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Abstract

Strigolactones are plant hormones with multiple functions, including regulating various aspects of
plant architecture such as shoot branching, facilitating the colonization of plant roots by arbuscu-
lar mycorrhizal fungi, and acting as seed germination stimulants for certain parasitic plants of the
family Orobanchaceae. The obligate parasitic species Phelipanche aegyptiaca and Striga hermon-
thica require strigolactones for germination, while the facultative parasite Triphysaria versicolor
does not. It has been hypothesized that P. aegyptiaca and S. hermonthica would have undergone
evolutionary loss of strigolactone biosynthesis as a part of their mechanism to enable specific de-
tection of exogenous strigolactones. We analyzed the transcriptomes of P. aegyptiaca, S. hermon-
thica and T. versicolor and identified genes known to act in strigolactone synthesis (D27, CCD7,
CCD8, and MAX1), perception (MAX2 and D14) and transport (PDR12). These genes were then
analyzed to assess likelihood of function. Transcripts of all strigolactone-related genes were found
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in P. aegyptiaca and S. hermonthica, and evidence points to their encoding functional proteins.
Gene open reading frames were consistent with homologs from Arabidopsis and other strigolac-
tone-producing plants, and all genes were expressed in parasite tissues. In general, the genes re-
lated to strigolactone synthesis and perception appeared to be evolving under codon-based selec-
tive constraints in strigolactone-dependent species. Bioassays of S. hermonthica root extracts in-
dicated the presence of strigolactone class stimulants on germination of P. aegyptiaca seeds. Tak-
en together, these results indicate that Phelipanche aegyptiaca and S. hermonthica have retained
functional genes involved in strigolactone biosynthesis, suggesting that the parasites use both en-
dogenous and exogenous strigolactones and have mechanisms to differentiate the two.
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1. Introduction

Parasitic plants of the genera Striga, Orobanche and Phelipanche (Orobanchaceae) have an absolute require-
ment for a host, and have evolved a mechanism by which seeds germinate specifically in response to the pres-
ence of a nearby host root. The parasite seeds are able to detect host roots by the presence of strigolactone (SL)
compounds in root exudates [1] [2]. Although other compounds can act as germination signals, the SLs such as
strigol, sorgolactone, and orobanchol have received most research attention because their production by host
roots is well correlated with germination stimulant activity [3] [4].

Recent discoveries have provided both an ecological and developmental rationale for plants to produce SLs
by showing that SLs are important signaling molecules in the rhizosphere that induce branching in arbuscular
mycorrhizal (AM) fungi [5] and that they have characteristics of a plant hormone that contribute to regulation of
shoot branching and other aspects of plant architecture (Extensively reviewed in recent literature, including [6]
[7]-[10]). The origin of AM fungi symbiosis and shoot branching is ancient [11], and there is evidence that all
angiosperms and even lower plants such as mosses and liverworts produce SLs [12]-[14]. However, the re-
quirement of Orobanche, Phelipanche and Striga for exogenous SLs raises questions about how these species
have evolved to respond to exogenous SLs and whether this trait could involve a loss in SL biosynthetic ability
[15].

SLs are apocarotenoid compounds synthesized from S-carotene via a pathway that has been determined based
on biosynthetic mutants of rice, pea, and Arabidopsis [16]. The first step in the pathway is the conversion of
all-trans-g-carotene to 9-cis-f-carotene by the g-carotene isomerase D27 [17] [18]. Two Carotenoid Cleavage
Dioxygenases (CCDs) then work sequentially to convert 9-cis-s-carotene into a C27 aldehyde (performed by
CCDY7) and then into carlactone (by CCD8) [18]. Both CCD7 and CCD8 are known to be essential for the pro-
duction of SLs and the germination stimulant [19]-[22]. A cytochrome P450 dioxygenase is thought to act on
carlactone to produce a SL, and while this enzyme is best known from Arabidopsis as MAX1, paralogs have
been identified from several other species, suggesting that diversity in enzymes at this step may contribute to the
variation in SL structures [23] [24].

The mechanism by which SL perception is transmitted as a germination signal is not understood, but branch-
ing regulation involves SL binding to D14 (DAD2 in Petunia hybrida), a member of the a/f-hydrolase superfa-
mily [25]-[27], which interacts with the F-box protein MAX2 [28] and leads to degradation of a transcriptional
repressor. Similar systems function in auxin and jasmonic acid signaling [29]. A homolog of D14, termed KAI2
(karrikin insensitive), has been proposed to act like D14 in interacting with MAX2, but is involved in regulating
seed germination in response to karrikin, a compound that is derived from smoke [30]. In addition to synthesis
and signaling, SL activity may be influenced by transport. An ATP binding cassette transporter (Arabidopsis
PDR12; PetuniaPDR1) has been identified as the cellular SL exporter that accounts for the exudation of SLs in-
to the soil [31].

