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Foundational studies of chloroplast genome (plastome) evolution in para-
sitic plants have focused on broad trends across large clades, particularly
among the Orobanchaceae, a species-rich and ecologically diverse family
of root parasites. However, the extent to which such patterns and processes
of plastome evolution, such as stepwise gene loss following the complete
loss of photosynthesis (shift to holoparasitism), are detectable at shallow
evolutionary time scale is largely unknown. We used genome skimming
to assemble eight chloroplast genomes representing complete taxonomic
sampling of Aphyllon sect. Aphyllon, a small clade within the Orobanchaceae
that evolved approximately 6 Ma, long after the origin of holoparasitism. We
show substantial plastome reduction occurred in the stem lineage, but
subsequent change in plastome size, gene content, and structure has been
relatively minimal, albeit detectable. This lends additional fine-grained sup-
port to existing models of stepwise plastome reduction in holoparasitic
plants. Additionally, we report phylogenetic evidence based on an rbcL
gene tree and assembled 60+ kb fragments of the Aphyllon epigalium mito-
chondrial genome indicating host-to-parasite horizontal gene transfers
(hpHGT) of several genes originating from the plastome of an ancient
Galium host into the mitochondrial genome of a recent common ancestor
of A. epigalium. Ecologically, this evidence of hpHGT suggests that the
host—parasite associations between Galium and A. epigalium have been
stable at least since its subspecies diverged hundreds of thousands of
years ago.

1. Introduction

Comparative phylogenetic studies of parasitic plants are useful for understand-
ing evolutionary changes concomitant with the major life-history shift from
autotrophy to heterotrophy. At the genomic level, reduction in size and gene
content of the plastome (chloroplast genome) is common in many lineages of
heterotrophic angiosperms, and is associated with the shift away from photo-
synthesis as the primary mechanism of energy acquisition [1-4]. Using a
phylogenetic framework, it is possible to reconstruct the tempo and mode of
plastid genome evolution. This has stimulated the development of evolutionary
models that predict convergent changes in the relaxation of selection, genome
size, guanine-cytosine (GC) content, gene content, and other features with the
shift to heterotrophy [2,5].

Recent foundational studies of plastome evolution in parasitic plants have
generally been concentrated in lineages with high extant diversity and variation
in the degree of parasitism and/or reliance on photosynthesis, such as the Oro-
banchaceae, Cuscuta (Convolvulaceae), Santalales, and mycoheterotrophic
Ericaceae or Orchidaceae [2—-4,6—-8]. Many of these studies leverage a phylo-
genetic framework to reconstruct or infer ancestral shifts in selection on
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genes, and the extent of phylogenetic conservatism or homo-
plasy in molecular evolution. However, given the diversity of
parasitic plants, the phylogenetic sampling density has tra-
ditionally been relatively coarse-grained, which limits the
degree to which graduated versus punctuated hypotheses
of genome loss can be distinguished, and the extent to
which recent evolution can be detected. Moreover, many
ecological and evolutionary processes (reviewed by [9])
relate nonlinearly, or differ altogether at contrasting scales.
Therefore, it is crucial to extend this foundational research
with targeted, finer-grain studies, particularly toward the
tips of the phylogeny.

A recent study in mycoheterotrophic Corallorhiza orchids
has begun to bridge this gap. Barrett et al. [4] found variation
in plastome gene content even at the intraspecific level, pro-
viding evidence for rapid and continued genomic evolution
in heterotrophic plants. However, similarly fine-scale studies
have not yet been done in direct parasites (as opposed to
mycoheterotrophs), and the origin of heterotrophy in Coral-
lorhiza is several-fold more recent than it is in some lineages
of parasitic plants, including the Orobanchaceae [4,10].

