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RESUMO 

Bulbophyllum é o maior gênero Pantropical de Orchidaceae, com ca. 2.200 
espécies, embora sua distribuição não seja homogênea em toda a sua extensão. A 
região Paleotropical é a mais rica em espécies deste gênero, com centenas 
ocorrendo na Ásia, seguida pela África e depois pelo Neotrópico com 
aproximadamente 60 espécies. Na região Neotropical, o gênero possui seis 
linhagens, duas acima do Equador e quatro principalmente na Mata Atlântica e no 
Cerrado brasileiro. Embora a filogenia e taxonomia do gênero sejam bem 
compreendidas nas Américas, alguns complexos de espécies ainda precisam de 
mais estudos em relação a sua delimitação e portanto, é necessário o 
desenvolvimento de marcadores moleculares específicos. Pesquisas anteriores 
sugerem que o genoma plastidial aumenta a resolução filogenética em baixos níveis 
taxonômicos e é uma ferramenta eficaz para identificar sequencias com alta 
variação. Diante disso, neste estudo foram sequenciados o genoma plastidial de oito 
espécies de Bulbophyllum, representando cinco seções neotropicais, usando a 
plataforma de sequenciamento Illumina MiSeq. Todos os genomas conservaram a 
típica estrutura dividida em quatro partes e embora a estrutura geral dos genomas 
foi conservada, foram detectadas diferenças na composição dos genes da família 
ndh e no comprimento total. O comprimento total foi determinado pela contração e 
expansão da cópia única menor como resultado da perda independente dos genes 
ndh presentes nessa região. A análise de seleção positiva indicou que os genes 
codificadores de proteínas eram geralmente bem conservados. No entanto, foram 
identificados 95 possíveis sítios sob seleção positiva distribuídos em quatro genes. 
Além disso, um total de 54 microssatélites foram identificados e iniciadores 
específicos para o gênero Bulbophyllum foram desenvolvidos. As dez sequências 
mais variáveis (trnR-atpA, trnM-aptE, ccsA-ndhD, clpP-psbB, trnS-trnG, psbB-psbT, 
atpH-atpI, psbK-psbI, rpl32-trnL e matK-trnK) foram propostas como potenciais 
marcadores moleculares para identificar espécies deste gênero e melhorar a 
resolução filogenética. O presente estudo fornece ótimos recursos moleculares para 
Bulbophyllum, que inclui um total de 54 microssatélites e marcadores moleculares 
das dez principais regiões mais variáveis com seus primers específicos. 

Palavras-chave: genoma do cloroplasto. Orquídeas neotropicais. Evolução 
molecular. NGS. Marcadores moleculares. 



ABSTRACT 

Bulbophyllum is the largest Pantropical genus of Orchidaceae, with ca. 2,200 
species, although its distribution is not homogeneous over its entire range. The 
Paleotropical region is the richest in species of this genus, with hundreds occurring in 
Asia, followed by Africa and then the Neotropics that has about 60 spp. In the 
Neotropics, the genus has six lineages, two above the Equator and four mainly in 
Brazil Atlantic Rainforest and Cerrado. Although the phylogeny and taxonomy of the 
genus are well understood in the Americas, some complex - species need more 
studies in its delimitation. Therefore, the development of specific molecular markers 
is required. Previous research suggests that the plastid genome increases 
phylogenetic resolution at low taxonomic levels and considers it an effective tool for 
detected effective divergence sequences. In this study, we sequenced the complete 
plastid genome of eight Bulbophyllum species, representing five Neotropical 
sections, using an Illumina MiSeq Platform. All genomes conserve the typical 
quadripartite structure and although the general structure of plastid genomes is 
conserved, differences in ndh genes composition and total length were detected. The 
total length was determined by the contraction and expansion of the small single-
copy region due to the independent loss of the seven ndh genes present in this 
region. Positive selection analyses indicated that protein-coding genes were 
generally well conserved, however, we identified 95 putative sites under positive 
selection distributed in four genes. Furthermore, a total of 54 polymorphic SSRs were 
identified and specific primer pairs were developed. In addition, we propose ten 
sequences (trnR-atpA, trnM-aptE, ccsA-ndhD, clpP-psbB, trnS-trnG, psbB-psbT, 
atpH-atpI, psbK-psbI, rpl32-trnL, and matK-trnK) as potential molecular markers to 
identify Bulbophyllum species and improve the phylogenetic resolution of this genus. 
The present study provides great molecular resources for Bulbophyllum, which 
includes a total of 54 microsatellites and molecular markers from the ten most 
variable regions with their specific primers. 

  
Keywords: chloroplast genome. Neotropical orchids. Molecular evolution. NGS. 

Molecular markers. 
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Comparative plastid genome of Neotropical Bulbophyllum Thouars 
(Orchidaceae; Epidendroideae) lineages 

 
The present work will be sent to Frontiers in Plant Science journal 
 

1 INTRODUCTION 

Bulbophyllum is the largest Pantropical genus of Orchidaceae, with ca. 2200 

species (WCSP, 2018). However, its distribution is not homogeneous over its entire 

range. The genus reaches its highest richness in the Paleotropics, with hundreds of 

species occurring in Asia, followed by Africa and the Neotropics with ca. 60 species 

(SMIDT et al., 2011; PRIDGEON et al., 2014). In the Neotropics, the genus is 

represented by six lineages, two near above the Equator and four mainly in Brazil’s 

Atlantic Rainforest and Cerrado (SMIDT; BORBA, 2007; SMIDT et al., 2011). 

The Bulbophyllum species are not only recognized worldwide for their 

diversity, but also for the potential use of their compounds in the field of traditional 

medicine and agricultural pest management. These orchids contain aromatic 

compounds whose properties have been applied to human health, such as in the 

treatment of tumors, conception problems and as antifebriles (WU et al., 2006; CHEN 

et al., 2008; LALITHARANI et al., 2011). Furthermore, the volatile compounds of 

Bulbophyllum orchids are used in integrated pest management strategies. For 

instances, the Tephritidae flies, a pest of many economic crops, are attracted inward 

of the control traps using the aromas of Bulbophyllum orchids (TAN et al., 2006; TAN; 

NISHIDA, 2007; JALEEL et al., 2018). 

Due to their ornamental value, species diversity and high levels of endemism, 

Bulbophyllum species have been widely studied in the Neotropics (SMIDT; BORBA 

2007; SMIDT et al., 2007; MANCINELLI; SMIDT, 2012). As a result, multiple 

taxonomic (BORBA et al., 1998; RIBEIRO et al., 2008; NUNES et al., 2014, 2015, 

2017) and phylogenic (SMIDT et al., 2011, 2013) studies have been carried out. 

Concerning to molecular phylogeny, several plastids (psbA-trnH and trnS-trnG 

intergenic spacers) and a nuclear marker (ITS spacer) have been used to investigate 

evolutionary relationships among the neotropical Bulbophyllum species (SMIDT et 
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al., 2011, 2013). However, despite the number of related studies and the use of 

molecular tools, some complex - species need deeper investigation for their 

delimitation due to the evidence of natural hybridization (BORBA; SEMIR, 1998; 

MANCINELLI; SMIDT, 2012) and introgression (AZEVEDO et al., 2006) across their 

species range. 

Previous research suggests that the plastid genome increases phylogenetic 

resolution at low taxonomic levels and considers it an effective tool in population 

genetics (Zhang et al., 2016; Zhitao et al., 2017; Agostino et al., 2018). In addition, 

the study of the plastid genome to the development of specific molecular markers for 

phylogeographic analysis has great potential (MARIAC et al., 2014). In Orchidaceae, 

with the exception of several myco-heterotrophic species (FENG et al., 2016; YUAN 

et al., 2018), the plastid genome has the typical quadripartite structure: two inverted 

repeated regions (IR), which are separated by a smaller single copy region (SSC) 

and a larger single copy region (LSC) (CHANG et al., 2006; DELANNOY et al., 2011; 

PAN et al., 2012; YANG et al., 2013; LUO et al., 2014; ZHITAO et al., 2017). The size 

of the plastid genome within orchids is relatively small with range from 0.01 to 0.17 

Mb (LIN et al., 2015; SCHELKUNOV et al., 2015). Genetic content and gene order 

are generally conserved, but some variations have been reported. Most of these 

variations are in total length, composition of the ndh gene complex, and the loss of 

many photosynthetic-related genes in myco-heterotrophic species (GRAHAM et al., 

2017; ZHITAO et al., 2017). 

