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-There is a need to begin with biosystematic, evolutionary and population 

studies in southern Africa. Lillie is known about the pattern of evolution and 

speciation in woody, herbaceous or annual taxa. There are many questions 

regarding the origin of endemic and characteristic southem African ptants that 

should be investigated in detail. Only with a good understanding of the history of 

the flora can its present status be properly appreciated.-

Goldblatt, 1978 

This work is respectfully dedicatec!i to Elsie E. Esterhuysen, whose contribution to 
botany has been an inspiration. 
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ABSTRACT 

A CHEMOSYSTEMATIC AND CLADISTIC STUDY OF THE SOUTHERN AFRICAN 
ENDEMIC FAMILY BRUNIACEAE DC 

Bruniaceae, one of the southem African endemic plant families, comprises 76 species in 
12 genera. The most recent revision of the family is that of Pillans (1947). No 
phylogenetic analysis of within-family relationships has been carried out to date and the 
results of recent cladistic studies have been equivocal as regards the affinities of the 
family. The present study was undertaken in order to identify sister group(s) of 
Bruniaceae and using this information, to explore the phylogeny of the family. 
Analyses were based on non-molecular data obtained from the published literature, 
mainly from morphology, anatomy and palynology. An additional data set was generated 
from analysis, in the present study, of foliar flavonoid profiles of 58 species representing 
all genera in Bruniaceae. Eight species representing Grubbiaceae, Diapensiaceae, 
Ericaceae, Retziaceae and Geissolomaceae, families with which Bruniaceae has been 
allied in recent classifications, were Included in the phytochemical survey. 
Investigation of flavonoid patterns in leaf extract hydrolysates of species in Bruniaceae 
revealed the presence of the flavonol aglycones myricetin in 57,3%, kaempferol in 54%, 
isorhamnetin in 70%, fisetin in 13.8% and quercetin in 100% of species examined. 
Quercetin 3-O-methyl ether was recorded from 12.1 % of species. The flavone aglycones 
luteolin and chrysoeiiol were detected in 17.24% and 13.8% respectively of species 
examined. None of the common flavonols were recorded from Geissolomataceae but the 
rarer flavonol gossypetin was detected in Erica arborea and the two species of 
Diapensiaceae investigated in this study. Luteolin was detected in all three species of 
Grubbiaceae while the common flavones apigenin and diosmetin were not recorded from 
any species examined. 
In Bruniaceae the proanthocyanidil1 prodelphinidin was recorded from 63.8% and 
procyanidin from 96.6% of species. In Grubbiaceae and Diapensiaceae only procyanidin 
was recorded as present, while neitf:ter Retziaceae nor Geissolomaceae appeared to 
synthesise condensed tannins. The \ phenolic acids ellagic and gallic acid were not 
detected in any species in Brunia~, in Erica arborea or RBtzia capensis, but were 
recorded from all species in Grubbia~ and Diapensiaceae examined in this study. 
Ellagic but not gallic acid was detected in Geissoloma marginatum. 
A preliminary cladistic analysis, aim$d at identifying sister group(s) to Bruniaceae, 
utilised 24 taxa and 22 characters,. of which 4 were generated by phytochemical 
analysis. The results suggested that the families Ericaceae and Epacridaceae were 
appropriate out-groups for inclusion in a second analysis, aimed at exploring within­
family relationships. For this purpose, a total of 52 species of Bruniaceae, 6 genera in 
Epacridaceae and 7 in Ericaceae were scored for 32 characters; 5 of these were 
chemical characters generated by the present study. 
The results of the second analysis showed that 7 out of 12 currently recognised genera 
in Bruniaceae comprise monophyletic lineages. Lonchostoma was shown to be closest 
to the ancestors of the family. The most significant result was the identification of 
Dracophyllum (Epacridaceae) as sister to Bruniaceae. This finding is supported by the 
microfossil record, which indicates the presence of Epacridaceae at three sites in 
southem Africa at the Cretaceoustrertiary boundary. Bruniaceae may be regarded as an 
ancient Gondwanan relict family, the closest relatives of which are to be found in 
Australia. 

10 January 2000 
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CHAPTER 1 

INTRODUCTION 

Bruniaceae Is one of the famiUes endemic to southern Africa. The family was 
i. 

revised by Plilans (1947), whose nomenclature and taxonomy are followed here. 

At present, 78 species in 12 genera (Table 1) are recognised. 

Table 1. SPeCIES IN BRUNIACEAE 

AIItIouInIII 
A. 08,.,. (L.) Brongn • 

...". 
B. ........ (L.) 1r'orVI .• B. bun:heIIII Damrnw. B. .""".,. Sander .. B. OOId/to11a ScIIIcI •• B . ..".. .. CcIIaaa. B. 
eoIcIonJI PI .• B. ,...,0 Pl., B iIItetmfIdM ScIikI •• B. ,."",... (L) Brongn.,B. IIIIn (WId.) ScIIIcI . 

."". 
B. dftn E. ".,.. B. ~ T1u1b •• B. mIICIOOtIpIM,. WId .• B .... TIuIb .• B. ,.,.. ScNdI •• B.1ItIt/IIkn 
L. B • ..., E. PhIIps. 

LInI:onIe i 
L . • ~ L •• L. ~ (TIuIb.)~. L. erIooItIN E.G.H.OIIv. 

~ 
L .."". ... Strid. L. monogytNIIJJ ~) Pl., L. myttoIdN (VahI) PI .• L. t»t*ndtum (T1uIb.) Druce. L. putpUteUm 

PI. • 

.~ .. 
M. ,."",. ScIIIIr •• M. O8~ (0IIwIr) ~ 

~ .. 
N. ftagarloldN (WId.) KIIU8. N . ... (8. .. ..,~. N. peleacea (BqiuI) Swett. N. ~ (Scinder) 
KIIU8. N .... Pl.. N. "",.",.". SchIf. a DOmmer 

IW.-a •• ctt. 
P • ."...,. (linn. f.) PI .• P. CGRtafa (~ f.) NIedenm. P . ..., PI .• P . ... (OlIver) DOmmer 

"' ..... R . .,.. (Sander) NIecIInu, R. ,.",.,. PI .• R . ."..,. (Sonder) NIedenIu, R . ..... ( ....... ) Pl., R. ".,.",.. 
(TtuIb.) Branan·. R. ~ PI .• R. ,."". (ScIIIIr. alCRhner) PI .• R. ~ (lluIb.) AmaIt. R. -=euIIfIt 
(Bolus. ex KhIInIr) PI .• R . .",.." DOn;mer. R ...... .,., (SandIr) PI.,R . ..., .... R . .,.,."". Pl., R..'" 
PrHt,. R. __ (Brongn.) PI. I ... 
S. btvwnII Dammer. S ...... (1'III1b.) Sander. S. dodIIloIuI. S ...... Prell., S. ",.,.,.. (L.) OMI. S. phyIIooidN 
PI .• S. radWiJ (L.) Dahl. S. ~ (l. f.) PI •. S . .",. Sander 

n.nr.. . 
1. .... OlIver. 1. dIomJoIdu OIwer, T. ~ OlIver. T. hItteIIe OIIww, T. ". ....... DIJmiI.-. T. thNIoItIea 
Dammer. T. unIIota SoIIndIr. Brongn. ; 

T......,. 
1. ....",.".... E. PowIte. 1. ",.. • T .... Pl., T •... (1lU1b.) PrIll. 

.... . 
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1. DESCRIPTION 

Species in Bruniaceae comprise woody shrubs varying in stature from prostrate 

(e.g. Thamnea massonianaj to almost arborescent (e.g. Brunie elbifloraj species. 

The family is morphologically, anatomically and palynologically extremely diverse 

(pillans, 1947; Carlquist, 1978 and 1991; Hall, 1988). 

1.1. LEAVES 

The foliage may be soft or highly sclerophyllous, glabrous, pilose or densely 

hirsute. Individual leaves may be minute and scale-like, linear, lanceolate or 

ovate, isolateral or bifacial or intermediate between these conditions, but not 

ericoid. They may be closely adpressed to the stem or laxly borne, and all 

contain either rhomboids or druses of calcium oxalate. Juvenile leaf forms occur 

in two species, Sfaavia dodii and Berzelia cotdifo/ia, and dimorphic leaves are 

seen in adult plants of Pseudobaeckia cordata. 

The leaves are alternate and entire and bear a characteristic black tip or 

apiculum that persists throughout the life of the leaf except in Audouinia capitata, 

in which species it is lost early in leaf development. The origin, composition and 

function of this tissue is uncertain; Kirchner (in DOmmer, 1912) considered it to 

be composed of cork-like cells produced by meristematic tissue and to possess a 

secretory or protective function. Carlquist (1991) however, noted that the bulk of 

this tissue was not produced by the phellogen and that it might function as a 

repository for large amounts of terpenoids. 

Carlquist (1991), in a study of the leaf anatomy of the family, found the leaves 

of Bruniaceae to be "extraordinarily xeromorphic by comparison with those of the 

angiosperms at large", a feature which he considered to reflect the windy, 

Ilk· • 
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sumrner-dry conditions prevailing in much of the distribution range of the family. 

However, he found leaf mesomorphy values to be correlated with habitat, 

species with higher values characteristically occupying moist habitats and vice 

versa. 

1.2. FLOWERS 

Flowers may be axillary or tenninal, borne singly on short shoots (e.g. Audouinia, 

Tittmannia and Thamnea;), in terminal spikes or panicles (e.g. Pseudobaeckia, 

Raspslla) or in globose (Bruni a, Berzelia, Nebelia) or capitate (Staavia) heads. 

The flowers are actinomorphic, pentamerous and generally very small (petal 

length 1-2 mm), exceptions being those of Audouinia, Lonchostoma and 

individual Thamnea, Linconia and Tdtmannia species. Corolla colour is usually 

white or cream but may be red (Audoulnia capitate, Brunia stok08l) , pink 

(LoncI'Io$toma esterhuy_ni.,'Unconia elopecUl'Oidea), or purple (Lonchostoma 

purputeum, Staavia dodil). Individual flowers, whether borne singly or in an 

inflorescence, are subtendedby one or several bracts. Up to twelve such bracts 

are present in Audouinia, Thamnea and Tittmannia, while those of Nebelia are 

conspicuously lengthened and protrude beyond the exserted s1amens. In 
, \ 

staavia, the bracts are enlarged and ray-like, forming an involucre surrounding 

the inflorescence. This arrangement, similar to that of a composite flower, 

prompted DOmmer (1912) to compare S. dodIi to a "shrubby chrysanthemum". j 

The petals may be free, connate at the base or, in the case of Lonchostoma 

species, united to form a short tube. Clawed petals characterise Audouinia, 

Thamnea and some species of Unconia, Lonchostoma and Tittmannia; in the 

remaining genera the petals are lanceolate, linear or oblong. Aestivation is 

imbricate and insertion usually epi- or perigynous, occasionally hypogynous 

(Lonchostoma). The calyx, often adnate to the ovary. may have the lobes free or , 
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connate at the base; the latter are frequently clothed with trichomes, particularly 

on the abaxial surface. The ovary is most often half to completely inferior, rarely 

superior, and may be unilocular (Berze/ia, Mniothamnes) , trilocular (Audouinia) 

or bilocular (the remaining genera). De Lange (1991) recorded the occasional 

occurrence of up to six loculi in ovaries of Audouinia. Loculi generally house one 

or two pendulous ovules, but may have up to 12 per loculus in Lonchostoma 

(Rebelo, 1980). Thamnea differs from the other genera in having up to 10 ovules 

suspended from a free central column. 

Styles are equal in number to the locules in the ovary and may be free or 

united along part or all of their length. Stamens alternate with the petals, to which 

they may adhere laterally, and are prominently exserted in the genera Brunia, 

Berze/ia and Nebe/ia. In Lonchostoma the stamens are epipetalous, inserted in 

the throat of the corolla or adnate to the base of tJ'le petals. The remaining 

genera have included stamens, an exception being Rasps/ia dregeana. Anthers 

are introrse, dorsifixed and usually longtitudinally dehiscent, except in Unconia, 

where only the lower half of the thecae is sporogenous (Dahlgren & van Wyk, 

1988). Sagittate to ovate anthers characterise most genera; in Audouinia, 

Thamnes and Tittrnannia they are linear-oblong. 

1.3. FRUITS 

Pillans (1947) noted that the fruits of Bruniaceae were imperfectly known in most 

genera and unknown in two; however, he recorded the presence of dehiscent 

fruits in Brunia and Nebe/ia. According to Niedenzu (1891) and Dyer (1975) dry, 

indehiscent nutlets characterise Audouinia, Tittmannia, Thamnea, 

Pseudobaeckia, Mniothamnea and Berze/ia, while the remaining genera have 

either loculicidal capsules or a schizocarp with two cocci. De Lange (1992) 
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I . Berzelia abrotanoides 

2. Brunia nodillora 
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3. Nebelia sphaerocephala 

4. Thamnea diosmoides 
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5. AudoLlinia capitala 

6. Linconia alopecLlroides 
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7. Lonchostoma esterhuyscniac 

8. Staavia glutinosa 
" 
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n9. Raspalia globosa 

• • 
• - . , ! r . 

~ : t1 .. 
• .. ' ,/J. _"' . - . ,~ ; \ 

." ,-,-;; . b \ . 
~~ - ' f~' ~a ": . ",. '.t, . ~ e l( I 

, 

... -. . >. ....... ,-. .~ ,~ 

t~ Ii -N .!J 
• , 
" • • -

10. Tiltmannia esterhuyseniac 

Rcp.-cscntativc species of 10 (out of 12) gene.-a in B,-ulliaccac, 
showing within-family divel-sity in inflorescence strudurc 

~,". 1. 2. ~ :lIld 9 ore Im n :IIC' , Ix", col h Livn or Lb..' ~"i "'", l llol;;n;c;;1 In"ilu", at K i""'nf'<'sc~. 

:'0 (, ""', <indJy [o.moJ by I)r C i"~Tml-Jo"" ;(,J Lb..' " ""indo, "" r""n -110 ,UI h(lf', Oil" ,,,II,,,-~io ll 
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confirmed the presence of i~ fruits in Audouinia. Ali 8rllJus appears to 

be present in some genera. e.p. Linconiaand Staevia, , 

I 

1.4. SUBTERRANEAN OR~ 
Lignotubers are known ~ be rresent in at least 21 species. representing nine out 

of the 12 genera of the family '(C8r1q"ist. 1978; .l='lUans. 1947; Rebelo.,1980; Broil. 

1980). All Audouinia, Lincon , Tittmannia and Lonchostoma species appear to 

possess these organs; Rea ,lie, Pseudobaeclcie and Mniothamnea species 

apparently lack them altoge,er. Lignotubers enable the species that pos~ 

them to survive the fires whif are considered to be a feature of fynbos ecology 

. (Deaconet e/., 1992),' but ray also function as storage organs for water or 

nutrients (James, 1 Q84; Cart:st. 1978). The latter auIhor noted thai. species 

without lignotubers tended to ur in moist sites and concluded that lignotubers 

might be -adaptive ,to the hot. dry summers. high wind incidence and porous 
I 
I 

sandstone soils that chara~rise much of the CFR. In the same study. an 

investigation of the wood an"'my of Bruniaceae. C8r1quist commmented that 
! 
I 

this feature of the family wasj exemplary for adaptation to xeromorphy. Allsopp 
, ! 