The primary focus of this study was to test the extent of
plastome evolution of parasitic plants at shallow evolutionary
time scales. Within the Orobanchaceae, Aphyllon californicum
can be classified as just past Stage 1 plastome reduction (sensu
[2]) because it has lost its plastid-encoded ndh genes, but still
retains many primary photosynthesis genes. By contrast, the
sequenced plastomes of other related holoparasites, including
the sister genus Phelipanche, correspond to Stage 2 plastome
reduction, lacking both ndh and photosynthesis-related
genes. At the same time, plastomes of several species in
Phelipanche are quite uniform, whereas the plastome of the
more distantly related Orobanche gracilis was found to be
considerably smaller in length than those of its Orobanche
congeners and lacking atp genes (Stage 3). Motivated by
these contrasting patterns among holoparasitic Orobanchaceae,
we focused on the genus Aphyllon owing to its tractable size
and well-elucidated fine-scale evolutionary relationships
[10,11] in order to test whether plastome reduction continues
at shallower evolutionary timescales in a similar fashion as it
does at deeper levels in the Orobanchaceae.

Specifically, we sought to determine if the unusually large
and intact plastome of A. californicum represents stochastic
variation between stages of plastome reduction, or is repre-
sentative of the genus Aphyllon, the latter suggesting that
any level of plastome reduction may be stable. We sequenced
eight plastomes representing complete taxonomic sampling
of Aphyllon sect. Aphyllon, including infraspecific sampling
of two widespread species: Aphyllon fasciculatum and
Aphyllon ‘franciscanum’, an undescribed lineage correspond-
ing in part to the long-unrecognized Orobanche fasciculata var.
franciscana but sister to Aphyllon epigalium and parasitic on a
distinct suite of hosts across western North America [11].
Coupled with previous studies, this sampling allows for
robust comparisons at multiple levels: within this clade,
between this clade and its sister group, represented by A. cali-
fornicum, and with more distantly related holoparasitic
Orobanchaceae. We predicted that plastome size and gene
content among species of Aphyllon sect. Aphyllon would be
similar, but consistently more reduced than that of A. califor-
nicum, given that there is little reason to suspect that
maintaining a miscellaneous subset of photosynthesis
genes, as seen in A. californicum, is evolutionarily stable [2].

While in the course of sampling one species, A. epigalium,
we serendipitously found evidence that this species contains
a Galium-like copy of the plastid gene rbcL. Horizontal gene
transfer (HGT) is increasingly recognized as a widespread
evolutionary process and source of genetic variation in
plants [12-14]. This is particularly true among parasitic
plants, which have a physically and physiologically intimate
connection to their host that could facilitate HGT [14,15].
However, HGT events involving the acquisition of chloro-
plast genes are quite rare [16]. Therefore, the study was
expanded to test if our discovery was indeed the result of a
host-to-parasite HGT (hpHGT) event. To do so, we screened
for the rbcL xenologue in other populations of A. epigalium
and its congeners, identified its genomic location by assem-
bling large fragments (greater than 60kb) of the A.
epigalium mitochondrial genome, and finally built a robust
rbcL gene tree of parasites and hosts to infer the donor lineage
of the rbcL xenologue. Both subspecies of A. epigalium parasi-
tize only perennial Galium (Rubiaceae), while congeners are
exclusively found on other distantly related hosts [11,17], so
we predicted that the xenologue (horizontally transmitted
gene copy) would only be found in those species, and be
most closely related to the plastid copies in the clade of
Galium that includes most extant hosts.

2. Material and methods

(@) Aphyllon whole genome shotgun sequencing
Genomic DNA (gDNA) was extracted from floral tissue of single
individuals of each of eight Aphyllon specimens using a DNeasy
Plant Minikit (Qiagen, Valencia, CA, USA; see the electronic sup-
plementary material, Methods for a description of Aphyllon habit
and brief rationale for sampling floral tissue). These samples rep-
resent each of the five recognized taxa in Aphyllon sect. Aphyllon,
as well as two specimens of an undescribed species currently
recognized as A. fasciculatum but not parasitic on Artemisia, here-
after referred to as A. ‘franciscanum’, and a second specimen of
“true” A. fasciculatum.