In this study, we present the complete plastid genome of eight Bulbophyllum 

species, representing five Neotropical sections. First, we compared the gene content, 

gene order and codon use among them. Second, the amino acid sites under positive 

selection in all protein-coding genes are located. Third, we determined the 

distribution and location of long and short repeated sequences among these 

genomes, including potential microsatellite markers. Fourth, the sequence variability 

is calculated to determine the top ten hypervariable regions and primers are provided 

for these sequences. Finally, the evolutionary significance of the hypervariable 

regions for Bulbophyllum species is evaluated using phylogenetic analysis. The 

present results provide abundant information for species identification and to 

increase the phylogenetic resolution of Bulbophyllum. Also, the development of 
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specific molecular markers will help in phylogeographic analyses with implications for 

species management and conservation. 
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2 MATERIALS AND METHODS 

2.1 PLASTID GENOME SEQUENCING AND ASSEMBLY 

Plastid-enriched plant DNA was extracted from fresh leaves of eight Bulbophyllum 

species (Table 1) using Sakaguchi et al. (2017) methodology, aiming to reduce the 

amount of initial material required for plastid isolation. Afterwards, plastid-enriched 

DNA (ptDNA) was extracted following Doyle and Doyle (1987) protocol. Purification of 

ptDNA was performed with DNA Clean and Concentrator kit (Zymo Research, 

Orange, CA). 

Table 1- Bulbophyllum species sequenced with their collection data. 

Species Section Locality Collector/ Collection 
number / Herbarium 

Bulbophyllum weddellii 
(Lindl.) Rchb.f 

Didactyle Brazil, Minas Gerais, Serra 
da Piedade  

C. Fiorini et. al (HBCB) 

Bulbophyllum exaltatum 
Lindl. 

Didactyle Brazil, Minas Gerais, Santa 
Rita de Caldas 

C. Fiorini, 218 (HBCB) 

Bulbophyllum steyermarkii 
Foldats 

Furvescens Ecuador, Azuay, Gualaceo M. Cerna 4403 (UPS) 

Bulbophyllum epiphytum 
Barb.Rodr 

Micranthae Brazil, Paraná, Pirai do Sul E. C. Smidt 1084 (UPCB) 

Bulbophyllum mentosum 
Barb.Robr. 

Micranthae Brazil, Minas Gerais, 
Parque Nacional Sempre 
Vivas 

C. Fiorini, 323 (HBCB) 

Bulbophyllum regnellii 
Rchb.f. 

Napelli Brazil, Parana, Piraquara 
Mananciais da Serra – 
Reservatório Carvalho 

E. C. Smidt, 1081 (UPCB) 

Bulbophyllum granulosum 
Barb.Rodr  

Napelli Brazil, Santa Catarina, Pico 
Garuva 

Mancinelli, W. S., 1059 
(UPCB)  

Bulbophyllum plumosum 
Barb.Rodr. 

Xiphizusa Brazil, Paraná, Tibagi – 
Parque Estadual do 
Guartelá 

D. Imig et al, 606 (HAC) 

Source: The author (2019) 

Total ptDNA was sequenced on an Illumina MiSeq® following instruction of DNA 

Nextera XT Sample Prep Kit (IlluminaTM). The raw data were trimmed according to 

default parameters of CLC Genomics Workbench 8.0 
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(https://www.qiagenbioinformatics.com/) and a hybrid reference-guided de novo 

assembly approach was performed to assemble the genomes. First, the trimmed 

data was assembled according to complete plastid genome sequence of Dendrobium 

officinale Kimura & Migo (NC_024019.1) as reference to generate a consensus 

sequence. Then, multiples contigs were created through de novo assembly strategy 

and gap-closing process in consensus sequence was developed with high-quality 

contigs. 

Dual Organellar GenoMe Annotator software (WYMAN et al., 2004) and Geneious 

R7 (KEARSE et al., 2012) were used to annotate the plastid genomes, using default 

values to predict genes encoding proteins, transfer RNAs (tRNAs), and ribosomal 

RNAs (rRNAs). All plastid genomes were checked manually, and the codon positions 

were investigated and determinates by BLASTX against the NCBI protein database, 

with D. officinale as reference. Gene maps and distribution were drawn by Organellar 

Genome DRAW V1.1 (LOHSE et al., 2007). 

2.2 PLASTID GENOME FEATURES 

For each plastid genome total length, numbers of genes encoding proteins (CDS), 

transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs) were calculated. Replicated 

genes in both inverted repeats regions were identified and genes with two or more 

introns were classified. Junction positions between single copies and IR regions were 

compared. The GC content was calculated using Geneious R7 (KEARSE et al., 

2012). 

2.3 CODON USAGE 

All CDS for each plastid genome were extracted using Geneious R7 (KEARSE 

et al., 2012), in order to determine the distribution of codon usage. Relative 

synonymous codon usage (RSCU) ratio was calculated using the R package SeqinR 

(CHARIF; LOBRY, 2007). RSCU values bigger than one represent codons used more 

frequently than expected. In the other hand, RSCU values smaller than one signify 

that a codon is utilizing less frequently than expected. The RSCU distributions were 

illustrated in the form of heatmaps using the Heatmapper program (BABICKI et al., 

2016).  
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2.4 MOLECULAR EVOLUTION ANALYSIS ON PROTEIN-CODING GENES 

A Bayesian inference approach was applied to identify amino acid sites under 

positive selection or purifying selection in all CDS. The evolutionary model M8 were 

run on The Selecton server web site (STERN et al., 2007). When positive selection 

was detected a likelihood ratio tests were run between the model M8a (null model) 

and M8 model (alternative model) to test whether positive selection was significant. 

Furthermore, gene divergence analysis was performed on Selecton using default 

parameters. The pairwise distances and branch lengths were computed applying the 

ML criterion under a codon model (NIELSEN; YANG, 1998). 

2.5 CHARACTERIZATION OF REPEAT SEQUENCES AND SIMPLE SEQUENCE 
REPEAT (SSRS) 

Direct, reverse, and palindromic repeats sequences were identified by 

REPuter online program (KURTZ et al., 2001) according with the following criteria: 

Hamming distance of 3, 90% sequence identity, and minimum repeat size of 30 bp. 

Simple sequence repeats (SSRs) were located using MISA-web program (BEIER et 

al., 2017) with the search parameters set to: ≥ ten repeats units for mononucleotide 

SSRs, ≥ five repeats units for dinucleotide SSRs, and ≥ three repeats units for di, 

tetra, pentha and hexanucleotide SSRS. Microsatellites primers were designed for 

polymorphic SSRs which were presented in at least four species using Websat 

(MARTINS et al., 2009). The following parameters were used: product length of 100 

to 500 bp, primer length of 18 to 27 bp and GC content of 40 to 60 % with a 1 °C as 

maximum difference between fusion temperatures of the left and right primers. 

2.6 HYPERVARIABLE REGIONS 

In order to identify the top ten hypervariable regions all plastid genomes were 

alignment with the progressive Mauve algorithm (DARLING et al., 2004). After, the 

CDS, introns, and intergenic spacers (IGS) with minimum length of 150 bp and that 

were flanked by the same region were manually extracted. The number of mutations 

and Indel events were calculated by DnaSP v5 (ROZAS et al., 2004) and their rate 

was calculated as: mutations / 100 bp and Indels / 100 bp. The sequence variability 

was computed as: SV = (Total number of mutations + Total number of Indels events) / 
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(Conserved sites + Total number of mutations + Total number of Indels events) × 

100%. The SV formula was based in SHAW et al. (2014) method but, due to Indels 

presents higher levels of homoplasy than mutations, Indels were considered as 

events instead of sites in the alignment (INGVARSSON et al., 2003). Also, the 

parsimony informative sites were counted by DnaSP v5 program. 

Specific primers were designed for the top ten variable sequences using 

PRIMER3 (http://bioinfo.ut.ee / primer3- 0.4.0 /) with following parameters: maximum 

product length of 1000 bp, primer length of 18 to 27 bp and GC content of 40 to 60 % 

with a 2 °C as maximum difference between fusion temperatures of the left and right 

primers.  

2.7 PHYLOGENETIC ANALYSIS 

Aiming to verify the evolutionary significance of hypervariable regions found in 

this study, phylogenetic analyses were performed based on two data set: 1) the 

complete chloroplast genome sequences and 2) the top ten hypervariable regions. 

Individual sequence alignments were performed using MAFFT and then 

concatenated for each data set by SequenceMatrix (VAIDYA et al., 2011). 

