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Summary

e Horizontal gene transfer (HGT) among flowering plant mitochondria occurs frequently and,
in most cases, leads to nonfunctional transgenes in the recipient genome. Parasitic plants are
particularly prone to this phenomenon, but their mitochondrial genomes (mtDNA) have been
largely unexplored.

e We undertook a large-scale mitochondrial genomic study of the holoparasitic plant
Lophophytum mirabile (Balanophoraceae). Comprehensive phylogenetic analyses were per-
formed to address the frequency, origin, and impact of HGT.

o The sequencing of the complete mtDNA of L. mirabile revealed the unprecedented acquisi-
tion of host-derived mitochondrial genes, representing 80% of the protein-coding gene con-
tent. All but two of these foreign genes replaced the native homologs and are probably
functional in energy metabolism. The genome consists of 54 circular-mapping chromosomes,
25 of which carry no intact genes.

e The likely functional replacement of up to 26 genes in L. mirabile represents a stunning
example of the potential effect of rampant HGT on plant mitochondria. The use of host-
derived genes may have a positive effect on the host-parasite relationship, but could also be

the result of nonadaptive forces.

Introduction

Parasitic plants account for 1% of all flowering plants with «
4200 species in 270-275 genera (Heide-Jorgensen, 2008; West-
wood eral., 2010). Hemiparasitic species are capable of photo-
synthesis but depend upon their host for water and nutrients,
although some are facultative parasites. By contrast, holoparasitic
plants lack Chl and are completely host-dependent (Heide-
Jorgensen, 2008; Westwood ez al., 2010). Less than 10% of para-
sitic plants are strict holoparasites, including almost 400 species
in eight angiosperm families (Heide-Jorgensen, 2008). Tremen-
dous changes involving both the phenotype and genotype have
been observed in the transition to a parasitic lifestyle (Heide-
Jorgensen, 2008; Wicke eral, 2013). Few genomic studies
outside plastid genomes have focused on parasitic plants and thus
litcle is known about the independent genomic transformations
experienced by each of the ¢. 12-13 parasitic lineages that origi-
nated separately during the evolution of flowering plants (Bark-
man et al., 2007; Westwood ez al., 2010). Parasitic relationships
facilitate the exchange of genetic information between parasite
and host, and make parasitic plants particularly prone to horizon-
tal gene transfer (Davis & Xi, 2015), although the extent and
repercussions of this phenomenon remain unclear.

Horizontal gene transfer (HGT) is the lateral transmission of
genetic material between unrelated organisms, unlike the more
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familiar transfer through sexual or asexual reproduction. HGT is
common in prokaryotes and has been increasingly reported in
multicellular eukaryotes (Keeling & Palmer, 2008). Plants have
been recognized as donors and targets of HGT involving the
three domains of life (Keeling & Palmer, 2008). Among eukary-
otes, the frequency of HGT between flowering plants is surpris-
ingly high (Sanchez-Puerta ez al., 2008; Mower et al., 2010; Rice
etal., 2013; Davis & Xi, 2015; Park ez al., 2015). Plant-to-plant
HGT is far more common in the mitochondria than in the
chloroplast or nuclear compartments (Keeling & Palmer, 2008;
Sanchez-Puerta, 2014) and most often involves mitochondrial
sequences from other plants (Bergthorsson ez al., 2004; Barkman
et al., 2007; Sanchez-Puerta ez al., 2008; Mower et al., 2010; Rice
etal., 2013). Angiosperms particularly rich in mitochondrial
HGT include two free-living species, Amborella trichopoda (Rice
etal., 2013) and Geranium brycei (Park etal., 2015), and the
holoparasitic plant Sapria hymalayana of the family Rafflesiaceae
(Xi etal., 2013; Molina ez al., 2014). In most cases, foreign copies
are redundant with native genes, often becoming pseudogenes,
while only a few mitochondrial foreign genes remain intact and
are putatively functional (Xi eral., 2013; Sanchez-Puerta, 2014).
In addition, chimeric genes can be formed by gene conversion
between the native and transiently present foreign homologs
(Bergthorsson eral, 2003; Barkman eral, 2007; Hao eral,
2010; Hepburn eral, 2012; Park eral, 2015). The highly
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invasive coxI intron represents the most outstanding case of
chimeric gene across angiosperms (Cho eral, 1998; Sanchez-
Puerta et al., 2008).

Although increasing numbers of plant mitochondrial
genome sequences (mtDNAs) become available every year,
those of parasitic plants have been largely unexplored.
Recently, the first complete mtDNAs from two hemiparasitic
plants of the genus Viscum (family Viscaceae, order Santalales)
uncovered the massive loss of genes encoding ribosomal and
respiratory proteins, with no evidence of HGT, except for the
cox] intron (Petersen eral, 2015; Skippington eral., 2015).
Additional insight comes from a large-scale study of mito-
chondrial sequences from the endophytic holoparasitic family
Rafflesiaceae (Xi eral, 2013; Molina eral., 2014). This study
revealed that a sizeable fraction of the gene content appears to
have been obtained from their host plants in both ancient
and recent horizontal transfers, and that the extent of HGT
was higher in the mtDNA than in the nuclear genome (Xi
etal, 2012, 2013). Even though most of the foreign mito-
chondrial sequences in Rafflesiaccae are full-length and tran-
scribed, the majority are redundant with native genes, which
are actively transcribed and most likely still functional (Xi
etal., 2013). Overall, despite the great diversity of parasitic
plants, not much is known about the properties of their
mtDNAs and the impact of horizontal acquisition of genes
from their hosts.

