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Figure	S1. Plastome map	for	Lamprocapnos.	Dark	green	lines	on	the	outside	circle	indicate	the	

inverted	repeats.	Genes	on	the	inside	and	outside	of	each	map	are	transcribed	in	clockwise	and	

counterclockwise	directions,	respectively.	Tandem	repeats	are	shown	in	red.	Coverage	is	plotted	

on	the	inner	circle.	Blue	lines	within	the	inner	circle	indicate	the	positions	of	the	pairs	of	repeats,	

with	crossed	connecting	lines	denoting	reverse	repeats.



G CAT CCATGG CTGAATGGTTAAAA CG CCCAA CT CATAATTGG CGAATT CGT CCGTT CCATT CCTG CTGGATG CA
G CAT CCATGG CTGAATGGTTAAAG CG CCCAA CT CATAATTGG CGAAGT CG CGGGTT CAATT CCTG CTGGATG CA
G CAT CCATGG CTGAATGGTTAAAG CG CCCAA CT CATAATTGG CGAAGT CG CGGGTT CAATT CCTG CTGGATG CA
G CAT CCATGG CTGAATGGTTAAAG CG CCCAA CT CATAATTGG CAAATT CGTAGGTT CAATT CCTG CTGGATG CA
G CAT CCATGG CTGAATGGTTAAAG CG CCCAA CT CATAATTGG CAAATT CGTAGGTT CAATT CCTG CTGGATG CA
G CAT CCATGG CTGAATGGTTAAAG CG CCCAA CT CATAATTGG CAAATT CGTAGGTT CAATT CCTG CTGGATG CA
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Figure	S2. Duplication	of	the	trnI-CAU gene	in	the	Lamprocapnos spectabilis plastome.	(A)	

Schematic	diagram	of	the	genomic	regions	surrounding	the	three	trnI-CAU copies.	Thick	lines	

represent	the	IR,	and	thin	lines	represent	the	adjacent	large	single-copy	(LSC)	region.	The	

numbers	“1”,	“2”,	and	“3”	represent	paralogs	of	trnI-CAU (red),	and	φ denotes	a	pseudogene.	(B)	

Nucleotide	alignment	of	Lamprocapnos trnI-CAU	copies	with	three	copies	from	related	species	

belonging	to	Coreanomecon,	Papaver,	and	Euptelea.	The	sequence	logo	indicates	the	most	

conserved	bases	at	each	position.	The	numbers	correspond	to	each	paralog	of	trnI-CAU in	(A).	(C)	

Predicted	secondary	structures	for	the	three	trnI-CAU sequences	of	Lamprocapnos.	The	

substitution	sites	are	highlighted	with	red	circles.	Asterisks	indicate	the	predicted	change	in	the	

D- and	T-stems	of	secondary	structures	resulting	from	nucleotide	substitutions.



Figure	S3. Nucleotide	sequence	alignment	of	Lamprocapnos accD from	complete	and	partial	

copies.		

ATGGAAAAGGAAAAACAGTGCTTCAATTCGTCTAAGGGGGGGGTAGAACGCAGGTGTAGGCTAAGTCAATCCAGGGCTAATGGTGATGGCGCCGGGTGTGAGATTGGGGATTCCTCGGATTTGACTATTGAGAAACT

TATGAAGGCATATCTTATTTTTCTACAACAAACCCTTCTTACACCCCATTCCATTTCAAACAGTAACGACAGTGACGTCGAAACTCTAGGCCTAAATAATAGTGAAAGCGA- - - - - - GAATTCCACTAGTAC- - - - A

AATGGAAGTGAAGACGGCGAGAATTCTATCGATCCTAGCGGTCCTGATAGTCTAAGTAAATACAGTCATTTGTGGGTTCAATGCGAAAACGAAAAGTGTAATGGATTAAATTATAAGAAATATTTTATGGAAAGACT

GAATGTTTGTGAACACTGTGGAGAACATTTGAAAATGACTAGTTCAGAGAGAATCGAACTTTCGATTGATCCGGGCACTTGGGATCCTATGGATGAAGACATGGCTTTAGACCCTAT - TATCATTGCATTTCTTTCA

GAGTCCGTGGAGGCAGAAGAGACAGGGGTAGGGGAAGAGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAGAGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAGAGAAAGTCGAGATAGA

GGTAGGGGAAGAGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAGAGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAGAGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAG

AGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAGAGAAAGTCGAGATAGAGGCAGAAGAGACAGAGGTAGGGGAAGAGAAAGTCGAGGCAGAGGGGATAGAAGCAGAGGAGGCGGAGGAACCTTATGAA

GACCGCCTCGTTTCTTCGAAAAAAGAGACAGGGTTAGCCGAGGCTGTTGAAACAGGCATAGGTCAAATAAACGGTATTCCCATAGCATTTGGGGTTATGGATTTTCGGTTTATAGGGGGCAGTATGGGATCCGTAGT

AGGCGAGAAAATAACCCGTTTGATCGAATATGCTACGAATCGATCTCTGCCTCTTATTATAGTATGTGCTTCCGGAGGAGCGCGCATGCAAGAAGGAAGTTTGAGCTTGATACAAATGGCTAAAATATCTTCTGCTT

TATATAATTATCAATTAGAAGAAAATGCATTCTATATATCAATCCTGACATCTCCTACAACCGGTGGAGTGACAGCTAGTTTTGGTATGTTGGGAGATATCATTATTGCCGAACCGCGTGCTTACATTGCATTTGCG

GGTAAAAGGGTAATTGAAGAAACATTGAAGATAGAAGTACCCGAAGGAATACAAGTGACTGAGAATTTATTCGAAAAGGGTTTATTGGACCTAATCGTAGAACGTAAGGATTTAAAAGATGTTCTGAGTGAGTTATT

TCAGCTTCACGGTTTCGTTCCCTTGAATCAAAATTCAAATTAG

TAAAAAATAGTGAAAGCCACAATTTAAATTAAACTAGCACAAAAA

AAAGGAAGTGAAGACGGCGAGAATTCTATCGATCCTAGCGGTCCTGGTAGTATGAGTAAATAAA- - - A- - - - - - - CTTCAGTGCGAAAACGAAAATTGTTATGGATTCAATTCTAAGAAAGTTTTTATGGAAAGACT

GA- - - - - - GTGAACACTGTAGAGAACATTTGAAAATGAC - - - - - CA- - - - - AATCGAACTTTCGATTGATCCGGGCACTTGGAATCCTATGGATGAAGGCATGGCTTTAGACCCTATATATCATTGCATTTCTTTCA

GAGTCCGGGGAGGTAGCGAAAGCAGAGGTCGGGGCAGAGAAAGTCTAGAT
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Figure	S4. Amino	acid	sequence	alignment	of	the	plastid-encoded	accD of	Lamprocapnos with	

three	copies	from	related	species	belonging	to	Coreanomecon, Papaver,	and Euptelea.	

MEKEKQCFN SSKGGVERRCRL SQ SRAN- - - - GDGAGCE- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - IGD SSDLTIEKLMKAYLIFL- - - - - - - - - - - QQTLLT- - - - - - - - - - - PH SI SN SND SD- -

- - - - - - - - - - - - - - - - - - - - - - - - - VETLGLNN SE SEN ST S- - - - - - - - - - - - - - - TNG SEDGEN SIDP S- - - - - - - - - - - - - GPD SL SKY SHLWVQCENEKCNGLNYKKYFMERLNVCEHCGEHLKMT SSERIEL

SIDPGTWDPMDEDM- ALDPIIIAFL SE SVEAEETGVGEEKVEIEAEETEVGEEKVEIEAEETEVGEEKVEIEVGEEKVEIEAEETEVGEEKVEIEAEETEVGEEKVEIEAEETEVGEEKVEIEAEETEVGEEKVEI

EAEETEVGEEKVEAEGIEAEEAEEPYEDRLV SSKKETGLAEAVETGIGQINGIPIAFGVMDFRFIGG SMG SVVGEKITRLIEYATNR SLPLIIVCA SGGARMQEG SL SLIQMAKI SSALYNYQLEENAFYI SILT S

PTTGGVTA SFGMLGDIIIAEPRAYIAFAGKRVIEETLKIEVPEGIQVTENLFEKGLLDLIVERKDLKDVL SELFQLHGFVPLNQN SN

MEKRWFH SMLFNEELKHR SGL SK SMD SLGPIENTCG SEDPVIYDRDKNID SGDD SDN SSANNMDTFFDVRDIR SLI SDDIFLVRDRNGN SY SIYFNIENFIFEIDNDR SFMNELE SSF- - - - - Y SYLNNG SQ SDNH

