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SUMMARY

Parasitic plants in the genus Striga, commonly
known as witchweeds, cause major crop losses in
sub-Saharan Africa and pose a threat to agriculture
worldwide. An understanding of Striga parasite
biology, which could lead to agricultural solutions,
has been hampered by the lack of genome informa-
tion. Here, we report the draft genome sequence of
Striga asiatica with 34,577 predicted protein-coding
genes, which reflects gene family contractions and
expansions that are consistent with a three-phase
model of parasitic plant genome evolution. Striga
seeds germinate in response to host-derived strigo-
lactones (SLs) and then develop a specialized pene-
tration structure, the haustorium, to invade the host
root. A family of SL receptors has undergone a strik-
ing expansion, suggesting a molecular basis for the
evolution of broad host range among Striga spp.
We found that genes involved in lateral root develop-
ment in non-parasitic model species are coordinately
induced during haustorium development in Striga,
Current Biolo
suggesting a pathway that was partly co-opted dur-
ing the evolution of the haustorium. In addition, we
found evidence for horizontal transfer of host genes
as well as retrotransposons, indicating gene flow to
S. asiatica from hosts. Our results provide valuable
insights into the evolution of parasitism and a key
resource for the future development of Striga control
strategies.

INTRODUCTION

Striga is a genus of parasitic plants in the Orobanchaceae family

that includes major agricultural weeds. S. asiatica and

S. hermonthica infect grain crops such as sorghum, millet,

maize, upland rice, and sugarcane, causing $US billions of

annual yield losses [1–3]. Striga has evolved unique parasitic ad-

aptations that make infestations extremely difficult to eradicate

[3]. A single Striga plant produces more than 100,000 small

(�200 mm) seeds, which can be wind dispersed for a long dis-

tance. The seeds can lie dormant for decades, surviving extreme

conditions, until they perceive host-derived germination stimu-

lants, such as strigolactones (SLs) [4, 5]. Once germinated,
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Striga roots grow toward the host and detect compounds

derived from the host cell wall, which induce the development

of a specialized organ called the haustorium at the tip of the

radicle [6, 7]. The haustorium invades the host root and connects

its xylemwith that of the host to assimilate water and nutrients. In

addition, genetic materials from the hosts are also transferred

into Striga, but the extent and the precisemechanism of horizon-

tal gene transfer (HGT) remain elusive [8–10].

RESULTS AND DISCUSSION

The Structure and Evolution of the Striga Genome
The genome of the S. asiatica strain that invaded the United

States in the 1950s [2] was sequenced and assembled using a

combination of Illumina-based whole-genome shotgun technol-

ogy and Sanger-based BAC library end sequencing. The Kmer-

based estimation of the S. asiatica genome size is approximately

600 megabase pairs (Mb), and 472 Mb of the genome was

assembled with an N50 scaffold size >1.3 Mbp (contig N50 >

16.2 kbp and 393 3 read coverage; Data S1A), in which a

total of 34,577 genes was predicted (for detail, see Data S2A

and S2B).

Global gene family phylogenetic analysis and genome struc-

ture and synteny analysis with the closely related nonparasitic

plant Mimulus (Erythranthe) guttatus (Figure 1) both indicate

that the S. asiatica genome retains evidence of at least two

whole-genome duplication (WGD) events (Figures 2A–2D; Data

S2C). We examined the divergence patterns of synonymous

substitution rates (Ks) for Lamiales-wide duplicate genes identi-

fied by an integrated syntenic and phylogenomic analysis. Com-

parison of gene trees for 1,440 orthologous single-copy genes

showed that the length for the branch leading to S. asiatica

was longer than that leading to Mimulus suggesting that

S. asiatica has experienced a more rapid molecular evolution

thanMimulus (Figure 1). We identified two significant duplication

components in S. asiatica at mean Ks z 0.47 (younger) and 1.22

(older) as well as one significant component forMimulus at mean

Ks z 0.94 (Figure 2B). The older Striga Ks peak and the single

peak of theMimulus Ks distribution represent a shared ancestral

WGD event for Lamiales (Figure 2C). As expected the S. asiatica
3042 Current Biology 29, 3041–3052, September 23, 2019
peak is shifted to the right (a higher Ks value) because of the

accelerated rate of evolution for S. asiatica. The prominent

younger peak in the Striga Ks distributions represents a duplica-

tion event that occurred after the divergence of lineages leading

to S. asiatica and Mimulus.

Parasitic plant evolution is thought to progress through three

phases: phase I, evolutionary gain of a haustorium; phase II,

loss of functions that are supplemented by a host resource;

and phase III, specialization of the parasitic relationship

[11, 12] (Figure 2D). Shifts of gene expression (in scope and/or

specificity) and changes in the global functional gene profile pre-

sumably accompany innovation during parasite evolution. Thus,

we examined shifts of parasite gene expression and function by

genome-scale comparative analyses to identify the signatures of

each phase. Using the list of S. hermonthica ‘‘haustorium’’ or-

thogroups defined in Yang et al. [13], with a parallel analysis

that identifies genes with tissue-specific expression inArabidop-

sis, we found that haustorial genes are significantly enriched for

tissue-specific orthogroups in S. asiatica (Data S1B). Concor-

dant with Yang et al. [13], this pattern was strongest for pollen or-

thogroups. This suggests that haustorium innovation during

phase I may have involved co-option of genes with tissue-spe-

cific gene expression.

