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Summary

¢ Fully mycoheterotrophic plants can be difficult to place in plant phylogeny due to elevated
substitution rates associated with photosynthesis loss. This potentially limits the effectiveness
of downstream analyses of mycoheterotrophy that depend on accurate phylogenetic infer-
ence. Although mitochondrial genomic data sets are rarely used in plant phylogenetics, theory
predicts that they should be resilient to long-branch artefacts, thanks to their generally slow
evolution, coupled with limited rate elevation in heterotrophs.

e We examined the utility of mitochondrial genomes for resolving contentious higher-order
placements of mycoheterotrophic lineages in two test cases: monocots (focusing on Dioscore-
ales) and Ericaceae.

¢ We find Thismiaceae to be distantly related to Burmanniaceae in the monocot order Diosco-
reales, conflicting with current classification schemes based on few gene data sets. We con-
firm that the unusual Afrothismia is related to Taccaceae-Thismiaceae, with a corresponding
independent loss of photosynthesis. In Ericaceae we recovered the first well supported rela-
tionships among its five major lineages: mycoheterotrophic Ericaceae are not monophyletic,
as pyroloids are inferred to be sister to core Ericaceae, and monotropoids to arbutoids.

¢ Genes recovered from mitochondrial genomes collectively resolved previously ambiguous
mycoheterotroph higher-order relationships. We propose that mitochondrial genomic data

should be considered in standardised gene panels for inferring overall plant phylogeny.

Introduction

Mycoheterotrophic plants (Fig. 1) obtain some or all of their
nutrients by effectively cheating on soil fungal partners
(Leake, 2004, 2005; Merckx ez al., 2009b), reducing or replacing
the need to use sunlight to fix carbon (Merckx, 2013) without
apparent reward to the fungi (but please refer to Selosse &
Roy, 2009; Perez-Lamarque etal., 2020). At least 50 myco-
heterotrophic lineages have completely lost photosynthetic func-
tion to become fully mycoheterotrophic (FM) (Merckx &
Freudenstein, 2010), all marked evolutionary convergences (Mer-
ckx eral.,2013; Perez-Lamarque eral., 2020). The majority of
these losses occurred in monocots (91% species), with six or
seven instances in eudicots, including in Ericaceae (Merckx &
Freudenstein, 2010). In monocots, two families (Burmanniaceae,
Dioscoreales; Orchidaceae, Asparagales) together represent c.
65% of all FM species, and ¢. 75% of all origins (Imhof, 2010;
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Merckx et al., 2013; Barrett et al., 2019). Our understanding of
the phylogenetic placement of FM lineages in angiosperm phy-
logeny, both broadly and locally, has often been contentious
(Dahlgren & Clifford, 1982; Dahlgren & Bremer, 1985; Merckx
etal., 2009b; Lam ez al., 2016, 2018). For example, earlier classi-
fication schemes (Cronquist, 1968; Dahlgren & Bremer, 1985)
mistakenly grouped together distantly related mycoheterotroph
lineages, due to an overemphasis on their convergent and unusual
morphological modifications (i.e. reduced plant stature, loss/re-
duction of leaves, highly modified underground organs that
recover carbon and other nutrients from soil fungi, and some-
times highly modified floral forms; Imhof, 2010; Merckx
et al., 2013); molecular data can also be misled by extremely ele-
vated substitution rates in some lineages (Lam ez /., 2018; Susko
& Roger, 2021). A firmer understanding of the phylogenetic
placement of these marked plants would provide refined esti-
mates of their highly convergent evolution. For example, reliable
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Fig. 1 Examples of mycoheterotrophic lineages sampled in this study: (a) Petrosavia stellaris (Petrosaviaceae, Petrosaviales); (b) Sciaphila sp. (Triuridaceae,
Pandanales); (c) Corsia sp. (Corsiaceae, Liliales); (d) Gastrodia sesamoides (Orchidaceae, Asparagales); (e) Geosiris aphylla (Iridaceae, Asparagales); (f)
Apteria aphylla (Burmanniaceae, Dioscoreales); (g) Afrothismia hydra (Thismiaceae, Dioscoreales), flower; (h) Afrothismia foertheriana, root; (i) Thismia
rodwayi (Thismiaceae, Dioscoreales), flower; (j) Thismia rodwayi, root; (k) Hypopitys monotropa (Ericaceae, Ericales); (I) Pyrola asarifolia (Ericaceae,
Ericales). Photographs are by Vincent S. F. T. Merckx, except (c) by Stephanie Lyon (University of Wisconsin, Stevens Point), (e) by Ehoarn Bidault
(Missouri Botanical Garden) and (I) by Qianshi Lin.

phylogenies are needed to better understand the convergence vs
divergence of organismal and physiological traits during and after
transitions to mycoheterotrophy (Merckx & Freudenstein, 2010;
Graham eral, 2017; Jakalski etal,2021), the drivers and con-
straints that may predispose (or prevent) the origin of myco-
heterotrophy (Selosse & Roy, 2009; Imhof, 2010), and the
degree to which mycoheterotroph evolution and ecology is
affected by the ancestry of their fungal partners and vice versa
(Perez-Lamarque ez al., 2020).

