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ABSTRACT

The intimate contact between the holoparasitic plant Lophophytum mirabile (Balanophoraceae)
and its host plant (Fabaceae) facilitates the exchange of genetic information, increasing the frequency
of horizontal gene transfer (HGT). Lophophytum stands out as it acquired a large number of
mitochondrial genes (>20) from its legume host that replaced the majority of the native homologs. These
foreign genes code for proteins that form multisubunit enzyme complexes, such as those in the oxidative
phosphorylation system (OXPHOS) and cytochrome ¢ maturation (ccm) system, together with dozens
of nuclear-encoded subunits. However, the existence and the origin of the nuclear subunits that form
the major part of the OXPHOS and ccm system in Lophophytum remain unknown. It was proposed that
nuclear-encoding genes whose products interact with foreign mitochondrial proteins are also foreign,
minimizing the incompatibilities that could arise in the assembly and functioning of these multiprotein
complexes. We identified a nearly complete set of OXPHOS and ccm system subunits evolving under
selective constraints in the transcriptome of Lophophytum, indicating that OXPHOS is functional and
resembles that of free-living angiosperms. Maximum Likelihood phylogenetic analyses revealed a
single case of HGT in the nuclear genes, which results in mosaic OXPHOS and ccm system in
Lophophytum. These observations raise new questions about the evolution and physiology of this
parasitic plant. A putative case of cooperation between two foreign (one mitochondrial and one nuclear)
genes is presented.
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1. INTRODUCTION

Parasitic plants originated 12 times independently from free-living angiosperms (Nickrent,
2020). One of these lineages is the sandalwood order (Santalales), a monophyletic group that presents
a wide variety of lifestyles, including autotrophic, hemiparasitic, and holoparasitic plants. Within the
Santalales, holoparasitism arose in two lineages independently: Balanophoraceae sensu stricto and
Mystropetalaceae (Su et al., 2015). The family Balanophoraceae sensu stricto encompasses 14 genera
of obligate root holoparasites predominantly distributed in tropical regions (Nickrent, 2020; Su et al.,
2015). Extraordinary properties associated with the molecular evolution of the organelles in members
of this family have been recently reported. Plastid genomes in the Balanophoraceae exhibit high
substitution rates, extreme AT content and two genetic code changes (Ceriotti et al., 2021; Schelkunov
et al., 2019; Su et al., 2019). The mitochondrial genome is only known for Lophophytum and
Ombrophytum, both of which show evidence of large-scale horizontal gene transfer (HGT) events
mainly from their host plants (Roulet et al., 2020; Sanchez-Puerta et al., 2019, 2017).

Lophophytum mirabile subsp. bolivianum (Balanophoraceae) lives in northwestern Argentina,
Bolivia and Paraguay, parasitizing roots of mimosoid legumes of the family Fabaceae (Hansen, 1980)
(Sato, 2014). The intimate contact between the holoparasite and its host facilitates the movement of
genetic information, increasing the frequency of HGT (Sanchez-Puerta et al., 2017). Lophophytum
stands out among the frequent horizontal transfers involving plant mitochondria because of the
replacement of 60% of its mitochondrial genes by host-derived homologs (Roulet et al., 2020; Sanchez-
Puerta et al., 2019, 2017). Moreover, foreign genes are considered functional in the recipient
mitochondria based on three lines of evidence, including significant transcription levels, accurate intron
splicing, and efficient RNA editing of foreign homologs (Garcia et al., 2021). Among the functional
foreign genes, there are several involved in the oxidative phosphorylation system (OXPHOS) and in
the cytochrome ¢ maturation (ccm) system, which are composed of multisubunit complexes formed by
proteins encoded in the nuclear and mitochondrial genomes (Gualberto and Newton, 2017). Therefore,
the OXPHOS and ccm system in Lophophytum contain foreign and native mitochondrial-encoded
subunits (Sanchez-Puerta et al., 2017), while the presence and the origin of the dozens of nuclear-
encoded subunits that form the major part of these systems remain unknown, with one exception -
SDH3- (Garcia et al., 2021).The presence of foreign functional mitochondrial genes that interact with
nuclear components could generate cytonuclear incompatibilities resulting in an aberrant or deficient
OXPHOS system in Lophophytum. A reduced respiratory capacity has been reported for other parasitic
eukaryotes (Santos et al., 2018). Among angiosperms, hemiparasites of the genus Viscum (Santalales)
show reduced ATP production due to the absence of OXPHOS complex I and the use of alternative
oxidases (Maclean et al., 2018; Senkler et al., 2017). Lophophytum has not been subjected to
physiological studies and the nuclear genes encoding OXPHOS subunits have not been analyzed to
date. A deficient OXPHOS system may imply that a few or many of the nuclear-encoded proteins
involved in mitochondrial respiration are missing or evolving under genetic drift. Alternatively, it is
possible that those subunits encoded in the nuclear genome that interact with mitochondrial proteins of
foreign origin are also foreign, minimizing the incompatibilities that could arise in the assembly and
functioning of these multiprotein complexes. Conversely, those nuclear-encoded proteins that interact
with native mitochondrial-encoded proteins would be native.