(1993) noted the general occ~rrence of vesicular-arbuscular mycorrhizas ~AM) 
I 

in Bruniaceae, which de Lang~ (1992) confirmed for Audouinia. 
f 

Carlquist (1978) drew atten4n to the great diversity In wood anatomy seen in' 

Bruniaceae as well as to its e~rdinarily primitive character, phenomena which 
I 

in his opinion suggested a Io..,g evolutionary history. permitting Mexploitation of a 
I 

wide variety of growth forms _nd distinctive habitatsM. Hall (1987) attributed the 
I ' . 

diversity seen in Bruniaceae ,nd the limited geographical range of many of its 
I ' 

species to UJong .. term isolation! by climatic and oceanic barriers in a cui de sac at 
i '" '. 

the southem tip of Africa-. Tt1e morphological diversity of Bruniaceae prompted 

I 
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DOmmer (1912) to comment that -the polymorphism and the varied cases of 

mimicry which prevail in the order form one of its most striking and interesting 

features-. The superficial though striking resemblance of some genera in 

Bruniaceae to other plant groups was a source of confusion to early systematists 

and has contributed to the taxonomic shuffling of the family between various 

plant orders. Linnaeus (1767) and Thunberg (1803) placed AudoUinia capitata 

and Unconia cuspidate in Diosma (Rutaceae), while Staavia radiate and S. 

trichotoma were included in Phy/ica (Rhamnaceae) by Linnaeus (1755) and 

Thunberg (1804). Lonchostoma pentandrum was assigned to Passerine 

(Thymelaeaceae) and then to Gnidia (Thymelaeaceae) by Thunberg (1794, 

1801) and to Sti/be (Stilbaceae) by Lamarck (1817). Rasps/ia globose was 

placed in Diosma by Meyer (1844) and in Passerine by Lamarck (1797). To this 

day Audouinia capitata is known by the folk name of "false heath" on account of 

its superficial resemblance to some Erica species (Ericaceae), while Hooker 

(1865) referred to the same species as "an epacridaceous subshrub". 

2. OCCURRENCE AND DISTRIBUTION 

All but one of the species in the family are confined to the Ca~ Floristic Region 

(CFR) as defined by Kruger (1978). Taylor (1979) and Bond & Goldblatt (1984), 

with a single outlier in southern Kwazulu-Natal (Fig.1). As can be seen from Fig. 2 

(from Oliver et a/., 1983) the greatest concentration of species is found in the 

Caledon grid square (Edwards and Leistner, 1971) 3418 BB, with a gradual 

decline in species numbers to the north and east of the CFR. The occurrence of 

single outlier (Rasps/ia trigyna) on the southern coast of Kwazulu-Natal some 450 

km distant from its closest relative, is noteworthy and has been explained in terms 
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CAPE FLORAL REOlON 
wid! fynbos ~ sII;aded 

FIGURE 1. Cape Floristic R-.gion, with .fynbos,.vegetation shaded (from Bond 

and Goldblatt, 1984). 

I 

of geology by DOmmer (1912) and Pillans (1947) Who noted the preference of 
; 

members of Bruniaceae for ~ubstrates derived from Table Mountain· sandstone 

(TMS). This formation traverses the whole of the CFR. entering the sea in the 
.. I 

vicinity of Port Elizabeth, to "ppear at Port St Johns, on the Pondoland coast of 

Kwazulu-Natal. 

I 
Within the CFR, the family octurs mainly as a component offynbos (Taylor, 1978; 

i . 
, 

Kruger, 1978) with little re,*esentation in other vage1ation types, e.g. forest, 
! 

thicket or karroid shrubiand.Species in Bruniacaae are particularly common in 

ericaceous fynbos (Campbel~, 1985), a community encountered on wet,. south-

...... 

L .'. .'..i 

': =l ~ '+1 ~. 
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FIGURE 2. Geographical dis~ribution of Bruniaceae showing the number 

of species per grid square (Raspalla trlgyna not shown). 

HEIGHT ABOVE SEA LEVEL 

_ Over1500m 

I,ij:m 900 - 1500 m 

1:::::1 300 - 900 m 
o Under 300m 

20 0 20 40 80 eo 100 kill 
, • I I I I I I I • I I I 
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facing slopes of the Cape ~,t.~.ins.,~nce for sites offering some 

moisture, e.g. river banks, high-altitude swamps, seep areas or rock crevices is a 

characteristic feature of the family and dense communities of individual species, 

e,g. Berzelia 1fInuginostJ, may become established in such habitats. There are 
/, 

occasional exceptions to this general observation, e.g. Berzeiia COfdifo/ia, a native 

of dry lowland, hHls and coastal plains of the SweHendam and Bredasdorp' 

divisions and Thamnea ~, found on the lower slopes of the Ceres 

mountains, in the Karroo/fynbos ecotone. Bruniaceae. in common with the six 

CFR endemic families (penaeaceae, Grubblaceae, Stilbaceae, Retziaceae, 

Roridulaceae and Geissolornataceae), can thus be described as largely confined 

to fynbos of moist montane hali>itats (Goldblatt, 1978). 

A noteworthy feature of the family is the extremelyrestrictecl distribution of 

many of its members. Only ~ 25% of the species in Bruniaceae are locally 

frequent (Hall, 1987) the remainder being rare and often confined to the upper 

slopes of the coastal mountains where they grow as isolated patches of a few 
! ' . 

individuals. A few species e.g. Staaviaf8diata, BerzeHa lanuginosa and Brunia 

nodifIota have wide geogra~cal ranges and tolerate large variations in altitude. 
i 

The rarity and restricted distribution of many species in Bruniaceae is reflected in 
I 

i 

their conservation status (t1ilton-Taylor, 1995). About one-third have been 

accorded Red Data category: status; Staavia stands out in having 8 out of 9 

currently recognised species in this category. 

3. SYSTEMATICS 

Despite the early contr~ersy over placement of some of its species, the 

infrafamHial taxonomy of BruniJIceae since its establishment by Brown (1818), has 
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been fairly consistent. Brongniart (1826) was responsible for delimitation of 9 out 

of 12 of the currently recognised genera and subsequent authors differed mainly 

as regards whether these should be further split or some merged. Brunia was 

divided into subgeneric groupings by Brongniart (1826), Sonder (1861-62) and 

Hooker (1865), while Niedenzu (1891) established Pseudobaeckia and 

Mniothamnea as separate from Brunia and Berzelia respectively. Lonchostoma, 

included in the family by Brown, was excluded by several later authors on account 

of its tubular corolla, but all classifications subsequent to 1853 regarded this 

genus as correctly placed in Bruniaceae. The major classifications are presented 

below in table form. . 

TABLE 2. BRUNIACEAE ACCORDING TO DE CAN DOLLE (1825) 

Genera .enDI ~ Unconil 

a) stamens arising from base of opposite petals alternating with petals 

petals 

b) Fruits indehiscent bilocutar capsule bicoccus 

c) OVary bi- to unilocular - Bilocular 

d) Inflorescence dense head capitate flowers clustered 

e) styles free, subconnate at the fused at base &b<Ivergent 

base free at apex 

1) Soecies 19 2 3 
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GENERA DISTINGUISHING FEATURES 

FnII :1tYIn onry ..... no. of No. "ovuM NO.af 
....... In ........... ...... 0'1.., 

a) 8tunIa 2 teri-iII'wIor .2 1-2 5 
I 
I 

Section 1: calYx hnute stamens exserted 
I 

Section 2: ClIYx stamens included 

bl sr..via dehiscent 1 semi-irrferior 2 1 .-
c) BetardItI ~ 2 ........... 2 1 3 

d) l.itJt:onM dehIscent 2 semi-ill'etiar 2 2 2 

e)~ .. n. - 2 InI'IrtcIr 2 1 1 

n "."",. - , 1 JnI'erIor 1 .'*'Y 1 
; 

g) Audou/n. - 1 HII'i-InferIor 3 2 1 

h) Tllrnanma - 1 iIfertar 2 2 1 

j)s.zen. ! 
1 InfeItor 1 1 2 

TABLE 4. 

GENERA DISTINGUISHING FEAt'URES 
PnII . ; ItyIn --I 

I 
, 

.)s.z.n. denseheacis 

1 2 2 

c) 8tunIa I 2 half w.rior 2 1-2 hea.or ..... 

d)L 201'1 2 2 

.) Unt:onIII 2 half Inferior 2 2 

2 2 1 __ heads 

1 2 1 ... 
h) AIItIouIM I 3 3 2 

1 1(57) ±10(2?) scIIIy, .... 

, I 
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TABLE 5. BRUNIACEAE ACCORDING TO HOOKER (1865) 

GENERAL DISTINGUISHING FEATURES 

Fruit -- Na.ct Na.ct Anthers Flowers 

lacLEsil CMEspel" 

CNtIY tme 

a) Berze/ia indehiscent 1 1 1 oblong or linear alobose capitate 

b) Thamnea - 1 1 6-8 oblona - linear solitary 

c) Tittmannia indehiscent 1 2 1-2 oblona solitarv. axillary 

d) Brunia indehiscent 2 2 1-2 oblong or capitate or 

didvrnous paniculate 

e) Raspa/ia dehiscent 2 2 1-2 oblong small globose 

caoitate heads 

t) Berardia dehiscent 2 2 1-2 oblong congested 

caoitate heads 

g) Staavia dehiscent 1 2 1-2 Oblong involucrate 

capitulum 

h) Linconia dehiscent 2 2 1-2 triangular - solitary axillary 

hastate 

i) Audouinia ~ 1 3 2 Linear congested oblong 

capitula 

J) Lonchostoma dehiscent 2 2 2 oblong - terminal capitula 

hastate 
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GENERA DISTINGUISHING FEATURES 

A. AlIDOUIIEM AnIhers Fruit LocuIn InfIorH. 0vuInI - ......... 
Inonry cence .... 

Audouin. I.iIear or 3 

TIttrw"". elongate- IndehiIc:ert 2 
: .,.,."",. 2 

8.IItUNEM 

LcnchoItomII haltate dehIscent 2 raceme 2 .... 
LJnconiI CaDIUIe 

Ra.,.'. ovate deIiscert .... 
D/betara capsule 2 head st.. 1 

~ shorter than DebIts 

SnmIa ~ lonaIr thiIn DIIhIIs 

~ ..... 1 short .. than DetaIl 

BetaIia 1 ~than .... 

TAIILE 7. BRlIUCEAE ACCORDNa ~ OVER (1175) 

GENERA DIAGNOSTIC CJfARACTE,RS r __ 

IIIIIcts = In .......... ...... IlyIn 
0ftI'/ 

,..... 
acby .,.,."".. t ...... 

Audouinla 4-'2 conspk> --"Ill ~ 
uaus, forming 

LJnconiI i nat red 2 

TIlman_ ... irNoIucre -, 
~"Ia mdlaryor nuadId fused 

LonchoItoma In dense fto!wers In 

SIN_ ~ ulofbnlct 

MnIoIha"",.. heads of_ge"" t.nceaIIte 1 

RNlMIia ~1-2 2 

SetzeIIa bracteoles .... 1 

Btun/a 2 

.... 
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Subsequent to the publication of Pillans' revision of the family (1947). Powrie 

(unpublished MS) suggested merging Brunia/Nebelia, RaspaliaIPseudobaeclcia, 

BerzeiiaIMniothamnea and ThamnealTittmannia, while Tahktajan (1987). 

recognised four lineages within Bruniaceae. as follows: 

1. Audouinioideae: Audouinia, Thamnea, Tittmannia 

2. Brunioideae: Linconia, Raspa/ia, Nebe/ia, Staavia, Pseudobaeckia, Brunia 

3. Lonchostomoideae: Lonchostoma 

4. Berzelioideae: Berze/ia, Mniothamnea 

SUMMARY STATEMENT: INVESTIGATIONS UNDERTAKEN IN THIS RESEARCH 

Cladistic method, while ideally suited to exploring infrafamilial relationships such 

as those proposed by Powrie and Takhtajan. had not been applied to 

Bruniaceae. The central goal d the present study was to undertake. for the first time. a 

phylogenetic analysis of the family. Such a study required as a first step the 

assembling of all available evidence relevant to the taxon under investigation. As 

can be seen from Tables 2-7. traditional classifications of Bruniaceae were all 

based on a limited number of morphological characters: number of ovary .. 

chambers. number of ovules per ovary loculus. number of styles. fruit type and 

inflorescence construction. Since 1975. the results of several important studies of 

Bruniaceae had however become available. These studies included 

investigations of wood and leaf anatomy (Carlquist. 1978. 1991). palynology 

tIk· • 
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(Hall, 1988) and chromosome cytology of some ~era in the family (Goldblatt, 
... ;i? r":!:r ~~.'><!%~>~.: .-\ .. :,~~ '~'''~ ";':-;1' ~ 

1981), all of which offered a number of characters for cladistic analysis. 

Several phylogenetic studi.,. (Hufford, 1992; Ancterberg. 1992. 1993) "have 
i 

included information from seqondary chemistry. in addition to that available from 

morphology. anatomy and ~Iynology. on the grounds that this represented an 
I 

independent data set. Major phylogenetic studies based on total evidence from 

molecular and non-molecular ~ (Doyle et aL, 1994; Chase et a/., 1995; Nandi 
i 

et a/., 1998) have also included information from ·secondary chemistry. In the 
! . 

latter study 87 out of 252 non-molecular characters were from this source. 

The secondary chemistry of 'Bruniaceae was not well known(Hegnauer 1962-

1992). Apart from a prelimla!aary study of leaf ftavonolds (Jay. 1968) and a 
I ; .; 

statement that the family lacked iridoids (Jensen et a/. 1975), few phytochemical 

data were available. The work of Jay. together with the results of a pilot study. , 
suggested that an investigatioh of flavonoid patterns in Bruniaceae would provide 

! 
, 

informative characters for incorporation in a cladistic study of within-family 

relationships. No molecular d.ta were available for Bruniaceae and facilities for 
i 

undertaking molecular studie~ were at the time very limited; an analysis of non-

molecular characters was therefore the focus of the study. 
I 

Critical to an investigation of ~in-family relationships was the identification of 
i 

sister group(s) of the fami~. Bruniaceae had always been regarded as 

taxonomically isolated (Goldb., 1978,' Linder et a/., 1992). The placement of 

the family in traditional Cla,ifications had been controversial (see Table 8), 

alliances having been ~ with taxa representing at least three of 
i 
I 

Cronquist's (1981) subcla"', namely Dilleniidae, Rosidae and Hamamelidae 
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TABLE 8 AFFINITIES OF BRUNIACEAE ACCORDING TO VARIOUS AUTHORS 

Date Author Allied taxa Order or clade 

1818 Brown Comeae,Hama~deae 

1825 DeC8ndo1e Rhamnaceae 
1826 go UlIYI.art Comaceae (Mvrtes), HamameHdaceae 

Haloragaceae, Aralaceae 
1836-40 EncIcher Ha~deae,Conneae 

1853 Lindley Hamamelideae , Grubbia 
1861-2 Sonder Saxifragaceae Hamamefidaceae 
1865 Hooker Saxifragaceae 
1868 Harvey Harnameftdeae 
1872 BaiHon Saxlfragaceae Hamamelideae 
1891 Niedenzu Gr\.ti)iaceae 
1897 Van Tieghem Comaceae ·Umbelferae"(Rosalean) 
1912 Halier Rosales 
1915 Bessey Rosales 
1930 Niedenzu & Harms Rosales (isolated j)OSitionl 
1935 Wettstein Rosales 
1953 506 Hamamelidales 
1964 SchuIze-Menz Rosales 
1969 Hutchinson Hamarneidales 
1969 Tahktajan Plttosporaceae. Escalloniaceae. SaxlfragaJes 

Roridulaceae 
1987 GeissoJomaceae 
1997 Grubbiaceae BrlJ'liales, superorder Erlcanae 

1976 Thome Grubbiaceae, Roridulaceae, PIttosporales, suborder Brunineae 
GeissoJomaceae. Myro1hamnaceae, 
Hydrostachyaceae· 

1992 Brunlales. superorder Rosanae 
1981 Cronquist Cunoniaceae, Plttosporaceae, Roridulaceae Rosales 

1988 Encales 

1980 Dahlgren Grubblaceae Cunoniales 

1983 CUnonIaceae, some non-South Afncan 
famlles 

1988 Dahlgren & van WYk Grubblaceae BrlIliales near EricaJes 
1989 DatU"en,G. Snnales, part of Encales 
1991 C8nquist Grubbiaceae Rosales 

HamameJldales 
1992 Hufford, L. ComifIorae-asterid group of 

Rosidae . 
1993 Chaseeta/. Aplaceae, Plttosporaceae, Aster1dae s.l. 

