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     Tribe Gloxinieae (Gesneriaceae) is a morphologically 
diverse clade that presently includes 20 genera and around 
170 species ( Burtt and Wiehler 1995 ;  Weber 2004 ;  Skog and 
Boggan 2006 ). This tribe is an exclusively New World clade 
of the subfamily Gesnerioideae ( Zimmer et al. 2002 ;  Smith 
et al. 2004a ,  b ;  Roalson et al. 2005a ,  b ,  2008 ). Recent morpho-
logical and molecular studies ( Smith et al. 2004a ,  b ;  Roalson 
et al. 2005a ,  b ;  Boggan et al. 2008 ) of the tribe Gloxinieae 
resulted in the publication of four new genera and one new 
tribe ( Roalson et al. 2005b ). In addition to the new genera, 
available generic names were reinstated to reflect strongly sup-
ported phylogenies ( Roalson et al. 2005a ;  Boggan et al. 2008 ). 

 Of particular interest in the recent phylogenetic analyses 
was the diphyletic nature of  Phinaea , and the multiple inde-
pendent origins of rotate corollas in the Gloxinieae ( Smith 
et al. 2004a ,  b ;  Roalson et al. 2005a ). The traditional circum-
scription of Phinaea  was shown to represent two independent 
lineages, neither of which is closely related to another genus 
with a rotate corolla:  Niphaea  ( Smith et al. 2004a ,  b ;  Roalson 
et al. 2005a ,  b ). Based on these results,  Boggan et al. (2008)  
recognized two genera,  Phinaea  and  Amalophyllon , to corre-
spond to the two phylogenetic lineages previously consid-
ered within  Phinaea . 

 Based on a recent review ( Boggan et al. 2008 ) the following 
three species are recognized in  Phinaea :  P. albolineata  (Hook.) 
Benth. ex Hemsl., P. multiflora  C. V. Morton, and  P. pulchella
(Griseb.) C. V. Morton. The latter also has a variety ( P. pul-
chella  var.  domingensis  (Urb. & Ekman) C. V. Morton) that is 
only known from one collection made from Haiti in 1927. 
These three species have widely disjunct geographical distri-
butions. Phinaea albolineata  is known from two areas in South 
America (Norte de Santander in Colombia and Pará in Brazil) 
and P. multiflora  is widespread in Mexico (Guerrero, Jalisco, 
Michoacan, Nayarit, Oaxaca, and Sinaloa). Phinaea pulchella  is 
known from Cuba and Haiti. There are no known collections 
of Phinaea  in Central America from areas south of Mexico and 
north of Colombia. 

 The three Gloxinieae genera with rotate to subrotate white 
corollas were recognized in early classifications in the tribe 
Bellonieae with Bellonia  L. ( Fritsch 1893–  1894 ;  Fig. 1A  ), which 
is now known to belong to the tribe Gesnerieae ( Roalson 
et al. 2005a ,  2008 ).  Smith et al. (2004a)  and  Roalson et al. 
(2005a ,  2008 ) suggest that in the New World Gesneriaceae 
there have been four independent origins of subrotate white 
corollas (three in tribe Gloxinieae and one in tribe Gesnerieae) 
and associated characters of a vibratory or buzz-pollination 
syndrome. It should be noted that  Bellonia  is the only New 
World genus in the Gesneriaceae with an androecium of five 
anthers and radially symmetrical corollas. All other members 
of the New World Gesneriaceae with radially symmetrical 
corollas have androecia with four anthers. 

 Subrotate or radially symmetrical corollas are otherwise 
rare in the New World members of the Gesneriaceae subfam-
ily Gesnerioideae and these are likely not associated with 
vibratory pollination. The presence of powdery, nonsticky 
pollen, which is indicative of buzz-pollination was not eval-
uated in the present study. Cultivated species of  Sinningia
speciosa  with peloric mutants can have radially symmetri-
cal flowers ( Burtt 1970 ;  Coen and Nugent 1994 ;  Möller et al. 
1999 ;  Citerne et al. 2000 ). Otherwise, the only other genus 
in the New World Gesneriaceae with subrotate corollas is 
Napeanthus  ( Fig. 1E ), a small terrestrial herb with a basal 
rosette of leaves. The corolla tube is short and the flower sym-
metry is radial to weakly bilabiate. Little is known about the 
pollination biology of this small genus of 18 species because 
they are difficult to locate, not well represented in herbaria, 
and their flowers are extremely ephemeral. The anthers of 
Napeanthus  are orbicular to oblong and dehisce by longitudi-
nal slits ( Fig. 1E ). The absence of poricidal dehiscence is one 
indication that the flowers lack buzz-pollination even though 
the corolla is subrotate. It is not currently known if the pollen 
grains of Napeanthus  are sticky or nonsticky (powdery) which 
would allow a more accurate assessment of how the flowers 
are exploited by pollinators. 
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  Abstract—Phinaea , in the currently accepted circumscription, is a genus in the flowering plant family Gesneriaceae with three widely dis-
junct species. These species are known from small populations in Mexico, northern South America, and the West Indies (Cuba and Haiti),
respectively.  Phinaea pulchella  is one of the few members of the tribe Gloxinieae that occurs naturally in the West Indies and it is the only mem-
ber of the tribe endemic to that region. It was rediscovered in Cuba in 2008, more than fifty years after it was last documented. Results from 
molecular data generated from the nrDNA ITS and cpDNA  trnL-F  regions strongly support that  P. pulchella  does not group with other  Phinaea
species and instead shares a recent common ancestor with  Diastema vexans  in a clade that is sister to  Pearcea  and  Kohleria . The phylogenetic 
placement of P. pulchella  suggests that radial floral symmetry and buzz-pollination is autapmorphic in this taxon. Our results strongly support 
convergence of radial symmetry and associated characters with buzz-pollination in the following taxa in the tribe Gloxinieae:  Niphaea ,  Phinaea
s. s., Phinaea pulchella , and  Amalophyllon . New generic circumscriptions based on the results presented here are not suggested until more com-
plete taxon sampling includes additional species currently recognized in  Amalophyllon .  

  Keywords—  Buzz-pollination ,  floral symmetry ,  Gesneriaceae ,  Gloxinieae ,   Phinaea .  
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 Fig. 1.      Images of New World Gesneriaceae with radially symmetrical flowers. A.  Bellonia spinosa . B.  Niphaea oblonga , approximate flower diameter = 
10 mm. C. Amalophyllon divaricatum . D.  Amalophyllon divaricatum . E.  Napeanthus  sp., approximate flower diameter =10 mm. (Voucher specimens at US: A.
J. L. Clark 10573 ; B: United States Botany Research Greenhouse accession number 1978–354; C & D:  J. L. Clark 8840 ; E:  J. L. Clark et al. 10345 ; Photos: A & E by 
John L. Clark; B by Leslie Brothers, Smithsonian Institution Department of Botany; C & D by James Di Loreto, Smithsonian Institution NMNH Imaging). 
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 Subrotate and radially symmetrical corollas in the Old World 
members of the Gesneriaceae subfamily Cyrtandroideae are 
found in the genera Conandron  Sieb. & Zucc.,  Paraboea  (Clarke) 
Ridley,  Ramonda  Rich.,  Saintpaulia  H. A. Wendl.,  Bournea  Oliv. 
Boea  Comm. ex Lam.,  Didymocarpus  Wall., and  Tengia  Chun. 
Saintpaulia  is a commonly cultivated genus of six ( Darbyshire 
2006 ) to 20 species ( Burtt 1958 ) that is native to tropical Africa 
and has corollas that are weakly bilabiate to radial and is asso-
ciated with buzz-pollination ( Vogel 1978 ;  Dafni 1992 ;  Harrison 
et al. 1999 ). Radially symmetrical corollas with an androecium 
of five anthers are found only in  Ramonda ,  Bournea ,  Conandron , 
and Tengia . The other genera mentioned above have radi-
ally symmetrical corollas with androecia of four or two 
anthers.

