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Abstract: Malaxidinae is one of the confusing groups with classification in Orchidaceae. Previous
phylogenetic analysis reveals that the relationships among the taxa in Malaxidinae have not yet
been reliably established using a few plastome regions or nuclear ribosomal internal transcribed
spacer (nrITS). In the present study, the complete plastomes of Oberonia integerrima and Crepidium
purpureum were assembled using high-throughput sequencing. Combined with publicly available
complete plastome data, this resulted in a data set of 19 plastomes, including 17 species of
Malaxidinae. The plastome feature and phylogenetic relationship were compared and analyzed.
The results showed that: (1) The plastomes of Malaxidinae species possessed the quadripartite
structure of typical angiosperms, with sizes ranging from 142,996 bp to 158,787 bp and encoding
from 125 to 133 genes. The ndh genes were lost or pseudogenized with varying degrees in six species.
An unusal inversion was detected in the Large Single-Copy region (LSC) of Oberonioides
microtatantha. (2) A total of 8 regions, including ycf1, matK, rps16, rpl32, ccsA-ndhD, clpP-psbB, trnFGcAA-
ndh], and trnSCCU-trnGUCC, were identified as mutational hotspots. (3) Based on complete plastomes,
68 protein-coding genes and 51 intergenic regions, respectively, the phylogenetic analyses resolved
genera-level relationships in this subtribe with strong support. The Liparis was supported as
polyphyletic.

Keywords: Malaxidinae; plastid genome; comparative genomics; phylogeny

1. Introduction

The subtribe Malaxidinae (Orchidaceae, Malaxideae), consisting of approximately 1,250 species
in 14 genera, is sister to Dendrobiinae [1-3]. The species of Malaxidinae are terrestrial, occasionally
epiphytic, rarely holomycotrophic, and characterized by fleshy stems, terminal and racemose
inflorescences, and small flowers [4]. This subtribe is primarily distributed in the tropics and
subtropics, with only a few genera extending into temperate regions (Liparis, Malaxis, and Oberonia)
[3]. Malaxidinae possesses remarkable ornamental value due to its distinctive flowers. Additionally,
this subtribe holds importance in traditional Chinese medicine, plant chemistry, and pharmacology
[5,6].

Malaxidinae species show limited morphological variations, leading to unclear taxonomic
boundaries at species and genera level, making them a challenging group for taxonomic research
[4,7-10]. Previous studies based on traditional molecular markers have consistently shown that the
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phylogenetic relationships of Malaxidinae had moderate to low support values and highly unstable
topological structures. Cameron et al. [4] proposed the division of Malaxidinae into at least seven
genera using the nuclear ITS and plastid matK regions. The phylogenetic analysis also revealed the
Oberonia was monophyletic, while Liparis s.l. (including terrestrial and epiphytic) plus Malaxis s.1.
were polyphyletic. Based on four markers, ITS, matK, trnS-trnG and trnL-trnF, the result of Tsutsumi
et al. [11] showed Liparis was polyphyletic, as Malaxis species were nested within Liparis. Other
phylogenetic analyses of Malaxideae mainly employed ITS and matK, with extended sampling
include Crepidium, Crossoglossa, Crossoliparis, Dienia, Hippeophyllum, Stichorkis, and Tamayorkis [2,12—
17]. Despite the expansion of genera sampling in these studies, the issue of non-monophyly in Liparis,
Malaxis, and Crepidium, as well as low support values and unstable topological structures, remains
unresolved. The phylogenetic relationships of Malaxidinae were still difficult to determine,
necessitating alternative approaches to increase resolution.