VaJer1anaceae.CMpsacaceae 
1993 Olmstead et a/. EscaRomaceae,~ceae Aster1dae s.l. 
1997 Soltis et a/. Lamlaceae. Solanaceae, Asteridae 8.1. 

BoraQinaceae, """""Y'lGceae 
1998 Nandi eta/. Euconmiales, lcacinaceae Aster1dae s.I. 
1998 APG AptaJes, AsteraJes, AQlifoJiales Euasterlds 2 
1999 Hooteta/. .HJ~a~aceae,Aralaceae Aster1ds 
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,}. ;;¥:~i.<.;.c~} ~~;y:~>t'~r;'~"("':"~ 

(Brongniart, 1826; van Tieghem,'1897; Harvey, 1888; Baillon, 1872; Hallier 
, , 

1912; Bessey, 1912; Nieclenzu and Harms, 1930; Wettstein, 1935; Soo, 1953; 

Schulze-Manz, 1964; Thom., 1976, 1983, 1992; Cronquist, 1981; Carlquist, 
, 

1991). Recent opinion (Da~1gren and van Wyk, 1988; Cronquist, 1988; G. 
, 

Dahlgren, 1989; Tahktajan, 1~7) had however favoured affinities With the order 
-- , 

Ericales (subclass Dilleniidae). 

! 
The development of techniquts in phylogenetic systematics and their application 

to the analysis of both molecular and non-molecular data has greatly influenced 
. i 

I 

current thinking regarding rel.tionships among angiosperm families. Support has 
I 

been forthcoming for ~ mcrophyly of many major groups above the family 
I 

level, now formalized as an prelinal classification (APG, 1998). In this system, 

Bruniaceae has been placed i~ Keuasterid II- (see diagram, from APG, 1998). 
! 

While all major cladistic studi~ (Hufford, 1992; Chase et a/., 1993, Olmstead et 

a/., 1993; Soltis st aL, 1997; Nandi et a/., 1998; Hoot et a/., 1999) have agreed as 
I 

to the association of Brun_e with an asterid lineage, there has been no 
I 

agreement as regards sister rflationships of the family (see table 8). The results 
I 

i 
obtained by Chase et 8/. (1 ~ were used as a guide to the identification of 

I 

potential outgroup(s) for the! family, permitting re-examination in the present 
, \ 

study of both its position in e_g classifications and its phytogeny. 
I 

I 

! 

J 
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~-----------::-Ceratophyllales 
~ __________________ ~'.m~-Laur~es 
J-_________ ... '.-I11114 ..... Magnoliales 

~---------....:::.,.:..-Piperales 

II1II 

3 
0 
:::J 
0 
0 
0 -en 

1 ..... 

CD 
I:: a. o· 
sa. en 

,..... __________ ----:~Acorales 

_------------IIIIi---Alismatales 

II1II 
~-----... -___ Asparagales 1-_-----1111 ............. Dioscoreales 

~~ _______ 14117 ___ Liliales 
HIlI 

I-------....:;-=-Pandanales 
,II1II Arecales J ill-

Poales I· ·d 
Commelinales com me Inol s 
Zingiberales 

.----------------'-::;:.:;-Ranunculales .------------111----Proteales 
.---------':::-:;::.. Caryophyllales 

ut-

1l1li-
(') 
0 
CD 
CD c: c. s· -(J) 

J----------'-=-- Santal~es 
I---------'..,.~-Saxifragales 

.,. 
a 
(J) 

a: 
.(J) 

1111-

Q) 
(J) -CD 
::3. 
C. 
(J) 

,.----------....:;.:,..- Geraniales 
tarn 

.------,:::..,.::.:.:.. Malpighiales 
1--------.-:.::..- Oxalidales 

,.---------... Fabales 
,.....------- Rosales 

Cucurbitales 
Fagales 

eurosids I 

.... ....-__ ,l1li4=_ Brassicales . eurosids II 
1II1II Myrtales ] 

...... ---------t Malvales 
Sapind~es 

,..... ________ ...:III=-. _ Comales 

J---------...:-=- Ericales 
Garryales ] 
Gen!ianales euasterids I 

- <-.:='- Lamlales 
Solanales 
Aquifoliales ] 
Apiales euasterids /I 
Asterales 
Dipsacales 

Phylogenetic Interpretation of the orders of flowering plants, compiled from recent cladistic 

analyses (from APG, 1998). Jackknife support is given on the branches (a dash for values <50%); 

first jackknife values from analysis of 545 sequences ofthe rbcL, atpB and 18S rONA genes (Soltis, 

D.E., Chase, M.W., Soltis, P.S., Albach, D., Mort, M.E., Savolainen, V., Zanis, M. and Farris, J.8., 

unpublished, in prep.) Second jackknife values from analysis of 2538 rbcL sequences (Kiillersjo et 

aI., 1998). 
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1. To carry out a su~ of foliar flavonoid pattems of 56 species 

representing all ge ... ra in Bruniaceae, as well as of 8 species 

representing the follOWing families, with which Bruniaceae had been allied 
I 

in traditional class.ons: Grubbiaceae, Ericaceae, Diapensiaceae, 
I 

Retziaeeae and GeissOlornaceae. Owing to the unavailability, at the time, 

of guidelines from m~ecular stucfies as to the identity of sister taxa Of 

Bruniaeeae, assessmEJrt of flavonoid patterns was confined to those taxa 
. i 

associated with Bruni,.- in the classifications of Cronquist (1981) and 

G. Dahlgren (1989) a, well as the monograph of Dahlgren and van Wyk, 

(1988). A preliminary (survey of imr.pecific variation in foliar flavonoid 

patterns of three se~ species would be conducted in order to 
, 

establish adequate sa"-pling strategies. 

2. Using the data gen~rated in 1, together with Information from the 

published literature, to carry out a cladistic analysis of Bruniaceae and 

putative allies (as sug~ by the results of Chase et aI., 1993), in order 

to establish the identity bt sister group(s) of the family. 

I 

3. Incorporating the s~r-group(s) identified in 2 above. to carry out a 
i 

cladistic study of withirl-family relationships in Bruniaceae, based on data 

generated in 1 as well ~ information from morphology. anatomy. cytology 
1 

and palynology availar- in the published literature. The focus of the 

present study Was acqumulation of evidence from secondary chemistry 
i 

and therefore the evid.nee in the literature was not re-examined for the 
I 

purpose of cladistic analysis. 
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CHAPTER 2 

THE USE OF FLAVONOID DATA IN SYSTEMATICS· 

1. INTRODUCTION 

The foundations of biochemical systematics (chemotaxonomy)can be traced 

back to early. pharmacological studies (see Bell, 1979) in which plants with 

similar medicinal properties, were. classed together (Petiver, 1699), but the 

possibility of using chemical characters in formal plant systematics was first 

raised by Abbott (1886). It was not until the early 1950's that improved analytical 

methods, principally chromatqgraphic techniques, ushered in the true beginning 

of the biochemical era of plant systematics. Developments in this field have been 

rapid and phytochemical datil have come to be utilised in both phenetic and 

phylogenetic work at various taxonomic levels. Heywood (1973) noted that "it is 

clear ... that chemical information may be of value in most aspects of plant 

systematics, from the population to the family level and above". 

2. SECONDARY MET~ITES IN SYSTEMATICS 

Until recently almost all the biochemical information used in systematic work 

came from studies of variation i in plant secondary metabolism and the distribution 
- . 

of products of the shikimic aCifi, acetate and isoprenoid pathways. In the last 15-

20 years, variation in plant primary metabolism has become increasingly 

apparent and the sequencing lof plant proteins e.g. plastocyanin, ferredoxin and 
I 

cytochrome c, as well as of. chloroplast and nuclear genomes, has provided 

much new and useful inform_tion particularly suited to cladistic studies (Soltis 
! 

and Soltis, 1995). The decisi~n to use micro- or macromolecular information is 

largely a matter of cost, acCess to appropriate technology or expertise, and 
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availability of plant material. Cronquist (1980) noted that secondary metabolites 

had at the time proved most useful in systematics and these compounds have 

continued to provide valuable information at all taxonomic levels (Harbome and 

Turner. 1984; Giannasi and Crawford. 1986; Hegnauer. 1986). 

Reviews of micromolecular systematics have been presented by Alston and 

Turner (1963). Swain (1966). Harborne (1970a). Bendz 'and Santesson (1973). 

Smith (1976). Bisby et al. (1980). Young and Siegler (1981). Harbome and 

Turner (1984) and Giannasi and Crawford (1986). Other significant contributors 

in this field include Swain (1974). Fairbrothers etal. (1975) and Hegnauer (1986). 

while Gottlieb (1982) added an ecological dimension. relating phYtochemistry and 

phytogeography. The most detailed texts to date are Gibbs' (1974) and 

Hegnauer's (1962-1992) descriptions of the phytochemical profiles of all known 

plant families. Three recent systems of plant classification. namely those of 

Hutchinson (1980). G. Dahlgren (1989). and Thorne (1992a) have incorporated 

microchemical characters. as have some large-scale phylogenetic studies (Doyle 

et al. 1994; Chase et al .• 1995; Nandi et a/ .• 1998). 

Of the many classes of secondary plant metabolites. flavonoids have been the 

most widely utilised in systematic work because of their ubiquitous occurrence in 

most aerial parts of land plants. structural diversity and stability. such that 

valuable information may be gleaned from the analysis of old herbarium material 

as well as fresh tissue. Standard methods of flavonoid investigation are simple. 

inexpensive and do not require large amounts of vegetable material. the 

compounds concerned being easily detected in low concentration (Markham. 

1989). The distribution of flavonoids in the plant kingdom is wen documented and 

the biosynthetic pathways of aU major flavonoid classes elucidated (see Koes et 

al .• 1994 and references therein). 
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3. THE FLAVONOIDS 

3.1. Description 

The flavonoids compriSe a group of mostly low molecular mass 

biosynthetically related phenolic compounds whose presence in plant tissues 

was first demonstrated in the! middle of the 19th century. follOwing the search for 
! 

natural dyestuffs. Of more ~an 4 000 known structures (Harbome, 1994), all 

possess a basic Ce-C3-Ce skeleton. that is. two aromatic rings linked by a third 

cyclic (pyrone) system. ACCO~ding to the level of oxidation of the central pyrone 
I 
i 

ring. some twelve classes of flavonoid compound may be recognised, each 

having characteristic biochemical and biological properties. Table 9 lists the 

properties and Figure 3 shows the structures of the nine major flavonoid classes. 

TABLE 9. Properties of the major flavonoid classes (from Harbome and Turner, 1984) 

FIaYonaId .c:Iua DIstrIbution CIwacteristic properties 

1. Anthocyanins scarlet, red, mauve and weter-soluble, visible max. 
blue flower pigments: also 515-545 nm, mobile in 

• in leaf and other tissuea SAW on peper 

2. Proanthocyanidins mainly colourless, in yield anthocyanidins 
, heartwooda and In leaves (colcu extractable into 
: of woody plants: astrin- amyl alcohol' when tisaue 
, gent, tannin properties is heated for 0-5 h in 2M 

HC1 

3. F1avonols I mainly colourla .. co- after acid hydrolysis, bright 
. pigments in both cyanic yellow SI)OtS in W light on 
• and acyanic flowers: wid .. Fore.ral cfvometograms: 

._, 

. spread in leaves. UV apectral max. 350-386nm. 
! protectlnts in leaves. 

4. F1avones as f1avonols after acid hydrolysis, dull 
absorbing brown spots on 
Forestal chromatograms: 

~ apectraI max. 330·350 nm 

5. C-glycosyl flavonoids I as flavonola corain C·C rmked sugar; 
mobile In water unlike 
normll flavonea 

6. Biflavonoids : colourless: almost entirely On SAW ctvomatograms 
i confined to the du8 ebIorbing spots of 

gymnosperms very high Rf 

7. Chelcones and auranes yellow flower pigments; give red colours with 
occuionally present in ammonia (colour change 
other tisaues can be observed in situI, 

visible max. 370-410 nm 

8. F1avanones and colourless: in leaf and fruit give intense red colours 
dihydrochalcones 'espeeiaHy in Citnl$' with MgIHO: occasionally 

an intense bitter taste 
9. Isoflavonoids colourlas: often in root; mobile on paper in water; 

only common in one no specific colour tests 
famHy, the Leguminosea: available 
oestrogmc 0/1 fungitoxic 
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Figure 3. Structures of the major flavonoid classes . 
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The pattern of hydroxylation in the flavonoids can vary considerably, although 

nine main types are recognisable (Table 10). 

TABLE 10. HydroxYlation patterns observed in flavonoids (from 

Goodwin and Mercer, 1983) 

fll, 0 

Flavonoid R1 R2 ' R3 R.4 RS R6 R7 RS Rg 

5-Hydroxyflavone OH H H H H H H H H 

5,8- OH H H OH H H H H H 
Dihydroxyflavone 

Digicitrin OH OCH3 OCH3 OCH3 H OH3 CH3 OH OCH3 

Morin OH H OH H OH H OH H OH 

·Isoetin OH H OH H OH H OH OH H 

Gossypetin OH H OH OH H OH OH H OH 

Quercetagetin OH 'OH OH H H OH OH H OH 

6-Methoxyluteolin OH OCH3 OH H H OH OH H H 

Diosmetin OH H OH H H OH OCH3 H H 

A frequently encountered pattern is 5,7 hydroxylation of the A ring together with 
: . 

varying degrees of 2', 3' and' 4' hydroxylation of the B ring. This is seen in the 
: 

eight most common flavonoid$ (Fig. 4) i.e. the flavonols myricetin (1), quercetin 
, 

(2) and kaempferol (3), the: 'flavones apigenin- (4) and luteolin (5) and the 

anthocyanins pelargonidin, (6), cyanidin (7) and delphinidin (8). 
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R R 

R1 

HO HO 

OH 0 OH 0 

1. myricetin : R = R1 = R2 = OH 4. apigenin: R = H; R1 11= OH 
2. quercetin: R = R1 = OH; R2 = H 5. lutealin : R = R1 = OH 

3. kaempferol : R = R2 = H; R~ = OH 

R OH 

OH 

HO HO 

OH OH 0 

6. pelargonidin : R = R2 = H; R1 = OH 9. gossypetin 
7. cyanidin: R= R1 = OH; R2 = H 
8. delphinldin : R = R1 = R2 = OH 

OH 

OH 

HO 

OH 

OH 0 

10. Iso8tin 

Figure 4. Common flavonoid hydroxylation patterns 
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Introduction of additional ,OH groups to ring A. ... or less commonly B, may 

cause a significant change in colour. e.g. gossypetin (9) (8-OH quercetin) and 

isoetin (10) (2'-OH luteolin) are yellow compared with quercetin and luteolin (both 

pale cream). 

As a group. flavonoids have the following common properties, many of which 

are utilised in their detection ahd identification (see Markham, 1982) . 

