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SI Materials and Methods 

GC content, codon usage, and amino-acid usage. The analyses of gene-by-gene GC 
content in Fig. S5 and gene-wide GC content and codon usage in Table S5 were 
performed on the two Balanophora plastomes and plastid, mitochondrial, or bacterial 
genomes from 28 other taxa (no AT-rich nuclear genomes were analyzed because of 
their incompleteness and large sizes). These taxa were selected as follows (see Table 
S12 for full names and accession numbers): Zinderia has the most AT-rich bacterial 
genome sequenced, Carsonella is 2nd-most AT-rich, and Nasuia is 3rd-most excluding 
other Carsonella isolates. All three bacteria have highly reduced genomes and are 
obligate intracellular symbionts of insects. The mitochondrial genome of the yeast 
Nakaseomyces is the most AT-rich genome described to date in any organism. The 
yeast Saccharomyces cerevisiae YJM1447 has the most AT-rich of the many 
sequenced and annotated Saccharomyces mitochondrial genomes. Rozella has the 
most AT-rich mitochondrial genome in fungi apart from the yeasts. The insect Diadegma 
has the most AT-rich animal mitogenome and 3rd-most overall. Radopholus has the 
most AT-rich nematode genome. Monosiga, Ichthyophthirius, and Acrasis have the 
most AT-rich “protist” genomes and represent three different phyla. The four 
apicomplexans possess the most AT-rich and fully sequenced plastomes from each of 
four phylogenetically disparate genera of the group. The nine most AT-rich, non-
apicomplexan plastomes are from species whose full-plastome GC content is less than 
24%; all but one of these plastomes (that of Bulboplastis) are from non-photosynthetic 
organisms. The other five plastomes are from all available non-photosynthetic 
organisms whose full-plastome GC content is between 24% and 30% (many 
photosynthetic plastomes are also in this GC range). 

GenBank accession numbers of B. laxiflora mitochondrial genes assembled in this 
study and employed in codon-usage analysis are MK144465-MK144474. Balanophora 
fungosa nuclear sequences used for this purpose are from GenBank (JQ613229, 
JQ613232, JQ613242, JQ613262, JQ613269) and the 1KP database (scaffolds STKY 
0018172, 0079935, 0095611, 0104504, 2000678, 2000811, 2001013, 2002472, 
2002620, 2002847, 2003209, 2003887, 2003966, 2004417, 2005545, 2005849, 
2006043, 2006503, 2007049, 2007203, 2007307, 2007505, 2007706, 2007890, 
2008143, 2008354, 2008508, 2008673, 2008894, 2009559, 2010082, 2010496, 
2010783, 2011060, 2011423, 2011655, 2011904, 2012280, 2012406, 2075101, 
2075212, 2075289, 2075967, 2076149, 2076342, 2076680, 2077455, 2077652, 
2077741, 2078058, 2078082, 2078577, 2078768, 2078866, 2078885, 2078962, 
2079157, 2079236, 2079392, 2079434). 

Transcript analysis. Total RNA was extracted from B. laxiflora developing female 
inflorescence tissue using Concert Plant reagent (Invitrogen, Carlsbad, CA, USA). 
Eleven B. laxiflora plastid genes were sufficiently GC-rich to enable design of effective 
PCR primers (Tables S10A and S11C). Complementary DNAs (cDNAs) were 
generated for these genes by RT-PCR amplification and sequenced using the Sanger 
method and the primers listed in Table S10. 

To ensure that RT-PCR products were derived from RNA and not genomic DNA 
contamination, several controls were devised using RNA and DNA templates with 
various applications of RNase, DNase, and/or reverse transcriptase as in (1). In the 
case of DNA controls, total DNA was treated with RNase A. In the case of RNA controls, 
total RNA was treated with DNase I. Both DNase-treated RNA and RNase-treated DNA 
were used for cDNA synthesis reactions using the Maxima First Strand cDNA Synthesis 
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Kit following the manufacturer’s protocol (Thermo Fisher Scientific). One µg of template 
RNA was used from the sample treated with DNase I as measured by a Qubit 
Fluorometer using the Qubit RNA BR Assay Kit (Thermo Fisher Scientific) with a 
corresponding volume taken from the sample treated with RNase A. RNA digestions 
were performed in solution with 300 µg RNase A at 37°C for one hour and subsequently 
purified using the DNeasy Spin Column (Qiagen). DNase digestions were performed 
following Appendix C of the RNeasy MinElute Clean-up Handbook (Qiagen). PCR 
amplification of single-stranded cDNA was performed using DreamTaq Green PCR 
Master Mix, with primer molarity of 0.5 µM and template concentration of 0.2 ng/µl. 
Thermal cycling parameters varied widely (Table S11) due to the extreme A+T content 
of most genes, which required substantially lowered melting and extension 
temperatures in most cases (2). Gel electrophoresis was performed on all amplified 
products using a 1.5% agarose gel containing 0.5X SyberSafe dye (Life Technologies). 

As an additional source of Balanophora cDNA sequences, the B. fungosa 
transcriptome assemblies from the 1KP project (http://www.onekp.com/
public_data.html) were used as queries in BLASTn (E-value = 1e-10) searches against a 
database of 626 plastomes, including the Balanophora plastomes from this study. 

Microscopy. For light microscopy, sections of basal floral bracts, inflorescence stalks, 
and tubers from B. yakushimensis were stained with either Sudan black or iodine 
solution. The Sudan-black solution contained 0.3% Sudan black dissolved in 70% 
ethanol; tissues were stained for 10 minutes at room temperature and washed with 
distilled water. The iodine solution consisted of 2% KI and 1% I2; tissues were stained 
for 5 minutes without washing. For transmission electron microscopy, basal bract 
tissues of B. laxiflora and B. yakushimensis were fixed with 2.5% glutaraldehyde in 0.1 
M sodium phosphate buffer (pH 7.0) at 4°C for 24 hours. After three 20-min buffer 
rinses, the samples were post-fixed in 1% OsO4 in the same buffer for 4 hours at room 
temperature and then rinsed in three 20-min buffer changes. Samples were first 
dehydrated in an ethanol series and then treated with propylene oxide, embedded in 
Spurr's resin, and sectioned with a Leica EM UC6 or UC7 ultramicrotome. The resulting 
sections, of 70-90 nm thickness, were stained with uranyl acetate and lead citrate. 
Sections were observed using a FEI Tecnai Spirit Transmission Electron Microscope at 
80 KV and photographed using a Gatan Orius CCD camera. 

SI Results 

The extraordinarily divergent ycf2 gene. In all respects, the most divergent gene in 
Balanophora plastomes is ycf2. This ca. 750-bp ORF is remarkably shrunken compared 
to all other annotated ycf2 genes (of typically 5,100-6,900-bp length) owing to 
numerous large deletions across its length (Figs. S4, S12, and S13). YCF2 is only 52% 
identical between B. laxiflora and B. reflexa, making it the most sequence-divergent 
protein encoded by Balanophora plastomes (Table S2, Figs. S4, S12, and S13). At 
2.5% and 2.2% GC in B. laxiflora and B. reflexa, respectively, ycf2 is also the most AT-
rich gene in Balanophora. Remarkably, GC content in the two ycf2 genes is almost two 
times lower than in intergenic and intronic regions of their respective plastomes (Table 
S1). Because our analyses of Balanophora ycf2 indicate that it is by far the most 
unusual form of the gene ever reported as likely functional, we present an extended 
discussion of its annotation and potential functionality in the context of what is known 
from other plants. 
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First, ycf2 is located between rpl2 and rps7 in Balanophora, exactly where it 
should be given that gene order is highly conserved between Balanophora and the 
much larger plastomes of photosynthetic angiosperms (Fig. S1). Thus, although it is 
highly shrunken and divergent in sequence, this ORF is likely to be ycf2 in terms of 
synteny. 

Second, despite its extreme length, base-compositional, and sequence 
divergence, Balanophora ycf2 contains two of three putatively functional motifs 
identified as conserved between land plant YCF2 and the CDC48 family of ATPases 
(3). The three recognized motifs constitute the only hint of a clue as to the function of 
the enigmatic ycf2, the largest and most poorly conserved plastid gene, but an essential 
one (4) thought to have been acquired by the plastome in the common ancestor of land 
plants (5). These motifs are marked on the YCF2 multiple sequence alignments shown 
in Figs. S4 and S12. Although Walker motif A is likely absent, Walker motif B is present 
in Balanophora and corresponds to a putative nucleotide-binding site. The so called 
“DPAL” motif is also present in Balanophora. Although there is no assigned role for this 
motif, it was identified as of probable functional importance through its evident 
homology to the CDC48 family (3). These two motifs that are present in Balanophora 
YCF2 also correspond to the two best-conserved regions of the entire YCF2 protein of 
land plants (Fig. S4). 

Third, the extraordinary divergence and AT-richness of Balanophora ycf2 is 
entirely in keeping with what’s known about this gene in many other plastid genomes; 
the Balanophora case is simply more extreme. The exceptional nature of ycf2 was first 
recognized in 1991 (6) when only two ycf2 sequences were available, from the 
angiosperm Nicotiana and the bryophyte Marchantia. This prescient paper showed that 
at 17.9% GC, ycf2 is the most AT-rich gene in the Marchantia plastome and that it 
shares only local homology to Nicotiana. A 1994 analysis (7) of the five ycf2 sequences 
then available (from Marchantia and four angiosperms) extended these conclusions, 
showing that indel rates are extremely high in YCF2, with gaps occurring at 39% of 
alignment positions despite little variation in overall protein size (2109-2280 residues), 
and that amino-acid identity between Marchantia and the angiosperms is extremely low 
(27% overall) and barely greater than expected for random sequences over the first 
1000-1500 residues of the protein. These observations led to the conclusion that the 
protein is under selective constraint in spite of its high divergence and AT bias (7). 
Thus, if any plastid gene could be expected to be as divergent and AT-rich as the 
Balanophora ORF, it is ycf2. 

Fourth, although ycf2 is extraordinarily AT-rich in Balanophora, there is evidence 
for weak purifying selection operating on it within the genus (dN/dS = 0.82 for the 
alignment shown in Fig. S4). Although this is the highest dN/dS for the Balanophora 
plastome genes, weak constraint on ycf2 is typical in land plants (8-12). Furthermore, 
given its nearly 98% AT composition, if Balanophora ycf2 wasn’t under selective 
constraint, it should be riddled with stop codons and frameshifts as is expected for 
pseudogenes and non-coding DNA, in general. This expectation is met for non-coding 
plastome DNA in Balanophora as the 751 bp of spacer and intronic DNA in B. laxiflora 
contains an average of 27 stop codons across the six potential open reading frames 
(most are TAA codons, of course) (Table S4). In contrast, there is but a single canonical 
stop (an in-frame TAG in B. reflexa ycf2) in the 750 and 771 bp of Balanophora laxiflora 
and B. reflexa ycf2 sequence, respectively. This single TAG codon, as explained in the 
main text, does not function as a stop codon but has been reassigned in the 
Balanophora plastome to encode Trp. Thus, in spite of the relatively high dN/dS 
estimate, ycf2 in Balanophora is likely functional. 
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These four sets of considerations lead us to conclude that the Balanophora 
plastome contains an extraordinarily divergent but likely functional ycf2 gene. Although 
the roughly 8-fold shrinkage of ycf2 in Balanophora, is at first reaction very surprising, 
this must be viewed in the perspective of its plastid genome overall. As shown in Fig. S4 
and Table S1, almost all Balanophora plastid protein genes are shorter than normal, 
with accD, ycf1, and rps18 ranging from 38 to 53% shorter than homologs in Schoepfia, 
a hemiparasitic relative of Balanophora. Viewed this way, Balanophora ycf2 is simply 
the most extreme point on a more-or-less continuum of divergence in length, sequence, 
and base composition, within this highly aberrant plastome. 

Stop codon and TGG usage in the Cytinus plastome.  We analyzed the published 
genome of Cytinus hypocystis [GenBank # KT335971, (13)] and found that its 16 protein 
genes all use TAA as a stop codon, i.e., there are no TAG- or TGA stops in this 
plastome (Table S8). Inspection of amino-acid alignments revealed, in stark contrast to 
the Balanophora situation, an absence of internal TAG (or TGA) codons and the 
presence of 22 internal TGG codons, all but one of which are located at sites at which 
TGG (tryptophan in the canonical code) is present in most or all of the diverse land 
plants in the alignments (Table S8). Therefore, as described in the main text, Cytinus 
appears to still use TGG as a Trp codon despite possessing the antecedent condition 
for a code change in which TAG (or TGA) has been reassigned from stop to Trp.  
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accD clpP ycf1 ycf2 rps2 rps3 rps4 rps7 rps11 rps12 rps14 rps18 rps19 rpl2 rpl14 rrn4.5 rrn16 rrn23 trnE CDS* Full 
length

Length (bp)
S. jasminodora 1,485 591 5,490 6,777 711 657 606 468 417 372 303 357 279 825 369 103 1,491 2,810 73 58,791 118,743
B. laxiflora 894 600 2,943 750 558 624 588 429 372 366 210 171 249 750 357 88 1,474 2,930 75 9,861 15,505
B. reflexa 951 606 2,691 771 549 624 525 408 372 372 204 165 219 768 345 90 1,573 3,052 71 9,570 15,507

 % reduction† 37.9 - 48.7 88.8 22.2 5.0 8.2 10.6 10.8 0.8 31.7 52.9 16.1 8.0 4.9 13.6 - - - 83.5 86.9
GC content (%)

S. jasminodora 34.8 40.6 30.4 37.0 37.7 33.9 39.1 40.2 44.1 41.4 42.2 34.2 34.8 43.0 37.1 53.4 56.5 55.0 57.5 38.0 38.1
B. laxiflora 17.6 19.7 4.9 2.0 4.8 5.6 9.0 5.4 11.8 20.2 8.1 4.1 6.4 14.3 10.4 13.6 24.0 19.9 29.3 8.9 12.2
B. reflexa 16.2 19.5 5.2 2.2 4.0 5.0 6.1 4.9 11.6 19.6 6.9 4.2 7.3 13.9 10.4 10.0 21.0 18.6 31.0 8.7 11.6

Table S1. Length and GC content of plastid genes in Balanophora and Schoepfia 

*CDS: Protein coding sequences. Note that these values exceed the actual total number of protein-coding nucleotides in these plastomes as a consequence of 
gene overlaps (see main text and Table S4).
†(1 - (average length of Balanophora/length of Schoepfia)) x 100%. Dashes indicate the three genes that are larger in Balanophorathan in Schoepfia.



accD clpP ycf1 ycf2 rps2 rps3 rps4 rps7 rps11 rps12 rps14 rps18 rps19 rpl2 rpl14 rrn4.5 rrn16 rrn23 trnE

% nucleotide identity 93.6 93.5 80.2 75.2 79.9 86.5 81.7 85.8 90.2 93.1 79.8 88.1 91.4 88.6 91.2 94.1 90.5 87.9 95.8

% amino acid identity 89.6 89.5 62.4 51.7 65.7 72.7 68.2 75.2 82.0 90.0 56.1 77.4 82.9 80.4 82.5 - - - -

Pairwise dN
† 0.06 0.05 0.22 0.32 0.22 0.14 0.20 0.15 0.07 0.05 0.23 0.11 0.08 0.09 0.08 - - - -

Pairwise dS
† 0.40 0.49 0.50 0.39 0.43 0.30 0.28 0.30 0.35 0.52 0.36 0.31 0.25 0.77 0.20 - - - -

Pairwise dN/dS 0.14 0.09 0.44 0.82 0.52 0.48 0.72 0.49 0.20 0.09 0.65 0.38 0.32 0.11 0.40 - - - -

*Gaps were excluded from all identity calculations.
†TAG codons were excluded from the dN and ds calculations.	

Table S2. Plastid gene divergence between B. laxiflora and B. reflexa*



Gene B. laxiflora B. reflexa B. laxiflora B. reflexa
accD ATG ATG TAA TAA 
clpP ATG ATG TAA TAA 
rpl14 ATG ATG TAA TAA 
rpl2 ATG ATG TGA TGA
rps11 ATG ATG TAA TAA 
rps12 ATG ATG TAA TAA 
rps14 ATG ATG TAA TAA 
rps18 ATG ATG TAA TAA 
rps19 ATG ATG TAA TAA 
rps2 ATG ATG TAA TAA 
rps3 ATG ATG TAA TAA 
rps4 ATA ATT TAA TAA 
rps7 ATG ATG TAA TAA 
ycf1 ATG ATG TAA TAA 
ycf2 ATG ATA TAA TAA 
*non-ATG start codons and non-TAA stop codons are in bold.

Start codon* Stop codon*

Table S3. Annotated start and stop codons in Balanophora plastomes



Region Size* %GC Note Sequence
(bp) 1 2 3 –1 –2 –3

B. laxiflora
rrn4.5-ycf1 219 7.8 9/1/0 7/1/0 6/0/0  8/1/2 7/0/0 1/1/0 AATTAAAATAATAATATACTATATGTTTTATTATATATTTTGGTATTTTAA

AAATAAAAAATATACATTAAAAAATAAAAATCTATTTCAAATTAAATGG

TAAAAATTTATTATATATAATTATTATATAATTAAAAAAATAATTTAATATC

AAAATTATAAATACTTTTAGTATAGTATAAAATAATAAAAAGGAGGTTA

ATAATTTAAAAAATAAAA

ycf1-rpl14 (14) - gene overlap - - - - - -

rpl14-rps2 1 0.0 - - - - - - T

rps2-trnE 12 0.0 0/0/0 0/0/0 1/0/0 0/0/0 1/0/0 1/0/0 ATTTTTAATTAT

trnE-rps14 20 0.0 1/0/0 0/0/0 0/0/0 1/0/0 0/0/0 1/0/0 TTTTATTTATATATATAAAT

rps14-rps4 (7) - gene overlap - - - - - -

rps4-accD 83 2.4 3/0/0 5/0/0 1/0/1 3/0/0 2/0/0 7/0/0 ATATTATTTATTTAATTAAATTAATAAATAATAAAAATAAATGATTATTCT

TTTTTATTAATTTTATTTAATTTTTTATTATT

accD-rps18 5 0.0 0/0/0 0/0/0 0/0/0 1/0/0 0/0/0 0/0/0 TTTTA

rps18-rps12_5' 164 6.7 trans-spliced

intron

excluded
‡

7/1/1 3/0/0 2/0/0 5/0/1 3/0/0 6/2/0 AATTAATTATAGTATTTAATATATATTTAATATTTAAAATCCAATATAAAA

TATATATTTTTCTTTTTGCTACTATAATATATTCATTTTTATTTTTTATAA

ACATAATAAATTTATATTATTATTTATAATTTATTTAAATTTTGAGTATTT

TTATAAATATT

rps12-clpP 13 0.0 1/0/0 1/0/0 0/0/0 2/0/0 0/0/0 0/0/0 TAATTTATAATTA

clpP-rps11 60 0.0 3/0/0 0/0/0 5/0/0 4/0/0 3/0/0 3/0/0 AATAATTAATATTTATTTAATAATTAATATTTATTTAATAATTAATATTTAT

TTATATTA

rps11-rps3 8 0.0 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0 1/0/0 TTATTTTT

rps3-rps19 3 0.0 0/0/0 - - 1/0/0 - - AAT

rps19-rpl2 (4) - gene overlap - - - - - -

rpl2-ycf2 23 0.0 3/0/0 0/0/0 0/0/0 0/0/0 1/0/0 0/0/0 TAATAAAAATAAATTATATAAAA

ycf2-rps7 2 0.0 - - - - - - AT

rps7-rps12_3' (8) - gene overlap - - - - - -

rps12_3'-rrn16 47 4.3 trans-spliced

intron

excluded
‡

3/0/0 1/0/0 1/0/0 1/0/0 1/1/0 2/0/0 TTATAAGAATTAAAAAAAAAAAATAAAACTATAAATTATTTTATAAT

rrn16-rrn23 63 1.6 1/0/0 3/0/0 0/0/0 5/0/0 1/0/0 5/0/0 TTTTTATTTTTTTTAAAAAATTAAATTATTATTATATTTATTATATTATTAA

TATTAAAATTC

rrn23-rrn4.5 28 3.6 2/0/0 0/0/0 2/0/0 2/0/0 1/0/0 0/0/0 TAATTATAAATTAAAAAAGATTTTAATA

B. reflexa
rrn4.5-ycf1 213 7.0 8/0/0 9/0/1 6/2/0 7/1/0  3/0/0 5/0/0 TTGATAAATAGAAGAATATATTTTAATATTTTAAAATATATAAAAAATAC

ATTAAATAAATTACTATTTTAAATTTAATGGTAAATATATATAATATTTAT

TATATAATTATTAAATAAAAAATAATATAATATTAAAGTAAATATATAAAC

TTATAGTATGTATTTAATTAATATAAAATTATAAAAAAAAAATTGGAGG

ATATAAAAAAAA

ycf1-rpl14 52 0.0 2/0/0 0/0/0 5/0/0 2/0/0 0/0/0 4/0/0 TATAATAAAAATTATTATTTTAAATTTAATATTTAATATTATTTTTAAAAA

T

rpl14-rps2 10 0.0 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0 1/0/0 AAATTTTATT

rps2-trnE 70 0.0 4/0/0 4/0/0 3/0/0 2/0/0 4/0/0 3/0/0 TTATAATTTTAAAAAATATTAATATTTTTAATATTAATTAATTAAAATAAA

ATATTTAAATTTTAAATAA

trnE-rps14 42 0.0 1/0/0 1/0/0 3/0/0 2/0/0 1/0/0 2/0/0 TTTTTTAAAATATTATATAATTTTAATTAATTTTTAATATAT

rps14-rps4 16 6.3 0/0/0 1/0/0 0/0/0 0/0/0 0/0/0 0/0/0 AAAAAACAAATAATAT

rps4-accD 92 5.4 4/0/0 8/0/1 0/0/0 3/0/0 1/0/0 7/0/0 TTAATATATTTATTATAATAAATTTAATTAATGATTATCCCTTAATTCTTA

TATATATTAAATATAATAATATATTATATAATATTAATAAA

accD-rps18 (15) - gene overlap - - - - - -

rps18-rps12_5' 178 2.8 trans-spliced

intron

excluded
‡

4/0/0 5/0/0 4/0/0 4/0/0 7/0/1 9/0/0 TATTTAATTTTTTATTAAATTTATTTATATTTTTTAATCCAATATAAAATAT

ATTAATATATTAATAAATATATATTTTATTTTGCTTTTATAATATTTTCATT

ATTTATTTAATTTATAAATTATTATAATATATATATATATATATAATTAATAT

TATTATATTTTTTTTATATTT

rps12-clpP (7) - gene overlap - - - - - -

clpP-rps11 27 0.0 0/0/0 0/0/0 2/0/0 0/0/0 0/0/0 2/0/0 AAAAATATATATAAATTTATTAAATAT

rps11-rps3 37 2.7 2/0/0 0/0/0 2/0/0 2/0/0 3/0/0 1/0/0 TTATTATAATATAATAATTAAATTATTATTGTATTAT

rps3-rps19 6 0.0 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0 TATTTT

rps19-rpl2 (4) - gene overlap - - - - - -

rpl2-ycf2 29 10.4 1/0/0 1/0/0 1/0/0 1/0/0 0/1/1 0/1/0 ATAGATATGAATATATATTAATTATTTAG

ycf2-rps7 (12) - gene overlap - - - - - -

rps7-rps12_3' (8) - gene overlap - - - - - -

rps12_3'-rrn16 53 1.9 trans-spliced

intron

excluded
‡

2/0/0 1/0/0 2/0/0 2/0/0 0/0/0 4/0/0 TTATAAGAAAAAATATATTATATATAAATATTAATTTATAAATTTTTATTAA

T

rrn16-rrn23 53 3.8 1/0/0 4/0/0 1/0/0 0/0/1 2/1/0 2/0/1 TTAATAAATAAAATTATTATTTTAAAATCATAAATAAAAAAAAATTTTCA

ATA

rrn23-rrn4.5 18 11.1 0/0/0 1/0/0 1/0/0 1/0/0 0/0/0 1/0/0 AATTTTAGGATTTTAATA

Table S4. Intergenic regions in Balanophora plastomes

Reading frame†

*
Numbers in parentheses are the lengths of gene overlaps.

†
The values are the number of in-frame TAA/TAG/TGA codons in the sequence shown in the rightmost column.

‡
The regions between rps18 and the 5’ exon of rps12 and between rrn16 and the 3’ exon of rps12 contain the two portions of the rps12 

trans-spliced intron. We conservatively (14) assigned as intronic the 150 bp of sequence in these regions that aligns between the two 
Balanophora plastomes and which abuts the 5’ and 3’ exons of rps12. Owing to indels, the actual lengths of the regions assigned as 
intronic range from 150 to 180 bp.



Group Genome

Genome† Protein 
coding

3rd pos. 
synony.

Balanophora laxiflora Angiosperm - holoparasite Plastid 3287 12.2 8.9 1.1 21
Balanophora reflexa Angiosperm - holoparasite Plastid 3190 11.6 8.7 1.2 20
Plasmodium falciparum Apicomplexan - parasite Plastid 7418 13.1 11.0 2.1 11
Zinderia insectifolia Proteobacterium Bacterial 62769 13.5 13.2 2.1 1
Babesia microti Apicomplexan - parasite Plastid 6976 14.1 12.1 2.3 7
Carsonella ruddii Proteobacterium Bacterial 51205 14.0 13.3 2.6 2
Eimeria tenella Apicomplexan - parasite Plastid 6891 18.6 15.4 2.8 1
Toxoplasma gondii Apicomplexan - parasite Plastid 6158 19.3 16.4 3.9 3
Diadegma semiclausum Animal - insect - parasite Mitochondrial 3709 12.6 16.3 4.4 4
Nasuia deltocephalinicola Proteobacterium Bacterial 43435 15.2 14.3 4.4 1
Monosiga brevicollis Choanoflagellate Mitochondrial 8323 14.0 22.1 4.9 4
Nitzschia spp. Diatom - nonphotosynthetic Plastid 15673 21.9 20.4 5.3 0
Ichthyophthirius multifiliis Ciliate - parasite Mitochondrial 12119 16.4 15.5 5.7 0
Acrasis kona Excavate Mitochondrial 14149 16.8 16.0 5.9 3
Choreocolax polysiphoniae Red alga - parasite Plastid 19129 20.5 22.7 5.9 1
Rozella allomycis Fungus - Cryptomycota Mitochondrial 1926 14.5 15.1 6.0 11
Radopholus similis Animal - nematode Mitochondrial 3376 14.6 15.3 6.8 10
Saccharomyces cerevisiae Fungus - yeast Mitochondrial 2218 14.1 24.5 7.9 11
Euglena longa Euglenid - nonphotosynthetic Plastid 10707 20.2 21.7 9.0 0
Nakaseomyces bacillisporus Fungus - yeast Mitochondrial 2193 10.9 23.8 9.2 19
Helicosporidium sp. Green alga - parasite Plastid 9724 26.9 25.0 10.3 0
Hydnora visseri Angiosperm - holoparasite Plastid 5708 23.7 20.4 10.8 1
Pilostyles hamiltonii Angiosperm - holoparasite Plastid 995 22.7 23.2 12.9 6
Cytinus hypocistis Angiosperm - holoparasite Plastid 2230 29.9 29.7 13.1 3
Bulboplastis apyrenoidosa Red alga - photosynthetic Plastid 41592 23.3 29.9 13.0 0
Pilostyles aethiopica Angiosperm - holoparasite Plastid 926 24.2 24.6 14.7 8
Cynomorium coccineum Angiosperm - holoparasite Plastid 5515 29.9 26.0 14.7 1
Monotropa uniflora Angiosperm - mycoheterotroph Plastid 5123 28.0 27.9 15.3 0
Thismia tentaculata Angiosperm - mycoheterotroph Plastid 1027 26.6 26.2 16.8 1
Polytoma uvella Green alga - nonphotosynthetic Plastid 13501 23.5 39.2 35.5 0

Table S5. GC content and codon usage for the 30 genomes analyzed in Fig. S5
Species* No. of 

codons‡
% GC content‡ No. of 

unused 

codons‡

*See Table S12 for strain number, accession number, and other information.
†The "genome" GC values include only one copy of the large, usually perfect repeats present in many plastomes, as these almost 
always contain rRNA genes, whose relatively GC richness will bias the full-genome GC values, especially for highly reduced 
genomes.
‡Protein gene duplicates were removed in the calculations for these three sets of values.



Amino 
acid Codon

Nicot. B. lax. B. ref. Nicot. B. lax. B. ref. Nicot. B. lax. B. ref.
Phe TTT 994 275 255 3.57 8.37 7.99 1.27 1.99 2.00

TTC 575 1 0 2.07 0.03 0.00 0.73 0.01 0.00
Leu TTA 904 304 289 3.25 9.25 9.06 1.83 5.77 5.80

TTG 605 2 1 2.17 0.06 0.03 1.22 0.04 0.02
CTT 644 7 7 2.31 0.21 0.22 1.30 0.13 0.14
CTC 231 0 0 0.83 0.00 0.00 0.47 0.00 0.00
CTA 397 3 2 1.43 0.09 0.06 0.80 0.06 0.04
CTG 189 0 0 0.68 0.00 0.00 0.38 0.00 0.00

Ile ATT 1119 288 284 4.02 8.76 8.90 1.44 1.33 1.30
ATC 479 0 1 1.72 0.00 0.03 0.62 0.00 0.00
ATA 727 363 368 2.61 11.04 11.54 0.94 1.67 1.69

Met ATG 665 33 29 2.39 1.00 0.91 1.00 1.00 1.00
Val GTT 543 8 13 1.95 0.24 0.41 1.43 1.19 1.73

GTC 199 1 0 0.72 0.03 0.00 0.52 0.15 0.00
GTA 569 18 17 2.04 0.55 0.53 1.49 2.67 2.27
GTG 213 0 0 0.77 0.00 0.00 0.56 0.00 0.00

Ser TCT 630 41 41 2.26 1.25 1.29 1.73 2.08 2.28
TCC 351 0 0 1.26 0.00 0.00 0.96 0.00 0.00
TCA 429 48 49 1.54 1.46 1.54 1.18 2.44 2.72
TCG 223 0 0 0.80 0.00 0.00 0.61 0.00 0.00
AGT 424 29 18 1.52 0.88 0.56 1.17 1.47 1.00
AGC 126 0 0 0.45 0.00 0.00 0.35 0.00 0.00

Pro CCT 448 26 27 1.61 0.79 0.85 1.52 2.26 2.51
CCC 223 1 0 0.80 0.03 0.00 0.76 0.09 0.00
CCA 345 19 16 1.24 0.58 0.50 1.17 1.65 1.49
CCG 161 0 0 0.58 0.00 0.00 0.55 0.00 0.00

Thr ACT 547 23 21 1.97 0.70 0.66 1.56 1.77 1.87
ACC 269 0 0 0.97 0.00 0.00 0.77 0.00 0.00
ACA 433 29 24 1.56 0.88 0.75 1.23 2.23 2.13
ACG 154 0 0 0.55 0.00 0.00 0.44 0.00 0.00

Ala GCT 632 17 13 2.27 0.52 0.41 1.77 2.34 1.86
GCC 252 0 0 0.91 0.00 0.00 0.71 0.00 0.00
GCA 404 12 15 1.45 0.37 0.47 1.13 1.66 2.14
GCG 141 0 0 0.51 0.00 0.00 0.39 0.00 0.00

Tyr TAT 791 304 321 2.84 9.25 10.06 1.60 1.97 1.97
TAC 199 5 5 0.72 0.15 0.16 0.40 0.03 0.03

TER TAA 51 14 14 0.18 0.43 0.44 1.56 1.87 1.87
TGA 23 1 1 0.08 0.03 0.03 0.70 0.13 0.13
TAG† 24 18 16 0.09 0.55 0.50 0.73 2.00 2.00

Trp TGG 496 0 0 1.78 0.00 0.00 1.00 0.00 0.00
His CAT 507 21 22 1.82 0.64 0.69 1.55 2.00 2.00

CAC 149 0 0 0.54 0.00 0.00 0.45 0.00 0.00
Gln CAA 735 44 42 2.64 1.34 1.32 1.49 2.00 1.95

CAG 249 0 1 0.89 0.00 0.03 0.51 0.00 0.05
Asn AAT 1052 488 447 3.78 14.85 14.01 1.53 1.99 1.99

AAC 327 3 2 1.18 0.09 0.06 0.47 0.01 0.01
Lys AAA 1106 568 567 3.97 17.28 17.77 1.48 1.98 1.99

AAG 389 6 4 1.40 0.18 0.13 0.52 0.02 0.01
Asp GAT 903 40 36 3.25 1.22 1.13 1.60 2.00 1.95

GAC 226 0 1 0.81 0.00 0.03 0.40 0.00 0.05
Glu GAA 1081 67 62 3.88 2.04 1.94 1.48 2.00 1.97

GAG 380 0 1 1.37 0.00 0.03 0.52 0.00 0.03
Cys TGT 234 23 22 0.84 0.70 0.69 1.46 2.00 1.91

TGC 86 0 1 0.31 0.00 0.03 0.54 0.00 0.09
Arg CGT 345 15 15 1.24 0.46 0.47 1.22 2.20 2.09

CGC 106 1 0 0.38 0.03 0.00 0.38 0.15 0.00
CGA 409 1 1 1.47 0.03 0.03 1.45 0.15 0.14
CGG 130 0 0 0.47 0.00 0.00 0.46 0.00 0.00
AGA 513 24 27 1.84 0.73 0.85 1.82 3.51 3.77
AGG 192 0 0 0.69 0.00 0.00 0.68 0.00 0.00

Gly GGT 587 40 41 2.11 1.22 1.29 1.25 1.67 1.78
GGC 211 0 0 0.76 0.00 0.00 0.45 0.00 0.00
GGA 752 55 50 2.70 1.67 1.57 1.60 2.29 2.17
GGG 328 1 1 1.18 0.03 0.03 0.70 0.04 0.04

†TAG is used as Trp in Balanophora plastomes.
*Red indicates values of zero.

Number of codons* Percent codon usage* Relative synonymous 
codon usage (RSCU)*

Table S6. Plastid codon usage in Balanophora and Nicotiana



Amino acid Nitrogen Energy cost†

atoms* B. laxifora Nicotiana

Phe 1 52.0 8.4 5.6
Leu 1 27.3 9.7 10.7
Ile 1 32.3 19.9 8.4
Met 1 34.3 1.0 2.4
Val 1 23.3 0.8 5.5
Ser 1 11.7 3.6 7.8
Pro 1 20.3 1.4 4.2
Thr 1 18.7 1.6 5.0
Ala 1 11.7 0.9 5.1
Tyr 1 50.0 9.4 3.6
His 3 38.3 0.6 2.4
Gln 2 16.3 1.3 3.5
Asn 2 14.7 15.0 5.0
Lys 2 30.3 17.5 5.4
Asp 1 12.7 1.2 4.1
Glu 1 15.3 2.0 5.3
Cys 1 24.7 0.7 1.2
Trp 2 74.3 0.6 1.8
Arg 4 27.3 1.3 6.1
Gly 1 11.7 2.9 6.7

N index§ 1.4 1.4

E index¶ 29.5 25.0

Table S7. Nitrogen usage and energy cost as a function of amino acid
frequency in the B. laxiflora and Nicotiana plastomes

% frequency‡

*Number of nitrogen atoms present in each amino acid.
†The energetic cost of synthesizing each amino acid, which ranges from 12 to 74 high-energy 

phosphate bonds (15).
‡Boldface indicates amino acids used at a higher frequency in B. laxiflora than in Nicotiana.
§The N index is the sum of the products of the number of nitrogen atoms in each amino acid and the

% frequency of that amino acid.
¶The E index is the sum of the products of the energy cost of each amino acid and the % frequency 

of that amino acid.



Gene Stop codon

Total Conserved*

clpP TAA 2 2
rpl2 TAA 2 2
rpl14 TAA 0 0
rpl16 TAA 3 3
rpl20 TAA 1 1
rpl22 TAA 0 0
rpl36 TAA 0 0
rps2 TAA 4 4
rps3 TAA 3 3
rps4 TAA 0 0
rps7 TAA 1 1
rps8 TAA 1 1
rps11 TAA 2 1
rps12 TAA 0 0
rps14 TAA 2 2
rps19 TAA 1 1

Table S8.  Stop and Trp codons in the 16 annotated and 
putatively functional protein genes in the Cytinis plastome.

# Trp codons

*Trp residues in Cytinus that are located at sites at which Trp is present in
most or all of the diverse land plants in the amino-acid alignments on which
this table is based.



Taxon Group Lifestyle Intergenic 
spacer (%)

Shrunken 
proteins

%GC

% overlap‡ No. of genes

Balanophora laxiflora angiosperms parasite 4.8 53.3 15 yes 0 12.2
Helicosporidium sp. green algae parasite 4.8 34.7 23 ? 1 26.9
Balanophora reflexa angiosperms parasite 5.8 66.7 15 yes 0 11.6
Cyanidioschyzon merolae red algae photosynthetic 5.9 40.0 197 ? 0 37.6
Babesia microti§ apicomplexans parasite 6.2 30.0 30 ? 0 14.1
Prototheca zopfii green algae parasite 6.6 10.5 19 ? 0 27.0
Cynomorium coccineum angiosperms parasite 7.2 22.2 18 ? 4 29.9
Sciaphila thaidanica angiosperms mycoheterotroph 8.1 78.6 14 ? 2 30.5
Hydnora visseri angiosperms parasite 11.6 23.5 17 yes 2 23.7
Dictyopteris divaricata brown algae photosynthetic 13.1 11.6 138 ? 0 30.7
Lepidodinium chlorophorum dinoflagellates photosynthetic 13.3 34.9 63 ? 3 34.6

§Babesia was selected to represent the many apicomplexan plastomes that meet our inclusion criteria. All other plastomes that meet these criteria
are included in the table.

Table S9.  Features of highly compact plastomes*
Overlapping protein 

genes†

No. of cis-
spliced 
introns

*Plastomes were included if they have ≥ 10% overlapping protein genes and/or ≤ 10% intergenic spacer DNA.
†We followed the standard practice for bacterial genomes and included only protein genes in the overlap analyses (overlaps with rRNA and tRNA 
genes are extremely rare). 
‡The percentage of all protein genes that overlap at one or both ends with another protein gene. 



