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SUMMARY

Despite more than 2,000-fold variation in genome size, key features of genome architecture are largely
conserved across angiosperms. Parasitic plants have elucidated the many ways in which genomes can be
modified, yet we still lack comprehensive genome data for species that represent the most extreme form
of parasitism. Here, we present the highly modified genome of the iconic endophytic parasite Sapria hima-
layana Giriff. (Rafflesiaceae), which lacks a typical plant body. First, 44% of the genes conserved in eurosids
are lost in Sapria, dwarfing previously reported levels of gene loss in vascular plants. These losses demon-
strate remarkable functional convergence with other parasitic plants, suggesting a common genetic road-
map underlying the evolution of plant parasitism. Second, we identified extreme disparity in intron size
among retained genes. This includes a category of genes with introns longer than any so far observed in an-
giosperms, nearing 100 kb in some cases, and a second category of genes with exceptionally short or absent
introns. Finally, at least 1.2% of the Sapria genome, including both genic and intergenic content, is inferred to
be derived from host-to-parasite horizontal gene transfers (HGTs) and includes genes potentially adaptive for
parasitism. Focused phylogenomic reconstruction of HGTs reveals a hidden history of former host-parasite
associations involving close relatives of Sapria’s modern hosts in the grapevine family. Our findings offer a
unique perspective into how deeply angiosperm genomes can be altered to fit an extreme form of plant para-
sitism and demonstrate the value of HGTs as DNA fossils to investigate extinct symbioses.

INTRODUCTION be rare, owing to high bud mortality and strongly skewed sex

ratios,® but when it does occur, successful fertilization may

Species in the flowering plant clade Rafflesiaceae represent the
most extreme form of parasitism achieved by plants." Flowers
of these species emerge directly from their hosts, subtended
by a few rudimentary bracts, but otherwise exhibit no evidence
of an obvious plant body. Instead, the vegetative phase of
these endophytic holoparasites persists only as a reduced
mycelium-like body, with which they obtain nutrients from their
obligate hosts in the grapevine family Vitaceae.'* It is thus even
more striking that members of Rafflesiaceae produce the
largest flowers in the world. Their flowers mimic carrion and
deceive the flies that pollinate them.*“ Fertilization appears to
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yield more than a quarter million tiny seeds embedded in their
immobile, woody fruits.® This unusual reproductive mode, com-
bined with their reliance on specific hosts, has likely led to mul-
tiple founder events and local extinctions, as reflected by their
low allelic diversity.® In addition, molecular investigations of
Rafflesiaceae have identified intriguing initial findings regarding
their genome evolution, including the hypothesized complete
loss of their plastid genome’ and multiple host-to-parasite
horizontal gene transfers (HGTs).2° The combination of these
factors makes Rafflesiaceae of particular interest for further
comparative genomic investigation, especially to address the
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Figure 1. Sapria himalayana and Its Highly Repetitive Genome

(A) Sapria himalayana Griff. Image courtesy of L. Worthington (CC BY-SA 2.0).

Cumulative number of orthogroups (x10%)

(B) Repeat content of Sapria and close free-living relatives Manihot esculenta and Populus trichocarpa. Repeat type is color coded according to legend.
(C) Cumulative number of genes within orthogroups in Sapria, Manihot, and Populus. Orthogroups are ordered from small to large for nonrepeat-like (solid line)
and repeat-like (dotted line) genes. Very few highly abundant repeat-like genes contribute to the high gene number in Sapria despite missing nearly half of the

orthogroups that are present in Manihot or Populus.
See also Figures S1 and S2 and Data S1B and S2A.

lack of a genome assembly for an endophytic plant parasite
genome.

RESULTS AND DISCUSSION

Genome Assembly of Sapria himalayana

Here, we present a 1.28-Gb genome assembly (N50 = 4.3 Mb) of
Sapria himalayana Giriff., a species of Rafflesiaceae that parasit-
izes three distantly related Tetrastigma species (Vitaceae) in
Southeast Asia.’® Estimates of genome size in Sapria range
from 1.69 to 2.54 Gb based on k-mer distributions (Figure S1)
and from 3.2 to 3.5 Gb based on flow cytometry (Figure S1;
Data S1A). Our genome was assembled using Chromium tech-
nology (10X Genomics, Pleasanton, CA, USA) and nanopore
long-read sequence data (Oxford Nanopore Technologies, Ox-
ford, UK)."" The GC content of the assembly is 24% and exhibits
a clear bimodal distribution in scaffolds (Figure S2A). The first
peak consists of AT-rich repeat motifs; the second includes
mostly gene-rich scaffolds with higher GC content. We estimate
that repeat motifs account for 89.6% of the genome (Figure 1). In
particular, the two DNA transposon families CMC—EnSpm and
hAT—Ac alone comprise 29.8% and 27.3% of the genome,
respectively (Data S1B). The extent of repetitive elements in
the Sapria genome represents a significant challenge to obtain-
ing a contiguous and complete assembly. Our assembly,
although only 40% of the estimated genome size, is a nearly
complete representation of the single-copy portion of the
genome. More than 99.0% of the lllumina reads map to our as-
sembly, and between 96.2% and 100% of the single-copy re-
gions of the genome are assembled based on kmer analysis
and read coverage (see STAR Methods for additional details).
We predict a total of 55,179 gene models, of which 42,512
were validated by transcriptome sequences, plant protein data-
bases, or the Pfam database. These protein-coding genes
exhibit conserved GC content (mean 41.2%) and exon length
(mean 214 bp) compared to other angiosperms, but they encode
smaller proteins (mean 265 amino acids) and have fewer introns
(mean 3.1; Figure S2). The high number of predicted genes is
largely driven by a small number of abundant orthogroups

consisting largely of transposable elements (TEs). Specifically,
736 (10.9%) orthogroups containing TE-like domains account
for 82.6% (n = 35,136) of the validated Sapria genes (Figure 1C).
The most abundant orthogroup alone contains 4,562 copies of a
mitochondrial gag-Pol-related retrotransposon. Using a likeli-
hood-based method,'? we additionally inferred orthogroup size
evolution in Sapria under a phylogenetic framework and identi-
fied gene expansion in 710 (10.5%) medium-sized orthogroups
(<100 gene copies per species). These orthogroups are involved
in a broad range of functions, including mitochondria and nuclear
chromosome organization, DNA metabolic process, and cell cy-
cle process (Data S1C).

Sapria presents a compelling opportunity to understand the
connection between its extremely derived phenotype and
genome architecture. Across multiple dimensions, the genome
reflects its unique biology in gene content, intron size, and pres-
ence of HGTs, which also greatly challenges our understanding
of plant genome architecture.

Unprecedented Level of Gene Loss
Consistent with its extraordinary reduction in morphology and
physiological modification, we document unprecedented gene
loss in Sapria, totaling nearly half (44.4%) of the 10,880 or-
thogroups that are universally conserved across eurosids. This
magnitude of gene loss dwarfs any previously reported case in
angiosperm parasites.'®"'° Specifically, the extent of gene loss
in Sapria is nearly four times greater than that of the hemiparasite
Striga (witchweed, Orobanchaceae; 9.3% gene loss)'® and two
times greater than the hemi-to-holoparasite Cuscuta (dodder,
Convolvulaceae; 15.7% gene loss; Figure 2)."*'* Of the
conserved genes lost in Sapria, 13.2% (n = 642) are commonly
lost in all three of these independently evolved parasitic clades.
These convergently lost genes are enriched in functions
involving photosynthesis, defense, and stress response (Fig-
ure 3; Data S1C) and likely represent a common genetic
response to the shared physiological modifications underlying
the transition from an autotrophic to a heterotrophic lifestyle.
Within these convergently reduced functional categories, a far
greater number of genes are lost in Sapria when compared to
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other parasites, especially for genes related to photosynthesis and
plastid organization (Figure 3). The loss of photosynthesis in Sapria
has led to significant reduction in genes that regulate the biosyn-
thesis of energy storage molecules, such as starch and fatty acid,
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tein transportation (Figure 2; Data S1E).

