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S| 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 |. Both DNase-treated RNA and RNase-treated DNA
were used for cDNA synthesis reactions using the Maxima First Strand cDNA Synthesis



Kit following the manufacturer’s protocol (Thermo Fisher Scientific). One ug of template
RNA was used from the sample treated with DNase | 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 ug 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 uM and template concentration of 0.2 ng/pl.
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 = 1e7'%) 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% Kl 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% OsOs4 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.

S| 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.



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 OREF, 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 (dv/ds = 0.82 for the
alignment shown in Fig. S4). Although this is the highest dv/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.



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

accD clpP ycfl ycf2 rps2 rps3 rps4 rps7 rps11 rps12 rps14 rps18 rps19 rpl2 rpl14 rrn4.5 rrn16 rr23 trnE  CDS* Iel::;l:h
Length (bp)
S. jasminodora 1,485 591 5490 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 2930 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 3,062 71 9,570 15,507
% reduction’ 37.9 - 48.7 888 222 5.0 82 106 10.8 0.8 317 529 16.1 8.0 49 13.6 - - - 835 86.9
GC content (%)
S. jasminodora 34.8 406 304 37.0 37.7 339 391 402 441 414 422 342 348 430 371 534 565 550 575 38.0 38.1
B. laxiflora 176  19.7 4.9 2.0 4.8 5.6 9.0 54 118 20.2 8.1 4.1 64 143 104 136 240 19.9 293 8.9 12.2
B. reflexa 16.2 195 5.2 2.2 4.0 5.0 6.1 49 116 196 6.9 4.2 73 139 104 100 210 18.6 31.0 8.7 11.6

*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 Balanophorallength of Schoepfia)) x 100%. Dashes indicate the three genes that are larger in Balanophorathan in Schoepfia.



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

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

% nucleotide identity 93.6 93.5 80.2 752 799 86.5 817 858 902 931 798 881 914 886 912 941 905 879 958
% amino acid identity 89.6 89.5 624 51.7 657 727 682 752 820 90.0 561 774 829 804 825 - - - -

Pairwise dy' 0.06 0.05 022 032 022 014 020 0.15 0.07 0.05 023 0.11 0.08 0.09 0.08 - - - -
Pairwise ds' 040 049 050 039 043 030 028 030 035 052 036 031 025 0.77 0.20 - - - -
Pairwise dy/ds 0.14 0.09 044 082 052 048 0.72 049 020 0.09 065 038 032 0.11 0.40 - - - -

*Gaps were excluded from all identity calculations.
TTAG codons were excluded from the dy and d; calculations.



Table S3. Annotated start and stop codons in Balanophora plastomes

Start codon* Stop codon*
Gene B. laxiflora B. reflexa B. laxiflora B. reflexa
accD ATG ATG TAA TAA
clpP ATG ATG TAA TAA
rpl14 ATG ATG TAA TAA
pl2 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.



Table S4. Intergenic regions in Balanophora plastomes

Region Size*|%GC|Note Reading frame' Sequence
(bp) 1T [ 2 [ 3 [ 4] -=21-3
B. laxiflora
_ AATTAAAATAATAATATACTATATGTTTTATTATATATTTTGGTATTTTAA
rrm4.5-ycf1 219 7.8 9/1/0 | 7/1/0 | 6/0/0 | 8/1/2 | 7/0/0 | 1/1/0 | TATAGATT d TCTAT O TAAAT G
TAAAAATTTATTATATATAATTATTATATAATTAAAAAAATAATTTAATATC|
AAAATTATAAATACTTTTAGTATAGTATAAAATAATAAAAAGGAGGTTA
ATAATTTAAAAAATAAAA
ycf1-rpl14 (14)] - |gene overlap - - - - - -
rpl14-rps2 1 0.0 - - - - - -
rps2-trnE 12| 0.0 0/0/0 | 0/0/0 | 1/0/0 | 0/0/0 | 1/0/0 | 1/0/Q |ATTTTTAATTAT
trnE-rps14 20| 0.0 1/0/0 | 0/0/0 | 0/0/0 | 1/0/0 | 0/0/0 | 1/0/Q |TTTTATTTATATATATAAAT
rps14-rps4 (7)] - |gene overlap - - - - - -
- ATATTATTTATTTAATTAAATTAATAAATAATAAAAATAAATGATTATTCT
rps4-accD 83| 24 3/0/0 | 5/0/0 | 1/0/1 | B/0/0 | 2/0/0 | 7/0/0 |y
accD-rps18 5| 0.0 0/0/0 | 0/0/0 | 0/0/0 | 1/0/0 | 0/0/0 | 0/0/Q |TTTTA
_ U _ i AATTAATTATAGTATTTAATATATATTTAATATTTAAAATCCAATATAAAA
rps18-rps12_5'| 164| 6.7 _trans spliced | 7/1/1 | 3/0/0 | 2/0/0 | 5/0/1 | 3/0/0 | 6/2/0 AT T T L O TACTATAATAT AT T O AT T AT T AN
intron ACATAATAAATTTATATTATTATTTATAATTTATTTAAATTTTGAGTATTT
luded + TTATAAATATT
exclude
rps12-clpP 13| 0.0 1/0/0 | 1/0/0 | 0/0/0 | 2/0/0 | 0/0/0 | 0/0/0 |TAATTTATAATTA
prP—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 - - AT
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/Q [TAATAAAAATAAATTATATAAAA
ycf2-rps7 2| 0.0 - - - - - - AT
rps7-rps12_3' (8)] - |gene overlap - - - - - -
rps12_3"-rm16 47| 4.3|trans-spliced | 3/0/0 | 1/0/0 | 1/0/0 | 1/0/0 | 1/1/0 | 2/0/0 |TTATAAGAATTAAAAAAAAAAAATAAAACTATAAATTATTTTATAAT
intron
excluded*
rrm16-rrn23 63| 1.6 1/0/0 | 3/0/0 | 0/0/0 | 5/0/0 | 1/0/0 | 5/0/0 ggmgyTTAAAAAATTAAATTATTATTATATTTATTATATTATTAA
rmn23-rrm4.5 28| 3.6 2/0/0 | 0/0/0 | 2/0/0 | 2/0/0 | 1/0/0 | 0/0/Q |TAATTATAAATTAAAAAAGATTTTAATA
B. reflexa
_ TTGATAAATAGAAGAATATATTTTAATATTTTAAAATATATAAAAAATAC
rrm4.5-ycf1 213| 7.0 8/0/0 | 9/0/1 | 61210 | 7/1/0 | BI0/0 | B/ 0 | A AT AT O G A AT AT T
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 IATAATAAAAATTATTAT”TAAATTTAATATTTAATATTA”TTTAAAAA
rpl14-rps2 10( 0.0 0/0/0 | 0/0/0 | 0/0/0 | 0/0/0 | 0/0/0 | 1/0/Q [AAATTTTATT
rps2-trnkE 70| 0.0 4/0/0 | 4/0/0 | 3/0/0 | 2/0/0 | 4/0/0 | 3/0/0 |TTATAATTTTAAAAAATATTAATATTTTTAATATTAATTAATTAAAATAAA
ATATTTAAATTTTAAATAA
tn E-rps1 4 421 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/Q [AAAAAACAAATAATAT
- TTAATATATTTATTATAATAAATTTAATTAATGATTATCCCTTAATTCTTA
rps4-accD 92| 54 4/0/0 | 8/0/1 | 0/0/0 | 3/0/0 | 1100 | 7/0/0 | AT AT AT TAYAT AN AT AT AR
accD-rps18 (15)] - |gene overlap - - - - - -
rps18-rps12_5'| 178| 2.8 _trans-spliced 4/0/0 | 5/0/0 | 4/0/0 | 4/0/0 | 7/0/1 | 9/0/0 EEG?%TIT]/\I/lﬁ;ﬁ?::g/g;#;ﬁTIT](I;IclT/ﬁ-TrS\?:g :TTffTACAIm
intron ATTTATTTAATTTATAAATTATTATAATATATATATATATATATAATTAATAT
luded + TATTATATTTTTTTTATATTT
exciude
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/Q |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/Q |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/Q [ATAGATATGAATATATATTAATTATTTAG
ycf2-rps7 (12)| - |gene overlap - - - - - -
rps7-rps12_3' (8)] - |gene overlap - - - - - -
rps12_3"-rm16 53| 1.9|trans-spliced | 2/0/0 | 1/0/0 | 2/0/0 | 2/0/0 | 0/0/0 | 4/0/0 FATAAGAAAAAATATATTATATATAAATATTAATTTATAAA' TTTTATTAA
intron
excluded*
rm16-rr23 53| 3.8 1/0/0 | 4/0/0 | 1/0/0 | 0/0/1 | 2/1/0 | 2/0/1 EﬁATAAATAAAATTATTAWTTAAAATCATAAATAAAAAAAAA”TTCA
rmn23-rr4.5 18( 111 0/0/0 | 1/0/0 | 1/0/0 | 1/0/0 | 0/0/0 | 1/0/Q [AATTTTAGGATTTTAATA

‘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 rps72 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 rps712. Owing to indels, the actual lengths of the regions assigned as
intronic range from 150 to 180 bp.



Table S5. GC content and codon usage for the 30 genomes analyzed in Fig. S5

Species* Group Genome No. of % GC content’ No. of

codons? Genome' Protein 3rd pos. unusedt

coding synony. codons

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 1
Zinderia insectifolia Proteobacterium Bacterial 62769 13.5 13.2 21 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 14.0 221 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 59 1
Rozella allomycis Fungus - Cryptomycota Mitochondrial 1926 14.5 15.1 6.0 1
Radopholus similis Animal - nematode Mitochondrial 3376 14.6 15.3 6.8 10
Saccharomyces cerevisiae  Fungus - yeast Mitochondrial 2218 141 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 995 227 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

*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.



Table S6. Plastid codon usage in Balanophora and Nicotiana

Amino . . Relative synonymous
acid Codon Number of codons Percent codon usage codon usage (RSCU)*

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

lle 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 727 363 368 261 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 1.256 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 1.18 244 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 2.23 213

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

TAGH 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 568 567 397 1728 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 2.1 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 2.29 217

GGG 328 1 1 1.18 0.03 0.03 0.70 0.04 0.04

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



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

Amino acid Nitrogen  Energy cost' % frequency*
atoms* B. laxifora Nicotiana

Phe 1 52.0 8.4 5.6
Leu 1 27.3 9.7 10.7
lle 1 32.3 19.9 8.4
Met 1 34.3 1.0 2.4
Val 1 23.3 0.8 55
Ser 1 1.7 3.6 7.8
Pro 1 20.3 1.4 4.2
Thr 1 18.7 1.6 5.0
Ala 1 1.7 0.9 5.1
Tyr 1 50.0 9.4 3.6
His 3 38.3 0.6 2.4
GIn 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 41
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 1.7 2.9 6.7

N index® 1.4 1.4

E index'" 29.5 25.0

*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.



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

Gene Stop codon # Trp codons
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
rpsi TAA 2 1
rps12 TAA 0 0
rps14 TAA 2 2
rps19 TAA 1 1

*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.



