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Nonphotosynthetic plants possess strongly reconfigured plastomes attributable to convergent losses of photosynthesis and
housekeeping genes, making them excellent systems for studying genome evolution under relaxed selective pressures. We
report the complete plastomes of 10 photosynthetic and nonphotosynthetic parasites plus their nonparasitic sister from the
broomrape family (Orobanchaceae). By reconstructing the history of gene losses and genome reconfigurations, we find that
the establishment of obligate parasitism triggers the relaxation of selective constraints. Partly because of independent losses
of one inverted repeat region, Orobanchaceae plastomes vary 3.5-fold in size, with 45 kb in American squawroot (Conopholis
americana) representing the smallest plastome reported from land plants. Of the 42 to 74 retained unique genes, only 16 protein
genes, 15 tRNAs, and four rRNAs are commonly found. Several holoparasites retain ATP synthase genes with intact open
reading frames, suggesting a prolonged function in these plants. The loss of photosynthesis alters the chromosomal architecture
in that recombinogenic factors accumulate, fostering large-scale chromosomal rearrangements as functional reduction
proceeds. The retention of DNA fragments is strongly influenced by both their proximity to genes under selection and the co-
occurrence with those in operons, indicating complex constraints beyond gene function that determine the evolutionary
survival time of plastid regions in nonphotosynthetic plants.

INTRODUCTION region [SSC]) that are separated by two virtually identical large
inverted repeats (IRs). The latter play an important role in sta-
bilizing plastid genome structure (Maréchal and Brisson, 2010).
Other factors contributing to structural conservation across plas-
tomes are the predominantly uniparental inheritance of plastids
(Bock, 2007; Zhang and Sodmergen, 2010) and the suppression
of potentially mutagenic repeats, such as small dispersed and
simple sequence repeats and repetitive elements larger than
50 bp (Raubeson et al., 2007).

Highly diverged plastid chromosomes are found in non-
photosynthetic plants (dePamphilis and Palmer, 1990; dePamphilis,
1995; Nickrent et al., 1997; Krause, 2011), which parasitize other
flowering plants (parasitic plants sensu stricto) or more rarely
mycorrhizal fungi (myco-heterotrophs). Hemiparasites still carry
out photosynthesis to some extent, while holoparasites almost

Photosynthesis is the primary function of plastids (chloroplasts).
The genome retained in the plastid organelle of land plants (the
plastome) therefore encodes numerous structural proteins required
for photosynthesis as well as ribosomal proteins and structural
RNAs (Palmer, 1985; Wicke et al., 2011). Because of the selective
pressure on photosynthesis-related elements, plastid chromo-
somes in most land plants are conserved in terms of structure,
gene content, and nucleotide substitution rates (Raubeson and
Jansen, 2005). Typically, the plastome comprises two single copy
regions (large single-copy region [LSC] and small single-copy
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completely rely on a host for water as well as inorganic and
organic nutrients. In nonphotosynthetic plants, photosynthesis-
associated genes are no longer required, may become pseudo-
genes, and are eventually deleted, resulting in a functional and
physical reduction of the plastid genome (Wolfe et al., 1992a,
1992b; Delavault et al., 1996; Funk et al., 2007; McNeal et al.,
2007; Wickett et al., 2008; Delannoy et al., 2011; Logacheva
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et al., 2011). The extent and speed of plastome reduction both
appear to be lineage specific. For instance, in the broomrape
family (Orobanchaceae), the gene encoding the large subunit of
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco; rbcl)
is retained and expressed in species of Lathraea (toothwort) and
Harveya, whereas in species of Hyobanche as well as in the
broomrapes Orobanche and Phelipanche, it is only retained as
a pseudogene or lost completely (Delavault et al., 1995; Wolfe
and dePamphilis, 1997; Lusson et al., 1998; Leebens-Mack
and dePamphilis, 2002; Randle and Wolfe, 2005; Young and
dePamphilis, 2005; Leebens-Mack and dePamphilis, 2007). Re-
laxed functional constraints as a result of the loss of photosyn-
thesis also affect plastid-encoded housekeeping genes, implying
that gene function alone is insufficient to explain the patterns of
gene loss (Wimpee et al., 1991; Wolfe et al., 1992b; Colwell, 1994;
Funk et al., 2007; McNeal et al., 2007; Delannoy et al., 2011).

Understanding course, tempo, and mechanisms of plastome
evolution after the loss of photosynthesis requires comparative
analyses of closely related nonparasitic (autotrophic) and para-
sitic species with different degrees of trophic specialization. The
only family fulfilling this requirement is the broomrape family,
Orobanchaceae (Westwood et al., 2010). It includes a single
autotrophic lineage, the genus Lindenbergia, with about a dozen
species, which is the sister group to a large clade of ~2000
hemi- and holoparasitic species (Bennett and Mathews, 2006;
McNeal et al., 2013). Within Orobanchaceae, loss of photosyn-
thesis has occurred at least three times independently (Bennett
and Mathews, 2006; McNeal et al., 2013), once thereof in the
clade that includes beechdrops (Epifagus virginiana), the first
parasitic plant with a fully sequenced plastome (dePamphilis
and Palmer, 1990; Wolfe et al., 1992b).

Here, we compare the complete plastome sequences of 11
Orobanchaceae, including the nonparasitic Lindenbergia philip-
pensis, one obligate hemiparasite from the earliest diverging par-
asitic branch of the family, and nine holoparasites from an
exclusively nonphotosynthetic clade (Bennett and Mathews, 2006;
McNeal et al., 2013). Our sampling represents a single loss of
photosynthesis and allows us to infer the modes and mechanisms
of plastome reduction after the transition to holoparasitism. To this
end, we used rigorous statistical testing to identify factors gov-
erning the pattern of functional and physical genome reduction.
Specifically, we investigated the frequency and relative order of
structural rearrangements and gene losses and tested whether
gene loss is governed by (1) gene function, (2) proximity to dis-
pensable genes, (3) colocalization with conserved genes within the
same operon, (4) gene length, or (5) strandedness. We also eval-
uated the interrelation of gene loss and the accumulation of mu-
tagenic elements and structural reconfigurations as well as the
shifts in nucleotide composition under relaxed selection.

RESULTS

Diversity, Size, Gene Content, and Structure of Plastomes

We sequenced and examined the plastid chromosomes of an
autotrophic species, one photosynthetic obligate parasite, and
nine nonphotosynthetic parasites from the broomrape family,

Orobanchaceae (Figure 1; see Supplemental Table 1 online). Table 1
and Figure 1 provide an overview of the physical properties and gene
content of the 11 plastomes; more information regarding single genes
is provided as Supplemental Data Set 1 online, in Supplemental
Methods 1 online, and in Supplemental References 1 online.