We also identify enriched losses in
functional categories not previously docu-
mented in parasitic plants, including
biosynthesis of the plant hormone abscisic
acid (ABA), protein degradation, and purine
metabolism (Data S1E). For ABA produc-
tion, 18 of 27 genes associated with its
biosynthesis in Arabidopsis are absent in
Sapria (Figure 3). Such loss is likely indica-
tive of inability to produce ABA because of
(1) nearly complete loss in the biosynthesis
of its precursor carotenoid; (2) loss of the plastid, which is the
site of carotenoid biosynthesis; (3) loss of key genes in ABA
biosynthesis, including AAO and NCED;'” and (4) widespread
gene loss in stress-response pathways, which are the major
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Figure 3. Convergent Patterns of Gene Loss in Parasitic Plants
Increased percentage of gene loss across key functional categories in the
hemiparasite Striga asiatica, holoparasite Cuscuta australis, and endoparasite
Sapria himalayana. Number of genes associated with each functional category
in Arabidopsis thaliana is listed to the left. Fractional quantification of loss for
each species is estimated based on the GO annotation of Arabidopsis thaliana
for each lost orthogroup. Images courtesy of S. Geyer (CC BY-NC 2.0), J. Pail
(CC BY-NC 2.0), P. Leautaud (CC BY-NC 2.0), and L. Worthington (CC BY-SA
2.0). See also Data S1D.

targets of ABA.'® Within the protein degradation pathway,
significant gene reduction is observed in the SCF-ubiquitin-
proteasome-mediated protein lysis and the endopeptidase
Clp-mediated protein lysis (Data S1E). These losses may be
associated with the reduced requirement for nutrient recycling
and abiotic stress response, because significant loss is also
observed in nitrate assimilation and amino acid transmembrane
transport pathways (Data S1E). Finally, within the purine meta-
bolic pathway, only one homolog of nucleoside diphosphate ki-
nase (NDPK1) and two homologs of nucleoside-triphosphatase
(AYP1 and AYP2) are retained in Sapria versus at least four
and six homologs encoding these enzymes in Arabidopsis,
respectively. These reductions may restrict the native production
of ribonucleotides and suggest the uptake of these resources
from the host.

Extreme Intron Length Disparity

Genome streamlining, or the tendency toward reduction in non-
coding DNA, has been widely reported in obligate intra- and
intercellular parasites, including in bacteria,'® protozoa,”® and
nematodes,’’ potentially reflecting common selective pressures
to reduce metabolic cost and cell size faced by all parasites.
Likewise, the majority of genes in Sapria are highly compact
despite its large genome. Sapria has even fewer introns on
average (3.1 per gene) than Genlisea aurea (3.5 per gene), which
is a carnivorous plant with the smallest angiosperm genome
(63.6 Mb) published to date.?” In Sapria, at least 18.7% of the
genes have lost all introns that are otherwise present in both of

¢? CellPress

its closest free-living relatives, Manihot and Populus. The abun-
dance of these intron-free genes indicates that retroprocessing-
mediated gene conversion is likely an important mechanism for
intron deletion in these species.”®

In Sapria, highly compact genes (maximum intron length
<150 bp) are significantly enriched for housekeeping functions,
such as DNA and RNA metabolism, stem cell maintenance,
and reproduction (Data S1G). This contrasts sharply with other
free-living plants whose intron size is largely decoupled from
gene function.”* Such gene streamlining may convey a selective
advantage via more efficient transcription (the energy cost hy-
pothesis sensu Castillo-Davis et al.?®), which may be especially
advantageous for parasites that rely on their host for energy
and chemical resources. In particular, losses in purine metabolic
pathways and nitrogen uptake in Sapria may limit accessibility to
the cellular ribonucleotide pool and thus further restrict tran-
scription. In contrast, both Manihot and Populus exhibit only a
small number of gene ontology (GO) terms enriched for highly
compact genes (Data S1H and S1l), suggesting a primarily sto-
chastic process of gene streamlining in these free-living rela-
tives. Surprisingly, genes related to the development of stomata,
leaves, and roots are also enriched in the highly compact genes
in Sapria, despite the apparent loss of these readily identifiable
vegetative features.®

Despite a widespread signal of gene streamlining, a substan-
tial proportion of the genes in Sapria contain among the longest
introns documented in plants (Figure 4A). Among the eleven
eurosid plant genomes in our study, no more than 12.3% of in-
trons exceed 1 kb. In contrast, 27.5% of introns in Sapria are
longer than 1 kb (Figure 4A). The longest intron verified with
our transcriptome data is 97.8 kb. Due to these outliers, the
average intron length in Sapria (1,527 bp) is even longer than
that of the Norway spruce (998 bp), which has an enormous
19.6 Gb genome.® For introns longer than 1 kb, 74% of the total
length consists of TEs (Figure 4B). A similar role of TEs in intron
expansion has previously been reported in grapes and
gymnosperms.®*2°

Several hypotheses have been proposed to explain intron
length evolution in plants, including the energy cost hypothesis
we suggest above® to explain gene streamlining in Sapria.
Here, we observe a significant positive correlation between
maximum intron size and dy/ds ratio (Spearman’s correlation
p = 7.2e—9) that is consistent with the mutation burden hypoth-
esis proposed by Lynch.?” According to Lynch,?” genes under
relaxed selection are more likely to tolerate amino-acid-altering
mutations due to intron expansion and imprecise transcript
splicing. Hence, a positive correlation between intron length
and d\/ds is expected. Finally, we found no correlation between
orthologous intron sizes in comparisons between Sapria—Mani-
hot or Sapria—Populus (p > 0.30 Spearman’s rank correlation
test), suggesting that putative relaxed selection in genes with
long introns is not an ancestral feature of Malpighiales but has
instead evolved independently in Rafflesiaceae.

HGT

Parasitic plants acquire novel genomic components via HGT
facilitated by intimate physical associations with their hosts.
This phenomenon was initially reported in Rafflesiaceae,”®>°
where numerous host-to-parasite gene transfers were detected
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Figure 4. Intron Length Disparity and Intron Composition in Sapria
himalayana

(A) Intron length distribution of Sapria (red) and eleven eurosid species
sampled in this study (gray). The closest free-living relatives of Sapria—Man-
ihot esculenta and Populus trichocarpa—are highlighted in green and purple,
respectively.

(B) Repeat content for short (<1 kb) and long (>1 kb) introns. For short introns,
only 20.0% of the total size consists of repeats. In contrast, 74.3% of the total
size of long introns consists of repeats. The most dominant repeat types (>2%
total length) are labeled.

See also Figure S5 and Data S1.

in nuclear transcribed genes and mitochondrial genomes. To
further explore HGT in the Tetrastigma-Rafflesiaceae host-para-
site system, we additionally generated a de novo genome as-
sembly of Tetrastigma voinierianum Pierre ex Pit., a close relative
of the hosts of Sapria,'° using nanopore data. We characterized
donor and recipient lineages of HGT using a phylogenomic pipe-
line and also applied a genome scan approach to illuminate fine-
scale insertions of HGT in both genic and intergenic regions (Fig-
ure S3). In our phylogenomic analysis, we included a total of 55
species with expanded sampling in the parasite and host line-
ages (Figures 5 and S4; Data S1J): three transcriptomes from
Rafflesiaceae (Rafflesia cantleyi Solms-Laubauch, Rafflesia
tuan-mudae Becc., and Rhizanthes zippelii (Blume) Spach®);
eighteen transcriptomes from Vitaceae;*'*** and 33 published
genomes spanning the angiosperm phylogeny. Together, these
species represent all three genera in Rafflesiaceae and 12 of
the 14 genera in Vitaceae. In our genome scan assessment,
we generated an alignment of ten complete plant genomes
(Data S1J) to identify HGT regions that are highly similar between
the host and parasite but absent in the closest relatives of the
parasite (Figure S3). Pairwise divergences were calculated be-
tween Sapria and its Malpighiales relatives (Manihot and Popu-
lus) or host (Tetrastigma) within sliding windows of 100 aligned
bases (Figures 5A and 5B). We further used nanopore reads to
verify HGT candidates inferred from both assessments and
removed candidates that are potentially subject to natural host
DNA contamination or chimeric assembly (Figure S3).

