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Abstract
Kokia (Malvaceae) is a tree genus consisting of only three endangered and one extinct species 
endemic to the Hawaiian Islands. Morphological and molecular population analyses suggested 
conflicting hypotheses as to the colonization and dispersal among  islands. To resolve this, 12 
nuclear and four chloroplast gene regions were sequenced and compared to establish 
phylogenetic hypotheses and to make biogeographic inferences. Seven gene regions yielded 
phylogenies consistent with the progression rule hypothesis suggesting dispersal from older to 
younger islands, seven other gene regions were equivocal, and two weakly supported an 
alternative phylogeny. Combined analyses of all genes strongly supported the progression rule 
hypothesis with initial colonization to Kaua‘i, or possibly an older and now submerged island, 
with subsequent dispersal to O‘ahu, Moloka‘i, and Hawai‘i islands. Morphological characters 
plotted onto the molecular phylogeny suggested many morphologocial traits are plastic or non-
homologous. Our study illustrates the perils of evaluating relationships among widely divergent 
taxa using morphological characters.
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Introduction

Kokia Lewton (Malvaceae: Malvoideae: Gossypieae) is a tree genus consisting of only four 

species endemic to the Hawaiian Islands. This genus is of special interest since it provides 

unfortunate examples of extreme population reduction. Once thought to have been widespread in

dry and mesic forests of the Hawaiian Islands, one species is now extinct and populations of the 

other three species have been drastically reduced in size and are now listed as federally 

endangered species (USFWS 1979, 1984, 1994, 1996, 1998a,b). Kokia drynarioides (Seem.) 

Lewton (Hawai‘i Island) and K. kauaiensis (Rock) Degener & Duvel (Kaua‘i Island) still have 

naturally occurring populations with few extant individuals. Kokia lanceolata Lewton was 

known only from two individuals in the southeastern hills of O‘ahu Island when discovered in 

the late 1800’s, and is thought to have become extinct shortly thereafter (Bates 1999). Kokia 

cookei Degener was formerly endemic to the western end of Moloka‘i Island, but the last wild 

individual (present on Moloka‘i Ranch owned by Charles M. Cooke) died by 1918 and the 

species has until recently only persisted as grafted limbs on a congener, K. drynarioides or K. 

kauaiensis (Sherwood and Morden 2014). Trees of the three extant species grow up to 10 m tall 

with simple, lobed leaves, and are easily distinguished by their hibiscus–like flowers that have 

overlapping, twisted petals (Bates 1999), giving the flowers a distinctly zygomorphic 

appearance. 

Phylogenetic and biogeographic questions have revolved around the relations among the 

species of Kokia. Funk and Wagner (1995a) analyzed the morphological characters associated 

with the species of Kokia. They demonstrated that K. lanceolata was the sister species to the 

remaining Kokia species in the clade (although variously placed in some analyses due to missing 

morphological data) and that K. cookei was sister to a well–defined clade with K. drynarioides 

and K. kauaiensis. Sherwood and Morden (2014) subsequently performed population genetic 
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tests on the three extant species and found a close association between K. cookei and K. 

drynarioides, and more distant relation to K. kauaiensis. However, analysis of a chloroplast and a

nuclear DNA gene region found conflicting results, with K. drynarioides the sister taxon to a 

clade with K. cookei and K. kauaiensis in one and K. kauaiensis the sister taxon to a clade with 

K. drynarioides and K. cookei in the other (A. Sherwood and C. W. Morden, unpublished data). 

Biogeographically, the three proposed phylogenies defined by the relations indicated 

above suggest three different hypotheses for colonization and dispersal among the Hawaiian 

Islands (Figure 1). Hypothesis 1 is the model of Funk and Wagner (1995a), suggesting an initial 

colonization to O‘ahu with subsequent dispersal to Moloka‘i, followed by a dispersal to Hawai‘i 