The family Balanophoraceae sensu stricto encompasses 14 gen-
era of obligate root parasites and is a member of the order Santa-
lales (Su eral, 2015). This family represents an independent
origin of holoparasitism (Barkman ez a4l., 2007) and presents an
opportunity to explore the potential complexities and properties
particular of this lineage, and to provide an independent compar-
ison of the mitochondrial features reported in the only two lin-
eages of parasitic plants studied so far. The genus Lophophytum
belongs to this family and includes five species, all of which are
exclusively found in South America (Hansen, 1980).
Lophophytum mirabile has a more or less spherical subterranean
vegetative body or ‘tuber’ with only mature inflorescences emerg-
ing above soil level (Gonzalez & Mauseth, 2010). It is found
mainly parasitizing roots of trees of Anadenanthera colubrina
(Fabaceae) (Sato, 2014), although one study reported three other
mimosoid legumes as hosts (Hansen, 1980).

To contribute to our understanding of the genomic evolution
of parasitic plants, we sequenced and characterized the complete
mitochondrial genome of the holoparasitic plant L. mirabile
(Balanophoraceae). We performed comprehensive evolutionary
analyses to address the frequency, origin, and impact of HGT on
the mtDNA of L. mirabile, and uncovered an extraordinarily
high degree of gene transfers from its host plant.

Materials and Methods

Plant material and DNA extraction

Plants of the parasitic angiosperm Lophophytum mirabile Schot.
& EndLl. ssp. bolivianum (Wedd.) B. Hansen (H. A. Sato 430)
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and its host Anadenanthera colubrina var. cebil (Griseb.) Altschul
(H. A. Sato 429) were collected on 8 January 2013 from the
Calilegua National Park, Jujuy, Argentina. Samples of the
holoparasite L. leandri Eichler (H. A. Sato 438) and its host
Parapiptadenia rigida (Benth.) Brenan (H. A. Sato 439) were col-
lected on 21 July 2013 from the city of San Ignacio, Misiones,
Argentina. These populations of L. mirabile and L. leandri have
been thoroughly characterized (Gonzalez & Mauseth, 2010; Sato
& Gonzalez, 2013, 2016; Sato, 2014). DNA was extracted from
leaves of individual plants of A. colubrina and P. rigida using a
cetyl-trimethyl-ammonium-bromide DNA-extraction protocol
(Doyle & Doyle, 1987). Genomic DNA from the holoparasites
was extracted from the inflorescence (L. mirabile) or from sec-
tions of the tuber sufficiently distant from host tissue (L. leandri)
using the DNeasy Plant Mini kit (Qiagen). Sample preparation
was done with extreme care to avoid contamination from host tis-
sue (see later).

Genome sequencing, assembly, and validation

DNA from L. mirabile was used to construct a 700 bp paired-
end library and was sequenced at the Beijing Genomics Insti-
tute using the Illumina HiSeq 2000 sequencing system (San
Diego, CA, USA). This generated 65 million clean 100 bp
paired-end reads that were assembled on the Mason large-
memory computer cluster at Indiana University-Bloomington
(USA). For the reconstruction of the mtDNA, we followed
the methodology described by Sanchez-Puerta eral (2015).
First, assembly parameters were optimized with the program
VELVET OPTIMISER 2.2 (Simon Gladman, CSIRO and Monash
University, Australia). Then, we performed de novo assembly
of the mtDNA of L. mirabile using VELVET 1.2.03 (Zerbino
& Birney, 2008) without scaffolding and with the optimized
parameters: hash length of 81, expected coverage of 20, and
coverage cutoff of 2.8. VELVET assembled 281 de novo contigs
larger than 1kb, with N50 of 11234bp and a maximum
contig size of 27 149 bp. Taking advantage of typical differ-
ences in read depth between nuclear and organellar sequences
(Straub etal, 2012), 83 mitochondrial contigs (average read
depth of 80) were identified. Manual editing, joining, and
closing of the mitochondrial contigs were done based on con-
sistent paired-end reads visualized in CONSED v.29 (Gordon &
Green, 2013). The resulting organellar genome assembly of
54 chromosomes was compared against all Illumina reads to
identify errors until the read depth and paired-end read depth
were as expected at each base and the high-quality mismatches
were very low or zero. The assembly showed a fairly even
read depth of 80X and contained no gaps or low-coverage
regions. A circular organization of all mitochondrial chromo-
somes was supported by paired-end reads having one mate
mapping to the start of a contig and the other to the end.

Raw sequence data are available from the NCBI Sequence
Read Archive as accession number SRP071697. The annotated
L. mirabile mitochondrial chromosomes were deposited in the
GenBank data libraries under accession numbers KU992322—
KU992380 and KX792461.
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Characterization of gene and repetitive content in the
mtDNA

The mtDNA was annotated using MIToryY (Alverson ez al., 2010),
Brast (Altschul ezal, 1990), and the tRNAscan-SE algorithm
(Lowe & Eddy, 1997). Graphical genome maps were generated
using OGDRrAW software (Lohse ezal., 2007). Nonsynonymous
sites of RNA editing were predicted with PREP-Mt (Mower,
2005) with a cutoff value of 0.5. Repeats larger than the DNA
library size (¢. 700 bp) were detected by mapping all Illumina
reads to the mitochondrial assembly using the program CONSED
v.29 (Gordon & Green, 2013) and comparing the read depth
across the genome. We assembled each repeat pair into a single
chromosome to minimize subcircular maps, even though this is
only one of the possible alternative representations given the
known high recombinational activity of large repeats in
mtDNAs. Dispersed perfect and imperfect (>80% identity)
repeats shorter than 700 bp were identified by ConseD v.29.
Recombination between these repeats was evaluated based on
paired-end reads with the aid of CoNSED v.29.

