood et al.,
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2013). Principal component 1, representing haustorial- and
prehaustorial-stage specific gene expression patterns, ex-
plained 30% of variation in our data set (Fig. 4, A and B).
This suggests that haustoria formation and subsequent
infection of host plants involve a major transcriptional
transition in dodder. In addition, principal component 2,
representing seed-specific gene expression patterns, ex-
plained 26% of variation in our data set, highlighting the
uniqueness of this life cycle stage.

The SOM clustering analysis dissected multiple differ-
ent clusters of transcripts showing expression patterns
specific to one or more developmental stages (Fig. 4).
Clusters 12 and 6 showed expression patterns specific to
the prehaustorial and haustorial stages, respectively,
whereas cluster 5 showed a pattern common to pre-
haustorial and haustorial stages. GO enrichment analysis
showed that the prehaustoria-specific cluster 12 was
enriched for the GO terms Cell Wall and Hydrolase ac-
tivity, whereas haustoria-specific cluster 6 was enriched

Transcriptomics of Plant Parasitism in Dodder

for the GO terms Transporter Activity, Secondary Meta-
bolic Process, Response to External Stimuli, Secondary
Shoot Formation, and Polar Auxin Transport. Enriched
GO terms for haustorial and prehaustorial stage-specific
cluster 5 were Response to Biotic Stimulus, Response to
Stress, Cell Death, Regulation of Plant-Type Hypersensi-
tive Response, Transport, Receptor Activity, and Kinase
Activity (Supplemental Data Set S9).

In addition, clusters specific to seed, seedling, and
flower stages were also detected; notable are seedling-
specific cluster 4, stem- and flower-specific cluster 3, and
flower-specific cluster 2. Seedling-specific cluster 4 showed
enrichment of GO terms relating to Photosynthesis, Post-
embryonic Development, Chlorophyll Biosynthetic
Process, Carotenoid Biosynthetic Process, and Leaf
Morphogenesis, among others. Consistent with the
developmental stages, enriched GO categories for flower-
specific clusters 2 and 3 included Flower Develop-
ment, Specification of Floral Organ Identity, Petal

PC1 loadings Figure 4. PCA with SOM clustering of
A B . .
0.4 gene expression across tissues. A, The
0iz expression profile of each transcript is
’ represented in PCA space with SOM
0.0 node memberships indicated by different
02 colors and numbers. A total of 12 clusters,
04 showing expression patterns specific
’ to one or more stages of the dodder
-;3 06 life cycle, were defined. B, Loadings
g -0.8 of principal components (PC)1 and PC2
o PC2 loadi with variance explained. Roman nu-
o~ oadings merals indicate different sample tissues,
E 0.8 as defined in C. PC1 represented the
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Development, Ovule Development, and Pollination.
This gene expression pattern for dodder seedlings
and flowers suggests that PCA- and SOM-dissected
transcript clustering is a valid method for capturing
developmental transitions in gene expression at dif-
ferent stages of parasite development.

Differential Transcript Expression and GO
Enrichment Analysis

Three independent differential expression analyses
were performed using reads originating from dodder
grown on tomato, reads originating from dodder grown
on tobacco, and all the reads combined together. The
number of differentially expressed transcripts was
comparable for reads originating from tomato and
tobacco host plants but was substantially higher for
the combined data set, due to an increased number of
replicates from the two hosts for all tissues except for
seeds and seedlings (Table III). Hence, we primarily fo-
cused on investigating differentially expressed tran-
scripts from the combined data set (Supplemental Data
Set S10).

To investigate gene expression changes associated
with the process of dodder parasitism, first we com-
pared differentially expressed transcripts in pre-
haustoria with reference tissues, stems and seedlings.
By using fold change = 2 and false discovery rate
(FDR) < 0.05 as a cutoff to identify differentially reg-
ulated transcripts, 1,685 and 622 transcripts were
shared among up-regulated and down-regulated tran-
scripts, respectively, in prehaustoria as compared with
stems and seedlings (Fig. 5, A and B; Supplemental
Data Set S11). GOslim categories enriched in up-
regulated transcripts included Response to Biotic Stim-
ulus, Response to Stress, Response to Endogenous
Stimulus, Transporter Activity, Kinase Activity, Tran-
scription Factor Activity, Catalytic Activity, and Cell
Wall. Transcripts under those enriched GO terms
included genes encoding disease, defense, and drug

Table Ill. Number of differentially expressed transcripts for each tissue
pair comparison for three independent analyses

