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     Orchidaceae are the largest family of fl owering plants and 
have the greatest number of independent derivations of the leaf-
less, heterotrophic habit of any angiosperm family, numbering 
at least 10 ( Dressler, 1993 ;  Molvray et al., 2000 ). The fungal 
associations believed to occur with all orchids make them pre-
adapted for this shift. The largest temperate genus of leafl ess 
putative heterotrophs in the family is  Corallorhiza  Gagnebin, 
comprising 11 species that are confi ned to the northern hemi-
sphere of the New World except for one,  C. trifi da , which is 
circumboreal.  Corallorhiza  is placed in subtribe Corallorhiz-
inae (Calypsoeae;  Chase et al., 2003 ) with several other genera 
of temperate terrestrials; the composition of the subtribe or its 
equivalent has varied throughout the history of orchid classifi -
cation (cf.  Freudenstein, 1994b ). Dressler (1981) included 
 Aplectrum ,  Corallorhiza ,  Cremastra ,  Dactylostalix ,  Didiciea ,  
Ephippianthus ,  Govenia ,  Oreorchis , and  Tipularia  in this sub-
tribe and distinguished it from Calypsoeae, which comprised 
 Calypso  and  Yoania . Subsequently ( Dressler, 1993 ), he merged 
the two groups but excluded  Govenia  in part on the basis of its 
different root velamen type ( Cymbidium  rather than  Calanthe  
type).  Govenia  occurs from Mexico to South America, which is 
a somewhat anomalous distribution for this subtribe, the other 
members of which are predominantly North American-Eur-
asian.  Freudenstein (1994b)  analyzed morphological features 
for the group and resolved two principal clades — one compris-
ing  Aplectrum, Corallorhiza ,  Cremastra , and  Oreorchis  (the 
 “  Corallorhiza  clade ” ), and another comprising  Calypso ,  Chang-
nienia ,  Tipularia , and  Yoania  (the  “  Calypso  clade ” ). There was 

no resolution among the genera of the  Corallorhiza  clade, 
whose members share the unusual feature of a  “ winter leaf ”  
(except for the leafl ess  Corallorhiza ). In these genera, the leaf 
emerges in the autumn after leaves have fallen from trees and 
persists through the winter, withering in spring at or before 
fl owering.  Govenia  was resolved as part of the sister group to 
these two clades. More recently, a subfamily-wide analysis of 
molecular data confi rmed the monophyly of the  Corallorhiza  
clade and indicated that  Govenia  is sister to it, but left the rela-
tionship of the  Calypso  clade to this group less certain due to 
weak branch support (J. Freudenstein, unpublished data). 

  Freudenstein (1997)  monographed  Corallorhiza , and 
 Freudenstein and Doyle (1994)  and  Freudenstein (1994a)  ana-
lyzed morphological characters and restriction site variation in 
plastid DNA to produce a cladogram of species relationships 
for the genus. Although the pattern was well resolved, they 
were unable to fi nd a molecular synapomorphy for  Coral-
lorhiza , and the only morphological synapomorphies were loss 
characters (leaves and roots), leaving open the possibility that 
the genus is not monophyletic. 

 Much morphological variation in  Corallorhiza  has been de-
scribed in North America over the last 200 years, resulting in a 
proliferation of named taxa, most of which are not now recog-
nized. Nonetheless, signifi cant variation is still occasionally be-
ing uncovered.  Freudenstein (1999a)  named  C. bentleyi  from a 
single population in West Virginia; additional populations in 
West Virginia and Virginia have since been found.  Corallorhiza 
bentleyi  is similar to  C. striata  in its fl oral structure, but the 
fl owers of the former are much smaller than those of eastern 
North American  C. striata  var.  striata  and are most similar to 
those from small-fl owered populations of the species from 
southern Mexico, which are known as  C. striata  var.  involuta . 
 Corallorhiza bentleyi  also fl owers much later than  C. striata  
(late July as opposed to early June), also resembling the south-
ern Mexican populations. 
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 Corallorhizinae are a small group of Old and New World temperate orchids of which a core monophyletic group comprises 
 Govenia, Cremastra, Aplectrum ,  Oreorchis  and the leafl ess  Corallorhiza , and which according to phylogenetic analysis of nuclear 
ITS and plastid  matK  sequences, are related in this way: ( Govenia  ( Cremastra  ( Aplectrum  ( Oreorchis  ( Corallorhiza ))))). This 
hypothesis is consistent with the progressive deletion of the  trnK  intron and  matK  ORF. Frameshift-resulting indels yield a pre-
dicted loss of translation for the critical  “ domain X ”  region of  matK  and are evidence that  matK  is a probable pseudogene in 
 Aplectrum ,  Oreorchis,  and  Corallorhiza . Within  Corallorhiza , a previous hypothesis based on plastid DNA restriction site analysis 
is confi rmed, with the thickened-labellum  C. striata  group being sister to the thin-labellum remainder of the genus, within which 
the circumboreal  C. trifi da  is sister to the remainder, which then comprise two further sister groups:  C. maculata  +  C. bulbosa  + 
 C. mertensiana  and  C. odontorhiza  +  C. wisteriana . A close relationship between  C. striata  and the recently described Appala-
chian  C. bentleyi  is shown; in particular,  C. bentleyi  is more closely allied to a southern Mexican population of  C. striata  than it is 
to northern North American  C. striata  populations, suggesting that two lineages, each with Mexican and northern North American 
populations, exist within the  C. striata  group. 