YYDRYMYDTQY SWNNHIFNCID SYLR SEI SIDNYI SGD SYNY SD SYMY SYICNE S- VN SSDNE SSSIRI STNR SDFNMRRRYNDLDINKKYRHLWVQCE S- - CYGLNYKKFFK SKLNVCEQCGYHLKM SSSDRIEL

SVDPGTWDPMNEDMV SMDP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - IEFH SEEEPYKDRID SYQRKTGLTEAIQTGIGQLNGIPIAIGVMDFQFMGG SMG SVVGEKITRLIEHATRKALPLIIVCA SGGARMQEG SL SLMQMAKI SSA SYNYQ SNKKLFYV SILT S

PTTGGVTA SFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPDG SQAAEYLFHKGLLD SIVPRNPLK SVLGELFQLHGFFPLNQN SIK

MEKWWFN SMLFNEELKDRCGL SK SMD SLDPIENT SR SEDPVINDMDKNIY SWGD SD SS- - NNVDRLFGVRDIR SFI SDDTFLVRD SNGD SY SVYFDIENFIFEIDNDR SFL SELE SAF- - - - - Y SYLNNG SK SDNH

YYDRYMYDTQ SSWNNHIY SCID SYLR SEI SID SYI SSG SDNY SD SYMY SYICNE SVIN SSDNE SSSIRTNTNR SDFNMRRRYNDLDINKKYRHLWVQCEN- - CYGLNYKKFFK SKLNVCEQCGYHLKM SSSDRIEL

SIDPGTWDPMDEDMV SMDP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - IEFH SEEEPYKDRID SYQRKTGLTEAIQTGIGQLNGIPIAIGVMDFQFMGG SMG SVVGEKITRLIEYATQK SLPLIIVCA SGGARMQEG SL SLMQMAKI SSALYNYQ SNKKLFYI SILT S

PTTGGVTA SFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPDG SQAAEYLFHKGLLDPIVPRNPLK SVL SELFQLHGFFPLN

MEKWWFN SML SNGELEHRCRL SK SMD SLGPIGNT SG SEDPVINDMDKNIH SWGDND SSSCNNVDRFFGVRDIR SFI SDDTFLVRD SNGD SY SIYFDIENHIFEIDNDR SFL SELE SSF SSYLN SSYLNNG SK SDNH

YYDRYMYDTKY SWNNHIN SCID SYLR SEI SIE SSI SNG SDNY SD SYIY SYIC SE S- FN SSD SG SSGIRP STNG SDFNMRERYNDLDINKKYRHLWVQCEN- - CYGLNYKKFFR SKLNICEQCGYHLKM SSSDRIEL

SIDPGTWDPMDEDMV SMDP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - IEFH SEEEPYKDRID SYQRKTGLTEAVQTGIGQLNGIPIAIGVMDFQFMGG SMG SVVGEKITRLIEYATNR SLPVIIVCA SGGARMQEG SL SLMQMAKI SSA SYNYQ SNKKLFYVPILT S

PTTGGVTA SFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPDG SQAAEY SFHKGLFDPIVPRNPLKGVL SELFQLHGFFPLNKN SLK
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Figure	S5. Results	of	RT-PCR	and	transmembrane	helix	prediction.	(A)	Lane	M:	SolGentTM 1	kb	

plus	DNA	ladder,	lane	1:	plastid	rbcL,	lane	2:	orf431,	lane	3:	plastid	accD,	lane	4:	orf431 +	the	

accD,	lane	5:	plastid	clpP,	lane	6:	negative	control.	For	the	plastid	clpP gene,	we	designed	a	PCR	

screen	that	specifically	targets	the	intron-containing	version,	which	is	expected	to	be	1,968	bp in	

size,	as	an	alternative	control	and	mRNA	of	clpP product	must	be	627	bp in	size.	If	the	RNA	

sample	has	genomic	DNA	contamination,	two	different	sizes	of	results will	be	obtained.	(B)	

Prediction	of	transmembrane	helices	for	orf431.	Red	lines	indicate	transmembrane	regions;	blue	

lines	indicate	intracellular	regions;	and	pink	lines	indicate	extracellular	regions.	The	vertical	axes	

indicate	the	probability	of	transmembrane	helices,	and	the	horizontal	axes	indicate	amino	acid	

sequences.	
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Figure	S6.		Characterization	of	the	coiled-coil	domains	within	the	plastid-encoded	accD genes	

from	Lamprocapnos,	Coreanomecon, Papaver,	and Euptelea.		COILS	predicted	coiled-coil	

regions	between	the	two	conserved	domains,	with	a	high	probability	of	coiled-coil	formation	

obtained	in	scanning	windows	of	14,21,	and	28	residues.