Tissue Comparison Tomato_host Tobacco_host Combined

Flowers_vs_haustoria 10,578 10,115 17,177
Flowers_vs_prehaustoria 8,164 6,732 13,242
Flowers_vs_seedlings 12,212 11,214 13,359
Flowers_vs_seeds 24,598 25,688 26,978
Flowers_vs_stems 5,951 4,335 7,524
Haustoria_vs_prehaustoria 474 3,743 4,375
Haustoria_vs_seedlings 11,027 11,779 13,604
Haustoria_vs_seeds 23,300 22,779 25,456
Haustoria_vs_stems 9,930 9,479 16,066
Prehaustoria_vs_seedlings 7,138 7,887 9,109
Prehaustoria_vs_seeds 24,466 26,026 27,634
Prehaustoria_vs_stems 5,736 4,756 10,005
Seedlings_vs_seeds 24,659 24,659 21,499
Seedlings_vs_stems 7,192 6,309 7,505

Seeds_vs_stems 25,264 23,765 24,996
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response signals; cell wall-loosening enzymes and
modulators such as pectin lyase, pectin methylesterase,
polygalacturonase, cellulase, and members of both
the expansin A and B families; kinases, such as Leu-
rich repeat kinases, receptor-like kinases, and mitogen-
activated protein kinases; the strigolactone biosynthetic
MORE AXILLARY GROWTH (MAX1), MAX3, and
MAX4 enzymes; multiple transporters such as sugar
transporterl, amino acid transporter, ATP-binding
cassette-type transporter, ammonium transporter,
phosphate transporter, nitrate transporter, and potas-
sium transporter; and transcription factors like class II
homeobox transcription factors KNOTTED-like in
Arabidopsis (KNAT3) and KNAT4, AGAMOUS-LIKE,
BEL1-like homeodomainl (BLH1), WRKY, and YABBY.
Additional overall GO terms for up-regulated genes
include Secondary Shoot Formation, with underly-
ing MAX genes; Auxin Polar Transport, with under-
lying gene AUXIN RESISTANT1 (AUX1) and a gene
encoding auxin efflux carrier family protein; Mucilage
Extrusion and Mucilage Metabolic Process, with un-
derlying genes encoding subtilase family protein; and
Abscisic Acid Transport. Among the enriched GO
terms for down-regulated transcripts were Response
to Endogenous Stimulus, Auxin Mediated Signaling
Pathway, Cell Wall, Transcription Factor Activity,
Tropism, and Anatomical Structural Morphogenesis,
with underlying transcripts involved in auxin re-
sponse, such as multiple INDOLE-3-ACETIC ACID
INDUCIBLEs (IAAs) and AUXIN RESPONSE FAC-
TORs (ARFs), and SMALL AUXIN UPREGULATED
(SAUR)-like genes. A few members of the expansin
A family, different from those up-regulated in pre-
haustoria, were also found in the list of down-regulated
genes.

To examine gene expression changes associated with
the progression of parasitism from prehaustorial to
haustorial stage, we compared expressed transcripts
in haustoria with those in prehaustoria, stems, and
seedlings (Supplemental Data Set 512). In the differ-
entially expressed genes, the enrichment of GOslim
terms Photosynthesis, Plastid, and Thylakoid and
multiple Metabolic Process and overall GO terms
Chlorophyll Biosynthetic Process, Photosynthetic Elec-
tron Transport, and Photosystem II Assembly was
noted for 665 common down-regulated transcripts in
haustoria, with underlying genes related to photosys-
tem subunit and reaction center proteins (Fig. 5D).
A total of 720 common transcripts up-regulated in
haustoria as compared with prehaustoria, stems, and
seedlings showed enrichment of the GOslim terms
Transport and Transporter Activity, Response to Ex-
tracellular Stimulus, Response to Stress, and Cata-
lytic Activity and overall GO terms Secondary Shoot
Formation, Polar Auxin Transport, Gibberellin Bio-
synthetic and Metabolic Processes, and Mucilage
Metabolic Process and Extrusion. These categories
included underlying transcripts encoding multiple
transporters and stress- and stimuli-responsive signals,
such as pleiotropic drug resistance protein, basic
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Figure 5. Differentially expressed transcripts and enriched GO terms in prehaustoria and haustoria. A and B, Number of genes
up-regulated (A) and down-regulated (B) at prehaustorial stage with associated enriched GO terms relative to stems and
seedlings. C and D, Number of genes up-regulated (C) and down-regulated (D) at haustorial stage with associated enriched GO

terms relative to prehaustoria, stems, and seedlings. [See online article for color version of this figure.]

