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摘  要 

非光合作用植物只存在著退化的質體，且其質體基因組已高度的縮減。菱形

奴草（Mitrastemon kanehirai）為台灣特有的全寄生植物，屬於嚴重瀕臨絕滅的

珍貴保育物種。目前菱形奴草只有一條質體序列被發表，而此序列 pt16S rDNA 

顯示了演化速度加快的現象。 

本論文首先比較了六種 DNA 萃取方法在兩種非光合作用植物日本蛇菰

（Balanophora japonica）和菱形奴草上的成效。而利用 Barnwell等人(1998)針對

富含黏液的多肉植物發展出的方法所抽出的蛇菰及奴草 DNA，其純度皆能夠進

行限制酶切割反應。此外並成功的在菱形奴草運用了 Milligan在 1989年所敘述

利用高鹽溶液去除細胞核 DNA的方法，有效的提高其質體 DNA的含量。 

研究顯示除了質體外，異營性植物的細胞核以及粒腺體小次單元 rDNA也有

演化速度加快的現象。為了釐清異營性植物細胞內三種 SSU rDNA間演化速度的

相對關係，本研究檢視了九種異營性植物（包括一種半寄生、五種全寄生以及三

種真菌異營性的植物）的粒線體 19S、質體 16S以及核 18S rDNA；藉由相對速

率分析和譜系分析兩種方法來估算這些 rDNA序列的演化速度。分析顯示與其他

被子植物相比較，非光合作用植物的 pt16S及 nr18S rDNA序列，其取代率明顯

的增高，而 mt19S rDNA則無此現象。九種被檢視的植物中，日本蛇菰和菱形奴

草的 pt16S和 nr18S rDNA的變異最大，並且伴隨著序列中 GC比例的降低。 

此外本論文利用了次世代定序技術，成功的獲得了非光合作用植物菱形奴草

質體基因組的完整序列。與一般陸生植物的葉綠體基因組相比，菱形奴草的質體

基因組喪失了所有與光合作用相關的基因，並欠缺反向重覆區域，而保留下來的

基因大多與轉譯作用相關。這個保有 4個 rRNA、4個 tRNA及 18個蛋白質編碼

(protein-coding)基因、大小只有 25,740 bp的質體基因組為目前已知的最小質體基

因組。 

 

關鍵字：非光合作用植物、異營性植物、小次單元 rDNA、演化速度、質體基因

組、菱形奴草、質體基因組 

 



iii 
 

ABSTRACT 

Non-photosynthetic plants only retain remnant plastids and their plastome is highly 

reduced. Mitrastemon kanehirai, a root holoparasite, is endemic to Taiwan and considered 

an endangered species. Mitrastemon kanehirai has only one plastid sequence has been 

reported, and the sequence, pt16S rDNA, shows increased substitution rate. 

In this dissertation, the performance of six DNA extraction procedures for two non-

photosynthetic plants, Balanophora japonica and M. kanehirai, were compared. All six 

procedures yielded DNA of sufficient quality for PCR, and the method described by 

Barnwell et al. (1998) performed well in isolating DNA from both species for restriction 

enzyme digestion. Meanwhile, enrichment of M. kanehirai plastid DNA content was 

achieved by using the ‘high salt’ methods based on protocol presented by Milligan (1989). 

High rate of nucleotide substitution in three subcellular SSU rDNAs have been 

reported in heterotrophic plants, and the rate heterogeneity among these sequences are 

presented in this dissertation. Mt19S, pt16S and nr18S rDNA sequences from nine 

heterotrophic plants, including one hemiparasitic, five holoparasitic and three 

mycoheterotrophic plants, were examined. Rate heterogeneity among various rDNA 

sequences was evaluated by relative rate tests and phylogenetic analysis. Both pt16S and 

nr18S rDNA sequences of non-photosynthetic species show significant increases of 

substitution rate, but the phenomenon was not found in mt19S rDNA. The extreme 

divergent pt16S and nr18S rDNA sequences were found in B. japonica and M. kanehirai, 

and accompanied by a decrease in GC content of the sequences. 

Mitrastemon kanehieai plastome was sequenced by using next generation 

sequencing technology. The genome is smallest plastome that have been described with 

size of 25,740 bp. Only 26 genes were retained in the plastome, which include 4 rRNAs, 

4 tRNAs and 18 protein-coding genes. These retained genes are mostly involved in 

translation machinery. All photosynthesis-related genes were lost, and the inverted repeat 

region is absent. Despite the enormous reduction, the M. kanehirai plastome is a 

functional gene expression system. DNA transfer from plastid to nucleus and horizontal 

transfer from the host to the parasite were also observed in M. kanehirai. 

 

Keywords: heterotrophic plant, Mitrastemon kanehirai, non-photosynthetic plant, 

plastome, small-subunit rDNA, substitution rate.  
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Chapter 1. Overview 

The heterotrophic plants 

The heterotrophic plants are those having all or some of resources required to 

support their vital processes and can be classified as either mycoheterotrophs or haustorial 

parasites (Leake, 1994; Nickrent, 2002; Irving and Cameron, 2009; Selosse and Cameron, 

2010; Těšitel et al., 2011). Mycoheterotrophs obtain their nutrition from the associated 

plant via a mycorrhizal fungus whereas haustorial parasites feed directly on another plant 

(the host) via haustoria (Kuijt, 1969; Nickrent, 2010; Selosse and Cameron, 2010). Noted 

that not all of the haustorial parasites are non-photosynthetic, and they can be categorized 

into two groups, hemiparasites and holoparasites, based on the ability to perform 

photosynthesis. Hemiparasites are chlorophyllous and photosynthetic during at least one 

stage of their life cycle, and they obtain water and nutrients from the host xylem. Some 

advanced hemiparasites (e.g. dwarf mistletoes) also obtain photosynthates from the host 

phloem. Holoparasites, on the other hands, are totally achlorophyllous (or nearly so), non-

photosynthetic, and must rely on their host for water and nutrients from the host xylem 

and photosynthates from the host phloem (Nickrent, 1997; Nickrent et al., 2000; Nickrent, 

2002; Heide-Jørgensen, 2008; Irving and Cameron, 2009; Nickrent, 2010). The term 

‘non-photosynthetic plants’, refer to both mycoheterotrophs and holoparasitic plants that 

completely lost photosynthetic ability.  
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It has been reported that the parasitic lifestyle has evolved at least 11 times in 

flowering plants (Barkman et al., 2007). There are about 4,400 parasitic species of 

flowering plants, which consist about 1% of angiosperms (Heide-Jørgensen, 2008; 

Nickrent, 2010). Classifications of heterotrophic plants based on morphological 

characters have long been difficult because of the reduction of their morphological 

features and frequent convergence on character evolution. In addition, phylogenetic 

reconstruction of heterotrophic plants faces great challenges with their highly divergent 

ptDNA sequences. Furthermore, non-photosynthetic plants lost their photosynthetic 

ability and genes related to photosynthesis were either lost or pseudogenized. Therefore, 

it makes even more difficult to select suitable molecular markers for non-photosynthetic 

plants. 

Phylogenetic study in heterotrophic plants 

Two plastid genes, rps2 and rbcL, have been used to examine the phylogeny of some 

parasitic taxa (dePamphilis et al., 1997; Nickrent et al., 2000). Since these two genes 

might be lost in non-photosynthetic plants, rps2 and rbcL are not proper molecular 

markers for non-photosynthetic plants. The plastid 16S and nuclear 18S rDNA sequences 

also have been utilized in phylogenetic studies of parasitic plant and the results show 

evolutionary rates of the two rDNAs are increased in some parasitic plants (Nickrent and 

Starr, 1994; Nickrent and Duff, 1996; Nickrent et al., 1997; Nickrent et al., 2000; Lemaire 
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et al., 2010; Su and Hu, 2012). The mitochondrial sequences have been shown as suitable 

markers for reconstructing the phylogeny of parasitic plants (Barkman et al., 2004; 

Nickrent et al., 2004). However, massive mitochondrial DNA transfers in parasitic plants 

also have been reported (Xi et al., 2012; Xi et al., 2013), and therefore the usage of 

mitochondrial sequences as molecular markers should be very careful in these taxa. 

Cuscuta is one of the most intensely studied genera of parasitic plants, and several 

Cuscuta plastomes have be completely sequenced (Revill et al., 2005; Stefanović and 

Olmstead, 2005; Funk et al., 2007; McNeal et al., 2007; Braukmann et al., 2013). The 

size of the Cuscuta plastome appears to be correlated with the ability of photosynthesis. 

The genus Cuscuta represents an evolution process from hemiparasites to holoparasites, 

with some of the Cuscuta species still retain partial photosynthetic ability. In addition, 

several heterotrophic plant plastomes, including some mycoheterotrophic orchids, have 

been described recently. All these plastome data enable us to compare the plastid 

sequences, gene content and gene order in heterotrophic plants. By analyzing and 

comparing the plastome sequence, it will give us more insight into the evolution of plastid 

genome in heterotrophic plants. 

Mitrastemon are root endoparasites distributed in Central America, East and 

Southeast Asia (Yamamoto, 1936; Meijer and Veldkamp, 1993). Previous studies were 

mostly focused on morphological observation. Mitrastemon has long been thought to 
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belong to the Rafflesiaceae (Hayata, 1913; Kuijt, 1969; Meijer and Veldkamp, 1993; 

Bouman and Meijer, 1994; Mabberley, 1997). However, recent studies have placed 

Mitrastemon (Mitrastemonaceae) in Ericales, but not Rafflesiaceae (in Malpighiales) 

according to their molecular phylogenetic analyses based on nuclear 18S rDNA and 

mitochondrial matR sequences (Fig. 1-1) (Barkman et al., 2004; Nickrent et al., 2004). 

There is only one plastid sequence of Mitrastemon (16S rDNA) available in GenBank. 

The 16S sequence showed higher accelerated substitution rate than the pt16S of Epifagus 

virginiana, which is a holoparasite with a reduced plastome of size 70 kb (Nickrent et al., 

1997; Nickrent et al., 2000). 

Two Mitrastemon species, M. kanehirai and M. kawasasakii were found in Taiwan, 

both were reported endemic to Taiwan (Yang and Lu, 1996). In the two species, M. 

kanehirai is considered an endangered species and only found in few limited localities 

with few individuals within populations. 

This dissertation focuses on the plastome of Mitrastemon kanehirai (Fig. 1-2), a non-

photosynthetic plant that is not close to any other heterotrophic plants with complete 

plastome sequence. By analyzing and comparing the M. kanehirai plastome sequence 

with other plants, we hope it will help us further understand the evolution of plastid 

genome in non-photosynthetic plants. 

In order to obtain total genomic DNA and plastid DNA with high quality from M. 
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kanehirai, I have tested several DNA extraction and plastid isolation procedures. Only 

some of the DNA extraction procedures successfully isolated DNA from M. kanehirai. 

Although the attempt of isolating pure and intact M. kanehirai plastid failed, I indeed 

succeeded to obtain enriched plastid DNA from M. kanehirai DNA preparation. The 

comparison of different DNA extraction procedures and the application of ptDNA 

enrichment protocols are presented in Chapter 2. 

Previous studies have documented accelerated evolutionary rates in heterotrophic 

plants for nuclear 18S rRNA genes (Nickrent and Starr, 1994; Nickrent and Duff, 1996; 

Lemaire et al., 2010) and plastid 16S rRNA genes (Nickrent et al., 1997; Nickrent et al., 

2000); however, high evolutionary rate is not a ubiquitous phenomenon in small-subunit 

rDNAs of heterotrophic plants. Therefore in Chapter 3, I extended my survey examining 

mt19S, pt16S and nr18S rDNA sequences from nine heterotrophic plants in order to 

examine whether there is any correlation of evolutionary rate patterns among the three 

subcellular SSU rDNAs in heterotrophic plants. 

In Chapter 4, the theme of this dissertation, we sequenced the complete plastid 

genome of M. kanehirai by using next generation sequencing technology. The plastome 

sequence was analyzing and compared with other plastomes to improve our 

understanding of plastome evolution in non-photosynthetic plants. 

Lastly, a brief summary based on the results from each chapter is given in Chapter 5. 
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Figure 1-1. The phylogenetic tree of Ericales according to the APG III system 

(Stevens, 2001 onwards). 
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Figure 1-2. Photos of Mitrastemon kanehirai. A young stage, B male stage and C 

female stage. Photos were taken by Jer-Ming Hu. 

A 

B 

C 
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Abstract 

Genomic DNA was isolated using three DNA extraction commercial kits and three 

CTAB-based methods for two non-photosynthetic plants, Balanophora japonica and 

Mitrastemon kanehirai. The quality of the isolated DNA was evaluated and subjected to 

following restriction enzyme digestions. All six procedures yielded DNA of sufficient 

quality for PCR, and the method described by Barnwell et al. (1998) performed well in 

isolating DNA from both species for restriction enzyme digestion. In addition, we 

succeeded to enrich plastid DNA content by using the methods depending on a high salt 

buffer to deplete nuclear material. The ‘high salt’ methods based on protocol presented 

by Milligan (1989) were able to increase plastid DNA effectively and significantly reduce 

nuclear DNA from M. kanehirai. The plastid DNA enrichment protocols are inexpensive 

and not time-consuming, and may be applicable to other non-photosynthetic plants. 

 

Keywords: CTAB, DNA isolation, heterotrophic plants, plastid DNA, polysaccharide. 
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Introduction 

Many heterotrophic plants contain polysaccharides and other secondary metabolites 

that interfere with DNA isolations (Hayata, 1913; Do and Adams, 1991; Scott and 

Playford, 1996; Nickrent et al., 2000; Tsai et al., 2008; Yu et al., 2010; Wang et al., 2012). 

These compounds sometimes prevent enzymes to access DNA, and therefore inhibiting 

follow-up experiments such as polymerase chain reaction (PCR) or restriction enzyme 

digestions. Many DNA extraction methods, including most commercial kits, are generally 

designed for cultivated species, which contain much less interfering compounds for 

isolating DNAs, and therefore might be inapplicable for heterotrophic plants (Do and 

Adams, 1991; Scott and Playford, 1996). Previous studies (Nickrent et al., 1997a; 

Nickrent et al., 1997b) showed that the CTAB-based method described by Nickrent (1994) 

can successfully extract DNA from non-photosynthetic plants with quality good enough 

for PCR, but is insufficient for enzyme digestions. 

We have applied the common DNA extraction methods (Doyle and Doyle, 1987) to 

the non-photosynthetic parasitic Balanophora species, and it is generally fine to obtain 

good quality DNA for PCR amplification (Su and Hu, 2012; Su et al., 2012). However, 

the Balanophora DNA from such methods sometimes failed to perform well in enzyme 

digestions in our preliminary surveys. Furthermore, ordinary DNA extraction methods 

cannot guarantee to have enough plastid DNA since very few plastids are present in the 
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cells of the non-photosynthetic plants (dePamphilis and Palmer, 1990; Nickrent et al., 

1997b; Nickrent et al., 2000). All available methods for plastid DNA isolation are 

designed for isolating ordinary non-reduced chloroplasts in green plants, for example, the 

gradient-based methods for plastid isolation (Kolodner and Tewari, 1975; Palmer, 1986), 

and others to enrich organelles (e.g. Herrmann, 1982; Palmer, 1982; Bookjans et al., 1984; 

Milligan, 1989; Triboush et al., 1998; Kausch et al., 1999). The isolation methods with 

DNAase-I treatment postulated by Herrmann (1982) require a large amount of plant 

samples, which is also unpractical in our study, since the plant materials are usually 

limited. 

