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Abstract 

Kohleria is a Neotropical genus comprising 23 species which taxonomy has historically 

been intrincate by extensive phenotypic plasticity and frequent interspecific 

hybridization. This study aimed to molecularly characterize Kohleria species from the 

Central Andes of Colombia and evaluate potential interspecific hybridization events. 

Sampling was conducted across four localities encompassing tropical rainforest and 

premontane forest biomes, where 14 individuals were collected and analyzed using four 

molecular markers (i.e., ITS, matK, rbcL, and trnH-psbA). Phylogenetic analyses were 

performed using both individual datasets and a concatenated matrix comprising 2644 

sites, while haplotype networks were constructed to infer the potential parental origins of 

putative hybrids. The ITS dataset recovered the monophyly of Kohleria with strong 

support (PP = 1). Analyses based on the concatenated dataset further revealed a close 

phylogenetic affinity between Heppiella and Kohleria, with Heppiella recovered within 

the Kohleria clade, while also providing insights regarding the parental affinities of the 

putative hybrids evaluated in this study. Haplotype network analyses further identified 

potential parental lineages for at least two hybrids. Overall, this study represents one of 

the first detailed molecular assessments of Kohleria, providing a robust framework for 

understanding its diversity and evolutionary history in the Central Andes of Colombia, 
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while also evaluating from a genetic perspective the interspecific hybridization events 

underlying the genus diversification. 

Keywords: chloroplast DNA; nuclear DNA; genetic diversity; interspecific 

hybridization; phylogenetics; haplotypes; Gesneriaceae; Colombian Andes. 

Introduction 

Kohleria Regel is a Neotropical genus within Gesneriaceae comprising approximately 23 

species distributed mainly across montane ecosystems of tropical America (Kvist and 

Skog 1992; Roalson et al. 2005; Clark and Skog 2008; Weber et al. 2013; Arango-Gómez 

et al. 2021; Clark and Jost 2021). Species of Kohleria include herbs, subshrubs, and 

epiphytes characterized by remarkable phenotypic variation, particularly in floral traits 

associated with corolla coloration, pubescence, and shape (Kvist and Skog 1992; Roalson 

et al. 2005). Colombia represents one of the main centers of diversity for the genus, with 

nearly 18 recorded species and multiple endemic taxa distributed primarily through the 

Andean region (Kvist and Skog 1992; Arango-Gómez et al. 2021). Taxonomic 

delimitation within Kohleria has historically been challenging due to extensive inter and 

intraspecific variation, as well as the presence of taxa with high morphological similarity 

(Kvist and Skog 1992; Clark and Skog 2008; Arango-Gómez et al. 2021; Clark and Jost 

2021). Previous phylogenetic studies based on molecular and morphological evidence 

have revealed complex evolutionary relationships within the clade and supported the 

incorporation of species formerly assigned to the genus Capanea (Roalson et al. 2005). 

In addition, recent taxonomic revisions continue to modify the circumscription of the 

genus and describe new closely related taxa (Arango-Gómez et al. 2021; Clark and Jost 

2021). 

Interspecific hybridization offers a process for evolutionarily diversification in plants, as 

it facilitates the exchange of genetic material between species and promotes the 

generation of novel genotypes with adaptive potential (Soltis and Soltis 2009). This 

phenomenon has been associated with radiation events (Rieseberg and Willis 2007), the 

emergence of novel traits, and the expansion of ecological ranges (Alix et al. 2017). In 

some cases, hybridization may also promote speciation by forming fertile hybrid lineages 

(Paun et al. 2007). At the same time, hybridization processes can generate complex 

evolutionary patterns, including intermediate morphologies and conflicting phylogenetic 

signals, thereby complicating taxonomic delimitation and the interpretation of 

evolutionary relationships across different plant groups (Alix et al. 2017). 

