Molecular Biology and Evolution, 2025, 42, 1-15
https://doi.org/10.1093/molbev/msaf082
Advance access publication 7 April 2025

Discoveries

MBE OXFORD

Unequally Abundant Chromosomes and Unusual
Collections of Transferred Sequences Characterize
Mitochondrial Genomes of Gastrodia (Orchidaceae),
One of the Largest Mycoheterotrophic Plant Genera

;' Zhanghai Li ®,°
,1 Shiyu Qin ®,""°

Hanchen Wang @, Deyi Wang ® ,>* Bingyi Shao,’? Jingrui Li
Mark W. Chase,®’ Jianwu Li,2 Yanlei Feng ®,° Yingying Wen
Binghua Chen ®,"" Zhigiang Wu ®,'%* Xiaohua Jin (® "*

'State Key Laboratory of Plant Diversity and Specialty Crops, Institute of Botany, Chinese Academy of Sciences, Beijing, China
2College of Life Sciences, University of Chinese Academy of Sciences, Beijing, China

3Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu, China

*Naturalis Biodiversity Center, Leiden, the Netherlands

SKey Laboratory of Chemistry in Ethnic Medicinal Resources, Ministry of Education, Yunnan Minzu University, Kunming, China
®Department of Environment and Agriculture, Curtin University, Bentley, Australia

7Royal Botanic Gardens, Kew, Richmond, UK

®ishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Mengla County, Yunnan, China

97JU-Hangzhou Global Scientific and Technological Innovation Center, Zhejiang University, Hangzhou, China

19School of Life Sciences, Nanchang University, Nanchang, China

"College of Life Sciences, Fujian Normal University, Fuzhou, China

12Shenzhen Branch, Guangdong Laboratory of Lingnan Modern Agriculture, Key Laboratory of Synthetic Biology, Ministry of Agriculture and
Rural Affairs, Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China
*Corresponding authors: E-mails: wuzhigiang@caas.cn; xiaohuajin@ibcas.ac.cn.

Associate editor: Jun Gojobori

Abstract

The mystery of genomic alternations in heterotrophic plants is among the most intriguing in evolutionary biology. Compared to plastid genomes
(plastomes) with parallel size reduction and gene loss, mitochondrial genome (mitogenome) variation in heterotrophic plants remains
underexplored in many aspects. To further unravel the evolutionary outcomes of heterotrophy, we present a comparative mitogenomic study with
13 de novo assemblies of Gastrodia (Orchidaceae), one of the largest fully mycoheterotrophic plant genera, and its relatives. Analyzed Gastrodia
mitogenomes range from 0.56 to 2.1 Mb, each consisting of numerous, unequally abundant chromosomes or contigs. Size variation might have
evolved through chromosome rearrangements followed by stochastic loss of “dispensable” chromosomes, with deletion-biased mutations. The
discovery of a hyper-abundant (~15 times intragenomic average) chromosome in two assemblies represents the hitherto most extreme copy
number variation in any mitogenomes, with similar architectures discovered in two metazoan lineages. Transferred sequence contents highlight
asymmetric evolutionary consequences of heterotrophy: despite drastically reduced intracellular plastome transfers convergent across
heterotrophic plants, their rarity of horizontally acquired sequences sharply contrasts parasitic plants, where massive transfers from their hosts
prevail. Rates of sequence evolution are markedly elevated but not explained by copy number variation, extending prior findings of accelerated
molecular evolution from parasitic to heterotrophic plants. Putative evolutionary scenarios for these mitogenomic convergence and divergence fit
well with the common (e.g. plastome contraction) and specific (e.g. host identity) aspects of the two heterotrophic types. These idiosyncratic
mycoheterotrophs expand known architectural variability of plant mitogenomes and provide mechanistic insights into their content and size variation.
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Introduction etal. 2012b; Mower 2020). Angiosperm mitogenomes usually
contain a subset of around 41(mostly 20 to 40)

Plant cells carry two organelle genomes that both originated ! : ' : :
protein-encoding genes putatively present in their common

from ancient endosymbionts (Gray et al. 1999; Burger and

Lang 2003) but have undergone distinct evolutionary trajec-
tories (Giannakis et al. 2024; Wang et al. 2024). Compared
to plastomes, mitogenomes of angiosperms are characterized
by generally conserved coding contents but staggering diver-
sity in size, architecture, and intergenic sequence components
(Palmer and Herbon 1988; Bergthorsson et al. 2003; Mower

ancestor (Richardson et al. 2013), plus three ribosomal
RNA (rRNA) and variable numbers of transfer RNA
(tRNA) genes (Michaud et al. 2011; Warren et al. 2021).
Protein-encoding genes typically evolve at slower paces than
those of plastid and nuclear genomes (Palmer and Herbon
1988; Bromham et al. 2013; Mower 2020). Yet, rampant
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sequence turnover in intergenic regions often leads to drastic
variation in size and architecture between mitogenomes of
closely related plant taxa (Ward et al. 1981; Alverson et al.
2010; Sloan et al. 2012; Lin et al. 2022b; Yu et al. 2023)
and in some cases, within species (Allen et al. 2007; Wu
et al. 2015). Angiosperm mitogenomes assembled to date
vary in size by approximately 180 folds, spanning from
66 kb to over 11 Mb (Sloan et al. 2012; Wu et al. 2022).
Though often visualized as “master circles” by convention, re-
cent studies have suggested the potential prevalence of multi-
chromosomal architectures in plant mitogenomes, with some
complicated ones comprising dozens of, sometimes unequally
abundant, chromosomes (Alverson et al. 2011; Sloan et al.
2012, 2018; Wu et al. 2015, 2022). Such size and structural
diversity is related to the transfer of foreign DNAs and hom-
ologous recombination mediated by repeated sequences
(Backert et al. 1997; Gandini and Sanchez-Puerta 2017;
Kozik et al. 2019). Sequences of various origins, including
conspecific plastid and nuclear genomes, as well as distant
plant mitogenomes (Mower et al. 2012a, 2012b) prevail in
angiosperm mitogenomes, but their amount can vary greatly
(Sanchez-Puerta et al. 2017; Wang et al. 2024). Many of these
insights derive from comparative mitogenomic studies that
sample closely related taxa (e.g. Sloan et al. 2012; Kozik
etal. 2019; Liu et al. 2020; Fan et al. 2022). However, the lim-
ited taxonomic coverage of such studies, in particular for spe-
cies with unusual mitogenomic features, has hampered a
deeper understanding of how diversity and alternations of
plant mitogenomes emerged.

Among known variations of plant genomes, many extremes
have been observed in heterotrophic plants—those obtaining
nutrients from other plants (parasites) or symbiotic fungi (my-
coheterotrophs) (Merckx and Freudenstein 2010; Wicke and
Naumann 2018; Yuan et al. 2018). Plastomes of both hetero-
trophic types, for example, have undergone convergent reduc-
tions in size and gene content (Krause 2008; Braukmann et al.
2017; Graham et al. 2017), due mainly to relaxed selection on
photosynthetic capability. Similar reductions have been dis-
covered in the mitogenomes of two parasitic plants. Being
only 66 and 131 kb, respectively, mitogenomes of the aerobic
parasitic Viscum scurruloideuwm (Viscaceae) and the
Balanophoraceae member Rbhopalocnemis phalloides are the
smallest among assembled vascular plants (Skippington et al.
2015; Yu et al. 2022). The V. scurruloideum mitogenome is
also distinctive for the loss of nearly half of the “core genes”,
coupled with extreme sequence divergence in the remaining
ones (Skippington et al. 2015). Another mitochondrial feature
common to parasitic plants is the incorporation of foreign
genes from their hosts, which has been documented in four
of six holoparasitic lineages with published mitogenomes
(Barkman et al. 2007; Yu et al. 2023). This is best exemplified
by some members of Balanophoraceae and Rafflesiaceae,
where about half of the mitochondrial genes are horizontally
acquired (Xi et al. 2013; Sanchez-Puerta et al. 2017). These
modifications are rooted in several aspects of the parasitic life-
style, such as relaxed selection of genes due to nutritional de-
pendence on the host (Skippington et al. 2015) and intimate
physical associations that facilitate transmission of DNA
(Mower et al. 2012a).