However, some methods (e.g. Milligan, 1989; Triboush et al., 1998) have been used 

without the requirement on the color of materials and just need a small amount of tissue. 

The Milligan’s procedure (1989) depends on a high salt buffer to solubilize nuclear 

material in order to obtain a chloroplast fraction, and Triboush et al. (1989) isolated 

organelles by differential centrifugation. These methods are thus have potentials for 

plastid isolation in non-photosynthetic plants. 

In our preliminary survey on 12 DNA extraction methods for two non-

photosynthetic plants, Balanophora japonica Makino and Mitrastemon kanehirai 

Yamamoto, six of them showed promising results, while the others performed badly, with 

low or no yield of DNA (see supplementary data Table S2-1). In this report, we compared 
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the performance of the six procedures that successfully isolated DNA from these two non-

photosynthetic plants and evaluated with the following PCR and restriction enzyme 

digestion. The procedures include three DNA extraction commercial kits, the two 

methods mentioned above and another CTAB-based method that Barnwell et al. (1998) 

developed for the highly mucilaginous succulent plants. At the same time, we attempted 

to enrich plastid DNA content during extraction of M. kanehirai DNA for studying its 

plastid genome by using and modifying the Milligan and Triboush methods. The results 

were compared with the proportion of plastid vs. nuclear DNA content among the three 

different plastid enrichment methods. 

 

Materials and methods 

Plant Materials 

Balanophora japonica and M. kanehirai are both non-photosynthetic plants native 

to Taiwan. The materials (B. japonica: Mt. Datong, Taipei County, Sep. 29, 2005, Hu1567; 

M. kanehirai: Lienhuachih, Nantou County, Oct. 12, 2010, Hu1810) were freshly 

collected and stored in -20°C. Frozen tissues were used for each DNA extraction method. 

DNA extraction methods 

The methods used for comparison are listed in Table 2-1, including three commercial 

kits (Method 1-3) and three CTAB-based methods (Method 4-6). 
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Total genomic DNAs were extracted by Method 1-3 according to the corresponding 

manufacturer’s protocols. Method 1, the DNeasy Plant Mini Kit (QIAGEN), uses the 

QIAshredder spin column to remove initial precipitates and cell debris, and a DNeasy 

column to capture DNA. Method 2, the Tri-Plant Genomic DNA Reagent Kit (Geneaid), 

and Method 3, the TRI Reagent (Molecular Research Center), both use their own 

particular reagents to lyse plant samples and then follow by an isopropanol or ethanol 

precipitation. 

Method 4 denoted for the standard CTAB method described by Doyle and Doyle 

(1987). Plant materials were ground in liquid nitrogen and then incubated in 10 volumes 

of preheated 2× CTAB buffer (100 mM Tris-HCl, 1.4 M NaCl, 20 mM EDTA, 2% w/v 

CTAB, 2% w/v PVP40 and added 0.2% β-mercaptoethanol just before use.) at 65°C for 

1 h with occasional swirling. The solution was mixed with 10 mL of Chloroform:isoamyl 

alcohol (24:1, v/v) and was blended thoroughly. This was followed by a centrifugation at 

9,000 g for 10 min, and the aqueous phase was transferred to a new centrifuge tube. The 

DNA was precipitated by adding 0.7 volume of isopropanol and incubated at -20°C for 

30 min. The DNA pellet was collected by a centrifugation for 10 min at 10,000 g and 

washed with cold 75% ethanol. The pellet was resuspended in 2 mL of TE buffer, and 

then RNase digestion was performed. 

Method 5 denoted for the “delayed hot CTAB” method described by Nickrent (1994). 
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The sample was cut into small pieces and homogenized with hot 95°C CTAB buffer 

(about 25 mL for every 2-3 g of plant tissue). The modified 2× CTAB buffer is composed 

of 100 mM Tris-HCl, 1.4 M NaCl, 30 mM EDTA, 2% w/v CTAB, 5 mM ascorbic acid, 4 

mM diethyldithiocarbamic acid and 2% w/v PVP40, the latter two ingredients were added 

just before use. The extract was strained through cheesecloth into 50-mL centrifuge tube 

and then incubated at 70-80°C for 30 min with occasional swirling. The sample was 

briefly centrifuged without pausing, and the supernatant was transferred to a new tube. 

Chloroform:isoamyl alcohol (24:1) (0.7 volume) was added and the solution was mixed 

for 5 min. This was then centrifuged at 9,000 g for 15 min, and the aqueous phase was 

transferred to a new centrifuge tube. The DNA was precipitated by adding 0.7 volume of 

ice-cold isopropanol and incubated at -20°C for at least 1 h. The DNA pellet was collected 

by a centrifugation for 20 min at 10,000 g. Then the pellet was resuspended in 3 mL of 

TE and 2 mL of 4 M NH4OAc. This was followed by an extraction with an equal volume 

of phenol:chloroform (1:1), and 2 volumes of ethanol were added to the aqueous phase. 

The content was incubated at -20°C for at least 30 min, and the DNA pellet was collected 

by a centrifugation, then proceeded an RNase treatment. 

Method 6 denoted for the extraction procedure developed by Barnwell et al. (1998) 

for the highly mucilaginous succulent plants. The frozen plant tissue was ground to 

powder, 5 volumes of extraction buffer (100 mM Tris-HCl, 1.4 M NaCl, 20 mM Na2 
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EDTA, 2% w/v CTAB, 1% w/v PVP40) were added and mixed. The homogenate was 

then incubated at 65°C for 30 min with occasional shaking followed by a centrifugation 

at 3,000 g for 5 min. The supernatant was mixed with 1.25 volumes of 10% CTAB (w/v, 

in 0.7 M NaCl), and the mixture was vortexed for 10 s and centrifuged at 3,000 g for 5 

min. The supernatant was thoroughly mixed with 3 volumes of precipitation buffer (50 

mM Tris-HCl, 10 mM Na2 EDTA, 1% w/v CTAB). The mixture was incubated at room 

temperature for 30 min and then centrifuged at 5,000 g for 15 min. The pellet was 

dissolved in high salt TE buffer (10 mM Tris-HCl, 1.0 M NaCl, 1 mM Na2 EDTA), and 2 

volumes of ice-cold ethanol were added followed by incubation at -20°C for 1 h. The 

DNA was pelleted by a centrifugation and washed twice with 70% ethanol. 

Plastid DNA enrichment methods 

Three plastid enrichment methods were analyzed in this study. Method PE1 denoted 

for the procedure developed by Milligan (1989) that incorporates several other methods 

of extracting chloroplast DNA. The procedure is summarized below. The tissue was 

ground with 6 volumes of ice-cold isolation buffer (50 mM Tris-HCl, 1.25 M NaCl, 5 

mM EDTA, 0.1% w/v BSA, 0.1% β-mercaptoethanol), and the homogenate was filtered 

through 4 layers of cheesecloth. The plastids were pelleted by a centrifugation at 3,000 g 

for 10 min and then resuspended in 10 mL of cold isolation buffer. The centrifugation and 

resuspension were repeated once, and 0.1 volume of 10% CTAB was added to lyse the 
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plastids. The extract was then incubated at 60°C for 1 h and followed by extraction with 

Chloroform:isoamyl alcohol (24:1). The DNA was precipitated by adding 0.7 volume of 

cold isopropanol to the aqueous phase and incubated at -20°C for at least 30 min. During 

the isolation of plastids, the materials should be kept at 4°C. 

Method PE2 denoted for a method combined with Milligan’s protocol (1989) and 

the Tri-Plant Genomic DNA Reagent Kit. Plastid pellet was isolated by centrifugation at 

6,000 g for 20 min instead of 3,000 g for 10 min following Milligan’s protocol. The DNA 

was then extracted from pellet by using Tri-Plant Genomic DNA Reagent Kit. 

Method PE3 denoted for the method mainly based on Triboush’s DNA extraction 

method (Triboush et al., 1998), combined with Milligan’s protocol (1989), as described 

below. All the operations of isolating plastids were conducted in ice. The sample was 

homogenized with 6 volumes of STE buffer (50 mM Tris-HCl, 400 mM sucrose, 20 mM 

Na2EDTA, 0.2% w/v BSA, 0.2% β-mercaptoethanol). The homogenate was filtered 

through 4 layers of cheesecloth and centrifuged at 200 g for 20 min. The supernatant was 

centrifuged at 3,700 g for 20 min, and the pellet was resuspened in 20 mL of isolation 

buffer (based on Milligan’s protocol). It was then repeated the centrifugation and 

resuspension once, and then the DNA was obtained by following Milligan’s protocol. 

 

Real-time PCR 

Real-time PCR and data analysis were performed in the CFX96TM Real-Time PCR 
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Detection Systems (Bio-Rad Laboratories). Sequences of nuclear and plastid SSU 

fragments were amplified from M. kanehirai DNA extracted by different methods. The 

primers SSU1594F: 5’-CTACGTCCCTGCCCTTTGTA-3’ and SSU1703R: 5’-

GGACTTCTCGCGGCATCACGAG-3’ were used to amplify a nuclear 18S rDNA 

fragment; the primers 16S298F: 5’-GGAAACAGCCCAGATCATCA-3’ and 16S436R: 

5’-GCCGACATTCTCACTTCTGC-3’ were used to amplify the plastid 16S rDNA. The 

primers were designed based on M. kanehirai sequences in our preliminary survey. The 

PCR mixture (20 μL) contained 10 μL KAPA SYBR FAST qPCR Master Mix (Kapa 

Biosystems), 50 nM (nr18S rDNA) or 100 nM (pt16S rDNA) of each primer and 20 ng 

of extracted DNA was used as template. The amplification program initiated at 95°C for 

3 min, followed by 40 cycles at 95°C for 10 s and 64°C for 30 s, and finally 95°C for 10 

s. Melting curve analysis was carried out after amplification. All experiments were 

performed in triplicate. 

 

Results and discussion 

Performance of different isolation procedures 

Balanophora japonica and M. kanehirai both lost their photosynthetic ability 

completely and plants are very rich in polysaccharides and other secondary metabolites 

(Hayata, 1913; Wang et al., 2012). Many of the commercial kits and methods failed to 



23 

 

extract high quality DNA from heterotrophic plants (listed in supplementary data Table 

S2-1). Here we show the six methods that can successfully extract the DNAs from these 

two non-photosynthetic plants. 

The ratios of the absorbance at 260 and 280 nm (A260/280) of DNA isolated from two 

species with different procedures are in the range of 1.28-2.11 (Table 2-2). Two of the 

three CATB-based methods (Method 4 and 6) yielded better results than all the others, 

including the commercial kits, for B. japonica. In comparison, Method 2 and 6 worked 

best for M. kanehirai. 

Only Method 6 (Barnwell et al., 1998) performed well on both B. japonica and M. 

kanehirai, with acceptable A260/280 ratio. However, Method 2 and 4 showed inconsistent 

results between B. japonica and M. kanehirai. Nonetheless, the quality of all DNA 

isolated by different procedures were good enough for the following PCR (data not 

shown). 

To further examine the DNA quality, we proceeded with restriction enzyme digestion 

on the obtained DNA extracts. The result shows that the Method 6 (Barnwell protocol) 

performed better than the other procedures in extracting DNA from B. japonica (Fig. 2-

1A), and Method 2 (the Tri-Plant Genomic DNA Reagent Kit) performed best in M. 

kanehirai (Fig. 2-1B). In general, all procedures performed better in M. kanehirai which 

is likely because it contains less polysaccharides than B. japonica. However, Method 3 
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(the TRI Reagent) and Method 4 (the Doyle and Doyle protocol) could not produce DNA 

bands for M. kanehirai (M3 and M4 in Fig. 2-1), compared to B. japonica. From all of 

the commercial kits tested, we found that most kits extracted DNA by using columns did 

not perform well. It is probably because these kits were unable to eradicate 

polysaccharides that prevent the elution of DNA from columns and result in the low yields 

(Fleischmann and Heubl, 2009). Among the three CTAB-based DNA isolation methods, 

it seems that shortening the initial incubation time and increasing the incubation 

temperature could improve DNA purity, since the Method 5 (Nickrent protocol) 

performed better than Method 4. However, Method 6 that Barnwell et al. (1998) 

developed increases CTAB concentration in a step-wise manner in order to avoid co-

precipitation of polysaccharides with DNA, which was the most effective procedure to 

obtain DNA with high quality. As for yields, all the commercial kits produced more 

amount of DNA than the CTAB-based methods. The Method 6 produced least but the 

purest DNA among all procedures, which might result from the protocol’s additional 

purification steps and less efficient precipitation buffer. 

Plastid DNA enrichment 

The Milligan’s ‘high salt buffer’ method (1989) and the Triboush’s differential 

centrifugation method (1998) were used and modified to enrich plastid DNA content for 

extracting M. kanehirai DNA. The performance of these procedures was evaluated by 
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relative quantification of nr18S and pt16S rDNA in the DNAs extracted by different 

methods with Barnwell protocol as the reference. DNA isolated by all methods (included 

the Barnwell protocol) could amplify nr18S and pt16S rDNA fragments by real-time PCR 

(Fig. 2-2). However, Method PE3 (Triboush-based method) not only failed to enrich 

plastid DNA in our tests but also yielded the lowest quality DNA that the Cq 

(quantification cycle) values of PE3 were the largest among all methods in both nr18S 

and pt16S rDNA. The two Milligan-based protocols (Method PE1 and PE2) were capable 

of increasing plastid DNA content more than 1.5 times and meanwhile reduced the 

proportion of nuclear DNA effectively (Fig. 2-3). The pt16S/nr18S rDNA ratios of 

extracted DNA by using these two procedures are significantly higher than Method 6 (Fig. 

2-4). The best performed method was Method PE2, the Milligan protocol combined with 

the Tri-Plant Genomic DNA Reagent Kit, which yielded pt16S/nr18S rDNA ratio almost 

15 times higher than Method 6 with good quality of DNA from M. kanehirai. It suggests 

that increasing centrifugal speed in the beginning step of collecting plastids could enrich 

plastid DNA further since Method PE3 performed better than Method PE2 (Fig. 2-3 and 

Fig. 2-4). 

The result shows that the procedure based on differential centrifugation failed to 

apply to our studying materials. Although the high salt buffer-based protocols could not 

eliminate nuclear DNA completely, they still could enrich plastid DNA content 
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significantly (Method PE2 and PE3). These protocols are inexpensive and not time-

consuming, and may be applicable to other non-photosynthetic plants, which will be 

useful in studying the plastid genome of heterotrophic plants. 