Name Sequence

Blax accD 1F* ATGAATATTTGTGAACAATGTG
Blax accD 1R* AAAAGCTATATATGTATTTGGTTC
Blax accD 2F ATGTTTATAAAAAAATAGTATTTAAATTAT
Blax accD 2R CTTGGTACAATAATATCAAATATTC
Blax clpP 1F TCTTCAGCTTCAAGTATAAATTC
Blax clpP 1R* ATGCAATATATAAAACCTAATATACG
Blax clpP 2F* CAATTATACCATAATTTTTAGCTTC
Blax clpP 2R ATGCCCATAGGTATTCCT
Blax rpl14 1F* ATATTTTAATATAACTGATAATACAGG
Blax rpl14 1R TTTTTACTTTTTGGATTATTTTC
Blax rpl2 1F TTATAACCCTAAAAAGTAGATGG
Blax rpl2 1R ATTAGTAAAATCAGCAGGATG
Blax rps11 1F AAAATATCTCTACCAAAATTTAATC
Blax rps11 1R* GAAGTTATTTATTTTTCTTCTTCTG
Blax rps12-5' 1F GTCCTCAAAGAAAAGGAATTTG
Blax rps12-3' 1R ACCAAATTCTGCTTTACG
Blax rps12-3' 2R* CTCCATTTGTATCTAAAACACCTC
Blax rps3 1F TTTAATACTTTTTAATGGAATTTTAC
Blax rps3 1R ATGATAAATAAAATAAATCCAAT
Blax rps4 1F TAATGGATAATAAATTAAATATTTTGG
Blax rps4 1R* ATTTCAACAATTCCTGCATC
Blax rrn16 1F* TCAGGATTAACGCTTGTG
Blax rrn16 1R* TTATATTCACCACAGTATATCTTACC
Blax rrn23 1F AATATATAACATAAATCTAAAAATTTCC
Blax rrn23 1R TTTTTACCTATTATCTATCAATTATTC
Blax rrn23 2F AAAGTAAAAATATAAAAACAATTAGAAG
Blax rrn23 2R AATAATTTTATTACTTAATATTCTTTCAG
Blax ycf1 1F* GTATTATTTTTGGTTATTTTTTTAG
Blax ycf1 1R* TATCTTTATATTTTCTTGAACG
Blax ycf1 2R TAATATTTTAATTTTTATACCTTCC

Bref ycf1 F1 TTTTGGAAAAA ATATATACCTAATTT T
Bref ycf1 F2 GAACAA CAA GAA AAT GAG GAA
Bref ycf1 R1 AAAATTAGGTA ATATATTTTTCCAAA A
Bref ycf1 R2 TATATCATGATCAAAATCTGATTG
Bref rpl14 F1 TATTTTAATATAATTGATAATACAGGGA
Bref rpl14 R1 AATAATTGCAGTATTTTTACTATATTT
Bref rps4 F1 TAATGGATAATAAATAAAATAATTTGAA
Bref rps4 R1 TATTTCAACAATTTCTGCATCT
Bref rps18intron R1 GAAAATATTATAAAAGCAAAATAAAATAT
Bref accD F1 GTGAACCAAATACATATATAGCATT
Bref clpP R1 GAATTTTTATTAGAAGCTGAAGA
Bref rps11 F1 AACTTCTCCTATTAAATTAGTAAC
Bref rpl2 F1 CTATTTGGATCATATTCTATTGC
Bref rpl2 R1 TTACAAAAAAGGTAAAAATTCAT
Bref rpl2 F2 ATTTTTATGACCTATATTTCTATATTTTA
Bref rps19 R1 TGGAGGAGGTAAAGGAAA
Bref rrn16 F1 TTACTTTTCCACCTCTAACTAAAAC
Bref rrn16 F2 CGGATAATCAACCACACTGAGA
Bref rrn16 R1 TCATATCATAAGAGGTGTTTTAGA
Bref rrn16 R2 TCTCAGTGTGGTTGATTATCCG
Bref rrn23 1F1 GTCAAGTCATTATGCTCTTT
Bref rrn23 F2 AACATAAAATTAAAAATTCCCGAA
Bref rrn23 F3 AGTCAAGACTTAAGATTTATTCAAA 
Bref rrn23 1R1 CGATTTATCTACCTGTATTGG
Bref rrn23 R2 AATTTAGATTTTTTAGTATATATTAGCT
* Primers also used for B. reflexa plastome validation

Table S10. PCR primers used in this study 

A . Primers for B. laxiflora plastome validation and RT-PCR analysis

B. Primers for B. reflexa plastome validation



PCR temperatures 
(melt, anneal, extend)

A. Primers for B. laxiflora plastome validation
Blax accD 1F Blax rps11 1R 95.0, 49.0, 63.0
Blax accD 1F Blax rps12-3' 1R 95.0, 49.0, 63.0
Blax accD 1F Blax rps3 1R 95.0, 49.0, 63.0
Blax rpl14 1F Blax accD 1R 95.0, 49.0, 63.0
Blax rpl2 1F Blax rps12-3' 1R 95.0, 49.0, 63.0
Blax rpl2 1F Blax rrn16 1R 95.0, 49.0, 63.0
Blax rpl2 1F Blax rrn23 1R 95.0, 49.0, 63.0
Blax rpl2 1F Blax rrn23 2R 95.0, 49.0, 63.0
Blax rps11 1F Blax rpl2 1R 95.0, 49.0, 63.0
Blax rrn16 1F Blax rrn23 1R 95.0, 49.0, 63.0
Blax rrn23 1F Blax ycf1 1R 95.0, 49.0, 63.0
Blax rrn23 2F Blax rpl14 1R 95.0, 49.0, 63.0
Blax rrn23 2F Blax ycf1 1R 95.0, 49.0, 63.0
B. Primers for B. reflexa plastome validation
Blax accD1F Blax clpP 1R 95.0, 49.0, 63.0
Blax clpP 2F Blax rps11 1R 95.0, 49.0, 63.0
Blax rpl14 1F Blax rps4 1R 95.0, 49.0, 63.0
Blax rrn16 1F Blax rrn16 R 95.0, 49.0, 63.0
Blax ycf1 1F Blax ycf1 1R 95.0, 49.0, 63.0
Bref accD F1 Bref rps18intron R1 95.0, 47.5, 63.0
Bref accD F1 Bref clpP R1 95.0, 47.5, 63.0
Bref rpl14F1 Bref rps4 R1 95.0, 47.5, 63.0
Bref rpl2 F1 Bref rpl2 R1 95.0, 47.5, 63.0
Bref rpl2 F2 Blax rps12-3' 2R 95.0, 47.5, 63.0
Bref rpl2 F2 Bref rrn16 R1 95.0, 47.0, 63.0
Bref rps11 F1 Bref rps19R1 95.0, 47.5, 63.0
Bref rps4 F1 Blax accD 1R 95.0, 47.5, 63.0
Bref rrn16 F1 Bref rrn16 R2 95.0, 47.0, 63.0
Bref rrn16 F2 Blax rrn16 R1 95.0, 48.0, 63.0
Bref rrn23 1F1 Bref rrn23 1R1 95.0, 47.5, 63.0
Bref rrn23 2F1 Blax ycf1 R1 95.0, 47.5, 63.0
Bref rrn23 F2 Bref rrn23 1R1 95.0, 47.0, 63.0
Bref rrn23 F3 Bref rrn23 R2 95.0, 47.0, 63.0
Bref ycf1 F1 Bref ycf1 R2 95.0, 47.0, 63.0
Bref ycf1 F2 Bref rpl14 R1 95.0, 47.5, 63.0
C. RT-PCR amplification of B. laxiflora
Blax accD 1F Blax accD 1R 95.0, 49,0, 72.0
Blax accD 2F Blax accD 2R 95.0, 49.0, 63.0
Blax clpP 1F Blax clpP 1R 95.0, 49,0, 72.0
Blax clpP 2F Blax clpP 2R 95.0, 49.0, 63.0
Blax rpl14 1F Blax rpl14 1R 95.0, 49,0, 72.0
Blax rpl2 1F Blax rpl2 1R 95.0, 49,0, 72.0
Blax rps11 1F Blax rps11 1R 95.0, 49,0, 72.0
Blax rps12-5' 1F Blax rps12-3' 2R 95.0, 49.0, 63.0
Blax rps3 1F Blax rps3 1R 95.0, 49.0, 63.0
Blax rps4 1F Blax rps4 1R 95.0, 49,0, 72.0
Blax rrn16 1F Blax rrn16 1R 95.0, 49.0, 63.0
Blax rrn23 1F Blax rrn23 1R 95.0, 49.0, 63.0
Blax rrn23 2F Blax rrn23 2R 95.0, 49.0, 63.0
Blax ycf1 1F Blax ycf1 1R 95.0, 49.0, 63.0
Blax ycf1 1F Blax ycf1 2R 95.0, 49.0, 63.0

Forward Primer Reverse Primer

Table S11. PCR primer pairs and temperatures used for Balanophora 
plastome validation and RT-PCR analysis of B. laxiflora



Genome Group Taxon Accession

Plastid Angiosperm - autotroph Amborella trichopoda NC_005086.1 P A

Plastid Angiosperm - autotroph Arabidopsis thaliana NC_000932.1 P A

Plastid Angiosperm - autotroph Carica papaya NC_010323.1 P A

Plastid Angiosperm - autotroph Magnolia denudata NC_018357.1 P A

Plastid Angiosperm - autotroph Nicotiana tabacum NC_001879.2 P C A

Plastid Angiosperm - autotroph Nymphaea alba AJ627251.1 P A

Plastid Angiosperm - autotroph Oryza sativa Japonica NC_001320.1 P A

Plastid Angiosperm - autotroph Solanum lycopersicum NC_007898.3 P A

Plastid Angiosperm - autotroph Vitis vinifera DQ424856.1 P A

Plastid Angiosperm - hemiparasite Olax imbricata KX816863 P A

Plastid Angiosperm - hemiparasite Osyris alba NC_027960.1 G

Plastid Angiosperm - hemiparasite Schoepfia jasminodora KX775962 P A G

Plastid Angiosperm - hemiparasite Viscum album NC_028012 G

Plastid Angiosperm - hemiparasite Ximenia americana GQ997860-GQ997931 P A

Plastid Angiosperm - holoparasite Balanophora laxiflora KX784265 P C B A G H

Plastid Angiosperm - holoparasite Balanophora reflexa KX784266 P B A G H

Plastid Angiosperm - holoparasite Conopholis americana NC_023131.1 G

Plastid Angiosperm - holoparasite Cuscuta gronovii NC_009765.1 G

Plastid Angiosperm - holoparasite Cuscuta obtusiflora NC_009949.1 G

Plastid Angiosperm - holoparasite Cynomorium coccineum KX270752 B G H

Plastid Angiosperm - holoparasite Cytinus hypocistis KT335971 B G

Plastid Angiosperm - holoparasite Hydnora visseri NC_029358.1 B G H

Plastid Angiosperm - holoparasite Phelipanche purpurea NC_023132.1 G

Plastid Angiosperm - holoparasite Pilostyles aethiopica KT981955 B G

Plastid Angiosperm - holoparasite Pilostyles hamiltonii KT981956 B G

Plastid Angiosperm - mycoheterotroph Epipogium aphyllum NC_026449.1 G

Plastid Angiosperm - mycoheterotroph Epipogium roseum NC_026448.1 G

Plastid Angiosperm - mycoheterotroph Monotropa uniflora NC_035582.1 B

Plastid Angiosperm - mycoheterotroph Sciaphila thaidanica MG757197 G H

Plastid Angiosperm - mycoheterotroph Thismia tentaculata KX171421 B G

Plastid Gymnosperm - autotroph Ginkgo biloba JN867583.1 P A

Plastid Gymnosperm - autotroph Pinus contorta NC_011153.4 P A

Plastid Lycophyte - autotroph Selaginella moellendorffii NC_013086.1 P A

Plastid Bryophyte - autotroph Marchantia polymorpha NC_001319.1 A

Plastid Bryophyte - autotroph Physcomitrella patens NC_005087.1 P A

Plastid Euglenid - nonphotosynthetic Euglena longa NC_002652.1 B

Plastid Green alga - parasite Helicosporidium sp. NC_008100.1 B G H

Plastid Green alga - parasite Prototheca zopfhii NC_037450.1 H

Plastid Green alga - nonphotosynthetic Polytoma uvella KX828177 B

Plastid Red alga - parasite Choreocolax polysiphoniae NC_026522.1 B

Plastid Red alga - autotroph Bulboplastis apyrenoidosa NIES-2742 NC_034787.1 B

Plastid Red alga - autotroph Cyanidioschyzon merolae NC_004799.1 H

Plastid Diatom - nonphotosynthetic Nitzschia spp. NC_028737.1 B

Plastid Dinoflagellate - autotroph Lepidodinium chlorophorum NC_027093.1 H

Plastid Brown alga - autotroph Dictyopteris divaricata NC_036804.1 H

Plastid Apicomplexan - parasite Babesia microti NC_034636.1 B H

Plastid Apicomplexan - parasite Eimeria tenella NC_004823.1 B G

Plastid Apicomplexan - parasite Plasmodium falciparum X95275-X95276 C B G

Plastid Apicomplexan - parasite Toxoplasma gondii U87145 B G

Mitochondrial Excavate Acrasis kona ATCC MYA-3509 NC_026286.1 B

Mitochondrial Ciliate - parasite Ichthyophthirius multifiliis G5 NC_015981.1 B

Mitochondrial Choanoflagellate Monosiga brevicollis NC_004309.1 B

Mitochondrial Insect - parasite Diadegma semiclausum NC_012708.1 B

Mitochondrial Roundworm Radopholus similis NC_013253.1 B

Mitochondrial Fungus Rozella allomycis NC_021611.1 B

Mitochondrial Yeast Nakaseomyces bacillisporus NC_012621.1 C B

Mitochondrial Yeast Saccharomyces cerevisiae YJM1447 CP006552 B

Bacterial Proteobacteria Carsonella ruddii CE isolate Thao2000 SAMN02641648 B

Bacterial Proteobacteria Escherichia coli str. K-12 substr. MG1655 U00096.3

Bacterial Proteobacteria Nasuia deltocephalinicola SAMN06919537 B

Bacterial Proteobacteria Zinderia insecticola CARI CP002161.1 C B

Table S12. Genomes used in this study
Analysis*

*P, phylogenomic and rate analyses (Figs. 4 and S10); C, codon and amino acid usage for five AT-rich genomes (Fig. S7); B, GC

content of individual genes and whole gene sets for 30 AT-rich genomes (Fig. S5 and Table S5); A, alignments (Figs. 3B, S4, S12,

and S13); G, plastome gene content (Fig. S6); H, features of highly compact plastomes (Table S9).



Photosynthetic genes 

psaA, B, C, I, J

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

atpA, B, E, F, H, I

petA, B, D, G, L, N

rbcL, ycf3, 4

ndhAѱ

RNA polymerase genes

rpoA, B, C1, C2 

Ribosomal RNA genes

 rrn4.5, 5 

Ribosomal proteins

 rps8,14,15,16 

 rpl16,22,23,30,32,33,36 

Other genes

infA ,ccsA, cemA, matK

ycf1,  ycf2, accD, clpP

rpl2, 14 

rps2, 3, 4, 7, 11, 12, 14,

           18, 19 

rrn16, 23, 4.5 

Transfer RNA genes 

trnA-UGC, trnC-GCA, trnD-GUC, 

trnF-GAA, trnfM-CAU, 

trnG-GCC 

trnG-UCC, 

trnH-GHG, trnI-CAU, trnI-GAU, 

trnK-UUU, trnL-UAA, 

trnL-UAG, trn

M

-CAU, trnN-GUU, 

trnP-UGG, trnQ-UUG, trnR-ACG, 

trnR-UCU, trnS-GCU, trnS-GGA, 

trnS-UGA, trnT-GGU,  trnT-UGU, 

trnV-GAC, trnW-CCA, trnY-GUA 

trn

L

-CAAѱ,

Balanophora

Schoepfia jasminodora

ndhB, C, D, E 

ndhF, G, H, I 

trnV-UAC 

Nicotiana tabacum

B

A

Figure S1. Gene content and order in the plastomes of Nicotiana, Schoepfia, and Balanophora. 
(A) Plastid gene content in Balanophora is a highly reduced subset of that in Schoepfia and 
Nicotiana. All genes listed in the gray, Balanophora portion of the figure are present in all three 
genomes. With the exception of infA, all genes listed in the tan, Schoepfia portion are shared with 
the Nicotiana genome. The genes listed in the green, Nicotiana portion are restricted to its 
genome. (B) Gene-order is colinear between the N. tabacum and S. jasminodora plastomes (one 
copy of the IR has been removed) and nearly colinear between these two plastomes and the two 
Balanophora plastomes, with the only difference being the relative location of rpl14. This 
colinearity plot was made using Easyfig v2.2.2 (16).

y
c
f2

y
c
f1

c
lp

P

a
c
c
D

rp
l2

rp
s
3

5 Kbp
B. laxiflora &  B. reflexa

S. jasminodora

N. tabacum

rr
n

1
6

rr
n

2
3

rp
l1

4

rp
s
1

2
-5

’
rp

s
1

8

rp
s
2

rp
s
1

4

rp
s
4

rp
s
1
1

rp
s
1

2
-3

’

rp
s
1

9

rp
s
7

rr
n

4
.5

trnE



..

>>>>>>>..>>>>............<<<<.>>>>>.......<<<<<....>>>>>.......<<<<<<<<<<<<. 
Nicotiana GCCCCCAUCGUCUAGU---GGUUUAGGACAUCUCUCUUUCAAGGAGGCAGCGGGGAUUCGAAUUCCCCUGGGGGUA 
Schoepfia ........ .C.......................A.............C.............. 
B. lax.    ....UU..G.......UUG.A....A....AU.-.U.. ..AA.AUU.A..A.U....A....A.U..AA....U 
B. ref.    ....UU..G.......UUG U.-----AA .A..A.U ......A.U..AA....U  

B. laxiflora
(by MiTFi)

G

C

C

C

U

U

A
U

G
GUCU

A
GUU

U

G

G

A
U U U

A
A G A C

A
A

U

U

U

U
U

U
U C

A

A

A

A

A

A

U U
A
A
C

G
A

G
U

A U U
C

A
AAU

U
A

C
U

C

U

A

A

G

G

G

U U
1

10

20

30

40

50

6070

75

G

C

C

C

C

C

A
U

C

GUCU
AGU

G

G

U
U C A

G G A C

A
U

C

U

C

U
C

U

U
U C

A

A

G

G

A

G

G
A

A

G

C

G
G

G
G

A U
U

C

G
AC

U

U
C

C
C

C
U

G

G

G

G

G

U A1

10

20

30

40

50

60

70

73

Schoepfia
(by both tRNAscan-SE 
and MiTFi)

A

B

B. reflexa
(by MiTFi)

G

C

C

C

U

U

A
U

G

GUCU
A

GU
U

U

G

G

A
U U U

A

A G A C

A
A

U

U

U

U

U

U

U
C

A

A

A

A

A

A

U

U
A

A

C

G
A

G
U

A U
U

C

A
AA

U

U
A

C
U

C
U

A

A

G

G

G

U U
1

10

20 30

40

50

60

70

75

B. laxiflora
(by tRNAscan-SE)

G

C

C

C

U

U

A
U

G

GUCU

A
GUU

U

G

G

A
U U U

A

A G A C

A
A

U

U
A

A
A A

A

A

A

A

U U
A

A

C

G
A

G
U

A U
U

C

G
AA

U

U
A

C
U

C
U

A

A

G

G

G

U U
1

10

20

30

40

50

60

71

Figure S2. Primary sequence and secondary structure of plastome-encoded trnE. (A) Primary 
sequence alignment. Carets indicate regions of secondary base pairing in the Nicotiana and 
Schoepfia sequences, with red marking the acceptor arm, blue the D-loop arm, orange the 
anticodon-loop arm, and green the T-loop arm. The UUC anticodon sequence is boxed. Magenta 
lettering marks the eight nucleotides in the Nicotiana and Schoepfia sequences that correspond to 
sequence determinants for correct charging of tRNAGlu(UUC) in E. coli (17). All but one of these 
determinants is present in B. laxiflora. Green lettering marks the UUnA sequence that we propose 
is used in glutamate charging in B. reflexa in place of the normal UUnA charging 
determinants. (B) Secondary structure of tRNAGlu(UUC)-like molecules from Schoepfia, B. 
laxiflora, and B. reflexa as predicted by tRNAscan-SE v1.21 (18) and MiTFi v0.1 (19). Note that 
tRNAscan did not predict a structure for the B. reflexa sequence. UUC triplets located in anticodon 
loops are in red letters. Green letters in the B. reflexa structure are as in (A). Secondary structures 
were visualized using the VARNA java web start applet (http://varna.lri.fr/).

..AA.AUU ....A....A....A

............. .



   1          2            4          6           8           10        12         14    15.5

2     

4     

14     

15.5     

12    

10     

8    

6    

1     

2     

4     

14     

15.5     

12    

10     

8    

6    

1     
   1          2            4          6           8           10        12         14    15.5

20     

40     

118

100     

 80     

60     

1     
1              20              40             60             80           100         118.7      

B. laxiflora

B
.l

ax
ifl

or
a

B. reflexa

B
.r

ef
le

xa

S. jasminodora

S
.j

as
m

in
od

or
a

Figure S3. Self dotplots show the absence of a large inverted repeat in Balanophora plastomes, but 
the presence of one (of 12 kb in size) in Schoepfia jasminodora, as in the great majority of other 
angiosperm plastomes. Direct repeats are shown as blue dots or lines and inverted repeats as red 
dots or lines. These plots were made using a word size of 20 and identity of 85%. Dot plots were 
generated using Gepard (20).



MPIGVPKVPFRSPGEGDTSWVDIY-NRLYRERLFFLGQEVDTEISNQLISLMIYLSIEKDTKDLYLFINSPGGWVISGMA    79
MPIGVPKVPFRSPGEEDASWVDVY-NRLYRERLLFLGQEVDSEISNQLIGLMVYLSIESDTKDLYLFINSPGGWVIPGVA    79
MPIGVPKVPFRNPGEDDISWIDVY-NRLYRERLLFLGQEVESEISNQLIGLMIYLSIEDENKDLYFFINSPGGWVLPGIA    79
MPIGVPKVPFRSPGEEDASWVDVY-NRLYRERLLFLGQEVDSEISNQLIGLMVYLSIEDETKDLYLFINSPGGWVIPGVA    79
MPIGVPRVVFRNPGDPISSWVDIY-NRLYRERLLFLGQGIGTELSNQLIGLMLYLSMEDENKDLYLFVNSPGGWVIPGIA    79
MPIGIPKIFLKNNKYKQQF IDIY-NRLYIERFIFLGYIIYNNFANQLIALFIFLSKKSELKDINLFINSPGG LISGIS    79
MPIGIPKTLFKNNKYKQKF IDIY-NRLYIERFIFLGYIIYNNFSNQLIALFIFLSKKSELQDINLFINSPGGLLISGIS    79
MPIGVPRVPFRLPGEEYSTWIDIY-NRLYRERLLFLGQGVDSEISNQLISLMVYLSMENETKDFYLFINSPGGWVIPGVA    79
MPIGVPRVPFRRPGVRYRSWVDVY-NRLYRERVLFLGQAINSAISNQLIGLMIYLSLESDTKNLYLFINSPGGWVIPGIA    79
MPIGVPKVPSRIPGEEYATWVDIY-NQLYRERFLFLGQAVDSEISNQLIGLMVYLSIEDDTKDLYLFINSPGGWVIPGIA    79
MPIGVPKVPYRIPGDEEATWVDLY-NVMYRERTLFLGQEIRCEVTNHITGLMVYLSIEDGSSDIFLFINSPGGWLISGMA    79
MPIGVPKVPFRSPGEEDAVWVDV--NRLYRERLLFLGQEVDSEISNQLVGLMVYLSIEDDTRDLYLFINSPGGWVIPGIA    78
MPIGVPKVPFRSPGEEDAVWVDIY-NRLHRERLLFLGQGVDSEISNQLVGLMVYLSMEDNTRDLYLFINSPGGWVIPGIA    79
MPVGVPKVPFRSPGEEDATWVDIY-NRLHRERLLFLGQEVEGEISNQIVGLMVYLSIEDDTRDLYLFINSPGGWVIPGIA    79
MPIGVPKVPFRIPGEEDAVWVDV--NRLHRERLLFLGQQVDDEIANQLIGIMMYPNGEDENKDIYTYINSPGGTVIPGIS    78
MPVGVPKVPFRAPGDEDATWVDLY-NRLYRERLLFLAQDINNEIANQLMGLMVYLSAEDANKEIFSFINCPGGSVIPGVG    79
TPIGVPKVSFRISGEEDMVRIDTH-NRLYRERLLFLGQNMDDEIANQIICIMMYLNGENRSKDIYLYINSPGGAVLAGIS    79
MPIGVPKVPFRLPGEEDAVWIDVYNNRLYRERLLFLGQHVDDEIANQLIGIMMYLNGEDENKDMYLYINSPGGAVLAGIS    80
1.......10........20........30........40........50........60........70........80

IYDTMQFVRPDVQTICMGLAASIASFILVGGAITKRIAFPHA--RVMIHQPASSFYEAQTGEFILEAEELLKLRETITRV   157
IYDTMQFVQPDVQTICMGLAASMGSFILVGGEITKRLAFPHA--RVMIHQPASSFYEAQVGEFILEAEELLKLRETLTRV   157
IYDTMQFVPPEVHTICLGLAASMGSFILVGGTITKRLAFPHA--RVMIHQPAAAFYEAQAGEFVMEAEELLKLREIITKV   157
IYDTMQFVRPDVHTICMGLAASMGSFILVGGEITKRLAFPHA--RVMIHQPASSFYEAQTGEFVLEAEELLKLRETLTRV   157
IYDTMQFVRPDIHTICLGLAASMGSFILAGGQLTKRIAFPHA--RVMIHEPYSGFYMAQVGEFVLEAIEMAKLRETLTRV   157
IYDIMQYIKPNIRTICIGLAASIASIILVGGEINKRISFLHS--KIMMHQPGIFFIQAQVKEFILEAEELLKIREIITNI   157
IYDIMQYIKPNVRTLCIGLAASIASIILVGGEINKRISFFHS--KIMMHQPSIFFIQAQVKEFLLEAEELLKIRETITNI   157
IYDTMQFVRPDVHTICMGLAASMGSFLLVGGAITKRLAFPHAIIRVMIHQPASSYFEAQTVEFVLEAEELLKLRETLTEV   159
IYDTMQFVRPDIHTICMGLAASMGSFILVGGEITKRLAFPHA--RVMIHQPATYYFEAQVGEWIVEAEELLKLRETLTRV   157
IYDTIQFVRPDVHTICMGLAASMGSFILVGGEITKRLAFPHARIRVMIHQPASSYFEAQTGEFILEAEELLKLRETLTGV   159
IFDTMQTVTPNIYTTCLGIAASMPSFILLGGEPTKRIAFPHA--RIMLHQPASAYYRARTPEFLLEVEELHKVREMITRV   157
IYDTMQFVPPDVHTICMGLAASMGSFILVGGEITKRLAFPHA--RVMIHQPASSFYEAPTGEFILEAEELLKLREILTRV   156
IYDAMQIVPPDVHTICMGLAASMGSFILVGGEFTKRLAFPHA--RVMIHQPASSFYEAQAGEFILEAEELLKLREILTRV   157
IYDAMQFVPPDVHTICMGLAASMGSFVLAGGEITKRLAFPHA--RVMIHQPASSFYEAPAGEFILEAGELLKLRETITSV   157
LYDAMQFVVPDVHTICMGLAASMGSSVSTGGEITKRIALPHA----MIHQPASSYYDGQAGECIMEAEEVLKLRDSITNV   154
LFDMMQAIVPDVNTICMGVAASMGSFILIGGEMPKRIALPHA--RVMIHQPASSYYDGSAADFHNESKHVTLLREYITEC   157
VYDMMQFVVPDVHTICVGLAASMGSFILTGGGITKRIALPHA--RVMIHQPASSFYEGQAGECLMEAEEILKLRDCITSI   157
VYDAMQFVVPDVHTICMGLAASMGSFILAGGEITKRIALPHA--RVMIHQPASSYYDGQAGECIMEAEEVLKLRDYITRV   158
........90.......100.......110.......120.......130.......140.......150.......160

YVQRTGKPIWVISEDMERDVFMSATEAQAHGIVDLVAVQ--------------------   196
YVQRTGKPLWVVSEDMERDVFMSATEAQAYGIVDLVAVQ--------------------   196
YVQRTGKPLWVVSEDLERDVFMSATEAQTHGIVDLVAVQ--------------------   196
YVQRTGKPLWVVSEDMERDVFMSATEAQAYGIVDLVAVE--------------------   196
YAEKTGQPVWVIHEDMERDIFMSATEAQAYGIVDFVAVQGKEHGFHADL----------   206
YSKKTGKSF IISEDIEKDIFMSSYEAKNYGIIDFIIIKKYN ----------------   200
YVKKTNKSIYIISEDIEKDIFMSSYEAKNYGIIDYIITKKIKQC --------------   202
YVQRTGKSLWIVSEDMERDVFMSATEAQAYGIVDLVAN---------------------   197
YVQRTGKPLWVVSEDMERDVFMSATEAQAHGLVDRVASESK------------------   198
YGQRTGKPLWVVSEDMERDVFMSATEAQAHGIVDLVAVE--------------------   198
YALRTGKPFWVVSEDMERDVFMSADEAKAYGLVDIVGDEMLDEHCDTDPVWFPEMFKDW   216
YVQRTGNPLWVVSEDMERDVFMSAAEAQAHGIVDLVAVENTGDFA--------------   201
YVQRTGKPLWVVSEDMERDVFMSATEAQAHGIVDLVAVENSADFV--------------   202
YVQRTGNPLWVVSEDMERDVFMSATEAQAHGIVDLIAVENTWDFP--------------   202
YVQRTGKPLWVISEDMERDIFMSAAEAQAYGIVDLVAVDNTEDLL--------------   199
YIERTGQPEEVIQRDLNRDVFMSATEAQAYGIVDVVAEDPLIFNRFLK-----------   205
YARKTGKPLWVVSEDMERDVFMSAREARVYGIIDLVVMDTSPPRPIVSS----------   206
YVQRIGKPLWVISEDMERDVFMSAQEAKTYGIVDLVAIENT------------------   199
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Figure S4. Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown only for 
Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both Balanophora 
species and inferred to encode W; note that most or all non-Balanophora land plants contain TGG (W in the standard genetic code) at 
most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from the phylogenetic 
and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the entire region was 
excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid at each position.   



Arabidopsis -----------------MEKSWFNFMFSKGELEYRGELSKAMDSFA-PG--EKTTISQDRFIYDMDKNF--YGWDERSSYSSSYSNNVDLLV---SSKDIRNFISDDT--FFVRDSNKNSYSIFFD    99
Carica -----------------MEKSWFNSMLSKGEVEYRCGLSKSMDSLG-PI--ENTSISEDPVINDPDKNIYNSIWGESSSY-YS---NVDHLV---GAKDIRNFISDDT--FLVRDSNRDSYSIYFD    97
Vitis MTIHLLYFNVNRGQESSMEKWWFNSMLSNEKLEYRCGLSKSTDSPD-PI--ENTSGSEDRVINNTDKNI--NNWSQIKSSSYS---NVDHLF---GIRDIRNFISDDT--FLVRDRNGVSYFIYFD   113
Nicotiana MTIHLLYFHANRGQENSMERWWFNSMLFKKEFERRCGLNKSMGSLG-PI--ENT--NEDP--NRKVKNI--HSWRNRDNSSCS---NVDYLF---GVKDIRNFISDDT--FLVSDRNGDSYSIYFD   109
Solanum MTIHLLYFHANRGQENSMERWWFNSMLFKKEFERRCGLNKSMGSLG-PI--ENT--SEDP--NLKVKNI--H--------SCS---NVDYLF---GVKDIWNFISNDT--FLVSDRNGDSYSIYFD   101
B. laxiflora ------------------------------------------------------------------------------------------------------------------------------
B. reflexa ------------------------------------------------------------------------------------------------------------------------------
Schoepfia -----------------MENWQFNSMLSKAEFEHGCGLKKSMGNLG-PI--ENASRGEDGVLNEKDKNI--HNWRDSDRSSYS---NLHHLF------DIRNFISDDTSLVLVKDRNGNPYYTYFD    95
Olax -----------------MEKWRFNSLLSNEEFEHRCGLSKAMDSLG-FIANKNTSQSEDGVLNGADKNS--HSWGNSDS--YS---NLDHLF---SVSDIQNFISDDT--FLVKDRNGDSYYIYYD    96
Ximenia MTIHLLYFLANRGQESSMEKWRFNSILSNVKFDHRCGLSKSMDGLG-PI--ENTSGSVDRVLNDTEKNI--HSWGDSDSFSYS---HFYYLF---GVRDNWNFISDDT--FLVRYRNGGGFYIYFD   113
Magnolia -----------------MEKWWFNSILSNEELEHRCGLSKSMDSLGCPI--GNTSGSEDPILNDTDKNI--PSWSDSGSYSCS---NIDHFL---GVRDIWSFISDET--FLVRDSNGNSYSVYFD    97
Nymphaea -----------------MEKWWLNSMLSNEDLGRRCGLSASLG----PI--GNTSGSEEPIINDSEKNV--NSWSGRGSYSCS---NVDYLFNLGGVKDVWSLISGET--FWVRDSNGDSYSIYFD    96
Amborella -----------------MEKCGFNSMLSNEELEHKCELSKSMDSLG-LI--GNTGAGGGPTL----------------------------IF---DVRDILSLIYDDT--FKLKDRNGDSYSVYFD    73
Ginkgo MSL----------------KEWFEE-------------RRKISGL------------------------------------------------------IEDLIGKASKDYIVNEMD---------    34
Pinus MSI----------------KEWFED-------------KRKITAL------------------------------------------------------LKNSVERDS-----KDANETE------    32
Physcomitrella M-------------------NWFED-------------KRRFGGL------------------------------------------------------IGAFIEKATKGYILNERERDKY-----    35

1.......10........20........30........40........50........60........70........80........90.......100.......110.......120......

Arabidopsis KKKKIFEID-----------------------------------------ND---FSDLEKFFYSYC------------------SSSYLNNRSKGDNDLHYD---PYIKDTKYNCTN--HINSCI   158
Carica IENNNFEID-----------------------------------------NDHSFLSELESFFYSYR------------------NSSYMNNRSKSDDP-HYD---PYMYDTKYSWTN--HINSCI   158
Vitis IENQIFEID-----------------------------------------NDQSFLSELESFFYSYR----------NSSYLNNVNSSYLNNVSKSNHP-HYD---RYMYDTKYSWNK--HINSCI   182
Nicotiana IENHIFEID-----------------------------------------NDHSFLSELESSFYSYR------------------NSNYRNNGFRGEDP-YYN---SYMYDTQYSWNN--HINSCI   170
Solanum IENHIFEVD-----------------------------------------NDHSFLSELESSFYSYR------------------NSSYLNNGFRGEDP-YYNSYMSYMYDTQYSWNN--HINSCI   165
B. laxiflora ------------------------------------------------------------------------------------------------------------MFI--KK ---------- 6
B. reflexa ------------------------------------------------------------------------------------------------------------MIYKKKK -------YFN    11
Schoepfia IKNHILEID-----------------------------------------NEHSFLSKLKSYFYTYQ------------------NYSYMNNGSKSNDP-YYD---RYMYDTQNSWNN--HIKSFI   156
Olax IGNNIFEID-----------------------------------------NDHSFLSELESSFYSYR------------------NSNYLNNESKNNDH-DQD---HRMYDTKYSWNS--YINSCI   157
Ximenia IENHIFEID-----------------------------------------NDHSFLNELESSFYSYQ------------------NSSYLNNGSKSDDP-YYD---RYMYDGKYSWNN--HINSCI   174
Magnolia IENQIFEID-----------------------------------------NDSSFLSELESSF-----------------------SSYLNNGSKSDNR-YYD---CDMYDTKYSWNN--HINSCI   153
Nymphaea IENKIFEID-----------------------------------------TDSYFLGELESLFSSYL---------------------NLNNGSKSYNR-YYD---HYVYDTRHSWKS--HINSCI   154
Amborella IDNKIFEIDDDSDSLSGLDIENQNQIFFDIYNDSDSLSELDSENKNFEIHNESDFMSKLESSFFSYLTYSCLKRRSSFSSYPTSLTSSNLNSGSKSYNP-YYD---PYMHDTRYSWNNDININSCI   195
Ginkgo -KKKNLKVD---------------------------------------------------------------------------------------------------------------------    42
Pinus -KNKNKSID--------------------------------------------------------------------------------------------YA-----------------------    42
Physcomitrella -----IKID---------------------------------------------------------------------------------------------------------------------    39
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Arabidopsis DSYFRSYICIDNNFLIDSNNFNESYIYNF--ICS-ESGKIRESKNYKI--RTNR-NRSNLI---SSKDFDITQNYNQLWIQCDNCYGLMYKKV---KMNVCEQCGHYLKMSSSERIELSIDPGTWN   272
Carica DSYLRSQICIDSSILSGSDNYNDSYIYNY--ICS-ESGKSSESENSNI--RTNT-NRSDLTIKESSNDLDITQKYRHLWVQCENCYGLNYKKFLKSKMNICEQCGYYLKMSSSDRIELLVDPGTWN   278
Vitis NNY----------ILSGSNNYSDSYIYSY--ICG-QSRTRSEHGSSSK--QTST-NGSDL---KSSNVLYVAQKYRHLWIQCENCYGLNYKKNLKSKINICEQCGYHLKMSSSDRIELSIDPGTWD   289
Nicotiana DSYLQSQICIDTSIISGSENYGDSYIYRA--VCGGESRNSSENEGSSR--RTRT-KGSDLTIRESSNDLEVTQKYRHLWVQCENCYGLNYKKFLKSKMNICEQCGYHLKMSSSDRIELLIDPGTWD   291
Solanum DNYLQSQICIDTSIISGSESNGDSYIYRA--ICSGQSLNSSENEGSSR--RTRT-KDSDLTIRESSNDLEVTQKYKHLWVQCENCYGLNYKKFLKSKMNICEQCGYHLKMSSSDRIELLIDPGTWD   286
B. laxiflora --YLNYFKKIKKILYLYNYININKKII----------KNN---------------------------------KYKHL IQCENCFGLNYKKFFKSKMNICEQCGYHLKINSLDRIDLLINLNTYK    87
B. reflexa YINNNNIIKNKNIILIYLYNYYNNYINIL-------KKNN---------------------------------KYKHL IQCENCFGLNYKKFFKSKMNICEQCGYHLKINSLDRIELLINLNTYK    97
Schoepfia DRYLYSQIHIDNHILSNSNNYSNSYIYSYRFICD-KSKNNSESESFTI--RTST-NGNDLTGKESSNDPAITQKYGHLWVQCENCYGLNYKRFLKSKMNICEQCGYHLKMSSSDRIELLIDPGTWD   278
Olax DNYLHSQIHIDSYVLSGSDNYSGSSIYSF--ICD---KNNNENENSNI--RANT-KGSDLIRKENSNDLDLTQKYRHLWVQCENCYGLNYKKFFKSKMNICEQCGCHLKMSSLDRIELSIDPGTWD   275
Ximenia DSYLHSQIHIDSSILSGNDNYSDSYVSSF--ICG-ESGNSSESESSGI--KTST-NGSDLTIRESSNDPDATQKYRHLWVQCENCYGLNYKKFFKSKMNICEQCGYHLKMSSSDRIELSIDPGTWD   294
Magnolia DSYLRSEIRI------------DSYIYSY--ICSGESISGSDSGNSNI--RTGG-NDSD--IGEGSNDFDINQKYRHLWVQCENCYGLNYKKFFKSKMNICEQCGYHLKMSSSDRIELSIDPDTWD   260
Nymphaea DSYIRSETNMDSCIPNGSNNSSDNYIYSY--ICS-DSERGSDRGSSNL--KTSGVSDSDF---GRHNDLDRNKRYRHLWVQCENCYGLNYKKFFSSKMNICEQCGYHLKMSSSDRIELLIDPGTWD   272
Amborella DSYIRCEI---DSISSGSDNCSDSYIYSY--ICS-EGVSYSDNGSSSIRTRTSTSSGSSYHIRGRSNNFEKNKKLKKLWVQCENCYALNYNKLFRSKMNVCEQCGYHLKMSSSDRIELSIDPGTWH   315
Ginkgo -------------------------------------------------------------------------SNNRLWVQCDNRENLLYIKYLRQNKSVCEGCGYHLQMSSSDRIELLIDHGTRH    95
Pinus -------------------------------------------------------------------------KIKKLWAQCDNCENLLYLRFLRENQSVCKECGYYLQMNSSDRIELPIDRDTWR    95
Physcomitrella -------------------------------------------------------------------------TTKGLWTRCDSCENMLYVRFLKQNKRICEECGYHLQMSSIERIELLIDHGTWQ    92

.....260.......270.......280.......290.......300.......310.......320.......330.......340.......350.......360.......370.......3

Arabidopsis PMDEDMVSADPIKFHSKEEP------------YKNRIDSAQKTTGLTDAVQTGTGQLNGIPVALGVMDFRFMGGSMGSVVGEKITRLIEYATNQCLPLILVCSSGGARMQEGSLSLMQMAKISSVL   386
Carica PMDENMVSLDPIEFHSEEEP------------YKDRIDSYQRKTGLTEAVQTGTGQLNGIPIALGVMDFQFMGGSMGSVVGEKITRLIEYATNEFLPLIIVCASGGARMQEGSLSLMQMAKISSAL   392
Vitis PVDEDMVSLDPIEFHSGEEP------------YKERIDFYQRKTGLTEAVQTGTGQLNGIPVAIGVMDFQFMGGSMGSVVGEKITRLIEYATNEFLPLILVCSSGGARMQEGSLSLMQMAKISSAL   403
Nicotiana PMDEDMVSLDPIEFHSEEEP------------YKDRIDSYQRKTGLTEAVQTGIGQLNGIPVAIGVMDFQFMGGSMGSVVGEKITRLIEYAANQILPLIIVCASGGARMQEGSLSLMQMAKISSAL   405
Solanum PMDEDMVSLDPIEFHSEEEP------------YKDRIDSYQRKTGLTEAVQTGIGQLNGIPVAIGVMDFQFMGGSMGSVVGEKITRLIEHAANQNLPLMIVCASGGARMQEGSLSLMQMAKISSAL   400
B. laxiflora SINENIISLTKIEFYSEEES------------YKNYLTYYQKKTGLYEAIHTGIGKLYKKKIALGIMDFKFMGGSMGTVVGEKITRLIEYAILKNIPLLIFCSSGGARMQEGSLSLIQMAKISSIL   201
B. reflexa SINENIISLTKIEFYSEEDN------------YKNYLISYQKKTGLYEAIHTGIGKLYKKKIALGVMNFKFMGGSMGTVVGEKISRLIEYAIIKNISLLIFCSSGGARMQEGSLSLIQMAKISSIL   211
Schoepfia PMNEDMVSLDPIEFNSEEDL------------YKDRIDSYQRKTGLTEAVQTGIGQLNGIPIAIGVMEFQFMGGSMGSVVGEKITRLIEYAANQFLPLIIVCASGGARMQEGSLSLMQMAKISSAL   392
Olax PMDENMVSLDLIEFHSEEEL------------YKDRIDSYQRKTGLTEAVQTGIGQLNGIPVAIGVMDFQFMGGSMGSAVGEKITRLIEYATNTTLPLILVCASGGARMQEGSLSLMQMAKISSAL   389
Ximenia PMNEDMVSLDPIEFHLEEEL------------YKDRIDSYQRTTGLTEAVQTGIGQLNGIPVAIGVMDFQFMGGSMGSVVGEKITRLIEYATNRFLPLIIVCASGGARMQEGSLSLMQMAKIASVL   408
Magnolia PMDEDMVSIDPIEFHSEEEP------------YRDRIDSYQRKTGLTEAVQTGIGQLNGIPIAMGVMDFEFMGGSMGSVVGEKITRLIEYATNRSLPVIMVCASGGARMQEGSLSLMQMAKISSAL   374
Nymphaea PMDENMVSMDPIEFHSEEDP------------YRDRINSYQIETGLAEAVQTGIGKLNGIPIAIGVMDFKFMGGSMGSVVGEKITRLIEYATDRSLPVIMVCASGGARMQEGSLSLMQMAKISSAL   386
Amborella PMDEDMVSTDPIEFHSEEEP------------YRDRIDSYQRQAGLTDAVQTGIGQLEGIPIAIGVMDFQFMGGSMGSVVGEKITRLIEYAIDRSLPVVIVCASGGARMQEGGLSLMQMAKISSAS   429
Ginkgo PMDEDMAALDLIQFHSEDEL------------HIDRITFYQIRTGLTDAIQTGIGRLNGIPIAIGVMDFKFMGGSMGSVVGEKMTRPIEHATKESLPLITVCASGGARMQEGSFSLMQMAKISSAL   209
Pinus PMDEDMYTLDVLQFYSENEPSHSDNLNSEDESYKDHITFYQIETGLTDAIQTGIGQLNGITIALGVMDFQFMGGSMGSVVGEKITRLIERATAESLPLIIVCASGGARMQEGSFSLMQMAKIASAL   221
Physcomitrella PMYEDMVARDVLKF-SDEDS------------YKNRVIFYQKRTGLTDAIQTGIGKLNKNLVALGVMDFQFMGGSMGSVVGEKITRLIEYAFKESLPLIIVCSSGGARMQEGTLSLMQMAKITSLL   205
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Arabidopsis CDYQSSKKLFYISILTSPTTGGVTASFGMLGDIIIAEPYAYIAFAGKRVIEQTLKKAVPEGSQAAESLLRKGLLDAIVPRNLLKGVLSELFQLHAFF-----PLNTN------------   488
Carica YDYQSNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPEGSQAAEYLFHKGLFDSIVPRNPLKGVLSELFQLHGFF-----PLNQNSIK---------   497
Vitis YDYQSNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNSYIAFAGKRVIEQTLKKTVPEGSQAAEYLFHKGLFDPIVPRNTLKGVLSELFQLHAFF-----PLNPKKIK---------   508
Nicotiana YDYQLNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPEGSQAAEYLFQKGLFDLIVPRNLLKSVLSELFKLHAFF-----PLNQKSSKIK-------   512
Solanum YDYQLNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPEGSQAAEYLFQKGLFDLIVPRNLLKSVLSELFKLHAFF-----PLNQKSSKIK-------   507
B. laxiflora YKYK-KKKLFFISILTSPTTGGVLASFGMLGDIIISEPNTYIAFAGKRVIEQTLNQKISENLQKSEYLFKKGIFDIIVPRNILKNILNELLYFHIYN ---------------------   298
B. reflexa YKYK-KKKLFYISILTSPTTGGVLASFGMLGDIIISEPNTYIAFAGKRVIEQTLNQKISENLQKSEYLFKKGLFDIIVPRNILKNILNELLKFHNYI-----EINNILNYR -------   317
Schoepfia YDYQSNKKLFYISILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPEGSQVAEYLFHKGLFDLIVPRNLLKGVLSELFQLHAFF-----PLKDN------------   494
Olax YDYQLNKKLFYVSILASPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPEGLQGAEYLFHKGLFDLIVPRNPLKGVLSELFQLHAFF-----PLNQH------------   491
Ximenia HDYQSNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQILNTTVPEGSQVAEYLFHKGLFDPIVPRNPLKGVLSELLQFHAFF-----PLNFNSIK---------   513
Magnolia YDYQSNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLNKTVPEGSQAAEYSFHKGLFDPIVPRNPLKGVLSELFQLHGFF-----PLTQN------------   476
Nymphaea YNYQSNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYIAFAGKRVIEQTLKKTVPEGSQVAEYLFNKGLFDPIVPRNLLKGVPSELFQFHGFF-----PRP--------------   486
Amborella YNYQSNKKLFYVSILTSPTTGGVTASFGMLGDIIIAEPNAYVAFAGKRVIEETLNKKIPDGLQVAEYSFHKGLFDSIVPRNPLKGVPSELFQLHGFFSSTFHPLKSNKVKR--------   540
Ginkgo YIHQLEKNLLYVSILTYPTTGGVTASFGMLGDIIIAEPKAYIAFAGKRVIEQTLGQKVPDGSQVAEHLFDHGLFDLIVPRSLLKGVLSELLQLYGSI-----HCKKERTFSLVSYNKQK   323
Pinus YIHQKEKKLLYISILTSPTTGGVTASFGMLGDIIIAEPKAYIAFAGKRVIEQTLGQKVIEDFQVTEHLFGHGLFDLIVPRNLLKGVLSELFWFY--------VLRSSL-----------   321
Physcomitrella QFYQVRKKLFYIAILTYPTTGGVTASFGMLGDIIIAEPKAYIAFAGKRVIEQTLRQKIPDGFQVAESLFYSGLLDLIVPRTFLKGVLGEIFELYSLG-----VYKESNSYLF-------   312
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