Maximum parsimony (MP), Bayesian inference (BI), and Maximum likelihood 

(ML) analyses were run for each set. MP analyses were performed by PAUP v4b10 

(SWOFFORD, 2003), with Dendrobium aphyllum (Roxb.) C. E. C. Fisch 

(NC_035322.1) as an outgroup. Heuristic search was conducted with 1,000 bootstrap 

replicates, tree bisection-reconnection (TBR) branch swapping, and simple stepwise 

addition. All characters had equal weight; gaps were treated as missing. 

ML trees with 1,000 bootstrap replications (BS) and 1,000 replicates were 

constructed using IQ-tree 1.6.11 (TRIFINOPOULOS et al., 2016). The best fit models 

for each data set were calculated by ModelFinder (KALYAANAMOORTHY et al., 

2017). The K3Pu+F+R2 model was used for the complete chloroplast genome 

matrix. For the second set, the evolution model was calculated for each sequence 

with IQ-tree 1.6.11 (Annex 1). The resulting trees were represented and edited using 

FigTree software v1.4.1 (available at: http://tree.bio.ed.ac.uk). 
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BI analysis was constructed using MrBayes 3.2.7 (RONQUIST; 

HUELSENBECK, 2003) and the best fit model for each set was determined by the 

Bayesian Information Criterion (BIC) on jModeltest version 2.1.10 (DARRIBA et al., 

2012, Annex 1). Four independent Markov chains Monte Carlo (MCMC) were run 

twice, each with 3,000,000 million generations. The trees were sampled every 1,000 

generations and the first 25% of sampling were discarded. The remaining trees were 

used to build a majority-rule consensus tree. 
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3 RESULTS 

3.1 PLASTID GENOME FEATURES  

The eight Bulbophyllum plastid genomes ranged from 146,401 bp to 151,493 

bp in length, being the smallest B. plumosum while the largest B. regnellii. The 

genomes have a typical quadripartite structure (Figure 1; Annex 2), consisting of a 

pair of IRs with a length of 25,465 bp (B. granulosum) to 26,340 bp (B. mentosum), 

separated by the LSC with a length of 82,354 bp (B. epiphytum) to 84,868 bp (B. 

regnellii), and SSC with a length of 11,088 bp (B. plumosum) to 16,048 bp (B. 

weddellii, Annex 3). In overall, the GC content was similar between all plastid 

genomes (36.6 – 36.8 %; Table 2). 

Figure 1 - Gene organization of the Bulbophyllum regnellii plastid genome. Genes shown on the 
outside of the circle are transcribed clockwise; genes on the inside are transcribed counterclockwise. 
The color of the gene boxes indicates the functional group to which the gene belongs. The thick lines 
indicate the length of the inverted repeats (IRA and IRB), separated by the large single-copy (LSC) 
and small single-copy (SSC). The dashed darker grey area in the inner circle indicates genome GC 

content, while the lighter grey area shows AT content. 

 

Source: The author (2019)  
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A total of 102 genes were predicted for each plastid genome, among which 68 

are CDS, 30 tRNA, and four rRNA. Eight CDS (rps12, rps7, ycf2, rpl23, rpl2, rpl22, 

rps19, and ycf1), eight tRNA (trnA-UGC, trnH(GUG), trnI(CAU), trnI(GAU), trnL(CAA), 

trnN(GUU), trnR(ACG), and trnV(GAC)), and four rRNA (rrn16, rrn23, rrn4.5, and 

rrn5) were duplicated in the IR regions (Annex 4). Only a small fragment of the ycf1 

was found in IRb/SSC junction (Figure 2). 

Figure 2 - Comparison of LSC, IR, and SSC junction positions among eight Bulbophyllum plastid 
genomes. Genes shown below are transcribed reversely and those shown above the lines are 

transcribed forward. 

 

Source: The author (2019) 

Additionally, the most ndh genes were truncated or completely lost among the 

eight plastid genomes. However, the ndhG gene showed full reading frame in B. 

exaltatum. Seven of eleven ndh genes were located in the SSC region and their 

length are correlated with the expansion and contractions of the SSC region (r = 
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0.94, p = < 0.001) and, the expansion and contractions of the SSC region determined 

the total length of plastid genomes (r2 = 0.89, F1, 6 = 57.27, p = < 0.001). The SSC 

length difference between the largest and smallest genomes was the 4,960 bp and 

this value corresponds to 97% de total length difference among the plastid genomes 

(Figure 3). 

Figure 3 – MAFFT alignment of the SSC region of all plastid genomes. The yellow blocks are 
representing the NDH genes. The green lines above represent the high similarity between the 

sequences while the red indicates the contrary. The genomes are organized in descending order 
according to their total length 

 

Source: The author (2019) 

The IRs junctions of the eight plastid genomes were compared. In all plastid 

genomes, the LSC/IRb and IRb/SSC junctions were rpl22 gene and ycf1 pseudogene 

respectively, while in the IRa/SSC and IRa/LSC junctions were ycf1 and rpl22 gene. 

At the LSC/IRb border, the IRb expanded with up to 61 bp towards the rpl22 gene 

and with up to 1,436 bp towards the ycf1 pseudogene in the IRb/SSC border. 

Furthermore, only in the IRb/SSC border of B. mentosum was located the ndhF 

pseudogene with 16 bp located in the IRb region. The ndhF pseudogene was closed 

but not overlapping the IRb/SSC junction in B. epiphytum (Figure 2). 

3.2 CODON USAGE  

The codon usage frequency and relative synonymous codon usage (RSCU) 

were performed with 68 unique CDS shared among the eight plastid genomes. A total 

range of 18,831 to 19,306 codons were counted, among these the most abundant 

codon was AAA (4.27%), while CGC (0.36%) was the least abundant. The plastid 

genomes encode ATG as the initiation codon for the most protein-coding genes. 

However, in the matK (ATT), rps19 (GTG), and rpl2 genes (ACG) alternative initiation 

codons were found. Leucine was the most abundant amino acid, ranged between 
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1,258 and 2,687 codons in B. mentosum and B. plumosum, respectively. While, 

cysteine was the least abundant ranged between 209 codons in B. exaltatum and 

776 codons in B. mentosum (Annex 5). A relative synonymous codon usage (RSCU) 

indicates that 29 of 32 codons that ended with G/C were not frequently used in the 

plastid genomes, whereas 28 of 32 codons that ended with A/T had high RSCU 

values and were frequently used among the eight plastid genomes (Figure 4, Annex 

6). 

Figure 4 - Relative synonymous codon usage ratio (RSCU) of protein-coding genes of the eight 
Bulbophyllum plastid genomes. Yellow indicates a high RSCU value and blue indicates a low RSCU 

value. 

 

Source: The author (2019) 

3.3 MOLECULAR EVOLUTION ANALYSIS ON PROTEIN-CODING GENES 

The analysis conducted in the Selecton Server to investigate sites under 

positive selection indicated that 89 putative sites were under positive selection. 

These sites were distributed in four out of 68 shared proteins coding genes within the 

plastid genomes. The most putative sites under positive selection (adaptative 

selection) were found in ycf1 gene (68 sites) followed by ycf2, accD, and rps3 genes 

with 10, 10, and 1 site respectively. Moreover, according to the average branch 

length of each protein-coding gene tree, the most divergent genes were ycf1, rps15, 

accD, psbE, rpl36, and ycf2 (Figure 5). 
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Figure 5 - Molecular evolution of 68 protein-coding genes shared among the eight plastid genomes. 
The grey lines represent de branch length average for each gene tree and the pink bars the number of 

putative sites under positive selection. The black circles indicated the six most divergent genes. 

 

Source: The author (2019) 

3.4 CHARACTERIZATION OF REPEAT SEQUENCES AND SIMPLE SEQUENCE 
REPEAT (SSRS) 

The forward, reverse and palindromic repeats (> 30 bp) were counted and 

compared among the eight plastid genomes. In total, 249 repeat sequences were 

identified among the all plastid genomes, including 78 forward repeats, 153 

palindromic repeats, and 18 reverse repeats (Figure 6A). B. steyermarkii presented 

the highest number of repeats (36), while B. mentosum had the fewest (25; Annex 7). 

The majority of repeat sequences were distributed in the intergenic spacers 

(54.62 %) and the most frequent length was 30 to 40 bp (Figure 6B, Annex 8) Four 

palindromic repeats were shared among the eight plastid genomes (Table 3). 

Figure 6 - A) Frequency of forward, reverse, and palindromic repeats. B) Length frequency of 
tandem repeats. 