Islands and a dispersal to Kaua‘i (Funk and Wagner 1995b) (Figure 1A). The other two 

hypotheses follow the progression rule sensu Hennig (1966). Hypothesis 2 involves initial 

colonization to the oldest island, Kaua‘i (where K. kauaiensis is endemic), and subsequent 

dispersal to younger islands (Figure 1B). This model is common for most Hawaiian radiations (a 

modified progression rule involving geologic island age sensu Funk and Wagner 1995b). If this 

is true, it is possible that initial colonization occurred on much older, now submerged, islands of 

the Hawaiian archipelago prior to the formation of the present high islands, followed by 

colonization in a stepping stone fashion to progressively younger islands as they formed, similar 

to what has been found with other lineages (Clement et al. 2004, Givnish 2008). Hypothesis 3 

involves initial colonization to the youngest island, Hawai‘i (where K. drynarioides is endemic), 

and dispersal to progressively older islands (Figure 1C). Although most Hawaiian examples of 

radiations are from older to younger islands, there are several prominent examples of “back 

colonizations” from younger to older islands against the predominant progression of the 

radiation, especially within larger Hawaiian radiations such as the silversword alliance (Carr et 

al. 1989), picture–winged Drosophila (Carson 1983), and swordtail crickets (Shaw 1995). No 
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example of a radiation that commences on the youngest island and successively colonizing each 

of the older islands has yet been demonstrated, but thus cannot be dismissed outright.

<< Figure 1 near here >>

The purpose of this study was to investigate the phylogenetic relationships among the 

species of Kokia and, from this, to evaluate the various biogeography hypotheses presented. 

Although all four species could be examined for morphological variation, the extinct K. 

lanceolata is not available for molecular analysis and, as such, the hypothesis for an O‘ahu 

colonization with subsequent dispersal to Moloka‘i, then Hawai‘i and Kaua‘i (Figure 1A), can 

only be tested as an initial colonization to Moloka‘i. Previous studies by Cronn et al. (2002) and 

Alvarez et al. (2005) demonstrated a close relationship among species of the Gossypieae tribe, 

and Gossypioides kirkii (Mast.) J. B. Hutchinson was the sister species to Kokia drynarioides in 

their analyses. Here, we used the same 16 gene regions as Cronn et al. (2002) and Alvarez et al. 

(2005), including 11 single copy nuclear genes, one nuclear ribosomal DNA region, and four 

chloroplast DNA gene regions. Based on our results, the morphological characters identified by 

Funk and Wagner (1995a) along with 10 additional characters assessed herein will be examined 

to explore patterns of character trait evolution.

MATERIALS AND METHODS

DNA Sampling

DNA from three Kokia species used in the population study by Sherwood and Morden 

(2014) were obtained from the Hawaiian Plant DNA Library (HPDL; Morden et al.1996, Randell

and Morden 1999) (Table 1). Kokia cookei, originally from Moloka‘i Island, was collected from 

a tree growing at Waimea Arboretum and Botanical Garden, O‘ahu (accession 75C238, HPDL 

3148). Kokia drynarioides was wild-collected in the Kohala Mountains, Hawai‘i Island (C. 
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Morden 1196, HAW, HPDL 283). Kokia kauaiensis, originally from Kaua‘i Island, was grown 

from seed at Lyon Arboretum, O‘ahu (accession L93.0403, HPDL 1781). Taxa for outgroup 

comparison included Gossypium anomalum Wawra ex Wawra & Peyritch, Gossypium bickii 

Prokhanov, and Gossypioides kirkii (Mast.) J. B. Hutchinson. Gossypioides kirkii was previously 

determined to be a close relative to Kokia species (Cronn et al. 2002, Alvarez et al. 2005). 

GenBank accessions of all sequences for each species are given in Table 1. 

<< Table 1 near here >>

PCR and Sequence Analysis

Sixteen genetic loci were examined representing 12 nuclear and four chloroplast regions 

using amplification conditions and sequencing primers described in Cronn et al. (2002). The 12 

nuclear markers included six anonymous markers used as probes for mapping the Gossypium 

genome (A1341, A1713, A1751, G1121, G1262, and G1134; Cronn and Wendel 1998, Cronn et 

al. 1999), two alcohol dehydrogenase genes (AdhA, AdhC; Small et al. 1999, Small and Wendel 

2000), two cellulose synthase genes (CesA1, CesA1b; Cronn et al. 1999), a 5’ untranslated intron 

from a microsomal fatty acid desaturase gene (FAD2–1 intron; Liu et al. 2001) and the nuclear 

ribosomal internally transcribed spacer (ITS; Wendel et al. 1995). The four chloroplast loci 

represented gene regions including matK and the flanking trnK intron regions (Steele and 

Vilgalys (1994), ndhF (Seelanan et al. 1997), rpl16 intron (Jordan et al. 1996), and trnT–trnL 

intergenic spacer (Taberlet et al. 1991). Maps of gene regions with information regarding the 

primer sequences, internal primer locations, amplified product sizes and positions of introns and 

exons are detailed in Cronn et al. (2002). 

