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Abstract

Background Brachycorythis Lindl. (Orchidinae, Orchidaceae) was characterized by a large and densely leafy stem
throughout its length, comprising about 35 species with African-Asian disjunct distribution. However, the intergeneric
and infrageneric phylogeny of Brachycorythis has been debated based on morphological and molecular data. The
chloroplast (cp.) genomes of B. henryi and B. menglianensis were investigated in detail and compared with those of
related taxa for providing new evidence for the phylogenetics of Brachycorythis.

Results The cp. genomes of B. henryi and B. menglianensis exhibited conserved quadripartite structures, measured
153,006 bp and 152,932 bp in length, with an identical GC content of 37.2%. Gene annotations identified 133

genes, 20 duplicated in the inverted repeat regions. Comparative analysis across their related species confirmed
stable sequence identity and higher variation in single-copy regions. Phylogenetic analysis based on complete cp.
genomic data revealed that these two Brachycorythis species formed an independent clade exhibiting distinct branch
lengths, representing a sister lineage to their related taxa in Orchidinae s. s. It was also supported that six species of
Brachycorythis formed a monophyletic clade based on matK+rbcl sequences. Among them, three species from Asia
and other three species from Africa, respectively, formed two independent clades. Notably, it was also showed that 8.
macowaniana was not clustered with other six Brachycorythis species.

Conclusions This is the first report on complete cp. genomic data of Brachycorythis, providing some phylogenetic
implications. Some varied cp. genomic features for phylogenetic implications were discussed, including overall
genome structure, codon usage, repeat sequences, IR boundaries, DNA polymorphisms, and phylogenetic
reconstruction. Based on chloroplast genomic data and matK+ rbcl sequence analysis, phylogenetic results revealed
that Brachycorythis was not closely related to any of the five genera assumed to be related. Three species from Asia
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genomic data.

relationship, Phylogenetics

and other three species from Africa, respectively, formed two independent clades, which was consistent well with the
African-Asian disjunct distribution of Brachycorythis. And, it was supported that Gyaladenia should be re-established,
considering the uncertain species of B. macowaniana. In addition, it was revealed that B. menglianensis was not

a synonym of B. henryi, and each of them was a distinct species based on cp. genomic and morphological data.
Therefore, the intergeneric and infrageneric relationship of Brachycorythis should be understood better by more cp.

Keywords Brachycorythis, African-Asian disjunct distribution, Orchidinae, The intergeneric and infrageneric

Background

Brachycorythis Lindl. (Orchidinae, Orchidaceae) con-
sisted of approximately 35 species, distributed across
tropical Africa and Madagascar, with some species
extending into tropical and subtropical Asia [1-3].
Three species were recorded in China, including one
endemic species (B. menglianensis Qian) occurred in
Southwestern Yunnan [4]. Their plants are herbaceous,
with a large, densely leafy stem along its entire length.
The lip is differentiated into a boat or spur-shaped
hypochile and a flattened, forward-projecting epich-
ile [4]. Some Brachycorythis members possess certain
medicinal and edible values. For example, plants of B.
ovata Lindl. have been used as a charm in Southern
Africa [5]. Wild populations of Brachycorythis have
been declining due to habitat fragmentation and over-
harvesting, which needed further research for conser-
vation [6, 7].

The intergeneric relationship and species delimita-
tion of Brachycorythis have been debated greatly and
needed more morphological and molecular evidence
[1, 3, 6, 8-14]. This genus, originally placed in the
tribe Ophrydeae by Lindley [9], but was moved into
currently classified within the subtribe Orchidinae
[1, 3, 6]. It was suggested that two species of Schizo-
chilus Sond were merged into Brachycorythis [8]. The
concept was not widely accepted, because of the dif-
ferent floral morphology and habitat requirements
between these two genera. It was shown that Brachy-
corythis should be closely related to Platanthera Rich.,
Gymnadenia R. Br. and Neobolusia Schltr. based on
morphological similarities [3, 10]. It was indicated that
Brachycorythis (only represented by B. henryi, B. mac-
rantha, and B. neglecta) and Hemipilia s. I.., were sister
taxa based on six DNA markers [11]. It was also pro-
posed that Brachycorythis (represented by four Asian
species) should be monophyletic and a sister to some
Orchidinae taxa (superclades I+ II) based on seven
DNA markers [12]. It was supported that Brachy-
corythis (only represented by five African species)
as a sister lineage to the superclades I+ II as above,
using matK, rbcL, and nrITS markers [12, 14]. How-
ever, Brachycorythis rendered to be paraphyletic since
B. macowaniana from Africa did not group with the

other African members of the genus [14]. It was sur-
prisingly that the systematic position of B. macowani-
ana has been so debated that it changed several times.
This species was previously removed from Brachyco-
rythis into Habenaria, and then back, and into Gym-
nadenia, or Platanthera [15-19]. And later, it was
treated as one species of a new genus of Gyaladenia
Schltr [19].