Table S9. Features of highly compact plastomes™

Taxon Group Lifestyle Intergenic Overlapping protein Shrunken No. of cis- %GC

spacer (%) genes' proteins ;pliced

introns

% 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

*Plastomes were included if they have = 10% overlapping protein genes and/or < 10% intergenic spacer DNA.

TWe 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.

SBabesia 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 S10. PCR primers used in this study

Name

Sequence

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

Blax accD 1F*
Blax accD 1R*
Blax accD 2F
Blax accD 2R
Blax clpP 1F
Blax clpP 1R*
Blax clpP 2F*
Blax clpP 2R
Blax rpl14 1F*
Blax rpl14 1R
Blax rpl2 1F
Blax rpl2 1R
Blax rps11 1F
Blax rps11 1R*

ATGAATATTTGTGAACAATGTG
AAAAGCTATATATGTATTTGGTTC
ATGTTTATAAAAAAATAGTATTTAAATTAT
CTTGGTACAATAATATCAAATATTC
TCTTCAGCTTCAAGTATAAATTC
ATGCAATATATAAAACCTAATATACG
CAATTATACCATAATTTTTAGCTTC
ATGCCCATAGGTATTCCT
ATATTTTAATATAACTGATAATACAGG
TTTTTACTTTTTGGATTATTTTC
TTATAACCCTAAAAAGTAGATGG
ATTAGTAAAATCAGCAGGATG
AAAATATCTCTACCAAAATTTAATC
GAAGTTATTTATTTTTCTTCTTCTG

Blax rps12-5' 1F
Blax rps12-3' 1R
Blax rps12-3' 2R*

GTCCTCAAAGAAAAGGAATTTG
ACCAAATTCTGCTTTACG
CTCCATTTGTATCTAAAACACCTC

Blax rps3 1F
Blax rps3 1R
Blax rps4 1F
Blax rps4 1R*
Blax rrn16 1F*
Blax rrn16 1R*
Blax rrn23 1F
Blax rrn23 1R
Blax rrn23 2F
Blax rrn23 2R
Blax ycf1 1F*
Blax ycf1 1R*
Blax ycf1 2R

TTTAATACTTTTTAATGGAATTTTAC
ATGATAAATAAAATAAATCCAAT
TAATGGATAATAAATTAAATATTTTGG
ATTTCAACAATTCCTGCATC
TCAGGATTAACGCTTGTG
TTATATTCACCACAGTATATCTTACC
AATATATAACATAAATCTAAAAATTTCC
TTTTTACCTATTATCTATCAATTATTC
AAAGTAAAAATATAAAAACAATTAGAAG
AATAATTTTATTACTTAATATTCTTTCAG
GTATTATTTTTGGTTATTTTTTTAG
TATCTTTATATTTTCTTGAACG
TAATATTTTAATTTTTATACCTTCC

B. Primers for B. reflexa plastome validation

Bref ycf1 F1
Bref ycf1 F2
Bref ycf1 R1
Bref ycf1 R2
Bref rpl14 F1
Bref rpl14 R1
Bref rps4 F1
Bref rps4 R1

Bref rps18intron R1

Bref accD F1
Bref clpP R1
Bref rps11 F1
Bref rpl2 F1
Bref rpl2 R1
Bref rpl2 F2
Bref rps19 R1
Bref rrn16 F1
Bref rrn16 F2
Bref rrn16 R1
Bref rrn16 R2
Bref rrn23 1F1
Bref rrn23 F2
Bref rrn23 F3
Bref rr23 1R1
Bref rrn23 R2

TTTTGGAAAAA ATATATACCTAATTT T
GAACAA CAA GAAAAT GAG GAA
AAAATTAGGTAATATATTTTTCCAAAA
TATATCATGATCAAAATCTGATTG
TATTTTAATATAATTGATAATACAGGGA
AATAATTGCAGTATTTTTACTATATTT
TAATGGATAATAAATAAAATAATTTGAA
TATTTCAACAATTTCTGCATCT
GAAAATATTATAAAAGCAAAATAAAATAT
GTGAACCAAATACATATATAGCATT
GAATTTTTATTAGAAGCTGAAGA
AACTTCTCCTATTAAATTAGTAAC
CTATTTGGATCATATTCTATTGC
TTACAAAAAAGGTAAAAATTCAT
ATTTTTATGACCTATATTTCTATATTTTA
TGGAGGAGGTAAAGGAAA
TTACTTTTCCACCTCTAACTAAAAC
CGGATAATCAACCACACTGAGA
TCATATCATAAGAGGTGTTTTAGA
TCTCAGTGTGGTTGATTATCCG
GTCAAGTCATTATGCTCTTT
AACATAAAATTAAAAATTCCCGAA
AGTCAAGACTTAAGATTTATTCAAA
CGATTTATCTACCTGTATTGG
AATTTAGATTTTTTAGTATATATTAGCT

* Primers also used for B. reflexa plastome validation



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

PCR temperatures

Forward Primer Reverse Primer
(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 rr23 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




Table S12. Genomes used in this study

Genome Group Taxon Accession Analysis*
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 GQY97860-GQY97931 P A
Plastid Angiosperm - holoparasite Balanophora laxiflora KX784265 PCBAGH
Plastid Angiosperm - holoparasite Balanophora reflexa KX784266 P B AGH
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
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 GH
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 CB 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 CB
Mitochondrial Yeast Saccharomyces cerevisiae YJM1447 CP006552 B
Bacterial Proteobacteria Carsonella ruddii CE isolate Thao2000 SAMNO02641648 B
Bacterial Proteobacteria Escherichia coli str. K-12 substr. MG1655 U00096.3

Bacterial Proteobacteria Nasuia deltocephalinicola SAMNO06919537 B
Bacterial Proteobacteria Zinderia insecticola CARI CP002161.1 CB

*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).
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ps8,14,15,16 trnR-UCU, trnS-GCU, trnS-GGA,
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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 rp/14. This
colinearity plot was made using Easyfig v2.2.2 (16).



DEDDDD>..555> . L KLKKLL.O>>>>. ...,
Nicotiana GCCCCCAUCGUCUAGU---GGUUUAGGACAUCUCUC AR
Schoepfia .......... .o, L I
B. lax. ....0U..G..... UUG.A....A....AU.-.U
B. ref. SR ¥ 10 SR ¢ UUG.A....A....AU.-----

Schoepfia B. laxiflora B. laxiflora B. reflexa

(by both tRNAscan-SE  (by tRNAscan-SE) (by MiTFi) (by MIiTFi)
and MiTFi)

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 tRNACS“(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 tRNA®"(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 ftriplets 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/).
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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).



CLPP

| Y
f———exon1 } exon?2
Arabidopsis =~ MPIGVPRVPFRSP RLYRERLFF 1 IEKDTKDLYLFI 79
Carica MPIGVPKVPFRSP RLYRERLLF 1 IESDTKDLYLFI 79
Vitis MPIGVPKVPFRNP RLYRERLLF I IEDENKDLYFFI 79
Nicotiana MPIGVPKVPFRSP RLYRERLLF LI IEDETKDLYLFI 79
Solanum MPIGVPRVVFRNP RLYRERLLF LI EDENKDLYLF 79
B. laxiflora ~ MPIGIPKIFL RLYIERFIF I KKSELKDINLFI 79
B. reflexa MPIGIPKILF RLYIERFIF I KKSEL DIﬁFI 79
Schoepfia MPI RLYRERLLF 1 ENETKDFYLF I 79
Olax MPI RLYRERVLF: I LESDTKNLYLF I 79
Ximenia MPI S LYRERFLF I IEDDTKDLYLFI 79
Oryza MPI YRERTLF IEDGSSDIFLFI 79
Magnolia MPI RLYRERLLF IEDDTRDLYLFI 78
Nymphaea ~ MPI RLHRERLLF EDNTRDLYLF I 79
Amborella MP RLHRERLLF IEDDTRDLYLFI 79
Ginkgo MPI RLHRERLLF IMMYPNGEDENKDIYTYI 78
Pinus MP RA RLYRERLLF LMVYLSAEDANKEIFSFI 79
Selaginella ~ EPIGVPKVSFRISGEEDMVRIDTH-NRLYRERLLF DDEIANQOIICIMMYL KDIYLYI 79
Physcomitrella MPIGVPKVPFRLPGEEDAVWIDVY. RLYRERLLF HVDDEI.L IIMMYL.EDE KDMYLYI 80

t exon3
Arabidopsis I --RVMIHQP, EELLKLREII 157
Carica I --RVMIHQP; EELLKLRETL 157
Vitis I -—-RVMIHQP; EELLKLREII 157
Nicotiana I --RVMIHQP 157
Solanum I --RVMIHEPY MA 157
B. laxiflora I --KIMMHQPGIFFI 157
B. reflexa L --KIMMHOPSIFFI 157
Schoepfia I IIRVMIHQP 159
Olax I --RVMIHQP 157
Ximenia I RIRVMIHQP 159
Oryza --RIMLHOP 157
Magnolia --RVMIHQP 156
Nymphaea --RVMIHOQP 157
Amborella --RVMIHOQP ELLKLREII 157
Ginkgo -——--MIHQP; EEVLKLRD 154
Pinus --RVMIHQP; KHVILLREYI 157
Selaginella —--RVMIHQP EEILKLRDCI 157
Physcomitrella --RVMIHQP EEVLKLRDYITRV 158
ceeesss90.......100.......110.......120.......130.......140.......150.......160
Arabidopsis b4 KPIWVISEDMERDVF! E
Carica s EDMERDVF] E.
Vitis b4 EDLERDVF] E.
Nicotiana b4 EDMERDVF: E
Solanum X E
B. laxiflora Y EDIEKDIF] YE
B. reflexa b4 EDIEKDIF] YE
Schoepfia s EDMERDVF] E.
Olax b4 EDMERDVF] E.
Ximenia b'4 EDMERDVF. E
Oryza Y EDMERDVF] DE
Magno/ia b'4 EDMERDVF: E
Nymphaea b's EDMERDVF E
Amborella b'4 EDMERDVF: E
Ginkgo b4 EDMERDIF] E.
Pinus Y RDLNRDVF. E
Selaginella ¥ E
Physcomitrella ¥ E

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.



ACCD

Arabidopsis - --ME! RF 99
Carica - --ME! 97
Vitis IHL ESSME! 113
Nicotiana IHL ENSME! 109
Solanum IHL! ENSME! 101
B. laxiflora

B. reflexa

Schoepfia 95
Olax 96
Ximenia 113
Magnolia 97
Nymphaea 96
Amborella 73
Ginkgo 34
Pinus 32
Physcomitrella 35
Arabidopsis I 158
Carica T 158
Vitis I 182
Nicotiana I 170
Solanum I 165
B. laxiflora 6
B. reflexa 11
Schoepfia I 156
Olax I 157
Ximenia I 174
Magnolia I 153
Nymphaea I 154
Amborella I 195
Ginkgo 42
Pinus 42
Physcomitrella 39
Arabidopsis 272
Carica 278
Vitis 289
Nicotiana 291
Solanum 286
B. laxiflora 87
B. reflexa 97
Schoepfia 278
Olax 275
Ximenia 294
Magnolia 260
Nymphaea 272
Amborella 315
Ginkgo 95
Pinus 95
Physcomitrella 92
Arabidopsis \* \‘\ 386
Carica \‘ ¥ 392
Vitis ¥ \‘ 403
Nicotiana ¥ ¥ 405
Solanum ¥ ¥ 400
B. laxiflora \* \‘\ 201
B. reflexa w‘ ¥ 211
Schoepfia \* \‘\ 392
Olax ¥ ¥ 389
Ximenia ¥ ¥ 408
Magnolia ¥ \‘w 374
Nymphaea ¥ ¥ 386
Amborella M % 429
Ginkgo \‘ ¥ 209
Pinus ¥ \‘ 221
Physcomitrella ] 1OM. 205
Arabidopsis

Carica

Vitis

Nicotiana

Solanum

B. laxiflora E

B. reflexa K

Schoepfia E

Olax

Ximenia

Magnolia

Nymphaea

Amborella

Ginkgo

Pinus

Physcomitrella

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.



