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    Vines and lianas are important components of tropical forest 
ecosystems. They are found in both primary and secondary for-
ests, at all levels of vegetation from forest fl oor to canopy, and 
they are most commonly seen without fl owers. Adaptations 
for defense, camoufl age, pollinator attraction, or increased 
exposure to light include leaf mimicry, changes in leaf shape, 
texture, or size over the life span of an individual, as well 
as variation in fl ower shape, size, and color. Such infraspecifi c 
transformations make identifi cation based on morphology very 
challenging, if not impossible. One solution is to use molecular 
data to defi ne species boundaries. An example is presented 
here with the genus  Psiguria  Arn. (Cucurbitaceae), whose 

species identifi cations are confounded by several morphologi-
cal variants. 

  Psiguria  is a neotropical genus of monoecious, perennial 
vines with a geographic distribution extending from southern 
Mexico to Paraguay and into the Caribbean islands. The genus 
has been the focus of several ecological and evolutionary stud-
ies on the sexual system and the interactions with various in-
sects in the community, but there has never been a phylogeny 
proposed for the genus.  Psiguria  plays a central role in a suite 
of plant – animal interactions, including host to several species 
of  Blepharoneura  Loew fruit fl ies ( Condon, 1984 ;  Condon and 
Gilbert, 1990 ;  Condon and Norrbom, 1994 ;  Condon and Steck, 
1997 ;  Condon et al., 2008 ). Additionally, most species of  Heli-
conius  Kluk butterfl ies rely heavily on nutrients obtained from 
pollen of  Psiguria  fl owers. Unlike other lepidopterans that ob-
tain nitrogenous compounds necessary for egg production as 
larvae,  Heliconius  butterfl ies assimilate amino acids and pro-
teins from pollen gathered by adults, principally from  Psiguria  
and a few members of the sister genus,  Gurania  Cogn. ( Gilbert, 
1972, 1975, 1977 ;  Boggs et al., 1981 ). Although most of the 
 Heliconius -collected pollen is destroyed by the butterfl ies, a 
suffi cient portion is transferred to female fl owers (presumably 
mistaken for a pollen source [ Gilbert, 1975 ]), fulfi lling the but-
terfl y ’ s role as  Psiguria  ’ s primary pollen vector ( Condon, 1984 ; 
 Murawski and Gilbert, 1986 ). The historical relationship be-
tween these two evolving groups of organisms may have infl u-
enced the reproductive strategy of the butterfl ies and the 
separation of genera in the plant subtribe ( Gilbert, 1993 ). 

  Psiguria  species occur in low densities in neotropical rain-
forests, commonly growing over shrubs and trees along edges 
of gaps and streams ( Condon, 1984 ;  Murawski and Gilbert, 
1986 ;  Condon and Gilbert, 1990 ). The genus is generally char-
acterized by large, glabrous, palmately 3- to 5-lobed or com-
pound (3- to 5-foliolate), leathery leaves. However, these leaf 
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fi rst phylogeny of  Psiguria  utilizing a combination of eight chloroplast intergenic spacers, the internal transcribed spacer (ITS) 
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triphylla  and  P. warscewiczii  have been used most often (to-
gether making up approximately 72% of annotated specimens). 
It has not been clear whether this large percentage is due to their 
having broader geographic distributions, being more common, 
or being used as catchall names. The remainder of the names 
has been used for less than 8% of herbarium specimens, and 
some names have not been used on any specimen other than the 
type. The question has remained as to whether any of the other 
11 names listed in IPNI pertain to species distinct from those 
six. 

 Past taxonomic treatments of  Psiguria  listed two species en-
demic to Caribbean islands:  P. trifoliata  (L.) Alain and  P. pe-
data  ( Wunderlin, 1978 ;  Howard, 1973 ). If it were confi rmed 
that these are distinct species, many interesting biogeographical 
questions could be asked. These include where the genus origi-
nated, how many times and in which direction it moved be-
tween Latin America and the islands, and whether it migrated 
by dispersal or vicariance. The divergence of the subtribe Gu-
raniinae from sister genus  Wilbrandia  is estimated to be 11   ±   3 
million years ago (mya), and the split between  Psiguria  and 
 Gurania  is estimated to be 6   ±   3 mya ( Schaefer et al., 2009 ). 
Because of the much greater age of the Caribbean islands (45 –
 46 my) ( Inturralde-Vinent and MacPhee, 1999 ;  Graham, 2003 ), 
this timing suggests that dispersal played the major role in the 
distribution pattern of  Psiguria , and the only question is from 
where dispersal occurred. 

  Psiguria  is placed in the tribe Coniandreae, subtribe Guranii-
nae along with only two other genera,  Gurania  and  Helmontia  
Cogn. ( Jeffrey, 2005 ).  Jeffrey (1978)  contended that the integ-
rity and distinctness of the subtribe is supported by pollen and 
fl ower morphology. Separation of  Helmontia  is based on pa-
lynological evidence ( Marticorena, 1963 ); pollen grains of  Hel-
montia  are singular, while those of  Psiguria  and  Gurania  occur 
in tetrads. Additionally,  Helmontia  petals are white, in contrast 
with the brightly colored orange, red, or yellow petals of its two 
sister genera.  Psiguria  and  Gurania  are easily distinguished by 
fl oral morphology. In contrast to the structure and color of  Psig-
uria  fl owers and leaves,  Gurania  fl owers have bright orange, 
long, divided sepals and inconspicuous yellow petals, and 
leaves are generally pubescent and not nearly as leathery as 
those of  Psiguria . Additionally,  Gurania  are found only on 
neotropical continents and Trinidad and Tobago ( Cheesman, 
1940 ), not in the Greater and Lesser Antilles. A familywide 
phylogeny of Cucurbitaceae supported the monophyly of sub-
tribe Guraniinae, but relationships at the generic level raised 
doubts about the monophyly of  Psiguria  ( Kocyan et al., 2007 ). 
The results of  Kocyan et al. (2007)  showed  Helmontia  embed-
ded within  Psiguria  and  Gurania , but taxon sampling (only two 
 Psiguria , three  Gurania , and one  Helmontia ) may have been 
insuffi cient to draw strong conclusions (S. Renner, System-
atische Botanik, personal communication). The analysis placed 
subtribe Guraniinae sister to genus  Wilbrandia  Presl., with 
these, in turn, sister to  Doyerea  Grosourdy ( Kocyan et al., 
2007 ). 

 In recent years, several groups of plant scientists have been 
working to fi nd a DNA region (or combination of regions) that 
can serve as a barcode for identifying species across fl owering 
plants ( Kress et al., 2005 ) or land plants ( Chase et al., 2005, 
2007 ;  Kress and Erickson, 2007 ). A region of the mitochondrial 
genome (cytochrome  c  oxidase 1 or  CO1 ) has been successfully 
used in animals for several years (e.g.,  Blaxter et al., 2004 ;  He-
bert et al., 2004 ;  Hajibabaei et al., 2006 ;  Witt et al., 2006 ), but 

characteristics vary over the life of an individual. For example, 
fi rst leaves of  P. pedata  (L.) R. A. Howard, found in the Greater 
Antilles, are simple, shallowly trilobed, and relatively membra-
nous. Subsequent, or even adjacent, leaves may be more deeply 
lobed or completely separated into two or three leafl ets. Leaves 
on mature  P. pedata  are coriaceous and show further division, 
typically pedate — three distinct leafl ets with side leafl ets that 
are further divided into two subleafl ets.  Psiguria  are serially 
monoecious; i.e., male fl owers emerge before the plants switch 
sex to produce female fl owers ( Gilbert, 1980 ;  Condon, 1984 ). 
Flowers develop in clusters on long, pedunculate, indetermi-
nate racemes or spikes. Both male and female fl owers are sal-
verform with tubular calyx and rotate petals; a similarity that, 
along with the stamen-like structure of the pistil, aids in  “ train-
ing ”  pollinator butterfl ies to visit both sexes. Sepals of both 
male and female fl owers are green and short (relative to the 
sister genus  Gurania ). Petals are typically red with yellow 
bases, pink, or orange; however, this is another characteristic, 
along with fl ower diameter, that can change drastically over the 
life of an individual. The fi rst male fl ower of  P. ternata  (M. J. 
Roem.) C. Jeffrey from Bolivia, for example, is typically light 
pink or salmon and very large and showy (12 – 13 cm in diame-
ter). However, subsequent fl owers are progressively smaller 
(down to 0.5 – 1.0 cm in diameter) with much darker, almost red, 
petals. Additionally, the calyx tubes of  P. ternata  fl owers 
change from fl ask-shaped to cylindrical in consecutive fl owers 
in an infl orescence. Furthermore, plants are not always in 
bloom, and sterile collections can make up approximately 15% 
of herbarium sheets. For these reasons and the fact that incom-
plete individuals of  Psiguria  are usually found on a given her-
barium sheet, questions have been raised as to how many 
species there are, where species boundaries exist, and how to 
identify individual species. The primary goal of this study was 
to address these questions of species delimitation, a task that is 
becoming a priority for many systematists ( Wiens, 2007 ). 