. (a) Intense absorption i in the ultra-violet (UV) region of the spectrum, a 

property of the aromatic nucle'. A minority absorb also in the visible region e.g. all 

anthocyanins and some flavones. The different flavonoid classes have 

characteristic spe~lprope~es, the wavelengths (At) of principal and subsidiary 

maxima being one of the m~st useful means of distinguishing between these 
i 

groups. Absorption band I (pri~cipal maximum) occurs in the range 300 - 400 nm 
, . 

and is considered to origin. from the B-ring cinnamoyl system and band II 

(subsidiary maximum) which QCCurs in the range 240-285 nm and is due to the A-
I • 

ring benzoyl system (Table 11). 

TABLE 11. Ultra-violettvisible absorption ranges for flavonoids (from 

Markham, 1982) 

Band II (nm) 

250-280 

250-280 

250-280 

245-275 

275-295 

230-270 

(low intensity) 

230-270 

(low intensity) 

270-280 

Band I (nm) flavonoid type 

310i350 Ravone 

330-360 Ravonols (3-0H substituted) 

350~385 Flavonols (3-0H free) 

310-330 shoulder Isoflavones 

c. 3~0 peak IsoflavoMS (5-deoxy-6, 7-
dioxygenated 

300~330 shoulder Flavanones and 
dihydroflavonols 

380-390 Chalcones 

380j430 Aurones 

Anthocyanidins and 
anthocyanins 
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Hydroxylation of the molecule produces a bathochromic shift ~.e. towards a 

longer A.) in band II. This effect may be seen by comparing the spectral maxima 

of ,myricetin, quercetin and kaempferol (Table 12). 

TABLE 1!.. Effect of h~roxl'ation eattem on flavonoid UV s.e!ctra. 

Myricetin 

Quercetin 

BAND I BAND II 

378 

374 

256 

255 

Kaempferol 368 268 ............................ ,., ............................................................................................................ . 
In the case of flavanones, dihydroflavonols and isoflavones, conjugation between 

the B ring and the CO group of the pyrone ring cannot occur and absorption band 

1 is reduced to a shoulder. 

(b) A weakly acidic character (a property of the phenolic OH group) which 

renders all flavonoids soluble in alkali, a reaction accompanied usually by a 

change in colour and a bathochromic shift in the spectrum. This underpins the 

use of sodium hydroxide (NaOH), a strong alkali, and sodium acetate (NaOAc), a 

weak alkali, as "shift" reagents in the routine identification of flavonoids. 

Ionisation of the phenolic hydroxyls is complete in the former and a bathochromic 

shift in both absorption bands of the order of 40-60 nm is observed, the shift 

varying with the individual compound. In NaOAc, ionisation of only the most 

acidic of the phenolic groups occurs, .with the 7-OH group being affected but not 
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the 5-0H group. Since absorption band 2 is due to the A ring. a bathochromic 
, ~ 

shift of 10-20 nm is observed :in this band on the addition of NaOAc, provided the 

7 -OH group is free. Should this group be glycosidically bound, no shift is 

observed (Ribereau Gayon, 1973). 

(c) The capacity to form hydrogen bonds (a property of all phenols, unless 

sterically hindered), which in. the case of flavonoids may be intramolecular, e.g. 

between the 5-OH and 4-CO of many flavonoids such as quercetin and taxifolin 

which have o-OH acetophenore nuclei. 

(d) In the case of fla~onoids with catechol nuclei (o-dihydroxy groups), 

the ability to form complexes: with metals, iron and aluminium in particular. This 

property is both biologically important, being concerned with the natural 

colouration of plants and analytically useful in revealing otherwise invisible spots 
: 

on chromatograms, since: the complexes are usually coloured. In the 
I 

spectophotometric analysis of flavonoids, aluminium chloride (AlCI3) is used as a 

'shift' reagent to detect the presence of o-dihydroxy groups and also of free OH 
I 

groups in positions 3 or 5 on which complexation can take place in conjunction 
I 

with the CO group of the pyrone ring. The addition of dilute hydrochloric acid 

(HCI) to the complex will result in decomposition· of· the relatively unstable 0-

dihydroxy complex but not of the CO-OH complex. These reactions are observed 
i 

as characteristic changes in: the neutral spectra, a strong bathochromic shift of 
i 

the entire spectrum accom~ying complexation. 
r . 

The addition of borate (H3E¥>3> to the solution of a flavonoid + NaOAc bridges 

the two hydroxyls in an o-dihydroxy group and is used to detect the presence of 

such a group. 

(e) Although flavonoips may occur in the fre~ state in plants, particularly 

on external surfaces of leaves or fronds, they are more frequently encountered in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

glycosidic combination. Although glycosylation is theoretically possible at any of 

the substituent OH groups, sugars are most often attached at B-ring hydroxyls, 

commonly also in the 3- position of flavonols and the 7 -position of flavones, less 

commonly at the 5- position, except in anthocyanidins. The glycosides so formed 

are generally soluble in water, methanol and ethanol but insoluble in other 

organic solvents unless highly methylated, while the free aglycones are usually 

sparingly soluble in water/ethanol but soluble in ether and less polar solvents. 

The sugars involved are almost exclusively aldoses, with glucose, rhamnose, 

galactose and arabinose commonly encountered in the pyranose form, and 

attached by a ~-linkage between C1 of the sugar and a hydroxyl oxygen. Besides 

monosaccharides, di- and trisaccharides - e.g. rutinose (glucose-rhamnose) are 

quite common. Diglycosides, where monosaccharides are attached to different, 

OH groups, are not unusual e.g. the 3,5 diglucosides of Campanula and Dahlia 

spp. 

Glycoside formation is not limited to hydroxyl oxygen, but in many flavonOid 

classes extends also to the carbon nucleus of the aromatic ring at the 6- and/or 

8- position. These C-glycosylflavonoids may have additional sugars bound to a 

phenolic OH or to a C-bound sugar and are much more resistant to hydrolysis 

than are O-glycosides, a characteristic which is usually applied in the 

identification of the former on paper chromatograms of hydrolysed plant extracts 

run in water. C-glycoflavonoids are mobile in water compared with most flavonoid 

agIycones, which remain at the origin. ,Acylated and sulphated sugars are 

frequently encountered and uronic acids may replace sugars as substituent 

groups. 

(f) The flavonoids frequently form ethers, whereby phenolic hydroxyls are 

methylated. The methoxyl group is common in nature and both chemically and 
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biologically stable, unfike the glycosidic bond which is easily ruptured on 

treatment with mineral acid. Methylation masks the phenolic function and 

introduces a greater degree of lipid solubiHty such that highly methoxylated 

flavonoids may occur in leaf WJilXes. 

The great variety of flavonoid oxygenation, methoxylation and glycosylation 

patterns seen in nature provides the characters used in biochemical systematics. 

3.2. ClaSsification 

The following flavonoid classes are of particular importance in systematics: 

(a) ANTHOCYANINS 

These are sap-soluble pigments responsible for the pink, mauve, violet, blue, 

scarlet, and red colouration of\flowers, leaves and fruits, and for red autumn hues 

(Harborne, 1967). The colour of a particular plant organ is dependent on the pH 

of the cell sap and the pre$ence/absence of metal ions as well as on the 

proportions of the various. anthocyanin pigments present. The effects of 

hydroxylation are particularly. striking in the flavylium system of anthocyanins, 

with small differences in B-ring hydroxylation profoundly affecting the resultant 

colours (Strack and Wray, 1969 and 1994). Pelargonidin for example (4'-OH) is 

scarlet, cyanidin (3',.4' -dihydrpxy) is crimson and delphinidin (3' ,4' ,5'-trihydroxy) 

mauve. These natural pigm.nts, together with their methyl ethers peonidin, 

petunidin and malvidin, cons~ three of the eight most commonly occurring 
! 

flavonoids. They are ubiquItOus within the angiosperms except in the order 
I 

Centrospermales where they are replaced by purple betalain pigments. 

Anthocyanins have also been detected in mosses, young fern fronds and 

gymnosperms (Markham. 1988; Niemann. 1988) but appear to have their 

greatest ecological significance in flowering plants in providing floral colour for 
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the attraction of pollinating vectors (Harborne, 1993). It has been suggested that 

natural selection has operated from cyanidin as the more primitive pigment, via 

the loss of an OH group from the B ring, to yield pelargonidin which provides 

bright scarlet colouration that has been correlated with natural selection by 

animal pollinators such as hummingbirds (Harborne, 1993). Delphinidin on the 

other hand, via gain of a Bring OH, provides the deep 'blue colours correlated 

with selection by bees. These two pigments are particularly frequent in flowers 

but rare in vegetative tissues, which usually contain cyanidin. Cyanidin is the 

most common of the anthocyanin pigments, occurring in 80% of pigmented 

leaves, 69% of fruits' and 50% of flowers (Brouillard, 1988). While methylation of 

anthocyanin Bring OH groups is common, A ring methoxyl groups are rare and 

confined to specific taxa; the 5-methyl ethers of malvidin and petunidin for 

instance occur exclusively in the family Plumbaginaceae e.g. in the fight blue 

corollas of the indigenous Plumbago auriculata (Harborne and Grayer, 1988). 

Glucose, rhamnose and galactose are commonly encountered in glycosidal 

combination with anthocyanin aglycones, attachment being frequently at the 3 or 

5 position. Sugars may be acylated by a molecule of organic acid esterified to an 

OH group (Harborne, 1986). Both aromatic acids (e.g. caffeic, ferulic, sinapic, p­

coumaric) and aliphatic dicarboxylic acids (e.g. malonic, malic, succinic) occur as 

sugar esters; acylation renders the flavylium cation zwilterionic and makes 

possible the distinguishing of these pigments from other anthocyan ins by means 

of paper electrophoresis in a weakly acid buffer. Zwilterionic cations are present 

in a number of angiosperm families e.g. Asteraceae, Lamiaceae, 

Scrophulariaceae and Ranunculaceae and may provide useful systematic 

information (Harborne and Grayer, 1988). 
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(b) FLAVONOLS 

These generally colourless or pale cream compounds are, like the 

anthocyanins. very widespread in nature and include a further three of the eight 
.. 

most commonly occurring flavonoids i.e. myricetin, quercetin and kaempferol, 

which correspond in B ring hydroxylation patterns to the anthocyanins 

delphinidin. cyanidin and pelargonidin respectively. While flavonols often 
, 

accompany anthocyan ins as floral co-pigments. they are almost universally 

present in angiosperm leaves. Over 60% of 1 000 species sampled contained 

one or other of the three common flavonols. with quercetin being present in 50%, 

myricetin in 10% and kaempferol in 48% (Harbome and Williams, 1988). 
i 

Myricetin appears to have a more restricted distribution in the foliage of mainly 
i 

woody plants, while kaempferol and quercetin are encountered throughout the 

angiosperms. The distribution of flavonols is not confined to flowering plants 

however; they have also been isolated from the former fern allies, true ferns and 

gymnosperms (Williams and Harborne, 1994). 

Flavonols differ struCturallY from the closely related flavones in possessing a 

3-0H group and can be distinguished from them on the basis of spectral 

properties, mobility in PC and, TLC and appearance in UV light, with and without 

the presence of alkali (NH3 vapour). Unlike the anthocyanins, whose aglycones 

_ are few in number, over 200 flavonol aglycones are known (Harbome. 1998), 

varying in their pattern of methylation and hydroxylation . Glycosylation patterns 

likewise vary widely. The introduction of additional A ring OH groups at the 6 or 8 
: 

positions gives quercetagetin Or gossypetin, examples of a few ftavonols that are 

pigments in their own right. Methylation is common; the three flavonol methyl 

ethers isorhamnetin, larycitrin and syringetin are fairly widespread and 
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correspond in structure to the anthocyanidins peonidin, petunidin and malvidin 

respectively. 

Apart from their role as floral co-pigments. flavonols have been implicated as 

insect feeding repellents or as UV screens in foliage, particularly in plants of arid 

habitats which may contain flavonol (or flavone) aglycones in external secretions 

e.g. leaf waxes (Mc Clure, 1975; Harborne, 1985). 

(c) FLAVONES 

Like the related f1avonols, flavones are extremely common in angiosperms 

where they appear to replace the former in more specialised herbaceous plant 

families. Two of the eight most common f1avonoids are the flavones apigenin and 

luteolin, corresponding in B ring hydroxylation patterns to kaempferol and 

quercetin respectively. The flavone equivalent of myricitin is tricetin (3',4',5'­

trihydroxyflavone) which is known, but has a limited distribution in nature 

(Wollenweber, 1994). 

Flavones readily form C-glycosides (see Jay, 1994) e.g. vitexin and orientin 

(the 8 C-glycosides of apigenin and luteolin respectively), although they occur 

widely in the usual O-glycoside form (Williams and Harborne, 1994). Dimeric 

biflavones are commonly encountered, particularly in gymnosperms, but are by 

no means confined to this group and are increasingly being isolated from 

angiosperms as well. An example is amentoflavone (3', 8"-biapigenin). 

Flavones, like f1avonols, are generally cream or colourless and may act as 

floral co-pigments, although they are occasionally present alone in petal tissue. 

(d) FLAVANONES/DIHYDROFLAVONOLS 
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• These are reduction products of flavones and flavonols respectively (see 

Bohm, 1994), being formed first in the biosynthetic pathway and undergoing 

oxidation in the 2,3 position to give more highly oxidisec:l forms (Grayer, 1989). 

__ Although fairly widespread, they do not generally accumulate in any quantity in 

• plant organs, exceptions being naringenin and eriodictyol which correspond 

structurally to apigenin and luteolin. Members of this flavonoid class frequently 

occur in the free state in the heartwoods of trees or as glycosides in leaves. 

Reduction of the 4 CO group of dihydroflavonols to OH and H gives rise 

respectively to the flavan - 3,4 diols and flavan -3 - ols. 

Flavanones are widespread in Fabaceae and Asteraceae but accumulate in a 

number of other angiosperm$ e.g. Rutaceae (Citrus spp.), Rosaceae (Prunus 

spp.) and gymnosperm families e.g. Pinacaae (Pinus spp.). Dihydroftavonols 

occur in over 50 plant families and are characteristic of Anacardiaceae, 

Asteraceae, Ericaceae, Faba-ceae as well as several gymnosperm genera e.g. 

Pinus, Abies, Podocarpus (Grayer, 1989). 

(e) ISOFLAVONOIDS 

These are most commonly flavone isomers in which the B ring is attached at 

C3 instead of C2 of the pyrone nucleus (see Dewick, 1994). Examples of this 

group include daidzein (7,4~-dihydroxyisoflavone) formononetin (7-hydroxy-4'­

methoxyisoflavone) and genistein (5,7,4'-trihydroxyisoflavone). The remaining 

isoftavones have isoprenyl Substitution which leads in many cases to extra 

heterocyclic rings and/or allyl side chains (Williams and Harborne, 1989) e.g. 

osajin and pomiferin. These compounds differ from the general flavonoid 
! 

substitution pattern in their fr~uent lack of 5-hydroxylation and presence of 6' 
I 

and 2' and 6' hydroxylation. C..glycosidation of isoflavones is rare. 
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Rarer isoflavonoids include the pterocarpans, rotenoids and coumestans, 

which are of biological interest as phyt~lexins. insecticides and anti-estrogenics 

respectively. 

Their distribution in nature is fairly restricted; they characterise the fabaceous 

subfamily PapilionoideBe and have also been isolated from the heartwood of 

Pinus species, from Iris species and from a further twelve dicot, monocot and 

gymnosperm families, where isoflavonoid occurrence appears to be limited to 

single species or genera (Williams and Harbome, 1989). 