PCR amplifications were carried out in 25 µl reaction volumes under the following 

conditions: ca. 25 ng of DNA, 0.2 mM each of dATP, dCTP, dGTP, dTTP, 1X Taq Polymerase 

buffer, 1.5 mM MgCl2, 0.50 mg bovine serum albumin (BSA), 0.2 µM forward and reverse 
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primers, and ca. 1 unit of Taq DNA Polymerase (Promega, Madison, WI, USA). PCR were 

performed in a DNA thermocycler (MJ Research). PCR amplified products were examined on 

1.5% agarose gels, stained with EtBr and visualized with a UV light source. Amplified DNA 

fragment size was confirmed using either the 100 bp ladder (Promega, Madison, WI, USA) or a 

pBS plasmid (Stratagene, La Jolla, CA, USA) digested with restriction enzymes to produce 

fragments in a size range from 0.448–2.96 kb. Final gel products were viewed with the Bio–Rad 

Gel Doc XR System and recorded with the Quantity One Software. The PCR products were 

cleaned using the Exo–Sap–It (Affymetrix, Santa Clara, CA, USA) according to the 

manufacturer’s instructions. Double stranded PCR products were sequenced in forward and 

reverse directions, and with amplification and internal primers as needed at the University of 

Hawai‘i Biotech Core Pacific Bioscience Research Center. FAD2–1 intron products were cloned 

upon recommendation in Cronn et al. (2002) using the StrataClone PCR cloning Kit (Agilent 

Technologies, Santa Clara, CA, USA) according to the manufacturer’s instruction. 

Data Analysis

Sequence results were examined using Sequencher v.5.0 (Gene Codes Corporation, Ann Arbor, 

MI, USA) and aligned using MEGA5 (Tamura et al. 2011) by ClustalW with default parameters; 

final alignment adjustments were done by visual inspection. Phylogenetic analysis based on 

maximum parsimony (MP) and maximum likelihood (ML) methods were performed using 

PAUP* 4.0b10 (Swofford 2002). Each nuclear and chloroplast gene data set, and the combined 

data set were analyzed for MP with the branch–and–bound option. Branch support for both MP 

and ML trees was examined with bootstrap (Felsenstein 1985) using 1,000 replicates.            

An incongruence length difference (ILD) test between the nuclear and chloroplast data 

sets (Farris et al. 1995) was performed to evaluate compatibility of data partition using PAUP* 
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4.0 (as the partition–homogeneity test). 1,000 partition homogeneity replicates were performed 

based on the heuristic searches with 10 random taxon–addition sequences, tree bisection–

reconstruction (TBR), and the MulTrees option on, swapping a maximum of 100 trees to 

completion.

Morphological Analysis

A transformation series of 18 character states was assessed to infer character evolution. 

Eight characters from Funk and Wagner (1995a) were used with modifications to make 

allowances for change of the outgroup species from Thespesia populnea (L.) Sol. ex Corrêa to 

Gossypioides kirkii. Additionally, some characters were changed from binary to multistate, and 

adjustments were made to correct the original transformation series for “bracteole shape”, 

“stamina column” and “seed pubescence”. The characters “capsule apex” and “seed length” were

omitted because outgroup data were not available. Morphological traits for all four Kokia species

and G. kirkii were determined from species descriptions (Hutchinson 1947, Wagner et al. 1990); 

the data matrix of Funk and Wagner (1995a) was used to obtain character states for Kokia sp. 

data not included with descriptions. Any additional missing data was accounted for by 

observations of herbarium specimens available online for K. lanceolata 

(http://plants.jstor.org/stable/10.5555/al.ap.specimen.bish1010606; 

http://plants.jstor.org/stable/10.5555/al.ap.specimen.gh00052868) and for G. kirkii 