 The last complete taxonomic treatment of  Psiguria  was pub-
lished by Cogniaux in 1916, using the genus name  Anguria  
(Plum.) L. This name is now a nomen rejiciendum because it is 
a later homonym (published by  von Jacquin 1760 ) of  Anguria  
Mill. (1754). In his key to species,  Cogniaux (1916)  used leaf 
morphology and anther characteristics such as shape (straight 
or folded) and appendage texture (glabrous, papillose, blunt, or 
gradations of these) as major distinctive characters. As dis-
cussed above, leaf morphology varies over the life of an indi-
vidual, and while anther shape may be a good taxonomic 
character, texture of the anther appendage also varies within a 
species ( Steele, in press ). Although  Cogniaux (1916)  recog-
nized 29 species of  Anguria ,  Jeffrey (1978)  recognized only 
eight, and subsequent publications have resulted in 17 names 
listed in the International Plant Names Index ( IPNI, 2008 ). In a 
key to  Psiguria  of Panama,  Wunderlin (1978)  used calyx tube 
shape and color along with leaf texture (membranous vs. coria-
ceous) to distinguish species. Again, some of these characters 
have been observed to vary in individuals throughout their 
lives. M. Nee (New York Botanical Garden) and C. Jeffrey 
(Royal Botanic Gardens Kew, now at Russian Academy of Sci-
ences) have annotated most of the specimens located at fi ve of 
the largest herbaria in the United States (MO, NY, G, F, and 
US). The majority of those specimens are annotated with fi ve 
names ( P. pedata ,  P. ternata ,  P. triphylla  (Miq.) C. Jeffrey,  P. 
umbrosa  (Kunth) C. Jeffrey, or  P. warscewiczii  (Hook f.) Wun-
derlin), and a few with  P. racemosa  C. Jeffrey.  Psiguria 
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  Table  1. Samples included in the study. 

Genus Specifi c-epithet

Numerical 
designation in 

tree c 
Country of 
collection

Collector and collection no. 
(herbarium) d 

 Doyerea  emeto-
carthartica 

1* Antilles none available  –  (M)

 Doyerea  emeto-
carthartica 

2 Jamaica Adams 12246 (M)

 Gurania  acuminata 3* Peru Condon P05-77 (MOVC)
 Gurania  costaricensis 4* Costa Rica Steele 1009 (TEX)
 Gurania  eriantha 5 Peru Condon P05-40B 

(MOVC)
 Gurania  insolita 6 Peru Steele 1022 (TEX)
 Gurania  lobata 7* Bolivia Steele 1045 (TEX)
 Gurania sp. 8* Peru Steele 1046 (TEX)
 Gurania sp. 9* Peru Steele 1047 (TEX)
 Gurania sp. 10* Peru Steele 1048 (TEX)
 Helmontia  jeffreyi 11 Venezuela Steyermark 111716 (F) a 
 Helmontia  leptantha 12 Guyana Clarke 9665 (US) a 
 Psiguria  pedata 13* Cuba Shafer 10523 (NY)
 Psiguria  pedata 14* Puerto Rico Steele 1030 (TEX)
 Psiguria  pedata 15* Dominican 

Republic
Steele 1035 (TEX)

 Psiguria  pedata 16* Dominican 
Republic

Steele 1036 (TEX)

 Psiguria  pedata 17* Dominican 
Republic

Alain 14123 (NY)

 Psiguria  pedata 18* Dominican 
Republic

Alain 17756 (NY)

 Psiguria  pedata 19* Puerto Rico Alain 32529 (NY)
 Psiguria  pedata 20 Costa Rica Haber 4860 (MO)
 Psiguria  racemosa 21* Colombia Barriga 13400 b  (NY)
 Psiguria  racemosa 22* Venezuela Steele 1018 (TEX)
 Psiguria  racemosa 23 Venezuela Steyermark 120279 

(MO)
 Psiguria  racemosa 24 Colombia Romero 9685 (MO)
 Psiguria  racemosa 25 Venezuela Steyermark 88837 (NY)
 Psiguria sp. 26 Brazil Noblick 3356 (MO)
 Psiguria  triphylla 27 Mexico Dillon 1780 (TEX)
 Psiguria  triphylla 28* Mexico Steele 1004 (TEX)
 Psiguria  triphylla 29* Mexico Steele 1038 (TEX)
 Psiguria  triphylla 30 Mexico Steele 1058 (TEX)
 Psiguria  triphylla 31* Mexico Abbott 23877 (FLAS)
 Psiguria  triphylla 32* Mexico Torres 3281 (MO)
 Psiguria  ternata 33* Peru Steele 1039 (TEX)
 Psiguria  ternata 34* Bolivia Steele 1040 (TEX)
 Psiguria  ternata 35* Bolivia Steele 1043 (TEX)
 Psiguria  ternata 36* Brazil Steele 1066 (TEX)
 Psiguria  ternata 37* Bolivia Rivero 244 (LPB)
 Psiguria  ternata 38* Bolivia Nee 33826 (LPB)

 

 Psiguria  ternata 39 Bolivia Nee 38959 (TEX)
 Psiguria  ternata 40* Bolivia Nee 40367 (LPB)
 Psiguria  ternata 41 Bolivia Nee 47832 (NY)
 Psiguria  triphylla 42 Guatemala Lundell 16872 (TEX)
 Psiguria  triphylla 43* Costa Rica Steele 1007 (TEX)
 Psiguria  triphylla 44* Costa Rica Steele 1008 (TEX)
 Psiguria  triphylla 45* Peru Steele 1052 (TEX)
 Psiguria  triphylla 46* Peru Steele 1054 (TEX)
 Psiguria  triphylla 47* Trinidad Steele 1056 (TEX)
 Psiguria  triphylla 48* Costa Rica Steele 1059 (TEX)
 Psiguria  triphylla 49* Costa Rica Steele 1060 (TEX)
 Psiguria  triphylla 50* Costa Rica Steele 1062 (TEX)
 Psiguria  triphylla 51* Costa Rica Steele 1063 (TEX)
 Psiguria  triphylla 52 Costa Rica Steele 1068 (TEX)
 Psiguria  triphylla 53 Brazil Sterling 6217 (NY)
 Psiguria  triphylla 54* Costa Rica Croat 22130 (MO)
 Psiguria  triphylla 55* Ecuador Cer ó n 7619 (MO)
 Psiguria  triphylla 56* Ecuador Gilbert (TEX)
 Psiguria  triphylla 57 Guatemala Jones 3361 (NY)
 Psiguria  triphylla 58 Guyana Boom 7305 (NY)
 Psiguria  triphylla 59 Belize Gentle 5469 (TEX)
 Psiguria  triphylla 60* Ecuador Condon JS05-97 

(MOVC)
 Psiguria  triphylla 61 Mexico Martinez 12486 (GH)
 Psiguria  triphylla 62* Panama Croat 12218 (MO)
 Psiguria  triphylla 63* Panama Croat 16518 (MO)
 Psiguria  umbrosa 64 Trinidad Steele 1002 (TEX)
 Psiguria  umbrosa 65 Trinidad Steele 1017 (TEX)
 Psiguria  umbrosa 66* Trinidad Steele 1065 (TEX)
 Psiguria  umbrosa 67* Brazil Plowman 8512 (MO)
 Psiguria  umbrosa 68* St. Lucia Howard 19874 (GH)
 Psiguria  umbrosa 69 Venezuela Berry 3789 (MO)
 Psiguria  warscewiczii 70* Guatemala Contreras 8809 (TEX)
 Psiguria  warscewiczii 71 Panama Hammel 3218 (MO)
 Psiguria  warscewiczii 72* Costa Rica Steele 1006 (TEX)
 Psiguria  warscewiczii 73* Belize Steele 1055 (TEX)
 Psiguria  warscewiczii 74 Belize Steele 1061 (TEX)
 Psiguria  warscewiczii 75* Costa Rica Steele 1064 (TEX)
 Psiguria  warscewiczii 76* Colombia Callejas 2271 (NY)
 Psiguria  warscewiczii 77* Costa Rica Hammel 20374 (MO)
 Psiguria  warscewiczii 78* Guatemala Contreras 6339 (TEX)
 Psiguria  warscewiczii 79* Honduras Poole 1167 (TEX)
 Psiguria  warscewiczii 80* Honduras Molina 32001 (MO)
 Psiguria  warscewiczii 81* Mexico Mart í nez 26070 (MO)
 Psiguria  warscewiczii 82* Panama Croat 8499 (MO)
 Wilbrandia  ebracteata 83 Paraguay Wooston 980 (NY)
 Wilbrandia  longisepala 84* Brazil Mikich 38568 (NY)

Genus Specifi c-epithet

Numerical 
designation in 

tree c 
Country of 
collection

Collector and collection no. 
(herbarium) d 

 a Leaf samples obtained by T. S. Quedensley, Plant Biology Graduate Program, University of Texas at Austin
 b Note on label indicates that the collection information may be incorrect.
 c Samples marked with an asterisk (*) are those in which sequences for all three markers were obtained and are included in  “ reduced ”  data sets.
 d Specimens are housed in herbaria indicated in parentheses. F = Field Museum of Natural History, FLAS = Florida Museum of Natural History, GH = 

Harvard University, LPB = Herbario Nacional de Bolivia, M = Botanische Staatssammlung M ü nchen, MOVC = Cornell College, NY = New York Botanical 
Garden, TEX = University of Texas at Austin, US = Smithsonian Institution.

not in all groups. In a study where this marker was tested in 
Diptera,  Meier et al. (2006)  successfully determined less than 
70% of all species. The task of fi nding a suitable barcoding re-
gion for plants has provided a great challenge for several rea-
sons: (1) the mitochondrial genome in plants generally has 
extremely low levels of variability, (2) the effectiveness of re-
gions in the nuclear genome is questionable due to complex 
evolutionary patterns, and (3) the chloroplast genome has low 
levels of variability (but greater than the mitochondrial genome) 
and is usually uniparentally inherited ( Chase et al., 2005, 2007 ; 

 Kress et al., 2005 ;  Kress and Erickson, 2007 ;  Edwards et al., 
2008 ). Nevertheless, the nuclear ribosomal internal transcribed 
spacer (ITS) and several chloroplast genes and intergenic spac-
ers (IGS) have been suggested as potential DNA barcodes: ITS 
+  trnH-psbA  ( Kress et al., 2005 ), ITS +  rbcL  ( Chase et al., 
2005 ),  rpoC1 +  rpoB  +  matK  or  rpoC1 +  matK  +  psbA-trnH  
( Chase et al., 2007 ), and a portion of  rbcL  +  trnH-psbA  ( Kress 
and Erickson, 2007 ). It has also been noted that even these re-
gions are lacking suffi cient levels of variation in many genera; 
therefore, additional regions are required for distinguishing 
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Wisconsin, USA) to each product, and processing on a thermocycler at 37  °  C 
for 30 min, followed by 80  °  C for 15 min. Sequencing was conducted at the 
ICMB Core Facilities at The University of Texas at Austin, using ABI (Applied 
Biosystems, Foster City, California, USA) Big Dye chemistry. 