Despite the rapid advance of nuclear phylogenomic methods,
plastid (chloroplast) markers still underpin much of plant classifi-
cation (Angiosperm Phylogeny Group (APG), 2016). Multdple
studies have still used them effectively for mycoheterotrophs,
including several studies that focused on a handful of plastid
genes (Fay eral,2000; Fuse & Tamura,2000; Cameron
etal.,2003; Lam ez al., 2016) to whole plastid genomes (Barrett
eral., 2014; Logacheva eral., 2014; Lam ez al., 2015, 2018; Men-
nes etal.,2015; Givnish ezal,2016; Lim etal,2016; Brauk-
mann etal,2017; Lallemand etal,2019). Nonetheless, strong
rate elevation in retained plastid genes of heterotrophs (Lam
etal., 2016, 2018) — and the resulting very long branches — can
strongly interfere with phylogenetic inference, as predicted by
Felsenstein (1978) and Hendy & Penny (1989). This is true even
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with model-based approaches that correct for multiple hits, as
demonstrated for several very rapidly evolving heterotrophic lin-
eages (Naumann etal,2016; Lam ezal, 2018). Nuclear genes
appear to be less impacted by rate elevation in heterotrophic lin-
eages compared with plastid genes (Wolfe eral, 1987; Lemaire
etal.,2011; Bromham ez al., 2013), and have recently been used
to place several heterotrophic lineages in large-scale studies using
target-sequence capture or transcriptome-based approaches (One
Thousand Plant Transcriptomes Initiative, 2019;  Baker
etal.,2021). Nuclear studies can take advantage of multispecies
coalescent  (MSC) approaches (e.g. ASTRAL-III; Zhang
etral.,2018) that are not valid for plastid or mitochondrial
genomes (as each organellar genome behaves effectively as a sin-
gle, highly informative ‘coalescent gene’; Doyle, 2022). However,
organellar data sets can still play a useful role in plant phylogenet-
ics as a data-rich counterpoint to MSC approaches, and the com-
parison between nuclear MSC and organellar results enrich our
understanding of both (Baker ez 4/, 2021; Doyle, 2022).
Mitochondrial genomes have largely been ignored in inferring
plant phylogeny, in part due to the very low substitutional rates
in most lineages (Knoop,2004; Yurina & Odintsowa, 2016),
which has led to a general perception that they evolve too slowly
to be useful (e.g. Fazekas eral, 2009, but please refer to Qiu
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et al., 2006). However, theory, simulation and empirical investi-
gations (Kim, 1996; Swofford etal, 1996; Brinkmann ezal.,
2005; Klopfstein ez al., 2017) support the idea that slower (and
therefore less saturated) genes should be less prone to the types of
long-branch artefacts observed in many heterotrophic lineages
for plastid data. While one or a few mitochondrial regions have
been deployed effectively to address the placements of several
mycoheterotroph lineages (Merckx et al., 2009a; Freudenstein
etal., 2016), analysis of mitochondrial genome-scale data sets
also show promise for placing individual heterotrophic lineages
(Bell etal,2020; Soto Gomez etal.,2020; Jost etal,2021).
Li ez al. (2019) recently posited that incongruence between plas-
tid and mitochondrial phylogenomic data sets in Orchidaceae
may at least in part be due to elevated rates in the plastid
organellar genome for FM orchids (please refer also to Lam
etal.,2018). Nonetheless, the broad utility of mitochondrial
genomes in estimating plant phylogeny — and in placing problem-
atic heterotrophic lineages in particular — remains to be tested
more generally.

Fortunately, it has become relatively straightforward to assem-
ble complete (or nearly complete) mitochondrial gene sets and
apply them in plant phylogenomic studies. Here we use the
protein-coding complement of mitochondrial genomes to exam-
ine their utility in combined phylogenomic analyses. In seed
plants this generally comprises genes for subunits of the respira-
tory chain complexes I (nad genes), 11 (sdh), 111 (cob), IV (cox)
and V (azp), subunits of a cytochrome ¢ maturation pathway
(cem), ribosomal proteins (7p/ and 7ps), and a subunit of a twin-
arginine translocase (#1C), representing ¢. 60 genes in total,
including three rDNA genes and ¢. 20 tRNA genes, and ignoring
nonfunctional transfers of genes from other genomes or even
species (Stern & Palmer, 1986; Bergthorsson eral,2004). In
most photosynthetic angiosperms, gene number can vary
between different taxa, by up to six genes (Knoop,2004; Li
etal., 2009). However, heterotrophs do not appear to experience
substantial gene loss in their mitochondrial genomes, in general,
a strong contrast with plastid genomes (Petersen ezal, 2015,
2019; Bell ez al., 2020; Soto Gomez et al., 2020).

Here we recovered and applied mitochondrial phylogenomic
data for two major clades, the monocots and Ericaceae, as test
cases to demonstrate how well this allows us to deal with con-
tentious placement of mycoheterotrophs (Merckx & Freuden-
stein, 2010). For monocots, we considered a selection of taxa
comprising all five orders that include FM taxa (Fig. la—j), but
with a particular focus on the yam order Dioscoreales, which has
experienced multiple losses of photosynthesis, and whose plastid
genomes include several extremely rapidly evolving lineages (Lam
etal.,, 2016, 2018; Givnish et al., 2018). In this order, Burmanni-
aceae include both FM and photosynthetic taxa, while Thismi-
aceae are entirely composed of FM species. Burmanniaceae are
estimated to have diverged from other Dioscoreales ¢. 116 mil-
lion years ago (Ma) (Merckx ez al., 2008), but the estimated stem
age of Thismiaceae is highly variable, ranging from ¢ 86 (61—
106) Ma in Merckx & Smets (2014) to only ¢. 12 Ma in Givnish
eral. (2018), who also include age estimates for other monocot
mycoheterotrophic lineages. Discrepancies in age estimates for
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Thismiaceae may reflect the general difficulty of including rate-
elevated heterotrophic taxa in dating analyses (Iles ez /., 2015).

Recent angiosperm classification schemes (APG, 2003, 2009,
2016) combine Burmanniaceae and Thismiaceae, despite phylo-
genetic evidence from several mitochondrial, nuclear and plastid
regions that the two lineages are not closely related in the order
(Merckx etal,2009a; Lam etal, 2016, 2018; summarised in
Fig.2). The decision to combine Burmanniaceae and Thismi-
aceae in the most recent versions of the APG classification scheme
(APG, 2009, 2016) appears to have been based primarily on evi-
dence from Caddick ezal. (2002; Fig. 2). In addition, although
they recognised the need to review the incorporation of Thismi-
aceae in Burmanniaceae, APG (2016) did not account for the
existence of problematic sequences in Caddick ez a/. (2002) noted
in Lam ez al. (2016). By contrast, the distinctness of Thismiaceae
from Burmanniaceae was clearly supported by Merckx
eral. (2009a) based on likelihood analyses of the mitochondrial
atpA and nuclear 18S rDNA loci, in a similar analysis in Merckx
& Smets (2014), and in recent plastid-based phylogenomic stud-
ies (Givnish et al, 2018; Lam et al.,, 2018). Merckx et al. (2009a)
inferred that FM Afrothismia, currently classified in Thismiaceae,
may instead be the sister group of a clade comprising both Tac-
caceae and Thismiaceae based on likelihood analyses (Fig. 2;
maximum likelihood (ML) summary), which would be consis-
tent with a further independent loss of photosynthesis (Fig. 1g,
h). However, they also found that the placement of Afrothismia
was sensitive to the inference method and gene(s) examined.
Afrothismia has also not been included in any phylogenomic anal-
yses to date, which we remedy here.