The plastome, characterized by a high copy number per cell and a comparatively smaller size,
which makes complete sequencing much more tractable. Due to the lack of recombination, low rates
of nucleotide substitutions, and usually uniparental inheritance [18,19], the plastome has found
widespread application in addressing issues such as node collapse and low support values based on
traditional molecular markers [20-23]. A limited number of Malaxidinae plastome sequences,
including Liparis, Oberonia, and Oberonioides, have been published in GenBank database
(https://www .ncbi.nlm.nih.gov/) [24-28]. However, detailed analyses of plastome composition and
structure, and comparisons with each other have not yet been conducted. In this study, we present
two newly sequenced plastomes of Oberonia integerrima and Crepidium purpureum and compared with
a total of 17 previously published Malaxidinae plastome sequences (from 15 species). Following this,
we analyzed the differences in genome size, content, and structure, the inverted repeats (IR)
contraction and expansion, and codon-usage bias, identifying the sequence divergence, along with
variant hotspot regions. In addition, we reconstructed the phylogenetic trees of Malaxidinae based
on plastome datasets. The present results provide a useful genetic resource for molecular
identification and evolutionary studies of Malaxidinae.

2. Results

2.1. Plastome Feature and Genome Rearrangement

The lengths of newly sequenced plastomes of Oberonia integerrima and Crepidium purpureum were
146,620 bp and 158,780 bp, the GC content was 36.8% and 37.4%, respectively (Figure 1). Among the
typical quadripartite structure of these two species, the length and percentage of the large single copy
(LSC) region were 83,791 bp (57.15%) and 86,383 bp (54.40%), the inverted repeat (IR) region were
25,821 bp (17.61%) and 27,015 bp (17.01%), the small single copy (SSC) region were 11,187 bp (7.63%)
and 18,367 bp (11.57%), respectively.

In O. integerrima, a total of 126 annotated genes and 75 protein-coding genes were detected, ndhC,
ndhF, ndhG, ndhl, ndhA, and ndhH were lost, while ndh], ndhK, ndhB, and ndhD were pseudogenized.
However, the ndh gene was neither lost or pseudogenized in C. purpureum, a total of 132 annotated
genes and 86 protein-coding genes were detected. A total of 38 transfer RNA (tRNA) and eight
ribosomal RNA (rRNA) were annotated in these two species (Supplementary Table S1).
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Figure 1. Annotation map of the plastomes of Oberonia integerrima (A) and Crepidium purpureum (B).

In total, 19 plastomes of Malaxidinae, including Liparis, Crepidium, Oberonioides, and Oberonia,
were analyzed in this study. The plastomes in length ranged from 142,996 bp (O. japonica) to 158,787
bp (L. nervosa), with a GC content of 36.8% to 37.4%. All plastomes displayed a typical quadripartite
structure, the length and percentage of the LSC region ranged from 81,669 bp (57.11%) to 86,752 bp
(54.82%), the IR region ranged from 24,003 bp (16.56%) to 27,268 bp (17.17%), and the SSC region
ranged from 10,224 bp (7.15%) to 18,367 bp (11.57%).

The annotated genomes encoded 125-132 genes, of which O. japonica and O. seidenfadenii were
the least genes, containing 74-86 protein-coding genes, 38 tRNA genes, and eight rRNA genes
(Supplementary Table S1). The ndh gene was lost or pseudogenized to varying degrees in six species,
including Oberonia integerrima, O. japonica, O. seidenfadenii, Oberonioides microtatantha, L. japonica, and
L. yongnoana. Furthermore, the rearrangements of plastome were analyzed by Mauve. An inversion,
approximately 18.5 kb of rpl33-rps3 region, was identified in the LSC region of Oberonioides
microtatantha (Figure 2).
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Figure 2. Alignment of 19 Malaxidinae plastomes using MAUVE. Comparative gene maps showed
an inversion in rpl33-rps3 region of Oberonioides microtatantha.

2.2 IR Region Border Analysis

The IR/single copy (SC) region border in Malaxidinae plastomes showed a relatively conserved
structure (Figure 3). Except for rpl22 of L. japonica was located in the LSC region, rpl22 of other species
spanned the IRb/LSC (JLB) boundary. The IRb/SSC (JSB) boundary was located in ndhF, except for
four species of Oberonia and Oberonioides—the JSB boundary was located between the trnNGUU and
rps15. The ycfl gene was located in the SSC region in Oberonioides microtatantha and O. integerrima,
but in other species were spanned the IRa/SSC (JSA) junction. The IRa/LSC (JLA) border of all species
was located between rps19 and psbA.
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Figure 3. Comparison of boundries between the LSC, SSC, and IR regions among 19 Malaxidinae
plastomes.