Given that a major fraction of the mitochondrial subunits of protein complexes are foreign in
Lophophytum, this species is an interesting model to study the evolution and impact of HGT on nuclear-
encoded subunits that form part of mitochondrial complexes. In this study, we aim to i) assess the



completeness of OXPHOS complexes in Lophophytum; ii) evaluate the impact of HGT on these
nuclear-encoded genes; iii) examine whether these nuclear genes are subjected to natural selection as
indirect evidence of functionality; and iv) discuss the implications on the physiology and evolution of
this parasitic plant.

2. MATERIALS AND METHODS
2.1. Transcriptomic data

The RNA sequence data of Lophophytum mirabile was obtained from NCBI (Bioproject
PRINAG601125; Garcia et al., 2021). Briefly, total RNA extraction was performed from male and female
flowers of an individual of Lophophytum collected from the Parque Nacional Calilegua (Jujuy,
Argentina). Total RNA was treated with Ribo-Zero to remove ribosomal RNA. RNA sequencing
(RNAseq) was performed with Illumina Hiseq2500 technology at Macrogen (Korea) and a total of
562,330,328 paired sequences of 101 bp in length with an insert size of 138 bp were obtained. The
downloaded RNAseq data set was curated with Trimmomatic (Bolger et al., 2014) and assembled using
Trinity v.2.8.4 (Grabherr et al., 2011). A BUSCO analysis of nearly universal single copy orthologs in
eukaryotes, embryophytes, and eudicots indicated that the transcriptome was quite complete
considering the holoparasitic nature of Lophophytum (Garcia et al., 2021).

We performed BLASTn and tBLASTn searches available at NCBI using CDS sequences of
Arabidopsis nuclear genes (Table S1) as bait to obtain homologous genes in the Lophophytum
transcriptome. Based on exploratory searches, we selected those transcripts with hits showing an
identity greater than 40% and query coverage above 60% to make sure that we did not miss any homolog.
We identified ORFs using the GETORF program (EMBOSS: GETORF) and verified if they correspond
to homologs of the Arabidopsis gene used as query by making reciprocal BLASTn searches (Data set
1). Query sequences were obtained using the Arabidopsis gene identifier for the subunits of the
OXPHOS complexes, cytochrome c, alternative oxidoreductases, and the maturation system of type ¢
cytochromes listed by (Meyer et al., 2019), not considering the proposed subunits whose associations
to the complexes have not been confirmed.

2.2.Phylogenetic analyses

To infer the phylogenetic relationships of Lophophytum nuclear genes, multiple sequence
alignments were generated. Nuclear nucleotide sequences from 25 diverse angiosperms were obtained
from GenBank databases by performing BLASTn searches against 'refseq representative genomes'
(Table S1), using Arabidopsis nucleotide sequences as query. Again, those BLAST hits with an identity
percentage greater than 40% and a coverage percentage above 60% were selected and the complete
CDS of each hit was obtained. For the SDH3 subunit, mitochondrial sequences from several
angiosperms were included for phylogenetic analysis given that this gene is variably encoded in the
mitochondrial or the nuclear genome across angiosperms (Adams et al., 2001).

Nucleotide sequences of genes were aligned using MAFFT v.7.407 (parameters: --
adjustdirectionaccurately --localpair --maxiterate 1000) (Katoh and Standley, 2013). Poorly aligned
regions were removed with BMGE v.1.12 (parameters: --t DNA --m DNAPAM150:2) (Criscuolo and
Gribaldo, 2010). Maximum Likelihood phylogenetic analyses were run with RAXML v.8.2.11
(Stamatakis, 2014) using the GTRGAMMA model and including 1,000 rapid bootstrap replicates. Trees



were visualized with FigTree v.1.4.4. Besides, to record the number of differences between native
sequences in Lophophytum and mimosoid legume sequences, we compared the nuclear and
mitochondrial encoded native genes in Lophophytum with those of mimosoid legumes based on the
OXPHOS nucleotide alignments.

The information of the presence, membrane location, and phylogenetic origin of the products of
mitochondrial and nuclear-encoded genes was illustrated in a schematic drawing of the OXPHOS and
ccm system of Lophophytum. The schemes were adapted from KEGG (Kyoto Encyclopedia of Genes
and Genomes) reference pathways (Kanehisa et al., 2021) and from Arabidopsis complex I (Ligas et
al., 2019), complex II (Braun, 2020), complex III (Meyer et al., 2019), complex V (Rohricht et al.,
2021), alternative respiratory pathways and ccm system (Hamel et al., 2009), and from Vigna
complex IV (Maldonado et al., 2021).