  Key words:   Corallorhiza ;  matK ; molecular evolution; Orchidaceae; plastid DNA. 



499April 2008] Freudenstein and Senyo – Relationships and  MATK  evolution in Corallorhizinae

all accessions of  Corallorhiza ,  Oreorchis ,  Aplectrum ,  Govenia , 
and for  Cremastra appendiculata  because these were important 
for examining the length changes that have occurred in the  trnK  
locus or for providing closely related undeleted sequences for 
comparison. For  Cremastra unguiculata, Calypso , and  Coelia , 
which did not experience any length changes and were relevant 
only to the phylogenetic objectives of the study, only the  matK -
coding sequence was generated. Predicted protein translations 
were generated with the program ExPASy (http://us.expasy.
org/tools/dna.html). 

 Equally weighted parsimony analysis was performed on the 
data sets individually and combined using the program TNT 
( Goloboff et al., 2003 ). Tree search was performed using the 
XMULT command, which employs sectorial search, tree fus-
ing, and tree drifting ( Goloboff, 1999 ). Data sets were run with 
and without indel characters in order to make comparisons with 
the model-based results. The ragged ends of sequences were 
excluded from the analysis. Branch lengths generated by TNT 
are minimum possible lengths for each branch. Jackknife sup-
port ( Farris et al., 1996 ) was determined using 5000 replica-
tions of a thorough search strategy employing XMULT for tree 
search and BBREAK for generating the maximal pool of most 
parsimonious trees. Individual probability of deletion of 37% 
was assigned to each character. Uncorrected genetic distances 
were calculated with the program PAUP* ( Swofford, 2002 ) for 
 matK  using only the portion of the ORF that was present in all 
taxa. 

 Maximum likelihood (ML) analysis was employed using the 
program RAxML ( Stamatakis, 2006 ). The ITS,  matK , and com-
bined analyses were run with indel characters removed. Each 
data set was analyzed 1000 times using randomized parsimony 
trees generated by the program and subsequently rearranged us-
ing the GTRMIX option, which employs a GTR +  Γ  model. For 
the combined data set, two partitions were specifi ed to allow 
 matK  and ITS to be modeled individually. The best likelihood 
tree was kept and compared with the parsimony results. 

 RESULTS 

 matK   —      Alignment of the  trnK  region, including  matK,  was 
straightforward; the region that was sequenced is shown in  Fig. 1 .  
Six indels were coded for the  matK  ORF. Analysis of the full 
 trnK / matK  matrix gave a single most parsimonious tree (CI = 
0.87, RI = 0.93, length = 213;  Fig. 2 ).  The fi rst clade within the 
ingroup comprises    Cremastra  and  Govenia,  supported at 93%. 
Among these, the two species of  Cremastra  are very strongly 
united (100%). The next branch along the main spine of the tree 
is  Aplectrum , which is then sister to  Oreorchis  +  Corallorhiza . 

 Leafl ess, putatively achlorophyllous angiosperms such as 
 Corallorhiza  often experience deletions in their plastid ge-
nomes, and in some cases this can be severe (e.g.,  Epifagus ; 
 Wolfe et al., 1992 ).  Freudenstein and Doyle (1994)  found much 
less deletion in the plastid genome of  Corallorhiza  than in other 
leafl ess angiosperms that have been examined. Their restriction 
site mapping showed that the species that were most affected 
were in the  C. striata  and  C. maculata  groups. DNA sequencing 
allows a much more precise investigation of molecular changes. 
The chloroplast genome locus  matK  has been used extensively 
in angiosperm phylogenetic reconstruction because of its rela-
tively high substitution rate ( Wolfe, 1991 ) in combination with 
a conserved overall structure. Beyond its phylogenetic utility, 
the locus is interesting because it resides in a group II intron in 
the gene for tRNA-lysine. Its substitution rates and evolution-
ary properties are unusual for a coding locus ( Wolfe, 1991 ) and 
bear further investigation. Leafl ess taxa provide a unique sys-
tem within which to examine the properties and changes in this 
gene. 

 The objectives of this study were to analyze DNA sequence 
data from the nuclear and plastid genomes to (1) resolve rela-
tionships among the genera of the  Corallorhiza  clade, (2) test 
the relationships among the species of  Corallorhiza  that were 
resolved based on plastid DNA restriction site data, (3) investi-
gate the relationships of the newly described  C. bentleyi , and 
(4) further investigate changes in the plastid genome in  Coral-
lorhiza  by focusing on  matK . 