It was noteworthy that Brachycorythis is one of the
few genera in Orchidinae exhibiting a transoceanic
disjunction between Africa (including Madagascar)
and subtropical Asia [1, 2, 4]. However, in the molecu-
lar phylogenetics of Orchidinae, sampling limitations
precluded a detailed exploration of the relationships
between Brachycorythis species from the two major
centers of diversity, namely Africa and Asia [11, 12,
14]. In addition, six species from Asia formed a well-
defined group referred to as the ‘B. helferi complex;
including B. helferi (Rchb.f.) Summerh., B. henryi
(Schltr.) Summerh., B. laotica (Gagnep.) Summerh., B.
obovalis Summerh., and B. menglianensis [20]. Species
identification in this complex seemed to be difficult
because of their overlapping morphological features
and data limited [20]. It was ever proposed that B.
menglianensis might be synonymous with B. henryi
[20, 21].

The chloroplast (cp.) genome has been increasingly
employed in taxonomy and phylogeny of Orchidaceae
[22-26]. To date, the complete cp. genomes of taxa
related to Brachycorythis were reported, such as Viet-
orchis Aver. & Averyanova, Platanthera, and Dacty-
lorhiza [13, 24, 27], but there were few genomic data
on this genus. Here, the structure of cp. genomes of
B. henryi and B. menglianensis were firstly character-
ized in detail and compared with those of eight related
taxa from Orchidinae. It was aimed to: (1) character-
ize structures of the complete cp. genome of B. henryi
and B. menglianensis in detail, (2) reconstruct the phy-
logenetic trees to provide some new evidence for the
intergeneric and infrageneric phylogeny of this genus.
It was the first report on the complete cp. genome of
Brachycorythis, which would provide some valuable
cp. genomic information for the species identification
and phylogenetics of this genus.
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Results

Structural features of chloroplast genome in Brachycorythis
henryi and B. menglianensis

The structures of cp. genome of these two species were
highly similar. The total size of two cp. genomes was
153,006 bp (B. henryi) and 152,932 bp (B. menglianensis)
in length (Fig. 1). Same as most angiosperms, their cp.
genome structure displayed a typical quadripartite struc-
ture with a large single-copy (LSC) region (82,818 bp,
82,681 bp), a small single-copy (SSC) region (17,652 bp,
17827 bp), and two inverted repeats (IR) regions (26,268
bp, 26,212 bp) (Table S1).

The GC content of the overall and three positions
of the two cp. genomes from two species were consis-
tent (Table S1). The two cp. genomes were all AT-rich,
and overall GC content was 37.2%. The GC content in
IR regions (43.3%) was higher than in LSC (34.9%) and
SSC regions (30%). The GC content of the three codon
positions of the two cp. genomes was very similar. Fur-
thermore, the third codon position was related to codon
bias and mRNA stability. However, there was some dif-
ference on GC content between the two species (Table
S1). In B. henryi, the third codon position GC content
(37.03%) was lower than the second codon position GC
content (37.63%), but higher than the first codon position
GC content (36.96%). In contrast, in B. menglianensis, the
third codon position GC content (36.92%) was lower than
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[ ATP synthase

[ NADH dehydrogenase
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[ photosystem assembly/stability factors

B RNA polymerase
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the first codon position GC content (38.02%), but higher
than the second codon position GC content (36.72%).

Both cp. genomes contained 133 genes, including 87
CDS genes, eight rRNAs genes, and 38 tRNAs genes
(Table S2). Among them, 93 genes were unique, and 20
genes were duplicated in the IR regions (4 rRNA genes, 8
tRNA genes and 8 CDS genes). The 11 ndh (NADH dehy-
drogenase) genes (ndh A/B/C/D/E/F/G/H/I/JIK) were
identified in the cp. genomes of B. henryi and B. menglia-
nensis (Table S2).

There were 18 intron-containing genes including 12
protein-coding genes, 6 tRNA genes, and 3 genes (rps12,
y¢f3 and clpP) possessed two introns (Table S3). The
length variations among the 12 intron-containing genes
were primarily attributed to differences in intron lengths.
In particular, 5'-end and 3’-end exons of rps12 gene were,
respectively, located in the LSC and IR regions. Only four
of the 12 intron-containing genes were in the IR regions,
while the other genes spread across the LSC region
(Table S3).

Repetitive sequence variations

Comparative analysis of the cp. genomes between two
Brachycorythis species and eight closely related species
from Orchidinae was conducted in order to elucidate
their intergeneric and infrageneric relationship, namely,
Dactylorhiza viridis (L.) R. M. Bateman, Pridgeon & M.