(http://plants.jstor.org/compilation/gossypioides.kirkii; http://actd.iict.pt/view/actd:LISC043278; 

http://actd.iict.pt/view/actd:LISC043279). Ten of the 18 characters are binary and eight are 

multistate (Table 2). Five of the multistate characters are ordered (characters 3, 5, 9, 10 and 18) 

due to their being measures of degree or length that must transition from the ancestral state 

through one derived state to reach a third state. Three characters were considered unordered; two 
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characters (numbers 6 and 7) are based on structure shape or position of leaf hairs and no 

specific ordering could be attached to them, and one character (number 8) has the trait of the 

outgroup species occupying the intermediate position. For each character, G. kirkii was given the

character state of “0” and Kokia species were measured in relation to it. Character states were 

plotted onto the phylogenetic tree; a phylogenetic analysis based on morphology was not 

conducted here.

<< Table 2 near here >>

RESULTS

Phylogenetic Analyses

The total aligned length of genes sequenced was 17,133 bp including 9,726 from nuclear 

gene regions and 7,407 from cpDNA regions (Table 3). Of those, ca. 93% of the sites were 

constant and 3.4% phylogenetically informative (PI) among all species. Within Kokia only, 193 

positions were variable with 61 of them PI. Chloroplast gene regions in Kokia were on average 

more informative than were nuclear regions as measured with the phylogenetically informative 

to variable site ratio (PI:V) although cumulatively there were more nuclear sites that were 

informative.

<< Table 3 near here >>

Fourteen of the 16 gene phylogenies obtained demonstrated coalescence (Figure 2). 

Among the 12 nuclear encoded genes, five gene trees (A1341, A1713, AdhA, CesA1b, and FAD2–

1) had K. kauaiensis as the sister species to a clade that included K. cookei and K. drynarioides 

and six gene trees (A1751, AdhC, CesA1, G1121, G1134, and ITS) placed the three species 

forming a trichotomy. Among the four chloroplast encoded genes, two (matK and ndhF) placed 

K. cookei and K. drynarioides as sister species and one (trnT–trnL spacer) with the three species 

forming a trichotomy. Two weakly supported trees (bootstrap values 64%) were discordant 
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when compared to the others. The nuclear gene G1262 placed the three Kokia species in a 

trichotomy, but included the outgroup species G. kirkii as sister to K. drynarioides; the 

chloroplast gene rpl16 has K. cookei as sister to a clade that included K. drynarioides and K. 

kauaiensis.

<< Figure 2 near here >>

Incongruence length difference (ILD) tests on pairwise combinations were performed for 

both chloroplast and nuclear gene regions. Tests with the chloroplast genes matK, ndhF and 

rpl16 did not indicate significant incongruences (P=0.464–1.0). However, the trnT–trnL spacer 

region indicated the statistical conflict with the other three regions. Examination of the aligned 

trnT–trnL sequences indicated a 352 bp gap present in all three Kokia species relative to the 

outgroup species. When this gap region was omitted from the trnT–trnL data, ILD test results 

were not significantly different from any other region. Pairwise ILD tests of nuclear genes 

indicated no incongruency among all gene combinations except for those involving G1262 where

G. kirkii is positioned within the ingroup and sister to K. drynarioides (although weakly 

supported). G1262 had a significant ILD with all other nuclear DNA regions (P=0.001–0.038) 

except FAD2–1 (P=0.24). G1262 data was included with the combined nuclear DNA data since 

removing it did not alter the tree topology. The ILD test between the combined chloroplast DNA 

data and the combined nuclear DNA yielded no statistical incongruence (P = 1.0) and all 

sequences were included in the combined chloroplast and nuclear data set.

Combined gene analyses were conducted with all nuclear genes, all chloroplast genes, 

and all nuclear and chloroplast genes (Figure 3). In each of the combined datasets, all analyses 

place K. kauaiensis as sister to a clade that includes K. cookei and K. drynarioides. Bootstrap 

support was 100% for each of the nodes in both MP and ML analyses. 