Given their similarities with parasitic plants—obtaining nu-
trients from external hosts and comparable reduction in plas-
tomes—one might expect that mycoheterotrophs exhibit
mitogenomic features analogous to those identified in
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parasitic plants. Yet, this speculation remains largely unveri-
fied, as only six assemblies are currently available for full my-
coheterotrophs: that of Danxiaorchis yangii, Epipogium
roseum (Orchidaceae), Epirixanthes elongata (Polygalaceae),
Hypopitys monotropa (Ericaceae), Gastrodia elata, and
G. pubilabiata (Orchidaceae) (Yuan et al. 2018; Petersen
et al. 2019; Shtratnikoya et al. 2020; Kim et al. 2023; Zhao
etal. 2024; Liuetal. 2025). Aspects of mitogenomes examined
in these studies—such as size, gene content, and horizontally
transferred components—showed features overall typical to
angiosperms. More extensive mitogenomic analyses with
denser taxon sampling and a phylogenetic framework there-
fore appear to be critical for further uncovering potential mi-
togenomic peculiarities in mycoheterotrophs.

Here, we present a comparative mitogenomic study with a
focus on Gastrodia (Orchidaceae). With ca. 100 described
species (POWO 2023), Gastrodia is among the most species-
rich genera that are fully mycoheterotrophic throughout their
life cycle. Most members of this genus are found in Asia, and
the others occur in Africa and Australasia (POWO 2023).
Plastomes of Gastrodia, like those of many other heterotroph-
ic plants, are drastically reduced in gene content and size (Wen
et al. 2022). Prior analyses have reported mitogenome expan-
sion for two Gastrodia species and provided insights into the
transfer of plastid sequences (Yuan et al. 2018; Kim et al.
2023). In this study, we aim to further illuminate the mitoge-
nomic variation and their evolution in mycoheterotrophic
plants. Mitogenomes of 11 Gastrodia species and two of their
relatives (including one with putatively independently evolved
mycoheterotrophy) were assembled. Under a phylogenetic
framework, extensive analyses were performed, with em-
phasis on their architectures, transferred sequence compo-
nents, and rates of molecular evolution. We propose
evolutionary scenarios for observed mitogenomic peculiarities
by comparing with studies on parasitic plants and by placing
the observations in the context of angiosperm organelle ge-
nomes. Our findings highlight the remarkable and diverse im-
pacts of heterotrophy at the mitogenome level and promote a
mechanistic understanding of mitogenomic alternations.

Results

Mitogenome Assembly and Annotation

We sampled 11 Gastrodia species plus two in related genera,
Epipogium aphyllum (mycoheterotrophic) and Nervilia
mackinnonii (autotrophic). All mitogenomes are assembled
as multiple circular-mapping chromosomes ranging from 23
to 71 each, except for G. peichatieniana where 5 linear contigs
are also present (Table 1). Given the consistently high sequen-
cing depths (47.8 to 563.0 x) within each assembly
(supplementary fig. S1, Supplementary Material online) and
the absence of potentially missing mitochondrial contigs, we
assess the assembly for G. peichatieniana as “near complete”,
and all the rest as “complete”. Analyzed Gastrodia species are
split into three highly supported (all bootstrap supports [BS] >
0.95) clades according to mitochondrial molecular phyloge-
netics (Fig. 1a), with Clade 1 (sister to Clade 2 + Clade 3) con-
sisting of G. javanica, Clade 2 of G. elata and G. angusta, and
Clade 3 of all the rest. Sizes of assembled mitogenomes vary by
5 folds, spanning from a modest 417 kb in E. aphyllum to over
2 Mb in G. javanica (Table 1). Within Gastrodia, the size
range is 3.8 folds (smallest: G. peichatieniana, 563 kb), with
the maximum seen in the earliest-diverging Clade 1 and
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Fig. 1. The multichromosomal mitogenomes of Gastrodia with massive sequence turnover. a) Assembled structure and syntenic blocks among Gastrodia
spp. mitogenomes, with their reconstructed phylogeny and photos of flowers of G. elata (lower) and G. menghaiensis (upper); dark green-colored
blocks denote chromosomes or contigs and gray bands between species denote homologous sequences >1,000 bp long; chromosomes or contigs are
ordered by descending length and drawn to the same scale (see scale at bottom-right); the phylogenetic tree is a subset of a larger one (same for Fig. 4a)
shown in supplementary fig. S12, Supplementary Material online, with percentage bootstrap support labeled for each node. b) Heat map of pairwise
seqguence similarity (proportion of mitogenome covered by homologous sequences) among Gastrodia mitogenomes (also see supplementary fig. S2,

Supplementary Material online).
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Fig. 2. Chromosomal copy number variation in Gastrodia mitogenomes. a) Chromosomes (or contigs) in assembled mitogenomes show two distinct
patterns of copy number—Ilength relationships: for G. sp. and G. shimizuana (exemplified by the former), a chromosome of ca. 15x average abundance is
discovered, exceeding the copy number of conspecific plastomes (green dot in the leftmost panel); for most other assemblies (exemplified by G. angusta
and G. menghaiensis), there is a significant positive correlation (all P< 0.0001) between chromosomal copy number and length. Scaled depths are shown
so that the copy number of all chromosomes in a mitogenome averages to 1; lines with shaded areas denote fitted relationships with 95% confidence
intervals. See supplementary fig. S6, Supplementary Material online for more details. b) Synteny between the hyper-abundant mitochondrial
chromosome (chr. #4 of G. sp. and G. shimizuana) and other Gastrodia mitogenomes. Only chromosomes with >1,000-bp homologous sequence with #4
of G. shimizuana are shown. Bands denote homologous sequences >500 bp in length. The proportional length of G. shimizuana chromosome #4 covered
by homologous sequences in each assembly is provided in brackets following taxa names. Branch length of cox7 (the only protein-encoding gene in the
hyper-abundant chromosomes) synonymous substitution rate is provided on the left. ¢) Alignment of the hyper-abundant chromosome with its
homologues, with purple blocks highlighting regions unique to G. sp. and G. shimizuana; locations of protein-encoding genes, rRNA genes, and the four
unique regions are indicated at the bottom row; the darkness of alignment positions is assigned based on nucleotide similarity across taxa (same for

Fig. 4b).

Supplementary Material online). Significant differences in
chromosome-specific copy numbers are detected for all assem-
blies (ANOVA tests; all P<0.001). In general, the range of
intragenomic chromosomal copy number variation is
around three-fold, and larger chromosomes tend to have
higher copy numbers (Fig. 2a and supplementary fig. S6,
Supplementary Material online). Mitochondrial genes appear

to distribute stochastically on chromosomes of varying abun-
dance, although several tend to occur in clusters, such as
atpl-ccmFn, matR-nadl exon3, and atp8-nad4L-atp4
(supplementary table S2, Supplementary Material online). In
particular, fragments of all three genes subject to trams-
splicing (nad1, nad2, and nad5) are always found on different
chromosomes (except in E. aphyllum; supplementary table S2,
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Supplementary Material online), which differ in copy number
by up to three folds (supplementary fig. S6, Supplementary
Material online). Notably, however, a 22.6-kb chromosome
in the mitogenomes of two closely related species, G. sp. and
G. shimizuana, exists at an abundance of ca. 15 x higher
than intragenomic averages (Fig. 2a and supplementary fig.
S6, Supplementary Material online), and 45 and 25 x higher,
respectively, than the least abundant chromosome. The se-
quencing depth of this hyper-abundant mitochondrial
chromosome slightly exceeds that of plastome in the same in-
dividual (Fig. 2a and supplementary fig. S6, Supplementary
Material online). The composition of mitochondrial chromo-
some abundance is largely consistent between two individuals
of G. sp., as revealed by relative qPCR (supplementary fig. S7,
Supplementary Material online).