Phinaea pulchella  is only known from the Caribbean islands 
of Haiti and Cuba. The type collection was made by Charles 
Wright ( C. Wright 3069 ) from the Loma de Rangel region in 
western Cuba in 1863 ( Howard 1988 ). This locally endemic 
species is only known from seventeen collections, most of 
which were made in the early 20th century. It was collected 
once in Haiti in 1927 ( P. pulchella  var.  domingensis ) and had 
not been collected in Cuba for over fifty years. In 2008, this 
species was rediscovered by a team of botanists organized 
through the University of Alabama Cuba Initiative in the 
vicinity of the type locality ( J. L. Clark et al. 10583 ;  Fig. 2  ). This 
was the first collection of the species since its last collection in 
1955 from the Viñales region of western Cuba. 

Phinaea pulchella  is a small herb restricted to limestone cliffs. 
The vertical cliffs where this species occurs are usually dry 
with sporadically distributed moist areas with small clusters 
of mosses and herbs. It is on these moist areas that  Phinaea
pulchella  was found to be locally abundant. This species shares 
a suite of characters with other members of Phinaea  includ-
ing erect pedicels in fruit ( Fig. 2A ), valves fleshy at dehis-
cence and opening broadly ( Fig. 2B ), sticky seeds adhering 
to the valves ( Fig. 2B ), nectary annular, and corolla uniformly 
white, with a strongly reduced tube and large subrotate limb 
( Fig. 2C ,  D ;  Boggan et al. 2008 ). However,  Phinaea pulchella  is 
the only species of Phinaea  known from the Caribbean (the 
two other species are Central and South American in distribu-
tion), and is the only species in the tribe Gloxinieae endemic 
to the Caribbean ( Boggan et al. 2008 ). 

 Phylogenetic analyses of relationships in the Gloxinieae 
have in several instances demonstrated morphological con-
vergence and problems with generic circumscription, includ-
ing the separation of Amalophyllon  from  Phinaea  ( Boggan 
et al. 2008 ), and the disentanglement of  Gloxinia ,  Gloxiniella , 
Gloxiniopsis ,  Goyazia ,  Mandirola ,  Nomopyle , and  Seemannia
( Roalson et al. 2005a ,  b ). Given the difficulties in morpholog-
ical definition of genera in the Gloxinieae and the fact that 
Phinaea pulchella  has such a disjunct distribution from the 
rest of  Phinaea , we here explored the phylogenetic origins of 
P. pulchella  using nrDNA and cpDNA data sets to retest the 
monophyly of Phinaea , and determine from what geographic 
area this narrow endemic originated. 

  Materials and Methods 

  Taxon Sampling—Phinaea pulchella  was sequenced for the nrDNA 
ITS regions and the cpDNA  trnL-F  region ( trnL  intron and  trnL-F  inter-
genic spacer). These data were added to the matrix generated by  Roalson 
et al. (2005a) . In total, sixty-two species were analyzed, including six 
species from the tribe Gesnerieae, the sister group of the Gloxinieae. 
The six species included in the analysis from the tribe Gesnerieae were 

Bellonia spinosa ,  Gesneria acualis ,  G .  pedunculosa ,  Pheidonocarpa corymbosa , 
Rhytidophyllum auriculatum , and  R. exsertum . 

   DNA Extraction, Amplification, and Sequencing—  Genomic DNA 
from  Phinaea pulchella  was isolated using the Qiagen DNeasyTM 
DNA isolation kit (Qiagen, Valencia, California). The template of the 
nrDNA ITS region was prepared using the primers ITS4 and ITSL ( Suh 
et al. 1993 ). Templates of the cpDNA  trnL-F  region were amplified using 
the primers trnLc  and  trnLf  ( Taberlet et al. 1991 ). 

 Polymerase chain reaction (PCR) amplifications followed the proce-
dures described by  Baldwin et al. (1995)  utilizing Taq DNA polymerase 
(Promega, Madison, Wisconsin). To reduce within-strand base pairing 
that can result in interference with Taq polymerase activity, we found 
it useful to include 5% DMSO and 16% Betaine in PCR reactions. A hot 
start was performed by raising the temperature of the reaction to 94°C 
and then followed by the addition of Taq DNA Polymerase. The PCR 
products were then electrophoresed using a 1.0% agarose gel in 1 × SB 
(pH 8) buffer, stained with ethidium bromide to confirm a single product, 
and purified following  Johnson and Soltis (1995)  clean-up protocol. Direct 
cycle sequencing of purified template DNA followed the manufacturer’s 
specifications, using the ABI Prism BigDye™ terminator cycle sequenc-
ing ready reaction kit (PE Bio-systems, Foster City, California). The ITS 
cycle sequencing was carried out with the two initial PCR primers, (ITS4 
and ITSL) and the internal primers, (ITS2 and ITS3). The same was per-
formed for the trnL-F  regions using primers  trnLc ,  trnLd ,  trnLe , and  trnLf . 
Chromatograms were proofed, edited, and contigs assembled using 
Sequencher 3.0 (Gene Codes Corporation, Ann Arbor, Michigan). 

   Alignment and Phylogenetic Analyses—  Sequences were aligned 
using ClustalW2 ( Larkin et al. 2007 ) and then imported into the program 
SeAl version 2.0a11 Carbon ( Rambaut 1996 ) multiple sequence editor for 
the final alignment. Because the sequences were not divergent, it was 
possible to make minor adjustments so that overlapping gaps were mini-
mized. This approach allowed for single-site and multiple-site gaps to be 
treated with equal weight ( Simmons and Ochoterena 2000 ). Tree searches 
were carried out with gaps as missing data in the alignment, but indels 
of constant length were incorporated by scoring as a presence/absence 
character. Phylogenetic data matrices are available in Nexus format from 
TreeBASE (study number SN4938). 

 Phylogenetic tree searches were performed using three approaches: 
maximum parsimony (MP), maximum likelihood (ML), and Bayesian 
inference (BI). These analyses were run on two different data sets: The 
combined ITS/ trnL-F  matrix and the ITS/ trnL-F  + gaps matrix. As gaps 
cannot be easily incorporated into ML analyses, the MP and BI analyses 
included gaps and the ML analysis did not. 

 The MP analysis was performed to completion using a two stage heu-
ristic search in PAUP*4.0b10 ( Swofford 2002 ). The first stage of the analy-
sis was done using the following settings: 10,000 random addition cycles, 
holding 10 trees at each step; tree bisection-reconstruction (TBR) branch 
swapping with no more than 10 trees saved for each rep; MULTREES 
option not in effect. The second stage of the analysis was performed on all 
trees in memory with the same settings, but with the MULTREES option 
in effect. Other searches were conducted, but did not find shorter trees 
using the settings above with the following changes: 10 random addition 
cycles limited to 10,000 trees of equal length for each of the replicates; 
1,000 random addition cycles limited to 100 trees of equal length for each 
of the replicates. 

 Additional tree searches were done using the parsimony ratchet analy-
sis with NONA ( Goloboff 1999 ) and Winclada ( Nixon 2002 ). Five separate 
tree searches were conducted using the following settings: 1,000 iterations 
per search, one tree held for each iteration, 160 characters sampled (10% 
of the total), and amb = poly- (only considers unambiguous support). Five 
multiple ratchet searches were performed in WinClada as suggested by 
 Nixon (1999)  since the ratchet option can sometimes get stuck on subop-
timal “islands” and it is therefore better to perform more searches with 
fewer iterations than one larger search with more iterations. 