<< Figure 3 near here >>
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Character Analysis

Morphological character states for each of the species examined were determined (Table 

4) and plotted onto the Kokia molecular phylogeny (Figure 4) except for K. lanceolata. States for

two characters (14 and 18) were not scorable for K. lanceolata from the description or 

photographs.  Thirteen characters readily differentiate Kokia species from G. kirkii (1, 3, 4, 5, 6, 

9, 10, 12, 13, 14, 15, 16, and 18). Three species also contained autapomorphic traits. There were 

two autapomorphies in K. cookei (6–1 and 17–1), one in K. drynarioides (7–2), and three in K. 

kauaiensis (3–2, 8–2, and 18–2); no autapomorphies were present for K. lanceolata. Each of the 

species shared character states with at least one other species. Three character states were shared 

between K. cookei and K. lanceolata (5-1, 8-1, and 9-1) and between K. drynarioides and K. 

kauaiensis (2–1, 5–2, and 9–2). One character state was shared between K. cookei and K. 

kauaiensis (7–1), and between K. kauaiensis and K. lanceolata (10-1). One character state (10–1)

was also shared between K. cookei and K. drynarioides, but this was an ordered character that 

must have also been present in an ancestor of K. kauaiensis and K. lanceolata, and is thus not 

considered apomorphic to the two species.

<< Table 4 near here >>

<< Figure 4 near here >>

DISCUSSION

Biogeography of Kokia

Phylogenetic analyses presented here support the relationship of K. kauaiensis being the 

sister taxon to a clade that included K. cookei and K. drynarioides. As might be expected from an

analysis of multiple genes, there was evidence of deep coalescence for two of the 16 gene 

regions resulting in an alternative phylogeny (Baum and Smith 2013). However, the remaining 

14 gene phylogenies depict the former relationship or were equivocal. All three of the combined 
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analyses support this relation. This phylogeny is consistent with Hypothesis 2 (Figure 1B) where 

dispersal occurred from older to younger islands followed by subsequent speciation events. This 

is also consistent with the progression rule model of Hennig (1966) and with a stepping stone 

model of the progression rule applied within island archipelagoes, and found to be the 

predominant manner of dispersal among radiations within the Hawaiian Islands by Funk and 

Wagner (1995b). 

Although it is not possible to place the extinct O‘ahu endemic K. lanceolata in this 

phylogeny, by extension of the progression rule it is most probable that dispersal occurred from 

Kaua‘i to O‘ahu and subsequently to Moloka‘i and Hawai‘i Island. However, dispersal from 

Kaua‘i to Moloka‘i with a back dispersal to O‘ahu has been demonstrated in other plant and 

animal taxa (Carson 1983, Carr et al. 1989) and cannot be ruled out here. A third possibility to 

account for species on O‘ahu and Moloka‘i also cannot be dismissed. Geologic studies have 

shown that two separate land bridges existed connecting southeast O‘ahu to Penguin Bank (a 

now submerged shield volcano west of Moloka‘i) ca. 2.2 million yr ago (Mya) and to west 

Moloka‘i ca. 2.0 Mya (Carson and Clague 1995, Price and Elliot–Fisk 2004). These were low 

bridges reaching estimated elevations of 500 m and 200 m, respectively, but well within the 

elevation ranges for Kokia species. Following dispersal from Kaua‘i, it is possible that a single 

species was present ranging from southern O‘ahu (the type locality of K. lanceolata) to western 

Moloka‘i (the former range of K. cookei) across a land bridge. If so, vicariance following 

collapse of the land bridge with subsequent speciation, and not an over-water dispersal, could 

account for K. lanceolata and K. cookei on these islands.

It is evident from these analyses of molecular and morphological data that the Kokia 

clade and G. kirkii are not closely related.  Senchina et al. (2003) estimate that divergence of the 

Gossypioides–Kokia clade from Gossypium between 11.3 and 14.2 Mya based on synonymous 

11



site mutation rates across 48 nuclear gene. Based on their formulated rate of substitution, we 

used BEAST (Bouckaert et al 2014) to calculate the mean Gossypioides–Kokia divergence at 6.2 

(4.8 to 13.0) Mya and mean divergence among Kokia species at 3.5 (1.86 to 7.25) Mya. It is 

expected that long-lived perennials will have slower rates of evolution (Senchina et al. 2003), 

and as such the Kokia–Gossypioides divergence is likely greater than the 6.2 Mya time period. 