 MATERIALS AND METHODS 

 The taxa examined are listed in Appendix 1. DNA was iso-
lated from fresh or frozen leaf/infl orescence material by the 
CTAB method of  Doyle and Doyle (1987) . The  matK  and ITS 
sequences were generated by standard PCR methods, including 
amplifi cation with  Taq  polymerase under conditions given in 
 Goldman et al. (2001)  and  Freudenstein (1999b) . To obtain se-
quences that included portions of the  trnK  gene and the entire 
intron, primers 2R and 3914F that are located in the  trnK  exons 
were used for amplifi cation and also as sequencing primers 
( Goldman et al., 2001 ); additional sequencing primers for  matK  
are given in  Goldman et al. (2001) . Sequencing was performed 
using the ABI Prism cycle sequencing (Applied Biosystems, 
Foster City, California, USA) or Pharmacia Autocycle sequenc-
ing kits (Pharmacia Biotech, Piscataway, New Jersey, USA) 
according to the manufacturer ’ s directions, except that 1/4 reac-
tions were used for the ABI. Reactions were run on a Pharmacia 
ALFexpress automated sequencer using Cy-5 labeled sequenc-
ing primers or on an ABI 3100 sequencer using the BigDye 
terminator reaction mix following the manufacturer ’ s proto-
cols. Sequences were checked and contigs assembled in Se-
quencher (Gene Codes, Ann Arbor, Michigan, USA) and 
aligned by eye for  matK  and with ClustalX ( Thompson et al., 
1997 ) followed by manual adjustment for ITS; we followed the 
recommendations of  Simmons and Ochoterena (2000)  and 
 Freudenstein and Chase (2001)  for coding simple gap charac-
ters. Cases with nested indels were coded as multistate unor-
dered characters. Sequences were deposited in GenBank 
(Appendix 1). Outgroups ( Coelia  and  Calypso ) were chosen based 
on the results of previous higher level analyses ( Freudenstein, 
1994b ; J. Freudenstein, unpublished data). 

 Full sequences comprising the 3 ′  end of the  trnK  5 ′  exon, the 
 trnK  5 ′  intron,  matK , and the  trnK  3 ′  intron were generated for 

 Fig. 1.   A diagram of the split  trnK  gene, intron, and embedded  matK  
gene. For the taxa that were sequenced, a thin black line indicates the major 
deletion.   
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proximately 300 bp and was not sequenced completely here, 
but shows little length variation in the major portion se-
quenced among  Govenia ,  Cremastra ,  Aplectrum ,  Oreorchis , and 
 Corallorhiza . 

 There are also internal deletions and insertions in  matK  
among these genera, which were coded for the phylogenetic 
analysis.  Govenia  has a single 3-bp insertion, the only indel 
detected for a species outside the  Aplectrum - Corallorhiza - Ore-
orchis  clade.  Aplectrum  shares a 7-bp insertion with  Oreorchis  
and  Corallorhiza , as well as a 13-bp deletion that has under-
gone further loss to become a 19-bp deletion in  Oreorchis  and 
 Corallorhiza .  Oreorchis  and all of the accessions of  Coral-
lorhiza  share another 7-bp deletion. The  C. trifi da-maculata-
wisteriana  clade is united by a 9-bp deletion. All the  C. striata  
group accessions (including  C. bentleyi ) share a 1-bp deletion. 
Finally, the Oaxaca accession of  C. striata  var.  involuta  has a 
9-bp deletion near the 3 ′  end of the gene. 

 Examination of the translated  matK  sequences reveals addi-
tional insights. Translation of the outgroup sequences for 
 Coelia  and  Calypso  and the ingroup  Govenia  and  Cremastra  
sequences gives predicted amino acid sequences that align eas-
ily with other angiosperm  matK  translations. In these taxa, 
 matK  represents a single ORF ending in a termination codon. 
Translation of  matK  in  Aplectrum ,  Oreorchis , and  Corallorhiza  
yields short reading frames because of frameshift-causing in-
dels and major deletions. The largest of these reading frames 
corresponds to 241 amino acids (in  Aplectrum ), and it is not in 
the same frame as  Govenia  and  Cremastra . A 56 amino acid 
frame is present in all taxa included except for  C. bentleyi ,  C. 
striata  (Oaxaca), and C.  bulbosa , which have a stop codon 10 
amino acids into the region and  C. maculata  var.  maculata , 
which has a stop codon 15 amino acids into the region. No read-
ing frame yields more than ~10 amino acids of  “ domain X ”  as 
defi ned by  Mohr et al. (1993) . All these stop codons are the re-
sult of G  →  T mutations that result in TAA codons. 