 Clade robustness was evaluated in PAUP* using the bootstrap 
( Felsenstein 1985 ). The bootstrap analysis used 1,000 heuristic bootstrap 
replicates with the following settings: 10 random addition cycles; tree 
bisection-reconstruction (TBR) branch swapping with no more than 10 
trees saved for each replicate; and the multiple trees option not in effect. 

 Maximum likelihood analyses employed heuristic searches (TBR 
branch swapping). Clade support was estimated using 100 heuristic boot-
strap replicates (100 random addition cycles and 1,000 total rearrange-
ments per replicate, TBR branch swapping ( Felsenstein 1985 ;  Hillis and 
Bull 1993 ). Maximum likelihood analysis of the ITS data set employed 
the  Tamura and Nei (1993)  TrN model with empirical base frequencies, 
proportion of invariant sites (I), and gamma shape (G) parameters (six 
substitution types: A/C- 1.0000, A/G- 2.6934, A/T- 1.0000, C/G- 1.0000, 
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 Fig. 2.      Images of  Phinaea pulchella . A. Habit showing erect pedicels. B. Capsule with broadly spreading dehiscence and seeds adhering to valves. 
C. Rotate Flower. D. Habit showing flower. (A-D  J. L. Clark et al. 105830  (US); Photos: A & B by John L. Clark; C & D by Nancy Kast).    
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C/T- 4.5613, G/T- 1.0000; base frequencies: A- 0.3059, C- 0.1941, G- 0.1967, 
T- 0.3033; I = 0.4980; G = 0.6735). This model was chosen based on the 
results of analysis using DT_ModSel ( Minin et al. 2003 ). The DT_ModSel 
analysis uses a Bayesian information criterion to select a model using 
branch-length error as a performance measure in a decision theory frame-
work that also includes a penalty for model overfitting. 

 Bayesian inference analyses were performed using MrBayes v. 3.1 
( Huelsenbeck and Ronquist 2001 ). Three partitions to the data matrix were 
modeled independently: ITS, trnL-F , and gap characters. Model selection 
was conducted using DT-ModSel ( Minin et al. 2003 ), with the following 
models chosen: ITS – SYM + I + G ( Zharkikh 1994 ); and  trnL-F  – K81uf + 
G ( Kimura 1981 ); and gap characters, standard discrete model as imple-
mented in MrBayes. Four chains were run for 10,000,000 generations each, 
and sampled every 10,000 generations. Multiple independent BI analyses 
were run to test for convergence and mixing. 

   Tests of Alternative Topologies—  Given low support at some nodes 
deep in the trees, two different methods were used to assess whether 
other topologies could be statistically rejected: the Shimodaira-Hasegawa 
(SH) test, and Bayesian confidence interval. The SH test ( Shimodaira 
and Hasegawa 1999 ) was implemented in PAUP* comparing constraint 
ML topologies with the best ML tree using 5,000 RELL bootstraps. The 
posterior distribution of trees from the Bayesian inference analysis was 
assessed for the proportion of trees in the posterior distribution that had 
the partitions of interest. As the posterior distribution should reflect a 
statistical confidence interval, the proportion of trees with the partition 
to be tested can be compared with the 95% confidence limits to give an 
indication of whether a particular partition can be statistically rejected. 
Eight alternative topologies were compared to the ML or Bayesian topolo-
gies to test whether four separate origins of rotate corollas suggested by 
the ML tree could be rejected. These were (1) monophyly of all rotate 
Gloxinieae with rotate corollas (“rotate test”; monophyly of  Amalophyllon
clarkii ,  A. divaricatum ,  Niphaea oblonga ,  Phinaea albolineata ,  P. multiflora , and 
P. pulchella ); (2) monophyly of all rotate corolla Gloxinieae +  Diastema
vexans  (“rotateD test”; monophyly of  Amalophyllon clarkii ,  A. divaricatum , 
Diastema vexans ,  Niphaea oblonga ,  Phinaea albolineata ,  P. multiflora , and 
P. pulchella ); (3) monophyly of  Amalophyllon  +  Phinaea  (“AP test”; mono-
phyly of Amalophyllon clarkii ,  A. divaricatum ,  Phinaea albolineata ,  P. mul-
tiflora , and  P. pulchella ); (4) monophyly of  Amalophyllon  +  Phinaea  + 
Diastema vexans  (“APD test”; monophyly of  Amalophyllon clarkii ,  A. divari-
catum ,  Diastema vexans ,  Phinaea albolineata ,  P. multiflora , and  P. pulchella ); 
(5) monophyly of Phinaea  (“P test”; monophyly of  Phinaea albolineata ,  P. mul-
tiflora , and  P. pulchella ); (6) monophyly of  Phinaea  +  Diastema vexans  (“PD 
test”; monophyly of Diastema vexans ,  Phinaea albolineata ,  P. multiflora , and 
P. pulchella ); (7) monophyly of  Amalophyllon  +  Phinaea pulchella  (“APp test”; 
monophyly of Amalophyllon clarkii ,  A. divaricatum , and  Phinaea pulchella ); 
and (8) monophyly of Amalophyllon  +  Phinaea pulchella  +  Diastema vexans
(“APpD test”; monophyly of Amalophyllon clarkii ,  A. divaricatum ,  Diastema
vexans , and  Phinaea pulchella ). The “rotate test” was used to test whether 
the four rotate corolla lineages could be rejected as monophyletic. The 
“rotateD test” was conducted because the strong support for the place-
ment of D. vexans  with  P. pulchella  might negatively affect the rotate test; 
so, this test would determine whether we could reject monophyly of the 
all of the rotate corolla lineages plus  D. vexans  together. The AP and APD 
tests test for the monophyly of Amalophyllon  and  Phinaea  with or without 
D. vexans , but excluding  Niphaea , given the strong branch support sepa-
rating Niphaea  from the other rotate corolla species. The P, PD, APp, and 
APpD tests similarly test for statistical exclusion of monophyly of vari-
ous combinations of rotate corolla species with or without the inclusion of 
D. vexans . These tests together explore the support for all of the most obvi-
ous possibilities for the number of origins of rotate corollas. 

    Results 

  DNA Sequencing and Alignment—  The four ITS sequenc-
ing primers produced overlapping fragments that collec-
tively covered the entire spacer and 5.8S rDNA regions along 
both strands. The aligned ITS data matrix was 652 base pairs 
(bp) long with 427 (65%) variable sites, of which 219 (34%) 
were parsimony informative. The length of the unaligned 
sequences varied from 608–622 bp. The outgroups of the anal-
ysis contributed 15 of the 219 parsimony informative charac-
ters. There were no ambiguously aligned sites excluded from 
the analysis. The aligned data matrix contained six parsimony 
informative indels ranging from two to five bp in length 

and the mean pairwise divergence for the entire ITS region 
was 8.7%. 

 The two  trnL-F  sequencing primers produced overlapping 
fragments that collectively covered the entire  trnL  intron and 
the trnL-trnF  intergenic spacer regions along both strands. 
The aligned trnL-F  data matrix was 946 bp long with 289 vari-
able sites (31%), of which 51 (5%) were parsimony informa-
tive. The length of the unaligned complete sequences varied 
from 626–908 bp. The outgroups of the analysis contributed 
seven of the 51 parsimony informative characters. There were 
no ambiguously aligned sites excluded from the analysis. The 
aligned data matrix contained four parsimony informative 
indels ranging from two to 17 bp in length and the mean pair-
wise divergence for the entire  trnL-F  region was 1.4%. 