RPL2

I l exon1
Arabidopsis - HKRLYRKI 94
Carica - HKRLYRKI- 94
Vitis - HKRLYRKI- 94
Nicotiana - HKRLYRKI- 94
Solanum - RH! 94
B. laxiflora 77
B. reflexa H. 82
Schoepfia P HKQLYRKI- 94
Olax HKRLYRKI- 94
Ximenia HKRLYRKI- 94
Oryza - HKRLYRKI- 94
Magnolia HKRLYRKI- 92
Nymphaea HKRLYRKI- 94
Amborella HKRLYRKI- 94
Ginkgo HKRLYRRI- 97
Pinus 97
Selaginella 97
Physcomitrella 96
Arabidopsis D 179
Carica D 179
Vitis D 179
Nicotiana D 179
Solanum D 179
B. laxiflora Yy 175
B. reflexa ¥y 180
Schoepfia D 179
Olax D 180
Ximenia D 179
Oryza D 179
Magnolia D 177
Nymphaea D 179
Amborella D 179
Ginkgo D 181
Pinus 182
Selaginella D 181
Physcomitrella ED 181
Arabidopsis ¥ v ¥ ¥ R 274
Carica ¥ “ ¥ ¥ R 274
Vitis ¥ v ¥ ¥ R 274
Nicotiana ¥ v ¥ ¥ R 274
Solanum R 274
B. laxiflora 1 252
B. reflexa ) 259
Schoepfia ¥ “ ¥ K| 274
Olax R 275
Ximenia ¥ v ¥ W R 274
Oryza a m a g R 273
oo R - s
lymphaea
Amborella ¥ m a Vi RI 273
Ginkgo v 275
Pinus v I K 276
Selaginella R 282
Physcomitrella IGQTI! K| 2717

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.



RPL14

Arabidopsis 77

Carica 77

Vitis 77

Nicotiana 77

Solanum 77

B. laxiflora 71

B. reflexa 67

Schoepfia 77

Olax 77

Ximenia 77

Oryza 78

Magnolia 77

Nymphaea 717

Amborella 71

Ginkgo 77

Pinus 717

Selaginella 717

Physcomitrella 71
1.......10........20........30........40........50........60........70........80

Arabidopsis E

Carica E

Vitis E

Nicotiana E

Solanum E

B. laxiflora E

B. reflexa E

Schoepfia E

Olax E

Ximenia E

Oryza Ki

Magnolia E

Nymphaea E

Amborella

Ginkgo

Pinus

Selaginella RFD.

Physcomitrella ~ QFD:
ceeees..90.......100.......110.......120........

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.



RPS2

v
Arabidopsis ~ MBRKR-————————— e 76
Carica I 76
Vitis 76
Nicotiana 76
Solanum A 76
B. laxiflora LLKII--KIFFNHDINN--LKYKKY-—-—— FKK 73
B. reflexa LKKIIKMKIFINHDINKYFYKYKKY-—-—— IFLK 85
Schoepfia ~ MERR----- LEE, P A 76
Olax P 76
Ximenia P 76
Oryza P 76
Magnolia P 76
Nymphaea P 76
Amborella  MARR-——=—————- P _— 76
Ginkgo KG---——————- P - 76
Pinus P, 76
Physcomitrella MKQK- P, o 76
1 4

Arabidopsis EKRLHKFRDLRTEQKTEGFNRLPKR 164

Carica ETRLHKFRDLRTE RLNRLPKR| 164

Vitis ETRLHKFRDLRTE RLNRLPKR! 164

Nicotiana ETRLHKFRDLRME RLNRLPK 164
R

Solanum ETRLHKFRDLRME RLPKR 164
B. laxiflora 106
B. reflexa 119
Schoepfia K| EMRLHRFRNLITEQRTEKFNRLPKR 164
Olax RLHKFRDLKTD RI KR 164
Ximenia RLHRFRDLRTE RLNRLPKR 164
Oryza RLSQFRDL: 164
Magnolia RLHKFRDLRAE KFNRLPKR! 164
Nymphaea RLOKFRDLRVRAEMGOFSRLPKR 164
Amborella RLHKFRDLRAE RFKRLPKR 164
Ginkgo RPOKFKDLKKERDTGRF 164
Pinus v RLOKFKDLKKEQDTGRF: 164
Physcomitrella W WSTIEKRLORFKDLENKE 164
Arabidopsis E 236
Carica E 236
Vitis E 236
Nicotiana E: 236
Solanum E: 236
B. laxiflora E 186
B. reflexa 183
Schoepfia IRLV. ICE 236
Olax IRLI ICE 236
Ximenia I IRLI ICE 236
Oryza IRLI ICE 236
Magnolia IRLI ICE 236
Nymphaea IRLI I 236
Amborella IRE 236
Ginkgo ICE 232
Pinus ICE! 234

ISE 236

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.



RPS3

Arabidopsis E LEEDKKIRDCIKNYVOKNIRI 59
Carica EDKKIRDFI 59
Vitis KIRD 59
Nicotiana KIRD 59
Solanum EDKKIRD 59
B. laxiflora 51
B. reflexa 51
Schoepfia 59
Olax 59
Ximenia 59
Oryza 82
Magnolia 59
Nymphaea 60
Amborella 59
Ginkgo 59
Pinus 59
Selaginella 65
Physcomitrella 59
Arabidopsis RIEIQKRIDLIQIIIYMGFPK-LLIEDK-PRRVEE R 140
Carica RIEIQKRIDLIQVIIYMGFPK-LLIEDK-PQRIEE R 140
Vitis RIEIQKRIDLIQVIIYMGFPK-LLVEGK-PRRIEE R 140
Nicotiana RIEIQKRIDLIQVIIFMGFPK-LLIE R P IEE R 140
Solanum RIEIQKRIDLIQVIIFMGFPK-LLIESR-PRGIEE R 140
B. laxiflora IYYLKLYYYIYNITIIEIFI--IK-IYFISKIL KLKIYF I 126
B. reflexa IIFYKIFYLFYIIFLELFL--IK-ILFISKIL IKIKIYF I 127
Schoepfia IARIKIQKRVDLIQVIIYMGFPK-LLIEGK-PREIEE R 140
Olax RIKIQKRIDLIQAIIYMGFPK-LLIESR-PREIEEFQOMKI R 140
Ximenia IERIEIQKRIDLIQVIIYMGFPK-LLIEGK-PRGIEELQINI R 140
Oryza HIEIQKEIDTIHVIIHI R 162
Magnolia RIDIKKRIDLIQVIIHI R 140
Nymphaea HIEIQKKIDLIQVIIYI R 141
Amborella RLGIQKRIDLI IYI R’ 140
Ginkgo RVEIRRKIDLI EIHI 140
Pinus RVEIR IDLIKVKI!I 141
Selaginella IERVRIRR] DLP 147
Physcomitrella IARIEIKR DLI 140
Arabidopsis KKAIE I 218
Carica KKAIE I 218
Vitis IKKAIE I 218
Nicotiana KKAIE I 218
Solanum KKAIE I 218
B. laxiflora FLKIIKKIF I 208
B. reflexa FLKI IKKIFI I 208
Schoepfia I 218
Olax K I 218
Ximenia K I 218
Oryza K. I 240
Magnolia K. I 218
Nymphaea K. I 219
Amborella K: I 218
Ginkgo K I 218
Pinus K I 217
Selaginella K I 224
Physcomitrella K I 218

70.......180.......190.......200.......210.......220.......230.......240.......250

Bl bttt ol

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.



RPS4

\
Arabidopsis RYRGPRFKKIR KLRFHYGLTE 77
Carica RYRGPRFKKIR KLRFHYGLTE 77
Vitis RYRGPRFKKIR KLRFHYGLTE 77
Nicotiana RYRGPRFKKIR KLRFHYGLTE 77
Solanum RYRGPRFKKIR KLRFHYGLTE 77
B. laxiflora IYRYIGPRFKKIK KLKIYYGINE 67
B. reflexa KIKIYYGIKE 46
Schoepfia KLRFHYGLTE 77
Olax KLRFHYGLTE 77
Ximenia KLRFHYGLTE 77
Oryza KLRLHYGLTE 77
Magnolia KLRFHYGLTE 717
Nymphaea KLRFHYGLTE 77
Amborella KLRFHYGLTE 117
Ginkgo KLRFHYGLTE 717
Pinus KLRFHYGLTE 71
Selaginella YRIRSEE-KQRSRFHHGPTE 78
Physcomitrella EKKl-!RIRLEE— KLRFHYGITE 71
Arabidopsis l¥ ] YRCKPRDII 156
Carica M L YRCKPRDTI 156
Vitis M YRCKPRDII 156
Nicotiana .¥ YRCKPRDII 156
Solanum M, YRCKPRDII 156
B. laxiflora F DIIII 146
B. reflexa F :ginl IYI:I 126
Schoepfia i*w YRCKPRDII 156
Olax M YRCKPRDII 156
Ximenia l*w YRCKPRDII 157
Oryza .¥ YRCKPRDII 156
Magnolia M FRCKPRDII 156
Nymphaea = YRCKPRDII 156
Amborella '¥ YRCKPGDF 156
Ginkgo |¥ L YRCKPQDVI 156
Pinus 3 P YPCKPQDVI 156
Selaginella ¥ YRREP IAVROPFRGG--——--- 150
Physcomitrella M YRIKPEgII T 156
........90.......100.......110.......120.......130.......140.......150.......160
Arabidopsis -PEELPNH LKINELLVVEYYSROT------ 201
Carica -HEELPNH LKINELLVVEYY 201
Vitis -HEELPKH LKINELLVVEYY 201
Nicotiana -HEELPNH LKINELLVVEYY 201
Solanum -HEELPNH LKINELLVVEYY 201
B. laxiflora -YYKIPKYLIYYPLKKYKIIIKKIINIKYIFFSI--ILIKEIISKYFK 196
B. reflexa -NIIISNYFIYYPL-LNKIKIKKLISIKNI LLK-—IIIKKIIYIYFK?IKL 175
Schoepfia -NAELPKH SF-QYKGVVNQOIIDSKWVGLKVNELLIVEYYSROT-————— 201
Olax -HEELPKH LKINELLVVEYY 201
Ximenia GHEEFPKH LKINELLVVEYY 203
Oryza -HKELPKH LKINELLVIEYY 201
Magnolia -PGKLPKH LKINELLVVEYY 201
Nymphaea -HEELAKH IIDSKWIGLKINELLVVEYY 201
Amborella -NEELPKH IIDSKWIGLKINELLVVEYYSROT------ 201
Ginkgo -RDKMPNH L RIIDSKWINLKINELLVVEYY 203
Pinus -RDKLPNHLTFHSL- FINOIIDSKWINLKINELLVVEYYSROA------ 201
Selaginella YP--- PVDRKWIDPNTNELPAVEYHP, 194
Physcomitrella Kl!VP n FD.-.K ILDRESIGLKINELLVVEYYS 201

.......180.......190.......200.......210...

bl Mienbbhainiiails

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.