Sequencing of selected mitochondrial genes and
phylogenetic analyses

Maximum likelihood (ML) and maximum parsimony (MP) phy-
logenetic analyses were performed for each of the mitochondrial
protein and rRNA genes, as well as for the plastid- and nuclear-
derived sequences. Each mitochondrial gene data set included
L. mirabile and 38 free-living angiosperms (Supporting Informa-
tion Table S1) and additional species of Fabales, Santalales, and
Balanophoraceae when available. Sequences from the hemipara-
sitic genus Viscum (Viscaceae, Santalales) were excluded from the
analyses because of the extremely fast substitution rate of the
mitochondrial genes (Petersen eral., 2015; Skippington etal.,
2015). Selected mitochondrial genes of the holoparasite L. leandri
and the legume hosts were amplified by PCR with primers that
had been developed earlier (Bergthorsson eral, 2004). PCR
products were sequenced using an ABI 3730 (Applied Biosys-
tems, Waltham, MA, USA). Nucleotide sequences were aligned
manually with MACCLADE 4.0 (Maddison & Maddison, 2000).
RNA editing sites were removed from the alignments before the
analyses because both genomic and cDNA sequences were
included (Table S1). ML analyses were performed with GaRLI
2.0 (Zwickl, 2006) under the General Time Reversible model
with parameters for invariable sites and gamma-distributed rate
heterogeneity (GTR+1+14; four rate categories). A thousand
rapid bootstrap replicates were done under the same model of
evolution using RAXML (Stamatakis, 2014). MP analyses and a
thousand bootstrap replicates were run in Paur*4.0 (Swofford
etal., 2002). No strongly supported differences were observed
in the topologies of the ML and MP trees; thus, MP bootstrap
values are shown on the ML trees below each branch.
Alternative topology tests were performed using the approxi-
mately unbiased (AU) test as implemented in the CONSEL pack-
age (Shimodaira, 2002). We tested two different constrained
topologies: monophyly of the Fabaceae excluding a clade with
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L. mirabile and all sequences from other available Santalales in
each data set (constraint #1); and the monophyly of L. mirabile,
other available Santalales, asterids, and Caryophyllales (constraint
#2), as expected in vertically inherited genes (The Angiosperm
Phylogeny Group, 2016). The most likely tree under each con-
straint was obtained by searching for the best tree compatible
with that constraint using Paur*4.0 (Swofford ez al., 2002). The
site likelihoods for the constrained trees and for the best tree in
the unconstrained analysis were exported from Paur*4.0, and the
AU P-values were calculated from these data.

Sequence analyses

We evaluated the possibility that some of the genes in L. mirabile
were chimeric, as a result of recombination between host and
native genes, using the program onepop of the OrgConv 1.1
package (Hao, 2010). Given the lack of data from close relatives
to L. mirabile, we were only able to analyze those genes for which
sequences from other Santalales were available (afpl, atp4, atp6,
atp8, coxl, matR, nadlx2x3, nad3, nad4L, nad5x1x2, nad9, rps3,
rrnS). The input files consisted in individual gene alignments of
sequences of L. mirabile, Santalales and mimosoid legumes. The
Bonferroni correction for multiple comparisons was considered
(Hao, 2010).

To analyze the selective pressure on L. mirabile genes, we
tested individual protein coding regions in a phylogenetic
context with PaML v.4.8 (Yang, 2007). For each gene, a ML
phylogenetic tree was constructed using GarLl 2.0 (Zwickl,
2006) based on a reduced data set, from which those taxa
with accelerated substitution rates, such as Silene, Ajuga and
Geranium, and sequences based on cDNAs (Acacia, Prosopis),
were excluded. To test if there were differences in the ratio of
synonymous (dS) and nonsynonymous (d/V) substitution rates
(0=dNIdS) on branches of L.mirabile compared with the
rest of the angiosperms, we contrasted two likelihood models.
In the first case, it was assumed that all branches have the
same @ ratio (model=0 in codeml), while in the second case
two different @ ratios were allowed for L. mirabile and the
other branches (model =2 in codeml), respectively. Both mod-
els were compared using a likelihood ratio test (LRT) and
P-values were calculated based on a y* distribution with 1 df.
In addition, we aimed to detect positive selection affecting
only a few sites in L. mirabile (foreground branch) compared
with the rest of the branches on the tree (background
branches) using a branch-sitt model in codeml. The null
model (no sites under positive selection) was tested against
the alternative model (some sites under positive selection on
the foreground branch), using a y* distribution as described
carlier, with 1 df. Positively selected codons were identified by
the Bayes empirical Bayes inference (Yang eral., 2005).