2.3 Codon Usage Analysis

After extracting the protein-coding genes and removing the repeated genes, the matrices of 68
unique coding genes were obtained. The 68 protein-coding genes encoded 19,247-19,464 codons
among the 19 plastomes (Supplementary Table S2). The most frequent amino acid was leucine (Leu),
while the lowest was cysteine (Cys). Additionally, the synonymous codon usage (RSCU) values were
calculated, ranging from 0.360 to 1.899, and the heatmap revealed that codon frequencies were largely
similar within Malaxidinae. The GCU codon had the highest RSCU value (1.844-1.899), while GAC
exhibited the lowest RSCU value (0.360-0.381) (Figure 4, Supplementary Table S2). Among three
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termination codons, UAA, UAG and UGA, the RSCU value of UAA codon (1.368-1.544) was highest
(Supplementary Table S2).

EErEEEE = mm Crepidium purpureum
] ] H N W Liparis quriculata
W Liparis bootanensis
WIS Liparis japonica 2.00
W Liparis kumokiri 1.80
W Liparis loeselii 1.60
W Liparis makinoana 1 :
WIS Liparis makinoana 2 1.40
W Liparis nervosa 1.20
B Liparis pauliana 1.00
W Liparis pingfaot 0.80
B Liparis viridiflora 1 0.60
W Liparis viridiflora 2 .
WIS Liparis vivipara .40
B Liparis yongnoana 0.20
= == 8-eram_a integerrima
eronia japanica
| T 0 [ N -emniaée‘t?genfadenii
L] WIS Oberonioides microtatantha

mem . I O TR ] n

R R T R B R R T R R R R R R R R
Figure 4. The RSCU values of concatenated 68 protein-coding genes for Malaxidinae plastomes. Color
key: the red values mean higher RSCU values and the blue values mean lower RSCU values.

2.4 Nucleotide Mutation Hotspots

The sequence identity was compared and plotted using the program mVISTA. The results
showed that the protein-coding genes were highly conserved than the intergenic regions (Figure 5).
The IR regions were more conserved than the LSC and SSC regions. The total length of 68 unique
protein-coding genes was 69,810 bp, variable sites (V) were 7,153 (accounting for 10.24% of the total
length) and parsimony informative sites (Pi) were 3,798 (5.44%). Among the individual protein-
coding gene, the variable sites values ranged from 0.81% (rps12) to 23.86% (ycfl) and the Pi values
ranged from 0% (psbF) to 14.53% (ycfl) (Figure 6, Supplementary Table S3), and the ycf1, matK, rps16,
and rpl32 genes exhibited higher Pi values (14.53%, 11.84%, 11.53%, and 10.92%). Regarding 51
unique intergenic regions, the combined dataset had a length of 30,003 bp, of which the variable sites
was 7,694 (25.64%) and the Pi was 4,137 (13.79%) (Figure 6, Supplementary Table S3). The Pi values
ranged from 2.54% (rps7-ndhB) to 24.00% (ccsA-ndhD), notably, the ccsA-ndhD, clpP-psbB, trnF6A4-ndh],
and trnSCCU-trnGUCC regions had higher Pi values (24.00%, 22.31%, 22.05% and 21.62%).
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Figure 5. mVISTA map of Malaxidinae plastomes with L. bootanensis as reference. The y-axis shows
the coordinates between the plastomes.
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Figure 6. The length of protein-coding region (A) and intergenic region (B), and the proportion of
Variable-site (orange) and Parsimony-information site (green).

