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Abstract

The RuBisCO large subunit gene (rbcL) has been the focus of numerous plant phylogenetic studies and studies on molecular evolution
in parasitic plants. However, there has been a lack of investigation of photosynthesis gene molecular evolution in fully mycoheterotroph-
ic plants. These plants invade pre-existing mutualistic associations between ectomycorrhizal trees and fungi, from which they obtain fixed
carbon and nutrients. The mycoheterotrophic orchid Corallorhiza contains both green (photosynthetic) and non-green (putatively non-
photosynthetic) species. We sequenced rbcL from 31 accessions of eight species of Corallorhiza and hypothesized that some lineages
would have pseudogenes resulting from relaxation of purifying selection on RuBisCO’s carboxylase function. Phylogenetic analysis of
rbcL + ITS gave high jackknife support for relationships among species. We found evidence of pseudogene formation in all lineages of
the Corallorhiza striata complex and in some lineages of the C. maculata complex. Evidence includes: stop codons, frameshifts, decreased
ds/dy ratios, replacements not observed in photosynthetic species, rate heterogeneity, and high likelihood of neutral evolution. The evo-
lution of rbcL in Corallorhiza may serve as an exemplary system in which to study the effects of relaxed evolutionary constraints on pho-

tosynthesis genes for >400 documented fully mycoheterotrophic plant species.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The plastid-encoded RuBisCO (ribulose bis-phosphate
carboxylase/oxygenase) large subunit gene, rbcL, has been
used extensively in higher-level phylogenetic studies across
a variety of plant taxa including the largest of all plant fam-
ilies, the Orchidaceae (Cameron et al., 1999). On an even
larger scale, it has been used to reconstruct the phyloge-
netic relationships of the major groups of seed-producing
plants, the spermatophytes (Chase et al., 1993). It has also
been the focus of several molecular evolutionary studies in
parasitic plants (summarized in Table 1). Holoparasitic
plants are obligate parasites of other autotrophs and are
thus nonphotosynthetic, whereas hemiparasitic plants are
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facultative parasites that retain photoautotrophic capacity.
The complete reliance of holoparasitic plant species on
exogenous photosynthate obviates their need to perform
photosynthesis, thus bringing into question the evolution-
ary fate of photosynthesis genes in these nonphotosynthetic
plants. It has been hypothesized that rates of evolutionary
change in photosynthesis genes such as rbcL for holopara-
sitic plants approach those of non-coding DNA due to a
relaxation of purifying selection on these loci. Several
reports on cpDNA evolution in holoparasites (Table 1)
suggest that rbcL. has become a pseudogene, either by the
acquisition of premature stop codons, insertions/deletions
that cause shifts in reading frame, and/or accumulation
of nonsynonymous nucleotide substitutions. In other cases
the species of interest retain functional copies of rbcL. and
in the most extreme cases, large portions of the plastid
genome are deleted (including many photosynthesis genes)
as in the orobanchaceous species Epifagus virginiana


mailto:barrett.586@osu.edu
SILVIUSJ
Highlight

SILVIUSJ
Highlight

SILVIUSJ
Highlight

SILVIUSJ
Highlight

SILVIUSJ
Highlight

SILVIUSJ
Highlight

SILVIUSJ
Highlight


666

C.F. Barrett, J.V. Freudenstein| Molecular Phylogenetics and Evolution 47 (2008) 665679

Table 1
Results of selected studies on rbcL in heterotrophic plants
Species Family rbcL status Parasite class Study
Holoparasitic species
Epifagus virginiana Orobanchaceae  Pseudogene: reduced to 434 bp Holoparasitic dePamphilis and
Palmer (1990)
Conopholis americana Orobanchaceae ~ Completely deleted Holoparasitic Colwell (1994)
Cuscuta reflexa Convolvulaceae  Functional gene Holoparasitic Bommer et al.
(1993) and
Freyer et al.
(1995)
Lathraea clandestina Scrophulariaceae  Functional gene: conserved length, still transcribed by a Holoparasitic Delavault et al.
nuclear-encoded polymerase (1995)
Orobanche spp. Orobanchaceae  Pseudogenes in Orobanche cernua and O. ramosa; Holoparasitic Wolfe and
functional genes in O. corymbosa, and O. fasciculata dePamphilis
(1997)
Boschniakia, Hyobanche, and Orobanchaceae  Pseudogenes Holoparasitic, Wolfe and
Orobanche spp. hemiparasitic, and ~ dePamphilis
autotrophic (1998)
Orobanche spp. Orobanchaceae  Pseudogenes in O. hederae, O. amethystea, O. minor, Holoparasitic Benharrat et al.
and O. loricata (2000)
Orobanche spp. Orobanchaceae ~ Two pseudogenized copies in O. cumanea: 1425 bp Holoparasitic Delavault and
(nucleus) and 1096 bp (plastid) Thalouarn
(2002)

Cuscuta gronovii, C. subinclusa

Convolvulaceae

Pseudogene: conserved coding sequence, but 5’ deletions
in promoter
36 of 37 Orobanche sequences were hypothesized

Functional genes in 11 Harveya spp., pseudogene in one
sp. (H. huttonii); pseudogenes in four Hyobanche spp.
Of 38 taxa; seven spp. had pseudogenes (two more were
questionably pseudogenes), the remainder had

Significant increases in rbcL substitution rates for
Burmannia, Gymnosiphon, and Gyromitra relative to

Putative pseudogenes (several deletions) in Cyrtosia for
both rbcL and psaB, but not in Pseudovanilla or

Orobanche spp. Orobanchaceae

pseudogenes
Harveya and Hyobanche spp. Orobanchaceae
Representative spp. within Orobanchaceae
Orobanchaceae (Boschniakia,
Epifagus, and Orobanche spp.) functional copies

Mycoheterotrophic species
Burmannia, Gymnosiphon, and  Representative
Geomitra spp. Burmanniaceae
(Dioscoreales) other Dioscoreales

Cyrtosia, Pseudovanilla, and Orchidaceae
Erythrorchis spp.

Erythrorchis
Cyrtosia, Pseudovanilla, Orchidaceae

Erythrorchis, and Lecanorchis
Spp-

Cyrtosia had psbB and psbC pseudogenes; Lecanorchis
had a psbC pseudogene; Pseudovanilla and Erythrorchis
had apparent elevated mutation rates

Holoparasitic
Holoparasitic
Holoparasitic
Holoparasitic,

hemiparasitic and
fully autotrophic

Mycoheterotrophic

Mycoheterotrophic

Mycoheterotrophic

Berg et al. (2002)

Manen et al.
(2004)
Randle and
Wolfe (2005)
Young and
dePamphilis
(2005)

Caddick et al.
(2002)

Cameron (2004)

Cameron and
Molina (2006)

(dePamphilis and Palmer, 1990) and Conopholis americana
(Colwell, 1994).

The evolutionary path of photosynthesis genes for holo-
parasitic plants varies between different lineages (see refer-
ences in Table 1). In some lineages, there is a gradual
process of degradation from functional gene to pseudogene
to partial/complete deletion. However, phylogenetic stud-
ies documenting this progression have concentrated on a
few well-known groups (mostly within the Orobancha-
ceae), and very recent switches from autotrophy/hemipara-
sitism to holoparasitism may not allow sufficient time for
mutations to accumulate such that pseudogenes are recog-
nizable. Thus, it remains uncertain whether pseudogene
formation or complete deletion for photosynthesis genes
is the norm for holoparasites. Alternatively, some photo-
synthesis genes (rbcL for example) may function in cellular
metabolism outside of the photosynthetic pathway (Wolfe
and dePamphilis, 1998; Randle and Wolfe, 2005), thus

being maintained by purifying natural selection. Although
ample literature exists on photosynthesis gene evolution in
holo- and hemiparasitic plants, very little effort has been
focused towards another, similar guild of plants: the myco-
heterotrophs. Fully mycoheterotrophic plants (MHP) are
invaders of pre-existing mutualistic symbioses between
mycorrhizal trees or shrubs, and mycorrhizal fungi. They
form tripartite symbioses in which they acquire all of their
fixed carbon and nutrients directly from the fungus and
therefore indirectly from the fungus’ associated photobi-
ont(s). There is a range in the degree of dependence on fun-
gal hosts among mycoheterotrophic plant species, from
partial to full mycoheterotrophy (analogous to hemi- and
holoparasitism among parasitic plants). In mycohetero-
trophic orchids, fungal hyphae penetrate the root or rhi-
zome epidermis and grow into the cortical cells, where
the orchid enzymatically digests and metabolizes the fungal
tissue.
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Over 400 species of MHP are documented, most of
which are monocots (Leake, 1994; Bidartondo, 2005).
One phylogenetic study on the mycoheterotroph-rich fam-
ily Burmanniaceae addressed questions about molecular
evolutionary rates of 18S rDNA and the mitochondrial
nadl b-c intron using relative rates testing, but did not
observe significant evolutionary rate increases for fully
mycoheterotrophic species relative to their photosynthetic
relatives (Merckx et al., 2006). However, rbcL was not ana-
lyzed in their study, and neither of the two genes included is
involved in photosynthesis. Another study by Caddick
et al. (2002) documented significant substitution rate
increases for rbcL in mycoheterotrophic Burmannia, Gym-
nosiphon, and Geomitra relative to the remaining
Dioscoreales.