Arabidopsis MAIHLYKTSTPSTRNGAV---DSQV-KSNPRNNLICGQHHCGKGRNARGIITARHRGGGHKRLYRKI-----DFRRNAKDIYGRIVTIEYDPNRNAYICLIHY    94
Carica MAIHLYKTSTPSTRNRAV---DSQV-KSNPRNNLIYGQHRCGKGRNARGIITARHRGGGHKRLYRKI-----DFRRNEKDIYGRIVTIEYDPNRNAYICLIHY    94
Vitis MAIHLYKTSTPSTRNRAV---DSQV-KSNPRNNLIYGQHRCGKGRNARGIITAGHRGGGHKRLYRKI-----DFRRNEKDIYGRIVTIEYDPNRNAYICLIHY    94
Nicotiana MAIHLYKTSTPSTRNGTV---DSQV-KSNPRNNLIYGQHHCGKGRNARGIITARHRGGGHKRLYRKI-----DFRRNEKDIYGRIVTIEYDPNRNAYICLIHY    94
Solanum MAIHLYKTSTPSTRNGTV---DSQV-KSNPRNNLIYGQRRCGKGRNARGIITARHRGGGHKRLYRKI-----DFRRNEKDIYGRIVTIEYDPNRNAYICLIHY    94
B. laxiflora M-IFYKKNKS---------------- NNFNIKK FY --KKGKNSSGIIILKYRNIGHKNLYRKI-----IININNKFIFGKIITIEYDPNRNSYICFINI    77
B. reflexa M-IFLKKKY --------------I - NKINIIKYIY --KKGKNSSGIIILKYRNIGHKNLYRKIIINFINLKKKNFNKFGKIIAIEYDPNRNSYICFIYL    82
Schoepfia MAMHLYKTSTPSTRNGTV---NSQV-KSNPRNNLIHGQLRCGKGRNARGIITAGHRGGGHKQLYRKI-----DFRRKEKDIYGRIVTIEYDPNRNAYICLIHY    94
Olax MAIHLYKTSTLSTRNGAV---DSQV-KSNPRNNLIYGQHRCGKGRNARGIITAGHRGGGHKRLYRKI-----DFRRNEKNIYGRIVTIEYDPNRNAYICLIHY    94
Ximenia MAIHLYKTSTSSTRNGAV---DSQV-KSNPRNNLIYGQHRCGKGRNARGIITAGHRGGGHKRLYRKI-----DFRRNEKDVYGRIVTIEYDPNRNAYICLIHY    94
Oryza TAKHLYKTPIPSTRKGTI---DRQV-KSNPRNNLIHGRHRCGKGRNSRGIITARHRGGGHKRLYRKI-----DFRRNQKDISGRIVTIEYDPNRNAYICLIHY    94
Magnolia --IHLYKTSTPSTRNGAV---DSQV-KSNPRKNLIYGQHHCGKGRNARGIITAGHRGGGHKRLYRKI-----DFRRNEKDTSGRIVTIEYDPNRNAYICLIHY    92
Nymphaea MAIHLYKTSTPSTRKGAV---DSQA-KSNPRTKLIYGQHRCGKGRNARGIITARHRGGGHKRLYRKI-----DFRRNEKDISGRIVTIEYDPNRNAYICLIHY    94
Amborella TAIHLYKTSTPSTRNGAV---DSQV-KSNPRKNLIYGQHRCGKGRNARGIITAGHRGGGHKRLYRKI-----DFRRNEKDISGRIVTIEYDPNRNAYICLIHY    94
Ginkgo MAIRSYRTSTPGTRNRSVSGSNEKM-QSDTRNKLTSGQHHCGKGRNDRGIITARHRGGGHKRLYRRI-----DFRRDEKDISGKIVTIEYDPNRSAYLCLVHY    97
Pinus MAIRSYRILTPDTRNRSVS?FDGRV-QLDPQKKLTSGQHHCGKGRNGRGIITARHRGG???????QI-----DF???????????VTIEYDPNRSAYICKVHY    97
Selaginella MAIRLYRACTPGTRNRSVIDYGDIVRPDDPQRGLTSGLTP-RRGRNNRGIITSQHRGGGHKRLYRNI-----DHRRSKRGVPGKIVTVEYDPNRNAYISPVHH    97
Physcomitrella MTIRLYKAYTPGTRNRSVLGFKELV-KTNPQKKLTFWQHN-KQGRNNRGVITSRFRGGGHKRLYRQI-----DFRRNKKNISGKITTIEYDPNRTANICLVHY    96
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Arabidopsis GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TDMPLGTAIHNIEITLG-----RGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
Carica GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
Vitis GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
Nicotiana GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
Solanum GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
B. laxiflora YYYNCNNIYKKIKNKKKFIIYIYGLKIGNIIKF--NNNNIKIGNIILL-KNIPLGTIISNIKIIKN--FNKKFKILVKSAGCFSKILFKNNNSISIKLPSKKI   175
B. reflexa YY----NINKNLINKKKYIIYIYGLKIGNIINYFLKNNNIKIGNILFL-YNIPLGTIISNINIKKKKLLNNNLKILVKSAGCLSKIIFKNKNSISIKLPSKKI   180
Schoepfia GD-----------GEKKYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TYMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
Olax GD-----------GEKRYILHPRGARIGDTIVSG-TEVPIKMGTALPLSTDMPLGTAIHNIEITFG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   180
Ximenia GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPIKMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLKLPSGEV   179
Oryza GD-----------GEKGYILHPRGAIIGDTIVSG-TKVPISMGNALPL-TDMPLGTAIHNIEITRG-----RGGQLARAAGAVAKLIAKEGKSATLRLPSGEV   179
Magnolia GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPISMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLRLPSGEV   177
Nymphaea GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPISMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLRLPSGEV   179
Amborella GD-----------GEKRYILHPRGAIIGDTIVSG-TEVPISMGNALPL-TDMPLGTAIHNIEITLG-----KGGQLARAAGAVAKLIAKEGKSATLRLPSGEV   179
Ginkgo GD-----------GEKKYILHPRGVIIGDTIISG-PRAPISVGNAPP--TDMPLGTAIHNIEITLG-----RGGQLVRAAGAAAELIAKEGRSATLRLPSGEV   181
Pinus KN-----------GDKMYILHPRGVMIGDTILSG-PKAPISIGNALPL-TNMPLGTAIHNIEITLG-----KGGQLARAAGAVAELIAKEDRSATLRLPSGEV   182
Selaginella GD-----------GDKGYILHPEGIRVGDFITTG-PHALTTVGNAPP--THMPLGTVMHGIEVAPG-----KGGQSARAAGAPAKPIAKEGQLATPRSPPGEV   181
Physcomitrella ED-----------GEKRYILHPRGLKVGDTIISS-NEAPILIGNALPL-TNMPLGTAIHNIEITPG-----KGGQLVKSAGAVAKLIAKEGQLATLRLPSGEV   181
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Arabidopsis RLISKNCSATVGQVGNVGVNQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPVTPWGYPALGRRTRKRKKYSETLILRRRSK------   274
Carica RLISKNCSATVGQVGNVGVNQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPATPWGYPALGRRSRKRNKYSDNLILRRRSK------   274
Vitis RLISKNCSATVGQVGNVGVNQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKRNKYSDNLILRRRSK------   274
Nicotiana RLISKNCSATVGQVGNVGVNQKSLGRAGSKRWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKRNKYSDNLILRRRSK------   274
Solanum RLISKNCSATVGQVGNVGVNQKSLGRAGSKRWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKRNKYSDNLILRRRSK------   274
B. laxiflora FQISNKYYANIGQIGNLKFKNKKFLKAGCKC IGKKSIVRGSAMNPVDHPHGGGKGKSSIGKKKPSTF GYKKK* ------------------------   252
B. reflexa IQISNKFCANIGQIGNLKFKNKKFLKAGCKY IGKKPIIRGSAMNPVDHPHGGGKGKSSIGKKKSSTF GYKKKK* ----------------------   259
Schoepfia RLISKNCSATVGQVGNIGVNQKRLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGDGRASIGRKQPTTPWGYPTLGKRSRKRNKYSNNLILRRRSK------   274
Olax RLISKNCSATVGQVGNVGVNQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKRNKYSENLILRRRSK------   275
Ximenia RLISKNCSATVGQVGNVGANQKSLGRAGSKCWLGKRPVVRGIVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKGNKYSDNLILRRRSK------   274
Oryza RLVSQNCLATVGQVGNVGVNQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGKAPIGRKKPTTPWGYPALGRRTRKRKKYSDSFILRRRK-------   273
Magnolia RLISKNCSATVGQVGNVGVNQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKRNKYSDSLILRRRK-------   271
Nymphaea RLISKNCSATVGQVGNVGANQKSLGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKRNKYSDIFILRRRK-------   273
Amborella RLISKNCSATVGQVGNVGVNQKILGRAGSKCWLGKRPVVRGVVMNPVDHPHGGGEGRAPIGRKKPTTPWGYPALGRRSRKKKKYSDSFILRRRK-------   273
Ginkgo RLISGNCSATIGQVGNVNANNRTLSKAGSKRWLGKRPRVRGVVMNPVDHPHGGGEGRTPIGRKKPATPWGYTALGGKSRKKNRYSDASILRRRK-------   275
Pinus RLISENCSATIGQVGNITANNRSFGKAGAKRWLGKRSEVRGVAMNPVDHPHGGGEGRTPIGRKKPVTPWGYSALGKKSRKRNRYSDASILRRRE-------   276
Selaginella RSIPQNCPAAVGQVGNVDSKNRASGKAGSKRWPSRRPRVRGVVMNPVDHPHGGGEGRAPIGRKKPLTPWGRAALGRRSRRTKRYSDNFLIRRRKTSRRERK   282
Physcomitrella RLVSQNSLATIGQIGNVDANNKTIGKAGAKRWLGKRPRVRGVVMNPIDHPHGGGEGRAPIGREKPLTPWGRTALGKRTRKIKKYSNPLILRRRKNG-----   277
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 

only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 

Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 

genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 

the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 

entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 

at each position.       



MIQPQTYLNVADNSGARELMCIRIIG-ASNRRYAHIGDVIVAVIKEAIPN--TPLERSEVIRAVIVRTCKELKRNNGTII    77
MIQPQTHLNVADNSGARELMCIRIIG-ASNRRYAHIGDVIVAVIKEAVPN--TPLERSEVIRAVIVRTCKELKRNNGMII    77
MIQPQTHLNVADNSGARELMCIRIIG-TSNRRYAHIGDVIVAVIKEVVPN--MPLERSEVIRAVIVRTCKELKRDNGMII    77
MIQPQTHLNVADNSGARELMCIRIIG-ASNRRYAHIGDVIVAVIKEAVPN--MPLERSEVVRAVIVRTCKELKRDNGMII    77
MIQPQTHLNVADNSGARELMCIRIIG-ASNRRYAHIGDVIVAVIKEAVPN--MPLERSEVVRAVIVRTCKELKRDNGMII    77
MI----YFNITDNTGILKILCIKIL-----KKKFKIGNIIIGIIKKIKKNNIYNFKKSEIIKAIIIRTRKILKRKSGILL    71
MI----YFNIIDNTGIYKIFCI--------NKKFKIGNIIIGIIKKIKKKN-FNFRKSEIIKAIIIHTRKIFKRKNGIIL    67
MIQPQTCLNVADNSGARELMCIRIIG-TSNCRYAHIGDVIVAVIKEAIPN--MSLKRSEVIRAVIVRTCKELKRKNGMII    77
MIQPQTYLNVADNSGARELMCIRIVG-TRNRKYAHIGDVIVAVIKEAVPN--MPLQKSEVVRAVIVRTCKELKRENGIII    77
MIQPQTHLNVADNSGARELMCIRIVG-TSNRRYAHIGDVIVAAIKEAVPN--MPLARSEVVRAVIVRTCKELKRENGMII    77
MIQPQTLLNVADNSGARKLMCIRVIGAASNQRYARIGDVIVAVIKDAVPQ--MPLERSEVIRAVIVRTCKEFKCEDGIII    78
MIQPQTHLNVADNSGARELMCIRIIG-ASNHRYAHIGDVIVAVIKEAVPN--MPLERSEVIRAVIVRTCKELRRDNGMII    77
MIQPQTLLNVADNSGARKLMCIRIIG-ASNYRYAHIGDVIVAVIKEAVPN--MPLERSEVIRAVIVRTCKELKRDNGMII    77
MIQAQTYLNVADNSGARELMCIRIVG-ASNPRYAHIGDVIVAVIKEAVPN--MPLERSEVIRAVIVRTCKELKRDNGIII    77
MIRPQTYLNVADNSGARKLMCIRVLG-VSNRQYAHIGDVIIAIVKEAIPN--MPLKESEIVRAVVVRTCKELERDNGMVI    77
MIQSQTYLNIADNSGARKIMCIRVLG-ASNRKCAHIGDVIIAIIKEAVPN--MPLEKSEVVRAVVIRTCKEFERDNGMMI    77
TIRPQTYSNVADNSGARESMRIRVPG-ASNRQYASIGDMIVAVVREAVPN--MPPKGSEVVRAVIARTRKGLNRDNGMAI    77
MIQPQTYLNVADNSGARKLMCIQILG-ASNRKYAHIGDIIIAVVKEAIPN--MPLKKSEVVRAVVVRTCKELKRKNGTII    77
1.......10........20........30........40........50........60........70........80

RYDDNAAVVIDQEGNPKGTRVFGAIPRELRQLNFTKIV---SLAPEVL   122
RYDDNAAVVIDQEGNPKGTRIFGAIPRELRQLNFTKIV---SLAPEVL   122
RYDDNAAVIIDQEGNPKGTRIFGAIVRELRQLNFTKIV---SLAPEVL   122
RYDDNAAVVIDQEGNPKGTRIFGAIARELRELNFTKIV---SLAPEVL   122
RYDDNAAVVIDQEGNPKGTRIFGAIARELRELNFTKIV---SLAPEVL   122
KYNKNTAIIINSENNPKSKKIFGIIS ELLNYNLNKKIIIINIFNKL   119
KYSKNTAIIINLENNPKGKKIFGIISFELLNLNFNKKIIIINNNNKI   115
RYDDNAAVVIDHEGNPKGTRVFGAIARELRQFNFTKIV---SLAPEVL   122
RYDDNAAVVIDQEGNPKGTRIFGAITRELRQLNFTKIV---SLAPEVL   122
RYDDNAAVVIDQEGNPKGTRVFGAIARELKHFNFTKIV---SLASEVL   122
RYDDNAAVIIDQKGNPKGTRVFGAIAEELRELNFTKIV---SLAPEVL   123
RYDDNAAVVIDQEGNPKGTRVFGAIARELRQLNFTKIV---SLAPEVL   122
RYDDNAAVVIDQEGNPKGTRVFGSIARELRQLNFTKIV---SLAPEVL   122
RYDDNAAVVIDPEGNPKGTRVFGSIAGELRHLNFTKIV---SLAPEVF   122
RSDDNAAVVIDQEGNPKGTRVFGSVARELRQFNFTKIV---PLAPEVL   122
RSDDNAAVVIDQEGNPKGTRVFGPVVQELRQLNFTKIV---SLAPEVL   122
RFDDNAAVAIDREGNPKGTRVFGPVARESRECHFAKTV---SSAPEVL   122
QFDDNAAVIINQEGNPKGTRVFGPVARELRESNFTKIV---SLAPEVL   122
........90.......100.......110.......120........
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



MTKR----------YWNIDLEEMMRAGVHFGHGTRKWNPRMAPYISAKRKGIHIINLTRTARFLSEACDLVFDAASRGKQFLIVGT----    76
MAKR----------YWNINLEEMMEAGVHFGHGTRKWNPRMAPYISAKRKGIHITNLTRTARFLSEACDLVFDAASRGKQFLIVGT----    76
MTRR----------YWNINLEEMMEAGVHFGHGTRKWNPRMAPYISAKRKGIHITNLTRTARFLSEACDLVFDAASRGKQFLIVGT----    76
MTRR----------YWNINLEEMMEAGVHFGHGTRKWNPKMAPYISAKRKGIHITNLTRTARFLSEACDLVFDAASRGKQFLIVGT----    76
MTRR----------YWNINLEEMMEAGVHFGHGTRKWNPKMAPYISAKRKGIHITNLTRTARFLSEACDLVFDAASRGKQFLIVGT----    76
MNNNIN--------N NINLLKII--KIFFNHDINN--LKYKKY-----KNIFFINFIKFNKFLYEICNLIFYSSKLNKKFLIINTVFKK    73
MLYNNNKIIYNKYFN NINLKKIIKMKIFINHDINKYFYKYKKY-----KNIFFINLIIFTKFLYEICNLIFYASNLNKKFIIINNIFLK    85
MTRR----------YWNINLEEMMGAGAHFGHGTRKWNPKMAPYISGKRKGIHITNLTRTARFLSEACDLVFDAASRGKKFLFVGT----    76
MTRR----------YWNINLEEMMKAGVHFGHGTKKWNPRMAPYISGKRKGIHIINLTRTARFLSEACELVFDAASKGKQFLIVGT----    76
MTRR----------YWNIHLEEMMEAGVHFGHGTRKWNPRMAPYISGKRKGIHITNLTRTARFLSEACDLVFDAASGGKQFLIVGT----    76
MTRR----------YWNINLKEMIEAGVHFGHGIKKWNPKMAPYISAKRKGTHITNLARTTRFLSEACDLVFDAASQGKSFLIVGT----    76
MTRR----------YWNINLEEMMEAGVHFGHGTRKWNPRMAPYISAKRKGIHITNLTRTARFLSEACDLVFDAASRGKHFLIVGT----    76
MTRR----------YWNINLEEMMEAGVHFGHGTRKWDPRMAPYISAKRKGIHITNLTRTARFLSEACDLVFDAASRGKHFLIVGT----    76
MARR----------YWDINLEEMMGAGVHFGHGTRKWNPRMAPYISGKRKGIHITNLTRTARPLSEACDLVFDAASRGKHFLIVGT----    76
MTKG----------YWNINLEEMMEAGVHFGHQARKWNPRMSPYISTERRGIHIINLAKTARSLSEACDFVFDAAGKGKQFPIVGT----    76
MSKR----------YWNIDLEEMMEARVHLGHKTRKWNPKMAPYIFTERKDTHIINLAKTARSLSEACDLLFDIAGRGKQFLIVGT----    76
MKQK----------SWNINLEEMMQAGVHFGHQARKWNPKMASYIFTERKGIHILNLTQTARFLSEACDLLANASSKGKQVLIVGT----    76
1.......10........20........30........40........50........60........70........80........90

-KNK-AADLVSRAAIRARCHYVNKKWLGGMLTNWSTTEKRLHKFRDLRTEQKTEGFNRLPKRDAAVLKRQLSRLETYLGGIKYMTGLPDI   164
-KNK-AADSVARAAIRARCHYVNKKWLGGMLTNWSTTETRLHKFRDLRTEQKTGRLNRLPKRDAAVLKRQLSHLQTYLGGIKYMTGLPDI   164
-KNK-AADSVARAAIKARCHYVNKKWLGGMSTNWSTTETRLHKFRDLRTEQKTGRLNRLPKRDAAMLKRQLSHLQTYLGGIKYMTGLPDI   164
-KNK-AADSVEWAAIRARCHYVNKKWLGGMLTNWSTTETRLHKFRDLRMEQKTGRLNRLPKRDAAMLKRQLSRLQTYLGGIKYMTGVPDI   164
-KNK-AADSVEWAAIRARCHYVNKKWLGGMLTNWSTTETRLHKFRDLRMEQKTGRLNRLPKRDAAMLKRQLSRLQTYLGGIKYMTGVPDI   164
KNNKFLLNLIIYITIKSKCFFYLYK------------------------------------------------------NNKI---LPDI   106
KNNKFLLNLIK IIIKSKCFYIKKY------------------------------------------------------NNKY--KLPDI   119
-KNK-VANSVAWTAIRARCHYVNKKWLGGMLTNWSTTEMRLHRFRNLITEQRTEKFNRLPKRDAAMLKRQLSHLETYLGGIKYMTGFPDI   164
-KNK-VAESVARAAIRARCHYVNKKWLGGMLTNWPTTETRLHKFRDLKTDQGTGRINCLTKRDAAMLKRQLSNWQTYMGGIKYMTGLPDI   164
-KNK-VADSVAWAAIRARCHYVNKKWLGGMLTNWSTTETRLHRFRDLRTEQKAGRLNRLPKRDAAMLKRQLSHLQTYLGGIKYMTGLPDI   164
-KKR-AADLVASAAIRARCHYVNKKWFSGMLTNWSITKTRLSQFRDLRAEEKMEKFHHLPKRDVAILKRKLSTLQRYLGGIKYMTRLPDI   164
-KNK-AADSVASAAIRARCHYVNKKWLGGMLTNWSTTETRLHKFRDLRAEQKTGKFNRLPKRDAAMLKRQLSHLQTYLGGIKYMTGLPDI   164
-KDK-AADSVASAAIRARCHYVNKKWLGGMSTNWSTTETRLQKFRDLRVRAEMGQFSRLPKRDAAILKRQLSHFQTYLGGIKYMTGLPDI   164
-KDK-AADSVASAAIRARCHYVNKKWLGGMSTNWSTTETRLHKFRDLRAEQKMGRFKRLPKRDAAMLKRQLSHLQTYLGGIKYMTGLPDI   164
-KYQ-AADLVASAAIGARCHYVNKKWLGGMLTNWSTTETRPQKFKDLKKERDTGRFNRPPKKETAMLKGQLSQLQKYPGGIKYMTSLPDI   164
-KYQ-ATDLVASAATEGRCHYVNRKWLGGMLTNWSTTETRLQKFKDLKKEQDTGRFNQLPKKEAAMLKRQLDQLQKYLGGIRYMTSLPDI   164
-KYQ-AADLVASASIKARCHYINQKWLGGMLTNWSTIEKRLQRFKDLENKEKTGVLNQLPKKEAATLKRQLVQLRKYLGGIKYMTSLPDI   164
.......100.......110.......120.......130.......140.......150.......160.......170.......180

VIILDQQEE----------YTALRECITLGIPTISLIDTNCNPDLADISIPANDDAIA-SIRFILNKLVFAICEGRSSYIQNS   236
VIIIDQQEE----------YTALRECITLGIPTISLIDTNCDPDLADISIPANDDAIA-SIRLILNKLVFAICEGHSSYIQNS   236
VIIVDQQEE----------YTALRECITLGIPTICLIDTNCDPDLADISIPANDDAIA-SIRLILNKLVFAICEGRSSYIRNP   236
VIIVDQHEE----------YTALRECITLGIPTICLTDTNCDPDLADISIPANDDAIS-SIRLILNKLVFAICEGRSSYIRNP   236
VIIVDQHEE----------YTALRECITLGIPTICLTDTNCDPDLADISIPANDDAIS-SIRLILNKLVFAICEGRSSYIRNP   236
LIILEFNNIIKKKKSIIFK IFLKIIIINLIKKITNNNKFIKNNIIDI--LLYINNNKFKIIYILYKLKFAILEGIYNYNN   186
LIIL--NNII--------NNNFIKKCIFNKIIIINLIKIINNYNFIDILILINKKNIKYSILYILYKFK---------YSII   183
VIIVDQQEE----------YTALRECIALGIPMISFIDTNCNPDIADISIPANDDAIA-SIRLVLNKLVFAICEGRFSYTIIR   236
VIVVDQQEE----------YKALQECIALEIPTICLIDTNCDPDLADISIPTNDDAIA-SIRLILNKLVFAICEGRSSYIENP   236
VIIVDQQEE----------YMTFRECIALGIPTICLIDTNCDPDLATISIPANDDAIA-SIRLILNKLVFAICEGHSSYIRNP   236
VIVLDQQKE----------YIALRECAILGIPTISLADTNCDPDLANISIPANDDTMT-SIRLILNKLVFAICEGRSLYIRNH   236
VIIVDQQEE----------YTALRECLTLGIPTICLIDTNCDPDLADISIPANDDAIA-SIRLILNKLVSAICEGRSSSIRNR   236
VIIIDQQEE----------YTALRECVTLGIPTICLIDTNCDPDLADIPIPANDDAIA-SIRLILNKLVSAICQGRSSYIRSR   236
VIIVDHQEE----------YTAIRECLTLGIPTICLIDTNCDPDLADIPIPANDDAIA-SIQLILNKLVLAIREGHYSYLGSH   236
VIIVDQQEE----------YTAIGECIILGIPTICLVDTDCDPDLIDVPIPANDDARA-SIRLILNKLTSAICEGRHSV----   232
AIITNQREE----------SIALGECRTLGIPTICLVDTDCDPDLVDIPIPANDDGIA-SIQLILNRLTSAICEGRA--LRSL   234
VIIIDQQKE----------ITAINECITLGIPTICLVDTDCDPDLTDIPIPANDDARA-SIRWILNKLTLAISEGRYNSIKTE   236
.......190.......200.......210.......220.......230.......240.......250.......260...
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



MGQ-KINPLGFRL-GTTQSHHSLWFAQPKKYSEGLEEDKKIRDCIKNYVQKNIRISS-----------------------GMEG    59
MGQ-KINPLGFRL-GTTQSHHSLWFAQPKNYSEGLQEDKKIRDFIKNYVKKNMRISS-----------------------GVEG    59
MGQ-KINPLGFRL-GTTQGHHSLWFAQPKNYSKGLQEDQKIRDCIKNYVQKNIRISS-----------------------GVEG    59
MGQ-KINPLGFRL-GTTQGHHSLWFSQPKNYSEGLQEDQKIRDCIKNYVQKNMRTSS-----------------------GVEG    59
MGQ-KINPLGFRL-GTTQSHHSLWFSQPKNYSEGLQEDKKIRDCIKNYVQKNMRTSS-----------------------GIEG    59
MIN-KINPILFRL-NNNNYKNYNFYNYYYLQHYFKY--------IKKYYKYNNIILK-----------------------KYNN    51
MINKKINPILFRI-NNNNYNYYNIYKYYNNYNYYYN--------IYNFFKKINKYFI-----------------------K-NN    51
MGQ-KINPLSFRL-GTTHEHHSLWFAQPKNYSEGLQEDQKMRDFLKNYVQKNMRIYS-----------------------GIEG    59
MGR-KTNPLGFRL-GTTQDHYSLWFAQPKNYSENLQEDQKIRDSIKNYIQKNMRISS-----------------------SVEG    59
MGQ-KINPLGFRL-GTTQDHYSLWFAQPKKFSEGLQEDQKIRNCIKNYVQKNMRMLS-----------------------GVEG    59
MGQ-KINPLGFRL-GTTQNHHSFWFAQPKNYSEGLQEDKKIRNCIKNYIQKNRKKGSNRKIEADSSFEVITHNKKMDSGSSSEV    82
MGQ-KINPLGFRL-GTTQSHRSFWFAQPKNYSKGLQEDEKIRDCIKNYVQKHMRISS-----------------------GFEG    59
MGK-KINPLGFRLGGENQKHRSLWFAQPKNYSIGLQEDEKIRDCIKNYVQKNRRISS-----------------------GFEG    60
MGQ-KINPLGFRL-GTTQSHRSLWFAQPKDYSRNLQEDEKIRDCIKNYVQKHMRISS-----------------------GFQG    59
MGQ-RINPLGFRL-GVTQNHRSHWFAQKKYYSEDLQEDEEIRNCIENYVRRHMKNYS-----------------------NYGG    59
MAQ-KINPLGFRL-GVTQNERSHWFAQQRNYSKDLREDQKIRTCIENYVRTHIKSSS-----------------------NYGG    59
TGR-KTNPPGFRL-GITKNHHPNWYARPKIHDQYVREDKKVRDCIDAYVHGRRMWNS-----------------DVGGDGGAEG    65
MGQ-KINPLGFRL-GVTQNHHSYWFAQPKNYSKLLQEDQKMRNCIENYVYKNIRNSS-----------------------NYGG    59
1.......10........20........30........40........50........60........70........80....

IARIEIQKRIDLIQIIIYMGFPK-LLIEDK-PRRVEELQMNVQKEL-NCVNRKLNIAITRISNPYGDPNILAEFIAGQLKNRVS   140
IARIEIQKRIDLIQVIIYMGFPK-LLIEDK-PQRIEELQRNVQKEL-NCVNRKLNIAIIRIANPYGHPNILAEFIAGQLKNRVS   140
IARIEIQKRIDLIQVIIYMGFPK-LLVEGK-PRRIEELQMNVQKEL-NYVNRKLNIAITRITKPYGHPNILAEFIAGQLRNRVS   140
IARIEIQKRIDLIQVIIFMGFPK-LLIESR-PRGIEELQTTLQKEF-HCVNRKLNIAVTRIAKPYGNPNILAEFIAGQLKNRVS   140
IARIEIQKRIDLIQVIIFMGFPK-LLIESR-PRGIEELQMTLQKEF-NCVNRKLNIAVTRIAKPYGNPNILAEFIAGQLKNRVS   140
IYYLKLYYYIYNIIIEIFI--IK-IYFISKILKNINKLKIYF-----NIKK-YNNLFFYKIIKPYEYSKTFLKFIIKNKKNNIS   126
IIFYKIFYLFYIIFLELFL--IK-ILFISKILKNINKIKIYF-----NLKKIYFNLFFFKLIKPYEYSKTFFKFILKNKKNNIS   127
IARIKIQKRVDLIQVIIYMGFPK-LLIEGK-PREIEELQMYVQKEL-NYVNRKLNITITRIVKPYGHPNILAEFIAEQLKNRVS   140
LSRIKIQKRIDLIQAIIYMGFPK-LLIESR-PREIEEFQMKIQKKL-NYVNRKLNITITRIAKPYGSPTILAEFIAGQLKNRVS   140
IERIEIQKRIDLIQVIIYMGFPK-LLIEGK-PRGIEELQINIQKEL-NYVNRKLNIAITRIVKPYGHPNNLAKFITGQLKNRVS   140
ITHIEIQKEIDTIHVIIHIGFPN-LL-KKK-G??IEELEKDLQKEV-NSVNQRLNIGIEKVKEPYRQPNILAEYIAFQLKNRVS   162
IARIDIKKRIDLIQVIIHIGFAN-MLMEGR-ARGIEELQTNVQKSF-HSVNRRLNIAIARVARPYGQPNILAEYIALQLKNRVS   140
IAHIEIQKKIDLIQVIIYIGFPN-LLIEGR-TRGIEELQINVQKGF-NSVNRRLNIAITRVAKPYGQPNILAEYIALQLKNRVS   141
IARLGIQKRIDLIQVTIYIGSSN-LLIEGP-TRGIEELRTDVQKKL-NSMNRRLNITITRIARPYEQPNILAEYIALQLKNRVS   140
IARVEIRRKIDLIQVEIHIGFPN-LLIEDR-GRGIEQLRTDVRNML-NSANRKLNISIAKVAKPYGVPNILAEYIALQLEDRVS   140
IARVEIRRNIDLIKVKIYIGFPNLLLIEGR-GQGIEKLRNDVLNML-DSVDRKLHIAIEKVAKPYRKPNILAEYIALQLEKRVP   141
IERVRIRRKTDLPTVEIHAGSPA-ILIRSH-GRGIEQSRMNVRKNWSDSWIGRVHITPSEISEPYGEPNTPAKHIAPQPKNRVA   147
IARIEIKRKTDLIQVEIHTGFPA-LLVENR-KRGIEQLKTDVQSIL-TSGDRKLRMTLTEVTKPYGEPNILAEYIALQLESRVA   140
....90.......100.......110.......120.......130.......140.......150.......160.......1

FRKAMKKAIELTEQAN---TKGIQVQIAGRIDGKEIARVEWIREGRVPLQTIEAKIDYCSYTVRTIYGVLGIKIWIFVDEE-   218
FRKAMKKAIELTEQAN---TKGIQVQIAGRIDGKEIARVEWIREGRVPLQTIEAKINYCCYRVRTIYGVLGIKIWIFVDEE-   218
FRKAIKKAIELTEQAD---TKGIQVQIAGRIDGKEIARVEWIREGRVPLQTIRAKIDYCSYRVRTIYGVLGIKIWIFVDEE-   218
FRKAMKKAIELTEQAD---TKGIQIQIAGRIDGKEIARVEWIREGRVPLQTIRAKIDYCSYTVRTIYGVLGIKIWIFLDEE-   218
FRKAMKKAIELTEQAD---TKGIQIQIAGRIDGKEIARVEWIREGRVPLQTIRAKIDYCSYTVRTIYGILGIKIWIFLDEE-   218
FLKIIKKIFNLIEKIKNIKIKGIKIIISGKINNNKIKYIEYIKKGKIPLKSIKFNIDFYFYSIKTQYGLIGIKIFLYKFIK   208
FLKIIKKIFNLIKKINNKKIKGIQIKISGKINNKKIKYIEYIKKGKIPLKNNKINIDFYFHSIKTKYGLIGIKIYIYI-IK   208
FRKAMKKAIELTEQTD---TKGIQIQIAGRIDGKEIARVEWIREGKVPLQTIRAKIDYCSYPIRTIYGVLGIKIWIFSEEY-   218
FRKAMKKAIELTEYAD---TKGIQIQIAGRLDGNEIARVEWVREGRVPLQTIQAKIDYCSYPIRTIYGILGIKIWIFTDRE-   218
FRKAMKKAIELAEQAD---TKGIQVQIAGRIDGKEIARVEWIREGRVPLQTIQAKMDYCSYPIRTIYGAFGIKIWLFTAEE-   218
FRKAMKKAIELTKKTD---IKGVKVKIAGRLAGKEIARAECIKKGRLPLQTIRAKIDYCCYPIRTIYGVLGVKIWIFVDEE-   240
FRKAMKKAIELAEQAD---AKGIQVQIAGRLNGNEIARVEWIREGRVPLQTIRVKIDHCSYPVRTIYGVLGIKIWIFLDEE-   218
FRKAMKKAIELTEQAD---TKGIQVQIAGRIDGKEIARVEWIREGRVPLQTIRAKIDHCSYPVRTIYGVLGIKIWIFVDEQ-   219
FRKAMKKAIELAEQAN---TKGIRVQIAGRLNGKEIARVEWIREGRVPLHTIRAKIDYCSYMVQTIYGVLGIKIWIFVDEE-   218
FRKTVKKAIELAEQAD---IRGIQIQIAGRLDGNEIARVEWARGGRVPLQTIRARIDHCYYPAKTIYGVLGIKIWIFGDEE-   218
FRKTMKKAIELAEREE---VEGIQIQIAGRLDGKEIARVEWDRGGRVPLQTIRARIDYCYYPVKTIYGVLGIKIWILEE---   217
FRRTTKKATEPAKRNG---RKGIKTQIAGRLNGAEIARVEWAREGRVPLQTPRALIDYRYYPARTVYGVSGTKVRILRDE--   224
FRRTMKKAIELAKKTN---IKGIKIQIAGRLNGAEIARVEWAREGRVPLQTLRAKIDYCYYPAQTIYGVLGIKIWIFQDEK-   218
70.......180.......190.......200.......210.......220.......230.......240.......250

RPS3

Amborella

Arabidopsis

B. laxiflora 
B. reflexa

Carica

Ginkgo

Magnolia

Nicotiana

Nymphaea

Olax

Oryza

Physcomitrella

Pinus
Selaginella

Solanum

Vitis

Ximenia

Schoepfia

Amborella

Arabidopsis

B. laxiflora 
B. reflexa

Carica

Ginkgo

Magnolia

Nicotiana

Nymphaea

Olax

Oryza

Physcomitrella

Pinus
Selaginella

Solanum

Vitis

Ximenia

Schoepfia

Amborella

Arabidopsis

B. laxiflora 
B. reflexa

Carica

Ginkgo

Magnolia

Nicotiana

Nymphaea

Olax

Oryza

Physcomitrella

Pinus
Selaginella

Solanum

Vitis

Ximenia

Schoepfia

*
*

Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



MSRYRGPRFKKIRRLGALPGLTSKRPKAGSDLRNQSR-SVKKSQYRIRLEE-KQKLRFHYGLTEHQLL-KYVRIAGKAKG    77
MSRYRGPRFKKIRRLGALPGLTSQRPRAGSDLRNQSR-SGKKSQYRIRLEE-KQKLRFHYGLTERQLL-KYVRIAGKAKG    77
MSRYRGPRFKKIRRLGALPGLTSKRPRAGSDLRNQSR-SGKRSQYRIRLEE-KQKLRFHYGLTERQLL-NYVRIAGKAKG    77
MSRYRGPRFKKIRRLGALPGLTNKKPRNGSDLRNQSR-SGKKSQYRIRLEE-KQKLRFHYGLTERQLL-KYVRIARKAKG    77
MSRYRGPRFKKIRRLGALPGLTNKKPRTGSDLRNQSR-SGKKSQYRIRLEE-KQKLRFHYGLTERQLL-KYVRIARKAKG    77
IYRYIGPRFKKIKKLGNLIGFTKKK-------------ILKKNIKNIYFNTYKQKLKIYYGINEKQFY KYIYISNNLNI    67
--------IKLLIK-------NKKK-------------INLININN------KQKIKIYYGIKEKQFLYKYIYNLLKIKN    46
MSRYRGPRFKKIRRLGALPGLTSKKPRSASDLRNQSR-SGKRSQYRIRLEE-KQKLRFHYGLTERQLL-RYVRIAGKANG    77
MSRYRGPRFKKIRRLGALPGLTNKRPRAGSSLRNQSR-FGKKSQYRIRLEE-KQKLRFHYGLTERQLL-KYVRIAGKTKG    77
MSRYREPRFKKIRRLGALPGLTNKRPRAGNGLRNQSR-SGKRSQYRIRLEE-KQKLRFHYGLTERQLL-KYIRIAGKAKG    77
MSRYRGPRFKKIRRLGALPGLTNKRPRARSDLRNQSR-SGKRSQYRIRLEE-KQKLRLHYGLTERQFL-KYVRITGKAKG    77
MSRYRGPRFKKIRRLGALPGLTRKTPKSGSNLKKKFH-SGKKEQYRIRLQE-KQKLRFHYGLTERQLL-RYVHIAGKAKS    77
MSRYRGPRFKKIRRLGALPGLTSKRPRPGSDLRNQSR-SGKRSQYRIRLEE-KQKLRFHYGLTERQLL-RYVRIAGKAKG    77
MSRYRGPRFKKIRRLGALPGLTSKRPRSGSDLRNQSR-SGKRSQYRIRLEE-KQKLRFHYGLTERQLL-RYVRIAGKAKG    77
MSRYRGPRLKIIRRLRALPGLTSKRPKSGNDPINRSS-SGKISQYRIRLEE-KQKLRFHYGLTERQLL-KYVRIARKAKG    77
MSRYRGPRLKIIRRLKTLPGLTSKRPKNRKDSMNRXX-XXXXXQYRIRLEE-KQKLRFHYGLTERQLL-KYVRIARRAKG    77
TSRHRGPRAKIVRRPGRSPGPTRKRPNKKPGYANQSTPTTKAPPYRIRSEE-KQRSRFHHGPTEQQSL-RYVRLARRAKG    78
MSRYRGPRVRIIRRLGVLPGLTNKTPQLKSSSANQST-AKKISQYRIRLEE-KQKLRFHYGITERQLL-NYVRIARKAKG    77
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STGQVLLQLLEMRLDNILFRLGMALTIPQARQLVNHGHILVNGRIVDIPSYRCKPRDIITVKDEQNSRTLVQNLLDSSA-   156
STGQVLLQLLEMRLDNILFRMGMALTIPQARQLVNHRHILVNGRIVDIPSYRCKPRDTITVKDEQKSRALIQSFLDSST-   156
ATGRVLLQLLEMRLDNILFRLGMASTIPGARQLVNHRHILVNGRIVDIPSYRCKPRDIITAGNEQKSRALIQNVFDSSS-   156
STGQVLLQLLEMRLDNILFRLGMASTIPAARQLVNHRHILVNGRIVDIPSYRCKPRDIITAKDEQKSRALIQISLDSSP-   156
STGQVLLQLLEMRLDNILFRLGMASTIPAARQLVNHRHILVNGHIVDIPSYRCKPRDIITAKDEQKSRALIQISLDSSP-   156
NKYLFIFKLLEMRLDNIIFKLGIISTIPASRQIINHNHIMINNFLINLPNFFCKLNDIIIIKNIYKYNNIIKNLIKIKK-   146
NKYIFLIKILEMRLDNIIFKLGIISTISASRQIINHNHIIINNNIINLPNFFCKLNDIIYIKNIYKYNNIIKNINKYKYN   126
STGQVLLQLLEMRLDNILFRLGMASTIPGARQLVNHGHILVNGRLVDIPSYRCKPRDIITTKDKQGSRALIQNHMDSSS-   156
STGQVLLQLLEMRLDNILFRLGMASTIAGARQLVNHRHILVNDHIVDIPSYRCKPRDIITAKNEHKSNALIQNYIDSPL-   156
STSRVLLQLLEMRLDNILFRLGMASTIPGARQLVNHRHILVNGRIVDIPSYRCKPRDIIMARDEKKSKALIQNYLDSSPH   157
STGQVLLQLLEMRLDNILFRLGMASTIPGARQLVNHRHILVNGRVVDIPSYRCKPRDIITARDEQKSKALIQNYLDSSP-   156
STGQVLLQLLEMRLDNILFRLGMASTIPEARQLVNHRHILVNGRIVDIPSFRCKPRDIITTKDNQRSKRLVQNSIASSD-   156
STGQVLLQLLEMRLDNILFRLGMASTIPGARQLVNHRHILVNGRIVDIPSYRCKPRDIITTRDEQRSRALIQNYIDSSP-   156
STGQVLLQLLEMRLDNILFRLGMASTIPGARQLVNHRHILVNGRLVDIPSYRCKPGDFVTTREKERSRALIQNHMNSSP-   156
STGQVLLQLLEMRSDNIIFRSGMALTIPGARQLVNHRHLLVNDRVVDIPSYRCKPQDVITIRDQQRSRAIIKNNINLSQ-   156
STGQVLLQLLEMRLDNILFRLGMAPTIPGARQLVNHGHIRVNDHMVDIPSYPCKPQDVITIRDQQRLRAIIKKNIDLFQ-   156
STGQVSLQSLETRSDNIIPRLGMASTIPGARQSVTHEHTPANDHAINIPSYRREPTDAIAVRQPFRGG-------NSSN-   150
STGQILLQLLEMRLDNIVFRLGMAPTIPGARQLVNHRHVLVNDCIVDIPSYRCKPEDSITVKNRQKSQAIITKNIDFSQ-   156
........90.......100.......110.......120.......130.......140.......150.......160

