‘ doi:10.1093/plphys/kiab192

Plant Physiology*

PLANT PHYSIOLOGY 2021: 186: 1412-1423

Genomic reconfiguration in parasitic plants involves
considerable gene losses alongside global genome

size inflation and gene births

Peter Lyko' and Susann Wicke ® "'

1 Institute for Biology, Humboldt-University of Berlin, Germany

*Author for communication: susann.wicke@hu-berlin.de
*Senior author.

S.W. conceived the project; P.L. and S.W. collected and curated genome size and chromosome data; S.W. graphically summarized and analyzed the

data; P.L. and S.W. wrote the article; S.W. agrees to serve as the author responsible for contact and ensures communication.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the

Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) is: Susann Wicke (susann.wicke@hu-berlin.de).

Introduction

Specialist  plantsfeeding on other plants (haustorial
parasites) result from the fierce competition for resources in
the botanical world. A parasitic lifestyle in plants always
coincides with a heterotrophic nutrient acquisition, which
brings about a plethora of morphological, metabolic, and ge-
netic changes. Most parasitic plants retain the ability to
carry out photosynthesis (Nickrent, 2020). Some of these
may even fulfill their lifecycle as free-living, autotrophic
plants (facultative parasites). Others require a host plant
during at least certain developmental stages (obligate para-
sites). Losing photosynthesis and relying entirely on hetero-
trophic nutrient supply from another plant is a derived
stage of an obligate parasitic lifestyle. More lineages (orders)
of parasitic angiosperms contain only holoparasites
(Nickrent, 2020). We could view this as circumstantial
evidence that the specialization on a (holo)parasitic lifestyle
occurs rapidly by providing an, at least temporary, eco-
evolutionary advantage.

Parasitic plants never become a dominating species in
undisturbed environments, where they even profoundly
benefit their habitat by keeping plant growth in check and
maintaining species diversity (Press and Phoenix, 2005).
However, a few parasitic plant species like witchweeds
(Striga spp.), dodders (Cuscuta spp.), and broomrape
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(Orobanche spp. and Phelipanche spp.) have become
dominant weeds in managed, agricultural ecosystems. These
weedy parasites diminish the production of many cereal,
oilseed, forage, and vegetable crops, inflicting annual crop
losses worth billions of Euros worldwide (Parker, 2013).

Innovations in omics-technologies and high-throughput
data analysis have accelerated research into parasitic plants’
genetics. The Broomrape family (Orobanchaceae) and
Cuscuta have become primary models for understanding
parasitism in plants. Concerted efforts have established
resources for in vitro experiments and genetic manipulations
of model parasites (Tomilov et al, 2007, 2008; Fernandez-
Aparicio et al, 2017; Ishida et al, 2011; Westwood et al,
2012; Pouvreau et al, 2013; Aly et al, 2014). Large-scale ge-
nomic, transcriptomic, and fine-grained molecular-genetic
analyses have identified core gene sets for germination and
parasitic attack (Wickett et al, 2011; Honaas et al, 2013;
Conn et al, 2015; Ichihashi et al, 2015 Yang et al, 2015
First et al, 2016, Bao et al, 2017 Ishida et al, 2017
Wakatake et al, 2018; Brun et al, 2019; Hegenauer et al,
2020; de Saint Germain et al,, 2020; Su et al., 2020). Various
studies have uncovered the extent of transfer of informa-
tional molecules like viruses, proteins, and nucleic acids be-
tween parasites and their hosts (Mower et al,, 2004; Yoshida
et al, 2010b; LeBlanc et al, 2012; Zhang et al, 2013; Kim
et al, 2014 Yang et al, 2016, 2019; Hettenhausen et al,
2017; Shahid et al, 2018; Liu et al, 2020a). Recently, also a
parasitic plant-specific web application was launched to fa-
cilitate data sharing (Kosters et al, 2021). Comparative sur-
veys pioneered the unlocking of genomic causes and
consequences of parasitism. Among others, they showed
that reductive genome evolution in parasites is an interplay
between the degree of parasitic specialization, micro- and
macrostructural genomic modifications, and the molecular
processes underlying molecular evolutionary rate shifts
(Wicke et al, 2013, 2016; Barrett et al.,, 2014, 2018; Cusimano
and Wicke, 2016; Feng et al, 2016; ; Chen et al, 2020b).
Likely because many obligate parasites have highly complex
genomes (Wicke, 2013), parasitic plants were the last major
group of specialists for which complete genome resources
became available. We are now beginning to gain the first de-
tailed insights into parasitic plant genome landscapes, which
offer exciting new research perspectives.

Here, the most recent advances in parasitic plant geno-
mics are analyzed in order to disentangle the differences be-
tween nuclear, mitochondrial, and plastid genome evolution.
This Update highlights the innovations and potentials of ge-
nome analyses of parasitic plants by integrating general and
lineage-specific molecular-evolutionary trajectories.

Phases of genome evolution in parasites

The first models describing the trajectory of genomic evolu-
tion in parasitic plants were founded on organelle data and
described up to five degradative phases (Barrett and Davis,
2012; Naumann et al, 2016; Wicke et al, 2016). Concepts
describing the overall genomic evolution of parasites require
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the inclusion of adaptive characters. Therefore, we may con-
sider the overall genomic evolution in parasitic plants to
progress in three major phases (Searcy and Maclnnis, 1970;
dePamphilis, 1995; Yoshida et al, 2019):

Phase |, during which functional innovation confers the abil-
ity to exploit another plant.

Phase I, where parasitic specialization relaxes molecular-evo-
lutionary constraints on dispensable, host-complemented
molecular processes.

Phase llI, during which parasitic plant—host interactions are
tightened and optimized.

We must understand these phases as co- and interde-
pendent rather than differentiated stages. Once functional
novelty enables a heterotrophic lifestyle, the new parasite
gains an ecological-evolutionary advantage in the competi-
tion for nutrients. As a result, increased fitness leads to a
rapid specialization in heterotrophic nutrient acquisition.
We assume that genes and proteins essential for parasitic
lifestyles will experience selective sweeps on the molecular
level, possibly showing coevolutionary effects on directly
interacting elements, which act in the same molecular or
metabolic pathways.

Other cellular processes will lose relevance alongside the
optimization of parasite function and intensification of para-
site—host interactions. Elements of phase Il are detectable by
their distinct (episodic) relaxations of purifying selection.
The degradation of plastid genomes and losing many nu-
clear-encoded photosynthesis genes are phase Il symptoms.
We may expect that especially autotrophic energy gain pro-
cesses are among the first to suffer notably from a relaxation
of selective constraints. Relaxed purifying selection in auto-
trophic processes, irrespective of genomic loci of the genes
involved, could reduce photosynthetic efficiency, further
driving metabolic optimization towards heterotrophy
(Wicke et al, 2016; Wicke and Naumann, 2018). As photo-
synthetic energy gain drops, the parasitic nutrient acquisi-
tion will gain relevance for the plant. Therefore, phase IlI
genes are likely to show positive selection, and gene families
containing genes that undergo optimization are probably ex-
panded. To ensure that positive selection is not mistaken
for signs of selection relaxation, large-scale scans for selective
footprints require advanced molecular-evolutionary methods
and a robust phylogenomic framework.

We should use caution to interpret genomic features and
generalize results from parasite genomes as long as the taxo-
nomic representation of genera and species with whole-ge-
nome data is still limited. Available genome sequences are
all highly unusual in that they are all small-genome plants
(see below). Thus, they might display considerably distinct
patterns of genomic reconfiguration than the “average” par-
asitic plant—be it regarding genic, nongenic, repetitive,
transposable, or foreign genetic material. Some genomic or
functional effects might not directly relate to establishing a
parasitic lifestyle as the expected loss of photosynthesis.
Indirect changes in genomic compartments that contain
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dispensable genes or those in proximity to those might ben-
efit (or suffer) from location effects. Location (position)
effects can be protective or destabilizing, in that they influ-
ence the rate of molecular evolution, gene expression, and
gene clustering (Zhang et al, 2002; Yang and Gaut, 2017;
Wicke et al, 2013, 2014; Chen and Zhang, 2016; Kustatscher
et al, 2017; Xu et al, 2019). Should those effects occur as a
(late) consequence of an overall system reconfiguration,
we may assume them to follow other rearrangements and
be relatively weak. In contrast, dispensable genes associ-
ated with essential elements might survive longer than
their function would let us think. However, larger clusters
of co-localized nonessential genes might be lost earlier
during genomic reconfigurations. Several earlier studies
support this genome evolutionary scenario for parasitic
and nonparasitic angiosperms (Yang and Gaut, 20171;
Wicke et al,, 2013, 2014).

As a plant gains the ability to parasitize another, envi-
ronmental constraints might drive a rapid eco-evolution-
ary specialization. This process might set off a feedback
loop between trophic specialization, interdependent func-
tional gains, losses, and large-scale genomic and metabolic
reconfigurations. With all its genomic compartments, the
entire parasite system would show footprints of a gradual
functional reorganization and optimization. Comparative
genomic approaches analyzing transition forms alongside
target species like weedy taxa are therefore essential to un-
derstand the various links of lifestyle preferences and ge-
nomic features and infer the relative timing of genomic
novelties.