pathogenesis-related proteins, and heat shock proteins,
as noted for the prehaustorial stage. In addition, stri-
golactone biosynthetic enzymes, the GA biosynthetic
enzymes GIBBERELLIN-OXIDASE8(GA20X8), GA200X1,
GA200X2 and GA200X5, and transcription factors such
as WRKY, YABBY, and GRAS families were also among
the up-regulated genes in the haustorial stage (Fig. 5C).
Thus, except for the down-regulation of photosynthetic
genes, differentially expressed transcripts in haustoria
compared with prehaustoria, stems and seedlings shared
a significant proportion of enriched GO terms with those
differentially expressed in prehaustoria compared with
stems and seedlings. This suggests that trends in the ex-
pression of genes regulating early parasitism-related
processes that begin in the prehaustorial stages are ex-
aggerated as parasitism proceeds to the haustorial stage.

GO categories for common transcripts up-regulated
or down-regulated at each developmental stage com-
pared with all other stages were consistent with the
developmental stage, suggesting the robustness of our
differential gene expression analysis (Supplemental
Data Set S13). Notable are the enrichment of GO terms
Flower Development, Stamen, Petal, Embryo Sac De-
velopment, and Pollination for common up-regulated
transcripts in flowers as compared with all other tissues;
enrichment of Photosynthesis, Transport, Transporter,
and Structural Morphogenesis GO terms for tran-
scripts down-regulated in seeds; and enrichment of
GO terms related to Photosynthesis, Photosystem
Assembly, Chlorophyll Biosynthetic Process, Gibberellin
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Biosynthetic Process, Auxin-Mediated Signaling Path-
way, and Meristem Growth for common transcripts up-
regulated in seedlings as compared with other tissues.

DISCUSSION

This study provides, to our knowledge, the first
comprehensive view of plant parasitism at the tran-
scriptome level and identifies genes and gene cate-
gories underlying interactions between the obligate
shoot parasite dodder and its host. We use high rep-
lication across several developmental stages from
dodder grown on two hosts to generate a compre-
hensive transcriptome and two different methods of
analysis to identify key genes involved in parasite
development. Responses to stimuli and transporter
gene categories were found among those highly up-
regulated in the infective stages containing pre-
haustoria and haustoria. Photosynthetic genes were
among the down-regulated transcripts at the hausto-
rial stage. Additionally, other major categories associ-
ated with the infection process were transcripts coding
for cell wall-modifying enzymes and genes involved in
phytohormone (such as auxin, GA, and strigolactone)
biosynthesis, transport, and responses.

Transcriptome Assembly and Annotation

In order to build a comprehensive transcriptome, we
used RNA-seq reads not only from the stages important
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for investigating dodder parasitism (stem, haustorial,
and prehaustorial stages) but also from other significant
stages of dodder development (seed, seedling, and
flower). Thus, the transcriptome allows a comprehensive
look at fundamental principles of dodder development
and metabolism in addition to the process of parasitism.

Initially, the assembled transcriptome was highly
enriched for small-sized transcripts, similar to other de novo-
assembled plant transcriptomes, which could in part be
due to the transcript assembly algorithm, where the
reads are decomposed into k-mers that may report hy-
pothetical and misassembled transcripts (Zhao et al., 2011;
Gruenbheit et al., 2012). Filtering out transcripts based on
abundance estimation and clustering by sequence identity
would have likely removed these assembly artifacts, in-
cluding transcript variants that were poorly supported by
the reads. Nonetheless, only half of the filtered and clus-
tered transcripts were functionally annotated, which is
similar to many other de novo-assembled plant tran-
scriptomes, such as tobacco, pepper (Capsicum frutescens),
and sweet potato (Ipormoea batatas; Tao et al., 2012; Liu et al.,
2013; Nakasugi et al., 2013). RT-PCR followed by se-
quencing confirmed the existence of the nonannotated
transcripts, 80% of which had no predicted protein-coding
regions, suggesting that most of these nonannotated tran-
scripts may constitute poorly expressed assembled inter-
genic noncoding RNAs besides potential dodder-specific
transcripts and 3’ or 5" untranslated regions. In plants, the
functions of intergenic noncoding RNAs are poorly char-
acterized, except for the involvement of such RNAs in
biotic and abiotic stress responses in Arabidopsis (Liu
et al., 2012). A number of those potential noncoding RNAs
were represented among transcripts showing differential
expression in haustorial and prehaustorial stages com-
pared with seedlings and stems, suggesting their possible
involvement in the process of parasitism (Supplemental
Data Set S14).