Parasitic plant use of the host SL signaling system provides an elegant example of how signals can be mod-
ified to serve an alternative function. Because SL-mediated regulation of branching is an ancient mechanism in
angiosperms [13] [23] [32], autotrophic ancestors of parasitic plants are certain to have had this signaling path-
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way. The Orobanchaceae parasitic lineage has adapted this pathway for host detection by somehow modifying
SL signaling during the crucial seed germination stage. One simple and direct means to this end was proposed to
occur through the evolutionary loss of SL biosynthesis ability in parasitic species [15]. Under this scenario, pa-
rasite seeds would germinate only after detecting exogenous SLs produced by host roots, yet later in develop-
ment the attached parasite could obtain SLs from the host through direct xylem connections [33].

The objectives of this research were to survey the key SL synthesis- and perception-related genes in Pheli-
panche aegyptiaca (syn. Orobanche aegyptiaca) and Striga hermonthica in order to discern whether the capaci-
ty for SL synthesis has been retained in the parasitic plant group. Inclusion of the non-SL-dependent related pa-
rasitic species Triphysaria versicolor and non-parasitic relatives Lindenbergia philippensis and Mimulus gutta-
tus provide a comparative framework in which to judge gene evolution [34]. Here we report that all known
genes associated with SLs have homologs in the SL-dependent parasites and provide evidence from gene ex-
pression and functional constraint analyses that the encoded proteins are functional.

2. Materials and Methods
2.1. Plant Growth and Tissue Harvesting for Next-Generation Sequencing and qRT-PCR

Several key stages of parasitic life style were selected for this study [see 34 for a detailed description]. P. aegyp-
tiaca seeds were surface sterilized in 70% ethanol for 50 seconds, 1% sodium hypochlorite for 20 min, 0.01 M
HCL for 10 min and three successive rinses in sterile distilled water for 10 min. For early stages, seeds were
conditioned for 7 d on glass fiber paper in a Petri dish and then germinated with the addition of 2 mg/L of the
synthetic germination stimulant GR24. Stages involving growth on host plants or in soil were generated as pre-
viously described [35].

Striga hermonthica seeds were surface sterilized, preconditioned and germinated as described previously by
Gurney, et al. [36]. For haustorial stages, S. hermonthica haustoria were induced by the addition of 1 mL of 10
umol 2,6-dimethoxy-p-benzoquinone (DMBQ) to each Petri dish of pre-germinated Striga seeds [37]. For har-
vesting young S. hermonthica from host roots, Sorghum seeds were placed on a moistened glass fiber paper in a
90 mm Petri dish. Sorghum seedlings were germinated and then transferred into root observation chambers us-
ing the method described by Gurney, et al. [38]. Young parasite stages were harvested under a microscope using
forceps or for later stages were cut from the host root and separated into shoots and roots. Mature vegetative and
reproductive stages were prepared by growing the parasite with its host in 20 cm diameter pots filled with a soil-
sand mixture. Approximately 5000 non-preconditioned S. hermonthica seeds (40 mg fresh weight) were mixed 6
cm below the surface near the center of the pot and the soil-sand mixture was moistened with water. Sorghum
seeds (24 h post-imbibition) were then planted in the Striga infested soil and the pot placed in the growth cham-
ber as described above. The plants were watered with 150 ml of half strength Peter’s nutrient solution every day.
Striga shoots emerged from the soil surface in 4 - 6 weeks. Stem, leaf and floral buds samples were harvested
separately, flash frozen in liquid nitrogen, and stored at -80 C until used for nucleic acid preparation. Sequenc-
ing of individual stage-specific libraries was performed using 454 and Illumina sequencing technologies as pre-
viously described [34], with sequences available at http://ppgp.huck.psu.edu/.

2.2. Identification of SL Genes in Parasites and Comparisons with Other Eudicot
Sequences

The latest assemblies of parasite transcriptomes from the PPGP database (P. aegyptiaca: OrAeBC5, S. hermon-
thica: StHeBC3, T. versicolor: TrVeBC3 and L. philippensis: LiPhGnB1) were matched against TAIR version
10 to identify the best BLAST Arabidopsis hit for each representative parasite contig. The resulting summary
file was queried by using the AGI code of individual SL genes to identify the best BLAST hit parasite contig.
Percentage sequence identities were calculated based on the global (genes with full length coding sequence) or
local (genes with partial coding sequence) alignments of the translated amino acid sequences against the respec-
tive A. thaliana sequences. Of the best-match unigenes, the most complete versions were selected as the repre-
sentative gene for a particular parasitic species and in some cases two unigenes were able to be joined to further
extended the gene coverage. The translated amino acid sequences were used in multiple-sequence alignments
with the respective Arabidopsis sequences to confirm the identity between sequences. For P. aegyptiaca CCDS8,
MAX1 and MAX2, Sanger sequence data were used in addition to PPGP data to generate the complete CDS se-
guences. No large unigene for S. hermonthica CCD7 sequence was found in the PPGP database, but large frag-
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ments were obtained by two approaches. The 5’ end was sequenced starting with degenerate primers based on
homology to Arabidopsis and Pisum sequences, while the 3’ end was found by searching a set of S. hermonthica
genomic sequences. Transcriptome coverage for the closest nonparasitic relatives of the parasitic Orobanchaceae
[39] [40], represented here by L. philippensis, was also generated as part of the PPGP.