Figure	S7. Amino	acid	sequence	alignment	of	the	plastid-encoded	ycf1 of	Lamprocapnos with	

three	copies	from	related	species	belonging	to	Coreanomecon, Papaver,	and Euptelea.
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Figure	S8. Characterization	of	the	coiled-coil	domains	of	the	ycf1 genes	from	Lamprocapnos,	

Coreanomecon, Papaver,	and Euptelea.		COILS	predicted	coiled-coil	regions	between	the	

conserved	domains,	with	a	high	probability	of	coiled-coil	formation	obtained	in	scanning	

windows	of	14,21,	and	28	residues.



Figure	S9. Correlation	of	the	nonsynonymous	and	synonymous	substitution	rates	of	the	

plastid-encoded	genes.
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Figure	S10. Nonsynonymous	and	synonymous	divergence	was	plotted	against	genomic	

positions.		The	vertical	lines	indicate	the	14	breakpoints	predicted	by	Mauve.	
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Figure	S11. Gene	transfer	of	plastid-encoded	rps15.		(A)	Nucleotide	and	amino	acid	sequence	

alignment	of	the	rps15 of	Lamprocapnos,	Coreanomecon, Papaver,	and Euptelea.		The	black	box	

indicates	the	rps15 gene	region	annotated	in	a	previous	study27.	 The	red	box	indicates	a	

conserved	domain	of	ribosomal	protein	S15.		(B)	Nucleotide	and	amino	acid	sequences	of	the	

nuclear-encoded	rps15 gene	from	Papaver.		Green	boxes	indicate	plastid	transit	peptides	(TP)	

predicted	using	TargetP.		The	red	box	indicates	a	conserved	domain	of	ribosomal	protein	S15.
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Figure	S12. Assay	results	using	primers	designed	to	amplify	11	regions.	Lane	M	contains	the	

SolGentTM 1	kb	plus	DNA	ladder,	and	lanes	(1-11)	correspond	to	the	numbers	of	the	11	PCR	

amplicons	on	Figure	3A	or	3C.
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Table S1. Comparison of Papaveraceae plastome organization. 

 
Lamprocapnos 

spectabilis 

Papaver 

somniferum  

Coreanomecon 

hylomeconoide 

Genome size (bp) 188,754 152,931 158,824 

LSC length (bp) 83,341 83,029 86,916 

SSC length (bp) 1,645 17,920 18,538 

IR length (bp) 51,384 25,991 26,685 

Number of different genes 113 112 113 

protein genes (duplicated in IR) 79 (18) 78* (6) 79 (6) 

tRNA genes (duplicated in IR) 30 (11) 30 (7) 30 (7) 

rRNA genes (duplicated in IR) 4 (4) 4 (4) 4 (4) 

introns 21 (7) 21 (5) 21 (5) 

Dispersed repeats (bp) 4672 180 0 

Tandem repeats (bp) 3085 1037 1145 

GC content (%) 39.2 38.9 38.7 

*Although rps15 of Papaver somniferum is annotated in GenBank as an intact gene, new analysis 

suggests it is a pseudogene. 

 

 

 

 

 

 

 

 

 

 

 



Table S2. NCBI accession numbers for length variation in the plastid accD and 

ycf1 genes. The numbers “1”, “2”, and “3” represent hotspot regions of the ycf1 

gene. 

Taxon Abbreviation accD ycf1 (1 & 2) ycf1 (3) 

Lamprocapnos spectabilis DA1 MG873493 MG873488 MH319712 

 DA2 MG873494 MG873489 MH319713 

 DA3 MG873495 MG873490 MH319714 

 DA4 MG873496 MG873491 MH319715 

 DA5 MG873497 MG873492 MH319716 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Log likelihood scores used in likelihood ratio tests to test the fit of 

model H1 (dN/dS values not constrained in the branch leading to Lamprocapnos) 

to H0 (universal dN/dS values across entire tree). Bold font indicates a significant 

correlation with p < 0.05. 