(f) CHALCONES/AURONES 

These arise early in the flavonoid biosynthetic pathway, chalcones being 

converted via ring closure to the corresponding flavanones by the catalytic action 

of the enzyme chalcone-flavanone isomerase (see Bohm, 1994). The central 3 C 

chain that unites rings A and B in most flavonoids is not therefore the usual 0 

heterocycle of six atoms but is in the form of a linear chain in the case of 

chalcones or a penta cyclic ring (aurones). A limited number of these yellow 

pigments are known; however they contribute to the floral colour of a number of 

angiosperm species, particular members Of. the family Asteraceae in which they 

may constitute the sole source of petal colour (Mabry and Markham, 1975). 

They differ from yellow carotenoid pigments, which they often accompany, in 

their lack of lipid solubility and their colour change in the presence of alkali to a 

bright red-orange, a reaction which has given rise to the collective term 

anthochlor pigments for chalcones and aurones. It has been suggested that they 

function not only as floral pigments but as UV absorbing nectar guides to the 

centre of the flower, although their occurrence extends to other plant tissues e.g. 

tIIk- • 
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the heartwoods and seeds of som~ legumes ~hm, 1988). Reduction of 

chalcones gives rise to dihydrochalcones e.g. phloridzin. 

(g) PROANTHOCY ANIOINS (condensed tannins) 

These are colourless oligpmers and polymers of flavan-3-0ls but, unlike 

hydrolysable tannins as well as other flavonoid classes, do not occur in 

association with sugars. Their molecular mass is in the general range of 1 000 to 

5000. The most common class of proanthocyanidin comprises the procyanidins 

which consist of chains of catechin and/or epicatechin linked 4--.6, or 4--.8 

(Porter, 1989 and 1994; de Bruyne etal, 1999). 

Their detection in plant tissues is based upon their oxidation by hot mineral 

acid to the corresponding coloured anthocyanidin pigment, most commonly 

cyanidin but also delphinidin. A similar oxidation process accompanies the 

preparation of beverage plants such as ceylon tea, cocoa and cola and is 

responsible for the red colour of the "fermented" product and that of some drugs 

and spices e.g. cinnamon and Cinchona barks (Evans, 1996). 

Their polyphenolic character permits ready complexation with proteins, 

reducing the enzyme function and nutritive value of these compounds. This 

accounts also for their use as tanning materials, converting raw hides to leather. 

and for the astringency and unpalatability of plant tissues in which they occur in 

quantity. 

(h) BIFLAVONOIDS 

These dimeric compounds comprise two flavonoid units, of similar or different 

classes. joined by means of a C-C bond or less commonly. by a C-O-C bond 

(see Geiger, 1994). The constituent monomers are usually flavones or 
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flavanones, but isoflavones, aurones, chalcones and dihydrochalcones are not 

uncommon. Monomer units are most frequently linked by a carbon-carbon 3',8"­

bond e.g.amentoflavone, a 6, 8"-bond e.g. agathisflavone, a 6,3"-bond e.g. 

robustaflavone or a carbon-oxygen-carbon 6',4" -bond as in hinokiflavone. A 

5,7,4'-or 5,7,3',4'-oxygenation pattern is the general rule amongst biflavonoids 

and methylation of one or more OH groups is common (Geiger and Quinn, 1988). 

Apart from their widespread distribution in the lower plant orders, biflavonoids 

have been reported from 32 genera in 15 angiosperm families. assigned to eight 

of Dahlgren's superorders (see Harborne and Williams, 1989). They are known to 

accumulate in quantitY in some species, in a variety of different tissues, including 

leaf, bark, root, heartwood, fruit and seed (Williams and Harborne, 1989). 

(i) FLAVAN -3 - OLS (catechins) 

Unlike the related anthocyanins and flavones, catechins do not normally exist 

as glycosides nor do they occur as methylated forms. The most common 

members of this class differ only in the number of· B ring hydroxyl groups and all 

have two chiral centres (at C2 and C3) giving rise to four optical isomers. On 

treatment with hot dilute mineral acid they give rise to yellOW-brown insoluble 

products of high molecular mass (phlobaphenes) whereas the flavan-3,4-diols 

produce some coloured anthocyanin in addition to phlobaphene (see Porter, 

1994). 

3.3. Biosynthesis 

The biosynthetic origin of flavonoids was established by Neish and co-workers 

(Underhill st sl., 1957; Watkin st sl., 1957) following feeding experiments with 

buckwheat and red cabbage in the early 1950's, and the essential steps of 
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flavonoid biosynthesis were known by 1965; Since then much further study has 

been undertaken and the topic rev. bYHahlb~~k and Grisebach (1975), 

Harborne (1977), Herbert (1981), Ebel and Hahlbrock (1982), Heller and 

Forkrnann (1988 and 1994) and Koes et a/. (1994). The main outline of the 

biosynthetic pathway, the inter-relationships of different flavonoid classes and the 

enzymes catalysing the vario~s steps are now well known. although the genetic 
~ 

control of the various processes still requires some clarification. 

A characteristic of flavonoid biosynthesis is the production, via different 

pathways, of the two compQnent aromatic rings of the flavan nucleus. The 

phenylpropane residue (Ring B and carbon atoms 2,3 and 4) is derived from a p­

coumaroyl fragment via the shikimic acid pathway. Ring A on the other hand is 

formed from three acetate unH$, joined head to tall and represents a special case 

of polyketide synthesis. Polyketides are all assembled from acetate derived C2 

units and include not only the aromatic A rings of flavonoids but also the fatly 

acids and certain phenols. 
> 
I 

A key intermediate in flavonoid biosynthesis is 4,2' ,4',6'-tetrahydroxychalcone, 

formed by the condensation of p-coumaroyl-coenzyme A with three molecules of 

malonyl-CoA, and from which all the major flavonoid classes are derived. The 

flavanone naringenin is the first true flavonoid to arise, via chalcone isomerase -
1 

catalysed closure of the pyran ring (C). The various stages in flavonoid 

biosynthesis are shown in Fig. 5, together with the enzymes responsible for each 

transformation (Table 13). 
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TABlE 13. List of enzymes leading to various flavonoid classes (From Heller and 

Forkmann, 1994). EC number-enzyme commission number 

Enzyme Acronym ECnumber 

NON-FLAVONOID PRECURSORS 

I Acetyl-CoA carboxylase ACC 6.4.1.2 

II Phenylalanine ammonia-lyase PAL 4.3.1.5 

III Cinnamate 4-hydroxylase C4H 1.14.13.11 

IV 4-Coumarate:CoA ligase 4CL 6.2.1.12 

V 4-Coumaroyl-CoA 3-hydroxylase CC3H 

FLAVONOID CLASSES 

1. Chalcone synthase CHS 2.3.1.74 

2. Polyketide reductase PKR 

3. Chalcone isomerase CHI 5.5.1.6 

4. 2-Hydroxyisoflavanone synthase IFS 

5. 2-Hydroxyisoflavanone dehydratase IFD 

6. Flavone synthase I FNS 1 
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7. Flavanone 4-reductase FNR 1.1.1.234 

8. Flavanone 3-hydroxylase FHT 1.14.11.9 

9. Flavonol synthase FLS 

10. Dihydroflavonol 4-reductase DFR 1.1.1.219 

11. Leucoanthocyanidin 4-reductase lAR 

(flavan-3,4-cis-diol4-reductase) 

12. Anthocyanidin synthase ANS 

13. Flavonoid (anthocyanidinlflavonoO FGT 2.4.1.91 

3-0 glucosyl-transferase 
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phenylalanine 4-coumaroyl-CoA 

COOtf co-s-coA 
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proanthocyanidin leuco-anthocyanidin anthocyanin glucoside 
(tannin) 

FIGURE 5. Simplified diagram of the flavonoid blosynthetic pathway 

(from Koes et a/.,1994). 

The main types of flavonoids are represented and the enzymes catalysing some key 

reactions are indicated by the following abbreviations: 

PAL= phenylalanine ammonia-lyase; C4H= cinnamate 4-hydroxylase; 4CL=4-coumaroyl-

coenzymeA ligase; CHS= chalcone synthase; CHI= chalcone flavanone isomerase; F3H= 

flavanone 313-hydroxylase; DFR= dihydroflavonol 4-reductase; FLS= flavonol synthase; IFS= 

isoflavonoid synthase; AS= anthocyanin synthase; UF3GT, UDP-glucose= flavonoid 3-0-

glucosyltransferase. 

•• • 
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3.4. Isolation and identjfication 

During the years 1945-65 the development of chromatography, particularly 

paper chromatography (PC), and UV spectroscopy made possible the separation 

and identification of f1avono~s in plant material (Mabry et a/1970; Markham, 

1982). More recently, improved techniques of separation e.g. high pressure liquid 

chromatography (HPLC), droplet counter current chromatography and centrifugal 

thin layer chromatography (TLC) have, together with mass spectrometry and 

nuclear magnetic resonance (NMR), permitted the separation, quantitation and 

identification of ftavonoids present in plant extracts. The choice of appropriate 

techniques is a question of scale, economics and class of compound to be 

investigated; current approaches to flavonoid analysis are discussed by 

Harbome (1998). 

3.5. Flavonoid distribution ; 

Overviews of the occurrence of f1avonoids in the various plant orders have 

been presented by Harborne (1972, 1975) and Harbome and Mabry (1982). 

More recently, the distribution of ftavonoids in bryophytes and pteridophytes has 
, 

been reviewed by Markham (1988), in gymnosperms (Niemann, 1988), in dicots 

(Giannasi. 1988) and mon~ (Williams and Harborne, 1988). Flavonoids 

appear to be absent from the: algae but are widespread in liverworts and mosses. 

Of the liverwort species studiecJ 41 % were found to contain f1avonoids of several 

classes but excluding isoftavones, chalcones, biflavonyls and proanthocyanidins. 

Amongst the mosses, 48%, of species examined were shown to possess a 

variety of f1avonoids but f1avonols, dihydroflavonols and 3-OH anthocyanins were 

not detected (Markham, 1988). Amongst the Bryophytes flavonoid synthesis 

appears to be limited to one ~r a few types, e.g. lsoetales possess only f1avones, 
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Lycopodiales only flavones and Equisetales flavonols, proanthocyanidins and a 

few flavones. In both. Psilotales and Selaginales biflavonoids appear to 

predominate, while the ferns, by contrast, synthesise most flavonoid types, 

except aurones, isoflavones and dihydroflavonols (Markham, 1988). 

The Ginkgoales, Gnetales and Cycadales synthesise either biflavones or C­

glycoflavones, together with proanthocyanidins and some flavones/flavonols, 

Biflavones, generalty widespread in most coniferous families, are absent from 

Pinaceae which otherwise synthesises a complex mixture of flavones, flavonols, 

dihydroflavonols and C-glycosylflavones (Niemann, 1988). 

The angiosperms· have received most attention as regards flavonoid surveys 

and dicots appear to have the capacity for synthesis of all known flavonoid 

classes. Asteraceae, in particular, are notable for flavonoid complexity, while 

Scrophulariales, Lamiales and Rubiaceae produce a diverse although less 

striking array of flavonoids (Giannasi, 1988). Monocots by comparison appear to 

have less complex flavonoid profiles: chalcones, aurones, dihydrochalcones and 

isoflavonoids have very restricted distributions in monocot orders, biflavonoids 

were until recently thought to be entirely absent and flavanoneslflavonols appear 

sporadically. Proanthocyanidins on the other hand are surprisingly common, 

despite their correlation with the woody habit, which is very rare in monocots 

(Williams and Harbome, 1988). 

The distribution of different classes of flavonoids throughout the plant kingdom 

suggests that they have appeared sequentially during evolution (Koes et al., 

1994). This is schematically depicted in Figure 6. 
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3.6 Flavonoid function 

The possible biological fu~ction of plant secondary metabolites has attracted 

a good deal of attention in ~e last twenty years. In the opinion of Markham 

(1988). flavonoid accumulatiqn is likely to have developed originally in early 
i 

green plants as a protection against the intense ultra-violet radiation that reached 

earth before the build-up of oxygen and ozone layers. The hypothesis that 
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succeSsful colonisation of the land would have been dependent, amongst other 

things, on the ability to synthesise UV screens, appears to be supported by the 

absence of flavonoids from the algae, their ubiquitous presence in almost all 

other plant orders and their presence in the chloroplasts of all angiosperms. 

Support for a UV-shield function is also suggested by the transcriptional 

activation of flavonoid biosysnthetic genes that has ··been observed as a 

generalised reaction in plant seedlings exposed to UV light. Further evidence is 

provided by the accumulation of flavonoids, after induction, mainly in epidermal 

cells (Koes et al., 1994). 

Much of the current interest in flavonoid function has come from ecologists 

seeking reasons for herbivore food selection or exploring plant-pollinator 

interactions, from plant pathologists seeking the causes of disease resistance 

and from physiologists investigating allelopathy. Anthocyanins, in addition to their 

role as plant pigments (see Brouillard and Dangles, 1994), are thought to be 

involved in the inhibition of larval growth in insects. Citrus ftavanones e.g. 

hesperidin and naringenin are of interest because of their extremely bitter taste to 

humans and higher mammals, a property that has been implicated in herbivore 

deterrence. Biflavonoids may act as natural fungitoxins or insect antifeedants 

(see Harbome and Grayer, 1994) and isoflavonoid phytoalexins as agents in 

disease resistance (Harbome, 1993). 

This suggests a role for flavonoids in plant survival or fitness for life, rather 

than in essential growth processes. Flavonoids have however been implicated in 

plant growth and development e.g. as promotors or inhibitors of growth 

hormones and as plant growth regulators. A role in respiration, photosynthesis, 

morphogenesis, sex determination (McClure, 1975) and in pollen tube 

development (Mo et al., 1992) has also been suggested. lsoflavonoids may act 

as deterrents to insect predators but also appear to playa role in host recognition 
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systems. In particular, the comm6r1 ~jidftavonei'd*i~in and· genistein have been 

identified in the root exudates of legumes, where they have the ability to inhibit 

the nodulating ability of Rhizobium in the nitrogen-fixing symbiosis (Harborne, 

1988). Other isofIavonoids have however been implicated in promotion of 

nodulation (Dakora eta/. 1993; Kosslak eta/., 1987). 

Swain and Cooper-Driver (1981). in a comprehensive review of biochemical 

evolution in early, land pl~nts. suggested that the capacity to synthesise 

secondary metabolites of vm;ious kinds was an important factor in determining 

the ultimate success of land plants, in that it enabled them to withstand the 

physical stresses of a land-based existence (dehydration or W radiation) as well 

as the challenge of predatots and pathogens. An elaboration of the flavonoid 

biosynthetic pathway would have extended the adaptive utility of these 

secondary compounds to include not only UV protection but also 

pathogen/predator defence (proanthO(:yanidins. isoflavonoid phytoalexins) and 

the attraction of pollinating or seed dispersal agents (anthocyanins, flavones, 

chalcones. aurones). The capacity of flavonoids to fulfil these various functions 

has been documented by HarJx»me (1977, 1982, 1993). Swain. (1977). Rozenthal 

& Jansen (1979) and others. : 

A biosynthetic flexibility. ~rmitting diversity in chemical structure and hence 

in bioactivity, may well acc~nt for the persistence of flavonoids in most extant 

plant taxa. The discovery of yet more functions for these compounds wiU 

contribute to a better understahding of ecological and co-evolutionary processes. 

3.7 The use of flavonoid: data in systematics 

The foundations for the possible use of flavonoids in plant systematics were 

laid in the 1930's when variations in floral anthocyanin pattems were shown to be 

.;:-.. 
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related to the taxonomy of the families examined. Since that time a steadily 

growing volume of flavonoid distributional data has been applied to the solution 

of problems at every taxonomic level. Classic studies were those of Alston and 

Turner (1967) at the specific level. Erdtman (1956) at the generic level. Harbome 

and Williams (1973) at familial level. Bate Smith (1962) at ordinal level and 

Williams et al. (1988) at supraordinallevel. 