 Amplifi cations of both ITS and the  s/t phos  intron were performed using 
PCR in 25-  μ  L volumes containing ingredients as described above. Reaction 
conditions were as follows: one round of amplifi cation consisting of denatur-
ation at 94  °  C for 1 min 30 s; annealing at 53  °  C for 30 s; and extension at 72  °  C 
for 1.5 min; followed by 29 cycles of 94  °  C for 30 s, 53  °  C for 30 s, and 72  °  C for 
1 min 30 s; with a fi nal extension step of 72  °  C for 30 min. 

 Cloning was conducted using the TOPO TA cloning kit (Invitrogen, Carls-
bad, California, USA). Colonies were amplifi ed using PCR in 25-  μ  L volumes 
containing 16.1   μ  L of ddH 2 O, 8.0   μ  L of FailSafe buffer PreMix E, 0.2   μ  L of a 
20   μ  M solution of each pUC-18 plasmid primer (sequences listed in online 
SAppendix S1), 0.5   μ  L of  Taq  polymerase, and 1 colony. Reaction conditions 
were as follows: one hot-start cycle at 95  °  C for 3 min 30 s; followed by 35 cy-
cles consisting of denaturation at 95  °  C for 45 s, annealing at 58  °  C for 45 s, and 
extension at 72  °  C for 50 s; with a fi nal extension step of 72  °  C for 3 min. The 
PCR products that did not clone successfully were directly sequenced. All se-
quences were submitted to GenBank, and accession numbers are listed in Ap-
pendix 1. 

 Phylogenetic analyses   —     Forward, reverse, and internal sequences of all 
PCR products were assembled and edited with the program Geneious Pro 4.0.4 
(Biomatters Ltd., 2005 – 2009), and then aligned with the program CLUSTAL_X 
( Thompson et al., 1997 ), followed by manual adjustments that minimized the 
number of gaps. The alignment for each data set was uploaded to the TreeBase 
database (  http://treebase.org  /treebase/index.html, see  Table 3  for alignment 
numbers). Because chloroplasts are maternally inherited in Cucurbitaceae ( Cor-
riveau and Coleman, 1988 ), the eight IGS were combined into one concatenated 
data set for analyses. Unalignable regions were cut from sequences prior to 
phylogenetic analyses (number of base pairs cut:  ndhF-rpl32 , 25;  ndhC-trnV , 0; 
 rps16-trnQ , 56;  trnS-trnG , 1;  psbZ-trnM , 13;  psbM-trnD , 0;  rpoB-trnC , 10; 
 psbE-petL , 36; ITS1, 42; and ITS2, 35. 

 Nuclear ITS and  s/t phos  data sets were analyzed independently. Nuclear 
regions were initially analyzed with all clones sequenced. In most cases, clones 
of multiple samples of the same species mixed within a clade. Because these 
clones came from different individuals of the same species, this was expected. 
To compare, contrast, and combine trees from these three data sets, we chose 
one representative clone at random to be analyzed in an abridged data set. Se-
lection of random clones was conducted three times with different clones to 
determine if certain sets of clones would give different results. To evaluate total 
evidence, we conducted phylogenetic analyses on a combined data set that in-
cluded the concatenated chloroplast marker and the two abridged nuclear data 
sets. Finally, to directly compare trees resulting from each marker, we con-
ducted additional analyses with reduced data sets that included only those sam-
ples successfully amplifi ed and sequenced in all three data sets. 

 Maximum parsimony (MP) analyses were performed with the program 
PAUP* 4.0b10 ( Swofford, 2002 ). For each data set, heuristic searches were 
conducted using 100 random addition replicates with tree-bisection-reconnec-
tion (TBR) branch swapping with either a 10-min limit enforced on each repli-
cate or the maximum number of trees set to 10   000. Additionally, searches used 
characters equally weighted, gaps treated as missing, and the MulTrees option. 
Insertions and deletions were coded in the program SeqState 1.40 ( M ü ller, 
2005 ) using  Simmons and Ochoterena (2000)  simple coding. Support for inter-
nal nodes was assessed using bootstrap analysis ( Felsenstein, 1985 ) of 100 rep-
licates with one random addition per replicate, and a 10-min limit enforced on 
each replicate. 

 Models of evolution were selected based on the Akaike information criterion 
(AIC) implemented in the program MrModeltest 2.2 ( Nylander et al., 2004 ). Max-
imum likelihood (ML) analyses were performed using the program Garli 0.951 
( Zwickl, 2006 ) with the model of evolution as selected above. Each data set was 
analyzed in fi ve separate runs as suggested by  Zwickl (2006) . The ML analyses 
used the automated stopping criterion, terminating a search when the likelihood 
score remained constant for 20   000 consecutive generations. Likelihood scores of 
the optimal tree generated by Garli were calculated using PAUP*, which better 
optimizes branch lengths ( Zwickl, 2006 ). ML bootstrap analyses were performed in 
Garli ( Zwickl, 2006 ) with 100 replicates using an automated stopping criterion set 
at 5000 generations. Shimodaira-Hasegawa (SH) tests ( Shimodaira and Hasegawa, 
1999 ) were conducted in PAUP* to test alternative topologies and to compare trees 
from different data sets. Incongruence length difference (ILD) tests ( Farris et al., 
1995 ) were used to compare reduced data sets. 

species in groups with extremely low levels of detectable mo-
lecular variation or in those that have undergone recent, rapid 
speciation ( Chase et al., 2007 ). 

 In this study, we investigated the molecular evolutionary his-
tory of  Psiguria  using three independent markers: (1) a concate-
nated chloroplast marker made up of eight intergenic spacers, (2) 
both internal transcribed spacer (ITS) regions of the nuclear ribo-
somal DNA repeat, and (3) the intron of nuclear serine/threonine 
phosphatase gene. Our goals were to test the monophyly of 
 Psiguria , to determine the number of species in the genus, and to 
detect sister relationships. Additionally, we set out to identify 
regions of the chloroplast genome that could be used as a barcode 
to distinguish species quickly and effi ciently. 

 MATERIALS AND METHODS 

 Taxon sampling   —     Because a phylogeny of  Psiguria  has never been pub-
lished and the number of species in the genus has been debated, several indi-
viduals from each species were studied. Regardless of names listed on herbarium 
sheets, sampling spanned the geographical and morphological breadth of the 
genus and included fi eld collections made by P. R. Steele and L. E. Gilbert, 
collections from plants in the greenhouses of L. E. Gilbert at The University of 
Texas at Austin, and leaf material from herbarium collections ( Table 1 ).  In ad-
dition to 70 samples of  Psiguria , 10 of the sister genera  Gurania  (eight) and 
 Helmontia  (two) were included. Outgroups were chosen based on the Cucur-
bitaceae family phylogeny ( Kocyan et al., 2007 ) and included two samples of 
 Doyerea emeto-cathartica  and two species of  Wilbrandia . 

 Fresh leaf material was dried over silica. Total DNA was extracted using 
either the CTAB protocol of  Doyle and Doyle (1987)  or the DNeasy Plant DNA 
Extraction Kit (Qiagen, Germantown, Maryland, USA). CTAB products were 
purifi ed by ultracentrifugation in cesium chloride and ethidium bromide gradi-
ents ( Sambrook et al., 1989 ). 

 Primers, PCR amplifi cation, and DNA sequencing   —     Listed in Appendix 
S1 (see Supplemental Data with the online version of this article) are the eight 
chloroplast DNA intergenic spacer regions, two internal transcribed spacer 
(ITS) regions of the nuclear ribosomal DNA repeat, and the intron of the nu-
clear serine/threonine phosphatase gene ( s/t phos ) used as phylogenetic mark-
ers in this study, along with primer sequences and PCR annealing temperatures. 
With the exception of those for  trnS-trnG  taken from  Shaw et al. (2005) , all 
chloroplast primers were designed based on the genome sequence of  Cucumis 
sativus  L. (DQ119058;  Kim et al., 2006 ). The ITS primers were as described by 
 Kim and Jansen (1994) . Original primers for amplifying  s/t phos  were obtained 
from  Padolina (2006 ; primer combination #96). After this region was success-
fully amplifi ed in several samples, primers specifi c to this study group were 
designed to eliminate end regions that had little or no variation and to increase 
amplifi cation success. All nested primers were designed based on sequences of 
 Psiguria  samples for which initial primers amplifi ed the region. Also shown in 
SAppendix S1 (see online Supplemental Data) are internal primers used to se-
quence some regions to obtain 2  ×   sequence coverage. Finally, the nuclear  s/t 
phos  intron in  Psiguria umbrosa  contains a large ( > 500 bp) insert relative to all 
other samples; therefore, internal primers for sequencing were designed specif-
ically for those samples (Pumb96I-F and Pumb96I-R in Appendix S1). 