Gene dN/dS lnL H0 lnL H1 2*(H1-H0) p-value d.f. Bonferroni 

clpP 1.6851 -1573.931947 -1562.883224 22.097446 2.59E-06 1 0.000013 

rpl23 1.5616 -498.330765 -495.151309 6.358912 0.01167931 1 0.05839655 

rpl36 1.4913 -203.935608 -197.536676 12.797864 0.000347015 1 0.001735077 

ycf2 1.2231 -12403.26176 -12391.28393 23.955656 9.86E-07 1 0.00000493 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4. Primers used for confirming rearrangements. 

PCR 

set 
Forward Sequence (5'->3') Reverse Sequence (5'->3') Expected size (bp) 

1 22632F TGCTACTGCACTGTTCATTTTAGT 19685R TATCCGAAGCGAGTTTTCAAGAGA 2948 

2 9959F CTTGCCTATTCTTACCGGTTTTCC 6701R AGTACCTCGTATTTTACCCTCTGC 3259 

3 849F TATTTTATTCCTCACGCCCAGGAT 86049R GATCTCTTCCTTCTCTTCGGGATC 2557 

4 83582F ATTCTTTCGTGGATTGGGTTTCAC 86049R GATCTCTTCCTTCTCTTCGGGATC 2468 

5 86026F GATCCCGAAGAGAAGGAAGAGATC 88568R TTTCGTAGTAGCCTCATTAGACCG 2543 

6 90606F AAGGTATTGACGGGGATTCTCAAA 94044R GAATGGGGTGGGGTATTAGCATAT 3439 

7 96125F GAAGCTTTTCTGATGGTATGCCTC 99312R CCTGGAAGGGACAAAAGAAACATC 3188 

8 104492F GGCTGTTGGATCAAATGACAAAGA 106108R TCAAGAATTAGGGCCTCACAATCA 1617 

9 116489F AATTAGAGGCTGCTAACAAAGGGA 118142R TGACCAATGAACCAACCAACAAAA 1654 

10 134035F CAACACCATTCGTAATTCCACCAA 136418R ACTCTGTCTGCTGCCCTATTATTC 1426 

11 136438F AATAATAGGGCAGCAGACAGAGTC 134035F CAACACCATTCGTAATTCCACCAA 1474 

 

 

 

 



Table S5. Primers used to test plastid-encoded accD, ycf1, orf431 and three trnI-CAU genes. The numbers “1”, “2”, and “3” 

after each ycf1 primer represent hotspot regions of the ycf1 gene. The numbers “1”, “2”, and “3” after each trnI primer represent 

paralogs correspond to the numbers of trnI-CAU in supplementary Figure 2. 

PCR set Forward Sequence (5'->3') Reverse Sequence (5'->3') 

RT-PCR rbcLF GTCACCACAAACAGAGACTAAAGC rbcLR TGATCTCCTTCCATACCTCACAAG 

 orf431F AACACCCAAATCACATCGGTAATC orf431R TGCCTAAGAAAAGAGCTTTCCGTA 

 accDF TGGAAAAGGAAAAACAGTGCTTCA accDF CCTTACGTTCTACGATTAGGTCCA 

 clpPF ATTCCAAAAGTAGCCTTTCGCATT clpPR TTCATGGAGTCTCAAGATTCTCGC 

ycf1 ycf1_1&2F CTAGAAAGGGGGTCTCTTGATCTG ycf1_1&2R CGTATGGAGTACTATCCCACAGTT 

 ycf1_3F ATATTGAGGCCTGGATCACTATGG ycf1_3R TAGGTTTTTGAATGTCTGATCCGC 

trnI-CAU trnI_1F CTTGTGCATTAGGAAACCAGCTAC trnI_1R ATGTGAGTGAAAGATCCCATGGAA 

 trnI_2F AAACCAGCTACCCATTCGTTATCT trnI_2R TCGATTGATCCACGATCTAATTCT 

 trnI_3F TCTCCAACCATAACCAAACACTTT trnI_3R CAATTCCCGCCCAAATTTCTATGA 

 