2.3. Evolutionary analyses

Non-synonymous (dN) and synonymous (dS) substitution rates were estimated from individual
alignments of protein-coding genes. The codeml program within PAML v.4.9 (Yang, 2007) was used
to calculate the values of dN (the average number of non-synonymous differences for each non-
synonymous site) and dS (the average number of synonymous differences for each synonymous site)
based on each nucleotide alignment and gene phylogeny. It was assumed that all the branches have
different dN and dS values (model = 1). The dN/dS ratio makes it possible to infer the selection pressure
for each gene. A low ratio (dN/dS < 1) indicates purifying selection, a high ratio (dN/dS > 1) indicates
positive selection, while a ratio close to 1 suggests the absence of natural selection and that the gene is
evolving neutrally by genetic drift (Nielsen, 2005).

3. RESULTS
3.1. Evidence of a complete and functional OXPHOS and ccm system in Lophophytum

The plant mitochondrial OXPHOS is composed of five classic multiprotein complexes: NADH
dehydrogenase (complex I), succinate dehydrogenase (complex II), cytochrome ¢ reductase (complex
II), cytochrome c oxidase (complex 1V), and ATP synthase (complex V) (Braun, 2020; Meyer et al.,
2019). Electrons enter the electron transport chain (ETC) of OXPHOS (complex I to IV) until the
reduction of oxygen to water. The synthesis of ATP is carried out in complex V from the
electrochemical gradient generated by the translocation of protons in complexes I, III, and IV.
Homologs of the Arabidopsis nuclear genes that encode OXPHOS proteins were identified in the
Lophophytum transcriptome through BLASTn and tBLASTn searches. Out of 71 nuclear-encoded
subunits described in the five OXPHOS complexes of Arabidopsis (Meyer et al., 2019), homologs for
all but two subunits were identified in the transcriptome of Lophophytum (Table 1). In all cases, the
ORF lengths of the transcripts of Lophophytum were comparable to those in Arabidopsis and resemble
mature RNAs (Table 1). The missing subunits correspond to complexes I (y carbonic anhydrase subunit
3 - CA3) and II (SDHS). In Arabidopsis, the y carbonic anhydrase domain is a trimer that can present
the following conformations: CA2 + CA2 + CA-like, CA1 + CA1l + CA-like or homotrimer of CA3
(Cordoba et al., 2019). Nevertheless, the CA2-dependent trimer is the most abundant (80%) in adult
plants and it has been suggested that CA3 might not be a subunit of complex I (Klodmann et al., 2010)
but may play a role in the assembly and stabilization of complex I (Coérdoba et al., 2019). In
Lophophytum, one homolog to the pair of homologous genes CA1/2 of Arabidopsis and a homolog of
the CA-like genes were identified (Table 1, Figure S1). Therefore, the yYCA domain of Lophophytum



could exhibit different functional conformations, such as those described in Arabidopsis. The other
homolog missing in Lophophytum is that encoding the SDH8 (At2g46390) subunit of complex II.
Homologs of SDHS have only been identified in the genomes of the family Brassicaceae and in
monocots and it may not represent a true subunit of complex II (Schikowsky et al., 2017), although it
might be more widely present but the small size makes its identification challenging (Huang et al.,
2019). Homologs to all nuclear-encoded genes in Arabidopsis are also nuclear-encoded in Lophophytum,
except for sdh4 (complex II) that is mitochondrial-encoded in the holoparasite (Sanchez-Puerta et al.,
2017). The genes sdh3 and sdh4 are encoded in the mtDNA of various plant species, while in others
these genes have been functionally transferred to the nucleus (Adams et al., 2001). Overall, the set of
OXPHOS subunits encoded in the Lophophytum nuclear genome is virtually complete, exhibiting over
97% of the subunits that make up the five OXPHOS complexes of Arabidopsis.

Cytochrome c is in charge of transporting electrons between complexes IIl and IV and it is
encoded by nuclear genes in angiosperms. Two full-length homologs to cytochrome ¢ were found in
the Lophophytum transcriptome (Table 1). In Arabidopsis, the maturation system of type ¢ cytochromes
(ccm system) is carried out by proteins encoded in the mitochondrial (ccmB, cemC, ccemFN, and cemFc)
or nuclear (ccmA, ccmE, and ccmH) genomes (Meyer et al., 2019; Rayapuram et al., 2007). In this work,
homologs of the three nuclear genes were identified in the Lophophytum transcriptome, and the four
mitochondrial-encoded genes were previously described in the Lophophytum mtDNA (Sanchez-Puerta
etal., 2017).

In addition to the evidence provided by the presence of nearly all the genes (and of the expected
length) for the assembly of OXPHOS and the ccm system in Lophophytum, the functionality was further
evaluated by analyzing whether these genes are subject to evolutionary constraints. For each of the
nuclear-encoded genes of Lophophytum, the selection pressure was assessed by estimating the dN/dS
ratios. The dN/dS values were always far below 1 (Table 1), indicating that these genes are evolving
under purifying selection. The mitochondrial-encoded genes were also shown to be evolving under
selection pressure (Sanchez-Puerta et al., 2017). These results support a functional role of the OXPHOS
in Lophophytum.