The plastid chromosome of the autotrophic Lindenbergia
philippensis is 155,103 kb in length and resembles that of most
eudicots in terms of gene order and coding capacity. Apart from
small (<100 bp) shifts of the IR junctions into the large and small
single-copy regions, the L. philippensis plastome is colinear with
that of tobacco (Nicotiana tabacum). Different from tobacco,
however, the gene encoding the plastid translation initiation
factor 1 (infA) is intact and potentially functional in L. philippensis.
Plastid chromosomes are 160,911 kb large in the hemiparasitic
American chaffseed (Schwalbea americana) and range between
120,840 and 45,673 kb in the holoparasites (Figure 1), with Amer-
ican squawroot (Conopholis americana) having the smallest plastid
chromosome reported from land plants so far. Factors responsible
for size variation include (partial) gene deletions and shifts of IR
boundaries up to the complete loss of one IR (Table 1, Figure 1).

No genes have been physically lost in S. americana, but several
genes are pseudogenes (and hence are functionally lost). Flank-
ing the breakpoint of an inversion in the LSC region, the accD
gene coding for the B-subunit of the acetyl-CoA carboxylase for
lipid biosynthesis appears to be truncated at the 5’ end, lacking
an unambiguously identifiable translation start codon in frame.
Compared with N. tabacum and L. philippensis, the remainder of
the reading frame shows extreme sequence divergence, including
large indels and several premature stop codons. Functional los-
ses in S. americana also affect genes for the plastid NADH de-
hydrogenase complex (ndh genes). The gene ndhF is split into
three fragments, parts of which are relocated from the SSC into
the IR; ndhA lacks parts of its intron and one exon. NdhD and
ndhG contain several indels and multiple premature stop codons;
ndhG additionally lacks a translation start site.

Among the 113 unique genes present in the nonparasitic
L. philippensis, we identified a minimum common set of 16 protein-
coding genes and 19 structural RNA genes that appear to be
essential in the holoparasites (Figure 1, Table 2). The protein-
coding genes include 13 genes encoding ribosomal protein sub-
units and three genes functioning in other housekeeping pathways,
such as RNA maturation (matK) and preprotein import (ycf7;
Kikuchi et al., 2013). The precise role of the conserved ycf2 gene
is still unknown, but protein domain analysis (Wolfe, 1994) in-
dicates a housekeeping role rather than a metabolic function.
The genes accD and clpP, encoding the proteolytic subunit of
the ATP-dependent caseinolytic protease, have intact reading
frames in most parasites. In Phelipanche, however, the accD
gene is highly diverged, with long insertions or deletions (indels),
and appears to lack a standard start codon. CIpP experi-
enced independent intron losses in Orobanche, Phelipanche,
and California broomrape (Myzorrhiza californica). Additionally,
in Phelipanche ramosa, a partial duplication resulted in aberrant
copies of clpP, which we therefore classify as a pseudogene
until further experimental evidence of its functionality is avail-
able. The minimum set of retained structural RNA genes en-
compasses 15 unique tRNAs and four rRNAs. An insertion in
the stem of a tRNA gene (tmSgg,) in C. americana may indicate
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Figure 1. Physical Maps of the Plastid Chromosomes of Photosynthetic and Nonphotosynthetic Members of Orobanchaceae.

All genes are colored according to functional complexes. Pseudogenes are indicated by W. Brackets on top indicate different lifestyles.
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Table 1. Overview of Physical Properties of Plastid Chromosomes in Nonparasitic and Parasitic Orobanchaceae

Gene Content

(Protein-Coding?/ Protein-Coding Noncoding Structural GC Protein GC GC Structural
Taxon Size (bp) tRNA2/rRNAP) Regions (%) Regions (%) RNAs (%) GC (%)° Coding (%)? Noncoding (%)4 RNAs (%)
Lindenbergia 155,103 79/30/4 51.07 41.29 7.64 37.80 38.16 33.42 54.57
Schwalbea 160,911  74/30/4 50.82 41.81 7.36 38.08 38.82 33.73 54.31
Epifagus 70,028 21/17/4 43.07 41.58 15.35 36.01 34.72 29.84 50.20
Conopholis 45,673 21/18/4¢ 49.29 37.86 12.84 33.92 35.66 28.88 52.45
Cistanche 94,380 27/26/4 33.40 54.36 12.24 36.57 36.21 32.66 53.44
Boulardia 80,361 26/21/4 4212 4415 13.74 35.76 35.72 29.84 53.82
O. crenata 87,529 32/27/4 39.88 36.92 13.21 35.19 35.37 29.84 53.39
O. gracilis 65,5635 28/25/4f 49.42 36.09 14.50 34.51 34.79 28.24 52.95
Myzorrhiza 120,840 42/287/4f 36.85 53.44 9.71 36.69 37.19 32.17 53.65
P. purpurea 62,891 28/22/4%9 50.15 39.74 10.11 31.09 34.62 24.95 51.66
P. ramosa 61,709 28/22/4%9 43.50 46.43 10.07 32.04 34.91 26.77 52.12

#Number of unique genes.
PUnless mentioned otherwise, rDNA is present in two sets.
°GC content of the entire plastid chromosome.

4GC content of unique plastome segments (IR region removed where present).

°IR loss/loss of one rDNA operon.
fOne rRNA operon may be nonfunctional.
9Partial duplication of rrm16.

its pseudogenization, which, in consequence, would reduce the
number of essential RNA genes in Orobanchaceae to 18.

The nine holoparasites vary greatly in the number and type
of retained genes. Except for the plastid-encoded polymerase
(PEP) genes (rpo), housekeeping genes (50S ribosomal protein
genes [rpl], 30S ribosomal protein genes [rps], and structural
RNAs) are commonly conserved, and only a few have been lost
or pseudogenized (e.g., rpl14, rpl23, rps15, rps16, trnA gc, and
tmGc) in the plastomes of some, but not all, holoparasites. In
a few cases (rps7, 8, 12, and 18), unambiguous identification of
the translation start and stop codon requires experimental ver-
ification (see Supplemental Data Set 1 online). Genes related to
photosynthesis are mostly pseudogenized (photosystem | genes,
psaA, B, and C; photosystem Il genes, psbA, C, K, and Z) or
absent (psal, J, and K; psbB, D, E, F, I, J, L, M, and T, most ndh
and pet genes, encoding subunits of the cytochrome bg/f com-
plex) from the holoparasite plastomes. In Myzorrhiza californica,
however, several photosynthesis genes (e.g., petG and psbF, I, J,
K, and L) are retained. The rbcL genes is retained as an intact
reading frame in M. califomnica, whereas it resides as a pseudo-
gene in the plastomes of E. virginiana, C. americana, Cistanche
phelypaea, Boulardia latisquama, and Orobanche crenata; rbcL
was deleted from the plastomes in O. gracilis and Phelipanche. In
M. californica and Phelipanche, all genes encoding subunits of
the thylakoid ATP synthase complex (atp genes) are conserved
with apparently intact reading frames (see Supplemental Data
Set 1 online); some atp genes are also retained in Orobanche.
Reading frames for both ycf? and ycf2 are present in all nine
holoparasites. In Phelipanche, the ycf1 gene is highly divergent
and appears to be 5’-truncated, lacking an unambiguously iden-
tifiable translation start. Sequencing errors resulting from frequent
repeats and long homopolymers cannot be ruled out for the ycf1
region, even after Sanger resequencing; ycf! was therefore ex-
cluded from subsequent analyses.