In eudicots, the heather family Ericaceae provides another exam-
ple of partly unresolved placements of mycoheterotrophic lineages.
In the most current classification based on broad-scale molecular
and morphological analyses it is divided into eight subfamilies
(please refer to Kron eral,2002 and references there), seven of
which are exclusively autotrophic (i.e. Enkianthoideae, Arbu-
toideae, Cassiopoideae, Ericoideae, Harrimanelloideae, Styphe-
lioideae and Vaccinioideae). All mycoheterotrophic Ericaceae are
currently classified under subfamily Monotropoideae, with all par-
tial/initial heterotrophic species in tribe Pyroleae (which includes
only one FM species, Pyrola aphylla), and FM species in tribes
Pterosporeae and Monotropeae (Fig. 1k,l; Kron ezal,2002; Ted-
ersoo et al.,2007). Several studies based on a few plastid, nuclear
and/or mitochondrial genes have suggested that this myco-
heterotrophic subfamily is polyphyletic, but with only low to
moderate bootstrap support (< 85%) for conflicting clades (Fig. 3;
Kron etal,2002; Braukmann & Stefanovic, 2012; Freudenstein
etal,2016; Lallemand eral, 2016), although photosynthetic arbu-
toids are well supported as sister to mycoheterotrophic monotropoids
in Freudenstein ez 4l (2016) and Lallemand ez 4/ (2016). However,
overall the relationships among major groups of Ericaceae — that is,
the core Ericaceae (also referred to as the ‘inverted anther’ clade; Kron
etal,2002), pyroloids, monotropoids, arbutoids and Enkianthus,
and especially the placement of pyroloids — have not been completely
resolved.

Our main hypothesis for both test cases is that mitochondrial
phylogenomic data can effectively resolve the relationships of
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100 Trichopus .
Trichopus

Tacca Burmanniaceae

Nartheciaceae

Caddick et al. (2002)

Nartheciaceae

Merckx et al. (2009b)

morphology + plastid atpB and rbcL + nuclear 18S mitochondrial a{pA + nuclear 18S

MP bootstrap

MP bootstrap

{Thismiaceae S.S. 87 — Thismiaceae s.s.
-11 Tacca 91
Fig.2 Schematic summary of previously 26 0.66 Afrothismia Tacca
published phylogenetic hypotheses 1 ) 91 .
concerning mycoheterotrophic Dioscoreales. 92 Dioscorea Dioscorea
Bootstrap support values and posterior | .
1 Trichopus Burmanniaceae

probabilities are noted when they are at least
50% or 0.5, respectively (double dashes or
missing values on some branches are below

Burmanniaceae

Nartheciaceae

Nartheciaceae

these cut-offs). Red lineages represent
mycoheterotrophic lineages in Dioscoreales.
(Burmanniaceae include autotrophic, partial
and fully mycoheterotrophic taxa.)

hard-to-place mycoheterotrophic lineages. In monocots, our
major focus is on the yam order Dioscoreales, to address in par-
ticular the uncertain relationships and boundaries of Burmanni-
aceae and Thismiaceae, and the placement of Afrothismia. In
Ericaceae, we surveyed all five major groups, focusing on myco-
heterotrophic Ericaceae. In both cases we examine the degree to
which these mitochondrial data sets permit inference of well sup-
ported placements of mycoheterotrophic lineages. We also report
on whether the resulting placements align with inferences made
from other recent analyses. Finally, we make recommendations
for current large-scale efforts to infer plant relationships using
phylogenomic approaches.

Materials and Methods

Taxon sampling

For monocots, we generated partial mitochondrial genome
sequences for 47 taxa, including 18 FM taxa and two partial
mycoheterotrophs (also known as mixotrophs; Selosse &
Roy, 2009). We sampled representatives from all five orders and
seven monocot families that include mycoheterotrophic taxa. We
also included representatives of two of four orders of commelinid
monocots recognised in APG (2016), Arecales and Poales,
excluded the monogeneric order Acorales (which we lacked a full
mitochondrial gene set for), and retrieved sequences of Arabidop-
sis thaliana (L.) Heynh. and another six monocot taxa from Gen-
Bank (Supporting Information Table S1). The final 54-taxon
mitochondrial matrix represents eight monocot orders and a
eudicot outgroup. For Ericaceae, we generated partial mitochon-
drial genome sequences for eight taxa, including two FM species

© 2022 The Authors
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Merckx et al. (2009b)
mitochondrial atpA + nuclear 18S
ML bootstrap/Bayesian posterior probabilities

Lam et al. (2018)
77 plastid protein-coding genes
Partitioned ML bootstrap

(Allotropa virgata Torr. & A. Gray and Prerospora andromedea
Nutt.) and three partial/initial mycoheterotrophic species (Chi-
maphila umbellata (L.) Nutt., Moneses uniflora A. Gray and Pyr-
ola minor L.). In addition, we retrieved sequences of Hypopitys
monotropa Crantz (an FM species) and five other taxa from Gen-
Bank (Actinidia chinensis Planch., Arbutus unedo L., Camellia
sinensis (L.) Kuntzes, Rhododendron simsii Planch and Vaccinium
macrocarpon Aiton; Table S1). We included A. chinensis (Actini-
diaceae) and C. sinensis (Theaceae), which are in the same order
(Ericales) with Ericaceae, as outgroups. The resulting 14-taxon
mitochondrial matrix represents all five major clades of Ericaceae
(core Ericaceae, pyroloids, monotropoids, arbutoids, and
Enkianthus) and multiple outgroups (Table S1). Our sampling
mainly focuses on mycoheterotrophic Ericaceae, because three
major green clades — the core Ericaceae, arbutoids, and
Enkianthus — have repeatedly been shown to be monophyletic
with strong support in recent studies (Braukmann & Ste-
fanovic, 2012; Freudenstein ez /., 2016; Lallemand ez al, 2016).
We sampled all three tribes of mycoheterotrophic Ericaceae
(Monotropeae, Pterosporeae and Pyroleae). Taken together, our
sampling strategy covered the problematic groups from previous
phylogenetic studies of Ericaceae and should be sufficient to
address the higher-order relationships in this family.