Table 1. Nuclear genes involved in OXPHOS, ccm system, and alternative respiratory pathways in
Arabidopsis and Lophophytum mirabile. Shown are the ORF lengths and estimated ratios of
synonymous (dS) and non-synonymous (dN) substitution rates (@ = dN/dS) of the nuclear genes of

Lophophytum.
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b A dash indicates a missing gene copy in Arabidopsis but present in Lophophytum.

¢ A dash indicates that the Arabidopsis homolog is absent in the Lophophytum transcriptome.
d The PAML V 4.9 program (http://abacus.gene.ucl.ac.uk/software/paml.html) (Yang, 2007) was used to estimate dN and
dS under the model = 1 of codeml.

3.2. All but one of the nuclear-encoded genes of the OXPHOS and ccm system are
native in Lophophytum

Phylogenetic analyses of each of the nuclear-encoded subunits in Lophophytum revealed that
all but one are native (Figure S1). Given the lack of nuclear sequences from Santalales, homologs of
Lophophytum that are found in different locations in the phylogenetic trees, but not associated with the
Fabaceae family with high bootstrap support (>70%) were conservatively considered native. The



expected phylogenetic position of vertically-inherited genes of Lophophytum is sister to asterids (Li et
al., 2019; The Angiosperm Phylogeny Group et al., 2016) or to rosids (Leebens-Mack et al., 2019). For
example, Figure 1 shows the phylogeny of the SDH1 subunit of OXPHOS complex II. This
phylogenetic tree shows that the homolog of Lophophytum is distant from the clade that represents the
Fabaceae suggesting its native origin. In contrast, Figure 2 shows the phylogeny of the SDH3 subunit
of OXPHOS complex II, which is mitochondrial or nuclear-encoded across angiosperms due to multiple
independent intracellular functional transfers from the mitochondrial to the nuclear genome (Adams et
al., 2001). The sequence corresponding to Lophophytum is nuclear-encoded and related to that of
Prosopis alba (Fabaceae, mimosoid clade) with strong bootstrap support (94%), indicating that this
gene is foreign in Lophophytum and it was acquired via HGT from a mimosoid legume host. Detailed
sequence analyses indicated that the transit peptide is also similar to that of Prosopis evidencing a
nucleus-to-nucleus horizontal transfer of the sdh3 (Garcia et al., 2021). The remaining phylogenetic
trees (Figure S1) indicate a native origin for all the homologs of Lophophytum involved in OXPHOS
and ccm system. In a few cases, more than one homolog were identified in Lophophytum, which are the
result of ancestral (COX6b) or more recent (ATP20, cytc) gene duplications, as also observed in other
angiosperms.
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Figure 1. Example of a native nuclear-encoded gene in Lophophytum mirabile. Maximum Likelihood
(ML) phylogenetic analysis of the gene for the SDH1 subunit present in complex II of OXPHOS. ML
bootstrap support values >50% from 1,000 bootstrap replicates are shown above each branch. The scale
bar corresponds to substitutions per site. Lophophytum and Fabaceae sequences are in blue and orange,
respectively.
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Figure 2. Example of a foreign nuclear-encoded gene in Lophophytum mirabile. Maximum likelihood
(ML) phylogenetic analysis of the gene for the SDH3 subunit present in the complex II of the OXPHOS.
ML bootstrap support values >50% from 1,000 bootstrap replicates are shown above each branch. The
scale bar corresponds to substitutions per site. Lophophytum and Fabaceae sequences are in blue and
orange, respectively. Mt: mitochondrial-encoded genes; Nu: nuclear-encoded genes.

3.3. Alternative respiratory pathways in Lophophytum

Besides the five classic protein complexes, plant OXPHOS present alternative pathways to
electron flow: nuclear-encoded alternative oxidases (AOX) and alternative NADH dehydrogenases
(altND) (Meyer et al., 2019). Electrons may enter through an altND and be transferred to AOX for
oxygen reduction, without proton translocation (Millar et al., 2011). Alternatively, electrons inserted
into altNDs can be coupled to proton translocation in complexes I1I and IV, while electrons entered into



complex I can be transported to AOXs for oxygen reduction (Braun, 2020). Homologs for most of the
altND and AOX described in Arabidopsis were found in Lophophytum (Table 1). Two and one
homologs to the Arabidopsis genes AOX1 and AOX2, respectively, were identified in the Lophophytum
transcriptome (Table 1). Regarding the altND, seven subunits make up this complex in Arabidopsis,
four located externally (NDB1, NDB2, NDB3, and NDB4) and three internally (NDA1, NDA2, and
NDC) in the inner part of the inner membrane of the mitochondria (Braun, 2020). Homologs to NDBI1,
NDB4, and NDC were not identified in the Lophophytum transcriptome. Nevertheless, of the four
altNDs located externally, the NDB2 is the predominant external NADH dehydrogenase in Arabidopsis
mitochondria (Sweetman et al., 2019). NDC is also targeted to the chloroplast and participates in
plastoquinone reduction and phylloquinone biosynthesis (Piller et al., 2011). Noticeably, NDC
transcripts are also missing in holoparasitic plants of the family Orobanchaceae (Gu et al., 2021). All
genes involved in the alternative respiratory pathways in Lophophytum are nuclear-encoded and
evolving under purifying selection (Table 1), providing indirect evidence of their functional status.
Phylogenetic trees showed that all homologs of the altND and AOX are native in Lophophytum with a
recent duplication of the AOX1 gene (Figure S1).