The DNA was then sheared to 200-700 bp fragments using a
Bioruptor sonicator (Diagenode, Denville, NJ) and gDNA
libraries were prepared using a modified version of Meyer &
Kircher’s protocol [18]. These samples were each sequenced in
1/50 of an Illumina HiSeq 4000 DNA sequencer lane
(2x150 bp paired end format) at the Vincent J. Coates Genomics
Sequencing Laboratory (Berkeley, CA).

Demultiplexed sequence reads were quality filtered using
TrivmoMmATIC v.0.36 [19]. Only paired reads greater than 40 bp
and with an average phred quality score of at least 20 in a
10 bp sliding window were retained. Several independent sub-
sets of 2-2.5 million trimmed reads were assembled into
contigs using the de novo assembly algorithm in GenElOUS
v.9.1.8 (Biomatters, Auckland, New Zealand [20]). The resultant
contigs that could be attributed to the plastome were then
aligned and joined using the results of an independent NOVO-
plasty assembly (v.2.6, [21]) or in some cases Sanger
sequencing with custom primers. As a final check on the assem-
blies, the original full read pool was reference-mapped to the de
novo assembly using GENEIOUS (see the electronic supplementary
material, Methods for information on sequencing coverage of
plastid genomes).

Plastome annotations were also performed in GENEIOUS, using
several closely related autotrophs and heterotrophic lamiids as
references (A. californicum, Schwalbea americana and Lindenbergia
philippensis [6], and Nicotiana tabacum [22]). BLASTx searches
were performed to confirm open reading frames (ORFs) or
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pseudogenization of protein-coding regions (https://blast.ncbi.
nlm.nih.gov/Blast.cgi), and tRNAscan-SE v.2.0 was used to
verify tRNA boundaries and anticodon identities [23].

Mitochondrial genome contigs of both subspecies of A. epiga-
lium were identified based on similarity to existing GenBank
mitochondrial DNA sequences and average coverage (see the
electronic supplementary material). These contigs were then
annotated for the presence of genes of putative plastome origin
by using the Orobanchaceae and Nicotiana references above.
Genes were tentatively assessed as being of host or parasite
origin based on a BLASTn search. Additional annotations of
mitochondrial genes were performed using MITOFY (v. 22
March 2012 [24]), tRNAscan-SE v.1.3.1, and blast+ v.2.6 [25]
with default parameters.

(b) rbcl gene tree estimation

In order to verify that a putative rbcL xenologue was horizontally
acquired and to better understand its phylogenetic origin, we
constructed a gene tree of rbcL including both Aphyllon and
Galium homologs. We included additional samples of both A.
epigalium subspecies from across their geographical ranges,
most other recognized Aphyllon species, many Galium species
from western North America (the geographical range of A. epiga-
lium), and representative sampling from other major Galium
clades. Taxon sampling within Galium and Aphyllon were
informed by previous phylogenetic studies by Soza & Olmstead
[26] and Schneider et al. [11], respectively, and most DNA ali-
quots were generated by the authors of those studies.
However, we did extract DNA from vegetative tissue of one her-
barium specimen of Galium andrewsii parasitized by A. epigalium
subsp. notocalifornicum using a DNeasy Plant Minikit, in order to
compare sequence data from the same host/parasite pair of
individuals (figure 2, inset).

Polymerase chain reaction (PCR) amplifications of the rbcL
gene were performed using AccuPower PCR PreMix kits (Bio-
neer, Alameda, CA, USA) and products were sequenced on
both the sense and antisense strand (electronic supplementary
material, Methods). We also assembled sequences of rbcL and
its flanking regions for 16 additional samples of Aphyllon and
Orobanche hederae from short read data generated for a separate
study using the same sequencing methods as above, but using
the Burrows—Wheeler Aligner [27] and a portion of the A. califor-
nicum plastome as a reference [2]. Sites with a read depth of less
than 10 were converted to unknown base (N).