Cameron (2004) and Cameron and Molina (2006)
observed substantial deletions within four photosynthesis
genes (including rbcL) in the mycoheterotrophic orchid
genus Cyrtosia, but these two studies represent the only

sis gene evolution in orchids. Full mycoheterotrophy has
evolved independently at least ten times in the Orchida-
ceae: the most species-rich family of plants (19,128
described species [Atwood, 1986]; ca. 25,000 estimated
species Dressler, 1981), with more species of MHP than
any other family (Leake, 1994; Molvray et al., 2000). It
is thought that orchids, which are fully mycoheterotrophic
during their early seed and protocorm stages and later
become photosynthetic, are preadapted for these shifts
to mycoheterotrophy (Rasmussen, 1995). The mycohet-
erotrophic genus Corallorhiza Gagnebin (Orchidaceae:
Epidendroideae) and its close relatives afford a unique
opportunity to study the molecular evolutionary conse-
quences of the shift to mycoheterotrophy on photosynthe-
sis genes. Corallorhiza is placed in subtribe Cor-
allorhizinae, which according to the latest taxonomic
treatment contains 10 genera (Dressler, 1981, 1993). The
genus is composed of 11 rootless, reduced-leaved, myco-
heterotrophic species confined to North America (Freu-

available information on mycoheterotrophic photosynthe-  denstein, 1992, 1997). The exception is C. trifida
Table 2
List of accessions
Species Variety Voucher (label in tree) Collection locality Habit GenBank #

rbcL ITS
Corallorhiza striata striata CFB 0002a" (MI) Schoolcraft Co., MI, USA ng, 1l EU391377 EU391343
C. striata striata JH la (MN) Crow Wing Co., MN, USA ng, rl EU391376 EU391342
C. striata striata DJ 0068 (OR-2) Wallowa Co., OR, USA ng, 1l EU391382 EU391348
C. striata striata CFB 0029a (OR-1) Lane Co., OR, USA ng, rl EU391387 EU391353
C. striata striata CFB 0039a (WA-1) Skamania Co., WA, USA ng, 1l EU391373 EU391339
C. striata striata CFB 0048a (WA-2) Lewis Co., WA, USA ng, rl EU391378 EU391344
C. striata striata CFB 0142 (WY-2) Sheridan Co., WY, USA ng, 1l EU391383 EU391349
C. striata striata CFB 0135a (WY-1) Natrona Co., WY, USA ng, rl EU391375 EU391341
C. striata vreelandii CFB 0008 (CA-2) El Dorado Co., CA, USA ng, 1l EU391371 EU391337
C. striata vreelandii CFB 0005a (CA-1) Calaveras Co., CA, USA ng, rl EU391370 EU391336
C. striata vreelandii CFB 0013c (CA-3) Tehama Co., CA, USA ng, 1l EU391372 EU391338
C. striata vreelandii T191a (NM-3) Otero Co., NM, USA ng, rl EU391385 EU391351
C. striata vreelandii T1876 (NM-2) Otero Co., NM, USA ng, 1l EU391384 EU391350
C. striata vreelandii CFB 0103e” (NM-1) Otero Co., NM, USA ng, rl EU391374 EU391340
C. striata vreelandii CFB 0158a (CO-1) Saguache Co., CO, USA ng, rl EU391379 EU391352
C. striata vreelandii CFB 0163a (CO-2) Ouray Co., CO, USA ng, rl EU391386 EU391345
C. striata involuta JVF 2193 (HID-2) Hidalgo, Mexico ng, rl EU391381 EU391347
C. striata involuta JVF 2190 (HID-1) Hidalgo, Mexico ng, rl EU391380 EU391346
C. striata involuta JVF 21557 (OAX) Oaxaca, Mexico ng, 1l EU391369 EU391335
C. bentleyi — JVF 2550" (WV) Monroe Co., WV, USA ng, rl EU391368 EU391334
C. maculata maculata CFB 0161c¢” (CO) Ouray Co., CO, USA ng, 1l EU391363 EU391329
C. maculata occidentalis JVF 2122° (MI) MI, USA ng, rl EU391362 EU391328
C. maculata occidentalis CFB 0012a" (CA) Tehama Co., CA, USA ng, rl EU391364 EU391330
C. maculata mexicana JVF 2202" (HID) Hidalgo, Mexico ng, rl EU391365 EU391331
C. mertensiana — CFB 0033a" (OR) Marion Co., OR, USA ng, 1l EU391367 EU391333
C. bulbosa — JVF 2205 (HID) Hidalgo, Mexico ng, rl EU391366 EU391332
C. trifida — JVF 2763a (MI) Tosco Co., MI, USA g, 1l EU391357 EU391322
C. trifida — CFB 0161a" (CO) Clear Creek Co., CO, USA g, 1l EU391358 EU391324
C. odontorhiza — JVF 2778a" (MI) Benzie Co., MI, USA sgt, 1l EU391360 EU391326
C. odontorhiza — Salazar-SLP (SLP) San Luis Potosi, Mexico sgt, 1l EU391359 EU391325
C. wisteriana — JVF 2758a" (OH) Pickaway Co., OH, USA sgt, 1l EU391361 EU391326
Aplectrum hyemale — JVF 2718" Hocking Co., OH, USA g 1 EU391356 EU391322
Cremastra appendiculata e Inoue 1 Japan g 1 EU391354 EU391320
Oreorchis patens — Inoue 2 Japan g 1 EU391355 EU391321

Note: An asterisk indicates that a particular accession was included in analyses of synonymous and nonsynonymous substitution and likelihood analyses—
the remaining accessions were pruned. The specific label used for each accession in Figs. 1 and 2 is given in parentheses to the right of each collection
number. For habit, g = green, ng = non-green, sgt = some green tissue, | = leafy, rl = reduced leaf.
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Chatelain, which is circumboreal, green, and has retained
some level of photosynthesis (Montfort and Kiisters,
1940). All species of Corallorhiza feed upon ectomycorrhi-
zal fungi in the families Russulaceae (C. maculata [Rafin-
esque] Rafinesque, C. mertensiana Bongard, C. wisteriana
Conrad) and Thelephoraceae (C. striata Lindley, C. trifi-
da, C. odontorhiza [Willdenow] Poiret, C. wisteriana)
(Taylor and Bruns, 1997, 1999; Taylor et al., 2002,
2004). Corallorhiza’s closest North American relative is
Aplectrum hyemale (Willdenow) Nuttall, a leafy, photo-
synthetic plant. Two other closely related species bear
leaves as well: Oreorchis Lindley, and Cremastra Lindley,
both from eastern Asia (Dressler, 1981; Freudenstein,
1994).

RuBisCO is one of the most thoroughly studied plant
enzymes (see Kellogg and Juliano (1997) for a survey of
amino acid conservation and review of mutational studies
of rbcL), which allows in-depth comparisons to be made
of amino acid changes and structural modifications in
important functional domains for mycoheterotrophic orch-
ids like Corallorhiza. In green plants, the RuBisCO holoen-
zyme is a hexadecamer composed of eight plastid-encoded
large subunits (LSU) and eight nuclear-encoded small sub-
units (SSU; Kellogg and Juliano, 1997). The active site is
composed of 20 amino acid residues (located in the
LSU), while an additional 105 residues are involved in
intermolecular associations; the majority of sites being
either absolutely conserved or showing little variation in
amino acid sequence among seed plants (Kellogg and Juli-
ano, 1997).