Overall, the Barnwell protocol performed best among all examined methods, but it 

is inapplicable for small amount of plant samples. However, our results suggest that there 

is no DNA isolation protocol can be applied to all plants because of the presence of 

various compounds in the plant tissue and it cannot have DNA with both the highest 

quality and quantity from the same protocols. Additional effort to find out or modify 

isolation procedures is necessary in order to obtain high quality DNA for non-

photosynthetic plants. 
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Table 2-1. The methods used in this study. 

Method  Reference 

DNA isolation 

Method 1 Column-based commercial kit DNeasy Plant Mini Kit, QIAGEN, Manchester, UK 

Method 2 
Particular reagent- based 

commercial kit 

Tri-Plant Genomic DNA Reagent Kit, Geneaid, New 

Taipei City, Taiwan 

Method 3 
Particular reagent- based 

commercial kit 

TRI Reagent – RNA, DNA, protein isolation reagent, 

Molecular Research Center, Cincinnati, OH, USA 

Method 4 The standard CTAB method Doyle and Doyle, 1987 

Method 5 
The delayed hot CTAB 

method 

Nickrent, 1994 

Method 6 The increased CTAB method Barnwell et al., 1998 

Plastid DNA enrichment 

PE1 
Depleted nuclear material by 

using a high salt buffer 

Milligan, 1989 

PE2 Combined PE1 with Method 2 Milligan, 1989 

PE3 
Isolated organelles by 

differential centrifugation 

Milligan, 1989; Triboush et al., 1998 
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Table 2-2. A260/280 ratios of DNA extracted by commercial kits and CTAB-based methods. 

Procedure 
A260/280 

B. japonica M. hanehirai 

Kit   

Method 1 1.75 1.76 

Method 2 1.28 2.08 

Method 3 1.91 1.48 

CTAB-based Method 
  

Method 4 2.06 1.73 

Method 5 1.83 1.81 

Method 6 2.10 2.11 
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Figure 2-1. The results of restriction enzyme digestion on the isolated DNAs. A: 

Balanophora japonica. B: Mitrastemon kanehirai. 4 μg DNA was digested with 4 U 

EcoRI/μg DNA for 1 h at 37°C, and then were separated on a 0.8% TAE agarose gel. U, 

uncut DNA; C, cut DNA; λ, lambda DNA/HindIII marker; M1, QIAGEN DNeasy Plant 

Mini Kit; M2, Geneaid Tri-Plant Genomic DNA Reagent Kit; M3, Molecular Research 

Center TRI Reagent; M4, the Doyle and Doyle protocol; M5, the Nickrent protocol; M6, 

the Barnwell protocol. 
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Figure 2-2. Real-time PCR amplification plot of Mitrastemon kanehirai DNA. A: 

nr18S rDNA. B: pt16S rDNA. M6, the Barnwell protocol; PE1, the Milligan protocol; 

PE2, the Milligan protocol combined with Geneaid Tri-Plant Genomic DNA Reagent Kit; 

PE3, the Triboush method combined with Milligan protocol. 
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Figure 2-3. Relative quantification of nr18S and pt16S rDNA. Mitrastemon kanehirai 

DNAs extracted by three methods were compared with Barnwell protocol as the reference. 

M6, the Barnwell protocol; PE1, the Milligan protocol; PE2, the Milligan protocol 

combined with Geneaid Tri-Plant Genomic DNA Reagent Kit; PE3, the Triboush method 

combined with Milligan protocol. 
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Figure 2-4. The ratio of pt16S/nr18S rDNA in extracted Mitrastemon kanehirai 

DNAs. The pt16S rDNA content was compared with nr18S rDNA in the same DNA 

samples extracted by four different procedures. M6, the Barnwell protocol; PE1, the 

Milligan protocol; PE2, the Milligan protocol combined with Geneaid Tri-Plant Genomic 

DNA Reagent Kit; PE3, the Triboush method combined with Milligan protocol. 
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Supplementary data 

Table S2-1. Other methods have been tested in this study. 

Method  Reference 

DNA isolation 

Column-based commercial kit Fast ID Genomic DNA Extraction Kit, Genetic ID, 

Fairfield, IA, USAa 

Column-based commercial kit Plant Genomic DNA Mini Kit, BIOMAN, New Taipei 

City, Taiwana 

Column-based commercial kit Plant Genomic DNA Purification Kit, GeneMark, 

Taichung City, Taiwana 

Particular reagent- based commercial kit TRIzol®  Reagent, Invitrogen, Carlsbad, CA, USAb 

The rainforest method Scott and Playford, 1996c 

Modified CTAB methods Doyle and Doyle, 1987; Croy et al., 1993; Sytsma, 1994c 

Plastid DNA enrichment 

The sunflower method Triboush et al., 1998b 

a The yields of DNA from these methods were very low, and A260/280 ratios of DNAs 

were below 1.2.  

b The methods failed to extract DNA from B. japonica and M. kanehirai. 

c The methods failed to improve DNA quality compared with Method 4. 

 



37 

 

Chapter 3. 

Formatted for submission to Botanical Studies (Accepted June 05, 2013) 

 

 

 

Heterogeneous evolutionary rates of nuclear and organelle small-subunit rDNAs in 

heterotrophic plants 

 

Shin-Yi Shyu1 and Jer-Ming Hu1 

 

1Institute of Ecology and Evolutionary Biology, National Taiwan University, Taiwan 

 

 

 

 

 

Authors’ contributions: 

Shin-Yi Shyu designed and performed the experiments, analyzed data and drafted the 

manuscript. Jer-Ming Hu administered the experiments and edited the manuscript. 

 



38 

 

Abstract 

High rates of nucleotide substitution within small-subunit rRNA genes from all three 

genomes have been reported in various angiosperms, particularly for the lineages with a 

heterotrophic mode of life. However, substitution rates of rDNA sequences vary among 

subcellular genomes and among taxa. In order to elucidate patterns of evolutionary rates 

among the three subcellular SSU rDNAs in heterotrophic plants, we examined 

mitochondrial 19S, plastid 16S and nuclear 18S rDNA sequences from one hemiparasitic, 

five holoparasitic and three mycoheterotrophic plants. Among these nine heterotrophic 

plants, six of them are non-photosynthetic, while others retain partial photosynthetic 

ability. Rate heterogeneity was estimated with relative rate tests and phylogenetic 

analyses. Our results show that both pt16S and nr18S rDNA sequences of non-

photosynthetic species have significantly increased substitution rates in comparison with 

their autotrophic relatives. However, this phenomenon was not found in mt19S rDNA. 

The pronounced divergent pt16S and nr18S rDNA sequences were only found in 

Balanophora japonica and Mitrastemon kanehirai, and accompanied by a decrease in GC 

contents of the rDNA sequences. In contrast, Aeginetia indica, Cassytha filiformis, 

Cheilotheca humilis, Cheilotheca macrocarpa, Cuscuta australis, Galeola lindleyana and 

Orobanche coerulescens, do not exhibit consistent patterns between pt16S and nr18S 

rDNA substitution rates, indicating that the accelerated evolutionary rates are not 

synchronized among the three subcellular SSU. 

 

Keywords: heterotrophic plant, non-photosynthetic plant, small-subunit rDNA, 

substitution rate. 
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Introduction 

Ribosomes, each is composed of a large and small subunit containing rRNA and 

proteins, are the sites of protein synthesis and essential for all living organisms (Weider 

et al., 2005). The structural conservation and functional constrains of ribosome also 

provide the common uses of the sequences of rDNA as a molecular marker for 

phylogenetic reconstruction among organisms (Hillis and Dixon, 1991). The nuclear 18S 

(nr18S) rDNA and the lesser used plastid 16S (pt16S) mitochondrial 19S (mt19S) 

sequences have been widely used to examine higher-level phylogenetic relationships of 

the land plants (Duff and Nickrent, 1999; Soltis et al., 1999; Soltis and Soltis, 2000a). 

In eukaryotes, nuclear genes encoding 18S, 5.8S and 28S rRNA are generally in 

tandem arrays of repeat units (rDNA) separated by intergenic spacers (IGS) (Kupriyanova, 

2000). The sequences among the repeats usually show high degree of homogeneity 

through a process of concerted evolution (Richard et al., 2008), although polymorphism 

within individuals does occur occasionally, especially in the spacer regions or non-

functional rDNA copies (Bailey et al., 2003). Nevertheless, the rDNA sequences are still 

the most conserved DNA segment in all living organisms and widely used for higher level 

phylogenetic reconstruction (Soltis et al., 1999; Soltis & Soltis, 2000a, 2000b; Weisburg 

et al., 1991). 

Although rDNA sequences generally show quite low variations, several studies 
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documented the accelerated evolutionary rates of nr18S in lineages of heterotrophic 

plants, including parasitic and mycoheterotrophic plants (Nickrent and Starr, 1994; 

Nickrent and Duff, 1996; Lemaire et al., 2010; Su and Hu, 2012). Similarly, substitution 

rate acceleration is found in some heterotrophic plants for pt16S genes (Nickrent et al., 

1997a). However, these increases of substitution rates are not corresponding to any 

particular nutrient-uptake mode because not all achlorophyllus plants display such 

increased substitution rates (Lemaire et al., 2010; Young & dePamphilis, 2005). The 

holoparasitic plants Cynomorium coccineum (Cynomoriaceae) and Orobanche 

fasciculata (Orobanchaceae), for examples, do not show significantly accelerated 

substitution in nr18S rDNA sequence (dePamphilis et al., 1997; Lemaire et al., 2010). 

Most of the sequence variation in those with accelerated evolutionary rates are not 

in the functionally or structurally important regions of rDNA (Lemaire et al., 2010), 

suggesting that the elevated substitution rates in rDNA might reflect an overall increases 

of mutations in the genome. Several hypotheses have been proposed to explain the rate 

acceleration in certain plants, like the presence of defective DNA repair efficiency, shorter 

generation time, higher speciation rates and smaller effective population size (Nickrent 

and Starr, 1994; Nickrent et al., 1998; Lemaire et al., 2010). Such scenarios would predict 

similar rate acceleration patterns in the same genome, and also for the genes with similar 

selection pressures under the same functional constraints. The nuclear and organelle 
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ribosomal genes thus have similar substitution rate patterns under this speculation. It has 

been shown that in nonasterid holoparasites the rate acceleration are coincident among 

mt19S, pt16S and nr18S rDNA sequences (Duff and Nickrent, 1997). However, such 

pattern does not hold in our preliminary survey for the holoparasitic plant Balanophora 

in that it has a relatively slow substitution rate in mt19S, but extremely high for pt16S 

and nr18S rDNA sequences. It suggested a more comprehensive survey is needed to 

evaluate the patterns of substitution rates in heterotrophic plants. 

In this study we examined whether there is any correlation of evolutionary rate 

patterns among the three subcellular SSU rDNAs in heterotrophic plants. The mt19S, 

pt16S and nr18S rDNAs were amplified and evaluated, including one hemiparasite 

Cassytha filiformis (Lauraceae), five holoparasites: Aeginetia indica, Orobanche 

coerulescens (both Orobanchaceae), Balanophora japonica (Balanophoraceae), Cuscuta 

australis (Convolulaceae, retains partial photosynthetic ability), Mitrastemon kanehirai 

(Mitrastemonaceae) and three mycoheterotrophic plants: Cheilotheca humilis, 

Cheilotheca macrocarpa (both Ericaceae-Monotropoideae), Galeola lindleyana 

(Orchidaceae, retains partial photosynthetic ability). Relative rate tests were performed 

for all three groups of SSU rDNA-sequences among selected heterotrophic taxa and 

related autotrophic lineages in order to examine their evolutionary rate variation. 
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Materials and Methods  

Plant materials and DNA extraction 

The lifestyle and GenBank accession numbers of all selected heterotrophic lineages 

for the three genes is listed in Table 3-1. Fresh samples of the nine species, including one 

hemiparasite, five holoparasities and three mycoheterotrophic plants, were collected from 

Taiwan and stored at -20°C for DNA extraction and further experiments. Total genomic 

DNA of B. japonica and M. kanehirai were isolated using a modified CTAB methods 

(Barnwell et al., 1998), while the remaining samples were isolated following a standard 

CTAB method (Doyle and Doyle, 1987). The PCR products for the different SSU rDNA 

regions were amplified by using different primers listed in Table 3-2. Because some of 

the PCR produced more than one product, the PCR products with the corrected size were 

then cloned into the pGEM-T Vector (Promega, Madison, WI, USA). The sequences were 

determined by an automatic DNA analyzer at Academia Sinica, and both strands of 

sequences were further examined by Sequencher 4.5 (Gene Code Corp., USA). 

Evolutionary rate analyses 

For all mt19S, pt16S and nr18S rDNA sequences the closest related taxa to the nine 

heterotrophic plants in this study were selected and downloaded from NCBI GenBank 

(accession numbers see Appendix Table A1). Three data matrices were constructed, and 

the alignments were conducted by ClustalX 1.83 (Thompson et al., 1997) and visually 
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confirmed using MacClade 4.06 (Maddison and Maddison, 2000). The V1 and V7 regions 

of mt19S rDNA, corresponded to positions 71-240 and 1214-1447 on the Phaeoceros 

structure model (Duff and Nickrent, 1999), were excluded since they are too variable in 

the sequence and in length. Other regions that vary in length among the selected land 

plants did not interfere with the alignment, and therefore were included in the analysis. 

Evolutionary divergence, including nucleotide composition and genetic distance, among 

the rDNA sequences was determined using MEGA version 5 (Tamura et al., 2011). The 

nucleotide substitution rates of three rDNAs were estimated simply by the number of 

substitutions per site compared with Glycine max sequences in order to compare with 

previous studies. Relative rate tests were conducted using RRTree under Phylemon 2.0 

(Sánchez et al., 2011) with Kimura 2-parameter model (Kimura, 1980), to compare the 

substitution rates between the heterotrophic species and the corresponding autotrophic 

relatives. 

Patterns of nucleotide substitution in SSU rDNAs 

Conserved and variable nucleotides in the SSU rDNA datasets were identified using 

the CHART option of MacClade 4.06. The maximum parsimony trees were constructed 

based on three rDNA datasets with Amborella as outgroup. The topology of the trees was 

adjusted according to APG III system (Chase and Reveal, 2009), and then the trees were 

used as the backbone for evaluation. The patterns were examined within heterotrophic 
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(Table 3-1) and autotrophic species (Table 3-4) separately, and both groups included six 

taxa. The heterotrophic species that retain partial photosynthetic ability were eliminated 

from the analyses. The difference between two groups was calculated and values of steps 

per nucleotide site were depicted on a histograms. Positive and negative values represent 

character substitutions contributed by heterotrophic and autotrophic species, respectively. 