To test for the presence of the rbcL xenologue in close rela-
tives of A. epigalium, the same method was used to generate a
reference-guided assembly against the rbcL ORF of Galium scab-
rum (GenBank X81105). This technique was successful in
recovering the xenologous rbcL copy in both accessions of A. epi-
galium. BLASTn searches were performed on the resulting
assemblies, and the xenologue was assumed to be absent if the
most similar sequences were each referable to Orobanchaceae,
as was the case for all other taxa besides A. epigalium.

The consensus sequences were then aligned with all other rbcL
sequences using default settings in GeNEIOUS v.6.1.8. Maximum-
likelihood analysis was performed using RAXML-HPC2 v.8.2.10
[28] with Helianthus annuus set as the outgroup and run on the
XSEDE computing cluster using the CIPRES Science Gateway
v.3.3 [29]. We used the GTR+I" model of sequence evolution,
and 1000 rapid bootstrap replicates to assess branch support.

Additional methodological details are available in the
electronic supplementary material. Raw Illumina reads are
archived at the NCBI Short Read Archive (https://www.ncbi.
nlm.nih.gov/sra), under Bioproject ID PRJNA477860. GenBank
accession numbers for each rbcL sequence used are listed in the
electronic supplementary material, table S1, and those generated
by this study are accompanied by voucher information, the

source of DNA used, and sequencing method (Sanger or n

Illumina).

3. Results

(a) Plastome reduction in Aphyllon

Relative to A. californicum, species of Aphyllon sect. Aphyllon
have overall smaller plastomes, with a reduced GC content
and disproportionally shorter single-copy regions but a simi-
lar sized inverted repeat (table 1). Collectively, all Aphyllon
sect. Aphyllon species (including A. ‘franciscanum’) differed
in length by less than 5%, and have lost a moderate
number of plastid genes (table 1 and figure 1a,b). Nearly all
tRNAs and most housekeeping genes are retained. The
genes that retain ORFs in some species but not others are
typically small and highly divergent from the copies found
in autotrophic relatives, such as petG, petN, psbM and psbN
(additional detail in the electronic supplementary material,
Results). In A. fasciculatum and A. ‘franciscanum’, multiple
plastomes sequenced from the same species differed in
length by less than 1% and were identical in gene content.
Structurally, all eight plastomes were nearly identical, although
the inverted repeat in A. fasciculatum has dramatically
expanded to encompass nearly the entire small single-copy
region, including the genes ycfl, rps15, and rpl32 (figure 1a).

(b) Horizontal gene transfer

A 72 kb fragment of the A. epigalium subsp. epigalium mito-
chondrial genome, and a 64kb fragment of the A. e. subsp.
notocalifornicum mitochondrial genome contain several pseu-
dogenized genes of plastid origin, including adjacent
Galium-like rbcL and rpl23 pseudogenes within a greater
than 36 kb locally collinear block (figure 1c). This locally col-
linear region has 99.4% pairwise sequence identity between
subspecies, with differences mostly owing to small, scattered
indels. A Galium-like rpl36 pseudogene was also identified in
subsp. notocalifornicum using a BLAST search, and, late in the
revision stage of this manuscript, we discovered similar
evidence of a Brassicaceae-like rbcL pseudogene in mitochon-
drial contigs from both samples of A. ‘franciscanum’ (data
not shown).