In this study, we sequenced rbcL for representatives of
four genera of subtribe Corallorhizinae (Table 2) to test
hypotheses regarding the evolutionary fate of this critical
photosynthesis gene. We hypothesize evolutionary patterns
in rbcL for Corallorhiza will reflect those observed in some
previous studies of holoparasitic plant taxa (Table 1). We
predict that at least some species of Corallorhiza have
undergone rbcL pseudogene formation, and will exhibit
hallmark pseudogene patterns when compared to closely
related members of Corallorhizinae. For mycoheterotrophs
vs. photosynthetic lineages, these patterns will include: (1)
presence of premature stop codons; (2) higher incidence
of insertions/deletions that cause changes in rbcL reading
frame; (3) lower ratios of synonymous vs. nonsynonymous
nucleotide substitution (ds/dy); (4) amino acid changes that
are not observed across photosynthetic plants; and (5) var-
iation in evolutionary rate among species.

In addition, we aim to further our understanding of
relationships within Corallorhizinae, and more specifi-
cally, to resolve relationships among species and varieties
of Corallorhiza—especially within the morphologically
variable C. striata and C. maculata complexes. To aid
in phylogenetic analysis, we also sequenced the nuclear
ribosomal internal transcribed spacer (ITS). Lastly, we
discuss the potential utility of rbcL sequence data for
phylogeographic studies within the C. striata and C.
maculata complexes.

2. Materials and methods
2.1. Taxon sampling

At least one accession from each of seven species pre-
sented in the monograph of Freudenstein (1997), plus
one accession of Corallorhiza bentleyi (Freudenstein,
1999) were chosen for rbcL and ITS sequencing (n = 34
accessions, Table 2). Three green, leafy taxa—Corallorh-
iza’s three closest relatives—were selected for outgroup
comparison and for comparison of leafy vs. reduced-leaf
rbcL evolution. Corallorhiza species not included in the
analysis are C. ekmanii Mansfeld (Hispaniola), C. william-
sii Correll (Central Mexico), and C. macrantha Schlechter
(Mexico) due to their rarity and difficulty in obtaining
material.

2.2. DNA extraction, amplification, and sequencing

Total DNAs were isolated from either fresh or frozen
(=80 °C) floral tissue using a modified CTAB protocol
(Doyle and Doyle, 1987). Accessions were PCR amplified
using either primer pair atpBF (5-ACA TCC AGY ACT
GGG CCA ATA A-3) and accD1290R (5-ACT ACG
GAT CCC ATA CTA CC-3), or rbcL-5p (5-TTG TTG
TGA GAA TTC TTA TTC ATG-3') and rbcL-3p (5-
GAG TTT CAT TGC AAT CAA TTA GG-3'). The for-
mer primer pair had annealing sites in the adjacent genes
(atpB and accD) and the latter had annealing sites flanking
rbcL’s 5" and 3’ ends in the adjacent atpB—rbcL and rbcL—
accD spacers, respectively. PCR was carried out on an MJ
Research PTC-100 thermal cycler using primers azpBF and
accD1290R with the following conditions: 3 min at 96 °C
followed by 35 cycles of 96 °C (305s), 60 °C (60s), and
72°C (3min), and a final extension step at 72 °C for
7 min. Conditions for primers rbcL-5p and rbcL-3p were
96 °C (3 min) followed by 35 cycles of 96 °C (30s), 62 °C
(60s), and 72 °C (90s), with a final extension at 72 °C
for Smin. ITS was amplified using primers ITS1 and
ITS4 of White et al. (1990). We used an initial step of
95°C for 3 min, followed by 35 cycles (95 °C for 30s,
55°C for 1 min, 72 °C for 1 min), with a final extension
step of 72 °C for 5 min. We amplified 1.0 pl of each geno-
mic DNA (100 ng) in a 50 pl reaction with: 1 mM BSA,
2mM each of the aforementioned forward and reverse
primers, 2 mM Tris—HCI (pH 8.8), 0.7 mM MgCl,, 7 mM
KCl), 200 uM each dNTP, and 1 U of Taq Polymerase.
PCR reaction products were purified using the AmPure
magnetic bead protocol (Agencourt Bioscience Corp., Bev-
erly, MA, USA) and eluted with 3045 pl nanopure H,O.
Several internal sequencing primers were used to ensure
coverage of the entire coding region, such that each nucle-
otide was covered by at least two primer sequences. Inter-
nal primers used for sequencing were: rbcL1f (5'-ATG
TCA CCA CAA ACA GAA AC-3), 285r (5-CCA GAC
GTA GAG CTC GCA G-3'), s16f (5-TGT ACT ATT
AAA CCA AAA TTG GG-3'), 880f (5-CAG GCT GGT
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ACA GTA GTG GG-3), 1368r (5-CTT TCC AAA TTT
CAC AAG CAG CA-3), and 1285f (5-GCA TGT GTA
CAA GCT CGT AAT GAG-3'). Dideoxy-cycle sequencing
reactions were carried out on an Eppendorf Mastercycler
Gradient using BigDye v3.1 terminator reaction mix and
run on an ABI 3100 Genetic Analyzer (Applied Biosystems
Inc., Foster City, CA, USA) in 5 pl reactions (i.e. 1/4 the
suggested volume) using instructions provided by the man-
ufacturer. Cycle sequencing reactions were purified using
the CleanSeq (Agencourt Bioscience Corp., Beverly, MA,
USA) magnetic bead protocol using two 85% EtOH
washes, dried, then eluted with 35 ul Hi-Di Formamide
(Fisher Biosciences). Contigs were assembled and
sequences were checked exhaustively against their electro-
pherograms using Sequencher (GeneCodes, Ann Arbor,
MI, USA). Sequences were aligned using ClustalX
(Thompson et al., 1997); all nucleotide substitutions and
indels were double checked for ambiguities. Alignment
was straightforward for both rbcL and ITS. Indels were
coded for phylogenetic analysis using the simple gap cod-
ing method of Simmons and Ochoterena (2000). GenBank
accession numbers for rbcL and ITS are listed in Table 2.

2.3. Phylogenetic analyses

Maximum parsimony (MP) and maximum likelihood
(ML) searches were conducted to estimate phylogenetic
relationships both within Corallorhizinae and Corallorhiza
(n =34 total accessions). Analyses were performed using
rbcL and nuclear ribosomal ITS individually and then in
a combined analysis including insertion/deletion charac-
ters. MP analyses were conducted in PAUP* v4b10 (Swof-
ford, 2002) using heuristic searches with 1000 random
addition sequence replicates (RAS) saving multiple trees
per replicate (MULTREES), and tree bisection—reconnec-
tion (TBR) branch swapping. MP branch support was
assessed using the Parsimony Jackknife (JK; Farris et al.,
1996), using the same parameters described above for each
of 5000 JK replicates, and the “emulate JAC” feature. This
feature assigns a specific probability for each character to
appear in the resampled matrix (1—1/e; approx. 63%)
instead of deleting a pre-specified number of characters
from the original matrix. The Jackknife was chosen over
the alternative, Bootstrapping, because it is less sensitive
to missing and invariant characters (Farris et al., 1996;
Freudenstein et al., 2004).

2.4. ML analyses

ML searches were run in PAUP* v4b10 starting from a
neighbor-joining (NJ) tree using 10 RAS and TBR. To test
for significant rate heterogeneity among branches in the
ML phylogeny, a likelihood ratio test was implemented
for rbcL. Specifically, the null hypothesis of no difference
in likelihood scores between the tree constrained to evolve
in a clocklike manner and the unconstrained tree was
tested. First, the log-likelihood score was calculated choos-

ing the “enforce molecular clock” option in PAUP*, which
was then repeated for the unconstrained tree. The differ-
ence in log-likelihood scores was calculated using the for-
mula 4= -2 (lnLclock constrained — 1nLclock unconstrained)a
and significance was assessed based on a y* distribution
with (n—2) degrees of freedom where n = the number of
taxa. Seventeen taxa were pruned from the original analysis
of n = 34 taxa for the ML analysis: 15 of these were various
accessions of C. striata, and two more were additional
accessions of both C. trifida and C. odontorhiza showing lit-
tle or no intraspecific variation. These accessions were only
included in the MP analysis for the purpose assessing phy-
logeographic utility of rbcL, and were not important for
ML estimates of rate variation across Corallorhiza species.
Furthermore, ML searches become exponentially more
time consuming as more taxa are added to an analysis.
The inclusion of several relatively similar C. striata acces-
sions would not necessarily increase the power of our anal-
ysis, but would increase the time to completion by orders of
magnitude.