 

Results 

SSU rDNAs in the selected heterotrophic plants 

All nuclear and organelle rDNA sequences were successfully amplified and 

identified for the nine selected heterotrophic plants (Table 3-1). The SSU rDNA 

sequences all show conserved and variable regions roughly corresponding to the ones 

described by previous studies (Duff and Nickrent, 1997; Nickrent et al., 1997a; Soltis and 

Soltis, 2000b). For example, the mt19S rDNA of heterotrophic species have a conserved 

‘core’ region and the V1-V7 variable regions similar to their autotrophic relatives (Fig. 3-

1). In contrast, the nr18S and pt16S rDNAs in heterotrophic plants are more variable than 

their autotrophic counterparts (Fig. 3-1). All nine heterotrophic species are prone to small 

insertion/deletion (indels) in their pt16S rDNA sequences, and large indels are only found 

in A. indica (14 bp insert), B. japonica (17 bp deletion) and M. kanehirai (20 bp deletion) 

(Supplementary data Fig. S3-2). 
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Sequences composition bias and substitution 

The GC contents of mt19S, pt16S and nr18S rDNA sequences in the heterotrophic 

plants are 51-56%, 24-57% and 42-50%, respectively. The lowest GC% of mt19S rDNA 

we sampled is in Cu. australis (50.5%). In comparison, B. japonica has the lowest pt16S 

(GC=24.1%) and nr18S (GC=41.5%) in plastid and nuclear rDNA, respectively (Table 3-

3). Overall the GC% of mt19S rDNA in heterotrophic plants is close to the GC content of 

mt19S sequences in angiosperms (53.71%) (Duff and Nickrent, 1997) and the GC 

contents of pt16S and nr18S rDNAs are both lower than the averages of green plants 

(Table 3-3). 

In order to examine the rate variation patterns of the SSU rDNA sequences in the 

selected heterotrophic plants, we estimated the nucleotide substitutions of the three 

rDNAs from these plants by comparing with mitochondrial, plastid and nuclear rDNA 

sequences of Glycine max (Table 3-3). Four of the nine identified pt16S rDNAs in 

heterotrophic plants show much higher substitution rate than those in green plants, i.e. B. 

japonica (33.73%), Ch. humilis (6.56%), Ch. macrocarpa (6.43%) and M. kanehirai 

(14.49%). In comparison, a different set of the taxa show the elevated rate in nr18S 

rDNAs, i.e. B. japonica (12.02%), Cu. australis (6.17%), G. lindleyana (5.57%) and M. 

kanehirai (7.26%). Nevertheless, the divergences of pt16S and nr18S sequences of these 

taxa are both higher than the average of sequence variation in the green plants (2-3% and 
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3.6%, respectively) (Nickrent and Starr, 1994; Nickrent et al., 1997a). Moreover, only G. 

lindleyana shows distinct variation among the mt19S rDNA sequences we sampled (Table 

3-3). Based on the comparison of the ratios of substitution rates among three rDNAs, it 

shows that the rate substitution patterns varied among species, i.e. they are not 

synchronized within species. The divergence could be higher in plastid rDNAs in some 

species, e.g. Ch. humilis and Ch. macrocarpa, but higher in nuclear rDNAs in the other 

heterotrophic plants like Ca. filiformis or A. indica (Table 3-3). 

The transition/transversion (TS/TV) ratios of mt19S in the heterotrophic plants are 

within the range of photosynthetic plants, while several species have much higher TS/TV 

ratio in their nr18S or pt16S. The highest TS/TV ratios of pt16S and nr18S are found in 

Ca. filiformis (4.571) and Ch. macrocarpa (3.923) respectively. Transition biases present 

in plant nuclear and chloroplast genomes have been described, and transition bias in 

rDNA stem regions may help maintain secondary structure (Soltis and Soltis, 2000b). 

However, the TS/TV ratio does not show any correlation among the three SSU rDNAs and 

the corresponding trophic modes. This result shows that the pt16S rDNA of B. japonica 

has the most extreme divergence among all the identified sequences (Table 3-3 and 

Supplementary data Fig. S3-2). In addition, there is an inverse correlation between GC 

content and substitution in pt16S rDNAs and is not shown in the other two genes (mt19S 

and nr18S). 
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Relative rate tests 

The results of relative rate tests for the pt16S and nr18S rDNA datasets show similar 

pattern indicating significant higher rates for all heterotrophic plants, except for Ca. 

filiformis (Table 3-4). In mt19S rDNAs, however, eight out of the twelve heterotrophic 

taxa show rates significantly diverged from their autotrophic counterparts, but the 

substitution rates of heterotrophic taxa are not always higher than autotrophic taxa. For 

examples, B. japonica, M. kanehirai, O. coerulescens, Ch. humilis and Ch. macrocarpa 

all show significant lower substitution rates than their autotrophic relatives (Table 3-4). 

 

Discussion 

The identified SSU rDNAs from heterotrophic plants show various degrees of 

sequence divergence among the nuclear and organelle genomes. However, there is no 

clear pattern of the rate heterogeneity associated with the trophic form, i.e. how much 

photosynthetic ability the heterotrophic plants retained. In general, mitochondrial 19S 

sequences are most conserved, with substitution rate only up to 3% (G. lindleyana), 

compared with nuclear and plastid SSU rDNAs. In comparison, the non-photosynthetic 

parasite B. japonica shows extreme substitutions in both of the nr18S and pt16S rDNAs 

among the studied plants. 

Although nearly all the heterotrophic plants show significantly elevated substitution 
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rate in their pt16S and nr18S rDNAs, for most of them the rates do not increase 

dramatically like previous studies described for non-photosynthetic plants like Corynaea, 

Cytinus, or Hydnora (Nickrent and Starr, 1994; Nickrent et al., 1997a). The magnitudes 

of pt16S rDNA rate variations in A. indica and O. coerulescens, that both are 

achlorophyllous, fall into the range of most angiosperms, whereas B. japonica nr18S 

rDNA is the only one that evolved more than three times faster compared to the 

nonparasitic plants (Nickrent and Starr, 1994; Nickrent et al., 2000). The result is 

congruent with previous studies using another Balanophora species, B. fungosa for the 

analysis (Su and Hu, 2012). Although previous study indicated that nonasterid 

holoparasites show significantly increased substitution rates in their core mt19S rDNA 

sequences (2.3~7.6%) (Duff and Nickrent, 1997), in our study mt19S rDNA exhibits little 

divergence among the nine heterotrophic plants. 

Several holoparasites have been reported that all three SSU rDNAs show increased 

substitution rates (Nickrent and Starr, 1994; Duff and Nickrent, 1997; Nickrent et al., 

1997a; Nickrent et al., 2000), and an acceleration of plastid genomes parallel to high 

mitochondrial divergence is also described in some autotrophic plants (Soria-Hernanz et 

al., 2008; Sloan et al., 2012). Since our results are somewhat different from those studies, 

we re-evaluated the substitution and relative rates of three holoparasites (Corynaea, 

Cytinus, Hydnora) by using the same methods in this study (Tables 3-3, -4). Our results 
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show the three holoparasites indeed revealed much higher substitution in their three SSU 

rDNAs; however, the rate increases of Cytinus mt19S rDNA is not significant compared 

with their autotrophic counterparts in the RRTree test. The mt19S rDNA sequences of all 

selected taxa (excepted G. lindleyana) are not prone to high-elevated substitution rates, 

even in B. japonica where pt16S and nr18S rDNAs are more divergent than Corynaea. 

Therefore, our observations suggest that rate heterogeneity among genomes is distinct for 

selected taxa. Similar unequal rate accelerations between mitochondrial and plastid 

sequences have been reported in Silene vulgaris, but for the protein coding genes, e.g. 

comparatively high variation in mitochondrial atp1 and atp9 than others mt genes 

(Houliston and Olson, 2006). 

Previous studies have found that the relative rate of synonymous substitutions of 

mitochondrial, plastid and nuclear genes of angiosperms is 1:3:16 and that the ratio can 

go up to 1:16:75 in Arabidopsis for protein-coding genes (Drouin et al., 2008; Huang et 

al., 2012). If the rate acceleration prevails across the three genomes, the ratio in 

heterotrophic plants should be similar to the value of angiosperms. However, the 

substitution ratios of the three SSU rDNAs in heterotrophic plants are different from the 

ratio patterns of other angiosperms. One of the reasons that none of the nine heterotrophic 

plants show such pattern in our study could be due to the differences between substitution 

models between rDNA and protein-coding genes. The synonymous substitutions per sites 
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(Ks) were obtained with Li’s methods (Li et al., 1985; Li, 1993), whereas the substitution 

rates of rDNAs were simply compared with the sequence of Glycine in our study. 

Therefore, we re-estimated the ratio of three SSU rDNAs from previous studies (Nickrent 

and Starr, 1994; Duff and Nickrent, 1997; Nickrent et al., 1997a) and compared them with 

Glycine sequences, and found the substitution ratio is 1:2.6:3.8 in autotrophic plants. This 

ratio is closer to our results. In addition, from the ratio we found seven out of the twelve 

heterotrophic plants have higher substitutions in their 16S rDNA than in 18S, and all taxa 

show their pt16S rDNA evolved relatively faster than nr18S in RRTree test (K1/K2 value 

in Table 3-4). It indicates that the plastome of heterotrophic plants might evolve faster 

than other two subcellular genomes. But there is no clear pattern on substitution and 

relative rates among genomes, and an accelerated rate in one SSU rDNA does not imply 

increasing rates for rDNAs of the other genomes. These results suggest that the three 

subcellular genomes are under independent evolutionary trajectories in both autotrophic 

and heterotrophic plants. 

For the nucleotide composition, significant decreases in GC contents of pt16S rDNA 

are found in B. japonica, M. kanehirai, Ch. Humilis and Ch. macrocarpa. In plastid 

genome, rRNA genes have the highest GC content of any coding regions; however, GC 

content of B. japonica pt16S rDNA (24.1%) is even lower than whole chloroplast genome 

in green plants (35.4-39.6%) (Jansen and Ruhlman, 2012). The decreased of GC content 
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of SSU rDNAs is accompanied by high substitution rates. The inverse correlation 

between GC content and substitution rate of pt16S rDNA in these four species is 

congruent with the pattern in other holoparasitic angiosperms (Nickrent et al., 1997a). 

However, in the other rDNAs, this phenomenon is only found in B. japonica nr18S rDNA. 

We also found that there are frequent indels in pt16S rDNA sequences of selected 

heterotrophic plants (Supplementary data Fig. S3-2), which have been found in other 

holoparasitic plants (Nickrent et al., 1997a) and even more pronounced in non-

photosynthetic green algae (Nedelcu, 2001). In comparison, angiosperm nr18S rDNA has 

fewer indels and most indels are only one or two nucleotides in length (Supplementary 

data Fig. S3-3) (Soltis and Soltis, 2000b). Whether or not high substitution rate and the 

larger indels of the sequences affect the structure and function of pt16S rDNA, it requires 

further structure analysis of sequences and RNA expression experiment. 

Transition biases have been observed in pt16S and nr18S rDNA sequences for both 

autotrophic and heterotrophic plants, and vary in magnitude (Nickrent et al., 1997a; Soltis 

and Soltis, 2000b). The nr18S and pt16S rDNAs of all species examined reveal a strong 

bias towards transitional mutations. On the contrary, mt19S rDNA does not show the same 

base composition bias. 

Relaxation of selection pressure as a consequence of loss of photosynthetic ability 

might be the main factor for increased substitution rates found in plastid, but the mutations 
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in mt19S, nr18S rDNAs of heterotrophic plants is not clear at present. It is generally 

assumed that rate increases in nr18S rDNA sequences are due to an overall elevated 

mutation rate in the genome, by mechanisms like defective DNA repair efficiency or rapid 

generation time (Nickrent and Starr, 1994; Lemaire et al., 2010). It should be noted that 

such mechanisms that previous speculated for accelerated substitution rates in a particular 

organism mostly have the effects applied to whole genome. Changes in the substitution 

rate pattern among the genomes (mt, pt, and nr) of the same species would violate these 

hypotheses. In addition, the organelle DNA replications are generally assumed to be 

controlled by nucleus since almost all genes for proteins involved in the replication 

machinery are located in the nucleus (Heinhorst and Cannon, 1993; Nielsen et al., 2010), 

and so may applied to DNA repairing in organelles (Kimura and Sakaguchi, 2006). 

Therefore, it seems that the substitution rates of rDNAs should be in congruence among 

nuclear and organelle genomes. Our recent study also shows that substitution rate 

heterogeneity within the nuclear genome (i.e. 18S rDNA) of Balanophora, is not 

associated with rate increases in other nuclear protein coding genes (Su and Hu, 2012). 

Therefore, the rate heterogeneity among the three genomes for heterotrophic plants could 

involve different mechanisms working on the three rDNA genes. 

The organelle DNA replications are generally assumed to be controlled by nuclear 

genome since almost all genes for proteins involved in the replication machinery are 
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located in the nucleus (Heinhorst and Cannon, 1993; Nielsen et al., 2010) and similarly 

for proteins of DNA repairing in organelles (Kimura and Sakaguchi, 2006). The two 

organelles are prokaryote origin; therefore, it seems that the substitution rates of rDNAs 

should be in congruence between organelle genomes. However, the actual controls for 

organelle replication initiation, replication and copy number are still not well understood 

(Nielsen et al., 2010). Interestingly, there are indeed specialized organelle nuclei found in 

plants, hinted complex dynamics of interactions between the three genomes (nr, pt and 

mt) (Sakai et al., 2004). Our results clearly show rate heterogeneity in the substitution 

rate pattern among the nuclear, plastid and mitochondrial genomes of selected 

heterotrophic plants. Much is still unknown for the function and biogenesis of the plastids 

in these heterotrophic plants, thus quite difficult to speculate the driving forces on the rate 

heterogeneity. With more understanding of the variations on the DNA replication/repair 

machineries among genome compartments and among diverse species could thus 

elucidate the discrepancy among rate acceleration of three subcellular genomes 
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Table 3-1. The information for source materials of SSU rDNA sequences. 

Species Family 
Trophic 

modea 

Accession no. 

nr18S pt16S mt19S 

Cassytha filiformisb Lauraceae HE KC588400 KC588391 KC588409 

Balanophora japonica Balanophoraceae HO KC588399 KC588390 KC588408 

Cuscuta australisb Convolvulaceae HO KC588403 KC588394 KC588412 

Mitrastemon kanehirai Mitrastemonaceae HO KC588405 KC588396 KC588414 

Aeginetia indica Orobanchaceae HO KC588398 KC588389 KC588407 

Orobanche coerulescens Orobanchaceae HO KC588406 KC588397 KC588415 

Cheilotheca humilis Ericaceae MY KC588401 KC588392 KC588410 

Cheilotheca macrocarpa Ericaceae MY KC588402 KC588393 KC588411 

Galeola lindleyanab Orchidaceae MY KC588404 KC588395 KC588413 

a Trophic mode: HE, hemiparasitic; HO, holoparasitic; MY, mycoheterotrophic 

b Species retain some photosynthetic ability, and was excluded from the analyses of nucleotide 

pattern.  
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Table 3-2. Primers used in this study. 