#&s i
[ ribosomal proteins (LSU) & H
M transfer RNAs N
H ribosomal RNAs
M clpP, matk
W other genes
[ hypothetical chloroplast reading frames (ycf)
[ ORFs
[ origin of replication
I polycistronic transcripts

Fig. 1 The cp. genome map of Brachycorythis henryi (left) and B. menglianensis (right). Internal genes were clockwise transcribed, while external genes
were counterclockwise transcribed. The inside circle bright and dark gray coloring indicated the genome guanine-cytosine (GC) content
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W. Chase, D. majalis (Rchb.) P. F. Hunt & Summerh.,
Gymnadenia crassinervis Finet, G. conopsea (L.) R. Br,,
Hemipilia gracilis (Blume) Y. Tang, H. Peng & T. Yukawa,
H. yajiangensis G. W. Hu, Jia X. Yang & Q. F. Wang, Plat-
anthera chlorantha Cust. ex Rchb., P, japonica (Thunb. ex
(A) Murray) Lindl.).

The number of SSRs (simple sequence repeats) iden-
tified in the ten cp. genomes from Orchidinae ranged
from 68 (Brachycorythis menglianensis and Platan-
thera chlorantha) to 92 (Hemipilia gracilis) (Table S4,
S5). Eight types of SSRs were screened in the ten spe-
cies (Table S4, S5. Among them, five types of SSRs were
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consistently identified in all the ten species, including
compound (c), mononucleotide (P1), dinucleotide (P2),
trinucleotide (P3), and tetranucleotide (P4). Platan-
thera chlorantha exhibited a lower abundance of P1 than
the other nine species (Fig. 2A, Table S5). However, the
other three types were characterized in different species
(Fig. 2A, Table S5). Compound* (c*) was present in the
six species, but absent in two Brachycorythis species, and
Dactylorhiza viridis and Gymnadenia conopsea. Penta-
nucleotide (P5) was found in two Gymnadenia species,
and D. viridis and Hemipilia yajiangensis, while hexanu-
cleotides (P6) occurred in two Hemipilia species and (B)
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60 1 = Pl
m P2
40 1 P3
= P4
20 1 P5
B P6
| . . o[ A 1 n M A A1 M . Ml.n B Total
B. henryi D. majalis G. conopsea H. gracilis P. chlorantha
B. menglianensis D. viridis G. crassinervis H. yajiangensis P. japonica
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H. gracilis
400 & 150
M G. crassinervis
300 G. conopsea 100
200 W D. viridis ]
M D. majalis 50
100 . .
I B. menglianensis ———
0 B B. henryi 0 I
IRa IRb LSC SsC IRa IRb LSC SSC  STCR

Fig. 2 Repeat sequence analyses of cp. genomes in the ten species from Orchidinae. A The number of eight types of SSRs. B The number of four types
of LSRs. € Distribution of SSRs in four regions. D Distribution of LSRs in five regions
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henryi (Fig. 2A, Table S5). In addition, these ten species
had a certain A-T base preference for the base composi-
tion of SSRs (Table S4), which were primarily distributed
in LSC and SSC region (Fig. 2C, Table S6).

Four types of LSRs (long sequence repeats) were also
identified based on the cp. genome sequences, includ-
ing complement (C), forward (F), palindromic (P), and
reverse (R) (Table S7). There were 21 (Brachycorythis
menglianensis) to 71 (Platanthera chlorantha) long
repeats detected in the ten cp. genomes (Table S8).
E-type and P-type were identified in ten species (Fig. 2B,
Table S8). R-type occurred in nine species, except for
Dactylorhiza viridis. C-type was absent in two Brachyco-
rythis species, and D. viridis and Gymnadenia crassiner-
vis, but present in the other six species (Fig. 2B, Table S8).
LSRs were primarily distributed in LSC region, but some
LSRs spanned two connected regions (STCR) (Fig. 2D,
Table S9).

7_
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Codon usage analysis

The relative synonymous codon usage (RSCU) of ten cp.
genomes from Orchidinae was calculated based on all
protein-coding genes. It was revealed that cp. genomes of
the ten species contained 64 types of codons encoding 20
amino acids (Fig. 3, Table S10). Among ten species, leu-
cine (Leu) had the highest number of codons, whereas
tryptophan (Trp) had the lowest number of codons
(Fig. 3, Table S10). According to the RSCU value, ten cp.
genomes could be divided into four groups (Table S10),
including 29 codons (RSCU <1) and 35 codons (RSCU
>1) in Brachycorythis menglianensis; 30 codons (RSCU
<1) and 34 codons (RSCU >1) in Platanthera chlorantha;
32 codons (RSCU <1) and 32 codons (RSCU >1) in Gym-
nadenia conopsea and Hemipilia yajiangensis; 31 codons
(RSCU «<1) and 33 codons (RSCU >1) in the other six
species. Almost all CDS had the standard ATG start
codon in ten species (Fig. 3, Table S10). Among three

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Stop Thr Trp Try Val
CGu UuG ucu
CGG UUA UCG
GCU|CGC GGU Cuu CCu|ucC ACU GUU
GCG|CGA GGG AUU| CUG CCG|UCA |UGA | ACG GUG
GCC|AGG |AAU|GAU |UGU| CAG|GAG|GGC| CAU|AUC| CUC|AAG UUU|CCC|AGU|UAG|ACC UAU | GUC

Fig. 3 Codon content of 20 amino acids and stop codons in all protein-coding genes of the cp. genomes of ten species from Orchidinae. The histogram
above each amino acid indicating codon usage. Colors in the column graph reflected codons in the same colors showed below the figure. RSCU: relative
synonymous codon usage. Ten species were arranged from left to right in the same order as in Fig. 2
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stop codons in ten species, TAA was the most common,
while TGA and TAG were also found (Fig. 3, Table S10).