Identified mitochondrial features of the 22.6-kb chromo-
some include cox1, 26S rRNA (rrn26), and a tRNA
(trnfM-CAU) gene, all of which show ordinary levels of diver-
gence from their homologues (Fig. 2b). To unravel the mech-
anisms underlying such abundance, we focused on its
homology with congeners. All other members of Gastrodia
Clade 3 possess a mitochondrial chromosome that overlaps
>60% of its length (in terms of homologous sequences;
Fig. 2b) but exhibiting only modest copy numbers (Fig. 2a
and supplementary fig. S6, Supplementary Material online).
While <35% of its length, which consists almost solely of
cox1 and rrn26, is covered by homologous sequences in the
three mitogenomes of Clade 1 and 2. Through sequence align-
ment between the hyper-abundant chromosome and its homo-
logues, we identified four unique regions (>100 bp; Fig. 2¢),
each featured with multiple stem-loops as indicated by folding
simulations (supplementary fig. S8, Supplementary Material
online), but not containing gene fragments or insertions
from fungal or plastid genomes.

Mitochondrial Sequence Components of Different
Sources

Intracellular plastid insertions (intra-MTPTs) are very rare
among Gastrodia mitogenomes overall, with the richest
(also the highest proportional coverage) being G. crispa
(4,111 bp; 0.42%). Notably, no intra-MTPTs were found in
half of the analyzed Gastrodia species, which form a subclade
within Clade 3 (Fig. 3a). The intra-MTPT content of other my-
coheterotrophic genera, Epipogium (ca. 7 kb; 1.6%), though
exceeding those of Gastrodia, falls behind those of their auto-
trophic relatives by nearly an order of magnitude (24,625 to
67,243 bp; 3.66% to 9.95%) (supplementary table S1,
Supplementary Material online). Plastid gene sequences are
denser in intra-MTPT blocks compared to plastomes, espe-
cially for Gastrodia, where rRNA gene fragments may ac-
count for >90%. In some cases, intra-MTPT blocks include
entire plastid genes and end near their boundaries, but no trace
of splicing is found, while multiple plastid introns are observed
(supplementary table S3, Supplementary Material online).
Based on 589 repeat pairs assessed (124 for autotrophs and
465 for heterotrophs), most of them are recombinationally in-
active, although few exceptions exist which mediate frequent
recombination. Overall, recombination ratios in autotrophic
and mycoheterotrophic species follow similar distributions
(Fig. 3a). Copy numbers of plastomes relative to mitogenomes
range by 3.5 folds among mycoheterotrophic orchids, from
5.3 in G. menghaiensis and G. crispa to 18.7 in G. elata,

and that of the autotroph N.. mackinnonii (10.3) is intermedi-
ate among them (Fig. 3b).

Analyzing another 19 published mitogenomes of fully het-
erotrophic plants representing eight major lineages produced
a similar result of reduced intra-MTPTs in both parasitic
and mycoheterotrophic plants. Despite differences among lin-
eages, intra-MTPT contents in analyzed heterotroph mitoge-
nomes are consistently lower than in their autotrophic
relatives, measured either in absolute amount or proportional
coverage of mitogenomes, except the mycoheterotroph
Hypopitys monotropa (Ericaceae: Monotropoideae) which
has a similar intra-MTPT content as its autotrophic relatives
(Fig. 3a and supplementary table S4, Supplementary
Material online). A parallel reduction in plastome size is also
found across these lineages, where those of the heterotrophic
members are reduced to up to two-third the size of their auto-
trophic relatives (Fig. 3a and supplementary table S4,
Supplementary Material online). Searching orchid mitoge-
nomes against those of fungi revealed 4,931 to 13,523 bp of
fungal insertions that accounts for 0.25% to 3.10% the size
of each mitogenome, with those of Gastrodia being generally
around 6,000 bp (Fig. 3¢). Analyzed mitogenomes of mycohe-
terotrophic orchid species do not contain more fungal inser-
tions than those of autotrophic ones. On the contrary,
fungal insertions in the Dendrobium brymerianum mitoge-
nome (13,525 bp) are over twice more abundant than in the
mycoheterotrophs (Fig. 3¢ and supplementary table S1,
Supplementary Material online).

Further investigation on mitochondrial sequence origins fo-
cused on G. elata and G. menghaiensis, using nuclear genome
assemblies available. The two mitogenomes differ in size by
2.6 folds (1.51 Mb vs. 580 kb), while sharing only ca. 150-kb
syntenic blocks (Fig. 3d). We found plentiful BLAST hits be-
tween both mitogenomes and their corresponding nuclear as-
semblies. These involve 45.6% (687 kb) of the mitogenome of
G. elata and 32.6% (189 kb) of G. menghaiensis, overlapping
many non-syntenic regions of the two mitogenomes (Fig. 3d).
We tested this using the other nuclear genome assembly for G.
elata and got a similar proportion (59.3%; supplementary fig.
S9, Supplementary Material online). In particular, the ca.
300-bp insertions into the rps3 gene contain BLAST hits with
the nuclear genome assembly in both species (supplementary
fig. S4, Supplementary Material online), suggesting a possible
nuclear origin of this Gastrodia-specific insertion. Still, eight
chromosomes (six in G. elata and two in G. menghaiensis) are
left largely uncharacterized with respect to sequence origins.
Further analyses unveiled six blocks (9,213 bp in total) present
in five of these chromosomes that show strong signs of horizon-
tal transfer, which are verified by PCR or PacBio sequencing
reads (supplementary fig. S10 and tables S5 to S9,
Supplementary Material online). Five of the six blocks are likely
derived from mitochondrial intergenic regions of different
angiosperm donors, whereas the other one—a ca. 300-bp frag-
ment at G. elata chromosome 49—traces its origin to the near
3’ end of the psbC gene of Malvales plastomes (supplementary
fig. S10, Supplementary Material online). Online BLAST re-
vealed the absence of homologues of these horizontal gene trans-
fer (HGT) blocks in other assembled orchid mitogenomes
(supplementary fig. S10, Supplementary Material online).

Sequence Evolution

Maximum likelihood phylogeny was reconstructed for se-
lected orchid species plus a broad range of angiosperms based
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Fig. 3. Unusual collections of transferred sequences in Gastrodia mitogenomes. a) Intra-MTPT contents in published heterotrophic plant mitogenomes
versus their autotrophic relatives, with a focus on Orchidaceae. Each species is represented by a dot, with dot size scaled by plastome size (except for
members of Rafflesiaceae due to plastome loss) and dot color denoting the trophic mode; note that one lineage may involve multiple origins of heterotrophy
(Merckx and Freudenstein 2010). Inset at top-right: repeat-mediated homologous recombination ratio versus repeat length in analyzed orchid mitogenomes,
with kernel distribution of the two variables drawn at the top and right margins. See supplementary tables S3 and S4, Supplementary Material online for
detailed information; E.. Epipogium, N.: Nervilia, D.. Dendrobium, P.. Paphiopedilum, A.. Apostasia (same for Fig. 4a). b) lllumina sequencing depth of
plastomes relative to mitogenomes. Gastrodia peichatienianaand G. longistyla were excluded due to large uncertainty in plastome depth (standard deviation
>mean), while G. pubilabiata and three autotrophic species were not analyzed due to unavailability of required sequencing data (see Methods). c) Contents
of fungi-derived HGTs in orchid mitogenomes. d) Distribution of identified sequence components in mitogenomes of G. menghaiensisand G. elata. Pie chart
on the right summarizes the proportional coverage of each category (upper half: G. menghaiensis; lower half: G. elata). For sites involving more than one
category, we computed its contribution as 1/n nucleotide to each category, where n is the number of categories involved; the size of the pie is scaled by
sequence length under each category. “Nuclear hits” denote sequences with BLAST hits with the nuclear genome; “repetitive contents” are shown only in
the pie chart; see supplementary figs. S9 and S10 and table S1, Supplementary Material online for related information.