Position Primer name Sequence from 5’ to 3’ Reference 

Plastid 16S Fade AACAAGGAAGCTATAAGTAATGCAA  

 16S 8Fbc GGAGAGTTCGATCCTGGCTCAG Nickrent et al., 1997b 

 16S 734Fc TGGGATTAGAGACCCCAGTA  

 16S 878Rc GCCCCCGYCAATTCCT   

 16S 1461Rc GGTATTCTAGCCACACTTTCCAG  

 16S 1508Ra ACCAAAATACCCAACAAGCA  

 16S 1508R1e CCCAAAAAACCCAACAAGCA  

 16S Rd ACATGGGGACGTAAAACAGG  

 23S 459Rb CTT TCC CTC ACG GTA  

    

Mitochondrion m19S-9Ff GAGTTTGATCCTGGCTCAGA Duff and Nickrent, 1997, 1999 

 m19S-434Fc GCCGCTTGTAAAGCTC Duff and Nickrent, 1997, 1999 

 m19S-950Rc AAGGTTTTGCGCGTTGTATC  

 m19S-1949Rf GCCACAGGTTCCCCTACGGCT Duff and Nickrent, 1997, 1999 

    

Nucleus SSU4Fabcd TTGGTTGATCCTGCCAGTAG  

 SSU12Fe TCCTGCCAGTASTCATATGC Malécot and Nickrent, 2008 

 SSU1769Rf CACCTACGGAAACCTTGTT Nickrent and Starr, 1994 

a Primers used in A. indica, Ch. humilis, Cu. australis, G. lindleyana and O. coerulescens. 

b Primers used in M. kanehirai. 

c Primers used in B. japonica. 

d Primers used in Ca. filiformis. 

e Primers used in Ch. macrocarpa. 

f Primers used in all species. 
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Table 3-3. Features of mt19S, pt16S and nr18S rDNAs from heterotrophic plants. 

Taxa 
GC%  Substitution rate (%)a  TS/TV

a 

19S 16S 18S  19Sb 16S 18S Ratioc  19Sb 16S 18S 

Green plants 53.71e 55.6e 49.42e  0.6~1.4e 2~3f 3.6g 1:3:16h  0.10~1.14e 2e 2e 

             

Ca. filiformis 52.6 56.1 50.3  1.43 2.44 4.42 1:1.7:3.1  0.374 4.672 1.748 

A. indica 52.4 54.6 48.3  1.37 2.81 4.81 1:2.1:3.5  1.343 2.039 2.612 

B. japonica 53.6 24.1 41.5  0.85 33.73 12.02 1:39.9:14.2  0.860 1.704 2.952 

Cu. australis 50.5 56.6 47.2  1.17 2.25 6.17 1:1.9:5.3  1.257 1.795 3.349 

M. kanehirai 54.3 44.6 48.6  1.37 14.49 7.26 1:10.6:5.3  0.753 2.861 3.088 

O. coerulescens 53.6 56.6 49.5  1.24 1.81 3.06 1:1.5:2.5  0.904 1.923 1.988 

Ch. humilis 54.3 52.7 48.3  1.37 6.56 3.88 1:4.8:2.8  0.753 2.511 3.277 

Ch. macrocarpa 54.4 52.3 48.2  1.43 6.43 3.50 1:4.5:2.4  0.694 3.124 4.041 

G. lindleyana 56.2 55.7 49.6  2.73 3.12 5.57 1:1.1:2.0  0.398 3.249 1.603 

             

Corynaead 53.3 26.2 46.4  3.39 31.41 6.92 1:9.3:2.0  0.973 2.328 2.178 

Cytinusd 54.7 49.6 47.2  2.49 7.88 6.32 1:3.2:2.5  0.566 2.290 3.272 

Hydnorad 54.5 42.3 47.1  3.25 19.36 7.03 1:6.0:2.2  0.422 3.147 2.002 

a Substitution rates and TS/TV of SSU rDNAs were compared with Glycine max. 

b Calculation of mitochondrial 19S rDNA sequences excluded the V1 and V7 regions. 

c Ratios of substitution rate between mt19S and pt16S, nr18S rDNAs. 

d Sequences of SSU rDNAs were obtained from GenBank. 

e Duff and Nickrent, 1997 

f Nickrent et al., 1997a 

g Nickrent and Starr, 1994 

h Drouin et al., 2008 
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Table 3-4. Results of relative rate tests for comparing SSU rDNA substitution rates 

between heterotrophic lineages (Lineage 1) and their autotrophic relatives (Lineage 2). 

Lineage 1 Lineage 2 K1-K2a K1/K2a P valueb 

mt19S 

Ca. filiformis Cinnamomum, Laurus 0.006 1.34   6.4  102 

A. indica Digitalisc, Veronicac -0.005 0.82   1.4  101 

B. japonica Lepidocerasc, Vitis -0.005 0.74   1.0  102 

Cu. australis Nicotiana -0.001 0.97   7.6  101 

M. kanehirai Betac, Silene latifoliac, Silene vulgarisc -0.014 0.75   1.7  102 

O. coerulescens Digitalisc, Veronicac -0.008 0.66   1.8  103 

Ch. humilis Betac, Silene latifoliac, Silene vulgarisc -0.014 0.76   2.0  102 

Ch. macrocarpa Betac, Silene latifoliac, Silene vulgarisc -0.014 0.76   2.0  102 

G. lindleyana Asparagus, Iris 0.015 1.62   1.0  103 

     

Corynaea Lepidoceras, Vitis 0.027 2.46   5.5  107 

Cytinus Brassica, Raphanus 0.011 0.76   1.0  101 

Hydnora Aristolochia, Dr. winteri, Saururus 0.019 2.03   3.4  105 

pt16S 

Ca. filiformis Cinnamomum 0.003 1.25   2.5  101 

A. indica Antirrhinumc, Olea, Sesamumc 0.020 3.67   2.3  107 

B. japonica Heisteriac, Ximenia 0.552 62.18   1.0  107 

Cu. australis Ipomoea, Nicotiana, Solanum 0.014 2.77   1.5  105 

M. kanehirai Camelliac, Stewartiac, Symplocosc 0.180 27.79   1.0  107 

O. coerulescens Antirrhinumc, Olea, Sesamumc 0.008 2.17   7.0  104 

Ch. humilis Camelliac, Stewartiac, Symplocosc 0.070 10.67   1.0  107 

Ch. macrocarpa Camelliac, Stewartiac, Symplocosc 0.068 10.48   1.0  107 

G. lindleyana Apostasia, Oncidium, Phalaenopsis 0.017 3.12   3.7  106 

     

Corynaea Heisteria, Ximenia 0.516 53.85   1.0  107 

Cytinus Arabidopsis, Carica 0.087 11.59   1.0  107 

Hydnora Aristolochia, Dr. granadensis, Saururus 0.264 52.54   1.0  107 

nr18S 

Ca. filiformis Cinnamomum, Laurus, Sassafras 0.006 1.16   1.1  101 

A. indica Antirrhinumc, Olea, Sesamumc 0.020 1.51   1.0  105 

B. japonica Heisteriac, Santalum , Ximenia 0.111 3.88   1.0  107 

Cu. australis Convolvulus, Ipomoea 0.036 1.83   1.0  107 

M. kanehirai Clethrac, Pyrolac, Symplocosc 0.041 2.03   1.0  107 

O. coerulescens Antirrhinumc, Olea, Sesamumc 0.007 1.17   2.2  102 

Ch. humilis Clethrac, Pyrolac, Symplocosc 0.009 1.22   2.2  102 

Ch. macrocarpa Clethrac, Pyrolac, Symplocosc 0.007 1.17   4.9  102 

G. lindleyana Apostasia, Cymbidium, Oncidium 0.021 1.55   3.9  105 

     

Corynaea Heisteria, Santalum , Ximenia 0.048 2.20   1.0  107 

Cytinus Arabidopsis, Carica 0.038 1.90   1.0  107 

Hydnora Aristolochia, Dr. winteri, Saururus 0.046 2.23   1.0  107 
a Amborella is used as outgroup for all of SSU rDNAs; relative rate tests of mt19S rDNA 

sequences exclude V1 and V7 regions. 
b Significance of the P values <0.05. 
c Autotrophic species included in the analyses of nucleotide pattern. 
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Figure 3-1. Patterns of nucleotide substitution in A: mt19S, B: pt16S and C: nr18S rDNAs 

across selected taxa. The histograms above the x-axis are patterns of the heterotrophic plants 

that completely lost their photosynthetic ability, and the histograms below are patterns of their 

autotrophic counterparts.
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Supplementary Data 

Figure S3-1. The alignment of mt19S rDNA sequences in the nine heterotrophic plants. The V1 and 

V7 regions of m19S rDNAs were excluded. 
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Figure S3-2. The alignment of pt16S rDNA sequences in the nine heterotrophic plants. 
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Figure S3-3. The alignment of nr18S rDNA sequences in the nine heterotrophic plants. 
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Chapter 4 

Complete plastid genome sequence of the non-photosynthetic plant 

Mitrastemon kanehirai  
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Abstract 

Plastids in most green plants are where photosynthesis takes place, and it is believed 

that plastid is derived from an ancient endosymbiosis of cyanobacteria. The size of 

plastome ranges from 100 to 200 kb in most land plants, and the gene content and 

organization of the genome are highly conserved within land plants. Previous studies have 

shown that the non-photosynthetic plants only retain a reduced plastome and lost most of 

the photosynthesis related genes. In this study, I sequenced the complete plastid genome 

of a non-photosynthetic plant, Mitrastemon kanehirai, by using next generation 

sequencing technology. Mitrastemon kanehirai possesses a plastome of 25,740 bp, which 

is smallest plastome that have been described in land plants. All genes related to 

photosynthesis are lost and the inverted repeat region is absent. Only 26 genes were 

retained, including 4 rRNAs, 4 tRNAs and 18 protein-coding genes. Most of these genes 

are involved in translation machinery. Despite the enormous reduction, the M. kanehirai 

plastome still retain a functional gene expression system. DNA transfer from the plastid 

to the nucleus and horizontal transfer from the host to the parasite were also observed in 

M. kanehirai. In addition, we found that the plastome size of non-photosynthetic plants 

is inversely related to their pt16S rDNA substitution rate. Based on this observation, we 

speculated that M. kanehirai has almost reached a minimum limit of plastid genome size. 

 

Keywords: heterotrophic plant, Mitrastemon kanehirai, non-photosynthetic plant, 

plastid gene, plastome. 
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Introduction 

Plastid genome 

Plastids are the eukaryotic organelles responsible for photosynthesis and derived 

from an initial endosymbiosis of a cyanobacteria about 1-1.5 billion years ago (Martin 

and Kowallik, 1999; Butterfield, 2000; McFadden, 2001; Douzery et al., 2004; Keeling, 

2004; Yoon et al., 2004; Waters and Langdale, 2009). Plastomes (i.e., plastid genomes) 

have experienced a process of severe genome reduction during the course of 

endosymbiosis and plant evolution. The ptDNAs are circular molecules ranging in size 

from 100 to 200 kb and can be divided into four parts with two inverted repeats (IR, about 

25 kb) separating large single copy region (LSC) and small single copy region (SSC) of 

land plant plastomes (Palmer and Delwiche, 2000; Raubeson and Jansen, 2005). Plastid 

genomes encode only about 5~10% as many genes as the free-living cyanobacteria, 

indicating that many genes were either lost or transferred to the nucleus during the process 

of genome reduction. It should be noted that plastids contain just about as many proteins 

as their cyanobacterial relatives, and previous studies suggested that about 1,000 to 5,000 

proteins in higher plants are targeted to plastids (Abdallah et al., 2000; Cavalier-Smith, 

2000; Rujan and Martin, 2001; Martin et al., 2002). The genes for these proteins are likely 

re-located in the nuclear genome and it has been estimated that about 4,500 of Arabidopsis 

protein-coding genes (about 18% of the total) were obtained from the cyanobacterial 
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ancestor of plastids (Martin et al., 2002). 

The transfer of plastid genes to the nucleus mostly occurred at the initiation stage of 

endosymbiosis; however, several studies have shown that the plastid-to-nucleus DNA 

transfer is a prevailing, continuing and natural process at unpredictably high frequency 

(Timmis et al., 2004). The core gene sets of plastids remain mostly the same, although 

the gene relocation process happened massively and in parallel during the early evolution 

of algal diversification. It suggests that the relocation of plastid genomes was under 

similar selective pressures but not reduced randomly. 

The genes that retained in plastids can be divided into three categories: (1) 

transcription and translation related genes; (2) photosynthetic genes; and (3) other 

biosynthetic genes (Lohan and Wolfe, 1998; Martin et al., 2002; Odintsova and Yurina, 

2003). Two main theories have been proposed to explain why these genes retained in 

plastids: the ‘hydrophobicity’ and ‘redox control’ (Race et al., 1999; Timmis et al., 2004). 

The former one suggests that hydrophobic proteins are difficult to import into organelles, 

and so must be retained in organelle genomes, rather than transferred to the nuclear 

genome. The ‘redox control’ theory assumes that it is necessary for organelles to retain 

genes involved in their electron-transfer chain and gene expression machinery in response 

to redox state, and hence they can maintain redox balance avoiding the production of 

highly toxic reactive oxygen species (Timmis et al., 2004). 
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In addition, a ‘co-inheritance’ theory describes that gene co-inheritance probably is 

essential to successful functional gene transfer and thus restricts the transfer of organellar 

genes to the nucleus (Brandvain et al., 2007). However, these theories address primarily 

the need to keep photosynthetic genes in plastids. Other hypotheses, such as the ‘essential 

tRNAs’ and ‘limited transfer window’ hypothesis, which account for the retention of a 

plastome in non-photosynthetic species, have been proposed as well (Barbrook et al., 

2006). For example, the ‘essential tRNAs’ hypothesis speculated that plastid tRNAGlu is 

essential for heme biosynthesis in plants and algae, so the gene trnE must be retained in 

the plastome. Similarly in apicomplexan parasites, plastid tRNAfMet is essential for 

mitochondrial protein synthesis, and therefore the trnfM gene is retained. The ‘limited 

transfer window’ hypothesis argues that the opportunity for DNA transfer is greatly 

reduced in protists such as the apicomplexans and Chlamydomonas because they possess 

only a single plastid per cell, and such transfers mostly would be lethal to the cell. 

Therefore, the retention of genes in apicoplast genomes might just be incapable to get 

them out. 

The plastomes of non-photosynthetic plants 

Non-photosynthetic plants lost photosynthetic ability and relied on other sources for 

carbon hydrates. These heterotrophic plants can be either parasitic or mycoheterotrophic, 

depends on the mode of nutrient uptake and if they have direct contact with host plants. 
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Non-photosynthetic plants retain remnant plastids and their plastome is usually highly 

reduced (Barbrook et al., 2006). Until now, there are only four complete plastid sequences 

available for non-photosynthetic plants, Cistanche deserticola (102,657 bp, 

Orobanchaceae) (Li et al., 2013), Epifagus virginiana (70,028 bp, Orobanchaceae) (Wolfe 

et al., 1992), Rhizanthella gardneri (59,190 bp, Orchidaceae) (Delannoy et al., 2011) and 

Neottia nidus-avis (92,060 bp, Orchidaceae) (Logacheva et al., 2011). Among these, C. 

deserticola and E. virginiana are holoparasitic, while the others are mycoheterotrophic 

plants. In addition, it has been estimated that Conopholis americana has the plastome of 

43 kb (Colwell, 1994) and Cytinus ruber plastome is approximately 20 kb which is the 

smallest documented for angiosperms so far (Nickrent et al., 1997b). 

