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				Triaenophora shennongjiaensis (Orobanchaceae, Lamiales) is a medical herb whose population size in China is extremely small. Thus, there is an urgent need to develop conservation and management strategies for this endangered species. In this study, we determined the complete chloroplast genome of T. shennongjiaensis using Illumina paired-end sequencing data. The plastome is 153 799 bp in length, with a pair of inverted repeat (IR) regions (25 838 bp), one large single copy region (84 649 bp), and one small single copy region (17 474 bp). The plastome contains 133 genes, including 88 protein-coding genes, eight ribosomal RNA genes and 37 transfer RNA genes, 17 of which are duplicated within the IRs. Evolutionary analysis showed that the ndhK gene had potentially undergone positive selection. Phylogenetic analysis based on 20 plas-tomes of Lamiales indicate that T. shennongjiaensis is closely related to Rehmannia species. Our work contributes to the study of the evolutionary history of Lamiales and conservation management of T. shennongjiaensis.

			

		

		
			
				Introduction

				Triaenophora is a genus in Orobanchaceae (Lamiales) with just two species endemic to China, T. rupestris and T. shennongjiaensis. Tri-aenophora rupestris has a limited distribution on cliff faces in Hubei and Sichuan. It has been listed in the China Species Red List (Wang & Xie 2004). Triaenophora shennongjiaensis, first described by Li et al. (2005) has a narrower 

			

		

		
			
				distribution, restricted to limestone habitats in Shennongjia and neighbouring areas of Hubei. Only six natural populations of T. shennongji-aensis with 600–700 individuals in total are known. Therefore, effective conservation strate-gies are urgently needed.

				Albach et al. (2009) focused on the phyloge-netic position of Triaenophora in Lamiales. Mor-phological traits, allozymes and DNA sequences support a sister relationship of Triaenophora and 
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				Rehmannia, which together with Lindenbergia, are the only non-parasitic groups within Oroban-chaceae (Li et al. 2005, 2007, Xia et al. 2009). Triaenophora contains iridoid glucosides similar to those contained by Rehmannia species, such as catalpol, ajugol and 6-feruloylajugol, and is important in Chinese medicine due to its heat clearing and detoxicating effects (Jensen et al. 2008). To date, the structure of the Triaeno-phora genome, however, has remained unknown. A better understanding of the genetic variation would help to develop conservation strategies

				Angiosperm chloroplast genomes generally range from 120 to 160 Kb in length and have a typical quadripartite structure with a large single-copy region (LSC), a small single-copy region (SSC) and a pair of inverted repeats (IRs) (Sugiura 1992). In this work, we assembled the whole plastome of T. shennongjiaensis using an Illumina paired-end sequencing data set to explore the plastome variation, and to verify the phylogenetic placement of the genus. We expect our study to help clarify evolutionary relation-ships among Orobanchaceae taxa, and provide numerous highly variable chloroplast markers for population genetics.

				Material and methods

				Plant materials and DNA isolation

				Fresh leaves of T. shennongjiaensis were col-lected from Shennongjia (Hubei, China; 31.76°N, 110.56°E), and voucher specimens were deposited in the Northwest University in Xi’an. Genomic DNA was isolated from silica-dried leaves of a single individual with the improved CTAB method (Doyle 1987).

				Chloroplast genome assembly and annotation

				Genomic DNA was used for high-throughput sequencing with the Illumina Hiseq 2500 plat-form by Biomarker Technologies Inc. Approxi-mately 8.3 Gb raw data were obtained and qual-ity-trimmed using the program CLC Genomics Workbench ver. 7.5 (CLC bio, Aarhus, Denmark) 

			

		

		
			
				with default parameters. The chloroplast genome was de novo assembled using the SPAdes soft-ware (the k-mer size of 21) (Bankevich et al. 2012) and annotated using GENEIOUS R8 (Biomatters Ltd., Auckland, New Zealand) with the cpDNA sequence of Rehmannia glutinosa (KX636157; Zeng et al. 2017) as the refer-ence. The annotation information was further confirmed by GeSeq (https://chlorobox.mpimp-golm.mpg.de/geseq.html) (Tillich et al. 2017) and manually adjusted. A genome map was gen-erated using OGDRAW (http://ogdraw.mpimp-golm.mpg.de/) (Lohse et al. 2013). The anno-tated plastome has been deposited into GenBank with the accession number of MG782892.