2.3. Phylogenetic and Functional Constraint Analyses

Using version 6.5 of CLC Genomic Workbench RNA-Seq program (http://www.clchio.com/
products/clc-genomics-workbench/), PCR duplicates were removed from read data before transcript abundance,
FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values were computed with unique
reads counted to matching transcripts, and non-uniquely mapped reads allocated on a proportional basis relative
to the number of uniquely mapped.

OrthoMCL [41] was used to classify genes from 22 selected plant genomes into narrowly defined gene fami-
lies (“orthogroups™) based on Markov Clustering of predicted amino acid sequences [42]. Candidate SL synthe-
sis orthogroups were identified by retaining BLASTp [43] hits with e-value < 1e™ of predicted Orobanchaceae
parasites SL synthesis genes searched on 22 plant genomes/proteomes that were classified in orthogroups. A
profile hidden Markov model (pHMM) for each candidate orthogroup was then searched with the translated un-
igenes using hmm search as implemented in HMMER 3.0 [44], and unigenes were assigned to the orthogroup
receiving the best bitscore. Amino-acid sequences of genes within each orthogroup containing a known or pre-
dicted SL synthesis gene were aligned to construct multiple sequence alignments using MAFFT [45]. Then
cDNA sequences were forced onto the amino-acid alignments to create coding sequence (CDS) alignments us-
ing a customized perl script. Shorter sequences that did not cover 50% of the overall alignment length were re-
moved, as were columns (base positions in the multiple sequence alignment) with gaps in more than 10% of the
sequences [46]. The final CDS alignment was used to generate a maximume-likelihood phylogenetic tree using
RAXML 7.2.1 [47] with the GTRGAMMA model. Branch support was evaluated by the bootstrap method, with
100 bootstrap replicates.

Selective constraint analysis was performed by the codeml program in Phylogenetic Analysis by Maximum
Likelihood (PAML) [48] [49]. The branch test utilizing a likelihood ratio test was employed to infer if the
SL-dependent parasite sequences (the “foreground” branches) have significantly different dN/dS ratio compared
to the non-SL-dependent species sequences (the “background” branches). A one-ratio model and a two-ratio
model, where the sequences of interest were labeled as the foreground, were run separately, after which the log
likelihood ratios were extracted from the codeml output. Twice the difference of the log likelihood ratio follows
a chi-square distribution with a degree of freedom of 1; this was used to test if the two-ratio model was signifi-
cantly better than the one-ratio model. The multiple coding sequence alignment in PHYLIP format and a ML
tree file were provided to run the codeml program.

2.4. qRT-PCR Analyses

Total RNA was isolated using TRIzol reagent (Invitrogen, USA) and further purified with RNeasy mini spin
columns (Qiagen, USA). Quality and quantity of the DNase-treated RNA samples were assessed by Agilent
Bioanalyzer 2100 analyses (Agilent Technologies, USA). First strand cDNA was synthesized using high capac-
ity cDNA reverse transcription kit (Applied Biosystems) and Tagman chemistry was used to measure the ex-
pression level of the targeted SL genes in P. aegyptiaca (Table 1). For each developmental stage, three biologi-
cal replicates and two technical replicates were used. Real time RT-PCR was performed (Applied Biosystems
7300 system) using a cycling regime of 95°C for 30 s followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
The default parameters of the SDS 7300 system software were used to determine the threshold cycle (Ct). The
numbers of transcript copies were calculated based on an external standard curve and subsequently normalized
based on input cDNA quantity. Phelipanche aegyptiaca ubiquitin 1 was used as the reference gene as it was
found to be stably expressed across all life stages in the close relative P. (syn. Orobanche) ramosa [50]. The
normalized values of transcript copy number in each biological sample were expressed as: (gene transcript copy
number/transcript copy number of the reference gene) X 10°. Statistical analyses were performed in JMP 8 (SAS
Institute Inc.).

2.5. Bioassay of Striga Root Exudates on Phelipanche Seed Germination

Striga hermonthica seeds were surface-sterilized and germinated as described above. Germinated seedlings were
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Table 1. Tagman primers and probe sequences used for real-time RT PCR analyses of P. aegyptiaca genes.