 Chloroplast marker amplifi cations were performed using PCR in 25-  μ  L vol-
umes containing 14.6   μ  L of double-distilled (dd) H 2 O, 7.5   μ  L of FailSafe buf-
fer – PreMix E (EPICENTRE Biotechnologies, Madison, Wisconsin, USA), 
0.25   μ  L of a 20   μ  M solution of each forward and reverse primer, 0.4   μ  L of  Taq  
polymerase (produced in the laboratory of R. K. Jansen following the protocol 
of  Pluthero (1993)  and diluted to 1 unit), and 2   μ  L of unquantifi ed DNA tem-
plate. The PCR reaction conditions were as follows: one round of amplifi cation 
consisting of denaturation at 96  °  C for 3 min; annealing at the temperature for 
each region shown in online SAppendix S1 for 45 s; and extension at 72  °  C for 
1 min; followed by 35 cycles of 94  °  C for 35 s, annealing temperature for 45 s, 
and 72  °  C for 1 min; with a fi nal extension step of 72  °  C for 12 min. Amplifi ca-
tions were visualized on 1% agarose gels with ethidium bromide and a size 
standard to estimate fragment sizes and DNA concentration. The PCR ampli-
cons were cleaned using Exo-SAP by adding a 3   μ  L solution of 2.25   μ  L of 
ddH 2 O, 0.25   μ  L of Exonuclease I (New England Biolabs, Ipswich, Massachu-
setts, USA), and 0.50   μ  L of Shrimp Alkaline Phosphotase (Promega, Madison, 
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 Serine/threonine phosphatase intron data   —      This nuclear 
marker was successfully amplifi ed in 60 of the 84 samples. Clon-
ing was successful with all but 12 amplicons. Shown in  Table 3  
are sequence characteristics and tree statistics for the data set 
containing 385 clones and the abridged  s/t phos  data set. Both 
numbers and percentages of parsimony informative characters 
were much greater for the data set including all clones than the 
abridged set, due to variation between clones of a single sample. 
Alignment of sequences revealed a large ( >  500 bp) insert in two 
of three  P. umbrosa  samples (from Trinidad-66 and St. Lucia-68) 
but not in a third sample (from Brazil-67). 

 The ML tree for the full data set of  s/t phos  clones is shown in 
online SAppendices S3 – S5, and the ML tree for the abridged 
data set is shown in  Fig. 2 .   Wilbrandia  grouped with  Gurania  
with strong bootstrap support, but with a very long branch. This 
marker does not support the monophyly of  Psiguria . Four clades 
of  Psiguria  have strong bootstrap support:  P. pedata ,  P. warsce-
wiczii ,  P. umbrosa , and  P. ternata .  Psiguria warscewiczii  and  P. 
umbrosa  are strongly supported as sister species. As with the 
chloroplast tree,  P. racemosa  and  P. triphylla  samples are para-
phyletic. However, with this data set,  P. triphylla  (54) is associ-
ated with other samples of  P. triphylla . As mentioned above, 
random clone selection was conducted three times for the  s/t phos  
abridged data set. Each of the three abridged data sets was ana-
lyzed individually, and ML trees reconstructed (data not shown). 
The trees gave the same results as described above. 

 ITS data   —      Both ITS1 and ITS2 were successfully amplifi ed 
in 70 of 84 samples. Cloning was successful with all but seven 
amplicons. The number of successful clones that was sequenced 
varied from one to fi ve per sample. Putative pseudogenes were 
identifi ed as those sequences having more than one base pair 
different in the 5.8S region from all other sequences in the same 
genus and were not included in analyses. In several cases, if the 
direct sequence of the amplifi ed region was clean, with no am-
biguous sites, it was included in the analysis. 

 Shown in  Table 3  are sequence characteristics and tree statis-
tics for the data set containing 246 clones and the abridged ITS 
data set. As with the  s/t phos  data, numbers and percentages of 
parsimony informative characters were much greater for the 
ITS data set including all clones than the abridged set due to the 
variation between clones of a single sample. 

 The ML tree for the full data set of ITS clones is shown in 
online Appendices S6 and S7, and the ML tree for the abridged 
data set is shown in  Fig. 3 .  The abridged ML tree is identical to 
one of 6803 MP trees, except in the MP trees, the  Wilbrandia  
clade is sister to the  Doyerea  clade, and the  P. warscewiczii  
clade is sister to the  Gurania  clade but with only 57% boot-
strap support. In the ML tree,  Wilbrandia  is sister to  P. warsce-
wiczii , and both are sister to  Gurania , but neither has bootstrap 

 Identifying DNA barcodes   —     To discover  Psiguria -specifi c DNA barcodes, 
we visually scanned the chloroplast sequences for base pairs that were unique to 
each species. Ideally, this set would constitute a single marker with base pairs 
unique to all species in the genus or a minimum number of regions to delineate 
them. 

 RESULTS 

 Phylogenetic analysis   —      The model of evolution chosen for 
our various data sets was either the general time reversible 
model with proportion of invariant sites and gamma shape pa-
rameter (GTR + I + G; for the concatenated chloroplast,  s/t 
phos  with 385 clones, and combined data set) or general time 
reversible model with only gamma shape parameter (GTR + 
G; for the ITS with 246 clones, abridged ITS, and abridged  s/t 
phos  data sets). Sequences were not successfully obtained 
from all samples for all markers (marked with  “  —  ”  in Appen-
dix 1), and a few regions had undetermined internal gaps. 
A list of all regions that were coded as missing is shown in 
Appendix S2 (see Supplemental Data with the online version 
of this article). 

 Chloroplast data   —      Aligned sequence characteristics for the 
eight IGS are shown in  Table 2 .  Sequence characteristics and 
tree statistics for the concatenated chloroplast data set are given 
in  Table 3 .  The tree resulting from the ML analysis is shown in 
 Fig. 1 .  Our data strongly support the monophyly of  Psiguria  
(shown with a thick branch in  Fig. 1 ).  Helmontia  is nested 
within  Gurania , but it has a very long branch. Some clades 
within  Psiguria  are well supported ( P. pedata  and  P. umbrosa ), 
 P. ternata  has moderate support, and  P. warscewiczii  is weakly 
supported. Most  P. triphylla  samples form a strongly supported 
clade; however,  P. racemosa  and  P. triphylla  are found in several 
places in the tree (specifi cally,  P. triphylla  [54],  P. triphylla  
[58],  P. racemosa  [23], and  P. racemosa  [24], shaded and marked 
with an asterisk). The identity of one  Psiguria  sample, desig-
nated as  P . sp. (26), is uncertain. This sample was taken from an 
herbarium specimen annotated as  P. ternata  that was collected 
in Brazil. It does not group with the  P. ternata  clade, and it does 
not have identifi able morphological characteristics that suggest 
it belongs to any of the other named clades in the tree. There is 
 < 50% support for relationships among clades throughout the 
backbone. One exception is a weakly supported sister relation-
ship between  P. warscewiczii  and  P. umbrosa . In two of the fi ve 
ML analyses, the  P. ternata  and  P. pedata  clades switched 
positions, but this difference is not well supported because the 
branch separating them received less than 50% bootstrap sup-
port in both MP and ML analyses, and it collapses in strict con-
sensus trees. 

  Table  2. Sequence characteristics of the eight chloroplast intergenic spacers. 

Intergenic spacer  ndhF-rpl32  ndhC-trnV  rps16-trnQ  trnS-trnG  psbZ-trnM  psbM-trnD  rpoB-trnC  psbE-petL 

Aligned length, w/ indels 725 743 1253 724 851 988 1148 1233
Number of coded indels 9 15 29 19 19 11 6 12
Guraniinae only, w/o indels No. PI characters 27 27 38 17 8 14 16 29

% PI characters 3.77 3.71 3.10 2.41 0.96 1.43 1.40 2.38
Guraniinae only, w/ indels No. PI characters 29 35 47 22 15 19 18 34

% PI characters 4.05 4.81 3.84 3.12 1.80 1.94 1.58 2.78
All samples, w/indels No. PI characters 49 46 69 30 29 20 24 51

% PI characters 6.84 6.32 5.64 4.26 3.49 2.05 2.10 4.18

 Note : PI = parsimony informative, w/ = with, w/o = without
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with one exception; the support for the clade of  P. pedata , 
which was 100/100 (MP/ML) in both data sets. The bootstrap 
support for  P. triphylla  and  P. racemosa  clades decreased, but 
one sample of each ( P. triphylla  [54] and  P. racemosa  [23]) that 
was not grouping with the species clade of the same name in the 
chloroplast tree, moved into the putatively correct clade in the 
combined tree. Additionally, support for a sister relationship 
between  Gurania  and  Helmontia  increased. 