In Kohleria, several authors have reported intermediate floral morphotypes consistent 

with potential interspecific hybridization events (Batcheller 1978, 1985; Wiehler 1983; 

Kvist and Skog 1992; Roalson et al. 2008). The extensive diversity observed in traits 

associated with corolla coloration, pubescence, and morphology has historically 

complicated the taxonomic delimitation of several species (Kvist and Skog 1992; Arango-

Gómez et al. 2021; Clark and Jost 2021). In many cases, these phenotypic differences led 

to combinations of shared characters among taxa, resulting in diffuse species boundaries 

and suggesting that the actual diversity within the genus may be underestimated. Figure 



1 illustrates part of the morphological variation observed among the species and 

morphotypes evaluated in this study, including individuals with intermediate traits 

consistent with possible natural hybridization events. Although some authors have 

suggested that these patterns may be associated with natural hybridization processes 

(Batcheller 1978, 1985; Kvist and Skog 1992), most of these hypotheses continue to rely 

primarily on phenotypic evidence. Consequently, molecular approaches specifically 

focused on evaluating phylogenetic scenarios and the scale of hybridization in Kohleria 

remain limited. 

Molecular approaches based on multilocus data have become fundamental tools for 

species delimitation and the reconstruction of evolutionary relationships in plants, 

particularly in taxonomically complex groups (Chase et al. 2007; Fazekas et al. 2008; 

Coissac et al. 2016). In angiosperms, regions such as the nuclear ITS and the chloroplast 

markers rbcL, matK, and trnH-psbA have been widely employed due to their 

discriminatory capacity at different taxonomic levels (Kress et al. 2005; Hollingsworth et 

al. 2009; Li et al. 2011). Nuclear markers, especially ITS, generally exhibit higher 

substitution rates and greater phylogenetic resolution at lower taxonomic levels, whereas 

chloroplast markers often provide complementary information associated with maternal 

inheritance patterns and deeper evolutionary relationships (Roalson et al. 2005; Clark et 

al. 2006; Li et al. 2011; Saddhe et al. 2018). Consequently, combining markers with 

distinct evolutionary properties may improve phylogenetic resolution and facilitate the 

detection of complex evolutionary processes such as introgression and hybridization 

(Mallo and Posada 2016). 

It is therefore that in this study we evaluated the phylogenetic diversity of Kohleria from 

the Central Andes of Colombia using multilocus molecular evidence derived from the 

nuclear ITS region and the chloroplast markers rbcL, matK, and trnH-psbA. Specifically, 

we aimed to: (1) assess phylogenetic relationships among selected Kohleria species and 

intermediate morphotypes, (2) compare the phylogenetic signal recovered by nuclear and 

chloroplast markers, and (3) explore potential evidence of hybridization through 

multilocus phylogenetic discordance analyses and haplotype network reconstruction. 

Materials and Methods 

Plant material and taxonomic sampling 

The study area included four localities distributed across an altitudinal range between 700 

and 2150 m a.s.l., corresponding to tropical humid forest and premontane forest 

ecosystems (Figure 2). Sampling was conducted on flowering individuals occurring both 

along forest edges and within forest interiors. Preliminary taxonomic identification was 

based on floral morphological characters. Fresh tissue was subsequently obtained from 

young leaves, preserved in silica gel, and transported for storage at −20 °C until 

subsequent DNA extraction procedures. 

DNA extraction and PCR amplification 



Genomic DNA was extracted following the extraction and purification protocol proposed 

by Doyle and Doyle (1987), using approximately 50 mg of leaf tissue ground in liquid 

nitrogen and incubated in lysis buffer preheated to 65 °C for 30 min. Genomic DNA 

products were visualized on 1% agarose gels stained with the DNA intercalating dye 

GelRed® (Biotium). DNA quantification was performed using a Nanophotometer 

spectrophotometer (IMPLEN) under A260/280 and A260/230 absorbance ratios. DNA 

samples were subsequently diluted to normalize concentrations to 30 ng/µl for 

downstream molecular analyses. Amplification of the rbcL, matK, trnH-psbA, and ITS 

loci was performed using the primers described in Table 1. 