IR expansion and contraction

The border regions and adjacent genes of cp. genomes
of two Brachycorythis species were compared with those
of related eight species, in order to analyze the variation

JLB JSB
994 bp 5bp
-

235bp
/210 bp
rps19

Brachycorythis henryi
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in expansion and contraction variation in the junction
region. It was observed that the junction positions of IR/
SC were conserved in the ten cp. genomes (Fig. 4). For
example, these ten cp. genomes exhibited similar SSC/IR
boundaries in the coding regions of the ndhF (IRb/SSC)
and ycfl (SSC/IRa) genes, respectively, where ycfI gene
had a copy in IRb/SSC and overlapped with ndhF gene
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Fig. 4 Comparison of the borders of LSC, SSC and IR regions among ten cp. genomes from Orchidinae. The arrow indicated the number of bp represent-
ing genes that were distant from a particular region of the cp. genome. JLB (LSC/IRb), JSB (IRb/SSC), JSA (SSC/IRa), and JLA (IRa/LSC) indicated the junction

site between each corresponding two regions on the cp. genome
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(Fig. 4). The IRb region extended into rp/22 gene, with
the length ranging from 44 to 87 bp (Fig. 4). The truN
gene and rpsI19 gene were identified in the IR region in
ten species (Fig. 4). The psbA gene was included in the
LSC region in ten species, which was distant from IRa/
LSC border with 1374 bp in Dactylorhiza viridis, but
away from the IRa/LSC border with 97-203 bp in the
other nine species (Fig. 4). It is noteworthy that the
border region of the ten cp. genomes is relatively stable
within the genus (Fig. 4).

Structural comparison and divergence hotspot
identification analysis

Based on the annotation of Brachycorythis henryi as the
reference, the cp. genome sequences of B. menglianen-
sis and other eight species from Orchidinae were com-
pared by mVISTA. The IR regions were more stable than
the LSC and the SSC regions, and the rRNA genes were
highly conserved (Fig. 5). Meanwhile, the non-coding
regions (CNS) were more diverse than the coding regions
(Fig. 5). Some divergence hotspot regions were identi-
fied in the ten cp. genomes (Fig. 6, Table S11, S12). It was
demonstrated that Pi value in the coding regions ranged
from 0.0017 to 0.0812, with an average of 0.0131. There
were 12 coding regions with Pi value exceeding 0.02,
including psbT, rpl20, atpF, accD, psbK, ndhF, rpl32,
matK, ndhE, rps15, ccsA, and ndhD (Fig. 6A, Table S11).

matK

psbK.
mS-GCU trnR-UCU
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However, Pi value in the non-coding regions ranged from
0.0649 to 0.4128, with an average of 0.2928. And there
were 9 intergenic regions, where Pi value exceeded 0.35,
namely, atpH-atpl, psal-ycf4, accD-psal, rps2-rpoC2,
matK-rps16, clpP-psbB, cemA-petA, rbcL-accD, and petA-
psb] (Fig. 6B, Table S12).

Phylogenetic analysis

A maximum likelihood (ML) phylogenetic tree was con-
structed based on 62 single-copy CDS sequences from 31
species as ingroup, containing two Brachycorythis spe-
cies and 29 species reported from Orchidinae, with four
Goodyera R. Br. species as outgroup (Fig. 7, Table S13,
S14). It was shown that these two Brachycorythis species
were clustered as an independent clade, but with differ-
ent branch lengths, and as a sister to their related taxa
in Orchidinae s. s. with strong support (UFBoot: 100%)
(Fig. 7). It was noted that species from the three related
genera assumed with Brachycorythis were clustered with
some members of other genera with strong support.
For example, Ophrys, Orchis, and Galearis. In addition,
given the taxonomic problems of Brachycorythis, a phy-
logenetic tree was constructed based on matK+rbcL
sequences available of 40 species from Orchidinae as
ingroup, including seven Brachycorythis species, 14 spe-
cies from the five genera related, and 19 other Orchidi-
nae species, together with four species from Goodyera as
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Fig. 5 Sequence alignment of cp. genomes of the ten species from Orchidinae using mVISTA. The vertical scale indicated the percentage of identity,
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Fig. 6 Pivalue in homologous regions in ten cp. genomes from Orchidinae. A Coding regions. B Non-coding regions