Genomic reduction in organelles versus
expansion in the nucleus

Parasitic plant genomes and transcriptomes show that all
three phases coexist in the three cellular compartments at a
lineage-specific magnitude. The complexity and overall sizes
of parasitic plant genomes are puzzling, especially as it partly
contradicts the widely assumed (genomic) reduction syn-
drome of many parasitic organisms. Physical and functional
reductions are well studied in the parasites’ plastid genomes
(reviewed in Wicke and Naumann, 2018). They might even
extend to mitochondrial genomes, as seen in mistletoes be-
longing to the Viscaceae (Petersen et al, 2020). However,
nuclear genomes of parasitic plants seem to evolve on a
genomically nonreductive route.

Genome size data are available for 174 representatives (254
accessions) of Apodanthaceae, Cuscuta (Convolvulaceae),
Krameriaceae, Loranthaceae, Olacaceae, Orobanchaceae,
Santalaceae, and Viscaceae (Supplemental Data Set S1),
spanning five origins of parasitism in flowering plants and
all parasitic specializations. These data reveal that the over-
all range of mean parasite genome sizes is higher than in
nonparasitic flowering plants (mean genome size in angio-
sperms: 1C = 5.7 Gb Dodsworth et al, 2015; mean genome
size of parasitic angiosperms: 1C = 9.3 Gb, n =254 acces-
sions from 174 species; Supplemental Data Set S1).
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Considering modes gives 1C = 0.6 Gb for genome sizes of
nonparasitic angiosperms (Dodsworth et al, 2015) com-
pared with 1 C=989 Gb for parasitic species
(Supplemental Data Set S1). Together, these data suggest
that parasite families have larger genomes than nonpara-
sites. This trend shows even more clearly in comparing par-
asites with their phylogenetically closest nonparasitic
relatives (Figure 1). Besides Krameria, a lineage of photo-
synthetic parasites, with genomes seven-fold larger than in
the closely related Zygophyllaceae (Vesely et al., 2013), the
tiny endoparasitic Apodanthaceae, the stem-twiners of
Cuscuta, and the diverse root-parasitic Orobanchaceae all
exceed the average genome sizes of their most closely re-
lated autotrophs (Supplemental Data Set S1). There is also
considerable evidence for dynamic genome-evolutionary
histories, including whole or partial genome duplications
(Schneeweiss and Weiss, 2003; Schneeweiss et al, 2004;
Weiss-Schneeweiss et al,, 2006; McNeal et al, 2007; Wickett
et al, 2011; Piednoél et al, 2012; Vesely et al, 2013; Wicke,
2013; Ataei, 2017; Sun et al, 2018; Vogel et al,, 2018). These
findings raise the urgent questions of why parasites have
larger genomes and if genome size inflation in parasites
possibly relates to advanced functions or sophisticated ad-
aptation to the parasitic lifestyle.

There may be a trend towards larger genomes within
Orobanchaceae as the degree of heterotrophy increases
(Supplemental Data Set S1; a statistical test with adequate
corrections for phylogenetic nonindependence remains to
be done). In Santalales, larger genomes characterize parasites
of a mistletoe habit, which is the derived feeding mode, cor-
responding with parasitic specialization (Vidal-Russell and
Nickrent, 2008; Su et al, 2015; Chen et al, 2020b). Cuscuta
shows differences in plastid genome complexity and photo-
synthesis gene retention (e.g. Revill et al, 2005; Braukmann
et al, 2013; Banerjee and Stefanovi¢, 2019). It would be in-
teresting to test whether these differences relate to a meta-
bolic progression series towards holoparasitism. The lack of
transition series in all other parasitic plant lineages allows
only limited direct comparisons. The observation of conver-
gent increases along trophic specialization invites us to won-
der whether genome size increase has adaptative potential
towards (holo)parasitism.

We would expect many gene losses in nonphotosynthetic
plants. Many gene families in parasitic plants have experi-
enced reductions in their diversity, whereas others show
expansions. Gene predictions can vary considerably from
species to species, with the model plant Arabidopsis
(Arabidopsis thaliana) containing approximately 27,000 pro-
tein-coding genes (Sterck et al, 2007). The obligate hemipar-
asite Striga asiatica contains 34,577 predicted gene loci
(Yoshida et al, 2019), and the facultative parasite
Phtheirospermum japonicum encodes 30,337 protein-coding
genes (Cui et al, 2020). These genes numbers are similar to
the number of genes in the closely related nonparasitic
Mimulus. Under phase I, gene classes involved with environ-
mental stimulus—response, plant hormones, water relations,
and some photosynthesis pathways, among others, show
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Figure 1 Trends of genomic evolution in parasitic angiosperms. A, Phylogeny (cladogram) of flowering plants, highlighting the 12 independent
origins of haustorial parasitism (pink); branch lengths are meaningless. lllustrations to the right of the tree tip labels show a characteristic repre-
sentative for each parasite lineage. Graphical summaries of B, chromosome count data and C, genome size information for parasitic plants (dark
gray) and their closest nonparasitic relatives (light gray) highlight distinct patterns of karyological variation and a trend towards larger genomes in
parasitic plants. A white dot per data group indicates the median, and a black bar shows the interquartile range. The 95% confidence intervals are
indicated by slim lines. The curvature of each plot expresses the density and distribution of the individual data points, with the number of consid-
ered accessions given below group names. Original data underlying this graphical summary are presented in Supplemental Data Set S1.

notable contractions in Striga. However, gene families
associated with germination stimulant detection or cellular
transport are notably expanded (Yoshida et al, 2019).
Recent work reported extreme differences in gene content
for Cuscuta australis and Cuscuta campestris, both
(physiological) holoparasites. Traditionally, the absence of
chlorophyll defined holoparasites. Today, we know that
holoparasites may contain chlorophyll but cannot photosyn-
thesize. While C. australis has only 19,671 predicted protein-
coding genes (Sun et al, 2018), C. campestris contains 44,303
genes in its first annotation (Vogel et al, 2018). Different
gene model prediction procedures may explain the observed
discrepant coding capacity of the two closely related dodder
species. Therefore, an independent comparative genomic
analysis of both species is desirable. The possibility of recent
ploidization events should be tested carefully as well. Both
C. australis and C. campestris appear to contain 2n = 56
chromosomes (Goldblatt and Johnson, 1979 and reference
therein; Pazy and Plitmann, 1995; Garcia and Castroviejo,
2003). However, Cuscuta spp. show extensive genome size
variation, with frequently occurring ploidy changes
(Neumann et al, 2020). Yet, the number of studied

individuals per species and the taxa’s geographic representa-
tion is limited.

The two dodder species with complete genome have lost
several plastid- and nuclear-encoded photosynthesis-associ-
ated genes. Several more gene families showed extensive
contractions, including gene families implicated in (root) de-
velopmental processes, reflecting Cuscuta’s unusual body
plan. Similarly, nutrient transporters and resistance genes
were reduced (Sun et al,, 2018; Vogel et al,, 2018). The para-
site may compensate for such losses by rampant incorpora-
tion and expression of genetic material, and the uptake of
macromolecules from its host (Kim et al, 2014; Zhang et al.,
2014; Westwood and Kim, 2017; Shahid et al, 2018; Vogel
et al, 2018; Yang et al, 2019; Liu et al,, 2020a).

Endoparasitic Rafflesiaceae might contain the most ex-
treme genomic reconfigurations (Cai et al, 2021), reflecting
theses plants’ aberrant morphology, physiology, and lifestyle.
Although ~60% of the estimated total genome size remain
unassembled for Sapria, 42,512 transcribed genes were iden-
tified and sorted into 56% of the universally conserved
orthogroups of eudicots. Gene losses are enriched in gene
families associated with photosynthesis, plastid biology,
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defense, and stress response genes (as described in the se-
quenced Orobanchaceae species and Cuscuta spp.).
However, Sapria also exhibits gene losses in abscisic acid bio-
synthesis, protein degradation, and purine metabolism, not
seen (to such extent) in other parasites (Sun et al, 2018;
Vogel et al, 2018; Yoshida et al, 2019; Cui et al, 2020; Cai
et al, 2021). Genomic structure is also extremely aberrant,
in that the genome of Sapria encodes proteins shorter than
those of close relatives and genic regions contain fewer
introns than other eudicots (Cai et al, 2021). Intron sizes
in nonhousekeeping genes are largely inflated due to an
influx of transposable elements (Cai et al., 2021). To un-
derstand better the significance of the observed gene
losses and genome restructuring, it will be important to
analyze the remaining, currently unassembled fraction of
the Sapria genome and compare it with other species of
Rafflesiaceae.

Expanding the genetic repertoire with host-derived infor-
mation and selectively using it to its advantage fits phases |l
and Il of parasite genome evolution. The optimization and
specialization of the host—parasite interaction coincide with
the relaxation or intensification of selection pressures.
Several lines of evidence suggest that horizontal gene trans-
fer (HGT) itself increases as heterotrophic specialization
unfolds (Yang et al, 2016). Two Cuscuta studies indepen-
dently concluded that HGT is exceptionally diverse in C
campestris. However, the nature of genes identified to derive
from other plants differs (Vogel et al, 2018; Yang et al,
2019), perhaps due to differences in taxon sampling and the
employed methods’ sensitivity. Despite the observed discrep-
ancies, both Orobanchaceae and Cuscuta may have benefit-
ted from functional HGT in nuclear genomes and might
have adopted foreign gene fragments to their advantage
(e.g. Zhang et al, 2013, 2014; Shahid et al, 2018; Yang et al,
2019). However, functional evidence regarding the relevance
of host-derived genes is still missing.