Next, we identified functions associated with shifts in gene

content by reconstructing each orthogroup (approximate gene

family) in a common ancestor of Striga and Mimulus, as well as

successively earlier common ancestors (Data S1C and S2C).

Among the 10,248 orthogroups, approximately �23% showed

changes in gene numbers inferred for the Striga lineage (647

contractions, 1,742 expansions, 456 losses, and 152 gains;

Data S1D, S1E, and S3). The relative age of genes in contracted

orthogroups was significantly older (two-tailed Mann-Whitney U

test, p < 2.2e-16) than genes in expanded families (Figure 2D;

Data S1E). In addition, the expanded gene families show

higher non-synonymous/synonymous substation (Kn/Ks) ratios

compared to the contracted gene families (Student’s t test,

p < 4.7e�10; Figure S1), suggesting that the expanded gene

families are undermore relaxed selection pressure. The relatively

younger expanded gene families, apparently gained largely as

a result of the Striga WGD (Figures 3B and 3E), potentially

mailto:ken.shirasu@riken.jp
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Figure 1. The Maximum Likelihood Species

Tree

Phylogenetic tree of 26 representative plant species

(Data S1C) was estimated from the concatenated

data matrix for 1,440 single-copy orthogroup genes

obtained from the BUSCO classification. Bootstrap

valueswere 100%for eachnode. The scale indicates

number of substitution per site.
provided a source of genes to encode specialized traits in the

parasite.

Significant (Benjamini corrected p < 0.05) signatures of gene

family contractions were detected in two photosynthesis-related

KEGG pathways (Data S1F and S1G). Additionally, an analysis

of Gene Ontology (GO) terms among contracted lineages

showed several photosynthesis-related cellular compartment

(CC) terms and biological process (BP) terms were significantly

over-represented (Data S1H and S2C; Figure 2D). These con-

tractions are consistent with Striga’s high reliance on host

carbon [14, 15]. Furthermore, significantly enriched GO BP

terms associated with leaf anatomy and function were detected

among contracted lineages, consistent with the anatomical

and functional reductions in Striga leaves. In addition to the

well-documented gene losses in parasitic plant plastomes

[12, 16], these changes indicate a complementary reduction in

reliance on photosynthesis-related gene function [17] represent-

ing phase II.

Perhaps the clearest support for Searcy’s phase II are

substantial contractions in gene families annotated with GO

BP terms that relate to abiotic and biotic stimulus response

including virtually all plant hormones (Data S2C, S1H, and

S1I; Figure 2D). This includes one in four significant GO BP

terms that are seven times more numerous in contracted

lineages than expanded ones. This pattern of loss points to

an increasingly insensitive parasite sensing apparatus that is

likely supplemented by the host. Concordant with this evolu-

tionary signature, empirical evidence suggests that Striga lost

abscisic acid sensitivity to regulate water loss machinery and

maintains constitutively open stomata even under drought con-

ditions [18, 19] contributing to a net carbon loss in the host

leaves [20].

The transition from phase II to phase III may in some

cases be blurred from a functional standpoint because, for

instance, the host plant could complement water stress

response pathways, while decreasing water potential in the

parasite could be adaptive [9]. Indeed, significantly enriched
Current Biolog
water relations terms can be found

among both expanded and contracted

lineages, yet orthogroup contractions

dominate water relation signatures indi-

cating that altered water relations may

largely, but not exclusively, represent

older phase II losses. In GO CC profiles,

contractions are biased toward structural

and photosynthesis related genes fam-

ilies—consistent with phase II comple-

mentation. However, the newer and

expanded gene families are significantly
biased toward endocytosis and intracellular transport, suggest-

ing that phase III innovations contribute to host resource

acquisition processes. The expansions in cellular transport ma-

chinery may help explain how Striga obtains photosynthate-

derived host resources even though direct phloem connections

are lacking [15, 20].

Host Recognition—Evolution of SL Receptors
As an obligate pathogen, Striga requires nutrients from a host

within a few days after germination. One unique aspect of the

specialized relationship with the host (phase III) in the Striga

parasitic lifestyle is the ability to germinate after sensing SLs,

which indicate presence of a host [5]. In Arabidopsis, D14 and

KAI2/D14L are ancient paralogs that encode receptors for SLs

and the karrikins (smoke-derived compounds that stimulate

germination of many nonparasitic plants), respectively [21, 22].

KAI2, which controls seed germination in Arabidopsis, has un-

dergone higher than normal gene duplication in several parasite

genomes in theOrobanchaceae [23–25]. A divergent subclade of

KAI2 paralogs (KAI2d) has evolved SL perception, which facili-

tates host detection in seeds. The super-orthogroup that con-

tains the KAI2 genes was expanded strikingly in S. asiatica

(Data S1J and S2D). We found that the S. asiatica genome

encodes 21 KAI2 paralogs and that 17 of these are in the

KAI2d class (Figure 3A). Most of the KAI2d genes in S. asiatica

are highly expressed in the seed as well as in seedling stages

(Figure 3B). Two other paralogs, KAI2c1 and KAI2c2, cluster

with highly conserved Arabidopsis (AtKAI2) and Mimulus pro-

teins (MgKAI2c). The intermediate group contains two KAI2i pa-

ralogs, which are sister to the expanded KAI2d clade. Mimulus

KAI2i (MgKAI2i) is branched from the ancestral node of the Striga

KAI2d and KAI2i, suggesting that Striga KAI2d genes evolved

out of the intermediate group. In addition, seven KAI2 pseudo-

genes are also found in the genome, providing further evidence

for highly dynamic evolution of the KAI2 gene family (Figure 3C).