In both Phelipanche species and, to a smaller extent, in O. gracilis,
introns are reduced in number, although the coding sequences of
the genes that normally contain them are intact. In Phelipanche,
the genes rps12, clpP, rpl2, and trK,, /matK all lack their normal
group lIA introns; however, tmL ,,, rol16, and atpF retained their
group | and group IIB intron, respectively. In O. gracilis, both clpP
introns (group IIA and 1IB) as well as the tmG, .. intron (group 1IB)
are absent. Long (>10 bp) poly(A) stretches are found near the
coding sequences of clpP, rpl2, and 3'rps12 in Phelipanche as
well as clpP in O. gracilis. In Phelipanche, a large fragment of the
16S rRNA gene (rn16), bordered by a long stretch of honcoding
DNA (WaccD-V¥rm16 spacer: 2.6 to 2.8 kb) that shows no sig-
nificant similarity to known plastid DNA regions replaces the rbcL
gene between atpB and accD.

Relative to the outgroup L. philippensis, IR expansions oc-
curred in the hemiparasite S. americana as a result of the re-
location of ¥ndhA/¥ndhF fragments and in the holoparasite
C. phelypaea where the IRs expand into the VpsbA-trnK-matK
region. Whereas O. crenata shows no structural modifications,
the IRs in the O. gracilis plastome encompass only about two-
thirds of the rDNA operon and a few tRNA genes. In P. purpurea,
IR regions are even shorter, extending only over the ycf2 gene.
In C. americana and P. ramosa, one IR copy is lost completely
(Figure 1).

Inversions of the LSC often coincide with modifications of the
IR regions (Figure 1; see Supplemental Figure 1 online). This is
the case in the hemiparasite S. americana and in the holopar-
asites Cistanche, Orobanche, and Phelipanche. In S. americana,
the accD-rbcL region is inverted relative to L. philippensis, and
the inferred ancestral gene order, and this breakpoint may have
affected the accD reading frame (see above). In O. gracilis, the
fragment between the pseudogene of a photosystem assembly
factor (Wycf3) and trSg., in the LSC is inverted and coincides
with the deletion of another tRNA gene (trmG ). Gene order is
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Table 2. List of Essential Genes in 10 Parasitic Orobanchaceae

Gene Class Gene IDs

Remarks

Protein genes?
rps18, rps2, rps4, rps7, rps8, ycfi, ycf2

matK, rpl16, mpl2, pl20, rpl33, rpl36, rps11, ps12, rps14,

In Phelipanche, ycf1 is fragmented and shows strong
sequence divergence and therefore may be
a pseudogene.

trnl,, exists in two divergent copies in M. californica.

tRNAP tmDgy e, tNE e, My, tH GG, tlcay, tleaa,
trnL ypg, trMcay, NGy, tnPyge, tmQuues tMSgeys
tnSygar tMWeca, tYgua

rBNA 16, 23, 4.5, rrn5

In Phelipanche, one rRNA gene set is deleted and 16 is
partially duplicated in the LSC; one copy of rrn16 is
deleted from the O. gracilis plastome.

%accD and clpP await experimental verification of functionality in Phelipanche and S. americana.

®tmS 4 May be a pseudogene in C. americana.

most extensively reconfigured in P. purpurea (Figure 1), in which
the rpl32-trnL g region (normally located in the SSC) has been
duplicated by relocation into the ycf2-rps7 segment. These in-
versions apparently happened in the common ancestor of the
two Phelipanche species and were followed by further independent
inversion events and the loss of the IR from the P. ramosa plas-
tome. Inversions in the other holoparasite species occurred at least
three times independently (see Supplemental Figure 1 online).

Plastid Repetitive DNA

As in Nicotiana, DNA repeats account for ~17.7% of the
Lindenbergia plastome amounting to about one repetitive el-
ement per ~1.5 kb (Figure 2A). Repeat density is much higher
in the parasites, with an average of one repeat per ~0.75 kb in
E. virginiana and up to one repeat per ~0.13 kb in Phelipanche
(Figure 2A). Reverse complement repeats between 20 and 50 bp
as well as repeats longer than 100 bp are mainly responsible for
the increase in repeat DNA in the parasites (see Supplemental
Figure 2 online). In the hemiparasite S. americana, the holopar-
asites B. latisquama, M. californica, and Orobanche slight ac-
cumulations of repeats occur around the IR-SSC junctions and
near the center of the LSC (see Supplemental Figure 3 online).
By contrast, repeats are dispersed nearly uniformly in the au-
totrophic L. philippensis.

With N. tabacum included, there is a significant trend toward
increased repeat densities in the plastomes of the hemi- and
holoparasitic species (likelihood ratio test [LRT] of a constant-
variance random walk versus a directional random walk model:
P = 0.001; Table 3, Figure 2B); repeat density and the degree of
parasitism are positively correlated (covariance versus no co-
variance among traits: LRT P = 0.003). A test for the mode of
trait evolution in parasites (gradual versus punctuated evolution
as measured by the branch-length parameter k) revealed that
changes in repeat density are consistent with a punctuated
mode of evolution (LRT P, = 0.349; Table 3), implying that se-
lection against repeats has been relaxed already in the common
ancestor of hemi- and holoparasites. Repeat density is positively
correlated with the extent of physical genome reduction (constant-
variance random walk versus directional random walk model: LRT
P < 0.001; Table 3). Our data suggest a slight, yet only statisti-
cally marginally significant (P, = 0.079) trend of increasing repeat

density as genome reduction proceeds. A covariance versus no-
covariance analysis among the two traits reveals no statistical
support (LRT P = 0.371; Table 3), implying that relative genome
reduction and repeat density are not correlated per se.

Factors Shaping Segmental Deletions

We reconstructed the ancestral set of protein-coding genes,
rRNA genes, and tRNA genes of the nine holoparasites using
maximum likelihood and an unconstrained model allowing for
different rates of state changes. The loss of photosynthesis coin-
cides with the pseudogenization of 31 out of 49 plastid genes for
photosystems and photosynthetic electron transport (Figure 3; see
Supplemental Data Set 2 and Supplemental Figure 4 online). Our
inference suggests that these genes were not immediately deleted,
with the possible exceptions of ndhA, petB, and psbT/N/H. Four
ndh genes were likely functionally lost already after the transition to
an obligate hemiparasitic lifestyle (Figure 3). All genes for the PEP
and the tRNAs AlaYGC became pseudogenes during or shortly after
the transition to holoparasitism (i.e., before the diversification of the
extant lineages; Figure 3B; see Supplemental Data Sets 2 and 3
online). By contrast, most ribosomal protein genes (e.g., rpl14, 23,
32; ps3, 15, 16, and 19), tRNA isoacceptors (e.g., 1eAYC, LeuYAA,
LysUYYY, and Phe®*%), and infA, accD, clpP, and rbcL represent
independent and repeated functional losses, occurring at a later
stage of holoparasitic evolution. A replacement by cytosolic sub-
units is likely in species with an apparently nonfunctional plastid
copy of the accD and/or the clpP gene, the products of which are
involved in nonphotosynthetic pathways.