on the coding sequence of each mitochondrial protein-
encoding gene (supplementary table S10, Supplementary
Material online). In all cases, Gastrodia species form a single
cluster, showing no signs of horizontal gene transfer.
Duplicate gene fragments in some assemblies are always clus-
tered with the intact copy from the same mitogenome
(supplementary fig. S11, Supplementary Material online).
The two genes with duplicated copies in N. mackinnonii, by
contrast, each has a native copy and the other clustered with
distant eudicots, with that of ccmC having moderate support
(BS=0.54) and that of nadé strongly supported (BS > 0.90)
to originate from rosids (supplementary fig. S11,
Supplementary Material online). Gene-specific absolute syn-
onymous (ds) and non-synonymous (dy) substitution rates
(substitutions per million years) are similar among
Gastrodia and Epipogium, with the medians of G. javanica
(Clade 1) and E. aphyllum slightly exceeding the others, and
members of Gastrodia Clade 2 being the overall lowest among
mycoheterotrophs. Analyzed autotrophic orchids, in general,
have much lower substitution rates (2 to 10 folds) than myco-
heterotrophic ones (Fig. 4a). Among the 38 mitochondrial
protein-encoding genes, mycoheterotrophs peak in the rate
of all but one (nad3). Such accelerations are less marked
when put in the context of the angiosperm phylogeny
(supplementary fig. S12, Supplementary Material online),
but for numerous protein-encoding genes (atp4, cox3, matR,
mttB, nad2, nad4, nad7, rplS, rpsl, rps2, rps3, rps7, rpsil,
rps12, rps14, and rps19), Gastrodia is still among lineages
with highest substitution rates (supplementary fig. S12,

Supplementary Material online). Notably, the ca. 300-bp in-
sertion unique to the Gastrodia rps3 gene belongs to a pro-
longed second exon, instead of a novel intron, as it is
captured by long non-coding RNA (IncRNA) sequencing
(Fig. 4b). The insertion length is always divisible by 3 bp
and does not cause frame shifts (supplementary fig. S4,
Supplementary Material online). Three-dimensional struc-
tural predictions for Gastrodia mitochondrial ribosome pro-
tein S3 (product of the mitochondrial 7ps3 gene) do not
produce confident results, with all predicted template model-
ing scores being around 0.40, and per-atom confidence esti-
mates corresponding to the insertions mostly below 0.50
(supplementary fig. S13, Supplementary Material online).
Linking the absolute dg of each gene with the relative copy
number of the chromosome encoding it revealed no correl-
ation between the two (Fig. 4¢), which is also the case for dif-
ferent fragments of the three genes subject to trans-splicing
(supplementary fig. S14, Supplementary Material online).
Using published nuclear genome assemblies, the relative mito-
genome copy number was estimated as 19.3 and 33.7 for G.
elata and G. menghaiensis, respectively (Fig. 4d).

Based on ancestral sequence reconstruction and inference
with syntenic blocks, many of conserved mitochondrial chro-
mosomes have undergone rearrangement events, through
which more recently diverged species tend to possess smaller
chromosomes. After rearrangements, the evolutionary trajec-
tories of these chromosomes were dominated by nucleotide
deletions, although insertions and single nucleotide polymor-
phisms (SNPs) were also very common. Several of these
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Fig. 4. Mitochondrial sequence evolution in Gastrodia. a) Absolute substitution rates of protein-encoding genes in selected orchid mitogenomes. Shaded
curves and vertical bars denote kernel distribution of rates and the estimated median rate in each species, respectively; phylogenetic relationships among
selected taxa are shown on the left, with percentage bootstrap support labeled for nodes not present in Fig. 1a. b) Alignment of rps3 gene, highlighting the
ca. 300-bp insertion unique to Gastrodia (area with purple shading); order of taxa follows panel a, except that the bottom row refers to Liriodendron
tulipifera, selected for its highly conserved mitochondrial coding sequences (Richardson et al. 2013); see supplementary fig. S4, Supplementary Material
online for related information. The curve below the alignment plot denotes IncRNA sequencing depth across the rps3 gene of G. elata, which suggests a
prolonged coding sequence due to the insertion. c) Gene-specific absolute ds in Gastrodia mitogenomes and association with copy number. Genes are
separated by white borders, and clustered by functional category (solid lines at the bottom). Copy numbers are based on lllumina sequencing depths of
chromosomes (or contigs) encoding genes of interest, which are scaled to [0, 1] for each mitogenome and visualized with color densities of dots. For the
three genes subject to trans-splicing (labeled with asterisks), the longest fragment is shown (see supplementary fig. S14, Supplementary Material online for
details). Cc.: cytochrome c, prot.: protein. d) Copy number of mitochondrial relative to nuclear genomes in two Gastrodia species. e) Evolutionary trajectory
of Gastrodia mitochondrial chromosomes, with examples of a gene-dense (left) and a non-coding (right) one. Circles at top-left show encoded genes.

chromosomes, which encode no or only tRNA genes, are en-
tirely lost in some species, while those with protein-encoding
ones are retained (Fig. 4e and supplementary fig. S15,
Supplementary Material online).

Discussion

We present a comparative mitogenomic study for fully myco-
heterotrophic plants based on the genus Gastrodia and its
relatives. These mitogenomes are characterized by a 5-fold
size variation with limited homology, peculiar architectures
with unequal chromosome abundance, unusual collections
of transferred sequences, and elevated evolutionary rates of
coding sequences. Placing these findings into the context of

angiosperm (heterotroph in particular) organelle genomes,
we highlight the diversity of genome-level consequences asso-
ciated with heterotrophy and demonstrate how they are linked
to organelle- or habit-specific characteristics, promoting
mechanistic understanding of these peculiar genomic features.
We also discuss the potential trajectory of genome size evolu-
tion in relation to evolutionary rates.

The Multipartite Architecture Is Likely Associated
With Unequally Abundant Mitochondrial
Chromosomes

Multi-chromosomality is presumably prevalent among plant mi-
togenomes, and those with unequally abundant chromosomes
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have been reported in distant angiosperms (Alverson et al. 2011;
Wu et al. 2015) and other phyla of life (Suga et al. 2008; Phillips
et al. 2016). In such mitogenomes, variations of chromosomal
copy number are around several folds and correlated with
chromosome length, with larger chromosomes usually being
more abundant (Alverson et al. 2011; Wu et al. 2015).
Although analyzed mitogenomes exist in vivo likely as a diverse
collection of alternative conformations (Backert et al. 1997,
Gualberto and Newton 2017; Kozik et al. 2019; He et al.
2023), marked intragenomic sequencing depth variations un-
equivocally point to multipartite mitogenomic architectures.
That most of our assemblies exhibit intragenomic copy number
variation (2.2 to 6.7 folds) positively correlated with chromo-
some length (supplementary fig. S6, Supplementary Material on-
line) suggests the potential prevalence of unequal mitochondrial
chromosome abundance. Interestingly, the up-to-three-fold
copy number difference within a single gene (supplementary
fig. S6, Supplementary Material online) implies either post-
transcriptional regulations or that gene copy numbers do not
correlate proportionally with total transcription rates, to attain
proper stoichiometry of messenger RNAs (mRNAs). Although
our assemblies were based on flower stalk samples, the overall
stable composition of mitochondrial DNA (Zwonitzer et al.
2024; supplementary fig. S7, Supplementary Material online)
supports the generality of these findings.