When analysed phylogenetically, the rbcL paralogues
from the A. epigalium plastid and mitochondrial genomes
each formed a strongly supported clade with 99% bootstrap
support (BS). However, these clades were resolved in very
different places of the gene tree (figure 2, labelled in pink).
Sequences of rbcL from the plastome of A. epigalium were
resolved with A ‘franciscanum’ as a subclade within a
larger clade of Aphyllon (BS=100%), consistent with
accepted species relationships [11]. By contrast, rbcL
sequences from the mitochondrial genome of A. epigalium
(hereafter called the xenologous copy) were resolved within
a strongly supported clade (BS = 100%) of Galium and close
relatives in the Rubieae (Rubiaceae). More specifically, this
mitochondrial rbcL clade from A. epigalium is sister to a wes-
tern North American clade of fleshy-fruited Galium (clade 1
of [26]) that includes nearly all known host species of A. epi-
galium (figure 2, hosts indicated by ** as determined by
Colwell et al. [17]). However, owing to low sequence vari-
ation, the precise relationships among these sequences
within the Rubieae have negligible support (BS <70%).
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Table 1. Plastid genome size and structure of Aphyllon species.

plastome
Aphyllon species® (bp)

GenBank accession
number

large single copy
region (bp [%])

small single copy
region (bp [%])

inverted repeat
(bp [%])

coverage®

A. epigalium subsp. 103216 350 45061 (43.7%) 8083 (7.8%) 25036 (24.2%) 96x MH050785
epigalium

A. epigalium subsp. 103932 350 45566 (43.8%) 8336 (8.0%) 25015 (24.1%) 132 MH050786
notocalifornicum

A. fasciculatum 106796 347 43970 (41.2%) 530 (0.5%) 31148 (29.2%) 56 MH499248
(WIS 282500)

A fosdulatum 107663 346 44867 (41.6%) 520 (05%) 31138 (289%) 153 MH499249
(ALAV85763)

A. “franciscanum’ 104153 349 45738 (43.9%) 8337 (8.0%) 25039 (24.0%) 271X  MH580292
(JEPS 127839)

A. “frandiscanum’ 104135 349 45560 (43.8%) 8485 (8.1%) 25045 (24.1%) 416x MH580291
(WTU 351387)

A purpureum 106661 351 49705 (46.6%) 7902 (7.4%) 24527 (23.0%) 503« MH499250

A, uniflorum 104640 353 50593 (48.3%) B3 (71.0% 23362 (223%) 215 MH580290

A. californicum [6] 120840 367 60352 (50.0%) 11608 (9.6%) 24440 (20.2) — NC_025651

*Multiple samples from the same species identified by their herbarium accession number.
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PCoverage is of the original read pool reference-mapped onto the assembled plastome.

(c) Controlling for contamination

Several lines of evidence allow us to reject host DNA con-
tamination, a particular concern in holoparasites owing to
the intimate physiological relationship with their hosts, as
an explanation for the close relationship between rbcL
sequences from A. epigalium and Galium. First, several inde-
pendent collections of A. epigalium were sequenced to verify
replicability across populations. Second, the xenologous
rbcL pseudogene is phylogenetically related but not identical
to the rbcL sequence from any known Galium host, or Galium
species more generally. Moreover, in a known host—parasite
pair of individuals (Bell and Clemons 159 (SD), we show
distinct host rbcL, parasite plastid rbcL, and parasite HGT
rbcL genes, indicating that the Galium-like rbcL xenologue in
A. epigalium did not come from an extant host (figure 2).

4. Discussion

(a) Punctuated plastome reduction in Aphyllon

The plastomes of Aphyllon sect. Aphyllon are approximately
15% smaller than those of its sister clade (represented by
A. californicum) and devoid of most photosynthesis-related
genes. However, the total length (approx. 105 kb) is relatively
large for holoparasitic Orobanchaceae, and considerably
larger than in other genera with similar or even less gene loss
[2,6]. We find support for widely recognized trends in plastome
structural evolution following heterotrophy, such as reduced
GC content and the disproportionate reduction of single-copy
regions (table 1, [6,8,31]). Assuming that the relatively intact
A. californicum plastome is characteristic of the common ances-
tor of all Aphyllon, we infer a rapid transition along the stem
branch of Aphyllon sect. Aphyllon from Stage 1 plastome
reduction (sensu [2]) to Stage 2 or early Stage 3 reduction (i.e.
loss of photosystem and ATP synthase genes but retention of
other housekeeping genes), followed by relative stasis during

the diversification of Aphyllon sect. Aphyllon. Current

divergence time estimates indicate that the length of the stem
branch of Aphyllon sect. Aphyllon is approximately 2.8 Myr,
whereas the crown age of the clade is 3.4-5.7 Ma [10].