Parasites are genomic innovators that partly rewire the
genetic repertoire known from ordinary plants. For exam-
ple, parasitic Orobanchaceae recruit genes otherwise
expressed in floral tissue during the stage of haustorium
formation (Yang et al, 2015). Parasites may have also
“learned” to re-use genetic material from their hosts, in-
cluding miRNA that apparently target host defenses
(reviewed in Hudzik et al., 2020). Plus, many taxonomically
restricted, parasite-specific orthogroups imply genic nov-
elty, potential “parasitism genes” (Yoshida et al, 2010a,
2010b, 2019; Wickett et al, 2011; LeBlanc et al, 2012;
Zhang et al, 2013, 2014; Yang et al, 2016, 2019; Su et al,
2020; Cai et al., 2021). Even though non-native or lineage-
specific genes are expressed in parasites, functional evi-
dence substantiating their relevance is missing. Those new
genes of parasitic plants appear to have arisen from the
genetic repertoire shared with nonparasitic angiosperms.
Especially gene duplication seems to have created many
new genes with novel domain combinations (e.g. Yang
et al, 2015), whereas HGT has brought in new genes to
differing scales. More fine-scaled transcriptome and
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genome sequencing should determine how many of the
new parasite-specific elements are of a genomic de novo
origin, i.e. arisen from random, nongenic DNA sequences
(Carvunis et al, 2012; Bornberg-Bauer et al, 2015 Neme
et al, 2017).

The C-value paradox, which describes the enigma that
genome size is uncorrelated with organismal complexity
and the number of genes, holds up in parasitic plants.
Different causes, mechanisms, and selectional pressures
drive genome size evolution. Polyploidy is frequent in
plants, including in parasites, as an analysis of chromo-
some evolution in parasite lineages compared with close
relatives exemplifies (Figure 1). In Orobanchaceae, we
must assume at least three ancient whole-genome duplica-
tion events. However, the only thorough examination of
whole-genome duplications based not only on the distri-
bution of synonymous substitutions in paralogous genes
(Ks plots) in Orobanchaceae is limited to S. asiatica
(Yoshida et al., 2019). Striga experienced one unique ploid-
ization event, one shared with Mimulus (and most likely
other Orobanchaceae), and shows footprints of the more
ancient gamma (eudicot), epsilon (angiosperm), and zeta
(seed plant) duplications. Differing Ks values, phylogenetic
relationships, and karyological analysis suggest that the
Striga duplication is independent of whole-genome dupli-
cation in Phelipanche aegyptiaca (Schneeweiss et al., 2004;
Wicke, 2013; McNeal et al, 2013; Li et al, 2019; Yu et al,
2018). The facultative parasite Triphysaria seems to share
neither of these duplications (Wickett et al, 2011).
Therefore, (micro)synteny data from whole-genome
sequences of many more Orobanchaceae should bring
clarity. Chromosome data from the C-value Database
(Pellicer and Leitch, 2020; last accessed in May 2020)
merged with recently published work (Supplemental Data
Set S1) strongly suggest that many more polyploidization
events occurred during the Broomrape family’s diversifica-
tion. Palaeopolyploidy and recent ploidization events may
also be essential drivers of species divergence in the
Orobancheae clade alone (Schneeweiss et al., 2004; Ataei,
2017).

The functional and ecological implications of those whole-
genome duplications and whether they contribute an expla-
nation for parasitic Orobanchaceae’s evolutionary success
remains elusive. With the few whole-genome and some
more comprehensive transcriptomes at hand, we may as-
sume that functional diversification in the aftermath of a ge-
nome duplication aided the occurrence of a parasitic
lifestyle (see above). Specifically, polyploidy could provide a
cradle for gene duplication for sub- and/or neofunctionaliza-
tion and the repurposing of genes for the development of
new plant structures (e.g. Yang et al. 2015). Both Cuscuta
genomes exhibit footprints of past genome duplications
(Sun et al, 2018; Vogel et al, 2018), and many “parasite gen-
es” in Orobanchaceae originate from the Striga—Mimulus du-
plication (Yang et al, 2015; Yoshida et al, 2019). Together,
these data fit the radiation time-lag model (Schranz et al,
2012), where paleopolyploidy advances the evolution of new
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genes and novel phenotypes. However, the radiation of the
lineage would occur later.

Mechanisms and selection pressures for
genome size inflation

Recent genome duplications are not uncommon in both
hemiparasites and holoparasites. Orobanchaceae but also
Cuscuta spp. exhibit extreme ploidy levels. In Cuscuta, there
is ample evidence for multiple rounds of poly- and disploid-
ization based on chromosome counts (Garcia and
Castroviejo, 2003; McNeal et al, 2007, Neumann et al,
2020). Genome synteny analysis of C. australis revealed an
ancient whole-genome triplication shared with its nonpara-
sitic relative Ipomoea (Sun et al, 2018). A similar analysis of
the C. campestris genome showed a duplication after the
split of the parasite lineage from the autotroph (Vogel et al,
2018). These results hint at differences in the ploidization
history of C. australis and C. campestris, which is unsup-
ported by currently available chromosome count data for
the two species (see above). Therefore, further karyological
studies for each of the sequenced individuals of C. australis
and C. campestris, or their progeny, are desirable to clarify
the issue.

Polyploid parasite genomes experienced a subsequent
downsizing (e.g. in several species of Orobanche; Weiss-
Schneeweiss et al, 2006), meaning that the monoploid ge-
nome size (1 Cx value) can be lower than in nonpolyploid
relatives (Leitch and Bennett, 2004). Whatever the biological
significance and evolutionary advantage of this eventual loss
of genetic information following polyploidization events is
(e.g. transposable element elimination, heterochromatin re-
duction), it appears to act in parasites in the same way as it
selects for smaller base genomes in ordinary plants
(Supplemental Data Set S1). Parasites with giant genomes
might differ in their mechanisms of genome downsizing.
Other nutrient stoichiometry-based mechanisms known to
control genomic obesity might play a role as well. In non-
parasitic plants, limitation of certain nutrients results in
smaller genomes because it biases the composition of N-/P-
rich to N-/P-poor nucleotides and/or amino acids (Acquisti
et al, 2009; Guignard et al, 2016; Bales and Hersch-Green,
2019). In parasites, nutrient-limiting effects could play a less
critical role because they withdraw the nutrients they need
to survive from their host. The pressure to delete temporar-
ily unused parts of the genome might be reduced in the ab-
sence of a need for nutrient stoichiometry-dependent
genome downsizing. Therefore, micro-evolutionarily only
sporadically used genetic information might survive longer
than usual in parasites. Perhaps, this genetic information
becomes even useful to overcome ecological bottleneck in
that it provides an occasional eco-evolutionary advantage in
acclimation and adaptation.

Polyploidy alone does not explain the extensive genomic
variation between parasitic species, which exhibit a remark-
able intrageneric variation of genome sizes. Extensive ge-
nome size variation by several gigabases in the absence of
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chromosome number alterations is well known in (parasitic)
plants. For instance, holoparasitic broomrapes of the genus
Phelipanche range in haploid genome size between 3.4 Gb
(P. nana) and 5.5 Gb (P. iberica), yet, all taxa possess a stable
chromosome number of 2n = 24. Those species of
Orobanche with a chromosome number of 2n = 38 vary in
haploid genome size from 1.4 Gb (O. cernua var. cumana)
to 4.6 Gb (O. anatolica; Supplemental Data Set S1; Weiss-
Schneeweiss et al. 2006). Species of Cistanche, which are the
record holders of Orobanchaceae concerning haploid ge-
nome size, range between 8.4 Gb (C. ambigua) and 31.2 Gb
in a specimen of C. tubulosa (Supplemental Data Set S1;
Ataei, 2017). Outsides Orobanchaceae, Cuscuta shows exten-
sive genome size variation within even single species
(McNeal et al, 2007; Neumann et al., 2020). Proliferation (or
loss) of transposable elements seems like the most probable
mechanism underlying such genome size variation.

Keeping mobile elements in check by effectively silencing
them might be challenging for parasite cells when they ex-
perience physiological or environmental stress (e.g. upon
host switches or (a)biotic disturbances). Novel transposons
entering the genome via HGT may expand wildly until the
genome can control them. The proliferation of noncoding
DNA and mobile elements affects many plant species under
stress (reviewed in Hou et al, 2019). A side effect of the far-
reaching genomic shock around the massive genetic, func-
tional, and metabolic reconfigurations alongside lifestyle
changes represents another potential hypothesis for the re-
peat proliferation-dependent genome size inflation in para-
sites. On the other hand, parasites conquering new niches,
be it geographic or biotic (host) niches, often result in small
(founder) populations, in which genetic drift can outweigh
that of selection. Thus, progenitors might inherit temporary
repeat proliferation with no adaptive benefits, as long as it
provides no eco-evolutionary disadvantage.