-PEELPNHLTLHTF-QYEGLVNQIIDRKCVGLKINELLVVEYYSRQT------   201
-HEELPNHLTLHTF-QYEGLVNQIIDRKWVGLKINELLVVEYYSRQT------   201
-HEELPKHLTLHPF-QFKGLVNQIIDSNWVGLKINELLVVEYYSRQT------   201
-HEELPNHLTLHPF-QYKGLVNQIIDSKWVGLKINELLVVEYYSRQT------   201
-HEELPNHLTLQPF-QYKGLVNQIIDSKWVGLKINELLVVEYYSRQT------   201
-YYKIPKYLIYYPLKKYKIIIKKIINIKYIFFSI--ILIKEIISKYFKKNIY   196
-NIIISNYFIYYPL-LNKIKIKKLISIKNINLLK--IIIKKIIYIYFKKNKL   175
-NAELPKHLTLHSF-QYKGVVNQIIDSKWVGLKVNELLIVEYYSRQT------   201
-HEELPKHLTLHPF-QYKGFINQIIDSKSVGLKINELLVVEYYSRQA------   201
GHEEFPKHLTLHAF-QYKGFVNQIIDSKWVGLKINELLVVEYYSRYS------   203
-HKELPKHLALRAF-QYKGFVNQIIDSKWVGLKINELLVIEYYSRQT------   201
-PGKLPKHLTIDTL-QYKGLVKKILDRKWVGLKINELLVVEYYSRQT------   201
-HEELAKHLTFHSS-QYKGLVNQIIDSKWIGLKINELLVVEYYSRQT------   201
-NEELPKHLTLYSL-QYKGLVNQIIDSKWIGLKINELLVVEYYSRQT------   201
-RDKMPNHLTLHSS-QYKGLVNRIIDSKWINLKINELLVVEYYSRRARI----   203
-RDKLPNHLTFHSL-QYKGFINQIIDSKWINLKINELLVVEYYSRQA------   201
-RIGEQNDSTLYP---RAGLAVQPVDRKWIDPNTNELPAVEYHPRQAQ-----   194
-KSKVPNHLTFDST-QKKGLVNQILDRESIGLKINELLVVEYYSRQA------   201
.......170.......180.......190.......200.......210...
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRALKKIQQKTETNPLSVLRQAIRGVTPDIAVKARR-VGGST    84
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRALKKIQQKTETNPLSVLRQAIRGVTPDIAVKARR-VGGST    84
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRSVKKIQQKTETNPLSVLRQAIRGVTPDIAVKARR-VGGST    84
M----SRRGTAEKKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRAVKKIQQKTETNPLSVLRQAIRGVTPDITVKARR-VGGST    84
M----SRRGTAEKKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRAVKKIQQKTETNPLSVLRQAIRGVTPDITVKARR-VGGST    84
MYKFINKYLYINNKLLIFDPIFKNKIIILLINNIIKKGKKKLAYKIIYNFIFLIKKIIIKKPLYLFKYLIYKLIINITIKYIY-VNKIK    88
MYN--NYKKYINNKVLIYDPIFKNKIIILLINNIIIKGKKKLAYKIIYNFIFLIKKFLTKKPLYLLKYLIYKLLPNILIKNIY-IKKNN    86
M----PRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRAMKKIQQKTETNPLSVLRQAIRGVTPDIAIKARR-AGGST    84
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRAVKKIQQKTETNPLSVLRQAIRGVTPNIAVKARR-VGGST    84
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQILYRAVKKIQQKTETNPLSVLRQAIRGVTPDIAVKARR-VGGST    84
M----SRRGTAEKRTAKSDPIFRNRLVNMVVNRIMKDGKKSLAYQILYRAVKKIQQKTETNPLLVLRQAIRRVTPNIGVKTRRNKKGST    85
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQILYRAVKKIQQKTETNPLSVLRQAIRGVTPDIAVKARR-VGGST    84
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRAVKKIQQKTETNPLSVLRQAIRGVTPNIAVKARR-VGGST    84
M----SRRGTAEEKTAKSDPIYRNRLVNMLVNRILKHGKKSLAYQIIYRALKKIQQKTETNPLSVLRQAIRGVTPDIAVKARR-VGGST    84
M----SRRSTAEKETAKSDPIYRNRFINMLVNRILKHGKKSLAYRILYRAMKKIQQKTGKNPLSVSRQAIRGVTPDVTVKARR-VGGST    84
M----SRRSTAEKKTAKSDPIYRNRLVNMVVNRILKNGKKS?????????IKKIQQKTEKNPLSVLRQAIRRVTPNVTVKARR-VGGST    84
T----SRRSNA-RAGAKADPIYRNRLVNMLVRHVPRNGKKSLAYGIIHSAIRNVEQEMNNNPLSIPRQAIRRVTPDVTVKARR-PSGST    83
M----SRRSIIEKKTIKSDPIYRNRLVNMMVNRILKNGKKSLAYRIFYKAMKNIKQKTKKNPLSILRQAIHRVTPNVTIKARR-VGGST    84
1.......10........20........30........40........50........60........70........80........9

------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLAASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLAASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------YKIPFEIGYKKGKKKAIKYFILFIKKNKKINKLKYNNIIFNLLKNIINIIKNNN -------------------------   143
NLKKNIYKIIFEIGYKKGKKKILKYL---KKKN------KYINIIYNLYFNIIFILNK ---------------------------   136
------HQVPIEIGSTQGKALAIRWLLEASRKR------SGRDMAFKLSSELVDAAKGSGDAIRKKEETYRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAATGSGDAIRKKEETHRMAEANRAFAHFR---   155
------RKVPIEIGSKQGRALAIRWLLEASQKR------PGRNMAFKLSSELVDAAKGGGGAIRKKEATHRMAEANRALAHFR---   156
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAAKGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAARGSGDAIRKKEETHRMAEANRAFAHFR---   155
------HQVPIEIGSTQGKALAIRWLLGASRKR------PGRNMAFKLSSELVDAAKGNGDAIRKKEETHRMAEANRAFAHFR---   155
------YQVPIEIRSTQGKALAIRWLLGASRKR------PGRNMAFKLSYELMDAARENGNAIRKKEETHRMAEANRAFAHFR---   155
------YRVPTEIRSTQGKVLAIRWLLGASRKR------PGRNMNFKLSHELMDAARGNGNAIRKKEETHRMAEANRAFAHFR---   155
------YQVPTEMGSARGKALAIRRSLWASRKR------PGRDMAPKPSIELMDAARDGGNATRRKEETRRIAEANRAFANPRLYQ   157
------YQVPVEIKSAQGKALAICWLLRASKKR------LGRNMAFKLSYELIDAARDSGEAIRKKEETHRMAEANRAFAHFR---   155
0.......100.......110.......120.......130.......140.......150.......160.......170.....
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



Arabidopsis MAKPILRIGSRKNTRSGSR--------KNVRRIPKGVIHVQASFNNTIVTVTDVRGRVISWSSAGTCGFRGTRRGTPFAA    72
Carica MAKPIPRVGSRKNVRSGSR--------KNARRIPKGVIHVQASFNNTIVTVTDVRGRVISWSSAGTCGFRGTRRGTPFAA    72
Vitis MAKPIPRIGSRRNGRIGSR--------KSARRIPKGVIHVQASFNNTIVTVTDVRGRVVSWSSAGTCGFRGTRRGTPFAA    72
Nicotiana MAKAIPKISSRRNGRIGSR--------KGARRIPKGVIHVQASFNNTIVTVTDVRGRVVSWSSAGTSGFKGTRRGTPFAA    72
Solanum MAKAIPKISSRRNGRISSR--------KGARRIPKGVIHVQASFNNTIVTVTDVRGRVVSWSSAGTSGFKGTRRGTPFAA    72
B. laxiflora MKK---------NIIL--------------------LIYIKISLNNIIITITNLIGEVIYFSSSGSNGFKNSKKKTPFAI    51
B. reflexa MKK-------KKNITI--------------------LLYIKISLNNFNITVTNLIGEVIFFSSSGNNGFKNSKKKTPFAI    53
Schoepfia MAKPIPRIDSRRNERIDLR--------KNARRIPKGVIHVQASFNNTIVTITDVRGQVVSWSSAGTCGFKGPKRGTPFAA    72
Olax MAKRIPKIGSHRNGRIGLR--------KSMRRIPKGVIHIQASFNNTIVTVTDVRGRVVSWSSAGTCGFRGTRRGTPFAA    72
Ximenia MAKPIPRIGSRRNGRIGLR--------KSARRIPTGVIHVQASFNNTIVTVTDVRGRVISWSSAGTCGFRGTRKGTPFAA    72
Oryza MTKAIPKIGSRRKVRIGLRRNARFSLRKSARRITKGVIHVQASFNNTIITVTDPQGRVVFWSSAGTCGFKSSRKASPYAG    80
Nymphaea MTKPIPKIGSRRNSRISSR--------KSGCRTPIGVIHVQASFNNTIVTVTDPQGRVVSWSSAGTCGFKGTRRGTPFAA    72
Magnolia MTKPIPRIGSRRNGRIGSR--------KSGRRIPKGVIHVQASFNNTIVTVTDVLGQVVSWSSAGTCGFRGTRRGTPFAA    72
Amborella MKKPIPRIGSRRNGRIGSR--------KNGRRIPKGVIHVQASFNNTIVTVTDVRGRVVSWCSAGTCGFRGTRRGTPFAA    72
Ginkgo MSKPTRRIGSRRNE----------------RRIPKGVIHIQASFNNTIVTVTDVRGQVVSWSSAGACGFKGTKRSTPFAA    64
Pinus MSKTIKRIGSRRNE----------------HRVLKGVIYVQASFNNTIVTATDVRGQVLSWSSAGACGFKGTRRGTPFAA    64
Physcomitrella MAKLIKKISLRKGK----------------RRIPKGVIHIQASFNNTIVTVTDIRGQVVFWSSAGACGFKGAKKSTPFAA    64
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Arabidopsis QTAAGNAIRAVVDQGMQ--RAEVRIKGPGLGRDAALRAIRR----SGILLSFVRDVTPMPHNGCRPPKKRRV-   138
Carica QTAAGNAIRAVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLSFVRDVTPMPHNGCRPPKKRRV-   138
Vitis QTAAGNAIRTVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLSFVRDVTPMPHNGCRPPKKRRV-   138
Nicotiana QTAAANAIRTVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLTFVRDVTPMPHNGCRPPKKRRV-   138
Solanum QTAAANAIRTVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLTFVRDVTPMPHNGCRPPKKRRV-   138
B. laxiflora KKITKNIIKKITKNIKKNIKIKIFLKGLNFGRDIFLKTFYQNNKNNIIKLILIQDITSFSFNGCRLKKKKRL   124
B. reflexa KTITKNIINKINKKKEKY-KIKIFFKGFNFGRDIFLKIFYQ-KKKNIIKLILIQDITSFSFNGCRLKKKKYL   124
Schoepfia QTAAGNAICTVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLNFVRDITPMPHNGCRPPKKRRV-   138
Olax QTAAGNAIRSVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLNFVRDITPMPHNGCRPPKKRRV-   138
Ximenia QTTTGNAIRTVMNQGLQ--QAEVVIKGPGLGRDAALRTIRR----SSILLSFVRDVTPMPHNGCRPPKKRRV-   138
Oryza QRTAVDAIRTV---GLQ--RAEVMVKGAGSGRDAALRAIAK----SGVRLSCIRDVTPMPHNGCRPPKKRRL-   143
Nymphaea QTAAGNAIRAVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLNFVRDVTPMPHNGCRPPKKRRV-   138
Magnolia QTAAGNAIRTVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGILLSFVRDVTPMPHNGCRPPKKRRV-   138
Amborella QTAATNAIRTVVDQGMQ--RAEVMIKGPGLGRDAALRAIRR----SGVLLSFVRDVTPMPHNGCRPPKKRRV-   138
Ginkgo QTAAESAIRTLMDQGME--RAEVMISGPGPGRDTALRAIRR----SGILLSFVRDVTPMPHNGCRPPKKRRV-   130
Pinus QTAAENVIRALMDRGME--RVEVMISGPGRGRDTALRTIRR----SGILLSFVRDVTPMPHNGCRPPKKRRV-   130
Physcomitrella QTAAENAIRVLIDQGMK--QAEVMISGPGPGRDTALRAIRR----SGVILNFVRDVTPMPHNGCRPPKKRRV-   130
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



Arabidopsis M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNLQEH    77
Carica M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Vitis M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Solanum M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Nicotiana M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNLQEH    77
B. laxiflora M--LNLKK-IKNKKN-KKNKKLNFFLKKSPQRKGICIKVYTITPKKPNSALRKVSKIKL-TSGFLIIAYIPGIGHNLQEH    75
B. reflexa MLIINIKK-IKNKKI-KKLKKFNLFLK-CPQKKGICIKVYTITPKKPNSALRKVSKIKLISSGFIILAYIPGIGHNLQEH    77
Schoepfia M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Olax M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Ximenia M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCIRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Oryza M--PTVKQLIRNARQPIRNARKSAALKGCPQRRGTCARVYTINPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNLQEH    77
Magnolia M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVY-ITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    76
Nymphaea M--PTIKQLIRNTRQPMRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNLQEH    77
Amborella M--PTIKQLIRNTRQPIRNVTKSPALRGCPQRRGTCTRVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNSQEH    77
Ginkgo M--PTIQQLIRNARQPIENGTKSPALRGCPQRRGVCTRVYTTTPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNLQEH    77
Pinus M--PTIQQLIRNARQPIENRKKSPALRGCPQRRGVCARVYTITPKKPNSALRKVARVRL-TSGFEITAYIPGIDHNLQEH    77
Physcomitrella M--PTIQQLIRNRRQPIENRTKSPALRGCPQRRGVCTRVYTVTPKKPNSALRKVARVRL-TSGFEITAYIPGIGHNLQEH    77
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Arabidopsis SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Carica SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Vitis SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Solanum SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Nicotiana SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
B. laxiflora SIVLVRGGKVKDLPGVNYHIIRGVLDTNGVKNCKKKRS-KYGVKKNV   122
B. reflexa SIVLVRGGKVKDLPGVNYHIIRGVLDLNGVKNCKKKRS-KYGVKKNV   124
Schoepfia SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Olax SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Ximenia SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Oryza SVVLVRGGRVKDLPGVRYRIIRGALDAVAVKNRQQGRS-KYGVKKPKK   124
Magnolia SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRSLQYGVKKPK-   123
Nymphaea SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Amborella SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
Ginkgo SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRSSALYIII---   122
Pinus SVVLVRGGRVKDLPGVRYHIVRGTLDAAEVKDRQQGRS-KYGVKKQK-   123
Physcomitrella SVVLVRGGRVKDLPGVRYHIVRGTLDAVGVKDRQQGRS-KYGVKKPK-   123
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



MAKKSLIYREKKRQKLEKKYHLIRRSSKKEI-SKI--PSLSEKWKIHGKLQSPPRNSAPTRLHRRCFSTGRPRANYRDFG    78
MAKKSLIHREKKRQKLEQKYHLIRRSSKKEI-SKV--PSLSDKWKIHGKLQSSPRNSAPTRLHRRCFSTGRPRANYRDFG    78
MARKSLIQRERKRQKLEQKYHLIRRSSKKEI-SKV--PSLSDKWEIHGKLQSSPRNSAPTRLHRRCFLTGRPGANYRYFG    78
MARKSLIQREKKRQKLEQKYHSIRRSSKKEI-SKV--PSLSDKWEIYGKLQSPPRNSAPTRLHRRCFLTGRPRANYRDFG    78
MARKSLIQREKKRQKLEQKYHSIRRSSKKEI-SKV--PSLSDKWEIYGKLQSLPRNSAPTRLHRRCFLTGRPRANYRDFG    78
MKHY----------YIQYKYNIYYLYYKKILLKKN------------------------IKIRQYCYLTKKKKSILKNFL    47
MIKF-------------YNNKIIFIYYFKKIYKYK------------------------KNKKQYCYITKKKRSILKNFL    44
MARKSLIHREKKRQKLEQKYHLIRRSSKKEI-SKL--PSLSDKWEIHGKLQSPPRNSAPIRLHRRCFATGRPRANYRDFG    78
MARKSLIQRENKRKKLEQKYHLIRRSSKKEI-SKV--SSLSDKWKIHGKLQSLPRSSAPTRLHRRCFSTGRSRANYRDFG    78
MAKKSLIQREKKRQKLEQKYHLIRRSSKKKI-SKV--PSLNDKWKIHGKLQSPPRNSAPTRLHRRCFSTGRPRANYRDFG    78
MAKKSLIQRERKRQKLEQKYHLIRRSSKKKIRSKVYPLSLSEKTKMREKLQSLPRNSAPTRLHRRCFLTGRPRANYRDFG    81
MARKSLIQRERKRQKLEQKYHLIRRSSKKEI-SKV--SSLSDKWEIHGKLQSPPRNSAPTRLHRRCFSTGRPRANYRDFG    78
MARKSLIQREKKRQKLEEKYHLIRRSSKKEI-SKV--SSLDEKWEIHVKLQSPPRNSAPIRLHRRCFLTGRPRANYRDFG    78
MARKSLIQRERKRQKLEQKYHLIRRSLKKEI-SKT--PSLSDKWKIHGKLQSPPRNSAPIRLHRRCFSTGRPRANYRDFG    78
MARKSIIQREKKRQKLERKYHLIRQSPEREI-SEV--SSLDEKWEIHRKLQSPPRNSAPTRLHRRCSPTGRPRANYRDFG    78
MARKSLIQREKKRQALERKYHLIRQSL-EEK-SKV--SSLDDKWEIHRKLQSSPRNSAPTRLHRRCSSTGRPRANYRDFG    77
TAKKGVIRREKGKQGLGNKYHSIRRSLKARM-GEA--SSLDGRWDIHKELQSLPRNSAPTRLHRRCFLTGRPGGNYRYFG    78
MAKKSLIEREKKRQKLEKKYQDFRHSIKKKI-KET--SSLDEKWEFQKQLQALPRNSAPTRLHRRCFLTGRPRANYRDFG    78
1.......10........20........30........40........50........60........70........80

LSGHILREMVQAC-LLPGATRSSW-   100
LSGHILREMVHAC-LLPGATRSSW-   120
LSGHILREMVHAC-LLPGATRSSW-   120
LSGHILREMVHAC-LLPGATRSSW-   120
LSGHILREMVHAC-LLPGATRSSW-   120
LSRYLIHLLINKW- LSGFKRN W
LSRYIIRIIINKYLLLSGFKKYYW*    68
LSGHILREMVHAC-LFPGVTRSSW-   100
LSGHILREMVHAC-LLPGATRSTW-   100
LSGHILREMVHAC-LLPGATRSSW-   100
LSGHILREMVYAC-LLPGATRSSW-   100
LSGHILRERVHAC-LLPGATRSSW-   100
LSGHVLREMVHAC-LLPGATRSSW-   100
LSGHVLREMVHAC-LLPGATRSSW-   100
LSGHVLRRMAHAC-LLPGMKKSSW-   100
LSGHILREMAHAC-LLPGITKSSW-    99
LSRHVPRETAHAC-LLPGPVKSSWQ   101
LSRHVLREMAHAC-FLPGVTKSSW-   100
........90.......100.....
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



M--------------NKSKRLFTKSKRSFRRR--------------LPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRVTLK    57
M--------------DKSKRLFTKSKRSFRRR--------------LPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLK    57
M--------------DKSKRPFLKSKRSFRRR--------------LPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLK    57
M--------------DKSKRPFLKFKRSFRRR--------------LPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLK    57
M--------------DKSKRPFLKFKRSFRRR--------------LPPIQSGDRIDYRNMSLISRFISEQGKILSRRVNRLTLK    57
M---------------------------------------------FFLINNKKNINY--IFIKKIYINKKKYILSKKKNKIKSL    38
M--------------------------------------------YFFL---KKKFNY--IKINNKYINKKKYILSKKKNKLNFF    36
M--------------DKSKRPFLKSKRSFRRR--------------LPPIGSGDRIDYRNMSLISRFISEQGKILSRRMNRLTLK    57
M--------------DKSKRPFLKSKRSIHSR--------------LLPIQSGDRIDYRNMSLISRFISEQGKILSRRMNRLTLK    57
M--------------DKSKRPFLKSKRSFRRR--------------LPPIQSGDQIDYRNMSLISRFISEQGKILSRRVNRLTLK    57
MYTSKQPFHKSKQTFHKSKQTFRKSKQTFRKFKQPFRKPKQPF-RRRPRIGPGDRIDYRNMSLINRFISEQGKILSRRINRLTLK    84
M--------------DKSKRLFRKSKRSFRRR--------------LPPIGSGDRIDYRNMSLISQFISEQGKILSRRVNRLTLK    57
M--------------EKFKRPFRKSKRSFRRR--------------LPPIGLGDRIDYRNMSLISRFISEQGKILPRRVNRLTLK    57
M--------------DKSKQPFRKSKRSFRRR--------------LPPIGSGDRIDYRNMSLIGRFISEQGKILSRRVNRLTLK    57
M-----------------KQTMNQSKRSFRRH--------------LPPIRSGDQIDHKNMSLISRFVSEQGKILSRRVNRLTSK    54
M----------KQTMDKPKQSFRRHFKPIRRRMKPIRRHLKPIRRHLSPIRSGDRIDYKNMSLISRFISEQGKILSGRVNRLTSK    75
---------------------INKSKRSSRRR--------------LPPIRSGEIIDYKNINLLRRFISEQGKILSRRMNRLTSK    50
1.......10........20........30........40........50........60........70........80.....

QQRLITIAIKQARILSLLPFLN--NQKQFERSESTPRTTSLRTRKK----------------------------------   101
QQRLITIAIKQARILSSLPFLN--NEKQFERSESTTKTTGLRTRNK----------------------------------   101
QQRLITIAIKQARILSSLPFLN--NEKQFERTESTARTTGLRTRNK----------------------------------   101
QQRLITLAIKQARILSLLPFLN--NEKQFERTESTARTTGFKARNK----------------------------------   101
QQRLITLAIKQARILSLLPFLN--NEKQFERTESTARTTGFKARNK----------------------------------   101
NQKLINIIIKQYRILSLI -------------------------------------------------------------    57
NQKLITIIIKQYRILSII -------------------------------------------------------------    55
QQRLITIAIKQARILSLLPFLN--NEKQFERSESTLRTPGLRTRKK----------------------------------   101
QQRLITIAIKQARILSSLPFLN--TEKQFERAKSTTRTAGLGTIKNGLTLQLSQKYNLNSNID-----------------   118
QQRLITIAIKQARILSSLPFLN--NEKQFERAESTTRTTGLRTRKKIKK-------------------------------   104
QQRLITLAIKQARILSFLPFRNYENEKQFQ-AQSISIITGPRPRKNRHIPPLTQKFNSNRNLRNSNQTLRNTNRNLSSDC   163
QQRLITIAIKQARILSSLPFLN--NEKQFEKTESIPRTTGPRTRNK----------------------------------   101
QQRLITIAIKQARILSLLPFLN--NEKQFERAESISRTTGTRTRKK----------------------------------   101
QQRLITIAIKQARILSPLPFLN--NEKQFERTESLPRITGTRTIKK----------------------------------   101
QQRLMTIAIKRARILSSLPFLN--NDNQFDP-------------------------------------------------    83
QQRLMTNAIKRARILSLLPFLY--NEN-----------------------------------------------------   100
QQRLMTIAIKRARVLALLPFLN--NEN-----------------------------------------------------    75
...90.......100.......110.......120.......130.......140.......150.......160.....
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



VTRSLKKN-----PFVAKHLLRKIEKLNTKAEKEIIITWSRASTIIPTMIGHTIAIHNGREHLPVYIIDLMVGHKLGEFS    75
VTRSLKKN-----PFVANHLLRKIEKLNTKAEKEIIITWSRASTIIPTMIGHTIAIHNGREHLPVYITDRMVGHKLGEFA    75
VTRSLKKN-----PFIAKHLLRKIAMLNTTWEKEIIVTWSRTSTIIPTMIGHTIAVHNGKEHFPIYITDRMVGHKLGEFS    75
VTRSLKKN-----PFVANHLLKKIDKLNTKAEKEIIVTWSRASTIIPTMIGHTIAIHNGKEHLPIYITDSMVGHKLGEFA    75
VTRSLKKN-----PFVANHLLKKIDKLNTKAEKEIIVTWSRASTIIPTMIGHTIAIHNGKEHLPIYITDSMVGHKLGEFA    75
M-K--IKN-----LYLYNYYNNNNNIKI-----------KKYYNILPNMINNIIYIYNGKEYIPIYIKKNMIFYKLGEFI    61
MKK--IKNK----LYIY----------------------KKYYNIFPNMIKNIFYIYNGKEYIPIYIKKKMIFHKLGEFI    52
VTRSLKKN-----PFIANYLLRKITKLNAKAEKRIIITWSRTSTIIPIMIGHTFAVHNGKEHFPISITDRMVGHKLGEFS    75
VTHSLKKK-----PFVANHLLKKIEKLNTKAEKEIIITWSRASTIIPTMIGHTIAIHNGKEHLPIYITDHMVGHKLGEFA    75
M---IQKN-----PFVANHLLKKIDKLNINAKKEIIITWSRASTIIPTMLDHTVAIHNGKEHLPIYITDRMVGHKLGEFS    72
VTRK-KTN-----PFVAHHLLAKIEKVNMKEEKETIVTWSRASSILPAMVGHTIAIHNGKEHIPIYITNPMVGRKLGEFV    74
VTRSLKKN-----PFVANHLLGKIEKLNMREEKEIIITWSRASTIIPTMIGHTIAIHNGKEHLPIYITDRMVGHKLGEFA    75
VARSSKKN-----PFVANHLLSKIEKLNKAEERSIIVTWSRASTIIFAMVGHTIAVHNGKEHLPIYITERMVGHKLGEFA    75
MSRSLKKN-----PFVANNLLLKIHKLNTREEKEIIVTWSRASTIIPTMIGHTIAIHNGKEHLPVYVTDRMVGHKLGEFA    75
MARSLRKKSSCSYPFIE----KKLENLNIKNEKEIIVTWSRASTIVPAMIGHTIAVHNGKEHLPIYVTDRMVGHKLGEFA    76
MARSLKKN-----PFVANHSLRKIKNLNIKEEKKIIVTWSRASVIVPAMIGHTIAVHNGREHLPIYVTDRMVDHKLGEFA    75
TARSQRKG-----PFVADRLPGKIESLGARGGGRVVVTWSRASAIVPTTIGHTIAVHNGREHLPISVADRMVGHRLGEFA    75
MTRSLKKG-----PFVADHLLKKIEDLNLKKEKKIIITWSRASTIVPTMIGHTIAVYNGQEHLPIYITDRMIGHKLGEFA    75
1.......10........20........30........40........50........60........70........80

PTINFRGH--AKNDNRSRR-----    92
PTINFRGH--AKNDNKSRR-----    92
STLNFRGH--AKNDNRSRR-----    92
PTLNFRGH--AKSDNRSRR-----    92
PTLNFRGH--AKSDNRSRR-----    92
FTKKIYKK--YNKDYKFINYNKI    83
FTKKIYKK--YNKDFIYYKYIK -    73
PTLNFQGH--AKNDNRSRR-----    92
PTLNFRGH--AKNDKRSRR-----    92
PTRNFWGH--AKNDNRSRR-----    89
PTRHFTSYESARKDTKSRR-----    93
PTLTFKGH--AKNDNKSRR-----    92
PTLTFRGH--ARNDNRSRR-----    92
PTLTFQGH--ARNDSKFRR-----    92
PTQNFRGH--VRNDKKSRR-----    93
PTLLFQGH--ARNDKKSRR-----    92
PTRTFRGH--AGSDKKSRR-----    92
PTRNFRGH--TKSDKKSRR-----    92
........90.......100....
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both 
Balanophora species and inferred to encode W; note that most or all non-Balanophora and plants contain TGG (W in the standard 
genetic code) at most of these positions (Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from 
the phylogenetic and molecular evolutionary rate analyses (open box, only the Balanophora sequences were excluded; gray box, the 
entire region was excluded). The histograms give the percentage of the aligned sequences that share the most common amino acid 
at each position.       



MV----FQSFILGNLVSLCMKIINSVVVVGLYYGFLTTFSIGPSYLFLLR--ARVMDEGEEGTEKKVSATTGFIAGQLMMFISIYYAPLHL-----ALGRPHTITVL-    96
MI----FKSFILGNLVSLCMKIINSVVVVGLYYGFLTTFSVGPSYLFLLR--ARVMEEGEEGTEKKVSATTGFIAGQLMMFISIYYAPLHL-----ALGRPHTITVL-    96
MI----LKSFLLGNLVSLCMKIINSVVVVGLYYGFLTTFSIGPSYLFLLR--AQVMEEGEEGTEKKVSAITGFITGQLMMFISIYYAPLHL-----ALGRPHTITVL-    96
MI----FQSFLLGNLVSLCMKIINSVVVVGLYYGFLTTFSIGPSYLFLLR--ALVM---EEGTEKKVSATTGFITGQLMMFISIYYAPLHL-----ALGRPHTITVL-    93
MI----FQSFLLGNLVSLCMKIINSVVVVGLYYGFLTTFSIGPSYLFLLR--ALVM---EEGTEKKVSATTGFITGQLMMFISIYYAPLHL-----ALGRPHTITVL-    93
ML--------IIYNYLYKQQKIYFIGIFFGLQYGF---FNIIYNFLFLKKFNNNIISYKNKKNN--------IFLFNIINICLYYFFYFYILINLKYLKYFHLLNIL-    88
MK----KLIVFY NFLYK-QKIYLIGIFFGLQYGF---FNILLNFFFFK------LLYKFKYNYDKINILF-ILIFNIINIYILYYIFF-------IKSYFFIINILI    86
MI----FRSFLLGNLVSLYMKRVN---LAGLYYGFLTTFSIGPSYLLLCQ--ARVMEEREEGVETKVSATTGFITGQLMMFISIYYTPLHL-----ALGRPYIITVL-    93
MI----FKSFLLGNLVSLCMKIINSIVVVGLYYGFLITFSIGPSYLFLLR--AQVMEEGEEGTEKKVSATTGFITGQLMMFISIYYAPLHL-----ALGRPHTIIVL-    96
MI----FQSFLLGNLVSLCMKIINSAVVVGLYYGFLTTFSIGPSYLFLLR--AQVMEEGEEGTGKKVSATTGFITGQLMMFISIYYAPLHL-----ALGRPHTITVL-    96
MI----LKSFLLGNLLSLCMKIINSVVVVGLYYGFLTTFSIGPSYLFLLR--ARVM---EEGTEKEVSATTGFITGQLMMFISIYYAPLHL-----ALDRPHTITVL-    93
MI----LKYSLLGNLLLLWINIVNSVVMVGLYYGFLTTFSIGPSYLLLLR--TRVM---KEGSEKEVSATTAFIMGQFIVFISTYYPPLHL-----ALSRPHTLTVL-    93
MI----LKSFLLGNLLSLCMKIRNSVVVVGLYYGFITTFSIGPSYLFLLR--ARVM---EEGTEKEVSATTGFIMGQFMMLISIYYTPLHL-----ALGRPHTITVL-    93
ML----RELSLLWGPLSSWVEVSGPIIIFGLYYGFLATLPFGPSKIYSTR--SFLLGKPRYG----LIAISGSLTGQLIGFLSMYSAPFYA-----ALWKPYAITLL-    92
MITNTPLQFSVLWASILSWINISSPLILFGLYYGFLTTLPIGPSQILSIR--AFLLEGNLSG----TVAVSGLILGQLIIFLSIYYSPLYT-----LLLKPHTVTLL-    96
1.......10........20........30........40........50........60........70........80........90.......100.......1

-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--EMRNLRIQCVFLNNLIFQLFNHFIL--PSSMLARLVNIYMFRCNNKMLFVTSSFVGWLIGHILFMKWVGLVLVWIQ   196
-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLRIQCVFLNNLIFQLFNHFIL--PSSMLARLVNIYMFRCNNKMLFVTSSFVGWLIGHILFMKWVGLVLVWIQ   196
-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLSIQCVFLNNLIFQLLNHFIL--PSSMLARLVNIYMFRCNNKMLFVTSSFVGWLIGHILFMKWVGLVLVWIR   196
-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLSIQCVFLNNLIFQLFNHFIL--PSSMLARLVNIYLFRCNSKILFVTSGFVGWLIGHILFMKWLGLVLVWIR   193
-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLSIQCVFLNNLIFQLFNHFIL--PSSMLARLVNIYLFRCNNKILFVTSGFVGWLIGHILFMKWLGLVLVWIR   193
-IIPYILIL--LFNNNINIFF---------------------FIQ--ILKLLKFFII--PIFIFNKLIYIYIY---NKYVNLFSIIFGYFFSYLLIFLFN--------   157
IIIPYNLIL--IKKKNINIFF---------------------FI---IL ---FYIL--PISILNKLIYLYINLFNFNIFNIYSIFIGYFFSYLLIYFFN--------   155
-APSYLLFH--FFRNNHKDFLGYEFTTK-NIHSMRNLSIQCIFMTNLIFKLFNYSLLLFPSSMLARLVNIYMFRCNNKMLFVTSSFVGWLMGHILLIKWVEFILVWIR   197
-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLSIQCIFLNNLIFQLFNHFIL--PSSMLARLVNIYMFRCNNKMLFVTSSFVGWLIGHILFMKWVGLVSVWIR   196
-ALPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLSIQCIFLNNLIFQLFNHFIL--PSSMLPRLVNIYMFRCNNKMLFVTNSFVGWLIGYILFMKWVGLVLVWIR   196
-VLPYLLFH--FFWNNHKHFFDYGSTTR-N--SMRNLSIQCVFLNNLIFQLFNHFIL--PSSTLARLVNIYMFRCNNKMLFVTSSFVGWLIGHIFFMKWVGLVLFWIR   193
-VIPYLLSHFWFFWNNKKSLFDYRSTHG-N--FIPNLSIQYVFLNNLIFQLFNHFVL--PSSTLTRLVDISMFRYNNKILFVTSSFFGWLIGHMLLMKCIGLVLSWPW   195
-VLPYLLFH--FFWNNHKHFFSYRSTTR-N--SMRNLSIQCVFLNNLIFQLFNHFIL--PSSTLARLVNIYMFRCNNKMLFVTSSFVGWLIGHILFMKWVGLVLFWIR   193
-VVPYMFFR--FFQIMEKPSSSESPHLM-N--SINNPKALSLFMDGLMLQLLNPILL--ANPVLTRLVNLFLFRYSPNISFMISGLCGWLGGHILLTIFIKLVSFRIE   192
-VLPYLL----FYWYRIKDLLDYQSLRPIN--SIKDSRIYKIFFDSFIFQLLNPVLL--PSPILVRLINLFFFRYSNNFLFVLSCFFGWLSGHLFFFNCIKFLLIRIE   195
10.......120.......130.......140.......150.......160.......170.......180.......190.......200.......210......

QNNSIRSNVV----------------------------------------------------------------------IRSNKYKFLVSELRNSMARIFSILLFIT   234
QNNSIRSNVL----------------------------------------------------------------------IRSNKYKYLVSELRNSMARIFSILLFIT   234
QNPSIRSNVL----------------------------------------------------------------------IRSNKY--LVSELRNSMARIFSILLFIT   232
QNHSIRSNKY----------------------------------------------------------------------IRSNKY--LVLELRNSMARIFSILLFIT   229
QNHSIRSNKY----------------------------------------------------------------------IRSNKY--LVLELRNSMARIFSILLFIT   229
----------KLININKLININKLININKLININKLININKLININKLININKLININKLININKLININKLININKLIN----------------------ILLFII   233
------------INLNNIFIYNIYYNI-----------------------------------------------------ILYNKY----------------IYLYIY   182
QNYS----------------------------------------------------------------------------NRSNKY--LMAELTKSTARISSILLFIT   227
QNHFIRSNKY----------------------------------------------------------------------IRSNKY--LVSELRNSMARIFSILLFIT   232
QNHSIRSNVL----------------------------------------------------------------------IRSNKY--LVSELRNSMARIFSILLFIT   232
QNNSIRSNVL----------------------------------------------------------------------IRSNKY--LVSELRNSMAQIFSILLFIT   229
E--KMRSNAL----------------------------------------------------------------------FRSNKY--LMSKWRNSVSQIFSILLFII   229
QNHSIRSNKY----------------------------------------------------------------------I---KY--LVSELRKSMARILSILLFIT   226
RNSLID-----------------------------------------------------------------------------------YTLLRRYINQTFSLLILFY   217
KDSPI-----------------------------------------------------------------------------------LYLLVKRIIYRTFSIFVLAC   220
.220.......230.......240.......250.......260.......270.......280.......290.......300.......310.......320....

CVYYLGRIPSP-IFTKKLKGTSE---------------------TGGTKQDQEVSTEEAP--FPSLFS--EEGED-LDKIDEM--EEIRVNGKDKINKDDEFHVR---   310
CVYYLGRIPSP-IFTKKLKGTSETEERG------------------GTKQDQEVSTEEDP--FPSLFS--EERED-PDKIDET--EEIRVNGKEKKNKDDEFKFKEIS   316
CVYYLGRIPSP-ILTKKMKETSETEERGESEEETDVEIERTSE-TKGTKQEQERSTEEDP--SPSLFS--EEKED-PDKIDET--EEIRVNGKEKTK--DEFHFKE--   327
CVYYLGRIPSP-ILTKKLKEASKTEERVESEEERDVEIETASE-MKGTKQEQEGSTEEDPYPSPSLFS--EERWD-PDKIDET--EEIRVNGKDKIK--DKFHSH---   325
CVYYLGRIPSP-ILTKKLKEASKTEERVESEEERDVEIETASE-MKGTKQEQEGSTEEDPYPSPSLFS--EEGWD-PDKIDET--EEIRVNGKDKIK--DKFHSH---   325
YIYIFGKISIP-IFINNTN----------------------------------------------LFY---------------------YNNKYY-------------   260
LYYIFGKIYIPNFFINNFN----------------------------------------------FFN---------------------KNFKNK-------------   210
CIYYLDRIPSP-ILTTKPKEPSKNE------EETDIETENTLELTSIQKEKQEVSLEDDS--SP--FS--EKSE----KLDET--HEIRLNGKTTAKLKDKLGFK---   313
CVYYLGRIPSP-ILTKKLKETSET---GESEEEIDVEIETTFE-TKGTKEEQEGSTEEDP--SPSLFSEEEEKED-PDKIAETEAEEIRVNGKEKTK--NELKFKKFQ   330
CVYYLGRIPSP-ILTKKLKETSETEERGESEEETDVEIETTSE-TKETKEEQEGSAEEDP--SPSFFS--EEKED-PDKIAETEAEEIRMNGKEKKK--EELHFK---   328
CVYYLGRIPSP-IVTKKLKETSETEERGESAEETDVEIETTSE-TKGTKQEQEASTEED----PSLCS--EEKED-PDKLDGN--Q----------------------   304
CICYLGRMPSP-IITKKLKESSKREEKKKTEEEGNVEIERVSK-TNKIKQEEDGSVEEDL--SISLEM--EERWNLYKKIYET--EEIWLNGKEK----DEFD-----   320
CVYYLGRIPSP-IFTKKLKETSET---GETEEETDVEIERTSE-TKGTEQEKEGSTEED----PSLFC-SEEKGD-PDKIDER--E--GVNGKEKTK--DHFNLKE--   315
CLLYLGRAPLP-LIKGKNDEDKNVRSVTMARYDRSVAID-------------------------------QQK------------QKIEVLIKEK-------------   268
ILLYLGRAPVP-FFTKKLN--------------------------------------------------------------------------------DELQFN---   244
...330.......340.......350.......360.......370.......380.......390.......400.......410.......420.......430..

-----TYYNYKTV-------SENLY------GNKENSNL-EFFKIKKK--EDHFLWFEKPFVTLVF-DYKRWNRPNRYIKND-KIEN--IVRNEMSQYFFYTCQSDGK   393
SNFYNFKYKNRLG-------YEN--LD----ENQENSNL-EILKRKE---DKYLLWFEKPFVTLLF-DYKRWNRPFRYLKND-RFEN--AVRNQMSQYFFYTCQSDGK   403
-----TCYKNSPV-------YETSYLD----GNQENSKL-EILKEDED--NKNKKWFEKPLVTLLF-DYKRWNRPLRYIKARFQIKK--AVRNEMSQYFFYTCLSDGK   413
--LTETGYNNINTSNSPIYDYEDSYLNNNNTGNTEIFKL-QLLDKKNE--NKDLFWFQQPLVSLLF-DYNRWNRPFRYIKNN-RFEQ--AIRTEMSQYFFNTCKSDGK   424
--LTETGYNNINTSNSPIYDYQDSYLNNNNTGNLENCKL-QLLDKKNENQEQDLFWFQKPLVSLLF-DYNRWNRPFRYIKNN-RFEQ--AVRTEMSQYFFDTCKSDGK   426
--------------------------------------------------NYNIYNINNYFIEFFFINIKKYNQFIKYFKNN-NFES--SIIFETSQYFFNFNKKKKI   315
--------------------------------------------------NYNIKKIKNYLIYLFF-NINKYNQFIKSLKNN-NSEK--FLKFEISQYFFFFLEKEKC   264
--LKTICYKTNLI-------WETFYSK----ENQDILKFKKRLKNQE---DKNFLWPEKPLVTLLF-DYKGWNRPFRYIKND-RFEN--AIRNEMSQYFFDTCQSDGK   401
FNIKATCYKNNSI-------SETSYLD----ENQENLKL-EILKNKE---DKDLFRFEKSLVTLLF-DYKRWNRPLRYIKNS-RFEN--AVRNEMSQYFFYTRQSDGK   419
--MKVTCYKNNPF-------SETSYLD----ENQENLKL-KILQNKE---GKDLFCFEKPFVTLLF-DYKRWNRPLRYIKND-RFEN--AVRNEMSQYFFYTCRSDGK   415
-------------------------------GYQENWKL-QILKDKE---DKDLFWFEKPLVTLLF-DYKRWNRPLRYIKND-RFEK--TVRNEMSQYFFHTCPSDGK   373
------------------------------------------LKEKE---KNKLLGIEKSLLSLLF-DYQRWNRPLRYIEND-RFSN--AVRNEMSQSFFYTCASDGK   379
-----RWYNNKTVYRD--QEDNTAYGD----GNQEDWEL-KALKLKE---EKKLFWFEKPFITFLF-DYQRWNRPFRYIEND-QFAN--TVRNEMSQYFFNTCPSDGK   404
--------------------------------------L-PLIQLK---------FLQQPWPIMCF-DHNRVYQPIRYIGNS-SLTRLGPVRTEVSQYFFGAYSSDGK   326
--------------------------------------------------KSGFLWLNKPWPTFFF-DYYRWNRPFRYIENN-RFTNKSPVKKSVSQYFFNISLSDGK   300
.....440.......450.......460.......470.......480.......490.......500.......510.......520.......530.......540

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

YCF1

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

W

W

Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown only for 
Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both Balanophora species and 
inferred to encode W; note that most or all non-Balanophora land plants contain TGG (W in the standard genetic code) at most of these positions 
(Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from the phylogenetic and molecular evolutionary rate 
analyses (open box, only the Balanophora sequences were excluded; gray box, the entire region was excluded). The histograms give the percentage 
of the aligned sequences that share the most common amino acid at each position.   
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown only for 
Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both Balanophora species and 
inferred to encode W; note that most or all non-Balanophora land plants contain TGG (W in the standard genetic code) at most of these positions 
(Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from the phylogenetic and molecular evolutionary rate 
analyses (open box, only the Balanophora sequences were excluded; gray box, the entire region was excluded). The histograms give the percentage 
of the aligned sequences that share the most common amino acid at each position.   
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown only for 
Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both Balanophora species and 
inferred to encode W; note that most or all non-Balanophora land plants contain TGG (W in the standard genetic code) at most of these positions 
(Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from the phylogenetic and molecular evolutionary rate 
analyses (open box, only the Balanophora sequences were excluded; gray box, the entire region was excluded). The histograms give the percentage 
of the aligned sequences that share the most common amino acid at each position.   