Visual inspection of extant and reconstructed ancestral LSC
regions (Figure 4) suggests that retention of dispensable DNA
may depend on the localization in an operon-like transcription
unit (see Supplemental Table 2 online) or relate to the proximity
of essential genes (i.e., genes present in all taxa studied here;
see Supplemental Data Set 4 online). Deletion of dispensable
DNA may be affected by the length of the dispensable region
(shorter regions will be lost less frequently than longer ones;
Lohan and Wolfe, 1998) or by strandedness. The latter was shown
to play a significant role in plastome evolution with respect to
large-scale genome reconfigurations, localized gene losses, and
relatively high amounts of repetitive DNA (Cui et al., 2006), features
also observed in Orobanchaceae plastomes. We used multiple
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Figure 2. Repeat DNA in Plastomes of Orobanchaceae.

(A) Proportions of different repeat types in plastomes of 11 Orobanchaceae species and tobacco. Numbers above individual repeat columns indicate
the repeat density, where, for example, 1/500 means that one repeat occurs every 500 bp. The direction is given for each repeat type.

(B) Evolution of repeats in Orobanchaceae. The strong evolutionary trend of increasing numbers of repetitive DNA in plastid genomes after the transition
to heterotrophy is shown by the P value from an LRT evaluating constant-variance random walk versus directional random walk models to explain
repeat variation. The number of repeats is illustrated by differently sized triangles at the tip of each terminal branch. Brackets indicate different lifestyles.

regression analyses and 12 models of different complexity
(with one to four predictor variables) to investigate the influence
of these physical properties on the survival time of non-
essential DNA fragments. The model with the two predictor
variables distance to essential genes and localization within
an operon outperformed all other tested hypotheses, including
those with only one of these two predictors (Akaike information
criterion [AIC] of the best-fit model: 359.3; AIC of the distance-
only model: 363.3; AIC of the operon-only model: 366.7; see
Supplemental Table 3 online). The best-fit model is statistically
reliable (overall F-test: F, 8.115, P < 0.001), and both variables
collectively have a significant impact on survival time (Student’s
t test: t = —3.098 with P = 0.003 for distance and t = —2.447 with
P = 0.017 for operon). Therefore, essential genes in combination
with the organization of genes in operon-like transcription units

seem to provide protection from rapid deletion of dispensable
gene regions.

Nucleotide Compositional Bias and Codon Usage

Functional genome reduction corresponds to variation in the
GC content of the plastid chromosomes in Orobanchaceae
(Table 1, Figure 5). Compared with the autotrophs N. tabacum
and L. philippensis as well as to the hemiparasite S. americana,
the nine holoparasites show a 2 to 6% lower total GC content
(Table 1). In protein-coding regions, GC reduction amounts to
3 to 4%, while in structural RNAs it remains nearly unaltered
(Table 1). The IR-lacking holoparasitic species possess a relatively
low GC content in their noncoding regions, with only 25% GC in
Phelipanche and 28% in C. americana, compared with >30% in

Table 3. Results of Phylogenetic Analyses Evaluating Evolution of Selected Plastome Traits in Orobanchaceae

Constant-Variance Random Walk (H,)
versus Directional Random Walk

Gradual (H,) versus
Punctuated (H,) Trait

Covariance (H,) versus
No Covariance (H,)

Model (H,) of Trait Evolution Evolution? among Traits?

Traits Tested -InL HP -InLH, LRT PValue -InLH; LRT PValue -InLH; LRT P Value
Parasitism and repeat density 89.654 83.138 13.032  0.001 83.577 0.878 0.349 87.978 8.802 0.003
Relative genome reduction and repeat density 140.136 131.557 17.158 <0.001 130.016 3.083 0.079 131.957 0.800 0.371
Parasitism and GC % 28.563 20.185 16.756 <0.001 20.304 0.237 0.626 20.389 0.406 0.524
Parasitism and coding GC % 25285 15.825 18.920 <0.001 11.729 8.192 0.004 15.990 0.331 0.565
Parasitism and noncoding GC % 32.073 22.708 18.729 <0.001 22.786 0.156 0.692 23.145 0.874 0.350
Loss of photosynthesis and GC % 26.408 19.695 13.426  0.001 16.675 6.040 0.014 20.049 0.708 0.400
Loss of photosynthesis and coding GC % 20.260 13.016 14.490 <0.001 9.444 7.144 0.008 15.651 5.269 0.022
Loss of photosynthesis and noncoding GC % 30.146  22.663 14.966 <0.001 19.117 7.092 0.008 22.805 0.284 0.594

#H, is the best supported model from the test constant-variance random walk versus directional random walk model.

®InL, log likelihood.
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Graphical summary of the number of gene losses (A) and the losses of functional classes of genes (B) based on the reconstruction of plastid gene
contents at ancestral nodes in Orobanchaceae. Pseudogenization is illustrated above the branches, whereas gene deletion is shown below the
branches. In (A), an arrow indicates the correct placement of a value, and in (B), dots mark loss-of-function deletions (i.e., those without pseudo-

genization at any of the parent nodes).

the other holoparasites (Table 1). The GC poor plastomes also
appear to accumulate inversions as well as structural mutations
around the IR (Figures 1 and 4, Table 1). LRTs (Table 3) show
that reduction of the GC content is directional and coincides
with the transition to heterotrophy (constant-variance random
walk versus directional random walk model LRT P < 0.001, P, =
0.626; Figure 5A) and, moreover, that it increases gradually in
holoparasites (LRT P = 0.001, P, = 0.014; Figure 5A).

In L. philippensis and S. americana, the median GC content
differs among codon positions with the first position having the
highest GC content; these differences almost disappear in the
holoparasites (Figures 5B and 5C). By contrast, the holoparasites
show a marked AT richness (LRT P = 0.001, P_ = 0.014; Table 3,
Figure 5A), which affects the first and second positions such that
the GC content of the first codon position converges to that of the
second (Figures 5B and 5C).

To investigate whether the compositional bias depends on
the functional class of a gene, we evaluated differences in base
pair distribution in 31 matching genes from the 10 hemi- and
holoparasitic Orobanchaceae and 10 nonparasitic asterid relatives
(including L. philippensis), using a series of alpha error-corrected
Wilcoxon tests. The set of 31 genes corresponds to the com-
monly retained genes plus the atp genes that are potentially
intact in some of the holoparasites (see Supplemental Data Set 1
online). Results show that codon positions in the parasites show
a general shift toward AT (see Supplemental Tables 4 to 6 on-
line): Fourteen of the 31 genes tested contain significantly higher
amounts of AT at both the first and the second codon sites; 13
more genes exhibit significant changes of nucleotide composi-
tion in either the first or the second codon position. Among the
latter are three atp genes (atpE, H, and /), accD, and clpP (see
Supplemental Table 5 online; Figure 5C). Regarding GC content,
only four genes (rps14, pl22, 23, and 32) did not differ between
parasites and nonparasites.