In the early period ofchemosystematics,· most flavonoid data were treated 

phenetically. but a number of important studies attempted to assess their 

phylogenetic content. Bate Smith's observations (1962) concerning the 

distribution of proanthocyanidins in ferns. gymnosperms and mainly woody 

angiosperms convinced him of the primitive nature of these tannins and led to his 

devising an "advancement index" based on the distribution of proanthocyanidins. 

ellagic acid and simple phenols in various plant orders. Bate Smith introduced 

the concept of a flavonoid scoring system in his studies of the systematics of 

Geranium (Bate Smith, 1973) and Ulmus (Bate Smith and Richens, 1973). 

Rezende and Gottlieb (1973) likewise used a points system, in order to 

determine the phylogenetic significance of xanthone oxygenation patterns. 

Spome (1982) showed the presence of leaf proanthocyanidins to be positively 

correlated with some 13 anatomical features deemed primitive on fossil 

evidence. using this information to assign an advancement index to several 

angiosperm families. 

Harbome (1966. 1967) demonstrated that evolutionary advancement in the 

angiosperms, as seen in a change from woody to herbaceous habit. was 

accompanied by changes in leaf flavonoid patterns whereby: 

(i) Flavones replaced flavonols in more advanced herbaceous plant families. 

(ii) the ability to synthesise proanthocyanidins and tri-hydroxylated B-ring 

flavonoids. e.g. myricetin, was lost. 

••• 
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In a review of flavonoids in relation to, the evolUf,iQn,:"of,.the angiosperms, Harbome 

(1977) assessed primitiveness/advancement of certain of these compounds 

(Table 14) on the basis of three criteria, namely their distribution pattems, 

correlation with other biological characters and biosynthetic complexity. 

TABLE 14. Evolution of some flavonoid characters In the Angiosperms 

(from Harborn., 117&). 

Character Primitive state Advanced state 

Anthocyanin in petal Baled on cyanidin: simple Based on delphinidin or 
glucosylation pelargonidln (or rarely 

ap!geninidinJIuteolinidinJ :. 
often methylated: complex 
glYCOlylation and acylation 

Proanthocyanidin in the ",.ent Absent 
leaf 

Flavonofslflavones in leaf Flavonols present, Flavonoles based on 
especially myricetin; quercetin or kaernpferol, 
flavanes absent: bl,lt being replaced by 
o-methylation absent fflvones: o-methylation 

freauent 
Extra A-ring in a-position in 6-position 
hydroxylation of 
Flavonalslflavones 
Glycosylflavone in leaf Present sometimes Absent 

accOmpanied by manaiferin 
Biflavonoids in leaf ~nt Absent 

Yellow anthochlors in C~ones alone Aurones, often 
flower accompanied by chalcones 

Harbome expressed evolutionary advancement in terms of ftavonoid scores and 

advancement indices, using tt)e technique to clarify phylogeny In Apiaceae (tribe 

Caucalideae) and Polemoniaceae (Harbome,1977). 

Gomall and Bohm (1978), Crawford (1978) and Richardson (1982) 

questioned the validity of earlier concepts of primitiveness or advancement. In 

particular they noted that 
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1. Complexity of flavonoid structure was not necessarily indicative of 

evolutionary advancement. Although in a theoretical biosynthetic pathway A ~ B 

~ C ~ 0, compound 0 might be considered most advanced in terms of the 

number of enzyme mediated steps required to produce its greater structural 

complexity, in fact the dominant trend in angiosperms was one of reduction 

(Gomall and Bohm, 1978). The most advanced members of a particular taxon 

might therefore have the simplest compounds, and in the pathway A ~ B ~ C ~ 

0, compound C might be primitive or advanced with respect to D. Gomall and 

Bohm suggested that flavonoid compounds had three character states: primitive, 

advanced and highly advanced, and that the primitive/highly advanced states 

might be phenotypically similar. Thus the absence of a particular flavonoid might 

be interpreted as primitive (an inability to synthesise) or highly advanced 

(secondary loss of the ability to synthesise). In drawing phylogenetic conclusions 

it was therefore important that not only the presence of a particular compound be 

ascertained, but also its phylogenetic polarity. 

2. Flavonoid classes formerly deemed primitive by virtue of their 

widespread occurrence in lower plant orders or families considered primitive on 

morphological grounds, were, as more distributional data became available, 

increasingly being isolated from 'advanced' taxa. Biflavonoids, for example, were 

at one time thought to be confined to pteridophytes and gymnosperms but were 

later shown to occur also in several angiosperm families. A further example was 

the widespread occurrence of chalcones and flavanones in Asteraceae. 

However, as Harbome (1977) argued, this might merely represent the retention 

of a primitive character on the part of certain taxa. 

3. Flavonoid structural complexity (a putatively advanced feature) was not 

only evident in advanced plant taxa, as shown by the occurrence of several 
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advanced features (3-deoxygenatiM. metflytation.: acetylation and complex 

glycosylation) in Ranunculaceae floral pigments . 

. Richardson and Young (1982) criticised the use of flavonoid point scores and 

advancement indices, noting that average or total scores might conceal valuable 

phylogenetic information. For example, two species with similar flavonoid $Cores 

might contain the same or different compounds, necessitating some means of 

adequately displaying the phylogenetic content of point scores. Richardson and 

Young (1982) advocated the application of either Hennigian phylogenetic 

methods (Hennig, 1966) or the Wagner-ground plan divergence method 
I 

(Wagner, 1980) to the analysiS of flavonoid data, in order to overcome this 

difficulty. 

The suggestion that Hennigian methods be applied to phytochemical data 

had been put forward earlier: by Humphries and Richardson (1980) who argued 

that previous studies, aimed at evolutionary interpretation of chemical data, were 

narrative rather than analytical. They claimed that Hennigian methods would 

raise flavonoid presence/absence information from a merely supportive role in 

systematics to the status of raw data that might be used in its own right to erect 

falsifiable hypotheses and remove subjectivity, as shown by their study of 

flavonoid patterns in Fabaceae (Humphries and Richardson, 1980). 
( 

Richardson (1982) applied Hennigian analytical methods to flavonoid data 

from Lemnaceae and So/anum section Androceras (Solanaceae), demonstrating 

that it was possible to use, both presence of particular flavonoid classes and 

variation occurring at particular carbon atoms of the flavonoid skeleton as 

phylogenetic characters. Since that time there have been relatively few studies in 

which cladistic method has been applied to the analysis of flavonoid data per se. 

This is a pity in view of the greatly improved computer capability, ideally suited to 
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the analysis of flavonoid data, that has become available to the systematist over 

the past 15 years. 

The paucity of flavonoid cladistic studies is partly due to the increased focus on 

molecular (DNA restriction sites and sequences) rather than secondary chemical 

data in recent years. Molecular data, in addition to providing large numbers of 

characters for phylogenetic analysis, reflect the entire genotype and are thought 

to give a clearer view of relationships than do secondary chemical characters, 

which represent only part of the genotype and may in addition be influenced by 

the environment. 

3.8. Problems associated with the use of flavonoid data in systematics. 

The preceding review of the application of flavonoid data to the solution of 

problems in systematics sets in context the research to be undertaken in the 

present study. In particular, an assessment of the proposed methodology can be 

made. There are two central questions to be addressed: 

1. How should intraspecific variation in flavonoid patterns be taken into account? 

Studies using flavonoid data as systematic characters have been criticised fQr 

failing to take into account the effects of season, geography and other extrinsic or 

intrinsic factors on plant secondary chemistry (Bohm, 1987). The existence of 

chemical variation at the population level underscores the need for adequate 

sampling, both within and between populations of a given species, as is routinely 

done in morphological work (Harborne and Turner, 1984). 

In the present study. it was proposed in the first instance that a minimum of 

two collections be made of each species, from different geographical localities. 

Within- and between-population variation in foliar flavonoid patterns could not be 



Univ
ers

ity
 of

 C
ap

e T
ow

n

51 

investigated for all 66 species inclJJd~ in' th. ~qy, but an assessment of this 

variation could be made by selecting three representative species having 

different distribution ranges (wide vs. narrow) and reproductive strategies 

(obligate reseeding vs. resprouting capacity). Within- and between-population 

variation in foliar flavonoid patterns would be statistically treated, as 

recommended by Bohm (1967), in order to establish whether more than two 

collections per species would;be necessary to adequately represent its flavonoid 

profile. 

2. Is the use of flavonoid data appropriate to the taxonomic level of the present 

study? 

In the present study, phylogenetic information was SQught at the level of both 

family and genus. Giannasi and Crawford (1988) argued that the debate over the 

most effective taxonomic level of flavonoid utility was circular in that the 

assignment of taxonomic level to two or more taxa was a subjective decision 

taken by systematists. Flavonoid data could in their view be most profitably used 

when and where they were most useful, rather than forcing them into some 

possibly artificial taxonomic constraint. 

Grayer et al., (1999), more recently. noted that flavonoid data had proved to be 

more taxonomically useful within families, genera and species rather than at or 
, 

above family level. This has to do with problems of chemical convergence and/or 

parallelism. Unlike molecular sequence data, very few secondary chemical 

characters are shared by all: major plant groups, so that the value of these 

characters in addressing phylogenetic questions above the family level is very 

limited. Flavonoids are an exception in this respect in that they are almost 

ubiquitous in the plant kingdom, but suffer from the disadvantage that similar 
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flavonoid classes or individual flavonoids may occur in taxa that do not appear on 

other evidence to be closely related. Since the flavonoid biosynthetic pathway 

appears to operate in a similar manner in all plant groups studied, this is more 

likely to be the result of parallel evolution than . of chemical convergence as 

typified by the occurrence of tropane alkaloids· in the apparently unrelated 

families Solanaceae and Erythroxylaceae or of ergot-type' alkaloids in Claviceps 

purpurea as well as Convolvulaceae. 

The phylogenetic significance of the presence/absence of flavonoid classes or 

compounds may therefore difficult to assess at family level and above (Grayer et 

al., 1999). This does not render flavonoids unsuitable for phylogenetic analysis 

at or above family level, but does suggest that a reliable phylogeny will not be 

retrieved using flavonoid data alone (Giannasi & Crawford (1978); Harborne & 

Turner (1984). These authors explicitly warned against placing a too-emphatic . 

reliance on single flavonoids, flavonoid classes or patterns of substitution and/or 

distribution as key systematic markers of a given taxon. 

Parallelism is evident not only in respect of f1avonoids but also of many 

morphological, anatomical and cytological characters (see Soltis and Soltis,· 

1995). This has not precluded their use in phylogenetic studies; rather the 

approach has been to combine all available information in a single analysis. This 

was the approach followed in the present study. 

.' . 
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CHAPTER 3 

INVESTIGATION OF INFRASPECIFIC VARIATION IN FOLIAR FLAVONOID 
PATTERNS OF SELECTED MEMBERS OF BRUNIACEAE 

INTRODUCTION 

Studies using flavonoid data as systematic characters have been criticised for 

failing to take into account the'etfects of season, geography and other extrinsic or 

intrinsic factors on plant secondary chemistry (Bohm, 1987). The existence of 

chemical variation at the population level underscores the need for adequate 

sampling, both within and between populations of a given species, as is routinely 

done in morphological work (Harbome and Turner, 1984): Studies at generic 

level e.g. Nicholls and Bohm (1982), Bohm st 8/. (1984) or specific level e.g. 

Hillis (1966), Saleh and Towers (1972) have more frequently addressed 

infraspecific flavonoid variation than have studies at family level or above. In the 

latter it has been common practice to analyse 1-2 specimens of each species 

e.g. Williams et 81. (1986) in a tribal classification for the Iridaceae and Williams 

et 81. (1988) in a chemical appraisal of leaf tlavonoids of Dahlgren's Liliiflorae. 

The present study, at family level, did not permit much allowance to be made 

for the effects of external factors such as seasonality on foliar secondary 

chemistry. However, it has been noted (Harbome, pers.comm.) that these effects 

are usually more quantitative than qualitative and, since the aim of this study was 

not to exhaustively analyse each species, they can be discounted. Some attempt 

was made to allow for genetic variability however, by sampling a minimum of two 

populations per species, from different geographical localities. The need for an 

assessment of whether this approach was adequate (in terms of representing a 
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particular species' flavonoid profile) provided the rationale for the present 

analysis of infraspecific variation. The information generated could, in addition, 

be applied to the systematics of Bruniaceae e.g. in deciding whether Cedarberg 

populations of Berze/is /anuginosa merit separate status, a matter of debate 

owing to their morphological distinctness. 

The following specific questions were addressed: 

1) Is a greater degree of variation in foliar flavonoid profile to be encountered 

within or between populations of selected species in Bruniaceae? 

2) Is a similar pattern of variation to be encountered in two species with wide 

distributional ranges, one of which is killed by fire i.e. is an obligate reseeder 

(Berze/is /anuginosa) and the other able to survive fire by resprouting from a 

subterranean rootstock (Brunia nodiflora) and a putatively primitive lignotuberous 

species (Audouinia capitata) with a narrow distribution range and represented in 

nature by only a few small populations. 

3) Is there evidence of the emergence of flavonoid chemotypes among 

groups of populations situated in close geographical proximity? 

A. METHODS 

1. SAMPLE COLLECTION, EXTRACTION AND ANALYSIS 

In order to explore the question of within-population variation in leaf 

secondary chemistry of species used in this study, fifteen plants each of Berze/is 