More broadly, the evolution of parasitism in the Oroban-
chaceae and the corresponding early stages of plastome
reduction occurred at least 24 Ma, with the complete loss of
in the holoparasitic lineage including
Aphyllon occurring at least 14 Ma (dates conservatively reflect
lower 95% highest posterior density boundaries inferred by
Schneider & Moore [10]; previous studies estimated earlier
dates). Collectively, our findings support the punctuated
model of Wicke ef al. [2], in which large classes of plastid
genes can be stable for millions of years following the evol-
ution of parasitism, then lost in a relatively short time
period (but retained in sister lineages).

Nonetheless, we do detect some evolutionary changes at
shallower timescales. Structurally, gene order is identical
across Aphyllon, but the major expansion of the inverted
repeat boundary into the small single copy region is an auta-
pomorphy of A. fasciculatum. Regarding gene content, we
found parallel pseudogenization and loss of atpE in several
lineages, including in only one of the two phylogenetically
distinct subspecies of A. epigalium, which diverged between
0.3 and 0.8 Ma, more recently than any pair of heterotrophic
plant taxa for which sequenced plastomes are available
(figure 1a,b; [10]). Although all other ribosomal protein-
coding genes remain intact, ¥pI23 has been repeatedly lost
in Aphyllon (figure lab)—a pattern that has been seen in
other lineages of heterotrophic plants [2,3,5,7,32]. The
remaining genes that are putatively present in some species
but not others are all short subunits of larger complexes,
such as petG, petN, psbM, and psbN. Barrett et al. [4] reported
similar findings in the heterotrophic orchid Corallorhiza macu-
lata. Strikingly, they found both putatively functional and
nonfunctional psaf alleles in various populations of Corallo-
rhiza striata, and several other small photosystem subunits
differentially lost between recently diverged subspecies.

photosynthesis
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Figure 1. (a) Annotated plastomes of each species of Aphyllon sect. Aphyllon, with their phylogenetic relationships indicated above. Only one representative of
A. fasciculatum (W15282500) and A. ‘franciscanum’ (WTU 351387) is shown. Genes not shared by all samples of Aphyllon sect. Aphyllon are labelled in bold. Location
of the inverted repeats are indicated by a grey backbone. (b) Differences in plastome gene content between A. californicum and eight samples of Aphyllon sect.
Aphyllon. Green cells or background indicate putatively functional genes with intact ORFs; black cells or grey background indicate that the gene is lost or probably
nonfunctional. An asterisk (*) indicates ambiguities in some plastomes: petG, start codon is ATT, but the ORF is otherwise intact; petN, high amino acid divergence;
psbN, intact ORF in A. fasciculatum, but high sequence divergence; rpl23, no apparent stop codon, see the electronic supplementary material, appendix D for details.
(c) Mitochondrial genome fragments of A. epigalium subsp. epigalium and subsp. notocalifornicum show several pseudogenes of likely host-plastid origin (¥,
labelled in green). Grey box indicates greater than or equal to 36642 bp locally collinear block inferred using Mauve [30].

Given the clear loss of key genes in these complexes, their
persistence may be non-adaptive. Because the genes are so
short, degenerative neutral evolution will take longer to
manifest by chance, even if purifying selection is relaxed
and the genes are no longer being expressed [6].