Polymerase chain reaction (PCR) mixtures were prepared in a final volume of 25 µl 

containing 3 µl of DNA (30 ng/µl), 2 µl of 10X (NH₄)₂SO₄ buffer, 2 µl of 25 mM MgCl₂, 

0.3 µl of 40 mM dNTPs, 0.5 µl of each forward and reverse primers (10 mM), 0.5 µl of 

BSA (20 mg/ml), 0.5 µl of 10% trehalose, 0.12 µl of Taq DNA polymerase (5 U/µl), and 

15.58 µl of ultrapure water. The thermal amplification profile for ITS, rbcL, and trnH-

psbA consisted of an initial denaturation step at 95 °C for 5 min, followed by 35 cycles at 

95 °C for 1 min, 52 °C for 45 s, and 72 °C for 1 min, with a final extension at 72 °C for 

10 min. Amplification of matK consisted of a 60–50 °C touchdown (-1°C/cycle), followed 

by 30 cycles at 94 °C for 1 min, 50 °C for 45 s, and 72 °C for 1 min, with a final extension 

at 72 °C for 7 min. Amplified products were visualized on 1.5% agarose gels stained with 

GelRed® (Biotium). PCR products were purified using the PEG 6000 method following 

the protocol described by Schmitz and Riesner (2006), and Sanger sequenced (ABI 

3730X) by Psomagen Inc. (https://www.psomagen.com/). 

Sequencing, alignment, and data analysis.  

Sequencing of the chloroplast and nuclear loci was performed in both directions (forward 

and reverse), generating two reads per locus for each sample. Sequence editing was 

conducted manually in Geneious (Kearse et al. 2012) through contig assembly reads using 

the Needleman and Wunsch (1970) algorithm at a similarity threshold of 93%, generating 

consensus sequences for each marker and sample. Codon prediction and amino acid 

sequence translation were subsequently performed for the DNA coding regions using the 

bacterial genetic code (Kearse et al. 2012). Sequence alignment for each locus across all 

samples was carried out in MAFFT v. 7.299 (Katoh and Stanley 2013) using default 

parameters. For subsequent analyses, chloroplast loci were concatenated, followed by the 

construction of a combined dataset including the ITS locus in Mesquite v.3.82 (Maddison 

and Maddison 2023). 

Descriptive parameters for each sequenced region were estimated in DnaSP v. 5.07 

(Librado and Rozas 2009), evaluating each marker separately and including sequence 

length (bp), number of segregating sites, nucleotide diversity, and Watterson’s θ per site 

(Watterson 1975). Finally, haplotype networks were reconstructed in PopART v.1.7 

(Leigh and Bryant 2015) using the Median-Joining Network algorithm (Bandelt et al. 

1999) to identify the haplotypes present among the sampled individuals. 
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Phylogenetic analyses 

Phylogenetic relationships within the Kohleria clade were evaluated using four analytical 

strategies: (1) an extended phylogenetic analysis of the subtribe Gloxiniinae based on the 

ribosomal ITS region to assess the monophyly hypothesis of Kohleria, following the 

taxonomic framework proposed by Weber et al. (2013), (2) independent phylogenetic 

analyses for each molecular marker to compare topological incongruence, (3) 

phylogenetic analyses based on a concatenated dataset, and (4) coalescent-based analyses 

inferred from the concanated dataset. All nucleotide substitution models were determined 

in jModelTest v. 2.1.10 (Posada 2008) using the corrected Akaike Information Criterion 

(AICc) (Akaike 1974). All sequences included in the extended phylogenetic analyses 

were retrieved from GenBank (https://www.ncbi.nlm.nih.gov) and are provided in 

Supplementary Material 1. 

Bayesian inference and coalescent analyses were conducted for 25 million generations, 

sampling every 1000 generations, under the Yule speciation model (Yule 1925) and the 

Constant Population Coalescent model (Gill et al. 2013), respectively, in BEAST v.2.7.5 

(Bouckaert et al. 2019). The consensus tree was generated in TreeAnnotator (Bouckaert 

et al. 2019) using a burn-in of 10%, and node heights were estimated based on median 

heights. Reldia cf. grandiflora was used as the outgroup to root all phylogenetic trees. 

Consensus tree visualization was performed in FigTree v.1.4.4 (Rambaut 2007) and 

exported in SVG format for subsequent editing in Inkscape v.1.4.2 (Harrington 2005). 

Results 

Patterns of nucleotide diversity 

This study generated novel molecular information for Kohleria through the sequencing 

of four molecular markers from 14 representative samples of species and intermediate 

morphotypes evaluated in the Central Andes of Colombia. The analyzed loci included the 

nuclear ITS region and the chloroplast markers rbcL, matK, and trnH-psbA. The resulting 

sequences were used to construct the datasets employed in the genetic diversity analyses, 

haplotype network reconstruction, and phylogenetic inferences performed in this study. 