ENGEK----KKN--TLY--FISTIKN------LI-SNK---KKMSY---DLCSLSQAYVFYKLSQIKVSN-FCKLKAVLEYNICITSFFVKNKIKVF----FQEHGI-  1198
VNQERINKTNKN--TSQ--FISNIKN-SLSNTNI-RNK---NSKNC--CNLSSFSQAYVFYKLSQIKVIN-LYKLRSVLQYQYNGTSFFLKNEIKDS----FEEQGI-  1247
RNQKRIGKPNQK--KIH--FISIIKR-SVS--SI-SNK---SSQIF--CDLSSLSQAYVFYKLSQTQVIN-LYKLRSVLQYN--GTSLFLKNERKDYFG--FGAHEI-  1261
INQEKIN--NQK--KIH--FISTIKK-SLY--NI-SKK---NSHIF--FDLSYLSQAYVFYKLSQPQVIN-LSKLRSVLQYN--RTSFFLKTKIKDY----FRTLGI-  1275
INQEKIN--NQK--KIHFMFISTIKK-SLY--NI-SKK---NSHIL--CDLSYLSQAYVFYKLSQTQVIN-FSKFRSVLQYN--TTSCFLKTKIKDY----FKTLGI-  1267
-------------------FLN-------------------------------------------------------ILKYK--------KNK-KKY----F------   759
-------------------YI-------------------------------------------------------------------------KKY----F------   699
ETKKRIDKRNQT--TID--LSSTLKK-LLY--IL-SNR---NSHIFFVMNLSYLSQRYLFLQFSQIKMNN-LHRLRYVLQYH--KTPVFFKNGIKDY----FRIQGIL  1222
ANQEKIDKTNQT--TIH--FISTIKK-SLYNNNI-SNK---NLQIF--CDLSSLSQAYIFYKLSQSQIIN-LYKLRYVLQYP--GTSFFLKNEMKDY----FGIQGIF  1276
ANQERIDKTNQT--TIH--FISTIKK-SLY--NI-SNK---NSQIF--CDLSSLSQAYVFYKLSQIQVIN-LYKLRYVLQYH--GTSFFLKNEIKDY----FRTQGI-  1269
RNKEGIDETNQN--AIH--FISTIKK-SLS--NI-SNK---KSQIY--CDLSSLSQAYVFYNLSQIQIIN-KYYLRSVLQYR--GAYLFLKDRIKDH----FGTRGI-  1247
IKEKDTNEPNPN--IIP--FISTVKSLSTYTTNISSDS---NSPIY--CDLSSLSQAYVFYKLLQTQVSN-KYKSESIFHYY--RTYPFIKDGIKDYFHDYFHTRGI-  1332
KNQSGIDEKNKK--KIHFIFIST-RK-LLS--TI-SNKKTNNSKIH-----CSLSQAYVFYKLSQKPGIK-KYRLGSLFQYR---RAYSIKDRIKDY----LEIERI-  1167
----DISRINRG--KIT--NYYSINE-KIQDFEIRPGR-----------NMFSMSQAYIFHKIWQIRALD--------------------------------------  1163
K----VSQINQKKDKINYKYSNDFGE-KIQSLKINVNQ----------ENILLMSQAYLFHKIWQIEKTNNKCDFKYLLKNW--TSNSVIKKK---------------  1179
......1630......1640......1650......1660......1670......1680......1690......1700......1710......1720......17

-FHYELKNKTFLNSEVNQWKNWLRSQ--YQYN-LPQISWARLVTQNWKNKINKDSLVL--NP---SLTKEDS--YEKKKFDNYKKQKF----FEADSL----------  1281
-FDYQLRHKPPFNYEKNLWKNWLRSH--YQYD-LPQIRWPRLVPEKWRNRVKEYCRVQ--NK---DLNKWDS--YEKDKLSHYERQNS----FEVDSL----------  1330
-FHYELRHKKLRNSGMNQWKNWLRGH--YQYKYLSPIIWSRLVPQKWRNRVNQHCVAQNQNK---DLSKWDL--SQKDQLIHYNKQND----YEADSL----------  1347
-FHSELKHKKLQSYRINQWKNWLRRH--YQYD-LSQIRWSRLMPQKWRNRVNQGCMAQ--NR---NLNKWNS--YEKDQLIHYKKEND----SELYSL----------  1358
-FHSELKHKKLQSYRINQWKNWLRWH--YQYD-LSQIRWSRLMPKKWRTRVNQSCMAQNKNR---NLNKWNS--YEKDQLLHYKKEND----SELYSL----------  1352
--------NKLK------------------------------------------------NKKYLYFNK---------------------------------------   772
----------------------------YLFN----------------------------NK---FLLK---------------------------------------   709
HSDYKLKHNKLLNFKINQWKNWLRGHYPYEYE-LSPIRWSRLVPQTWRKKINQHFIVQ--NK---DLNKGDL--SKKKKLIHCKKQTH-IY-YEGTSL----------  1310
HSDSKLRHKKLRNSEMNQWKNWLRGH--YQYD-LSPIRWSRLVPQKRRNRVNQHCTVQNQNK---DLNKWDLYEYEKVQLIHYEKQID----YEKNSL----------  1364
-SNSKLRHKKLRNSETNQWKNWLRGH--YQYD-LSPIRWSRLVPQKWRNKVNQHCMVQ--NK---DLNKWDL--YEKVQLIHYEKQTD----YEENSLSN--------  1354
-LDAKSRSKKLPNSGMNEWKNWLRGH--YQYN-LSQTRWSKLVPQKWRNRVNQRRMIQ--NK---D-SKKDSYEKEKDQLIHYEKQNN----YVVNSL----------  1331
-FDSESKHKKLRNSGMSEWKNWLKSH--YQYN-LSHDKWSRLAPLKWRKKVNQHRTIQ--NN---DSPKSGSY-EEKDQLIHSGKKD-----YSKLGLLKSPSREMKS  1425
-FHSESKHKKPGNFGMNEWKNWLIGN--YQYN-FSYTRWSRLDPQKWRNKVNEQCMIK--NK---DSKKTDSYSYEKDPLINHERHIL----YSADLL----------  1252
-IQRILDHEKPQDLKENDWKQWLRCF--DRYN-LSPQIWSRINPNKWRNRVNKQCTCS--EE----------------RFIPYEKQEDSIFATVMEPF----------  1239
-INRNLKKMDLKFLKEQNWKNWLQNF--NKYN-LSSQVWYKLAPQKWRNQINYQWKGK--EQ---NNLKFSEK-QIKALTLSKEKTFF--YKLFIDSL----------  1265
30......1740......1750......1760......1770......1780......1790......1800......1810......1820......1830......

LNPKHNVKKDSIYNLFCYKSIHSTEKN----------------------------------FDMSIGIALDNCLVSSFLEKYNIRGMG---EIRHRKYLDWRILNFWF  1352
LNQKSNFKKNDRYDLLSSKSINSKDK-------------------I----FFNYNMDKQKFFDILVGIPIHNYLVSNYFGEDHIFDSE---KILDRKYLDWRILNFCL  1412
TNQKENFKKHYRYDLLSYKYINYEDKNDSYIYGSPL--QVNNNQDI----SYNYNTHKRKFFDMLEGIPINNYL-----GEDDIMYIEYIKKNPDRKYFDWKILHFCF  1444
ANQKDNFQKCYRYDLLAYKSINYEKKNDSFISRLPF--QVNKNLEI----SSNSNTSKHNLFDMLGNLHINNYL-----RKGNILYIE---RNLDRKYFDWKIIHFSL  1452
SNEKDNFKKCYGYGLLAYKSINYENKSDSFFSRLPFEVQVKKNLEI----SYNSNTSKHNFVDMPGNLHINNYL-----RKGNILDRE---RNLDRKYFDWKIIHFSL  1448
FKYKKNKKKY--FNKL--------------------------------------------------------------------------------------------   786
LKKNNNITKYYKFNNL--------------------------------------------------------------------------------------------   725
SNQNNTLKKHYRYNFLASKSSNLENRKDSYIYGSSF--QTKNEERV----YYNYNKQKRQLLDIFGNTLINNYL-----RDNDIRNTE---KKLNRKYFDCPIIQIYL  1404
SNQKENFKKHYRYDLFSYKSINYEDKKDSYIYGSPL--QVKKKEGI----YYNYNTHKRKLFDMLGSIPINNYL-----GEGDIRDME---KNPNRKYFDWRILNFCL  1458
SNKKENFKKHYRYDLLSYKSISYEAKKDSYIYESLF--QVKKNERI----YYNYNTYKRKLFDMLGSTPIKNSL-----GEDDIRDME---KNPNRKYLDWRIIHFCL  1448
PSQKEKFKKHYRYDLLSHKYIHYEDRKDSYIYGSPF--QVNGDREI----PYNYNMPKPESFYVPGGIAINDYL-----GEGSIIDTG---KNPDRKYLEGRILHFFL  1425
PSREKKIKKHYRYDLLSYKYLNYEDVKDSNIYGSPL--QVNRHGEI-----SNYNTHKYKSF---YAITINDSL-----EDKYTIDRD---QNLDRKYFELRITNFDP  1515
QNHKKKLSKRYRYDLLSYRYINFGN--NSSIYRSLL--QVNEEQRILILSSHSHIIHKYEQLNL---PAISDYL-----EERFIVDME---KKTDRKYFDLRIIKFWS  1345
LGLLRKMNKRYRYDLLSYSYLNS--TKDSYIINFTD---------I-------------------PGPPVQPAI----PDERDITARE---RIIRENLIN-DIIEEDL  1309
LEQNRKISKRYKYNYLCYSYLDF--KKQPNFLEST--------------------------------------------------------KNKKESLFNNEILQISK  1315
1840......1850......1860......1870......1880......1890......1900......1910......1920......1930......1940....

TKK--VTIEPWVDTKS----KKKYINTKVQNYQKIDKI----------------TQTDLANKKRNFF---DWMGMNEEILNQRITNFEFFFFPEFFLF-SSTYKMKPW  1434
RNK--VDIESWVDIDT---KSNKNIKTGVNNYQIIDKINKKKGLLYF--TIHQDQEIKPFNPKSFFF---DWMGMNEEILSR-LSNLELWFFPEFVLL-YNAYKIKPW  1508
RKK--VDIEVWINTSI---NSNKNTKTGSNNYQIID----KKGLFYL--TQD--QEIKPSNQKD-LF---DWMGMNEEILNRSISNLEPWFFPEFVLL-YNTYKMKPW  1534
RQK--EDIEAWVKIDT---NSNPNTKIGINNYQIIDKID-KKGFFYL--TIHQNPENNQKNSKKAFF---DWMGMNEKILNRPILNLEFWFFPEFVPL-YNVYKIKPW  1548
RQK--GDIEAWVKIDT---NSNPNTKIGINNYQIIDKIE-KKGVFYL--TTHQNPEKTQKNSKKFFF---DWMGMNEKIFNRPILNLEFWFFPEFVLL-YNVYKIKPW  1544
---------------------------------------KNKKYLYF--NK---------------------------------------------------------   796
----------------------------------------NKILLYY--NN---------------------------------------------------------   734
KKKKEVDVEAWIDTST---NRKKTMKTGTKNSKKME----KKSLFYL--PTQ--KEINQSKTKKVFFFSLNWLGMNNKILNRPICHLGLWFFPKFVFL-YAGYKIKPW  1500
RKK--VDIAAWIDIDAG-INSNKNTKPGTNNYQIIDKID-KKGLFYL--TIH--QK---PNQKRFFF---DWMGMNEEILNRTISNMRLWFFPEFVLLFYNGYKIKPW  1552
RKK--VDIESWIDIDT---NSNKNTKTGTNNYQIIDKID-KKSLFYLYPTIH--QEINPSNPKRFFL---DWMGMNEEILNRPISNMRLWFFPEFVLL-YNGYKIKPW  1544
RKN--IDIETWTDIDTG-TNINKNTKTGANDYQIID----KKNLFYL--TIH--QEINPSNKKTFFF---DWMGMNEEMLHRPISNLEPWFFSEFVLP-YDAYKIKPW  1518
RNN--IETRTSTDIGTFINKKKKTTKTGTNKKDILS--------LYI--RIH--QEIQ-TKQKEFFF---DWMGMNEQMLDRTISNLRPWFLPEFVPL-YDRYTTNPW  1604
RRN--TNTD--MDLRI---NTNKKNNTGTNYYQMID----KKDLIYL--TSY--QEIYPRNKENNFF---DWMGMNEELLYRRISNLALWFFPELVLL-NDAYKTKPW  1434
KGTD--------------FNIVNGPRSTVDIYDAIRSC-------YYD---H-TTSIDRQNKKT------DLTTNQQGIDETRRDNVGI-------------YENKSK  1373
NQV-------------------------NNNYK---------------------QDISLK------------------------SNLILWLIPTLT---EKKYINKIE  1350
..1950......1960......1970......1980......1990......2000......2010......2020......2030......2040......2050..

VIPIKLLLLNF--NE--NINVNKKIIRKKKG----------FIPS-------------NEKESL--RFYNLNKEEKESAGQ---------------------------  1486
IIPSNLLLFNFNENE--NL--NKSITGKKKG----------FISS-------------NEKQFLGFGFENPNHEERDPAYQ---------------------------  1562
VIPIKLLLLNFNGNK--NYSKNRNSNRKQKGNL--------FISS-------------NEKKLL--KLENRNQEEKESAGQ---------------------------  1590
IIPSKLLLLNLNTNE--NVSQNKNINKNQKQNF--------FLRS-------------NK------KIKNRIQEAKEPASQ---------------------------  1600
IIPSKFLLFNLNTNK--NVSQNKN------QNF--------FLPS-------------NKK--I--KIKNRSQEAKEPPSQ---------------------------  1592
------------------------------------------------------------------------------------------------------------   796
------------------------------------------------------------------------------------------------------------   734
DIPIKLLLLNF--SE--NAGEIKNIKAKKKKDF---------------------------------ELDNKNKEEKEYKEE---------------------------  1544
VIPIKLLLLNF--NE--NVRKNKNINKKQKKDL--------FLSS-------------NEKKSF--ELENRNQEEKEPIGQ---------------------------  1606
VIPIKLLLLNF--NE--NVRENKNINGKQKKDL--------FISS-------------NEKQSF--ELKNRNQEEKEPTGQ---------------------------  1598
IIPIKLLIFNLNGNE--NISENKNINRNQKKDL--------RLSS-------------NQKEYL--ELENRNQEEKEQLSQ---------------------------  1574
IIPINLILFDFHGNKTSDLYIDPKVESNQKERF----HPKPKVES-------------NQKGYL--ELENRNRDEKERQHQ---------------------------  1666
TIPIRLLLFNG--KK--KITETQKMNENKKRDL--------GILS-------------NQKKYL--ELGTRDREEKKWWDQ---------------------------  1488
LIPGNSLL--------RKERERKKIEEEERKETTNVLEQIIGIRSGSDVQNQRVKDGQDQKGKV--EDQNSQVEDEDQDGQVEDQDGQVEDQDGQDGQDGQDGEDGDG  1471
TINRNNISLLKEKNK-KNSRNKKTLRERERHET---------------------------------------------------------------------------  1382
....2060......2070......2080......2090......2100......2110......2120......2130......2140......2150......2160

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

Arabidopsis
Carica
Vitis
Nicotiana
Solanum
B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

YCF1 

Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown only for 
Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both Balanophora species and 
inferred to encode W; note that most or all non-Balanophora land plants contain TGG (W in the standard genetic code) at most of these positions 
(Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from the phylogenetic and molecular evolutionary rate 
analyses (open box, only the Balanophora sequences were excluded; gray box, the entire region was excluded). The histograms give the percentage 
of the aligned sequences that share the most common amino acid at each position.   
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------------KGILIIEPIRLSVKNNGQFIMYQTIGISLVHKSKHQTNQRYPEQRYV--DKKNFDEFILQPQTQRINTDKNHFDLL--VPENILWSRRRRELRIR-  1812
------------KGVLIIEPIRLSVKDNGQFIMYQTIGISLIHKSKHQTNQRYREQRYV--DKKNFDEFILQPQTQRINTEKTHFGLL--VPENILWSRRRRELRIR-  1802
------------KSILLIDSICIFNNNFNKNFYYNII-----------------FKNYI------------------IIKNSNIFYFYFKLPENIFFL---KKIKILF   919
------------KGILLIDFIYIF-NFYNKFFFINII-----------------IKNFNK-----------------FNKKYNNFIFY--LPEKILFFNFYKKIKLL-   846
------------KEILIIEPVRLSGKSNRQLIMDQTLRISLVHKSKYQTNQVSPPPKNL--DFIKIQKSAAKRQNRIGTKDGNRYNLF--FPENILSPRRRREFRIL-  1748
------------RGILIIEPVRLSVKSDRQFIMYQTIGISLVHKSKHQTNQGYREKKYVNNDKKNFDKFIARYQKMTENINENHYDLL--VPENILSPRRRRELRIL-  1818
------------KGILIIEPVRLSVKSDRQFIMYQTIGISLVHKSKHQTNQRYQEKRYV--DKKNLGKSLARHQRMTENRDENHYDLL--VSENILSPRRCRELRIL-  1808
------------RGILIIEPVRLSIKWDGQWIMYQTISISLVHKNKYQTHRICREKKYV--DEDYFDRSIAQHGKVLVNGDENNYALL--VPENIPSPRRRRELRIL-  1774
------------KGIFLIEPVRLSIKRDGISIMYQTIAISLTHKIQHQTNQGYQLKKYI--DKNYFNGSIARHGGVRVNGDNNNYDLL--VPEHILSPSHRRELRIL-  1866
------------GGVFTMEPLRLSRKWNGQFLMYQTLSISLVHKIKQQTDRRYRETKYI--DENFFDLFIPRNGRVFVNGDNKNYDLF--VPENISALRRRRELRIL-  1708
GKVRNYNEIREEKKIMVFQPYRLKRIVDDQFLMYKIVSISLKSKK--------RAGEWI--DGDFYDGSVQRGKI--LGDEKNIFSSL--NLEDLLLPKRRREFRIL-  1768
------------------SEHRLPRVLDDQILMYKVISLFLKSKN--------RFKKNV--NITNFNLSTSRIEFFQNNNQNNNFNLI--NLEDIMLLKHRKELKVL-  1523
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ICFNLKKKNARDTNSRFD----KNIQNLTTV--LHKKKDLDLD----KDKNNLI---NLKSF---LWPNFKLEDLACMNRYWFNTTNGNHFSMIRIRMYTRFPIP---  1785
ICFNSKNRNDMRRKTKFH----NNIKNCGQV--LNTTKD--FD----RNKNTLI---KSKFF---LWPNFRLEDLACMNRYWFNTNNGSRFSMIRIHMYPRLKTP---  1859
ICFNLRNRSGVARNPVFCNG--N---SCNKF--LDENKH--LD----RDKNQLIKLKKLKLF---LWPNYRLEDLACMNRYWFDTNNGSCFSMIRIHMYPRLKIR---  1893
SLFNSLNWNGIDRNSVFCNE--NNVKNWSQF--LDERKP--LY----KEKNELI---KLKFF---LWPNYRLEDLACMNRYWFDTNNGSRFSILRIHMYPQLKIN---  1901
SFFNSWNWNVVDRNSVFCNE--TNVKNWSQF--LGERKP--LY----KDKNELI---KFKFF---FWPNYRLEDLACMNRYWFDTNNGSRFSILRIHMYPRLKIN---  1891
YLLKNNSN--------------NNNDNKYKY--YNNNDN------------------KYKYYNNNIYLFFIFENLININKIYINNN------LLKIK-YDIF -----   981
YLLNIIIK--------------KKKINTKKY------NN------------------KYIYY---I SNFTLEDLININKIYLKNN------LLKLY ----------   897
ICFNSRNRTKVDRNSIFCNR--EKVKNCG-I--LDENKH--------VDKAKLI---QFTVF---IWPNYRFEDLTCMNRYWFDSNNGNCFSMLKIHMYP--------  1829
ISFYSRNRKNVDRNPIFCNR--NNVKNYGPFLDLDENKHFDFD----RDKNKLI---KLKFF---LWPNYRLEDLACMNRYWFDTNNGSRFSMLRIHMYPRLKIR---  1911
ICFNSRN--NVDRNPISYNR--NNVKNCSHF--LDENKH--FD----RDKEKLI---QFKFF---LWPNYRLEDLACMNRYWFDTNNGSRFDMLRIHMYPQLKIR---  1895
ICLNSENENVVNRNSVFFNG--NNVKNCVQF--LDEDKH--FD----TDINKFI---QFKSF---LWPNYRLEDLACMNRYWFDTNNGSRFSMSRIHMYPRVRIS---  1863
SRFNYRNRNLVNKNPVFCNRAKTNAQGFEKF--VNRDKH--FH----TDTNNSL---KWKVF---LWPTHRLEDLACMNRYWFDTNNGSRFSMSRIHMYQQFGIRGCY  1960
SRLNPGKGNI---NIIFSNR--KKIQNCKPF--LDRGKH--LE----TDTNKAI---KFKLF---LWPNHRLEDLACMNRYWFDTNNGTRFSMSRIRMYPRFGIS---  1794
NRFDLENDHV-----GFSNG--KDIQNDEEL--MGRDQH--LS----VDKTQ-----KIKRF---LWPSYRLEDIICMNRFWFNTNDGSRSAMLRIRMYPLMD-----  1848
NLLNLKQNT-------------NQILNFNKVI-LKENKRKRIELNKIQNKNQNL---TIKHF---LWPTFRLEDLACVNRFWFNTSNGSRFTMLRIRMYT--------  1603
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Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown only for 
Balanophora and are shaded in gray (TGA) or black (TAA). The arrows mark internal TAG codons present in one or both Balanophora species and 
inferred to encode W; note that most or all non-Balanophora land plants contain TGG (W in the standard genetic code) at most of these positions 
(Table 1). Regions of ambiguous alignment are marked with boxes and were excluded from the phylogenetic and molecular evolutionary rate 
analyses (open box, only the Balanophora sequences were excluded; gray box, the entire region was excluded). The histograms give the percentage 
of the aligned sequences that share the most common amino acid at each position.   



Arabidopsis MK----GHQFKSWIFELREIVREIKNAHYFLDSWTQFNSVGSFIHIFFHQERFRKLLDPRIFSILLLRNSQGSTSNRYFTIKGVVLFVVAALLYRINNR-NMVESKNLYLKGL-----LPIPMNSIGPRNDT-SEESFGSCNINRLIVSLLYLT-   143
Carica MK----GHQFKSWIFELREILREIKNSHYFLDSWTQFNSVGSFIHIFFHQERFIKLLDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNR-NMVERKNLYLTGL-----LPIPMNSIGPRNDT-LEESFGSSNINRLIVSLLYLP-   143
Vitis MK----GHQFKSWIFELREILREIKNSHYFLDSWTQFTSVGSFIHIFFHQERFIKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNR-NMVERKNLYLTGL-----LPIPMNSIGPRNDT-LEESFGSSNINRLIVSLLYLP-   143
Nicotiana MR----GHQFKSWIFELREILREIKNSHHFLDSWTQFNSAGSFIHIFFHQERFLKLFDPRIWSILLSRNSQGSTSNRYFTIKGVILFVVAVLIYRINNR-NMVERKNLYLIGL-----LPIPMNSIGPRNDT-LEESVGSSNINRLIVSLLYLP-   143
Solanum MR----GHQFKSWIFELREILREIKNSHHFLDSWTQFNSVGSFIHIFFHQERFLKLFDPRIWSILLSRNSQGSPSNRYFTIKGVILFVVAVLIYRINNR-NMVERKNLYLIGL-----LPIPMNSIGPRNDT-LEESVGSSNINRLIVSLLYLP-   143
B. laxiflora --------------------------------------------------------------------------------------------MYNFI---------------------------------------------------------- 5
B. reflexa --------------------------------------------------------------------------------------------IINII---------------------------------------------------------- 5
Schoepfia MK----GHQVKFWIFELREIFRAIKNSHYFLDSWIQFNSVGSFIHIFFHQERFLKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVPFVVGIFIYRINNR-NMVERKNIFLMGL-----LSIPINSIGPRNDT-FEDSFGFS--NRLIVSFLSLS-   141
Olax MK----GHQFKSWIFE----LREIKNSHYFLDSWTQFNSVGSFIHIFFHQERFIKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNR-NMVERKNLYLIGL-----LPLPMNSIGPRNGT-LEESFWVSNINRLIVSLLYLP-   139
Ximenia MK----GHQFKSWIFELREILREIKNSHYFLDSWTQFNSVGSFIHIFFHQERFIKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNR-NMVERKNLYLIGL-----LPIPMNSIGPRNDT-LEESFGFSNINRLIVSLLYLP-   143
Magnolia MK----RHQFKSWIFELREILREIKNSHYFLDSWTKFDSVGSFTHIFFHQERFMKLFDPRIWSILLSRDSQGSTSNRYFTIKGVVLLVVAVLIYRINNR-NMVERKNLYLMGLLPIPILPIPMNSIGPRNDT-LEESFWSSNINRLIVSLLYLP-   148
Amborella MK----GHQLKSWIFELREILREIKNSHYFLDSWTKLNLVGSFTHIFFHQERFMKLFDPRIWSILLSCDSQSSTSNRYFTIKGVVLLVVAVLIYRINNR-NMVERKNLYLMRL-----LPIPMNSIGPRNDT-LEESFLSSNINRLIVSLLYLP-   143
Nymphaea MK----RHQFKSCIFELREILREIKNSRYFLDSWTKFDSVVSFTHIFFHQERFVKLLGPQTWSVLLSRDSQGSTSNRYFTIKGVVLLVVAVLIYRINNR-NMVERKNLYLMGL-----LPIPMNSIGPRNDT-LEESFWSPNINRLIVSLLYLP-   143
Ginkgo ME----RQRGKSWILKLEE----IRSSQYFFNSWTELNLVRLLTKIFSHRERLIKLFDFQILSTLLLRDLRSSKSNQYLTIKVVVLLTLPVFIYNVNKK-SMIGRKNCYLMKP-----FPISINSIELRNET-SEEYLESFDRNFLIFPHLFLSF   140
Pinus MK-----KRRRPWIIKLEE----IQ-SXXLYNPWTKSNLIRLLIQILSRRERLIKLFDP--XSTLLFRDLR--KSNPYFLVKGIVVLTLSILIYRFNHQSSMIDRKKFYLIKL-----FPIH-NFMELGNET-PEEYLKPFTQNWLRFPHLVISF   134
Marchantia MKQKLPKKKSLYKNLDLDE----IQKIQNLGNPYTKWSLIRLLIAIFSNKRNFSTLLDFQILTSLFFRDLYNSKKKKKFLLNILVFLTLPFFVYILIDK-SIVEQQNFDFLKIQKQ-------NFIEKNNKSILKNNFYFLNTKFDIFLHNFFSL   143
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Arabidopsis -KGKKISESCFRDPKESTWVLPITQKCIMPESN----WSSRWWRNWIGKKRGFCCKISNETVAGIDISFKEKDIKYLEFLFVYY--MDDPIRKGHDWEL-FDRLS-----PSKRRNIINLNSGQLFEILVKDWICYLMFAFREKIPIEVEGFCKQ   285
Carica -KGKKISESSFLDPKESTWVLPITKKCIMPESN----WSSRWWRNWIGKKRDSSRKISNETVAGIDISFKEKDIKYLEFLFVYY--MDDPIRKGHDWEL-FDRLS-----PSKRRNIINLNSGQLFEILVKDWICYLMFAFREKIPIEVEGFFKQ   285
Vitis -KGKKISESCFLDPKESTWVLPITKKCIMPESN----WGSRWWRNWIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVYY--MDDPIHKDHDWEL-FDRLS-----PRKRRNIINLNSGQLFEILVKHWICYLMSAFREKIPIEVEGFFKQ   285
Nicotiana -KGKKISESCFLNPKESTWVLPITKKCSMPESN----WGSRWWRNWIGKKRDSSCKISNETVAGIEILFKEKDLKYLEFLFVYY--MDDPIRKDHDWEL-FDRLS-----LRKSRNRINLNSGPLFEILVKHWISYLMSAFREKIPIEVEGFFKQ   285
Solanum -KGKKISESCFLNPKESTWVLPITKKCSMPESN----WGSRWWRNWIGKKRDSSCKISNETVAGIEILFKEKDLKYLEFLFVYY--MDDPIRKDHDWEL-FDRLS-----LRKSRNRINLNSGPLFEILVKHWISYLMSAFREKIPIEVEGFFKQ   285
B. laxiflora -KKNK----------------------------------------------------------------------------KYF-------------------------------------------------------KFINKI----------    18
B. reflexa -K---------------------------------------------------------------------------------F-------------------------------------------------------KFINKIL---------    14
Schoepfia -RGKKISESCFLDPKESTWVFPITQKWIMPESN----WGSRWWRNWLGKREYSSCKISNENVAGLEISFEEKDIKYLGFLFVYY--RDDLIRKDHDWEL-FDRLS---RRRRKRRNIITLNSGQLFEILVKDCICYLMSTFLDKIPIEVEGFFKQ   285
Olax -KGKKISESCFLDPKESTWVLPITKKCIMPESN----WGSRWWRNWIGKNRDSSCKIYNETVAGIEISFKEKDIKYLEFLFVYY--MDDPIRTDHGWEL-FDRLS-----LRKRRNIINLNLGQLFEILVKDWICYLMSAFFEKIPIEVEGFFKQ   281
Ximenia -KGKKISESCFLDPKESTWVLPITKKCIMPESN----RGSRWWRNWIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVYY--MDDPIRKDHDWEL-FDRLS-----LRKRRNIINLNSRQLFEILVKDWICYLMSAFLEKIPIEVEGFFKQ   285
Magnolia -KGKKISESCFMDPKESTWVLPITKKCIMPESN----WGSRWWRNRIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVSY--TDDPIRKDLDWEF-FDRLS-----PRKKRNIINLNSGQLFEILVKHLICYLMSAFREKRPIEVEGFFKQ   290
Amborella -KGKKISESCFMDPKESTWLLPITKKCIMPESN----WGSRWWRNRIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVSYTDTDDPIRKDHDLEL-FDRLS-----PGKKQNIINLNSGQLFEILVKHLICYLMSAFREKRPIEVEGFFKQ   287
Nymphaea -KGKKISESCFMDPKESTWVLPITQKCIMPESN----WGSRWWRNWIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVSY--MDDPIRKDHGWEL-FDRVS-----PRKKRNIINLNSGQLFEILAKHLICYLMSAFREKRPIEVEGFLKQ   285
Ginkgo SKGRKIYQSHLINSKEDAWVLSKRKVCVMPTYNQIDSWGSQWWNNWIREEILSSWKIPQGSIAKIEMSLKEKDVEYPKFFFEFY--IDDLICKDYDWEYNFDRVF-----MKEKHKTINLNSKQQVKILGNNLICYLMSAFCEKILFEVEGPFKQ   288
Pinus -----------------------------------------------------------------------------------------------------------------------------------------------------------   134
Marchantia -KKKKWYKNSLLNLIDFRSILKKKEI-----------LNLHWWKFLVLEQIQSNWKISEESLSELKIVLEQKNIDELKHFFEFY--INQKIYPNNNWEYYFYSIFINQLKIDIKNSKYNKNS-IGFEVFL---------AFCEKLLFEVEFLSKP   274
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Arabidopsis QGAGSTIQSNDIEHVSHLFS----RNKWA----------------------------------ISLQNCAQFHMWQFHQDLFVSWGKNPHESDFFRKISRENWIWLDNVWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQ-LNGSSDQFI   401
Carica QGAGSTIQSNDIEHVSHLFS----RNKWA----------------------------------ISLQNCAQFHMWQFRQDLFVSWGKNPHESDFLRNISRENWIWLDNVWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQ-LKGSSDQFR   401
Vitis QGAGSTIQSNDIEHVSHLFS----RNKWA----------------------------------ISLQNCAQFHMWQFRQDLFVSWGKNPHESDFLRNVSRENWIWLDNVWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQ-LKGSSDQSR   401
Nicotiana QGAGSTIQSNDIEHVSHLFS----RNKWA----------------------------------ISLQNCAQFHMWQFRQDLFVSWGKNPPESDFLRNVSRENWIWLDNVWLVNKDRFFSKVQNVSSNIQYDSTRSSFVQVTDSSQ-LKGSSDQSR   401
Solanum QGAGSTIQSNDIEHVSHLFS----RNKWA----------------------------------ISLQNCAQFHMWQFRQDLFVSWGKNPPESDFLRNVSRENWIWLDNVWLVNKDRFFSKVQNVSSNIQYDSTRSSFVQVTDSSQ-LKGSSDQSR   401
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------------IKK------    21
B. reflexa --------------------------------------------------------------------------------------------------------------------------------------------------IKN------    17
Schoepfia QGAGSTIQSNEIERVSHLFS----RTKRA----------------------------------ISLQNCIQFHMRQFRQDLFISWGKNPHKLDFLRNVSRENWVWLDNASLVNKDR---KVRNVSSNIQYDSIRSSFVQVMDSRQ-LKGPSDKSR   398
Olax QGAGSTIQSNDIEHVSHLFS----RNKWA----------------------------------ISLQNCVQFHMWQFRQDLFVSWGKNPHESDFLRNVSIENWIWLNNVWLVNKDRFFSKVWNISSNIQYDSTRSSFVQVMDSSQ-LKGSSDQSR   397
Ximenia QGAGSTIQSTDIEHVSHLFS----RNKWA----------------------------------ISLQNCVQFHMWQFRQDLFVSWGKNPRESDFLRNISRENWIWLDNAWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQ-LKGSSDQSI   401
Magnolia QGAEATIQSNDIEHVSHLFS----RNKWG----------------------------------ISLQNCAQFNMWQFRQDLFVSWGKNQHESDFLRNVSRENWIWLDNVWLVNKDWFFSKVRNVSSNIQYDSTRSIFVQVTDSSQ-LKGSSDQSR   406
Amborella QGAEATIQSNDIEHVPRLFSG--NKNKWG----------------------------------ISLQNCAQFHMWQFHQDLFVSWGKNQHESDFLRNVSRENLIWLGSMWLVNKDRFFSKVRNVSSNIQYDSTRSIFVKVTDSSQ-LKGSSDQSR   405
Nymphaea QGAEATIPSNDIEHVSHLFS----RNKWD----------------------------------ISLQNCAQFHMWQFHQDLFVSWGKNQHESDFLRNVSRENLIWLDNMWLVNKDRFFSKVRNVSSNIQYDSTRSIFVQVTDSSQ-LKGSSDQSR   401
Ginkgo QKSESTIQSDNIEHFSHLRLSYQERFKWGLRWCKKNMFRIWNSWGESDQIIAESSILLKDKGYLSFQNYVEFYIWQFYKDSFVNWEKDRQKLNFSKNIFKEQFIQLND---VNNDHLLSKVQNLLSDSLYNFSKSIFIEVNNSSQ-SKRSYNRFI   439
Pinus ------------------------------------------------------------------------------------------------------------------------------------------------Q-LKRYYNR--   142
Marchantia NNNNLQMKLNCLENFSFLDIFCILNKKLP--WVNKKIFKNLQNFNESDKKLIESFFLLKIKGNLYFKNYIEFVTWQSYKKDCLDFNK------------------FNE---LNNSEIYIKIEELFSDYIYKFSKYILYEGKKSKTIIKQSFNNNI   406
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Arabidopsis --DPFDSISNEDSEYHYHT-----------------------------------------------------------LINQREIQQLKERSILLDPSF-IQTEGREIESDRFPK---YLSGYS---SMPRLFTEREKRMNNHLLPEESEEFLGN   488
Carica --DHFDSISNEDSE--YHT-----------------------------------------------------------LINQREIQQLKERSILWDPSF-LQTERTEIESDQFPK---CLSGYS---SMPRLFTEREKRMNNHLLPEEIEEFLGN   486
Vitis --DHFDSISNEDSK--YHT-----------------------------------------------------------LINQREIQQLKERSILWDPSF-LQTERTEIESDRFPK---CLSGYSSM-SMSRLFTEREKQMIIHLLPEEIEEFLGN   488
Nicotiana --DHLDSISNEDSE--YHT-----------------------------------------------------------LINQREIQQRKERSILWDPSF-LQTERKEIESGRFPK---CLSGYS---SMSRLFTEREKQMINHLFPEEIEEFLGN   486
Solanum --DHLDSISNEDSE--YHT-----------------------------------------------------------LINQREIQQRKERSILWDPSF-LQTERKEIESGRFPK---CLSGYS---SMSRLFTEREKQMINHLFPEEIEEFLGN   486
B. laxiflora ----------------------------------------------------------------------------------------------------FEI------------------------YNNKIYNKNNNK----------------    36
B. reflexa ----------------------------------------------------------------------------------------------------IEI------------------------YNKK------------------------    24
Schoepfia --DHLDSISNENSE--YPI-----------------------------------------------------------LLNQGKIQQLKERSIIFGPSF-LQTERTEINSDRFPK---CHSVYS---SMSRLFTEREKQTIIHLLPDEREEFLRN   483
Olax --DHLDSISNEDSE--YHT-----------------------------------------------------------LINQREIQQLKERSILWDPSF-LQTERTEIESDRFPK---CLSGYS---SMSRLFTEREKQMIIHLLPEEIEEFLGN   482
Ximenia --DHLDSISNENSE--YHT-----------------------------------------------------------LINQREIQQLKERSILWDPSF-LQTERTEIESDRFPK---CLSGYS---SMSRLFTEREKQMIIHLLPEEIEEFLGN   486
Magnolia --DPFDSISNEDSE--YHT-----------------------------------------------------------LINQTEIQQLKERSILWDPSF-LQTERTEIESDRFPK---CLSGYS---SMSRLFTEREKQMNNHLLPEEIEEFLGN   491
Amborella --DHFNSISNEDSE--YHT-----------------------------------------------------------LIHQTEIEQLKERSILWDPSF-LQTERTEIESDRFPK---CLSGYF---SMSRLFTEREKQMNNHLFPEEIEEFIGN   490
Nymphaea --ENFDSISNEDSE--YHT-----------------------------------------------------------LINQTEIQQLKERLILWDPSS-LQTERTEIESDRFPK---YPSGYS---SMSRLFTEREKQMNNHLFPEKIEEFLGN   486
Ginkgo --DHFDPIS-ENSE--YDTNTNKKDEIISENRRPTTRETPSEKDDKCIDSKIDSTLNLVENKYWEPEKDLCEWILTNDSINKTEIEQLKEGSILWDLSSPIQIKQTKIESDLSSK---CFSEDFPISWTKELFTEDKKYIIENFFPKERKGFINN   586
Pinus ---HFDPIS-FNSG--YGKNTNKKDEMISKNQGPS--ETHSENDEKDINLKIDSTLNSTENEYWNPEKYLCEDPFTR---NKTEIEQRRKRSILWDLSF-IEREQTKIESDLSSK---CLSKHYPISWAKELFTEDQRYTEENSFPLGRKRFIEN   282
Marchantia YYKKLNSIFNFNTI--FYF-----------------------------------------------------------DSNNLLFDWLKKNYYINNKPF-LKS--FLIYSSISNQFILFFKQKNSKSFNKNLVKKNSKDVITNVFSKENKIEINN   497
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Arabidopsis PTRAIRSFFSDRWS--ELHL-GSNPTERSTRDQKLLKK----EQDV-SFVPSRRSEN----KEIVNIFKIITY--LQNTVSIHPISSDLGCDMVPKDELDMDSSNKISFLNKNPFFDLFHLFHERKRGGYTLRH--ES-EERFQEMADLFTLSIT   626
Carica PTRPIRSFFSDRWS--ELHL-GSNPTERSTRDQKLLKK----EQDV-SFVPSRRSEN----KEIVNIFKIITY--LQNTVSIHPISSDLGCDMVPKDELDMDSSNKISFLNKNPFFDLFHLFHDRNRGGSTLHHDFES-EERFQEMADLFTLSIT   626
Vitis PTRSIRSFFSDRWS--ELHL-GSNPIERSTRDQKLLKK----QQDV-SFVPSRRSEN----KEMVNIFKIITY--LQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFFDLFHLFHDRNRGGYTLHHDFES-EERFQEMADRFTLSIT   628
Nicotiana PTRSVRSFFSDRWS--ELHL-GSNPTERSTRDQKLLKK----QQDL-SFVPSKRSEN----KEMVNIFKIITY--LQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFFDLFHLFHDRNRGGYTLHYDFES-EERFQEMADLFTLSIT   626
Solanum PTRSVRSFFSDRWS--ELHL-GSNPTERSTRDQKLLKK----QQDL-SFVPSRRSEK----KEMVNIFKIITY--LQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFFDLFHLFHDRNRGGYTLHYDFAS-EERFQEMADLFTLSIT   626
B. laxiflora -------------------------------------------------------------FKIMNIFYIVIY----------------------------------------------------------------------------------    48
B. reflexa --------------------------------------------------------------KIKYVIHHIRW----------------------------------------------------------------------------------    35
Schoepfia PTRSIRCFFSDR-----FHL-GSNPNERSTRYQKLL------QQDV-SFVPSRRSEN----QKIGNIFKIITY--LQNTVSIHPISSDSGGDMVPKDEPDMNSSAKISFLNKKPFFDLFHLFHDRNRGGYTLHHDFES-EDRFHEMVDLFTLLIT   618
Olax PTRSIRSFFSDRWS--ELHL-GSNPTERSTRDQKFLKK----QQDV-SFVPSRQSEN----KEMVNIFKIITY--LQNTVSIHPISSDPGCDMVPKDEPNMDSSNKISFLNKNPFLDLFYLFHDRNRGGYTLHHDFES-EERFQEMANLFTLSIT   622
Ximenia PTRSIRSFFSDRWS--ELHL-GSNPTERSTRDQKLLKK----QQDV-SFVPSRRSEN----KEMVKIFKIITY--LQNTVSIHPISSDPGCNMVPKDEPDMDSSNKISFLNKNPFLDLFHLFHDRNRGRYTLHHDFES-EERFQEMADLFTLSIT   626
Magnolia PTRSIRSFFSDRWS--ELHL-GSNPTERSTRDQKLLKK----QQDV-SFVPSRRSEN----KEMVDIFKIITY--LQNTVSIHPISSDPGCDMVPKDEPDMGSSNKISFLNKNPFLDLFHLFHDRNKGGYTLHHDFES-EERFQEMADLFTLSIT   631
Amborella PTRSIRSFFSDRWS--ELHL-GSNATERSTRDQKLLKK----QQDV-SFVPSRRSEN----KEMVDIFKIITY--LQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFCDLFHLFHGRNKGGYTLHHDFES-EERFQERADLFTLSIT   630
Nymphaea PTRSIRSFFSDRWS--ELHL-VSNATERFTRDQKLLKK----QQDVFSFVPSRRSEK----KEMVDIFKIITY--LQNTVSIHPISSDRGCDMVPKDEPDMDSSNKISFLNKNPFCDLFHLFHDRNKGRYTLHHDFES-EERFQEMADLFTLSIT   627
Ginkgo LTKSIRYSFFDILSIDEPCM-GFSATKKLIENLKFLKK----QQDV-FFGYFRGSER----NSIVDPWEIRTY--LRNPFSNCAISSYPGCNILLNNQRDRNKFNCILFMNRSSSWNRFSSFCYQNKEQYISHNNFRL-KKIVIERTDKFILSIT   728
Pinus FTKSIRYSFFYILPIDEPCMGGPSATKKPIEDFNLSKRVFKIKKKV-FSKDLRDSKSYSLMNRIVDLWKIKTYFEIENPSSNCAIRSF------------------------TLPWNLFSAFCDQSKGKYILHKN-------CLEMTDKLTLSIT   405
Marchantia FSKSIYYAFFEILSINEI---DNKFVINKISLKNINKK---KQKRF-YLNKIKSSDN----FRFINLWKIKNYS-SQQFVSNNSFLLNPAFEILQQNYY-LKKKNILFFKKLNEVFSNFFYFQYYKCKKLNIFLKFASLEKILKKRNKKFTISIK   639

.......630.......640.......650.......660.......670.......680.......690.......700.......710.......720.......730.......740.......750.......760.......770.....