Of particular interest is the hyper-abundant chromosome in
G. sp. and G. shimizuana whose copy numbers likely exceed
conspecific plastomes (Fig. 2a), leading to by far the most ex-
treme chromosomal copy number variation observed in any mi-
togenomes, to our knowledge. It is possibly more abundant than
mitochondrial plasmids as well (Palmer et al. 1983), but this has
to be tempered by the current unavailability of quantitative data
on plasmids inside Gastrodia mitogenomes. Assembly reliability
of this chromosome is justified by distinct mitochondrial fea-
tures (cox1 and rrn26 genes) and consistently high sequencing
depths (supplementary fig. S1, Supplementary Material online).
To provide clues into such abundance, we focused on its unique
regions (Fig. 2a and supplementary fig. S6, Supplementary
Material online). The predicted secondary structures, especially
the multiple stem-loops (supplementary fig. S8, Supplementary
Material online), suggest their possible functions in chromo-
some replication (Pearson et al. 1996; Yu et al. 2022), although
additional evidence is needed. Alternatively, future genomic or
transcriptomic data may reveal whether such copy number vari-
ation is due to certain aspects of the nuclear genome, such as
genes pertaining to DNA replication, repair, and recombination
(Yuetal.2022). A similar architecture is discovered in two basal
metazoan lineages, the rotifer Brachionus plicatilis and the cyst
nematode Globodera ellingtonae, with their mitogenomes both
consisting of two similar-sized chromosomes that vary in abun-
dance by more than four folds (Suga et al. 2008; Phillips et al.
2016). Notably, all these hyper-abundant chromosomes encode
the large ribosomal RNA subunit. It is therefore intriguing
whether such convergence (if not coincidental) is related to dif-
ferential gene expression—a commonly suggested advantage of
genomic fragmentation (Rand 2009).

Transferred Mitochondrial Sequences Highlight
Asymmetric Evolutionary Consequences of
Heterotrophy

Mixtures of foreign sequences are common components of
angiosperm mitogenomes (Goremykin et al. 2009; Cusimano
and Wicke 2016; Gandini and Sanchez-Puerta 2017).
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Intracellular insertions from plastid genomes, specifically, are al-
most universally present, often accounting for 1% to 10% of the
size of mitogenomes (Mower et al. 2012a). All analyzed
Gastrodia mitogenomes harbor limited intra-MTPT contents
(Fig. 3a and supplementary table S3, Supplementary Material
online) that contribute to <1% of each mitogenome, and several
members of Clade 3, together with some species in the holopar-
asitic family Balanophoraceae, represent the only known cases
in angiosperms where intra-MTPTs are completely absent
(supplementary table S4, Supplementary Material online).
Acquisition of foreign sequences requires the release of genetic
materials from the donor and transmission to the recipient
(Mower et al. 2012a), and subsequent incorporation into the re-
cipient genome may be facilitated by homology-mediated re-
combination. Differential recombination activity, however, is
not a likely cause for the paucity of transferred sequences in an-
alyzed mycoheterotrophic orchids (Fig. 3a). Given that plas-
tomes of Gastrodia are reduced to approximately one-fifth the
size of typical angiosperms’ and that intracellular transfers of
plastid sequences into Gastrodia mitogenomes are likely ancient
(Wen et al. 2022; Kim et al. 2023), we propose the contracted
plastome hypothesis, where reduction of plastome has led to
fewer cases of plastid sequence release and lowered chance of
interaction with conspecific mitogenomes. On the other hand,
since they hardly produce selective impacts (Mower et al.
2012a; Gandini and Sanchez-Puerta 2017), ancient plastid in-
sertions (when plastomes were less reduced) were gradually
eroded by mutations and sequence turnover (Fig. 1). As support,
we found clear evidence of intra-MTPT content and plastome
size reduction across independent heterotroph lineages as com-
pared to their autotrophic relatives (Fig. 3a and supplementary
table S4, Supplementary Material online). Despite variations
among individual lineages, this pattern is largely parallel be-
tween the two heterotrophic types (Fig. 3a). An alternative ex-
planation, however, concerns plastome expression, if
intra-MTPTs were transferred mainly as complementary
DNAs (RNAs after retroprocessing), and mycoheterotrophs
have reduced expression of plastid genes. While the former is
partly supported by high densities of plastid gene sequences in-
side intra-MTPTs (supplementary table S3, Supplementary
Material online), the contribution of such is presumably limited
for autotrophic orchids, as no trace of intron splicing is found.
Together with a lack of evidence suggesting reduced expression
of mycoheterotroph plastomes, this explanation remains un-
grounded at present. Given the typically considerable contribu-
tion of plastid insertions (Mower et al. 2012a), the contracted
plastome hypothesis proposed here may reveal a mechanism
through which content and size diversity of angiosperm mitoge-
nomes arose.

Our analyses on horizontal gene transfers, in contrast, un-
veiled disparate mitogenomic evolution between the two hetero-
trophic types. Studies on parasitic plants have reported massive
mitochondrial sequence acquisition from their hosts, frequently
causing functional replacement of native genes (Xi et al. 2013;
Sanchez-Puerta et al. 2017). This is partly due to the frequent fu-
sion and fission of plant mitochondria (Arimura et al. 2004;
Davis and Xi 2015) and physical contacts that facilitate se-
quence transmission (Davis and Wurdack 2004; Mower et al.
20105 Lin et al. 2022a). Surprisingly, contents of fungal inser-
tions in Gastrodia mitogenomes are quite scarce, only similar
to or falling behind that of their autotrophic relatives (Fig. 3¢
and supplementary table S1, Supplementary Material online),
implying that complete nutrient reliance on fungi does not cause
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more sequence transfers into mitogenomes, consistent with pri-
or analyses on other mycoheterotrophs (Petersen et al. 2019;
Shtratnikoya et al. 2020). Despite the symbiotic relationship, in-
tegration of fungal sequences into mycoheterotroph mitoge-
nomes may have been curbed by genetic barriers (but for
symbiosis at early life stages that explains the presence of fungal
sequences in most extant orchid mitogenomes; see Huang 2013,
Sinn and Barrett 2020) due to organellar fusion incompatibility
and different organellar division machineries (Richards et al.
2009; Westermann 2010; Rice et al. 2013). In addition, we dis-
covered horizontal origins for duplicated gene copies in N.
mackinnonii and several blocks of non-coding sequences in
Gastrodia mitogenomes (Fig. 3d and supplementary figs. S10
and S11, Supplementary Material online). Limited in amount
but pointing to diverse donors, these HGTs again sharply con-
trast those in parasitic plants, where plenty of them mostly ori-
ginate from a single donor (the host plant) and frequently carry
entire genes (e.g. Sanchez-Puerta et al. 2017). Since members of
Gastrodia and Nervilia are not known to form direct contact
with other living plants, mechanisms underlying the acquisition
of these sequences remain elusive, suggesting potentially uniden-
tified pathways through which mitochondrial HGTs can occur.