   Phylogenetic Analyses—  The parsimony analysis of the 
combined ITS and trnL-F  data resulted in 19 most parsimoni-
ous trees (length = 1,205 steps, consistency index [CI] = 0.54, 
retention index [RI] = 0.68, rescaled consistency index [RC] = 
0.37).  Figure 3   shows the strict consensus of these trees. 

 The clade containing  Phinaea pulchella ,  Diastema vexans, 
Pearcea  (four species), and  Kohleria  (12 species) is strongly sup-
ported with a bootstrap value of 96% ( Fig. 3 ). The other two 
species of Phinaea  ( P. multiflora  and  P. albolineata ) are strongly 
supported as sister species (bootstrap = 90%) in a clade that is 
sister to Monopyle  (two species). 

 The individual analysis of the  trnL-F  data did not result in 
a well-resolved phylogeny (results not presented here). The 
combined analysis of the two datasets provided more resolu-
tion over the analysis of individual datasets. Thus, a combined 
analysis for the two datasets presented here is considered to 
be the most appropriate representation of phylogenetic sig-
nals based on lack of apparent data conflict and the inherent 
benefits of a total evidence approach ( Kluge 1989 ;  Bruneau et 
al. 1995 ;  Nixon and Carpenter 1996 ;  Graham et al. 1998 ). 

 The ML analysis resulted in a single tree (-lnL = 9,091.97540; 
 Fig. 4  ), and ML bootstrap results are presented on branches 
with a frequency greater than or equal to 50% ( Fig. 4 ). Two 
independent BI analyses resulted in identical posterior distri-
butions of trees as measured by posterior probabilities on the 
majority rule consensus trees, suggesting that convergence 
and mixing were occurring and that the posterior probabili-
ties reasonably represent the posterior distribution of trees. 
The posterior probabilities (PP) from one of the analyses are 
presented on the ML tree as a proportion ( Fig. 4 ). Results 
from the tests of alternative topologies strongly reject all of 
the alternative topologies tested ( Table 1     ). 

 Topologies presented here suggest that  Phinaea  (sensu 
 Boggan et al. 2008 ) is polyphyletic with  Phinaea pulchella
weakly supported as sister to Diastema vexans  (ML;  Fig. 4 ), in a 
grade with D. vexans ,  Pearcea , and  Kohleria  (BI;  Fig. 4 ), or in an 
unresolved position (MP;  Fig. 3 ). Two other species of  Phinaea
are strongly supported as forming a clade and also strongly 
supported as the sister lineage to Monopyle  ( Figs. 3 – 4 ). 

    Discussion 

 The results presented here strongly reject the monophyly 
of Phinaea , as currently circumscribed by  Boggan et al. (2008)  
( Figs. 3 – 4 ;  Table 1 ).  Phinaea pulchella  is neither closely related 
to two remaining species of  Phinaea,  nor to other Gesneriaceae 
native to the Caribbean. Instead, it is weakly supported as the 
sister group to  Diastema vexans  ( Fig. 4 ; a poorly known ter-
restrial herb from wet cliff faces in the Valle del Cauca region 
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 Fig. 3.      Strict consensus of nine most parsimonious trees (length = 1,205 steps) from parsimony analysis of nrDNA ITS and cpDNA  trnL-F  data sets 
(CI = 0.54, RI = 0.68). Tree rooted with members from the tribe Gesnerieae ( Rhytidophyllum exsertum, R. auriculatum, Gesneria acaulis, G. pedunculosa, Bellonia 
spinosa,  and  Pheidonocarpa corymbosa ). Numbers above branches are bootstrap values (>50%). asterisk = taxa with radially symmetrical flowers.    
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 Fig. 4.      Maximum likelihood phylogram from parsimony analysis of nrDNA ITS and cpDNA  trnL-F  data sets. Numbers at each node are ML boot-
strap and Bayesian posterior probability values, respectively. Where the Bayesian majority rule consensus differs from the ML tree, the Bayesian topology 
is presented as an alternative using dashed lines connecting branches. asterisk = taxa with radially symmetrical flowers.    
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of Colombia), or in a grade with D. vexans  leading to the 
Pearcea  and  Kohleria  clades ( Fig. 4 ). While the precise relation-
ship of Phinaea pulchella  and  Diastema vexans  is as yet unclear, 
there is strong evidence that  P. pulchella  does not form a clade 
with any of the other rotate corolla species of Gloxinieae, 
and this idea can be statistically rejected with or without the 
inclusion of D. vexans  ( Table 1 ). This strongly suggests that 
within the Gloxinieae there have been four independent ori-
gins of rotate corollas: in  Amalophyllon ,  Niphaea ,  Phinaea , and 
Phinaea pulchella . Some portions of trees sampled in some of 
the analyses also suggest possible associations of some of the 
other rotate corolla lineages with the  Pearcea / Kohleria  clade 
( Figs. 3 – 4 ). The ML and BI analyses place the  Amalophyllon
clade as sister to the P. pulchella / D. vexans / Pearcea / Kohleria
clade ( Fig. 4 ). However, there is not consistent support for 
this association, it is not present in the MP analysis, 57% boot-
strap in the ML analysis, and a 0.98 PP in the BI analysis, and 
there is no evidence that these lineages form a clade with 
P. pulchella  ( Table 1 ). 

 The few species from the Gloxinieae that occur in the 
Caribbean include Achimenes erecta  (Lam.) H. P. Fuchs 
(Hispaniola, Jamaica), Achimenes longiflora  DC. (Dominica, 
Guadeloupe, Jamaica, Martinique), Gloxinia perennis  (L.) Fritsch 
(widespread), and several species of  Kohleria . None of these 
species are closely related to  Phinaea pulchella . Furthermore, 
most of the Gloxinieae were probably introduced from cul-
tivated material and are also widely distributed in Central 
America. Phinaea pulchella  is the only member of the tribe 
Gloxinieae that is endemic to the Caribbean and is most likely 
an independent colonization from South America. 

  Independent Origins of Vibratory or Buzz-Pollination—
  The recurrence of major shifts in pollination syndrome has 
been found previously in the tribes Gesnerieae ( Martén-
Rodríguez et al. 2010 ) and Gloxinieae ( Cronk and Möller 1997 ; 
 Smith et al. 2004a ,  b ;  Roalson et al. 2005a ). Vibratory pollen 
collection (buzz pollination) by bumblebees is often associ-
ated with flowers that produce little or no nectar ( Buchmann 
1983 ;  Proctor et al. 1996 ). In groups where little nectar is pro-
duced, the reward is often pollen that is nonsticky (powdery), 
which is released through pores at the tips of the anthers 
by vibrations generated from the frequency caused by the 
movement of insect wings. Vibratory pollen release and api-
cal pores are therefore the norm in most anthers with apical 
poricidal anther dehiscence ( Endress 1994 ,  1997 ;  Garcia and 
Barboza 2006 ;  Marazzi et al. 2007 ). Most likely, the poricidal 
anthers in most radially symmetrical flowers of Gesneriaceae 
(e.g. Phinaea ,  Niphaea ,  Amalophyllon , and  Bellonia ) are associ-
ated with this type of pollination syndrome. Field observa-
tions of vibratory pollen release have been verified in  Bellonia
spinosa  (Silvana Martén-Rodríguez, pers. comm.), but have 

yet to be directly observed in other Gesneriaceae with rotate 
corollas. 