All of the plastid genomes of these non-photosynthetic plants are smaller than half 

the size of Nicotiana tabacum plastome (156 kb) or other green seed plants. Among these, 

C. deserticola, E. virginiana and N. nidus-avis plastomes all retain nearly full-sized 

inverted repeat regions (22 to 24 kb), but the IRs of R. gardneri plastome are less than 10 

kb, which is much shorter than the other non-photosynthetic plants. In the four plastomes 

with complete sequence, nearly all of their photosynthesis related genes were either lost 

or became pseudogenes. Despite the size variation, the four plastomes share a very similar 

gene content and gene order structure. Furthermore, several studies have revealed that 

plastid genes of the non-photosynthetic show accelerated evolutionary rate in some non-
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photosynthetic plants (dePamphilis et al., 1997; Nickrent et al., 1997a). Given that the 

unique characteristics described above, non-photosynthetic plants can be seen as the 

perfect natural mutants to study the functional aspects on evolution of plastomes. 

However, little is known about the genome structure of the plastome in non-

photosynthetic plants. To date, the analysis of complete plastome from non-

photosynthetic plants has been restricted to two families, Orobanchaceae and 

Orchidaceae. Here, I presented the entire plastome of a holoparasitic plant, Mitrastemon 

kanehirai Yamamoto, to increase the understanding of parallel genome reduction in 

plastid evolution. 

Mitrastemon kanehirai is a root holoparasitic plant parasitized on roots of Fagaceae 

species, is endemic to Taiwan (Yang and Lu, 1996). The genus Mitrastemon contains only 

2-4 species, and M. kanehirai sometimes was treated as a variety or as synonym of 

Mitrastemon yamamotoi (Matuda, 1947; Meijer and Veldkamp, 1993). There is only one 

plastid sequence (16S rDNA) of Mitrastemon that was available on GenBank. The 16S 

sequence showed higher accelerated substitution rate than the pt16S of E. virginiana, 

which is a holoparasite with a reduced plastome of size 70 kb (Nickrent et al., 1997a; 

Nickrent et al., 2000). In this study, I sequenced the complete plastid genome of M. 

kanehirai by using next generation sequencing technology. By analyzing and comparing 

the M. kanehirai plastome sequence with other plants, it provides a more comprehensive 
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insight into the evolution of plastid genome in non-photosynthetic plants. 

 

Materials and methods 

Plant material and DNA extraction methods 

Mitrastemon kanehirai is a non-photosynthetic root endoparasite native to Taiwan. 

The material used in this study (M. kanehirai: Lienhuachih, Nantou County, Oct. 12, 2010, 

Hu1810) was collected in fresh and immediately immersed in liquid nitrogen, and 

subsequently stored in -20°C. Frozen tissues were used for the following DNA and RNA 

extraction methods. 

Total genomic DNA was isolated using a modified CTAB method developed by 

Barnwell et al. (1998) for the highly mucilaginous succulent plant. Plastid DNA was 

enriched by combining Milligan’s protocol (Milligan, 1989) with the Tri-Plant Genomic 

DNA Reagent Kit (Geneaid). Plastid pellet was isolated by centrifugation at 6,000 g for 

20 min instead of 3,000 g for 10 min in Milligan’s protocol, and then the DNA was 

extracted from pellet by using Tri-Plant Genomic DNA Reagent Kit. Details of the 

extraction method can been seen in Chapter 2. 

Long PCR and reverse transcription-PCR 

Long PCR was performed by using BD AdvantageTM 2 Polymerase mix (Clontech) 

according to manufacturer’s instructions, and the primers used are listed in supplementary 
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data Table S4-1. The PCR products were then cloned into the pCR® -XL-TOPO®  vector 

(Invitrogen) following user manual. OneTaqTM DNA Polymerase (New England Biolabs) 

was used to amplify the DNA fragments of M. kanehirai plastome to further confirm its 

sequence. 

Total RNAs were extracted using Plant Concert Reagent (Invitrogen). The cDNA 

was synthesized using the SuperScriptTM III RNase H- Reverse Transcriptase Kit 

(Invitrogen), and then used as a template in the following PCR. 

Real-time quantitative PCR and Southern blot analyses 

Real-time PCR and data analysis were performed in the CFX96TM Real-Time PCR 

Detection Systems (Bio-Rad Laboratories). The PCR mixture (20 μL) contained 10 μL 

KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems), 50 nM or 100 nM of each 

primers (Supplementary data Table S4-1) and 20 ng of extracted DNA was used as 

template. The amplification program initiated at 95°C for 3 min, followed by 40 cycles at 

95°C for 10 s and 64°C for 30 s, and finally 95°C for 10 s. Melting curve analysis was 

carried out after PCR amplification. All experiments were performed in triplicate. 

For Southern blot analyses, the genomic DNA of M. kanehirai was digested with 

BamHI, EcoRI and HindIII separately (10 μg/reaction; 2 U enzyme/μg DNA) for 1 h at 

37°C, and then were separated on a 0.7% TAE agarose gel. The hybridization probes were 

labeled with DIG by containing DIG-11-dUTP (Roche Applied Science) in the PCR 
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reaction mixture. CDP-Star (Roche Applied Science) was used for detecting the probe 

signal on blots. The procedures of DIG labeling, blot transfer, hybridization (at 65°C) and 

detection all followed DIG Application Manual for Filter Hybridization (Roche Applied 

Science).  

Next generation sequencing and assembly 

The next generation sequencing was provided by the sequencing service of 

National Yang-Ming University VYM Genome Research Center (VYMGC). A paired-

end library was prepared from the plastid DNA-enriched sample and sequenced using the 

GAII platform (Illumina). The de novo assembly was carried out using CLC Genomics 

Workbench 4.0.2 (CLC Bio) by VYMGC. The plastid genome was also assembled using 

Velvet 1.2.07 (Zerbino and Birney, 2008) with the assembly parameter was set to k = 89. 

Annotation and plastome map drawing 

The initial annotation of M. kanehirai plastome was produced using online 

automatic annotator DOGMA (Wyman et al., 2004). The gene annotation was further 

surveyed by the orf prediction of web server WebMGA (Wu et al., 2011) and NCBI 

Conserved Domain-Search (CD-Search); and the identification of tRNAs was done by 

tRNAscan-SE 1.21 (Schattner et al., 2005). The RNAs were then verified by NCBI 

BLAST search for final adjustment of gene annotation. The map of the plastome was 

drawn using OGDRAW online tool (Lohse et al., 2013). We selected four plastomes for 
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comparison: N. tabacum (the reference, NC_001879), Ardisia polysticta (the closest 

relative in Ericales, NC_021121), and two other non-photosynthetic plants, E. virginiana 

(NC_001568) and R. gardneri (NC_014874). The comparison of plastomes was 

performed using Progressive Mauve (Darling et al., 2010) with default parameters and 

minor manual modification. 

 

Results 

Plastome sequence 

Initially, I obtained a large fragment (Fragment A, 4,585 bp) of M. kanehirai plastid 

sequence by performing long PCR with universal primers which locate at 16S rDNA and 

5S rDNA (Supplementary data Table S4-1). Part of the obtained sequence is highly 

similar to M. yamamotoi pt16S rDNA sequence that has been reported on GenBank 

(Nickrent et al., 1997a). Most NGS contigs larger than 10 kb assembled by both software 

are mitochondrial sequences. Nonetheless, there are contigs that their sequences 

overlapping with Fragment A from both assemblies. The largest contig that contains M. 

kanehirai plastid sequence yield from CLC Genomics Workbench is 16,032 bp (coverage 

= 3127.77X) at size, and 15,116 bp (coverage = 386.20X) from Velvet. The two contigs 

could be further assembled to form a circular genome of 25,740 bp (Fig. 4-1). Primers 

(Supplementary data Table S4-1) designed based on this plastome sequence were used to 
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perform PCR in order to further confirm the sequence.  

The M. kanehirai plastome is smaller than the plastome of the non-photosynthetic 

orchid R. gardneri (Delannoy et al., 2011), which makes this genome the smallest 

sequenced plastid genome of land plants. The IR was absent in the plastome, but the 

regions corresponding to the large single-copy region and the small single-copy region 

can still be recognized. All genes related to photosynthesis as well as the transcription-

related genes were lost. The M. kanehirai plastome contains only 26 genes encoding 18 

proteins, 4 rRNAs and 4 tRNAs (Table 4-1). The overall GC content of the plastome is 

22.5%, and rRNA genes has the highest GC content of 39.2% (Fig. 4-1 and Table 4-2). 

All four rRNA genes are present in the genome, but their sequences are much more 

divergent from other green plants (Table 3-3). There are only four tRNA genes retained: 

trnfM-cau, trnC-gca, trnE-uuc and trnI-cau. Fourteen of the M. kanehirai plastid genes 

encode proteins of the translation machinery, including 3 rpl genes, 10 rps genes and an 

initiation factor (infA). The other four protein-coding genes, accD, clpP, ycf1 and ycf2, 

are also retained in other non-photosynthetic plants (Table 4-1). Despite size variation 

and sequence divergence compared with other green plants, the CD-Search results of most 

of these deduced proteins met the criteria of specific hit suggests that they still maintain 

their functions. It is less certain with rps8 and rps18 since CD-Search found only non-

specific hit for these two putative proteins. The functionality of ycf2 remained uncertain 
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because of its highly divergent sequence and lacking intact functional domain. 

I examined the RNA expression of several genes to further explore the functionality 

of M. kanehirai plastid genes. The expression of five translation-related genes which 

include infA, rrn16 and 3 rps genes (rps3, 7, 14) were detected, as well as the other four 

genes  accD, clpP, ycf1 and ycf2. (Fig. 4-2). It indicates that the two large ORFs, ycf1 

and ycf2, are very likely functional. In addition, detection of the correctly spliced cDNA 

of clpP shows that RNA splicing is also occurring in M. kanehirai plastids.  

Other large DNA fragments 

In my preliminary experiment, long PCR was used to amplify M. kanehirai plastid 

sequence with universal primers from the conserved regions. In addition to the sequence 

of Fragment A matches the M. yamamotoi pt16S rDNA (U67742), I also found other 

ptDNA-like sequences by using primers based on the IR region (Dhingra and Folta, 2005) 

(Fig. 4-3). One of these DNA fragments (Fragment B, amplified by primers 16S977F and 

IRB27R), its sequence is highly similar to the plastid IR segment ranging from rrn16 to 

ycf1 in green plants (Supplementary data Table S4-2). Fragment A and B both contain 

four rDNA sequences. Southern blots were performed with hybridization probes specific 

to these two fragments (Probe A to Frag. A, Probe B to Frag. B, Supplementary data Table 

S4-1). The result of Southern bolts showed that signals of Probe B were much weaker 

than Probe A from all three restriction enzymes (Fig. 4-4, compared with the marker 
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signals), it suggests that Frag. A and B might be not located in the same genome, i.e. Frag. 

B might be from nuclear genome, or other organelle genome. The blots showed 

hybridization to a fragment about 8 kb for EcoRI digestion and about 1 kb for HindIII 

(Fig. 4-4A), which is corresponding well with the cutting map of M. kanehirai plastome 

(Fig. 4-1). In Fig. 4-4, there is no signal yielded for BamHI digestion, it might be due to 

the enzyme produced only one full-size fragment which was too large that its transfer 

from the gel to membrane was inefficient. 

In addition, real-time quantitative PCR was performed to further examine the two 

fragments by comparing their content with nr18S rDNA in the total genomic DNA (Fig. 

4-5). The signal of nr18S rDNA emerged first, followed by Frag. A and Frag. B was the 

last. Although the Cq (quantification cycle) values of Frag. A and nr18S rDNA were close, 

nr18S rDNA is a multiple-copy nuclear gene; it indicates Fragment A isn’t located in the 

nuclear genome (Fig. 4-6A). And the Cq value difference between Frag. A and B confirms 

that the two fragment are indeed not located in the same genome. The content of Frag. B 

is lowest since Cq inversely correlated with starting copies (Fig. 4-6B). Also, numbers of 

mitochondrial genome per cell is high in meristematic and reproductive tissues where the 

total DNA extracted from, so Frag. B is unlikely to reside in mitochondrial genomes. It 

is reasonable to assume Frag. B locates in the M. kanehirai nuclear genome.  
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Discussion 

Plastid genes retained in M. kanehirai 

Mitrastemon kanehirai plastome contains only 26 genes and is the smallest 

confirmed plastid genome, being smaller than the apicoplastat genome of the malaria 

parasite Plasmodium vivax (30 kb, NC_017932). All the genes required for 

photosynthesis were lost, as well as five genes related to RNA metabolism. The loss of 

the matK and rpo genes was not surprised since they were lost or turned into pseudogenes 

in some other non-photosynthetic plants (Table 4-1). Despite the loss of matK, M. 

kanehirai plastome retains four group II introns, one of which was shown to be correctly 

spliced (clpP). The loss of matK has been observed in Cuscuta species from subgenus 

Grammica, which have also lost group IIa introns (McNeal et al., 2009). In addition, it 

has been reported that matK became a pseudogene in many orchids and is completely 

lacked in R. gardneri (Kores et al., 2001; Delannoy et al., 2011; Logacheva et al., 2011). 

The result suggests that the role of matK for splicing in M. kanehirai is likely non-

essential as in these mycoheterotrophic orchids. 

All four rRNA genes are present in M. kanehirai, but unlike in R. gardneri they do 

not share high similarity with their orthologs from other Ericales species. The same 

phenomenon was also observed in ribosomal protein genes. Mitrastemon kanehirai 

plastome encodes 14 ribosomal protein genes, three less rpl genes than R. gardneri 

plastome (rpl14, 20, 23). Although these genes maintain their functional domain in the 
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predicted amino acid sequences, their nucleotide sequences are highly divergent from 

their Ericales orthologs. There are only four tRNA genes retained in M. kanehirai: trnC, 

trnE, trnfM and trnI. The later three are preserved in all examined non-photosynthetic 

plants (Table 4-1). Plastid tRNAGlu, encoded by the trnE gene, is essential for protein and 

tetrapyrrole synthesis (Barbrook et al., 2006). In all plants, it is required in heme 

biosynthesis for mitochondrial respiratory complexes and other essential proteins. 