This suggests that colonization of the Kokia lineage to Hawai‘i occurred prior to the emergence 

of Ni‘ihau, the oldest of the current extant high islands (ca. 5.1 Mya; Price and Clague 2002), but

divergence among Kokia species fits within the estimated time of the extant high islands. Several

other plant lineages are believed to have colonized islands that are now atolls or small basaltic 

outcroppings of the northwest Hawaiian Islands. The ancestor to the Hawaiian lobeliads is 

believed to have colonized ca. 13 Mya (Givnish et al. 2008). The Hawaiian endemic 

Hillebrandia sandwicensis (Begoniaceae) is estimated to have diverged from its most recent 

ancestor between 51 and 65 Mya, a period corresponding to the age of submerged atolls of the 

emperor chain of the NW Hawaiian Islands (Clement et al. 2004). The Hawaiian endemic genus 

Chrysodracon (Asparagaceae) also is thought to have diverged from its relatives anciently and 

colonized now submerged islands (Lu and Morden 2014). However, results with the Hawaiian 

endemic genus Hesperomannia suggest an alternative. Studies have shown that divergence from 

its most recent common ancestor of African origin occurred ca. 17 Mya (Kim et al. 1998, Keeley 

et al. 2007). However, a detailed analysis of the species suggests that the probable colonization 

and divergence within Hawai‘i has occurred within the past 2–3 Mya (Morden and Ching Harbin

2013). Morden and Ching Harbin (2013) postulate that dispersal to Hawai‘i is more likely to 

have occurred via a stepping–stone colonization across southeast Asia preceding the dispersal to 

Hawai‘i, with intermediate species involved having gone extinct during the interim. A similar 
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colonization scenario to the Hawaiian Islands might also be conjectured for the Kokia clade as its

closest ancestor, Gossypioides kirkii, is also of African origin (Hutchinson 1947). 

Application of Morphology in Kokia Phylogeny

Morphological character transitions were largely discordant with the molecular 

phylogeny. Twelve of the 18 characters distinguish the G. kirkii from the Kokia clade. However, 

only one of the characters provides support for the K. cookei/K. drynarioides clade (character 

10). Instead, four character states (for characters 2, 5, 9, and 11) are inconsistent with the 

phylogeny and are shared only among K. kauaiensis and K. drynarioides, a relationship that 

would support Hypothesis 1. As such, it is not unexpected that a morphological analysis alone 

(such as that of Funk and Wagner 1995a) would draw the conclusion that K. cookei was the sister

species to a clade that included K. kauaiensis and K. drynarioides. Five character states 

(characters 2, 5, 8, 9, and 11) do link K. cookei and K. lanceolata as might be expected from their

closer geographical association. 

The lack of congruence between molecular and morphological datasets is likely due to 

the great evolutionary distance of the outgroup species to the Kokia clade. As such, the 

morphological traits may no longer be homologous to one another in the strict sense. For 

example, the flowers of Gossypioides kirkii are similar in size, color (deep yellow), and shape 

(open with radial symmetry) to species of Gossypium and have characteristics more in line with 

entomophilous pollination. In contrast, flowers of Kokia are much larger (double or greater in 

size), differ in color (deep red), and have a zygomorphic pattern that would suggest 

ornithophilous pollination. Another character of note is seed pubescence. It is well known that 

species of Gossypium have long trichomes associated with seeds (e.g., the cotton fiber). In 

contrast, those of Gossypioides kirkii have only a short “fuzz” (as described by Hutchinson 1947)
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less than 1 mm length. The Kokia species all have longer seed hairs, K. kauaiensis with the 

longest at about 10 mm long. Based strictly on a morphological phylogeny, this would suggest a 

reversion to long hairs in this one species whereas the molecular phylogeny would support a 

unique loss of hairs in G. kirkii and the longer hairs retained in the ancestor to Kokia. 