Name of 8 - . n ' o Amplicon
gene Forward primer sequence (5'-3") Probe sequence(5'-3") Reverse primer sequence (5'-3") length (bp)

PhAeCCD7 CACGAGCGTGTTGCTATGG TCCCACAAGCAAAACAGCAACGTCTTAACGTCAATCTCGTA 83

PhAeCCD8 GCCCAACGATCGGAGATTTTCTAG CCATCTTGCAAAACCT CTGTAATTGTCGATTGCTGTGAACA 83
PhAeMAX2 CAGGAGTGTTTCAGGCTTAGGAA ACGGCTCACGAGCACT TCTCGTAAATCCGGTATCCTCAGT 92

PhAeUBQ1 GGGAAGACGATAACCCTTGAAGTC TAGTGTCGGAGCTTTC TCCCTTCCTTATCCTGAATCTTGGT 95

plated onto full strength Murashige & Skoog medium (MS) supplemented with 3% (w/v) of sucrose and 0.8%
(w/v) of agar adjusted to pH 5.75 [51]. After four months growth in culture, the root exudate of S. hermonthica
plants with well-developed root systems was collected and purified (slightly modified from [52]). Three S. her-
monthica plants were separated from the MS medium, rinsed with sterile distilled water, and individually placed
in glass tubes containing 3 ml sterile distilled water. Plants were held in the tubes for 36 hr to release the root
exudates into the water. The solution containing the root exudate was filtered through sterile gauze and indivi-
dually purified using reverse-phase chromatography on a C18 SEPAK cartridge. The root exudate solution (3 ml)
was loaded onto pre-equilibrated columns and then eluted with 10 ml sterile distilled water to first elute the more
polar and inactive compounds on P. aegyptiaca germination. The columns were then eluted with 1 ml of 100%
methanol to obtain the more active compounds. After elution, the methanol was removed using Eppendorf vacu-
fuge concentrator and stored at —80°C until use. Three biological replicates were generated for each treatment.

Ability of extracts to stimulate parasitic seed germination was determined by bioassay using P. aegyptiaca
seeds as described by [53]. Approximately 100 sterilized seeds were spread on 1.5-cm diameter glass fiber discs
moistened with sterile distilled water and placed inside 10 cm Petri dishes and incubated in dark at 23°C for 7 d to
allow seed conditioning. Discs containing P. aegyptiaca seeds were then blotted on sterile filter paper to remove
excess moisture and again transferred to a new sterile Petri dish. Triplicate 100 pl aliquots of S. hermonthica root
exudate extract were applied to the discs containing the conditioned P. aegyptiaca seeds. Positive and negative
controls (also in triplicate) were applied to additional discs containing P. aegyptiaca seeds. GR24 was used as posi-
tive control at 10> M, and sterile distilled water as negative control. After 7 d of further incubation, the germina-
tion was recorded in P. aegyptiaca seeds as a percentage of seeds with radicle emerged through the seed coat.

3. Results

3.1. Genes for SL Biosynthesis and Signaling Are Present and Expressed in Parasitic
Species

Transcripts corresponding to known genes related to SL biosynthesis, signaling, and transport were found in the
parasitic species P. aegyptiaca, S. hermonthica, and T. versicolor (Table 2). Of 24 genes considered (eight
genes for each of three species), 16 were found with apparently complete coverage and 8 with incomplete cov-
erage of the protein coding sequences. In most cases the full-length coding sequences identified in parasitic spe-
cies were of comparable lengths to the reference A. thaliana sequences, with levels of amino acid identity great-
er than 55% for all full-length sequences. The finding of partial transcripts for some genes appears to be due to
incomplete sequencing coverage as no premature termination codons were found. The lowest coverage was
found for CCD7 of T. versicolor, consisting of three fragments of 24 - 35 amino acids. However, this low level
of CCD7 sequence may be due to low gene expression or vagaries of sequencing coverage rather than loss of the
gene, as full or nearly full coverage of CCD7 homologs were identified in the SL responsive species P. aegyp-
tiaca and S. hermonthica, and there is no reason to expect that T. versicolor, which does not require SLs for
germination, should differ from other plants that have the typical SL biosynthetic pathway. A CCD7 gene has
also been sequenced from the related parasite, Phelipanche ramosa, and is 98% identical to the P. aegyptiaca
CCD7 protein [54].

3.2. Phylogenetic Relationships of the SL Genes in Parasites

To study the phylogenetic relationships of the identified parasite genes, we compared these sequences with ho-
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Table 2. Identification and coverage of transcripts related to strigolactone (SL) biosynthesis, signaling and transport in three
parasitic plant species.