Genes and Gene Categories Associated with Dodder
Infection and Development

Based upon PCA and SOM clustering in combina-
tion with differential expression analysis, our study
identifies transcripts specific to individual stages of
dodder development and highlights ones associated
with key sequential events in the process of Cuscuta
spp. parasitism, including increased responses to biotic
and external stimuli, cell wall modifications, increased
transporter activities, and reduced photosynthesis.

Recruitment of Genes Relating to Responses to Stimuli and
Cell Wall-Modifying Enzymes for Induction of Plant Parasitism

Our study uses the transcriptome to identify the
involvement of genes related to responses to stimuli
and plant defense in the process of parasitism. Many
such genes, such as basic pathogenesis-related proteins,
heat shock proteins, and drug resistance proteins among
others, showed increased expression in prehaustorial and
haustorial stages compared with stems and seedlings.
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Genes associated with stress responses were also found
to be up-regulated in roots of a root parasite after
contact with a host plant (Torres et al.,, 2005; Honaas
et al., 2013). Thus, it can be hypothesized that parasitic
plants recruit defense-related genes for host recognition.
Considering that a host may demonstrate active defense
responses to dodder attack (Runyon et al., 2010), it also
appears that the parasite is under biotic stress and,
hence, may recruit its own defense mechanism to over-
come the counterattack.

Our study also showed the increased expression of
many genes encoding cell wall-modifying enzymes,
such as pectin lyase, pectin methylesterase, and cellu-
lase, besides expansins in dodder infective stages. This,
in combination with classical histological and immu-
nocytochemical studies indicating the prominence of
cell wall-loosening complexes at the dodder-host plant
interface, suggests the importance of cell wall modifi-
cations in the induction and penetrance of host tissue
by haustoria as well as the rapid expansion of haus-
torial tissues (Nagar et al., 1984; Vaughn, 2002, 2003).
Expansin cell wall modulators were identified as core
regulators of parasitism in the root parasites Striga spp.
and T. versicolor (O’'Malley and Lynn, 2000; Vaughn,
2002; Honaas et al., 2013). However, expansin regulation
of plant parasitism might be a more complex phenom-
enon in the stem parasite Cuscuta spp., as different genes
encoding expansins were represented among both the
up-regulated and down-regulated genes.

Increased Transporter Activity and Reduced Photosynthesis
with Progression of Plant Parasitism

After the establishment of vascular connections with
the host plant, dodder becomes a very strong sink,
acquiring nutrients and solutes from the host plant and
significantly reducing the biomass of the host plant
(Shen et al., 2005). Our investigation showed increased
expression of genes associated with the transport of
not only sugars but also of other nutrients, such as
amino acids, phosphate, nitrate, and ammonia, in the
haustorial stage of dodder (Supplemental Data Set S15),
indicating that dodder acquires many nutrients in ad-
dition to water and assimilated carbon from its host.
The symplastic versus apoplastic mode of nutrient ac-
quisition from the host plant by dodder is debated in
the literature (Haupt et al., 2001; Birschwilks et al., 2006;
Shen et al., 2006). Our gene expression analysis high-
lights the fact that the transport mechanism includes
apoplastic and transmembrane transport processes in
addition to symplastic transport.

The process of dodder becoming a strong sink after
infecting host plants is associated with reduced chlo-
rophyll biosynthesis and photosynthesis, suggesting
that after successful parasitism, dodder acquires its
nutrients from the host plant mostly through hausto-
rial transport, reducing photosynthesis to a minimal
level, if any. Lack of true leaves in all Cuscuta spp.
further supports this observation (Fig. 1C). However,
some studies showed that stems of different Cuscuta
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spp., including dodder, photosynthesize to varying de-
grees, consistent with other lineages of parasitic plants
(Choudhury and Sahu, 1999; Revill et al., 2005; Wickett
et al., 2011). Our differential gene expression analysis
also showed high expression of photosynthetic genes in
dodder seedlings. Despite the retention of a functional
photosynthetic apparatus in Cuscuta reflexa, 99% of
carbon used by Cuscuta spp. comes from the host plant,
suggesting little or no photosynthesis in dodder stems
after host plant infestation (Jeschke et al., 1994; Hibberd
et al., 1998).