 

Source: The author (2019) 
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Table 3 - Palindromic repeat sequences shared between the all Bulbophyllum plastid genomes. 

Size (bp) Repeat Sequence Location Region 

30 ATTTCAAAAAAAAATCGATTTTTTTTTGAA Gene (ccsA, ccsA) 

37 TTATGTTTTGTATATTTGGATCAAATATACAAAACAT 
IGS (rps15-ycf1, rps15-

ycf1) 

30 GTCGGAGAGAGAGGGATTCGAACCCTCGGT 
IGS [trnS (GCU), trnS-

(GGA)] 

32 CAAAAGGAGAGAGGGGGATTCGAACCCTCGAT 
IGS [trnS (UGA), trnS 

(GGA)] 

*IGS = intergenic spacer 

Source: The author (2019) 

MISA analysis was performed in order to identify the Simple Single Sequence 

Repeats (SSRs) among the plastid genomes. As a result, we detected a total of 527 

SSRs in the eight plastid genomes (Annex 9). The number of SSRs per species 

ranging from 51 to 75. Among these, there were 31-61 mononucleotide repeats, 8-14 

dinucleotide repeats, 1-6 trinucleotide repeats, 5-7 tetranucleotide repeats, 1–5 

pentanucleotide repeats, and 1-3 hexanucleotide repeats. The trinucleotide, 

pentanucleotide, and hexanucleotide repeats were absent in several plastid genomes 

(Figure 7A). The most SSRs were in the LSC region (78 %), following by SSC (14 %) 

and IR (8 %) region. These 527 SSRs were mainly located in intergenic spacers (347 

SSRs), following by CDS (95 SSRs) and introns (84 SSRs, Figure 7B). We totally 

deigned 46 primers to 54 microsatellites, which are present in at least four species 

(Annex 10). Seven of 54 microsatellites were in the clpP-psbB, matK-trnK, psbB-

psbT, psbK-psbI, and trnR-atpA hypervariable regions. 

Figure 7 - A) Distribution and frequency of SSR types. B) Distributions of SSR for each region. 

 

Source: The author (2019) 
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3.5 HYPERVARIABLE REGIONS 

Using B. steyermarkii as reference, the number of mutations and Indels events 

were compared among Bulbophyllum plastid genomes. A total of 148 sequences 

(CDS, IGS and introns) flanked by the same exon and longer than 150 bp were 

extracted. As a result, 4,064 mutations and 624 Indels were identified. The IGS had 

the highest mutations rate with 5.21 mutations for each 100 bp, following by introns 

and CDS with 3.56 and 2.58, respectively (Table 4).  

Table 4 - Mutations and Indels events for each region: protein coding genes (CDS), intergenic spacers 
(IGS), and introns. Rate mutation each 100 pairs bases among all Bulbophyllum plastid genomes. 

Region Mutations Indels Total length Mutations / 
100 bp 

Indels / 100 
bp 

CDs 1,554 83 60,206 2.58 0.14 

IGS 1,927 410 36,968 5.21 1.11 

Intron 490 104 13,781 3.56 0.75 

Source: The author (2019) 

The sequences with the highest mutations rate were trnM-aptE, trnR-atpA, atpH-

atpI, clpP-psbB, cemA-petA, psbK-psbI, petA-psbJ, rpl32-trnL, petL-petG, and matK-

trnK (Figure 8A). Also, when the Indels were considered, the IGS presented the 

highest rate with 1.11 Indels for each 100 pb. The trnV-trnM, clpP-psbB, trnR-atpA, 

trnM-aptE, rps8-rpl14, ndhC, trnW-trnP, ccsA-ndhD, psbK-psbI, and clpP intron2 

sequences had the highest Indels rates (Figure 8B). 

Figure 8 – A) The 20 sequences with the highest mutation and B) Indels rate 

 

Source: The author (2019) 
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Furthermore, the most PIS were found in the ycf1, rpoB-trnC, atpH-atpI, rpl16-

I, matK-trnK, trnE-trnT, trnT-psbD, petA-psbJ, ycf2, and matK sequences with 90, 49, 

48, 35, 31, 30, 28, 27, 27, and 25 sites, respectively (Figure 9). Finally, the sequence 

variability was calculated for each sequence. As a result, the ten most variable 

sequences were trnR-atpA, trnM-aptE, ccsA-ndhD, clpP-psbB, trnS-trnG, psbB-psbT, 

atpH-atpI, psbK-psbI, rpl32-trnL, and matK-trnK (Figure 9, Annex 11) and had 15% 

(184 sites) of total PIS. The correlation analysis showed that the sequence variability 

was positively correlated with the AT content (r = 0.81, p < 0.001). Primer pairs were 

developed for the ten hypervariable regions (Annex 12). 

Figure 9 - Sequence variability and parsimony-informative sites (PIS) of 148 plastid sequences 
and ITS. The blue line represents the SV and the top ten of the hypervariable regions are marked with 

the black circles. The grey lines indicated the frequency of PIS of each sequence. 

 

Source: The author (2019) 
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3.6 PHYLOGENETIC ANALYSIS 

Maximum parsimony (MP), Bayesian inference (BI), and Maximum likelihood 

(ML) analyses were performed using the complete plastid genomes of the eight 

Bulbophyllum species and the ten most variable region (trnR-atpA, trnM-aptE, ccsA-

ndhD, clpP-psbB, trnS-trnG, psbB-psbT, atpH-atpI, psbK-psbI, rpl32-trnL, and matK-

trnK), with D. aphyllum selected as an outgroup. The eight complete chloroplast 

genomes and the outgroup were aligned in a single data matrix with a total of 

163,916 nucleotide sites, among them 2,429 (1.48 %) were identified as parsimony 

informative sites. The top ten variable regions matrix had 7,087 nucleotide sites with 

285 (4%) parsimony-informative characters. 

The tree topology generated in the MP, BI, and ML analyses were identical for 

the two data sets. In Bulbophyllum, B. steyermarkii was the first species to diverge, 

followed by B. granulosum and B. regnellii clade. B. exaltatum and B. weddellii were 

clustered into a clade that is close related to the monophyletic group formed by B. 

mentosum and B. plumosum. B. epiphytum appeared as sister species of the two last 

clades mentioned. The majority of nodes received high support. Only two nodes in 

the phylogenetic tree of the top 10 variable regions presented moderate support, 

which were the relationship between B. granulosum + B. regnellii clade with the other 

species (57 – 62), and among B. epiphytum with the B. exaltatum + B. weddellii and 

B. mentosum + B. plumosum clades (66; Figure 10). 

Figure 10 - Phylogenetic relationships of the eight Bulbophyllum species constructed from whole 
genome (left) and the top 10 variable regions (right) with Maximum parsimony, Maximum likelihood, 

and Bayesian inference methods. The ML topology and length branches were represented. Numbers 
associated with branches are MP/ ML/ BI bootstrap support values respectively 

 

Source: The author (2019)  
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4 DISCUSSION 

4.1 PLASTID GENOME FEATURES 

In this study, we sequenced the first eight complete plastid genomes of the 

neotropical Bulbophyllum species. All genomes conserved the typical quadripartite 

structure previously reported in Orchidaceae (ZHITAO et al., 2017), with exception of 

Aphyllorchis montana and Gastrodia elata, heterotrophic orchids, who lost one IR 

copy (FENG et al., 2016; YUAN et al., 2018). Further, the gene arrangement and 

content were similar within the Bulbophyllum genomes and with its sister genus 

Dendrobium, containing 68 CDS, 30 tRNA, and four ribosomal rRNA (ZHITAO et al., 

2017). 

Even though the general structure of Bulbophyllum plastid genomes are conserved, 

differences in ndh genes composition and total length were detected. The ndh family 

is composed of eleven genes which are involved in the respiratory electron transport 

and chlororespiration (OHYAMA et al., 1986; MARTÍN; SABATER, 2010; UEDA et al., 

2012). Ten of the eleven ndh genes in Bulbophyllum were deleted or truncated by 

some punctual mutations or deletion that generated premature stop codons. The only 

gene with full reading frame, i.e. ndhG, was observed in B. exaltatum. The loss of 

ndh genes has been previously reported in orchids (CHANG et al., 2006; YANG et 

al., 2013; LUO et al., 2014; KIM et al., 2015; ZHITAO et al., 2017; MAUAD et al., 

2019) and is useful in comparative analyses but not in phylogenetics due to high 

levels of homoplasy depicted by the independent loss of some ndh genes in a 

number of species of Orchidaceae (KIM et al., 2015). 