A summary of the analyzed samples and their corresponding accession codes is presented 

in Table 2. 

Summary statistics were calculated from 44 sequences obtained after quality filtering and 

exclusion of the outgroup, including 13 sequences for trnH-psbA, 12 for ITS, 11 for matK, 

and eight for rbcL. Among the evaluated markers, matK exhibited the greatest alignment 

length (961 bp), followed by ITS (741 bp), rbcL (659 bp), and trnH-psbA (266 bp). The 

highest number of polymorphic sites was detected in ITS (215), whereas trnH-psbA 

showed the lowest variability (11 sites). Consistently, ITS presented the highest values of 

nucleotide diversity (π = 0.12566) and Watterson’s θ, in contrast to the chloroplast 

markers, particularly trnH-psbA, which exhibited reduced levels of genetic variation 

https://www.ncbi.nlm.nih.gov/


(Table 3). Despite the greater variability observed in ITS, the combined number of 

polymorphic sites across the three chloroplast markers was comparable to that detected 

in the nuclear region, highlighting the substantial collective contribution of chloroplast 

loci to subsequent analyses. 

Haplotype network analyses 

Haplotype networks were used to evaluate the genetic relationships among Kohleria 

species and intermediate morphotypes included in this study (Figure 3). The ITS marker 

was excluded from these analyses due to the presence of potential paralogs and the low 

quality of some sequences, factors that complicated haplotype network interpretation. 

Likewise, rbcL was not included because of the limited number of available sequences 

for several of the evaluated taxa. 

The haplotype network obtained for trnH-psbA (Figure 3A) recovered shared haplotypes 

between spicata × trianae and Kohleria trianae, as well as between trianae × affinis and 

Kohleria affinis. However, warszewiczii × trianae did not share haplotypes with the 

proposed parental species and instead clustered with Kohleria amabilis. In turn, the 

network based on matK (Figure 3B) again recovered shared haplotypes between spicata 

× trianae and Kohleria trianae. Additionally, warszewiczii × trianae was recovered close 

to this grouping, separated by a single mutational step. 

Phylogenetic analyses 

Phylogenetic analyses incorporated the sequences generated in this study together with 

previously reported accessions for Kohleria and other representative taxa of Gloxiniinae 

(Roalson et al. 2005, 2008). Selection of molecular evolution models under the Akaike 

Information Criterion identified independent models for each marker: GTR + G for matK, 

HKY + G for rbcL, HKY + I for trnH-psbA, and SYM + G for ITS (Table 4). 

The evaluated datasets differed in the number of phylogenetically informative sites for 

discriminating Kohleria taxa. ITS exhibited the highest number of informative sites (44), 

followed by rbcL with 23 sites. In contrast, matK and trnH-psbA showed lower numbers 

of informative sites, with 13 and six sites, respectively. Despite the differences observed 

among markers, the combined number of phylogenetically informative sites obtained 

from the three chloroplast loci was comparable to that recovered for ITS, indicating a 

similar contribution of phylogenetic information between the nuclear marker and the 

combined chloroplast dataset. 

For the extended Kohleria analysis, a search for ITS sequences available for Gloxiniinae 

genera reported in the literature was conducted following Weber et al. (2013). Based on 

this review, representative sequences from each genus were selected, including previously 

published accessions of Kohleria and Heppiella, in order to assess clade monophyly and 

explore the taxonomic position of Heppiella. The final dataset included 47 sequences and 

740 characters, excluding K. tubiflora, K. warszewiczii, and warszewiczii × trianae due 

to low sequence quality. 



The extended phylogenetic analysis based on ITS recovered the monophyly of the 

Kohleria clade with maximal posterior probability support (PP = 1; Figure 4). Sequences 

generated in this study consistently clustered with previously published accessions for the 

genus, recovering affinities concordant with the proposed taxonomic delimitation of 

several evaluated species. In contrast, Heppiella was recovered outside the main Kohleria 

clade in the ITS-based analysis. All evaluated species and their corresponding accession 

codes are provided in Supplementary Material 1. 

Independent phylogenetic analyses for each marker revealed partially incongruent 

topologies among loci. Although the general relationships within Kohleria varied across 

individual reconstructions, the main difference involved the phylogenetic position of 

Heppiella ulmifolia. In the three chloroplast markers, this species was consistently 

grouped within the Kohleria clade (Supplementary Material 2), whereas ITS recovered it 

outside the principal clade (Figure 4). 