Most parasitic Orobanchaceae utilize similar codons as non-
parasites (see Supplemental Table 6 online), irrespective of GC
content and regardless of the number of preserved tRNA genes

(see Supplemental Figures 5 and 6 online). However, under- or
overuses of some codons are observed in B. latisquama (AlaYCC),
E. virginiana (SerYGA and lleY®Y), C. americana (Ser*CY), and
C. phelypaea (ProYGC) compared with the other taxa. The differ-
ence in usage of the two preferred codons for the Val tRNA rises
from <2 to >5% in M. califorica, O. gracilis, and Phelipanche (see
Supplemental Table 6 online). All changes in codon usage are
apparently not related to the number and type of retained tRNA
isoacceptors.

DISCUSSION

Evolution of Chromosomal Size and Architecture after the
Loss of Photosynthesis

A main finding of this study is the uneven extent to which
plastomes in a clade of nine closely related holoparasites have
diverged from the ancestral plastome of autotrophic Oroban-
chaceae, represented here by L. philippensis. The plastome of
the latter is colinear with that of related autotrophic angiosperms,
while structural changes have occurred in the obligate hemi-
parasite S. americana. This is similar to the situation in other
hemiparasitic flowering plants, such as Asian witchweed (Striga
asiatica; also belonging to Orobanchaceae) and Cuscuta (dodder)
species (Downie and Palmer, 1992; dePamphilis et al., 1997; Funk
et al.,, 2007; McNeal et al., 2007). Apparently, structural mainte-
nance relaxes with reduced functional constraints on photosyn-
thesis resulting in the progressive nonfunctionalization of the
plastome. This likely leads to the accumulation of mutagenic fac-
tors as observed here, including microsatellites, long homopolymer
stretches, forward or palindromic repeats of any length, and a low
GC content (Table 1, Figure 2; see Supplemental Figures 2 and 3
online). Those elements increase intramolecular and illegitimate
recombination (Ogihara et al., 1988; Fejes et al., 1990; Sears et al.,
1996; Muller et al., 1999; Gray et al., 2009; Maréchal and Brisson,
2010), which in turn may cause the deletion of dispensable plas-
tome fragments.


http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1
http://www.plantcell.org/cgi/content/full/tpc.113.113373/DC1

3718 The Plant Cell
Phelipanche ramosa
1 L1 el L 1 u_lsl I WA
= =313 |y g i =TT 1 Bl =t g;_ 7 1
Orobanche gracilis =g % L s = Conopholis
i} ] I T
3T, rﬁ HIWI* T'fil TH] ‘J .Ill n ﬁm‘n‘ Mmoo o r T of T lr T
Jiid 1 .w oo ] i
) 2
Orobanche crenata Epifagus "
I um 1 I L[| 1Ll
TOE 1||||'lr'rl""Jl rl_l—Ill L B Ir‘E‘Illlll _I.I.I[ T o T 71[“”..|7.n1ﬂ17_
wo weiith o 1
il
IE d’mﬂmn Ilﬁ'll T THT l[ ﬂﬂmﬂ ffnnrl'l—
, x ic 'E LI F = “: i
1 1 (W
e -~y i 2 i e I 1 31 g 1 g o 11
1 il 11 I m1 moun R TEEIETRE i1
T g \'IJH—II'I [0 (il | T IO o 4 g 2 17 ;I
LA | i
Boulardi Cistanche
oularaia
] L1 Lt L
| | I 1 I L[S 18 B i i 3
(512 'gl lf]l’,] L i 5 3 M i
< § 5% iff 1 d i
E z
| mll 1101 LIl [l O
e [ T T e et e }' W T T
3 i g ER g g ¥ [i R %
: i B0 £t it
Myzorrhiza
1 | Lm0 om 1 monm e @
TOTOEIT T T T B W i 1K _ﬂll [ ] Sl T i
§ 0§ e di | S 4
111 1 _lmmn L1 _mOl L
_.mm TOTT BT m TE LI W s
i
@ Pm\m;-:nm\su e T — Holoparasitic ancestor
asamon acion i
1L 11 LI _moiion _uin__on
B oo ] ._LI'II’[ TTOTTT BT T W TELJCTN I W00 || o

I oo oo [ mvertad Rapest region

RNA Potymorase o,
B ey P

[ Transre RMA

7] Other patays, genos
L ot urncomn funcoon

| ovassn
—

Il Crochvoms byfcomoier % awon s

pabT.pas

Autotrophic ancestor

Figure 4. Evolution of Plastomes Based on Likelihood Reconstructions of Ancestral Gene Contents and the Rearrangement History.

The reconstructed plastid LSCs plus their adjacent regions are shown at all nodes of the Orobanchaceae phylogeny (thick gray lines), except for the
ancestor of Phelipanche and Myzorrhiza because it differs from M. californica only by having not yet lost rpoC1, petN, psaA, petL, and ndhH. Pseu-
dogenes are indicated by gray gene boxes and gene names with a W-prefix, whereas deletions are indicated by black arrowheads and the corre-
sponding gene name(s). Gene labels with an asterisk indicate intron losses. Blue pennons indicate the breakpoints of an inversion (I1 to 15); the range
and orientation of these inversions are denoted in both the ancestral and the derived plastid genome, and the genes flanking inversion breakpoints are

labeled accordingly. For simplicity, SSC and IR are not shown here.

Our statistical tests revealed that the shift toward AT richness
in coding and noncoding regions is associated with the transi-
tion to a holoparasitic lifestyle. With the exception of some
tRNAs in the Epifagus/Conopholis/Cistanche clade (Wolfe et al.,
1992a), the shift in AT richness has no immediate and notable
effect on codon usage (Figure 5; see Supplemental Figures 5
and 6 online). This is probably attributable to extensive super-
wobbling, where a tRNA species with an unmodified uridine
reads all nucleotides in the third codon position, but at the ex-
pense of translation efficiency (Rogalski et al., 2008). However,
alternative hypotheses, such as random drift, cannot be excluded
because of the scarce sampling of completely sequenced plastid
genomes in lamiid nonparasites. Extreme AT richness also char-
acterizes the remnant plastid (apicoplast) genomes of parasitic
Apicomplexa, such as Plasmodium and Toxoplasma (Sato, 2011).
Thus, a gradually increasing nucleotide compositional bias may
be a general feature in the process of physical plastome reduction
in secondarily heterotrophic organisms as long as organelle ge-
nomes maintain a residual coding capacity.