Phytohormone Activity in Dodder Development and Parasitism

This study also demonstrates a significant involvement
of the phytohormones auxin, GA, and strigolactone in
dodder parasitism. Polar auxin accumulation has been
postulated as a universal feature of early plant organo-
genesis, and localized auxin accumulation has been
shown to be required for early haustorium development
in T. versicolor (Benkova et al., 2003; Tomilov et al., 2005).
An increased activity of genes underlying polar auxin
transport in dodder infective stages likely establishes
auxin maxima that induce haustoria formation. Besides
auxin, genes encoding GA biosynthetic and metabolic

Reference tissues

Infective tissues
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enzymes and the strigolactone biosynthetic enzymes
MAX1, MAX3, and MAX4 were among the up-
regulated genes in dodder prehaustoria and haus-
toria. However, the functional significance of GA
and strigolactone for haustoria induction and para-
sitism needs to be investigated. GA, in combination
with auxin, has been shown to regulate the growth
of excised Cuscuta spp. shoot tips in vitro (Maheshwari
et al, 1980). In addition, interaction between strigo-
lactone and auxin is also known to regulate bud out-
growth and shoot branching in Arabidopsis (Brewer
et al., 2009; Hayward et al., 2009). The expression of
genes relating to secondary shoot formation in the
development of prehaustorium further supports the
involvement of auxin and strigolactone in dodder
parasitism. It also provides additional support for
the recruitment of shoot developmental processes in
the evolution of dodder haustoria, as opposed to
these structures simply being modified adventitious
roots, as suggested previously (Kuijt and Toth, 1976;
Lee, 2007). Therefore, the significance of auxin and its
interaction with GA and/or strigolactone to regulate
haustoria induction and, thus, dodder parasitism
will be an interesting question to investigate in the
future.

Figure 6. Progression of dodder para-
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sitism from seedling to infective stages
involves increased responses to stress
and stimuli, increased transport and
transporter activity, and decreased
photosynthesis. The schematic dia-
grams show enriched GO terms for
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CONCLUSION

This study generates a robust and well-annotated
transcriptome for the stem parasitic weed dodder and
then outlines the sequential molecular events under-
lying dodder infestation of host plants (Fig. 6). Utiliz-
ing both SOM transcript clusters and differential gene
expression analysis, the unique prehaustorial and
haustorial stages of dodder showed statistically robust
enrichment of a few key gene categories likely to be
involved in the process of parasitism. Based on the
significant changes in gene expression at the various
stages of parasite development, the proposed progression
of events leading to parasite establishment involve a
mechanical stimulus generated from initial contact with
the host plant that induces haustoria formation and
penetration into the host stem. This is facilitated by the
recruitment of defense- and stress-responsive genes for
host recognition and the action of cell wall-modifying
enzymes. Once vascular connections between dodder
and the host plant are established, the host-parasite re-
lationship relies on the transfer of nutrients and solutes
from host to parasite, employing multiple transporters
and reducing photosynthesis. This comprehensive tran-
scriptomic study not only provides molecular insight into
dodder development and parasitism but also an oppor-
tunity to identify potential genes that could be utilized for
controlling destructive plant parasitic weeds. In the fu-
ture, a gene coexpression network analysis might help us
identify core regulators of the highlighted molecular
processes involved in dodder parasitism, such as tran-
scription factors regulating stress responses, cell wall-
modifying enzymes, and transporters. These can then
be exploited for targeted knockdown in dodder using a
host-mediated RNA interference strategy to attain more
complete control of parasitic weeds and to develop par-
asitic weed-resistant crop varieties.

MATERIALS AND METHODS

Dodder Germination, Host Plant Infection, and
Tissue Collection

Dodder (Cuscuta pentagona) seeds were germinated after treating with
concentrated sulfuric acid and bleach followed by cleaning several times with
water (Alakonya et al., 2012). Treated seeds were germinated on moist filter
paper in magenta boxes, and germinated seedlings were used to achieve
synchronized infection of the host plant alfalfa (Medicago sativa). Later,
strands/twines from infected alfalfa plants were coiled around tomato (Sola-
num lycopersicum) and tobacco (Nicotiana tabacum) host plants before being left
to establish for 4 weeks (Alakonya et al.,, 2012). For scanning electron mi-
croscopy analysis, tissue of dodder infecting tomato stem and leaf was fixed as
described (Bharathan et al., 2002), and electronic images were obtained with a
Hitachi S-3500 N device (Hitachi Science Systems).