RPS7

Arabidopsis E L RR-
Carica E L RR-
Vitis E L RR-
Nicotiana E L RR-
Solanum E! L RR-

B. laxiflora ITIKYIY-VNKIK
B. reflexa ILIKNIY-IK
Schoepfia RR-
Olax Y E! RR-
Ximenia RR-
Oryza N RRNK
Magnolia RR-
Nymphaea N RR-
Amborella IIYRALKKI RR-
Ginkgo KKI

Pinus 2222?22?22 2IKKI

Selaginella :I

Physcomitrella p

Arabidopsis FKL E. F.
Carica FKL E. F,
Vitis FKL E. F
Nicotiana FKL E. F.
Solanum FKL E. F.
B. laxiflora

B. reflexa

Schoepfia 'YRMAE

Olax 'HRMAE.
Ximenia H E.

Oryza 'HRMAE
Magnolia 'HRMAE
Nymphaea HRMAE
Amborella HRMAE.
Ginkgo 'HRMAE.

Pinus HRMAE.
Selaginella RRIAE.
Physcomitrella 'HRMAE

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.
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Arabidopsis KPILRIGSRKNTRSGSR---—--—- P 72
Carica KPIPRVGSRKNVRSGSR--—-———-— P 72
Vitis KPIPRIGSRRNGRIGSR--——---— P 72
Nicotiana IPKI P 72
Solanum P 72
B. laxiflora  MRKK-----———-NIIL--——-—————mm e P 51
B. reflexa  MRKK--——--—-KRNIPI---—-——————— P 53
Schoepfia KPIPRID I I P 72
Olax KRIPKIGSHRNGRIGLR--——----— I I P 72
Ximenia KPIPRIGSRRNGRIGLR--——--—- I v I P 72
Oryza KAIPKI I v I P 80
Nymphaea KPIPKI ISSR-——-———- I v I P 72
Magnolia KPIPRIGSRRNGRIGSR---———--- I v I P 72
Amborella MKKPIPRIGSRRNGRIGSR---——-——- I I P 72
Ginkgo KPERRIGSRRNE--—-- I E I P 64
Pinus KTIKRIGSRRNE-———————————- H I I P 64
Physcomitrella MAKLIKKISLRKGK-——————————————— IHI I R P 64
1.......10........20........30........40........50........60........70........80
Arabidopsis ) 138
Carica ) 138
Vitis L 138
Nicotiana L 138
Solanum ! 138
B. laxiflora 124
B. reflexa 124
Schoepfia L 138
Olax L 138
Ximenia E 138
Oryza 143
Nymphaea ) 138
Magnolia L 138
Amborella L 138
Ginkgo P 130
Pinus R 130
Physcomitrella 130

.......120.......130.......140.......150...

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.
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Arabidopsis I POR I IGH 77

Carica I POR I IGH 717

Vitis I POR: I IGH 77

Solanum I POR: I IGH 77

Nicotiana I POR I IGH 77

B. laxiflora L POR I IGH 75

B. reflexa I POK I IGH 77

Schoepfia I POR I IGH 77

Olax I POR: I IGH 77

Ximenia I POR: I IGH 77

Oryza POR I IGH 717

Magnolia POR IGH 76

Nymphaea POR IGH 77

Amborella POR IGH 77

Ginkgo POR IGH 77

Pinus POR: IDH 77

Physcomitrella POR IGH 77
1.......10........20........30........40........50........60........70........80

Arabidopsis

Carica

Vitis

Solanum

Nicotiana

B. laxiflora

B. reflexa

Schoepfia

Olax

Ximenia

Oryza

Magnolia

Nymphaea

Amborella

Ginkgo

Pinus

Physcomitrella

ceeeesses90.......100.......110.......120........

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.



RPS14

Arabidopsis 78

Carica 78

Vitis 78

Nicotiana 78

Solanum R 78

B. laxifora @~ MKHY--------—-¥IQOYKYNIYYLYYKKILLKRKN--————————————————————__ : 47

B.reflexa @  MIKF----—-————————¥NNKIIFIYYFKKIYKYK-—————————————— N 44

Schoepfia R 78

Olax 78

Ximenia 78

Oryza 81

Magnolia 78

Nymphaea 78

Amborella 18

Ginkgo 78

ginlus |l o
elaginella DI R 78

Phys%omitrella . o EFQKQL R 78

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

Arabidopsis 100

Carica 120

Vitis 120

Nicotiana 120

Solanum 120

B. laxiflora 70

B. reflexa 68

Schoepfia 100

Olax 100

Ximenia 100

Oryza 100

Magnolia 100

Nymphaea 100

Amborella 100

Ginkgo 100

Pinus 99

Selaginella 101

Physcomitrella 100

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.
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Arabidopsis M-—mm oo KRLFIEIK —————————————— DRIDY K 57
Carica M--mmm e KRLFTKSKRSFRRR-————————————— DRIDY K 57
Vitis M---———————- KRPFLKSKRSFRRR--—-——————— K 57
Nicotiana M- KRPFLKFKRSFRRR--———————— K 57
Solanum M-————————— KRPFLKFKRSFRRR---——————— K 57
B. laxiflora e L 38
B. reflexa . R P 36
Schoepfia M----—————————_-DKSKRPFLKSKRSFRRR---———————- K 57
Olax | . K 57
Ximenia M-- K 57
Oryza MYTSKQPFHKSKOTFHK K 84
Magnolia M-- K 57
Nymphaea M- K 57
Amborella M---—————-—————--DKSKOPFRKSKRSFRRR-—————————— K 57
Ginkgo M-—————— e _KOTMNOSKRSFRRH-—— —————————__ : K 54
Pinus | KQTMDKPKQSFRRHFKPIRRRMKPIRRHLKPIRRHLSPIR K 75
Physcomitrella ~ =============—=—————q INKSKRSSRRR--———————————— RSGEIIDYKNINLLRRFI K 50
1...0...100.000002200cceeeee30eueueeee80iueeaieeab000eeeeeb60ieceeeecTO0uunneese8B0aunnn

Arabidopsis IKOARILSLLPFLN--NOKOFERSESTPRTTSLRTRKK - ——————— = — = — e 101
Carica IKQARILSSLPFLN--NEKOFERSESTTKTTGLRTRNK-————————————— e 101
Vitis IKOARILSSLPFLN--NEKOFERTESTARTTGLRTRNK -~ ——————— = - m e e e e 101
Nicotiana IKOARILSLLPFLN--NEKQFERTESTARTTGFKARNK ——— — — — = — = — — oo 101
Solanum IKQARILSLLPFLN--NEKQFERTESTARTTGFKARNK - — — — — — — — — — - - — oo 101
B. laxiflora IKOYRILSL I mm mmm e e e 57
B. reflexa IKQYRILS I Ifd — — — - — oo oo 55
Schoepfia IKQARILSLLPFLN--NEKQFERSESTLRTPGLRTRKK ——— == —— == e e 101
Olax I LETIKNGLTLOLSOKYNLNSNID-———————————————— 118
Ximenia IKOARILSSLPFLN--NEKQOFERAESTTRTTGLRTRKKIKK -~ === === e e e e e e e e e 104
Oryza I PRPRKNRHIPPLTOKFNSNRNLRNSNOTLRNTNRNLSSDC 163
Magnolia I P K= — = — — —— e e 101
Nymphaea IKQARILSLLPFLN--NEKQFERAESISRTTGTRTRKK — - — — — — = = = = — — e e e 101
Amborella IKQARILSPLPFLN--NEKQFERTESLPRITGTRTIKK ———————— o e 101
Ginkgo  @ORLMTIAIKRARILSSLPFLN--NDNOFDP-——————— e e e e 83
Pinus QORLMTNAIKRARILSLLPFLY--NEN-— - o oo 100
Physcomitrella  @QRLMEIAIKRARVLALLPFLN--NEN--——————————— - oo o oo oo m oo oo o 75

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.
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Arabidopsis KHLLRKIEKL EKEIII REHLPVYIID: 75
Carica HLLRKIEKL EKEIII REHLPVYITD 75
Vitis PFIAKHLLRKIAML EKEII KEHFPIYITD. 75
Nicotiana HLLKKIDKL KEHLPIYITD| 75
Solanum HLLKKIDKL KEHLPIYITD| 75
B. laxiflora KEYIPIYIKK 61
B. reflexa 52
Schoepfia 75
Olax 75
Ximenia 72
Oryza I 74
Magnolia I 75
Nymphaea I 75
Amborella I 75
Ginkgo I I 76
Pinus HILRKIK L I 75
Selaginella %RLPFHE L I 75
Physcomitrella DHLLKKIEDL I 75
Arabidopsis

Carica

Vitis

Nicotiana

Solanum

B. laxiflora

B. reflexa

Schoepfia

Olax

Ximenia

Oryza

Magnolia

Nymphaea

Amborella

Ginkgo

Pinus

Selaginella

Physcomitrella

ceeseease90.......100....

okl bl

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.



YCF1

Arabidopsis RP) 96
Carica RP 96
Vitis I RP| 96
Nicotiana I RP 93
Solanum I RP 93
B. laxiflora I IIII LYYFFYFYILI.LKYLKYFHL 88
B. reflexa I IYILYYIFF- -IKSYFFI 86
Schoepfia I 93
Olax I 96
Ximenia I 96
Magnolia I LDRP 93
Nymphaea I 93
Amborella R I RP 93
Pinus LWKP 92
Physcomitrella j j 96
Arabidopsis LPYLLFH--FFWNNHKHFFD! LVLVWI 196
Carica LPYLLFH--F HKHFFD LVLVHII 196
Vitis LPYLLFH--F HKHFFD LVLVWIR 196
Nicotiana -ALPYLLFH--F HKHFFD LVLVWIR 193
Solanum -ALPYLLFH--F HKHFFD LVLVWIR 193
B. laxiflora ~IIPYILIL--L FIQ--ILKLLKFFII--PIFI 157
B. reflexa IIIPYNLIL--IKK FI---IL{---FYIL--PISI 155
Schoepfia -APSYLLFH--FF I YSLLLF 197
Olax LPYLLFH-F) IF: VSVW 196
Ximenia -ALPYLLFH--F IF 196
Magnolia -VLPYLLFH--F F 193
Nymphaea -VIPYLLSHFWF! KS! YVF. 195
Amborella -VLPYLLFH--F F. 193
Pinus -VVPYMFFR--F INNP LFM IFIKLVSFRIE 192
Physcomitrella IKDSRIYKIFF L. IKFLLIRIE 195
10.......120.......130.......140.......150.......160.......170.......180.......190.......200.......210......
Arabidopsis I KYKFLVSEL RIFSILLFI 234
Carica 1, IRSNKYKYLVSEL RIFSILLFI 234
Vitis L I KY--LVSEL! RIFSILLFI 232
Nicotiana KY IRSNKY--LVLEL RIFSILLFI 229
Solanum KY IRSNKY--LVLEL RIFSILLFI 229
B. laxiflora -KLININKLININKLININKLININKLININKLININKLININKLININKLININKLININKLININKLIN ILLFII 233
B. reflexa - I'-L yl ILYNKY-——————— IYLYIY 182
Schoepfia YS N K!—— ILLFI 227
Olax IRSNKY--L ILLFI 232
Ximenia I KY--L ILLFI 232
Magnolia IRSNKY--L ILLFI 229
Nymphaea FRSNKY-- ILLFII 229
Amborella I I-—-KY--L ILLFIT 226
Pinus ) T.I LLILFY 217
Physcomitrella KDSPI LYLLVKRIIY IFVLAC 220

220,000 230....... 240....... 250....... 260....... 270....... 280....... 290....... 300....... 310....... 320....