Large inversions and modifications around the IR as observed
in Phelipanche, O. gracilis, C. americana (see Supplemental
Figure 1 online), the earth orchid Rhizanthella (Delannoy et al.,
2011), and some Cuscuta species (Funk et al., 2007; McNeal
et al., 2007) presumably represent recent and idiosyncratic chro-
mosomal reconfigurations. The trigger for these genomic re-
arrangements likely is the relaxed selective pressure and the
progressive nonfunctionalization of the plastome. However, the
same argument cannot be made for large-scale rearrangements
in plastomes of nonparasites (Palmer and Thompson, 1982; Palmer
et al., 1987; Perry and Wolfe, 2002; Raubeson and Jansen, 2005;
Haberle et al., 2008; Guisinger et al., 2011).

Unlike in the Epifagus lineage, several group IlIA introns are
absent from the plastomes of Phelipanche species (in rpsi2,
clpP, rpl2, and trnK,, /matK) and O. gracilis (in clpP). The same
ones have also been lost in Cuscuta species (McNeal et al., 2009),
which lack the plastid encoded splicing factor MatK as well. Ex-
cept for the clpP intron, all of these introns associate with MatK
(Liere and Link, 1995; Zoschke et al., 2010). As in Cuscuta species,
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(A) A strong evolutionary trend of reduction in total GC content occurs with the transition from an autotrophic to a parasitic lifestyle and continues in
nonphotosynthetic lineages. P values from LRTs at key nodes of lifestyle changes evaluate constant-variance random walk versus directional random

walk models to explain GC variation in parasites and nonparasites.

(B) GC content at different codon positions of intact plastid protein-coding genes for nine nonphotosynthetic and four photosynthetic plants.

(C) Variation of GC content at different codon positions in coding regions

of parasites and nonparasites assessed as the difference (AGC) to a reference

genome (Aucuba japonica, Garryaceae). In (B) and (C), a line inside each box designates the median across 31 conserved plastid genes; the whisker

ends are at the 5th and 95th percentiles.

the concerted loss of llA introns may indicate an impaired splicing
mechanism attributable to reduced activity or malfunction of MatK
or other nuclear-encoded splicing factors, although matK losses
are not known from Orobanchaceae so far. Long poly(A) stretches
near the rpl2, rps12, and clpP genes in Phelipanche and O. gracilis
suggest multiple cDNA recombination events responsible for the
intron losses. The occurrence of unknown DNA in place of the
plastid rbcL gene in Phelipanche implies either rapid sequence
divergence or recombination with DNAs from other cellular genome
compartments (e.g., by DNA repair-related recombination events).

Evolutionary Sequence of Gene Loss

Of the 113 unique plastid genes found in L. philippensis, only
16 protein-coding genes and 19 structural RNAs (tRNAs and
rRNAs) are retained in all nine holoparasites. Deletion of photosyn-
thesis genes is almost complete in E. virginiana and C. americana
(Figures 1 and 3; see Supplemental Data Set 1 online), both of
which have also lost notably more housekeeping genes than the
remaining parasites, thus approaching the inferred minimum set of
genes in Orobanchaceae. Clearly, pseudogenization and loss of
plastid genes (usually preceded by pseudogenization: Figures 3
and 4) proceeded at a highly lineage-specific tempo. We inferred
that changes to the plastid gene content are not all initiated by
the loss of photosynthesis, but already accompany the transi-
tion to a parasitic lifestyle as seen in the obligate hemiparasite
S. americana. This resembles findings in the cryptically photo-
synthetic Cuscuta (Krause, 2011; Braukmann et al., 2013) and in
photosynthetic obligate myco-heterotrophic Ericaceae (Braukmann
and Stefanovi¢, 2012). The thylakoid NADH-dehydrogenase com-
plex represents the earliest functional loss during the transition to
heterotrophy (Figures 3 and 4; see Supplemental Figure 4 online),

and all heterotrophic plants studied so far show pseudogeniza-
tion or deletion of ndh genes (Wickett et al., 2008; Delannoy et al.,
2011; Logacheva et al., 2011; Braukmann and Stefanovi¢, 2012;
Braukmann et al., 2013). This is also the case for the holoparasite
Lathraea (Delavault et al., 1996), which belongs to another clade of
predominantly hemiparasitic Orobanchaceae, distant from Schwalbea.
Because of the lack of data for facultative hemiparasites (Schwalbea
is an obligate hemiparasite), it is not possible to determine whether
the loss of ndh genes is associated with the single transition to
heterotrophy in general (as reconstructed here) or with the shift from
facultative to obligate parasitism, the latter having occurred multiple
times in Orobanchaceae (Bennett and Mathews, 2006). Loss of the
plastid Ndh complex is thought not to affect the fitness of hetero-
trophs (Krause, 2011) because it is nonessential for cell survival
under nonstress conditions (Peltier and Cournac, 2002).

Unlike the other housekeeping genes, the PEP genes had
already been functionally lost in the last common ancestor of
the nine holoparasites studied here (Figure 3; see Supplemental
Figure 4 online), as well as in the unrelated holoparasitic
Orobanchaceae Lathraea (Lusson et al., 1998). PEP genes are lost
early in Cuscuta species, too (Krause et al., 2003; Revill et al.,
2005; Funk et al., 2007; McNeal et al., 2007). In autotrophs, PEP
transcription is important for the efficient functioning of the pho-
tosynthesis light reaction complexes and other photosynthesis-
related subunits (Hajdukiewicz et al., 1997), although malfunction
or loss of PEP can be compensated for by a nuclear-encoded
polymerase in parasites and nonparasites (Lusson et al., 1998;
Legen et al., 2002; Krause et al., 2003; Berg et al., 2004). Re-
laxed pressure on the rapid assembly of photosynthesis com-
plexes as a result of a dark vegetative phase during host-root
attachment may render rpo gene function dispensable at early
developmental stages in obligate heterotrophic Orobanchaceae.
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In contrast with the common and early loss of ndh genes
and PEP, tempo and order of nonfunctionalization of the plastid-
encoded genes for photosystems (psa and psb) and for the pho-
tosynthetic electron transport (pet and atp) are lineage specific
(Figures 3 and 4; see Supplemental Data Set 2 online). An ex-
ception to the extensive loss of photosynthesis-related genes is
the ATP synthase complex. In Phelipanche and M. californica, all
six atp genes are conserved and potentially functional, resembling
findings in the heterotrophic green alga Prototheca wickerhamii
(Knauf and Hachtel, 2002), the myco-heterotrophic liverwort
Aneura mirabilis (Wickett et al., 2008), and Cuscuta species (Funk
et al., 2007; McNeal et al., 2007). A reduced subset of atp genes
exists in the two Orobanche species and in Cistanche deserticola,
which, unlike C. phelypaea, has retained pseudogenes of atpA,
atpB, atpF, and atpE (Li et al., 2013). Prolonged functional con-
servation of genes after the loss of photosynthesis may indicate
involvement in alternative pathways, as is the case for rbcL, the
large subunit of Rubisco (Wolfe and dePamphilis, 1997; Lusson
et al., 1998; Randle and Wolfe, 2005; Wicke et al., 2011). Besides
its function during photosynthetic carbon fixation, Rubisco con-
tributes to Ser and Gly synthesis in the C2 pathway (Tolbert,
1997) and to a glycolysis bypassing reaction (Schwender et al.,
2004). Similarly, atp gene retention suggests a prolonged func-
tionality of the thylakoid ATP synthase complex because of either
an involvement in ATP synthesis from a source other than
the photosynthetic proton gradient or the requirement of ATP
hydrolysis in plastids of at least some holoparasites. Main-
tenance of functional constraints on some genes of the photo-
synthesis apparatus during the initial period of the holoparasitic
life is also supported by the small extent of plastome reduction in
M. californica.