Previous studies conclude that the total length of plastid genome is influenced by 

contractions and expansions of the IRs in Angiosperms (CHUMLEY et al., 2006; 

GREEN, 2011; WENG et al., 2017). In contrast, here we found that the length of 

Bulbophyllum plastid genomes is determined by the contraction and expansion of the 

SSC due to the independent loss of the seven ndh genes present in this region. 

Previous orchids studies found similar results (CHANG et al., 2006; JHENG et al., 

2012; KIM et al., 2015; ZHU et al., 2018) suggesting that the gain/loss of ndh genes 

have a more pronounced effect in the SSC length, but only Zhitao et al. (2017) 

associated the total length of plastid genome with the SSC length and conclude that 
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total length is medially correlated with the SSC region and contrary with our findings 

they suggest that the total length of plastid genome depends on the length of LSC. 

In general, the gene organization of IRs borders among Bulbophyllum orchids were 

similar. However, some differences in the IRs/SSC junctions were detected. In all 

Bulbophyllum plastid genomes we identified the presence of the trnH-rps19 cluster 

within the IRs and the IR/LSC junctions were located upstream of the rpl22 gene. In 

agreement with our findings Luo et al. (2014) and Kim et al. (2015) detected the 

same IRs/LSC pattern among some species of orchids. This type of gene 

organization was named as type III by Wang et al. (2008) based in the trnH-rps19 

cluster position among 123 Angiosperms. These results suggest that IRs/LSC 

junction is conserved among orchids. 

On the other hand, different IR/SSC patterns have been reported in Orchidacae 

(YANG et al., 2013; LUO et al., 2014; NIU et al., 2017a; DONG et al., 2018; ZHU et 

al., 2018). According to Kim et al. (2015) the stability of the IR/SSC junctions are 

highly affected by the loss and gain of the ndh genes, especially of ndhF gene, the 

absence of this gene could create complicated modifications like shifts in the IR 

border gene composition, reduction of ycf1 (less than 1kb) and changes in the ycf1 

position within the IRs. When we considered the presence/absent of the ndhF 

pseudogene, three types of IR/SSC junctions were identified. The first was found in 

B. epiphytum, where the ndhF pseudogene is present and near the IRb but it is not 

overlapping the IRb/SSC junction. B. mentosum showed the second type with the 

IRb expanded with 16 and 362 bp towards the ndhF and ycf1, respectively. The other 

six genomes present the third type in which the ndhF gene was loss, and the IRs 

expands towards ycf1 with 33 to 1,436 bp (Figure 2). Due to the Bulbophyllum 

species were not clustered in their sections when were classified according to the 

borders of IRs, we suggest that the IR borders have not phylogenetic signal. 

4.2 CODON USAGE  

The codon usage analysis revealed the presence of several alternative start codons 

and preference for codons ending in A/T among the Bulbophyllum plastid genomes. 

In the same way to other orchids, Bulbophyllum plastid genomes showed ATG as a 

start codon, however three alternative start codon ATT, GTG, and ACG for matK, 
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rps19 and rpl2 genes were detected. These and other RNA editing sites in rps12 and 

ycf15 genes has been previously reported in Orchidaceae (CHANG et al., 2006; 

YANG et al., 2013; LUO et al., 2014; BARTHET et al., 2015; SCHELKUNOV et al., 

2015) and they are probably involved in the adaption of some functional process (HE 

et al., 2016). Additionally, a RSCU analysis indicated that the codons ending in A/T 

are more frequently used than of those ending in G/C. Numerous Angiosperms show 

this high preference of A/T at third position of codon (MENG et al., 2018; TIAN et al., 

2018; RAMAN et al., 2019) and some author suggests that it is a result of 

compositional bias due to the high AT content in the plastid genomes (MORTON, 

1993; ZHOU et al., 2008; NIU et al., 2017b). 

4.3 MOLECULAR EVOLUTION ANALYSIS ON PROTEIN-CODING GENES 

The protein-coding genes with putative sites under positive selection, in general, 

coincided with the most divergent genes. Eighty-nine putative sites under positive 

selection were located and distributed in the ycf1, ycf2, accD, and rps3 genes. The 

plastid ycf1 gene is the second largest gene in the plastid genome and is essential 

for photosynthetic protein import (KIKUCHI et al., 2013). Also, it is one of the most 

variable genes among the land plants therefore it has been used in phylogenetic 

inference analyses (DONG et al., 2015). Similar with other plastid genomes of 

Orchidaceae (NIU et al., 2017b; DONG et al., 2018; LI et al., 2019) here we detected 

68 sites under positive selection in the ycf1. 

Additionally, the ycf2 and accD gene showed 10 putative sites under adaptative 

selection. The function of ycf2 is still unknown, and the accD gene regulates fatty 

acid synthesis enzyme and is essential to maintain the plastid compartment (KODE 

et al., 2005). Furthermore, the rps3 gene showed only one site under positive 

selection and is related to translation process. These findings could be a result of the 

adaption process due to some natural selective pressures like temperature, 

substrate, water, light and could help Bulbophyllum orchids in their diversification. 

However, more studies are needed to understand why these genes are probably 

under adaptative selection. 
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4.4 CHARACTERIZATION OF REPEAT SEQUENCES AND SIMPLE SEQUENCE 
REPEAT (SSRS) 

Repeat sequences may play an important role in the genome recombination and 

rearrangements, size and structure, through illegitimate recombination and slipped-

strand mispairing (GEMAYEL et al., 2010). In this study, 249 repeats sequences were 

located and the majority of those were in the non-coding regions. This finding was 

similar with Yang et al. (2013) work in which the comparative analyses of eight 

Cymbidium species showed 232 repeats sequences and equally with our results the 

most repeat sequences were ubicated in the non-coding regions. However, in 

Cymbidium orchids, the reverse repeat sequences were the most abundant and in 

Bulbophyllum plastid genomes were palindromic repeats. 

The simple repeat sequences have been extensively used in populations genetics 

and phylogenetics studies (KARTZINEL et al., 2013; MINASIEWICZ et al., 2018) due 

to their high mutation rates (GEMAYEL et al., 2010). Here, a total of 54 polymorphic 

SSRs were identified in the Bulbophyllum plastid genomes. The most abundant type 

of SSR were mononucleotide repeats (A/T). These results were similar with the 47 

polymorphic SSRs located among 25 Dendrobium species with the presence of 44 

mononucleotide SSRs (A/T; ZHITAO et al., 2017). Also, as equal with other plastid 

genomes studies (ZHANG et al., 2016; NIU et al., 2017a), the majority of SSRs 

located in Bulbophyllum are composed of poly-thymine (polyT) or poly-adenine 

(polyA) repeats, while the G/C SSRs were rare (Annex 9). Thus, we suggest that 

these SSRs contribute to the AT richness composition of Bulbophyllum plastid 

genomes. Due to, the SSR have a great potential to be used in genetic diversity 

studies, here we provided a complete set of microsatellites primers pairs to be used 

in future Bulbophyllum populations genetics studies. 

4.5 HYPERVARIABLE REGIONS 

A total of 148 sequences longer than 150 bp were extracted and for each sequences 

the mutation and Indels rates were calculated. As expected, the highest mutation and 

Indels rates were located in the non-coding regions. These findings are probably the 

result of high AT content in the non-coding regions (Annex 13) and high AT values 

may contribute in deleterious replication errors as mutations or deletions (NIU et al., 
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2017a). Another possible reason is because non-coding regions present fainter 

selective pressure than the coding regions.  

Based on the number of mutations, Indels events, and conserved sites, we propose 

ten sequences as potential molecular markers to identify Bulbophyllum species and 

improve the phylogenetic resolution for this genus (Figure 9). In the last years, 

numerous orchids plastid genomes have been sequenced. As a result, various 

plastid molecular markers have been proposed for Orchidaceae (YANG et al., 2013; 

NIU et al., 2017a, 2017c; ZHITAO et al., 2017; DONG et al., 2018; ZHU et al., 2018; 

LI et al., 2019). For instances, Niu et al. (2017c) suggest that trnK- rps16, trnS-trnG, 

and rps16-trnQ intergenic spacer could be used for genera within Epidendroideae, 

and clpP-psbB and rps16- trnQ for Cypripedioideae. Besides that, Niu et al. (2017a) 

recommend the following sequences: ndhA intron, matK-trnK, clpP-psbB, rps8-rpl14, 

trnT-trnL, trnK-matK, clpP intron, psbK-trnK, trnS-psbC, and ndhF-rpl32 to be used in 

Apostasioideae. The identification of different molecular markers among the orchid 

subfamilies suggests that the variable sequences differ among taxa and our results 

corroborated it. Only four of ten variable sequences identified for Bulbophyllum are 

shared with its sister genus, Dendrobium (trnR-atpA, psbB-psbT, rpl32-trnL, and 

clpP-psbB). Among the other six regions, two sequences (matK-trnK and trnS-trnG) 

have been previously reported in Niu et al. (2017c, 2017a) and Zhu et al. (2018) 

studies and the last four molecular markers (atpH-atpI, ccsA-ndhD, psbK-psbI, and 

trnM-aptE) are first reported for Orchidaceae. 