Our results corroborate and greatly expand previous findings
that Rafflesiaceae represent active areas of HGT.>* Our phyloge-
nomic approach identified HGT in 568 genes and pseudogenes
from 81 orthogroups, totaling 1.2% of the 6,552 orthogroups
examined. Our genome scan approach identified HGTs in 314
genomic blocks that account for 1.2% (100.6 kb) of uniquely
aligned Sapria sequences. Despite the fact that these two
methods were designed to identify non-overlapping types of
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HGTs (Figure S3), they independently converge on similar esti-
mated levels of HGT and indicate that at least 1.2% of the low-
copy regions of the Sapria genome are attributable to HGT.
These HGTs range from 100 bp to 16.5 kb in length (median =
559 bp; Figure 5B), and 62% of them are intergenic. Introns
were detected in all but two HGT genes where the donor se-
quences contained introns, supporting previous findings that
the uptake of naked foreign DNA is the primary source of
HGT.26'35

The codon properties of HGTs are highly atypical when
compared to Manihot and Tetrastigma, which is not observed
in the vertically transferred genes (VGTs) of Sapria (Figure 6A).
Surprisingly, HGTs exhibit coding properties more similar to
Sapria’s closest relative (Manihot), despite their closer phyloge-
netic relationship to Tetrastigma (paired t test p < 2.2e—16; Fig-
ure 6A). This deviation may be attributed to shifts in mutational
and selective biases when HGTs relocate to a novel genomic
landscape.®®®” Such shifts in codon usage have been well char-
acterized in microscopic pathogens®® and are hypothesized to
be driven by the reliance of host tRNA for translation. The adap-
tive property of codon usage in HGTs is further demonstrated by
their prevalent use of optimal codons. On average, 64.8% of
codons in HGTs are optimal, although only 48.9% in VGTs are
optimal (Figure 6B). We hypothesize that the difference in the
use of optimal codons reflects the genealogical history of
HGTs and VGTs—native VGTs are more subject to the accumu-
lation of suboptimal codons, due to the small population sizes of
Sapria,’ than HGTs. Finally, the frequent use of optimal codons in
HGTs is also indicative of high translational efficiency and
expression levels.®® Though the expression profiles of HGTs
have yet to be characterized in Sapria, it has been reported in
the parasitic plant Cuscuta that most HGTs are highly expressed
in haustoria and play a potentially important role in parasitism.>*
As a result, both genealogical history and translational selection
may contribute to divergent codon usage patterns of HGTs
and VGTs.

Several HGTs may perform critical functions in their recipient
species. We specifically examined the functions of 27 HGTs
shared by all Rafflesiaceae. Ten of these encode proteins related
to defense or stress response (Data S1J), including defensin and
chitinase.*'*?> We also identified independent acquisitions of a
phosphomethylpyrimidine synthase gene, thiC, in the common
ancestor of Rafflesiaceae and acquired secondarily more
recently in Sapria (Data S1K). Given the essential role of thiC in
the biosynthesis of pyrimidine*®** and the loss of its native
copy in Sapria (Data S2B), we hypothesize that horizontally
transferred genetic materials in Rafflesiaceae may complement
genes lost during the evolution of their endoparasitic habit.
Among the putatively functional HGTs identified from both the
phylogenomic and genome scan assessments, we also find
significant enrichment in biological processes that involve
beta-glucan biosynthesis, amino acid transport, and methylation
(Data S1L). Moreover, twelve of the 81 HGT-derived orthogroups
in the phylogenomic analysis encode proteins with retrotranspo-
son- or transposon-related functions (Data S1K).

HGTs also provide a unique opportunity to investigate host-
parasite dynamics. Molecular divergence time estimation indi-
cates that crown Rafflesiaceae is older than Tetrastigma,® sug-
gesting the existence of former host(s) predating their modern
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association with Tetrastigma. To test this hypothesis, we further
investigated a subset of 41 HGT orthogroups with ample taxon
sampling in Vitaceae to identify the putative host lineage to
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Figure 5. Horizontal Gene Transfer (HGT) and
Host Shift History in Rafflesiaceae

(A) Distribution of pairwise sequence divergence
between Sapria-Tetrastigma, Sapria—-Manihot, and
Sapria-Populus inferred from the genome scan anal-
ysis. Highly similar, low-divergence regions are en-
riched in the Sapria-Tetrastigma comparison. Dotted
line depicts the sequence divergence cutoff applied to
distinguish HGT versus vertical gene transfer (VGT)
windows.

(B) Length distribution of HGTs inferred from the
genome scan analysis.

(C) Manhattan plot of pairwise sequence similarity be-
tween Sapria and Tetrastigma. Genomic coordinates
are displayed along the x axis. Pairwise sequence
similarities between Sapria and Tetrastigma are dis-
played on the y axis. Bright and dark red dots represent
aligned windows that are unique between Sapria and
Tetrastigma and not present in Manihot or Populus. The
bright red windows have sequence similarity higher
than the threshold 0.755 and are thus identified as HGT
windows. Six scaffolds with the highest proportion of
HGT windows are shown.

(D) Phylogenomic assessment of HGT depicting history
of host shifts. Phylogeny of Vitaceae follows Wen
et al.®' Dark and light blue arrows indicate direction of
ancestral and recent HGTSs, respectively. The number
of genes supporting each set of transfers is indicated
near its respective branch. Relative dating of HGTs
follows age estimates of stem and crown group
Rafflesiaceae.®® Images courtesy of Agiao HQ (CC
BY-SA 2.0), Jean (CC BY 2.0), and L. Worthington (CC
BY-SA 2.0).

See also Figures S3, S4, and S6 and Data S1K, S1M,
and S2.

genus. Among them, the recipients of HGTs
in 24 orthogroups are restricted to various
crown Rafflesiaceae clades and likely repre-
sent younger HGT events. On the other
hand, HGTs in 17 orthogroups are ancestral
to all Rafflesiaceae genera and thus represent
older HGT events. For 21 of the 24 younger
HGTs, the donor is either their modern hosts
Tetrastigma or the most recent common
ancestor (MRCA) of Tetrastigma and Cayratia
(Figure 5D; Data S1M). This result strongly
supports the long-standing association of
the modern Rafflesiaceae-Tetrastigma sym-
biosis. However, none of the 17 ancestral
HGTs are associated with Tetrastigma. The
most common donor among these ancestral
HGTs is Ampelopsis, which is implicated in
eight of the 17 HGTs (Data S1M). Interest-
ingly, this genus has numerous extant spe-
cies that overlap with the modern distribution
of Rafflesiaceae and could plausibly have
served as former hosts. Finally, one ancestral
HGT was inferred to be associated with the

MRCA of Tetrastigma and Cayratia (Figure 5D), potentially re-
flecting the initial formation of the modern symbiotic interaction
in stem group Rafflesiaceae. The differential host associations
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implied by these HGTs demonstrate a dynamic history of host
shifting and illustrates the utility of HGTs for assessing symbiotic
interactions through time.

Conclusions

Sapria demonstrates levels of genome modification that are
unparalleled among plants and even most eukaryotes. Evolution
in this lineage was rapid and likely occurred in a context of
regressive evolution that tolerates mildly deleterious features,
possibly as a result of small population sizes stemming from their
extreme parasitic lifestyle and reproductive mode across tens of
millions of years. In sharp contrast with other eukaryotic para-
sites, such as apicomplexans,*>**® microsporidians,*” and para-
sitic nematodes,*® in which gene loss is coupled with varying de-
grees of genome size reduction, Sapria combines remarkable
levels of gene loss with the maintenance of a genome that is sub-
stantially larger than their closest free-living relatives Manihot
and Populus. This decoupling of gene content and expansion
of genome size requires further exploration and highlights the
value of investigating highly atypical species in the Tree of Life,
which help to illuminate key insights about how our commonly
held assumptions about genome architecture can be deeply
modified.
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to Charles C. Davis (cdavis@oeb.harvard.edu).