Assessment of host contamination in the genomic assembly

We ruled out the possibility of contamination from host tis-
sue in the mitochondrial genome assembly of L. mirabile for

several reasons. First, a section of the inflorescence of
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L. mirabile was carefully dissected for DNA extraction. Given
that the inflorescences of Lophophytum are not in direct con-
tact with host tissue (Gonzalez & Mauseth, 2010), the risk of
host contamination is negligible. Second, no complete plastid
genes were found in the assembly. If there were any host con-
tamination, plastid sequences from the host should be easily
detected. Third, 13 chromosomes contain both foreign and
native regions, indicating that these sequences are clearly inte-
grated into the mitochondrial genome of L. mirabile. Fourth,
all chromosomes show relatively even read-depth coverage,
including regions identified as foreign. A similar read-depth
between native and foreign sequences is not expected if trans-
genes were the result of host contamination or were located
in the nuclear genome instead of in the mtDNA of the para-
site. Fifth, PCR products of six mitochondrial genes were
generated from independent DNA extractions of L. mirabile
(inflorescence) and L. leandri (tuber samples from two individ-
uals). In all cases, the sequences obtained from both speci-
mens of L. Jeandri were identical to each other, and they
shared the evolutionary  history with L. mirabile
homologs. Lastly, those six genes showed sequence divergence

same

when compared with homologs from their host plants. The
mean p-distance between the DNA sequences of L. mirabile
and A. colubrina was 0.019, similar to the divergence between
L. leandri and its host P. rigida (mean P-distance =0.024).

Results

The multichromosomal Lophophytum mirabile mitochon-
drial genome

The mtDNA of the holoparasite L. mirabile is 821 919 bp long
and assembles into 54 circular-mapping chromosomes, the
largest of which is 58 274 bp and the shortest of which is 7177 bp
(Fig. 1). No other mtDNAs from this plant family are available
for comparison. The GC content of the L. mirabile mtDNA is
44.5%, ranging between 42.2 and 46.1% among chromosomes,
comparable to other flowering plants. Direct and inverted repeats
represent 14% of the genome (Table 1). Only repeats shorter
than the average library insert size (700 bp) could be evaluated
for their recombinational activity based on paired-end reads. Out
of 55 repeats of length 150-700 bp, only 11 showed evidence of
the alternative configuration (Fig. 1, underlined). For those chro-
mosomes with recombining repeats, the majority of sequencing
paired-end reads support the genomic conformation shown in
Fig. 1.

The final assembly of the L. mirabile mtDNA showed an aver-
age sequencing depth of ¢. 80x (Fig. S1). Mapped read depth in
a genome assembly can be used to estimate the relative abun-
dance of different sequences. The fairly even coverage across the
54 chromosomes of L. mirabile mtDNA indicates that they have
a similar abundance (Fig. S1). The only exception is chromosome
39 that shows four times the read depth across half its sequence.
That region is similar to a transposable element and thus the
increased coverage is probably a result of mismapping of reads
that were derived from the nucleus.
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The Lophophytum mirabile mtDNA gene content

The mitochondrial genome of L. mirabile presents 35 protein,
three rRNA, and six tRNA genes, but many are present in multi-
ple copies, resulting in a total gene content of 56 (Table ).
Intron content includes 22 group II introns and one group I
intron in the gene cox/ (Table 1). RNA editing sites were pre-
dicted in all full-length protein-coding genes (Table 2).

Only 29 chromosomes of L. mirabile mtDNA contain all the
full-length mitochondrial genes, whereas 25 are devoid of intact
known genes (Fig. 1). Nevertheless, all chromosomes contain
matches to other sequenced plant mitochondrial genomes. About
30% of the mtDNA of L. mirabile shares similarity with other
mitochondrial nongenic
sequences), while ¢. 67% lacks detectable similarity to sequences
in GenBank (Table 1). The L. mirabile mtDNA also contained
chloroplast- and nuclear-derived regions, representing 0.6% and
2.2% of the genome, respectively, although the nuclear contribu-

genomes  (including genic and

tion may be greater but unrecognizable at this stage because of
lack of genomic data. The identified nuclear-derived sequences
were truncated retroelements (1.6%) or DNA transposons
(0.03%), and typically nuclear-encoded gene fragments (0.55%).

Rampant horizontal gene transfer from its host in
L. mirabile mtDNA

About 80% of the 44 protein-coding gene copies found in the
L. mirabile mtDNA showed a foreign origin (Table 2). All 35 for-
eign sequences were placed phylogenetically with species of the
family Fabaceae, almost always as sister to or within the subfam-
ily Mimosoideae, to which the L. mirabile host plant (Anadenan-
thera colubrina) belongs (Fig. S2). The genes cox3, nad3, rpl5,
rpl16, rps3, 1ps12, rps14 and sdh4 form part of gene clusters that
are conserved in most angiosperms and are separated by a few
nucleotides (3—48 nt) or have overlapping open reading frames
(ORFs). Because HGT typically does not correlate with gene
boundaries, each gene cluster was analyzed as a whole (Fig. S2).
One example of host-to-parasite HGT is the phylogeny of azpl
in which Lophophytum spp. sequences formed a strongly sup-
ported clade with the subfamily Mimosoideae (Fig. 2a). The affil-
iation of L. mirabile with the Fabaceae in the phylogenies of the
35 foreign protein genes was supported by bootstrap support
(BS) values >75% (Fig. S2). Furthermore, vertical inheritance of
20 foreign genes was rejected by the AU test (Table 2; Fig. S3).
However, the topologies that were not rejected by the AU test are
not necessarily supported (Shimodaira, 2002). In fact, only the
unconstrained (best) trees were strongly supported by the AU
test. Given the lack of sequence data of L. mirabile relatives in the
individual gene data sets, constraints for the AU tests were diffi-
cult to apply, and, in some cases, impossible (ccmnC, nad2), limit-
ing the udlity of the test considerably. The exclusion of
L. mirabile from the clade of Fabaceae (constraint #1 in Fig. S3)
was the most useful constraint, particularly when no other Santa-
lales were available. The best tree under such a constraint always
showed L. mirabile as sister to the Fabaceae. Thus, even though
the AU test did not reject that hypothesis, both trees (the
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Fig. 1 Map of the mitochondrial genome (mtDNA) of Lophophytum mirabile. The mtDNA is 821 919 bp long and is subdivided in 54 circular
chromosomes (Cn) of diverse lengths. Genes drawn inside and outside each circle are transcribed clockwise and counterclockwise, respectively. Shown are
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are foreign or native, respectively. The photograph shows an inflorescence of L. mirabile (courtesy of H. A. Sato).
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Table 1 Features of the mitochondrial genome of Lophophytum mirabile