“Standard” methods of model selection (i.e. hierarchical
likelihood ratio testing between models with various
assumptions) were not implemented, because of inconsis-
tent model selection by these methods based on different
“starting points” (Pol, 2004). The most general model with
the fewest assumptions was chosen: GTR + T +1 with
parameters estimated from the data. Several other models
were tested for both constrained and unconstrained
searches—in all cases they did not affect the results of the
analysis (i.e. topology). All other models are essentially
special cases (i.e. more assumption-laden) of the
GTR + T +1 model, so we are confident that our choice
of this model is warranted.

2.5. Molecular evolutionary analyses

MEGA v.3 (Kumar et al., 2004) was used to calculate
synonymous (ds) and nonsynonymous (dy) substitution
rates using the modified Nei-Gojobori method with
Jukes—Cantor correction, via pairwise comparisons
(Table 3). All taxa were compared with Cremastra appen-
diculata—the ““leafy” outgroup taxon chosen for phyloge-
netic analyses—based on preliminary findings of a
relatively distant relationship for this species relative to
the other two leafy taxa and Corallorhiza.

The review of Kellogg and Juliano (1997) was used as a
basis to assess deviation from observed seed plant replace-
ment substitutions in Corallorhiza. In Fig. 4 of that study,
the authors mapped all substitutions observed among a
broad sampling of 499 seed plant species. Many of the
changes observed in their study involved “toggling”
between two or a few chemically similar amino acids, and
in some cases substitutions were observed in only one of
the 499 spermatophyte taxa studied. For Corallorhiza,
every change beyond those observed in Kellogg and Juli-
ano (1997) was recorded, including “‘singleton” replace-
ments. We hypothesize that changes seen in Corallorhiza
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Table 3

ds/dy ratios + standard errors (SE) for Corallorhiza spp. rbcL sequences based on pairwise comparisons with Cremastra appendiculata

Species Variety ds SE dn SE ds/dn

Aplectrum hyemale 0.021 0.008 0.004 0.002 5.250
Oreorchis patens 0.015 0.007 0.004 0.002 3.750
C. trifida 0.063 0.014 0.004 0.002 15.750
C. odontorhiza 0.040 0.011 0.007 0.002 5.714
C. wisteriana 0.044 0.011 0.006 0.002 7.333
C. bulbosa 0.021 0.008 0.003 0.002 7.000
C. maculata mexicana 0.040 0.011 0.005 0.002 8.000
C. maculata maculata 0.037 0.010 0.009 0.003 4.111
C. maculata occidentalis (CA) 0.040 0.011 0.010 0.003 4.000
C. maculata occidentalis (MI) 0.044 0.011 0.010 0.003 4.400
C. mertensiana 0.037 0.010 0.013 0.003 2.846
C. striata striata (MI) 0.057 0.014 0.021 0.004 2.714
C. striata vreelandii (NM-1) 0.057 0.014 0.020 0.004 2.850
C. striata vreelandii (CA-2) 0.062 0.014 0.022 0.004 2.818
C. striata involuta (OAX) 0.057 0.013 0.026 0.005 2.192
C. bentleyi 0.054 0.012 0.026 0.005 2.077

and not seen among 499 spermatophyte rbcL. sequences
represent evidence of relaxed functional constraint on
rbcL. This is especially pertinent to sites involved in peptide
associations: (1) of the large subunits, (2) between large and
small subunits, (3) within the peptide (intradimer interac-
tions), and (4) among the 20 amino acids that collectively
comprise the active site—where substrate binding occurs.

2.6. Codon-based ML tests of selection

The PAML package (Yang, 1997) was used to test
hypotheses of codon-based rbcL evolution among Coral-
lorhiza species and relatives. The “codeml” module (Yang,
1997) was implemented, which calculates likelihood scores
under various models of dg and dy across sites and
branches, given an input tree topology and a nucleotide
data matrix (Yang and Nielsen, 1998, 2000; Yang et al.,
2000). It was necessary to remove all premature stop

codons and gaps from the analysis, truncating the 17-taxon
aligned matrix to 1386 bases (462 codons), to avoid issues
caused by missing data in some taxa that could potentially
affect the outcomes of molecular evolutionary analyses.
These models are based on the premise that dy/ds (hence-
forth referred to as “w”, the inverse of ds/dn to which we
have previously referred) <1 for sites under purifying selec-
tion, w =1 for sites evolving neutrally, and w > 1 for sites
under positive Darwinian selection. Model “M0” of Gold-
man and Yang (1994) assumes a single w across the coding
sequence, with o estimated from the data. All subsequent
models (denoted MAi—vi; sensu Yang et al., 2000) are fur-
ther modifications thereof, due to the addition of extra
parameters. We compared likelihood ratio statistics
between various models of codon evolution to test for
relaxed purifying selection on rbcL. First, model M0 (one
w ratio) was tested vs. Mla (nearly neutral). The latter
model assumes a proportion, py, of conserved sites with

Table 4
Models, likelihoods, and parameter estimates for rbcL data.
Model —InL parameter estimates np A LRT p
MO: one ratio 2735.927 w =0.357 34 — — —
“free ratios” 2698.233 — 65 75.388 Mo, df =31 <0.001
Site-specific models
MIa: nearly neutral 2731.696 po=0.717, p; = 0.283 35 8.462 MO, df =1 <0.005
M?2: selection 2729.705 wy = 5.442 37 3.982 Mla, df =2 NS
Branch-site models
(i.e. branch-specific neutrality) MAi 2728.914 + 37 14.026 MO, df =2 <0.001
MAi T 37 5.564 Mla, df =2 0.05<p<0.1
MAii 2728.781 + 37 14.292 MO, df =2 <0.001
MAii t 37 5.830 Mla, df =2 0.05<p<0.1
MAiii 2728.306 t 37 6.678 Mla, df =2 <0.05
MAiv (w, fixed = 1) 2729.301 T 36 0.774 Mai, df =1 NS
MAv (w; fixed = 1) 2729.269 T 36 0.976 Maii, df =1 NS
MAvi (0, fixed =1) 2727.287 T 36 8.818 Mla, df =1 <0.01
Note: “np” = number of parameters, “A” = —2 * the difference in InL scores, “LRT” shows other model(s) to which the model for each row was

€99

compared via likelihood ratio testing, “p” indicates the statistical significance of the result based on a 5 test with “df” being the degrees of freedom (the
difference in no. of parameters between the two models). p-Values in bold indicate statistical significance, and “NS” indicates nonsignificance. wg, w;, and
®, (under “parameter estimates”) represent differing dn/ds value estimates for different site classes or branch-site classes within the same model. T

= parameter estimates listed in Appendix B.
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o between zero and one, and a proportion of neutral sites,
p1=(1 — py), with w; =1. This is the most basic of the
“site-specific” models. Then, model M1a was tested against
model M2, the ‘‘selection” model. The latter model
assumes three site classes for w, including an additional
class p, with w, estimated from the data. Lastly, various
configurations of “branch-site” models (Yang and Nielsen,
1998) were tested, denoted by “MAi—vi,” which allow dif-
ferent w-values along specified branches in the topology
(Table 4). The rationale here was to specify neutral evolu-
tion for branches in the analysis on which nonsynonymous
changes associated with pseudogene formation had
occurred. Since the formulation of these models is depen-
dent on phylogeny, each branch-site model is discussed in
full detail in Section 3.7 of the results (i.e. for each model,
we specify which branches in the phylogeny carry which w-
values). A significant difference between two models would
suggest a better fit of the model with the higher likelihood
score. In this analysis, a statistically significant deviation
from strictly purifying selection is considered to be evi-
dence of relaxed functional constraint based on these mod-
els, not necessarily positive selection.