4. DISCUSSION

4.1. The mosaic OXPHOS of Lophophytum highly resembles that of free-living
angiosperms but may be less efficient

Several lines of evidence provided here and in earlier studies (Garcia et al., 2021; Sanchez-
Puerta et al., 2017) indicate that the OXPHOS in Lophophytum is similar to that of free-living plants
and is likely functional: 1) the mtDNA gene content includes all the expected genes coding for OXPHOS
subunits; ii) mitochondrial-encoded OXPHOS genes are efficiently expressed, edited, and spliced; iii)
homologs for nearly all nuclear genes coding for OXPHOS subunits in the Arabidopsis nuclear genome
were identified in the transcriptome of Lophophytum and show the expected length; and iv)
mitochondrial and nuclear-encoded OXPHOS genes are evolving under strong purifying selection.

However, Lophophytum exhibits an unexpected situation in its mitochondria given that eleven
OXPHOS and three ccm system subunits encoded in the mitochondrial genome are completely or
partially foreign, while eight OXPHOS and one ccm system mitochondrial-encoded subunits are native
(Garcia et al., 2021; Sanchez-Puerta et al., 2017). Furthermore, all but one (SDH3) nuclear-encoded
subunits are native. As a result, the OXPHOS complex III is the only one with mitochondrial and nuclear
subunits that are entirely native. In contrast, the OXPHOS complexes I, II, IV, and V are made up of
native and foreign (or chimeric) mitochondrial proteins and native nuclear proteins, except for the
foreign nuclear sdh3 in complex II (Figure 3). In addition, the foreign and native subunits of
Lophophytum have a wider range of interactions given that the OXPHOS complexes can be found
forming supercomplexes (Eubel et al., 2004; Schigger and Pfeiffer, 2000; Ukolova et al., 2020).
Likewise, the mitochondrial genes ccmB, ccmC, and ccmFc are foreign in Lophophytum (Garcia et al.,
2021; Sanchez-Puerta et al., 2017), while ccmFN and the nuclear genes (ccmA, ccmE, and ccmH) are
native, evidencing the mosaic nature of the ccm system (Figure 3). Overall, the OXPHOS and ccm
system in Lophophytum consist of a mosaic of mitochondrial and nuclear subunits with different
phylogenetic origin (Figure 3), a situation that might generate conflicts in the interactions among
mitochondrial proteins and also, nuclear cytoplasmic incompatibilities.
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Figure 3. Schematic structure of the mosaic OXPHOS and ccm system in the inner mitochondrial
membrane of Lophophytum, as well as that of the alternative respiratory pathways. Nuclear encoded
genes are shown in light and dark indigo if native or foreign, respectively. Mitochondrial encoded genes
are shown in light and dark purple if native or foreign/chimeric, respectively. The association of the
plant-specific subunit COX1-X1 within complex IV is still unclear and is not shown.

Nuclear and mitochondrial genes whose products interact in multiprotein complexes are known
to co-evolve over time. The co-evolution of cytonuclear enzyme complexes implies that rapid changes
(or replacements) of one of the co-adapted genes could cause incompatibilities that lead to fitness
reduction, generating a selection pressure for subsequent changes in genes in the other genome. In fact,
plants with high substitution rates in their plastid and/or mitochondrial genomes show an increase in
the evolutionary rates of nuclear genes whose products interact with organellar-encoded proteins within
the organellar compartments (Rockenbach et al., 2016; Sloan et al., 2014; Weng et al., 2016; Williams
et al., 2019; Zhang et al., 2015). In some cases, rapid changes can disrupt a metabolic pathway. A few
Silene species with high rates of substitutions in their mitochondrial genes (Havird et al., 2019) exhibit
a decrease in respiratory efficiency relying more heavily on alternative oxidases and accessory
dehydrogenases (Weaver et al., 2020). Severe phenotypes, such as cytoplasmic male sterility (CMS),
have been described when the mitochondrial gene content is impacted by interspecific plant
hybridization events creating cytonuclear incompatibilities, even between closely related species
(Chase, 2007; Sabar et al., 2000; Touzet and Meyer, 2014). Similarly, the massive mitochondrial HGT
from the distantly related host plants to Lophophytum and the functional substitution of several
mitochondrial-encoded genes that have evolved interacting with a different nuclear background opens



the possibility of incompatibilities within OXPHOS complexes or the ccm system that may affect the
respiration rate and efficiency of the holoparasite.