KAI2 paralogs and pseudogenes are often found on the same

scaffold (Figures 3C and 3D). All KAI2 genes retain a single intron
y 29, 3041–3052, September 23, 2019 3043



Figure 2. The Striga asiatica Genome

(A) Syntenic scaffolds of Striga (blue), Mimulus (orange), and Vitis (gray).

(B) Ks plots of Striga and Mimulus duplicate genes. Orange and blue colors represent an older and a recent polyploidy event, respectively.

(C) Schematic phylogenetic tree presenting whole-genome duplication events that occurred during the evolution of the lineage leading to Striga. Gamma is the

genome triplication shared by core eudicots, Striga and Mimulus share a WGD (M+S), and Striga has experienced an independent WGD.

(D) Three-phasemodel of parasite evolution, showing gene categorieswith expression shifts, expanded and contracted orthogroups in theStriga genome relative

to a reconstructed ancestor of Striga and Mimulus. See Data S2 for details.

(E) Ks plots of expanded and contracted Striga genes. Age of contracted genes categorizes significantly older than expanded genes categories. See also

Figure S1.
at a conserved position. Tandem KAI2 paralogs typically share

the same orientation, consistent with localized KAI2 duplication

by unequal recombination. Interestingly, KAI2i, which is ances-

tral to KAI2d genes, is located next to Striga-specific KAI2d7

and KAI2d8 (Scaffold 62; Figures 3C and 3D), suggesting that

the Striga-specific KAI2d clade originally may have been derived

by the tandem duplication of KAI2i. If different KAI2d paralogs

have specificity for distinct types of SLs, then the rapid evolution

of the KAI2d clade likely enabled Striga seeds to recognize a

wide range of hosts [23–25]. We noted that the high level of

expression of many KAI2d homologs have a high level of expres-

sion at the seedling stage, suggesting that the host-derived SL

may influence other functions beyond germination.

Development of the Invading Organ, the Haustorium
Immediately after germination, Striga grows toward the host and

detects cell wall-derived compounds [6]. This initiates a drastic

developmental reprogramming, resulting in the formation of a

haustorium that invades the host root (Figure 4A). To investigate

gene expression dynamics during haustorium development,
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RNA sequencing (RNA-seq) analysis was performed with the

most devastating Striga species, S. hermonthica (Data S1K–

S1M and S2E). Principal component analysis (PCA) and self-

organizing map (SOM) clustering were used to classify the

transcripts into twelve clusters, each with a distinct expression

pattern specific to one or more developmental stages (Figures

4A and 4B). The GO enrichment analysis of these clusters (Ben-

jamini and Hochberg corrected p < 0.05; Figure 3C; Data S1N)

projected a similar sequence of molecular events during Striga

parasitism. Clusters 2, 3, and 6 showed expression patterns spe-

cific to the seed; transcripts in these clusters are enriched for GO

terms related to post-embryonic development and to embryonic

development toward the end of seed dormancy (Benjamini and

Hochberg corrected p < 0.05; Figure 4C). The seedling-specific

cluster 12 showed enrichment in defense responses as well as in

transcriptional regulatory activity (Benjamini and Hochberg cor-

rected p < 0.05; Figure 4C). This suggests that the seedling has

already started to change its transcriptional profile to enable

parasitization of host plants; i.e., the primary haustorium forma-

tion may be coupled with seed germination in S. hermonthica.



Figure 3. The Evolution of Strigolactone (SL) Receptor Genes in S. asiatica

(A) Maximum-likelihood phylogeny of predicted amino acid sequences of KAI2/D14-LIKE homologs in S. asiatica and S. hermonthica together with other non-

parasitic species. The tree was generated based on the JTT-matrix-basedmodel. Bootstrap values are shown at the bases of branches. The scale shows inferred

number of evolutionary changes per amino acid. Conserved, intermediate, and divergent clades are shown in blue, purple, and orange, respectively.

(B) Scaled expression levels of S. asiatica KAI2 genes at indicated stages.

(C) Local similarities detected between the genomic regions containingKAI2/D14-LIKE (blue forKAI2c, purple forKAI2i, and orange forKAI2d),D14 (green),DLK2

(yellow) homologs, and/or their pseudogenes (gray). Locally aligned genomic regions among scaffolds (blastZ score >15,000) are connected with solid lines.

Orange and yellow lines represent regions containing KAI2 or psuedo-KAI2 and DLK2 homologs, respectively. Gray lines connect locally similar regions outside

KAI2/D14/DLK2 genes. Nucleotide numbers in the scaffold are written beside the scaffold.