Arabidopsis P-I EVSTEEAP--F --EEGED-LDKIDEM--EEIRVNGKDKINKDDEFHVR--- 310
Carica P-I EE EVSTEEDP--F --EERED-PDKIDET--EEIRVNGKEKKNKDDEFKFKEIS 316
Vitis P-I EERGESEEETDVEIE ERSTEEDP - --EEKED-PDKIDET--EEIRVNGKEKTK--DEFHFKE-- 327
Nicotiana P-I EERVESEEERDVEIE EGSTEEDPY --EERWD-PDKIDET--EEIRVNGKDKIK--DKFHSH--- 325
Solanum P-I EERVESEEERDVEIE EGSTEEDPY --EEGWD-PDKIDET--EEIR KDKIK--DKFﬂH--- 325
B. laxiflora P-TI KYY 260
B. reflexa PNF! FKNK 210
Schoepfia P-I LEDDS--§P--FS--EKSE----KLDET--HEIR KLKDKLEFK--- 313
Olax YY P-I LFSEEEEKED-PDKIAETE EEIR KEKTK--NELKFKKF@ 330
Ximenia YY. P-I FFS--EEKED-PDKIAETE KEKKK--EELHFK--— 328
Magnolia YY: P-I --EEKED-PDKL! 304
Nymphaea P-I ISLEM--EERWNLYKKIYE 320
Amborella P-I LFC- l- D-PDKIDER- 315
Pinus 268
Physcomitrella 244
Arabidopsis L-EFFKIKKK--EDHFLWFEKPFVTLVF-DYKR 393
Carica L-EILKRKE---DKYLLWFEKPFVTLLF -DYKR 403
Vitis KL-EILKEDED--| x.xxm-*nxpz. LLF-DYKRI 413
Nicotiana EIFKL-QLLDK LLF-DYNRI 424
Solanum LE-KL-ILLDKH LLF-DYNR 426
B. laxiflora IYNINNYFIEFFFINIKK 315
B. reflexa IKKI !LI!LFF—II K KS: 264
Schoepfia --L S — YSK----E BILEgxERLEgE - -- DRENLE PERFLVELLY - DY 401
Olax YLD E LKL-EIL LLF-DYKRI 419
Ximenia ——M I YLD E LKL-KI LLF-DYKR] 415
Magnolia KL-QILKDKE- LLF-DYKR! 373
Nymphaea LKEKE - --KNKLLGIEKSLLSLLF -DYQRI - 379
Amborella ——eeq] RWYNNKTVYRD--QEDNTAYGD - - - -GNQEDWEL-KALKLKE- - -EKKLFWFEKPF ITFLF -DYQR 404
Pinus L-PLIQLK-- ---FLOQPWP IMCF -DHNRV 326
Physcomitrella KSGFLW 300
..490 5 ceees

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.



YCFA1

Arabidopsis FFEMI RIE KKEYLPKIYDPFL) 491
Carica FLEMI EKKESKLKNEFLNRI KKEYLPKIYDPLL 501
Vitis EQKENTLRKEFITRIEAL KKEYLPKIYDPF. 511
Nicotiana KE. ﬂxnr RLEVLDKE KKEYVPKMYDPL: 522
Solanum KE RLEILDKE KKEYVPKMYDPL: 524
B. laxiflora 395
B. reflexa 347
Schoepfia 502
Olax KRD! 519
Ximenia YS K 513
Magnolia FG KR N 472
Nymphaea RDNL -DEEE LPKFYDPL 477
Amborella -DRDEKE DPF 501
Pinus PAENVIERRVKI lenl {IEM!DPF 421
Physcomitrella LVIKEVIEKKTSLSN-NEGIN--LTIKINDPF: 392
560 0 630 640
Arabidopsis s RIKKLPPF'I I LLL-KINYKKFE! IE----K R 549
Carica YRGRIIN ———L KIHSILL-NTDYHEFEQTIEI- IE 558
Vitis ¥ IKKM KIYGILF-AIDYREFE - FDR KIGYFLNLINOFE----——-------- 578
Nicotiana Y IKKK RIHTIFLPNTDYQELEQKVD KKPLSTEIDEFLTLINEFG---—-—-——————— 593
Solanum x RIHTIFLPNIDYQEFE x|y---- IDKKPLSTEIDEFLTLINELG--——--———————— 595
B. laxiflora YRKI III KKYYI ------ KLIKNI 127
B. reflexa YRKYIFKKKKKYI KII 380
Schoepfia E II KIBIILF——I YREFEQKM HLLFLISEFA---——————————— 572
Olax E KIHDILL--TDYQKF! EMGHF' LI - 589
Ximenia X KIHDILH-- DYREF EIGH - 585
Magnolia E IFP--NDYREFE m n: - 543
Nymphaea YRGTRKKGYLYSIR---—-—-—-——————— KI ILF-SKDYREFEREFEHEMYKLGVKSSSTGIEDSSVSIGEFT-————————————— 553
Amborella b Exnu RIHSLLF 539
Pinus F DFIEISIPFGYRYHI-SYLWQELESESFQ--LPLPWEPL LIPI PIEKDLPSD 509
Physcomitrella E RKIVYLKE KLKIHI --------- RWRELRRKN--- -LPLPHEP LVLL KKLKRK - 476
50.......660.......670.......680.......690.......700....... 710.......720...0...730.......740.......750. .0 ..

Arabidopsis KK 582
Carica KR 593
Vitis LKR 619
Nicotiana LKD 632
Solanum LKG 634
B. laxiflora 427
B. reflexa 380
Schoepfia ’-H LVLSPE---0GKI--¥SE-—————-—--—— 611
Olax L] LFPE--- RV--DSE-- 628
Ximenia LKR LFPE---0GRI-- E-- 624
Magnolia LKG LLVE——— RRL--DSE----- LS! 582
Nymphaea EEAEE RI--RFK.F.F 587
Amborella 540
Pinus PIPEIIPR!WII —- YLVYIFN R FIPIDLVLSIFKK---E F——V!ElLLFLFElI.E KII L L 610
Physcomitrella ========== EE KLE KHLL ------- nFlHELv I.IPR--- --¥FKELEY--——-—-, ILV 555
.760.......770.......780.......790.......800.......810.......820....... 30....... 840.......850....... esee
Arabidopsis -VPMEPGI 655
Carica -VEADPEI 663
Vitis -LVVYQEI DT 689
Nicotiana -VPLDHQI 705
Solanum EFKDR-ASMDHOL.! 699
B. laxiflora EENLLVDDYDI 489
B. reflexa EENILIYDNI 440
Schoepfia EE; EDHEI 684
Olax EE EDYEIRSRI 703
Ximenia [EEDVVVEDHEI 699
Magnolia EEE-STEDHGI 658
Nymphaea DLDFEEEEEEEEEDDQEE-STDDHGI 675
Amborella I EQDEGEDERE-SVEFPEI 616
Pinus KKDF IDLYREIL-LN! R!.E!DDVDPILL RI 689
Physcomitrella K DKFDVIAIGITDI K 626
..880.......890...... .920.......930.......940.......950.......960.......970..
Arabidopsis KD IR DFRREIIK RRKTVIWE 698
Carica KD! ERD! IR DFRRDIIK RRK! E 706
Vitis KDID IR DFRRDIIK RRKIVIRE 732
Nicotiana EDTA IR PDFRRGI IK! RRKTVIWK 748
Solanum KDAEE I II RRKTF I 738
B. laxiflora L ---INELYLI 526
B. reflexa II KFYLI 480
Schoepfia E! :I 727
Olax KD! 744
Ximenia KD LIR 742
Magnolia Dli 720
Nymphaea II IIKTTDNIINTNDNIIKTTD REK.DDKVE 783
Amborella YD EVDVIR 660
Pinus KRRKILIWE 717
Physcomitrella EKRRKIVR RRRKTLIWK 662

..... 980.......990......1000......1010......1020......1030...... eee...1050......

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.