Because plastid tRNAGlu has to interact with glutamyl-tRNA reductase, glutamyl-tRNA 

synthetase and elongation factor EF-Tu, the cytosolic counterpart couldn’t easily replace 

this tRNA (Barbrook et al., 2006). In prokaryotic systems, the initiator tRNA is encoded 

by trnfM, which is different from eukaryotic systems. Organellar tRNAIle with a CAU 

anticodon in which C carries a lysidine modification, hence organellar isoleucyl-tRNA 

synthetase wouldn’t recognized its cytosolic counterpart. Therefore, it would be difficult 

to replace these tRNAs with importing cytosolic tRNAs. 

Two genes, accD and clpP, involved in plastid metabolism are retained, as well as 

two large ORF, ycf1 and ycf2, which their functions are still unknown. The accD gene 

encodes a carboxylase (ACCase), which provides malonyl-CoA for the biosynthesis of 

fatty acid, and clpP codes for a catalytic subunit of a multimeric protease. The genes accD, 

ycf1 and ycf2 are conserved in almost all land plants, and clpP is the only protein-coding 

gene presented in all land plants. The ycf1 and ycf2 sequence similarity among land plants 
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is extraordinarily low compared to other plastid genes, but they are functional and 

essential for cell survival in plants (Drescher et al., 2000). The nucleotide sequence of 

ycf2 in M. kanehieai is highly divergent and it is the only protein-coding gene which 

sequence did not possess intact functional domain in the result of NCBI Protein BLAST 

search. Despite the enormous reduction, my results indicated that M. kanehirai plastome 

is a functional gene expression system, but its sequence is too divergent to be suitable 

molecular markers for phylogenetic analysis. 

Comparison of the plastome with other non-photosynthetic plants 

I compared the plastomes of three non-photosynthetic plants with two green plants. 

The result shows different degree of plastome reduction among non-photosynthetic plants 

(Fig. 4-7). Epifagus virginiana lost most of its photosynthetic genes in the LSC and retains 

nearly full-sized IR, while the IR were further contracted in R. gardneri, and then M. 

kanehirai plastome lacks the IR. These plastomes represent three stages in the progress 

of the plastome reduction in non-photosynthetic plants. Also, non-photosynthetic plant 

plastomes show the existence of a gene core set, and the gene order among them is well 

conserved. It suggests that the evolution of plastomes in different non-photosynthetic 

plants is under similar constraints. The reduction of M. kanehirai plastome occurred 

majorly in the LSC and the IR (Fig. 4-7). Mitrastemon kanehirai plastome lacks the IR, 

i.e. lost the ycf2 part of the IRa and the rDNA part of the IRb, compared with other green 
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plants. The absence of the IR and more compact genome make M. kanehirai plastome the 

smallest plastid genome that have been described.  

However, the plastome size might not reach the minimum yet. I analyzed two factors, 

the rDNA sequence variation and the genome size, in heterotrophic plants which plastome 

sizes were available in GenBank. The result shows that the substitution rate is inversely 

related to plastome size (Fig. 4-8). According to the correlation between the pt16S 

divergence and the plastome size, the possible candidates with small plastid genomes are 

Balanophora japonica, Corymaea and Hydnora. If the trends can apply to all other plants, 

the plastome size of Cytinus might not as small as the previous study suggested (Nickrent 

and Duff, 1996) (Table. 3-3). 

Apart from photosynthesis related genes, the pattern of plastid gene lost in non-

photosynthetic plants is inconsistent. The rpo genes which encode the plastid RNA 

polymerase were lost or became pseudogenes in M. kanehirai. The shortening of the IR 

did not show preference for the IRa or the IRb, R. gardneri and M. kanehirai retained the 

rDNA operon from the different copies of the IR. 

In the tRNA genes among the examined non-photosynthetic plants, the patterning is 

not always consistent. The ‘essential tRNAs’ hypothesis which was introduced by 

Barbrook et al (2006) that describes plastid tRNAGlu is essential for heme biosynthesis, 

so retention of the gene trnE in the plastome is necessary to non-photosynthetic plants. 



83 

 

However, two other tRNA genes, trnY and trnQ, which was described difficult to be 

replaced by their cytosolic counterparts (Delannoy et al., 2011), were absent in M. 

kanehirai, although retained in R. gardneri (Table 4-1). 

The accD, ycf1 and ycf2 genes have been reported lost in some land plant lineages, 

as well as evidences for transferred of ribosomal protein genes from plastid to nucleus 

(Xiong et al., 2009; Fleischmann et al., 2011). All these studies and non-photosynthetic 

plant plastome sequences support the ‘essential tRNAs’ hypothesis that all the plastid 

genes of non-photosynthetic plant eventually would be all lost, with only trnE maintained 

in the plastid in a replicating DNA minicircle transcribed by the imported nuclear-

encoded plastid RNA polymerase. 

The plastome GC content of non-photosynthetic plants 

Except for M. kanehirai, the plastome GC content of non-photosynthetic plants 

ranges from 34.2% to 36.8%, which is within the range of 34-40% GC content among 

most seed plant plastomes (Table 4-2) (Jansen and Ruhlman, 2012). The GC content of 

their rRNA genes is close to the average value of 52.9% among 150 plastomes (Smith, 

2009). The GC content is correlated to the length in the single copy regions of plastid 

genomes, especially in the SSC (Table 4-2). In general, GC content is higher in coding 

regions than in non-coding regions (Cai et al., 2006; Jansen and Ruhlman, 2012). In 

comparison, N. nidus-avis has 27 pseudogenes in its plastome of 92 kb, and E. virginiana 
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plastome has 15 of 70 kb (Li et al., 2013). Neottia nidus-avis plastome contains much 

more non-coding regions than E. virginiana plastome, which is probably the reason that 

N. nidus-avis has lower plastome GC content than E. virginiana (Burger and Lang, 2003). 

The GC content is usually highest in the IR regions and lowest in the SSC of plastid 

genome. The higher GC content in the IR is due to the presence of rRNA genes that have 

the highest GC content of any coding regions (Cai et al., 2006; Jansen and Ruhlman, 

2012). Therefore, if a plastome lacks the IR regions, i.e., having only one copy of rRNA 

genes, would lower its GC content (Smith et al., 2011). For example, an IR-lost legume - 

Medicago truncatula, has one of the lowest GC content plastome among seed plants (Cai 

et al., 2006; Smith et al., 2011). In addtion, the unusual high GC content of the SSC region 

in R. gardneri is due to the residence of rRNA genes in its SSC. Both M. kanehirai and 

R. gardneri plastome have only one copy of rRNA genes; however, M. kanehirai has 

much lower plastome GC content than R. gardneri. Although there is no clear correlation 

between GC content and genome size of plastids, plastids with small genome size indeed 

tend to have lower GC content (Smith, 2009). 

One of the common feature of the plastome is its low overall GC content (Howe et 

al., 2003). The factors causing the low GC content in plastomes are poorly understood 

and probably differ both among and within lineages. Several hypotheses have been 

proposed. For instance, some argue that AT mutation pressure coupled with inefficient 
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plastid DNA repair process caused the low GC content of ptDNA (Howe et al., 2003; 

Kusumi and Tachida, 2005; Khakhlova and Bock, 2006; Lynch, 2007). Other studies 

invoke selection for translational efficiency to explain the high levels of AT in plastomes 

(Morton, 1993, 1998; Lynch, 2007). However, since the plastomes from non-

photosynthetic plants are no longer exposed to high levels of reactive oxygen species and 

often have a reduced tRNA set, it suggests that there are a diversity of factors biasing 

plastomes towards A and T (Smith et al., 2011). 

In addition, low GC content of the sequence would interfere with the amplification 

of PCR, which caused difficulties to obtain complete plastid sequence by using ordinary 

PCR-based amplification. It also thus difficult to verify NGS data by proceeding PCR, 

until the OneTaqTM DNA Polymerase (New England Biolabs) was used to overcome the 

difficulties in PCR amplification. 

Plastid DNA transfers 

DNA transfer from the plastid to the nucleus has occurred during the course of 

endosymbiosis and the plant evolution. In Arabidopsis, it has been estimated that about 

18% of nuclear genes are derived from plastid (Martin et al., 2002). DNA transfer from 

organellar genomes to the nucleus has been thought to be an important driving force in 

eukaryotic evolution (Martin et al., 2002; Huang et al., 2003; Reyes-Prieto et al., 2006; 

Sheppard and Timmis, 2009). Both functional gene and non-functional DNA transfer 
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from the plastid to the nucleus have been reported and the process continues at high 

frequency (Martin, 2003; Stegemann et al., 2003; Sheppard et al., 2008; Sheppard and 

Timmis, 2009; Xiong et al., 2009; Wicke et al., 2011; Wang et al., 2012). The transfer of 

plastid DNA to the nucleus could be in forms as ‘bulk DNA’ or through ‘cDNA 

intermediates’ (Adams et al., 2000; Adams and Palmer, 2003; Huang et al., 2003; Martin, 

2003; Stegemann et al., 2003; Timmis et al., 2004). My results suggest the transfer of a 

contiguous piece of bulk ptDNA was also present in M. kanehirai. I obtained several large 

DNA fragments (> 4.5 kb) in my attempt to amplifying and sequencing M. kanehirai 

plastome (Supplementary data Table S4-2, Fig. 4-3). Three fragments were found that 

their sequences are highly similar to ptDNA of green plants, and the closest sequences of 

two fragments are from Ericales species. There are other fragments of sequences show 

only a short region (400-700 bp) similar to ptDNA. 

One of these fragments carries a short ptDNA-like sequence which is most similar 

to ptDNA of Fagales, the order M. kanehirai’s host belongs to (Fig. 4-3). Massive 

horizontal gene transfer (HGT) in mitochondrial DNA has been observed (Goremykin et 

al., 2009; Keeling, 2010; Xi et al., 2012; Xi et al., 2013). In contrast, HGT was much less 

described in plastid DNA (Park et al., 2007; Stegemann et al., 2012; Li et al., 2013). And 

HGT appears to be facilitated by the intimate physical association between the parasitic 

plants and their hosts. It seems that M. kanehirai obtained ptDNA from its host via HGT. 
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Among the three fragments which whole sequences are similar to green plants, 

Fragment B was shown to reside in the nuclear genome based on the results of Southern 

blots and real-time quantitative PCR experiments (Fig. 4-4, -5 and -6). The other two 

fragments are likely to locate in the nucleus; however, we cannot exclude the possibility 

that they are resident in mitochondria as has been found in several species (Timmis et al., 

2004; Goremykin et al., 2009; Iorizzo et al., 2012). And from their sequence similarity 

with green plants, these transfer events is not occurred in recent times. As for the 

fragments that contain short ptDNA sequences, their location are uncertain. They could 

reside either in the nucleus or mitochondria. In addition, the short ptDNA sequences of 

these fragments contain both coding and non-coding regions. It suggests that they were 

also transferred as the form ‘bulk DNA’ whether the ptDNAs were obtained from the host 

or not. 

There are several complete non-photosynthetic plant plastome sequences have been 

described, and among them the smallest plastome was found in R. gardneri with size less 

than 60 kb. In this study, I present that M. kanehirai plastome of 25,740 bp smaller than 

R. gardneri plastome, which makes it the smallest sequenced plastid genome. There are 

only 26 genes, encoding 4 rRNAs, 4 tRNAs and 18 proteins, retained in M. kanehirai 

plastome, and also, the IR was absent in this plastome.  Despite the enormous size 

reduction, M. kanehirai plastome shares the same core gene set with other non-
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photosynthetic plants and has the gene order corresponding well to N. tabacum. Based on 

the result of plastid gene expression, M. kanehirai plastome is a functional gene 

expression system. In addition, ptDNA fragments which reside in genomes other than the 

plastome were found, and one of these fragments carries a short ptDNA sequence which 

is most similar to Fagales ptDNA. It implies that transfers of plastid DNA to other 

genomes and HGT from the host to the parasite has occurred in M. kanehirai. 
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Table 4-1. Gene contents (without photosynthesis related genes) of plastomes in 5 non-

photosynthetic plants. 

 Protein Synthesis   Transfer RNA Genes 

 Cd Nn Ev Rg Mk   Cd Nn Ev Rg Mk 

infA       trnA-ugc      

rpl2       trnC-gca      

rpl14       trnD-guc      

rpl16       trnE-uuc      

rpl20       trnF-gaa      

rpl22       trnfM-cau      

rpl23       trnG-gcc      

rpl32       trnG-ucc      

rpl33       trnH-gug      

rpl36       trnI-cau      

rps2       trnI-gau      

rps3       trnK-uuu      

rps4       trnL-caa      

rps7       trnL-uaa      

rps8       trnL-uag      

rps11       trnM-cau      

rps12       trnN-guu      

rps14       trnP-ugg      

rps15       trnQ-uug      

rps16       trnR-acg      

rps18       trnR-ucu      

rps19       trnS-gcu      

       trnS-gga      

 RNA Metabolism  trnS-uga      

 Cd Nn Ev Rg Mk  trnT-ggu      

matK       trnT-ugu      

rpoA       trnV-gac      

rpoB       trnV-uac      

rpoC1       trnW-cca      

rpoC2       trnY-gua      

 Essential Genes   Ribosomal RNA Genes 

 Cd Nn Ev Rg Mk   Cd Nn Ev Rg Mk 

clpP       rrn16      

accD       rrn23      

ycf1       rrn4.5      

ycf2       rrn5      

* Cd, Cistanche deserticola; Nn, Neottia nidus-avis; Ev, Epifagus virginiana; Rg, 

Rhizanthella gardneri; Mk, Mitrastemon kanehirai; , pseudogene; , present; , 

missing. Genes present in all 5 plastomes are indicated in bold. 
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Table 4-2. Length and GC content of plastid regions in 2 photosynthetic and 5 non-

photosynthetic plants. 

Taxa 
 Length (kb)/GC content (%) 

Total LSC SSC IR rDNAa 

Photosynthetic plant 

Nicotiana tabacumb 155.9/37.8 86.7/36.0 18.6/32.1 25.3/43.2 55.4 

Medicago truncatulac 124.0/34.0 - - - 54.3 

Non-photosynthetic plant 

Cistanche deserticolad 102.7/36.8 49.1/32.8 8.8/27.5 22.4/43.0 55.0 

Neottia nidus-avise 92.1/34.4 36.4/29.2 7.8/25.3 23.9/39.9 54.4 

Epifagus virginianaf 70.0/36.0 19.8/29.2 4.8/22.7 22.7/40.3 54.2 

Rhizanthella gardnerig 59.2/34.2 26.4/29.3 13.3/37.0 9.8/38.7 51.8 

Mitrastemon kanehirai 25.7/22.5 - - - 40.4 

* LSC, large single copy region; SSC, small single copy region; IR, inverted repeats. 

a GC content of rRNA genes. 

b NC_001879 (Kunnimalaiyaan and Nielsen, 1997). 

c NC_003119, an IR-lost legume. 

d NC_021111 (Li et al., 2013). 

e NC_016471 (Logacheva et al., 2011). 

f NC_001568 (Wolfe et al., 1992). 

g NC_014874 (Delannoy et al., 2011). 
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Figure 4-1. Circular map of Mitrastemon kanehirai plastome. Genes shown inside the 

circle are transcribed clockwise, those outside the circle are transcribed counterclockwise. 