(D) Schematic representation of tandemly duplicated KAI2 homologs in the genome. See Data S2 for details.
Our SOM analysis allowed us to capture a subsequent peak of

gene expression from seedling to 7 days, represented by clus-

ters 9, 1, 5, 4, 8, 7, 11, 10, in that order (Figure 4C). The temporal

expression patterns of several selected genes were confirmed

by qRT-PCR upon host and nonhost interactions (Figure S2;

Data S2E). While the early gene expression was induced by

DMBQ treatments as well as host and nonhost interactions,

the expression of middle- and late-stage genes was not seen

in the interaction with nonhost Lotus japonicus (Figure 4D;

Data S2E). Because S. hermonthica is able to penetrate tissues

of nonhost Arabidopsis and L. japonicus, but not establish xylem

connections with L. japonicus [27], the early genes are likely to be

important for haustorium formation and host penetration, while

the genes involved in the middle to late stages of haustorial

development may associate with xylem connection formation

and/or host materials acquisition. In situ hybridization analysis

highlights the tissue-specific expression of such genes. An

early-stage gene, encoding the peroxidase, is exclusively ex-

pressed at the intrusive cells that are aligned at host-parasite

interface (Figures 4E and 4F), whereas various 7-day-specific
genes are highly expressed in the hyaline body (Figures 4G–

4J), a specific parenchymatic tissue whose characteristics

include dense cytoplasm, organelle-rich structure, and high

metabolic activity [28]. The hyaline body is proposed to function

as a sink for host materials, and the high expression of catabolic

enzymes such as proteases within this tissue may contribute

to such a function. The middle and late genes include the

recruitment of catalytic activity-related genes (especially hydro-

lases) during host penetration, transport-related genes during

host nutrient acquisition, and signal transduction-related genes

during resource allocation. In fact, among the identified 1,292

CAZyme (carbohydrate-active enzyme)-categorized genes [29],

252 are differentially expressed during invasion stages (Figure 5;

Data S1O, S1P, and S2E). Specifically, enzymes targeting pri-

mary cell wall components, such as those degrading pectin,

are highly upregulated (Figures 5C and 5D). In addition, many

proteases are upregulated at late stages of infection.

Comparative studies of development in an evolutionary

context have been routinely employed to understand develop-

mental mechanisms and to deduce how the regulatory changes
Current Biology 29, 3041–3052, September 23, 2019 3045



Figure 4. Transcriptional Reprogramming in

Haustorium Development

(A) Developmental stages used for the tran-

scriptome analysis of S. hermonthica. Seeds,

preconditioned seeds; seedlings, 48 h after 10 nM

strigol [26] treatment; 1 d, whole S. hermonthica

seedlings 1 day after rice infection; 3 d and 7 d,

S. hermonthica haustoria attached to rice tissues

at 3 and 7 days after rice infection. Scale bar,

100 mm.

(B) The expression profile of each transcript is

represented in PCA space with SOM node mem-

berships indicated by different colors. A total of

twelve clusters showing expression patterns spe-

cific to one or more stages were defined. The

percentage shown along the x or y axis represents

the percentage of variance explained by each

component.

(C) Heatmap of normalized gene expression of

each transcript separated by SOM clustering with

selected enriched GO terms (p < 0.05).

(D) Expression heatmap of stage-specific S. her-

monthica genes in interaction with host (O. sativa)

and nonhosts (Arabidopsis, Lotus japonicus, and

Phtheirospermum) interactions.

(E–J) In situ hybridization on haustorial sections of

S. hermonthica at 1 day (E and F) and 7 days (G–J)

after rice infection. The hybridized signal (blue)

represents the localization of the transcript of an

early-expressing gene encoding peroxidase (E)

and late-expressing genes encoding subtilase 1

(G), LRR kinase (H), or cytokinin oxidase/dehy-

drogenase (I). The sense probe of peroxidase (F)

and subtilase1 (J) was used as a negative control.

H, host plant; P, parasite. Scale bar, 200 mm. See

also Figure S2.
in gene expression contribute to morphological diversity [30].

Since our genome analysis indicated potential sub-functionali-

zation and/or co-option of existing genes from tissue-specific

gene families (phase I), we hypothesized that parasitic plants

may have employed a pre-existing developmental program to

produce the haustorium. One such program is lateral root forma-

tion, as this also creates new xylem connections in roots. Out of

the known 18 lateral root development (LRD) genes in Arabidop-

sis [31], we identified, respectively, 18 and 17 LRD orthologs in

the S. asiatica genome and the S. hermonthica transcriptome

(Data S1Q and S2E). Among these genes, SLR(IAA14), ARF19,

and LAX3 orthologs are specifically expressed during the

early stage of haustorium development (Figures 6A and S3).

SLR(IAA14) and ARF19 function as a module to regulate the
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expression of the auxin influx carrier

LAX3, which localizes auxin accumula-

tion during LRD [32] (Figure 6B). Thus,

the SLR(IAA14)-ARF19-LAX3 component

might be utilized to initiate auxin accumu-

lation during Striga haustoria formation.

We also detected another putative target

of the SLR(IAA14)-ARF19 module, the

LBD18 ortholog, which is highly ex-

pressed in the early stage (Figure 6A).