Sequencing, contig assembly, sequence alignment and data
matrix construction

We used a range of approaches to prepare and sequence libraries
for multiple taxa in monocots and Ericaceae (Methods S1), and
freshly extracted mitochondrial genes from these and previously
sequenced libraries (Table S1). We did not attempt to assemble
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Fig. 3 Schematic summary of previously
published phylogenetic hypotheses
concerning Ericaceae. The ‘core Ericaceae’
(sensu Kron et al., 2002) represents the clade
of five subfamilies (Cassiopoideae,

50 Pyroloids 57 Pyroloids Ericoideae, Harrimanelloideae,
60 . 63 ] Styphelioideae and Vaccinioideae) with early
100 core Eri¢ 100 core Eric anther inversion and typical ericoid
100 ; 100 : mycorrhizas. Bootstrap support values and
79 Monotropolds 92 Monotropoids posterior probabilities are noted when they
96 Arbutoids 96 Arbutoids are at least 50% or 0.5, respectively (double
dashes or missing values on some branches
Enkianthus Enkianthus are below these cut-offs). Red lineages

Freudenstein et al. (2016)
plastids matK, rbcL, trnL-F
ML bootstrap/MP jackknife

complete mitochondrial genomes, as gene sequences evolve very
slowly in most plant mitochondrial genomes, whereas intrage-
nomic recombination frequently makes relative gene order quite
variable (Wolfe et al, 1987; Gualberto ezal,2014). For mono-
cots, we assembled mitochondrial contigs following methods
used for plastid data in Lam ez al. (2015), except that we included
contigs with an average of >10x coverage. A partial genome
assembly of Pogoniopsis schenckii Cogn. was obtained using
SPADEs (Bankevich ezal,2012), with the standard parameters
suggested in the manual. For Ericaceae, we assembled mitochon-
drial contigs using GETORGANELLE v.1.6.2.¢ (Jin eral, 2020), a
pipeline using BowTIE2 v.2.3.5.1 (Langmead & Salzberg, 2012)
for recruitment of initial target-associated reads, and SPADEs for
de novo assembly of mitochondrial contigs. For most Ericaceae
species we did this using a reference dataset of plant mitochon-
drial genomes (embplantmt) with 50 rounds of contig extensions
and k-mer sizes of 21, 45, 65, 85 and 99. Most species produced
assemblies with most expected genes recovered (>90% of all
genes), except Allotropa, Arctostaphylos and  Pterospora. We
improved the Arctostaphylos assembly by using Pyrola as an addi-
tional reference sequence, and used a reference database of all
other assembled Ericaceae species to improve the Allotropa and
Prerospora assemblies.
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Freudenstein et al. (2016)
mitochondrial nad? intron and nad5 intron
ML bootstrap/MP jackknife

represent fully mycoheterotrophic
monotropoids; blue lineages represent
partially/initially mycoheterotrophic
pyroloids. ITS, internal transcribed spacer.

We retrieved protein-coding mitochondrial genes using the
BLASTN program from Brast+ NCBI (version NCBI-BLAST-
2.2.30+, Camacho eral., 2009), using A. thaliana (NC_037304)
and Oryza sativa (JE_281153) as queries for monocots, and
H. monotropa (MK990822 and MK990823) as a query for Eri-
caceae. We recovered data for the 37 protein-coding genes com-
mon to monocots, and the 38 protein-coding genes common to
Ericales. We set up individual gene files for these, each with 54
taxa for monocots, or 14 taxa for Ericaceae. For both monocots
and Ericaceae, we separately constructed concatenated data
matrices following Lam ez al. (2015), with the following modifi-
cations. We conducted initial alignment of individual mitochon-
drial genes using the MuscLe (Edgar, 2004a,b) online portal
using default settings and concatenated gene files manually. We
then used MESQUITE v.3.15 (Maddison & Maddison, 2018) to
perform manual adjustments of the matrix, following Graham
eral. (2000). The final alignment of monocots is a 36 807-bp
matrix for the concatenated protein-coding genes (for reference,
derived from 21 143 bp of unaligned data in Acanthochlamys
bracteata P.C. Kao). The final alignment of Ericaceae is a 33 801-
bp matrix for the concatenated protein-coding genes (for refer-
ence, derived from 31 657 bp of unaligned data in Enkianthus
campanulatus (Miq.) G. Nicholson). We also translated both
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alignments into corresponding amino-acid matrices. We depos-
ited new sequence data (Table S1) to GenBank (MN907133—
MN907168, MT023139-MT055781 for monocots;
MZ593998-M7Z594455 for Ericaceae), and alignments on Fig-
share (https://doi.org/10.6084/m9.figshare.14879796.v2).

Likelihood and parsimony-based analyses

We performed parsimony analysis on DNA data using Paupr*
v.4.0a build 164 (Swofford, 2002). We ran a heuristic search
for the shortest trees in monocots using tree bisection—recon-
nection (TBR) branch swapping with 10 random stepwise
addition replicates, holding one tree at each step, and other-
wise using default settings. Given the moderate number of
terminal units in the Ericaceae data set, we conducted a branch-
and-bound search for it, ensuring recovery of all the most
parsimonious trees. State transitions were treated as unordered,
and all sites were equally weighted. We estimated branch
support using 500 bootstrap replicates (Felsenstein, 1985),
each with 100 random stepwise addition replicates, and other-
wise using default settings.