Genome length (bp) 821919
Protein-coding genes® 35 (44)
rRNA genes? 3(3)
tRNA genes® 6(9)
Group Il introns

cis-splicing 16

trans-splicing 6
Group |l introns 1

113.3 (14.0%)
51.81(6.4%)

Repeats (kb; % of genome)®
Large repeats (> 1 kb)°

Chloroplast-derived sequences 0.6%
Nuclear-derived sequences 22%
Mitochondrial genes (exons and cis-spliced introns) 7.68%
Mitochondrial-like (including genes) 30.05%
Uncharacterized 67.17%

3First value excludes duplicates; value in parentheses includes them.
bTotal length of repeats.

unconstrained and the constrained one) showed a legume origin
for L. mirabile genes.

The remaining protein gene copies present in the mtDNA
showed L. mirabile in an unsupported position probably because
of the lack of data from close relatives, and were classified as puta-
tively native (Table 2). One example of native genes is the phy-
logeny of the gene matR, in which L. mirabile sequences are
related to the Santalales (Fig. 2b). In addition, two of the six
tRNAs in L. mirabile (trnfM, trnW-cp) are foreign and were prob-
ably acquired from the legumes (Figs S2, S4). Two rRNA genes
(rrn5, rrmS) showed no evidence of a foreign origin, while the
rrmL sequence was placed with the legumes, albeit with limited
statistical support (Fig. S2).

Foreign genes are known occasionally to recombine with
native homologs upon arrival into the recipient mitochondria.
We evaluated evidence for gene conversion events in L. mirabile
genes, for which comparative data from Santalales were available
(atpl, atp4, atp6, atp8, coxl, matR, nadlx2x3, nad3, nad4L,
nad5x1x2, nad9, rps3, rrmS). The program onepop from the
OrgConv package only detected significant evidence for recombi-
nation in one (a#p6) of the 13 genes analyzed (excluding the
known chimeric origin of the intron-containing coxI). The gene
atp6 shows a 150 nt recombinant segment with L/N and L-N -
values of 2.51e™* and 9.7¢ %, respectively.

Besides the 56 full-length genes described earlier, the
L. mirabile mtDNA has 10 mitochondrial pseudogenes > 100 bp,
four of which were related to the Fabaceae (Fig. S5). In total, a
minimum of 55 kb (6.78%) of the mtDNA of L. mirabile were
probably transferred from the legumes, including ¢. 30 kb of for-
eign genes and ¢ 25 kb of nongenic sequences only similar to
Fabacecae mtDNAs. A greater fraction of legume-derived
sequences in L. mirabile mtDNA may be recognized when
mimosoid mitochondrial genome sequences become available.

Test of selection of Lophophytum mirabile protein genes

For each protein-coding gene in the L. mirabile mtDNA, we
tested whether different selective pressures can be detected on the
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Table 2 Features of protein-coding genes in Lophophytum mirabile
mtDNA

Gene No. of intact  No. of predicted

name® genes editing sites Origin® AU test®

cox1 1 12 Native na

matR 1 15 Native na

nad1 1 38 Native na

nad4 1 40 Native na

nad5x1x2 1 14 Native na

nad5x3 1 0 Too short na

nad7 1 25 Native na

nad9 1 8 Native na

rps10 1 2 Native na

atp9 3 1:2:5 Foreign (2);  ns (both)

native
rpl10 2 4,5 Foreign; P<0.05
native

atp1 1 3 Foreign P<0.05

atp4 1 " Foreign P<0.05

atp6 1 18 Foreign P<0.05

atp8 2 3;3 Foreign 2)  P<0.05
(one)

ccmB 1 26 Foreign P<0.05

ccmC 1 30 Foreign nd

ccmFC 1 17 Foreign ns

ccmFN 1 31 Foreign ns

cob 1 14 Foreign ns

cox2 1 10 Foreign P<0.05

cox3 2 13;9 Foreign 2) P<0.05
(both)

mttB 1 26 Foreign P<0.05

nad2x1x2 1 16 Foreign nd

nad2x3x5 1 13 Foreign nd

nad3 1 1 Foreign P<0.05

nad4L 1 9 Foreign P<0.05

nad5x4x5 1 8 Foreign P<0.05

nadé 1 11 Foreign ns

rpl2 1 6 Foreign P<0.05

rpl5 1 9 Foreign ns

rpl16 1 6 Foreign ns

rps3 1 7 Foreign ns

rps4 2 18;19 Foreign (2) P<0.05
(one)

rps12 2 5.5 Foreign (2) P<0.05
(both)

rps14 1 3 Foreign ns

rps19 2 3;3 Foreign (2) P<0.05
(one)

sdh4 2 3:3 Foreign 2)  P<0.05
(both)

“Intron-containing genes are shown in bold face.

POrigin based on phylogenetic analyses. Numbers in parenthesis indicate
the no. of intact genes.