outgroup using ML method (Fig. 8, Table S13). This tree
topology was similar to that based on cp. genomic data
above (Figs. 7 and 8). It was confirmed that six species of
Brachycorythis formed a monophyletic clade (UFBoot:
99%), which was not only clustered with the five genera
related, but also close to other members from Orchidinae,
including Ophrys, Orchis, and Galearis (Fig. 8). Among
them, three species from Asia (B. henryi, B. menglianen-
sis, and B. obcordata (Lindl. ex Wall.) Summerh.) and
other three species from Africa (B. buchananii (Schltr.)
Rolfe, B. pubescens Harv. and B. congoensis Kraenzl.),
respectively, formed two independent clades with strong
supports (UFBoot: 99%) which were sister (Fig. 8). It was
observed that B. macowaniana from Africa seemed to
be a sister to some species from Orchidinae s. s., which
was not clustered with other six Brachycorythis species
(UFBoot: 96%) (Fig. 8).

Discussion
Comparative analysis of cp. genome between
Brachycorythis and its alliance in Orchidinae
Brachycorythis henryi and B. menglianensis exhibited
some conserved structure of cp. genomes, including a
typical quadripartite circular structure with the LSC and
SSC regions partitioned by the IR regions, which was
also common in most angiosperms [28—30]. And the GC
contents in IR region were remarkably higher than that
in other two regions, which was consistent with other
orchids [22-24, 27]. The reason for this phenomenon
was generally believed to be the existence of rRNA gene
and tRNA gene within the region [22-24]. In addition, it
was shown that presence of a complete functioning set
of ndh genes (ndh A/B/C/D/E/F/G/H/1/]J/K) in the two
cp. genomes, which was characterized as ndh-complete
[31, 32]. The ndh complex was considered unnecessary
in certain photoautotrophic plants [31, 32], which was
varied at subfamily levels of Orchidaceae, such as ndh-
complete in Apostasioideae, ndh-deleted in Vanilloideae,
both ndh-complete and ndh-deleted in Cypripedioideae,
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Orchidoideae, and Epidendroideae [31, 32]. It was sug-
gested that a complete set of functional ndh genes existed
in the common ancestor of orchids [31]. In order to fur-
ther explore the chloroplast genomic information B. hen-
ryi and B. menglianensis, the following studies were done.

In order to get some implications of the phylogenetic
affinities of Brachycorythis, the obtained cp. genome data
of both species were searched against the NCBI database
using the BLAST tool (https://www.ncbi.nlm.nih.gov/).
It was shown that Brachycorythis possessed high similar-
ity with Dactylorhiza Neck. ex Nevski (97-98%) and the
related genera from Orchidinae based on cp. genomic
features. Meanwhile, it was proposed that Brachyco-
rythis should be closely related to the five related genera,
namely, Platanthera, Gymnadenia, Hemipilia s. L., Schizo-
chilus and Neobolusia based on morphological and DNA
markers [3, 8, 10, 11]. It was revealed that there were
some highly conserved structures of cp. genome from
ten species representing related taxon, excluding Schizo-
chilus and Neobolusia, that lacking data. However, there
were some different features of cp. genome among these

ten species, which possess some phylogenetic implica-
tions as below.

Firstly, simple sequence repeats (SSRs), which are short
tandem repeats consisting of 1 to 6 bp units, possess
distinct features that make them efficient genetic mark-
ers, including abundance in number, highly repetitive, a
simple structure, maternal inheritance of cp. genomes,
and relatively conserved [33-36]. A total of 68 to 92
SSRs were identified in the six cp. genomes. Consistent
with patterns observed in other orchids, SSRs of cp.
genomes were predominantly comprised of short poly-
A or poly-T repeats, and the mononucleotide repeats
were the most commonly encountered forms [23-25].
It was observed that eight types of SSRs were identified
in the ten species, which varied from species to species.
Compound* (c*) was present in six species, but absent
in two Brachycorythis species, Dactylorhiza viridis, and
Gymnadenia conopsea. Pentanucleotide (P5) was found
in two Gymnadenia species, and D. viridis and Hemipi-
lia yajiangensis, while hexanucleotides (P6) was identi-
fied in two Hemipilia species and B. henryi. In addition,
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there were 21 to 71 long repeats detected in the ten cp.
genomes, which were recognized as four types. The large
number of LSRs likely maintained the stability of the
cp. genome and was effective in increasing the length of
the plastid [37, 38]. F-type and P-type were more abun-
dant than R-type and C-type, which was consistent with
other angiosperms [22, 23, 39]. Meanwhile, the presence
of R-type and C-type was varied among species, which
should be of phylogenetic importance as a cp. genomic
character. R-type occurred in nine species, except for
Dactylorhiza viridis, but C-type was present in six spe-
cies but absent in two Brachycorythis species, and D.
viridis, and Gymnadenia crassinervis. The results of the
above study may provide a data basis for further popula-
tion genetics studies.