Arabidopsis EPDLVYHKGFAFSIDS-----YGLDQRQFL--KEVFNFRDESKKKSLLVLPPIFYEENESF--YRRLRKIWVRISCGNYLEDQKR--VVFASNNIMEAVNQYRLIRNMIQIQFQYSPYGYI-RNVLNRFFLMKRPDRNFEYG--IQRDLIGNDTL   767
Carica EPDLVYHKGFAFSIDS-----YGLDQKQFL--NEVFNSRDESKKKSLLVLPPIFYEENESF--YRRIRKKWVRISCGNDLEDPKPKRVVFASNNIMEAVNQYRLIRNLIQI--QYSTYGYI-RNVLNRFFLMNRSDRNFEYG--IQRDQIGNDTL   767
Vitis EPDLVYHKGFAFSIDS-----YGLDQKQFL--NEVFNSRDESNKKSLLVLPPSFYEENESF--YRRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVNQYILIRNLIQI--QYSTYGYI-RNVLNRFFLMNRSDRNFEYG--IQRDQIGNDTL   769
Nicotiana EPDLVYHKGFAFSIDS-----CGLDQKQFL--NE---ARDESKKKSLLVLPPIFYEENESF--SRRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVTQYRLIRNLIQI--QYSTYGYI-RNVLNRFFLMNRSDRNFEYG--IQRDQIGKDTL   764
Solanum EPDLVYHKGFAFSIDS-----CGLDQKQFL--NE---ARDESKKKSLLVLPPIFYEENESF--SRRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVTQYRLIRNLIQI--QYSTYGYI-RNVLNRFFLMNRSDRNFEYG--IQRDQIGKDTL   764
B. laxiflora --NIIY--------------------------NIIYNN----------------------------------------------------------------------ICI-----------------YIFF-----------------------    65
B. reflexa --NIIY--------------------------KNIYN-------------------------------------------------------------------------I-----------------YFFYN----------------------    50
Schoepfia EPSLVYPSGFSFSIDS-----YGLDQNQFL--NEVFNFGDESKNKSLSVLPSIFYEESESFYRYRRIRKKWVRISCGNDLEDPKQKILIFVSNTILEAVNQYILIRNLIQI--QSSTYGSI-KNILNRFLLI---DRNFEYR--LPRDQIGNDTL   758
Olax EPDLMYHKGFALSIDF-----YGLDQKQFL--NEVFNSRDELKKKSLLILPPIFYEENESF--YRRIRKKWVRIPCGNDLEDPKP-----ASNNIMEAVNQYRLIRNLIQI--QYSTYGYI-INVLNRFFLMNRSDRNFEYGIQIQRDQIENDTL   760
Ximenia EPDLVYHKGFAFSIDS-----YGLDQKQFL--NEVFNSRDESKKKSLLVLPPIFYEENESF--YRRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVNQYRLIRNLIQI--QYSTYGSI-RNVLNRFFFMNRSDRNFEYG--IQRDQIGNDIL   767
Magnolia EPDLVYHKGFAFSIDS-----YGLDQKKFL--NEVFNSRDESKKKSLWVLPPIFDEENESF--YRRIRKKSVRISCGNDLEDPKPKIVVFASNNIMEAVNQYRLIRNLIQI--QYSTYGYI-RNVSNRFFLMNRSDRNFEYG--IQRDQIGNDTL   772
Amborella EPDLMYHKGFAFSIDS-----YGLDQKKLL--NEVFNSRDESKKKSLLVLPHIFYEENESF--YRRIRTKSVRISCRNGLED--PKIVVFASNNIMEAVNQYRLIRNLIQI--QYSTYGYI-RNVSKRFFLMNRSDRNFEYG--IQRDQIGNDTL   769
Nymphaea EPDLVYHKGFAFSIDS-----YGLDQKKFL--NEVFNSRDESKKNSLLVLPHIFYEENESF--YRRIRKKWVRISCRNGLEDPKPKIVVFASNNIMEAVNQYRLIRNLIQI--QYSTYGYI-RNLSNRFFLMNRSDRNFEYG--IQRDQIGNDTL   768
Ginkgo KPNQVYDNTFAPDIDHRMNRFYELNKNRLL--NRIFNHRDQLKNQSLLILLDITDKENEYF--DRIIEKKLTQIDSKNRLGIENP-----LNNYRTETSNWYKLI--------QYNIDGHF-ENALNQFYFMNRSSRNLKDQ--IRINWIENESL   863
Pinus KPSQVHDK-IAFFIYYKMNPLYELNKNGSLRSDRIFNHREKWKNQSLWVLINIIDKXXXXX--XXXXXXXXXXXXXXNCLEIGTP-----FNNYRTEALXXYESI--------KYNIDSRYSENLLNRFYFXXXXXXXXXXX--XXXXXXXXXXX   542
Marchantia LFKKFY--------------------------KNKLNENGEYKIESQI-------------------------------LQNEKE-----LNKKRKKNFQFNPNIK----I-LSFYNSSKKNIYLQNKYFFN-----------------------   704

..780.......790.......800.......810.......820.......830.......840.......850.......860.......870.......880.......890.......900.......910.......920.......930

YCF2

Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in black to represent TAA. The arrow marks the internal TAG codon present in B. reflexa and 
inferred to encode W. Blue lines mark the three motifs identified in 1994 by Wolfe (3) as conserved between YCF2 and the CDC48 
family of ATPases (SI Appendix, Results). The histograms give the percentage of the aligned sequences that share the most common 
amino acid at each position.



Arabidopsis NHRTIMKDTINQHLSN--LKKSQKKWFDPLIFLSQTERSINRDPNAYRYKWSNGSKNFQEHLEHFVSERKSRFQVVFD--QL--CINQYSIDWSEVIDKKDLSKSLRFFLSKLLRFFLSKLL---LFLSKLLLFLSNSLPFFFVSFE--NIPIHR   911
Carica NHRTIMKYTINQHLSN--LKKSQKKWFDPLIFLSRTERSINRDPNAYRYKWSNGSKNFQEHLEHFVSEQKSRFQVVFD--RL--RINQYSIDWSEVIDKKDLSKS--------LRFFLSKLL---LFLSKLLLFLSNSLPFFFVSFE--NIPIHR   903
Vitis NHRTIMKYTINQHLSN--LKKSQKKWFDPLIFISRTERSMNRDPHAYRYKWSNGSKNFQEHLEHFVSEQKSRFQVVFD--RL--RINQYSIDWSEVIDKKDLSKS--------LRFFLSKSL---LFLSKLLLFLSNSLPFFFVSFG--NIPIHR   905
Nicotiana NHRTIMKYTINQYLSN--LKKSQKKWFEPLILISRTERSMNRDPDAYRYKWSNGSKNFQEHLEQSVSEQKSRFQVVFD--RL--RINQYSIDWSEVIDKKDLSKP--------LRFFLSKSL---LFLSKLLFFLSNSLPFFCVSFG--NIPIHR   900
Solanum NHRTIMKYTINQYLSN--LKKSQKKWFEPLILISRTERSMNRDPDAYRYKWSNGSKSFQEHLEQSVSKQKSRFQVVFD--RL--RINQYSIDWSEVIDKKDLSKS--------LRFFLSKSL---LFLSKLLLFLSNSLPFFCVSFG--NIPIHR   900
B. laxiflora ------KFIIKNKKNY-------------------------------------------------------------------------------------------------------------------------------------------    75
B. reflexa -----NNNIIKKDNYY-------------------------------------------------------------------------------------------------------------------------------------------    61
Schoepfia NHTTIMRYTINQHLSNFKLKKSHKKRFDPLFFISRTERSINQDPNAYKDKRSNGSNNFH------VSEPKSRFQGV-----L--HINQYSIDWSGVIAKKDLSKS----------------L---LFLFKLFLFLSKSLLFFFGRFGCENIPIHR   881
Olax NHRTIMKYTINQHLSN--LKKSQKKWFDPLIFISRTERSMNRDPNAYRYKWSNGSKNFQ---DHFVSEQKSRFQVVFD--RL--RINQYSIDWSGVIDKKDLSKS--------LRFFLSKSL---LFLSKLILFLSNSLPPFFVSFG--NIPIHR   893
Ximenia NHRTIMKYTINQHFSN--LKKSQKKWFDPLIFISRTERSMNRDPNAYRYKWSNGSKNFQEHLEHFVSEQKSRFQVVFD--RL--RINQYSIDWSGVIDKKDLSKS--------LRFFLSKSL---LFLSKLILFLSNSLPFFFVSFG--NIPIHR   903
Magnolia NHLTIIKYTINQHLSN--LKKSQKKWFDPL--ISRTERSMNRDPDAYRYKWSNGSKNFQ---EHFVSEQKHRFQVVFD--RL--RINQYSIDWSEVIDKQDLSKS--------LRFFLSKSL---LFLSKSLLFLSKSLPFFFVSIG--NIPIHR   903
Amborella NHITIMKYTINQHLSN--LKKSQKKWFDPL--ISRTERSMNRDPNAYRYKWSNGSKNFQEHLEHFVSEQKNRFQVVFD--RL--RINQHSIDWSEVIDKQDLSKS--------LRF----------FLSKSLLFLSKSLPFFFVSIG--NIPIHR   896
Nymphaea NHITIMKYMINQHLLN--VKKSQKKWFDPL--ISRTERSMNRDPNAYRYKWSNGSKNFQEHLEHFVSEQKNRFQVVFD--RL--RINQHSIDWSKVIDKQDLSKS--------LHF----------FLSKSLLFLSKSLTFFFVSIG--NIPIHR   895
Ginkgo NNVT--KDTINRHSSN--WRKGQKEWVYHS--IIRTDQYISRKLNV--YKWSNQTEYLTKCLKHFVS-KQNDFKIVFDPIEL--FTNKDSIGWSGSPNKKDSSKF--------YFLPENTVK---IFISK-----------FSISIS--NFYIFI   983
Pinus XNVT--KDTIDRHSSX--XXKFXXXXXXXX--XXXXDKHIXXXXXX--XXXXNQTEYFMKYLKQVFS-KKNYFQIVFDLIELCTNTNRDSIGWS---------MF--------FSLSESTVK---ILNSK-----------F-------DILIYF   650
Marchantia ------KNLINNKLIT--WKK------------------ISNKLVI------SNSEY-------------------------------NKIIWN----KKNM-KF--------FSFSKNSVLDTFFFNKKS----------F-------NIITVI   766

.......940.......950.......960.......970.......980.......990......1000......1010......1020......1030......1040......1050......1060......1070......1080.....

Arabidopsis SEIHIY--ELKG--PNDQLCNQLLESIGLQI--VHLKKLKP--FLLDDHNTSQKSKFLINGGTISPFLFNKIP--KWMIDSFHTRKNR---RKSFDNTDSAYFSIVSHDQDNWLNPVKPFQRSSLISSFSKANRLRFLNNPHHFCF--YCNKRFP  1051
Carica SEIHIY--ELKG--PNDQLCNQLLESIGLQI--VHLKKLKP--FLLDDHNTSQKSKFLINGGTISPFLFNKIP--KWMIDSFHTRKNR---RKSFDNTDS-YFSMISHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YCNKRFP  1042
Vitis SEIHIY--ELKG--PNDQLCNQLLESIGLQI--IHLKKWKL--FLLDDHDTSQKSKFLINGGTISPFLFNKIP--KWMIDSFHSRNNR---RKSFDNTDS-YFSMISHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHRFCF--YCNKRFP  1044
Nicotiana SEIYIY--ELKG--PNDQLCNQLLESIGLQI--VHLKKWKP--FLLDDHDTSQKSKFLINGGTISPFLFNKIP--KWMIDSFHTRNNR---RKSFDNPDS-YFSMIFHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YWNTRFP  1039
Solanum SEIYIY-EELKG--PNDQLCNQLLESIGLQI--VHLKKLKP--FLLDDHDTSQKSKFLINGGTISPFLFNKIP--KWMIDSFHTRNNR---RKSFDNPDS-YFSMIFHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YWNTRFP  1040
B. laxiflora -------------------------------------------------------------------------------YYFNNNNNN---NK--------LILLFNFNYNINYKYII--FKYLLFINFNKNNNINIL-----------------   121
B. reflexa -------------------------------------------------------------------------------NIFLKKNNN---II--------LLYIIFFNNNIIYNIIL--YNILLKNNIYNN---NII-----------------   104
Schoepfia SEIHIYIDELKG-----LLCNQLLESIGLQI--IHLKKLKPLLLLLDDHDPSSKSKFLINGGRISSLLFNKIP--KWIIDLFQIGNNS---RKSFDNLDS-YFSMILHDQDNWLTPAKSFHKSSLLSSFYKAKRLRLLNNPYHFCF--YCNKRFP  1021
Olax SEIHIY--EVKG--LNDQLCNQLLESIGLQI--VHLKKLKP--FLLDDHDTSQKSKFLINGERIAP--FNKIP--TWMIDSFHTRNNR---RKSFDNTDS-YFSMISHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YCNKRFP  1030
Ximenia SEIHIY--ELKG--PNDQLCNQLLESIGLQI--VHFKKLKP--FLLDDHDTSQKWKFLINGGRISPFLFNKIP--KWMIDSFHTRNNR---GKSFDNTDS-YFSMISHDQDNWLNPAKPFHRSSLISSFYKANRLRFLNNPHHFCFYCYCNKRFP  1044
Magnolia SEIHIY--ELKG--PNDQLCNQLLESIGVQI--VHLNKLKP--FLLDDHDTSQRSKFLINGGTISPFLFNKIP--KWMIDSFHTRNNR---RKSFDNTDS-YFSMISRDRDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFWF--YCNKRFP  1042
Amborella SEIHIY--ELKG--PNDQLCNQLLESIGVQI--VHLNKLKP--FLLDDHDTSQRSKLLINGGTIARFWFNKIP--KWMIDSFHTRNNR---GKSFENTDS-YFSMISHDRDNWLNPVKPFHRSSLISSFYKANQLRFLNNPHHFWF--YCNKRFP  1035
Nymphaea SEIHIY--ELKG--PNDQLCNQLLESIGVQI--VHLNKLKP--FLLDDHDTSQRSKFLINGGTISAFLFNKIP--KWMIDSLHTRNNR---RKFFDNTDS-YFSMISHDRDNWLNPVKPFHRSSLISSFYKANLLRFLNNPHHFCF--YSNKRFP  1034
Ginkgo SKFFIY--KLKS--LNDRLFNKLLKSIGVRI--VHSEILKP--IILDDHDLSQRSKLLIDERTIAQFALNEIPVNQILIDFFENENNC---IKLFENT---DFSTISNDQDNWFNPVKLANRSSLRASFYEANTLKFLDYSHQHRS--NYEKRLP  1122
Pinus FDFAFH--GLQS--NNDILLNQLLDPTGTLI--VRFQKVLN--FILYDYNLLQRSKLLIDEGTIAPFVTNKIPINPLIIDFFDNENNR---MESFDNT---YFSTISNDRDNWLNPVKLSDQSSLIASFHGANTLQFFDYLHHTRP--NYRNRLP   789
Marchantia FD------KLKKIQLNFQEIQKILNCFSLFFNSKNIKKTKI--F---------KNSYFINENLTTTFSFNDKEFNIFFLELFISEINNDFLMRFFKKY---LYYRIYKDKEILFNPIE--NRQLLQNFFEKTKILTFIDFLQDPEL--NYNNRFI   897

.1090......1100......1110......1120......1130......1140......1150......1160......1170......1180......1190......1200......1210......1220......1230......1240

Arabidopsis F--YVEKA--RLNNSDFTFTYGQFLTILFIHNKTFSSCGGKKKHAFLERDTI--SPSSIESQVSNIFISNDF--PQSGDER----YNLYKSFHFPIR---SDPLVR--RAIYSIADISGTPLIEGQRVNFERTYCQTLSDMNLSDSEEKSLHQYL  1189
Carica F--YVEKA--RINNYD--FTYGQFLNILFIRNKIFSLCGGKKKHAFLERDTISPSP--IESQVSNIFISNDF--PQSGDER----YNLYKSFHFAIR---SDPLVR--RAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEEKNLHQYL  1178
Vitis F--YVEKA--RINNSD--FTYGQFLNILFIRKKIFSLCGGKKKHAFLERDTI--SP--IESQVSNIFIPNDF--PQSGDET----YNLYKSFHFPIR---SNPFVR--RAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEGKNLHQYL  1178
Nicotiana F--SVEKA--RINNSD--FTYGQFLNILFIRNKIFSLCVGKKKHAFWGRDTI--SP--IESQVSNIFIPNDF--PQSGDET----YNLYKSFHFPSR---SDPFVR--RAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEGKNLHQYL  1173
Solanum F--SVEKA--RINNSD--FTYGQFLNILFIRNKIFSLCVGKKKHAFWGRDTI--SP--IESQVSNIFIPNDF--PQSGDET----YNLYKSFHFPSR---SDPFVR--RAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEGKNLHQYL  1174
B. laxiflora ---LININ--KFENNYL-LNFNKNNKI-YFKNIIY--------------------------------------------------FNLY--FKNILK--------------------------------YNKFY---------------------   164
B. reflexa ---LLNKK--KFENNYL-FNL-RYNKI-FYNN---------------------------------------------------------------------------------------------------------------------------   128
Schoepfia F--YVKKAHIHINNYD--FTSGQFFKILFIHKKIFSLRIGKKKHAFLERDPI--SP--MKSPVSHIFIPNAF--PQSGNET----SNLYKSFPFPLRRTGPPSFIH--RAIYSIADISGTPRTEGQIANLERTYCQPFYDMNLSESKGNNLHQYL  1160
Olax FYVYVEKA--RINNYD--FTYGQFLNILFIHKKIFSLCVGKKKHAFLERDTI--LP--IKSQVSNIFIPNDF--PQSGDET----YTLYKSFHFPIR---TDPFVC--RAIYSIADISGTPLTEGQIVNFERTYCQPLSNMNLSDSEGNNLHQYL  1166
Ximenia F--YVEKA--RINNYD--FTYGQFLNILFIHKKIFSLCVGKKKHAFLERDTI--SP--IESQVSNIFIPNDF--PQSGDET----YNLYKSFHFPIR---TDPFVR--RAIYSIADISGTPLTEGQIVNFERTYCQSLSDMNLSDSEGNNLHQYL  1178
Magnolia F--YVEKT--RINNYD--LTYGQFLNILFIRNKIFSLCVGKKKHVFLERDTI--SP--IESQVSDIFIPNDF--PQSGGET----YNLYKSFHFPIR---SDPFVR--RAIYSIADISGTPLTEEQIVNFERTYCQPLSDMNLSDSEGKNLHQYL  1176
Amborella F--YAEKT--RINNYD--LTYGQFLNISFIRNKIFSLCVGKKKHVFLERDTISPSP--IESQVSDIFIPNDF--PQSGDET----YNLYKSFHFPTR---SDPFVR--RAIYSIADISGTPLTEEQRVNFEGTYCQPLSDLNLSDSEGKNLHQYL  1171
Nymphaea F--YAEKT--RIDNYD--LTYGQFLHISFIRNKIFSLCVGKKKHVFLERDTI--SP--IESQVSDIFIPNDF--PQSGDET----YNLYKS----------------------------QPLS---------TYCQPLSDMNLSDSEGKNLHQYL  1136
Ginkgo P--HMGRI--HIKKKN--LTYGQFFNILPIHNNLFFLSISEIRPVHSEKETI--SL--IKSQVSNILLPKYL--QQSDDQTFVLIYDLYKSFNLLIR---LNPFVHDGREISSIEDISTTFLTREQIANFETTSYHPF--FNGSDLGENNFDQHL  1260
Pinus S--DMKIF--DIKRNN--FTYGQLFNLLIIHNNLSSLPIGEIGPVHSEKETI--SF--IKSQVSNILLPKYLKRKRSGDQTFVLIYDLYRSFNLLTR---LNPFVRDKRYLSSIEEISTTPLTKEQIVNFEKTFCQPF--FNRSDSEENSFDQCF   929
Marchantia F--HLEKK--TIKNNN--LLYLRLLKI-FLKDKRNFLLINEIKSFIEKKNNL-----FIKSQLSNVLLVKNS--YKFFDNI----FN----FHFLKQ---KEKNIE--IILNNQNYFEKSLL--------KKTY---LKNLNLNNSYSK------  1008

......1250......1260......1270......1280......1290......1300......1310......1320......1330......1340......1350......1360......1370......1380......1390.....

Arabidopsis N--FNSNMGLIHTPCSEKYL---QR------------------------------------KKRSLCLKKCVD-----------------KGQMDRTFQRDSAFSTLSKWNLFQTYMPWFFTSTGYKYLNLIFLDTFSDLL--RILSSSQKFV--  1282
Carica N--FNSNMGLIHTPCSEKYLPSEKR------------------------------------KKRSLCLKKCVE-----------------KGQMDRTFQRDSAFSTLSKWNLVQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFV--  1274
Vitis N--FNSNMGLIHTPCSEKYLPSEKR------------------------------------KKRSLCIKKCVE-----------------KGQMYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSPKFV--  1274
Nicotiana N--FNSNMGLIHTPCSEKDLSSEKR------------------------------------KKRSLCLKKCVE-----------------KGQMYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFV--  1269
Solanum N--FNSNMGLIHTPCSEKDLSSEKR------------------------------------KKWSLCLKKCVE-----------------KGQTYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFV--  1270
B. laxiflora ------------------------------------------------------------------------------------------KKEFYKL------------------------------YILLIL----------------------   177
B. reflexa -----------------------------------------------------------------------------------------------KL------------------------------YIIYIL----------------------   136
Schoepfia N--FTSNMGLTHIPRSER--RSEKR------------------------------------KKRSLDRKKCVE-----------------KGQMYRTFQGGSAFSTFQKWNLFQTYMPWFLTSTGYKYLNLILLDAFSDLLLIVIVRRSKKLV--  1256
Olax N--FNSNMGLIHTPRSEKYLPSEKR------------------------------------KKRSLCLKKYVE-----------------KGQMYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFV--  1262
Ximenia N--FNSNIGLIHTPRSEKYLPSEKR------------------------------------KKQSLCLKKCVE-----------------KGQMYRTFQRDSAFSTLSKWNRFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFV--  1274
Magnolia S--FNSNMGLIHTPCSEKDLPSGKR------------------------------------KKRSLCLKKCVE-----------------KRQMYRTFQRDSAFSNLSKWNLFQTYMPWFLTSTGCKYLNFTLLDTFSDPL--PILSSSQKFV--  1272
Amborella S--FNSNMGLIHTPCSEKYLPSGKR------------------------------------KKRNLCLNKCVE-----------------KRQMYRTFQRDSAFSNISKWNLFQTYMPWFLTSTGCKYINFILLDTFSDPL--PILSSSHKFV--  1267
Nymphaea S--FNSNMGLIHTPCSEKDLPSA--------------------------------------KKRNLCLKKCVE-----------------KRQMYRAFQRDSAFSNLSKWNLFQTYMPWFLTSAGCKYINFILLDTFSDPL--PILSSSHQFV--  1230
Ginkgo KKGSSSNIGLLQTQSYQDDLLSERFLKRRDKNQKMLHRIRDRFVKYSFTESSKNRIENKAIDKRSTLLNLSKEKLNFLPFYSPRFNERVKKQEMYRISQIDSIL---SKWDLFRTYTPWFFTSTWWKYIENLLLDTFPEIL----LNSSDQFI--  1406
Pinus KRGFSSNVGLIQTRSYQDDLLSEMF---SNKNEEIFPRIQDWFV----TECLKNIIVNEDIDGRSTLSNSSKE-----------------EQNIYRISQIDSIF---SKWDLFKTYMPWFFTSAWCKYIENMLLDTLSEIL----LHGSNPFVIL  1053
Marchantia ---FSYKIFIFQ--------LLNIL---NKNNYKTF----QWIS----ELIFYSKNLNYKIQNKIEKNNYCYN-----------------KNISYKKKKIKTVN-FFEKNNLFQTNNSWFFTLEWWEYNTYILLQIIQETF----FQITDVLE--  1117

.1400......1410......1420......1430......1440......1450......1460......1470......1480......1490......1500......1510......1520......1530......1540......1550

Arabidopsis -SIFHDIMHGLDISWRILQKKL--CLPQRNLISEISSKSLH--NLL---------LSEEMIHRNNES--SLISTHLRSPNVREVLYSILFLLLVAGYIVRT--HLLFVSRAYSELQTEFEKIKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLF  1419
Carica -SIFHDIMHGSDISWRILQKKW--CLPQWNLISEISSKCLH--NLL---------LSEEMIHRNNES--PLISTHLRSPNVREFLYSILFLLLVAGYLVRT--HLLFVSRAYSELQTEFEKVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLF  1411
Vitis -SIFHDIMYGSDISWRILQKKL--CLPQRNLISEISSKCLH--NLL---------LSEEMIHRNNES--PLISTHLRSPNVREFLYSILFLLLVAGYLVRT--HLLFVSRASSELQTEFEKVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLF  1411
Nicotiana -PIFHDIMHGSGISWRILQKKL--CLPQWNLISEISSKCLH--NLL---------LSEEMIHRNNES--PLISTHLRSPNAREFLYSILFLLLVAGYLVRT--HLLFVSRASSELQTEFEKVKSLMIPSSMIELRKLLDRYPTSEPNSFWLKNLF  1406
Solanum -SIFPDIMHGSGISWRILQKKL--CLPQWNLISEISSKCLH--NLL---------LSEEMIHRNNES--PLISTHLRSPNAREFLYSILFLLLVAGYLVRT--HLLFVSRASSELQTEFERVKSLMTPSSMIELRKLLDRYPTSEPNSFWLKNLF  1407
B. laxiflora -------------------------------------------NLL---------LF---LKFKINN----------------------------------------------------------------------------------------   189
B. reflexa -------------------------------------------QLL---------KK---FNYKNNN----------------------------------------------------------------------------------------   148
Schoepfia -STFHDIRQGSNISGRLLQIPL--GLPQRNLISEILSKCFH--NLL---------LSEETIQRNNES--PLILTHLRSPNVREFLYSTLLLLLVAGYLVHT--HIFFVSHAPSELQTEFERVKSLMIPSYTSQLQKLLDRYP---INFFWLKNLF  1390
Olax -SIFHDIMHGSDISWRILQKKL--CLPQWNLISEISSKCLH--NLL---------LSEEMIHRNNES--PLISTHLRSPNVREFLYSILFLLLVAGYLVRT--HLLFVSRASSELQTEFERVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLF  1399
Ximenia -SIFHDIMHGSDISWQILQKKL--CLPQWNLISEISSKCLH--NLL---------LSEEMIHRNNES--PLISTHLRSPNVREFLYSILFLLLVAGYLVRT--HLLFVSQASSELQTEFEKVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLL  1411
Magnolia -SIFHDIMHGSDISWPIPQKKWWAILPQWNLISEISSKCLQ--NLL---------LSEEMIHRNNESPVPLIWTHLRSPNAREFLYSILFLLLVAGYLVRT--HLLFVSRASSELQTELEKIKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLF  1413
Amborella -SIFHDIMHGS--AWSIPQKKLRAILPQWNLISEISSKCLQ--NLL---------LSEEMIHRNNESPVPLIWTHLRSPNPREFFYSSLFLLLVAGYLVRT--HLLFVSRVSSELHTELEKIKSLMIPSYMMELRKLLDSYPPPELNSFWLKNLF  1406
Nymphaea -SFFYDIMHGSDISWSILQIPLWAILPRWNLISEISSKCLQ--NIL---------LPEEMIHRNNESPVPLKWTHLRSPNAREFLYSILFLLLVAGYLVRT--HLLFISRVSSELQTELEKIKSLMIPSYMIELRKLLDRYPPPELNSFWLKNLF  1371
Ginkgo -YILHEIMHKSNISWALSHQLW--ALLQWNFRTKILDKFFSSWNLC---------SFNKMIDQKNKSSVSFVWAHLRLLNAREYEYSIIILFFVLGYFVLR--YSFIVSLVFIELQIHFKRIKDFMDLSYVIELQKLMDR-P--------LPGLP  1538
Pinus QNIKHYILLKQNILWELSHPLW--EPIQCKLRTNLMNNFFFPSNHFKDFFPSCKDFLIEETSDREKSSVPFIWTHLRLLNARGYKYGILIPFFVLGYSILQ--YFKVISFTFININIYFEFIKYLKHPSYVIELQKMINP-P--------VPNGF  1195
Marchantia -YFKKKKIIEKNLKFFLKSKKI--SLKTLSF-----HNFKLKWNLR---------FFNE-INYKKNYLLNFLWSDFNLINNCNNLYWVIFSLVIFIFLYYQKIFSIIIGSDCFHLWKNFEIIQYLTDRSRSLYFTKLTRRNKTA-LNK--TENLL  1251
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Arabidopsis LVALEQLGDCLEEIRG--SGGNMLWGGDPAYGVKSIRSKKKDLKINFIDIIDLISIIPNPINRITFSRNTRHLSHTSKEIYSL--IRKRKNVSGDWIDDKIESWVAN--SDSIDDKEREFLVQFSTLRAEKRIDQILLSLTHSDHLSKNDSGYQM  1568
Carica LVALEQLGDSLEEIRG--SGGNMLWGSDPAYGVKSIRSKKKYLNINFIDIIDLISIIPNPINRITFSRNTRHLSHTSKEIYSL--IRKRKNVSGDWIDDKIESWVAN--SDSIDDKEREFLVQFSTLTAEKRIDQILLSLTHSDHLSKNDSGYQM  1560
Vitis LVALEQLGDSLEEIRGSASGGNMLLGGGPAYGVKSIRSKKKYLNINLIDIIDLISIIPNPINRITFSRNTRCLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVAN--SDSIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQM  1562
Nicotiana LVALEQLGDSLEEIRGSASGGNML---GPAYGVKSIRSKKKDWNINLIEIIDL---IPNPINRITFSRNTRHLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVAN--SDSIDDEEREFLVQFSTLTTENRIDQILLSLTHSDRLSKNDSGYQM  1551
Solanum LVALEQLGDSLEEIRGSASGGNML---GPAYGVKSIRSKKKDWNINLIEIIDL---IPNPINRITFSRNTRHLSHTSKEIYSL--IRKRKNVNGDWIDEKIESWVAN--SDSIDDEEREFLVQFSTLTTENRIDQILLSLTHSDHLSKNDSGYQM  1552
B. laxiflora -----------------------------------------------------------------------------------------------------------------------------------------------------------   189
B. reflexa -----------------------------------------------------------------------------------------------------------------------------------------------------------   148
Schoepfia LVALEQLGDSVKKIWSFAFDGNILLGGGPAYEVKSLCSK---LNINLLDII--ISIIPNFINPITFSRNTRYLSHTSKEIYSLIRIRKKKDVNSDWIDDKIESWVAT--RDSIDDEEREFLIEFSTLTTEKKIDKILLSLTHIDRLLKNASGYQM  1538
Olax LVALEQLGDSLEEIRG--SGGNMLLGGGPASGVKSIRSKKKYLNINLIDIIDLISIIPNPINRIAFSRNTRYLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVAN--SDSIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQM  1548
Ximenia LVALGQLGDSLEEIRGSASGGNMLLGGGPIYGVKSIRSKKKYLNINLIDILDLISIIPNPINRITFSRNTRYLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVAN--SDSIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQM  1562
Magnolia LVALEQLGDSLEEIRGSASGGNMLLGGGPAYGVKSIRSKKKYLNINL---IDLISIIPNPINRITFSRNTRHLSRTSKEIYSL--IRKRKNVNGDWIDDKIESWVAN--SDSIDDEEREFLVQFSTLTTEKGIDQILLSLTHSDHLSKNDSGYQM  1561
Amborella LVALEQLGDSPEEIRGSDSGGNMLLGGGPAYGVKSIRSKKKDLNINLIDIIDLISIIPNPVNPITFSINTRRLSRTSKEIYSL--IRKRKNVNSDWIDGKIESWVAN--SDLIDDEEREFLVQFSALTTEKRIDQILWSLTHSDPFSKNDSGYQM  1557
Nymphaea LVALEQLGDSLEEIRSSASGGNMLLSGGPTYGVKSIRSKKKDLNINLIDIIYLISIIPNPINSITFSRNTRHLSRTSKEIYSL--I--RKNVNSDWIDDQIESWVAN--SDLIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQM  1520
Ginkgo LSMNM-RNISIYFLNKS------------IYYMK----------------------------------NRKLYSPIGKKLNRS----------------------CF--SMDISEKERELLVQF--LITEKNISKIGSNFTYSQNLFNNEFGYQI  1620
Pinus LYYTIERSSSLSHIMNS------------FFSTKRKRKRK------------------------TKNRNIKLLITIIRELHGL----------------------CP--SMDISEKEIHLLVQF--LMTEKKLFQFESNLTYSHNFFKNEFGDQI  1288
Marchantia SYFFQNL----------------------THYIT----------------------------------NIKFYLLTKKNL---------------------KKWLINNKTLDLSRRKRKLLVQS--LITHNKIQNYGFELNSNKQFFTSYFGYQI  1327
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YCF2

Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in black to represent TAA. The arrow marks the internal TAG codon present in B. reflexa and 
inferred to encode W. Blue lines mark the three motifs identified in 1994 by Wolfe (3) as conserved between YCF2 and the CDC48 
family of ATPases (SI Appendix, Results). The histograms give the percentage of the aligned sequences that share the most common 
amino acid at each position.