YCF1

Arabidopsis PLFFDR- - IDKLFFF --FIW-KK EEEQSKREETRRIEIAE 768
Carica PLFLDR- - IDKPLFF - RIWIR- RIEIAE 797
Vitis PLFLDR--IYKPIFF - -WKE- RIKIAEVW 812
Nicotiana PLFLDR-- ITPPFLF - - RIEIAE 835
Solanum I —--WEZD- RIAIEE 825
B. laxiflora 565
B. reflexa 517
Schoepfia —--GMD- EKLKII RIAIL 806
Olax --WMR-KTAEFKI RIEI 824
Ximenia --vmw KDAE RIETL 826
Magnolia - PEF! ERIII 802
Nymphaea I 879
Amborella IEE 728
Pinus L——| 786
Physcomitrella KKHKIDR:I 740
1170
Arabidopsis ILRKYIILPLLIIT DLKDWKREMHV IQIKILFPFYLKPWHKS- 860
Carica ILRKYIILPSLI IV EDLKDWNREMHI IQIKILFPFCLKPWH! 889
Vitis EDLKDWNREMHV IQIKILFPFCLKPWHKP- 904
Nicotiana EDLOEWNREMHI IQIKILFPFCLKPWHIS- 927
Solanum ED:'E REMQT IQIKILFP LKPWHII- 917
B. laxiflora DFL KE:gI I 667
B. reflexa DYLKWKKEIHI I 607
Schoepfia EDLKKWKKEMHVKCTY! I 895
Olax EDLKEWNREMYV IQIKILFPFYLKPHH! 917
Ximenia EDLKEWNREMHV IQIKILFPFCLKPWH! 918
Magnolia FPEWYEDWKEWNREMHV IQIKILFPFCLKPWH! 894
Nymphaea FPEWYEDFNEWSREMHV IQIKILFPFSLKPWH! 971
Amborella IQIKILFPFYLKPHR 820
Pinus KDWEEMRREMHV I IKLLFPFRLKPWH 878
Physcomitrella EDWNDWNKEMY I IKIIYPFILKPWHNL- 832
Arabidopsis -EKND! FFEPI.KELKKRIKKLKKK.F’VVLKIFKE PI--FL 955
Carica K!.Ean FFEPLFKELKKKIRKLKIKYFLGLRVLKERAKI--FVK KE 982
Vitis FFKPILKELEKRIRKFK.K.FLVIIVLKE KLFIFLRVSKE 996
Nicotiana FFEPIFKELEKKIGKFKKKYF ITLKVFKGKIKL--FRRISKE 1019
Solanum FFEPIFKELEKKIIKFKKK!F LKILKGKTKL - -FRKVSKE 1009
B. laxiflora KFIFKYFKKNLYISIFKNNYILI--YIYI 712
B. reflexa KITKKYNNKYIYIYKYFILNIKI--YIVI 650
Schoepfia FFESIFKKLEKKIIKLKKRFFLALSVLKERLKF - -VLRVSKE 987
Olax FFEPIFKELEKKITKWKTLLFPVLRVLKEKTKL - -FLRISKE 1010
Ximenia PRKGPAFFEPIFKELEKKIRKLKKKHFLVRRVLKERTKL - -FLKVSKE 1008
Magnolia PRKRPSFFDPIWKELEKKIRKVKKKCFLVLRALGERKKNW- 986
Nymphaea PRKKPFFFEPIHK.FEKKIIKVKK FFFLIIIKDNIKG--FIKILNEKIRWIIKIVLE 1060
Amborella D FFEPIHKELEKKFKKGKKKWFL -F’VRIFKEKKIHVIKRVLF 901
Pinus KRLRI L IFSKFLKPIFKKVKR RRRV! 941
Physcomitrella IKK.I.IDLM_D.F-IKK KKIK DIKKK FWKPIRKELKKKWKK LVKKKI 927
1400....
Arabidopsis IPLFGPREIYELNE L EKKIKNLIDRKKTI 1034
Carica IIKEFSKR-- PLF KEI.E E LTENKIKD:! D :. 1066
Vitis LLF LTEKKVKD: 1084
Nicotiana KV-- PIVLFRLKEID LIESKMKD: IKNQIE--RI 1105
Solanum KV--NLIVLFRFKEIS! LIETKMKD: ImIE--RI K-—- 1095
B. laxiflora -LK----¥LK 717
B. reflexa -——-LKKIINYLKKK 661
Schoepfia -——-FKRIL--LLKV--NPILLL L ENKIKD: 1045
Olax - ILLFRLREVY L EKKMKN 1098
Ximenia - PILLFGLREVY KYLL EKKMKD! 1094
Magnolia - PIFLF L EKKMKD! 1070
Nymphaea - ——— LIEIKIln 1145
Amborella - ERKRKD! 992
Pinus 1 ‘IILK 4 1-INSS 1010
Physcomitrella I-EIKDLVKEIIKI - NNNLKFNLTNKNYNKK- - - ~LP; -IQKLENLKFLKKSKIE--KI KKIIFDKIE 1014
............ 1430......1440...... ceeees e ceeeen vee...1490......1500......1510..
_“_I-ﬂ-—_-.“-i_lnﬂllﬂﬂihlul_ll_lh
Arabidopsis KKIWQTF-- KRKNTRLIRKSIFFFKFCIEQMSIATIF 1117
Carica IWQIL--KR RLIRH!!FIKF‘FIERI!IDIF 1156
Vitis IWQIL--KRRNSRLIRKLHYFIKFFIERIYIDIL 1172
Nicotiana P---EIDI- PKKIFQIL--KRRNTRLIWKFHYFLKLFIQRLYIDLF 1190
Solanum P---EIDI- PKKIF RVIWKFHYFLKLF IIRL! INLF 1180
B. laxiflora INLLLFLLKII] 744
B. reflexa lKKl!!FILI!LL!KLLK 693
Schoepfia KKI 1132
Olax PKNI 1186
Ximenia PKKI RLIRKSHYFIKFWIEKIYIDIL: 1182
Magnolia KHI RLIRKWHYFMKSFIERIYMDIF 1160
Nymphaea RKHI RLISKWDSFMKSFIERIYMSIL: 1237
Amborella Y KPI RLLYKWRYFMKSFIERIHRNVF 1080
Pinus FNILGSTLKKRWVHIRRIP| FYSIKFFIKRMDRDLLP 1113
Physcomitrella KKIENKQKLIKYY !FFKLIF.KI.K.FF FST 1103

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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Arabidopsis 1198
Carica 1247
Vitis 1261
Nicotiana 1275
Solanum 1267
B. laxiflora 759
B. reflexa 699
Schoepfia KKRIDK 'YH--KTPVFF! 1222
Olax EKID! YP--GTSFFL! 1276
Ximenia ERID! YH--GTSFFL! 1269
Magnolia YN YR-- 1247
Nymphaea IFHYY--RTYPFIKDGIKDYFHDYF 1332
Amborella LFQYR---RAYSIKDRIKDY----LEIERI- 1167
Pinus IM 1163
Physcomitrella IL: KIm"KYI-I-KIW---VIKKK --------------- 1179
...... 1630...... e eeeen e e e e 0......1710......1720......17
Arabidopsis -FHYELKNKTFL --YQYN-LPQISWARLVIONWK YEKKKFDI KK F F 1281
Carica -FDYQLRHKPPF! D-LPQIRWPRLVPEKW! !EKDKL FEVD; 1330
Vitis -FHYELRHKKL KYL PI I RLVP IHY EAD 1347
Nicotiana -FHSELKHKKLQSYRI D-L YEKD IHYKKE 1358
Solanum -FHSELKHKKL| D-L RLMPKKW —--YEKDQLLHYKKE| 1352
B. laxiflora K 772
B. reflexa 709
Schoepfia WKNV —I! YE| 1310
Olax R VKNW LYEYEK YE -YE 1364
Ximenia R WKNV L--YEK IHYEK -YEE! 1354
Magno/ia RIKKL v v EKEKD! IHYE 1331
Nymphaea R N N —EEKD! 1425
Amborella WKNV IYEKDPLI ERHIL -Y 1252
Pinus WKQV --RFIPYE DlIF 1239
Physcomitrella SEK-QIKALTLSKEKTFF - —YxLFIDlL— 1265
..1810......1820......1830......
Arabidopsis KK FDMSIGIAL FLEKYII ---EIRHRKYLDWRILNFWF 1352
Carica KDK DKQKFFDILVGIPI !L EDHIFDSE---KILDRKYLDWRI 1412
Vitis !K!I YED! PL--| 'HKRKFFDMLEGIPI EDDIMYIEYIKKNPDRKYFDWKILH 1444
Nicotiana I YEK RLPF-- LEI KHNLFDMLGNLHI LDRKYFDWKIIH 1452
Solanum YG I YEN RLPFEVQVKKNLEI LDRKYFDWKIIH 1448
B. laxiflora 786
B. reflexa 725
Schoepfia LENRK! F--QTKNEERV R-E---KK RKYFD.PI I¥YL 1404
Olax YKS INYEDKK! PL--QVKKKEGI RKYFDWRI L 1458
Ximenia YKSISYEAKK! YIYE LF--QVKKNERI RKYLDWRI IHll:I 1448
Magnolia KEKFKKHYRYDLLSHKY IHYEDRK PF-— DREI DTG PDRKYLEGRILHFFL 1425
Nymphaea REKKIKKHYRYDLLSYKYLNYEDVK PL-- LDRKYFELRITNFDP 1515
Amborella HKKKLSKRYRYDLLSYRYI - IY LL-- EE RILI K| DRKYFDLRI IKFWS 1345
Pinus LLRKMNKRYRYDL: Y. KDSYII -RI IRE DI IEEDL 1309
Physcomitrella ~LEQNRKISKRYKYNY: YLDF--KI FLE KlKKE E ILQISK 1315
1840......1850......1860......1870......1880......1890......1900......1910......1920......1930......1940....
Arabidopsis KK--VIIEPWVDEKS -—--KKKY I KKRNFF - - D EEILNORITNFEFFFFPEFFLF-SSTYKMKPW 1434
Carica K--VDIESWVDI IIDKINKK FFF---DI EEILSR-LSNLELWFFPEFVLL-YNAYKIKPW 1508
Vitis RKK--VDIEVWI IID----KI = EEILNRSISNLEPWFFPEFVLL-YNTYKMKPW 1534
Nicotiana K--EDIEAWVKI IIDKID-K! KKAFF---D EKILNRPILNLEFWFFPEFVPL-YNVYKIKPW 1548
Solanum K--GDIE IIDKIE-KI KKFFF ---D| EKIFNRPILNLEFWFFPEFVLL-YNVYKIKPW 1544
B. laxiflora KK!L!F— -NK 796
B. reflexa KILL!!— - 734
Schoepfia KKKKEVDVE. KKME - - - -KKSLFYL- - P! KILNRPICHLGLWFFPKFVFL-YAGYKIKPW 1500
Olax RKK--VDIAAWIDI YOIIDKID-KKGLFYL--FIH--0K---P) EEILNRTISNMRLWFFPEFVLLFYNGYKIKPW 1552
Ximenia YOIIDKID- K LFYLYPTIH-- EEILNRPISNMRLWFFPEFVLL-YNGYKIKPW 1544
Magnolia EEMLHRPISNLEPWFFSEFVLP-YDAYKIKPW 1518
Nymphaea EQMLDRTISNLRPWFLPEFVPL-YDRYTTNPW 1604
Amborella EELLYRRI LWFFPELVLL-NDAYKTKPW 1434
Pinus T -¥ENKSK 1373
Physcomitrella LILHLIP.LI— -EKKYINKIE 1350
030 2050. .
Arabidopsis VIPIKLLLLNF-- I KKI IRKK FIP, EKESL--RF KEEKE 1486
Carica IIPSNLLLFNFNE! L-- FI EKQF LGFGFENPNHEERDP. 1562
Vitis VIPIKLLLLNF L. FI EKKLL——KLE EEKE 1590
Nicotiana IIPSKLLL E-- F FL K RI E KEP; 1600
Solanum IIPSKFLLF; K-- F FLP KK-- I——KI KEPP 1592
B. laxiflora 796
B. reflexa 734
Schoepfia DIPIKLLLLNF-- IKAKKKKDF EL KEEKEYKEE 1544
Olax VIPIKLLLLNF-- INKKQKKDL F EK F--ELE: EEKEPI 1606
Ximenia VIPIKLLLLNF-- I KKDL. FI F--EL EEKEP) 1598
Magnolia IIPIKLLIF I KKDL. R: KE!L——ELE EEKE 1574
Nymphaea IIPINLILFDF: DLY IDPKVESNOKERF - - - -HPKPKVES - —-—————————— KGYL--ELENRNRDEKE 1666
Amborella TIPIRLLLFNG--KK--KITETOKMNENKKRDL I KK!L——E RDREEKKWW! 1488
Pinus LIPGNSLL-----——— RKERERKKIEEEERKE! LEQIIGI DVONQRVK! KGKV--E EDEDQ! EDQDGOVEDQDGODGODGODGEDGDG 1471
Physcomitrella BT, IlLLKEK.K—K.RlKKlLREREREE 1382
«e..2060......2070...... 80...... 2090...... 2100...... 2110...... 2120...... 2130...... 2140...... 2150...... 2160