				Comparative genome analysis

				Multiple alignments of eight representative plas-tomes in Lamiales (Table 1) were carried out using MAFFT 7.308 (Katoh & Standley 2016). Full alignments with annotation were visualized using the mVISTA software (Frazer et al. 2004) to determine the variation. Their complete chlo-roplast genomes were aligned by using MAUVE as implemented in GENEIOUS with default set-tings to detect inversions and rearrangements (Darling et al. 2010).

				Repeats sequence analysis

				Repeat sequences were determined by the pro-gram REPuter (Kurtz et al. 2001) with a minimal size of 30 bp and > 90% identity (Hamming distance equal to 3). Microsatellites or simple sequence repeat (SSR) markers were detected using the Perl script tool MISA (Thiel et al. 2003) with the minimal repeat numbers set at ten, five and four for mono-, di- and tri-nucleo-tides respectively and three for tetra-, penta-, and hexa-nucleotides.

				Selective pressure analysis

				The complete plastome sequence of T. shen-nongjiaensis was compared with that of R. glu-tinosa. The protein-coding genes were aligned 
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				using MAFFT 7.308 (Katoh & Standley 2016) to identify nonsynonymous (Ka) and synonymous (Ks) substitutions. Synonymous and nonsynony-mous substitution rates and their ratio, Ka/Ks, were computed using the PAML package (Yang 2007).

				Phylogenetic analysis

				A total of 20 plastomes of the main repre-sentatives in Lamiales were used to infer the phylogenetic position of T. shennongjiaensis. Their whole chloroplast genome sequences were aligned with the program MAFFT 7.308 (Katoh & Standley 2016) and adjusted manually. Max-imum likelihood (ML) analyses were imple-mented in RAxML ver. 7.2.6 with 1000 boot-strap replicates (Stamatakis 2006) using Olea europaea as the outgroup. The best-fitting substi-tution model (GTR + I + G) was selected using jModelTest with default settings (Darriba et al. 2012). To confirm the evolutionary relationships of Triaenophora, additional phylogenetic trees were constructed using other two data sets: one included the whole plastome but removing one IR region, the other only contained all protein-coding gene sequences.

				Results

				Genome features

				Similar to most other angiosperms, the plas-tome of T. shennongjiaensis is a circular DNA molecule with a typical quadripartite structure. The chloroplast genome is 153 799 bp in length and contains a pair of inverted repeat (IRa and IRb) regions of 25 838 bp, a large single copy (LSC) region and a small single copy (SSC) region with the lengths of 84 649 and 17 474 bp, respectively (Fig. 1). The plastome is comprised of 133 genes, including 88 protein-coding genes (PCGs), 8 ribosomal RNA genes and 37 transfer RNA genes (Table 2). Among these genes, 15 genes (atpF, petB, petD, ndhA, ndhB, rpoC1, rps16, rpl2, rpl16, trnA-UGC, trnI-GAU, trnV-UAC, trnL-UAA, trnG-UCC, and trnL-UUU) have one intron, while three genes (rps12, clpP, 

			

		

		
			
				Table 1. Comparison of chloroplast genomes of Triaenophora shennongjiaensis with those of seven related species.

				Characteristics of	Triaenophora	Orobanche	Schwalbea	Lindenbergia	Rehmannia	Rehmannia	Paulownia	Erythranthe

				cp genome	shennongjiaensis	californica	americana	philippensis	glutinosa	henryi	tomentosa	lutea

				cp genome size (bp)	153799	120840	160910	155103	153622	153890	154540	153150

				GenBank accession no.	MG782892	NC025651	HG738866	NC022859	NC034308	KX636158	NC031436	NC030212

				LSC size in bp (%)	84649 (55.0)	62000 (51.3)	84756 (52.7)	85594 (55.2)	84605 (55.1)	84837 (55.1)	85236 (55.2)	84293 (55.0)

				SSC size in bp (%)	17474 (11.4)	10338 (8.5)	6518 (4.1)	17885 (11.5)	17579 (11.4)	17679 (11.5)	17736 (11.5)	17851 (11.7)