We also performed ML analyses on both data sets using
RAXML v.7.4.2 (Stamatakis, 2006) with a graphical interface
(Silvestro & Michalak, 2012), considering separate unparti-
tioned and partitioned likelihood analysis of DNA data, and
unpartitioned likelihood analysis of AA data. In both cases, we
determined the partitioning schemes as follows. For DNA-
based analyses of the concatenated mitochondrial DNA matrix,
we partitioned sites using a gene-by-codon (‘G x C’) partition-
ing scheme, starting with inidal individual partitions derived
from first, second, and third codon positions of each gene
(111 initial partitions for the monocot DNA matrix, and 114
initial partitions for the Ericaceae DNA matrix); the corre-
sponding AA analysis started with one partition for each gene
(Tables S2, S3). In both cases, we combined partitions that did
not have significantly different substitution models using PARTI-
TIONFINDER2 (Lanfear etal, 2016) with the relaxed hierarchical
clustering algorithm (r-clustering) and the corrected Akaike
Information Criterion (AIC,), limiting the DNA or AA substi-
tution models under consideration to those implemented in
RAXML v.7.4.2 (please refer to TableS4 for final partitions
and models). The final partitioning schemes (Table S4) include
63 partitions for the DNA matrix and 24 amino-acid partitions
for monocots, as well as 47 partitions for the DNA matrix and
18 amino-acid partitions for Ericaceae. The GTR+G or
GTR+I+G DNA substitution models were inferred to be the
optimal fit for partitions in the DNA version of both matrices;
we used the GTR+G model for all partitions because the T
parameter for invariant sites may be well accommodated by the
gamma-distribution shape parameter ‘alpha’ (Yang, 2006). Sev-
eral optimal substitution models were inferred as the best fit
for final AA partitions (with JTT+G+F as the most commonly
inferred model for monocots, and STMTREV+F for Ericaceae;
Table S4), which we used in analysis. For all analyses, we ran
20 independent searches for the best tree and estimated branch
support using 500 bootstrap replicates (Felsenstein, 1985). We
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considered highly supported branches to have >95% bootstrap
support and poorly supported branches to have <70% support,
following Soltis & Soltis (2003).

Other analyses

We assessed the possible effect of RNA edit sites on phylogenetic
inference using approaches to identify and remove these sites
across taxa (Methods S2), before re-analysing the DNA data
using unpartitioned ML analysis. We compared GC content and
codon usage fractions of heterotrophic vs green lineages, and
characterised relative rate differences in them using BEAST v.2.6.7
(Bouckaert etal.,2019) (computationally tractable for all genes
in Ericaceae, and for a common subset of genes in monocots;
Methods S3). Finally, we performed topological constraint tests
of the monophyly of clades of interest using the approximately
unbiased (AU) (Shimodaira, 2002) and Shimodaira-Hasegawa
(SH) tests in ConstL (Shimodaira & Hasegawa, 2001) (Methods
S4).

Results

Gene recovery

Our mitochondrial gene sets include all protein-coding genes
found in A thaliana and O. sativa for monocots, and
H. monotropa for Ericaceae. We recovered most mitochondrial
genes from most taxa (please refer to Tables S2, S3 for data recov-
ery), without evidence of large-scale gene loss compared with a
Southern hybridisation survey of mitochondrial gene content in
monocots and Ericales (Adams ez al., 2002). Large-scale gene loss
was found only in Alismatales in our results, an order known to
have extensive loss of mitochondrial genes encoding ribosomal
proteins (Adams ez al., 2002; Petersen ez al., 2017). The unrecov-
ered genes were coded as missing data. These scattered instances
of ‘gene absence’ (Tables S2, S3) may reflect either occasional
gene loss, or failure of gene recovery due to the relatively low cov-
erage of mitochondrial data for some taxa, discussed in more
detail below.

Mitochondrial phylogenomic inference of overall monocot
relationships

We found no significant difference between the GC content of
mycoheterotrophic and green plants (Table S5). There were sig-
nificant differences in codon usage values for a subset of codons
(15 of 64; Table S5), but the differences were all very small (of
the order of 2% or less, Table S5). Relationships inferred in the
four likelihood analyses of the concatenated mitochondrial data
are consistent with each other, and are also well supported by
bootstrap analysis, with no strong conflicts (Figs4, S1). Our
DNA-based analyses have only four branches with <95% boot-
strap support: (i) the local placement of the FM family Triuri-
daceae within Pandanales, which is moderately well supported as
the sister group of Cyclanthaceae—Pandanaceae; (ii) relationships
at the base of Burmanniaceae (Apteria—Gymnosiphon recovered as
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Fig. 4 Phylogenetic placement of mycoheterotrophic monocots inferred from the partitioned maximum likelihood analysis of 37 mitochondrial genes using
a'G x C' partitioning scheme of DNA sequence data (please refer to the Materials and Methods section). Thick lines indicate 100% bootstrap support
from both partitioned and unpartitioned likelihood analyses, and parsimony analysis; bootstrap values <100% are indicated beside branches (partitioned
likelihood/unpartitioned likelihood/parsimony, respectively; filled circle =100%, double dashes <50%). Red lineages represent fully mycoheterotrophic
taxa; terminals with blue labels are suspected or known partial mycoheterotrophs. Families with mycoheterotrophic species are also noted. Arabidopsis
thaliana (an outgroup) was included but is not shown. Bar indicates estimated substitutions per site.

the sister of the remainder of the family, with moderate support);
and (iii) relationships at the base of Nartheciaceae, with Alesrri—
Metanarthecium recovered as the sister of the remainder of the
family, again with moderate support. An identical monocot tree
topology was inferred when predicted RNA edit sites (Table S6)
were removed in the unpartitioned ML analysis of DNA
sequence data (only six branches have changes in bootstrap sup-
port values of >10%; Fig. S2). Relationships inferred in the
DNA parsimony analysis and two AA likelihood analyses are also
generally well supported, but have lower support for several
branches (Fig. S1). All eight sampled monocot orders are well
supported as monophyletic in the main DNA-based likelihood
analyses (Figs 4, S1); the AA analyses recover slightly less support
for the monophyly of each of two orders (Alismatales and
Dioscoreales), and poor support for Asparagales monophyly
(Fig. S1). Asparagales is placed as the sister group to all other
monocots in addition to Petrosaviales and Alismatales, and Lil-
iales as the sister group of commelinid monocots. Both arrange-
ments find strong support in the DNA likelihood analyses
(Figs 4, S1), and weaker support in the AA and parsimony analy-
ses (Fig. S1). A sister-group relationship between Dioscoreales
and Pandanales is also strongly supported across all four likeli-
hood analyses (Figs 4, S1). Petrosaviales are inferred to be the sis-
ter group of all other sampled monocots here except Alismatales,
with strong support for this relationship in the DNA analyses
(Figs 4, S1).
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Placement of mycoheterotroph lineages in monocot
phylogeny