2.5 Phylogenetic Analysis

Three matrices, comprising 68 protein-coding genes (Figure 7A), 51 intergenic regions (Figure
7B) and complete plastomes (Figure 8), were employed to reconstruct the phylogenetic relationship
of Malaxidinae. Three phylogenetic trees exhibited consistent topologies, except for the relationship
among three species of Oberonia (Figure 7, Figure 8). The bootstrap values for most nodes were > 85
in maximum likelihood (ML) and maximum parsimony (MP) analyses and were > 0.99 in Bayesian
inference (BI) analysis. The phylogenetic relationship of complete plastome (Figure 8) indicated that
newly sequenced O. integerrima formed monophyletic group with other two species (O. japonica and
O. seidenfadenii). This monophyletic group was sister to the clade containing L. viridiflora, L.
bootanensis, and L. pingtaoi. Additionally, the other newly sequenced species, C. purpureum, was
strongly supported as sister to L. vivipara and L. nervosa. Furthermore, the Oberonioides was sister to
the clade of Liparis containing L. auriculata, L. loeselii, L. pauliana, L. kumokiri, L. japonica, L. yongnoana,
and L. makinoana. All these results supported that Liparis was polyphyletic.
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Figure 7. Phylogenetic tree of Malaxidinae obtained by Maximum Likelihood analysis based on 68
protein-coding region (A) and 51 intergenic regions (B). Numbers near the nodes are bootstrap
percentages and Bayesian posterior probabilities (BSmw left, BSme middle, and PP right). An asterisk
(*) indicates the node has 100% bootstrap or 1.00 posterior probability.

Phylogenetic trees were constructed using the top four hotspots of protein-coding genes (ycf1,
matK, rps16, and rpl32) and the top four hotspots of intergenic regions (ccsA-ndhD, clpP-psbB, trnFGA4-
ndh], and trnSCCU-trnGUCC), respectively, as selected by Pi value. Apart from the phylogenetic
relationship within Oberonia, the topological structures of the two ML trees exhibited three
distinctions compared to the reconstruction based on the complete plastomes. In the ML tree based
on the top-four hotspots of protein-coding genes, L. bootanensi was sister to L. pingtaoi with weak
support and short branch length, and this pair was sister to L. viridiflora (Figure 9A). In the ML tree
using the top-four hotspots of intergenic regions, the clade, including C. purpureum, L. vivipara and L.
nervosa, had strong support as sister to the Oberonia, L. pingtaoi, L. bootanensis, and L. viridiflora (Figure
9B). And Oberonioides microtatantha was sister to L. auriculata, moreover, this pair was sister to L. loeselii
and its allies (Figure 9B). A total of 23 branch nodes, the bootstrap values for 20 nodes were > 85 in
ML tree based on the combination of four protein-coding genes, while, there were 21 nodes in ML

tree based on the combination of four intergenic regions.
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Figure 9. Phylogenetic tree of Malaxidinae obtained by Maximum Likelihood (ML) analysis based on
the top-four hotspots of protein-coding genes (ycfl, matK, rps16, and rpl32) (A) and the top-four
hotspots of intergenic regions (ccsA-ndhD, clpP-psbB, trnF¢44-ndh], and trnS¢CU-trnGUCC) (B). Numbers
near the nodes are bootstrap percentages of ML analysis. An asterisk (¥) indicates the node has 100%
bootstrap.

3. Discussion

3.1. Plastome Structure Conservation and Divergence

In this study, the lengths of sequenced plastome of O. integerrima and C. purpureum were 146,620
bp and 158,780 bp, respectively, falling well within the range of autotrophic Orchidaceae plastome
size, from 142,859 bp (Schoenorchis seidenfadenii) to 178,131 bp (Cypripedium formosanum) [20,29]. In
terms of the plastome structure feature, Malaxidinae species exhibited a typical quadripartite
structure observed in angiosperm plastomes, containing LSC, SSC and two copies of IR. The size of
the plastome ranged from 142,996 bp (O. japonica) to 158,787 bp (L. nervosa); the range of genes
number was 125 to 132; all the species possessed 38 tRNA and 8 rRNA genes (Supplementary Table
S1). All of these characteristics were consistent with previously reported autotrophic species of
Orchidaceae [21,30,31]. The plastome size of Oberonia and Oberonioides (<14.7 kb) was smaller than
that of Liparis and Crepidium (>15.0 kb) (Supplementary Table S1). This discrepancy could be
attributed to the loss or pseudogenization of the ndh genes, which were related to photosynthesis.