In Orobanchaceae, housekeeping genes are lost idiosyncratically
after the transition to holoparasitism (Figure 3; see Supplemental
Data Sets 2 and 3 online), and losses affect structural RNAs as
well as essential ribosomal protein genes (rps3, 15, 16, and 19
and rpl14, 22, 23, and 32) (Fleischmann et al., 2011). Deletion of
ribosomal proteins has also been reported from other non-
photosynthetic angiosperms (Delannoy et al., 2011; Logacheva
et al., 2011; Wicke et al., 2011), holoparasitic algae (de Koning
and Keeling, 2006), and the apicoplast of apicomplexan parasites
(Sato, 2011). Expression and import of nuclear-encoded elements
for the translation apparatus are maintained (Wolfe et al., 1992a;
Ems et al., 1995; de Koning and Keeling, 2004; Jackson et al.,
2011), which suggests that plastid ribosomes are still functionally
assembled even in parasites with highly reduced plastomes. The
uncorrelated and independent losses of ribosomal proteins and
tRNAs, which occur comparably late during plastome reduction,
may thus point to an increased (functional) transfer of plastid DNA
to the nuclear genomes in parasites.

Factors Affecting Gene Retention

In spite of the species-specific deletion of dispensable gene
regions after the transition to a nonphotosynthetic lifestyle, several
factors seem to determine retention or loss of genes (Figure 4).
Using multiple regression analyses, we were able to show that
the survival of nonessential regions (as pseudogenes or poten-
tially still functional genes) is best explained by both their distance

to an essential element and the colocalization in an operon (see
Supplemental Table 3 online). By contrast, gene length and
strandedness play no statistically significant role for gene re-
tention in Orobanchaceae. A neighboring-gene effect, yet in
conjunction with gene size, has also been suggested in a pre-
vious analysis simulating the loss of tRNAs from the Epifagus
plastome (Lohan and Wolfe, 1998). Evidently, plastid operons
and essential genes collectively provide a degree of protection
from rapid deletion and thus reduce the speed with which dis-
pensable regions are deleted from the plastome. A similar pro-
tection may emanate from nongenic essential elements, such as
transcription promoting, terminating, and processing sequences
as well as replication origins. As the regression models testing the
operon effect and the neighboring gene effect did not fully take
phylogenetic relationships into account, our results should be
viewed with some caution.

The long-term retention of atp genes as intact open reading
frames in some holoparasitic lineages remains puzzling, as this
cannot be explained sufficiently by aspects of large-scale chro-
mosomal evolution as discussed above. Therefore, the tempo
and sequence of nonfunctionalization of plastid genes may also
be affected by an as yet unknown function beyond photosyn-
thesis and by the rate of functional gene transfer from the plastid
to the nucleus.

METHODS

Taxon Sampling and Sequencing Approaches

The complete plastomes were sequenced from one autotrophic species
(Lindenbergia philippensis), one photosynthetic obligate parasite (American
chaffseed [Schwalbea americanal), and eight nonphotosynthetic parasitic
species of Orobanchaceae (Boulardia latisquama, Cistanche phelypaea,
Conopholis americana, California broomrape [Myzorrhiza californical,
Orobanche crenata, Orobanche gracilis, Phelipanche purpurea, and
Phelipanche ramosa). The data set was complemented with the plastid
DNA sequence of beechdrops (Epifagus virginiana) (Wolfe et al., 1992b)
from the National Center for Biotechnology Information (NCBI) GenBank
(NC_001568). Voucher information and sequencing approaches are
summarized in Supplemental Table 1 online. Sequences of the complete
plastomes have been determined using either fosmid libraries (modified
after McNeal et al., 2006) or shotgun-pyrosequencing from total genomic
DNA. A detailed description of the experimental procedures is provided in
Supplemental Methods 2 online.

Sequence Assembly, Finishing, and Contig Verification

Shotgun Sanger and pyrosequencing data from fosmid clones were
quality trimmed, and the vector sequences were removed prior to assembly
with SeqMan | (DNA Star) or Geneious 5.6. Contaminated sequences
were removed by BLASTing against custom contaminant databases.
Subsequently, a BLAST search was conducted against custom plastid
genes and genome databases as well as plastid protein databases
employing the NCBI local BLAST package. BLAST hits were considered
with E-values < 10e ~25 for BLASTn and 10e~ 10 for BLASTX, respectively,
and a minimal contiguous alignment length of 100 bp. Postassembly of
contigs was performed manually using the Phylogenetic Data Editor
(available at http://www.phyde.de) and Geneious 5.6, respectively. Gaps
and uncertain regions were closed and verified by PCR amplification
and Sanger sequencing. PCR with custom primers was used to verify
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overlapping regions between different fosmids as well as junctions be-
tween single-copy and the IR regions.

Plastid genomes sequenced from total genomic DNA were recon-
structed from two independent assemblies: 454 raw reads were extracted
from the sff file using a third-party script provided along with the MIRA
assembler software (Chevreux et al., 1999). Adapters plus the adjacent
10 bp were clipped off, and quality timmed reads were assembled de novo
under the accurate assembly mode with MIRA 3 (Chevreux et al., 1999).
Contigs were BLASTed against custom plastid databases as described
above. Positive matches were extracted and postassembled gene by
gene with high stringency in SegMan . Contigs were preannotated using
DOGMA (Wyman et al., 2004) and then overlapped manually. Contig joins
and uncertain regions including microsatellite-like fragments were PCR
verified and confirmed by Sanger sequencing. A second parallel approach
involved sorting and extracting 454 reads of a potential plastid origin using
the NCBI BLAST suite and subsequent assembly of plastid-like reads with
CAP3 (identity cutoff 97%, minimal overlap 90 bp, and maximum gap
length 5 bp). CAP3 contigs were preannotated using DOGMA, manually
joined, and checked for incongruences with MIRA contigs. Cases of
incongruence (mainly satellite regions) were verified by PCR and Sanger
sequencing. Annotation of finished plastid chromosome sequences was
performed using DOGMA with some manual refinement. Reference-assisted
assembly of Phelipanche plastomes was performed in MIRA 3 using
P. purpurea fosmids (covering IR and LSC) as backbone sequences.

Comparative Plastome Analysis

Descriptive features of the plastid genomes were obtained with SeqState
1.4.1 (Muller, 2005). Unless noted otherwise, tobacco (Nicotiana tabacum;
NC_001879) (Shinozaki et al., 1986), Mimulus guttatus (Mimulus Genome
Project, Department of Energy Joint Genome Institute; http://www.
phytozome.net/mimulus), and L. philippensis were used as core auto-
trophic groups for analysis of sequence data.