 Several other plant groups are adapted to vibratory pol-
len collection such as Solanum  (Solanaceae;  Vogel 1978 ; 
 Faegri 1986 ); the North American species of  Dodecatheon
(Primulaceae;  Macior 1964 ,  1970 ;  Harder and Barclay 1994 ), 
and the Australian genus  Dianella  (Lilaceae;  Proctor et al. 
1996 ). In fact, there are over 70 families and 500 genera that 
contain at least some poricidal taxa that are often associated 
with vibratory pollen release ( Buchmann 1983 ). The remark-
able feature about vibratory pollen collection in the Gloxinieae 
is that it has multiple origins and it is autapomorphic in 
Phinaea pulchella . Thus, although this pollination syndrome is 
common in other groups, it has not been well documented in 
a phylogenetic context as demonstrated here. 

   Convergence of Generic Characters for Phinaea pulchella 
and Phinaea s. s.—  Based on the results presented here, mor-
phological characters evaluated for the recent recircum-
scription of Phinaea  ( Boggan et al. 2008 ) must be considered 
convergent. The following diagnostic characters for  Phinaea
outlined in the circumscription and  Table 1  from  Boggan 
et al. (2008)  are convergent: erect pedicels in fruit (in con-
trast to curved in fruit); fruit valves fleshy at dehiscence and 
opening broadly (in contrast to valves dry at dehiscence and 
opening slightly); sticky seeds adhering to the valves (in con-
trast to seeds falling freely); and the presence of an annular 
nectary (in contrast to nectary absent). Most of these char-
acters are related to fruit dehiscence and not flower charac-
ters (cf., discussion on lack of nectar). Flower characters are 
often associated with pollination syndromes and are therefore 
labile whereas fruit characters have been considered to be 
more conservative in an evolutionary context. Nevertheless, 
some of these characters, such as the difference between 
erect pedicels (e.g.  Niphaea  and  Phinaea ) and curved pedicels 
(e.g. Amalophyllon ), are difficult to evaluate from herbar-
ium collections. It is likely that even though pedicel posture 
appears to be a qualitative character, there may be some vari-
ability. This is difficult to evaluate without the investigation 
of living specimens, which were available to  Boggan et al. 
(2008)  only to a limited extent. 

 One of the surprising convergences outlined in  Boggan 
et al. (2008)  is the presence of an annular nectary in all three 
species of Phinaea  and lack thereof in  Amalophyllon  and 
Niphaea . There are no known pollination studies of any species 
in Phinaea, Amalophyllon,  or  Niphaea , but the flower morphol-
ogy suggests that vibratory pollen release is the mechanism 
for pollination. Thus, if the reward for the pollinator is pollen 
(i.e. not nectar) then there is little use for the production of 
nectar. The presence of a nectary in  Phinaea  is probably vesti-
gial because the flower morphology suggests that the flowers 

 Table 1.     Alternative topology tests for monophyly of rotate corolla lineages. Significant results are noted by asterisks.  

Test Best ML tree (-ln L) Constraint tree (-ln L) Difference (-ln L) SH Test  p  value Proportion of trees in the posterior distribution Confidence interval

rotate 9,091.97540 9,177.44915 85.47375 0.0000* 0/800 0.000*
rotateD - 9,221.77313 129.79773 0.0000* 0/800 0.000*
AP - 9,163.27816 71.30276 0.0000* 0/800 0.000*
APD - 9,209.77783 117.80243 0.0000* 0/800 0.000*
P - 9,175.97813 84.00273 0.0002* 0/800 0.000*
PD - 9,214.99617 123.02077 0.0000* 0/800 0.000*
APp - 9,127.15982 35.18442 0.0032* 0/800 0.000*
APpD - 9,155.84769 63.87228 0.0018* 0/800 0.000*
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are buzz-pollinated. An important observation noted by 
 Boggan el al. (2008 : p. 171) was that the nectary in the two 
available live collections of Phinaea  appeared reduced and pro-
duced no nectar. There is significant variation in nectary size 
and shape across the Gloxinieae and this character should be 
re- evaluated based on the phylogenetic results presented here. 

   Evolutionary Transition of Bilateral to Radial Symmetry—
  Transitions between bilateral and radial floral symmetry are 
common throughout the clade Asterideae ( Coen and Nugent 
1994 ;  Donoghue et al. 1998 ) and especially within the tribe 
Lamiales ( Wagstaff and Olmstead 1997 ), which includes the 
Gesneriaceae. While radial symmetry is plesiomorphic and 
bilateral symmetry is apomorphic in the tribe Asteridae 
( Coen and Nugent 1994 ;  Donoghue et al. 1998 ) the opposite 
is the case in the Lamiales; bilateral symmetry is plesiomor-
phic and radial symmetry is apomorphic. For example, the 
plesiomorphic condition for Gesneriaceae is bilateral symme-
try and this is well supported based on phylogenetic analyses 
( Smith et al. 1997 ;  Smith 2000 ;  Zimmer et al. 2002 ;  Smith et al. 
2004a ,  b ). The phylogeny presented here supports this trend 
as Phinaea pulchella  represents an independent origin of radial 
symmetry. 

  Cronk and Möller (1997)  explored the implications of flo-
ral symmetry and the expression of the gene  cycloidea  ( cyc ) 
for adaxial/abaxial asymmetry. They suggested that there 
could be a transition from zygomorphy to actinomorphy as 
a mechanism promoting a wider range of generalist polli-
nators in extreme habitats. For example, the actinomorphic 
genus Ramonda  is on the geographical edge of the primarily 
tropical distribution of the Gesneriaceae.  Ramonda  grows in 
the Pyrenees mountains of southwest Europe and the Balkan 
mountains of southeast Europe where lack of specialist pol-
linators could be an important evolutionary advantage that 
has led this group towards actinomophy from its zygomor-
phic ancestors ( Cronk and Möller 1997 ). The evolution of gen-
eralized pollination from specialized ancestors was recently 
explored by  Martén-Rodríguez et al. (2010)  based on phyloge-
netic results and extensive fieldwork on the Caribbean mem-
bers in the tribe Gesnerieae.  Martén-Rodríguez et al. (2010)  
showed that specialized hummingbird pollination was ances-
tral to at least four origins of generalized pollination (by bats, 
moths, and hummingbirds). Whether or not the evolution of 
radial symmetry in Phinaea pulchella  represents specialized or 
generalized pollination will need to be further evaluated by 
field studies. 

   Classification of Phinaea pulchella—  The phylogeny 
presented here makes a strong case that  Phinaea pulchella
is not related to the other two currently recognized spe-
cies of Phinaea  and should be classified in a separate genus. 
The other two species of Phinaea  are strongly supported as 
closely related based on phylogenetic analyses of nrDNA 
(ITS region), cpDNA ( trnL  intron and  trnL-trnF  intergenic 
spacer region), and a morphological dataset of 62 characters 
( Roalson et al. 2005a ,  2008 ).  Smith et al. (2004a ,  b ) had pre-
viously demonstrated the polyphyly of Phinaea  using some 
of the same molecular markers. The two closely related spe-
cies of Phinaea  are widely disjunct with  P. albolineata  restricted 
to South America (Colombia and Brazil) and  P. multiflora
restricted to Mexico. The type species for  Phinaea  is  P. albolin-
eata , which mandates that the generic name be retained for 
the clade containing P. albolineata  and  P. multiflora . Leaf mate-
rial for DNA sequencing of  Phinaea pulchella  was not available 
for the phylogenetic studies of  Roalson et al. (2005a ,  2008 ) and 

 Smith et al. (2004a ,  b ). The inclusion of  P. pulchella  in  Phinaea
was based on the assessment and evaluation of morphologi-
cal characters ( Boggan et al. 2008 ). 