Arabidopsis LBD18 activates cell prolifer-
ation in the lateral root primordia [33]. Correspondingly, cell pro-

liferation is highly active in haustoria [34], suggesting that the

LBD18 ortholog might have a conserved function to coordinate

the spatial pattern of cell proliferation during haustorium

formation. In the later stages of haustoria formation, such as

3 days and 7 days, we observed the upregulation of ARF5 and

of ARF8 homologs (Figure 6A). ARF5 follows SLR(IAA14)-

ARF19 expression to control lateral root organogenesis [35],

whereas ARF8 activates lateral root meristem in response to ni-

trogen availability [36]. Therefore, these genes might be involved

in the later stages of haustorium formation when host penetra-

tion occurs and vasculature connections are formed. Note that

no upregulation of two other LRD-related genes, ABERRANT

LATERAL ROOT FORMATION 4 (ALF4) and ARABIDOPSIS



Figure 5. CAZyme Classification of the S. hermonthica Transcriptome

(A) Clustering and heatmap of the differentially expressed genes containing CAZyme motifs.

(B) Number of significantly upregulated contigs containing each class of CAZyme motifs. Contigs carrying AA and GH motifs are highly upregulated at 3 and

7 days after host interaction.

(C and D) Expression patterns of CE8 family containing pectin methyl esterases (C) and GH28 family containing polygalacturonases (D).
CRINKLY 4 (ACR4), were detected in S. hermonthica haustoria,

but, surprisingly, their orthologs (ALF4: LOC_Os08 g19320;

ACR4: LOC_Os03 g43670) were upregulated in host plants

1 day after infection (Figure 6A). As ACR4 expression is depen-

dent on SLR(IAA14)-ARF19 to specify LRD cell identity

in Arabidopsis [37] and ALF4 functions in maintaining the
mitotically competent state of the pericycle cells in LRD [38],

ACR4 and ALF4might link the interaction between S. hermonth-

ica and its host. Taken together, certain LRD genes in S. asiatica

and S. hermonthica are activated during haustorium formation,

and, interestingly, the expression orders follow developmental

time frames similar to those during LRD in Arabidopsis
Figure 6. Expression Patterns of Genes

Involved in Lateral Root Development

(A) Heatmap of scaled gene expression of each

transcript of the LRD-related genes in S. her-

monthica.

(B) Schematic models comparing the haustorium

development in Striga and the lateral root devel-

opmental (LRD) program in Arabidopsis. Ex-

pressed genes or orthologs are represented at

their expressional time points. Arrows are

assumed by the identified interactions in the Ara-

bidopsis LRD pathway. During the haustorium

formation, the corresponding Striga LRD orthologs

showed a similar sequential expression pattern as

those found in the LRD development in Arabi-

dopsis.

See also Figure S3.
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(Figure 6B), suggesting that haustorium formation, which confers

parasite function in parasitic plants, might be evolved partly

through the recruitment of parasitic plant and host LRD

programs.

Horizontal Gene Transfer
Genetic materials such as mRNAs are transferred from hosts to

parasitic plants [39]. The transferred material may also be inte-

grated into the germline of the parasites [8, 40]. To understand

the extent of such HGT events, the S. asiatica genome was

compared with other dicot and monocot genomes to find Striga

genes that clustered with monocot orthologs. We identified 34

potential HGT candidates in the S. asiatica genome (Figure 7;

Data S1R and S2F). Two of the HGT candidate genes are

aligned in tandem in an approximately 30 kbp region in the

genome of S. asiatica. The orthologs of the two genes,

including introns and untranslated regions, are also located in

tandem in the genomes of two Poaceae, Panicum hallii and Se-

taria italica, suggesting transfer of a large (�100 kb in P. hallii)

genomic segment from host to parasite (Figures 7A and 7B).

Phylogenetic analyses showed that the two S. asiatica genes

clustered only with Poaceae genes, supporting HGT from

host to parasite (Figures 7C and 7D). Interestingly, a few other

genomic regions contain multiple HGT genes in close proximity

(Data S2F), although the syntenic regions are not found in the

Poaceae genomes, possibly due to rearrangement of the host

genome after the gene transfer. These data suggest that the

inter-species transfer of large genomic fragments may have

occurred multiple times.

Because transposable elements were previously reported as

HGT targets [10], we conducted phylogenetic analyses for all

the reverse transcriptase (rt) domains in S. asiatica and for repre-

sentative rt sequences from both eudicots and monocots (Data

S2F). Our analyses included 35,690 from Copia and 54,973

from Gypsy elements in the publicly available plant genome se-

quences. Clusters containing both S. asiatica rt sequences and

monocot sequences were analyzed further. Three putative

HGT events were identified. One of these, comprising �80 total

rt sequences, includes 29S. asiatica rt in a cluster with 48 diverse

Sorghum bicolor rt, suggesting a direct horizontal transfer from

S. bicolor, a natural host of Striga (Figure 7E), and subsequent

amplification of rt sequences in the Striga genome. Two other

trees, in which S. asiatica rt sequences are found nested within

an exclusively Poaceae clade, having their closest orthologs,

respectively, in Oryza and Z. mays or in Oryza and S. bicolor,

suggest additional transfers from Poaceae hosts to Striga (Fig-

ure S4). These results indicate that Striga acquired genetic ma-

terials from its hosts with higher frequency compared to the
Figure 7. Horizontal Gene Transfers between Host and Striga

(A) Comparison of genomic regions between P. hallii, S. asiatica, and S. italica. The

blue lines. Coding sequences are shown as dark-blue boxes, and untranslated r

(B) A dot plot comparing an approx. 60 kb region in S. asiatica scaffold555 and e

scaffold 3 (right) visualized by nucmer program in nummer [41] (default option). S

(C) Phylogenetic tree of a hypothetical protein (555T52903) that previously was f

(D) Phylogenetic tree of an Arginin-tRNA synthetase-like protein (555T52910).