The phylogenetic analysis based on the concatenated matrix of the four markers again 

recovered the monophyly of the Kohleria clade (PP = 1) (Figure 5). The resulting 

relationships exhibited a more stable topology among the evaluated taxa compared with 

some individual marker analyses. Among the terminal nodes, the trianae × spicata 

morphotype clustered closely with K. trianae (PP > 0.98), whereas warszewiczii × trianae 

was recovered separately from both proposed parental species. Additionally, Heppiella 

ulmifolia was positioned within the Kohleria clade, remaining distinct from the outgroup 

Reldia cf. grandiflora. The analyses also recovered the clustering of K. warszewiczii with 

K. amabilis, as well as K. tigridia with K. affinis, consistent with relationships previously 

reported by Roalson et al. (2005, 2008). 

The coalescent-based analysis recovered a topology congruent with that obtained through 

Bayesian inference from the concatenated matrix, maintaining similar relationships 

among the principal clades and comparable support values. Both approaches recovered 

the monophyly of Kohleria and a consistent phylogenetic position for the principal 

evaluated taxa, including the intermediate morphotypes and the placement of Heppiella 

ulmifolia within the Kohleria clade. Figure 6 presents the comparison between both 

phylogenetic hypotheses and their corresponding support values. 

Discussion 

Performance of nuclear and plastid DNA Barcodes 

Multilocus approaches have been widely proposed as effective tools for angiosperm 

species delimitation, particularly in groups where individual markers have shown 

limitations in resolving phylogenetic conflicts (Chase et al. 2007; Fazekas et al. 2007; 

Coissac et al. 2016). In Kohleria, the combined use of ITS, rbcL, matK, and trnH-psbA 

recovered a more stable phylogenetic resolution compared with independent analyses of 

each marker, in which only ITS exhibited consistent discriminatory power among the 

evaluated species. These results are congruent with previous studies in Gesneriaceae, 

where ITS has shown a higher proportion of variable and parsimony-informative sites 



relative to chloroplast markers (Roalson et al. 2005, 2008; Clark et al. 2006; Fazekas et 

al. 2007; Möller and Clark 2013). 

Despite their lower variability, chloroplast markers provided important complementary 

information, particularly for evaluating potential signals of hybridization among some 

intermediate morphotypes and their proposed parental species (discussed below). 

However, the performance of these markers was contrasting. The trnH-psbA spacer 

exhibited low levels of variability in Kohleria and alignment difficulties associated with 

INDEL events, even among closely related taxa, a pattern previously reported for this 

marker (Cowan et al. 2006; Chase et al. 2007; Kress and Erickson 2007). In this study, 

although Kohleria species exhibited relatively similar sequence lengths, the outgroup 

Reldia cf. grandiflora showed an insertion of approximately 50 bp despite both taxa 

belonging to Gesneriaceae. This type of structural variation may affect alignment stability 

and, consequently, the phylogenetic signal recovered for this marker. 

In contrast, matK showed a low rate of variation compared with that reported for other 

plant groups (Kress et al. 2005; Chase et al. 2007; Fazekas et al. 2007; Kress and Erickson 

2007; Li et al. 2011), suggesting limitations for resolving recent relationships within the 

genus. Conversely, rbcL exhibited higher levels of variability than those observed for 

matK and trnH-psbA, a peculiar result considering that this gene is generally characterized 

by its high evolutionary conservation (Albert et al. 1994; Kellogg et al. 1997; Iida et al. 

2009). 

Phylogenetic relationships within the Kohleria clade 

The extended phylogenetic analysis based on ITS recovered the monophyly of the 

Kohleria clade, grouping the sequences generated in this study together with previously 

published accessions (Zimmer et al. 2002; Roalson et al. 2005, 2008; Andersson 2006; de 

Araújo et al. 2010; Perret et al. 2013; Serrano-Serrano et al. 2015, 2017). Under this 

marker, Heppiella ulmifolia was recovered outside the Kohleria clade, maintaining the 

traditional delimitation between both genera (Weber et al. 2013). However, this pattern 

changed when chloroplast markers and concatenated datasets were evaluated, where 

Heppiella ulmifolia was consistently grouped within Kohleria. The recovery of similar 

topologies in both concatenated Bayesian analyses and coalescent-based approaches 

suggests that this relationship does not represent an isolated pattern associated with a 

single phylogenetic method. 