3. Results
3.1. ITS

MP analysis of nuclear ITS (Fig. 1a) placed Oreorchis
sister to Corallorhiza in 94% of 5000 jackknife (JK) pseu-
doreplicates. Although ITS failed to give a fully resolved

a

Cremastra appendiculata
Aplectrum hyemale
Oreorchis patens

84 C. wisteriana OH, USA
100 C. odontorhiza SLP, Mexico
C. odontorhiza MI, USA
Corallorhiza trifida MI, USA
C. trifida CO, USA
C. maculatav. occidentalis MI, USA
C. maculata v. maculata CO, USA
C. maculata v. occidentalis CA, USA
C. mertensiana OR, USA
C. maculata v. mexicana HID, Mexico
C. bulbosa HID, Mexico

100 C. bentleyi WV, USA
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C. striata v. involuta HID-1, Mexico
C. striata v. involuta HID-2, Mexico
C. striata v. striata WA-1, USA

C. striata v. striata WY-1, USA
C. striata v. striata MN, USA
C. striata v. striata MI, USA

100 C. striata v. striata WA-2, USA
C
C

. Striata v. striata OR-2, USA
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C. striata v. striata OR-1, USA

striata v.
striata v.
striata v.

C.
C.
C.
C.
C.

C. striata v. involuta OAX, Mexico

671

tree and only recovered a polytomy for interspecies rela-
tionships (JK =100), it did recover major groupings,
including C. odontorhiza + C. wisteriana (JK = 84), the C.
maculata complex (JK =92), and the C. striata complex
(JK = 69, not shown in Fig. 1a). Relationships within the
C. maculata and C. striata groups were unresolved by
ITS, but it did recover two major clades within the C. stri-
ata complex: one including C. bentleyi + C. striata var.
involuta from Oaxaca, Mexico (JK =100) and another
consisting of all remaining C. striata (JK = 100).

3.2. rbcL

The rbcL locus (Fig. 1b) resulted in a largely similar top-
logy compared to ITS. It provided additional resolution for
interspecific relationships within Corallorhiza, and further
gave resolution within the C. maculata and C. striata spe-
cies complexes. Corallorhiza mertensiana was placed as sis-
ter to all C. maculata accessions from the USA (JK = 96).
A few minor differences in topology occurred (in most
cases due to differences in resolution), most notably the
placement of C. bulbosa at the base of the rbcL tree. Again,
C. bentleyi and the Oaxacan accession of C. striata var.
involuta formed a clade (JK = 100) sister to all remaining
C. striata. Surprisingly, all three California accessions
formed a distinct clade (JK = 100, 8 synapomorphies), sis-
ter to all remaining C. striata accessions (JK = 100).

The ML criterion was used under the GTR + I' 4 I sub-
stitution model to implement a likelihood ratio test of het-
erogeneity for the rbcL gene. We rejected the null

b

Cremastra appendiculata
C. bulbosa HID, Mexico
Aplectrum hyemale
Oreorchis patens
100 Corallorhiza trifida MI, USA
C. trifida CO, USA
C. maculata v. mexicana HID, Mexico
C. wisteriana OH, USA
C. odontorhiza SLP, Mexico
C. odontorhiza MI, USA
C. mertensiana OR, USA
95 C. maculata v. maculata CO, USA
C. maculata v. occidentalis MI, USA
C. maculata v. occidentalis CA, USA
100 | C. bentleyi WV, USA
L C. striata v. involuta OAX, Mexico
100 C. striat§ v. vreelandii QA-1, USA
—|— C. striata v. vreelandii CA-2, USA
C. striata v. vreelandii CA-3, USA
C. striata v. vreelandii NM-1, USA
C. striata v. vreelandii NM-2, USA
C. striata v. involuta HID-1, Mexico
C. striata v. involuta HID-2, Mexico
C. striata v. vreelandii CO-1, USA
C. striata v. vreelandii NM-3, USA
C. striata v. vreelandii CO-2, USA
C. striata v. striata WA-1, USA
C. striata v. striata OR-1, USA
C. striata v. striata MN, USA
78 C. striata v. striata MI, USA
C. striata v. striata WY-1, USA
C. striata v. striata WA-2, USA
85} C. striata v. striata OR-2, USA
C. striata v. striata WY-2, USA

100

100

— 1 nucleotide substitution

Fig. 1. (a) One of three most parsimonious gene trees based on nuclear ITS. CI =0.91, RI = 0.95, 61 parsimony-informative sites. (b) One of two most
parsimonious gene trees for plastid rbcL. CI =0.89, RI =0.98, 106 parsimony-informative sites. Numbers above branches indicate jackknife support

values (JK) based on 5000 pseudoreplicates (values below 70% not shown).
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hypothesis of homogeneous branch lengths for 17 taxa rep-
resentative of all species and varieties of Corallorh-
iza + Aplectrum, Oreorchis, and Cremastra (A = 35.599,
df =15, p<0.001). To be consistent between optimality
criteria, we repeated an MP analysis with the same 17 taxa
from the ML search using the same search parameters
described for the original MP search. This was to ensure
that the removal of taxa from the original analysis would
not create major topological differences between the two
searches: we found identical topologies for both (trees
not shown).

3.3. Combined analysis

The combined data matrix of ITS + rbcL yielded a sin-
gle most parsimonious tree with high support for most
internal branches (Fig. 2). Seven indel characters were
coded using “‘simple gap” presence/absence coding follow-
ing the guidelines of Simmons and Ochoterena (2000). Two
insertions and two deletions were observed in rbcL for
members of the C. striata complex, two insertions were
autapomorphies in rbcL for a C. maculata accession from
Michigan, USA, and one insertion in ITS was a synapo-
morphy for the two C. trifida accessions (not shown). Ore-
orchis was sister to Corallorhiza (JK =98), and
Corallorhiza was monophyletic (JK =99). Corallorhiza
was composed of two well-supported clades: one represents

Cremastra appendiculata
Aplectrum hyemale
Oreorchis patens

C. wisteriana OH, USA
100

89 99

98

C. bulbosa HID, Mexico

99

415-417
391-393

586-593  1330-1331

100

100 — C. trifida MI, USA
1C. trifida CO, USA

C. odontorhiza SLP, Mexico
C. odontorhiza MI, USA
C. maculata v. mexicana HID, Mexico
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the C. striata group (JK = 100) and the other the remain-
der of Corallorhiza (JK = 89). Within Corallorhiza, the C.
maculata complex was sister to C. odontorhiza + C. wisteri-
ana, and this clade (JK = 83) was placed sister to C. trifida
(JK =89). Corallorhiza maculata var. mexicana was sister
to C. bulbosa (both from Hidalgo, Mexico), but this rela-
tionship had low support (JK = 60), value not shown in
Fig. 2). Two accessions of the early-flowering C. maculata
var. occidentalis from Michigan and California formed a
clade with low support (JK =62, value not shown in
Fig. 2), and these were sister to an accession of the late-
flowering C. maculata var. maculata from Colorado
(JK =92). Sister to these was C. mertensiana (JK = 98)
from the Pacific Northwest of North America. Thus, in this
analysis, C. bulbosa and C. mertensiana both form clades
with different varieties of C. maculata in separate regions
of North America.

Two major clades emerge within the C. striata complex.
In the first of these, Corallorhiza bentleyi from West Vir-
ginia, USA was sister to a small-flowered accession of C.
striata var. involuta from QOaxaca, Mexico (JK = 100).
They shared 46 total synapomorphies, indicating a very
close relationship. Interestingly, two other small-flowered,
sister accessions of C. striata var. involuta from Hidalgo,
Mexico (HID-1 and HID-2) were part of a larger clade
with members of C. striata var. vreelandii from the south-
western USA, although this relationship received low sup-

Corallorhiza maculata
species complex

C. mertensiana OR, USA

C. maculata v. maculata CO, USA

C. maculata v. occidentalis CA, USA

C. maculata v. occidentalis MI, USA

Corallorhiza striata
species complex

100 —C. bentleyi WV, USA

—H 8 & &

16-18  154-156 247-249 1360-1362 540-548

100

" 02'-.— C. striata v. involuta OAX, Mexico
C. striata v. vreelandii CA-1, USA
C.striata v. vreelandii CA-2, USA
C. striata v. vreelandii CA-3, USA
C. striata v. vreelandii NM-1, USA
C. striata v. vreelandii NM-2, USA

325-327 415-417
100

g i
rbcl changes E

294-295
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|:| Deletion
5 nucleotide substitutions

E Premature stop codon

C. striata v. involuta HID-1, Mexico
C. striata v. involuta HID-2, Mexico
C. striata v. vreelandii CO-1, USA
C. striata v. vreelandii NM-3, USA
C. striata v. vreelandii CO-2, USA
C. striata v. striata OR-1, USA
79 C. striata v. striata WA-1
/_ C. striata v.striata MN, USA
|:| 93 [1C. striata v. striata MI, USA
1334-1341 C. striata v. striata WY-1, USA
85| C. striata v. striata WA-2, USA
C. striata v. striata OR-2, USA
C. striata v. striata WY-2, USA

94

Fig. 2. Single most parsimonious gene tree for the combined ITS + rbcL data matrix (including seven indel characters). CI =0.90, RI =0.93, 172
parsimony-informative sites. Numbers above branches indicate jackknife support values (JK) based on 5000 pseudoreplicates (values below 70% not
shown). Major gene structural changes for rbcL are mapped on the phylogeny, with their respective positions in the aligned rbcL matrix indicated.
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port. Lastly, the large-flowered and strictly northern North
American-distributed C. striata var. striata formed a clade
(JK =179) consisting of six different rbcL. sequence types.