Materials Availability

The lllumina and nanopore sequencing data for Sapria himalayana, Tetrastigma voinierianum, Rafflesia tuan-mudae, and Rhizanthes
zippelii have been deposited to the NCBI Sequence Read Archive (SRA) under GenBank Bioproject PRINA686196. The genome as-
semblies and gene annotations of Sapria and Tetrastigma have been deposited to GenBank BioprojectPRINA686196. All code,
including command lines and custom scripts, used in the current study is deposited in GitHub repository (https://github.com/
Imcai/Sapria_genomics).

Data and Code Availability

The lllumina and nanopore sequencing data for Sapria himalayana, Tetrastigma voinierianum, Rafflesia tuan-mudae , and Rhizanthes
zippelii have been deposited to the NCBI Sequence Read Archive (SRA) under GenBank Bioproject PRUINA686196. The genome as-
semblies and gene annotations of Sapria and Tetrastigma have been deposited to GenBank BioprojectPRINA686196. All code,
including command lines and custom scripts, used in the current study is deposited in GitHub repository (https://github.com/
Imcai/Sapria_genomics).

METHOD DETAILS

Taxon sampling and DNA extraction

Floral material of Sapria himalayana Giriff. (referred to as Sapria hereafter) was gathered for DNA extraction from wild populations
residing within the Queen Sirikit Botanic Garden with permission from the National Research Council of Thailand (NCRT No.
00028498). Voucher specimens of these materials are accessioned at the Harvard University Herbaria. The floral material was
flash-frozen in the field and stored at —80°C prior to extraction. The frozen plant material was carefully dissected before DNA extrac-
tion to retain only innermost floral tissue devoid of host material. High molecular weight (HMW) DNA extractions were conducted
following a modified nuclei enrichment protocol from Zhang et al.®® using 2.1 g frozen tissue. This enrichment effectively reduced
the abundance of organellar genomes and removes secondary metabolites. DNA was subsequently extracted from enriched nuclei
using the CTAB method®*. The resulting HMW DNA was then cleaned using KAPA pure beads (Roche, Indiana, USA) at 0.5 X volume
and treated using the Short Read Eliminator Kit (Circulomics Inc., Maryland, USA) to remove short length fragments. The complete
protocol of this HMW DNA extraction is provided in Data S3.
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HMW DNA from the host species, Tetrastigma voinierianum (Sallier) Pierre ex Gagnep. (referred to as Tetrastigma hereafter), was
extracted from ca. 1.5 g fresh leaf material collected from the University of Connecticut greenhouse (Accession# 199200473)
following the protocol above.

Genome size estimation

Sapria genome size estimation using flow cytometry—The nuclear genome size of Sapria was estimated based on flow cytometry and
k-mer assessments. Flow cytometry estimation was conducted using three field frozen samples from a single population of Sapria.
Nuclei were isolated from one gram of tissue from each sample. Tissues were carefully dissected with a razor blade in 1.2 mL of LBO1
buffer®® and treated with RNase (50 ug/ml) on ice for one minute. The resulting solution was passed through a 30 um filter to retain
only nuclei for characterization. The flowthrough was stained with Sybr Green | (5 ug/ml; Sigma Aldrich, Darmstadt, Germany) and
incubated on ice in the dark for 30 minutes. Tissues from Hordeum vulgare Morex were similarly dissected and prepared to be used
as both external and internal standards. Samples were analyzed using a Coulter Epics XL flow cytometer (Beckman Coulter Geno-
mics), equipped with a UV lamp. Genome size was estimated using the following formula: Sample 2C value (DNA pg) = Reference 2C
value x (sample 2C mean peak position/reference 2C mean peak position). The 2C value for the genome was estimated to be 6.24 +
0.189 pg. Detailed results are reported in Data S1A and Figure S1.

Sapria genome size estimation using k-mer distribution-We used Jellyfish v.2.2.10%° to count k-mers for the lllumina data using
k-mer sizes of 20, 27, and 35. The size of the genome and single-copy regions were subsequently determined following the methods
described in the genome size estimation tutorial from the University of Connecticut (https://bioinformatics.uconn.edu/
genome-size-estimation-tutorial/). The genome size of Sapria was estimated to be 1.69-2.54 Gb based on the k-mer distribution,
and the size of single-copy region was estimated to be 470-940 Mb (Figure S1).

Tetrastigma genome size estimation using flow cytometry—-The total nuclear genome size of Tetrastigma was estimated based on
flow cytometry at the Flow Cytometry Core Lab at the Benaroya Research Institute (Seattle, WA, USA). The 2C value for the genome
was estimated to be 5.00 + 0.128 pg. Detailed results are reported in Data S1A and Figure S1.

Genome sequencing

Sapria genome sequencing-We combined linked-read Chromium genome sequencing from 10X genomics and long-read
sequencing from Oxford NanoPore Technologies (ONT) to assemble the genome of Sapria. HMW DNA from a single Sapria individual
was used for 10X genomic library construction at the Bauer Core Facility at Harvard University (https://bauercore.fas.harvard.edu/).
The 10X genomic library was prepared following the manufacturer’s protocols and sequenced using the lllumina HiSeq 2500 System
on a high output v4 flow cell using paired end 125 bp reads. The lllumina RTA v1.18.54 was used for basecalling and the generation of
fastq files with deactivated adaptor trimming. A total of 162.5 Gb from 1.30 billion lllumina reads were obtained for this effort. For
nanopore sequencing, DNA libraries from three individuals were prepared using the ligation sequencing kit SQK-LSK109 following
the manufacturer’s protocols and sequenced using ONT’s MinlON instrument at the Bauer Core Facility at Harvard University. A total
of 36.5 Gb from 1.1 million reads were obtained. The N50 of the raw nanopore reads was 38 kb.

Tetrastigma genome sequencing—HMW DNA from a single individual of the host species was used for nanopore library preparation.
The resulting library was sequenced following the nanopore protocols described above. A total of 45.8 Gb from 3.0 million nanopore
reads were obtained (N50 = 45 kb). We additionally constructed an lllumina paired-end genome sequencing library using the KAPA
HyperPlus Kit (Roche, Indiana, USA) to facilitate assembly polishing. The lllumina library was sequenced on the lllumina NovaSeq
Platform using an SP flowcell and paired end 150 bp reads. A total of 152.3 Gb from 1.22 billion lllumina reads were obtained.

Genome assembly

Genome assembly of Sapria—lllumina reads from the 10X library were first barcoded using Long Ranger and assembled using
SuperNova v2.1.1%°, The resulting assembly was further scaffolded with the barcoded lllumina reads using ARKS v1.0.3°°. The
long-read nanopore data were additionally used to build superscaffolds with LINKS v1.8.5°" by iterative scaffolding. After 18 rounds
of scaffolding with increased distance between k-mer pairs from 1 kb to 40 kb (e.g., -d 1000), no further improvements were detected.
The scaffold N50 of the final assembly was 4.3 Mb. lllumina reads were mapped to the final assembly using BWA v0.7.17°? and the
resulting bam file was sorted by SAMtools v1.3.1°%. 99.0% of reads were mapped back to the assembly.

Genome assembly of Tetrastigma—-We constructed two nanopore de novo assemblies of Tetrastigma to facilitate the subsequent
detection of horizontally transferred genes using our phylogenomic and genome scan analyses, respectively (Figure S3). For our phy-
logenomic assessments, we aimed for a more complete but potentially fragmented assembly for better gene sampling. For our
genome scan assessment, we aimed for a more continuous but less complete assembly. Nanopore reads were filtered prior to as-
sembly to remove reads shorter than 10 kb.