“Details on the approximately unbiased (AU) test can be found in
Supporting Information Fig. S3; na, not applicable; nd, not determined; ns,
not significant at P=0.05.

holoparasite. The  ratio (dV: dS) measures the direction and
magnitude of selection on proteins, with > 1 indicating posi-
tive selection, @ <1 purifying selection, and w =1 neutral selec-
tion (Kimura, 1983; Messier & Stewart, 1997). The most basic
model, which assumes a single w ratio across all branches could
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not be rejected, except for two genes (ap9_C9 and nad9) that
showed significant differences in @ values in L. mirabile com-
pared with the rest of the angiosperms (Table S2). In general, the
branch model estimated @ <1 for all but five protein-coding
genes in L. mirabile (nadlx5, nad9, atp6, atp8 _Cl11, ccmB), sug-
gesting they are evolving mostly under purifying selection
(Table S2). In the case of the genes with > 1, four of them had
very small dS values (d$<0.02), which might lead to an overesti-
mation of the @ ratio. A comparison of the synonymous rates
and o values among foreign and native L. mirabile genes showed
great variability but not marked differences (Table S2).

Because in the basic and branch models the  ratio is averaged
over all sites, and it is rarely > 1 (Yang, 2007), we used a branch-
site model to detect positive selection in individual codons of
L. mirabile genes. For most protein-coding regions, we did not
find significant differences in selection patterns (Table S2). For
seven genes the branch-site model fitted better than the null
model, which indicates that a few sites evolved under positive
selection on the L. mirabile branch (Table S2). Positively selected

© 2016 The Authors
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codons with posterior probability >0.95 were identified for the
foreground branch: comFN (1471, 346K, 576H), cox2, matR
(181A, 191H, 207P, 208F, 243T, 245K,247E, 248F, 249Y,
257K), nad9 (4Q, 16K, 19V, 20K, 53R, 110G, 134S, 154V,
178Y, 182A), np/2 (125G), and 7ps3 (273V).

Some of the horizontal transfers predate speciation events
in the parasitic lineage

To estimate the timing of some of the horizontal gene transfers,
we gathered comparative data from another holoparasitic species
of the genus Lophophytum, L. leandri, and also from the current
legume hosts of L. leandri and L. mirabile. P. rigida and A.
colubrina, respectively. In three cases (azp1, atp8 and cob) the two
species of Lophophytum grouped together with high bootstrap
support and were sister to the subfamily Mimosoideae, but were
not particularly related to their hosts, suggesting an older hori-
zontal transfer that predates the speciation events in Lophophytum
(Figs2a, S2). In rpl5 (Fig. S2), L.leandri was sister to
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Anadenanthera+ Parapiptadenia with high bootstrap support
(BS=86%) and L. mirabile was sister to Acacia with lower sup-
port (BS=67%); this would weakly suggest two independent
acquisitions of the gene 7p/5 from the mimosoid lineage. In ccmC
there was no strong support for relationships within the
Lophophytum+ Fabaceae clade to reach a conclusion (Fig. S2). In
addition, the cox! intron (Fig. S2) has been horizontally trans-
ferred from an as yet undetermined donor before the divergence
of Lophophytum spp. and Ombrophytum subterraneum (both

Balanophoraceae).

All chloroplast- and nuclear-derived sequences in the
L. mirabile mtDNA were foreign

Eight chloroplast-derived sequences of length >100bp were
identified in the mtDNA of L. mirabile (Fig. 1). These regions
contained mostly gene fragments, except for short genes such as
petG and trnW. Six of the plastid sequences were related to
legumes, in particular to the subfamily Mimosoideae (Fig. S4).
The remaining two chloroplast-derived regions (7p/2 and psbA)
showed weakly supported phylogenetic relationships with the lin-
eages Malpighiales and magnoliids, respectively (Fig. S4). All
chloroplast-derived sequences integrated in the mtDNA of
L. mirabile were foreign, indicating that no native chloroplast
sequences were transferred to the mitochondrion by intracellular
gene transfer as reported in all other plant mitochondrial
genomes (Kubo & Mikami, 2007).

Five nuclear gene fragments reside in the L. mirabile mtDNA.
Only two were long enough for meaningful phylogenetic analy-
ses, encoding a pyruvate decarboxylase (pdc) and an exocyst com-
plex component (sec10). Both of them grouped with sequences of
the tribe Mimosoideae with strong bootstrap support (Fig. S6).
The lack of introns in the foreign nuclear genes indicates that the
transfer was RNA-mediated and then integrated into the mito-
chondrial genome via reverse transcription.

Discussion

Highly multichromosomal mtDNA

The mitochondrial genome of L. mirabile assembles into 54
largely autonomous, circular chromosomes (7—58 kb in length).
A multipartite chromosomal architecture was first described
among plants in the cucumber mitochondria with three circular
chromosomes of lengths 45, 84 and 1556 kb, respectively (Alver-
son etal., 2011). Later, four to 128 chromosomes (5-394 kb in
length) were described in Silene spp. mtDNAs (Sloan ezal.,
2012) and five circular-mapping mitochondrial chromosomes
(119-3179 kb) in A. trichopoda (Rice et al., 2013). In contrast to
the typical angiosperm mtDNA, the aforementioned multichro-
mosomal genomes cannot be mapped to a single circular chro-
mosome. Multicircular mitochondrial genomes have also been
reported in other eukaryotic lineages, such as metazoa, fungi, and
kinetoplastids (Burger et al., 2003).