CONCLUSIONS

 The relationships demonstrated here with Kokia species are consistent with the progression rule 

and stepping stone models of dispersal among the Hawaiian Islands. Although dispersal 

proceeding from younger to older islands had been proposed for one species radiation 

(Clermontia, Campanulaceae) based on morphological variation (Lammers 1995), molecular 

analysis clearly demonstrated that Clermontia dispersal also followed the stepping stone model 

(Givnish et al. 2008). This is also consistent with most other lineages of plants and animals 

examined (Wagner and Funk 1995). Morphological analyses can often provide insight into the 

evolution of character states or species within closely related species, but confounding errors 

may result when projecting to taxa that have been long separated. For example, the six genera 

and over 130 species of Hawaiian lobeliads were once thought to have arisen from at least four 

separate colonizations to the islands (Carquist 1980), but were recently demonstrated to have 

arisen from a single colonist ca. 13 Mya (Givnish et al. 2008). Similarly, the woody Hawaiian 

violets were once thought to have been derived from woody relatives in South America (Wagner 

et al. 1990), but are now shown to be derived from a herbaceous Alaskan or eastern Siberian 

colonist (Ballard and Sytsma 2000). The vast morphological distinctions found here between 

Kokia species and their closest extant relative, G. kirkii, again highlights the frequent lack of 

congruence among morphological and molecular datasets.
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TABLE 1

GenBank or EMBL (*) accession numbers for 16 gene regions examined in the phylogenetic

study of Kokia species and related outgroup species a

K. cookei K. drynarioidesK. kauaiensis G. kirkii G. anomalum G. bickii

Nuclear DNA

A1341 KY569556 KY569558 KY569557 AF201877 AF403074 AF403077

A1713 KY569559 KY569561 KY569560 AF201881 AF419956 AF419959

A1751 KY569562 KY569564 KY569563 AF201883 AF402298 AF402301

AdhA KY569565 KY569567 KY569566 AF201888 AF419961 AF419964

AdhC KY569568 KY569570 KY569569 AF169254 AF419966 AF419968

CesA1 KY569571 KY569573 KY569572 AF201886 AF419970 AF419973

CesA1b KY569574 KY569576 KY569575 AF201887 AF419974 AF419977

FAD2–1 KY569577 KY569579 KY569578 AF403073 AF403071 AJ244906*

G1121 KY569580 KY569582 KY569581 AF201884 AF377872 AF377875

G1134 KY569583 KY569585 KY569584 AF201882 AF406066 AF403069

G1262 KY569586 KY569588 KY569587 AF201885 AF402304 AF402307

ITS KY569589 KY569591 KY569590 U56783 U56806 U56787

cpDNA

matK KY569592 KY569594 KY569593 AF403563 AF403557 AF403562

ndhF KY569595 KY569597 KY569596 U55329 U55332 AF403555

rpl16 KY569598 KY569600 KY569599 AF403104 AF403100 AF059426

trnT–trnL KY569601 KY569603 KY569602 AF403553 AF403074 AF403552

a Accessions of Gossypioides kirkii, Gossypium anomalum and G. bickii from Cronn et al. 

(2002). 
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TABLE 2

Characters states used in the morphological assessment

No. Character Character Transitions

1. Habit 0 = arbustial 1 = arborescent

2. Leaf blade (LB) 0 = 5 to 7 lobed 1 = 7 to 9 lobed

3. LB lobe depth 0 = 2/3 to 3/4 leaf length 1 = 1/4 to 1/5 2 = 1/5 to 1/10

4. LB base a 0 = deeply cordate 1 = cordate 

5. LB sinus a 0 = open wide 1 = open narrow 2 = closed

6. LB pubescence a 0 = glabrous to fine hairy 1 = in vein axils 2 = near leaf base

7. Bracteole shape 0 = deltate to broadly ovate 1 = broadly ovate 2 = broadly ovate to suborbicular

8. Bracteole dimensions a 0 = length  width 1 = longer than wide 2 = wider than long

9. Bracteole length 0 = 20 to 25 mm 1 = 25–35 mm 2 = > 40 mm

10. Bracteole margin 0 = 10 to 15 teeth 1 = 3 to 5 lobes 2 = no lobes

11. Calyx tube 0 = 10 mm or less 1 = 20 mm or greater

12. Corolla length 0 = <40 mm 1 = >80 mm

13 Corolla shape a 0 = campanulate 1 = twisted

14. Corolla color 0 = yellow 1 = red or variation of it



15. Staminal column a 0 = short, <50 mm 1 = long, >60 mm

16. Antheriferous 0 = throughout length 1 = upper 1/2 to 1/3

17. Capsule shape a 0 = ovoid 1 = globose

18. Seed pubescence a 0 = short “fuzz” <1 mm 1 = 3 mm long 2 = 10 mm long

a Characters examined by Funk and Wagner (1995a).