To generate a more complete assembly of Tetrastigma for our phylogenomic analysis, we used the minimap-miniasm nanopore de
novo assembly pipeline®”. An all-by-all alignment of filtered nanopore reads was generated using minimap2 v2.9°° under the nano-
pore reads alignment settings (-ax map-ont). We then used miniasm v0.2°* to generate the assembly and polished it iteratively three
times with lllumina reads using Pilon v1.18°°, The final assembly was 3.11 Gb in size with an N50 value of 495 kb. We assessed the
completeness of this genome using the 1440 plant Benchmarking Universal Single-Copy Orthologs (BUSCOs)®?” and identified
86.1% of these BUSCOs. We used this assembly for subsequent gene annotation and phylogenomic analysis.
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To generate a Tetrastigma assembly with better contiguity that is best suited for our genome scan analysis, we created a second
nanopore de novo assembly using CANU v1.3°” and merged it with the Pilon-polished miniasm assembly described above. To
generate the CANU assembly, the nanopore reads were first corrected, trimmed, and assembled using CANU. We set the genome
size parameter to ‘2500 m’ based on our flow cytometry results (Data S1A; Figure S1) and set the reads error rate parameter to be
0.025 to accommodate the more error-prone nanopore reads. We then created a merged consensus assembly using the Quickmerge
program®® with two iterative rounds of merging. The first round used the Pilon-polished miniasm assembly as the reference
and the CANU assembly as the query, with the following parameters: -hco 5.0 -c 1.5 -l 495000 -ml 20000. The second
round used the Pilon-polished assembly as a reference with the merged assembly from round one as a query with the following pa-
rameters: -hco 5.0 -¢ 1.5 -1 613000 -ml 20000. The final merged assembly was 2.80 Gb in size with an N50 value of 736 kb. 79.1% of
the plant BUSCOs were identified in this assembly.

Genome assembly completeness assessment for Sapria

BUSCO assessment-The completeness of our Sapria assembly was assessed by mapping against 303 eukaryotic BUSCOs and 1,440
plant BUSCOs. Our assembly contained 84.5% of conserved eukaryotic BUSCOs but only 44.6% of the plant BUSCOs (Figure 2). To
further determine whether the 798 undetectable plant BUSCOs were enriched in certain functional categories, we conducted a
Gene Ontology (GO) analysis of these missing plant BUSCOs using the R package clusterProfiler’®. For each plant BUSCO, we
determined the best matching ortholog from Arabidopsis thaliana by BLAST. Of the 1,440 total BUSCOs assessed, 1,438 of them
had significant hits to Arabidopsis. GO analysis of missing plant BUSCOs were subsequently assessed using a custom background
of 1,438 Arabidopsis orthologs based on Fisher’s Exact Test in combination with the False Discovery Rate correction and a p-value
threshold of 0.01. A total of 109 GO terms, mostly related to photosynthesis and plastid organization, were significantly enriched
(p-value < 0.01; Data S1N).

To test whether functional biases in missing plant BUSCOs might result from an incomplete genome, we subsampled the contigs of
the chromosomal-level genome assembly of the free-living species Manihot esculenta Crantz to simulate 64% missing data. This
percentage was derived from the estimated percentage of missing data in our 1.28 Gb Sapria assembly, assuming a maximal
genome size of 3.5 Gb based on flow cytometry. The subsampled Manihot genome had an equivalent amount of missing BUSCOs
(56%), however, only two GO terms related to ribosome binding were significantly enriched (p-value < 0.01). This level of enrichment
in missing BUSCOs was far less than the 109 observed in Sapria (see above). To test the statistical significance of this result, we
generated 1000 sets of randomly subsampled Arabidopsis BUSCOs, each containing 798 (55.4%) genes, and conducted GO enrich-
ment analyses using clusterProfiler. The median number of enriched GO terms from the simulation was two and the maximum num-
ber was 69. This result demonstrates that while incomplete assembly can, as expected, lead to a large fraction of missing BUSCOs,
the marked functional bias revealed by GO enrichment analysis in Sapria is highly unlikely to arise from incomplete assembly.

Reads mapping assessment to determine genome completeness—We mapped lllumina reads, nanopore reads, and transcrip-
tomes to our Sapria assembly using BWA, minimap2, and GMAP v2019.06.10°, respectively. The resulting .bam files were sorted
using SAMtools, and 99.0%, 97.0%, and 99.2% reads could be mapped, respectively. In combination with our simulation results
above, these very high mapping levels further confirm the completeness of our assembly. To explore the 6.59 million unmapped II-
lumina reads, we generated de novo assemblies for these reads following the methods described by Laine et al.?®. Briefly, unmapped
reads were extracted using SAMtools and filtered using TrimGalore v0.5.0°" to remove reads shorter than 36 bp or those with quality
scores lower than 5 (-q 5-length 36). Filtered reads were assembled with Abyss v2.0.2°% using a k-mer size of 20. The resulting
assembly was 114 Mb and the N50 was 607 bp. A total of 109.3 kb unitigs were longer than 300 bp and were compared to the
NCBI non-redundant nucleotide database using BLAST v2.2.29% to identify the closest known matching sequence. Eighty contigs
were mapped to reference genes in NCBI with E-values less than 1e-5 (Data S10). These contigs were most frequently mapped to
genes from Vitis vinifera, a close relative of the host, suggesting possible low levels of host DNA in the parasite (see section HGT
validation using nanopore reads to address this concern).

Estimating the size of single-copy regions—For Sapria, we measured the size of the single-copy regions in the assembly and
compared it to the size of the single-copy regions in the genome estimated from the k-mer distribution. Single-copy regions
were defined as DNA sequences present in single (or low) copy in the genome, which primarily constitute coding sequences
for structural genes. To summarize the single-copy regions in the assembly, read coverage for each site was calculated using
BamTools v2.3.0°*. The median read coverage was 60.2 X (Figure S2B). We then used BEDTool2 v2.26.0°° to aggregate regions
with coverage less than 120 X (twice the average read coverage) to determine the size of single-copy regions. This led to an esti-
mation of 904 Mb of single-copy sequences in our assembly. We next compared this size estimate to our estimate based on the k-
mer distribution (see section Genome size estimation above). Using multiple k-mer sizes, we estimated the single-copy region of
the genome to be 470-940 Mb (Figure S1). These estimations suggest that between 96.2% (904/940) to 100% of the single-copy
regions are assembled.

RNASeq and transcriptome assembly

To expand our taxon sampling within Rafflesiaceae for gene model prediction and downstream analysis of horizontal gene transfer
(HGT), we generated two new transcriptomes from Rafflesia tuan-mudae Becc. and Rhizanthes zippelii (Blume) Spach and included
previously published RNASeq data from Sapria himalayana and Rafflesia cantleyi Solms-Laubauch in Xi et al.®. Total RNA extraction
and cDNA library preparation for R. tuan-mudae and R. zippelii followed Xi et al.®. These species were collected and field frozen under
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Sarawak Forest Department permitting number NCCD.907.4.4(JId.VI)-52 and Park permitting number 25/2011. Total RNA was ex-
tracted and synthesized to cDNA libraries. The resulting cDNA libraries were sequenced using the Genome Analyzer Il (lllumina, Inc.)
with paired-end 150 bp read lengths at the Bauer Core Facility at Harvard University. Transcriptome assembly and coding sequence
prediction followed Cai et al.®® using Trinity v2.6.6°° and Transdecoder v5.3.0°".