Characterized SL

genes Role in SL pathway A. thaliana reference P. aegyptiaca S. hermonthica T. versicolor
Accession Extent of coding sequence identified
(Amino acid length) (Amino acid length, identity to A. thaliana)
Os* . . AT1G03055 Full Partial Partial
D27 Biosynthesis of SL precursor (264) (251, 41.9%) (73, 53.6%) (232, 41.0%)
CCD7/MAX3™ .
Ps 0s’ . . AT2G44990 Full Partial
RMga:?H , Biosynthesis of SL precursor (629) (652, 55.3%) (533, 45.2%) Fragments
At
%\:ﬂljsi/p':/lgi(go; Biosynthesis of AT4G32810 Full Partial Partial
D Ablph ' carlactone (570) (563, 60.3%) (214, 67.8%) (279, 65.7%)
MAXIA Conversion to AT2G26170 Full Full Full
bioactive SL (522) (526, 68.5%) (523, 65.8%) (478, 65.5%)
MAX2", RMS4™, Mediates signaling AT2G42620 Full Full Partial
D3 (Both SL and karrikin signals) (693) (709, 55.9%) (703, 56.6%) (296, 50.3%)
D14% DAD2™ Signal perception AT3G03990 Full Partial Full
' (SL binding) (267) (266, 77.2%) (180, 76.8%) (273, 62.1%)
KAIA Homolog of D14. Related to ATAG37470 Full Full Full
karrikin signaling. (270) (270, 75.2%) (271, 75.6%) (272, 73.9%)
At Ph Full Full Full
PDR12™, PDR1 SL transport AT1G15520 (1423) (1428, 69.0%) (1440, 68.3%) (1491. 67.2%)

“Identities of the plants where the respective genes have been characterized are indicated by superscript: At, Arabidopsis thaliana; Os, Oryza sativa;
Ph, Petunia hybrida; Ps, Pisum sativum.

mologous coding sequences from two closely related non-parasitic species L. philippensis and M. guttatus, as
well as 22 other core eudicots. For all SL-related genes, the sequences from parasitic species always formed a
well-supported clade with L. philippensis and M. guttatus, but separate from other species (Figure 1) and overall
consistent with previously reported phylogenies [23]. However, only for CCD7, MAX1 (Figure 1(b)), and
MAX2 (data not shown) did the SL germination dependent species P. aegyptiaca and S. hermonthica form a
separate clade from the SL independent species. This analysis included all genes in Table 2, except for PDR1,
which is part of a multigene family that produced a large and poorly resolved tree (not shown).

3.3. SL Genes Are under Functional Constraint in Parasites

We then investigated whether selective constraints on SL genes in SL-requiring species differ from those on
non-SL-requiring species. Genes encoding proteins that function in SL biosynthesis would be expected to show
signatures of selective constraint, so SL genes were subjected to dN/dS analysis in PAML. A dN/dS (w) ratio
greater than 1, equal to 1, and less than 1, indicates positive selection, neutral evolution, and purifying selection,
respectively [55]. We first tested whether parasite genes were evolving differently from non-parasite genes and
found that only MAX1 was significant for any selective constraint, exhibiting purifying selection (Table 3). This
suggests that MAX1is a functionally conserved protein and that selection has not permitted many nonsynonym-
ous mutations in the parasitic species. We then tested S. hermonthica and P. aegyptiaca as a group to determine
whether SL dependence was associated with specific selection types. Analyzed this way, CCD7 showed relaxa-
tion, suggesting that this gene is subject to evolutionary constraints that differ from the same gene in non-SL-
requiring plants. In comparison, genes involved in SL perception in SL-dependent species appear to be evolving
in a manner similar to that of non-SL-dependent species.

To gain further insight into the potential that these genes encode functional proteins, we searched for the
presence of known signatures/motifs that have been characterized in homologous genes from other plant sys-
tems. Four amino acid residues have been implicated in binding specificity of maize 9-cis epoxy carotenoid
dioxygenase (NCED) proteins [56] and subsequently shown to be highly conserved in CCD7 and CCD8 across
all plants [13] [23]. Two other conserved regions are recognized in CCD7 and one in CCD8 [23]. Overall, these
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Phelipanche acgyptiaca D27

Striga hermonthica D27

Lindenbergia philippensis 027

Mimlus guttatus pACid 176

0
Solanum lycopersicum 099065750
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tedicago truncatula3g109610
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Aquilegia coerulea PACIA18159129
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Aquilegia coerulea PACIA18154138

Aquilegia coerulea PACId 18153767
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Sorghum bicolor PACd1976492
Sorghum bicolor PACIA1970010
Oryza sativa PACid 16833192 CCOB/DIOMI
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Brachypodium distachyon 249670
Sorghum bicolor PACId1963263
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"
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Phelipanche aegyptiaca CCD7

Striga hermonthica CCD7
Lindenbergia philippensis CCD7
Mimulus guttatus PACid17692040 CCD7
Solanum tuberosum PGSC0003DMP400045162
unSoIanum Iycopersicum 019090660
Lactuca sativa 51087
Lactuca sativa 50260
Medicago truncatula7g045370
6 190 Glycine max PACid16244021

100
62 Glycine max PACid16284108

Fragaria vesca 04863

Thellungiella parvula 427060
0

Arabidopsis thaliana AT2G44990 CCD7/MAX3
Carica papaya PACid16413911
Populus trichocarpa PACid 18222466

Theobroma cacao 9038590

Vitis vinifera PACid 17828237
Aquilegia coerulea PACid18151354
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-Sorghum bicolor PACid1973396