Arabidopsis IEQPGTIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGANSFHFPSHGKPFSLRLALSPSRSILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLD--NKPKGFFIDDID------------IDDSD------------D  1697
Carica IEQPGTIYLRYLVDIHKKYLMNYEFNTSCLVERRIFLAHYQTITYSQTSCGANSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLD--NKPKGFFIDDID------------IDASDDIDASDDIDASND  1701
Vitis IEQPGAIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGANSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLD--NKPKGFLFDDID------------IDDSDDIDASDDIDASDD  1703
Nicotiana IEQPGAIYLRYLVDIHKKHLMNYEFNPSCLAERRIFLAHYQTITYSQTSCGENSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLD--NKPKGFLLDEID------------IDDSDDIDDSD------N  1686
Solanum IEQPGAIYLRYLVDIHKKHLMNYEFNPSCLAERRIFLAHYQTITYSQTSCGENSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLD--NKSKGFLLDEID------------IDDSDDIDDSD------N  1687
B. laxiflora -----------------------------------------------------------------------------------------------------------------------------------------------------------   189
B. reflexa -----------------------------------------------------------------------------------------------------------------------------------------------------------   148
Schoepfia IEQPGVTYLRYLVDIHEEYLMNYGFNTVCLAERRAFLAHSQTITYLQIPCKVNSFHFSSHGKPFSLRLALLPSRGLLVIGSIGTGRSYLVKYLVTNSYVTVITVFLNKFLN--KRYKDFLIDDID------------VDI--------------T  1665
Olax IEQPGAIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGANSFHFPSHGKPFSLRLALSPPRGILVIGSIGTGRSYLIKYLATNSYVPFIMVFLNKFLD--NKPKGFLIDDID------------IDDSD------------D  1677
Ximenia IEQPGAIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGANSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYAPFITVFLNKFLD--NKPKGFLIDDID------------IDDI-------------D  1690
Magnolia IEQPGSIYLRYLVDIHKKSLMNYEFNRSCLAERRIFLAHYQTITYSQTSCGANSSHFPSHGKPFSLRLALSPSRGILVIGSIGIGRSYLVKYLATNSYVPFITVFPNKFLD--DKPKGYLIDDID------------IDDSDDI----------D  1692
Amborella IEQPGSIYLRYLVDIHKKYLMNSEFNRSCLAERRIFLAHYQTITYSQTSCGANSSHFPSHGKPFSLRLDLSPSRGILVIGSIGTGRSYLVKYLATNSYLPSITVSPNKFLD--DKPKGYLIDDIDDSDDIDLDDSNSIDDSDDV----------D  1700
Nymphaea IEQPGSIYLRYLVDIQKRYLMNYEFNRSCLAERRIFLAHYQTITYSQTPCGANSSHFPSHGKPFSLRLALPPSRGILVIGFIGTGRSYFVKYRVTNSYVPFITVFPNKFLD--DN-KGYLIDDID------------IDDRDDI----------D  1650
Ginkgo TEQPGLIYLRYLADTYQKDLMNYEFDQFRLAERWVFLAFCQKITFSQILCRAKSLNLAFHGKPFSLHLGSFLSRGILLIGSMVTGRSYLVKSLAADSYVPLIRISLKKLLYDKGEYSNFLDIRSM------------ND----------------  1747
Pinus IRQPGLIHLRYLAYTYQKGLINYGFNPFCLAERWVFLAFCQKITSSQILCQTNP---TFHGKPFSLHSGSLLFKGILLIGPMGTGRSYLVKSLAADSYVPLIRISLKKLWY--GEYLDYPVERIP------------TE----------------  1410
Marchantia TNQQGLLYFQYLAQFFQKNLIN---NSLDLANKWIVFSFWHKIFSSQKLRQTNNIELGFQNIPVPLQFGLSYSKGILLIGPIETGRSYLIKNLAAESYVPLFKISINKLLY--NK----------------------PD----------------  1439
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Arabidopsis IDASNDIDRELDTELELLTMMNALTMDMMLEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SSYLALGLLVNSL--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKM  1841
Carica IDDSDDIDRELDTELELLTMMNALTMDMMSEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SNYLSLGLLVNSL--SRDCERCSTRNILVIASTHIPKKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKM  1845
Vitis IDASDDIDRDLDTELELLTMMNALTMDMMPEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SNYLSLGLLVNYL--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKM  1847
Nicotiana LDASDDIDRDLDTELKLLTRMNGLTMDMMPEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SNDLALGLLVNHL--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLLPQQRKHFFTLSYTRGFHLEKKM  1830
Solanum LDASDDIDRDLDTELELLTRMNGLTVDMMPEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SNDLSLGLLVNHL--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKM  1831
B. laxiflora -----------------------------------------------NIIIYNINNNINFNL-----------FNFFFLKILKQQY------------KIIFIILKYYINKINPILISFYNFNIFIKILK ------------------------   249
B. reflexa -----------------------------------------------IIILYYIYNINYFIY-----------IYNIIYNIL--YY------------KIIFIISIFFLKKINPILISFYKFNVLLKINKYNY----------------------   209
Schoepfia ITNVD--DSDLDTELEL------LTMDMMPEIDHTRL-FDLTLDKSWPPCIIWIPNIHDLDWGE---------SNYLSLSLAVHYL--SGDCETCSTRKTLVIASTHIPTKVDPALIATKKLNTYIKIRRLLISQRRKRFFILSYTRGFFLEKKM  1800
Olax IDASDDIDRDLDMELELLTMMNALTMDMMPEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SNYLSLGLLVNHF--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKM  1821
Ximenia ID-----DSDLDTELELLTMMNALTMDMMPEIDRFYITLQFELAKAMSPCIIWIPNIHDLDVNE---------SNYLSLGLLVNYL--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTFSYTRGFHLEKKM  1829
Magnolia IDDSD--DIDDDLDTELLTMTNVLTMYMTPKIDRFDITPQLELAKAMSPCIIWIPNIHDLYVNE---------SNYLSLGLLVNYL--SRDCERCSTRNILVIASTHIPKKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFILSYTRGFHLEKKM  1834
Amborella IGDSDDIDIDDDLDAELLTMTNVLTMYMTPKMDRFDITPQLELAKAMSPCIIWIPNIHDLYVNE---------SNYLSLGLLVNHL--SRDCERCSTRNILVIASTHIPQKVDPALIAPNKSNTCIKIRRLLIPQQRKHFFILSYTRGFHLEKKM  1844
Nymphaea IDDRD----DDDLDTELLTMPNVLTMYMTPKIDQFEITLPLELAKAMSPCIIWIPNIHDLYVNE---------SNYLSLGLLVNHL--PRDCERCSTRNILVIASTHIPQKVDPALIAPNKSNTCIKIRRLLIPQQRKHFFILSYTRGFRLEKKM  1790
Ginkgo ---------------------------VMQKMHQFNLT--FELAKRMSPCIIWIPNIHELNVNH---------LTHFFLSLLVNHL--SRDDEKYSTRNILVIASTHITKKVDPASIAPNRLDRSINIRMLPISQRQKEFSILLRSKGFYLEKEL  1862
Pinus -----------------------FDPFVKDKMEDFHIT--LELAKSMSPCIIWIPNIHELNLNEAANYLFGFGFTDLFLSVLMNNLFRLRDGEKDSMSNIIVIASTHIPQRVDPALIAPNRLDRSINIRMLVIPQRQREFPILLCSKGLYSGK--  1538
Marchantia ------------------VITESWMNILIESLRRLNLT--LDFAKKMSPCIIWIQNIHQLNVNRLTQNV--ESDPTFLLGILLKYF--QTDFSKTKKNNIIVIGSTHLPKKVDPALISPNRLDKIINVRLFNISQRKKQFPLLLKKKNFQLKENL  1570
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Arabidopsis FHTNGFESITMGSSARDLVALTNEALSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLISNCPIDPISIYMKKKSCNEGDSYLYKWYFE---LGTSMKKFTILLYLLSCSAGSVAQDLWSLPVPDEKNRIT  1990
Carica FHTNGFESITMGSNARDLVALTNEALSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFE---LGTSMKKLTILLYLLSCSAGSVAQDLWSLPGPDEKNGIT  1994
Vitis FHTNGFGSITMGSNARDLVALTNEALSISITQKKSIIDTNAIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFE---LGTSMKKLTILLYLLSCSAGSVAQDLWSLPGPDEKNGIT  1996
Nicotiana FHTNGFGSITMGSNARDLVALTNEVLSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFE---LGTSMKRLTILLYLLSCSAGSVAQDLWSLSGPDEKNGIT  1979
Solanum FHTNGFGSITMGSNARDLVALTNEVLSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFE---LGTSMKRLTILLYLLSCSAGSVAQDLWSLSVPDEKNGIT  1980
B. laxiflora -----------------------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa -----------------------------------------------------------------------------------------------------------------------------------------------------------   209
Schoepfia CNTNRFRSITLGSSARDLVTLTKEALSISITQKKSSIVTNTIRSALHRQTWDWRS---QVRAVQDHGILFYRVGGVVAQSVHLSNSPVDFRSIYMKKKSCNEGCSYLYKWHFE---LGTSMKRLMILLFLLSCSAGSVTQDLWSIPGPDEKNGIT  1949
Olax FHPNGFGSITMGSNARDLVALTNEALSISIIQKKLIIDTNTIRSALHRQTWDLRS---QVRSVQDHGIFFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGNSYLYKWYFE---LGTSMKKLTILLYLLSCSAGSVAQDLWSPPGPDEKNGTI  1970
Ximenia FHTNGFGSITMGSNARDLVALTNEALSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNKGDSYLYKWYFE---LGTSMKELTILLYLLSCSAGSVAQDLWSLPGPDEKNGIP  1978
Magnolia FHTNGFGSMTMGSNARDLVALTNEALSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCKEGDSYLYKWYFE---LGTSMKKLTILLYLLSCSAGLVAQDLWSPPGPDEKNWIP  1983
Amborella FHTNGFGSITMGSNARDLVALTNEALSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQDHGILFYQIGRSFAQNVLLSNCSIDPISTYMKKKSCKEGDSYLYKWYFE---LGTSIKKLTTLLYLLSCSAGSVAQDLWSPPGPDEKNWIT  1993
Nymphaea SHTNGFGSITMGSNARDLVALTNEVLSISITQKKSIIDTNTIRSALHRQTWDLRS---QVRSVQYHEILFYQIGRAVAQNVLLSNCSIDPISIYMKKKSCKEGDSYLSKWYFE---LGTSMKKLTILLYLLSCSAGSVAQDLWSPPGPDEQNWIT  1939
Ginkgo SCPDEFGSRTAGFNARDLAALANETLSIHITQKKSAIDTDTIRLALYRQTWGLQSIDNQVGFGQNYEILPYKVGKAVIRNTLRRNSSMNPLSI--KNELWKKRFHYLSEWYLEPSTAGTTMKELTVLPPILDCLAGSAARDSWFISEQNRENWVP  2015
Pinus -CPDEFGSITIDYDARDLAALADEALILSITRNKSVIDTNTIRSAIYRQIFHLQSMDNQVGSDQNDEIIIYKVGKAFIQNTLRRNSPMNPLST--KKELWKKRFCYLSEWYLEPSIAETTMKELTILXXXXXXXXGSAARDSWSISERNRENWIP  1690
Marchantia FFLNEFGSRTMGYNLRDLSALTNEVLLISITKNRSFIDTDTLKLAFHRQIFGLTYTNNKLNFDRIFKIVIYKVGKTIIQNILIKSSSMNLLNI--GNFLWKKNFYYLSKWYLEPSIDESIIKELTILTHILACLAGTAARDSWFLLEKKAESLLP  1723
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Arabidopsis SYGFVENDSDLVHGLL--EVQGALVGSSR--TEKDCSQ--FDNDRVTLLFRSEPRDPLYMMQDGSCSIVDQRFLYEKYESEFEEGEG----EGVLDPQQ--IE--EDLFNHIVWAPRIWRPR---GFLFDCIERPNELGFPYSAGSFRGKRIIYD  2128
Carica SYGFVENDSDLVHGLL--EVEGALVGSSR--TEKDCSQ--FDNDRVTLLLRSEPRNPLYMMQNGSCSIVDQRFLYEKYESEFEEGEG----EGVLDPQQ--IE--EDLFNHIVWAPRIWRPW---GFLFDCIERPNELGFPYWARSFRGKRIIYD  2132
Vitis SYGLVENDSDLVHGLL--EVEGALVGSSR--TEKDCSQ--FDNDRVTLLLRPEPRNPLDMMQNGSCSIVDQRFLYEKYESEFEEGAG----EGALDPQQ--IE--EDLFNHIVWAPRIWRPW---GFLFDCIERTNELGFPYWARSFRGKRIIYD  2134
Nicotiana SYGLVENDSDLVHGLL--EVEGALVGSSR--TEKDCSQ--FDNDRVTLLLRPEPRNPLDMMQNGSCSILDQRFLYEKYESEFEEGEG----EGALDPQ-------EDLFNHIVWAPRIWRPW---GFLFDCIERPNELGFPYWSRSFRGKRIIYD  2114
Solanum SYGLVENDSDLVHGLL--EVEGALVGSSR--TEKDCSQ--FDNDRVTLLLRPEPRNPLDMMQKGSWSILDQRFLYEKYESEFEEGEG----EGALDPQ-------EDLFNHIVWAPRIWRPW---GFLFDCIERPNELGFPYWSRSFRGKRIIYD  2115
B. laxiflora -----------------------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa -------------------------------------------------------NYIKLIK------INKIYIY--------------------------------------------------------------------------------   223
Schoepfia SYGFSENDSDLVHGLL--EGEDAPMGSSW--TGKDYSQFDFDNDRVTLLLQLEPKNFLDMMQNGSCSVVDQRFLYEKYESE----EG----DGSFDLQQ--ME--GDLFNHIVWAPRIWHPW---SFLFDWIERPNSFGFLYWPGSFWGKQIIYD  2085
Olax SYGLVENDSDLVHGLL--EVEGALVGSSR--TEKDYSQ--LANDRVTLLLRPEPRNHLDMMQNGSCSIVDQRFLYEKYESEFEEREGFEEREGALDPQQ--IE--EDLFNHIVWAPRIWCPW---GFLFDCIERPNELGFPYWARSFRGKRIIYD  2112
Ximenia SYGLVENDSDLVHGLL--EVEGALVGSSR----KDYSQ--FDNDRVTLLLRPEPRNPLDMMQNGSCSIVDQRFLYEKDESEFE--------EGALDPQQ--IE--EDLFNHIVWAPRIWRPW---GFLFDCIERPNSLGFPYWARSFRGKRIVYD  2110
Magnolia SYGFVENDSDLVHGLLELEVEGALVGSSR--TEKDCSQ--FDNDRVTLLLRSEPRNQLDMMQNGSCSIVDQRFLYEKYESEFEEGEG----EGALDPQQ--IE--EDLFNHIVWAPRIWRPC---GNLFDCIERTNELGFPYWARSFRGKRIIYH  2123
Amborella SYGFVENDSDLVHGLL----EGALVGSSR--TEKDCSQ--FDNDRVTLLLRSEPRNPLDMMQNGSCSIVDQRFLYEKYESEFEEGEG----EGTLDPQQ--IE--EDLFNHIVWAPRIWRPC---GNLFDCIERPNESRFPYRSRSFRGKQIISH  2129
Nymphaea SYGFVENDSDLVHGLL----ESALVGYSR--TE--CSQ--FDNDRVTLLLRSEPRNQLDMMQNGSCSIVDQRFLYEKYESGFEEGEG----EGTLDLQQ--IEEDEDLFNHIVWAPRLWRPH---GNLFDCIERPKKLGFPYWVRSFRDKRIIYH  2075
Ginkgo LDRFAEHDFNLASSLL----ESILVEFPW--LGICRGK--SDKNQITFAPQYKTRNHLNMMRKGFYSTINKMFVYEEYELNFQ--------QETPDAKK--MD--EELVNNIVWAPRIWRLNFLRSNRFDRIKRPNELGFSYQFELFREEQISYC  2150
Pinus FDELAEHDLDIASSLL----ESILVEFPFSRLGICRGK--SDKDQITFAPQLKMRDHLDMIR-----------FMKEYELKF-----------TPGAKQRDMD--EEFIKSVVWTPRIWRLSFFRSNRFDHIKTPNSLGSSYQFGSLRKRQMDRS  1815
Marchantia IDKLVENDFTLAFSIL----ESFFSEFPW--LEICQTN--VVNSKKNKIIEFSTKNSMNIMQNGIFAIANKKFIYTQNHLQYKSSLS----QQISFNKKKNYE-----FKNTSWSPRFWRLSFFRSNLFDWIKRPNDFEFSYKFGFTKKKEYLFS  1861
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Arabidopsis E------------------------------KYEL--QENDSEF----LQS---------GTMQYQRRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPFVSVFSHREFFADEEMSKGLLTS---------------------------------  2205
Carica E------------------------------KDEL--QANDSEF----LQS---------GTVQYQTRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPFVSVFSHREFFADEEMSKGLLTS---------------------------------  2209
Vitis E------------------------------EDEL--QENDSEF----LQS---------GTMQYQTRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPFVSVFSHREFFADEEMSKGLLTS---------------------------------  2211
Nicotiana E------------------------------EDEL--QENDSEF----LQS---------GTMQYQTRDRSSKEQGLFRISQFIWDPADPLFFLFKDQPPGSVFSHRELFADEEMSKGLLTS---------------------------------  2191
Solanum E------------------------------EDEL--QENDSGF----LQS---------GTMQYQTRDRS---QGLFRISQFIWDPADPLFFLFKDQPPGSVFSHRELFADEEMSKGLLTS---------------------------------  2189
B. laxiflora -----------------------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa -------------------------------IKNL---------------------------------------------------------YFYKNINI----------------KYIYIN---------------------------------   241
Schoepfia E------------------------------EDEL--QENDLEF----LPS---------ETMQYQTRDRSSKEQGSFRISQFIWDPADPLFFLFKEHPFVSVFSHREFFTDKARS-GLFTS---------------------------------  2161
Olax E------------------------------EDEL--QENDSEF----LQS---------GTMQYQTRDRSSKEQGFFRISQFIWDPADTLFFLFKDQPFVSVFSHREFFADEEMSKGLLTS---------------------------------  2189
Ximenia E------------------------------EDELQEQENDSEF----LQS---------GTMQYQTRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPLVSAFSHREFFADEEMSKGLLTS---------------------------------  2189
Magnolia K------------------------------EDEL--QENDSEF----LQS---------GTMQYQTRDRSSKEQGFFRISQFVWDPADPFFFLFKDQPFVSVFSRREFFADEEMSKGLITS---------------------------------  2200
Amborella K------------------------------EDEL--QENDLEF----LQS---------GTMQYQTRDRSSKEQGFFQISQFIWDPADPFFFLFKDQPFVSVFARREFFADEEMSKGLITS---------------------------------  2206
Nymphaea K------------------------------EDKL--QENDSEF----LRS---------GTVQYQTRDRSSKEQGFFRISQFIWDPADQFFFLFKDQPFVSVFSRRESFADEEMSKGLITS---------------------------------  2152
Ginkgo KRVRKNFEYFQ-KGPHKKGFYIHGRNHSNTRQKNL--QHIQSQFEDISLQERFEMLGIFQFSIQYKMQYQSSKKPMLFLGRRFLRDPTG---FLFKDQHL--VFSRREFFANEAMLKRFYITYGSIR-RREKNIFSKKSIQGAF-RRYNSKFMTN  2295
Pinus K-----------------------------------------------------------FPIQYPKQYKYSKNPLFFIGRRFLWDS-----FLFQEQRP--VFSRREFFANEELLKRLYITSGARRLRAQPDFLPKKSIQSFF-RRYDSKSTIN  1903
Marchantia ANLQKKNNYGQFIEKKKKEQLLYERILPRIRRRNV--QELESQFEEILLEEQFEILGFFRLSEQYPMEYQLYNKPRLFIGKRILWDPIG---LFFQIRHF--VFSRREFFVDEEMLRRLYVTYGARR-ERERSRSSQKIKQFFLCRGYNKDLISK  2008

......2490......2500......2510......2520......2530......2540......2550......2560......2570......2580......2590......2600......2610......2620......2630.....

Arabidopsis ----------------------------------QTDPPTSIYKRWFIKNTQEK--HFELLIQRQRWLR--TNSSLSNGFFRSNTRSESYQYLSNLFIS-NGTLLDRMTKTLLKKRWLFSDEMK----IGFM------------  2294
Carica ----------------------------------QTDPPTSIYKRWFIKNTQEK--HFELLIHRQRWLR--TNSSLSNGFFRSNTPSESYQYLSNLFLS-NGTLLDQMTKTLLRKRWLFPDEMK----IGFM------------  2298
Vitis ----------------------------------QTDPPTSIYKRWFIKNTQEK--HFELLIHRQRWLR--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NARLLDQMTKTLLRKRWLFPDEMK----IGFM------------  2300
Nicotiana ----------------------------------QTDPPTSIYKRWFIKNTQEK--HFELLINRQRWLR--TNSSLSNGSFRSNTLSESYQYLSNLFLS-NGTLLDQMTKTLLRKRWLFPDEMK----IGFM------------  2280
Solanum ----------------------------------QTDPPTSLYKRWFIKNTQEK--HFELLINRQRWLR--TNSSLSNGSFRSNTLSESYQYLSNLFLS-NGTLLDQMPKTLLRKRWLFPDEMK----IGFM------------  2278
B. laxiflora ------------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa ------------------------------------------------KNIKKKIFKYILL-----------------------------------FI*---------------------------------------------   256
Schoepfia ----------------------------------QTDPATSIYKRWFIKNTQEN--NFEVVINRQRWLR--TNSLLSNGFF---PPFESSQYLSTLFIS-NGMLLGRMTKTLLRKRWFFPEEIKIEFWIHVTGKGFPIL-----  2258
Olax ----------------------------------QTDPPTSIYKRWFIKNMQEK--HFELLINRQRWLR--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NGTLLDQMTKTLLRKGWLFPDELK----VGFM------------  2278
Ximenia ----------------------------------QTDPPTSIYKRWFIKNTQEK--HFELLINRQRWLR--TNNSLSNGSFRSNTLSESYQYLSNLFLS-NGTLLDQMTKTLLRKRWLFPDEMK----IDVTGERFPIP-----  2285
Magnolia ----------------------------------QTNPPTSIYKRWFIKNTQEK--HFELLIHRQRWLR--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NGTLLDQMTKALLRKRWLFPDEMK--HLIHVTGERFPIP-----  2298
Amborella ----------------------------------QTHSPTSIYERWLIKNTQEK--HFELLIHRQRWLS--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NGTLLDQMAKTLLRKRWLFPDEMK--HLIHVTGERFPIP-----  2304
Nymphaea ----------------------------------QTNSPTSIYKRWLIKNTQEK--HFELLIHRQRWLRTNTNSSLSNGSFRSNTLSESYQYLSNLFLSNNGTLLDQMTKTLLRKRWLFPDEMK--HLIHAPGERFPIP-----  2253
Ginkgo SVMNSRKQLPLAVK-EHIEAFERIQAIGIRLKRIQPYTPTFLYQRWLIENPQKKVDRFELLIHRQRWLE--TNSSLFNEFFIYNTLSDSYQYLSNLFLS-NRMLLNQMTKTLLRNRWLFPNEIE--HLIYTTK-----------  2422
Pinus SVLFMTFWKPLSLRHRHIEHFKRIQAIGIQLERMQPDYPIYSYHRCLTQNLRERVDRFQSLIHRQRWLG--TNRLFSNESFLYNTLFESYQYLSNLFLS-NRMLLDQITKTLLEKKWLFPNEIE--HSIHTTGLRFDISWENLE  2042
Marchantia LSIRWWSQLPINEK-KNIDTLKRIEHISIQLKRPQIFTPVYLYQRWLIENSPEKFFRFELLTHRKKWLK--INSLLLNDSFIYTTLLEIYEYLLHFFIA-NKKLLNQMTKILLKKGWLFENEIE--TIINETRQ----------  2136

.2640......2650......2660......2670......2680......2690......2700......2710......2720......2730......2740......2750......2760......2770.........

*

YCF2
Walker motif A

DPAL motifWalker motif B

Figure S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown 
only for Balanophora and are shaded in black to represent TAA. The arrow marks the internal TAG codon present in B. reflexa and 
inferred to encode W. Blue lines mark the three motifs identified in 1994 by Wolfe (3) as conserved between YCF2 and the CDC48 
family of ATPases (SI Appendix, Results). The histograms give the percentage of the aligned sequences that share the most common 
amino acid at each position.
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Figure S5. GC content of genes in 30 AT-rich bacterial and organellar genomes. All genes were analyzed except for 

tRNA, 5S rRNA, and 4.5S rRNA genes. The "genome" GC values include only one copy of the large, usually perfect 

repeats present in many plastomes, as these almost always contain rRNA genes, whose relative GC-richness will 

bias the full-genome GC values, especially for highly reduced genomes. Numbers at bottom are "genome" sizes in 

kb. Abbreviations: Y, yeast; A, animal; P, protist; F, fungus; An, angiosperm; Ap, apicomplexan; R, red alga; D,

diatom; G, green alga or green-algal-derived. For full species names, see SI Appendix Table S12.
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Cuscuta gronovii Convolvulaceae HP 86744 37.7
Cuscuta obtusiflora Convolvulaceae HP 85286 37.8
Phelipanche purpurea Orobanchaceae HP 62891 31.1
Conopholis americana Orobanchaceae HP 45673 33.9
Viscum album Santalales HeP 128921 36.4
Osyris alba Santalales HeP 147253 37.7
Schoepfia jasminodora Santalales HeP 118743 38.1
Balanophora laxiflora Santalales HP 15505 12.2

Balanophora reflexa Santalales HP 15507 11.6

Pilostyles aethiopica Apodanthaceae HP 11348 24.2
Pilostyles hamiltonii Apodanthaceae HP 15167 22.7
Cytinus hypocistis Cytinaceae HP 19400 29.9
Cynomorium coccineum Cynomoriaceae HP 45519 30.0
Epipogium aphyllum Orchidaceae MH 30650 32.8
Epipogium roseum Orchidaceae MH 19047 30.6
Thismia tentaculata Dioscoreaceae MH 16031 27.1
Sciaphila thandanica Triuridaceae MH 12780 30.5
Hydnora visseri Hydnoraceae HP 27233 23.4
Helicosporidium sp. Green alga HP 37454 26.9
Plasmodium falciparum Apicomplexans HP 34682 13.1
Eimeria tenella Apicomplexans HP 34750 20.6
Toxoplasma gondii Apicomplexans HP 34996 21.4

Essential Protein synthesis

present gene annotated as pseudogene absent

(bp) (%) 

Figure S6. Plastome gene content of Balanophora compared with other plastome-containing hetero-
trophs. Abbreviations: HP, holoparasite; HeP, hemiparasite; MH, nonphotosynthetic mycoheterotrophs. 
The “essential” category of genes includes those five genes long suggested (21-23) to be the driving 
force, the raison d'être, for retention of the plastome in nonphotosynthetic angiosperms. Note that 
tRNA genes were excluded from the set of protein-synthesis genes shown for lack of space (plastomes 
of photosynthetic angiosperms contain 30 different tRNA genes) and because the Balanophora 
plastomes have only a single tRNA gene, trnE (see "Essential" category and main text).
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Figure S7. Codon (A) and amino acid (B) usage in the plastomes of Nicotiana, Balanophora, Plasmodium, the 

mitochondrial genome of Nakaseomyces, and the genome of the bacterium Zinderia. Percent usage frequency 

is shown by the bars. Amino-acid frequencies were calculated using the following translation tables: Nicotiana 
and Plasmodium, transl_table = 11; Nakaseomyces, transl_table = 3; Zinderia, transl_table = 4; Balanophora, 

a Balanophora-specific translation table that decodes TAG as Trp. 
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Figure S8. Comparison of codon usage in the Balanophora nuclear (A), mitochondrial (B), and plastid (C) 
genomes. Percent usage frequency is shown by the bars. See SI Materials and Methods for GenBank 
accession numbers for the mitochondrial and nuclear genes. Note that TAG is used as a Trp codon rather 
than a stop codon in the B. laxiflora plastid genes.
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Figure S9. Pair-wise dN/dS ratios from sliding-window analysis (window size = 90 bp; step size = 30 bp) of 
the Balanophora accD, rps2, and ycf1 genes (see Fig. 3C for the same analysis of two other Balanophora 
genes). Arrows mark internal TAG codons present in one or both Balanophora plastomes and inferred to 
encode W. dN/dS ratios for which dS < 0.01 or dS = 99 are not shown; these correspond to midpoints = 165, 
195, 375, 765, and 795 bp for accD, and 135, 645, 675, 855, 975, 1005, 1185, 1215, 1395, 1725, 1995, 2655, 
2925, and 2955 bp for ycf1.
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Figure S10. Balanophora plastid sequences are related to Santalales. The cladogram was 
estimated from a maximum likelihood analysis of 16 genes (all Balanophora genes except for 
ycf2, rrn4.5 and trnE) from the 18 indicated land plants. Bootstrap support is shown above the 
branches. The star in the corresponding phylogram (see inset) marks the long branch leading 
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Figure S11. PCR analysis of three plastid genes and their transcripts. Templates used in PCR 
reactions were DNase-treated RNA (lanes 1), reverse transcribed DNase-treated RNA (2), 
RNase-treated DNA (3), and no template (4). The 1-kb-Plus DNA ladder was used as a length 
standard (lanes L).



Arabidopsis MKGHQFKSWIFELREIVREIK-NAHYFLDSWTQFNSVGSFIHIFFHQERFRKLLDPRIFSILLLRNSQGSTSNRYFTIKGVVLFVVAALLYRINNRNMVESKNLYLKGL-----LPIPMNSIGPRNDTSEESFGSCNINR   134
Carica MKGHQFKSWIFELREILREIK-NSHYFLDSWTQFNSVGSFIHIFFHQERFIKLLDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNRNMVERKNLYLTGL-----LPIPMNSIGPRNDTLEESFGSSNINR   134
Vitis MKGHQFKSWIFELREILREIK-NSHYFLDSWTQFTSVGSFIHIFFHQERFIKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNRNMVERKNLYLTGL-----LPIPMNSIGPRNDTLEESFGSSNINR   134
Nicotiana MRGHQFKSWIFELREILREIK-NSHHFLDSWTQFNSAGSFIHIFFHQERFLKLFDPRIWSILLSRNSQGSTSNRYFTIKGVILFVVAVLIYRINNRNMVERKNLYLIGL-----LPIPMNSIGPRNDTLEESVGSSNINR   134
Solanum MRGHQFKSWIFELREILREIK-NSHHFLDSWTQFNSVGSFIHIFFHQERFLKLFDPRIWSILLSRNSQGSPSNRYFTIKGVILFVVAVLIYRINNRNMVERKNLYLIGL-----LPIPMNSIGPRNDTLEESVGSSNINR   134
B. laxiflora ---------------MYNFIKKNKKYF---------------------KFI---------------------------------------------------------------------------------------NK    17
B. reflexa ---------------IINIIK-----F---------------------KFI---------------------------------------------------------------------------------------NK    12
Schoepfia MKGHQVKFWIFELREIFRAIK-NSHYFLDSWIQFNSVGSFIHIFFHQERFLKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVPFVVGIFIYRINNRNMVERKNIFLMGL-----LSIPINSIGPRNDTFEDSFGFS--NR   132
Olax MKGHQFKSWIFE----LREIK-NSHYFLDSWTQFNSVGSFIHIFFHQERFIKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNRNMVERKNLYLIGL-----LPLPMNSIGPRNGTLEESFWVSNINR   130
Ximenia MKGHQFKSWIFELREILREIK-NSHYFLDSWTQFNSVGSFIHIFFHQERFIKLFDPRIWSILLSRNSQGSTSNRYFTIKGVVLFVVAVLIYRINNRNMVERKNLYLIGL-----LPIPMNSIGPRNDTLEESFGFSNINR   134
Magnolia MKRHQFKSWIFELREILREIK-NSHYFLDSWTKFDSVGSFTHIFFHQERFMKLFDPRIWSILLSRDSQGSTSNRYFTIKGVVLLVVAVLIYRINNRNMVERKNLYLMGLLPIPILPIPMNSIGPRNDTLEESFWSSNINR   139
Nymphaea MKRHQFKSCIFELREILREIK-NSRYFLDSWTKFDSVVSFTHIFFHQERFVKLLGPQTWSVLLSRDSQGSTSNRYFTIKGVVLLVVAVLIYRINNRNMVERKNLYLMGL-----LPIPMNSIGPRNDTLEESFWSPNINR   134
Amborella MKGHQLKSWIFELREILREIK-NSHYFLDSWTKLNLVGSFTHIFFHQERFMKLFDPRIWSILLSCDSQSSTSNRYFTIKGVVLLVVAVLIYRINNRNMVERKNLYLMRL-----LPIPMNSIGPRNDTLEESFLSSNINR   134

1.......10........20........30........40........50........60........70........80........90.......100.......110.......120.......130.......140

Arabidopsis LIVSLLYLTKGKKISESCFRDPKESTWVLPITQKCIMPESNWSSRWWRNWIGKKRGFCCKISNETVAGIDISFKEKDIKYLEFLFVYY--MDDPIRKGHDWELFDRLS--PSKRRNIINLNSGQLFEILVKDWICYLMFA   270
Carica LIVSLLYLPKGKKISESSFLDPKESTWVLPITKKCIMPESNWSSRWWRNWIGKKRDSSRKISNETVAGIDISFKEKDIKYLEFLFVYY--MDDPIRKGHDWELFDRLS--PSKRRNIINLNSGQLFEILVKDWICYLMFA   270
Vitis LIVSLLYLPKGKKISESCFLDPKESTWVLPITKKCIMPESNWGSRWWRNWIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVYY--MDDPIHKDHDWELFDRLS--PRKRRNIINLNSGQLFEILVKHWICYLMSA   270
Nicotiana LIVSLLYLPKGKKISESCFLNPKESTWVLPITKKCSMPESNWGSRWWRNWIGKKRDSSCKISNETVAGIEILFKEKDLKYLEFLFVYY--MDDPIRKDHDWELFDRLS--LRKSRNRINLNSGPLFEILVKHWISYLMSA   270
Solanum LIVSLLYLPKGKKISESCFLNPKESTWVLPITKKCSMPESNWGSRWWRNWIGKKRDSSCKISNETVAGIEILFKEKDLKYLEFLFVYY--MDDPIRKDHDWELFDRLS--LRKSRNRINLNSGPLFEILVKHWISYLMSA   270
B. laxiflora I----------------------------------------------------------------IKKFEI ---------------Y ----------------------------------------------------    25
B. reflexa IL---------------------------------------------------------------IKNIEI ---------------Y ----------------------------------------------------    21
Schoepfia LIVSFLSLSRGKKISESCFLDPKESTWVFPITQKWIMPESNWGSRWWRNWLGKREYSSCKISNENVAGLEISFEEKDIKYLGFLFVYY--RDDLIRKDHDWELFDRLSRRRRKRRNIITLNSGQLFEILVKDCICYLMST   270
Olax LIVSLLYLPKGKKISESCFLDPKESTWVLPITKKCIMPESNWGSRWWRNWIGKNRDSSCKIYNETVAGIEISFKEKDIKYLEFLFVYY--MDDPIRTDHGWELFDRLS--LRKRRNIINLNLGQLFEILVKDWICYLMSA   266
Ximenia LIVSLLYLPKGKKISESCFLDPKESTWVLPITKKCIMPESNRGSRWWRNWIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVYY--MDDPIRKDHDWELFDRLS--LRKRRNIINLNSRQLFEILVKDWICYLMSA   270
Magnolia LIVSLLYLPKGKKISESCFMDPKESTWVLPITKKCIMPESNWGSRWWRNRIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVSY--TDDPIRKDLDWEFFDRLS--PRKKRNIINLNSGQLFEILVKHLICYLMSA   275
Nymphaea LIVSLLYLPKGKKISESCFMDPKESTWVLPITQKCIMPESNWGSRWWRNWIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVSY--MDDPIRKDHGWELFDRVS--PRKKRNIINLNSGQLFEILAKHLICYLMSA   270
Amborella LIVSLLYLPKGKKISESCFMDPKESTWLLPITKKCIMPESNWGSRWWRNRIGKKRDSSCKISNETVAGIEISFKEKDIKYLEFLFVSYTDTDDPIRKDHDLELFDRLS--PGKKQNIINLNSGQLFEILVKHLICYLMSA   272
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Arabidopsis FREKIPIEVEGFCKQQGAGSTIQSNDIEHVSHLFS--RNKWAISLQNCAQFHMWQFHQDLFVSWGKNPHESDFFRKISRENWIWLDNVWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQLNGSSDQFIDPFDSIS   408
Carica FREKIPIEVEGFFKQQGAGSTIQSNDIEHVSHLFS--RNKWAISLQNCAQFHMWQFRQDLFVSWGKNPHESDFLRNISRENWIWLDNVWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQLKGSSDQFRDHFDSIS   408
Vitis FREKIPIEVEGFFKQQGAGSTIQSNDIEHVSHLFS--RNKWAISLQNCAQFHMWQFRQDLFVSWGKNPHESDFLRNVSRENWIWLDNVWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQLKGSSDQSRDHFDSIS   408
Nicotiana FREKIPIEVEGFFKQQGAGSTIQSNDIEHVSHLFS--RNKWAISLQNCAQFHMWQFRQDLFVSWGKNPPESDFLRNVSRENWIWLDNVWLVNKDRFFSKVQNVSSNIQYDSTRSSFVQVTDSSQLKGSSDQSRDHLDSIS   408
Solanum FREKIPIEVEGFFKQQGAGSTIQSNDIEHVSHLFS--RNKWAISLQNCAQFHMWQFRQDLFVSWGKNPPESDFLRNVSRENWIWLDNVWLVNKDRFFSKVQNVSSNIQYDSTRSSFVQVTDSSQLKGSSDQSRDHLDSIS   408
B. laxiflora -------------------------------------NNKI----------------------YNKNNNK---------------------------FKIMNIFYIVIYNII----------------------------    51
B. reflexa -------------------------------------NKK----------------------------------------------------------KIKYVIHHIRWNII----------------------------    38
Schoepfia FLDKIPIEVEGFFKQQGAGSTIQSNEIERVSHLFS--RTKRAISLQNCIQFHMRQFRQDLFISWGKNPHKLDFLRNVSRENWVWLDNASLVNKDR---KVRNVSSNIQYDSIRSSFVQVMDSRQLKGPSDKSRDHLDSIS   405
Olax FFEKIPIEVEGFFKQQGAGSTIQSNDIEHVSHLFS--RNKWAISLQNCVQFHMWQFRQDLFVSWGKNPHESDFLRNVSIENWIWLNNVWLVNKDRFFSKVWNISSNIQYDSTRSSFVQVMDSSQLKGSSDQSRDHLDSIS   404
Ximenia FLEKIPIEVEGFFKQQGAGSTIQSTDIEHVSHLFS--RNKWAISLQNCVQFHMWQFRQDLFVSWGKNPRESDFLRNISRENWIWLDNAWLVNKDRFFSKVRNVSSNIQYDSTRSSFVQVTDSSQLKGSSDQSIDHLDSIS   408
Magnolia FREKRPIEVEGFFKQQGAEATIQSNDIEHVSHLFS--RNKWGISLQNCAQFNMWQFRQDLFVSWGKNQHESDFLRNVSRENWIWLDNVWLVNKDWFFSKVRNVSSNIQYDSTRSIFVQVTDSSQLKGSSDQSRDPFDSIS   413
Nymphaea FREKRPIEVEGFLKQQGAEATIPSNDIEHVSHLFS--RNKWDISLQNCAQFHMWQFHQDLFVSWGKNQHESDFLRNVSRENLIWLDNMWLVNKDRFFSKVRNVSSNIQYDSTRSIFVQVTDSSQLKGSSDQSRENFDSIS   408
Amborella FREKRPIEVEGFFKQQGAEATIQSNDIEHVPRLFSGNKNKWGISLQNCAQFHMWQFHQDLFVSWGKNQHESDFLRNVSRENLIWLGSMWLVNKDRFFSKVRNVSSNIQYDSTRSIFVKVTDSSQLKGSSDQSRDHFNSIS   412
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Arabidopsis NEDSEYHYHTLINQREIQQLKERSILLDPSFIQTEGREIESDRFPKYLSGYS--SMPRLFTEREKRMNNHLLPEESEEFLGNPTRAIRSFFSDRWSELHLGSNPTERSTRDQKLLKKEQDV-SFVPSRRSENKEIVNIFK   545
Carica NEDSE--YHTLINQREIQQLKERSILWDPSFLQTERTEIESDQFPKCLSGYS--SMPRLFTEREKRMNNHLLPEEIEEFLGNPTRPIRSFFSDRWSELHLGSNPTERSTRDQKLLKKEQDV-SFVPSRRSENKEIVNIFK   543
Vitis NEDSK--YHTLINQREIQQLKERSILWDPSFLQTERTEIESDRFPKCLSGYSSMSMSRLFTEREKQMIIHLLPEEIEEFLGNPTRSIRSFFSDRWSELHLGSNPIERSTRDQKLLKKQQDV-SFVPSRRSENKEMVNIFK   545
Nicotiana NEDSE--YHTLINQREIQQRKERSILWDPSFLQTERKEIESGRFPKCLSGYS--SMSRLFTEREKQMINHLFPEEIEEFLGNPTRSVRSFFSDRWSELHLGSNPTERSTRDQKLLKKQQDL-SFVPSKRSENKEMVNIFK   543
Solanum NEDSE--YHTLINQREIQQRKERSILWDPSFLQTERKEIESGRFPKCLSGYS--SMSRLFTEREKQMINHLFPEEIEEFLGNPTRSVRSFFSDRWSELHLGSNPTERSTRDQKLLKKQQDL-SFVPSRRSEKKEMVNIFK   543
B. laxiflora -------YNIIYNNI----------------------------------------------------------------------CIYIFF--------------------KFIIKNKKNY-YY----------------    77
B. reflexa -------YKNIYN-------------------------------------------------------------------------IYFFYNN------------------NNIIKKDNYY-NI----------------    63
Schoepfia NENSE--YPILLNQGKIQQLKERSIIFGPSFLQTERTEINSDRFPKCHSVYS--SMSRLFTEREKQTIIHLLPDEREEFLRNPTRSIRCFFSDR---FHLGSNPNERSTRYQKLL--QQDV-SFVPSRRSENQKIGNIFK   535
Olax NEDSE--YHTLINQREIQQLKERSILWDPSFLQTERTEIESDRFPKCLSGYS--SMSRLFTEREKQMIIHLLPEEIEEFLGNPTRSIRSFFSDRWSELHLGSNPTERSTRDQKFLKKQQDV-SFVPSRQSENKEMVNIFK   539
Ximenia NENSE--YHTLINQREIQQLKERSILWDPSFLQTERTEIESDRFPKCLSGYS--SMSRLFTEREKQMIIHLLPEEIEEFLGNPTRSIRSFFSDRWSELHLGSNPTERSTRDQKLLKKQQDV-SFVPSRRSENKEMVKIFK   543
Magnolia NEDSE--YHTLINQTEIQQLKERSILWDPSFLQTERTEIESDRFPKCLSGYS--SMSRLFTEREKQMNNHLLPEEIEEFLGNPTRSIRSFFSDRWSELHLGSNPTERSTRDQKLLKKQQDV-SFVPSRRSENKEMVDIFK   548
Nymphaea NEDSE--YHTLINQTEIQQLKERLILWDPSSLQTERTEIESDRFPKYPSGYS--SMSRLFTEREKQMNNHLFPEKIEEFLGNPTRSIRSFFSDRWSELHLVSNATERFTRDQKLLKKQQDVFSFVPSRRSEKKEMVDIFK   544
Amborella NEDSE--YHTLIHQTEIEQLKERSILWDPSFLQTERTEIESDRFPKCLSGYF--SMSRLFTEREKQMNNHLFPEEIEEFIGNPTRSIRSFFSDRWSELHLGSNATERSTRDQKLLKKQQDV-SFVPSRRSENKEMVDIFK   547
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Arabidopsis IITYLQNTVSIHPISSDLGCDMVPKDELDMDSSNKISFLNKNPFFDLFHLFHERKRGGYTLRH--ESEERFQEMADLFTLSITEPDLVYHKGFAFSIDSYGLDQRQFLKEVFNFRDESKKKSLLVLPPIFYEENESF--Y   681
Carica IITYLQNTVSIHPISSDLGCDMVPKDELDMDSSNKISFLNKNPFFDLFHLFHDRNRGGSTLHHDFESEERFQEMADLFTLSITEPDLVYHKGFAFSIDSYGLDQKQFLNEVFNSRDESKKKSLLVLPPIFYEENESF--Y   681
Vitis IITYLQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFFDLFHLFHDRNRGGYTLHHDFESEERFQEMADRFTLSITEPDLVYHKGFAFSIDSYGLDQKQFLNEVFNSRDESNKKSLLVLPPSFYEENESF--Y   683
Nicotiana IITYLQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFFDLFHLFHDRNRGGYTLHYDFESEERFQEMADLFTLSITEPDLVYHKGFAFSIDSCGLDQKQFLNE---ARDESKKKSLLVLPPIFYEENESF--S   678
Solanum IITYLQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFFDLFHLFHDRNRGGYTLHYDFASEERFQEMADLFTLSITEPDLVYHKGFAFSIDSCGLDQKQFLNE---ARDESKKKSLLVLPPIFYEENESF--S   678
B. laxiflora -------------------------------------FNNNNNNNKLILLFN----------------------------------------FNYNIN-----------------------------------------Y    99
B. reflexa -------------------------------------FLKKNNNIILLYIIF----------------------------------------FNNNII-----------------------------------------Y    85
Schoepfia IITYLQNTVSIHPISSDSGGDMVPKDEPDMNSSAKISFLNKKPFFDLFHLFHDRNRGGYTLHHDFESEDRFHEMVDLFTLLITEPSLVYPSGFSFSIDSYGLDQNQFLNEVFNFGDESKNKSLSVLPSIFYEESESFYRY   675
Olax IITYLQNTVSIHPISSDPGCDMVPKDEPNMDSSNKISFLNKNPFLDLFYLFHDRNRGGYTLHHDFESEERFQEMANLFTLSITEPDLMYHKGFALSIDFYGLDQKQFLNEVFNSRDELKKKSLLILPPIFYEENESF--Y   677
Ximenia IITYLQNTVSIHPISSDPGCNMVPKDEPDMDSSNKISFLNKNPFLDLFHLFHDRNRGRYTLHHDFESEERFQEMADLFTLSITEPDLVYHKGFAFSIDSYGLDQKQFLNEVFNSRDESKKKSLLVLPPIFYEENESF--Y   681
Magnolia IITYLQNTVSIHPISSDPGCDMVPKDEPDMGSSNKISFLNKNPFLDLFHLFHDRNKGGYTLHHDFESEERFQEMADLFTLSITEPDLVYHKGFAFSIDSYGLDQKKFLNEVFNSRDESKKKSLWVLPPIFDEENESF--Y   686
Nymphaea IITYLQNTVSIHPISSDRGCDMVPKDEPDMDSSNKISFLNKNPFCDLFHLFHDRNKGRYTLHHDFESEERFQEMADLFTLSITEPDLVYHKGFAFSIDSYGLDQKKFLNEVFNSRDESKKNSLLVLPHIFYEENESF--Y   682
Amborella IITYLQNTVSIHPISSDPGCDMVPKDEPDMDSSNKISFLNKNPFCDLFHLFHGRNKGGYTLHHDFESEERFQERADLFTLSITEPDLMYHKGFAFSIDSYGLDQKKLLNEVFNSRDESKKKSLLVLPHIFYEENESF--Y   685
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Arabidopsis RRLRKIWVRISCGNYLEDQKR--VVFASNNIMEAVNQYRLIRNM-----IQIQFQYSPYGYIRNVLNRFFLMKRPDRNFEYG--IQRDLIGNDTLNHRTIMKDTINQHLSN--LKKSQKKWFDPLIFLSQTERSINRDPN   810
Carica RRIRKKWVRISCGNDLEDPKPKRVVFASNNIMEAVNQYRLIRNL-----IQI--QYSTYGYIRNVLNRFFLMNRSDRNFEYG--IQRDQIGNDTLNHRTIMKYTINQHLSN--LKKSQKKWFDPLIFLSRTERSINRDPN   810
Vitis RRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVNQYILIRNL-----IQI--QYSTYGYIRNVLNRFFLMNRSDRNFEYG--IQRDQIGNDTLNHRTIMKYTINQHLSN--LKKSQKKWFDPLIFISRTERSMNRDPH   812
Nicotiana RRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVTQYRLIRNL-----IQI--QYSTYGYIRNVLNRFFLMNRSDRNFEYG--IQRDQIGKDTLNHRTIMKYTINQYLSN--LKKSQKKWFEPLILISRTERSMNRDPD   807
Solanum RRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVTQYRLIRNL-----IQI--QYSTYGYIRNVLNRFFLMNRSDRNFEYG--IQRDQIGKDTLNHRTIMKYTINQYLSN--LKKSQKKWFEPLILISRTERSMNRDPD   807
B. laxiflora KYI-------------------------------IFKYLLFINFNKNNNINI-----------------LLIN--INKFE-------------------------NNYLLN--FNKNNKIYFK-----------------   145
B. reflexa NII-------------------------------LYNILLKNNIYNN---NI-----------------ILLN--KKKFE-------------------------NNYLFN--L-RYNKIFYN-----------------   127
Schoepfia RRIRKKWVRISCGNDLEDPKQKILIFVSNTILEAVNQYILIRNL-----IQI--QSSTYGSIKNILNRFLLI---DRNFEYR--LPRDQIGNDTLNHTTIMRYTINQHLSNFKLKKSHKKRFDPLFFISRTERSINQDPN   803
Olax RRIRKKWVRIPCGNDLEDPKP-----ASNNIMEAVNQYRLIRNL-----IQI--QYSTYGYIINVLNRFFLMNRSDRNFEYGIQIQRDQIENDTLNHRTIMKYTINQHLSN--LKKSQKKWFDPLIFISRTERSMNRDPN   803
Ximenia RRIRKKWVRISCGNDLEDPKPKIVVFASNNIMEAVNQYRLIRNL-----IQI--QYSTYGSIRNVLNRFFFMNRSDRNFEYG--IQRDQIGNDILNHRTIMKYTINQHFSN--LKKSQKKWFDPLIFISRTERSMNRDPN   810
Magnolia RRIRKKSVRISCGNDLEDPKPKIVVFASNNIMEAVNQYRLIRNL-----IQI--QYSTYGYIRNVSNRFFLMNRSDRNFEYG--IQRDQIGNDTLNHLTIIKYTINQHLSN--LKKSQKKWFDPL--ISRTERSMNRDPD   813
Nymphaea RRIRKKWVRISCRNGLEDPKPKIVVFASNNIMEAVNQYRLIRNL-----IQI--QYSTYGYIRNLSNRFFLMNRSDRNFEYG--IQRDQIGNDTLNHITIMKYMINQHLLN--VKKSQKKWFDPL--ISRTERSMNRDPN   809
Amborella RRIRTKSVRISCRNGLED--PKIVVFASNNIMEAVNQYRLIRNL-----IQI--QYSTYGYIRNVSKRFFLMNRSDRNFEYG--IQRDQIGNDTLNHITIMKYTINQHLSN--LKKSQKKWFDPL--ISRTERSMNRDPN   810

.......710.......720.......730.......740.......750.......760.......770.......780.......790.......800.......810.......820.......830.......840

YCF2 (angiosperms only)

-
-

Figure S12. Inferred amino acid alignment of YCF2 from Balanophora and other angiosperms. Stop codons are 
shown only for Balanophora and are shaded in black to represent TAA. The arrow marks the internal TAG codon 
present in B. reflexa and inferred to encode W. Blue lines mark the three motifs identified in 1994 by Wolfe (3) as 
conserved between YCF2 and the CDC48 family of ATPases (SI Appendix, Results). The histograms give the 
percentage of the aligned sequences that share the most common amino acid at each position.