 Marker comparison with reduced data sets   —      Sequences 
for all three markers were obtained for 57 samples (marked 
with an asterisk in  Table 1 ). These included one of each out-
group ( Doyerea  and  Wilbrandia ), six  Gurania , 49  Psiguria  
including some from each species, and no  Helmontia . The 
trees resulting from ML analyses are shown in online SAp-
pendices S8 (chloroplast), S9 ( s/t phos ), and S10 (ITS). These 
data sets do not result in topologies different from the full data 
sets. 

 DNA barcoding   —      It was not possible to identify a single 
chloroplast region that had nucleotide changes unique to each 
species. The smallest number of noncoding chloroplast regions 
required to distinguish all species of  Psiguria  was four.  Table 4 
  lists the markers and specifi c nucleotide positions that distin-
guish the species. If the sequence has a nucleotide other than 
the one listed in the table for that position, it is not the listed 
species. Only one region ( ndhC-trnV ) is necessary to identify  P. 
pedata , and it has three unique nucleotides. One region ( rps16-
trnQ ) identifi es  P. ternata  with one unique nucleotide, and one 
region ( rpoB-trnC ) identifi es  P. racemosa  with two unique nu-
cleotides. Three chloroplast regions ( rps16-trnQ  [3 bp],  ndhC-
trnV  [2 bp], and  ndhF-rpl32  [1 bp]) are listed for  P. triphylla . 
Any one or all of these regions can be used to identify  P. 
triphylla . At least two chloroplast regions are required to iden-
tify  P. umbrosa  and  P. warscewiczii  ( ndhF-rpl32  plus  rpoB-
trnC  or  psbZ-trnM ). Two nucleotide bases in  ndhF-rpl32  are 
unique to both  P. umbrosa  and  P. warscewiczii . Then, to distin-
guish  P. umbrosa  from  P. warscewiczii , either  rpoB-trnC  or 
 psbZ-trnM  must be as listed in  Table 4 . 

support above 50%. Two clades have moderate to strong boot-
strap support:  P. pedata  and  P. ternata . As with the other data 
sets,  P. racemosa  and  P. triphylla  samples are paraphyletic. 
There is moderate bootstrap support for a sister relationship 
between  P. umbrosa  and some samples of  P. warscewiczii . 
 Psiguria warscewiczii  split into two clades — one sister to 
 Wilbrandia  (with  < 50% bootstrap support) and the other sister 
to  P. umbrosa . The two clades of  P. warscewiczii  are split 
along geographical lines. The group sister to  Wilbrandia  
is from southern Central America/northern South America 
(Costa Rica, Panama, and Columbia), and the samples sister 
to  P. umbrosa  are from northern Central America (Mexico, 
Guatemala, Belize, and Honduras). Random clone selection 
was conducted three times for the abridged ITS data set. Each 
of the three abridged data sets was analyzed individually, and 
ML trees were reconstructed (data not shown). Trees gave the 
same results as described above. 

 Combined data   —      Shown in  Table 3  are sequence character-
istics and tree statistics for the combined data set, which in-
cludes all genomic regions that amplifi ed and were sequenced 
in all samples. The tree resulting from the ML analysis is shown 
in  Fig. 4 .  The combined topology is not radically different from 
the chloroplast tree except that branches are generally longer 
with more support for individual clades. This tree provides 
strong support for the monophyly of  Psiguria .  Helmontia  is 
nested within  Gurania , again with very long branches leading 
to  Helmontia .  Psiguria pedata ,  P. ternata , and  P. umbrosa  are 
well supported.  Psiguria triphylla  has moderate support (ex-
cept sample  P. triphylla  [58]), and  P. warscewiczii  has low to 
moderate support. Four of the fi ve samples of  P. racemosa  
grouped together (excluding  P. racemosa  [24]), but with  < 50% 
bootstrap support. As before, the one sister relationship with 
bootstrap support above 50% is  P. warscewiczii  and  P. umb-
rosa . The unidentifi ed  Psiguria  sample (26) again does not fall 
into any of the well-supported clades. 

 Although bootstrap support for the monophyly of  Psiguria  is 
slightly lower in the combined tree than in the chloroplast tree, 
all other clades were enhanced by the addition of nuclear data, 

  Table  3. Sequence characteristics and tree statistics for all six data sets. 

Statistic Concatenated chloroplast  s/t phos  clones  s/t phos : abridged ITS clones ITS: abridged
All 3 data sets 

combined

Aligned length, with indels 7700 1183 1164 813 796 9660
Number of coded indels 155 43 24 42 25 204
Guraniinae  a  only, w/o indels No. PI characters 176 257 87 157 84 356

% PI characters 2.33% 22.54% 7.63% 20.36% 10.89% 3.76%
Guraniinae  a  only, w/ indels No. PI characters 219 275 94 187 92 411

% PI characters 2.84% 23.25% 8.08% 23.00% 11.56% 4.25%
All samples, w/indels No. PI characters 408 278 99 227 117 626

% PI characters 5.30% 23.50% 8.51% 27.92% 14.70% 6.48%
Number of samples included 84 385 60 246 70 84
Number of MP trees  b 8900 400 10   000 6400 6803 164   124
Tree length 830 798 272 606 289 1465
CI  c 0.7104 0.6491 0.7554 0.5411 0.6029 0.6434
RI  c 0.9087 0.9640 0.9394 0.9143 0.8628 0.8830
 − ln L 14   466.81 7270.04 3331.88 4827.42 2706.05 21   602.42
Figure 1 S3, S4, S5 2 S6, S7 3 4
TreeBase alignment no. M4677 M4681 M4678 M4682 M4679 M4680

 Note:  An  “ indel ”  may be an individual base pair (bp) or a set of contiguous bps.
 a  Guraniinae included only samples of  Psiguria ,  Gurania , and  Helmontia .
 b  Maximum number of trees was set to 10   000 on all data sets except the combined set, upon which a 10-min time limit was enforced on each replicate.
 c  Uninformative characters were excluded.
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number of informative characters to be obtained at this low tax-
onomic level, multiple noncoding regions had to be sequenced 
and combined to represent one chloroplast marker. In a pilot 
study including three  Psiguria  and one  Gurania  sample, 26 re-
gions of the chloroplast genome were investigated based on a 

 DISCUSSION 

 Marker selection   —      Chloroplast  —    Prior to embarking on the 
phylogenetic study of  Psiguria , it was fi rst necessary to identify 
variable regions that were suffi ciently informative. For a useful 

 Fig. 1.   Maximum likelihood (ML) tree ( − ln L = 14   466.81) inferred from the concatenated chloroplast data set, identical to one of the 8900 maximum 
parsimony (MP) trees (length = 830; CI = 0.71; RI = 0.91). The data set includes 84 samples, with  Doyerea  and  Wilbrandia  used to root the tree. Numbers 
above the lines indicate MP/ML bootstrap values; a black square indicates a bootstrap value  < 50%. Shaded samples with asterisks fall outside the clades 
of the same name. The parenthetical number indicates the sample designation in  Table 1 .   
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the  trnL  intron and the IGS,  trnL-trnF . Each of these regions 
had  < 1% parsimony informative characters within Guraniinae. 

  Shaw et al. (2005, 2007 ) investigated potential variability in 
34 noncoding chloroplast regions in three groups of angio-
sperms: asterids, rosids, and monocots. Of the nine regions that 
showed the greatest variation in their study, four represented 
the most variable regions for  Psiguria :  rps16-trnQ ,  ndhC-trnV , 
 ndhF-rpl32 , and  psbE-petL . Three others ( rpl32-trnL ,  trnT-
psbD , and  psbJ-petA ) showed  < 1% variation in Guraniinae, one 
( atpI-atpH ) was not annotated in the  Cucumis sativus  genome, 
and the other ( rps16-trnK ) did not amplify successfully. There-
fore, as concluded by  Shaw et al. (2007) , there is no chloroplast 

consensus of results in the literature ( Panero and Crozier, 2003 ; 
 Shaw et al., 2005 ;  Daniell et al., 2006 ;  Timme et al., 2007 ) and 
a study of the published chloroplast genome for  Cucumis sati-
vus  ( Kim et al., 2006 ). After testing these regions for amplifi ca-
tion success, suitable length, and phylogenetic utility, we 
selected the most informative eight ( Table 2 ) by conducting 
phylogenetic analyses with several combinations until there 
was little increase in bootstrap support. Regions that were elim-
inated are  rpl16  intron,  trnT-psbD ,  trnT-trnL ,  ycf3-trnS ,  trnC-
ycf6 ,  trnG2G-trnG ,  rpl20-5  ′  rps12 ,  rps16  intron,  trnD-trnE , 
 trnG  intron,  trnT-psbD ,  trnE-trnT ,  atpF-atpH ,  psbA-trnH, ps-
bJ-petA ,  ndhA  intron,  rpl32-trnL , and  trnL-trnF , which includes 

 Fig. 2.   Maximum likelihood (ML) tree ( − ln L = 3331.88) inferred from an abridged set of the clones (one per sample) of the serine/threonine phos-
phatase gene intron. This tree is identical to one of the 10   000 maximum parsimony (MP) trees (length = 272; CI = 0.76; RI = 0.94). The data set includes 
60 samples, with  Doyerea  and  Wilbrandia  used to root the tree. Numbers above the lines indicate MP/ML bootstrap values; a black square indicates a 
bootstrap value  < 50%. The shaded samples fell outside the clades of the same name in the chloroplast data set. The parenthetical number indicates the 
sample designation in  Table 1 .   
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potentially phylogenetically informative: genes for ATP syn-
thase, actin, and serine/threonine phosphatase ( s/t phos ). Actin 
was not tested further for phylogenetic utility because there 
were at least two copies of the gene. After adding many samples 
to the ATP synthase data set, it was discovered that there was 
insuffi cient variation between species, and little bootstrap sup-
port for any clades. 