Repeat masking and gene model prediction

Annotation of Sapria-RepeatModeler2 v1.0.11°® was used to generate a species-specific repeat library for Sapria. RepeatMasker
v4.0.8%° was subsequently applied to annotate and mask assemblies based on the species-specific repeat libraries. Following mask-
ing, gene models were inferred using MAKER with RNA-seq and protein evidence. For RNA-seq evidence, we used published
and newly generated transcripts from the four species of Rafflesiaceae listed above (Sapria himalayana, Rafflesia cantleyi, Rafflesia
tuan-mudi and Rhizanthes zippelii), complete proteomes from three published eurosid genomes (Vitis vinifera, Manihot esculenta,
and Populus trichocarpa), and the UniProtKB/Swiss-Prot database (download date Oct 9, 2019). Protein-coding genes were subse-
quently predicted using three iterative rounds of MAKER v2.31.107° each involving: (i) creation of initial gene models from transcript
and homologous proteins using est2genome and protein2genome; (ii) refinement of this initial model with ab initio gene predictors
SNAP v2006-07-28"" and AUGUSTUS v3.3"%; and (iii) final models generated using SNAP trained on gene models output from
step (ii). We used the default parameters in MAKER except that we adjusted the ‘split_hit’ parameter to 100,000 to accommodate
the long introns in Sapria (see also main text). A total of 55,179 genes were predicted by MAKER. Putative functions for each
gene were inferred by comparing their coding sequences to the Pfam protein domain database v33°° using HMMER v3.2.17°. A total
of 12,667 genes do not have significant Pfam hits (E-value < 1e-5) and exhibit significant sequence similarity (BLASTn E-value < 1e-5)
to the species-specific repeat library. These gene models are identified as low confidence annotations. The remaining 42,512 gene
models were validated by either transcriptome, known plant proteins, or the Pfam database.

Annotation of Tetrastigma—-Repeat annotation and gene model prediction for Tetrastigma voinierianum followed the same pipeline
as outlined above for Sapria. The Pilon-polished miniasm assembly of Tetrastigma was used for de novo repeat content identification
using RepeatModeler. For MAKER gene prediction, we used the published transcriptomes from Tetrastigma voinierianum and
Tetrastigma obtectum®’, the proteomes from Vitis vinifera, and the UniProtKB/Swiss-Prot database to facilitate the initial round of
evidence-based gene prediction. We then applied two rounds of ab initio gene prediction as described above to refine gene models.
The final annotation contains 49,376 gene models.

Orthogroup clustering and gene loss analysis

Orthogroups for investigating gene loss were created with OrthoFinder v2.2.7”* from predicted proteins of Sapria and complete pro-
teomes of 34 sequenced flowering plant genomes (Figure S4; Data S1J). We carefully selected taxa representing all major flowering
plant clades, including Amborella trichopoda, the sister group of all other angiosperms, and Cinnamomum micranthum (a magnoliid
dicot), two monocots (Oryza japonica and Sorghum bicolor), two early diverging eudicots representatives (Aquilegia coerulea and
Nelumbo nucifera), sixteen asterids, and eleven eurosids, including three free-living relatives of Sapria in Malpighiales (Jatropha cur-
cas, Manihot esculenta and Populus trichocarpa) plus one confamilial relative of the host species (Vitis vinifera). We identified 10,880
orthogroups present in at least three of the five eurosid species, Arabidopsis thaliana, Populus trichocarpa, Manihot esculenta,
Gossypium raimondii, and Glycine max. We considered these orthogroups to be conserved across eurosids and subsequently
used them for assessing gene loss in Sapria. Gene copy number for each species for the 10,880 conserved orthogroup cluster is
reported in Data S2A.

As a comparison, we also examined gene loss in two independently evolved parasitic plant species: Cuscuta australis and Striga
asiatica. Because these two species belong to the asterid clade, we first identified conserved orthogroups across asterids by similarly
requiring at least three of the five asterid species, Mimulus guttatus DC., Solanum tuberosum L., Ipomoea nil (L.) Roth, Coffea can-
ephora Pierre ex A.Froehner, and Helianthus annuus L., to be present in these orthogroups. We identified a total of 10,687 conserved
asterid orthogroups, within which 999 (9.3%) were missing in Striga and 1,580 (15.7 %) were missing in Cuscuta.

Verification of gene loss in intergenic regions and pseudogene identification

To address concerns of spurious gene loss due to annotation quality, we searched protein sequences from Arabidopsis thaliana,
Manihot esculenta, Populus trichocarpa, and Vitis vinifera against the intergenic regions in our Sapria genome assembly. Intergenic
regions were extracted using BEDTools. Proteomes from the above species were aligned against the intergenic sequences using
tblastn with an E-value threshold of 1e-10. Among the 4,828 missing conserved orthogroups, 759 have BLAST hits to the intergenic
regions. These BLAST hits contain paralogs, pseudogene fragments, and gene models that were not annotated. This small percent-
age of additional possible orthogroups (7.0% of the total conserved orthogroups) within intergenic regions does not diminish the
scale of reported gene loss in Sapria.

We then used these tblastn results to characterize pseudogenes using the MAKER-P protocol™. This wrapper script was run with
default settings except that the intron length threshold was set to 100 kb to accommodate long introns in Sapria (see main text and the
section Intron expansion and selection pressure analysis below). Because these pseudogenes were included in our phylogenomic
analysis, we used a custom script to filter them by length (> 150 bp) and gene collinearity. A total of 71,747 pseudogenes met these
criteria.

|92
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QUANTIFICATION AND STATISTICAL ANALYSIS

Functional enrichment of missing orthogroups

We performed a GO analysis using PlantRegMap’° to determine enriched terms in the missing orthogroups of Sapria. For the 4,828
missing orthogroups we analyzed, orthologs from Arabidopsis were selected as the foreground gene set. The background gene set
contained Arabidopsis orthologs from the 10,880 conserved orthogroups. A p-value threshold of 0.05 was used to identify signifi-
cantly enriched terms based on Fisher’s Exact Test in combination with the False Discovery Rate correction. A less stringent p-value
is used here to capture as many statistically significant terms as possible for result discussion. A total of 570 terms in biological pro-
cesses, cellular components, and molecular functions were significantly enriched (p-value < 0.05) and 374 terms have p-value < 0.01
(Data S1E). The R package clusterProfiler and enrichplot®® were used to visualize our results (Figure 2). Our GO enrichment result
remained consistent when excluding the 759 orthogroups that had BLAST hits in intergenic regions, although with slightly less en-
riched terms (n = 538, p value < 0.05; Data S1P). We also used the orthologs from Glycine, Manihot, and Populus to assess the gen-
erality of these findings. The results were also highly consistent among different species (Data S1Q-S1S). To identify metabolic net-
works that would be impacted by the missing genes, orthologs from Arabidopsis representing all missing conserved orthogroups in
Sapria were searched against the KEGG pathway maps using the KEGG Mapper webserver (https://www.genome.jp/kegg/mapper.
html).

Plastid genome loss

To test the hypothesis that the plastid genome was lost in Rafflesiaceae’, we compared the reference plastid genome from Manihot
esculenta (GenBank NC_0104383.1) against the Sapria assemblies using BLASTn with an E-value threshold of 1e-5. A total of 290
scaffolds contained plastid-like sequences and were selected for further investigation. Their lengths, GC contents, and average Illu-
mina read coverages are reported in Data S1F. None of the scaffolds were localized to the plastid genome assuming a variety of stan-
dards applied to assess the presence of a plastid genome’ : plastid genome size < 200 kb, GC% < 38%, and read coverage > 200 X
(nuclear genome median coverage 60.2 X). In addition, all of the putative plastid gene fragments clade with non-Malpighiales species.
The nearly complete loss of nuclear genes that regulate plastid functions further support the hypothesis that the plastid genome is
indeed lost in Rafflesiaceae.

Gene expansion

To investigate orthogroup expansion in Sapria, we applied a modified birth-death model implemented in CAFE v4, which accommo-
dates errors in orthogroup size estimation'?. We generated a dated phylogeny for the 29 eudicot genomes based on APG IV*4, Mag-
allén et al.?%, and Pelser et al.*®. Orthogroups were first filtered using the python script ‘cafetutorial_clade_and_size_filter.py’ from
CAFE to remove orthogroups containing more than 100 copies per species. We then inferred the ancestral orthogroup size for
each lineage under the free lambda model. We subsequently performed a GO analysis on the 710 orthogroups that expanded in Sapria
after its divergence from other Malpighiales species using PlantRegMap’°. We used orthologs from Arabidopsis in these expanded
orthogroups as the foreground gene set. Ap-value threshold of 0.01 was used to identify significantly enriched terms based on Fisher’s
Exact Test in combination with the False Discovery Rate correction. The GO enrichment result is reported in Data S1C.