3.4. Premature stop codons and indels

Major structural changes have occurred in the rbcL gene
for both C. maculata and C. striata. Fig. 2 shows the most
parsimonious construction for a stop codon (positions
415-417) within the C. maculata group, shared by C. mer-
tensiana and C. maculata vars. maculata and occidentalis.
An additional stop codon lies on the branch leading to
the California accession of var. occidentalis, while two
insertions (8 bp, positions 586-593; and 2 bp, positions
1330-1331) are unique to the Michigan accession of var.
occidentalis. Corallorhiza striata shows a number of prema-
ture stop codons, insertions and deletions (Fig. 1). The sec-
ond codon (bases 4-6) for all C. striata accessions
excluding C. bentleyi + C. striata var. involuta (Oaxaca) is
a premature stop codon. This same set of accessions share
a 2-base insertion of ‘AT’ at alignment positions 294-295.
Within this clade, all California accessions share two addi-
tional stop codons, at DNA positions 325-327 and 415-
417. Putative members of C. striata var. striata (i.e. mem-
bers of the ‘northern’ clade) share an eight base deletion
at positions 1334-1341 in the aligned matrix. The branch
for C. bentleyi and C. striata var. involuta (Oaxaca) clade
shares four stop codons, three at the 5 and one at the 3’
ends of the gene. In addition, these two taxa share a 9-base
deletion (positions 540-548). Although it is possible for
indels in multiples of three to exist while still maintaining
an intact reading frame, this indel occurs such that it can-
not be aligned to preserve an intact reading frame in the 3’
region beyond.

3.5. Comparisons of synonymous vs. NonSynonymous
substitution

Table 3 lists dy;, ds, and ds/dy ratios for Corallorhiza
species in comparison to the leafy species Cremastra appen-
diculata. The photosynthetic Corallorhiza trifida showed an
exceptionally high value (ds/dn = 15.750), due to a high
number of synonymous changes. Corallorhiza wisteriana,
C. odontorhiza, C. bulbosa, and C. maculata var. mexicana
had lower values (5.714-8.000). The values decreased for
vars. maculata, occidentalis, and C. mertensiana (2.846—
4.111), and even more so for the C. striata complex
(2.077-2.850).

3.6. Amino acid changes in Corallorhiza RuBisCO vs. 499
seed plants

Using Kellogg and Juliano (1997) as a basis to assess
inferred RuBisCO amino acid changes in Corallorhiza, we
observed patterns suggestive of pseudogene formation in
members of both the C. striata and C. maculata complexes
(Appendix A). Except for a single site in C. wisteriana and

C. odontorhiza, all other sequences (excluding the C. striata
and C. maculata accessions mentioned above) showed no
evidence of amino acid change outside of the changes pres-
ent in 499 sequences representative of the entire phyloge-
netic breadth of the spermatophytes. The C. striata
complex showed the highest degree of change. Corallorhiza
bentleyi and C. striata var. involuta (Oaxaca) shared 17
changes not observed in any of the seed plants in Kellogg
and Juliano (1997), including two changes at sites involved
in intradimer interactions, one change at a large subunit—
large subunit (LSU-LSU) interaction site, and one change
at a large—small subunit (LSU-SSU) interaction site. Cor-
allorhiza striata vars. vreelandii (CA and NM) and striata
had 13, 12 and 12 changes, respectively. Two of these were
at sites involved with intradimer interactions for all three
accessions, and C. striata var. vreelandii (NM accession)
had a change at one site involved in LSU-SSU interac-
tions. In the C. maculata group, C. mertensiana showed
eight changes not observed in RuBisCO of any other seed
plant in Kellogg and Juliano (1997), with two of these at
intradimer interaction sites. Corallorhiza maculata vars.
occidentalis (MI and CA accessions) and maculata had
seven, eight, and five changes, respectively, one of which
was a shared change by all three at an intradimer interac-
tion site. No changes occurred at any of the 20 amino acid
residues that form the active site.

No unexpected changes (i.e. changes seen in Corallorh-
iza but in none of the 499 plants surveyed by Kellogg
and Juliano (1997)) occurred in the leafy taxa Cremastra
appendiculata, Aplectrum hyemale, or Oreorchis patens.
Likewise, none occurred in the green, photosynthetic Cor-
allorhiza trifida, and only one shared change occurred in C.
odontorhiza + wisteriana—two species with at least some
green and putatively photosynthetic tissue.

3.7. Codon-based ML analysis

Branch-site models M Ai—vi refer to variations of “model
A” of Yang and Nielsen (1998). M Ai and M Aiv specify the
branches leading to (C. bentleyi + C. striata var. involuta
Oaxaca), (C. striata vars. striata and vreelandii), and (C.
maculata vars. occidentalis and maculata + C. mertensiana).
The main difference between these two models is that in the
latter, w, =1 instead of being estimated from the data.
Models MAii and MAv exclude the latter branch (C. mac-
ulata vars. occidentalis and maculata + C. mertensiana).
MAiii and MAvi specify the same branches as MAi and
MAiv, plus all internal branches below these (i.e. toward
the tips of the tree). In models MAiv—vi w, is fixed at 1.
Appendix B shows parameter estimates of the branch-site
models.

Table 4 shows the results of several likelihood ratio tests
based on different models of codon evolution. @ was heter-
ogeneous among lineages, as shown by comparison of
model MO (one ratio for w) with the free ratios model
(A =75.388, p <0.001). Further, the nearly neutral model
(Mla) fit the data significantly better than model M0
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(A =8.462, p <0.005). Comparison of the selection model
M?2 did not show a significantly better fit than the nearly
neutral model MIa (Table 4). Branch-site model A (Yang
and Nielsen, 1998) was compared with models M0 and
Mla, with various branch specifications (Table 4; see
Appendix B. for parameter estimates). These configura-
tions varied by the inclusion or exclusion of the branch
leading to C. mertensiana + C. maculata vars. occidentalis
and maculata (models MAi and MAiv; MAii and MAv,
respectively), and in addition by specification of branches
within the C. striata and C. maculata groups (models M Aiii
and MAvi, respectively). When compared with model MO0,
all branch specifications of model A tested showed a signif-
icantly better fit (Table 4). Models MAiii (A= 6.678,
p <0.05) and MAvi (A = 8.818, p <0.01) fit the data signif-
icantly better when compared to model M/a (as suggested
in the PAML manual, [http://abacus.gene.ucl.ac.uk/soft-
ware/paml.html]). The latter model (MAvi) assumes neu-
tral evolution (w=1) along branches leading to and
within the C. striata and C. maculata (US accessions)
clades, and purifying selection along all other branches of
the phylogeny in Fig. 1b.

4. Discussion

4.1. Relationships within Corallorhiza and phylogeographic
utility of rbcL

The combined matrix of ITS and rbcL yielded a phylog-
eny concordant with the morphological analysis Freuden-
stein  (1994). The latter analysis failed to resolve
relationships among C. mertensiana, C. bulbosa, and varie-
ties of C. maculata, which here are resolved further with
slightly increased taxon sampling. The existence of geo-
graphically structured sequence variation within the C. stri-
ata and C. maculata groups for rbcL illustrates its potential
for phylogeographic study in combination with other high-
variation loci.