Secondly, codon usage bias is useful for investigating
the evolutionary history of organisms, predict expression
level, and understand the evolutionary processes acting
on genome at the molecular level [40, 41]. It was referred
to the phenomenon, in which synonymous codons in

protein transcripts were not uniformly used to encode
all amino acids in the protein, except for methionine and
tryptophan [37]. It was shown that cp. genomes of the ten
species contained 64 types of codons encoding 20 amino
acids. Among ten species, leucine (Leu) had the highest
number of codons, whereas tryptophan (Trp) had the
lowest number of codons. And, almost all CDS had the
standard ATG start codon. According to the RSCU value,
ten cp. genomes could be divided into four groups. It was
shown that the codon usage bias was observed between
different species. Given the differences in the degree of
variation and selection pressure, the variation in compo-
sitional constraints among different genomes was a key
factor in the formation of codon usage bias [42, 43].
Thirdly, the boundaries of IR region demonstrated fre-
quent contractions and expansions, associated with the
evolution of the cp. genome, representing the primary
driver of variations in cp. genome length [44, 45]. The
boundaries of IR region were the most conservative sec-
tion within the ten cp. genomes. It was also showed that
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the junction positions of IR/SC were conserved in the ten
species from Orchidinae. Unlike basal angiosperms and
eudicots, most monocots typically harbored trnH-rpsi19
clusters in each IR region [46]. The trnH-rps19 clusters
were also located within each IR region in two Brachy-
corythis species, and ycfl gene spanned the SSC and IR
regions which was consistent with other eight species. It
was noteworthy that the border region is relatively stable
within the genus.

Finally, divergent regions, serving as valuable sources of
data for DNA barcoding and phylogenetic research, were
frequently employed as molecular markers in phyloge-
netic reconstruction [39]. In this study, the nucleotide
sequence of non-coding regions was more varied than
the coding regions, which was generally consistent with
other cp. genomes in Orchid family [22-24]. Meanwhile,
the analysis of coding sequence regions revealed that the
genes (psbT, rpl20, atpF, accD, psbK, ndhF, rpl32, matK,
ndhE, rps15, ccsA, and ndhD) had significantly higher
Pi values. Notably, ycfI, akin to matK, has been utilized
as DNA markers for phylogenetic reconstruction [39].
Here, atpH-atpl, psal-ycf4, accD-psal, rps2-rpoC2, matK-
rpsl6, clpP-psbB, cemA-petA, rbcL-accD, and petA-psb]
also possessed the higher degree of variability. Simulta-
neously, regions including truS-trnG, psaC-ndhE, clpP-
psbB, etc., possessed the highest degree of variability in
Phalaenopsis Blume [22], while psbB-psbT, psbE-petL,
and others showed the highest degree of variability in
Aerides Lour [23]. It was indicated cp. genomes in Orchi-
daceae exhibited a diversity array of highly variable
sequences [22-24, 26].

In summary, the cp. genomes of the ten species were
highly similar, but also had some differences, such as
repeats sequence, codon usage bias, contractions and
expansions in the IR region. The results of the above
study might provide new data for population genetics.

The intergeneric relationship of Brachycorythis

The intergeneric relationship of Brachycorythis between
the five related genera has been disputed, including
Schizochilus, Neobolusia, Platanthera, Gymnadenia, and
Hemipilia. Brachycorythis was presumed previously to be
related with Schizochilus [8], and then with Platanthera
Rich., Gymnadenia R. Br. and Neobolusia Schltr [3, 10].
based on morphological data. However, it seemed to
be close to Hemipilia s. l. based on six sequences genes
(matK, psaB, rbcL, trnL-F, trnH-psbA, nrITS, and Xdh)
[11], but to be monophyletic and a sister to some species
from Orchidinae based on more molecular data (matK,
psaB, rbcL, trnl-F, truH-psbA, nrITS, and Xdh) [12]. In
this research, a phylogenetic analysis, based on 62 sin-
gle-copy CDS from 40 complete cp. genomes, showed
that two Brachycorythis species formed a monophy-
letic clade, a sister to some members of Orchidiniae s.s.,
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including eight species from three related genera (Plat-
anthera, Gymnadenia, and Hemipilia) and eight species
from other four genera (Ophyris, Orchis, Galearis, and
Dactylorhiza). It seemed that Brachycorythis was not
close to three of the five genera mentioned above, which
might be involved with a lack of cp. genomic data on
other two genera (Schizochilus and Neobolusia). There-
fore, another phylogenetic tree was reconstructed based
on matK+rbcL sequence from an expanded ingroup,
including 12 species from all the five related genera
assumed. The tree topology was similar to that obtained
by cp. genomic above, which indicated that the interge-
neric relationship of Brachycorythis could be clarified. It
was confirmed that six Brachycorythis species were clus-
tered into an independent clade, while B. macowaniana
from Africa was distant from them. It was suggested that
Brachycorythis should not be related to each of the five
genera mentioned.