 Only one copy of serine/threonine phosphatase ( s/t phos ) 
was detected in a preliminary study by  Steele et al. (2008) . It 
showed the greatest potential for phylogenetic utility after add-
ing many samples to the data set. The  s/t phos  gene codes for an 
enzyme that dephosphorylates serine and threonine residues in 
proteins ( Wera and Hemmings, 1995 ). Phosphorylation of 
structural and regulatory proteins is a major intracellular con-

region (or combination of regions) that will have phylogenetic 
utility in all lineages, so several must be screened in a reduced 
set of samples before committing to a studywide sequencing 
effort. 

 Low-copy nuclear   —      One hundred forty-one primer combi-
nations for amplifying low-copy nuclear (LCN) regions were 
screened for phylogenetic usefulness in  Psiguria  ( Steele et al., 
2008 ). These primer pairs were designed by comparing the 
whole nuclear genome of  Oryza sativa  L. to  Arabidopsis thali-
ana  (L.) Heynh. to identify conserved regions ( Padolina, 2006 ). 
In  Psiguria , 11 regions amplifi ed successfully, and clones were 
originally sequenced in at least three  Psiguria  species plus out-
groups.  Steele et al. (2008)  discovered three regions that were 

 Fig. 3.   Maximum likelihood (ML) tree ( − ln L = 2706.05) inferred from an abridged set of the clones (one per sample) of the nuclear ribosomal internal 
transcribed spacers (ITS1 and ITS2). This tree is identical to one of the 6803 maximum parsimony (MP) trees (length = 289; CI = 0.60; RI = 0.86), except 
in the MP trees, the  Wilbrandia  clade is sister to the  Doyerea  clade, and the  P. warscewiczii  clade is sister to the  Gurania  clade. The data set includes 70 
samples, with the  Doyerea  and the  Wilbrandia  samples used to root the tree. Numbers above the lines indicate MP/ML bootstrap values; a black square 
indicates a bootstrap value  < 50%. The shaded samples fell outside the clades of the same name in the chloroplast data set. The parenthetical number indi-
cates the sample designation in  Table 1 .  “ X ”  indicates that this branch does not occur in this result.   
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 Fig. 4.   Maximum likelihood (ML) tree ( − ln L = 21   602.42) inferred from the combined data set (chloroplast +  s/t phos  + ITS), identical to one of the 
164   124 maximum parsimony (MP) trees (length = 1465; CI = 0.64; RI = 0.88). The data set includes 84 samples, with  Doyerea  and  Wilbrandia  used to 
root the tree. Numbers above the lines indicate MP/ML bootstrap values; a black square indicates a bootstrap value  < 50%. Shaded samples with asterisks 
fall outside the clades of the same name. Shaded-only samples fall outside the clades of the same name in the chloroplast data set. The parenthetical number 
indicates the sample designation in  Table 1 .   
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are indicating their presence. Additional nuclear markers are 
required to test this hypothesis. Low bootstrap support, pre-
dominantly in the backbone of the trees, may be due to the lack 
of informative characters. Nonetheless, the nuclear data sets 
support several of the same species clades supported by the 
chloroplast data. 

 Two collections,  P. triphylla  (58) and  P. racemosa  (24), do 
not group with other collections of those species, but branches 
separating them all have  < 50% bootstrap support and collapse 
in strict consensus trees. We conducted SH tests forcing  P. 
triphylla  (58) with the  P. triphylla  clade, and another forcing  P. 
racemosa  (24) with the  P. racemosa  clade. In both of these 
tests, alternative trees were rejected ( P  = 0.001 and  P  = 0.042, 
respectively). There are several possible explanations for the 
positions of these two collections. They may represent distinct 
species, they could be hybrids, or there may not be enough vari-
ation for correct placements. In contrast, two collections that 
did not group with other samples of the same species,  P. 
triphylla  (54) and  P. racemosa  (23), in the chloroplast tree, are 
grouping in those clades in the combined tree. 

 Trees inferred from  s/t phos  and ITS clones have, for the 
most part, the same topologies as the abridged trees ( Figs. 2 and 
3 ). One discrepancy is with sample  P. triphylla  (56) from Ecua-
dor. In the  s/t phos  tree, all 10  P. triphylla  (56) clones group 
together but within a clade of  P. racemosa  clones with moder-
ate support (online Appendix S4). However, in the ITS tree, one 
clone of  P. triphylla  (56) (C04; online Appendix S6) falls into 
a moderately supported clade of  P. ternata  clones, while the 
other four group into a weakly supported clade of  P. triphylla  
clones. Although hybridization has never been reported in wild 
 Psiguria , artifi cial hybrids have been made in the greenhouse 
(L. E. Gilbert, unpublished data). It is possible that this is an 
example of a natural hybrid, but the parent species cannot be 
determined. Also in the nuclear trees,  Wilbrandia  is sister or 
near to  Gurania . Utilizing the combined data, the alternative 
topology placing  Wilbrandia  sister to  Gurania  was rejected ( P  
= 0.035). Some topological difference between the  s/t phos  and 
ITS trees may be due to long-branch attraction. 

 The  P. warscewiczii ,  P. ternata , and  P. pedata  clades each 
contain two weakly to moderately supported groups ( Fig. 4 ). 
The ITS tree separates  P. warscewiczii  along geographical 
lines, but this weak result is not supported in the combined tree. 
There is no morphological evidence that suggests that any of 
these clades should be split into two. Finally, the unidentifi ed 
sample,  Psiguria  sp .  (26), is isolated in the tree. This sample 
was collected in Brazil and annotated as  P. ternata , but this 
placement was rejected in an SH test ( P  = 0.005). It is possible 
that this collection represents a seventh species of  Psiguria , but 
characteristics must be identifi ed to recognize it as distinct. Fur-
thermore, additional samples from this geographic region 
should be included in future phylogenetic analyses. 

 In the chloroplast tree,  Helmontia  groups with  Gurania  on a 
very long branch. A previous phylogeny of Cucurbitaceae 
showed  Helmontia  embedded within  Psiguria  and  Gurania  
( Kocyan et al., 2007 ). Because we included an expanded 
sampling of  Psiguria  and a greater number of markers, we used 
the combined data set to test the alternative topology that 
 Helmontia  is sister to  Psiguria , and this alternative was rejected 
( P  = 0.020). It will still be necessary to expand sampling 
of  Gurania  — estimated to contain approximately 75 species 
(A. Neill, Botanical Research Institute of Texas, personal 
communication) — to determine if this placement of  Helmontia  
is a good one or is due to long-branch attraction. 

trol mechanism in eukaryotes. The phosphorylation state of a 
protein is a dynamic process controlled by both protein kinases 
and protein phosphatases ( Wera and Hemmings, 1995 ). We de-
signed a  Psiguria -specifi c set of primers such that most of the 
amplifi ed region contained an intron within  s/t phos . 

 The sequence encoding serine/threonine phosphatase is a 
member of a large gene family in  Arabidopsis . It was not possi-
ble to identify which member of the family was amplifi ed/
sequenced in this study because sequences obtained did not 
match any of those in the GenBank  Arabidopsis  database. Per-
haps the lack of match similarity is because the sequences am-
plifi ed here consist mainly of noncoding DNA. The  > 500 bp 
insert in two samples (66 and 68) occurred in the center of the 
sequence and, therefore, would not interfere with putative splic-
ing sites of the exons. 

 Marker utility   —      It is surprising that, despite the large num-
ber of genomic regions (eight chloroplast, ITS, and one LCN 
gene intron) used in this study, bootstrap support for several 
clades is only weak or moderate. Systematic studies of other 
neotropical genera often include fewer molecular markers, yet 
result in higher bootstrap support for individual species. For 
example,  Saslis-Lagoudakis et al. (2008)  used ITS plus the 
plastid  trnL  intron,  trnL-F  intergenic spacer, and partial exon of 
 matK  to investigate the systematics of  Platymiscium  Vogel (Fa-
baceae), a genus of rainforest trees. In most cases, these regions 
provide enough phylogenetic information to delineate species 
and, in some cases, varieties of species with high bootstrap sup-
port. Lack of support for species of  Psiguria  may be due to the 
estimated young age of the group (6   ±   3 mya;  Schaefer et al., 
2009 ) or it may indicate that the genus has a low rate of molecu-
lar evolution. 

 Taxonomic implications   —      Molecular phylogeny and alter-
native hypothesis testing  —    Phylogeny reconstructions from the 
concatenated chloroplast ( Fig. 1 ) and combined ( Fig. 4 ) data 
sets show strong bootstrap support for the monophyly of  Psigu-
ria . Monophyly is not supported by the  s/t phos  ( Fig. 2 ) or ITS 
( Fig. 3 ) trees. Although the tree resulting from the combined 
data set ( Fig. 4 ) has the longest branches and most well-sup-
ported clades, the large amount of chloroplast data (7700 bp) 
may be overwhelming the signal contributed by the two nuclear 
data sets ( s/t phos -1164 bp and ITS-796 bp). To directly com-
pare results from the three markers, reduced data sets were cre-
ated that included only those samples in which all three markers 
were successfully amplifi ed and sequenced (online SAppendi-
ces S8 – S10). Both SH and ILD tests were conducted to pair-
wise compare all three data sets, and in all comparisons, trees 
were signifi cantly different ( P   <  0.05). 