Self-self dot plots using Geneious 5.6 were analyzed for an overview of
repeat distribution, and REPuter (Kurtz et al., 2001) was employed to
quantify all forward and reverse complement (i.e., palindromic) repeats
longer than 20 bp applying a Hamming distance of 3; repeats with an
E-value > 0.1 were not considered.

The program CodonW (http://codonw.sourceforge.net/) was em-
ployed for the analyses of codon usage and base pair composition in
plastid coding regions. Statistical analyses and hypothesis testing were
performed employing custom R scripts (http://www.R-project.org).

Pairwise Wilcoxon tests with sequential alpha-error correction were
employed to evaluate differences in A, T, C, and G distribution, total GC
content, and GC content at different codon positions. To evaluate dif-
ferences among gene-specific GC at different codon positions, unpaired
Wilcoxon tests were performed between parasites and an equally sized
set of closely related autotrophic taxa: snapdragon (Antirrhinum majus;
GQ996966 to GQII7048) (Moore et al., 2010), Atropa belladonna (NC_004561)
(Schmitz-Linneweber et al., 2002), coffee (Coffea arabica; NC_008535)
(Samson et al., 2007), Jasminum nudiflorum (NC_008407) (Lee et al.,
2007), Nerium oleander (GQ997630 to GQ997712) (Moore et al., 2010),
Olea europaea (NC_013707) (Mariotti et al., 2010), tomato (Solanum
lycopersicum; DQ347959) (Daniell et al., 2006), tobacco (Nicotiana tabacum),
M. guttatus, L. philippensis, and Aucuba japonica (GQ997049 to GQ997131)
(Moore et al., 2010). Aucuba, sister to the remainder lamiid species, was
also used as a reference to build gene-wise distances for box plots of
variation in GC content between photosynthetic taxa and Orobanchaceae.
Because the genes infA and rps12 were missing in the original Olea plastid
genome annotation, we BLAST searched and extracted them from the
genome reference sequence (localizations of infA in refseq: c82247 to
82480; localization of rps12-exons in refseq: ¢72298 to 72411, c99915 to
99941, and ¢100477 to 100708).
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Reconstruction of the Ancestral Gene Content and the
Rearrangement History

For tree-based analyses, phylogenetic relationships were inferred based
on a concatenated data set of all plastid ribosomal protein genes, using
tobacco and M. guttatus as outgroups. Species-specific absence of
amarker gene was treated as an indel event and included as binary coded
data. Using PAUP 4.0b, a maximum likelihood (ML) tree was reconstructed
using the GTR+G+l model selected by the AIC in ModelTest 3.7 (Posada
and Crandall, 1998). We used four rate categories for the gamma distribution
describing rate heterogeneity across sites; the gamma shape parameter,
proportion of invariable sites, nucleotide frequencies, and substitution rates
of the GTR model were estimated via ML. One thousand bootstrap repli-
cates were run with the same settings. In addition, two runs of one million
generations each were run in MrBayes 3.2 using default priors. Each run
consisted of one cold and seven heated chains (temperature set to 0.2),
sampling every 100th generation. The initial 10% of trees was discarded
as the burn-in fraction. Results of both inferences were congruent and
highly supported.

Based on the consensus tree, we reconstructed the ancestral genome
structure for all Orobanchaceae nodes for 30 tRNAs, four RNAs, and
79 protein-coding genes (excluding conserved but cryptic open reading
frames,such as ycf15 and ycf62), using the ML approach implemented in
BayesTraits (Pagel et al., 2004). Based on a multistate matrix where genes
were encoded as functionally present, pseudogenized, or deleted, state
changes and probabilities at internal nodes were computed with an
unconstrained six-parameter model. Fifty likelihood attempts were run on
the consensus tree using the most-recent-common-ancestor mode.

The history of large-scale rearrangements among plastomes was traced
using the Bayesian approach implemented in Badger 1.02/barphlye (Larget
et al.,, 2005; Darling et al., 2008). The evolution of plastomes in non-
photosynthetic plants is mainly driven by gene loss, but current algorithms
and software cannot cope with this particular scenario. Consequently, the
raw gene data could not be used as a primary input for Badger because
of dissimilar gene contents. To circumvent this problem, we determined
the maximum amount of locally colinear blocks among all sequenced
Orobanchaceae genomes with progressive Mauve 2.3.1 (Darling et al.,
2010) using a seed weight of 21 and a custom gap open penalty of —200
to account for (relatively) small gaps. Based on this alignment, a per-
mutation matrix was constructed and transformed as input for Badger,
which was run in the MC3 (for Metropolis-Coupled Markov chain Monte
Carlo) mode with eight parallel chains of one million cycles each, sampling
every tenth tree, and ancestral permutations, which were then evaluated
using the barphlye scripts.

Statistical Analyses

BayesTraits was employed to evaluate evolutionary trends in traits such
as GC content and repeats. Specifically, we tested whether the change in
a trait is explained significantly better by a directional random walk model
than by a constant-variance random walk model; an LRT was used to
assess the significance of the difference between models. We also tested
the mode of trait evolution (gradual versus punctuated) by constraining
the BayesTraits-specific parameter kappa (k) to k = 0 to measure the
effect of branch lengths upon trait changes (Pagel, 1994); significance
was again assessed by a LRT. Correlation of traits was further tested by
constraining the covariance to zero and then carrying out a LRT on the
constrained and unconstrained model. Treegraph Il (Stéver and Midiller,
2010) was employed to visualize the results.

Gene retention in relation to being part of an operon (operon effect),
proximity to conserved genes (neighboring-gene effect), gene length,
and/or strandedness was tested by fitting multiple linear regression models
(in R, including the fRegression package) that differed in the combi-
nations of predictor variables. The overall fit of the models was compared
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employing the AIC. To account for the nonindependence of data resulting
from phylogenetic relatedness in the correlation tests, we grouped plastid
genes according to their survival time. Deletion of a gene was coded/
scored as 0 and presence (irrespective of functionality) was coded as
1. Thus, a conserved gene could score a maximum of 9, indicating highest
survival of a genic fragment over the tree; rapidly lost genic fragments (i.e.,
genes lost in all parasites) scored 0. We computed the shortest distance
to a gene’s closest conserved neighbor (downstream or upstream) in the
last common photosynthetic ancestor deduced from L. philippensis (see
Supplemental Data Set 4 online), with conserved being defined as uni-
versally present in all investigated taxa. For testing the operon effect we
encoded genes in a binary matrix according to their localization in a
transcription unit (see Supplemental Table 2 online). Gene length and
strandedness were parsed from the L. philippensis plastome annotation
(see Supplemental Data Set 4 online).

Accession Numbers

All newly sequenced plastid genomes have been deposited at the Eu-
ropean Nucleotide Archive (see Supplemental Table 1 online), and all data
sets from whole-genome shotgun pyrosequencing are deposited at the
Sequence Read Archive under accession number SRA047928.
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