 The genetic distances for  matK  show some trends ( Table 1 ).  
Uncorrected pairwise distances between  Govenia  and the other 
ingroup taxa range between 0.028 and 0.047. The smallest dis-
tances are between  Govenia  and the  Cremastra  species (0.028, 
0.033). The distance increases to 0.035 with  Aplectrum  and to 
0.037 and beyond with  Oreorchis  and  Corallorhiza . The  C . 
 striata-bentleyi  accessions had increased distances; among 

  Oreorchis  is weakly supported as embedded within  Coral-
lorhiza  (53%) and is sister to the  C. trifi da-maculata-wisteriana  
clade.  Corallorhiza trifi da  is sister to the remainder of the clade, 
which has no resolution except for  C. odontorhiza  +  C. wisteri-
ana  (the  “  C. wisteriana  group ” ). The other main clade of  Cor-
allorhiza  comprises the strongly supported (97%)  C. striata  
group; within this group are two strongly supported groups of 
accessions, one comprising the  C. striata  var.  involuta  acces-
sion ( JVF 2155 ) from Oaxaca and  C. bentleyi  (supported by 12 
character changes), the other comprising the  C. striata  var.  stri-
ata  accession (from Michigan), the  C. striata  var.  involuta  ac-
cession ( JVF 2190 ) from Hidalgo and the accession of  C. striata  
var.  vreelandii ( from New Mexico ) . The ML tree was identical 
to the parsimony tree obtained when indels were excluded (not 
shown). The parsimony tree run without indels differed from 
the tree with indels only in the placement of  Oreorchis  (it was 
sister to all non  C. striata  group  Corallorhiza  with indels in-
cluded and formed a trichotomy with  C. trifi da  and a group 
comprising all of the  C. maculata  and  C. wisteriana  groups of 
species). 

 The  matK  sequences had signifi cant deletions among the 
members of this group. Most striking are the 5 ′  deletions in 
 Aplectrum ,  Oreorchis , and  Corallorhiza  ( Fig. 1 ).  Cremastra 
appendiculata  has an ORF of 1554 bp, and  Govenia  has 1557 
bp.  Aplectrum  has a deletion of 299 bp at the 5 ′  end of the ORF 
(yielding a length of 1235 bp), while  Oreorchis  and all  Coral-
lorhiza  species have a further 84-bp deletion (giving ca. 1152 
bp total). The deletion extends well beyond the ORF into the 5 ′  
intron. In all of these taxa, the  trnK  5 ′ -coding sequence is pres-
ent, as is at least a portion of the 5 ′  end of the  trnK  intron — 387 
bp in  Aplectrum  and 76 bp in  Oreorchis  and all of the  Coral-
lorhiza  accessions. This deletion pattern is in contrast to the 
full intron of 964 bp for  Cremastra appendiculata  and 1037 bp 
in  Govenia  ( Fig. 1 ). The 3 ′   trn K intron is much smaller, ap-

 Fig. 2.   The single most parsimonious tree from analysis of  matK  + 
 trnK  exon/intron sequence. Numbers above branches are lengths and those 
below are jackknife values.   

  Table  1. Uncorrected pairwise distances between  Govenia  and other 
ingroup accessions. 

Accession  matK ITS

 Aplectrum hyemale  0.035 0.070
 Corallorhiza bentleyi 0.047 0.106
 Corallorhiza bulbosa  0.037 0.084
 Corallorhiza maculata maculata  0.038 0.081
 Corallorhiza maculata occidentalis  0.038 0.086
 Corallorhiza mertensiana  0.038 0.084
 Corallorhiza odontorhiza  0.039 0.091
 Corallorhiza striata involuta  2155 0.047 0.101
 Corallorhiza striata involuta  2190 0.041 0.091
 Corallorhiza striata striata  0.041 0.094
 Corallorhiza striata vreelandii  0.041 0.099
 Corallorhiza trifi da  0.039 0.083
 Corallorhiza wisteriana  0.038 0.086
 Cremastra appendiculata  0.033 0.070
 Cremastra unguiculata  0.028 0.061
 Oreorchis patens  0.037 0.081
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and 0.101, respectively. The exception here was the Hidalgo 
accession of var.  involuta,  which had a somewhat lower value 
of 0.091. 

 The combined ITS +  matK  data set yielded a single most 
parsimonious tree (CI = 0.77, RI = 0.85, length = 510;  Fig. 4 )  
that provides a well-supported pattern for most resolved nodes. 
The ML tree was identical to the parsimony tree and to that re-
sulting from the analysis without indels. Because the patterns 
from the  matK  and ITS data sets largely agreed, the combined 
tree simply refl ects their patterns for the most part. However, 
the disagreement concerning the placement of  Cremastra  is 
here resolved in a novel way, with  Cremastra  as sister to  Aplec-
trum  +  Oreorchis  +  Corallorhiza . The only clade in which rela-
tionships remain unresolved is the  C. maculata  group. 