Treated seeds, 3-d-old seedlings, noninfective stems of dodder (grown more
than 30 cm away from host plants), infective stems with prehaustoria, host-
penetrated stems with haustoria, and flowers of dodder grown on host
plants were used to make RNA-seq libraries. Prehaustorial stems were collected
by unwinding the dodder stems from the host plants as soon as prehaustoria
were visible and before host plant penetration. Haustorial dodder stems were
collected after host stem penetration by making vertical slices of the host stem in
order to capture most of the penetrated dodder tissues. While dissecting
haustorial strands, visible traces of host tissues attached to haustoria were
removed. Dodder flowers with traces of dodder stem tissues attached to them
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were also collected from infected host plants. Plants were grown in the
greenhouse at 22°C with 70% relative humidity and a daylength of 16 h.

RNA-seq Library Preparation and Sequencing

RNA-seq libraries were prepared from collected tissues (i.e. seeds, seedlings,
coiling stem strands, prehaustoria, haustoria, and flowers) using a custom high-
throughput method for the Illumina RNA-seq library (Kumar et al., 2012).
Libraries were prepared from four replicates of seeds and seedlings as well as
from four replicates from both host plants for each stem, prehaustoria, haus-
toria, and flower. These RNA-seq libraries were sequenced at the University of
California Berkeley Genomics Sequencing Laboratory on a single lane of the
HiSEquation 2000 platform (Illumina), and reads were generated in 100-bp
paired-end format.

Preprocessing of Illumina Reads

Preprocessing of reads involved Q20-quality trimming (removal of low-
quality reads with average Phred quality score < 20 and trimming of low-
quality bases from the 3’ ends of the reads) and removal of adapter/primer
contamination and duplicated reads using custom Perl scripts. The pre-
processed reads were sorted into individual samples based on barcodes using
fastx_barcode_splitter, and barcodes were trimmed using fastx_trimmer from
Fastx_toolkit.

In order to remove host tissue contamination, paired barcode-trimmed
combined reads were mapped to the tomato (ftp://ftp.solgenomics.net/
tomato_genome/annotation/ITAG2.3_release/ITAG2.3_cdna.fasta) and tobacco
(http:/ /www .plantgdb.org/download /Download/Sequence/ESTcontig/
Nicotiana_tabacum/current_version/Nicotiana_tabacum.mRNA.PUT.fasta.bz2)
transcriptomes separately using BWA (Burrows-Wheeler Aligner) software
in paired-read mapping mode with parameters -k 1 -125 -n 0.04 -e 15 -i 10
(Li and Durbin, 2009). Reads that did not map to host transcriptomes were
extracted using SAMtools and used for subsequent transcriptome assem-
bly (Li et al., 2009).

De Novo Transcriptome Assembly

The Trinity software package (version r2013-02-25) was used for efficient
and robust de novo assembly of a transcriptome from the RNA-seq data
(Grabherr et al., 2011). Transcriptome assembly was performed at the Lonestar
Linux Cluster at the Texas Advance Computing Center (University of Texas)
using 24 large-memory computing nodes and 1 TB JELLYFISH memory. The
command line used for assembly was Trinity.pl-seqType fq-JM 1000G-left
reads-1.fq-right reads-2.fqg-min_contig_length 200-CPU 24-bflyHeapSpace-
Max 7G. Subsequently, assembly statistics and downstream analysis were
performed in the iPlant atmosphere and Discovery computing atmosphere
(Goff et al., 2011).

Refinement and Assessment of Assembly

In order to filter out transcriptional artifacts, misassembled transcripts, and
poorly supported transcripts, original reads were mapped to assembled
transcripts using Bowtie2 with parameters -a-rdg 6,5-rfg 6,5-score-min
L,-0.6,-0.4, followed by SAMtools usage to generate a bam alignment file
(Li et al.,, 2009; Langmead and Salzberg, 2012). Subsequently, express
software was used to calculate abundance estimation for each transcript in
terms of FPKM (fragments per kilobase per transcript per million mapped
reads), and transcripts with one or more FPKM were retained for down-
stream analysis (Roberts and Pachter, 2013).

In order to handle the issue of highly similar/redundant contigs/ORFs,
CD-HIT suite, a clustering program based on similarity threshold, was used
(Huang et al., 2010). For clustering transcripts, CD-HIT-EST with a sequence
similarity threshold of 95% and word size of eight was used, whereas to
cluster ORFs, CD-HIT with a sequence similarity threshold of 95% and word
size of five was used.