				IR length in bp	25838	24251	34818	25812	25719	25687	25784	25503

				Gene number	133	119	127	133	133	133	133	133

				PCG number	88	75	82	88	88	88	88	88

				tRNA gene number	37	36	37	37	37	37	37	37

				rRNA gene number	8	8	8	8	8	8	8	8

				Genes duplicated by IR	17	17	15	16	17	17	17	16

				Genes with introns	18	18	18	18	18	18	18	18

				Overall GC content (%)	37.8	36.7	38.1	37.8	38	37.9	38	37.7

				GC content in LSC (%)	35.8	33.7	36.5	35.8	36	36	36	35.8

				GC content in SSC (%)	31.9	27.8	31.9	31.9	32.2	32.2	32.4	31.4

				GC content in IR (%)	43.1	42.7	40.6	43.2	43.1	43.2	43.2	43
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				and ycf 3) harbor two introns. Seventeen genes are duplicated in the IRs, including six protein-coding genes, seven tRNA genes, and four rRNA genes (Table 2). The GC content of the T. shen-nongjiaensis plastome is 37.8%, while the cor-responding values for the LSC, SSC, IR regions are 35.8%, 31.9% and 43.1%, respectively.

			

		

		
			
				Comparative plastid genomes analyses

				We compared the plastome variations in T. shen-nongjiaensis with that in seven related spe-cies (five Orobanchaceae, one Paulowniaceae and one Phrymaceae species; Table 1). The seven plastid genomes varied in length from 
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				Fig. 1. Gene map of the Triaenophora shennongjiaensis chloroplast genome. Dark grey area in the inner circle indicates the relative GC content of the chloroplast genome.
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				120 840 bp (Orobanche californica) to 160 910 bp (Schwalbea americana). The overall GC contents among plastid genomes ranged from 36.7% to 38.1% with the values in LSC, SSC, IR of 33.7%–36.5%, 27.8%–32.4% and 40.6%–43.2%, respectively. Among them, O. californica and S. americana are parasitic Orobanchaceae. We found that the plastid genomes of all non-parasitic species have the similar structural fea-tures and GC contents. Additionally, we found no gene rearrangements in the non-parasitic spe-cies, indicating that plastomes in non-parasitic Orobanchaceae species were conserved in their gene contents and structure.

				To illustrate the level of variability among the seven plastomes, sequences were plotted using the program mVISTA with T. shennongjiaensis as a reference. The alignment revealed a high 

			

		

		
			
				level of sequence similarity across the plastid genomes. The coding regions were more con-served than the non-coding regions and the IRs were less divergent than the single-copy regions. Eight non-coding regions (ndhA intron, rps16-trnQ-UUG, ndhE-ndhG, trnH-GUG-psbA, psaA-ycf 3, ndhF-rpl32, rpl32-trnL-UAG and ccsA-ndhD) were variable at greater than 40% of sites.

				IR contraction and expansion

				To investigate the potential contraction and expansion of IR regions, we compared the gene variations at the IR/SSC and IR/LSC bound-ary regions of the seven plastomes available in Lamiales. The genes rps19–rpl2 were located at the junctions of LSC/IR and the ycf1–ndhF genes 

			

		

		
			
				Table 2. Plastome genes of Triaenophora shennongjiaensis.