4.2. The unexpected functional acquisition of foreign subunits that form part of
multisubunit complexes in Lophophytum
It is puzzling that foreign mitochondrial genes, such as those encoding OXPHOS subunits,

reached fixation even when their products likely disrupt the interactions between co-evolved native
proteins within multisubunit complexes. A possible explanation involves the role of genetic drift. After
the fortuitous acquisition of foreign genes, some of them could have been fixed by chance, instead of
being eliminated by natural selection based on the negative physiological effect on cellular respiration
(e.g. a decrease in ATP production). Genetic drift plays an important role in organisms with small
populations, as inferred for Lophophytum (Garcia et al., 2021), leading to an evolutionary situation that
may be slightly unfavorable from the energetic standpoint, but still viable. In this case, the foreign
mitochondrial genes could have been maintained by genetic drift even when producing a slightly
deleterious effect. This effect could have been limited by the low substitution rates of angiosperm
mitochondrial genomes (Bellot et al., 2016; Drouin et al., 2008; Palmer and Herbon, 1988; Zervas et
al., 2019). Thus, the foreign mitochondrial protein-coding genes donated by the Fabaceae would be
translated into proteins that resemble the native ones creating minor incompatibilities in the assembly
and function of the OXPHOS. Likewise, genes transferred between closely related bacteria do not
interfere with the functioning of protein complexes because they are very similar to the native ones
(Soucy et al., 2015; Tian et al., 2015). A negative correlation has been observed between the number of
HGT events and the evolutionary distance of donor and recipient bacterial species (Williams et al.,
2012). Therefore, given the low divergence between the Fabaceae and Lophophytum mitochondrial
proteins, the functional substitution of several native OXPHOS genes by mimosoid homologs could
have occurred by genetic drift leading to a slightly lower respiratory efficiency and increased
dependence on alternative pathways of the electron transport chain, but these aspects remain unexplored.
This putative decrease in fitness was likely mitigated by the parasitic lifestyle, slow growth, and small
size of Lophophytum. Future work should focus on experimentally evaluating the ATP production and
oxygen consumption in the presence of ADP or specific electron donors and inhibitors. Comparing the
respiration efficiency in Lophophytum and in the closely related holoparasite Ombrophytum
subterraneum that maintains native mitochondrial genes for each of the OXPHOS complexes (Roulet
et al., 2020) would be valuable to further understand the impact of HGT in this holoparasitic plant.

In contrast to mitochondrial genes, nuclear genes among angiosperms display higher rates of
substitution (Drouin et al., 2008). The native nuclear proteins of Lophophytum are more divergent with
respect to the nuclear proteins of the Fabaceae in comparison to their mitochondrial proteins. Thus, a
replacement of a native nuclear gene by a host-derived homolog would likely create strong
incompatibilities in the interactions with native subunits within the OXPHOS complexes or the ccm
system. Comparisons of several nuclear genes involved in OXPHOS exhibit 54-83% similarity between
the protein sequences of Lophophytum and the mimosoid legume Prosopis. The acquisition of a foreign
nuclear gene that interacts with native subunits of OXPHOS would have likely resulted in a severe drop
in fitness, followed by the evolutionary loss of such foreign homolog by natural selection. This scenario
is largely compatible with the phylogenetic results, in which all but one of the nuclear-encoded genes
involved in multisubunit complexes are native in Lophophytum. Nevertheless, this study represents a
first glimpse of the impact of HGT in the nucleus of the holoparasite. It is also possible that the level of
nucleus-to-nucleus transfer events between Lophophytum and its host is low and many of the OXPHOS
nuclear genes have never been acquired by the holoparasite. However, the genome-scale horizontal
transfers of mitochondrial DNA to the Lophophytum mtDNA (Sanchez-Puerta et al., 2017) suggest that



nuclear DNA from the host plants has also been transferred to the holoparasite nuclear genome.
Genome-wide analyses will reveal to what extent the nuclear genome of Lophophytum was shaped by
HGT and if other cytonuclear complexes (e.g. mitochondrial ribosomes) show similar evolutionary
patterns.

4.3. Co-acquisition of sdh4 and sdh3 as a result of cooperation between foreign
genes?

It has been proposed that the accidental acquisition of a foreign nuclear gene that interacts with
other foreign subunits of OXPHOS could have been retained by natural selection as they might represent
a fitness increase by minimizing the incompatibilities in the assembly and functioning of these
multiprotein complexes. An example of this scenario could be the co-acquisition of the mitochondrial
sdh4 and the nuclear sdh3 from mimosoid hosts.