These data provide evidence that a geographic barrier
may have played a role in the patterns of diversification
in the C. maculata group. Corallorhiza bulbosa and C. mac-
ulata var. mexicana may have diverged in Mexico, with
C. mertensiana + C. maculata vars. occidentalis and maculata
diverging in northern North America. These findings are in
agreement with the restriction site analysis of Freudenstein
and Doyle (1994) in that Mexican and US accessions
diverge at the base of the group, and that C. mertensiana
is placed sister to the US and Canadian accessions of C.
maculata vars. occidentalis and maculata. However, this
remains a hypothesis to be more explicitly tested. Several
geographically associated C. striata clades emerge from
our analysis (Figs. 1 and 2): a northern clade composed
of large-flowered var. striata (JK =79), a California clade
of var. vreelandii (JK = 100), a variable but weakly sup-
ported US/Mexican “Cordilleran” clade of var. vreelandii
and two accessions of var. involuta (JK =58, value not
shown in Fig. 2), and C. bentleyi + var. involuta from Oax-

aca, Mexico (JK =100). The amount of rbcL variation
observed in C. maculata and especially in C. striata is sur-
prising. This locus has typically been useful for higher-level
systematic studies, usually above the genus level (Cameron
et al., 2001; Chase et al., 1993), including across the entire
Orchidaceae (Cameron et al., 1999). The fact that changes
in C. striata rbcL. are geographically correlated suggests
that they have occurred relatively recently, and thus are
appropriate for phylogeographic study. Further sampling
of populations, additional DNA loci, and analysis of
morphological variation are all currently underway to
address more specific phylogeographic hypotheses for these
groups.

4.2. Evolution of rbcL in Corallorhiza

Evidence from this study indicated that rbcL has
become or is in the process of becoming a pseudogene
within some C. maculata lineages and within all C. striata
lineages. The evidence for this includes: premature stop
codons (Fig. 2), reading frame shifts due to non-triplet
insertions and deletions (Fig. 2), decreased ds/dy ratios
(Table 3), replacement substitutions not observed in other
photosynthetic species (Appendix B), significant rate heter-
ogeneity (results, Section 3.2), and high likelihood of neu-
tral evolution among specific branches of the rbcL
phylogeny (Table 4). Taken together, these observations
support an evolutionary trajectory of pseudogenization.
It is highly improbable that changes in rbcL are sequencing
errors, because the great majority of them are synapomor-
phies for closely related lineages (39 of 50 AA changes
listed in Appendix A occur in >1 accession). Also, it seems
unlikely that the rbcL sequences generated in this study
represent the result of some past intergenomic gene transfer
event (e.g. plastid-to-nucleus, see Wolfe and Randle, 2004),
since the primers initially used to amplify rbcL were
anchored in genes ca. 1 kb from each end of rbcL and no
evidence of multiple copies was observed. However, these
observations alone are not sufficient to rule out gene trans-
fer, and an important future research objective will be to
localize rbcL in Corallorhiza and relatives. Lastly, RNA
editing of plastid transcripts must be considered. This is
also unlikely to be the case in Corallorhiza, due to the fact
that the main type of change observed in plants is cytosine-
to-uracil conversion (Bock, 2000; Freyer et al., 1997),
which would not be sufficient to replace other types of
nonsynonymous substitutions or multi-base deletions.

Our findings are in accordance with Wolfe and dePam-
philis (1997, 1998) and Randle and Wolfe (2005) although
some of the Boschniakia, Hyobanche, and Orobanche rbcL
pseudogenes from those studies showed “catastrophic”
deletions on the scale of hundreds of bases. We did not find
extensive portions of coding sequence deleted in Corallorh-
iza rbcL, but nonetheless are convinced that the 5 stop
codons plus the insertions/deletions observed in C. striata
and C. maculata represent pseudogenes. The prevalence
of nonsynonymous changes in these two lineages not
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observed across the diversity of photosynthetic spermato-
phytes (Kellogg and Juliano, 1997) further suggests the
presence of rbcL pseudogenes. More specifically, many of
these changes occurred at sites that show absolutely no var-
iation among photosynthetic spermatophytes, including
several sites involved in intramolecular association, LSU-
LSU association, and LSU-SSU association. However,
none of the 20 amino acids associated with the RuBisCO
LSU active site (Knight et al., 1990) suffered replacement
substitutions for any taxa in our analysis. This does not
necessarily imply functional constraint on rbcL in all acces-
sions: these sites may have, by chance alone, not experi-
enced mutations. However, it may not be entirely
meaningful in a biological sense to speak of substitution
in sequences without open reading frames. Nonetheless,
we investigated these properties following the rationale
that if the sequences for some reason maintained high ds/
dn ratios, the possibility of functional constraint could
not be abandoned—this was certainly not the case for the
aforementioned Corallorhiza lineages. We chose not to
treat ds/dy ratios statistically, due to the issue of common
ancestry. The changes observed in the C. striata lineages
(Fig. 2) occur mainly along the two deepest branches, fol-
lowed by divergence of several rbcL. sequence types (Figs.
1b and 2). Thus, treating several individuals that share
changes along a single ancestral branch as replicates for
the purpose of reaching a suitable sample size for statistical
analysis represents a violation of data independence:
shared mutations are not random samples. This being sta-
ted, there was a clear trend of decreased dg/dy ratios for the
C. striata and C. maculata groups (Table 3).

According to a molecular clock analysis using a likeli-
hood ratio test (Section 3.2), and branch lengths observed
in Fig. 1b, evolutionary rates differed across branches in
the Corallorhiza rbcL. gene tree. However, we interpret
these findings with caution, given the pervasive nature of
rate heterogeneity in previous phylogenetic studies of rbcL
and other plastid genes like matK in both photosynthetic
(Bosquet et al., 1992; Zhong et al., 2002 [Rhizophoraceae];
Huang and Price, 2003 [Gnetaceae]) and nonphotosynthet-
ic plant lineages (references in Table 1). Rates were con-
spicuously elevated in the C. striata group, most notably
along the branches leading to C. bentleyi + var. involuta
(Oaxaca) and the remainder of C. striata (Fig. 1b). Interest-
ingly, the lineage comprising C. bentleyi + C. striata var.
involuta (Oaxaca) and the lineage leading to the remainder
of C. striata have followed independent paths of rbcL deg-
radation (Fig. 2). The former clade shares 46 synapomor-
phic changes, and the latter 28 (with 10 changes shared
between these two sister clades; Fig. 1b). The former two
branches are longer than any seen within Corallorhiza,
and each harbor unique structural changes (stop codons
and frameshifts; Fig. 2). Furthermore, no “drastic”
nonsynonymous substitutions (Appendix A) were shared
between these lineages. Thus, it is evident that pseudogene
formation has occurred after the divergence of the two
lineages.

Likelihood ratio tests of different codon substitution
models support a deviation from purifying selection
(Table 4, see Appendix B for model parameters). The
“nearly neutral” model showed a significantly better fit
than the “one ratio” model, as did the ‘“free ratios”
model. These findings are not surprising, due to the
unrealistic assumption of a single @ across all sites and
lineages. The variation in @ among lineages and/or sites
observed in this study is not sufficient to identify adap-
tive (positive) evolution, because it cannot be distin-
guished from the effect of relaxed purifying selection
(Yang and Bielawski, 2000). Therefore, it was necessary
to more specifically test for neutral evolution along
selected branches and at a proportion of sites using
branch-site models. Model MAvi showed the best fit of
any branch-site model (p <0.01). In this model, we spec-
ified branches where evidence of pseudogene formation
was observed (leading to and within all accessions of
both the C. striata and C. maculata groups, excluding
var. mexicana and C. bulbosa; refer to Fig. 2), and set
o =1 [neutral evolution], while the remaining branches
evolved at 0 <w <1 [purifying selection]. These findings
support our hypothesis of neutral evolution along spe-
cific branches and purifying selection on rbcL. carboxyl-
ase function throughout the lineages that comprise the
rest of the tree. The ‘“‘selection” model, M2, did not fit
the data significantly better than the nearly neutral
model. Given the structural changes (Fig. 2) to rbcL
among the C. striata and C. maculata lineages, it is unli-
kely that positive selection has caused the observed evo-
lutionary patterns. If this were the case, we would expect
to observe a significantly higher likelihood for model M2
(selection)—we did not observe this pattern in our
analysis.