All seven monocot families containing FM taxa are well sup-
ported as monophyletic here, apart from Thismiaceae. This fam-
ily is divided into two clades with strong support: the FM genus
Afrothismia  (classified in  Thismiaceae, Schlechter, 1921;
Jonker, 1938; Maas et al., 1986; Maas-van de Kamer, 1998) is
inferred to be the sister group of photosynthetic Taccaceae, and a
clade comprising other sampled taxa of Thismiaceae (marked as
Thismiaceae s.s. in figures), with strong support for this relation-
ship in the DNA ML analyses (Fig. 4). T7ichopus (the sole genus
of Trichopodaceae) is inferred to be the sister group of Afrothis-
mia, Thismiaceae s.s. and Taccaceae. Dioscorea (Dioscoreaceae) is
the next successive sister group of these taxa. These two relation-
ships have strong support across all analyses (Figs 4, S1). Within
Thismiaceae, Haplothismia is inferred to be the sister group of 7.
panamensis with strong support, also rendering 7hismia non-
monophyletic (Figs 4, S1). The other lineage with FM taxa in
Dioscoreales, Burmanniaceae, includes autotrophic taxa (e.g. two
sampled species in Burmannia marked in blue in Fig. 4) and mul-
tiple lineages of FM taxa (including one sampled FM species of
Burmannia, B. itoana). Burmanniaceae are recovered as the sister
group of all taxa in Dioscoreales except Nartheciaceae, a relation-
ship recovered with strong support in DNA ML analyses (Fig. 4).
All relationships in Burmanniaceae, including the relative
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placements of two autotrophic taxa (B. bicolor and B. capitata),
are also well supported (Figs 4, S1), except for the arrangement
around the deepest split in the family, as noted above. We were
able to reject the monophyly of (i) a clade comprising Burmanni-
aceae and Thismiaceae (either including/excluding Afrothismia
from the analysis) and (ii) a clade comprising Thismiaceae s.s.
and Afrothismia, based on AU and SH tests (2<0.001 and
P<0.015, respectively).

Outside Dioscoreales, FM Triuridaceae, represented here by
Sciaphila, are inferred to be the sister group of Cyclanthaceae—
Pandanaceae, a large photosynthetic clade in Pandanales. The
two families of Asparagales that include FM taxa, Orchidaceae
and Iridaceae, are grouped together with strong support. The FM
genus Geosiris is recovered as sister to the other taxon sampled in
Iridaceae (/ris) with strong support (Figs 4, S1). Corsiaceae, the
only FM family in Liliales, is strongly supported as the sister
group of Campynemataceae among sampled taxa, an arrange-
ment that is also strongly supported across all analyses here
(Fig. S1). Within Petrosaviales, Petrosavia (an FM genus) is
inferred to be the sister group of autotrophic Japonolirion, the
only other genus in its family/order; there is strong support for
this arrangement in all analyses (Figs 4, S1).

Mitochondrial phylogenomic inference of Ericaceae

The Ericaceae relationships inferred by all five likelihood and par-
simony analyses of the concatenated mitochondrial data are topo-
logically identical with each other, and are also moderately to well
supported (>85%) by bootstrap analyses (Figs5, S3). The
inferred topologies are identical (presented for the partitioned ML
analysis in Fig. 5). All branches in our DNA-based analyses (likeli-
hood and parsimony) have 100% bootstrap support. Removal of
predicted RNA edit sites (Table S7) in the unpartitioned likeli-
hood analysis of DNA sequence data did not substantially affect
inference of Ericaceae relationships (identical topologies; only
small differences in bootstrap support using different methods for
predicting or identifying RNA edit sites; please refer to Figs S4,
S5; Methods S2). Relationships inferred from two AA analyses
are also generally well supported and topologically identical to the
DNA-based analyses, but have slightly reduced support (still
>85%) for five branches (Fig. S3). In all analyses, Enkianthus is
found as the sister to the rest of Ericaceae. We rejected the mono-
phyly of a clade comprising the mycoheterotrophic Ericaceae (i.e.
pyroloids and monotropoids) based on the AU and SH tests
(P<0.001). The monotropoids are inferred to be the sister group
of arbutoids, and the pyroloids the sister group of the core Eri-
caceae, with the former clade sister to the latter, all with strong
support. Within pyroloids, Pyrola is inferred to be the sister group
of Chimaphila and Moneses with strong support. Within mono-
tropoids, Prerospora is inferred to be the sister group of Allotropa
and Hypopitys with strong support (Fig. 5).

Rate elevation in mycoheterotrophic lineages

Modest rate elevation is evident in a subset of mycoheterotrophic
lineages (Figs S6, S7). In monocots, mycoheterotrophic Pogoniopsis,
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Thismiaceae s.s., green Chorigyne and two Alismatales have
intermediate rates (Fig. S6); only Afrothismia had faster rates, c
four-fold higher then green relatives (Fig. S6). In Ericaceae, all
mycoheterotrophs have low rates, with the highest rates observed
in Moneses (Fig. S7) (identified as a partial mycoheterotroph in
Hynson ezal., 2015, but please refer to Lallemand ez al., 2010).

Discussion

Mitochondrial genomes of mycoheterotrophic plants

The gene content we recovered from monocots and Ericaceae dif-
fers only for sdh and ribosomal protein genes (Tables S2, S3),
gene classes that frequently vary between different plant lineages
(Adams et al., 2002). We did not find clear evidence of gene loss
in Ericaceae (Table S3). Within monocots, unrecovered genes are
consistent with previously documented extensive gene loss in
Alismatales (Petersen et al., 2017), or are likely to relate to rela-
tively low coverage of mitochondrial data for some taxa (for
example Lophiola, which has an average coverage between ¢. 10—
50x). Several ribosomal proteins genes, for example 7p/10 and
rps13, are frequently absent from different taxa (please refer to
also Adams eral.,2002). Four Afrothismia species have some
common missing genes (for example a8, rp/5) that may repre-
sent actual gene loss, although this should be confirmed by com-
pleting whole mitochondrial genomes for these taxa. However, in
general for mycoheterotrophic plants, we did not find clear evi-
dence of any extensive mitochondrial gene losses comparable to
Alismatales and parasitic Viscaceae (Petersen ez al., 2015, 2017;
Skippington ez al., 2015, 2017). We also found no significant dif-
ferences in GC content or codon usage between myco-
heterotrophic and green plants (Table S5). Therefore, unlike
their plastid counterparts, mitochondrial genes appear to be lar-
gely unaffected by mycoheterotrophy.