/anuginosa, Brunia nodiflora and Audouinia capitata were sampled from a single 



Univ
ers

ity
 of

 C
ap

e T
ow

n

l\~ i 
, , 

I 
, 

I 
, N , , 

I A I I 
96 Cap8 Point Nature Reserve 

I I 
~~~-~ " lJoge \l at. HermMl;S 

_l- + W8 KlrstHllbosch, I I ~ 

'i
2s t- - ~~- -- -- - - - - ~ 

~~ - -

'" Cedarjerg, Sneel.tlerg 

I 
I 

113 Ceda~erg, Uilkyk Pass 

\ 

. 207 ,,, Hotte~tQts Hulai'd m::rntains, Nu~!eberg , 
. 137 , 

125 StDmlS River 113 -. '12 , 

! ' 37 Ceda'b~rg, Ei,elJoom , _ 267 , '07 eooarberg, ?akhuis Pass 

I 
I 

I 267 lJJVla,te, Southe"n Cedarberg 

+- 276 Grootyad~rsoos, SlI'ell!!IldOOl 
I ~ ~- 325 Du Toil's Kloo! Agler-Tafeb,,'!} ------

::A$ 1- 326 Du Toil's Koof, Kmm River HLt , 

I 
I 

I i I 
I 

, 
! I 

. 329 

I 
, 

. 325 

_ _ '. WI>.- .~~ I 
216 · , I 125 . : ---- ~ ,--, , 

3:tS .--
- - -

yJ ! '" I 
, 

1 i 
~66 

! 
I 

" I 
, , 

I 

, 
I ~ 

I " 1~ <C, c~ W IlN ~, 

I ,~~~, 

I , I , 
181: 19 E '.'IJE 2H 22"E 23 'E 24£ 

Geographical distribulion of 13 populations of Berzelia lanugmosa 



Univ
ers

ity
 of

 C
ap

e T
ow

n

\ I I I I 
! • , 

I I I , A 
I ' 01 Kir&lerbo&:::h. slopes ilbI:wf garOOrl 

I - - r - ,- '" H~I olJI"IAarOE! . ~'marus _. - ... - .- , 
3'lS -

. , rJPli3t Blaoowu.rl.l. U,J\Ye's wi tt y i 

I 
, 

i '" Stgellbls Da., 
>J2 Ban's ~I oo' 

I 
~4 V1 l iE>rsdo rp 
323 KartJonke l~(II"Q , 

; I J38 !(aI' Bay 

I I i i I I --' I ---- - - r- -
'" --

I I I 
I 

I . 10. 
, 

I 
I 
I • 304 I . F.JP 1 ~4 1 

~ _ .!.-107 J _ __ _ ._-+ 1 33'S • ' 24~ ;S I no I I 
~, 

:~ I I , , 
• " • ro ~ 1tebr 

I I I 
, , 

! , I 
18'£ ,., ,O E '" ?H I3E 24£ 

Geograpllical distribut ion of 8 populat ions of Bruma nodiflora, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

~ I 

l ~\ I 
325 \-t-_·---

\ f I 

1 

-+ 

I 
, 

, 
----+--

5-M ~ror:tJellll eRe,re.-.-e 

324 K~~.e:be<~ 

U; 1-I8"llIan"$ 

I 

N 

A 

i I 
3' 5 1_ -- .- ---+--- - -

I 
-- ---+1- - -+- --. -if--- -f--- - -

I 
I 

'I I " 
-- -1_ - - -+ - ----+.r-------J===r~-~_t_:::::, ::--j< 

-- I I I J-f. '----f 

I ~ , ~~C5"~I--J~-'" 

33'S -+--
32~ . 44 

, 
'IE ,rE 22 E 

GeograPhca ~ distribution of 3 POPU1 8~ons of AudouifJ/<J cCJpIlala 

o ,~ "" ~' ~o 'OO~ 
- . --= 



Univ
ers

ity
 of

 C
ap

e T
ow

n

54 

population of the respective species. The first two species were sampled from 

populations occurring at Kalk iBay (Cape Peninsula) and Audouinia from one of 

the populations found in U. Cape Point Nature Reserve. For the study of 

geographical variation, one plant of each species was sampled from several 

different populations with as wide as possible a distribution within the species' 

geographical ranges. In the case of Audouinie capitate, estimates of 

geographical variation were limited to the three known localities (see distribution 

maps of the three species). 

Dried leaf material (500 mg) was extracted with3x5 ml quantities of 90% 

methanol (MeOH) followed by 3x5 ml quantities of 50% MeOH. The combined 

solutions were evaporated to near dryness on a watchglaes and the residue 

adjusted to a volume of 4 ml with 70% ethanol (EtOH). After centrifuging, 200 IJI 

aliquots of the clear supernatant were applied to Whatman No.1 chromatography 

paper and the chromatogram$ developed two dimensionally in BAW and 15% 

AcH using rutin as a marker. the dried chromatograms were viewed in UV light, 

before and after fuming with NH3 vapour. The corresponding spots on each set 

of chromatograms were numbered and the presence/absence of each compound 

recorded in a matrix (Tables 15-19). 

2. DATAANALYSIS 

2.1. WITHIN AND BeTWEEN POPULATION VARIATION IN FOLIAR 

FLAVONOID PROFILES 

In order to address questions 1 and 2 above, regard was had to the 

qualitative nature of the chemical data generated in this study; these possess the 

properties of a binomial distribution i.e. fall into one of two mutually exclusive 

categories, in this instance presence/absence. This situation is defined by the 
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TABLE 15: Flavonoids detected by two-dimensional paper chromatography of leaf extracts from 16 plants of 
Berzelia lanuginosa growing at Kalk Bay. 

SAMPLE NUMBER 

,NO " " :Iv VII ,;1 ' II III',:~ ,Y' vi viii Ix x xl xii xlY xv xvi xvii WINHs, ',,' 

sse: ,': ':'~'" ' 
;'," -, ' " " 

1 + + + + + + + + + + + + + + + inVIsible' pale yellow 

2 + + + + + + + + + + - + + + + invisible' egg yellow 

3 + + + + + + + + + + + + + + + taupe 'lemon 

4 + + + + + + + + + + + + + + + taupe' yellow-green 

5 + + + + + + + + + + + + + + + taupe' egg 

6 + + + + + + + + + + + + + + + taupe' green-yellow 

7 + + + + + + + + + + + + + + + sky' aqua 

8 + + + - + + + + + + + - - + + faint blue' no colour change 

9 + - + - - + + + + + + + + + + Invisible' aqua 

10 + + + + + + + + + + + + + + + mustard' no colour change 

11 - + + + + + + + + + + + + + - blue' bright blue ' 

12 - + - + - - + - + + + + - + - pale yellow-whHe , no colour change 

13 - + - - + + + - - - - - - - - faint yellow-whHe , bright 

No number 14 recorded 

Major compounds 3,4,5,6 present in all samples 
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TABLE 16: Flavonoids detected by two-dimensional paper chromatography of leaf extracts from 13 populations 
of Berze/ia /anuginosa. 

SAMPLE NUMBER 
. CoIl. 

II .7 101 .1~~. No 
1 + + + + 

2 + - - + 

3 + + + + 

4 + + + + 

5' + + + + 

W' + + + -
7 + + + + 

8 + + + + 

~. + + + + 

10 + + + -
11 + + + -
12 - + + + 

13 + - - + 

14 - - - -

96 Cape Point Nature Reserve 

97 Vogelgat, Hennanus 

108 Kirstenbosch, L14 

112 Cedarberg, Sneeuberg 

113 Cedarberg, Uitkyk Pass 

;,,3 fa4, 

+ + 

+ + 

- + 

+ + 

+ + 

+ -
+ + 

+ + 

+ + 

- + 

+ + 

- + 

- -
+ -

124 Hottentots Holland mountains, Nuweberg 

125 Stonns River 

:1.: .tn, , 

+ + 

+ + 

+ + 

+ + 

+ + 

- -
+ + 

+ + 

+ + 

- + 

+ + 

- + 

- -
+ -

207 287 27. 

+ + + 

+ + + 

+ + + 

+ + + 

+ + + 

- - -
+ + + 

+ + + 

+ + + 

+ + -
+ + -
- - -
- - + 

- - + 

321 321 WINHa 
, 

., . .. 

+ + invisible' pale yeHow 

+ - invisible' egg yellow 

+ + taupe 'lemon 

+ + taupe' yellow-green 

+ + taupe' egg 

- + taupe' green-yeHow 

+ + sky' aqua 

+ + faint blue I no colour change 

+ + invisible' aqua 

- - mustard I no colour change 

- - blue , bright blue 

- + pale yelow-white , no colour change 

+ + faint yelow-white , bright 

- - taupe' mustard 

137 Cedarberg, Eikeboom 

207 Cedarberg, Pakhuis Pass 

267 Zuurvlakte, Southem Cedarberg 

276 Grootvadersbos, Swellendam 

325 Du Toits Kloof, Agter - Tafelberg 

329 Du Toit's Kloof, Krom River Hut 
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TABLE 17: Flavonoids detected by two-dimensional paper chromatography of leaf extracts from 14 plants of 
Brunia nodiflora growing at Kalk Bay. 

SAMPLE NUMBER 

NO aI ali alii alY, : av avl avll bl bll bil biv bv bvl bvll WINHa 
" 

1 + + + + + + + + + + + + + + invisible 'light egg 

2 + + + + + + + + + + + + + + invisible 'lemon 

3 - + + + + + + + + + + + + + invisible' faint yellow 

4 + + + + + + + + + + + + + + invisible' pale yeUow 

5 + + - + + + - - - - - + - - invisible' uv blue 

6 + + + + + + + + + + + + + + taupe' yeUow-green 

7 + + + + + + + + + + + + + + sky' aqua 

8 + + + + + + + + + + + + + + invisible' powder blue 

9 + + + + + + + + + + + + + + yellow' brighter 

10 + + + + + + + + + + + + + + faint taupe' yellow 

11 + + + - + + - + + + + + + + bright blue 

12 - + - - + - - + - + - + + - faint taupe 

13 + + - + - + + + + + + + + + invisible' egg 

14 + + + + - + - + + + + + + + bright blue' no colour change 

15 - + + - - - - + + + + + + + pale yellow' brighter 



Univ
ers

ity
 of

 C
ap

e T
ow

n

-

TABLE 18: Flavonoids detected by two-dimensional paper chromatography of leaf extracts from 7 populations of 
Brunia nodiflora. 

SAMPLE NUMBER 

NO' 107 114 FJP Me 302 1M 
1 + + + + + 

2 + + + + -
3 - + - + + 

4 + + + + + 

5 - - - - -
6 + + + + + 

7 + + - + + 

8 + + + + + 

9 - + - - + 

10 - - - - + 

11 + + + + + 

12 - + - - + 

13 - + - + + 

14 - + + - -
15 - - - + + 

107 Kirstenbosch, slopes above garden 

154 Hemel en Aarde, Hennanus 

FJP 164 Blaauwkrantz, Nature's Valley 

248 Steenbras Dam 

304 

+ 

+ 

+ 

+ 

-
+ 

+ 

+ 

+ 

-
+ 

+ 

+ 

-
-

323 UI 

+ + 

+ + 

+ + 

+ + 

- + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

- + 

+ -
- -
- -

UVINH, 

invisible I light egg 

invisible 'lemon 

invisible' faint yellow 

invisible' pale yellow 

invisible' uv blue 

taupe' yellow-green 

sky' aqua 

invisible I powder blue 

yellow' brighter 

faint taupe' yellow 

bright blue 

faint taupe 

invisible' egg 

bright blue' no colour change 

pale yellow I brighter 

302 Bain's Kloof 

304 Villiersdorp 

323 Karbonkelberg 

338 Kalk Bay 
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TABLE 21. Between population variation in foliar flavonoid profiles of 

Berzelia lanuglnosa, Brunia nodlflora and Audoulnla capitata, expressed as 

percentage probability (p). 

p(%) variance std.dev. 

Benelia lanuginosa 74.2 0.00146 0.038 

Brunla nodltlora 68.3 0.00180 0.042 

Audouinia capitata 77.8 0.0030 0.056 

2.2. SIMILARITY COEFFICIENTS 

In order to address questions 2 and 3 above, SfJrensen coefficients of 

similarity were calculated for aU populations of Berzelia lanuginosa and Brunia 

nodifiora and Audouinia capitata surveyed, using the formula: S= 2a 

where S=Scprensen coefficient 

a=number of compounds common to both samples 

b=number of compounds in sample 1 

c=number of compounds in sample 2 

2a+b+c 

The results were expressed as half-matrices of similarity coefficients (Tables 

22-24). 
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i 100 

ii 

iii 

iv 

v 
vi 
vii 
viii 
ix 

x 

xi 
xii 
xiii 
xiv 

xv 

xvi 

i 

""', ''': 

82 95 80 86 90 87 95 91 91 86 86 90 91 100 

100 87 91 96 92 96 87 . 92 92 87 87 82 92 82 

100 86 91 96 92. 100 96 96, 91 91 95 95 95 

100 86 82 78 86 91, 91 86 95 90 91 80 

100 96 83 91 87 87 82 82 86 87 86 

100 96 96 92 '92 87 87 91 92 92 
,100 92 88 88 92 92 87 88 87 

100 96 $6 91 91 95 95 95 

100 100 96 9& 91 100 91 

100 96 96 91 100 91 

100 91 86 96 78 

100 95 96 86 

100 91 90 

100 91 

100 

ii iii iv v vi vii viii ix x xi xii xiii xiv xv 

Table 22a. Half-matrix of S.,ensen coefficients of similarity (as per cent) for 
18 plants of Berzella 'snug/nosa growing at Kalk Bay,' based on foliar 
flavonoid data. . 

96 97 108 112 113 124 125 137 207 267 276 325 329 

96 100 87 87 82 $2 87 82 87 .' 91 91 82 86 82 

97 100 100 76 76 91 76 91 86 86 67 70 86 

108 100 76 76 82 76 91 86 86 67 70 86 

112 100 10 .86 80 86 80 80 90 95 90 

113 100 76 90 76 80 80 80 74 70 

124 100 86 100 95 95 76. 80 76 

125 100 86 90 90 90 84 70 

137 100 95 95 76 80 76 

207 100 100 80 84 70 

267 100 80 84 70 

276 100 94 80' 

325 100 84 

329 100 

Table 22b. Half-matrix of '.rensen coefficients of sim1al'ity .(as per cent) 
for .13 populations of Berz~/.'lIIJug/nos., . based on foliarftavonoid data. 

, 

-:1' 

100 

xvi 
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a.i. a.ii a.iii a.iv a.v. a.vi a.vii b.i b.ii b.iii b.iv b.v. b.vi b.vii 

a.i. 100 89 83 83 83 96 82 85 88 85 88 89 88 88 

a.ii 100 89 89 89 93 80 97 93 97 96 100 97 93 

a.iii 100 83 83 88 82 92 96 92 96 89 92 96 

a.iv 100 83 96 91 85 88 85 88 89 85 88 

a.v. 100 88 82 85 80 88 80 89 88 72 

a.vi 100 87 89 92 74 92 93 89 92 

a.vii 100 83 87 83 . 87 80 83 87 . 

b.i. 100 96 100 96 97 100 96 

b.n. 100 96 100 93 96 100 

b.iii 100 96 97 100 93 

b.iv 100 97 96 100 

b.v. 100 97 93 

b.vi 100 96 

b.vii 100 

Table 23a. Half-matrix of S.rensen coefficients of similarity (as per cent) for 
14 plants of Brunla nodlflora growing at Kalk Bay, based on foliar flavonoid 
data. 

107 154 FJP 248 302 304 323 338 

164 

107 100 74 86 82 63 67 78 74 

154 100 63 82 83 96 87 83 
FJP 164 100 71 53 67 67 63 

248 100 82 76 86 73 

302 100 87 87 83 

304 100 91 87 

323 100 87 

338 100 

. 
Table 23b. Half-rnatrix of S.rensen coefficients of Similarity (as per cent) 
for 8 populations of Brunla nodlflora, based on foliar flavonoid data. 
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'i~Hlme! 
", ,'l " ";.' t, •• , ," ';Vi .. ~' ,; 

8 15 16 19 24 25 26 28 29 30 41 42 43 44 

8 100 90 90 86 81 ",87:,,; 90 c· 9,3."" SO 93 90 90 87 96 

15 100 94 90 91 97 94 97 91 90 94 94 91 87 

16 100 97 90 90 100 97 90 90 88 93 90 86 

19 100 93 87 97 93 93 86 90 90 93 89 

24 100 94 90 94 94 87 97 90 94 90 

25 100 90 94 88 93 91 97 88 83 

26 100 97 90 90 88 93 90 86 

28 100 94 93 91 97 94 90 

29 100 87 97 90 100 90 

30 100 84 97 87 89 

41 100 90 94 87 

42 100 90 86 

43 100. 87 

44 100 

Table 24a. Half-matrix of S.rensen coefficients of similarity (as per cent) for 
14 plants of Audoulnla c.pltsta growing at Cape POint, based on foliar 
flavonoid data. 

44 324 336' 

44 100 85 69 

324 - 100 85 

336 - - 100 

Table 24b. Half-rnatrix of S.rensen coefficients of similarity (as per cent) 
for 3 populations of Audoulnla capitatll, based on foliar ftavonoid data. 
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The clustering algorithm UPGMA (Kovach. 1993) was used to generate 

dendrograms (Figures 8 and 9) based on the raw data for BerzeRa /snuginasa 

and Brunia nodifIora. 

Examination of a plant species throughout its geographical range for the 

possible emergence of distinct chemotypes is an essentially phytosociological 

process. although in the present analysis it is individuals 'and populations of the 

same species rather than vegetation samples that are the subjects of 

comparison. For assessment of similarity between vegetation samples or 

quadrats, the Sorensen coefficient is often used since it can accommodate 

qualitative data and in addition. gives weight to characters common to both 

populations rather than to those occurring only in either sample. The use of 

UPGMA (average-linkage method) as a sorting strategy for the production of a 

hierarchical classification was a matter of convenience. although it does offer the 

advantage of producing clearer dendrograms than do single-lin,kage clustering 

methods. 

B. RESULTS 

1. WITHIN AND BETWEEN POPULATION VARIATION IN FOLIAR 

FLAVONOID PROFILES. 

The probability (expressed here as a percentage) of encountering a particular 

flavonoid in leaf extracts of a plant collected anywhere within the distribution 

ranges of the three species examined is 68.3% in the case of Brunie nodifIora, 

74.2% in the case of Berzelia lanuginosa and 77.8% for Audouinia capitate 

(Table 21). This suggests an increasing degree of between-population variability 
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i 
0.70 

i 

0.78 

FIGURES: 

r--------'107 Kirstenbosch 

'---------164 Blaauwkrantz, Nature's Valley 

--1.54 Hemel en Aarde, Hermanus 

'----304 Villiersdorp 

'-------323 Karbonkelberg 

. 
'---------302 Bain's Kloof 

'--------338 Kalk Bay 

'_.T·. .. " 

'-----------248 Steenbras Dam 

i 

0.85 
i 

0.93 
i 
1 

Dendrogram generated by UPGMA analysis of foliar flavonoid data from two-dimensional 
paper chromatograms of leaf extracts from S .. ,Populations of Brunia nodiflora. 
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96 Cape Point Nature Reserve 

r--
124 Hottentots.Holland Mts., Nuweberg . 

137 Cedarberg, Eikeboom 

207 Cedarberg, Pakhuis Pass 

267 Zuurvlakte, S. Cedarberg 

97 Vogel gat, Hermanus 

.--- 1 08 Kirstenbosch 

113 Cedarberg, Uitkyk Pass 

125 Storms River 

112 Cedarberg, Sneeuberg 

325 Du Toit's Kloof, Agter Tafelberg 