The previous molecular markers used in the last Bulbophyllum researches have no 

high sequence variability. For example, in the molecular phylogeny of the Neotropical 

sections of Bulbophyllum (SMIDT et al., 2011) used two plastid markers psbA-trnH 

and trnS-trnG and a nrITS marker. Although, the trnS-trnG and nrITS had high values 

in this study, the SV of psbA-trnH cluster was only 6.5% variable. Other example is 

Fischer et al. (2007) study in which they reconstructed the phylogeny of Madagascan 

Bulbophyllum using four plastids intergenic spacer and the nrITS. Among the four 

markers, one (trnF–ndhJ) was not considered in this study because the sequence is 

not shared among the neotropical Bulbophyllum species, due to the independent loss 

of ndh genes. The trnL–trnF and psbA–trnH intergenic spacer had 4.4 and 6.5 % of 

SV, respectively, and the last one, trnE–trnD is a cluster forming by trnD-trnY, trnY 

and trnY-trnD sequences and the SV value was 5.9 %. Probably, the use of 
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molecular markers with low SV is one of the reasons why in both studies, some 

terminal nodes were not resolved. 

In general, the nrITS spacer has been widely used in phylogenetics (FISCHER et al., 

2007; SMIDT et al., 2011, 2018), whereas for its high variability and PIS. Here we 

found one intergenic spacer, namely trnR-atpA, with greater variability than nrITS and 

two sequences (atpH-atpI, matK-trnK) showed more PIS than the nrITS, but with 

fewer variability (Annex 14). These findings show the existence of plastid markers as 

variable as the nuclear markers that have not yet been used in Bulbophyllum studies. 

4.6 PHYLOGENETIC ANALYSIS 

Aiming to test the evolutionary significance of the ten hypervariable regions, we 

reconstructed the relationship among the eight Bulbophyllum species with the 

complete plastid genomes and the top ten variable sequences. Both data set showed 

the same topology and the most branches had stronger bootstrap supports in the 

three approaches used (MP, BI, and ML). Also, the topology is congruent with the 

molecular phylogeny of the neotropical Bulbophyllum (SMIDT et al., 2011). Hence, 

we reaffirmed that mentioned above and strongly suggest the use of these 

sequences in future molecular phylogenetic analyses for Bulbophyllum neotropical 

sections. 

Furthermore, in the molecular phylogeny of neotropical sections of Bulbophyllum, the 

B. mentosum position was unclear. According to Smidt et al. (2011), with the nrITS 

analysis, B. mentosum belongs to Bulbophyllum section Micranthae. Nonetheless, 

with the plastid sequences, this species appears in the B. section Xiphizusa. Here, 

using the maternal inherited (plastid genome) B. mentosum was located in the B. 

section Xiphizusa and the two plastid markers used in Smidt et al. (2011) work (psbA-

trnH and trnS-trnG) agree with the whole plastid genome phylogenetic signal. 

However, we suggest that the incongruences between nuclear and plastid data find 

in the previous phylogeny may be a result of ancient hybridizations process 

(BARBER et al., 2007). 
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5 CONCLUSION 

In this project we sequenced the first eight complete plastomes of Bulbophyllum 

orchids, representing five of the six Neotropical sections. In general, the plastomes 

were similar in gene content and structure, excepting for ndh genes composition. 

However, despite this general high similarity, we detected several sequences with 

higher variability than the previous nuclear and plastid molecular markers used in this 

genus.  

We provided great molecular resources for Bulbophyllum, which includes 54 

microsatellites and molecular markers of the ten top most variable regions with their 

specific primers. These molecular resources were useful to improve our 

understanding about the phylogenic relationship among the species and will help 

species identification in problematic taxons like B. epiphytum x B. rupicolum, B. 

micranthum x B. macroceras, and the study of population genetics and 

phylogeography of Bulbophyllum. 
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APPENDIX 
ANNEX 1 – The best fit model chosen for phylogenetic analysis for each set and sequence 
 

Set Sequences  Bayesian inference (BIC) Maximum likelihood (AIC) 
Whole genome    GTR+I+G K3Pu+F+R2 

Top 10 variable sequences  

matK-trnK GTR+G K3Pu+F+G4 
atpH-atpI GTR K3Pu+F 

ccsA-ndhD F81+G  K3Pu+F+I 
clpP-psbB F81+G F81+F+G4 
psbB-psbT GTR+G  K3Pu+F+I 
psbK-psbI GTR  K3Pu+F 
rpl32-trnL HKY K3Pu+F 
trnM-atpE F81 F81+F 
trnR-atpA F81 K3Pu+F 

trnS-trnG GTR+G K3Pu+F+G4 
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ANNEX 2 – Gene organization of Bulbophyllum plastid genomes. A) B. exaltatum, B) B. weddellii, 
C) B. steyermarkii, D) B. epiphytum, E) B. plumosum, F) B. mentosum and G) B. granulosum.  
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ANNEX 3 – Comparison among the eight cp genomes. The figure represents the total length of 
plastomes and the length of LSC, SSC and IR region.
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Annex 4 - A list of genes found in the plastid genomes of eight Bulbophyllum species 

Function Gene group Gene name 

Photosynthesis 
pathways 

Photosystem I psa A, B, C, I, J 
Photosystem I assembly ycf 3**,4 

Photosystem II 
psb A, B, C, D, E, F, G, H, I, J, K, L, M, N, T, 
Z 

F-type ATP synthase atp A, B, E, F*, H, I 
NAD(P)H-dehydrogenase 
Complex  ndhG (only in B. exaltatum) 
Component of cytochrome b6/f 
Complex pet A, B*, D*, G, L, N 
Cytochrome c biogenesis protein ccsA 
Large subunit of Rubisco rbcL 

Structural RNAs 
Transfer RNAs 

trn A-UGC*▪, C-GCA,  D-GUC,  E-UUC,  F-
GAA,  fM-CAU,  G-GCC,  G-UCC▪,  H-GUG, 
I-CAU▪,  I-GAU*▪,  K-UUU*,  L-CAA▪,  L-
UAA*,  L-UAG,  M-CAU,  N-GUU▪,  P-UGG,  
Q-UUG,  R-ACG▪,  R-UCU,  S-GCU,  S-
GGA,  S-UGA,  T-GGU,  T-UGU,  V-GAC▪,   
V-UAC*,  W-CCA,  Y-GUA 

Ribosomal RNAs rrn 4.5▪, 5▪, 16▪, 23▪ 

Transcription and 
translation related 

genes 

Transcription rpo A, B, C1*, C2 

Ribosomal proteins 
rps 11, 12**▪ , 14, 15, 16*, 18, 19▪, 2, 3, 4, 
7▪, 8; rpl 2*▪. 14, 16*, 20, 22▪, 23▪, 32, 33, 
36  

Translation initiation factor infA 

Other genes 

RNA processing matK 
Proteolysis clpP ** 
Fatty acid synthesis accD 
Carbon metabolism cemA 

Unknown Proteins Conserved reading frames ycf 1▪*, 2▪ 

Pseudogenes***   
ndhA, B**▪, C, D, E, F, H, I, J, K; one copy of 
ycf1 

*, 1 intron in gene; **, 2 introns in gene; ▪, gene repeated in IR region; , gene has 2 separate 
transcription units. *** The pseudogenes are not present in all species for more details see Annex 2 
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Annex 6 - The Relative Synonymous Codon Usage (RSCU) of 68 CDS shared among the eight 
Bulbophyllum plastid genomes. 