Investigation of intron size

We used the evidence-based annotation from the first iteration of the MAKER genome annotation to characterize intron size in Sapria.
We chose this annotation because it is based on the alignment of transcripts and proteins to the assembly, and therefore represents
the most accurate gene structure prediction. Furthermore, the distribution of intron length from this evidence-based annotation
matches very well with that estimated from the uniquely mapped Sapria transcripts (Figure S5A), which represents the most unbiased
annotation of intron positions. Other versions of the annotation, with ab initio evidence from SNAP and AUGUSTUS, are not appro-
priate for this purpose because both programs cannot annotate long introns above 10 kb (Figure S5A).

We used a custom python script (available on Github, see code availability statement) to extract the number, length, and position of
introns from the genome annotation dff file. Both the mean intron number of 3.1 per gene and the median protein length of 265 amino
acids (AA) are smaller than those in other plants (Figure S2). To alleviate concerns of biased estimation of intron number due to trun-
cated gene annotation, we compared the protein length for each orthogroup of Sapria to the average protein length of the remaining
34 non-Rafflesiaceae species sampled in our orthogroup clustering (Figure S5B; Data S1J). Our results confirmed the completeness
of genes in Sapria (Figure S5B).

To characterize intron size and presence in Sapria, we leveraged the cross-species protein alignments from the evidence-based
MAKER annotation and focused especially on protein alignments from Manihot and Populus, which represent the closest free-living
relatives of Sapria. First, we used a custom python script to extract the positions and lengths of introns for all proteins in the reference
species Manihot and Populus for comparative purposes. Here, the position of the intron was measured by peptide coordinates (e.qg.,
between the 23th and 24th AA). Second, for each Manihot or Populus protein that was aligned to the Sapria genome, we extracted
both the intron position and intron length using the same method. We then compared intron positions in Sapria to one reference spe-
cies at a time (Populus or Manihot) in a reciprocal manner as described below and recorded the number of introns that were lost and
gained in Sapria. To conservatively infer intron gain and loss and mitigate false positives due to protein alignment error, we only re-
corded intron gains when an intron in Sapria was absent within + 5 AA (upstream and downstream) in the reference species. Similarly,
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we only recorded intron loss when an intron in the reference species was absent within + 5 AA in the Sapria genome. Finally, for each
predicted gene model in Sapria, when multiple proteins from the same reference species could be mapped, we chose the protein
alignment that was most similar to the gene structure in Sapria, thus invoking the least number of intron gains and losses. We further
removed spurious protein alignments by requiring > 80% of the reference protein length to be aligned. As a result, 5,485 gene models
from the evidence-based annotation have valid protein alignments from both Manihot and Populus. Among them, 1,492 (27.2%)
genes experienced intron loss when compared to Manihot and Populus and 1,024 (18.7 %) genes became intron-free despite having
introns in both Manihot and Populus.

Functional enrichment analysis of highly compact genes

In Sapria, 63.5% of the genes (14,693 of 23,618) from our evidence-based MAKER annotation have introns shorter than 150 bp. To
further characterize the functional significance of these highly compact genes in Sapria, we performed GO enrichment analysis using
PlantRegMap. For each compact gene in Sapria, we identified its one-to-one best matching orthologs in Populus using BLASTn
searches. When a Sapria gene had multiple Populus BLAST hits, the gene with the best E-value and most aligned bases was
selected. A p-value threshold of 0.01 was used to identify significantly enriched GO terms based on the Fisher’s Exact Test with a
False Discovery Rate correction. A total of 322 GO terms were enriched in three categories when compared against Populus ortho-
logs (Data S1G). We repeated the analysis using Manihot instead of Populus to test for sensitivity of reference species. A total of 199
GO terms were enriched when using Manihot as reference (Data S1T).

Intron expansion and selection pressure analysis
We investigated the relative contribution of TEs to intron expansion in Sapria by summarizing the total length of TEs identified by Re-
peatModeler in both longer (> 1kb) and shorter introns (< 1kb; as a control) using BEDTools (Figure 4B).

To further test whether intron expansion was associated with relaxed selection in particular genes, we inferred the dy/ds ratio (non-
synonymous substitutions rate/synonymous substitutions rate) for each gene. We sampled six species—Sapria, Manihot, Jatropha,
Populus, and two outgroup species Arabidopsis and Glycine—to infer the dn/ds ratio using PAML v4.87%. We used a phylogeny-
guided method from Yang et al.”® to reconstruct single-copy orthogroups and additionally removed orthogroups containing horizon-
tally transferred genes in Sapria (see below on HGT identification). Protein sequences from each orthogroup were aligned using
MAFFT and then converted into the corresponding codon alignments using pal2nal. The maximum likelihood (ML) phylogeny for
each orthogroup was inferred using IQ-TREE v2.0.5’” under the default settings. Detailed description of orthogroup establishment,
alignment, and phylogenetic reconstruction is provided in Data S3. CODEML from the PAML package was subsequently applied to
infer dy and ds statistics under the free-ratio model based on the codon alignment and phylogeny of each orthogroup. Finally, we
tested the correlation between the maximum intron length and dy/ds ratio using Spearman’s rank correlation test in R (function
cor.test). The result indicated a significant correlation (p-value 7.2e-9, Spearman’s rank correlation rho = 0.102).

Genome scan assessment of HGT

Because HGTs initially create regions of low divergence between host and parasite, we developed a sliding-window genome scan
assessment involving pairwise divergence to investigate fine-scale patterns involving more recent HGTs (Figure S3). We aligned the
Sapria and Tetrastigma assembly, along with the complete genomes of two closest relatives of Sapria— Manihot and Populus—using
the genome aligner Cactus v1.1.07%. Notably, we used the Quickmerge assembly of Tetrastigma for this analysis given its better con-
tinuity. With this alignment, we used HAL tools® to extract pairwise Multiple Alignment Format (MAF) blocks in which no duplicates
existed within the host or parasite genomes (e.g., Tetrastigma and Sapria, respectively) to obtain uniquely mapped regions. These
alignment blocks were processed with custom python scripts (available on Github, see code availability statement) to create win-
dows that each contained 100 aligned bases. Only aligned positions were considered when defining these windows, and positions
containing gaps or N’s were ignored. Thus, although windows contained the same number of aligned bases to calculate divergence,
they varied in length in terms of reference genome coordinates if particular regions of the alignment contained more gapped positions
(e.g., a window spanning the Sapria genome begins at position 1 and ends at position 120, containing 100 aligned positions and
20 gapped positions). Divergence within each window was calculated as the proportion of aligned bases that differed between
the Tetrastigma and Sapria genomes.

To create a data-driven threshold of divergence to classify windows, we calculated the divergences between Tetrastigma and
Sapria for genes classified as HGT or VGT (vertical gene transfer) using our phylogenomic approach described below (Figure SE6A).
The Receiver Operating Characteristic (ROC) curve analysis (using the R package pROC with Youden’s J statistic®®) suggested a
divergence threshold of 0.245 to distinguish these two classes of genetic regions, such that alignment windows with divergences
below 0.245 are candidates for HGT.

While low divergence windows are a hallmark of recent HGT, this signature may also arise from strong purifying selection on func-
tionally important loci such as conserved non-coding elements. To rule out this confounding factor, we focused on windows that not
only exhibited low divergence between Sapria and Tetrastigma but also contained no aligned bases in the two close relatives of
Sapria, Manihot, and Populus. This makes purifying selection an unlikely explanation for low divergence and also renders a single
acquisition of DNA from Tetrastigma a more parsimonious explanation than two independent losses.