				Category	Group	Name

				Photosynthesis-related	Rubisco	rbcL

				genes	Photosystem I	psaA, psaB, psaC, psaI, psaJ

					Assembly/stability of photosystem Ⅰ	**ycf 3

					Photosystem II	psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI,

					psbJ, psbK, psbL, psbM, psbN, psbT, psbZ

				ATP synthase	atpA, atpB, atpE, *atpF, atpH, atpI

					cytochrome b/f complex	petA, *petB, *petD, petG, petL, petN

					cytochrome-c synthesis	ccsA

					NADPH dehydrogenase	*ndhA, a*ndhB, ndhC, ndhD, ndhE, ndhF ,ndhG,

					ndhH, ndhI, ndhJ, ndhK

				Transcription- and

				translation-related	transcription	rpoA, rpoB, *rpoC1, rpoC2

				genes	ribosomal proteins	rps2, rps3, rps4, arps7, rps8, rps11, **rps12, rps14,

					rps15, *rps16, rps18, rps19,*arpl 2, rpl14, *rpl16,

					rpl 20, rpl 22, arpl 23, rpl 32, rpl 33, rpl 36

					translation initiation factor	infA

				RNA genes	ribosomal RNA	arrn5, arrn4.5, arrn16, arrn23

					transfer RNA	*atrnA-UGC, atrnA-ACG, trnL-UAG, atrnA-GUU,

					*atrnI-GAU, atrnV-GAC, atrnL-CAA, atrnH-CAU,

					trnP-UGG, trnT-CCA, trnM-CAU, *trnV-UAC,

					trnP-GAA, *trnL-UAA, trnT-UGU, trnS-GGA,

					trnfM-CAU, trnG-GCC, trnS-UGA, trnT-GGU,

					trnG-UUC, trnT-GUA, trnA-GUC, trnC-GCA,

					trnA-UCU, *trnG-UCC, trnS-GCU, trnG-UUG,

					*trnL -UUU, trnH-GUG, trnA-GUU

				Other genes	RNA processing	matK

					carbon metabolism	cemA

					fatty acid synthesis	accD

					proteolysis	**clpP

				Genes of unknown	conserved reading frames	aycf1, aycf 2, ycf4, aycf15

				function

				*gene with one intron, **gene with two introns, a) gene with two copies.
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				located in the junctions of SSC/IR region. The rps19 gene in Orobanche californica, Linden-bergia philippensis, Rehmannia glutinosa, Pau-lownia tomentosa and Erythranthe lutea crossed the LSC/IRb region with 12 bp, 11 bp, 45 bp, 42 bp and 35 bp located at the IRb region, respectively. The ycf1 gene in T. shennongjiaen-sis, O. californica, L. philippensis, R. glutinosa and R. henryi crossed SSC/IRb boundary with 80 bp, 3 bp, 5 bp, 3 bp and 3 bp in the SSC region, while the ndhF gene in P. tomentosa and E. lutea extended into the IRb region with 43 bp and 37 bp, respectively. The other copy of the ycf1 gene in the seven plastomes crossed SSC/IRa boundary with variable sequence lengths in the IRa region (Fig. 2).

				Repeat sequence analysis

				Various repeat sequences were analysed by REPuter and no complement repeats were found in the plastome of T. shennongjiaensis. Thirty-six forward repeats, one reverse repeat and 28 palindromic repeats were detected (Fig. 3A). Of the 65 repeats determined, most possessed small repeat numbers: 30–39 bp was the most common (31 repeats, 47.69%), and 189 bp was the longest repeat (Fig. 3B). Meanwhile, 61.53% of repeats were located in the IR region, and 38.47% of repeats were in parts of the LSC and SSC (Fig. 3C).

			

		

		
			
				We detected 63 SSRs in the plastome of T. shennongjiaensis, the majority consisting of mono-(46) and compound nucleotide repeats (7). Di-(5), tri-(3) and tetra-nucleotide repeat sequences (2) were found with a much lower frequency, while penta- and hexa-nucleotide repeats were not detected. Among the mononu-cleotide SSRs, the A/T units were the common repeats with the proportions of 31.7% and 36.5%, respectively.

				Evolutionary analysis

				The substitution ratio has become a standard measure of selective pressure: Ka/Ks = 1 sig-nifies neutral evolution while Ka/Ks < 1 and Ka/Ks > 1 are indicative of negative or positive selection, respectively (Nielsen & Yang 1998). In this study, the ndhK gene located in the LSC region had Ka/Ks ratios above 1.0, suggesting that it is potentially under positive selection. Meanwhile, nine positively selected codons (8, 55, 60, 124, 173, 200, 201, 202, and 210) were detected in the ndhK gene with the program HyPhy (cell value > 1.15).

				The phylogenetic analysis based on the whole plastomes resolved all Orobanchaceae species as a strongly supported monophyly, and Triaenophora as sister to Rehmannia (Fig. 4). These evolutionary relationships were also con-sistently supported by the data sets of both whole 
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				Fig. 2. Comparison of IR, LSC and SSC border regions among Triaeno-phora shennongjiaensis and its related species.
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				plastomes but with one IR region and all pro-tein-coding genes sequences.

				Discussion

				In this study, we determined the complete plas-tid genome sequence of T. shennongjiaensis, an endangered medicinal herb, with the next genera-tion sequencing technology. Our results showed that the plastome of T. shennongjiaensis had simi-lar structural features and GC contents with the non-parasitic species in Orobanchaceae (Zeng et al. 2017). Although sequences of T. shennongji-aensis and its related species were commonly conserved in most of plastome regions, some divergence hotspots were also detected, most of which were located in the intergenic spacer or intron regions, providing extensive marker devel-opment information for phylogenetic analyses of Lamiales species. The IR region and coding-regions in the chloroplast genomes were gen-erally highly conserved, but structural variation was still found in the IR/SC boundary regions. Several studies have found that contraction and expansion of the IR boundary region is common among angiosperms, playing an important role in their evolution (Kode et al. 2005, Raubeson et al. 2007, Yao et al. 2015). The presence of repeats is usually considered as a main source of structural variation in plastomes. We found 65 repeats and 63 SSRs in T. shennongjiaensis plastid genome. Of these, 47.69% of the repeats in T. shennon-gjiaensis plastid genome were located in coding regions (CDS), mainly in the ycf 2 gene, similar to those in Scrophularia dentata and S. takesimensis (Ni et al. 2016). Simple sequence repeats (SSRs) are widely distributed throughout the genome and have a major impact on genomic recombination and rearrangement (Cavalier-Smith 2002). The A/T repeat units were the most common repeats, and similar was also found in Camellia chloro-plast genome (Huang et al. 2014).