Amino acid Codon RSCU 
B.men B. epi B.plu B.wed B.exa B.gra B.reg B.est 

Ala GCA 1.38 1.21 1.47 1.44 1.23 1.22 1.23 1.38 

Ala GCC 0.88 0.51 0.78 0.78 0.54 0.54 0.55 0.81 

Ala GCG 0.75 0.41 0.90 0.94 0.37 0.38 0.36 0.72 

Ala GCT 0.98 1.86 0.85 0.84 1.87 1.86 1.86 1.09 

Arg AGA 2.37 1.91 1.85 1.89 1.84 1.87 1.89 2.27 

Arg AGG 1.48 0.62 1.39 1.40 0.63 0.63 0.61 1.48 

Arg CGA 0.82 1.28 0.80 0.79 1.37 1.35 1.34 0.86 

Arg CGC 0.34 0.34 0.42 0.40 0.32 0.32 0.32 0.34 

Arg CGG 0.51 0.41 1.08 1.07 0.38 0.39 0.38 0.53 

Arg CGT 0.48 1.43 0.46 0.45 1.46 1.45 1.45 0.54 

Asn AAC 0.63 0.41 0.78 0.78 0.40 0.40 0.40 0.60 

Asn AAT 1.37 1.59 1.22 1.22 1.60 1.60 1.60 1.40 

Asp GAC 0.47 0.37 0.67 0.67 0.38 0.38 0.37 0.45 

Asp GAT 1.53 1.63 1.33 1.33 1.62 1.62 1.63 1.55 

Cys TGC 0.96 0.52 0.99 0.99 0.48 0.48 0.47 0.96 

Cys TGT 1.04 1.48 1.01 1.01 1.52 1.52 1.53 1.04 

Gln CAA 1.37 1.54 1.12 1.12 1.54 1.54 1.54 1.41 

Gln CAG 0.63 0.46 0.88 0.88 0.46 0.46 0.46 0.59 

Glu GAA 1.42 1.53 1.13 1.15 1.52 1.52 1.52 1.41 

Glu GAG 0.58 0.47 0.87 0.85 0.48 0.48 0.48 0.59 

Gly GGA 1.39 1.58 1.30 1.31 1.58 1.59 1.59 1.38 

Gly GGC 0.74 0.42 0.51 0.50 0.42 0.41 0.41 0.73 

Gly GGG 1.17 0.65 1.37 1.36 0.66 0.66 0.65 1.15 

Gly GGT 0.70 1.35 0.82 0.83 1.34 1.34 1.34 0.73 

His CAC 0.58 0.41 0.77 0.77 0.42 0.42 0.41 0.55 

His CAT 1.42 1.59 1.23 1.23 1.58 1.58 1.59 1.45 

Ile ATA 0.64 0.93 1.18 1.18 0.93 0.93 0.93 0.66 

Ile ATC 0.81 0.56 0.82 0.83 0.58 0.58 0.58 0.78 

Ile ATT 1.56 1.50 1.00 1.00 1.49 1.49 1.50 1.56 

Leu CTA 0.59 0.82 0.95 0.97 0.83 0.83 0.84 0.60 

Leu CTC 0.44 0.36 0.71 0.71 0.35 0.36 0.36 0.44 

Leu CTG 0.42 0.39 0.85 0.85 0.41 0.41 0.40 0.39 

Leu CTT 1.56 1.23 1.04 1.06 1.19 1.19 1.18 1.51 

Leu TTA 1.56 1.89 1.01 0.97 1.94 1.94 1.94 1.60 

Leu TTG 1.42 1.31 1.44 1.44 1.28 1.28 1.28 1.46 

Annex 6 - Cont. 
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Amino acid Codon RSCU 
B.men B. epi B.plu B.wed B.exa B.gra B.reg B.est 

Lys AAA 1.41 1.49 1.15 1.14 1.52 1.52 1.52 1.43 

Lys AAG 0.59 0.51 0.85 0.86 0.48 0.48 0.48 0.57 

Met ATG 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Phe TTC 0.70 0.70 0.93 0.93 0.71 0.70 0.70 0.70 

Phe TTT 1.30 1.30 1.07 1.07 1.29 1.30 1.30 1.30 

Pro CCA 1.40 1.10 1.39 1.38 1.07 1.08 1.07 1.31 

Pro CCC 0.84 0.86 0.70 0.73 0.89 0.88 0.88 0.91 

Pro CCG 0.70 0.45 0.98 1.00 0.47 0.46 0.47 0.66 

Pro CCT 1.06 1.59 0.92 0.89 1.57 1.58 1.58 1.11 

Ser AGC 0.98 0.34 0.37 0.38 0.31 0.31 0.31 0.97 

Ser AGT 0.90 1.31 0.60 0.59 1.27 1.26 1.28 0.90 

Ser TCA 1.30 1.10 1.46 1.48 1.15 1.16 1.17 1.27 

Ser TCC 0.89 0.98 1.12 1.11 0.94 0.93 0.91 0.89 

Ser TCG 0.82 0.48 0.95 0.94 0.48 0.48 0.49 0.81 

Ser TCT 1.11 1.79 1.49 1.50 1.84 1.85 1.84 1.17 

Stp TAA 1.15 1.35 0.99 0.99 1.41 1.37 1.41 1.14 

Stp TAG 0.62 0.91 1.16 1.15 0.88 0.88 0.88 0.63 

Stp TGA 1.24 0.73 0.84 0.87 0.71 0.75 0.71 1.24 

Thr ACA 1.35 1.21 1.46 1.46 1.20 1.20 1.20 1.35 

Thr ACC 0.89 0.72 0.82 0.80 0.73 0.73 0.72 0.88 

Thr ACG 0.81 0.43 0.83 0.86 0.42 0.43 0.43 0.76 

Thr ACT 0.95 1.64 0.89 0.88 1.65 1.64 1.65 1.01 

Trp TGG 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Tyr TAC 0.66 0.41 0.84 0.84 0.41 0.39 0.41 0.63 

Tyr TAT 1.34 1.59 1.16 1.16 1.59 1.61 1.59 1.37 

Val GTA 0.77 1.42 1.16 1.16 1.45 1.43 1.42 0.85 

Val GTC 0.92 0.50 0.82 0.81 0.50 0.51 0.52 0.85 

Val GTG 0.56 0.64 0.89 0.90 0.64 0.64 0.65 0.58 

Val GTT 1.75 1.43 1.14 1.14 1.42 1.42 1.41 1.73 
* B. men: B. mentosum, B. epi: B. epiphytum, B plu: B. plumosum, B. wed: B. weddellii, B. exa: B. 

exaltatum, B. gra: B. granulosum, B. reg: B. regnellii, B. ste: B. steyermarkii 
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Annex 7 - Distribution and frequency of the repeat sequences find in the Bulbophyllum plastid genomes. 

Species 
Direction 

Total general 
Forward Palindromic Reverse 

B.  mentosum 6 17 2 25 
B.  epiphytum  12 20 1 33 
B.  plumosum  10 20 1 31 
B.  weddellii  10 18 2 30 
B.  exaltatum  9 14 4 27 
B.  granulosum   11 20 3 34 
B.  regnellii  11 21 1 33 
B.  steyermarkii  9 23 4 36 
Total  78 153 18 249 

Annex 8 -. Frequency of repeat sequence length for each Bulbophyllum specie. 

Length B. men B. epi  B. plu  B. wed  B. exa  B. gra B. reg B. ste  Total  

30 12 12 14 10 9 10 13 12 92 
31 1 1 1 2 2 2 1 3 13 
32 2 10 3 4 3 8 3 2 35 
33 1 0 0 2 1 0 4 2 10 
34 1 1 3 2 2 1 2 0 12 
35 0 0 0 0 0 0 1 1 2 
36 1 2 2 2 2 1 1 2 13 
37 1 1 2 1 1 2 1 3 12 
38 0 1 0 0 0 1 0 0 2 
39 3 2 3 5 4 3 3 3 26 
40 1 0 0 0 0 1 0 0 2 
41 0 0 0 0 0 1 0 0 1 
43 0 0 0 0 0 1 0 0 1 
44 0 0 0 0 0 0 0 4 4 
46 1 1 1 1 1 1 1 1 8 
47 0 1 1 0 2 1 1 1 7 
48 0 0 0 0 0 0 0 1 1 
50 0 1 0 0 0 0 0 0 1 
52 0 0 0 0 0 0 1 1 2 
53 1 0 0 0 0 0 0 0 1 
54 0 0 0 0 0 1 0 0 1 
59 0 0 1 1 0 0 1 0 3 

* B. men: B. mentosum, B. epi: B. epiphytum, B: plu: B. plumosum, B. wed: B. weddellii, B. exa: B. 
exaltatum, B. gra: B. granulosum, B. reg: B. regnellii, B. ste: B. steyermarkii. 
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Annex 11 - The sequences variability (SV), AT and GC content, and length of 148 sequences (CDS, IGS 
and introns) that flanked by the same exon and longer than 150 pairs. The number of mutations and 

Indels events were counted using a B. steyermarkii cp genome as reference. 