TABLE 3

Description of regions sequenced from the nuclear and chloroplast genomes

Aligned Constant Variable PI Variable PI Kokia Consistency Homoplasy

Locus Length a Sites b All Sp. c All Sp. d Kokia e Kokia f PI:V g Index Index

Nuclear

A1341 714 669 45 22 25 10 0.40 0.979 0.021

A1713 671 634 37 29 22 8 0.40 0.974 0.026

A1751 826 802 24 12 1 0 0.00 1.000 0.000

AdhA 941 897 44 27 24 9 0.38 0.978 0.022

AdhC 922 842 80 45 1 0 0.00 1.000 0.000

CesA1 651 615 36 14 12 0 0.00 1.000 0.000

CesA1b 801 749 36 14 3 2 0.66 1.000 0.000

FAD2–1 1,329 1065 312 213 19 5 0.26 0.974 0.026

G1121 723 692 31 18 1 0 0.00 0.969 0.031

G1134 546 509 37 21 3 0 0.00 1.000 0.000

G1262 915 882 33 24 5 1 0.20 1.000 0.000

ITS 687 576 111 54 4 0 0.00 0.974 0.036

Totals 9,726 8,932 826 493 120 35 0.29 0.983 0.017

Chloroplast

matK 2,507 2,456 51 28 30 12 0.30 1.000 0.000

ndhF 2,106 2,069 37 21 10 3 0.40 1.000 0.000

rpl16 1,284 1,248 36 16 23 11 0.48 1.000 0.000

trnT–trnL 1,510 1,272 238 26 10 0 0.00 0.992 0.008

Totals 7,407 7,045 362 91 73 26 0.36 0.992 0.008

Combined

Total 17,133 15,977 1188 584 193 61 0.32 0.986 0.015



a Total length of aligned sequence including gaps.

b Number of non–varying sites.

c Variable sites among all species.

d Phylogenetically informative sites among all species.

e Variable sites among Kokia species only.

f Phylogenetically informative sites among Kokia species.

g Ratio of phylogenetically informative and variable sites for Kokia species only.



TABLE 4

Data matrix of characters of G. kirkii and Kokia species based on characters and transformation

series defined in Table 2

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

G. kirkii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

K. cookei 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1

K. drynarioides 1 1 1 1 2 2 2 0 2 1 1 1 1 1 1 1 0 1

K. kauaiensis 1 1 2 1 2 2 1 2 2 2 1 1 1 1 1 1 0 2

K. lanceolata 1 0 1 1 1 2 0 1 1 2 0 1 1 – 1 1 0 –



FIGURE 1. Phylogenetic hypotheses of Kokia species dispersal in Hawai‘i. A, initial 
colonization to O‘ahu with subsequent dispersal to Moloka‘i and the other islands sensu Funk 
and Wagner (1995a). B, “progression rule” with initial colonization to Kaua‘i and subsequent 
dispersal to younger island. C, “progression rule” with initial colonization to Hawai‘i and 
subsequent dispersal from younger to older islands. Only species from three islands (Kaua‘i, 
Moloka‘i, and Hawai‘i) were available for testing hypotheses; dashed lines indicate probable 
dispersal to and from O‘ahu with progression rule models.



   

FIGURE 2. Phylogenetic analyses among the 12 nuclear and four chloroplast gene regions 
examined among Kokia species. Bootstrap values associated with each branch are given for MP 
and ML, respectively. Log likelihood scores for ML analyses are presented below each tree. 
Species abbreviations using only the first letter are given.



FIGURE 3. Phylogenetic analyses of combined data for nuclear gene regions, chloroplast gene 
regions, and both nuclear and chloroplast regions combined. Bootstrap values associated with 
each branch are given for Maximum Parsimony and Maximum Likelihood, respectively. Log 
likelihood scores for ML analyses are presented below each tree. 



FIGURE 4. Morphological character analysis with traits mapped onto the molecular phylogeny. 
Binary and multistate characters are mapped with the character number and character state 
separated by a dash. 