 Both the monophyly of  Psiguria  and its distinction as a ge-
nus separate from  Gurania  are supported by several morpho-
logical characters discussed above (and more thoroughly in 
 Steele, in press ). The lack of support by the nuclear data for the 
monophyly of  Psiguria  may be caused by one or more phenom-
ena. These include incomplete lineage sorting or mistaken or-
thology. Although as many as 12  s/t phos  clones were included 
for each sample, those regions sequenced in  P. pedata  may be 
paralogous to those from other species. This paralogy is more 
likely because this gene is a member of a large gene family and 
could also explain the split in  P. warscewiczii  samples in ITS 
trees and the grouping of one clade with  Gurania . Furthermore, 
although no hybrids have been identifi ed in  Psiguria  based on 
morphological characters, it is possible that the nuclear genes 



167January 2010]

  T
ab

le
  4

. 
D

N
A

 b
ar

co
de

s 
w

ith
 t

he
 u

ni
qu

e 
nu

cl
eo

tid
es

 t
ha

t 
id

en
tif

y 
sp

ec
ie

s 
of

  P
si

gu
ri

a .
 T

he
 r

ep
re

se
nt

at
iv

e 
se

qu
en

ce
s 

an
d 

as
so

ci
at

ed
 G

en
B

an
k 

ac
ce

ss
io

n 
nu

m
be

rs
 n

ec
es

sa
ry

 f
or

 c
om

pa
ri

so
n 

ar
e 

gi
ve

n 
al

on
g 

w
ith

 th
e 

pa
rt

ic
ul

ar
 b

as
e 

nu
m

be
r 

in
 th

at
 s

eq
ue

nc
e.

 I
n 

so
m

e 
ca

se
s,

 a
 c

om
bi

na
tio

n 
of

 s
eq

ue
nc

es
 is

 r
eq

ui
re

d 
fo

r 
id

en
tifi

 c
at

io
n;

 s
ee

  “
 D

is
cu

ss
io

n ”
  f

or
 m

or
e 

de
ta

ils
. 

Sp
ec

ie
s 

un
iq

ue
ly

 id
en

tifi
 e

d
R

ep
re

se
nt

at
iv

e 
se

qu
en

ce
  a  

C
hl

or
op

la
st

 m
ar

ke
r

G
en

B
an

k 
 ac

ce
ss

io
n

B
as

e 
pa

ir
 n

um
be

r 
U

ni
qu

e 
nu

cl
eo

tid
e

Pr
im

er
s 

 b  

Fo
rw

ar
d

R
ev

er
se

 P.
 p

ed
at

a 
 P.

 p
ed

at
a  

(1
4)

nd
hC

-t
rn

V
G

Q
48

92
73

50
C

nd
hC

-t
rn

V
 f

or
w

ar
d

nd
hC

-t
rn

V
 n

es
te

d-
R

31
5

C
43

4
C

 P.
 tr

ip
hy

ll
a 

 P.
 tr

ip
hy

ll
a  

(2
8)

nd
hF

-r
pl

32
G

Q
48

93
56

18
0

T
nd

hF
-r

pl
32

 f
or

w
ar

d
nd

hF
-r

pl
32

 n
es

te
d-

R
 P.

 tr
ip

hy
ll

a 
 P.

 tr
ip

hy
ll

a  
(2

8)
nd

hC
-t

rn
V

G
Q

48
92

80
54

T
nd

hC
-t

rn
V

 f
or

w
ar

d
nd

hC
-t

rn
V

 n
es

te
d-

R
  c  

65
T

 P.
 tr

ip
hy

ll
a 

 P.
 tr

ip
hy

ll
a  

(2
8)

rp
s1

6-
tr

nQ
G

Q
48

97
68

30
C

rp
s1

6-
tr

nQ
 f

or
w

ar
d

rp
s1

6-
tr

nQ
 n

es
te

d-
R

  d  
63

8
T

71
3

T
 P.

 r
ac

em
os

a 
 P.

 r
ac

em
os

a  
(2

2)
rp

oB
-t

rn
C

G
Q

48
96

82
85

5
C

rp
oB

-t
rn

C
 in

te
rn

al
-F

rp
oB

-t
rn

C
 r

ev
er

se
94

2
C

 P.
 te

rn
at

a 
 P.

 te
rn

at
a  

(3
4)

rp
s1

6-
tr

nQ
G

Q
48

97
73

43
4

C
rp

s1
6-

tr
nQ

 f
or

w
ar

d
rp

s1
6-

tr
nQ

 n
es

te
d-

R
  d  

 P.
 u

m
br

os
a 

 P.
 u

m
br

os
a  

(6
4)

ps
bZ

-t
rn

M
G

Q
48

96
41

19
6

C
ps

bZ
-t

rn
M

 f
or

w
ar

d
ps

bZ
-t

rn
M

 n
es

te
d-

R
  e  

 P.
 u

m
br

os
a 

 P.
 u

m
br

os
a  

(6
4)

rp
oB

-t
rn

C
G

Q
48

97
24

72
1

G
rp

oB
-t

rn
C

 in
te

rn
al

-F
rp

oB
-t

rn
C

 r
ev

er
se

 P.
 u

m
br

os
a 

/  
 P.

 w
ar

sc
w

ic
zi

i 
 P.

 u
m

br
os

a  
(6

4)
nd

hF
-r

pl
32

G
Q

48
93

94
42

2
T

nd
hF

-r
pl

32
 f

or
w

ar
d

nd
hF

-r
pl

32
 n

es
te

d-
R

50
4

T

 a   T
he

 p
ar

en
th

et
ic

al
 n

um
be

r 
in

di
ca

te
s 

its
 d

es
ig

na
tio

n 
in

  T
ab

le
 1

 .
 b   

U
nl

es
s 

no
te

d 
ot

he
rw

is
e,

 th
e 

in
di

ca
te

d 
pr

im
er

 f
ro

m
 S

A
pp

en
di

x 
S1

 (
se

e 
Su

pp
le

m
en

ta
l D

at
a 

w
ith

 th
e 

on
lin

e 
ve

rs
io

n 
of

 th
is

 a
rt

ic
le

) 
m

ay
 b

e 
us

ed
.

 c   A
s 

an
 a

lte
rn

at
iv

e,
 th

e 
fo

llo
w

in
g 

pr
op

os
ed

 r
ev

er
se

 p
ri

m
er

 m
ay

 b
e 

us
ed

 to
 a

m
pl

if
y 

a 
40

0-
bp

-s
ho

rt
er

 r
eg

io
n:

 G
C

A
 T

T
G

 G
G

T
 T

A
T

 G
G

T
 G

G
A

 G
.

 d   A
s 

an
 a

lte
rn

at
iv

e,
 th

e 
fo

llo
w

in
g 

pr
op

os
ed

 r
ev

er
se

 p
ri

m
er

 m
ay

 b
e 

us
ed

 to
 a

m
pl

if
y 

a 
30

0-
bp

-s
ho

rt
er

 r
eg

io
n:

 A
A

T
 A

G
G

 T
A

G
 G

A
A

 C
A

A
 T

C
G

.
 e   A

s 
an

 a
lte

rn
at

iv
e,

 th
e 

fo
llo

w
in

g 
pr

op
os

ed
 r

ev
er

se
 p

ri
m

er
 m

ay
 b

e 
us

ed
 to

 a
m

pl
if

y 
a 

15
0-

bp
-s

ho
rt

er
 r

eg
io

n:
 C

C
A

 T
T

C
 A

A
C

 T
A

T
 A

T
C

 C
G

C
.



168 American Journal of Botany [Vol. 97

bugs, and pyralid moths. Knowledge gained from studying such 
interactions involving  Psiguria  may add to our general under-
standing of parallel interaction networks involving agricultur-
ally important members of Cucurbitaceae such as  Cucumis 
sativus ,  Citrullus lanatus  (Thunb.) Matsum.  &  Nakai, and  Cu-
curbita pepo  L. 

 Species of  Psiguria  are found throughout the New World 
tropics with a geographic distribution extending from southern 
Mexico to Paraguay and in the Caribbean islands. The distribu-
tion of each species is shown in  Fig. 5 . Although it was previ-
ously believed that there were two species endemic to the 
Caribbean islands, our data suggest that there may be only one 
or none. There is only one taxon in the Greater Antilles,  P. pe-
data  ( P. trifoliata  is synonymous), and at least one sample of 
this species has been collected in Costa Rica (sample no. 20). 
However, it is possible that this specimen was collected from a 
recent introduction. Two other species,  P. triphylla  and  P. um-
brosa , are predominantly continental, but they extend into the 
Lesser Antilles. 

 Unlike its closest relatives,  Gurania  and  Helmontia , which 
are mostly confi ned to the continent,  Psiguria  is found both on 
the continent and throughout the West Indies.  Wilbrandia , the 
sister genus to the subtribe Guraniinae, is found only in Brazil 
and northern Argentina ( Cogniaux, 1916 ), while the next clos-
est genus,  Doyerea , has approximately the same range (range 
data provided by Missouri Botanical Garden, accessed through 
GBIF [2009] Data Portal) as  Psiguria , although shifted slightly 
northward. With the geographic distribution of  Psiguria  ’ s clos-
est relatives predominantly covering South America and Cen-
tral America (SA/CA), the most likely scenario is that  Psiguria  
originated in SA/CA. Subsequently, the genus dispersed to the 
Greater Antilles (GA), leading to  P. pedata . Then, some mem-
bers of the genus migrated into the Lesser Antilles (LA) ( P. 
umbrosa ), and others migrated northward to Mexico (MX). 