The intrageneric taxonomy of Brachycorythis

The intrageneric taxonomy of Brachycorythis has
been challenging [20, 21]. It is one of the few genera
in Orchidinae exhibiting a transoceanic disjunction
between Africa (including Madagascar) and subtropi-
cal Asia [1, 2, 4]. The African-Asian disjunct distribu-
tion was well supported by matK + rbcL sequence data
here. Six Brachycorythis species formed an indepen-
dent clade, containing two sister subclades, namely,
three species from Africa, and the other three spe-
cies from Asia. In addition, B. menglianensis was ever
treated as a synonym of B. kenryi [20, 21]. Two phylo-
genetic trees, based on 62 single-copy CDS sequences
and matK + rbcL sequence data, respectively, indicated
that B. menglianensis and B. henryi should be sepa-
rated species, since they were clustered into a clade
with different branch lengths. Meanwhile, B. menglia-
nensis could be distinguished from B. henryi by some
cp. genomic features, such as the length of cp. genome,
the number and type of repeated sequence, and codon
GC content and RSCU value. And what’s more, there
were some different morphological features between
B. menglianensis and B. henryi [4], which were also
observed here (Fig. 1). B. menglianensis was char-
acterized by small plant with leaves ovate, lip subor-
bicular with apex emarginate, and a spur conic and
curved. In contrast, B. henryi was diagnosed by large
plant with leaves oblong-elliptic, lip suborbicular with
apex entire, and a spur subcylindric-conic with apex
2-lobed and often hooked. Therefore, it was supported
that B. menglianensis should be treated as an indepen-
dent species from B. henryi.



Ma et al. BMC Genomics (2025) 26:632

The systematic position of Brachycorythis macowaniana
Here, it also showed that B. macowaniana was not
grouped with the other six Brachycorythis species, indi-
cating that Brachycorythis was rendered to be paraphy-
letic. In fact, the systematic position of B. macowaniana
has been uncertain and changed several times. It was
firstly described as one species in Brachycorythis [15],
and then moved into Habenaria Willd [16]. Interest-
ingly, Schlechter thought at first that it was better placed
in Gymnadenia [17], but moved it into Platanthera after
he had seen living materials [18]. And later, it was treated
as one species of a new genus of Gyaladenia Schltr
[19]. However, Gyaladenia is currently as a synonym of
Brachycorythis [47], but could be resurrected if a bet-
ter sampled study could confirm that B. macowaniana
should not be close to the rest members of Brachycorythis
[14]. Fortunately, our current sampling included three
Asian species and three African species, and therefore, it
was shown that B. macowaniana was not clustered with
the other six species of Brachycorythis. Therefore, it was
proposed that Gyaladenia be re-established to accom-
modate B. macowaniana, based on its unique morpho-
logical characters and systematic position [19].

Conclusion

It was the first report on the cp. genomic data on Brachy-
corythis, providing some phylogenetic implications. The
complete cp. genome of Brachycorythis henryi and B.
menglianensis were sequenced and analyzed in detail,
including the general genome structure, codon usage,
repeat sequences, boundaries within the inverted repeats,
DNA polymorphism, and phylogenetic implications. A
comparative analysis of cp. genome between these two
species and other eight Orchidinae species indicated
that their cp. genomic feature was almost congruent and
highly conserved, but there were some varied features
from taxa sampled, which could be used to clarify evolu-
tionary relationships of Brachycorythis. It was indicated
that Brachycorythis was not related to each of the five
related genera based on cp. genomic and matK+rbcL
sequence data. Meanwhile, three species from Asia and
other three species from Africa respectively, formed two
independent clades, which was consistent well with the
African-Asian disjunct distribution of Brachycorythis.
What’s more, it was proposed that Gyaladenia be re-
established to accommodate B. macowaniana. In addi-
tion, it was revealed that B. menglianensis was not a
synonym of B. henryi, and each of them was a separated
species based on cp. genomic and morphological data.
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Materials and methods

Ethical statement

No specific permits were required for the collection of
specimens for study, and all procedures were conducted
in compliance with relevant Chinese laws.

Plant materials and chloroplast genome sequencing

Plants of Brachycorythis henryi and B. menglianen-
sis were cultivated in Xishuangbanna Tropical Botani-
cal Garden, Chinese Academy of Sciences, Yunnan,
China. Prof. Luo Yan (luoyan@xtbg.org.cn) identified
these two species sampled by the leaf and flower mor-
phology. Leaf samples were obtained from these plants,
and the specimens were deposited in the Herbarium of
Southwest Forestry University (HSFU, Lilu2019001 and
Lilu2019002, lilu@swfu.edu.cn). Genomic DNA of each
sample was extracted from the silica gel-dried leaf tissues
using the modified CTAB method with the TiangenDNA
kit (TTANGEN, China) [48]. Paired-end libraries with
an average insert size of approximately 400 bp were pre-
pared using a TruSeq DNA Sample Prep Kit (Illumina,
Inc., San Diego, CA, USA) according to the manufac-
turer’s instructions. The libraries were sequenced on the
[lumina HiSeq 2500 platform at Personalbio (two times
150 bp; Illumina, Shanghai, China). Raw data were fil-
tered using Fastp v0.23.1 (https://github.com/OpenGe
ne/fastp) to obtain high-quality reads by the sliding win-
dow method to drop the low-quality bases of each read’s
head and tail [49].