 There are 18 + species with rotate corollas in  Amalophyllon,
Niphaea,  and  Phinaea  ( Boggan et al. 2008 ) and of these, only five 
have been evaluated in a molecular phylogeny ( Smith et al. 
2004a ,  b ;  Roalson et al. 2005a ,  2008 ). Only two of the 12 + spe-
cies of Amalophyllon  and one of the three+ species of  Niphaea
were included in  Roalson et al. (2005a ,  2008 ). The number of 
species in these two genera is probably greater.  Boggan et al. 
(2008)  outlined two putative new species without describing 
them because of insufficient material as “ Niphaea  sp. A” and 
“Amalophyllon  sp. A.” 

 The polyphyly of  Phinaea  and morphological convergences 
presented here are compelling reasons for the reclassification 
of Phinaea pulchella  as a separate genus from the other two 
species of Phinaea . We argue that this is not yet prudent given 
that only five species representing  Amalophyllon, Niphaea,  and 
Phinaea  have been included in a molecular phylogenetic anal-
yses ( Roalson et al. 2005a ,  2008 ). Of particular importance is 
the lack of taxon sampling for Amalophyllon . Thus, the reclas-
sification of Phinaea pulchella  should wait until more spe-
cies from these three genera are available for phylogenetic 
studies.

      Acknowledgments .  We are grateful for financial support for this 
project from grants provided by the University of Alabama’s Research 
Grant Committee and the Gesneriad Society’s Elvin McDonald Research 
Endowment Fund. We thank Juan M. Lopez-Bautista and the Phycolab 
for sharing lab expertise. The University of Alabama Cuba Initiative and 
the Dean’s office of Arts and Sciences have graciously supported ongo-
ing projects to promote collaborative research with Cuban researchers. 
Special thanks are due to Robert F. Olin, Carmen Burkhalter, and Sonya 
Jones for making this unique research opportunity possible. Two anony-
mous reviewers provided helpful feedback that greatly improved an early 
version of the manuscript. Images in  Figure 1  were provided by James 
Di Loreto (Smithsonian Institution NMNH Imaging) and Leslie Brothers 
(Smithsonian Institution Department of Botany). Images for  Figure 2  were 
provided by Nancy Kast (Suncoast Chapter of The Gesneriad Society).  

  Literature Cited 

     Baldwin ,  B. G.,     M. J.   Sanderson  ,   J. M.   Porter  ,   M. F.   Wojciechowski  , 
  C. S.   Campbell  , and   M. J.   Donoghue   .  1995 .  The ITS region of nuclear 
ribosomal DNA: a valuable source of evidence on angiosperm phy-
logeny .  Annals of the Missouri Botanical Garden   82:   247 – 277 .  

     Boggan ,  J. K.,     L. E.   Skog  , and   E. H.   Roalson   .  2008 .  A review of the 
Neotropical genera  Amalophyllon, Niphaea , and  Phinaea  (Gesneriaceae-
Gloxinieae) .  Selbyana   29:   157 – 176 .  

     Bruneau ,  A.,     E. E.   Dickson  , and   S.   Knapp   .  1995 .  Congruence of chloroplast 
DNA restriction site characters with morphological and isozyme data 
in Solanum  sect.  Lasiocarpa  .  Canadian Journal of Botany   73:   1151 – 1167 .  

     Buchmann ,  S. L .    1983 .  Buzz pollination in angiosperms . Pp.  73 – 113  in 
Handbook of experimental pollination biology , eds.    C. E.   Jones   and 
  R. J.   Little   .  New York :  Van Nostrand Reinhold .  

     Burtt ,  B. L .    1958 .  Studies in the Gesneriaceae of the Old World XV. The 
genus Saintpaulia  .  Notes from the Royal Botanic Garden Edinburgh   22:  
 547 – 568 .  

     Burtt ,  B. L .    1970 .  Studies in the Gesneriaceae of the Old World XXXI. 
Some aspects of functional evolution .  Notes from the Royal Botanic 
Garden Edinburgh   30:   1 – 10 .  

     Burtt ,  B. L.   and   H.   Wiehler   .  1995 .  Classification of the family Gesneriaceae . 
Gesneriana   1:   1 – 4 .  

     Citerne ,  H. L.,     M.   Möller  , and   Q. C. B.   Cronk   .  2000 .  Diversity of cycloidea-
like genes in Gesneriaceae in relation to floral symmetry .  Annals of 
Botany .  86:   167 – 176 .  

     Coen ,  E. S.   and   J.   Nugent   .  1994 .  Floral homeotic mutations produced by 
tranposon mutagensis in Antirrhinum majus  .  Genes and Development
 4:   1483 – 1493 .  

     Cronk ,  Q.   and   M.   Möller   .  1997 .  Genetics of floral symmetry revealed . 
Trends in Ecology and Evolution   12:   85 – 86 .  



766 SYSTEMATIC BOTANY [Volume 36

     Dafni ,  A .    1992 .  Pollination ecology: The practical approach .  New York :  Oxford 
University Press .  

     Darbyshire ,  I .    2006 .  Gesneriaceae  in  Flora of tropical East Africa , eds. 
   H. J.   Beentje   and   S. A.   Ghazanfar   .  Kew :  Royal Botanical Gardens .  

     Donoghue ,  M. J.,     R. H.   Ree   and   D. A.   Baum   .  1998 .  Phylogeny and the 
evolution of flower symmetry in the Asteridae .  Trends in Science   3:  
 311 – 317 .  

     Endress ,  P .    1994 .  Diversity and evolutionary biology of tropical flowers . 
 Cambridge, U. K. :  Cambridge University Press .  

     Endress ,  P .    1997 .  Relationships between floral organization, architecture, 
and pollination mode in Dillenia  (Dilleniaceae) .  Plant Systematics and 
Evolution   206:   99 – 118 .  

     Felsenstein ,  J .    1985 .  Confidence limits on phylogenies: an approach using 
the bootstrap .  Evolution   39:   783 – 791 .  

     Faegri ,  K .    1986 .  The solanoid flower . Pp.  51 – 59  in  Transactions of the Botanical 
Society of Edinburgh, 150 th  Anniversary Supplement , eds.    I. J.   Alexander   
and   N. M.   Gregory   .  Edinburgh :  Botanical Society of Edinburgh .  

     Fritsch ,  K .    1893–1894 .  Gesneriaceae . Pp.  133 – 144  (1893) and pp. 145–185 
(1894) in Die Natürlichen Pflanzenfamilien , eds.    A.   Engler   and   K.   Prantl   . 
 Leipzig :  W. Engelmann .  

     Garcia ,  C. C.   and   G.   Barboza   .  2006 .  Anther wall development and struc-
ture in wild tomatoes ( Solanum  sect.  Lycopersicon ): functional infer-
ences .  Australian Journal of Botany   54:   83 – 89 .  

     Goloboff ,  P .    1999 .  NONA ver. 2 .  Tucumán, Argentina :  Published by the 
author .  

     Graham ,  S. W.,     J. R.   Kohn  ,   B. R.   Morton  ,   J. E.   Eckenwalder  , and   S. C. H.  
 Barrett   .  1998 .  Phylogenetic congruence and discordance among one 
morphological and three molecular data sets from Pontederiaceae . 
Systematic Biology   47:   545 – 567 .  

     Harder ,  L. D.   and   R. M. R.   Barclay   .  1994 .  The functional significance of 
poricidal anthers and buzz pollination: controlled pollen removal 
from  Dodecatheon  .  Functional Ecology   8:   509 – 517 .  

     Harrison ,  C. J.,     M.   Möller  , and   Q. C. B.   Cronk   .  1999 .  Evolution and devel-
opment of floral diversity in Streptocarpus  and  Saintpaulia  .  Annals of 
Botany   84:   49 – 60 .  