Sequence SV AT % 
GC 
% Length Sequence SV AT % 

GC 
% Length 

trnR-atpA 19.58 81.3 18.7 186 rpl22-rps19 4.23 76 24 263 
trnM-aptE 17.44 73.8 26.2 187 atpI-rps2 4.17 78.4 21.6 304 
ccsA-ndhD 17.16 77.2 22.8 297 rpl23-trnI 3.97 66.5 33.5 172 
clpP-psbB 15.14 80.5 19.5 847 trnR-trnN 3.93 58.7 41.3 563 
trnS-trnG 14.79 81.4 18.6 1075 ccsA 3.93 62.5 37.5 978 

psbB-psbT 14.67 86.5 13.5 692 rpl22 3.81 68.4 31.6 375 
atpH-atpI 12.12 72.4 27.6 782 rps16 3.78 65.8 34.2 288 
psbK-psbI 11.95 76.1 23.9 507 rrn4.5s-rrn5s 3.65 55.8 44.2 221 
rpl32-trnL 11.93 77.8 22.2 676 rpoC1 intron 3.64 63.9 36.1 771 
matK-trnK 11.76 77.9 22.1 1277 trnV (UAC) intron 3.46 62.3 37.7 583 
psbI-trnS 11.35 80.4 19.6 203 infA 3.42 63.5 36.5 234 
trnE-trnT 10.89 80.5 19.5 1140 clpP 3.19 59.1 40.9 615 
trnW-trnP 10.67 69.3 30.7 168 ycf3 intron 3.19 67.5 32.5 756 
psaJ-rpl33 10.48 79.5 20.5 704 petB intron 3.18 66.5 33.5 728 
rps18-rpl20 10.33 72 28 272 rps12-trnV 3.09 63.7 36.3 2058 
rpl16 intron 10.32 75.5 24.5 1380 rpoA 3.05 65.2 34.8 1029 
petA-psbJ 10.16 72 28 1011 rps3 3.03 66.4 33.6 657 
trnP-psaJ 10.06 76.7 23.3 378 rps8 3.02 67.9 32.1 396 

petN-psbM 10.04 79.2 20.8 883 rpl33 2.99 65 35 201 
accD-psaI 9.93 75 25 911 cemA 2.75 66.5 33.5 690 

ycf1 9.89 72.4 27.6 5484 trnI-ndhB 2.75 62.7 37.3 550 
rpoB-trnC 9.84 73.6 26.4 1553 atpF 2.70 63.9 36.1 555 
trnK-rps16 9.73 76.6 23.4 603 rpl16 2.70 56.7 43.3 408 

ndhC 9.73 63.6 36.4 375 rps18 2.68 64 36 297 
trnV-trnM 9.71 68.7 31.3 175 trnA-rrn23s 2.63 58.7 41.3 157 
rps8-rpl14 9.71 81.1 18.9 225 rpoC2 2.62 63.7 36.3 4170 

clpP intron 2 9.50 75.5 24.5 1111 trnN-ycf1 2.47 62.5 37.5 329 
rps16-trnQ 9.27 86.3 13.7 1079 atpE 2.44 59.8 40.2 411 
rps11-rpl36 9.09 76.7 23.3 159 rpl32 2.30 69.3 30.7 174 
ndhC-trnV 8.96 74.1 25.9 323 rps2 2.25 62.5 37.5 711 
cemA-petA 8.81 71.8 28.2 226 rpl14 2.17 60.9 39.1 369 
trnC-petN 8.72 69.6 30.4 838 ycf4 2.16 60.3 39.7 555 
petD-rpoA 8.59 70.4 29.6 175 ndhB 2.11 63.5 36.5 1542 
trnT-psbD 8.38 69.4 30.6 947 rpoC1 2.04 61.4 38.6 2067 
trnD-trnY 8.30 70.8 29.2 270 petB 2.00 60.6 39.4 648 
ycf3-trnS 8.29 68.7 31.3 216 petA 1.87 61.7 38.3 963 
trnS-rps4 8.26 73.3 26.7 323 petD 1.86 62.2 37.8 492 

Annex 11. Cont. 
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Sequence SV AT % 
GC 
% Length Sequence SV AT % 

GC 
% Length 

rpl33-rps18 8.06 73 27 189 ndhB-rps7 1.86 64.9 35.1 323 
rpl16-rps3 8.05 83.3 16.7 212 rpoB 1.84 62.1 37.9 3213 

trnmF-rps14 7.93 64.3 35.7 164 psbA 1.79 58.3 41.7 1062 
petL-petG 7.89 70.4 29.6 189 rrn5s-trnR 1.71 58.6 41.4 234 

rps16 intron 7.83 70.5 29.5 912 atpA 1.71 60.6 39.4 1524 
psaA-ycf3 7.78 73.3 26.7 591 rps11 1.68 57.1 42.9 417 
ycf4-cemA 7.64 74.8 25.2 750 rps4 1.65 61.3 38.7 606 
psbE-petL 7.50 74.6 25.4 1222 ycf2 1.62 62.2 37.8 6909 
rps15-ycf1 7.41 78.1 21.9 467 ndhB intron 1.48 61.4 38.6 699 
trnG-trnfM 7.30 68.1 31.9 177 rbcL 1.37 56.4 43.6 1470 

ndhD 7.29 73 27 1577 psbH 1.35 62.7 37.3 222 
psbZ-trnG 7.28 70.4 29.6 226 atpB 1.34 57.2 42.8 1497 
psaI-ycf4 7.11 70.3 29.7 434 psbB 1.31 56.2 43.8 1527 
trnK-matK 6.88 74.1 25.9 278 psbC 1.27 55.9 44.1 1422 
psbA-trnK 6.81 76.7 23.3 277 trnA (UGC) intron 1.25 50.1 49.9 815 
rbcL-accD 6.58 70.5 29.5 730 psaA 1.24 57.1 42.9 2253 
atpF intron 6.45 70.7 29.3 937 psbE 1.19 61.2 38.8 252 
rps4-trnT 6.34 72.8 27.2 342 ycf2-trnL 1.16 66.8 33.2 977 

rpl20-rps12 6.34 67.2 32.8 766 psbK 1.11 65.7 34.3 180 
clpP intron 6.28 70.1 29.9 697 rps12 intron 1.10 60.6 39.4 547 
atpB-rbcL 6.20 80.1 19.9 1133 rps19 1.08 60.8 39.2 279 

rps15 6.18 69.2 30.8 273 rrn16-trnI 1.00 52.1 47.9 309 
rps12-clpP 6.11 70.6 29.4 154 ycf3 0.99 62.7 37.3 507 
petB-petD 5.95 71.8 28.2 185 trnI (GAU) intron 0.96 51 49 952 
trnQ-psbK 5.92 75.2 24.8 379 psaB 0.95 58.9 41.1 2205 

rpoC2-rpoC1 5.88 63.5 36.5 187 psbD 0.94 58.2 41.8 1062 
accD 5.87 68 32 1482 atpI 0.94 63.4 36.6 744 

psbH-petB 5.65 73.6 26.4 184 trnV-rrn16s 0.87 53.1 46.9 229 
petD intron 5.58 67.2 32.8 812 psaC 0.81 59.1 40.9 246 
rps2-rpoC2 5.58 74.3 25.7 268 rpl23 0.74 61.9 38.1 270 

matK 4.68 68.6 31.4 1536 rps14 0.66 59.5 40.5 303 
ycf3 intron 2 4.58 65.4 34.6 734 rps12 0.54 57.9 42.1 372 
trnS-psbZ 4.52 69.5 30.5 215 psbZ 0.53 66.3 33.7 189 
trnL-trnF 4.49 72.9 27.1 254 rps7 0.43 58.8 41.2 468 

rpl20 4.42 64.7 35.3 387 atpH 0.41 56.6 43.4 246 
psbM-trnD 4.35 76.2 23.8 1113 rpl2 intron 0.30 59.3 40.7 664 
trnG (UCC) 

intron 4.30 68.1 31.9 683 rpl2 0.24 55.6 44.4 822 
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Annex 13 - Adenine-Thymine content expressed as a percentage of the coding and non-coding 
regions.  

 

Annex 14 - The sequence variability (SV) and Parsimony informative sites (PIS) of nrITS and the top 
ten variable regions. 

 