An adaptive value of genome size inflation, be it from
polyploidy or the proliferation of transposable elements,
might also lie in their power to restructure genomes
(Morgante et al, 2005 Dodsworth et al, 2015; Galindo-
Gonzalez et al, 2017; Sahebi et al, 2018). Transposon-medi-
ated exon shuffling can form new genes by joining exons
from different genes or modifying genic regions by altering
intron—exon structures. Long interspersed nuclear elements,
helitron transposons, miniature inverted-repeat transposable
elements, and long-terminal repeat retrotransposons com-
monly associate with genic transductions and exon shuffling,
resulting in a continuous change of coding and noncoding
regions. Insertions of transposable elements near or in genes
raise the potential for alternative splicing, epigenetic control,
duplication, and recombination. The insertion of transpos-
able elements into promoter regions could alter gene (co)ex-
pression networks, thereby leading to developmental
modifications.

Chromosomal and transposable element landscapes are
tightly connected and turn over rapidly in plants. There is
no evidence that parasitic plants are an exception.
Compared with the nonparasitic Lindenbergia and the
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hemiparasite Schwalbea, nonphotosynthetic Orobanche and
Phelipanche species contain higher proportions of repetitive
DNA (Piednoél et al, 2012), in line with larger genomes in
the holoparasites. Among broomrapes, transposable elements
in Orobanche species diversify extensively and more so than
in Phelipanche (Piednoél et al, 2012, 2013, 2015), which is
also less dynamic concerning ploidy variation (Schneeweiss
et al, 2004). In sum, the combined evidence lets us assume
that a mechanism of genomic and functional innovations
along lifestyle transitions in parasitic plants involves changes
of ploidy and transposable element diversity.

Genomic reconfiguration in organelles of
parasitic plants

Plastomes of nonphotosynthetic plants represent the most
striking example of convergence in genome evolution yet
described. A recent synthesis of conceptual models integra-
tes plastid genome data from nearly all nonphotosynthetic
plant lineages. It describes reductive genome evolution in
parasites as lifestyle-associated reconfigurations that proceed
with interdependent changes in plastome structure, func-
tion, and rates of molecular evolution (Naumann et al,
2016; Wicke et al, 2016, Wicke and Naumann, 2018).
Lineage-specific patterns of gene losses are not uncommon,
reflecting the independent transitions into heterotrophy.
The only heterotrophic gymnosperm Parasitaxus as a poten-
tial chimera of a mycoheterotroph and haustorial parasite is
unique in its parasitic mode (Feild and Brodribb, 2005). It
also represents the only case in which plastid genome re-
duction occurs with no parallel loss of plastid housekeeping
genes and involves the re-gain of a new pair of inverted
repeats (Lam, 2016; Qu et al, 2019). In contrast, many an-
giosperm parasites and mycoheterophs lose or reduce their
inverted repeat regions alongside plastome reduction
(Wicke et al, 2013, 2016, Bellot and Renner, 2015
Schelkunov et al, 2015, 2019; Feng et al, 2016; Logacheva
et al, 2016; Naumann et al, 2016; Braukmann et al, 2017
Petersen et al,, 2019; Jost et al., 2020).

The resemblance of patterns regarding gene losses and
other structural modifications to the plastid chromosome is
remarkable between haustorial parasites and mycoheter-
ophs. Comparative studies based on dense intrageneric
taxon representations show that both functional and physi-
cal reductions are evolutionarily ongoing processes that pro-
ceed at lineage-specific rates (Petersen et al, 2015b;
Cusimano and Wicke, 2016; Feng et al, 2016; Barrett et al,,
2018; Banerjee and Stefanovi¢, 2019; Chen et al, 2020b).
However, our understanding of microevolutionary (i.e. intra-
specific) dynamics of plastome degradation is limited.
Similarly, functional validations of plastid gene or pseudo-
gene models of parasitic plant lineage are still widely lacking,
opening interesting routes for future research of plastid ge-
nomics in heterotrophs.

Reductive plastome evolution proceeds with a gradually
increasing nucleotide compositional bias, favoring A/T over
G/C bases (Wicke and Naumann, 2018) and might include
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the complete loss of a plastome (postulated by Molina
et al, 2014 and Cai et al, 2021). The most extreme case of
AT-richness pertains to the plastomes of some
Balanophoraceae, where less than ~15% of nucleotides are
guanines or cytosines (Nickrent et al, 1997; Schelkunov
et al, 2019; Su et al, 2019; Chen et al, 2020b). Despite the
low complexity in DNA composition, the plastome of
Balanophora species encodes genes that are actively tran-
scribed and evolving under purifying selection, suggesting
that these genes are functionally relevant (Su et al, 2019).
At least some species in Balanophoraceae have even evolved
a novel genetic code to maintain plastid gene function,
allowing them to deal with the extreme nucleotide composi-
tional bias. Among others, holoparasitic Balanophoraceae
use alternative start codons and read over one of the three
stop codons, which newly serves as the codon for trypto-
phan (Su et al, 2019). The extreme modification in a holo-
parasitic Balanophora species emphasizes the remarkable
plasticity of the plastid genetic system. Importantly, it opens
questions as to whether DNA-based evidence like missing
start or stop codons or extreme sequence drift suffices to
classify genes as pseudogenes. It also undermines the need
for considerably more plastid gene expression data from par-
asitic plants (Wicke and Naumann, 2018).

Plant cells and tissues differ in the proportion of plastid
DNA (Golczyk et al, 2014; Kumar et al, 2014; Oldenburg
et al, 2014 Ma and Li, 2015 Morley and Nielsen, 2016).
Several studies have reported lower proportions of plastid
DNA in holoparasites than in their photosynthetic relatives
(Wicke et al, 2013, 2016; Feng et al, 2016; Braukmann et al,
2017). The reasons underlying an underrepresentation of
plastome DNA in genome sequencing data of holoparasites
remain unknown. On the one hand, underrepresentation of
plastid DNA in holoparasites could found on a reduced
need for high plastome copy numbers due to a reduced or
no more turnover of subunits for the photosynthetic ma-
chinery. On the other hand, technical artifacts arising from
compositional biases could cause or further reduce a (bio-
logically) low genomic representation of plastid DNA.
Extreme compositional biases significantly hamper genome
sequencing at various technical procedures and during bio-
informatic data analysis (Chevet et al, 1995 Oyola et al,
2012; van Dijk et al, 2014). Already specific DNA extraction
and purification methods eliminate AT- or GC-rich fractions
of a genome, and sequencing technologies that require a
PCR-based amplification might further increase the bias
(Kozarewa et al, 2009). Attempting to retrieve an extremely
reduced plastome in bulk data resembles the search for the
needle in a haystack, especially if a plastome would be pre-
sent at low copy numbers and genome assemblies remain
incomplete. Our new knowledge of the extremes of genetic
reconfigurations of parasitic plant genomes justifies and
requires additional research into plants’ nuclear and organel-
lar genomic evolution at micro- and macroevolutionary
scales.

Plant mitochondrial genomes’ intractable nature explains
why our understanding of mitogenomic evolution in
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parasitic plants lags behind plastid genomics. The mitoge-
nomes in the Viscum-Phoradendron lineage of the sandal-
wood order (Santalales) have experienced unprecedented
(functional) gene losses, including all genes for complex |
(nad genes), maturase R (matR), the cytochrome c-type bio-
genesis protein (ccmB), and various ribosomal protein genes
(rpl and rps genes). These losses coincide with a general eleva-
tion of substitution rates in the rest of the mitogenome
(Petersen et al, 20153, 2020; Skippington et al, 2015, 2017;
Zervas et al, 2019). Other heterotrophic plants show no ap-
parent loss of core mitochondrial genes and little to no diver-
gence in coding sequences (Molina et al, 2014; Bellot et al,
2016; Schneider et al, 2018; Yuan et al, 2018; Sanchez-Puerta
et al, 2019; Zervas et al, 2019; Shtratnikova et al, 2020).

The most striking feature of parasitic plant mitogenomes
is their frequent incorporation of foreign DNA. These newly
gained fragments might originate from both other cellular
genome compartments (Cusimano and Wicke, 2016; Chen
et al, 2020a; Liu et al, 2020b) and/or host plants (Nickrent
et al, 2004 Barkman et al, 2007, Mower et al, 2010; Fan
et al, 2016; Sanchez-Puerta et al, 2017, 2019; Cusimano and
Renner, 2019; Garcia et al, 2020; Roulet et al, 2020). To
which extent those non-native DNAs influence the pro-
cesses in parasite mitochondria is unknown. Similarly, the
trajectories of mitogenome evolution along the transition to
parasitism remain to be clarified.

Concluding remarks and perspectives

The past three decades of parasitic plant genome research
have shaped our understanding of how parasitism and the
loss of photosynthesis affect (plastid) gene loss. Less is known
about the nuclear genes involved in or impacted by the tran-
sition to a parasitic lifestyle, which plays a role in the func-
tional adaptation to this extraordinary way of life in plants.
Genome-evolutionary novelty pertains to the parasitic plants’
nuclear-genomic-coding capacity, whereas organellar genomes
exhibit various stages of physical and functional reduction.
Genes required for host—plant penetration and efficient nutri-
ent uptake are likely to have experienced selectional sweeps
along the way to rewiring existing developmental pathways
by recruiting newly evolved gene functions. So far, the most
apparent evidence of the adaptive evolution of parasite genes
derives from the patterns of molecular evolutionary rate vari-
ation in protein-coding regions and gene expression shifts
(Yang et al, 2015; Sun et al, 2018; Vogel et al, 2018; Yoshida
et al, 2019), the latter of which implying that promoter evo-
lution plays an as yet unexplored role. While single gene du-
plication is considered a prerequisite for the birth of novel
genes via neo- and sub-functionalization, the duplication of
the whole genome creates the potential to spur massive reor-
ganizations, shifts in life history traits, and ecological tolerance
(Levin, 1983; Otto, 2007). Associated with these are a number
of puzzles for future research.