     Hillis ,  D. M.   and   J. J.   Bull   .  1993 .  An empirical test of bootstrapping as a 
method for assessing confidence in phylogenetic analysis .  Systematic
Biology   42 : 182 – 192 .  

     Howard ,  R. A .    1988 .  Charles Wright in Cuba, 1856–1867 .  Alexandria, 
Virginia :  Chadwyck-Healey, Inc .  

     Huelsenbeck ,  J. P.   and   F.   Ronquist   .  2001 .  MRBAYES: Bayesian inference of 
phylogeny .  Bioinformatics   17:   754 – 755 .  

     Johnson ,  L. A.   and   D. E.   Soltis   .  1995 .  Phylogenetic inference in Saxifra-
gaceae sensu stricto and Gilia  (Polemoniaceae) using  matK  sequences . 
Annals of the Missouri Botanical Garden   82:   149 – 175 .  

     Kimura ,  M .    1981 .  Estimation of evolutionary distances between homol-
ogous nucleotide sequences .  Proceedings of the National Academy of 
Sciences, USA   78:   454 – 458 .  

     Kluge ,  A. G .    1989 .  A concern for evidence and a phylogenetic hypothe-
sis of relationships among  Epicrates  (Boidae, Serpentes) .  Systematic
Zoology   38:   7 – 25 .  

     Larkin ,  M. A.,     G.   Blackshields  ,   N. P.   Brown  ,   R.   Chenna  ,   P. A.   McGettigan  , 
  H.   McWilliam  ,   F.   Valentin  ,   I. M.   Wallace  ,   A.   Wilm  ,   R.   Lopez  , 
  J. D.   Thompson  ,   T. J.   Gibson  , and   D. G.   Higgins   .  2007 .  ClustalW 
and ClustalX version 2 .  Bioinformatics   23:   2947 – 2948 .  

     Macior ,  L. W .    1964 .  An experimental study of the pollination of  Dode-
catheon meadia  .  American Journal of Botany   51:   96 – 108 .  

     Macior ,  L. W .    1970 .  Pollination ecology of  Dodecatheon amethystinum  . 
Bulletin of the Torrey Botanical Club   97:   150 – 153 .  

     Marazzi ,  B.,     E.   Conti  , and   P. K.   Endress   .  2007 .  Diversity in anthers and stig-
mas in the buzz-pollinated genus Senna  (Leguminosae, Cassidinae) . 
International Journal of Plant Sciences   168:   371 – 391 .  

     Martén-Rodríguez ,  S.,     C. B.   Fenster  ,   I.   Agnarsson  ,   L. E.   Skog  , and   E. A.  
 Zimmer   .  2010 .  Evolutionary breakdown of pollination specialization 
in a Caribbean plant radiation .  New Phytologist   188:   403 – 417 .  

     Minin ,  V.,     Z.   Abdo  ,   P.   Joyce  , and   J.   Sullivan   .  2003 .  Performance-based 
selection of likelihood models for phylogeny estimation .  Systematic
Biology   52:   674 – 683 .  

     Möller ,  M.,     M.   Clokie  ,   P.   Cubas  , and   Q. C. B.   Cronk   . 1999 .  Integrating 
molecular phylogenies and developmental genetics: a Gesneriaceae 
case study . Pp.  375 – 402  in  Molecular systematics and plant evolution , 
eds.    P. M.   Hollingsworth  ,   R. M.   Bateman  , and   R. J.   Gornall   .  London : 
 Taylor and Francis .  

     Nixon ,  K. C .    1999 .  The parsimony ratchet, a new method for rapid parsi-
mony analysis .  Cladistics   15:   407 – 414 .  

     Nixon ,  K. C .    2002 .  WinClada ver. 1.00.08 .  Ithaca, New York :  Program dis-
tributed by the author .  

     Nixon ,  K. C.   and   J. M.   Carpenter   .  1996 .  On simultaneous analysis .  Cladistics
 12:   221 – 241 .  

     Proctor ,  M ,    P.   Yeo  , and   A.   Lack   .  1996 .  The natural history of pollination . 
 London :  Harper Collins .  

     Rambaut ,  A .    1996 .  Se-Al sequence alignment editor, ver. 1.0 alpha 1 . 
 Oxford :  Department of Zoology, University of Oxford .  

     Roalson ,  E. H.,     J. K.   Boggan  ,   L. E.   Skog  , and   E. A.   Zimmer   .  2005a . 
 Untangling Gloxinieae (Gesneriaceae). I. Phylogenetic patterns and 
generic boundaries inferred from nuclear, chloroplast, and morpho-
logical cladistic datasets .  Taxon   54:   389 – 410 .  

     Roalson ,  E. H.,     J. K.   Boggan  , and   L. E.   Skog   .  2005b .  Reorganization of 
tribal and generic boundaries in the Gloxinieae (Gesneriaceae: 
Gesnerioideae) and the description of a new tribe in the Gesnerioideae, 
Sphaerorrhizeae .  Selbyana   25:   225 – 238 .  

     Roalson ,  E. H.,     L. E.   Skog  , and   E. A.   Zimmer   .  2008 .  Untangling Gloxinieae 
(Gesneriaceae). II. Reconstructing biogeographic patterns and esti-
mating divergence times among New World continental and island 
lineages .  Systematic Botany   33:   159 – 175 .  

     Shimodaira ,  H.   and   M.   Hasegawa     1999 .  Multiple Comparisons of Log-
Likelihoods with Applications to Phylogenetic Inference .  Molecular
Biology and Evolution   16  (8) :  1114 – 1116 .  

     Simmons ,  M. P.   and   H.   Ochoterena   .  2000 .  Gaps as characters in sequence-
based phylogenetic analyses .  Systematic Biology .  49:   369 – 381 .  

     Skog ,  L. E.   and   J. K.   Boggan   .  2006 .  A new classification of the Western 
Hemisphere Gesneriaceae .  Gesneriads   56:   12 – 17 .  

     Smith ,  J. F .    2000 .  Phylogenetic signal common to three data sets: combin-
ing data which initially appear heterogeneous .  Plant Systematics and 
Evolution   221:   179 – 198 .  

     Smith ,  J. F.,     J. C.   Wolfram  ,   K. D.   Brown  ,   C. L.   Carroll  , and   D. S.   Denton   . 
 1997 .  Tribal relationships in the Gesneriaceae: evidence from DNA 
sequences of the chloroplast gene  ndhF  .  Annals of the Missouri Botanical 
Garden   84:   50 – 66 .  

     Smith ,  J. F.,     S. B.   Draper  ,   L. C.   Hileman  , and   D. A.   Baum   .  2004a .  A phylo-
genetic analysis within tribes Gloxinieae and Gesnerieae (Gesneri-
oideae: Gesneriaceae) .  Systematic Botany   29:   947 – 958 .  

     Smith ,  J. F.,     L. C.   Hileman  ,   M. P.   Powell   and   D. A.   Baum   .  2004b . 
 Evolution of  GCYC , a Gesneriaceae homolog of  CYCLOIDEA , within 
Gesnerioideae (Gesneriaceae) .  Molecular Phylogenetics and Evolution
 31:   765 – 779 .  

     Suh ,  Y.,     L. B.   Thien  ,   H. E.   Reeve  , and   E. A.   Zimmer   .  1993 .  Molecular evo-
lution and phylogenetic implications of internal transcribed spacer 
sequences of ribosomal DNA in Winteraceae .  American Journal of 
Botany   80:   1042 – 1055 .  

     Swofford ,  D. L .    2002 .  PAUP*. Phylogenetic analysis using parsimony (*and 
other methods). Version 4 .  Sunderland :  Sinauer Associates .  