				Our analysis indicated potential positive selec-tion at the ndhK gene. This gene encodes a subu-nit of NAD(P)H dehydrogenase, and is involved in electron transport from photoproduced stromal reductants (Ifuku et al. 2011). The NDH mono-mer is sensitive to high light intensity, and might have changed drastically to develop new func-
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				Fig. 3. Analyses of repeated sequences in Triaeno-phora shennongjiaensis plastome. — A: Percentage of forward repeats, reverse repeats and palindrome repeats. — B: Frequency of repeat sequences by length. — C: Location of all the repeats.

			

		

		
			
				tions related to stress resistance. The phylogenetic analysis confirmed the sister relationship of non-parasitic Triaenophora and Rehmannia, which is supported by other phytochemical and systematic studies (Jensen et al. 2008, Xia et al. 2009). Both Triaenophora and Rehmannia species con-tain medical components of iridoid glucosides, indicating the potential value of the former in traditional Chinese medicine. Our study provides the basis for the development and application of genetic markers in Lamiales, which can be extended to conservation genetics and evolution-ary studies of T. shennongjiaensis.

				Conclusions

				We determined the complete plastid genome of 
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				Fig. 4. The phylogenetic tree based on 20 complete chloroplast genome sequences. GenBank accession numbers in parentheses.

			

		

		
			
				Triaenophora shennongjiaensis, which proved to be typical, in terms of gene content and struc-ture, to that of R. glutinosa and other non-para-sitic Lamiales with some variations in the IR/SC boundary regions. We found evidence of positive selection at the ndhK gene, which is worth of further investigation, while phylogenetic analyses of Lamiales plastome sequences supported mono-phyletic Orobanchaceae including Triaenophora and Rehmannia as sister taxa. This complete plastome, and particularly repeat sequences and SSRs, may prove useful in assessments of genetic diversity and population structure of endangered T. shennongjiaensis. The results of our study increase understanding of the phylogenetic rela-tionships and evolutionary history of Lamiales.
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Triaenophora shennongjiaensis (Orobanchaceae, Lamiales) is a medical herb whose
population size in China is extremely small. Thus, there is an urgent need to develop
conservation and management strategies for this endangered species. In this study, we
determined the complete chloroplast genome of 7. shennongjiaensis using Illumina
paired-end sequencing data. The plastome is 153 799 bp in length, with a pair of
inverted repeat (IR) regions (25 838 bp), one large single copy region (84 649 bp), and
one small single copy region (17 474 bp). The plastome contains 133 genes, including
88 protein-coding genes, eight ribosomal RNA genes and 37 transfer RNA genes, 17 of
which are duplicated within the IRs. Evolutionary analysis showed that the ndhK gene
had potentially undergone positive selection. Phylogenetic analysis based on 20 plas-
tomes of Lamiales indicate that 7. shennongjiaensis is closely related to Rehmannia
species. Our work contributes to the study of the evolutionary history of Lamiales and
conservation management of 7. shennongjiaensis.

Introduction

Triaenophora is a genus in Orobanchaceae
(Lamiales) with just two species endemic to
China, T rupestris and T. shennongjiaensis. Tri-
aenophora rupestris has a limited distribution
on cliff faces in Hubei and Sichuan. It has been
listed in the China Species Red List (Wang &
Xie 2004). Triaenophora shennongjiaensis, first
described by Li et al. (2005) has a narrower

distribution, restricted to limestone habitats in
Shennongjia and neighbouring areas of Hubei.
Only six natural populations of 7. shennongji-
aensis with 600-700 individuals in total are
known. Therefore, effective conservation strate-
gies are urgently needed.

Albach et al. (2009) focused on the phyloge-
netic position of Triaenophora in Lamiales. Mor-
phological traits, allozymes and DNA sequences
support a sister relationship of Triaenophora and
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