What are the biological significance of larger genomes in
parasitic plants and the dominant mechanisms that shape
the architecture of these genomes? It remains to be tested
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OUTSTANDING QUESTIONS

® What is the biological and evolutionary
significance of larger genomes in parasitic
plants?

® How different are genetic networks between
parasites and ordinary plants?

® Which molecular processes and mechanisms
drive environmental adaptation in parasites?

® What are the biological consequences of the
loss of a genomic compartment like the
plastome?

® How has HGT contributed to parasitic plant
genome evolution and adaptation?

whether genome size increase reflects relaxed selection on
genome size in parasitic organisms, if it has adaptive poten-
tial, or if it is a result of (invading host) transposons and
their uncontrolled proliferation. Besides polyploidy, the ex-
pansion of the transposable element landscape represents a
common mechanism of genome size increase. In parasites, it
may even be tolerated evolutionarily as a genomic cradle for
functional and structural novelty.

Another conundrum around the complex adaptation of
parasites is whether and how genetic networks differ in par-
asites and how much and which steps it takes to rewire if it
is not single genes or proteins that underlie the switch to
parasitism? Moreover, how different are the genetic net-
works are among the various lineages of parasitic plants, in
general, is not presently known. Which are the sets of genes
and molecular processes involved in adaptation to the para-
sitic lifestyle in general and for enhancing the fitness of para-
sites under changes of their biotic and abiotic environment?
Furthermore, as some genomic compartments shrink and
might even be lost entirely en route to holoparasitism, how
is organelle-nucleus communication secured and the con-
trol of organelle-based molecular processes? It will also be
essential to clarify the role of HGT in the origin and early
evolution of parasites. Compared with nonparasites, parasitic
plant lineages show enrichment of ancestral and functional
HGT, without which the parasite ancestors might not have
survived. Addressing and answering many of these open
questions requires more genome sequences covering various
taxonomic levels. As we cannot go back to the earliest para-
sites, this might require sophisticated combinations of mi-
cro- and macroevolutionary approaches in lineages with
abundant and closely related parasites and nonparasites,
which are genomically tractable. Especially, chromosome-
scale assemblies are needed in the near future to address
the hypotheses regarding parasitic plant genomes.

Supplemental data

The following materials are available in the online version of
this article.
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Supplemental Data Set S1. Chromosome and genome
size data for parasitic plants and nonparasitic relatives.

Acknowledgments

Special thanks are due to Claude dePamphilis (Penn
State University), whose critical feedback and inspirational
discussions of a former version of this paper are greatly
appreciated.

Funding

This work was possible through financial support from the
German Science Foundation (DFG grant WI14507/3-1).

Conflict of interest statement. None declared.

References

Ataei N (2017) Molecular systematics and evolution of the
non-photosynthetic parasitic Cistanche (Orobanchaceae). PhD
Thesis. University of Bonn, Bonn, Germany

Banerjee A, Stefanovi¢ S (2019) Caught in action: fine-scale plas-
tome evolution in the parasitic plants of Cuscuta section
Ceratophorae (Convolvulaceae). Plant Mol Biol 100: 621-634

Bales AL, Hersch-Green El (2019) Effects of soil nitrogen on diploid
advantage in fireweed, Chamerion angustifolium (Onagraceae).
Ecol Evol 9: 1095-1109

Bao YZ, Yao ZQ, Cao XL, Peng JF, Xu Y, Chen MX, Zhao SF (2017)
Transcriptome analysis of Phelipanche aegyptiaca seed germination
mechanisms stimulated by fluridone, TIS108, and GR24. PLoS One
12: e0187539

Barkman T), McNeal JR, Lim SH, Coat G, Croom HB, Young ND,
dePamphilis CW (2007) Mitochondrial DNA suggests at least 11
origins of parasitism in angiosperms and reveals genomic chime-
rism in parasitic plants. BMC Evol Biol 7: 248

Barrett CF, Davis JI (2012) The plastid genome of the mycohetero-
trophic Corallorhiza striata (Orchidaceae) is in the relatively early
stages of degradation. Am ] Bot 99: 1513-1523

Barrett CF, Freudenstein )V, Li J, Mayfield-Jones DR, Perez L,
Pires JC, Santos C (2014) Investigating the path of plastid genome
degradation in an early-transitional clade of heterotrophic orchids,
and implications for heterotrophic angiosperms. Mol Biol Evol 31:
3095-3112

Barrett CF, Wicke S, Sass C (2018) Dense infraspecific sampling
reveals rapid and independent trajectories of plastome degradation
in a heterotrophic orchid complex. New Phytol 218: 1192-1204

Bellot S, Cusimano N, Luo S, Sun G, Zarre S, Groger A, Temsch E,
Renner SS (2016) Assembled plastid and mitochondrial genomes,
as well as nuclear genes, place the parasite family Cynomoriaceae
in the Saxifragales. Genome Biol Evol 8: 2214-2230

Bellot S, Renner SS (2015) The plastomes of two species in the en-
doparasite genus Pilostyles (Apodanthaceae) each retain just five
or six possibly functional genes. Genome Biol Evol 8: 189-201

Bornberg-Bauer E, Schmitz J, Heberlein M (2015) Emergence of de
novo proteins from “dark genomic matter” by “grow slow and
moult.” Biochem Soc Trans 43: 867-873

Braukmann T, Kuzmina M, Stefanovi¢ S (2013) Plastid genome
evolution across the genus Cuscuta (Convolvulaceae): two clades
within subgenus Grammica exhibit extensive gene loss. ] Exp Bot
64: 977-989

Braukmann TWA, Broe MB, Stefanovic¢ S, Freudenstein JV (2017)
On the brink: the highly reduced plastomes of nonphotosynthetic
Ericaceae. New Phytol 216: 254-266

Brun G, Thoiron S, Braem L, Pouvreau )-B, Montiel G, Lechat M-
M, Simier P, Gevaert K, Goormachtig S, Delavault P (2019)

Lyko and Wicke

CYP707As are effectors of karrikin and strigolactone signalling
pathways in Arabidopsis thaliana and parasitic plants. Plant Cell
Environ 42: 2612-2626

Cai L, Arnold B), Xi Z, Khost DE, Patel N, Hartmann CB,
Manickam S, Sasirat S, Nikolov LA, Mathews S, et al. (2021)
Deeply altered genome architecture in the endoparasitic flowering
plant Sapria himalayana Griff. (Rafflesiaceae). Curr Biol 31:
1002-1011.e9

Carvunis A-R, Rolland T, Wapinski I, Calderwood MA, Yildirim
MA, Simonis N, Charloteaux B, Hidalgo CA, Barbette },
Santhanam B, et al. (2012) Proto-genes and de novo gene birth.
Nature 487: 370-374

Chen J, Yu R, Dai J, Liu Y, Zhou R (2020a) The loss of photosynthe-
sis pathway and genomic locations of the lost plastid genes in a
holoparasitic plant Aeginetia indica. BMC Plant Biol 20: 199

Chen X, Fang D, Wu C, Liu B, Liu Y, Sahu SK, Song B, Yang S,
Yang T, Wei J, et al. (2020b) Comparative plastome analysis of
root- and stem-feeding parasites of Santalales untangle the foot-
prints of feeding mode and lifestyle transitions. Genome Biol Evol
12: 3663-3676

Chen X, Zhang ] (2016) The genomic landscape of position
effects on protein expression level and noise in yeast. Cell Syst 2:
347-354

Chevet E, Lemaitre G, Katinka MD (1995) Low concentrations of
tetramethylammonium chloride increase yield and specificity of
PCR. Nucleic Acids Res 23: 3343-3344

Conn CE, Bythell-Douglas R, Neumann D, Yoshida S, Whittington
B, Westwood JH, Shirasu K, Bond CS, Dyer KA, Nelson DC
(2015) Convergent evolution of strigolactone perception enabled
host detection in parasitic plants. Science 349: 540-543

Cui S, Kubota T, Nishiyama T, Ishida JK, Shigenobu S, Shibata TF,
Toyoda A, Hasebe M, Shirasu K, Yoshida S (2020) Ethylene sig-
naling mediates host invasion by parasitic plants. Sci Adv 6

Cusimano N, Renner SS (2019) Sequential horizontal gene transfers
from different hosts in a widespread Eurasian parasitic plant,
Cynomorium coccineum. Am ) Bot 106: 679-689

Cusimano N, Wicke S (2016) Massive intracellular gene transfer dur-
ing plastid genome reduction in nongreen Orobanchaceae. New
Phytol 210: 680-693

dePamphilis CW (1995) Genes and genomes. In MC Press, JD Graves,
eds, Parasitic Plants. Chapman and Hall, London, pp 176-205

van Dijk EL, Jaszczyszyn Y, Thermes C (2014) Library preparation
methods for next-generation sequencing: tone down the bias. Exp
Cell Res 322: 12-20