A comparable scenario had already been documented by Roalson et al. (2005, 2008), who 

found that the species previously recognized as Capanea affinis and Capanea 

grandiflora, currently treated as Kohleria affinis and Kohleria tigridia, respectively, 

clustered within the Kohleria clade based on molecular and morphological evidence, 

which subsequently led to their taxonomic reclassification. Although the markers 

employed and the type of evidence differ between both studies, both recovered similar 

phylogenetic patterns within the Kohleria clade. However, whereas those analyses were 

primarily based on two spacer regions (ITS and trnL-F), the multilocus approach 

implemented here incorporated four markers with relatively balanced contributions of 



phylogenetically informative sites between the nuclear and chloroplast components. The 

even distribution of phylogenetically informative sites across markers reduces potential 

biases associated with the signal from a single region, enabling instead to recover 

consistent relationships across concatenated Bayesian and coalescent-based analyses. 

Haplotype networks and insights into interspecific hybridization 

Consistent with this evolutionary complexity, haplotype networks represented a 

complementary approach for exploring potential signals of hybridization among 

intermediate morphotypes and their putative parental species within Kohleria. Overall, 

the networks revealed patterns compatible with hybridization, particularly through the 

sharing of haplotypes between some intermediate individuals and the proposed parental 

species. In the trnH-psbA haplotype network, the individual trianae × affinis shared the 

same haplotype with Kohleria affinis, whereas spicata × trianae shared a haplotype with 

Kohleria trianae. A congruent pattern was recovered in the matK haplotype network, 

where spicata × trianae again shared the same haplotype with K. trianae. Considering 

that cytoplasmic genes generally exhibit uniparental inheritance, commonly associated 

with the maternal lineage (Hollingsworth et al. 2009; Li et al. 2011; Lang et al. 2014, 

2015; Saddhe et al. 2018), the nuclear- chloroplast discorance may reflect the maternal 

genetic signal of some morphotypes evaluated in this study (while may also be concordant 

with an incomplete lineage sorting scenario). 

In this context, it is particularly noteworthy that K. trianae was the species most 

frequently associated with morphotypes of putative hybrid origin. Most taxa included in 

this study coexist in the Central Andes of Colombia, particularly in the province of 

Quindío, potentially generating scenarios of secondary contact among closely related 

species. However, K. trianae appears to differ from the remaining evaluated species by 

exhibiting a broad altitudinal distribution and high local abundance across the sampled 

areas (Kvist and Skog 1992; Marín-Gómez and Alvarez 2015). This species has been 

recorded from approximately 300 to nearly 3000 m a.s.l., a gradient encompassing all 

localities included in this study and potentially increasing opportunities for interaction 

with other taxa within the genus. 

From an evolutionary perspective, species with broad geographic distributions and high 

population densities generally exhibit greater probabilities of reproductive contact with 

closely related taxa, thereby increasing opportunities for hybridization and introgression 

(Hamlin et al. 2020; Anderson and Matute 2025). In this sense, the frequent association 

of K. trianae with intermediate morphotypes may be related to its extensive altitudinal 

distribution, ecological adaptations, and high local abundance within the Kohleria 

assemblages evaluated in this study. This interpretation partially agrees with the 

observations of Kvist and Skog (1992), who noted that K. trianae is endemic to the 

Colombian Central Cordillera and that its highest population abundances occur between 

1700 and 2200 m a.s.l., elevations that closely coincide with several of the sampling sites 

analyzed here. 



A particularly interesting case corresponds to the individual treated here as Kohleria cf. 

hirsuta. The morphotype evaluated in this study exhibits evident morphological 

differences relative to Kohleria hirsuta sensu stricto, particularly in floral characters 

observed in the field. In this regard, Kvist and Skog (1992) reported that K. hirsuta is 

primarily distributed in the Colombian Eastern Cordillera and that, within the Central 

Cordillera, it is generally restricted to altitudinal gradients below 1200 m a.s.l. In contrast, 

the individuals analyzed in this study were collected at higher elevations, outside the 

altitudinal range typically reported for the species within the Central Cordillera. 