 DISCUSSION 

 Phylogenetic relationships within Corallorhizinae —    The only 
point of disagreement between the two data sets presented here 
concerns the placement of the two species of  Cremastra . A sis-
ter relationship between  Cremastra  and  Govenia,  such as indi-
cated by the  matK  data, has not been proposed before, but was 
quite strongly supported (93%), as was the contrasting ITS pat-
tern. This discrepancy could be a case of true signal difference 
among the data sets as a result of past hybridization or lineage 
sorting. Even more strongly supported by  matK  is the sister re-
lation between  Aplectrum  and  Oreorchis  +  Corallorhiza , while 
the ITS data strongly suggest rather that  Aplectrum  is sister to 
 Cremastra  +  Oreorchis  +  Corallorhiza , with  Govenia  sister to 
this whole assemblage. The pattern of major deletions at the 5 ′  
end of the  matK  ORF and  trnK  intron may have some bearing 
on choice among these patterns. While the topology from  matK  
is most consistent with progressive deletion in this region, from 
no deletion in  Cremastra  to minimal deletion in  Aplectrum  to 
maximal deletion in  Oreorchis  and  Corallorhiza , the ITS pat-
tern suggests either independent deletions in  Aplectrum  and 
 Oreorchis  +  Corallorhiza , or a seemingly unlikely regain of the 
deleted DNA in  Cremastra . The pattern from the combined 
analysis, which is taken to be the strongest hypothesis here, is 
consistent with progressive  matK  deletion. 

 The morphological analysis of  Freudenstein (1994b)  did not 
resolve the relationships among the genera of the  Corallorhiza  
clade, but it did suggest a synapomorphy for  Cremastra  + 
 Aplectrum  +  Oreorchis  +  Corallorhiza  — the  hamulus  type of 
pollinium stalk ( Rasmussen, 1982 ), which is uncommon among 
orchids overall. On the ITS and combined trees, the hamulus is 
a unique synapomorphy for these genera, while on the  matK  
tree the hamulus would either have been derived twice or have 
transformed subsequently to the  tegula  type of stalk seen in  Go-
venia . Such a transformation between these two types of pollin-
ium stalk has not been proposed before in orchids, given the 
very different structure of the two types of stalks. 

 The combined molecular tree is consistent with the current 
taxonomy that is widely accepted for these genera.  Maekawa 
(1971)  considered  Cremastra  and  Aplectrum  to be congeneric 
and transferred both species of  Cremastra  to  Aplectrum , but the 
present results indicate that this combined group would not be 
monophyletic, thus arguing for continued recognition of the 
two genera. 

 The pattern of geographical distribution of the genera of 
 Corallorhizinae, when considered in the context of their phylo-
genetic relationships, is one of alternate Old and New World 

those,  C. striata  (Oaxaca) and  C. bentleyi  had the greatest dis-
tances (both 0.047). 

 ITS —    No polymorphisms were detected in initial sequences, 
so no cloning was performed for ITS sequences. The ITS data 
set yielded a single most parsimonious tree (CI = 0.74, RI = 
0.81, length = 289;  Fig. 3 ),  which is more resolved than that 
from  matK . The only points of disagreement with the  matK  pat-
tern are the placement of  Cremastra and Oreorchis . With ITS, 
 Cremastra  is not sister to  Govenia , but is instead sister to  Ore-
orchis  +  Corallorhiza  with strong (97%) support;  Oreorchis  is 
strongly supported as sister to a monophyletic  Corallorhiza  
rather than being embedded within it.  Corallorhiza bentleyi  is 
placed together with the varieties of  C .  striata . As with  matK , 
 C. bentleyi  is united strongly with the Oaxaca population of  C. 
striata  var . involuta . The Hidalgo population of  C. striata  falls 
among the var.  striata  and var.  vreelandii  populations. The  C. 
striata  clade is sister to the remaining species of  Corallorhiza , 
but with no jackknife support for the monophyly of the latter. 
 Corallorhiza trifi da  is sister to two clades, the  C. maculata  
group and the  C. odontorhiza-wisteriana  clade. As with  matK , 
the relationships of  C. maculata ,  C. bulbosa , and  C. mertensi-
ana  are unresolved. The ML tree for ITS was identical to the 
parsimony tree just described and to that from the analysis 
without indels. 

 The genetic distances varied as with  matK , with two excep-
tions. Uncorrected distances ( Table 1 ) show relative uniformity 
among members of the  C. trifi da-maculata-wisteriana  clade 
(0.081 – 0.086) with the exception of  C. odontorhiza , with the 
increased distance of 0.091. The  C. striata  clade again shows 
progressively greater distance, with  C. striata  var.  striata  at 
0.094,  C. striata  var.  vreelandii  at 0.099, and the sister pair of 
 C. bentleyi  and the Oaxaca accession of var.  involuta  at 0.106 