The GC content is indicated in the inner circle. The restriction enzyme, BamHI, EcoRI 

and HindIII, cutting sites are also shown in the map. 
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Figure 4-2. Expression of the plastid genes in Miteastemon kanehirai. A. Expression 

of five translation-related genes include one rRNA gene. B. Expression of the four 

essential genes. DNA, total genomic DNA was used as template in PCR; RNA, cDNA 

was synthesized from RNA by using gene specific primers, and then was used as template 

in PCR; , negative control. 
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Figure 4-3. Maps of three large DNA fragments. Fragment A: amplified by primers 16S34F and 

IRB27R; Fragment B: amplified by primers 16S977F and IRB27R; Fragment C: amplified by primers 

IRB2F and IRB27R. These maps were produced by online automatic annotator DOGMA with minor 

modification. 
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Figure 4-4. Results of Southern blot analyses of Mitrastemon kanehirai. A. Blot using 

a probe specific to a M. kanehirai fragment (Fragment A) (3-min exposure). B. Blot using 

a probe specific to a ptDNA-like fragment (Fragment B) (12-min exposure). M, DNA 

ladder; B, BamHI-digested DNA; E, EcoRI-digested DNA; H, HindIII-digested DNA. 
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Figure 4-5. The real-time PCR amplification plot of three Mitrastemon kanehirai 

DNA fragments. The primers were designed specific to the three fragments: 18S rDNA, 

nuclear 18S rDNA; Frag. A, the plastid fragment similar to M. yamamotoi 16S rDNA 

sequence; Frag. B, the fragment which sequence is highly similar to plastid IR of green 

plants. 
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Figure 4-6. The histogram of real-time PCR amplification of three Mitrastemon 

kanehirai DNA fragments. A. The Cq values of three fragments. B. Relative 

quantification of Fragment A and B. The content of Fragment A and B was compared 

with nr18S rDNA content.  
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Figure 4-7. The comparison of three non-photosynthetic and two green plant plastomes. The 

homologous regions are depicted in the same color blocks at the upper part of each plastome, and 

annotated genes are shown as white boxes, rDNA as red at the lower part. The gray bars at lower part 

indicate the IRs.  
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Figure 4-8. Relationship between plastome size and pt16S rDNA substitution rate 

among heterotrophic plants. Cd, Cistanche deserticola; Ce, Cuscuta exaltata; Cg, 

Cuscuta gronovii; Co, Cuscuta obtusiflora; Cr, Cuscuta reflexa; Ev, Epifagus 

virginiana; Mk, Mitrastemon kanehirai; Nn, Neottia nidus-avis; Rg, Rhizanthella 

gardneri. 
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Supplementary Data 

Table S4-1. Primers list. 

Primer (F) Sequence from 5’ to 3’ Primer (R) Sequence from 5’ to 3’ 

Real-time quantitative PCR & Southern blotsa 

SSU1594F CTACGTCCCTGCCCTTTGTA SSU1703R GGACTTCTCGCGGCATCACGAG 

ProbeA-F GGAAACAGCCCAGATCATCA ProbeA-R GCCGACATTCTCACTTCTGC 

ProbeB-F TGCCATGGTAAGGAAGAAGG ProbeB-R TGCATGAAGGAGTCAGATGC 

Reverse transcription-PCR 

16S8F GGAGAGTTCGATCCTGGCTCAG 16S1462R GGTTGATCCAGCTACACCTTCCAG 

infA-F TTTTAGGTTATGTTTCTGGGAAAA infA-R TCCTTTGTCGGGATCGTATT 

rps3-90F TCAAAATTTTCAAGAAGATCAAAAA rps3-554R ACTTGTCCCTTTCGAATCCA 

rps7-22F AAAAACAAAATTATAAAACCAGATCC rps7-399R AGCTTCACCCCTTCCCTTAG 

rps14-52F TGCAAATATAAAAATATTCGTAAGTCA rps14-296R TTTGGTTTTGTCACTCCTGGT 

clpP-F TGAAATTTCTAATCAACTTACTGGTC clpP-R TTCCATGTCTTCAGATAAAATCCA 

accD-F GCATGCCATGGATGAAAATC accD-R GCTCGATAACCCTTTTACCG 

ycf1-F TTTCTTTATTTTGCGGATCACA ycf1-R CAAATTTTGTGAATTTTCTTCTTCTG 

ycf2-F TTTTCCGGATTTATAAGTCATACAAG ycf2-R AAAGATCTTGTGTATGGAAAACCA 

Long PCRb 

16S34F CTGGCGGCTGTATGCTTAAC 5S58R TAACCACCAAGTTCGGGATG 

16S977F AGTGCCTTAGGGAACGCGAACACAG IRB27R CCAATGCTAGATGCAGAGGCGCATA 

IRB2F CATCTGGCTTATGTTCTTCATGTAGC IRB6R TGAATATGTTAGATACCTGTGACTCG 

IRB6F TTCTCGAACCGAGAGATCCA IRB12R ATGCTTGCGTATTCGTCCAT 

IRB12F GGTCTGTCCCGGTATGGAAT 16S1307R ACCGGCGATTACTAGCGATT 

Plastome sequence confirmation 

Mit1F CCATTTCGAACTTGGTGGTT Mit1R AACCTTGTAATTTTGATTTATCTTACG 

Mit2F TTATAAAATACGTATGCTTGTGTTACG Mit2R AATAGCCGAAGCTTGGAATG 

Mit3F CAAATTTTGTGAATTTTCTTCTTCTG Mit3R TTTCTTTATTTTGCGGATCACA 

Mit4F TTAAATTGAAAGTTTCTTGTTCTTGA Mit4R AAAATGGAAAAATTTGACACATAAA 

Mit5F GGAAAAGGCATTCTACCTAAATTAAA Mit5R ATCCCGCGGATCCTTTTT 

Mit6F TTTGGGTGTATATTTTTGTTGATAGG Mit6R TTGATCCTATATTAATAGCTCCAACA 

Mit7F AAAGATCTTGTGTATGGAAAACCA Mit7R TTTTCCGGATTTATAAGTCATACAAG 

Mit8F ATTCCGGGTTGTTCTATATTTTT Mit8R CCAGAAATGGGATTATTTTCTGA 

Mit9F TCCGCTAAAGGTAAGAAACCA Mit9R AAAATTTTATCATATCCCGAAAAA 

Mit10F AAGGGGTTATCAAACGTTATTTTT Mit10R GTTATGAGCCTTGCGAGCTT 

Mit11F ATGCGCAGGTTCAATTCCTA Mit11R TGGTTAACATACCACCAATCCA 

Mit12F GCTTGTCATTTAGTTTTTGATGC Mit12R TGGATTATTGCCAGGTCTCA 

Mit13F AACCCGTCGAACCTTTAAAAT Mit13R TCCCATACTACCGCCCATAA 

Mit14F GCATGCCATGGATGAAAATC Mit14R CATTTAGAAATCTCCGGTTATAGAAAA 

Mit15F TTCAGGCTTTAGCTACTATAACTTTCC Mit15R GTTTTGCATTCCCTCATGCT 

Mit16F AAATTCCCCAGCCTGTGTTT Mit16R GAAGGGGAAGAACCCTCTTG 

Mit17F CCAGGTATTAAAAGCCCTCCA Mit17R AATACGATCCCGACAAAGGA 

Mit18F TCGCCGAGGTGAAGTTTTTA Mit18R GAATGGATTCGAAAGGGACA 

Mit19F TTGATATTCCAGATATTCTGCCTCT Mit19R CCGCAGGTACCTTAGCAAAA 

Mit20F GGCCGTTTTCCTAACCATCT Mit20R AGCTAAGGGAAGGGGTGAAG 

Mit21F GCCAGAGTTCTACTTGATTCTGC Mit21R CCCCCGTACTTAGGGGTAGA 
a Primers were used for RT qPCR and probe syntheses of Southern blot. SSU1594F and SSU1703R were 

primers for amplifying nr18S rDNA fragment. 
b Primers were used in order for obtaining Frag. A, B, C, D and E (Table S4-2). 
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Table S4-2. Sequence information of large fragments obtained in this study. 

 Size (bp) Sequence information 

Obtained from Long PCR 

Fragment A 4,585 Contained Mitrastemon 16S sequence 

Fragment B 8,019 Highly similar to IRs of Ericales species 

Fragment C 5,603 Contained a short ptDNA fragment 

Fragment D 6,227 Highly similar to IRs of green plants 

Fragment E 7,675 Highly similar to IRs of Ericales species 

Obtained from NGS 

Contig A 15,116 Contained Fragment A 

Contig B 16,032 Contained Fragment A 

Contig C 11,882 Contained a short ptDNA fragment 

Contig D 18,673 Contained a short Fagales-like ptDNA fragment 

 

Assembly A 25,740 The M. kanehirai plastome, assembled from Contig A and B 

Assembly B 15,448 Assembled from Frag. B and E 

Assembly C 17,050 Assembled from Frag. C and Contig C 
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Figure S4-1. Complete plastome sequence of Mitrastemon kanehirai. 
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Chapter 5. Summary 

In this dissertation, a successful application of ptDNA enrichment protocols in 

Mitrastemon kanehirai was reported. These protocols are inexpensive, not time-

consuming and do not need large amount of plant materials. These protocols can be 

very likely applied to other non-photosynthetic plants, to facilitate the studies of the 

plastid genome of heterotrophic plants. 

By examining mt19S, pt16S and nr18S rDNA sequences from several 

heterotrophic plants, I found there is no correlation of evolutionary rate patterns among 

the three subcellular SSU rDNAs in heterotrophic plants. Although this research did 

not cover all of heterotrophic plants, it is the first study to analyze substitution rates of 

all three SSU rDNAs in heterotrophic plants. The result indicates that the accelerated 

evolutionary rate is not synchronized among the three subcellular SSU rDNAs for the 

same species, and the phenomenon is not ubiquitous in heterotrophic plants. It seems 

that the non-photosynthetic lifestyle has less impact on nucleotide substitutions in 

mitochondrial genome compared to the nuclear and plastid genomes. However, many 

factors could affect the evolutionary rate of plant genomes. I am looking forward having 

one non-photosynthetic plant with its three genome sequenced in the near future to give 

us a comprehensive view of subcellular genomes interaction in non-photosynthetic 

plants. 
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I reported the smallest plant plastome from M. kanehirai, with size of 25,740 bp, 

which encodes 4 rRNAs, 4 tRNAs and 18 protein-coding genes. The inverted repeat 

region is absent in M. kanehirai plastome, and ycf2 and rrn genes included in IR were 

retained. This research gives us a broader view and deeper insight into the process of 

plastome evolution in heterotrophic plants, and provides more evidence to the 

‘enssential tRNAs’ hypothesis. In addition, I addressed the challenge in sequencing 

non-photosynthetic plant plastomes. The sequence divergence, as well as the high AT 

content would be problematic in PCR-based amplification and the following 

sequencing. Also, I pointed out the correlation between the pt16S substitution rate and 

the plastome size in heterotrophic plants. The variation of pt16S sequence will serve as 

a good indicator for plastome size, helping researchers to evaluate appropriate targets 

for studying heterotrophic plant plastomes. 

This dissertation described a practical application of plastid enrichment protocols 

in heterotrophic plants and evolutionary rate heterogeneity among SSU rDNAs in 

heterotrophic plants. It provides very useful experimental information of studying 

heterotrophic plant plastomes and the results confirmed that there is no pattern of the 

rate heterogeneity associated with plant life form. More important, this dissertation 

reported the smallest plastid genome that have been described and it helps us further 

understand the process of plastome evolution in heterotrophic plants. 
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Appendix 

Table A1. GenBank accession numbers of the sequences used for relative rate test. 

Taxa Species mt19S pt16S nr18S 

Basal angiosperm     

Amborellales     

 Amborellaceae Amborella trichopoda AF193987 NC005086 U42497 

Piperales     

 Aristolochiaceae Aristolochia macrophylla DQ008674 DQ629461 AF206855 

 Hydnoraceae Hydnora africana U82637 U67745 L25681 

 Saururaceae Saururus cernuus DQ008732 HQ664635 U42805 

 Winteraceae Drimys granadensis  NC_008456  

 Winteraceae Drimys winteri AF197162  U42823 

Laurales     

 Lauraceae Cinnamomum camphora DQ008711 HQ664631 AF206888 

 Lauraceae Laurus nobilis AF193990  AF197580 

 Lauraceae Sassafras albidum   U52031 

Monocots     

Asparagales     

 Asparagaceae Asparagus officinalis DQ008678   

 Iridaceae Iris sp. AF161087   

 Orchidaceae Apostasia wallichii  HQ183491 HM640780 

 Orchidaceae Cymbidium goeringii   AJ271248 

 Orchidaceae Oncidium ensatum   HM640779 

Orchidaceae Oncidium Gower Ramsey  NC014056  

 Orchidaceae Phalaenopsis equestris  NC017609  

Eudicots     

Brassicales     

 Brassicaceae Arabidopsis thaliana  NC_000932 X16077 

 Brassicaceae Brassica juncea NC_016123   

 Brassicaceae Raphanus sativus AB694743   

 Caricaceae Carica papaya  NC_010323 U42514 

Caryophyllales     

 Amaranthaceae Beta vulgaris FQ014226   
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 Caryophyllaceae Silene latifolia NC014487 NC016730  

 Caryophyllaceae Silene vulgaris HM562728   

Ericales     

 Clethraceae Clethra alnifolia   AF419793 

 Monotropoideae Pyrola picta   U59936 

 Symplocaceae Symplocos paniculata  HM164068 SPU43297 

 Theaceae Camellia obtusifolia  HM164060  

 Theaceae Stewartia malacodendron  HM164067  

Lamiales     

 Oleaceae Olea europaea   L49289 

 Oleaceae Olea woodiana   NC015608  

 Pedaliaceae  Sesamum indicum  NC016433 AJ236041 

 Plantaginaceae Antirrhinum majus  GQ997041 AJ236047 

 Plantaginaceae Digitalis purpurea AF193999   

 Plantaginaceae Veronica agrestis AY818950   

Malvales     

 Cytinaceae Cytinus ruber U82639 U47845 L24085 

Solanales     

 Convolvulaceae Convolvulus arvensis   AJ236013 

 Convolvulaceae Ipomoea hederacea   U38310 

 Convolvulaceae Ipomoea purpurea  NC009808  

 Solanaceae Nicotiana tabacum BA000042 NC001879  

 Solanaceae Solanum tuberosum  NC008096  

Santalales     

 Balanophoraceae Corynaea crassa U82636 U67744 L24400 

 Erythropalaceae Heisteria concinna  HQ664616 L24146 

 Santalaceae Lepidoceras chilense U82641   

 Santalaceae Santalum album   L24416 

 Ximeniaceae Ximenia americana  GQ997924 L24428 

Vitales     

 Vitaceae Vitis vinifera NC012119   
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