= o Oryza sativa PACid 16856044 D17
= Brachypodium distachyon 591765
o Musa acuminata Achr11T21000 001
Phoenix dactylifera 30s835161g001
Amborella tri saffold00111.9
02

(b)

Phelipanche aegyptiaca MAX1
-Striga hermonthica MAX1
Triphysaria versicolor MAX1
Lindenbergia philippensis MAX1
100 Mimulus guttatus PACid17697641 MAX1
Mimulus guttatus PACid17676779 MAX1
100[~ Solanum lycopersicum 089062950
Solanum tuberosum PGSC0003DMP400014456
Medicago truncatula3g104560
100~ Glycine max PACid16254960
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Figure 1. Phylogenetic trees for angiosperm orthologs of genes related to strigolactone synthesis. (a) D27, (b) CCD7, (c)
CCD8 and (d) MAX1. SL-dependent parasites are shown in blue font, with non-SL-dependent relatives in green font. Maxi-
mum likelihood trees are shown with bootstrap values from 100 bootstrap replicates.
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Table 3. Summary of selective constraint analysis for strigolactone-related genes in studied species as grouped by strigo-
lactone (SL)-dependent species or all parasite species as compared to the homologous genes from other species (see Fig-

ure 1).
Gene Type of selection Foreground w Background w p-value Significance
All parasite species P. aegyptiaca, S. hermonthica and T. versicolor as foreground
D27 NA 0.313 0.259 0.804 NS
CCD7 nd
CCD8 NA 0.124 0.157 0.056 NS
MAX1 Strong purifying 0.059 0.191 0.024 *
MAX2 NA 0.192 0.177 0.730 NS
D14 NA 0.107 0.077 0.605 NS
SL-dependent species P. aegyptiaca and S. hermonthica as foreground
D27 NA 0.200 0.259 0.804 NS
CCD7 Relaxation 0.735 0.191 0.012 *
CCD8 NA 0.137 0.156 0.774 NS
MAX1 NA 0.087 0.190 0.220 NS
MAX2 NA 0.253 0.177 0.640 NS
D14 NA 0.087 0.078 0.890 NS

nd indicates not determined because of insufficient sequence for T. versicolor CCD7.

amino acids and associated regions were found to be similarly conserved in the Orobanchaceae species tested,
regardless of SL dependency (Figure 2). Each of the key amino acid positions in P. aegyptiaca are conserved,
though missing sections of S. hermonthica CCD7 and CCD8 sequences limit drawing a definitive conclusion.
We also found that P. aegyptiaca and S. hermonthica differ from their non-SL-requiring relatives at two posi-
tions within the conserved CCD8 motif from amino acid residues 329 - 340. The R-330-T/R change is found in
other species while the Y-337-F is highly conserved [23]. The functional impact of these substitutions is unclear
and will require additional research to elucidate their importance. In terms of other genes associated with SL
signaling, conserved regions of the MAX2 protein that are implicated in substrate binding [13] are found in all
parasite species, and the SL transporter PDR12 [31] [57] shows retention of all conserved ABCG/PDR domains
(Data not shown). Taken together these analyses indicate that the identified SL biosynthetic, signaling and
transporter genes retain signatures consistent with their known biological functions.

3.4. SL Genes Are Regulated in Tissue- and Developmental Stage-Specific Patterns

Further evidence that genes are functional could be provided by development-specific expression patterns, so we
calculated the normalized expression levels (FPKM is the count of mapped transcript fragments to this gene per
kilobase of sequence length per million library reads) of each SL gene in each library or developmental stage of
the PPGP data [34]. In P. aegyptiaca all of the first three genes involved in SL biosynthesis (D27, CCD7, and
CCDB8) are expressed predominantly in underground shoots and roots (Figure 3(a)). This finding is consistent
with roots being a major site of SL biosynthesis [58]. Similarly, in S. hermonthica, D27 and CCD8 transcript
levels are highest in roots (Figure 3(b)). MAX1was consistently expressed across developmental stages in both
species. The similarity in expression pattern in P. aegyptiaca and S. hermonthica suggests that they are under
similar modes of transcriptional regulation.

In contrast to the trend observed for the SL biosynthetic genes, the SL receptor/signaling genes MAX2 and
D14 are expressed throughout the life cycles of P. aegyptiaca and S. hermonthica (Figure 3). This is consistent
with the pattern of expression observed in P. sativum where MAX2/RMS4 was constitutively expressed across
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cco7
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Phelipanche aegyptiaca LFS[DDHGS TVHP|L[DGHGY ..L LI[MSCNAEDMLLPR|SNF..SQMWI|L[HVANA..NKPSD|F[PVI NQ..NFPLG|F[HGFWS
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Lindenbergia philippensis - -
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cco8
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Figure 2. Partial alignments of CCD7 and CCD8 amino acid sequences for Orobanchaceae parasites, non-parasitic relatives,
and three other species. SL-dependent parasites are shown in blue font, with non-SL-dependent relatives in green font. Red
boxes indicate residues identified as important in substrate binding and black boxes indicate other conserved regions [23].
Numbering is based on Arabidopsis sequences.
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Figure 3. Expression levels of SL-related gene transcripts as indicated by RNA-seq in P. aegyptiaca (a) and S. hermonthica
(b); Normalized expression levels were calculated for each stage-specific library and expressed as FPKM. Abbreviations:
Cond. seeds, conditioning seeds; post-attach., post attachment to host; Veg. shoots, vegetative shoots.

tissue types [59]. Expression of KAI2 was low or lacking in early development of both species, reaching its
maximum in vegetative shoots or inflorescences. The SL transporter PDR1 was expressed in all stages of both
species, though with no consistent pattern associated with development.