 Fig. 3.   The single most parsimonious tree from analysis of ITS se-
quence. Numbers above branches are lengths and those below are jack-
knife values.   
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 C. striata  var.  involuta ). The molecular evidence from both loci 
supports this relationship, associating the population of  C. bent-
leyi  examined here with a particular population of  C. striata  
var.  involuta  from Oaxaca on a relatively long branch (27 total 
changes), while the Hidalgo accession of var.  involuta  grouped 
with the large-fl owered  C. striata  var.  striata  and the medium-
fl owered  C. striata  var.  vreelandii  from the southwestern USA. 
This pattern suggests that two distinct lineages may exist in the 
 C. striata  group, each with members in Mexico and northern 
North America. If we were to optimize the range on the  C. stri-
ata-bentleyi  portion of the cladogram in  Fig. 4  and considered 
the southwestern USA and Mexico to be one region, that south-
ern region would be plesiomorphic and the northern North 
American regions would be apomorphic, representing indepen-
dent gains in each clade. However, no strong conclusions about 
biogeography can be drawn with such sparse sampling.  Freuden-
stein and Doyle (1994)  found that the Mexican accessions of 
 C. maculata  were successive sisters to the northern North 
American accessions. If this is the case for the  C. striata  group 
as well, it may indicate a general pattern for the genus, and per-
haps for other groups that have a montane Mexican – temperate 
northern North American distribution. A possible explanation 
for such a pattern would be northward migration following gla-
cial retreat. 

 Evolution of matK   —       matK  is unusual among putatively 
coding genes in its relatively rapid overall substitution rate, 
the nearly equal substitution rates across positions in a codon, 
similar transition – transversion rates, and its low synonymous 
to nonsynonymous amino acid substitution rate ratio (due to 
higher nonsynonymous rate;  Wolfe, 1991 ;  Steele and Vilgalys, 
1994 ;  Xiang et al., 1998a ). These properties are often associ-
ated with pseudogenes and some authors have suggested that 
 matK  might be a pseudogene in orchids and other angiosperms 
( Kores et al., 2000 ;  Whitten et al., 2000 ;  Cameron et al., 2001 ; 
 Goldman et al., 2001 ).  Li (1997, p.  182 )  defi ned pseudogenes 
as  “ DNA sequences that were derived from functional genes 
but have been rendered nonfunctional by mutations that prevent 

ranges, with  Govenia  occurring from Mexico to Bolivia,  Cre-
mastra  in temperate east Asia,  Aplectrum  in eastern North 
America,  Oreorchis  in temperate east Asia, and  Corallorhiza  
predominantly in North America (but having one circumboreal 
species,  C. trifi da,  which does not fall at the base of the genus). 
The eastern North American – east Asian disjunct distribution 
pattern is well known and has been explained by fragmentation 
of a formerly more continuous temperate fl ora (see review in 
 Wen, 1999 ). This scenario would be expected to lead to vicari-
ant pairs, as have been described in many groups, including 
orchids ( Boufford and Spongberg, 1983 ;  Chen, 1983 ;  Xiang et 
al., 1998b ). None of the relationships depicted in the current 
study can be explained solely by vicariance, except perhaps for 
 Oreorchis-Corallorhiza . This lack of correspondence to a vi-
cariance paradigm could be due to extinction of members of 
vicariant pairs, such as possibly an Asian sister to  Aplectrum , or 
to dispersal. 

 Both the ITS and  matK  patterns support the cladogram of 
relationships among  Corallorhiza  species based on restriction 
site data from the large single copy region of the plastid genome 
presented by  Freudenstein and Doyle (1994) . Two primary 
clades are distinguished: the  C. striata  clade, with fl owers lack-
ing a mentum (small nectar spur) and having a thickened, boat-
shaped labellum with a fused pair of lamellae at its base; and 
the  C. trifi da-maculata-wisteriana  clade, with a mentum of 
varying size at the summit of the ovary and a thin, fl attened la-
bellum that has two free lamellae at its base. 

 The least well-known species of  Corallorhiza  included here, 
 C. bentleyi , has not been examined from a molecular perspec-
tive before, having only been discovered in the late 1990s. 
 Freudenstein (1999a)  described the species from West Virginia 
as a clear ally of  C. striata , sharing with it the boat-shaped, 
thickened labellum with fused basal lamellae, and absence of a 
mentum. The fl owers of this species are distinct from those of 
 C. striata  from northeastern North America because those of 
 C. bentleyi  are much smaller. They are most similar to the small-
fl owered plants of  C. striata  from southern Mexico that have 
been called  C. involuta  (recognized by  Freudenstein [1997]  as 

 Fig. 4.   The single most parsimonious tree from combined analysis of  matK / trnK  intron and ITS sequences. D1 and D2 designate major deletions in 
the  trnK  region. Numbers below branches are jackknife values and numbers above are branch lengths.   
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 Because of the broader history of  matK  and its antecedents, the 
evolution of the  matK  ORF cannot be dissociated from changes 
in the  trnK  intron in which it resides ( Chuang and Hu, 2004 ; 
 Hausner et al, 2006 ). Chloroplast genome-encoded group II in-
trons, such as that in  trnK , have self-splicing ability ( Michel et al., 
1989 ), but may require chaperoning from a maturase such as the 
product of  matK  ( Hess et al., 1994 ). The fact that  matK  does exist 
rarely as a freestanding ORF, without associated  trnK  gene, as in 
 Epifagus  and  Adiantum capillis-veneris  ( Wolf et al., 2003 ), sug-
gests that this function may be broader than just assisting splicing 
of the  trnK  intron ( Ems et al., 1995 ). In this study we did not se-
quence the entire  trnK  exons, but the 3 ′  portion of the 5 ′  exon that 
we did sequence was present and highly conserved in all acces-
sions. The  trnK  intron shows quite a different pattern, however. 
Although large in  Govenia  and  Cremastra  ( > 900 bp), the 5 ′  por-
tion of the  trnK  intron is drastically reduced in  Aplectrum ,  Oreor-
chis , and  Corallorhiza , paralleling the changes seen in  matK . 