Ultimately, transcriptomic, proteomic and/or physiologi-
cal studies are needed to confirm hypotheses of gene function
or lack thereof. For example, disruptions to promoters or
untranslated regions may cause pseudogenization in spite
of an intact ORF. Conversely, U to C RNA editing occurs reg-
ularly in chloroplasts [33] and could theoretically rescue the

two nonsense mutations in the atpE ORF of A. epigalium
subsp. notocalifornicum. However, until additional evidence
becomes available, we follow convention used in similar
studies of plastome evolution in parasitic plants by inferring
gene presence and functionality from intact ORFs [2,4,6].

At least three genes of Galium-plastid origin are present in the
mitochondrial genome of A. epigalium: rbcL, rpl23, and rpl36
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(figure 1c) As in this case, most plant-to-plant HGT has
involved the mitochondrial genome as a donor and/or recipi-
ent [34]. The exact mode of HGT to parasitic plants from their
hosts is still an area of active research, and probably varies
among systems. HGT predominantly occurs through direct
uptake of DNA, though the reverse transcription of host RNA
may also occur as evidenced by the lack of intronic regions or
a poly-A string at the 3’ end of the putative xenologue [16,35].
Host-plastid genes acquired by the parasite mitochondrial
genome are probably the result of a two-stage process, in

which intracellular gene transfer (IGT) from the plastome to
the mitochondrial genome of the donor is followed by mito-
chondrial HGT from the donor to recipient species [16,34,36].
Insertions of a duplicate copy of rbcL into the mitochondrial
genome within a species through IGT are a relatively
common occurrence in angiosperms though have not yet been
reported in Galium [37,38], and hpHGT events are most
common between mitochondrial genomes [16]. The two-stage
hypothesis could be tested in this system by surveying Galium
mitochondrial DNA for the presence of related pseudogenes.

GEG18L0T 68T g VoS Y oid  BiobuiysiigndAisnosiedorqdss H


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on September 19, 2018

The presence of several genes of host-plastid origin
(figure 1c) in mitochondrial DNA from A. epigalium suggests
either multiple independent acquisitions or, more parsimo-
niously, the single HGT of a large genomic fragment that has
since degraded. Nuclear and organellar genomes, as well as
whole chloroplasts, can travel through plasmodesmata connect-
ing grafted lines or species of tobacco [39-41]. A similar process
may have occurred through the symplastic connections
between holoparasitic Orobanchaceae and their hosts [42].

Though we found evidence of several mitochondrial
genes of host-plastid origin, we focused on the longest,
rbcL, for more detailed analysis (figure 2). In spite of the rela-
tively low sequence divergence with its most closely related
extant orthologues in the Galium plastome, this xenologue
is probably not functional or even transcribed given the
frameshift mutations and lack of a promoter region (elec-
tronic supplementary material, Results). In most eudicots,
the plastid rbcL promoter is 156—185 nucleotides upstream
of the start codon [43], but in the mitochondrial genome of
A. epigalium, only approximately 100 bp separate the rbcL
start codon from an upstream rpl23 pseudogene (figure 1c).
Additionally, several deletions and point mutations in the
mitochondrial (but not plastid) copy of rbcL appear to have
disrupted stem-loop structures that are highly conserved
and important for transcription termination of chloroplast
genes in the 3’ untranslated region of spinach and tobacco
[44]. The fact that these mutations in noncoding regions are
shared by both subspecies, and that rbcL and rpl23 pseudo-
genes are adjacent despite being tens of kilobases apart in
most intact angiosperm plastids suggest a larger HGT event
was followed by substantial degradation and gene loss
before the divergence of the two A. epigalium subspecies
several hundred thousand years ago. On the other hand,
the relatively few synapomorphic point mutations and
differing frameshift mutations could be evidence for recent
independent pseudogenizations in each of the two subspecies.

From an ecological perspective, the phylogenetic affinity
of the rbcL xenologue to extant hosts of A. epigalium provides
strong evidence that host—parasite relationships have been
relatively conserved in the half-million years since the two
subspecies diverged (figure 2, [10]). Low rates of rbcL mol-
ecular evolution in Galium make it difficult to identify
which clade of Galium is most closely related to the rbcL
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