(E) Phylogenetic trees of nucleotide sequences for reverse transcriptase in horiz

trees were unrooted and based on themaximum-likelihoodmethod. Local suppor

grass species are shown in blue. HGT events are highlighted with yellow. See al
autotrophic angiosperms, which may have influenced the para-

site’s evolution and adaption.

Outlook
Striga remains the greatest biological constraint to food produc-

tion in its endemic areas in Africa, and thus its genomic and tran-

scriptomic sequences are important tools for understanding its

parasitic strategies and for developing efficient, knowledge-

based management programs. In addition, the genome informa-

tion provides a basis for understanding the origin of parasitism

during the course of evolution. Similar to recently published

stem parasites dodder (Cuscuta spp) genomes [40, 42], Striga

evolved rapidly compared to autotrophic species, acquired

genes from their hosts via HGT, and recruited root develop-

mental programs for haustorial formation. Both parasites have

lost genes related to environmental sensing, leaf developmental

processes, and photosynthesis, as predicted for the degratory

phase of parasite evolution, but Striga frequently retains portions

of reduced gene families, reflecting its status as a leafy hemipar-

asite that is photosynthetically competent while being highly

dependent on host-derived carbon. Detailed comparisons of nu-

clear genomes from fully heterotrophic Orobanchaceae and

other parasitic plants with different levels of host dependency

will deliver further insights into the evolution of parasitism.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

N/A

RSEM http://deweylab.github.io/RSEM/ N/A

Orthofinder [45] N/A

RaxML [46] N/A

FastTree [47] N/A

trimAl [48] N/A

PASTA [49] N/A

CODEML [50] N/A

CoGE https://genomevolution.org N/A

DAGChainer [51] N/A

DupliPHY [52] N/A

RaxML [49] N/A

LtrHarvest [53] N/A

LtrDigest [54] N/A

Other

Striga asiatica genome and predicted genes

and protein in multifasta format, annotation

in gff3 file format.

https://datadryad.org/ https://doi.org/10.5061/dryad.53t3574

Striga hermonthica transcriptome assembly and

predicted protein sequences in multifasta format,

and functional annotation and GO information

https://datadryad.org/ https://doi.org/10.5061/dryad.53t3574

Retrotransposon sequences and phylogenetic

trees appeared in Figures 7E and S4

https://datadryad.org/ https://doi.org/10.5061/dryad.53t3574
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for materials, resources and reagents, including mosquito lines, should be directed to and will be

fulfilled by the Lead Contact, Ken Shirasu (ken.shirasu@riken.jp)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Seeds of the S. asiatica US strain were originally obtained from the USDA Methods Development Center (Whiteville, N.C.) and the

seeds from a single plant after six rounds of self-fertilization were used as starting materials. The seeds were surface sterilized

with 5% commercial bleach solution (containing final sodium hypochlorite concentration at approx. 0.3%) for 5 min and washed

with excess amount of sterile water at least 5 times. The sterile seeds were preconditioned on GM media (full strength of MS salts,

0.01%Myo-inositol, 1% Sucrose, 0.5% Phytagel (Sigma)) for 10 days and the germination was induced by adding 10 nM strigol [26].

The germinated S. asiatica seedlings were transferred to new GM media and grown in vitro in a 26�C chamber at a long-day (16-h

light/8-h dark) condition. For S. asiatica shoot propagation, the shoots were cut and transferred to new GM media every month.

When S. asiatica shoots were transferred into the new GM media, multiple shoots were induced.

S. asiatica and S. hermonthica infection to rice (Oryza sativa, c.v. Koshihikari) was performed in the rhizotron system as previously

published [27]. S. hermonthica seed and seedling samples were collected after preconditioning on glass-fiber filter paper (Watman

GF/A) for 10 days, and before and after 10 nM strigol treatment for 2 days, respectively. S. hermonthica samples for 1-day post infec-

tion were carefully removed from rice roots using forceps. For the 3- and 7-day post infection samples, haustorial parts (include host

tissues) were carefully excised using razor blades. For the control, rice roots without S. hermonthica infection were also harvested at

the same day as 7-d samples. All samples were collected in triplicates of independent experiments. S. asiatica haustorium samples

were harvested by excising the infected parts with a razor blade together with rice roots. For shoot and root samples, the sterile

S. asiatica seeds were germinated on MS media containing sucrose and grown in vitro for one month.

METHOD DETAILS

Whole genome shotgun sequencing, assembly and annotation of S. asiatica
The genomic DNA for Illumina library preparation was obtained from S. asiatica shoots derived from a single plant. The genomic DNA

for BAC library was prepared from the siblings of the plant. The genomic DNA was extracted by using Phytopure DNA extraction kit
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(GE healthcare) according to manufacturer’s instructions. The Illumina paired-end (PE) and mate-pair (MP) libraries were prepared

using the TruSeq DNA Sample Prep Kit (Illumina, San Diego, CA) and Mate-Pair Library Prep Kit (Illumina, San Diego, CA) from ac-

cording to the manufacturer’s instructions. A bacterial artificial chromosome (BAC) library with an average length of 120 kbp was

prepared with CopyControl pCC1BAC vector by Amplicon Express Ltd (Washington, USA) and the BAC-end sequencing was per-

formed in the Kazusa DNA Research Institute (Kisarazu, Japan). Whole genome shotgun (WGS) sequencing and BAC-end

sequencing were done through Illumina HiSeq 2000 and Sanger ABI3730x1 platforms. Raw sequence data were filtered for bacterial

genome contamination, PCR-duplicated reads and low quality reads were error-corrected. Paired-end Illumina reads were merged

by FLASH to make longer single reads and the genome assembly and scaffolding were performed by Platanus [69] and by SSPACE

[43]. The gene model predictions were performed using MAKER pipeline [44] using S. asiatica RNA sequencing described below.