 Although it is tempting to try to associate the sequence 
changes observed in  matK  in Corallorhizinae with the loss of 
leaves, the situation is not straightforward. First, because the 
large 5 ′  deletions and frameshift indels occur in the leaf-bearing 
 Aplectrum  and  Oreorchis  as well as in  Corallorhiza , they pre-
cede the loss of leaves (phylogenetically). This pattern could 
indicate that changes in the plastid genome foreshadow physi-
cal leaf loss in the shift to increased heterotrophy. However, the 
role of  matK  and its known variation in other plants need to be 
considered as well because it is not at all clear that the gene 
should be expected to be nonfunctional in nonphotosynthetic 
plants, given that its presumed maturase role is not necessarily 
related to photosynthesis. Accordingly,  Wolfe et al. (1992)  found 
that  matK  is one of the few genes remaining in the plastome of 
the leafl ess direct (haustorial) parasite  Epifagus , even though the 
 trnK  gene in which it normally resides has been lost.  Epifagus  
retains this ORF in spite of its plastid genome being much 
more deleted overall than the plastid genome of  Corallorhiza  
 ( dePamphilis and Palmer, 1990 ;  Freudenstein and Doyle, 1994 ). 
It is clear that, if indeed related to increased heterotrophy, the 
changes seen in  Corallorhiza  and allies in  matK  indicate a very 
different situation with respect to its role than in  Epifagus . 

 Although a normal, functional  matK  product could not be 
produced in  Aplectrum ,  Oreorchis ,  or Corallorhiza , the rate of 
base substitution, as assessed by genetic distance, is not very 
different in these taxa with respect to  Govenia  than it is in  Cre-
mastra . This raises the question of why, in the most convincing 
case where  matK  could be postulated to be a pseudogene, the 
rate has not increased substantially and sequence conservation 
seems to remain the rule. Perhaps it is just that the group is still 
in the early stages of the shift to heterotrophy and that the vari-
ous taxa provide windows into positions on a continuum of 
change. While the rate of substitution for  matK  is elevated over-
all somewhat in the  C. striata  clade, it is only in  C. striata  var.  
involuta  ( JVF 2155 ) and  C. bentleyi  that we begin to see a no-
table increase in substitution rate. This pattern of substitution 
rate increase in the  C. striata  clade also holds for ITS, which is 
consistent with the observation of  Freudenstein and Doyle 
(1994)  that the greatest degree of plastid DNA deletion in  Cor-
allorhiza  was among the  C. striata  accessions, particularly in 
 C. striata  var.  involuta . This range of substitution rates within 
 Corallorhiza , in combination with the molecular changes seen 
even in related leafy taxa, argues for the importance of this 
group as a natural system in the early stages of plastid genome 
change, from which we can continue to learn about the transfor-
mation from autotrophy to heterotrophy in plants. 

their proper expression ”  and further added that they  “ are sub-
ject to no functional constraints. ”  While it is true that pseudo-
genes usually have those properties detailed for  matK , and 
while those properties are unusual for a coding locus, they are 
not suffi cient to render a locus nonfunctional. Pseudogenes 
typically experience frameshift mutations that cause radical 
amino acid change and often premature stop codons, leading 
to the nonfunctionality stated by Li. For example,  Wolfe and 
dePamphilis (1997)  found frameshift indels and premature stop 
codons in  rbc L in two species of  Orobanche  that also showed 
an increase in the nonsynonymous substitution rate. Although 
some studies have reported nontriplet indels for  matK  (e.g., 
 Kores et al., 2000 ), in most cases in angiosperms  matK  in-
dels occur in multiples of three bases ( Soltis and Soltis, 1998 ), 
which is consistent with production of a protein product. Hilu 
and Alice (1999) reported frameshift mutations at the extreme 
3 ′  end of  matK  in grasses, but they are so close to the 3 ′  ter-
minus that they should not interfere with any function that 
the locus might have. The fact that  matK  sequences are align-
able across angiosperms ( Hilu et al., 2003 ) and within fami-
lies such as Orchidaceae, suggests that most probably there is 
functional constraint. Moreover, Barthet and Hilu (2007) de-
tected  matK  transcripts and probable full protein products for 
the maturase in rice and potato, suggesting, along with pre-
vious work (Vogel et al., 1999), probable functionality in at 
least some plants. 