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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Arabidopsis VELESDKETKRNPEAAR! EHIEEI ESTIK KR 1522
Carica GELGPDE I EKNIEED ESDIK KR 1598
Vitis VDLGSD LE HEKDIEEDYAG----—-———-| SDSDMQ—--—--—- KR 1628
Nicotiana GEKE DIE; PV. KILKKD E. K ﬂ 1638
Solanum RERGSDIE: PVFSKHQTDLEKDYV ESDTK 1628
B. laxiflora 796
B. reflexa 734
Schoepfia 1574
Olax 1642
Ximenia 1634
Magnolia iggg
Nymphaea 1534
Amborella
Pinus 1572
Physcomitrella 1382
«ee...2170......2180......2190......2200......2210......2220......2230......2240......2250......2260......22
Arabidopsis LVR-LNNPNE--I 1605
Carica LLR-LINPRE--I 1681
Vitis LLR-LI PRE——I I 1713
Nicotiana 1721
Solanum 1711
B. laxiflora 861
B. reflexa 788
Schoepfia LDLFLK--—— 1657
Olax LYFFLK---- 1725
Ximenia LDFFLK---- 1717
Magnolia 1683
Nymphaea 1775
Amborella 1617
Pinus 1675
Physcomitrella 7 1446
Arabidopsis KHKISKRYKKI !DFF——VPEKI PKRRREFRIL- 1696
Carica KPQIKQRYQE: HYDFL--VPE PKCRREFRIL- 1772
Vitis RYREERYV--DN HYDLL--VPE PRRRRKFRIL- 1804
Nicotiana RYPEQRYV--DK HFDLL--VPE 11. RRRRELRIR- 1812
Solanum RYREQRYV--DKI HFGLL--VPENILWSRRRRELRIR- 1802
B. laxiflora F !I IFYFYFKLPENIFFL---KKIKILF 919
B. reflexa I FIF!——LPEKILFF.F‘!KKIKLL— 846
Schoepfia PPP L--DFIKI R!.LF--FPE PRRRREFRIL- 1748
Olax YREKKYVNNDK FDKFI R! PRRRRELRIL- 1818
Ximenia RYQEKRYV--DK! PRRCRELRIL- 1808
Magnolia P PRRRRELRIL- 1774
Nymphaea I R] PSHRRELRIL- 1866
Amborella KY I--DENFFDLFIPRNGRVF LRRRRELRIL- 1708
Pinus Bkv IEIREEKKIMVFIP!RLKRIVD D Dva LEDLLLPKRRREFRIL- 1768
Physcomitrella LEDIMLLKHRKELKVL- 1523
2480....
Arabidopsis LI---NLKSF---LWP M HFSMIRIRMYTRFPIP--- 1785
Carica KD--FD----RNKNTLI---KSKFF---LWP M RFSMIRIHMYPRLKTP- 1859
Vitis ~RDKNQLIKLKKLKLF - - -LWP; M 1893
Nicotiana ~KEKNELI - - -KLKFF - - -LWP| M 1901
Solanum —---KDKNELI ---KFKFF---FWP M| 1891
B. laxiflora KYKYYNNNIYLFFIFENLI 981
B. reflexa FILEDLI 897
Schoepfia M m 1829
Olax M RFSMLRIHMYPRLKIR- 1911
Ximenia M RFDMLRIHMYPQLKIR- 1895
Magnolia M RFSMSRIHMYPRVRIS--- 1863
Nymphaea M RF| RInM!-F 1960
Amborella * RF; RIRM!PRF 1794
Pinus |¥ LRIRM!PLMD-- 1848
Physcomitrella RFIMLRIRM 1603

Arabidopsis
Carica

Vitis
Nicotiana
Solanum

B. laxiflora
B. reflexa
Schoepfia
Olax
Ximenia
Magnolia
Nymphaea
Amborella
Pinus
Physcomitrella

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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Arabidopsis 'ELREIVREI 'RKLLDPRI] 143
Carica 'ELREILRET! IKLLDPRI] 143
Vitis 'ELREILRET! 1. 'DPRI! 143
Nicotiana ELREILRETL DPRI| 143
Solanum ELREILREI LKLFDPRI| 143
B. i 5
B. reflexa 5
Schoepfia 'DPRI! R R-NMVERKNIFLMGL----- R R 141
Olax IKLFDPRIWSI R R | R 139
Ximenia IKLFDPRIWSIL! 143
Magnolia 'DPRIWSIL] 148
Amborella 143
Nymphaea 143
Ginkgo 140
Pinus 134
Marchantia 143
Arabidopsis ~ -KGKKISESCFRDPKE] PI} IMP 1 KISNE IDISFKEKDIKYLEFL 'REKIPIEVE 285
Carica -KGKKISE! PKE! PI! IMP]  IGKKRI KISNE!  IDISFKEKDI! Y] EFL 'REKIPIEVE! 285
Vitis -KGKKISE! PKE! PI! IMP]  IGKKRI KISNE!  IEISFKEKDIKYLEFL 'REKIPIEVE! 285
Nicotiana -KGKKISE| [PKE| PI! 12 ' IGKKRI KISNE!  IEILFKEKDL EFL 'REKIPIEVE! 285
I -KGKKISE PKE PI! P IGKKRDSSCKISNETVAGIEILFKEKDLKYLEFL i REKIPIEVE! 285
B. laxii -KKNK INKI 18
B. reflexa K. INKI. 14
Schoepfia KIPIEVE| 285
lax 281
Ximenia 285
Magnolia 290
Amborella 287
Nymp. 285
Ginkgo 288
Pinus 134
Marchantia 274
Arabidopsis 401
Carica 401
Vitis 401
Nicotiana 401
Solanum 401
. laxiflora 21
B. reflexa 17
Schoepfia 398
Olax 397
Ximenia 401
Magnolia 406
Amborella 405
Nymphaea 401
Ginkgo LRWCKKNMFRIWNSWGESDQT IAESS ILLKDKGY] 439
Pinus 142
Marchantia 406
Arabidopsis 488
Carica 486
Vitis 488
Nicotiana 486
Solanum 486
B. laxiflora 36
B. reflexa 24
Schoepfia 483
Olax 482
Ximenia 486
Magnolia 491
Amborella 490
Nymphaea 486
Ginkgo KDEII| 'PSEKDDKCI! LVE PEKD:! 586
Pinus KDEMI]| --ETHSENDEKDINLK: PEKY! 282
Marchantia 497
Arabidopsis 626
Carica 626
Vitis 628
Nicotiana 626
Solanum 626
B. i 48
B. reflexa 35
Schoepfia 618
Olax 622
Ximenia 626
Magnolia 631
Amborella 630
Nymphaea 627
Ginkgo 728
Pinus 405
Marchantia 639
Arabidopsis R VLPPI DOKR-- R M 767
Carica R .VLPPI! )LEDPKPKR! R 767
Vitis R ,LVLPP, )LEDPKPKT' R 769
Nicotiana R LVLPPI! LEDPKPKI R 764
Solanum R LVLPPI LEDPKPKI' R 764
B. i 11 65
B. reflexa 50
Schoepfia 758
Olax 760
Ximenia 767
Magnolia 772
Amborella 769
Nymphaea 768
Ginkgo 863
Pinus 542
A 704

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 (S/ 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 S4. (cont.) Inferred amino acid alignments of the 15 protein genes present in Balanophora plastomes. Stop codons are shown

B

B

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 (S/ 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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Walker motif A

Arabi i IEQPGTIYLRYL : L ILVI| I K
Carica IEQPGIIYLRYLVDIH L ILVI I K
Vitis IEQPGATYLRYL L ILVII I K
Nicotiana IEQPGAIYLRYLVDIHI L ILVI I K
Solanum IEQPGAIYLRYLVDIH L ILVI I K
B. i
B. reflexa
Schoepfia H JLLVI|
Olax H E
Ximenia El
Magnolia : El
Amborella H El
Nymphaea E!
Ginkgo El
Pinus
Marchantia
Arabidopsis I DIDREL 'MDMMLEID] T
Carica IDI DIDRELDTELELL 'MDMMSEID! I
Vitis I DI ELELL 'MDMMPEID] I
Nicotiana LI DI ELKLL 'MDMMPEIDI T
Solanum LI DI ELELL 'VDMMPEID! T
B. laxii 'I T
B. reflexa I F
Schoepfia I —--DSDLDTELEL-- IMDMMPET! P I LSL!
Olax IDASDDIDRDLDMELELL! MDMMPE DI 1 LSLI
Ximenia ID-———- DSDLDTELELL! MDMMPEIDI 1 LSLI
Magnolia IDDSD--DIDDDL ululpx:n DI T LSL
Amborella I DIDIDDDLI] IPN. LSL
Nymphaea IDDRD- - --DDDLI I LSL
Ginkgo I L
Pinus I a
Marchantia b
70.
Arabidopsis IS8T KSII] T PVPDE! 1990
Carica ISITOKKSII 1. PGPDE! 1994
Vitis ISI KSII I 1996
Nicotiana ISITOKKSII I 1979
Solanum ISITOKKSII] I 1980
. laxiflora 249

B. reflexa 209
Schoepfia 1949
Olax 1970
Ximenia 1978
Magnolia 1983
Amborella ( 1993
Nymphaea M N K LL 1939
Ginkgo 2) R R R R ILI 2015
Pinus ) R R E 1690
Marchantia 1723
A f --IE--ED! PRI! 2128
Carica IE--ED:! PRI/ 2132
Vitis 2134
Nicotiana 2114
Solanum 2115
B. laxiflora 249
B. reflexa 223
Schoepfia 2085
Olax 2112
Ximenia 2110
Magnolia 2123
Amborella 2129
Nymph 2075
Ginkgo 2150
Pinus 1815
Marchantia 1861
A i D] P! ; S E! DE! 2205
Carica [DPADP! QPFVS EFFADE! 2209
Vitis DPADPLFFLFKDO! EFFADE! 2211
Nicotiana DPADPLFFL ELFADE] 2191
Solanum IDPADP! KDIPP ELFADEI 2189
B. i 249
B. reflexa KNI 241
Schoepfia E-----—--—--—-—eeeee———-EDEL--QENDLEF- - - -LP§---—-——--] ETM¢ R PADP! K R R 2161
Olax E RSSK P P R EMSK 2189
Ximenia E 2189
Magnolia K 2200
Amborella K. 2206
Nymp K 2152
Ginkgo KRVRKNFEYFQ-KGPHKKGFY THGRNHSNEROKNL - P 2295
Pinus K. K K R R RR! P = 1903
Marchantia “x_mxmx!lulsnmpnmulv--lnx.!.nnu.s!-sn- L. R KDLISK 2008
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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 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 S/ Appendix Table S12.
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Protein synthesis

Essential

Species Taxonomic Type Size GC <
group (bp) (%) |s

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 234
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

Il present [ Jabsent [l gene annotated as pseudogene
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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'étre, 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 S/ 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.