Evolutionary Rate Acceleration and Insights into
Mitogenome Size Variation

It is generally established that plant mitogenomes evolve rap-
idly in structure but slowly in sequence (Palmer and Herbon
1988; Cho et al. 2004; Christensen 2021). The repertoire of
38 protein-encoding and three rRNA genes is largely con-
served among assembled orchid mitogenomes (e.g. Wang
et al. 2023; Yang et al. 2023), although reduced tRNA con-
tents in Epipogium and Gastrodia mitogenomes indicate a
stronger reliance on nucleus-encoded translational apparatus
for mycoheterotrophs (supplementary fig. S5, Supplementary
Material online) (Schneider 2011). Substitution rates of mito-
chondrial protein-encoding sequences, however, have under-
gone marked acceleration in the two genera representing
likely independent origins of mycoheterotrophy (Fig. 4a)
(Zhang et al. 2023). Even when placed into the angiosperm
phylogeny, some genes of Gastrodia evolve faster than most
other taxa (supplementary fig. S12, Supplementary Material
online), as further entrenched by the unique insertion into
the coding sequence of their ps3 gene (Fig. 4b). Across para-
sitic plant genomes, evolutionary rate increase has been broad-
ly attributed to higher mutation rates and relaxed selective
pressures (Bromham et al. 2013; Skippington et al. 2015).
Our results, together with studies on nuclear and plastid ge-
nomes (e.g. Yuan et al. 2018; Petersen et al. 2019; Wen
et al. 2022), extend such acceleration to heterotrophic plants,
although future expanded sampling may secure this extrapola-
tion. Rate increase in mycoheterotrophs may be similarly at-
tributed to mutation rates and selective pressures, given their
high absolute ds and dn/ds ratios (Fig. 4a). Different from
what is typical for angiosperms with extremely fast-evolving
mitogenomes (Zwonitzer et al. 2024), however, copy number
does not explain rate variation in Gastrodia mitogenomes
(Fig. 4c and supplementary fig. S14, Supplementary Material
online), likely because mitochondrial DNA is overall abun-
dant in this genus to enable high-fidelity replication (Fig. 4d;
compare to fig. 2 in Zwonitzer et al. 2024). Factors such as
mutagenic local environments and shorter replication cycle of
mitochondria are thus candidate drivers for rate acceleration in
Gastrodia (Birky 2001; Lynch 2007, 2010). Future information

on biochemistry and other aspects may illuminate whether the
convergent mitochondrial evolutionary rate acceleration across
heterotrophic plants is driven by shared mechanisms.

Across organisms, high mutation rates tend to be associated
with smaller genome sizes, given the mostly deleterious nature
of mutations (the mutational hazard hypothesis; see Smith 2016
and Lynch et al. 2023 for details). Organelle genomes, in particu-
lar, are not expected to be exceptions given their inability to shed
mutations by recombination (Lynch 2007). Most heterotroph
plastomes analyzed to date, including those of Gastrodia (Wen
etal. 2022), are characterized by parallel size contraction and evo-
lutionary rate acceleration (reviewed in Graham et al. 2017). In
contrast, the size of our analyzed Gastrodia mitogenomes spans
nearly four folds (Fig. 1a), with many situated well above the typ-
ical range of angiosperms’ (Wu et al. 2022). This finding, along
with that many known fast-evolving angiosperm mitogenomes
are unusually large (e.g. Sloan et al. 2012; Zwonitzer et al.
2024; but also see Skippington et al. 2015), appear to contradict
the mutational hazard hypothesis. Mitochondrial sequence evolu-
tion in angiosperms is generally slow, particularly so when com-
pared to bilateral animals (Lynch 2007). Besides, size variation
in angiosperm mitogenomes is mostly due to non-coding (and
possibly nonfunctional) components (Mower et al. 2012a).
These factors render their expansion less a “mutational liability”,
but more consequences of sequence birth-death processes (Lynch
2007). However, it does not imply that such processes occurred
completely at random. In the context of decreasing mitogenome
size from early- to recently-diverged Gastrodia species, ancient re-
arrangements might have generated numerous, fragmented
(smaller) chromosomes, with genes distributed to some of them
and leaving others “empty”. Then, both underwent
deletion-inclined mutations, but only ones that encode no or
only “dispensable” genes were subject to stochastic loss, presum-
ably due to relaxed selection on their persistence. This fits with the
similarly large number of chromosomes with decreasing lengths
across Clades 1, 2, and early-diverged species of Clade 3, and de-
creasing number but similar lengths from early- to recently-di-
verged Clade 3 members (Table 1 and supplementary fig. S2,
Supplementary Material online). This scenario adds details to mi-
togenome size evolution following a putative “big-bang” (Wu
et al. 20135), although the initial phase of this hypothesis—the
massive expansion—warrants further evidence.

Conclusions

Our analyses on Gastrodia and relatives provide a glimpse into
the mitogenomic peculiarities of mycoheterotrophic plants,
highlighting the diverse and remarkable genomic outcomes as-
sociated with heterotrophy. The multiple aspects of convergent
and divergent mitogenome evolution between parasitic and
mycoheterotrophic plants uncovered here advance our under-
standing of how trophic habit can impact the evolutionary tra-
jectory of genomes. We anticipate that these discoveries,
instead of only entrenching existing views on the extreme vari-
ability of plant mitogenomes, should encourage further scien-
tific endeavors, especially those that employ interdisciplinary
approaches, to explore currently elusive aspects of plant mito-
genomes such as the evolution of peculiar architectures.

Materials and Methods

Sampling and Sequencing
Living plant materials at flowering time were collected from
the wild following national and regional legislations. These
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included ten representatives of Gastrodia (subfamily
Epidendroideae, tribe Gastrodieae) and two species from re-
lated genera, Epipogium and Nervilia (mycoheterotrophic
and autotrophic, respectively; both in  subfamily
Epidendroideae, tribe Nervilieae). For G. sp., two individuals
were sampled. Voucher specimens were deposited at the
Herbarium of the Institute of Botany, the Chinese Academy
of Sciences (PE). We extracted total DNA from peduncles
with DNAsecure Plant Kits (TTANGEN BIOTECH, Beijing,
China) following the manufacturer’s protocols. Products
were fragmented with Covaris LE220R-plus (Woburn,
USA), end-polished, A-tailed, ligated with adaptor, and
PCR-amplified, to construct shotgun genomic libraries of
450-bp (for Epipogium only) or 350-bp (for others) insert
sizes, which were sequenced on Illumina NovaSeq6000 plat-
forms (Novogene, Beijing, China), producing 100-bp (for
Epipogium) or 150-bp (for others) pair-end sequence reads
that totaled ca. 10 Gb for each specimen. A genomic library
with 15-kb insert size was also constructed for G. peichatieni-
ana and sequenced on a PacBio RS-II Platform, producing ca.
20 Gb long reads. For G. elata, we downloaded DNA sequen-
cing reads available at the NCBI SRA repository (BioProject
No.: PRJNA632604) and extracted two subsets of 40 Gb
(Illumina) and 30 Gb (PacBio), respectively, for subsequent
use. Additional IncRNA sequencing of fresh peduncle materi-
als of G. elata was performed by Benagen (Wuhan, China) as
follows. Total RNA was extracted using TRIzol, the product
of which was measured for ratio of absorbance at 260/
280 nm and 260/230 nm wavelengths with NanoPhotometer
(Implen, Munich, Germany) to assess the level of contamin-
ation. The qualified sample was used for library construction
with RNA Library Prep Kit following manufacturer’s instruc-
tions, through which rRNAs were removed by probes and
IncRNAs were enriched. Fragmentation by divalent cations
was performed in 5X First Strand Synthesis Reaction Buffer,
followed by complementary DNA synthesis, NEBNext
Adaptor ligation, PCR amplification, and sequencing on
[llumina NovaSeq6000 platform to produce ca. 15 Gb pair-
end reads. Trimmomatic v0.39 (Bolger et al. 2014) and
Canu v2.2 (Koren et al. 2017) were used, both with default
settings, to filter or self-correct raw Illumina and PacBio se-
quencing reads prior to downstream analyses.