Performance of whole mitochondrial gene data in
phylogenetic inference

When extreme, fast substitution rates in plastid genomes of het-
erotrophic lineages (Naumann eral,2016; Lam ezral,2018;
Susko & Roger, 2021) can lead to strong long-branch attraction
(Felsenstein, 1978; Hendy & Penny, 1989; Bergsten, 2005).
Mitochondrial genes of heterotrophic taxa can experience lim-
ited rate elevation (Bromham ez al, 2013; Petersen ez al., 2015),
apparent to a degree here (e.g. Pogoniopsis and Afrothismia in
Fig. S6). However, the plastids of the fastest evolving myco-
heterotrophic lineages evolve hundreds of times faster than those
of their photosynthetic relatives (e.g. for Thismia vs Tacca in
Givnish ezal,2018), and Afrothismia plastid genes appear to
evolve even more rapidly (Soto Gomez, 2020). By contrast, the
overall rates of evolution observed in mitochondrial genes here
(Figs 4, 5; note scale) are within optimal ranges recommended
for phylogenetic analysis (i.e. within ¢ 0.1-0.5 substitutions per
site from root to tip, Klopfstein ez al., 2017), even for Afrothismia
and 7Thismia, which are among the most rapidly evolving lineages
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sampled here (the mitochondrial genomes of these two lineages
evolve only ¢. two to four times faster than those of related photo-
synthetic lineages; Fig. S6).

Our DNA- and AA-based analyses of mitochondrial data
agreed on overall tree topology within the monocot and Ericaceae
data sets, and are also generally well supported (Figs4, 5).
The sometimes weaker support in AA analyses (Figs S1, S3) may
reflect the fewer informative sites in amino-acid data compared
with the corresponding untranslated DNA data, in addition to
the generally very low substitution rates of individual mitochon-
drial genes (Knoop, 2004; Yurina & Odintsowa, 2016). Different
likelihood models (partitioned, unpartitioned) for DNA and AA
data also appear to have little impact on inferences of tree topol-
ogy or branch support (Figs 4, 5, S1, S3), and we also observed
little difference in parsimony vs likelihood inferences (Figs 4, 5);
when observed, this type of conflict can be a hallmark of long-
branch attraction (Lam ez al., 2018).

All but three sampled branches across monocots have strong
support (at least 95%) in our DNA-based likelihood analyses
(Fig. 4), and all branches within Ericaceae also have strong or
maximal support across DNA analyses (Fig. 5). The order-level
relationships inferred from our monocot mitochondrial genomic
data are also consistent with studies based on plastid genome data
(Lam etal., 2015, 2018; Givnish ezal., 2016, 2018), except for
the placement of Asparagales. This order is strongly supported to
be the sister group of commelinids based on plastid phyloge-
nomic data (Givnish ezal, 2016, 2018; Lam etal., 2018). This
major discrepancy may be caused by insufficient taxon sampling
here in Asparagales and commelinids, two of the largest clades of
monocots; future studies should focus on more thorough taxon
sampling in these two clades, especially for the largest myco-
heterotrophic lineage, Orchidaceae.

Placing mycoheterotrophic lineages in Dioscoreales with
confidence

The order Dioscoreales includes two families with FM taxa, Bur-
manniaceae (Fig. 1f) and Thismiaceae (Fig. 1g—j). Our analyses
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strongly support that these two families are distantly related lin-
eages in Dioscoreales, confirming more weakly supported results
in recent plastid genome-based analyses of Givnish eral. (2018)
and Lam ez al (2018). The clear distinction of Thismiaceae from
Burmanniaceae was also moderately to strongly supported in the
individual or few gene mitochondrial/nuclear analyses of Merckx
etal. (2009a), summarised for the combined case in Fig. 2 here.
Consistent with this, our AU and SH tests strongly reject the
monophyly of a clade comprising Burmanniaceae and Thismi-
aceae, and underline the need to update the APG (2016) classifi-
cation (please refer also to Lam eral,2018). Our analyses of
mitochondrial data also recover the FM genus Afrothismia
(Fig. 1g,h) as the sister group of a clade comprising FM Thismi-
aceae (s.s.) and photosynthetic Taccaceae (Fig. 4). This arrange-
ment is consistent with a subset of analyses of between 1-6
mitochondria and nuclear loci by Merckx ezal (2009a) (for
example, please refer to likelihood summary here in Fig. 2), Mer-
ckx & Smets (2014) and Merckx eral. (2017, their appendix
S1.4). It is strongly supported here in likelihood analysis for the
first time. The branch comprising Taccaceae and Thismiaceae is
poorly supported in parsimony analysis but has strong support
from likelihood analyses (Fig. 4), and AU and SH tests reject a
placement of Afrothismia with Thismiaceae s.s. to the exclusion
of Taccaceae. Our result is consistent with an independent loss of
photosynthesis in Dioscoreales for Afrothismia, and with possible
recognition of the genus as a distinct family, depending on how
broadly family boundaries are defined in future Dioscoreales clas-
sification schemes. Characteristics distinguishing Afrothismia
from other Thismiaceae include the underground organ of the
former, which consists of clusters of bulbils, whereas other This-
miaceae have coralloid, vermiform or tuberous roots (Fig. 1g—j;
Cheek, 2003; Merckx et al., 2009a).