Dodsworth S, Leitch AR, Leitch 1) (2015) Genome size diversity in
angiosperms and its influence on gene space. Curr Opin Genet
Dev 35: 73-78

Fan W, Zhu A, Kozaczek M, Shah N, Pabon-Mora N, Gonzilez F,
Mower JP (2016) Limited mitogenomic degradation in response to
a parasitic lifestyle in Orobanchaceae. Sci Rep 6: 36285

Feild TS, Brodribb TJ (2005) A unique mode of parasitism in the co-
nifer coral tree Parasitaxus ustus (Podocarpaceae). Plant Cell
Environ 28: 1316-1325

Feng Y-L, Wicke S, Li J-W, Han Y, Lin C-S, Li D-Z, Zhou T-T,
Huang W-C, Huang L-Q, Jin X-H (2016) Lineage-specific reduc-
tions of plastid genomes in an orchid tribe with partially and fully
mycoheterotrophic species. Genome Biol Evol 8: 2164-2175

Fernandez-Aparicio M, Rubiales D, Bandaranayake PCG, Yoder J,
Westwood J (2011) Transformation and regeneration of the holo-
parasitic plant Phelipanche aegyptiaca. Plant Methods 7: 36

Fiirst U, Hegenauer V, Kaiser B, Korner M, Welz M, Albert M
(2016) Parasitic Cuscuta factor(s) and the detection by tomato ini-
tiates plant defense. Commun Integr Biol 9: 1244590

Galindo-Gonzélez L, Mhiri C, Deyholos MK, Grandbastien M-A
(2017) LTR-retrotransposons in plants: engines of evolution. Gene
626: 14-25

Garcia LE, Edera AA, Palmer JD, Sato H, Sanchez-Puerta MV
(2020) Horizontal gene transfers dominate the functional


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab192#supplementary-data

Plant Physiology, 2021, Vol. 186, No. 3

mitochondrial gene space of a holoparasitic plant. New Phytol
229: 1701-1714

Garcia MA, Castroviejo S (2003) Estudios citotaxondmicos en las
especies ibéricas del género Cuscuta (Convolvulaceae). An Jardin
Botanico Madr 60: 33-44

Golczyk H, Greiner S, Wanner G, Weihe A, Bock R, Borner T,
Herrmann RG (2014) Chloroplast DNA in mature and senescing
leaves: a reappraisal. Plant Cell 26: 847-854

Goldblatt P, Johnson DE (1979) Index to Plant Chromosome
Numbers. Missouri Botanical Garden, St. Louis, MI

Guignard MS, Nichols RA, Knell R}, Macdonald A, Romila CA,
Trimmer M, Leitch 1), Leitch AR (2016) Genome size and ploidy
influence angiosperm species’ biomass under nitrogen and phos-
phorus limitation. New Phytol 210: 1195-1206

Hegenauer V, Slaby P, Korner M, Bruckmiiller J-A, Burggraf R,
Albert 1, Kaiser B, Loffelhardt B, Droste-Borel |, Sklenar J, et al.
(2020) The tomato receptor CuRel senses a cell wall protein to
identify Cuscuta as a pathogen. Nat Commun 11: 5299

Hettenhausen C, Li ), Zhuang H, Sun H, Xu Y, Qi ), Zhang }, Lei Y,
Qin Y, Sun G, et al. (2017) Stem parasitic plant Cuscuta australis
(dodder) transfers herbivory-induced signals among plants. Proc
Natl Acad Sci U S A 114: E6703-E6709

Honaas L, Wafula E, Yang Z, Der J, Wickett N, Altman N, Taylor
C, Yoder J, Timko M, Westwood ), et al. (2013) Functional
genomics of a generalist parasitic plant: Laser microdissection of
host-parasite interface reveals host-specific patterns of parasite
gene expression. BMC Plant Biol 13: 9

Hou J, Lu D, Mason AS, Li B, Xiao M, An S, Fu D (2019)
Non-coding RNAs and transposable elements in plant genomes:
emergence, regulatory mechanisms and roles in plant development
and stress responses. Planta 250: 23-40

Hudzik C, Hou Y, Ma W, Axtell MJ (2020) Exchange of small regula-
tory RNAs between plants and their pests. Plant Physiol 182:
51-62

Ichihashi Y, Mutuku JM, Yoshida S, Shirasu K (2015)
Transcriptomics exposes the uniqueness of parasitic plants. Brief
Funct Genomics 14: 275-282

Ishida JK, Yoshida S, Ito M, Namba S, Shirasu K (2011)
Agrobacterium rhizogenes-mediated transformation of the parasitic
plant Phtheirospermum japonicum. PLoS ONE 6: 25802

Ishida JK, Yoshida S, Shirasu K (2017) Quinone oxidoreductase 2 is
involved in haustorium development of the parasitic plant
Phtheirospermum japonicum. Plant Signal Behav 12: e1319029

Jost M, Naumann ), Rocamundi N, Cocucci AA, Wanke S (2020)
The first plastid genome of the holoparasitic genus Prosopanche
(Hydnoraceae). Plants Basel Switz 9: 306

Kim G, LeBlanc ML, Wafula EK, dePamphilis CW, Westwood JH
(2014) Genomic-scale exchange of mMRNA between a parasitic
plant and its hosts. Science 345: 808-811

Kosters LM, Wiechers S, Lyko P, Miiller KF, Wicke S (2021)
WARPP - web application for the research of parasitic plants.
Plant Physiol 185: 1374-1380

Kozarewa |, Ning Z, Quail MA, Sanders M), Berriman M, Turner
D) (2009) Amplification-free lllumina sequencing-library prepara-
tion facilitates improved mapping and assembly of (G+C)-biased
genomes. Nat Methods 6: 291-295

Kumar RA, Oldenburg D), Bendich A) (2014) Changes in DNA
damage, molecular integrity, and copy number for plastid DNA
and mitochondrial DNA during maize development. ] Exp Bot 65:
6425-6439

Kustatscher G, Grabowski P, Rappsilber J (2017) Pervasive coex-
pression of spatially proximal genes is buffered at the protein level.
Mol Syst Biol 13: 937

Lam VKY (2016) Phylogenomics and comparative plastome analysis
of mycoheterotrophic plants. Ph.D. Thesis. University of British
Columbia, Vancouver, Canada

LeBlanc M, Kim G, Westwood JH (2012) RNA trafficking in parasitic
plant systems. Front Plant Physiol 3: 203

PLANT PHYSIOLOGY 2021: 186; 1412-1423 | 1421

Leitch 1), Bennett MD (2004) Genome downsizing in polyploid
plants. Biol ) Linn Soc 82: 651-663

Levin DA (1983) Polyploidy and novelty in flowering plants. Am Nat
122: 1-25

Li X, Feng T, Randle C, Schneeweiss GM (2019) Phylogenetic rela-
tionships in Orobanchaceae inferred from low-copy nuclear genes:
consolidation of major clades and identification of a novel position
of the non-photosynthetic Orobanche clade sister to all other para-
sitic Orobanchaceae. Front Plant Sci 10: 902

Liu N, Shen G, Xu Y, Liu H, Zhang ), Li S, Li J, Zhang C, Qi J,
Wang L, et al. (2020a) Extensive inter-plant protein transfer be-
tween Cuscuta parasites and their host plants. Mol Plant 13:
573-585

Liu X, Fu W, Tang Y, Zhang W, Song Z, Li L, Yang ), Ma H, Yang ),
Zhou C, et al. (2020b) Diverse trajectories of plastome degradation
in holoparasitic Cistanche and genomic location of the lost plastid
genes. ) Exp Bot 71: 877-892

Logacheva MD, Schelkunov MI, Shtratnikova VY, Matveeva MV,
Penin AA (2016) Comparative analysis of plastid genomes of non--
photosynthetic Ericaceae and their photosynthetic relatives. Sci
Rep 6: 30042

Ma J, Li X-Q (2015) Organellar genome copy number variation and
integrity during moderate maturation of roots and leaves of maize
seedlings. Curr Genet 61: 591-600

McNeal JR, Arumugunathan K, Kuehl J, Boore ), dePamphilis C
(2007) Systematics and plastid genome evolution of the cryptically
photosynthetic parasitic plant genus Cuscuta (Convolvulaceae).
BMC Biol 5: 55

McNeal JR, Bennett JR, Wolfe AD, Mathews S (2013) Phylogeny
and origins of holoparasitism in Orobanchaceae. Am | Bot 100:
971-983

Molina J, Hazzouri KM, Nickrent D, Geisler M, Meyer RS, Pentony
MM, Flowers JM, Pelser P, Barcelona ), Inovejas SA, et al.
(2014) Possible loss of the chloroplast genome in the parasitic
flowering plant Rafflesia lagascae (Rafflesiaceae). Mol Biol Evol 31:
793-803

Morgante M, Brunner S, Pea G, Fengler K, Zuccolo A, Rafalski A
(2005) Gene duplication and exon shuffling by helitron-like trans-
posons generate intraspecies diversity in maize. Nat Genet 37:
997-1002

Morley SA, Nielsen BL (2016) Chloroplast DNA copy number
changes during plant development in organelle DNA polymerase
mutants. Front Plant Sci 7: 57