It is puzzling that almost half (25 out of 54) of the chromo-
somes of L. mirabile mtDNA are devoid of intact known genes,
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even though they have regions with similarity to other sequenced
plant mitochondrial genomes. Likewise, 20 of the 59 chromo-
somes in Silene noctiflora, 86 of the 128 chromosomes in S.
conica (Sloan et al., 2012), and the two smaller chromosomes of
cucumber (Alverson ez al., 2011) bear no intact genes. The exis-
tence of possibly noncoding chromosomes raises questions about
their origin and perpetuation, for which both neutral and adap-
tive explanations have been advanced, but the questions remain
unanswered (Alverson ezal, 2011; Sloan et al., 2012; Rice et al.,
2013; Wu etal., 2015). Adaptive hypotheses for the existence of
noncoding chromosomes suggest the presence of unidentified
genes or regulatory regions that are functionally relevant and are
maintained by natural selection. Alternatively, gene-lacking chro-
mosomes may replicate and be perpetuated by genetic drift (or
even selfishly) as a result of an insignificant fitness cost on the
organism (Sloan eral, 2012; Wu eral, 2015). A population
study of S. noctiflora revealed some differences in the presence/ab-
sence of chromosomes that lack any identifiable genes (Wu ez al.,
2015). These findings suggest that at least some chromosomes
are evolving under genetic drift (suffering stochastic loss), while
others (those carrying essential genes) may be subjected to natural
selection (Wu etal, 2015). Analyses of other individuals of
L. mirabile and/or other species of the genus are necessary to bet-
ter understand the evolution of the mtDNA in this lineage.

Rampant mitochondrial HGT from host to parasite

Lophophytum mirabile harbors 35 intact protein transgenes that
were acquired from its legume hosts in one or multiple HGT
events. Foreign genes in L. mirabile were transferred as DNA,
most likely as large fragments (or even as whole chromosomes or
the entire genome), given the presence of foreign gene clusters,
introns, and cytosine to uracil RNA editing sites. Parasitic plants
form vascular connections with the host plant through a hausto-
rium that enables regular transfer of water, nutrients, proteins,
mRNAs, and pathogens (Westwood eral, 2010; Kim eral,
2014). The intimate association between plant holoparasites and
their hosts could facilitate the occasional transfer of large frag-
ments of DNA or whole mitochondria (Rice ezal, 2013). The
existence of chromosomes in L. mirabile mtDNA carrying exclu-
sively mitochondrial genes derived from the Fabaceae (e.g. C18,
C28, C31, C34, C36, C37, C38, C39 and C47) opens the possi-
bility that complete subgenomic circular molecules were acquired
from their host by HGT. Hundreds of small circles have been
theoretically predicted for Glycine max mtDNA through homolo-
gous recombination between large repeats (Chang eral., 2013).
Also, minicircles were observed in electron micrographs of soy-
bean and pea mitochondrial DNA isolates (Synenki ez al., 1978).
It is possible that circular molecules of legume mtDNA were hor-
izontally transferred, giving rise to foreign autonomous chromo-
somes in L. mirabile mitochondria.

In addition to the mitochondrial transgenes, chloroplast and
nuclear sequences were also transferred from the legume host into
the L. mirabile mtDNA. The route by which these plastid and
nuclear sequences entered the L. mirabile mitochondria remains
unknown. However, it is more likely that plastid genes were first
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transferred to the mtDNA by intracellular gene transfer (IGT)
within the legume donor and then horizontally transferred to
L. mirabile via mitochondrion-to-mitochondrion (mt-to-mt)
HGT for the following reasons. First, mt-to-mt HGT is quite
frequent among plant mitochondria (Rice ez al., 2013; Sanchez-
Puerta, 2014). Second, plastid-to-mitochondrial IGT is fairly
common in angiosperms (Kubo & Mikami, 2007). Third, plas-
tid-to-plastid HGT is unknown in angiosperms and no clear
cases of plastid-to-mitochondrial HGT exist (Sanchez-Puerta,
2014). Under the mt-to-mt HGT hypothesis, foreign plastid
genes in L. mirabile mtDNA should be embedded within foreign
mitochondrial tracts, which are, as of yet, unrecognizable, proba-
bly owing to the lack of sequencing information of mimosoid
mitochondrial genomes.

Fate of foreign genes in Lophophytum mirabile mtDNA

Horizontal acquisition of mitochondrial genes results initially in
gene duplication in the recipient mtDNA. Foreign genes com-
monly coexist with native homologs (duplicative HGT), as
observed in the mtDNA of Amborella (Rice etal, 2013) and
Geranium brycei (Park etal., 2015) (subdivided rectangles in
Fig. 3). In those cases, transferred genes usually become pseudo-
genes while the native alleles remain functional (Mower ezal.,
2010; Rice eral., 2013). Occasionally, the foreign and native
copies may undergo continuous or discontinuous gene conver-
sion, generating chimeric gene copies (chimeric HGT), as
described in earlier studies (Bergthorsson ez al., 2003; Barkman
etal., 2007; Hao eral., 2010; Hepburn ez al., 2012; Park ez al.,
2015). In other cases, the native copy is lost and only the foreign
homolog remains (replacement HGT), as reported for a few
transgenes in S. hymalayana (Xi et al., 2013; Molina ez al., 2014)
(yellow rectangles in Fig. 3). Another possibility is that native
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genes that were lost from the mtDNA (i.e. transferred to the
nucleus) could be reacquired by HGT (recapture HGT) as
reported for Geranium brycei (Park eral., 2015), or the Rafflesi-
aceae (Xi eral., 2013), and may or may not be functional in the
recipient mitochondria.