Previous studies have indicated that the loss or pseudogenization of ndh genes in the plastid
genome was a common phenomenon in autotrophic Orchidaceae species [29,32,33]. Such patterns
were generally associated with lifestyle and they have occurred more frequently in plastid of
epiphytic or lithophytic species, such as Aeridinae, Bulbophyllum, Cymbidium and Dendrobium
[20,30,34,35]. In this study, Oberonia and Oberonioides were epiphytic or lithophytic, suggesting a
significant association between the ndh gene loss or pseudogenization and epiphytic life forms. While
it was noteworthy that L. japonica and L. yongnoana, two terrestrial species, also displayed the loss of
ndh genes, which was worth to further investigation to better understand this phenomenon.

It was generally assumed that the changes in IR regions serve as the main factors for the
difference in the plastome size. Moreover, the expansion and contraction at the IR/SC boundary were
the common evolutionary phenomenon [36,37]. Among Malaxidinae plastomes, the JLA and JLB
boundaries—locating in psbA and rpl22 (except L. japonica), respectively —were highly conserved
(Figure 3). In comparison to the Liparis and Crepidium, the loss of ndhF of Oberonia and Oberonioides
resulted in the location of the JSB boundary shifting to frnNGUU-rps15 and leading to a contraction of
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the SSC region. Consequently, the plastomes of Oberonia and Oberonioides exhibited smaller genome
sizes (Figure 3, Supplementary Table S1).

The codons played a crucial role in genetic information transmission, mRNA stability, and the
accurate expression of protein functions [38]. Different species exhibited varying degrees of codon
bias, influenced by selective pressures and translation efficiency during evolution [39,40]. In this
study, the codon usage bias of Malaxidinae was similar overall. The Leu precented the highest
frequency of amino acids and showed it was closely associated with photosynthesis-related
metabolism [41]. Conversely, the Cys showed the lowest, as excessive accumulation of Cys could lead
to the occurrence of cellular oxidative damage and toxic responses [42]. For termination codons, UAA
codon was the more preferred codon than UAG and UGA (Supplementary Table S2), which was
similar to other Orchidaceae species [40,43].

Previous studies provided evidence that the combined dataset of mutational hotspots regions
was effective for identification analyses in some groups [30,44]. In our study, the protein-coding
genes displayed more conserved than the intergenic regions. Specifically, the ycfl, matK, rps16, and
rpl32 genes among the 68 protein-coding genes and the ccsA-ndhD, clpP-psbB, trnFGAA-ndhj, and
trnSGCU-trnGUCC regions among the 51 intergenic regions were identified as mutation hotspots,
respectively (Figure 6, Supplementary Table S3). According to ML analyses with the two
combinations, the most branch nodes had strong support. About the four protein-coding genes
combinations, the phylogenetic relationship for the main clades of Malaxidinae showed well
correspond with the complete plastome-based phylogeny. While, the topology of the phylogenetic
tree based on the combination of intergenic regions indicated more significant inconsistencies.
Therefore, the combination, containing ycf1, matK, rps16, and rpl32, was more ideal molecular markers
or phylogenetic and species identification analyses within the genus of Malaxidinae.