Within the Thismiaceae s.s. clade, the South American species
T. panamensis is sister to the Indian monotypic genus Haplothis-
mia with strong support in all analyses (Figs 4, S2), disrupting
the monophyly of Thismia, consistent with Shepeleva
eral. (2020). Two unsampled genera in Thismiaceae here (Oxyg-
yne and Tiputinia) belong in the main Thismiaceae clade along
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with Thismia and Haplothismia, based on analyses of one to three
genes (mitochondrial, nuclear) (Yokoyama et al, 2008; Merckx
et al., 20092; Shepeleva et al., 2020), which should also be addressed
in the future with mitochondrial phylogenomic data. Further
studies of Thismiaceae, including its broader evolution and bio-
geography, await more broadly sampled phylogenies of the family
(Shepeleva ez al., 2020).

Higher-order phylogeny of Ericaceae

With the help of molecular markers, much progress has been made
to resolve the higher-order phylogeny of Ericaceae recenty
(Kron et al., 2002; Liu et al., 2011; Braukmann & Stefanovic, 2012;
Freudenstein ezal, 2016; Lallemand ez al, 2016). Three green lin-
eages — the core Ericaceae (i.e. the inverted anther clade), arbutoids,
and the genus Enkianthus — have been repeatedly shown to be
monophyletic with high support, with Enkianthus sister to the rest
of Ericaceae (Fig. 3; Braukmann & Stefanovic, 2012; Freudenstein
etal., 2016; Lallemand ez al, 2016). However, the placement of the
mycoheterotrophic Ericaceae taxa differ between studies (Fig. 3).
Based on different molecular markers, essendally all possible topo-
logical permutations have been recovered at one point or the other,
but consistently without strong support, particularly the position of
the pyroloids (Fig. 3; Braukmann & Stefanovic, 2012; Freudenstein
etal.,2016; Lallemand eral,2016). Our current, mitogenome-
based results provide the first phylogeny of Ericaceae with strong
support across the whole backbone (Fig. 5). The sister-group rela-
tionship of Monotropeae and Pterosporeae supports the mono-
phyly of monotropoids, consistent with recent studies
(Freudenstein et al,2016; Lallemand eral, 2016). Monotropoids
(Fig. 1k) are sister to arbutoids, an arrangement that has also been
suggested based on morphological evidence and molecular data
(Copeland, 1941; Freudenstein ez al., 2016), and which is strongly
supported in Braukmann & Stefanovic (2012) and Lallemand
etal. (2016). Our AU and SH results also reject the monophyly of
mycoheterotrophic Ericaceae (pyroloids + monotropoids), in line
with these studies, and these lines of evidence support two indepen-
dent origins of mycoheterotrophy in Ericaceac. However, for the
first time we infer that the mycoheterotrophic pyroloids (Fig. 11)
are the sister group of the core Ericaceae clade with strong support
(Fig. 5). In future classification updates, tribe Pyroleae should there-
fore be split from the subfamily Monotropoideae, and recognised as
its own subfamily, Pyroloideae Kostel. A more extensive sampling
of Ericaceae is needed to further clarify relationships within each of
its major groups. Even so, we predict that this higher-order
phylogeny will remain the same, considering that the monophyly
of each group has been strongly supported by multiple studies
based on more extensive sampling (Liu eral, 2011; Freudenstein
etal.,2016; Lallemand eral,2016), and the well supported back-
bone relationships recovered here among the major clades.

Conclusion

Mitochondrial genomes have been largely ignored in phylo-
genomic analysis of plant relationships, for several possible reasons:
(i) their genomes are highly rearranged (Gualberto ezal., 2014);
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(ii) they are prone to RNA editing (Small ez al, 2019); (iii) they
are recovered at lower coverage in genome skims (in the sense of
Steele et al., 2012; Straub et al, 2012) due to stoichiometric dif-
ferences compared with plastid genomes for gene coverage in
genomic assemblies (Gualberto & Newton, 2017); (iv) they are
perceived to be too slowly evolving, with relatively little variation
present in individual genes (Wolfe ezal., 1987). However, gene
recovery from genome assemblies does not depend on completing
whole genomes, and RNA editing appears not to have substantial
noticeable effect in our inferences, in line with the findings of
Qiu eral (2010) on inference of overall angiosperm relation-
ships. In addition, the generally slow rate of evolution and specif-
ically the lower rate observation observed in mitochondrial
compared with plastid genes appear to be advantageous in infer-
ences that employ mitochondrial phylogenomic data, in which
information from multiple slowly evolving genes is combined.
The mitochondrial genome effectively operates as a single linkage
group, and so may mislead phylogenetic inference of species trees
when incomplete lineage sorting or hybridisation/introgression
events occur (although the impact of these phenomena may be
relatively localised on neighbouring branches, for example Mad-
dison, 1997). Despite this limitation, Doyle (2022) argued that
ideal phylogenomic studies should include nuclear and organellar
markers to better understand the evolution of both. To date the
plastid genome has attracted the bulk of attention in phyloge-
nomic studies that include organellar data, and we suggest that
the mitochondrial genome should be included, when feasible, in
phylogenomic studies aimed at inferring higher-order plant rela-
tionships, particularly in lineages thought to harbour hetero-
trophic plants. Although mitochondrial phylogenomic data can
be relatively easily recovered in genome skims, their recovery as
unbaited byproducts in target-sequence capture approaches may
be too poor to be generally useful (Baker ez al., 2021). However,
mitochondrial genes could be used in gene panels for target-
sequence capture kits, potentially as a patch to the PAFTOL
panel of Johnson et al. (2019).

We demonstrated that mitochondrial phylogenomics can suc-
cessfully solve the uncertain placement of mycoheterotrophic lin-
eages within monocots and Ericaceae, two distinct ancient groups
with comparable crown ages (i.e. ¢. 136 million years (Myr) vs c.
117 Myr, respectively; Givnish et al., 2018; Schwery ez al., 2015),
and that they are likely to be generally useful for inferring back-
bone relationships among sampled photosynthetic lineages. The
conservative nature of mitochondrial genes may make them par-
ticularly useful for placing lineages that are hard to place based
on highly rate-elevated plastid genes (please refer to also Jost
eral.,2021). We predict, for example, that mitochondrial phy-
logenomics will help with other unresolved placements of myco-
heterotrophic taxa, as in Orchidaceae as a whole, which has the
greatest number of origins of fully heterotrophic plants (Merckx
& Freudenstein, 2010).
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