Chloroplast genome assembly and annotation

The two complete cp genomes from the clean reads were
assembled by the GetOrganelle version 1.7.7.1 (https://g
ithub.com/Kinggerm/GetOrganelle) [50]. The assembled
cp genomes were annotated using the online program
CPGAVAS2  (http://47.96.249.172:16019/analyzer/hom
e), and further manually adjusted and confirmed using
Geneious Prime version 2020.0.4 (https://www.geneiou
s.com/features/prime) [51]. The complete cp genomes
sequences of Brachycorythis henryi and B. menglianen-
sis were submitted to GenBank (Accession numbers:
PQ149858 and PQ149859). The circular genome maps
were drawn by the OGDRAW program (https://chloro
box.mpimp-golm.mpg.de/OGDraw) [52].

Comparative analysis

The cp genomes of two Brachycorythis species and
eight related species from Orchidinae (Table S13) were
selected for a comparative analysis.

By setting the minimum number of repeats to 10, 5, 4,
3, 3, and 3 for mononucleotide (P1), dinucleotide (P2),
trinucleotide (P3), tetranucleotide (P4), pentanucleo-
tide (P5), and hexanucleotide (P6), respectively, simple
sequence repeats (SSR), a tract of repetitive DNA that
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typically ranges in length from 1 to 6 nucleotides, were
detected via MISA (https://webblast.ipk-gatersleben.de/
misa/index.php?action=1) [53, 54]. The repetitive struc-
tures, repeat sizes, and locations of forward match (F),
reverse match (R), palindromic match (P), and comple-
mentary match (C) nucleotide repeat sequences were
identified by REPuter v2.74 (https://bibiserv.cebitec.un
i-bielefeld.de/reputer/) [55], with minimal repeat size set
to 30 bp, hamming distance set to 3 and maximum com-
puted repeats set to 90 [24].

Condon usage was analyzed by MEGA11l software
[56], and the relative synonymous codon usage (RSCU)
and amino acid frequencies were calculated with default
settings [57]. The RSCU analysis was performed using
JSHYCloud (http://cloud.genepioneer.com:9929). In
addition, the GC content of the three position was ana-
lyzed by CUSP on EMBOSS program (http://emboss.to
ulouse.inra.fr/cgi-bin/emboss/cusp) [58]. Using the web
tool IRSCOPE (https://irscope.shinyapps.io/irapp/), the
contraction and extension of the IR borders between
the four major areas (LSC/IRa/SSC/IRb) of the eight cp
genome sequences were performed [59]. The pairwise
alignments and sequence divergence using the mVISTA
with Shuftle-LAGAN mode (https://genome.lbl.gov/cgi-b
in/Vistalnput?num_seqs=2) [60].

Phylogenetic analysis

For phylogenetic analysis, the cp genomes of 35 species
from Orchidinae were selected (Table S13). The ingroup
contained the cp genomes of 31 species from Orchidi-
nae, of which 29 species were downloaded from the
NCBI database. Four species of Goodyera were selected
as outgroup [11-14]. The 62 common single-copy CDS
sequences in the cp genomes were used for phyloge-
netic analyses (Table S14). These 62 single-copy CDS
sequences were extracted by PhyloSuite version 1.2.2
(https://github.com/dongzhang0725/PhyloSuite) [58, 60],
aligned by MAFFT version 7 [61], trimmed by Gblocks
[62], and concatenated by plugins in PhyloSuite version
1.2.2 [58, 60]. All possible nucleotide substitution mod-
els (including GTR, HKY, etc.) under the AIC criterion
using ModelFinder (IQ-TREE 2 built-in module, -MFP
command call) [63, 64], while accounting for gamma-
distributed rate heterogeneity (+G) and the proportion
of invariant sites (+I). The Maximum-Likelihood (ML)
tree was performed in GTR+F+I+G4 mode based on
CDS sequences by IQ-TREE 2 (https://github.com/iq
tree/igtree2) with 5000 ultrafast bootstraps (UFBoot)
[63-65]. The 42 matK and rbcL gene sequences, marked
complete CDS, were downloaded from the NCBI data-
base (Table S13), extracted by Geneious Prime version
2020.0.4 [51], and trimmed by Gblocks [62], and concat-
enated by plugins in PhyloSuite version 1.2.2 [58, 60]. The
phylogenetic tree, based on matK+rbcL gene sequences
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from 40 species involved,was constructed by IQ-TREE
2 in GTR+F+I+G4 mode, with 5000 ultrafast bootstraps
(UFBoot) [63-65]. The ingroup contained seven Brachy-
crorythis, and 33 other Orchidinae species. And four
Goodyera species were used as outgroup.
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