Mitogenome Assembly, Annotation, and Search of
Syntenic Blocks

For G. elata and G. peichatieniana where both Illumina and
PacBio reads were available, we followed Yu et al. (2022)
for mitogenome assembly. For the other species, assembly
was performed following Yu et al. (2021). A custom mitoge-
nomic database (supplementary table S10, Supplementary
Material online) was used as a reference for the
GetOrganelle pipeline (Jin et al. 2020). The last step of both
workflows was to disentangle a network of contigs bordered
by repetitive sequences when the output GFA file was visual-
ized using Bandage v0.8.1 (Wick et al. 2015; Yu et al. 2022
for detailed descriptions). To minimize subjective impacts,
for each repeat pair shorter than the insert size located at joints
of contigs, we constructed all (in most cases, two) alternative
conformations that included the repeat itself and sequences
flanking both sides and mapped Illumina reads to these con-
formations with Bowtie2 v2.3.4 (Langmead and Salzberg
2012). We then disentangled these contigs according to the
dominant conformation as determined by the number of
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sequencing reads supporting each conformation. For repeats
exceeding the insert size (except in G. elata and G. peichatieni-
ana, where we determined the dominant conformation by a
PacBio reads-mapping method similar to Illumina reads), we
followed the convention to assemble as multiple possible sub-
circular chromosomes instead of a “master circle” (Wu et al.
2015). To assess assembly completeness, we calculated the se-
quencing depth of all assembled mitochondrial sequences with
Bowtie2 and Samtools v1.11 (Danecek et al. 2021) (see be-
low). We then re-assembled Illumina reads with SPAdes
v3.13.0 (Prjibelski et al. 2020) under a broad range of
k-mers (57 to 127, whenever applicable), and extracted con-
tigs with similar sequencing depths as assembled mitochon-
drial sequences. Extracted contigs were compared against
assembled mitogenomes using BLASTN (Zhang et al. 2000)
to identify potentially missing mitochondrial contigs. The as-
sembled mitogenome of G. pubilabiata was downloaded
from NCBI GenBank and used in subsequent analyses except
those requiring chromosome delimitation, as this assembly
was intentionally assembled as a master circle (Kim et al.
2023). Four previously published orchid mitogenomes (three
autotrophic and one mycoheterotrophic species) outside of
Gastrodia were also analyzed (supplementary table S1,
Supplementary Material online).

To annotate protein-encoding and rRNA genes, we combined
the use of BLASTN and Live Annotate & Predict function imple-
mented in Geneious Prime v2023.1.2 (https:/www.geneious.
com) against a custom database of plant mitogenomes
(supplementary table S10, Supplementary Material online),
both with default parameter settings. We additionally searched
for unannotated protein-encoding genes with the mitogenome
of Liriodendron tulipifera (Richardson et al. 2013) as reference
under sensitive parameter settings of BLASTN (-word_size 7
-reward 5 -penalty -4 -gapopen 8 -gapextend 6), following
Skippington et al. (2017). Due to the presence of a unique inser-
tion into the rps3 gene of Gastrodia, we mapped IncRNA
sequencing reads of G. elata to its mitogenome assembly to
determine whether thisinsertion is retained in mature mitochon-
drial mRNAs. Annotation of tRNAs was performed with
the tRNAscan-SE web server under “other mitochondrial”
mode (Lowe and Chan 2016). Finally, we ran MFannot (Lang
et al. 2023) and ORFfinder (https:/www.ncbi.nlm.nih.gov/
orffinder) to check for unannotated genes or mis-annotations.

We searched for syntenic blocks among assembled mitoge-
nomes using BLASTN, with an e-value cutoff of 1e-5, a per-
cent identity of 80, and an alignment length of 250 bp.
Syntenic blocks were visualized using custom R scripts
adapted from the Rldeogram package (Hao et al. 2020).

Depth of Coverage and Copy Number Estimation

Coverage depth of assembled mitogenomes were computed
with Illumina sequencing reads using Bowtie2 and Samtools
(parameter settings: —end-to-end —no-discordant —no-mixed).
All circular-mapping chromosomes were linearized to the re-
quired input format. Raw coverage data were further analyzed
(see below) to produce chromosome (or contig)-specific copy
number estimates. We first trimmed data within 500 bp to
both ends of linearized chromosomes or those corresponding
to intracellular plastid insertions (see below); then, we ex-
cluded outliers that fell below 0.05 or above 0.95 quantiles
of coverage data for each chromosome. The mean and stand-
ard deviation of remaining data were computed as estimates of
relative chromosome-specific copy number and associated
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uncertainties. We then performed analysis of variance
(ANOVA), treating the coverage depth of each nucleotide as
individual observations, to test for differences in copy number
of different chromosomes against the null hypothesis of equal
means. As there were highly significant differences (P <
0.0001) in all assembled mitogenomes, we fit estimated copy
numbers against chromosome lengths using linear regressions.
The same sets of Illumina sequencing reads were also mapped
to plastomes (Wen et al. 2022), for our sampled species and
Epipogium roseum (based on SRA accession SRR1344935),
as none of the other autotrophic species in Fig. 3A have pub-
licly available Illumina sequencing data for peduncle DNA.
This is for consistency, as plastome abundance can vary con-
siderably across different parts of a plant (Zwonitzer et al.
2024). For G. elata and G. menghaiensis, sequencing depths
of nuclear genomes were additionally estimated by dividing
nucleotide count in lllumina sequencing data (read pairs map-
ping entirely to organelle genomes excluded) by correspond-
ing haploid nuclear genome size reported in literatures (Xu
et al. 2021; Jiang et al. 2022). Copy number of mitogenomes
relative to plastid and nuclear genomes was then calculated as
the ratio of mitogenome sequencing depth (averaged across
chromosomes) to those of the latter.

We identified two chromosomes, the fourth of G. sp. and G.
shimizuana, for their exceptional copy number of >15 X high-
er than intragenomic averages. These hyper-abundant chro-
mosomes are nearly identical in sequence (99.97% overall
identity), thus were analyzed as a whole. As all sampled
Gastrodia species in Clade 3 possess a circular-mapping mito-
chondrial chromosome that covered >60% (in terms of hom-
ologous sequences) of the hyper-abundant one, we aligned
these homologues with MAFFT v7.313 (Katoh and Standley
2013) under “normal” mode to identify regions unique to
the hyper-abundant chromosome. For each unique region
>100 bp, secondary structure was predicted with mfold web
server under default settings (Zuker 2003), and palindromic
sequences were identified using Palindrome analyser web ser-
ver, by setting maximum spacer and mismatch to 10 and 3, re-
spectively (Brazda et al. 2016).

Detection of Repeats and Transferred Sequences

We searched for repetitive contents by comparing each mitoge-
nome against itself using BLASTN. Hits between nonidentical
locations and with e-values <le-7 were considered as repeat
pairs. Transposable elements were annotated using CENSOR
(Kohany et al. 2006). To identify transfers from fungi, we
used the mitogenome assemblies of Ustilago maydis (Sinn and
Barrett 2020), as well as Armillaria and Mycena—fungal taxa
known to form symbiotic relationships with Gastrodia—as
BLASTN references, and searched each assembly with parame-
ters -word_size 7 -evalue 1e-5 -reward 2 -penalty -3 -gapopen
3 -gapextend 3 (following Sinn and Barrett 2020).
Mitochondrial plastid insertions were detected using
BLASTN, with an e-value cutoff of 1e-5, percent identity of
80, and alignment length of 250 bp, with the plastomes
of four autotrophic orchids (Apostasia shenzhenica,
Dendrobium  brymerianum, Nervilia mackinnonii, and
Paphiopedilum micranthum) as references. As we focus on
plastid sequences that result from intracellular transfer
(intra-MTPTs), BLAST hits were then filtered to exclude se-
quences that initially transferred from the plastomes of distant
taxa (foreign-MTPTs) following Gandini and Sanchez-Puerta
(2017). Intra-MTPT blocks were then screened for plastid

gene fragments, based on their homologues in reference plas-
tomes. To further explore the general pattern of
intra-MTPTs in heterotrophic plants, we downloaded all cur-
rently available mitogenomes for fully heterotrophic plants
from GenBank (data retrieved in May 2024) and performed
the same workflow under identical parameter settings as spe-
cified above. For each lineage that contains heterotrophic
members, we also obtained the mitogenomes of their auto-
trophic or facultatively parasitic (in the case of Santalales
only; same for below) relatives (mostly taxa in the same family
as the heterotroph, but this was not possible, for example, for
Balanophoraceae and Rafflesiaceae; see supplementary table
S4, Supplementary Material online), and used the plastomes
of autotrophic or facultatively parasitic taxa as BLASTN
references.