In contrast to the 25 core mitochondrial genes almost universally present across angiosperms
(Mower et al., 2012), ribosomal protein genes and those encoding subunits of OXPHOS complex II
(sdh3, sdh4) are variably present in the mitochondrial genomes of flowering plants (Adams et al., 2002).
In at least 14 and eight independent events across angiosperms, the genes sdh3 and sdh4, were
functionally transferred to the nuclear genome, respectively (Liu et al., 2009). Both genes are nuclear-
encoded in Arabidopsis, while sdh3 is nuclear-encoded and sdh4 is mitochondrial-encoded in mimosoid
legumes (Adams et al., 2001; Choi et al., 2019). In the family Balanophoraceae, the genes sdh3 and
sdh4 are located in the mtDNA of Ombrophytum (Roulet et al., 2020), Rhopalocnemis, and
Balanophora (Renchao Zhou pers. comm.). Similarly, the sdh4 is located in the mtDNA of
Lophophytum although a foreign copy has replaced the native homolog (Sanchez-Puerta et al., 2017).
Noticeably, the native sdh3 has been functionally replaced in Lophophytum by a nuclear-encoded
mitochondrial-targeted sdh3 acquired from the legume hosts. For some time, both the native and the
foreign sdh3 must have co-existed and been functional in the mitochondria, until the native sd#3 became
a pseudogene. The foreign SDH3 protein is likely quite different from the native protein, based on
present-day comparisons. At the amino acid level, Ombrophytum mitochondrial-encoded sdh3
(resembling the native sdh3) is 54% similar to the nuclear-encoded sdh3 of Prosopis (resembling the
foreign sdh3). The retention of the nuclear foreign copy over the native one could have been driven by
the functional replacement of the mitochondrial gene sdh4 by a host-derived copy, or vice versa.
Complex II is composed of four classical subunits, of which the membrane subunits SDH3 and SDH4
anchor the two catalytic subunits, SDH1 and SDH2 (Braun, 2020; Huang et al., 2019; Meyer et al.,
2019). The proteins SDH3 and SDH4 are inserted in the inner mitochondrial membrane and exhibit
extensive physical contact with each other (Sun et al., 2005). Cooperation between two foreign genes
from the same donor, such as sdh3 and sdh4, can result in gene co-occurrence in the recipient organism.
Individually, each foreign gene may have caused deleterious effects but together they may have resulted
in a benefit of cell fitness (Hall et al., 2020). Foreign genes may be acquired simultaneously or
sequentially, similar to the mitonuclear co-introgression of mtDNA and nuclear-encoded
mitochondrial-targeted genes observed in hybrids, which would attenuate the effects of breaking up co-
evolved mitochondrial and nuclear genes (Burton et al., 2013).
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TABLES

Table 1. Nuclear genes involved in OXPHOS, ccm system, and alternative respiratory pathways in
Arabidopsis and Lophophytum mirabile. Shown are the ORF lengths and estimated ratios of
synonymous (dS) and non-synonymous (dN) substitution rates (w = dN/dS) of the nuclear genes of
Lophophytum.

FIGURE LEGENDS

Figure 1. Example of a native nuclear-encoded gene in Lophophytum mirabile. Maximum Likelihood
(ML) phylogenetic analysis of the gene for the SDH1 subunit present in complex Il of OXPHOS. ML
bootstrap support values >50% from 1,000 bootstrap replicates are shown above each branch. The scale
bar corresponds to substitutions per site. Lophophytum and Fabaceae sequences are in blue and orange,
respectively.

Figure 2. Example of a foreign nuclear-encoded gene in Lophophytum mirabile. Maximum likelihood
(ML) phylogenetic analysis of the gene for the SDH3 subunit present in the complex II of the OXPHOS.
ML bootstrap support values >50% from 1,000 bootstrap replicates are shown above each branch. The
scale bar corresponds to substitutions per site. Lophophytum and Fabaceae sequences are in blue and
orange, respectively. Mt: mitochondrial-encoded genes; Nu: nuclear-encoded genes.

Figure 3. Schematic structure of the mosaic OXPHOS and ccm system in the inner mitochondrial
membrane of Lophophytum, as well as that of the alternative respiratory pathways. Nuclear encoded
genes are shown in light and dark indigo if native or foreign, respectively. Mitochondrial encoded genes
are shown in light and dark purple if native or foreign/chimeric, respectively. The association of the
plant-specific subunit COX1-X1 within complex IV is still unclear and is not shown.

SUPPLEMENTARY MATERIAL
Table S1. Accession numbers and references of the nuclear sequences included in the phylogenetic
analyses.



Figure S1. Maximum likelihood phylogenetic analyses of the nuclear-encoded genes involved in
OXPHOS, ccm system, and alternative respiratory pathways. Homologs of Lophophytum mirabile are
all native, except for sdh3. ML bootstrap support values >50% from 1,000 bootstrap replicates are
shown above each branch. Scale bars correspond to substitutions per site. Lophophytum and Fabaceae
sequences are in blue and orange, respectively.

DATA

Data set 1. Nucleotide sequences of the Lophophytum ORFs identified in the assembled transcripts that
code for subunits of the OXPHOS complexes, the maturation system of type ¢ cytochromes, alternative
oxidoreductases, and the cytochrome c.