Details of read processing, assembly and annotation are described in Data S2A and S2B.

RNA sequencing
Total RNA was extracted from shoots and roots using the RNAeasy Plant Kit (QIAGEN). Illumina PE libraries were constructed using

the TruSeq RNA Sample Prep Kit (Illumina) and sequenced by an Illumina HiSeq2000 for 101 cycles per run. The obtained S. asiatica

RNA sequences were quality-filtered and then used for the gene annotation pipeline and validation of the assembly. S. hermonthica

sequences were quality trimmed with the fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) using the fastq_quality_trimmer with

option –l 60 and –t 30 and assembled by CLC genomics workbench (ver. 5) after removing host gene contamination (for details, see

Data S2E). The sequence reads weremapped on S. hermonthica de novo assembled contigs concatenated with rice cDNAs by bow-

tie2. The contigs that are mapped with rice control reads were excluded from the subsequent analysis to avoid contamination of rice

sequences. The normalized FPKM values were calculated by RSEM program (for details, see Data S2E). After selecting genes in the

upper 75% and 50% quartile of coefficient of variation for the expression across samples, scaled expression values within tissues

were used to cluster these genes for a multilevel 3 3 4 hexagonal self-organizing map (SOM). The outcome of SOM clustering was

visualized in PCA spacewhere PC valueswere calculated based on gene expression across samples (R stats package, prcomp func-

tion). GO enrichment analysis of contigs detected in SOM was performed using the GOSeq Bioconductor package [55] with Benha-

mini and Hochberg multiple hypothesis testing correction.

Genome comparative analysis
A maximum likelihood species tree for the 26 representative plant genomes was estimated using a concatenated matrix of trimmed

codon alignments for genes from 1,440 BUSCO single copy orthogroups with RAxML [46] (Figure 1). Protein coding genes from 26

plant genomes (Data S1C) includingS. asiaticawere classified into orthogroups using theOrthofinder version 1.1.8 algorithm [45].We

further performed a second iteration of MCL [56] to connect distantly related orthogroups into superorthogroups as described inWall

et al. [57]. Amino acid sequence alignments for each orthogroup were generated with PASTA [49] using a maximum of five iterative

refinements. Corresponding DNA codon alignments were trimmed using the heuristic automated method implemented in trimAl

version 1.4.rev8 [48]. Approximately-maximum likelihood (ML) analyses were conducted using FastTree version 2.1.10 [47], search-

ing for the best ML tree with the GTR and GAMMA models. The unrooted FastTree phylogenies were traversed and rooted with the

most distant taxa the orthogroup using rooting functions implemented in ETE Toolkit, a python phylogenetic framework [58]. The

trees were examined for gene duplications in Striga andMimulus and the detected duplications were scored using a scoring strategy

similar to that described by Jiao et al. [59]. A synonymousmutation (Ks) value for each duplicated sequence pair was calculated using

the ML method implemented in CODEML [50] with a minimum alignment length of 300 bp. Structural syntenic analyses were per-

formed with the SynMap tool [60] of the CoGe comparative genomics platform [61]. The genomes of Mimulus and Vitis were

compared to the genome of Striga with the chaining algorithm DAGChainer [51] with a maximum distance of 20 genes between

genematches, and aminimum of 5 genes to seed a syntenic region. Scaffolds and contigs of Strigawere ordered and oriented based

on their syntenic path to bothMimulus and Vitis. Parsimonymethod in DupliPHY [52] was used for reconstruction of the presence and

size of each gene family in the common ancestor of S. asiatica and of the closely related non-parasiteMimulus guttatus as well as of

other successively earlier ancestors. The numbers of evolutionary events were estimated using gene counts in each orthogroup at

each node of the 26-genome species tree. The tissue-specific orthogroups were defined using Arabidopsis microarray expression

data [62]. These data are a curated summary of more than 5,000 microarray experiments conducted using the Agilent ATH1

GeneChip. Further details are described in Supplementary Information Section 3. Comparison of the genomic regions containing

KAI2 paralogs was performed by GEvo tool in CoGe. The 60 kb regions containing each KAI2, D14 or DLK2 paralog were submitted

to GEvo with blastZ threshold score 15000. The data is visualized with Circos plot (http://circos.ca). Duplication origins of these loci

were predicted as described in Supplementary Information Section 3.3.1.