Our pairwise divergence analysis applied windows of 100 aligned bases, but a single HGT block may involve longer genomic re-
gions that include multiple, nearby low-divergence windows. Indeed, outlier windows of low divergence between Sapria and
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Tetrastigma appeared to be physically clustered (Figure 5B) as would be expected when larger blocks of DNA are transferred. To
identify an appropriate threshold distance to group nearby outlier windows, we measured the distance between nearby low-diver-
gence windows. We found that the majority (88%) of low-divergence windows were no more than 500bp away from at least one other
outlier window, and distance thresholds longer than 500bp failed to group an appreciable number of additional windows (Figure SEB).
After we grouped outliers using this distance threshold, we used the coordinates of the left- and rightmost outlier windows to
construct the distribution of HGT lengths.

Phylogenomic assessment of HGT

Our genome scan approach above was designed to detect recent HGT events and may miss ancient transfers. To detect older
events, we performed a large-scale phylogenomic analysis similar to previous efforts to detect HGT in Rafflesiaceae (Figure S3)°.
We sampled 38 species for phylogenomic investigation, including the addition of transcriptomes from three Rafflesiaceae species
(Data S1J). We also added pseudogenes from Sapria to characterize HGT genes likely to be nonfunctional. All 71,747 pseudogenes
were compared to five randomly chosen sequences from each orthogroup using BLASTn for computational efficiency. We used an
E-value threshold of 1e-40 to assign orthologs. We then selected orthogroups containing at least ten species for our phylogenomic
assessment of HGT. Specifically, each selected orthogroup should include at least one sequence from Rafflesiaceae (gene or pseu-
dogene) and another from a free-living Malpighiales species (Manihot, Jatropha, and/or Populus). A total of 6,552 orthogroups were
selected for further phylogenomic analysis. Protein sequences for each orthogroup were aligned with MAFFT v.7.2997° using the iter-
ative refinement algorithm E-INS-i. The resulting protein alignments were converted into the corresponding codon alignments using
pal2nal v.14%°, If a pseudogene was present, we then added the pseudogene sequence to the codon alignment using ‘mafft-add-
long’ in MAFFT. The alignments were trimmed using timAL®" to remove sites with more than 85% gaps (-gt 0.15).

A ML phylogeny was inferred for each orthogroup using IQ-TREE. Optimal substitution models for each alignment were determined
by ModelFinder®® using the Bayesian Information Criterion (BIC) within IQ-TREE. Branch support was assessed with ultrafast boot-
strap approximation (UF-BP)'°° from 3000 replicates along with the ‘-bnni’ option to reduce the risk of overestimating branch support
due to model violations. We additionally assessed branch support with the SH-like approximate likelihood ratio test for each branch
(SH-aLRT)"*" using 2000 bootstrap replicates in IQ-TREE. Customized scripts (available on Github, see code availability statement)
were subsequently implemented to identify HGT candidates where Rafflesiaceae species were placed outside Malpighiales. One
hundred fifty-two orthogroups containing Vitaceae-associated HGT candidates were identified and selected for more in-depth
phylogenetic validation with expanded taxon sampling (see next section).

HGT validation with expanded taxon sampling

We expanded taxon sampling within the host clade, Vitaceae, and applied stringent branch support thresholds to further validate
the 152 HGT candidates identified using our phylogenomic method outlined above. Raw sequencing reads from 15 published
Vitaceae transcriptomesm were downloaded from GenBank: SRA081731. Transcriptome assembly followed the pipeline
described above following Cai et al.?°. We also obtained two transcriptomes of Vitaceae from the oneKP project®’. To reduce
computational burden for orthogroup clustering of the additional species, these 17 transcriptomes were compared to five
randomly chosen sequences from each orthogroup using BLASTn. We used an E-value threshold of 1e-40 to assign orthologs.
Orthologous sequences from additional Vitaceae species were added to the alignment of each orthogroup by MAFFT using
the ‘mafft-add—keeplength’ command. Phylogenetic inference followed the strategy described above using IQ-TREE.

To filter for confidently placed HGTs, we required each HGT candidate to nest within Vitaceae with high branch support (80 SH-
aLRT and 80 UF-BP), have a minimum gene length of 150 bp, and a maximum branch length of 0.825 to mitigate long-branch arti-
facts. This branch length cutoff was determined by the 93% quantile of the branch length distribution of all HGT candidates (Fig-
ure S6C), where a sharp decline in frequency was observed. Lower nodal support was observed for ancient HGTs shared by
more than two Rafflesiaceae genera. For these candidates, we applied a less stringent branch support threshold of 50 SH-aLRT
and 50 UF-BP. A total of 90 orthogroups passed these stringent filtering criteria.

BLAST-based assessment of HGT

Some HGT candidates exhibited higher sequence divergence between Sapria and Tetrastigma and did not have orthologs in other
Malpighiales species to be assessed using our genome scan or phylogenetic methods. To investigate these genes, we used the
BLAST results from OrthoFinder to identify HGT candidates that only had BLAST hits (E-value < 1e-5) in Rafflesiaceae and Vitaceae
but not in other plant lineages. This analysis identified six additional HGT orthogroups (Data S1K).

HGT validation using nanopore reads

It has long been recognized in plants that DNA and RNA molecules are trafficked between host and parasite ,andrepresenta
source of natural contamination. This source of natural contamination may confound HGT detection when host derived genome
sequences form chimeric assemblies. To eliminate these concerns, we verified that each candidate HGT was fully integrated into
the Sapria genome using nanopore reads. Nanopore reads represent continuous, single DNA molecules and can therefore rule
out artifactual chimeric assemblies that integrate natural sources of host contamination. Here, we aligned nanopore reads to the
Sapria assembly using minimap2. We then validated HGT candidates by requiring them to be contained within a continuously aligned
nanopore read and reside at least 500 bp away from the end of each read (Figure S3). Second, we also required putative HGTs to be

82,102-104

Current Biology 37, 1002-1011.e1-€9, March 8, 2021 €8




¢? CellPress Current Biology

flanked on either side by 500 bp of non-HGT sequence within a scaffold. For the HGTs identified by our phylogenomic assessment
and BLAST-based assessment, 88.2% of the genomic regions (574 of 705) from 87 orthogroups (81 from phylogenomic assessment
and 6 from BLAST evidence) were well-nested within long reads. For our genome scan assessment, 94% of HGT windows (793 of
846) met these criteria.

Functional enrichment analysis of HGTs

For each putative HGT identified using our genome scan, phylogenomic, and BLAST methods, its one-to-one best matching
ortholog from Vitis vinifera was identified using BLASTn. Putatively enriched functions of these HGTs were then assessed using
the background of all Vitis genes using PlantRegMap.

Codon usage bias of HGTs

We compared the codon usage of 568 HGTs and 3007 VGTs to Manihot and Tetrastigma, respectively. We applied Measure
Independent of Length and Composition (MILC) to quantify the distance in codon usage between a Sapria gene and the reference
gene set’® using the function ‘MILC’ in the R package coRdon'?°. Coding sequences from Manihot or Tetrastigma were used as
references, respectively. We also calculated the frequency of optimal codons (Fop,*°) in HGTs and VGTs to characterize their codon
usage adaptiveness. The 303 ribosomal protein coding genes identified by Pfam in Sapria were used as the reference set to quantify
Fop in HGTs and VGTs using the function Fop in coRdon.

Modern and former host associations

We filtered HGTs from our phylogenomic assessment based on taxon sampling, gene tree topology, and gene tree support to infer
modern and former host associations. First, we selected orthogroups containing at least five Vitaceae genera to place the host
lineage. Second, we selected orthogroups whose gene tree topologies largely reflected species tree relationships identified by
Wen et al.®'. Third, we required any Rafflesiaceae transgenes to be placed with its putative donor(s) with at least 50 SH-aLRT
and 50 UF-BP. A total of 42 orthogroups were deemed suitable for host association investigation following these filtering criteria
(Data S1M; Figure 5). Phylogenies of these 42 orthogroups are provided in Data S2B.
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