Mower JP, Stefanovic S, Hao W, Gummow )}, Jain K, Ahmed D,
Palmer ] (2010) Horizontal acquisition of multiple mitochondrial
genes from a parasitic plant followed by gene conversion with
host mitochondrial genes. BMC Biol 8: 150

Mower JP, Stefanovic S, Young GJ, Palmer JD (2004) Gene transfer
from parasitic to host plants. Nature 432: 165-166

Naumann J, Der JP, Wafula EK, Jones SS, Wagner ST, Honaas LA,
Ralph PE, Bolin JF, Maass E, Neinhuis C, et al. (2016) Detecting
and characterizing the highly divergent plastid genome of the non-
photosynthetic parasitic plant Hydnora visseri (Hydnoraceae).
Genome Biol Evol 8: 345-363

Neme R, Amador C, Yildirim B, McConnell E, Tautz D (2017)
Random sequences are an abundant source of bioactive RNAs or
peptides. Nat Ecol Evol 1: 0217

Neumann P, Oliveira L, Cizkova ), Jang T-S, Klemme S, Novak P,
Stelmach K, Koblizkova A, Dolezel J, Macas ) (2020) Impact of
parasitic lifestyle and different types of centromere organization
on chromosome and genome evolution in the plant genus
Cuscuta. New Phytol doi: 10.1111/nph.17003

Nickrent DL (2020) Parasitic angiosperms: how often and how
many? Taxon 69: 5-27

Nickrent DL, Blarer A, Qiu Y-L, Vidal-Russell R, Anderson F
(2004) Phylogenetic inference in Rafflesiales: the influence of
rate heterogeneity and horizontal gene transfer. BMC Evol Biol
4: 40



1422 I PLANT PHYSIOLOGY 2021: 186; 1412-1423

Nickrent DL, Duff RJ, Konings DA (1997) Structural analyses of
plastid-derived 16S rRNAs in holoparasitic angiosperms. Plant Mol
Biol 34: 731-743

Oldenburg D), Rowan BA, Kumar RA, Bendich A)J (2014) On the
fate of plastid DNA molecules during leaf development: Response
to the Golczyk et al. commentary. Plant Cell 26: 855-861

Otto SP (2007) The evolutionary consequences of polyploidy. Cell
131: 452-462

Oyola SO, Otto TD, Gu Y, Maslen G, Manske M, Campino S,
Turner D), Macinnis B, Kwiatkowski DP, Swerdlow HP,
et al. (2012) Optimizing Illumina next-generation sequencing
library preparation for extremely AT-biased genomes. BMC
Genomics 13: 1

Parker C (2013) Parasitic Orobanchaceae — Parasitic Mechanisms
and Control Strategies. Springer, New York

Pazy B, Plitmann U (1995) Chromosome divergence in the genus
Cuscuta and its systematic implications. Caryologia 48: 173-180

Pellicer ), Leitch 1) (2020) The Plant DNA C-values database (release
7.1): an updated online repository of plant genome size data for
comparative studies. New Phytol 226: 301-305

Petersen G, Anderson B, Braun H-P, Meyer EH, Mgller IM (2020)
Mitochondria in parasitic plants. Mitochondrion 52: 173-182

Petersen G, Cuenca A, Moller IM, Seberg O (2015a) Massive gene
loss in mistletoe (Viscum, Viscaceae) mitochondria. Sci Rep 5:
17588

Petersen G, Cuenca A, Seberg O (2015b) Plastome evolution in
hemiparasitic mistletoes. Genome Biol Evol 7: 2520-2532

Petersen G, Darby H, Lam VKY, Pedersen HA, Merckx VSFT,
Zervas A, Seberg O, Graham SW (2019) Mycoheterotrophic
Epirixanthes (Polygalaceae) has a typical angiosperm mitogenome
but unorthodox plastid genomes. Ann Bot 124: 791-807

Piednoél M, Aberer A), Schneeweiss GM, Macas J, Novak P,
Gundlach H, Temsch EM, Renner SS (2012) Next-generation se-
quencing reveals the impact of repetitive DNA across phylogeneti-
cally closely related genomes of Orobanchaceae. Mol Biol Evol 29:
3601-3611

Piednoél M, Carrete-Vega G, Renner SS (2013) Characterization of
the LTR retrotransposon repertoire of a plant clade of six diploid
and one tetraploid species. Plant ] Cell Mol Biol 75: 699-709

Piednoél M, Sousa A, Renner SS (2015) Transposable elements in a
clade of three tetraploids and a diploid relative, focusing on Gypsy
amplification. Mob DNA 6: 5

Pouvreau J-B, Gaudin Z, Auger B, Lechat M-M, Gauthier M,
Delavault P, Simier P (2013) A high-throughput seed germination
assay for root parasitic plants. Plant Methods 9: 32

Press MC, Phoenix GK (2005) Impacts of parasitic plants on natural
communities. New Phytol 166: 737-751

Qu X-J, Fan S-J, Wicke S, Yi T-S (2019) Plastome reduction in the
only parasitic gymnosperm Parasitaxus is due to losses of photo-
synthesis but not housekeeping genes and apparently involves the
secondary gain of a large inverted repeat. Genome Biol Evol 11:
2789-2796

Revill MJW, Stanley S, Hibberd JM (2005) Plastid genome structure
and loss of photosynthetic ability in the parasitic genus Cuscuta. |
Exp Bot 56: 2477-2486

Roulet ME, Garcia LE, Gandini CL, Sato H, Ponce G, Sanchez-
Puerta MV (2020) Multichromosomal structure and foreign tracts
in the Ombrophytum subterraneum (Balanophoraceae) mitochon-
drial genome. Plant Mol Biol

Sahebi M, Hanafi MM, van Wijnen AJ, Rice D, Rafii MY, Azizi P,
Osman M, Taheri S, Bakar MFA, Isa MNM, et al. (2018)
Contribution of transposable elements in the plant’s genome.
Gene 665: 155-166

de Saint Germain A, Jacobs A, Brun G, Pouvreau }-B, Braem L,
Cornu D, Clave G, Baudu E, Steinmetz V, Servajean V, et al. (2020)
A Phelipanche ramosa KAI2 protein perceives enzymatically strigolac-
tones and isothiocyanates. bioRxiv. doi: 10.1101/2020.06.09.136473

Lyko and Wicke

Sanchez-Puerta MV, Edera A, Gandini CL, Williams AV, Howell
KA, Nevill PG, Small 1 (2019) Genome-scale transfer of mitochon-
drial DNA from legume hosts to the holoparasite Lophophytum
mirabile (Balanophoraceae). Mol Phylogenet Evol 132: 243-250

Sanchez-Puerta MV, Garcia LE, Wohlfeiler ), Ceriotti LF (2017)
Unparalleled replacement of native mitochondrial genes by foreign
homologs in a holoparasitic plant. New Phytol 214: 376-387

Schelkunov MI, Nuraliev MS, Logacheva MD (2019) Rhopalocnemis
phalloides has one of the most reduced and mutated plastid
genomes known. Peer] 7: e7500

Schelkunov Ml, Shtratnikova VY, Nuraliev MS, Selosse M-A,
Penin AA, Logacheva MD (2015) Exploring the limits for reduc-
tion of plastid genomes: a case study of the mycoheterotrophic
orchids Epipogium aphyllum and Epipogium roseum. Genome Biol
Evol 7: 1179-1191

Schneeweiss GM, Palomeque T, Colwell AE, Weiss-Schneeweiss H
(2004) Chromosome numbers and karyotype evolution in holopar-
asitic Orobanche (Orobanchaceae) and related genera. Am ] Bot
91: 439-448

Schneeweiss GM, Weiss H (2003) Polypoidy in Aeginetia indica L.
(Orobanchaceae). Cytologia (Tokyo) 68: 15-17

Schneider AC, Chun H, Stefanovi¢ S, Baldwin BG (2018)
Punctuated plastome reduction and host—parasite horizontal gene
transfer in the holoparasitic plant genus Aphyllon. Proc R Soc B
Biol Sci 285: 20181535

Schranz ME, Mohammadin S, Edger PP (2012) Ancient whole ge-
nome duplications, novelty and diversification: the WGD Radiation
Lag-Time Model. Curr Opin Plant Biol 15: 147-153

Searcy DG, Maclnnis A) (1970) Measurements by DNA renaturation
of the genetic basis of parasitic reduction. Evol Int ) Org Evol 24:
796-806

Shahid S, Kim G, Johnson NR, Wafula E, Wang F, Coruh C,
Bernal-Galeano V, Phifer T, dePamphilis CW, Westwood JH, et
al. (2018) MicroRNAs from the parasitic plant Cuscuta campestris
target host messenger RNAs. Nature 553: 82-85

Shtratnikova VY, Schelkunov MI, Penin AA, Logacheva MD (2020)
Mitochondrial genome of the nonphotosynthetic mycoheterotro-
phic plant Hypopitys monotropa, its structure, gene expression
and RNA editing. Peer] 8: €9309

Skippington E, Barkman TJ), Rice DW, Palmer D (2017)
Comparative mitogenomics indicates respiratory competence in
parasitic Viscum despite loss of complex | and extreme sequence
divergence, and reveals horizontal gene transfer and remarkable
variation in genome size. BMC Plant Biol 17: 49