 Morphological characters   —      The six species of  Psiguria  
supported by the molecular phylogeny are also distinguished by 
a few morphological characters, predominantly in male fl owers 
( Steele, in press ).  Psiguria pedata  is characterized by anthers 
folded backward, whereas all other species have straight an-
thers.  Psiguria triphylla  has  > 0.75 male fl owers per millimeter 
and pedicels absent.  Psiguria ternata  and  P. racemosa  both 
have pink fl owers, but  P. ternata  has trifoliolate leaves, and 
 P. racemosa  has simple, trilobed leaves.  Psiguria umbrosa  and 
 P. warscewiczii  both have calyces and peduncles that are light 
green with darker green speckles and orange petals, but  P. um-
brosa  has longer pedicels ( > 2.0 mm) and thin, linear sepals, 
while  P. warscewiczii  has short pedicels ( < 2.0 mm) and thick, 
triangular sepals. For taxonomic keys and complete descrip-
tions of all species, see  Steele (in press) . The reliance upon 
male fl owers to distinguish species of  Psiguria  morphologi-
cally argues for the need to use DNA barcodes to help identify 
species, especially since fl owers are not always available in the 
fi eld or on herbarium specimens. 

 Psiguria - specifi c DNA barcodes   —      While it has been sug-
gested that there should be a region (or regions) of DNA that 
can be used as a barcode to identify species across land plants 
( Chase et al., 2005, 2007 ;  Kress and Erickson, 2007 ), these au-
thors also noted that some groups may require additional DNA 
regions (for example, in  Aspalathus  [Fabaceae] [ Edwards et al., 
2008 ] and in  Solanum  sect.  Petota  [Solanaceae] [ Spooner, 
2009 ]). We suggest that  Psiguria  is one of those groups because 

 The number of species in  Psiguria  has been estimated to be 
between eight ( Jeffrey, 1978 ) and 29 ( Cogniaux, 1916 ), and 
IPNI lists 17. Taking into consideration both the molecular 
phylogeny and results of an extensive morphological study 
( Steele, in press ), we recognize six species:  P. pedata ,  P. ter-
nata ,  P. umbrosa  ,   P. warscewiczii ,  P. triphylla , and  P. race-
mosa . Although one could argue that the molecular results may 
suggest more than six species, morphological studies ( Steele, in 
press ) do not support splitting of any species. Nonetheless, fu-
ture collections of  Psiguria  and additional sequencing of mo-
lecular markers may contribute to the discovery of additional 
species. 

 On the basis of our results, we propose the simplifi ed phylog-
eny of  Psiguria  shown in  Fig. 5 .  The monophyly of Guraniinae 
and  Psiguria  have strong bootstrap support.  Psiguria pedata  is 
sister to the remainder of  Psiguria  with moderate bootstrap sup-
port.  Psiguria warscewiczii  and  P. umbrosa  are sister species 
with moderate bootstrap support, and there are six well-defi ned 
species. It turns out that  Jeffrey ’ s (1978)  circumscription of 
 Psiguria  species matches fairly closely with the results obtained 
here. 

 Implications for ecological and biogeographical stud-
ies   —      The phylogenetic framework shown in  Fig. 5  will assist 
ecologists and evolutionary biologists with questions surround-
ing this rainforest vine. For example,  Condon et al. (2008)  are 
investigating the pattern of host use and diversity in  Blepharon-
eura  fruit fl ies, whose larvae feed within fl owers or fruits of 
some  Psiguria  and  Gurania . Additionally,  Psiguria  has a mutu-
alistic association with its pollinators,  Heliconius  butterfl ies, 
making it a model system for investigating coevolution. An 
evolutionary history of the butterfl ies has been proposed ( Bel-
tr á n et al., 2007 ), and now a missing piece of information 
needed to understand this important system (the genealogy of 
their coevolved pollen hosts) is available. Ecologists and biolo-
gists can now address important questions about the evolution-
ary history of this interaction. As an extension of this work, 
studies of a multitude of plants, insects, and other animals in the 
biological network can be conducted in a phylogenetic context. 
These may include insect species in agricultural pest families 
such as tephritid fruit fl ies, chrysomelid fl ea beetles, coreid 

 Fig. 5.   Phylogeny of  Psiguria  — a simplifi ed version of the tree 
inferred from a combination of eight chloroplast intergenic spacers, ITS, 
and the nuclear  serine/threonine phosphatase  gene intron — showing 
geographic distributions. Symbols represent bootstrap values as indicated. 
MX = Mexico, CA = Central America, SA = South America, LA = Lesser 
Antilles, and GA = Greater Antilles.   
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rosa , and 13:  P. warscewiczii ). We feel confi dent that these 
regions will successfully identify species of  Psiguria . 

 Conclusions   —      A combined molecular data set including re-
gions from two genomes and totaling nearly 10   000 bp strongly 
supports the monophyly of  Psiguria . These data also support 
the recognition of six species within  Psiguria . Sister relation-
ships are resolved, although some are not well supported. Fur-
ther information about sister relationships and additional 
splitting of species will require the identifi cation of additional 
molecular and morphological characters. Four chloroplast DNA 
barcodes can be used to distinguish the six species of  Psiguria , 
and they may be useful in other groups of Cucurbitaceae. For 
the fi rst time, systematists, ecologists, and evolutionary biolo-
gists have the tools to identify species of  Psiguria , even of ster-
ile specimens, and pursue questions surrounding these vines of 
rainforest ecosystems. 
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regions that have been proposed so far are not variable enough 
to distinguish its species. ITS copies have nearly as much varia-
tion between some clones as between some species (see online 
SAppendices S6 and S7). There is so little variation in noncod-
ing chloroplast regions between species of  Psiguria , and even 
between genera within Guraniinae ( Table 2 ), that one could not 
expect enough variation between coding regions of the chloro-
plast genome such as  rbcL  ( Chase et al., 2005 ),  rpoC1 ,  rpoB , or 
 matK  ( Chase et al., 2007 ) to be useful as DNA barcodes. The 
IGS  psbA-trnH  has been suggested in conjunction with other 
regions ( Kress et al., 2005 ;  Chase et al., 2007 ;  Kress and Erick-
son, 2007 ). As opposed to the 300 – 400 bp length described in 
other groups, this noncoding region in  Cucumis sativus , the 
species most closely related to  Psiguria  whose whole chloro-
plast genome has been sequenced ( Kim et al., 2006 ), is only 
150 bp long. It would be very surprising if this region were use-
ful for distinguishing species of  Psiguria . 

  Spooner (2009)  found similar diffi culties in  Solanum  sect. 
 Petota  (Solanaceae). ITS had too much intraspecifi c variation, 
and the plastid markers lacked suffi cient variation.  Edwards et 
al. (2008)  concluded that at least three molecular regions would 
be necessary for species discrimination in  Aspalathus . As with 
 Psiguria , species recognition in  Aspalathus  is dependent upon 
fl oral characters; therefore, in most cases, identifi cation of ster-
ile specimens is not possible from morphological characters 
( Edwards et al., 2008 ). In their assessment of potential DNA 
barcodes for  Aspalathus , species identifi cation depended upon 
a  “ threshold of sequence divergence ”  (p. 1318). In  Psiguria , 
because of confounding intraspecifi c variation, it was necessary 
to be more explicit. We looked through sequences of the chlo-
roplast markers used in the phylogenetic study and identifi ed a 
nucleotide position (or positions) with a base unique to each 
species. At least four regions are necessary to distinguish spe-
cies of  Psiguria  ( Table 4 ), none of which is a region that has 
been suggested for potential plant barcodes. This result indi-
cates that multiple regions will be necessary to identify groups 
with little detectable molecular variation, but it also underlines 
the notion that different regions may be necessary for each plant 
group. 

 DNA barcoding has attracted much controversy in recent 
years ( Ebach and Holdrege, 2005 ;  Hebert and Gregory, 2005 ; 
 Marshall, 2005 ;  Meyer and Paulay, 2005 ;  Will et al., 2005 ). 
Many argue that the use of DNA barcodes to identify species 
will overshadow the need for morphological keys or characters 
and will take funding away from classical taxonomic studies 
( Ebach and Holdrege, 2005 ). The DNA barcodes presented 
here will lend support to systematists, ecologists, and evolu-
tionary biologists trying to identify species of  Psiguria  that are 
not in an appropriate life history stage for morphological iden-
tifi cation (i.e., without male fl owers) and will help to identify 
many sterile herbarium specimens or those that have been dam-
aged. DNA barcodes can be used in conjunction with morpho-
logical characters, when they are available. This combined use 
of molecular and morphological data is one of the major advan-
tages espoused by proponents of DNA barcodes ( Gregory, 
2005 ;  Hebert and Gregory, 2005 ;  Schindel and Miller, 2005 ). 
Another argument is that there may be limited confi dence in a 
particular DNA barcode (or set of barcodes) unless a compre-
hensive sample of specimens is tested for conformity ( Meyer 
and Paulay, 2005 ). For each  Psiguria  species delimited in this 
study, we sampled multiple individuals with quantities relative 
to geographical range and morphological variation (8:  P. pe-
data , 5:  P. racemosa , 9:  P. ternata , 28:  P. triphylla , 6:  P. umb-
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