Reads were mapped to transcripts at each stage of transcriptome refinement
as well as to annotated and unannotated transcripts using BWA using the same
parameters as described above (Li and Durbin, 2009). A custom Perl script was
used to extract uniquely mapped reads, followed by the use of SAMtools
flagstat to determine the number of total mapped reads and uniquely mapped
reads (Li et al., 2009).
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For full-length transcript analysis, transcripts were compared against the
UniProt database (ftp:/ /ftp.uniprot.org/pub/databases /uniprot/current_release/
knowledgebase/complete/uniprot_sprot.fasta.gz) using parameters -evalue
1e-20 -num_threads 6 -max_target_seqgs 1 -outfmt 6, and then Perl script from the
Trinity suite was used to examine the percentage of the UniProt target being
aligned to the best-matching assembled transcript (Altschul et al., 1997; Haas
et al., 2013).

Functional Annotation of the Transcriptome

The contigs from the final transcriptome were compared with the NCBI
nonredundant database using BLASTX with an e-value threshold of le-3
(Altschul et al., 1997). The BLASTX output, generated in xml format, was
used for Blas2GO analysis to annotate the contigs with GO terms describing
biological processes, molecular functions, and cellular components (Gotz et al.,
2008). The e-value filter for GO annotation was le-6. After the Blast2GO
mapping process, proper GO terms and Enzyme Code numbers from the
KEGG pathway were generated. ANNEX and GOslim, which are integrated in
the Blast2GO software, were used to enrich the annotation. Sequence de-
scription was also generated from Blast2GO, with an arbitrary nomenclature
based upon degrees of similarities identified in the nonredundant database
according to e-value and identity to BLASTed genes.

Sequence comparison against TAIR10 was also performed using BLASTX
at the e-value cutoff of 0.001.

Differential Expression Analysis

RNA-seq by expectation maximization (RSEM), which allows for an as-
sessment of transcript abundances based on the mapping of RNA-seq reads to
the assembled transcriptome, was used for transcript abundance estimation of
the de novo-assembled transcripts (Li and Dewey, 2011). Reads from indi-
vidual libraries of each tissue were mapped to final transcripts using default
RSEM parameters using script run_RSEM_align_n_estimate.pl, followed by
joining RSEM-estimated abundance values for each sample using merge_R-
SEM_frag_counts_single_table.pl. Finally, differential expression analysis was
carried out using run_DE_analysis.pl, which involves the Bioconductor
package EdgeR in the R statistical environment (Robinson and Oshlack,
2010; R Development Core Team, 2011). Removal of transcripts with very
low estimated counts (40 for the combined data set and 24 for the individual
host plant data set) followed by normalization of RSEM-estimated abun-
dance value preceded pairwise comparison for each tissue pair using EdgeR.
All these Perl scripts are bundled with the Trinity software suit (Haas et al.,
2013).

PCA with SOM Clustering

Normalized RSEM-estimated counts (Supplemental Data Set S8) were used
for a gene expression clustering method (Chitwood et al., 2013). After selecting
genes in the upper 95% quartile of coefficient of variation for expression across
samples, scaled expression values within tissues were used to cluster these
genes for multilevel four-by-three hexagonal SOM (Wehrens and Buydens,
2007). One hundred training interactions were used during clustering, over
which the « learning rate decreased from 0.008 to 0.007. The final assignment
of genes to winning units forms the basis of the gene clusters. The outcome of
SOM clustering was visualized in PCA space where principal component
values were calculated based on gene expression across samples (R stats
package, prcomp function).

GO Enrichment Analysis

GO enrichment analysis of the differentially expressed genes as well as
genes detected in specific clusters generated by PCA and SOM was performed
using the GOSeq Bioconductor package and GO terms and GOslim terms
generated by Blast2GO (Young et al., 2010).

RT-PCR Analysis

RNA from dodder stems was extracted using the RNeasy Plant kit (Qiagen)
according to the manufacturer’s protocol. Resulting RNA was treated with
DNase I (Qiagen). Complementary DNA from total RNA was prepared using
the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen)
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according to the manufacturer’s protocol. Two microliters of the complementary
DNA was used for amplification by PCR using the primer pairs listed in
Supplemental Table S3.