     Taberlet ,  P.,     L.   Gielly  ,   G.   Pautou  , and   J.   Bouvet   .  1991 .  Universal primers for 
amplification of three non-coding regions of chloroplast DNA .  Plant
Molecular Biology   17:   1105 – 1110 .  

     Tamura ,  K.   and   M.   Nei   .  1993 .  Estimation of the number of nucleotide sub-
stitutions in the control region of mitochondrial DNA in humans and 
chimpanzees .  Molecular Biology and Evolution   10:   512 – 526 .  

     Vogel ,  S. T .    1978 .  Evolutionary shifts from reward to deception in 
pollen flowers . Pp.  89 – 104  in  The pollination of flowers by insects , ed. 
   A. J.   Richards   .  London :  Academic Press .  

     Wagstaff ,  S. J.   and   R. G.   Olmstead   .  1997 .  Phylogeny of Labiatae and 
Verbenaceae inferred from  rbcL  sequences .  Systematic Botany   22:  
 165 – 179 .  

     Weber ,  A .    2004 .  Gesneriaceae . Pp.  63 – 158  in  The families and genera of vascular 
plants. vol. 7. flowering plants, Dicotyledons: Lamiales (except Acanthaceae 
including Avicenniaceae) , eds.    K.   Kubitzki   and   J. W. Kadereit.   Berlin    & 
Heidelberg,  Germany :  Springer-Verlag .  

     Zharkikh ,  A .    1994 .  Estimation of evolutionary distances between nucle-
otide sequences .  Journal of Molecular Evolution   39:   315 – 329 .  

     Zimmer ,  E. A.,     E. H.   Roalson  ,   L. E.   Skog  ,   J. K.   Boggan  , and   A.   Idnurm   . 
 2002 .  Phylogenetic relationships in the Gesnerioideae (Gesneriaceae) 
based on nrDNA ITS and cpDNA  trnL-F  and  trnE-T  spacer region 
sequences .  American Journal of Botany   89:   296 – 311 .  

    Appendix 1. Taxa, GenBank accession numbers, (ITS,  trnL-F ; — = 
sequence not obtained). Collection locality and voucher specimen infor-
mation with herbarium acronym in parentheses for specimens not 
included in Roalson et al. ( 2005a ).  

Ingroup—   Achimenes candida  Lindl., AY047065, AY047124;  Achimenes
cettoana  H. E. Moore, AY047066, AY047125;  Achimenes misera  Lindl., 
AY047067, AY047126;  Amalophyllon clarkii  Boggan & Skog, AY702391, 
AY702434;  Amalophyllon divaricatum  (Poepp.) Boggan & Skog, AY047078, 
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AY047137;  Diastema affine  Fritsch, AY702353, AY702397;  Diastema comiferum
(DC.) Benth. ex Walp., AY702354, AY702398;  Diastema racemiferum
Benth, AY047069, AY047128;  Diastema scabrum  (Poepp.) Benth. ex Walp., 
AY702356, AY702400 ; Diastema vexans  H. E. Moore, AY702357, AY702401; 
Eucodonia andrieuxii  (DC.) Wiehler, AY047060, AY047119;  Eucodonia ver-
ticillata  (M. Martens & Galeotti) Wiehler, AY047061, AY047120;  Gloxinella
lindeniana  (Regel) Roalson & Boggan, AY702361, AY702405;  Gloxinia eri-
noides  (DC.) Roalson & Boggan, AY047073, AY047132;  Gloxinia perennis
(L.) Fritsch in Engl. & Prantl, AY047071, AY047130;  Gloxinia xanthophylla
(Poepp.) Roalson & Boggan, AY047074, AY047133;  Gloxiniopsis rac-
emosa  (Benth.) Roalson & Boggan, AY702364, AY702407;  Goyazia rupi-
cola  Taubert, AY702366, AY702409;  Heppiella ulmifolia  (Kunth) Hanst.; 
Heppiella viscida  (Lindl. & Paxt.) Fritsch, AY702370, AY702413;  Kohleria
affinis  (Fritsch) Roalson & Boggan, AY702351, AY702395;  Kohleria allenii
Standl. & L. O. Wms., AY702371, AY702414;  Kohleria amabilis  (Planch. & 
Linden) Fritsch, AY702372, AY702415;  Kohleria grandiflora  L. P. Kvist & 
L. E. Skog, AY702373, AY702416;  Kohleria hypertrichosa  J. L. Clark & L. 
E. Skog, AY702376, AY702419;  Kohleria hirsuta  (Kunth) Regel, AY702374, 
AY702417;  Kohleria peruviana  Fritsch, AY702375, AY702418;  Kohleria rugata
(Scheidw.) L. P. Kvist & L. E. Skog, AY047075, AY047134;  Kohleria tigridia
(Ohlend.) Roalson & Boggan, AY702352, AY702396;  Kohleria trianae  (Regel) 
Hanst., AY702377, AY702420;  Kohleria villosa  (Fritsch) Wiehler, AY047076, 
AY047135;  Kohleria warszewiczii  (Regel) Hanst., AY702379, AY702422; 
Mandirola ichthyostoma  (Gardner) Seem. ex Hanst., AY702360, AY702404; 
Mandirola multiflora  (Gardner) Decne., AY702363, —;  Monopyle flava

L. E. Skog, AY702381, AY702424;  Monopyle puberula  C. V. Morton, 
AY047070, AY0471290;  Moussonia deppeana  (Schlechtend. & Cham.) Hanst., 
AY702383, AY702426;  Moussonia elegans  Decne., AY702384, AY702427; 
Moussonia septentrionalis  (Denham) Wiehler, AY047068, AY047127;  Niphaea
oblonga  Lindl., AY047064, AY047123;  Nomopyle dodsonii  (Wiehler) Roalson 
& Boggan, AY702358, AY702402;  Pearcea abunda  (Wiehler) L. P. Kvist & 
L. E. Skog, AY047077, AY047136;  Phinaea albolineata  (Hook.) Benth. ex 
Hemsl., AY702389, AY702432;  Phinaea multiflora  C. V. Morton, AY702390, 
AY702433;  Phinaea pulchella  (Griseb.) C. V. Morton, GU597365, GU597366, 
Cuba, J. L. Clark et al. 10583  (US);  Pearcea hypocyrtiflora   ( Hook.f.) Regel, 
AY702385, AY702428;  Pearcea reticulata  (Fritsch) L. P. Kvist & L. E. Skog, 
AY702386, AY702429;  Pearcea sprucei  (Britton) L. P. Kvist & L. E. Skog, 
AY702387, AY702430;  Seemannia gymnostoma  (Griseb.) Toursark., AY702359, 
AY702403;  Seemannia nematanthodes  (Kuntze) K. Schum., AY702362, 
AY702406;  Seemannia purpurascens  Rusby, AY047072, AY047131;  Seemannia
sylvatica  (Kunth) Hanst., AY702365, AY702408;  Smithiantha aurantiaca
Wiehler, AY047063, AY047122;  Smithiantha canarina  Wiehler, AY047062, 
AY047121;  Solenophora calycosa  J. D. Sm., AY702392, AY702435;  Solenophora
tuerkheimiana  J. D. Sm., AY702393, AY702436. 

Outgroups—   Bellonia spinosa  Swartz, AY702350, AY702394;  Gesneria
acaulis  L., AY047045, AY047104;  Gesneria pedunculosa  (DC.) Fritsch, 
AY047052, AY047111;  Pheidonocarpa corymbosa  (Swartz) L. E. Skog, 
AY702388, AY702431;  Rhytidophyllum auriculatum  Hook., AY047058, 
AY047117;  Rhytidophyllum exsertum  Griseb., AY047055, AY047114.     