204 v ¥ 2.0 v ¥ ¥
accD ps2

(]
g, &S
z ] z
S T10
0.5
0.5
0 -
0 -
T T T T T T T T T T T
0 200 400 600 800 0 100 200 300 400 500 600
Position of window center (bp) Position of window center (bp)
> ycf1
N N Yo oo ¥
4 -
3 -
g
2
P4
S
2 p—
1 -
0 —
T T T T T T T
0 500 1000 1500 2000 2500 3000

Position of window center (bp)

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 $10. 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

to Balanophora.
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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).



YCF2 (angiosperms only)

Arabidopsis M FKSWIFELREIVREIK-| F ERFRKLLDPRIFSILLLR RYFTI L LYRI] IGP! EE INR 134
Carica M F) F ERFIKLLDPRIWSILLSR RYFTI LI IYRI IGP EE INR 134
Vitis M] F] ERFIKLFDPRIWSIL! RYFTI L] IYRI IGP! EE! INR 134
Nicotiana M F) ERFLKLFDPRIWSILI RYFTIKGVILI IYRI IGP EE INR 134
Solanum M F! ERFLKLFDPRIWSIL! RYFTIKGVIL IYRI IGP! EE INR 134
B. laxiflora IK KFI K 17
B. reflexa = ————————mee IIK----- KFI K 12
Schoepfia KFWIFELREIF! FIHIFFHOERFLKLFDPRI R IFIYRI R 132
Olax IFE----LREIK-| FIHIFF! R IYRI R 130
Ximenia IFELREILREIK-| FIHIFF! R IYRI R 134
Magnolia IFELREILREIK-| FTHIFF! R IYRI R 139
Nymphaea IFELREILREIK-| FTHIFF! LG R IYRI R 134
Amborella IFELREILREIK-| IYRI R 134
10 .ee... 20....00..30 0000 40....unn. 0.evvveeeb60uunnnnee?00unnneneB0uunnnnn. 90...unnn 0
Arabidopsis IDI] HDWELFDR! RI FEILVKDWI! 270
Carica IDI HDWELFDR FEILVKDWI! 270
Vitis IEL FEILVKHWI 270
Nicotiana F: IET PLFEILVKHWI 270
Solanum F' IEILFKEKDLKYLEFLFVYY--MDDPIRKDHDWELFDR! PLFEILVKHWI 270
B. laxiflora IKKFEIY 25
B. reflexa IKNIEIY 21
Schoepfia EISFEEKDIKYLGFLFVYY--RDDLIRKDHDWELFDR FEILVKDCI 270
Olax IEL FEILVKDWI 266
Ximenia IEIL FEILVKDWI 270
Magnolia IEISFKEKDIKYLEF: Y FEILVKHLI 275
Nymphaea IEISFKEKDIKYLEF: FEILAKHLI 270
Amborella IEISFKEKDIKYLEF: GK! FEILVKHLI 272
“ee....150.......160.......170.......180.......190.......200.......210.......220.......230.......240.......250.......260.......270.......280
Arabidopsis FREKIPIEVE PHESDFFRKISRE LVNKDRF F IDPF! 408
Carica FREKIPIEVE! PHESDFL LVNKDRF' FRDHF! 408
Vitis FREKIPIEVE! PHESDFL LVNKDRF' DHF 408
Nicotiana FREKIPIEVE! PPESDFL LVNKDRF' 408
Solanum FREKIPIEVE PPESDFL! LVNKDRF! 408
B. laxiflora Y K. FKIMNIFYIVIYNII 51
B. reflexa IKYVIHHIRANII 38
Schoepfia FLDKIPIEVE LFI PHKLDFL! DR--- I 405
Olax FFEKIPIEVE PHESDFL! DRF' 404
Ximenia FLEKIPIEVE PRESDFLI DRF' 408
Magnolia FREKRPIEVE ESDFL! DWF' 413
Nymphaea  FREKRPIEVE! ESDFL! DRF' NI 408
Amborella FREKRPIEVE! ESDFL 412
350
Arabidopsis 'EREK! HLLPEESEEF: V. 545
Carica ¥l EREK| HLLPEEIEEF IFK 543
Vitis EREKQMIIHLLPEEIEEF: IFK 545
Nicotiana 'EREKQMINHLFPEEIEEF: IFK 543
Solanum ERE! IIHLFPEEIEEF IFK 543
B. laxiflora - 77
B. reflexa - 63
Schoepfia 'EREKQTI IHLLPDEREEF: R KIGNIFK 535
Olax EREKQMI IHLLPEEIEEF: R IFK 539
Ximenia EREKQMI IHLLPEEIEEF. R EMVKIFK 543
Magnolia HLLPEEIEEF: R EMVDIFK 548
Nymphaea HLFPEKIEEF: R EKKEMVDIFK 544
Amborella HLFPEEIEEFI R ENKEMVDIFK 547
Arabidopsis MVPKDELDM PFFDLFHLFHERK EERF K LLVLPPIFYEI 681
Carica MVPKDELDM] PFFDLFHLFHD! EERF K LLVLPPIFYE! 681
Vitis MVPKDEPDM PFFDLFHLFHD EERF LLVLPPSFYE! 683
Nicotiana MVPKDEPDM PFFDLFHLFHD EERF F LLVLPPIFYE! 678
Solanum MVPKDEPDM PFFDLFHLFHD EERF F LLVLPPIFYE 678
B. laxiflora N. F N 99
B. reflexa F I 85
Schoepfia MVPKDEPDI KPFFDLFHLFHD EDRFHEMVDLI PSGF YGLI ES! LPSIFYE 675
Olax MVPKDEPNM PFLDLFYLFHD! EERF! DFYGL EVF) LLILPPIFYE! --¥ 677
Ximenia PKDEPDM PFLDLFHLFHD! EERF! L YGL! EVF! LLVLPPIFYE! --¥ 681
Magnolia 'PKDEP! PFLDLFHLFHD! EERF! L K YGL! EVF! LWVLPPIFDE! --¥ 686
Nymphaea MVPKDEPDM| PFCDLFHLFHD! EERF! L YGL! EVF) LLVLPHIFYE! --¥ 682
Amborella ¥e IHPI MVPKDEPDM] K PFCDLFHLFHG! v EERF! L IDSYGLDQKKLLNEVFNSRDESKKKSLLVLPHIFYEENESF--Y 685
“ee....570.......580.......590.......600.......610.......620.......630.......640.......650.......660.......670.......680.......690.......700
Arabidopsis ~RRLRKIWVRI YLEDQKR--VV] ; KKWFDPLIF: 810
Carica RRIRKKWVRI [DLEDPKPKRVV] ; KKWFDPLIF: 810
Vitis RRIRKKWVRI DLEDPKPKIVV] ; KKWFDPLIFI 812
Nicotiana RRIRKKWVRI DLEDPKPKIVV] KKWFEPLILI 807
Solanum RRIRKKWVRI DLEDPKPKIVV] KKWFEPLILI| 807

B. laxiflora  K¥I KIYFK 145
B. reflexa NII F KIFYN 127
Schoepfia RRIRKKWVRI DLEDPKQKILI; HKKRFDPLFF I, 803
Olax RRIRKKWVRIPCGNDLEDPKP——-—-| KKWFDPLIFI 803
Ximenia RRIRKKWVRI [DLEDPKPKIVV] KKWFDPLIFI 810
Magnolia RRIRKKSVRI DLEDPKPKIVV] KKWFDPL--I| 813
Nymphaea  RRIRKKWVRI. DPKPKIVV] H KKWFDPL--1I 809
Amborella RRIRTKSVRI 810
....... 710.......720.......730....0...740.......750 . .0..760.00ee..77000000e.78000eeee.790.0.0...800.0.0...810.c.00..820000ce..830.0.0nn.

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 (S/ 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 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 (S/ Appendix, Results). The histograms give the
percentage of the aligned sequences that share the most common amino acid at each position.



YCF2 (angiosperms only)

Walker motif A

Arabidopsis PSRSILVI V! P DIDRELDTELEL! 1736
Carica PSRGILVI v Pl DDIDRELDTELEL 1740
Vitis PSRGILVI v P DDIDRDLDTELEL 1742
Nicotiana PSRGILVI V] P DDIDRDLDTELKL: 1725
Solanum PSRGILVI A P DDIDRDLDTELEL! 1726
B. laxiflora 189
B. reflexa 148
Schoepfia LI VI VI 'LIDDID. 1695
Olax LI ILVI! I P LDNKPKGFLIDDID- 1716
Ximenia LI ILVI! Ay P 'LIDDID -DS! I 1724
Magnolia LI ILVI! A P LIDDID IDDSDDI IDDSDDIDDDLD! ITP 1729
Nymphaea L ILVI P) LIDDID IDDRDDI I --DDDL I 1685
Amborella LS ILVI VI LP| LIDDIDDSDDIDLDDSNSIDDS! IGDSDDIDI! DAELLIT! IEP 1739
“e....1690......1700......1710......1720......1730......1740......1750......1760......1770......1780......1790......1800......1810......1820
___DPAL motif
Arabidopsis IPQKVDPALI. IKIRRLLIPQORK R 1876
Carica IPKKVDPALI IKIRRLLIPQORK R 1880
Vitis IPQKVDPALI. IKIRRLLIP| R 1882
Nicotiana IPQKVDPALI. IKIRRLLLP| R 1865
Solanum IPQKVDPALI IKIRRLLIP R 1866
B. laxiflora KILK INKINPILI, IFIKILKQ 249
B. reflexa I LLKIN 219
Schoepfia DP; IKIRRLLI, X RFR 1835
lax IKIRRLLIP K 1856
Ximenia R IKIRRLLIP| KM 1864
Magnolia R IKIRRLLIP KM 1869
Nymphaea R IKIRRLLIP KM R 1825
Amborella R I IKIRRLLIPQORI I K RDL 1879
Arabidopsis PIDPI KI LPVPDE! - 2014
Carica PIDPI K] PDE 2018
Vitis PIDPI KI PDE 2020
Nicotiana PIDPI KI PDE 2003
Solanum PIDPI! K PDE! 2004
B. laxiflora 249
B. reflexa 229
Schoepfia K] D] PDE 1973
Olax K D! PDE 1994
Ximenia K D! PDE 2002
Magnolia KI D] PDE 2009
Nymphaea K] D] PDE| 1961
Amborella K] D] PDE! 2015
2 2070
Arabidopsis 'LLFRSEPRDP EKYEL 2144
Carica 'LLLRSEPRNP EKDEL 2148
Vitis LLLRPEPRNPLD! EEDEL 2150
Nicotiana LLLRPEPRNPLD! E EEDEL-— 2130
Solanum LLLRPEPRNPLD! E EEDEL- - 2131
B. laxiflora 249
B. reflexa 241
Schoepfia LLLOLEP! D] P EEDEL--| 2101
Olax LLLRPEP! D! P EEDEL- -| 2128
Ximenia LLLRPEPRNPLD! P EEDELQE 2128
Magnolia LLLRSEP D] [KEDEL -~ 2139
Nymphaea LLLRSEP D] 2091
Amborella LLLRSEPRNPLD! T R RGKQ 2145
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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 (S/ 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 S14. Read depth of the B. laxiflora assembly. (A) Coverage depth in the Velvet assembly
of the raw lllumina 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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