All four scenarios are conceivable during the vast acquisition of
foreign mitochondrial genes by the L. mirabile mtDNA. It is par-
ticularly striking that, with two exceptions (a9 and rpl10), all
native homologs of the foreign genes are missing from the
L. mirabile mtDNA. That is, there are two gene overlaps between
the native and the foreign mitochondrial gene content (subdi-
vided rectangles in Fig. 3). The distinct copies of the genes azp9
and 7p/10, at least one putatively native and another foreign, rep-
resent the only two cases of duplicative HGT in L. mirabile.
However, azp9 is the shortest protein-coding gene in the genome
and therefore provides very little signal. As a result, there is no
robust evidence that the putatively native copy of 429 is from a
nonlegume lineage (Fig. S2).

The lack of comparative data from other members of the fam-
ily Balanophoraceae makes it difficult to distinguish among the
other three scenarios. Only two genera of the order Santalales
have been examined so far. A Southern blot hybridization survey
showed that Lepionurus (Opiliaceae, Santalales) conserves all
mitochondrial genes present in the ancestral angiosperm, except
for rps2 and rpsi 1, which were lost deeply in eudicot evolution
(Adams eral., 2002). By contrast, Viscum spp. (Viscaceae, Santa-
lales) maintain only 14-25 genes after suffering massive gene loss
(Petersen et al., 2015; Skippington et al., 2015).

Given that native homologs of genes otherwise universally pre-
sent in angiosperms are absent from the L. mirabile mtDNA and
have been replaced by foreign homologs (Fig. 3), we reason that
the most widespread event in L. mirabile mtDNA was replace-
ment HGT, with sporadic incidence of recapture HGT.
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Estimating the frequency of chimeric HGT is particularly diffi-
cult based on the limited or lack of sequence data from close rela-
tives to L. mirabile. A test to detect gene conversion in 13
L. mirabile mitochondrial genes (for which data on Santalales
were available) was significant in only one case (a#p6), suggesting
a low frequency of chimerism. However, the Santalales available
are only distant relatives to L. mirabile and could prevent the
detection of additional events of recombination. Examining other
species of Lophophytum or the sister genus Ombrophytum will

allow to test these inferences.

Are foreign genes functional in Lophophytum mirabile?

One of the biggest questions in the field of plant HGT is whether
foreign genes are functional in the recipient genome and what is
the evolutionary impact of this phenomenon. Gene expression
has been reported for some foreign genes in plant mitochondria
(Rice et al., 2013; Xi et al., 2013). However, confirmation of gene
function requires additional evidence beyond expression data,
given that pseudogenes and noncoding regions can be transcribed
in angiosperm mitochondria (Brandt eral., 1993; Holec ezal.,
2006). However, additional proof is more difficult to gather and
is yet to be provided.

Here, we argue that foreign mitochondrial genes in L. mirabile
mtDNA are most likely functional for several reasons: first, they
have an intact ORF unlike foreign plastid genes in L. mirabile or
the majority of the foreign genes found, for example, in Amborella
(Rice eral., 2013); second, one, and only one, full-length allele
(except for azp9and rpl10), either native or foreign, is maintained
in the L. mirabile mtDNA (Fig. 3), indicating that adaptive forces
discriminated against mitochondria that carried two different alle-
les because their coexistence might have interfered with the overall
gene expression or genetic homeostasis (Sanchez-Puerta ezal.,
2015); native copies of genes that are universally present in
angiosperm mtDNA (e.g. atpl, atp6, ccemFN, cob) are missing in
L. mirabile and are probably essential for a functional mitochon-
dria; thus, the foreign homologs could be functionally replacing
them; a few transgenes persisted as intact genes through the speci-
ation event that led to L. mirabile and L. leandrs; and most foreign
genes are evolving under purifying selection.

Although no direct evidence of functionality is provided for
the foreign mitochondrial genes in L. mirabile, the claims listed
earlier are compelling. Of all, the strongest proof is the presence
of a full-length foreign copy of each of the missing native genes
(but none of the rest, except for a£p9 and 7pl10), suggesting that
natural selection may be maintaining a complete set of functional
genes, either native or foreign, in the L. mirabile mtDNA. The
expected effect of genetic drift on nonfunctional gene sequences
would be a random perpetuation of genes or gene fragments,
leading to the arbitrary occurrence of foreign alleles with variable
degrees of decay and redundancy with native genes. If the foreign
homologs are, indeed, active in L. mirabile, the stunning func-
tional replacement of up to 26 genes in L. mirabile (Fig. 3) repre-
sents an extraordinary example of the actual effect that rampant
HGT can exert on plant mitochondria.
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To explore why foreign gene copies are replacing the native
homologs, we looked for evidence of relaxation of selection on
native vs foreign homologs that would give foreign genes a com-
petitive advantage. According to our results, native genes did not
show evidence of diversifying selection, or evolutionary patterns
or rate of synonymous substitutions different from foreign
homologs, or from those in free-living angiosperms. Thus, the
reasons for the functional replacement of native genes by host
homologs remain elusive.

Conclusions

The mtDNA of L. mirabile revealed several remarkable features,
the most extraordinary of which is the presence of 80% of the
protein genes acquired from its host, while the native homologs
were lost. The unprecedented replacement of native genes by
likely functional foreign homologs raises new questions regarding
the consequences of HGT on the host—parasite relationship and
on the coevolution of organellar and nuclear genomes. Consider-
ing the extensive functional replacement of foreign mitochondrial
genes in L. mirabile mtDNA, the magnitude and effect of HGT
in the nuclear genome of this holoparasite are intriguing. Further
analysis of parasitic species should contribute to uncover evolu-
tionary aspects of acquiring foreign genes and address the effect
of a hemiparasitic or a holoparasitic lifestyle on the proclivity for

HGT.
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