The same authors also noted that the presence of K. trianae generally excludes K. hirsuta 

at higher elevations, a pattern that contrasts with our field observations, where several 

individuals assigned as Kohleria cf. hirsuta coexisted with abundant populations of K. 

trianae. Taking together, these observations suggest that the individuals evaluated here 

do not fully correspond to the traditional concept of K. hirsuta. However, resolving these 

hypotheses will require integrative analyses incorporating detailed morphological 

evidence, population-level approaches, and comparative genetic analyses between K. 

hirsuta sensu stricto and the populations treated here as Kohleria cf. hirsuta. 

Overall, the phylogenetic, haplotypic, ecological, and morphological evidence obtained 

in this study reinforces the idea proposed by Kvist and Skog (1992), who suggested that 

Kohleria represents an evolutionarily complex group. In this context, multilocus analyses 

recovered more stable phylogenetic relationships, revealed differences between nuclear 

and chloroplast markers, identified patterns compatible with hybridization in some 

intermediate morphotypes (i.e., trianae × affinis and spicata × trianae), and highlighted 

relevant morphological and biogeographic differences in individuals such as Kohleria cf. 

hirsuta. These results expand the current knowledge of the diversity and evolutionary 

relationships of Kohleria in the Colombian Andes. 
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Figure 1. Floral diversity of Kohleria species and morphotypes evaluated in this study. A, 

Kohleria amabilis; B, Kohleria tigridia; C, Kohleria inaequalis; D, Kohleria warszewiczii; E, 

Kohleria spicata; F, Kohleria cf. hirsuta; G, Kohleria affinis; H, Kohleria trianae; I, Heppiella 

ulmifolia; J, trianae × spicata; K, warszewiczii × trianae; L, trianae × affinis; M, Kohleria 

tubiflora; N, Reldia cf. grandiflora. Variations in corolla coloration, pubescence, and morphology 



are illustrated, including morphotypes exhibiting intermediate characters compatible with 

potential interspecific hybridization events. 

 

 

 

Figure 2. Geographic representation of the collection sites of the Kohleria specimens evaluated 

in this study. A, representation of the national context of the sampling sites. B, regional-scale 

representation showing the political divisions and sampled natural reserves. Brown, La Patasola 

Natural Reserve; magenta, La Rivera Reserve; red, Navarco Alto Reserve; violet, Puerto Boyacá. 

The altitudinal gradient is illustrated using a grayscale scale ranging from lowlands (light colors) 

to higher elevations (dark colors). 

 

 



 
Figure 3. Haplotype networks of Kohleria and the intermediate morphotypes evaluated in this 

study. A, haplotype network based on trnH-psbA. B, haplotype network based on matK. The color 

scheme was kept consistent between both networks. Crossbars represent mutational steps between 

haplotypes. 



 
Figure 4. Phylogenetic relationships among taxa of the Gloxiniinae subtribe inferred using a nuclear ITS 

dataset under Bayesian inference. Support values at basal and terminal nodes correspond to posterior 

probabilities. Taxa shown in bold correspond to individuals sequenced in this study. The symbol × indicates 

crosses between two different species. 

 



 
 

Figure 5. Phylogenetic relationships among the Kohleria taxa evaluated in this study inferred from 

concatenated datasets (ITS, matK, rbcL, trnH-psbA) under Bayesian inference. Values at basal and terminal 

nodes correspond to posterior probability support values. trianae × spicata and warszewiczii × trianae 

correspond to putative hybrids based on morphological descriptions. 

 

 
Figure 6. Comparison of the phylogenetic relationships among the Kohleria taxa evaluated in this study, 

inferred from a concatenated dataset under Bayesian inference (A) and coalescent-based approaches (B). 



Values at basal and terminal nodes correspond to posterior probability support values. trianae × spicata 

and warszewiczii × trianae correspond to putative hybrids based on morphological descriptions. 

 

Table 1. List of primers used in this study, organized by locus and including detailed information for each 

primer. For each primer, the alignment direction (forward and reverse), corresponding sequence (5′–3′), 

annealing temperature (Tm), expected molecular weight (MW), and PCR reaction type are provided.* 

Corresponds to the thermal profile using a specific primer annealing temperature to the DNA template. ** 

Corresponds to a temperature gradient required for primer annealing to the DNA template. 