Skippington E, Barkman TJ), Rice DW, Palmer JD (2015)
Miniaturized mitogenome of the parasitic plant Viscum scurruloi-
deum is extremely divergent and dynamic and has lost all nad
genes. Proc Natl Acad Sci U S A 112: E3515-E3524

Sterck L, Rombauts S, Vandepoele K, Rouzé P, Van de Peer Y
(2007) How many genes are there in plants (... and why are they
there)? Curr Opin Plant Biol 10: 199-203

Su C, Liu H, Wafula EK, Honaas L, de Pamphilis CW, Timko MP
(2020) SHR4z, a novel decoy effector from the haustorium of the
parasitic weed Striga gesnerioides, suppresses host plant immunity.
New Phytol 226: 891-908

Su H-J, Barkman TJ, Hao W, Jones SS, Naumann }, Skippington E,
Wafula EK, Hu J-M, Palmer JD, dePamphilis CW (2019) Novel
genetic code and record-setting AT-richness in the highly reduced
plastid genome of the holoparasitic plant Balanophora. Proc Natl
Acad Sci U S A 116: 934-943

Su H-J, Hu J-M, Anderson FE, Der )P, Nickrent DL (2015)
Phylogenetic relationships of Santalales with insights into the ori-
gins of holoparasitic Balanophoraceae. Taxon 64: 491-506

Sun G, Xu Y, Liu H, Sun T, Zhang J, Hettenhausen C, Shen G, Qi
J, Qin Y, Li J, et al. (2018) Large-scale gene losses underlie the ge-
nome evolution of parasitic plant Cuscuta australis. Nat Commun
9: 2683



Plant Physiology, 2021, Vol. 186, No. 3

Tomilov AA, Tomilova NB, Wroblewski T, Michelmore R, Yoder JI
(2008) Trans-specific gene silencing between host and parasitic
plants. Plant ) 56: 389-397

Tomilov AA, Tomilova NB, Yoder JI (2007) Agrobacterium tumefa-
ciens and Agrobacterium rhizogenes transformed roots of the para-
sitic plant Triphysaria versicolor retain parasitic competence.
Planta 225: 1059-1071

Vesely P, Bures P, Smarda P (2013) Nutrient reserves may allow for
genome size increase: evidence from comparison of geophytes and
their sister non-geophytic relatives. Ann Bot 112: 1193-1200

Vidal-Russell R, Nickrent DL (2008) The first mistletoes: origins of
aerial parasitism in Santalales. Mol Phylogenet Evol 47: 523-537

Vogel A, Schwacke R, Denton AK, Usadel B, Hollmann ), Fischer
K, Bolger A, Schmidt MH-W, Bolger ME, Gundlach H, et al.
(2018) Footprints of parasitism in the genome of the parasitic
flowering plant Cuscuta campestris. Nat Commun 9: 2515

Wakatake T, Yoshida S, Shirasu K (2018) Induced cell fate transi-
tions at multiple cell layers configure haustorium development in
parasitic plants. Dev Camb Engl 145: dev164848

Weiss-Schneeweiss H, Greilhuber ), Schneeweiss GM (2006)
Genome  size  evolution in  holoparasitic  Orobanche
(Orobanchaceae) and related genera. Am ) Bot 93: 148-156

Westwood JH, dePamphilis CW, Das M, Fernandez-Aparicio M,
Honaas LA, Timko MP, Wafula EK, Wickett NJ, Yoder JI (2012)
The Parasitic Plant Genome Project: new tools for understanding
the biology of Orobanche and Striga. Weed Sci 60: 295-306

Westwood JH, Kim G (2017) RNA mobility in parasitic plant - host
interactions. RNA Biol 14: 450-455

Wicke S (2013) Genomic evolution in Orobanchaceae. In DM Joel, )
Gressel, L) Musselman, eds, Parasitic Orobanchaceae — Parasitic
Mechanisms and Control Strategies. Springer, Berlin, pp 267-286

Wicke S, Miiller KF, dePamphilis CW, Quandt D, Bellot S,
Schneeweiss GM (2016) Mechanistic model of evolutionary rate
variation en route to a nonphotosynthetic lifestyle in plants. Proc
Natl Acad Sci U S A 113: 9045-9050

Wicke S, Miiller KF, dePamphilis CW, Quandt D, Wickett NJ,
Zhang Y, Renner SS, Schneeweiss GM (2013) Mechanisms of
functional and physical genome reduction in photosynthetic and
non-photosynthetic parasitic plants of the broomrape family. Plant
Cell 25: 3711-3725

Wicke S, Naumann J (2018) Molecular evolution of plastid genomes
in parasitic flowering plants. In S-M Chaw, RK Jansen, eds, Genome
Evolution Plastid, Ed 1. Elsevier, New York, pp 315-347

Wicke S, Schiferhoff B, dePamphilis CW, Miiller KF (2014)
Disproportional plastome-wide increase of substitution rates and
relaxed purifying selection in genes of carnivorous Lentibulariaceae.
Mol Biol Evol 31: 529-545

Wickett NJ, Honaas LA, Wafula EK, Das M, Huang K, Wu B,
Landherr L, Timko MP, Yoder ), Westwood JH, et al. (2011)
Transcriptomes of the parasitic plant family Orobanchaceae reveal
surprising conservation of chlorophyll synthesis. Curr Biol 21:
2098-2104

PLANT PHYSIOLOGY 2021: 186; 1412-1423 | 1423

Xu H, Liu }-}, Liu Z, Li Y, Jin Y-S, Zhang ) (2019) Synchronization of
stochastic expressions drives the clustering of functionally related
genes. Sci Adv 5: eaax6525

Yang L, Gaut BS (2011) Factors that contribute to variation in evo-
lutionary rate among Arabidopsis genes. Mol Biol Evol 28:
2359-2369

Yang Z, Wafula EK, Honaas LA, Zhang H, Das M, Fernandez-
Aparicio M, Huang K, Bandaranayake PCG, Wu B, Der JP, et al.
(2015) Comparative transcriptome analyses reveal core parasitism
genes and suggest gene duplication and repurposing as sources of
structural novelty. Mol Biol Evol 32: 767-790

Yang Z, Wafula EK, Kim G, Shahid S, McNeal JR, Ralph PE,
Timilsena PR, Yu W-B, Kelly EA, Zhang H, et al. (2019)
Convergent horizontal gene transfer and cross-talk of mobile nu-
cleic acids in parasitic plants. Nat Plants 5: 991-1001

Yang Z, Zhang Y, Wafula EK, Honaas LA, Ralph PE, Jones S,
Clarke CR, Liu S, Su C, Zhang H, et al. (2016) Horizontal gene
transfer is more frequent with increased heterotrophy and contrib-
utes to parasite adaptation. Proc Natl Acad Sci U S A 113:
E7010-E7019

Yoshida S, Ishida JK, Kamal N, Ali A, Namba S, Shirasu K (2010a) A
full-length enriched cDNA library and expressed sequence tag analysis
of the parasitic weed, Striga hermonthica. BMC Plant Biol 10: 55

Yoshida S, Kim S, Wafula EK, Tanskanen ), Kim Y-M, Honaas L,
Yang Z, Spallek T, Conn CE, Ichihashi Y, et al. (2019) Genome
sequence of Striga asiatica provides insight into the evolution of
plant parasitism. Curr Biol 29: 3041-3052

Yoshida S, Maruyama S, Nozaki H, Shirasu K (2010b) Horizontal gene
transfer by the parasitic plant Striga hermonthica. Science 328: 1128

Yu W-B, Randle CP, Lu L, Wang H, Yang }J-B, dePamphilis CW,
Corlett RT, Li D-Z (2018) The hemiparasitic plant
Phtheirospermum(Orobanchaceae) is polyphyletic and contains
cryptic species in the Hengduan Mountains of southwest China.
Front Plant Sci 9: 142

Yuan Y, Jin X, Liu }, Zhao X, Zhou J, Wang X, Wang D, Lai C, Xu W,
Huang J, et al. (2018) The Gastrodia elata genome provides insights
into plant adaptation to heterotrophy. Nat Commun 9: 1615

Zervas A, Petersen G, Seberg O (2019) Mitochondrial genome evo-
lution in parasitic plants. BMC Evol Biol 19: 87

Zhang D, Qi J, Yue J, Huang J, Sun T, Li S, Wen )-F, Hettenhausen
C, Wu J, Wang L, et al. (2014) Root parasitic plant Orobanche
aegyptiaca and shoot parasitic plant Cuscuta australis obtained
Brassicaceae-specific strictosidine synthase-like genes by horizontal
gene transfer. BMC Plant Biol 14: 19

Zhang L, Vision T), Gaut BS (2002) Patterns of nucleotide substitu-
tion among simultaneously duplicated gene pairs in Arabidopsis
thaliana. Mol Biol Evol 19: 1464-1473

Zhang Y, Fernandez-Aparicio M, Wafula EK, Das M, Jiao Y,
Wickett NJ, Honaas LA, Ralph PE, Wojciechowski MF, Timko
MP, et al. (2013) Evolution of a horizontally acquired legume
gene, albumin 1, in the parasitic plant Phelipanche aegyptiaca and
related species. BMC Evol Biol 13: 48