Finer examinations of transferred mitochondrial sequences
in G. elata and G. menghaiensis were enabled by nuclear gen-
ome assemblies. BLASTN was used, with same parameter set-
tings as for plastid sequence detection except a higher identity
threshold (90%), to search for mitochondrial sequences that
match corresponding nuclear genomes (G. menghaiensis:
NCBI GenBank No. OP413684-OP413712; G. elata:
NCBI GenBank No. CM028669-CM028686 and National
Genomics Data Center BioProject No. PRJCA005619). We
identified eight specific chromosomes (<10% of length covered
by syntenic blocks between G. elata and G. menghaiensis) with
largely (>90%) uncharacterized sequence components (not
overlapping with nuclear hits, MTPTs, or fungal transfers).
These chromosomes were further searched for transfers from
distant plants. To do this, we performed online BLASTN (under
default settings) with these chromosomes as input, and ex-
tracted blocks for which there were hits of >250 bp present
in at least five non-orchid taxa. We then downloaded all quali-
fied sequences and reconstructed maximum likelihood phyloge-
nies based on them. Details for phylogenetic inference and
criteria for determining horizontal transfers are specified below.
Six blocks totaling 9.2 kb showed evidence of horizontal trans-
fer, and their existence was verified by PacBio reads (four of G.
elata; supplementary tables S5 to S8, Supplementary Material
online) and PCR (two of G. menghaiensis; see below).

Quantification of Recombination Activity

Frequency of repeat-mediated homologous recombination
was assessed on randomly selected identical repeat pairs of
>50 bp. For analyzed orchid mitogenomes which were
published previously (A. shenzhenica, D. brymerianum,
E.roseum, and P. micranthum), we assembled their mitochon-
drial contigs using publicly available Illumina sequencing
data (SRA accessions: SRR5759388, SRR18635896,
SRR1344935, and SRR32292552), with their published as-
semblies as reference for the GetOrganelle pipeline, and
searched for repeats therein. Illumina reads were then
mapped to the reference and alternative conformations (see
Mitogenome Assembly section for details) associated with
each repeat pair using Bowtie2, and reads pairs supporting ei-
ther conformation were counted. The recombination ratio is
calculated as the proportion of repeat pairs supporting alter-
native conformation.

PCR Assays

Relative qPCR measurement was performed on G. sp.
Individual 2 to validate the mitochondrial chromosome copy
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number estimated with Illumina sequencing depth, and con-
ventional PCR on G. menghaiensis for the existence of two
mitochondrial blocks of putative horizontal origin from other
angiosperms. For the former, we selected five mitochondrial
chromosomes that represent the range of sequencing depth
variation in this species and assayed four markers of ca.
120 bp on its plastome and each of these mitochondrial chro-
mosomes. The nuclear gene XY4 was used as a control.
Markers were amplified for 40 cycles using TSES01
ArtiCan®™ SYBR ¢PCR Mix (Tsingke, Beijing, China)
with a qTOWER3 Real-time Thermal Cycler System
(Analytik Jena, Jena, Germany). For G. mengbhaiensis,
markers surrounding blocks of interest were amplified using
Taq PCR Master Mix (Bioss, MA, USA) with a Biometra
GmbH PowerCycler (Analytik Jena, Jena, Germany).
Products were visualized with agarose gel electrophoresis
and validated with Sanger sequencing. All primers were de-
signed with Primer3 (Untergasser et al. 2012; supplementary
table S9, Supplementary Material online), and reactions
were performed in 20-pL volumes.

Substitution Rate Estimation and Structural
Prediction

We retrieved a wide range of mitogenome assemblies that cov-
ered major angiosperm lineages, especially those with rapidly
evolving coding sequences (Sloan et al. 2012; Skippington
et al. 2015; Guo et al. 2023), plus a gymnosperm, Cycas tai-
tungensis (Cycadaceae). Only one representative was selected
for each genus except Silene (Caryophyllaceae), given its re-
markable intrageneric heterogeneity in substitution rate
(Sloan et al. 2012). Protein-encoding sequences of all sampled
mitogenomes were extracted and aligned with MAFFT (under
“codon” mode) and manually checked, then trimmed with
Gblocks v0.91b (Talavera and Castresana 2007) under de-
fault settings to remove poorly aligned sites. Maximum likeli-
hood phylogeny was reconstructed for each protein-encoding
gene using IQ-TREE v2.2.0.3 (Lam-Tung et al. 2015), with
the best-fit substitution model determined by ModelFinder
(Kalyaanamoorthy et al. 2017) under the corrected Akaike
Information Criterion (AICc). Node supports were based on
1,000 ultrafast bootstrap pseudoreplicates. We determined a
gene as horizontally acquired if the corresponding species
strongly clusters (BS>0.70) with distant taxa in a way
discordant with established mitochondrial-based phylogenies
(Hu et al. 2023). Across our assemblies, genes of potential
horizontal origins are found only in N. mackinnonii,
coexisting with native copies (supplementary fig. S11,
Supplementary Material online). We then concatenated all na-
tive protein-encoding sequences into a matrix, aligned and
trimmed the matrix as described above, and partitioned the
matrix according to gene boundaries. A maximum likelihood
phylogeny was then generated and used for absolute substitu-
tion rate estimation. The phylogeny was first calibrated using
r8s v1.81 (Sanderson 2003), with the PL method and optimal
smoothing factor determined by the implemented cross
validation function, and time constraints on ten nodes
(supplementary table S11, Supplementary Material online).
Synonymous (ds) and non-synonymous (dy) substitution rates
for each protein-encoding gene were computed with codeml in
the PAML package (Yang 2007), where we assumed branch-
specific dn/ds ratios and applied the F3 x 4 method for codon
frequency calculation. Genes subject to trams-splicing were
additionally split into fragments and analyzed separately.
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Absolute substitution rates were then derived by dividing ds
and dy estimates from each terminal branch by corresponding
divergence times, except for the genus Gastrodia, where ds,
dn;, and divergence times were summed from its crown node
due to very recent divergence of some sampled species (Wen
et al. 2022).

Structural Prediction

As Gastrodia members harbor a unique insertion inferred to
represent part of the coding sequence of rps3 gene, we used
AlphaFold 3 (Abramson et al. 2024), via its web server
(https:/alphafoldserver.com/), to predict the three-
dimensional structure of the protein encoded by this gene,
and results were visualized with ChimeraX (Meng et al. 2023).

Chromosome Evolution Reconstruction

We selected mitochondrial chromosomes that are homologous
over >90% length in at least three Gastrodia species. These
homologues, as well as any others harboring syntenic blocks
covering >10% of their length, were used for analyses.
Alternatively, the chromosome is considered lost if <10% of
its length is covered in a mitogenome. Ancestral sequences
were then reconstructed with maximum likelihood inference
implemented in MEGA X (Kumar et al. 2018), using the
GTR + G + I model and constrained with the phylogeny gener-
ated above. We then compared the ancestral sequence with its
immediate descendents’ to count indels and SNPs along each
branch. Rearrangements, such as chromosome splits and fu-
sions mediated by homologous recombination, were inferred
based on reshuffled syntenic blocks. However, given the lim-
ited synteny among Gastrodia clades, such events, especially
for ancient ones, are likely underestimated.

Supplementary Material

Supplementary material is available at Molecular Biology and
Evolution online.
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Data Availability

All assembled mitogenomes have been deposited at NCBI
GenBank, with accession numbers listed in supplementary
table S2, Supplementary Material online.
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