We interpret our findings of pseudogenes in some lin-
eages of Corallorhiza but not in others as being indica-
tive of the early stages of pseudogene formation as a
result of the switch from autotrophy to mycoheterotro-
phy. In this sense, Corallorhiza provides a useful window
into the process of photosynthetic gene degradation as a
result of the relaxed functional constraint of photosyn-
thesis. We have observed that pseudogene formation in
the Corallorhiza lineages presented in this study corre-
lates roughly with the absence of visible green coloration.
The three leafy taxa (Cremastra, Oreorchis and Aplec-
trum) plus Corallorhiza trifida, C. wisteriana, and C.
odontorhiza all have some level of green pigmentations,
although in the latter two species this is spatially local-
ized within the plant. Aplectrum has a winter leaf and
performs photosynthesis over the winter months. Coral-
lorhiza trifida has the most visible green pigmentation
in the genus, ranging from very bright green when found
in closed-canopy forest, to greenish yellow or brown in
more open situations like peat bogs/muskeg. Corallorhiza
odontorhiza and C. wisteriana both often have dull to
bright green coloration in their developing ovaries.
Ratios of ds/dyn in rbcL are approximately four times
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lower in the non-green C. maculata when compared to
the green C. trifida and seven times lower for C. striata,
driven in the latter by a 5- to 6.5-fold increase in dy
(Table 3). Although C. trifida is the only species in which
photosynthesis has been demonstrated (Montfort and
Kiisters, 1940), this pattern suggests that C. trifida, C.
odontorhiza, and C. wisteriana species may still perform
photosynthesis. The presence of green pigmentation in
specific tissues of C. wisteriana and C. odontorhiza indi-
cate localized expression of chlorophyll. Further, Cum-
mings and Welschmeyer (1998) found low levels of
chlorophyll A and B in C. maculata, suggesting that lack
of visible green pigment in C. maculata is due to the
masking effect of various flavonoid-derived anthocyanins
over chlorophyll, rather than a complete lack of chloro-
phyll. Although it cannot be assumed that either the
preservation of RuBisCO function (i.e. photosynthesis)
or the apparent presence of green pigmentation are
directly causative, it may be the case that they are corre-
lated within some plant-parasitic and mycoheterotrophic
plant lineages. An obvious next step will be to determine
chlorophyll A and B concentrations and photosynthetic
activity in Corallorhiza species.

We provide the first specific investigation of synony-
mous and nonsynonymous evolutionary changes in plastid
loci for mycoheterotrophic plants. Cameron (2004) and
Cameron and Molina (2006) observed putative pseudo-
genes for four photosynthesis loci (rbcL, psaB, psbB, and
psbC) in fully mycoheterotrophic species of the vanilloid
orchid genus Cyrtosia (see Table 1). For example, Cyrtosia
septentrionalis had two rbcL deletions (287 and 8 bp), while
psaB had 17 deletions (ca. 8 bp each). Thus, the degree of

Appendix A

Replacement substitutions in rbcL unique to Corallorhiza spp.

and Juliano, 1997)

rbcL deletion observed by Cameron (2004) for Cyrtosia is
more extensive than that observed in the Corallorhiza mac-
ulata and C. striata complexes. Overall, a similar trend of
photosynthesis gene degradation emerges from both of
these mycoheterotrophic taxa. Leake (1994) estimated that
209 species of putative mycoheterotrophic orchids exist,
distributed across 45 genera, 15 of which contain both
mycoheterotrophs and non-mycoheterotrophs. Thus it
remains to be explored whether or not Corallorhiza is a
“typical” mycoheterotrophic genus that encapsulates the
molecular evolutionary processes that have occurred or
are occurring in other taxa that contain mycoheterotrophs.
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and not observed across 499 spermatophyte taxa (Kellogg

Residue AA Changed to  Residue function Structural motif Accessions

2 S Stop (TAA) ben, inv

6 E Stop (TGA) str, vreCA, vreNM

9 A K A% ben, inv

38 A T B-Sheet B ben, inv

46 P,L S ben, inv

52 E Stop (TGA) o-Helix B ben, inv

56 AV.P.S T a-Helix B ben, inv

57 A" L o-Helix B str, vieNM

58 A T a-Helix B mer

82 G,AW A% vreCA

83 R Stop (TGA) B-Sheet C ben, inv

89 RAK,PSTYV 1 B-Sheet C mer, mac, occCA, occMI
109 E Stop (TAA) vreCA

126 G C Intradimer interaction mer

131 R Stop (TGA) B-Sheet E occCA

139 R Stop (TGA) B-Sheet E vreCA, mer, mac, occCA, occMI
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Residue AA Changed to  Residue function Structural motif Accessions

217 R,G L a-Helix 2 mer

239 Y.C H B-Sheet 3 occMI

243 T,A,S 1 Loop 3 ben, inv

244 AR,G,S,T A% Loop 3 str, vieNM

260 L,F S o-Helix 3 occCA, occMI

276 AS T a-Helix 4 str, vreCA, vreNM
281 A,S F o-Helix 4 mac, occCA, occMI
289 L,P,S 1 str, vreCA, vreNM
296 A T Intradimer interaction mer

304 QH P Intradimer interaction mac, occCA, occMI
312 R N Intradimer interaction o-Helix 5 ben, inv

312 R C Intradimer interaction o-Helix 5 str, vreCA, vreNM
329 G D occCA

336 E G Loop 5 mer

337 G R ben, inv

339 R H a-Helix 6 str, vreCA, vreNM
340 D.E,G,N,Q.L K a-Helix 6 vreCA

343 L F a-Helix 6 str, vieCA

347 V.D,G,H,I Y a-Helix 6 ben, inv

350 R H o-Helix 6 str, vreCA, vreNM
352 D.E.G,N Y o-Helix 6 str, vreCA, vreNM
360 R,P.L C str, vireCA, vreNM
369 V,A,L I Dimer—dimer interaction wi, od

370 S F Dimer—dimer interaction ben, inv

375 L P ben, inv

383 H N str, vreCA, vreNM
395 G,R w mer

405 G E a-Helix P ben, inv

407 LI S Intradimer interaction o-Helix P mer

418 V,A L LSU-SSU interaction o-Helix 8 ben, inv

421 R.S w LSU-SSU interaction o-Helix 8 vreNM

441 G,D,S \% a-Helix G ben, inv

448 A,P.R.D LT A% ben, inv

457 A,S D mac, occCA, occMI

Note: Accessions used in this analysis were abbreviated as follows: ben = C. bentleyi, inv = C. striata var. involuta (JVF 2155, Oaxaca), str = C. striata var.
striata (CFB 0002a, Michigan), vreCA = C. striata var. vreelandii (CFB 0008, California), vieNM = C. striata var. vreelandii (CFB 0103e, New Mexico),
wi = C. wisteriana (JVF 2758a, Ohio), od = C. odontorhiza (JVF 2778a, Michigan), mer = C. mertensiana (CFB 0033a, Oregon), mac = C. maculata var.
maculata (CFB 0161a, Colorado), occMI = C. maculata var. occidentalis (JVF 2122, Michigan), and occCA = C. maculata var. occidentalis (CFB 0012a,

California).

Appendix B

Parameter estimates of branch-site codon models

Model/site class 0 1 2a 2b
MAIi

Proportion 0.648 0.207 0.110 0.035
Background o 0.048 1.000 0.048 1.000
Foreground o 0.048 1.000 2.797 2.797
MAIi

Proportion 0.063 0.210 0.103 0.033
Background o 0.493 1.000 0.049 1.000
Foreground o 0.493 1.000 3.097 3.096

(continued on next page)
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Appendix B. (continued)

Model/site class 0 1 2a 2b
MAuiii

Proportion 0.675 0.146 0.147 0.032
Background o 0.059 1.000 0.059 1.000
Foreground 0.059 1.000 3.245 3.245
Maiv

Proportion 0.447 0.166 0.282 0.105
Background o 0.017 1.000 0.017 1.000
Foreground ® 0.017 1.000 1.000 1.000
MAv

Proportion 0.440 0.165 0.287 0.108
Background o 0.017 1.000 0.017 1.000
Foreground o 0.017 1.000 1.000 1.000
MAvi

Proportion 0.422 0.119 0.358 0.101
Background o 0.022 1.000 0.022 1.000
Foreground o 0.022 1.000 1.000 1.000
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