 The changes described here in  Corallorhiza matK  sequences 
are the most extreme of any documented for angiosperms and 
would support the assertion that if  matK  is a pseudogene in any 
angiosperm, it is one in  Aplectrum ,  Oreorchis , and  Coral-
lorhiza . Typical  matK  ORFs are approximately 1500 – 1600 bp 
( Soltis and Soltis, 1998 ;  Hilu et al., 2003 ); the gene in  Epifagus  
is reduced to 1320 bp due to deletions in the 5 ′  end of the gene 
( Wolfe et al., 1992 ). Other leafl ess species of Orobanchaceae 
do not have unusually small  matK  ORFs, nor do they have non-
triplet indels ( Young et al., 1999 ). The  Corallorhiza  and  Oreor-
chis matK  sequences examined here are 1152 bp, also due to 5 ′  
deletion, and are thus the smallest  matK  sequences reported to 
date. Although  Epifagus  has signifi cant 5 ′  deletion, its changes 
are not so extensive that the reading frame for the  “ domain X ”  
region at the 3 ′  end is affected. This region was indicated to be 
most important for the DNA-binding function of  matK  by  Mohr 
et al. (1993) , although  Young and dePamphilis (2000 ) did not 
observe a higher level of constraint on this region than on the 
rest of the gene. In  Calypso ,  Govenia , and the two  Cremastra s, 
a single large ORF is present for  matK , as in most other angio-
sperms. In contrast, internal length changes have altered the 
reading frames in such a way that there is no large reading 
frame in  Aplectrum ,  Oreorchis , and  Corallorhiza,  because of 
the presence of stop codons. In all of these, only smaller poten-
tial ORFs are present, and these are not in the same frame as 
those in  Cremastra  and  Govenia , meaning that the amino acid 
sequence produced would be radically different in  Aplectrum , 
 Oreorchis , and  Corallorhiza  and that, unless a phenomenon 
such as RNA editing (cf.  Gott and Emeson, 2000 ) is in opera-
tion here, even the majority of the  “ domain X ”  portion of the 
gene cannot be correctly translated. RNA editing in plants is 
limited, as far as currently known, to C  →  U and U  →  C 
changes, with no addition or removal of bases having been de-
tected (Gray, 2003; Tillich et al., 2006), so it is unlikely that this 
phenomenon could restore the reading frame in these taxa. 
Hence, these may be the fi rst carefully documented  matK  
pseudogenes. 
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 Appendix 1.   List of taxa examined, voucher specimens, origin, and GenBank numbers. All vouchers are at BH unless otherwise specifi ed. 

Taxon Collection Locality  matK ITS

 Aplectrum hyemale  (Willd.) Torr.  JVF 2391  (OS) NC, USA  — EF525675
 Aplectrum hyemale  (Willd.) Torr. MW Chase 104 (K)  — EF525693  — 
 Calypso bulbosa  (L.) Oakes  MW Chase 490  (K)  — EF525690 AF521076
 Coelia triptera  (Sm.) Steud.  MW Chase 324  (K)  — AF263643 AF260151
 Corallorhiza bentleyi  Freudenstein  JVF 2550  (OS) WV, USA EF525706 EF525688
 Corallorhiza bulbosa  A. Rich.  &  

Gal.
 JVF 2205 Mexico, Mexico EF525699 EF525681

 Corallorhiza maculata  (Raf.) Raf. 
var.  maculata 

 JVF 2209 MI, USA EF525700 EF525682

 Corallorhiza maculata  var.
  occidentalis  (Lindl.) Ames

 JVF 1885 CO, USA EF525697 EF525679

 Corallorhiza mertensiana  Bongard  JVF 2288 OR, USA EF525704 EF525686
 Corallorhiza odontorhiza  (Poir.) 

Nutt.
 JVF 2214 MI, USA EF525701  — 

 Corallorhiza odontorhiza  (Poir.) 
Nutt.

 JVF 2439 MI, USA  — EF525683

 Corallorhiza striata  Lindl. var. 
 striata 

 JVF 2226 MI, USA EF525702 EF525684

 Corallorhiza striata  var.  involuta  
(Greenman) Freudenstein

 JVF 2155 Oaxaca, Mexico EF525696 EF525678

 Corallorhiza striata  var.  involuta  
(Greenman) Freudenstein

 JVF 2190 Hidalgo, Mexico EF525698 EF525680

 Corallorhiza striata  var.  vreelandii  
(Rydb.) L. O. Williams

 Todsen 191a NM, USA EF525705 EF525687

 Corallorhiza trifi da  Chatelain  JVF 2087 MI, USA  — EF525677
 Corallorhiza trifi da  Chatelain  JVF 2090 MI, USA EF525695  — 
 Corallorhiza wisteriana  Conrad  Dressler, s.n.  FL, USA EF525703 EF525685
 Cremastra appendiculata  (D. Don) 

Makino
 Inoue, s.n.  Japan EF525691 EF525673

 Cremastra unguiculata  Finet  Inoue, s.n. Japan EF525692 EF525674
 Govenia  sp .  MW Chase 146  (K) Mexico EF525690 EF525672
 Oreorchis patens  (Lindl.) Lindl.  Inoue, s.n.  Japan EF525694 EF525676