Arabidopsis --FLLDDHNTSQKSKFLINGGTISPFLFNKIPKWMIDSFHTRKNRRKSFDNTDSAYFSIVSHDQDNWLNPVKPFQRSSLISSFSKANRLRFLNNPHHFCF--YCNKRFPF--YVEKA--RLNNSDFTFTYGQFLTILFIH  1078
Carica --FLLDDHNTSQKSKFLINGGTISPFLFNKIPKWMIDSFHTRKNRRKSFDNTDS-YFSMISHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YCNKRFPF--YVEKA--RINNYD--FTYGQFLNILFIR  1067
Vitis --FLLDDHDTSQKSKFLINGGTISPFLFNKIPKWMIDSFHSRNNRRKSFDNTDS-YFSMISHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHRFCF--YCNKRFPF--YVEKA--RINNSD--FTYGQFLNILFIR  1069
Nicotiana --FLLDDHDTSQKSKFLINGGTISPFLFNKIPKWMIDSFHTRNNRRKSFDNPDS-YFSMIFHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YWNTRFPF--SVEKA--RINNSD--FTYGQFLNILFIR  1064
Solanum --FLLDDHDTSQKSKFLINGGTISPFLFNKIPKWMIDSFHTRNNRRKSFDNPDS-YFSMIFHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YWNTRFPF--SVEKA--RINNSD--FTYGQFLNILFIR  1065
B. laxiflora ---------------------------FNL-------------------------YFKNILK--------YNKFYK----KEFYKLYILLILNLLLFLKF-------------------KINN-----------------   189
B. reflexa ------------------------------------------------------------------------------------KLYIIYILQLLKKFNY-------------------KNNN-----------------   148
Schoepfia LLLLLDDHDPSSKSKFLINGGRISSLLFNKIPKWIIDLFQIGNNSRKSFDNLDS-YFSMILHDQDNWLTPAKSFHKSSLLSSFYKAKRLRLLNNPYHFCF--YCNKRFPF--YVKKAHIHINNYD--FTSGQFFKILFIH  1048
Olax --FLLDDHDTSQKSKFLINGERIAP--FNKIPTWMIDSFHTRNNRRKSFDNTDS-YFSMISHDQDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFCF--YCNKRFPFYVYVEKA--RINNYD--FTYGQFLNILFIH  1057
Ximenia --FLLDDHDTSQKWKFLINGGRISPFLFNKIPKWMIDSFHTRNNRGKSFDNTDS-YFSMISHDQDNWLNPAKPFHRSSLISSFYKANRLRFLNNPHHFCFYCYCNKRFPF--YVEKA--RINNYD--FTYGQFLNILFIH  1069
Magnolia --FLLDDHDTSQRSKFLINGGTISPFLFNKIPKWMIDSFHTRNNRRKSFDNTDS-YFSMISRDRDNWLNPVKPFHRSSLISSFYKANRLRFLNNPHHFWF--YCNKRFPF--YVEKT--RINNYD--LTYGQFLNILFIR  1067
Nymphaea --FLLDDHDTSQRSKFLINGGTISAFLFNKIPKWMIDSLHTRNNRRKFFDNTDS-YFSMISHDRDNWLNPVKPFHRSSLISSFYKANLLRFLNNPHHFCF--YSNKRFPF--YAEKT--RIDNYD--LTYGQFLHISFIR  1059
Amborella --FLLDDHDTSQRSKLLINGGTIARFWFNKIPKWMIDSFHTRNNRGKSFENTDS-YFSMISHDRDNWLNPVKPFHRSSLISSFYKANQLRFLNNPHHFWF--YCNKRFPF--YAEKT--RINNYD--LTYGQFLNISFIR  1060

.......990......1000......1010......1020......1030......1040......1050......1060......1070......1080......1090......1100......1110......1120

Arabidopsis NKTFSSCGGKKKHAFLERDTI--SPSSIESQVSNIFISNDFPQSGDERYNLYKSFHFPIR---SDPLVRRAIYSIADISGTPLIEGQRVNFERTYCQTLSDMNLSDSEEKSLHQYLNFNSNMGLIHTPCSEKYL---QRK  1210
Carica NKIFSLCGGKKKHAFLERDTISPSP--IESQVSNIFISNDFPQSGDERYNLYKSFHFAIR---SDPLVRRAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEEKNLHQYLNFNSNMGLIHTPCSEKYLPSEKRK  1202
Vitis KKIFSLCGGKKKHAFLERDTI--SP--IESQVSNIFIPNDFPQSGDETYNLYKSFHFPIR---SNPFVRRAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEGKNLHQYLNFNSNMGLIHTPCSEKYLPSEKRK  1202
Nicotiana NKIFSLCVGKKKHAFWGRDTI--SP--IESQVSNIFIPNDFPQSGDETYNLYKSFHFPSR---SDPFVRRAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEGKNLHQYLNFNSNMGLIHTPCSEKDLSSEKRK  1197
Solanum NKIFSLCVGKKKHAFWGRDTI--SP--IESQVSNIFIPNDFPQSGDETYNLYKSFHFPSR---SDPFVRRAIYSIADISGTPLTEGQIVNFERTYCQPLSDMNLSDSEGKNLHQYLNFNSNMGLIHTPCSEKDLSSEKRK  1198
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------   189
B. reflexa --------------------------------------------------------------------------------------------------------------------------------------------   148
Schoepfia KKIFSLRIGKKKHAFLERDPI--SP--MKSPVSHIFIPNAFPQSGNETSNLYKSFPFPLRRTGPPSFIHRAIYSIADISGTPRTEGQIANLERTYCQPFYDMNLSESKGNNLHQYLNFTSNMGLTHIPRSERR--SEKRK  1182
Olax KKIFSLCVGKKKHAFLERDTI--LP--IKSQVSNIFIPNDFPQSGDETYTLYKSFHFPIR---TDPFVCRAIYSIADISGTPLTEGQIVNFERTYCQPLSNMNLSDSEGNNLHQYLNFNSNMGLIHTPRSEKYLPSEKRK  1190
Ximenia KKIFSLCVGKKKHAFLERDTI--SP--IESQVSNIFIPNDFPQSGDETYNLYKSFHFPIR---TDPFVRRAIYSIADISGTPLTEGQIVNFERTYCQSLSDMNLSDSEGNNLHQYLNFNSNIGLIHTPRSEKYLPSEKRK  1202
Magnolia NKIFSLCVGKKKHVFLERDTI--SP--IESQVSDIFIPNDFPQSGGETYNLYKSFHFPIR---SDPFVRRAIYSIADISGTPLTEEQIVNFERTYCQPLSDMNLSDSEGKNLHQYLSFNSNMGLIHTPCSEKDLPSGKRK  1200
Nymphaea NKIFSLCVGKKKHVFLERDTI--SP--IESQVSDIFIPNDFPQSGDETYNLYKS--------------------------QPLS---------TYCQPLSDMNLSDSEGKNLHQYLSFNSNMGLIHTPCSEKDLPSA--K  1158
Amborella NKIFSLCVGKKKHVFLERDTISPSP--IESQVSDIFIPNDFPQSGDETYNLYKSFHFPTR---SDPFVRRAIYSIADISGTPLTEEQRVNFEGTYCQPLSDLNLSDSEGKNLHQYLSFNSNMGLIHTPCSEKYLPSGKRK  1195
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Arabidopsis KRSLCLKKCVDKGQMDRTFQRDSAFSTLSKWNLFQTYMPWFFTSTGYKYLNLIFLDTFSDLL--RILSSSQKFVSIFHDIMHGLDISWRILQKKL--CLPQRNLISEISSKSLHNLLLSEEMIHRNNES--SLISTHLRS  1344
Carica KRSLCLKKCVEKGQMDRTFQRDSAFSTLSKWNLVQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFVSIFHDIMHGSDISWRILQKKW--CLPQWNLISEISSKCLHNLLLSEEMIHRNNES--PLISTHLRS  1336
Vitis KRSLCIKKCVEKGQMYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSPKFVSIFHDIMYGSDISWRILQKKL--CLPQRNLISEISSKCLHNLLLSEEMIHRNNES--PLISTHLRS  1336
Nicotiana KRSLCLKKCVEKGQMYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFVPIFHDIMHGSGISWRILQKKL--CLPQWNLISEISSKCLHNLLLSEEMIHRNNES--PLISTHLRS  1331
Solanum KWSLCLKKCVEKGQTYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFVSIFPDIMHGSGISWRILQKKL--CLPQWNLISEISSKCLHNLLLSEEMIHRNNES--PLISTHLRS  1332
B. laxiflora ----------------------------------------------------------------------------------------------------------------------------------- - 189
B. reflexa ----------------------------------------------------------------------------------------------------------------------------------- - 148
Schoepfia KRSLDRKKCVEKGQMYRTFQGGSAFSTFQKWNLFQTYMPWFLTSTGYKYLNLILLDAFSDLLLIVIVRRSKKLVSTFHDIRQGSNISGRLLQIPL--GLPQRNLISEILSKCFHNLLLSEETIQRNNES--PLILTHLRS  1318
Olax KRSLCLKKYVEKGQMYRTFQRDSAFSTLSKWNLFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFVSIFHDIMHGSDISWRILQKKL--CLPQWNLISEISSKCLHNLLLSEEMIHRNNES--PLISTHLRS  1324
Ximenia KQSLCLKKCVEKGQMYRTFQRDSAFSTLSKWNRFQTYMPWFLTSTGYKYLNLIFLDTFSDLL--PILSSSQKFVSIFHDIMHGSDISWQILQKKL--CLPQWNLISEISSKCLHNLLLSEEMIHRNNES--PLISTHLRS  1336
Magnolia KRSLCLKKCVEKRQMYRTFQRDSAFSNLSKWNLFQTYMPWFLTSTGCKYLNFTLLDTFSDPL--PILSSSQKFVSIFHDIMHGSDISWPIPQKKWWAILPQWNLISEISSKCLQNLLLSEEMIHRNNESPVPLIWTHLRS  1338
Nymphaea KRNLCLKKCVEKRQMYRAFQRDSAFSNLSKWNLFQTYMPWFLTSAGCKYINFILLDTFSDPL--PILSSSHQFVSFFYDIMHGSDISWSILQIPLWAILPRWNLISEISSKCLQNILLPEEMIHRNNESPVPLKWTHLRS  1296
Amborella KRNLCLNKCVEKRQMYRTFQRDSAFSNISKWNLFQTYMPWFLTSTGCKYINFILLDTFSDPL--PILSSSHKFVSIFHDIMHGS--AWSIPQKKLRAILPQWNLISEISSKCLQNLLLSEEMIHRNNESPVPLIWTHLRS  1331
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Arabidopsis PNVREVLYSILFLLLVAGYIVRTHLLFVSRAYSELQTEFEKIKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLFLVALEQLGDCLEEIRG--SGGNMLWGGDPAYGVKSIRSKKKDLKINFIDIIDLISIIPNPINRIT  1482
Carica PNVREFLYSILFLLLVAGYLVRTHLLFVSRAYSELQTEFEKVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLFLVALEQLGDSLEEIRG--SGGNMLWGSDPAYGVKSIRSKKKYLNINFIDIIDLISIIPNPINRIT  1474
Vitis PNVREFLYSILFLLLVAGYLVRTHLLFVSRASSELQTEFEKVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLFLVALEQLGDSLEEIRGSASGGNMLLGGGPAYGVKSIRSKKKYLNINLIDIIDLISIIPNPINRIT  1476
Nicotiana PNAREFLYSILFLLLVAGYLVRTHLLFVSRASSELQTEFEKVKSLMIPSSMIELRKLLDRYPTSEPNSFWLKNLFLVALEQLGDSLEEIRGSASGGNML---GPAYGVKSIRSKKKDWNINLIEIIDL---IPNPINRIT  1465
Solanum PNAREFLYSILFLLLVAGYLVRTHLLFVSRASSELQTEFERVKSLMTPSSMIELRKLLDRYPTSEPNSFWLKNLFLVALEQLGDSLEEIRGSASGGNML---GPAYGVKSIRSKKKDWNINLIEIIDL---IPNPINRIT  1466
B. laxiflora ---- ------------------------------------- --------------------------------------------------------------------   189
B. reflexa ---- ------------------------------------- --------------------------------------------------------------------   148
Schoepfia PNVREFLYSTLLLLLVAGYLVHTHIFFVSHAPSELQTEFERVKSLMIPSYTSQLQKLLDRYP---INFFWLKNLFLVALEQLGDSVKKIWSFAFDGNILLGGGPAYEVKSLCSK---LNINLLDII--ISIIPNFINPIT  1450
Olax PNVREFLYSILFLLLVAGYLVRTHLLFVSRASSELQTEFERVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLFLVALEQLGDSLEEIRG--SGGNMLLGGGPASGVKSIRSKKKYLNINLIDIIDLISIIPNPINRIA  1462
Ximenia PNVREFLYSILFLLLVAGYLVRTHLLFVSQASSELQTEFEKVKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLLLVALGQLGDSLEEIRGSASGGNMLLGGGPIYGVKSIRSKKKYLNINLIDILDLISIIPNPINRIT  1476
Magnolia PNAREFLYSILFLLLVAGYLVRTHLLFVSRASSELQTELEKIKSLMIPSYMIELRKLLDRYPTSELNSFWLKNLFLVALEQLGDSLEEIRGSASGGNMLLGGGPAYGVKSIRSKKKYLNINL---IDLISIIPNPINRIT  1475
Nymphaea PNAREFLYSILFLLLVAGYLVRTHLLFISRVSSELQTELEKIKSLMIPSYMIELRKLLDRYPPPELNSFWLKNLFLVALEQLGDSLEEIRSSASGGNMLLSGGPTYGVKSIRSKKKDLNINLIDIIYLISIIPNPINSIT  1436
Amborella PNPREFFYSSLFLLLVAGYLVRTHLLFVSRVSSELHTELEKIKSLMIPSYMMELRKLLDSYPPPELNSFWLKNLFLVALEQLGDSPEEIRGSDSGGNMLLGGGPAYGVKSIRSKKKDLNINLIDIIDLISIIPNPVNPIT  1471

......1410......1420......1430......1440......1450......1460......1470......1480......1490......1500......1510......1520......1530......1540

Arabidopsis FSRNTRHLSHTSKEIYSL--IRKRKNVSGDWIDDKIESWVANSDSIDDKEREFLVQFSTLRAEKRIDQILLSLTHSDHLSKNDSGYQMIEQPGTIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGA  1620
Carica FSRNTRHLSHTSKEIYSL--IRKRKNVSGDWIDDKIESWVANSDSIDDKEREFLVQFSTLTAEKRIDQILLSLTHSDHLSKNDSGYQMIEQPGTIYLRYLVDIHKKYLMNYEFNTSCLVERRIFLAHYQTITYSQTSCGA  1612
Vitis FSRNTRCLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVANSDSIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQMIEQPGAIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGA  1614
Nicotiana FSRNTRHLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVANSDSIDDEEREFLVQFSTLTTENRIDQILLSLTHSDRLSKNDSGYQMIEQPGAIYLRYLVDIHKKHLMNYEFNPSCLAERRIFLAHYQTITYSQTSCGE  1603
Solanum FSRNTRHLSHTSKEIYSL--IRKRKNVNGDWIDEKIESWVANSDSIDDEEREFLVQFSTLTTENRIDQILLSLTHSDHLSKNDSGYQMIEQPGAIYLRYLVDIHKKHLMNYEFNPSCLAERRIFLAHYQTITYSQTSCGE  1604
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------   189
B. reflexa --------------------------------------------------------------------------------------------------------------------------------------------   148
Schoepfia FSRNTRYLSHTSKEIYSLIRIRKKKDVNSDWIDDKIESWVATRDSIDDEEREFLIEFSTLTTEKKIDKILLSLTHIDRLLKNASGYQMIEQPGVTYLRYLVDIHEEYLMNYGFNTVCLAERRAFLAHSQTITYLQIPCKV  1590
Olax FSRNTRYLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVANSDSIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQMIEQPGAIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGA  1600
Ximenia FSRNTRYLSHTSKEIYSL--IRKRKNVNGDWIDDKIESWVANSDSIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQMIEQPGAIYLRYLVDIHKKYLMNYEFNTSCLAERRIFLAHYQTITYSQTSCGA  1614
Magnolia FSRNTRHLSRTSKEIYSL--IRKRKNVNGDWIDDKIESWVANSDSIDDEEREFLVQFSTLTTEKGIDQILLSLTHSDHLSKNDSGYQMIEQPGSIYLRYLVDIHKKSLMNYEFNRSCLAERRIFLAHYQTITYSQTSCGA  1613
Nymphaea FSRNTRHLSRTSKEIYSL--I--RKNVNSDWIDDQIESWVANSDLIDDEEREFLVQFSTLTTEKRIDQILLSLTHSDHLSKNDSGYQMIEQPGSIYLRYLVDIQKRYLMNYEFNRSCLAERRIFLAHYQTITYSQTPCGA  1572
Amborella FSINTRRLSRTSKEIYSL--IRKRKNVNSDWIDGKIESWVANSDLIDDEEREFLVQFSALTTEKRIDQILWSLTHSDPFSKNDSGYQMIEQPGSIYLRYLVDIHKKYLMNSEFNRSCLAERRIFLAHYQTITYSQTSCGA  1609

......1550......1560......1570......1580......1590......1600......1610......1620......1630......1640......1650......1660......1670......1680

Arabidopsis AYRYKWSNGSKNFQEHLEHFVSERKSRFQVVFDQLCINQYSIDWSEVIDKKDLSKSLRFFLSKLLRFFLSKLLLFLSKLLLFLSNSLPFFFVSFE--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGLQIVHLKKLKP   946
Carica AYRYKWSNGSKNFQEHLEHFVSEQKSRFQVVFDRLRINQYSIDWSEVIDKKDLSKS--------LRFFLSKLLLFLSKLLLFLSNSLPFFFVSFE--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGLQIVHLKKLKP   938
Vitis AYRYKWSNGSKNFQEHLEHFVSEQKSRFQVVFDRLRINQYSIDWSEVIDKKDLSKS--------LRFFLSKSLLFLSKLLLFLSNSLPFFFVSFG--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGLQIIHLKKWKL   940
Nicotiana AYRYKWSNGSKNFQEHLEQSVSEQKSRFQVVFDRLRINQYSIDWSEVIDKKDLSKP--------LRFFLSKSLLFLSKLLFFLSNSLPFFCVSFG--NIPIHRSEIYIY--ELKGPNDQLCNQLLESIGLQIVHLKKWKP   935
Solanum AYRYKWSNGSKSFQEHLEQSVSKQKSRFQVVFDRLRINQYSIDWSEVIDKKDLSKS--------LRFFLSKSLLFLSKLLLFLSNSLPFFCVSFG--NIPIHRSEIYIY-EELKGPNDQLCNQLLESIGLQIVHLKKLKP   936
B. laxiflora -------------------------------------------------------------------------------------------------NI--------IY-------------------------------   149
B. reflexa -------------------------------------------------------------------------------------------------N------------------------------------------   128
Schoepfia AYKDKRSNGSNNFH------VSEPKSRFQGV---LHINQYSIDWSGVIAKKDLSKS----------------LLFLFKLFLFLSKSLLFFFGRFGCENIPIHRSEIHIYIDELKG---LLCNQLLESIGLQIIHLKKLKP   915
Olax AYRYKWSNGSKNFQ---DHFVSEQKSRFQVVFDRLRINQYSIDWSGVIDKKDLSKS--------LRFFLSKSLLFLSKLILFLSNSLPPFFVSFG--NIPIHRSEIHIY--EVKGLNDQLCNQLLESIGLQIVHLKKLKP   928
Ximenia AYRYKWSNGSKNFQEHLEHFVSEQKSRFQVVFDRLRINQYSIDWSGVIDKKDLSKS--------LRFFLSKSLLFLSKLILFLSNSLPFFFVSFG--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGLQIVHFKKLKP   938
Magnolia AYRYKWSNGSKNFQ---EHFVSEQKHRFQVVFDRLRINQYSIDWSEVIDKQDLSKS--------LRFFLSKSLLFLSKSLLFLSKSLPFFFVSIG--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGVQIVHLNKLKP   938
Nymphaea AYRYKWSNGSKNFQEHLEHFVSEQKNRFQVVFDRLRINQHSIDWSKVIDKQDLSKS--------LHF-------FLSKSLLFLSKSLTFFFVSIG--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGVQIVHLNKLKP   930
Amborella AYRYKWSNGSKNFQEHLEHFVSEQKNRFQVVFDRLRINQHSIDWSEVIDKQDLSKS--------LRF-------FLSKSLLFLSKSLPFFFVSIG--NIPIHRSEIHIY--ELKGPNDQLCNQLLESIGVQIVHLNKLKP   931
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YCF2 (angiosperms only)

Figure S12. (cont.) Inferred amino acid alignment of YCF2 from Balanophora and other angiosperms. Stop codons 
are shown only for Balanophora and are shaded in black to represent TAA. The arrow marks the internal TAG codon 
present in B. reflexa and inferred to encode W. Blue lines mark the three motifs identified in 1994 by Wolfe (3) as 
conserved between YCF2 and the CDC48 family of ATPases (SI Appendix, Results). The histograms give the 
percentage of the aligned sequences that share the most common amino acid at each position.



Arabidopsis IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLISNCPIDPISIYMKKKSCNEGDSYLYKWYFELGTSMKKFTILLYLLSCSAGSVAQDLWSLPVPDEKNRITSYGFVENDSDLVHGLL--EVQGALVG  2014
Carica IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFELGTSMKKLTILLYLLSCSAGSVAQDLWSLPGPDEKNGITSYGFVENDSDLVHGLL--EVEGALVG  2018
Vitis IIDTNAIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFELGTSMKKLTILLYLLSCSAGSVAQDLWSLPGPDEKNGITSYGLVENDSDLVHGLL--EVEGALVG  2020
Nicotiana IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFELGTSMKRLTILLYLLSCSAGSVAQDLWSLSGPDEKNGITSYGLVENDSDLVHGLL--EVEGALVG  2003
Solanum IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGDSYLYKWYFELGTSMKRLTILLYLLSCSAGSVAQDLWSLSVPDEKNGITSYGLVENDSDLVHGLL--EVEGALVG  2004
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa ------------------------------------------------------IYI----------YIKNLYF------------------------------------------------------------------   229
Schoepfia SIVTNTIRSALHRQTWDWRSQVRAVQDHGILFYRVGGVVAQSVHLSNSPVDFRSIYMKKKSCNEGCSYLYKWHFELGTSMKRLMILLFLLSCSAGSVTQDLWSIPGPDEKNGITSYGFSENDSDLVHGLL--EGEDAPMG  1973
Olax IIDTNTIRSALHRQTWDLRSQVRSVQDHGIFFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNEGNSYLYKWYFELGTSMKKLTILLYLLSCSAGSVAQDLWSPPGPDEKNGTISYGLVENDSDLVHGLL--EVEGALVG  1994
Ximenia IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCNKGDSYLYKWYFELGTSMKELTILLYLLSCSAGSVAQDLWSLPGPDEKNGIPSYGLVENDSDLVHGLL--EVEGALVG  2002
Magnolia IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRAVAQNVLLSNCPIDPISIYMKKKSCKEGDSYLYKWYFELGTSMKKLTILLYLLSCSAGLVAQDLWSPPGPDEKNWIPSYGFVENDSDLVHGLLELEVEGALVG  2009
Nymphaea IIDTNTIRSALHRQTWDLRSQVRSVQYHEILFYQIGRAVAQNVLLSNCSIDPISIYMKKKSCKEGDSYLSKWYFELGTSMKKLTILLYLLSCSAGSVAQDLWSPPGPDEQNWITSYGFVENDSDLVHGLL----ESALVG  1961
Amborella IIDTNTIRSALHRQTWDLRSQVRSVQDHGILFYQIGRSFAQNVLLSNCSIDPISTYMKKKSCKEGDSYLYKWYFELGTSIKKLTTLLYLLSCSAGSVAQDLWSPPGPDEKNWITSYGFVENDSDLVHGLL----EGALVG  2015

......1970......1980......1990......2000......2010......2020......2030......2040......2050......2060......2070......2080......2090......2100

Arabidopsis SSRTEKDCSQ--FDNDRVTLLFRSEPRDPLYMMQDGSCSIVDQRFLYEKYESEFEEGEG----EGVLDPQQIE--EDLFNHIVWAPRIWRPRGFLFDCIERPNELGFPYSAGSFRGKRIIYDEKYEL--QENDSEFLQSG  2144
Carica SSRTEKDCSQ--FDNDRVTLLLRSEPRNPLYMMQNGSCSIVDQRFLYEKYESEFEEGEG----EGVLDPQQIE--EDLFNHIVWAPRIWRPWGFLFDCIERPNELGFPYWARSFRGKRIIYDEKDEL--QANDSEFLQSG  2148
Vitis SSRTEKDCSQ--FDNDRVTLLLRPEPRNPLDMMQNGSCSIVDQRFLYEKYESEFEEGAG----EGALDPQQIE--EDLFNHIVWAPRIWRPWGFLFDCIERTNELGFPYWARSFRGKRIIYDEEDEL--QENDSEFLQSG  2150
Nicotiana SSRTEKDCSQ--FDNDRVTLLLRPEPRNPLDMMQNGSCSILDQRFLYEKYESEFEEGEG----EGALDPQ-----EDLFNHIVWAPRIWRPWGFLFDCIERPNELGFPYWSRSFRGKRIIYDEEDEL--QENDSEFLQSG  2130
Solanum SSRTEKDCSQ--FDNDRVTLLLRPEPRNPLDMMQKGSWSILDQRFLYEKYESEFEEGEG----EGALDPQ-----EDLFNHIVWAPRIWRPWGFLFDCIERPNELGFPYWSRSFRGKRIIYDEEDEL--QENDSGFLQSG  2131
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa ------------YKN-------------------------INIKYIY------------------------IN-------------------------------------------------------------------   241
Schoepfia SSWTGKDYSQFDFDNDRVTLLLQLEPKNFLDMMQNGSCSVVDQRFLYEKYESE----EG----DGSFDLQQME--GDLFNHIVWAPRIWHPWSFLFDWIERPNSFGFLYWPGSFWGKQIIYDEEDEL--QENDLEFLPSE  2101
Olax SSRTEKDYSQ--LANDRVTLLLRPEPRNHLDMMQNGSCSIVDQRFLYEKYESEFEEREGFEEREGALDPQQIE--EDLFNHIVWAPRIWCPWGFLFDCIERPNELGFPYWARSFRGKRIIYDEEDEL--QENDSEFLQSG  2128
Ximenia SSR--KDYSQ--FDNDRVTLLLRPEPRNPLDMMQNGSCSIVDQRFLYEKDESEFE--------EGALDPQQIE--EDLFNHIVWAPRIWRPWGFLFDCIERPNSLGFPYWARSFRGKRIVYDEEDELQEQENDSEFLQSG  2128
Magnolia SSRTEKDCSQ--FDNDRVTLLLRSEPRNQLDMMQNGSCSIVDQRFLYEKYESEFEEGEG----EGALDPQQIE--EDLFNHIVWAPRIWRPCGNLFDCIERTNELGFPYWARSFRGKRIIYHKEDEL--QENDSEFLQSG  2139
Nymphaea YSRTE--CSQ--FDNDRVTLLLRSEPRNQLDMMQNGSCSIVDQRFLYEKYESGFEEGEG----EGTLDLQQIEEDEDLFNHIVWAPRLWRPHGNLFDCIERPKKLGFPYWVRSFRDKRIIYHKEDKL--QENDSEFLRSG  2091
Amborella SSRTEKDCSQ--FDNDRVTLLLRSEPRNPLDMMQNGSCSIVDQRFLYEKYESEFEEGEG----EGTLDPQQIE--EDLFNHIVWAPRIWRPCGNLFDCIERPNESRFPYRSRSFRGKQIISHKEDEL--QENDLEFLQSG  2145

......2110......2120......2130......2140......2150......2160......2170......2180......2190......2200......2210......2220......2230......2240

Arabidopsis TMQYQRRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPFVSVFSHREFFADEEMSKGLLTSQTDPPTSIYKRWFIKNTQEKHFELLIQRQRWLR--TNSSLSNGFFRSNTRSESYQYLSNLFIS-NGTLLDRMTKTLLKK  2281
Carica TVQYQTRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPFVSVFSHREFFADEEMSKGLLTSQTDPPTSIYKRWFIKNTQEKHFELLIHRQRWLR--TNSSLSNGFFRSNTPSESYQYLSNLFLS-NGTLLDQMTKTLLRK  2285
Vitis TMQYQTRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPFVSVFSHREFFADEEMSKGLLTSQTDPPTSIYKRWFIKNTQEKHFELLIHRQRWLR--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NARLLDQMTKTLLRK  2287
Nicotiana TMQYQTRDRSSKEQGLFRISQFIWDPADPLFFLFKDQPPGSVFSHRELFADEEMSKGLLTSQTDPPTSIYKRWFIKNTQEKHFELLINRQRWLR--TNSSLSNGSFRSNTLSESYQYLSNLFLS-NGTLLDQMTKTLLRK  2267
Solanum TMQYQTRDRS---QGLFRISQFIWDPADPLFFLFKDQPPGSVFSHRELFADEEMSKGLLTSQTDPPTSLYKRWFIKNTQEKHFELLINRQRWLR--TNSSLSNGSFRSNTLSESYQYLSNLFLS-NGTLLDQMPKTLLRK  2265
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------   249
B. reflexa ---------------------------------------------------------------------------KNIKKKIFKYIL---------------------------------LFI ----------------   256
Schoepfia TMQYQTRDRSSKEQGSFRISQFIWDPADPLFFLFKEHPFVSVFSHREFFTDKARS-GLFTSQTDPATSIYKRWFIKNTQENNFEVVINRQRWLR--TNSLLSNGFF---PPFESSQYLSTLFIS-NGMLLGRMTKTLLRK  2234
Olax TMQYQTRDRSSKEQGFFRISQFIWDPADTLFFLFKDQPFVSVFSHREFFADEEMSKGLLTSQTDPPTSIYKRWFIKNMQEKHFELLINRQRWLR--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NGTLLDQMTKTLLRK  2265
Ximenia TMQYQTRDRSSKEQGFFRISQFIWDPADPLFFLFKDQPLVSAFSHREFFADEEMSKGLLTSQTDPPTSIYKRWFIKNTQEKHFELLINRQRWLR--TNNSLSNGSFRSNTLSESYQYLSNLFLS-NGTLLDQMTKTLLRK  2265
Magnolia TMQYQTRDRSSKEQGFFRISQFVWDPADPFFFLFKDQPFVSVFSRREFFADEEMSKGLITSQTNPPTSIYKRWFIKNTQEKHFELLIHRQRWLR--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NGTLLDQMTKALLRK  2276
Nymphaea TVQYQTRDRSSKEQGFFRISQFIWDPADQFFFLFKDQPFVSVFSRRESFADEEMSKGLITSQTNSPTSIYKRWLIKNTQEKHFELLIHRQRWLRTNTNSSLSNGSFRSNTLSESYQYLSNLFLSNNGTLLDQMTKTLLRK  2231
Amborella TMQYQTRDRSSKEQGFFQISQFIWDPADPFFFLFKDQPFVSVFARREFFADEEMSKGLITSQTHSPTSIYERWLIKNTQEKHFELLIHRQRWLS--TNSSLSNGSFRSNTPSESYQYLSNLFLS-NGTLLDQMAKTLLRK  2282
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Arabidopsis RWLFSDEMK----IGFM-------  2294
Carica RWLFPDEMK----IGFM-------  2298
Vitis RWLFPDEMK----IGFM-------  2300
Nicotiana RWLFPDEMK----IGFM-------  2280
Solanum RWLFPDEMK----IGFM-------  2278
B. laxiflora ------------------------   249
B. reflexa ------------------------   256
Schoepfia RWFFPEEIKIEFWIHVTGKGFPIL  2258
Olax GWLFPDELK----VGFM-------  2278
Ximenia RWLFPDEMK----IDVTGERFPIP  2285
Magnolia RWLFPDEMK--HLIHVTGERFPIP  2298
Nymphaea RWLFPDEMK--HLIHAPGERFPIP  2253
Amborella RWLFPDEMK--HLIHVTGERFPIP  2304

......2390......2400....

Arabidopsis NSFHFPSHGKPFSLRLALSPSRSILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLDNKPKGFFIDDID------------IDDSD------------DIDASNDIDRELDTELELLTMMNALTMDMMLEIDRFYITL  1736
Carica NSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLDNKPKGFFIDDID------------IDASDDIDASDDIDASNDIDDSDDIDRELDTELELLTMMNALTMDMMSEIDRFYITL  1740
Vitis NSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLDNKPKGFLFDDID------------IDDSDDIDASDDIDASDDIDASDDIDRDLDTELELLTMMNALTMDMMPEIDRFYITL  1742
Nicotiana NSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLDNKPKGFLLDEID------------IDDSDDIDDSD------NLDASDDIDRDLDTELKLLTRMNGLTMDMMPEIDRFYITL  1725
Solanum NSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYVPFITVFLNKFLDNKSKGFLLDEID------------IDDSDDIDDSD------NLDASDDIDRDLDTELELLTRMNGLTVDMMPEIDRFYITL  1726
B. laxiflora --------------------------------------------------------------------------------------------------------------------------------------------   189
B. reflexa --------------------------------------------------------------------------------------------------------------------------------------------   148
Schoepfia NSFHFSSHGKPFSLRLALLPSRGLLVIGSIGTGRSYLVKYLVTNSYVTVITVFLNKFLNKRYKDFLIDDID------------VD --- ----------TITNVD--DSDLDTELEL------LTMDMMPEIDHTRL-F  1695
Olax NSFHFPSHGKPFSLRLALSPPRGILVIGSIGTGRSYLIKYLATNSYVPFIMVFLNKFLDNKPKGFLIDDID------------IDDSD------------DIDASDDIDRDLDMELELLTMMNALTMDMMPEIDRFYITL  1716
Ximenia NSFHFPSHGKPFSLRLALSPSRGILVIGSIGTGRSYLVKYLATNSYAPFITVFLNKFLDNKPKGFLIDDID------------IDDI-------------DID-----DSDLDTELELLTMMNALTMDMMPEIDRFYITL  1724
Magnolia NSSHFPSHGKPFSLRLALSPSRGILVIGSIGIGRSYLVKYLATNSYVPFITVFPNKFLDDKPKGYLIDDID------------IDDSDDI----------DIDDSDDIDDDLDT--ELLTMTNVLTMYMTPKIDRFDITP  1729
Nymphaea NSSHFPSHGKPFSLRLALPPSRGILVIGFIGTGRSYFVKYRVTNSYVPFITVFPNKFLDDN-KGYLIDDID------------IDDRDDI----------DIDDRD--DDDLDT--ELLTMPNVLTMYMTPKIDQFEITL  1685
Amborella NSSHFPSHGKPFSLRLDLSPSRGILVIGSIGTGRSYLVKYLATNSYLPSITVSPNKFLDDKPKGYLIDDIDDSDDIDLDDSNSIDDSDDV----------DIGDSDDIDIDDDLDAELLTMTNVLTMYMTPKMDRFDITP  1739

......1690......1700......1710......1720......1730......1740......1750......1760......1770......1780......1790......1800......1810......1820

Arabidopsis QFELAKAMSPCIIWIPNIHDLDVNESSYLALGLLVNSLSRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKMFHTNGFESITMGSSARDLVALTNEALSISITQKKS  1876
Carica QFELAKAMSPCIIWIPNIHDLDVNESNYLSLGLLVNSLSRDCERCSTRNILVIASTHIPKKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKMFHTNGFESITMGSNARDLVALTNEALSISITQKKS  1880
Vitis QFELAKAMSPCIIWIPNIHDLDVNESNYLSLGLLVNYLSRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKMFHTNGFGSITMGSNARDLVALTNEALSISITQKKS  1882
Nicotiana QFELAKAMSPCIIWIPNIHDLDVNESNDLALGLLVN LSRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLLPQQRKHFFTLSYTRGFHLEKKMFHTNGFGSITMGSNARDLVALTNEVLSISITQKKS  1865
Solanum QFELAKAMSPCIIWIPNIHDLDVNESNDLSLGLLVNHL RDCE CSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKMFHTNGFGSITMGSNARDLVALTNEVLSISITQKKS  1866
B. laxiflora -------- - ---------- KINPILISFYNFNIFIKILK -----------------------------------------------------------   249
B. reflexa -------- -- ---------- KINPILISFYKFNVLLKINK----------YNYNYIKLIKINK-------------------------------------   219
Schoepfia DLTLDKSWPPCIIWIPNIHDLDWGESNYLSLSLAVHYLSGDCETCSTRKTLVIASTHIPTKVDPALIATKKLNTYIKIRRLLISQRRKRFFILSYTRGFFLEKKMCNTNRFRSITLGSSARDLVTLTKEALSISITQKKS  1835
Olax QFELAKAMSPCIIWIPNIHDLDVNESNYLSLGLLVNHFSRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTLSYTRGFHLEKKMFHPNGFGSITMGSNARDLVALTNEALSISIIQKKL  1856
Ximenia QFELAKAMSPCIIWIPNIHDLDVNESNYLSLGLLVNYLSRDCERCSTRNILVIASTHIPQKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFTFSYTRGFHLEKKMFHTNGFGSITMGSNARDLVALTNEALSISITQKKS  1864
Magnolia QLELAKAMSPCIIWIPNIHDLYVNESNYLSLGLLVNYLSRDCERCSTRNILVIASTHIPKKVDPALIAPNKLNTCIKIRRLLIPQQRKHFFILSYTRGFHLEKKMFHTNGFGSMTMGSNARDLVALTNEALSISITQKKS  1869
Nymphaea PLELAKAMSPCIIWIPNIHDLYVNESNYLSLGLLVNHLPRDCERCSTRNILVIASTHIPQKVDPALIAPNKSNTCIKIRRLLIPQQRKHFFILSYTRGFRLEKKMSHTNGFGSITMGSNARDLVALTNEVLSISITQKKS  1825
Amborella QLELAKAMSPCIIWIPNIHDLYVNESNYLSLGLLVNHLSRDCERCSTRNILVIASTHIPQKVDPALIAPNKSNTCIKIRRLLIPQQRKHFFILSYTRGFHLEKKMFHTNGFGSITMGSNARDLVALTNEALSISITQKKS  1879
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Figure S12. (cont.) Inferred amino acid alignment of YCF2 from Balanophora and other angiosperms. Stop codons 
are shown only for Balanophora and are shaded in black to represent TAA. The arrow marks the internal TAG codon 
present in B. reflexa and inferred to encode W. Blue lines mark the three motifs identified in 1994 by Wolfe (3) as 
conserved between YCF2 and the CDC48 family of ATPases (SI Appendix, Results). The histograms give the 
percentage of the aligned sequences that share the most common amino acid at each position.



B. laxiflora MYNFIKKNKKYFKFINKI-IKKFEIYNNKIYNKNNNKFKIMNIFYIVIYNIIYNIIYNNICIYIFF--KFIIKNKKNYYY    77

B. reflexa IINIIK-----FKFINKILIKNIEIYNKK---------KIKYVIHHIRWNIIYKNIYN---IYFFYNNNNIIKKDNYYNI    62

1.......10........20........30........40........50........60........70........80

B. laxiflora FNNNNNNNKLILLFNFNYNINYKYIIFKYLLFINFNKNNNINILLININKFENNYLLNFNKNNKIYFKNIIYFNLYFKNI   157

B. reflexa FLKKNNNIILLYIIFFNNNIIYNIILYNILLKNNIYNN---NIILLNKKKFENNYLFNL-RYNKIFYNN-----------   127

........90.......100.......110.......120.......130.......140.......150.......160

B. laxiflora LKYNKFYKKEFYKLYILLILNLLLFLKFKINNNIIIYNINNNINFNLFNFFFLKILKQQYKIIFIILKYYINKINPILIS   237

B. reflexa ------------KLYIIYILQLLKKFNYKNNNIIILYYIYNINYFIYIYNIIYNIL--YYKIIFIISIFFLKKINPILIS   193

.......170.......180.......190.......200.......210.......220.......230.......240

B. laxiflora FYNFNIFIKILK*------------------------------------------------

B. reflexa FYKFNVLLKINKYNYNYIKLIKINKIYIYIKNLYFYKNINIKYIYINKNIKKKIFKYILLFI

.......250.......260.......270.......280.......290.......300..

Figure S13. Pairwise alignment of YCF2 in Balanophora. Identities are marked by squares. The arrow 
marks the internal TAG codon present in B. reflexa and inferred to encode W. Stop codons are 
shaded in black (TAA).
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Figure S14.. Read depth of the B. laxiflora assembly. (A) Coverage depth in the Velvet assembly 
of the raw Illumina reads based on a mapping quality of Q60.  (B) Scatter plot of contig lengths 
for the CLC assembly versus mean read depth. The short plastid fragment is likely to be a 
nuclear fragment based on its low sequence coverage (see Materials and Methods).  
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