3.2 Phylogenetic Relationships

The molecular-based phylogenetic relationships of Malaxidinae were inconsistent with the
traditional morphological classification. Cameron et al. [4] constructed the phylogenetic relationships
and combined with the lifestyle to support the division of Malaxidinae into two major clades: one of
terrestrial clade and the other of epiphytic clade. Likewise, Margonska et al. [10], Salazar et al. [13],
Lietal. [16], and Kumar et al. [17] expanded the sampling to include additional genera. The molecular
phylogenetic reconstructions exhibited that Liparis, Malaxis, Oberonia, and Crepidium were embedded
within each other, and were multiple genera confirmed as polyphyletic. However, the phylogenetic
relationships commonly showed unstable topologies with moderate to weak support. Some authors
have proposed to exclude the non-monophyly taxa of Liparis and Malaxis into several small genera to
ensure the monophyly of this group. While the unreliable topologies might reflect the unreliable
phylogenetic relationships, resulting in wrong taxonomic revision.

Our phylogenetic study utilized high-throughput sequencing to obtain complete platome. The
phylogenetic relationships were performed using ML, MP, and Bl methods with complete plastomes,
protein-coding genes and intergenic regions. The results showed that the topology structures were
almost the same within ML, MP and BI analysis, further most branch nodes were strongly supported
(BS = 85, PP 2 0.99) in three phylogenetic trees (Figure 7, Figure 8). This finding provides robust
evidence supporting the utility of plastid genomes as molecular markers and a practical approach for
phylogenetics in this subtribe.

Considering the lifestyle of the species (Supplementary Table S4), our phylogenetic trees
demonstrated that Malaxidinae was clustered into two major clades: epiphytic clade and terrestrial
clade (Figure 8), which strongly congruence with previously results [4,10,17]. In three phylogenetic
analyses, the relationships among O. integerrima, O. japonica, and O. seidenfadenii varied slightly with
moderate support values (Figure 7, Figure 8). The analysis confirmed that Crepidium, Oberonia, and
Oberonioides were nested within Liparis, indicating that Liparis was polyphyletic (Figure 8). These
results suggested the need for redefining the relationships among these genera, which required
broader sampling to extend the phylogenomic datasets. Overall, our phylogenomic analyses
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significantly improved the stability of topology structure and support values of the plastid
phylogenomic than previous studies.

4. Materials and Methods

4.1. Sample Preparation, Sequencing and Data Acquisition

In this study, Oberonia integerrima and Crepidium purpureum were sampled and newly sequenced.
Voucher specimen was deposited in the herbarium of the Forestry College of Fujian Agriculture and
Forestry University (FJFC) under the specimen code MHLi or119 and MHLi or110, respectively.
Additionally, 17 published sequences (15 species) of Malaxidinae and six sequences as outgroup were
downloaded from GenBank database (Supplementary Table 54).

The total DNA was extracted from fresh leaves by Plant Mini Kit (Qiagen. CA. USA) based on
the manufacturer’s protocol. The DNA integrity was evaluated by electrophoresis on 1% agarose gels,
and DNA sample preparations with over 1 ug DNA per sample were selected. The total DNA
samples were randomly sheared, and the libraries for paired-end 150 bp sequencing were conducted
using an [llumina HiSeq 4000 platform to generate approximately 20 Gb of raw data for per sample.

4.2. Plastome DNA Assembly, Annotation and Comparison

The raw data was filtered for low-quality sequencing reads to obtain plastid-like reads. The
whole plastome sequences were assembled by GetOrganelle pipeline v1.7.1 [45] with a reference of
published plastome, L. bootanensis (MN627759). The “fastg” and “cvs” files were imported to Bandage
[46], then the low-quality fragments were filtered and edited to obtain the circular plastomes. With
the reference of L. bootanensis, the assembled plastomes were annotated by Plastid Genome Annotator
(PGA) [47], and the results were further corrected and adjusted using the Dual Organellar GenoMe
Annotator (DOGMA) [48]. For high-quality annotation plastomes, we used Geneious 11.1.5
(https://www.geneious.com) to align with L. bootanensis as the reference, including manually
adjusting the position of the initiation and termination codons and examining the loss or
pseudogenization about ndh genes. The published sequences of GenBank were re-annotated by the
same steps. The 19 visible circle annotation results were drawn with the online tool OGDRAW
(http://ogdraw.mpimp-golm.mpg.de/) [49].