To verify gene expression from RNA-seq data and enhance resolution at early stages of the parasite life cycle
that play a crucial role in detecting the presence of host roots, we measured the expression levels of three se-
lected genes (CCD7, CCD8, MAX2) in P. aegyptiaca using q-RT-PCR (Figure 4). CCD7 expression declined
between days 4 and 7 of conditioning and was not detected in germinating seedlings (Figure 4(a)). Low expres-
sion of CCD7 in germinating seedlings was also found in S. hermonthica [33], although it is not clear whether
this is due to developmental regulation or to feedback regulation of SL biosynthetic genes [60] caused by use of
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Figure 4. The expression of genes for key strigolactone biosynthetic enzymes CCD7 (a) and CCD8 (b) and the putative stri-
golactone receptor MAX2 (c) across developmental stages of P. aegyptiaca. RNA levels were measured by quantitative
RT-PCR and presented as copy number of target gene/copy number of expression of ubiquitin 1 x 10°. Each bar represents
the mean of three biological replicates +/— SE. Bars with different letters are significantly different according to the Tukey
test (p = 0.05). Abbreviations are as described in Figure 3 except that days of conditioning are specified as 4 or 7.

GR24 to induce seed germination. CCD8 expression followed a similar trend, but was significantly lower only
in germinating seedlings (Figure 4(b)). Both CCD7 and CCD8 had highest expression in the late post-attach-
ment underground stage, at which time the tubercles are characterized by high numbers of roots. The expression
level of MAX2 was steady during seed conditioning, and lower in germinated seedlings and vegetative shoots,
but otherwise consistent across developmental stages (Figure 4(c)). Similar analysis in S. hermonthica indicated
highest expression of CCD7 during the first week of conditioning, then decreasing by 14 d and in germinated
seedlings similar to the trend in P. aegyptiaca but extended over a longer required conditioning period for S.
hermonthica.

3.5. Striga root Exudates Can Induce Germination of Phelipanche Seeds

To confirm the presence of SL class stimulants in parasitic plants, we collected root exudates from S. hermon-
thica plants grown in vitro in the absence of a host. The crude root exudate was purified on a C18 column to
isolate the SL containing fraction and applied in three different dilutions to conditioned P. aegyptiaca seeds. The
negative control induced negligible spontaneous germination, while the SL analog GR24 positive control in-
duced germination above 80%. Striga root exudate applied in three different concentrations induced germination
of P. aegyptiaca seeds, with only the lowest dilution lacking statistical separation from the negative control
(Figure 5). Although this observation does not exclude the possibility of presence of additional substances other
than SLs in the root exudates with potential role for broomrape germination [61]-[63], it points to the possibility
that the SL pathway identified in this study reflects real production of SLs in the SL-dependent parasitic plant
group. It is noteworthy that a similar experiment conducted independently reached the same conclusion [33].
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Figure 5. Effect of S. hermonthica root exudates on P. aegyptiaca seed germination. Each bar represents the mean of three
biological replicates +/— SE. Bars with different letters are significantly different according to the Tukey test (p = 0.05).

4. Discussion

The decades-old discovery that certain parasitic Orobanchaceae species germinate in response to host-derived
SL germination stimulants [1] raised the paradox of why plants would exude such chemicals when reduced ex-
udation should result in less parasite seed germination. The answer that has emerged in recent years is that the
SLs are a signal to mycorrhizal fungi colonization [5] and are important mediators of the plant's response to the
environment, particularly under conditions of phosphate starvation [4] [64] [65]. At the same time these com-
pounds serve as mobile signals within the plant to regulate shoot architecture, which can also serve the plant by
limiting branching under phosphate-limiting conditions [58] [66]-[69]. Thus, SLs appear to be critical to plant
development and interaction with beneficial microorganisms and there is strong selective pressure to maintain
SL biosynthesis and signaling. However, parasitic plants should be the one class of plants that would seem to
benefit from a lack of SL production, given the strong evolutionary pressure on them to detect exogenous SLs in
the environment, combined with the lack of penalty for giving up associations with arbuscular mycorrhizal fungi,
since they obtain phosphate and nitrogen from their hosts [70].