List of abbreviations

A — adenosine

A — absorbance (1 cm)

aa — amino acid(s)

Ab — antibody(ies)

Ad — adenovirus

AdoMet (or SAM) — S-adenosylmethionine
AMYV - avian myeloblastosis virus

Ap — ampicillin

BGal — B-galactosidase

bp — base pair(s)

BSA — bovine serum albumin

C — cytidine

cAMP — cyclic adenosine 3°,5’-monophosphate
CAT — Cm acetyltransferase

cat — gene encoding CAT

ccc — covalently closed circular

cDNA — DNA complementary to RNA
CHO — Chinese hamster ovary

CIAP — calf intestinal alkaline phosphatase
Cm — chloramphenicol

cp — chloroplast

cpm — counts per minute

d — deoxyribo

A — deletion

dd — dideoxyribo

DMSO — dimethylsulfoxide

DNase — deoxyribonuclease

dNTP — deoxyribonucleoside triphosphate
ds — double strand(ed)

DTT — dithiothreitol

EF — elongation factor

ELISA — enzyme-linked immunosorbent assay
ENase (or R-) — restriction endonuclease
Er — erythromycin

EtdBr — ethidium bromide

G — guanosine

Gm — gentamicin

G418 — Geneticin

HIV — human immunodeficiency virus
HPLC — high-performance liquid chromatography



HPRT — hypoxanthine-guanine phosphoribosyl transferase
HSV — Herpes simplex virus

Hy — hygromycin

IF — initiation factor

IFN — Interferon

Ig — immunoglobulin(s)

IL — interleukin

IPTG — isopropyl B -D-thiogalactopyranoside
IS — insertion sequence(s)

kb — kilobase(s) or 1000 bp

kDa — kilodalton(s)

Km — kanamycin

lacZpo — lac promoter-operator

LB — Luria-Bertani (medium)

LTR — long terminal repeat(s)

m6A — N 6-methyladenosine

mAb — monoclonal Ab

MCS — multiple cloning site(s)

moi — multiplicity of infection

Mr — relative molecular mass (dimensionless)
mt — mitochondria(l)

MTase (or M - ) — DNA methyltransferase
Myr — million years

N — any nucleoside

NAD NADH — nicotinamide-adenine dinucleotide and its reduced form
Nm — neomycin

nt — nucleotide(s)

0, O — operator

oligo — oligodeoxyribonucleotide

ONPG - o-nitrophenyl B-D-galactopyranoside
ORF — open reading frame

ori — origin(s) of DNA replication

p — plasmid

p, P — promoter

PA — polyacrylamide

PAGE — PA-gel electrophoresis

PEG — poly(ethylene glycol)

pfu — plaque-forming unit(s)

Pi — inorganic phosphate

Pipes — 1,4-piperazinediethanesulfonic acid
PMSF — phenylmethylsulfonyl fluoride



Pollk — Klenow (large) fragment of E. coli DNA polymerase |
PPi — inorganic pyrophospate

PPO - 2,5-diphenyloxazole

R — (superscript) resistance/resistant

R — purine (or restriction)

RBS — ribosome-binding site(s)

rDNA — DNA coding for rRNA

re- — recombinant

RFLP — restriction-fragment length polymorphism

Rif — rifampicin

RNase — ribonuclease

rRNA — ribosomal RNA

s — (superscript) sensitivity/sensitive

S — sedimentation constant

SD — Shine-Dalgarno (sequence)

SDS — sodium dodecyl sulfate

Sm — streptomycin

ss — single strand(ed)

SSC - 0.15 M NaCl/0.015 M Na3-citrate pH 7.6

T — thymidine

t, T — terminator of transcription

Tc — tetracycline

Th — thiostrepton

TK — thymidine kinase

TMV — tobacco mosaic virus

Tn — transposon

tsp — transcription start point(s)

u — unit(s)

U — uridine

URF — unidentified open reading frame

UTR - unstranslated region(s)

UV — ultraviolet

wt — wild type

Xgal — 5-bromo-4-chloro-3-indolyl B-D-galactopyranoside
Y — pyrimidine

[ ] — denotes plasmid-carrier state

() — denotes prophage (lysogenic) state

:: —novel junction (fusion or insertion)

" (prime) — denotes a truncated gene at the indicated side
Nucleotide symbol combinations:

Pairs: K=G/T;M=A/C;R=A/G;S=C/G; W=A/T; Y =C/T.
Triples: B = C/G/T; D = A/G/T; H= A/C/T; V = A/C/G; N=A/C/G/T.



HIGHLIGHTS

e Lophophytum has nearly complete and likely functional OXPHOS and ccm system
e All nuclear genes of the OXPHOS and ccm system are native, except for sdh3
o The highly chimeric mitochondrial complexes may be less efficient in Lophophytum

e Co-acquisition of sdh3 and sdh4 may be a case of cooperation between foreign genes
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