RT-qPCR
Total RNAs were extracted as described above. cDNAs were synthesized using ReverTra Ace qPCR RT Kit (Toyobo, Japan) and

quantitative PCRs were conducted using THUNDERBIRD SYBR qPCR kit (Toyobo, Japan) in Mx3000P qPCR system (Agilent Tech-

nologies). RT-qPCR was performed in three segments. Segment 1 consisted of 1 min at 95�C for one cycle, segment 2 consisted

either of 15 s at 95�C and 30 s at 60�C for 40 cycles, or 15 s at 95�C, 30 s at 55�C and 30 s at 72�C for 40 cycles and segment 3

consisted of 1 min at 95�C, 30 s at 55�C, and 30 s at 95�C for one cycle. The primer sequences used are listed in Data S1S.
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In situ hybridization
Preparation of DIG labeled RNAprobewas performed as described previously [63]. The probe fragments were amplified by PCR from

the cDNA library of rice infectedwithS. hermonthica using the primers listed in Data S1S. Sense or antisense probeswith the length of

600-900 bp were generated using the T7 or SP6 polymerase (Roche) and DIG-UTPmix (Roche). The haustorial tissues attached with

host rice were fixed in the freshly prepared PFA fixation buffer composed of 4% (w/v) paraformaldehyde in 13 PBS buffer (130 mM

NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.4 adjusted by NaOH). The samples were dehydrated by incubation in 1xPBS for 2.5 h

and the concentration of ethanol was gradually increased at 4�C (30% for 1 h, 50% for 1h, 70% for overnight, 85% for 1h, 95% for

overnight and 100% for 3 h). Samples were then permeabilised by incubation in gradually increasing concentrations of Histo-Clear in

ethanol at room temperature (Histo-Clear and ethanol mixture of 1:3 for 1 h, 1:1 for 1h, 3:1 for 1 h and 100% of Histo Clear for 2 h) and

in a 1:1 mixture of Histo-Clear and paraffin for 1 h at 60�C. Paraffin was changed 6 times before being embedded on wooden blocks.

We followed the steps of in situ hybridization as described previously [63] with minor modifications; a concentration of 10 mg/ml-1 of

the probes was used and the use of levamisole in the detection solution was omitted. The images of in situ hybridized samples were

taken using the light microscopy BX-51 (Olympus).

Identification of horizontally transferred genes and retrotransposons
To analyze theS. asiatica genome for genes horizontally transferred from grass host species, theS. asiatica annotationwas subjected

to a BLASTp search with the threshold e-value 1e-10 against a database of combined predicted proteins from the genome of 28

different plant species, including Striga host plants, rice, sorghum, foxtail millet, and maize. S. asiatica proteins having at least

one hit to grass species in their top 20 hits were selected, and modified Alien Index (AI) values [64] were calculated with the following

formula: Modified AI = log((Best E-value for dicots) + 1e-200) - log((Best E-value for grasses) + 1e-200). Genes havingmodified AI > 30

and genes that did not have a dicot hit were selected for further analysis. Using the RAxML program, maximum-likelihood phyloge-

netic trees were estimated with BLASTp-hit homolog genes from the 28-species database as well as from the non-redundant (nr)

database. Manual investigation of the phylogenetic trees found 34 positive HGT candidate genes, which were assigned into 20 or-

thogroups by orthoMCL analysis. A few of HGT candidates are near each other in the genome, and therefore the genomic regions

were compared using CoGE with the GEvo function.

For identification of horizontally transferred retrotransposons, superfamily Copia and Gypsy elements were retrieved, using

LtrHarvest [53] and LtrDigest [54], from the genome sequences of S. asiatica and those of the monocots Sorghum bicolor, Zea

mays,Oryza sativa ssp. japonica and ssp. indica,O. rufipogon, andO. glaberrima and the eudicotsGlycinemax, Solanum tuberosum,

and Vitis vinifera. The rt sequences were clustered and the S. asiatica rt sequences that were found in clusters mixed with those of

other genomes were treated further. These were characterized by exonerate-search [65] using known rt sequences from GypsyDB

[66] and clustered by homology search against each other (BLASTn -evalue 1e-20) and subsequently by silix-software [67] (silix -i

0.60 -r 0.70). The resulting clusters were aligned with the clustal-omega [68] and prank-ms [65] multiple aligners and phylogenetic

trees were constructed by FastTree (fasttree –nt –gtr –gamma) [47]. The details of HGT analysis are described in Data S2F.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses for GO enrichment was performed with either the chi-square test or Fisher’s exact test with Benjamini and Hoch-

berg correction formultiple samples. Other statistical analyses were performedwith two-tailedMann-WhitneyU test, Student’s t test,

or one-way ANOVA combined with the post hoc Tukey-Kramer test as indicated in the text or figure legends. Error bars represent

SEM.

DATA AND CODE AVAILABILITY

S. asiatica genome and transcriptome sequence data are deposited in DDBJ as accession number DDBJ: DRA007962, DDBJ:

DRA008823 and DDBJ: DRA008308. The S. hermonthica RNA-seq data are available as accession numbers DDBJ: DRA008615

and DDBJ: DRA003608 in DDBJ. S. hermonthica and S. gesnerioides genome sequence raw reads are deposited in GenBank as

accession number Genbank: PRJNA551337 and Genbank: PRJNA551339, respectively. S. asiatica genome assembly and annota-

tion, S. hermonthica transcriptome assembly and annotation, and horizontally transferred retrotransposon sequences are available

at Dryad data repository (http://datadryad.org/reource/doi:10.5061/dryad.53t3574).

All bioinformatic analyses were performed with open-source or commercially available software. Perl, Python or R scripts were

used for run each software according to software manuals.
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