The quality filtered, barcode-sorted, and trimmed short read data set, which
was used for transcriptome assembly, was deposited to the NCBI Short Read
Archive under accession numbers SRR965929, SRR965963, SRR966236, SRR966405,
SRR966412, SRR966513, SRRI66542, SRRI66549, SRRI66619 to SRRI66622, SRRI67154,
SRR967164, SRR967181 to SRR967190, SRR967275 to SRRI67289, and SRR967291. The
all assembled transcripts (Dodder._all_transcriptome) have been deposited at GenBank /
EMBL/DNA Data Bank of Japan under accession number GAON00000000. The
version described in this article is the first version, GAONO01000000.

Supplemental Data

The following materials are available in the online version of this article
and deposited in the DRYAD repository: http://datadryad.org/resource/
doi:10.5061/dryad.7fr20.

Supplemental Figure S1. Flow chart showing steps in dodder transcrip-
tome assembly and annotation as well as downstream transcript clus-
tering and differential expression analysis.

Supplemental Figure S2. Transcript size distribution for Dodder_all_
transcriptome.

Supplemental Figure S3. Expression of nonannotated transcripts as
detected by RT-PCR in dodder stems.

Supplemental Figure S4. Pie charts for multilevel GO distribution of an-
notated transcripts in three categories: biological processes, cellular com-
ponents, and molecular function.

Supplemental Figure S5. Histogram representation of GOslim classifica-
tion in three categories: biological processes, molecular function, and
cellular components.

Supplemental Figure S6. Distribution of transcripts annotated as enzymes
among different enzyme classes.

Supplemental Figure S7. Multidimensional scaling plot of all replicates of
each dodder tissue used for transcriptome assembly and, subsequently,
transcript clustering and differential expression analysis.

Supplemental Table S1. Distribution of the percentage length coverage for
the top-matching UniProt database entries.

Supplemental Table S2. Size statistics and percentage of read mapping to
annotated and unannotated transcripts.

Supplemental Table S3. Primers used in RT-PCR analysis.

Supplemental Data Set S1. Sequences of all transcripts of Dodder_all_
transcriptome can be downloaded as a FASTA file at http://de.
iplantcollaborative.org/dl/e00e9ea8-6aad-439b-alfa-49dd3939693d.

Supplemental Data Set S2. Sequences of all transcripts of Dodder_final
transcriptome, obtained after filtering and clustering of transcripts, can
be downloaded as a FASTA file at http:/ /de.iplantcollaborative.org/dl/
a85e3682-4315-43e8-9f9d-597908616b4a.

Supplemental Data Set S3. Sequences of all predicted ORFs from Dodder_
all_transcriptome can be downloaded as a FASTA file at http://de.
iplantcollaborative.org/dl/f3eb4e4a-05b8-4db4-94{2-87fb77c1622a.

Supplemental Data Set S4. Combined annotation of dodder transcripts
obtained from BLASTX against nonredundant and TAIR10 databases.

Supplemental Data Set S5. GO chart data for number of annotated tran-
scripts in each GO category along with GO level, score, and parent GO
terms for each category under biological process, molecular function,
and cellular component.

Supplemental Data Set S6. GO identifiers for all annotated dodder transcripts.

Supplemental Data Set S7. Enzyme code distribution from KEGG for all
annotated dodder transcripts.

Supplemental Data Set S8. Normalized RSEM-estimated counts for all
replicates of each dodder tissue used for transcript clustering and dif-
ferential expression analysis.
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Supplemental Data Set S9. Enriched GO categories, both overall GO and
GOslim, for all clusters generated from PCA with SOM.

Supplemental Data Set S10. Differentially expressed transcripts (log fold
change = 1, FDR < 0.05) for each pairwise comparison for all dodder
tissues.

Supplemental Data Set S11. Shared up-regulated and down-regulated
transcripts at prehaustorial stage compared with seedlings and stems
and associated enriched GO categories.

Supplemental Data Set S12. Shared up-regulated and down-regulated
transcripts at haustorial stage compared with prehaustoria, seedlings,
and stems and associated enriched GO categories.

Supplemental Data Set S13. GO terms enriched for shared transcripts up-
regulated or down-regulated for each dodder developmental stage com-
pared with all other stages.

Supplemental Data Set S14. List of nonannotated transcripts showing dif-
ferential expression (log fold change = 1, FDR < 0.05) in prehaustorial
and haustorial stages compared with seedlings and stems.

Supplemental Data Set S15. Transcripts underlying the GO terms trans-
port (GO:0006810) and transporter (GO:0005215) represented among up-
regulated genes in prehaustorial stage compared with seedlings and
stems and in haustorial stage compared with prehaustoria, seedlings,
and stems.
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