Locus Primer Direction Primer Sequence 5' - 3' Tm   MW PCR 

ITS 
ITS5 Forward GGAAGTAAAAGTCGTAACAAGG 

52°C   ~600pb Conventional* 

ITS4 Reverse TCCTCCGCTTATTGATATGC   

rbcL 
rbcl-aF Forward CTTCTGCTACAAATAAGAATCGATCTC 

52°C   ~650pb Conventional* 

rbcl-aR Reverse ATGTCACCACAAACAGAGACTAAAGC   

matK 
MatKXF Forward TAATTTACGATCAATTCATTC 

60°C -  50°C   ~900pb Touchdown** 

MatK5R Reverse GTTCTAGCACAAGAAAGTCG   

TrnH-psbA 
trnH-F Forward ACTGCCTTGATCCACTTGGC 

52°C    ~300pb Conventional* 

trnH-R Reverse CGAAGCTCCATCTACAAATGG   

 

 

Table 2. Kohleria taxa analyzed in this study, including collection localities and accession codes for the 

ITS, rbcL, matK, and trnH-psbA markers. Newly generated sequences from this study are indicated with an 

asterisk (*). RP = Reserva Natural La Patasola; RN = Reserva Navarco Alto; RR = Reserva La Rivera; PB 

= Puerto Boyacá.  

Species Localities ITS rbcL matK 

 

trnH-psbA 

 

Kohleria amabilis (Planch. & 

Linden) Fritsch RP PV189461  PV232030* 

 

PV190988* 

 

Kohleria tigridia (Ohlend.) 

Roalson & Boggan RN PV189464 PV253722* PV232031 

  

PV190989* 

 

Kohleria inaequalis (Benth.) 

Wiehler RR PV189462* PV253723* PV232032* 

 

PV190990* 

 

Kohleria warszewiczii (Regel) 

Hanst. RP PV189466  PV232034 

 

PV190993* 

 

Kohleria spicata (Kunth) Oerst. RP PV189463 PV253724 PV232033 

 

PV190992* 

 

Kohleria cf. hirsuta (Kunth) Regel RP PV207317   

 

PV190991* 

 

Kohleria affinis (Fritsch) Roalson 

& Boggan RP PV207318   

 

PV190994* 

 

Kohleria trianae (Regel) Hanst RP PV189465  PV232035* 

 

PV190995* 

 

Heppiella ulmifolia (Kunth) Hanst. RP PV189460 PV253728* PV241157* 

 

PV190996* 

 

trianae × spicata RP PV189468* PV253725* PV232036* 

 

PV190998* 

 



warszewiczii × trianae RP PV207315* PV253726* PV232037* 

 

PV190999* 

 

trianae × affinis RP    

 

PV191000* 

 

Kohleria tubiflora (Cav.) Hanst. PB PV207316   

 

PV191001 

 

Reldia cf. grandiflora. RP PV189467* PV253727* 

 

PV241156* 

 

PV190997* 

 

 

 

Table 3. Summary statistics of the site frequency spectrum for the chloroplast coding genes matK and rbcL, 

the chloroplast intergenic spacer region trnH-psbA, and the nuclear ribosomal DNA region ITS in Kohleria 

species. S: number of polymorphic sites; π: nucleotide diversity; and θW: Watterson’s theta per site based 

on S. * Corresponds to a significant p-value. ** Corresponds to a highly significant p-value. 

 

 

 

Table 4. Optimal evolutionary models selected for the amplified markers based on the corrected Akaike 

Information Criterion (AICc). The analyzed genes, the best-fit model according to the AICc, the −LN 

value (negative log-likelihood), and the corresponding AICc value are presented. 

Locus Length (bp) S π θW p-value 

ITS 741 215 0.12566 0.22239 **, P < 0.01 

matK 961 102 0.02870 0.04871 *, P < 0.05 

rbcL 659 130 0.07878 0.11117  0.10 > P > 0.05 

trnH 266 11 0.01282 0.01407 P > 0.10 

Locus Best-fit Model (AICc) -lnL AICc 

matK GTR + G 2158.8484 4381.919 

rbcL HKY + G 1957.2068 3957.862 

trnH HKY + I 648.7283 1366.394 

ITS SYM + G 3490.9567 7044.533 