4.3. Plastome Features Analysis

The annotated plastome genome information about 19 species of Malaxidinae and six species of
outgroup was collected, including the gene length, GC content, size of inverted repeat (IR), large
single copy (LSC) and small single copy (SSC), as well as the number of genes and ndh gene
loss/pseudogenization. With the reference, L. bootanensis, the complete plastomes of Malaxidinae
were aligned using mVISTA in Shuffle-LAGAN mode [50] to assess the variability of sequences. The
boundary regions of LSC/IRb/SSC/IRa were analyzed with IRscope (https://irscope.shinyapps.
iofirapp) [51]. The rearrangement and inversion of plastome were detected and graphed with Mauve
[52].

4.4. Codon Usage and Nucleotide Mutation Hotspots Analysis

All protein-coding genes and intergenic regions of 25 samples (23 species) were extracted by
PhyloSuit v1.2.1 [53]. Then we deleted one copy gene of the IR and ndh genes, and retained the matrix
with more than 20 class groups, resulting in a dataset of 68 protein-coding genes and 51 intergenic
regions. These genes and regions were aligned individually by MAFFT v7 [54] with default
parameters, and concatenated using Phylosuite v1.2.1. The variable site (V) and parsimony
information site (Pi) were counted using MAFFT v7 to determine highly variable regions of
Malaxidinae. The relative synonymous codon usage (RSCU) of 19 plastomes of Malaxidinae and
codon frequencies were calculated using DAMBE [55]. And a heatmap was generated using Tbtools
[56].
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4.5. Phylogenetic Analysis

The phylogenetic relationships were analyzed with three alignment matrices: complete
plastomes, protein-coding genes and intergenic regions using maximum likelihood (ML), maximum
parsimony (MP), and Bayesian inference (BI). Under the GTRGAMMA model of evolution [57], ML
analyses were conducted on the CIPRES Science Gateway (RAXML-HPC2 on XSEDE 8.2.12) [58].
Bootstrap iterations were performed with 1000 bootstrap replicates using heuristic searches [59], with
the other parameters to default values. For MP analysis, 1000 random addition sequence replicates
were used with a heuristic search about 1000 tree-bisection-reconnection (IBR) branch-swapping,
treating all characters as unordered and of equal weight [60]. BI analysis was performed using
MrBayes v.3.2.6 with the GTR + I+ I substitution model [61]. For the reliability of results, the Markov
chain Monte Carlo (MCMC) algorithm was run for 10,000,000 generations, with one tree sampled
every 100 generations. The first 25% of the resulting trees were discarded as burn-in to construct
majority-rule consensus trees and estimate posterior probabilities (PP).

Based on nucleotide mutation hotspots analysis, the top four mutational hotspots from both
protein-coding genes and intergenic regions were identified separately by Pi value. Two sets of these
hotspots were concatenated using Phylosuite v1.2.1 [53]. And the phylogenetic relationships were
constructed with these two alignment matrices using ML, the detailed steps were referred to in the
preceding text. Then the ideal molecular marks were identified by the comparison with the complete
plastome-based phylogeny.

5. Conclusions

In this study, two plastomes of O. integerrima and C. purpureum were newly sequenced. Except
for an inversion with rpl33-rps3 region in Oberonioides microtatantha, the plastome structures in
Malxidinae were highly conserved. The plastome size of Oberonia and Oberonioides was smaller than
Liparis and Crepidium due to the loss or pseudogenization of ndh genes and the contraction of the SSC
region. A total of four protein-coding genes (ycf1, matK, rps16, rpl32) and four intergenic spacers (ccsA-
ndhD, clpP-psbB, trnFGAA-ndh], and trnSGCU-trnGUCC) were identified as mutation hotspots. The
combination for ycfl, matK, rps16, and rpl32, could be used in the phylogeny and identification with
the geus of Malxidinae. The phylogenomic analysis strongly supported the determination that
Malaxidinae was clustered into two clades, i.e., the epiphytic clade and the terrestrial clade. The
genus Liparis was shown to be polyphyletic.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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