The findings of our study suggest that parasitic plants have retained a functional SLs biosynthetic pathway
similar to other plants. If in fact parasites would benefit from a lack of SL production, a simple mutation result-
ing in translation termination of any of the key SL biosynthetic genes would suffice. Over evolutionary time,
one would expect genes such as D27, CCD7, or CCD8 to accumulate multiple deleterious mutations or even be
lost from the genome as has occurred for light harvesting genes in holoparasites [71] [72]. On the contrary,
transcriptome sequencing of P. aegyptiaca and S. hermonthica revealed that the genes are all present with ap-
parently full-length proteins (Table 2). Analysis of these proteins resulted in phylogenies consistent with pre-
vious hypotheses of relationships in this group (Figure 1) and show evidence of functional constraint (Table 3,
Figure 2), indicating continued purifying selection. Furthermore, the genes are expressed in developmental pat-
terns that are consistent with some of the known regulation of SL biosynthetic genes in other plants, such as the
apparent transcriptional co-regulation of CCD7 and CCD8 genes across tissue types which mirror that in A. tha-
liana and Pisum sativum (Figure 3 and Figure 4) [19] [59]. We also find similar evidence of genes implicated
in SL perception, such as MAX2 and D14 (and the related Karrikin-responsive KAI2), as well as the SL transporter
PDR12. The retention of SL signaling genes is anticipated given the dependence of P. aegyptiaca and S. her-
monthica on detecting host SLs. Considering that S. hermonthica MAX2 has been demonstrated to retain func-
tion in a heterologous system [33], our data point to intact SL biosynthetic and perception systems in these plants.

The data for SL synthesis by parasites presented here is substantial, but indirect. The bioassay showing sti-
mulatory effect of S. hermonthica root extracts on P. aegyptiaca seeds (Figure 5) addresses this, although it
falls short of identifying a true parasite SL using analytical methods. These results mirror those obtained in an
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independent study where cultured S. hermonthica extracts stimulated germination of P. ramosa seeds [33]. Bio-
assays are still the most sensitive method for detecting SLs and provide corroboration for the gene retention data.
The current result should spur researchers to begin looking for SLs in parasitic plant exudates and extracts.

The presence of a functional and regulated SL synthetic pathway substantially shifts thinking about SLs in
parasite biology from how parasites detect host SLs to how they differentiate host SLs from endogenous SLs. It
is possible that parasites make this distinction based on timing, localization, or structural specificity of SL pro-
duction. The current data on gene expression suggest that SL synthesis occurs in seeds during the early phase of
conditioning, but is shut down as the seed becomes competent for germination, perhaps allowing the seed to
avoid conflict between endogenous and exogenous SLs. With respect to localization, recent work has suggested
that SL detection is localized to the micropylar end of the Phelipanche seed [73] so spatial separation of SL
biosynthesis away from this area may effectively serve the same purpose. It is also possible to speculate that pa-
rasites produce unique SLs that are specifically recognized by processes separate from the germination-related
response to host SLs. Plants produce multiple variants of SLs [74] [75], and it is possible that these are recog-
nized by specific receptors as evidenced by Phelipanche and Orobanche species remarkable ability to differen-
tiate host germination stimulants [76] [77]. Our data suggest that P. aegyptiaca recognizes a SL produced by S.
hermonthica, which is perhaps not surprising given that P. aegyptiaca is among the more permissive species,
responding to a wide variety of SLs [76].

Finally, these findings suggest that SLs are essential to plant development and are not lost even when there
would seem to be an evolutionary advantage to doing so. It does not appear that parasitic plants require commu-
nication with mycorrhizal fungi to enhance nutrient uptake, and therefore there would appear to be little benefit
to retain this feature. However, SLs may also be important in other rhizosphere communication that is not yet
understood. In addition, SLs may regulate shoot branching patterns in parasites just as in other eudicots, and Liu
et al. [33] suggest that SLs are important in regulating branching in Striga. SL hormones are evolutionarily an-
cient and understanding of their role in coordinating plant development is rapidly expanding [14] [32]. The cur-
rent work contributes to this body of knowledge by demonstrating that parasitic plant synthesis of SLs and use
as germination triggers is likely more sophisticated than initially expected.

5. Conclusion

The role of SLs in stimulating germination of parasitic plants has been long established. The finding that SLs are
also evolutionarily conserved plant hormones with a multitude of roles in development and rhizosphere signal-
ing causes us to investigate the potential ability of P. aegyptiaca and S. hermonthica to synthesize endogenous
SLs. Our data suggest that SL biosynthetic capacity has been retained in these species, raising new questions
about how parasites regulate SL production and detection to enable specific detection of exogenous SLs for seed
germination.

6. Availability of Supporting Data

The data sets supporting the results of this article are available in the Parasitic Plant Genome Project website
http://ppgp.huck.psu.edu/ and NCBI Parasitic Plant Genome Project SRA accession,
SRP001053 (http://www.ncbi.nlm.nih.gov/sra/?term=SRP001053).
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