276 Grootvadersbos, Swellendam 

329 Du Toil's Kloof, Krom River Hut 
I 

0.78 0.84 0.89 0.95 1 

FIGURE 9: 
Dendrogram generated by UPGMA analysis of foliar flavonoid dlta from two-dimensional 
paper chromatograms of leaf extracts from 13 populations of Berzelia lanuginoss. 
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in foliar flavonoid profile in the order Audouinia capitate ~ Berzelia /anuginosa ~ 

Brunia nodifIora. 

Within-population variability in foliar flavonoid profile appears however to 

increase in the order Brunia nodifIora (86.7") ~ Berze/ia lanuginosa (86.2%) ~ 

Audouinia capitate (72.6%), as based on percentage probability (Table 20). The 

trend for within-population variability is thus the reverse of that for between­

population variability, although little difference was evident between Brunia 

nodifIora and Berzelia lanuginosa in terms of within-population variation. The 

degree of variability between populations appeared higher than that within 

populations in the case of Serzelia /anuginosa and Bruma nodif/ora; this was 

most noteworthy in the latter (18.4% difference in percentage probability for 

between and within population variability) as compared with Berze/ia ianuginosa 

(12%). Audouinia on the other hand appeared to have more variability within 
, 

individual populations, although dHfering by only 5.2% from that recorded 

between populations. 

2. SIMILARITY COEFFICIENTS 

2.1. BERZEUA LANUGINOSA 

Despite the fact that this, species has the widest distribution range of any 

member of Bruniaceae and exhibits a great deal of morphological variation, there 

did not appear to be as great a degree of chemical variability as might be 

expected. Within-population Similarity coefficients ranged between 78% and 

100%, with more than half exceeding 90., (Table 22a) 

.,. . 
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Geographical variation was expressed in terms of similarity coefficients within 

a range of 70-100% (Table 22b). Of the five Cedarberg collections, 113 and 137 

(from the Uitkyk Pass and Eikeboom) were only 70% similar despite their 

geographical proximity, while 2071267, from the Zuurvlak.te and Pakhuis Pass, 

were 100% similar although the two sites are situated at opposite ends of the 

Cedarberg range. Populations at the extremes of the geographical range of 

BerzeHs lanuginosa, from Pakhuis Pass (207) and Storms. River (125), were 90% 

similar while those toward the centre, in the S.W. Cape at Grootvadersbos (276) 

and Nuweberg (124), only 76%. 

From the dendrogram (Figure 9) it can be seen that populations 

124113712071267 formed a cluster at the 95% similarity level. The four collections 

were from the northern, central and southern Cedarberg and the foot of the 

Hottentots Holland mountains. A second cluster of populations comprised 

1121325/276 - from the southern Cedarberg, Du Toit's Kloof and the Swellendam 

mountains respectively. A second collection from the Du Toit's Kloof mountains 

was linked to this cluster but at a lower level of similarity. A fifth population from 

the Cedarberg, at Uitkyk Pass (113) was most closely to linked to a Storms River 

collection (125). It does not appear from these results that the five Cedarberg 

collections consitute a distinct chemotype or that flavonoid races of Bene/is 

lanuginosa are emerging in any region of the species' distribution range. 

2.2. BRUN/A NODIFLORA 

At a within-population level (Table 23a) , there appeared to be a greater 

degree of variation in chemical profile in this species than in Berzelis ianuginosa, 

although no' one individual sampled was more than 30% dissimilar from any 

other. The greatest source of variation seemed to be between burnt and unburnt 

plants (samples a and b respectively), although mature foliage was used in both 
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cases. In only two instances however, was ttle"sirnilarity coefficient less than 

80%. 

The percentage similarity in chemical profile between the eight populations 

sampled varied between 53% and 96% (Table 23b); the Villiersdorp (304) and 

Hermanus (154) populations were most similar whtle the Bain's Kloof (302) and 

Blaauwkrantz (FJP 164) were least similar. The latter two sites approximate the 

extremes of the distribution range of this species while the former two are from 

near its centre and the findings suggest that Brunie nodifIora may have extended 

its region in a northwards and eastwards direction from a possible centre of origin 

in the south-western Cape. The samples used for further analysis in this study 

came from Gysmanshoek Pass and Kalk Bay Mountain, both sites fairly close to 

the postulated centre Of origin. 

The dendrogram (Figure 8) linked populations 15413041323 at the 90% 

similarity level. The collections, from Hermanus, Villiersdorp and Karbonkelberg 

respectively. are from sites too geographically separated to suggest the 

emergence of a distinct chemotype. Collections 107/164, from Table Mountain 

and Blaauwkrantz Pass, were linked at the 85% similarity level but the remaining 

populations did not form recognisable clusters. 

2.3. AUDOU/N/A CAP/TATA 

As can be seen from Tables 19 and 248, the 14 plants examined did not 

appear to vary greatly in profile, with no individual being less than 80% similar to 

any other. Compounds 1-11, 14 and 16 were almost universally present while the 

remainder had a more sporadic distribution. This suggested that it would not be 

necessary to sample more than one plant from any population in order to obtain 

a representative flavonoid profile. By contrast, the three different populations of 

Audouinis (Table 24b) did indicate a degree of intraspecific variation in 
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secondary chemistry, with collections from Cape Point and Hermanus being only 

69% similar, while those from Cape Point and Karbonkelberg were 85% simUar. 

Both the Cape Point and Hermanus populations were therefore sampled for the 

purposes of chemical analysis, in order to establish whether there were any 

differences in the flavonoids features utilised for systematic purposes. According 

to de Lange (1992 and pers. comm.) the Karbonkelberg population differs from 

the other two known populations in terms of a greater occurrence of putatively 

primitive features, e.g. four to five locular ovaries, three free styles. 

C. DISCUSSION 

A number of factors affect the distribution of genetic variability within a single 

species. According to Hamrick (1983) and others, the major determinants include 

seed dispersal mechanism, mating system, geographical distribution range and 

primary mode of reproduction. Others include effective population size, 

successional stage at which the species occurs and favoured community. 

In a study of the effects of four of these traits on the distribution of genetic 

variability, Hamrick found mating system and seed dispersal mechanism to 

directly affect the degree of between and within population variation. Plants with 

the greatest potential for gene movement i.e. sexually-reproducing, wind 

pollinated species with winged or plumose seeds, were found to have little 

difference between and relatively more within populations. Inasmuch as none of 

the three species examined in the present analysis appears to be wind-pollinated 

and two out of three have indehiscent fruits, a greater proportion of genetic 

variability would be expected between than within their respective populations. 

The reproductive biology of neither Berze/is /anuginosa nor Brunie nodiflora has 
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been much studied however and it is not known to what extent outcrossing as 

opposed to selfing is the rule in these species. 

1. WITHIN AND BETWEEN POPULATION VARIATION IN FOLIAR 

FLAVONOID PROFILES 

As regards variation in foliar flavonoid profile between different populations of 

the three species examined, Audouinia should be regarded as a special case 

because of the small number of known extant populations. The fact that this 

species exhibited the low_ degree of between-population variability was 

unexpected in view of the small likelihood of gene flow between populatipns and 

the possibility that these have been separated for a long time by significant 

geographical barriers. Evidence of some genetic drift would not have been 

surprising. It was to be expected that this species exhibited the gr.eatest degree 

of within-population variability of the species examined, in view of the apparent 

longevity of individual plants, fruit indehiscence, very short seed dispersal 

distance (max. 2,5m) and tendency to reproduce vegetatively. However, this 

species when reproducing isexually is almost 100% outcrossing (De Lange, 

pers.comm.) 

The fact that Berze/ia IIInuginosa and Brunia nodifIora appeared similar in 

having fairly uniform within-population foliar flavonoid patterns suggests that 

there is free gene flow between individual plants at a particular site, despite the 

indehiscent fruits of the former and resprouting capacity of the latter. One would 
I 

therefore probably be justified in sampling only one or two plants from a 

population for chemical analysis. As regards between-population variation, the 

relatively high degree shown by Brunia nodifIora suggests that ITl9I8 intensive 

sampling would be necessary. Whether this holds true for other resprouting 
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species in Bruniaceae is not known and it is difficult to explain, without an 

understanding of other traits affecting gene flow between populations, why this 

species should have a particularly high between:within population ratio of genetic 

variability. 

2. SIMILARITY COEFFICIENTS 

2.1. BERZEUA LANUGINOSA 

The general impression gained from inspection of both the· Sorensen half­

matrix (Table 22b) and the dendrogram (Figure 9) is that the populations of 

Berzelia lanuginosa examined do not differ sufficiently in foliar flavonoid profiles 

to warrant sampling of more than two within the distribution range of the species. 

Free gene flow appears to be possible between populations that are 

geographically quite widely separated e.g. those of the Hottentots Holland 

(Collection 124) and central Cedarberg (Collection 137) mountains, resulting in 

identical chemical profiles. While there is evidence of some clustering of the 

Cedarberg populations e.g. collections 137,207 and 267, yet others e.g. 112 and 

113 appear to be more similar to distant than to neighbouring relatives. The 

morphological distinctiveness of the Cedarberg form of Berzelia lanuginosa e.g. 

having bright yellow flowers compared with pale cream elsewhere, does not 

appear to be accompanied by similarly unusual foliar flavonoid pattems and no 

emergence of a local chemical race could be detected in this species. 

2.2. BRUNIA NODI FLORA 

The dendrogram (Figure 8) and Sorensen matrix (Table 23b) suggest that 

Brunia nodiflora populations do not have as free an exchange of genes as do 

Ilk' • 
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those of Berzelia lanuginosa. No tight clustering of populations was evident from 

the dendrogram and geographically close localities yielded collections that 

appeared quite dissimilar in foliar flavonoid profile e.g. the three populations from 

the Cape Peninsula. at Kalk Bay. Karbonkelberg and the mountain slopes above 

Kirstenbosch (338. 323. 107). This finding confirms the results of analysis of 

within and between population. variability . 

. I 

I 
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CHAPTER 4 

SURVEY OF FOLIAR FLAVONOID DISTRIBUTION PATTERNS IN 

BRUNIACEAE 

A.METHODS 

1. COLLECTION AND DRYING OF LEAF MATERIAL 

The aim of this study was to· examine fresh leaf material of all currently 

recognized species in Brun~. This proved to be impossible; three species 

are could not be found desJ'ite careful searching and a further four appear to 

have gone extinct due to habitat destruction or too-frequent fires (Hilton-Taylor. 

1996). Six are known from'a ,single poorly..c:fescribed locality or remote mountain 

habitat and a new species. Unconia ericoides E.G.H. Oliv. (Oliver, 1999). was 

discovered too recently for inclusion the present study. Nevertheless, a total of 

56 out of 76 species, representing all genera in Bruniaceae. was collected from 

natural stands of vegetation. Two separate collections were made of 31 species, 

from different localities within their distribution ranges. The three species in 

Grubbiaceae, together with the monotypic Geissoloma mBl'flinatum and Retzia 

capensis, were also sampled from natural vegetation. in dupficate where 

possible. Voucher specimens were lodged at NBG (see APPENDIX 1). Dried leaf 

material of two species belOrllging to Diapensiaceae was obtained from the Royal 
, ! 

Botanic Garden. Edinburgh :and of Erica arbofea from Chelsea Physic Garden. 

London. Voucher specimens for these species are lodged at the respective 

institutions. All material waJ dried at 400C in a ventilated oven for n hours. 
I 

ground in a Moulinex grinder and passed through a sieve (212 tim mesh) prior to 

extraction. 

'(.j 
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2. PHYTOCHEMICAL METHODS 

The choice of a fractionation technique appropriate to this study took into 

account considerations of cost, laboratory capability,· numbers of samples 

requiring analysis. the (in many cases) small amounts of leaf material available 

for each species and general convenience. An attempt was made to separate 

aglycone mixtures using preparative centrifugal thin layer chromatography 

(Hostettmann, 1985) on 4 mm cellulose layers, but this was found to be time­

consuming and therefore unsuitable for dealing effiCiently with large numbers of 

samples. Paper chromatography, although slow, appeared to be the best choice 

in this instance and was used throughout the study, supplemented by TLCon 

cellulose (Schleicher and Schull pre-coated plates) where necessary. High 

performance liquid chromatography (HPLC) would also have been an 

appropriate technique for flavonoid analysis but was not available to me at the 

time (1993-4). 

2.1. ANALYSIS OF GL YCOSIDES 

Direct extracts were prepared (see Figure 10) of a total of 60 species, 

- representing all genera in Bruniaceae, all members of Grubbiaceae, two of 

Diapensiaceae and one species each from the putatively allied families 

Geissolomataceae, Ericaceae and Retziaceae. The extracts were applied to 

Whatman NO.3 chromatography paper (4x ~ sheets per sample) and developed 

by 20 PC in BAW and AcH 15%. The separated compounds were eluted by 

overnight soaking in 70% EtOH and purified by running as a band in either BAW 

or 15% AcH or both. Rf values in each solvent were noted, as was the position of 
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'LEAF MATERIAL (SOOmg dry powder) 
i. extract with 90% and SO% methanol 
ii. combine extracts and remove bulk of solvent in rotary evaporator (40°C) 

, DIRECT EXTRACT:GL YCOS'DES, TANNINS, COUMARINS, SIMPLE PHENOLIC ACIDS 
i. evaporate to dryness in fume cupboard 
ii. take up residue in 90% ethanol (1 ml) 
iii. divide into 2 x O,5ml aliquots 

AlIQUOT2 
i. spot on to Whatman 3MM paper (4x1/4 sheets) 
ii. develop in BAW rutin marker 
iii. dry and develop in 15% AcH 

i. Hydrolyse: 2NHCV45 minsl100°C (waterbath) 
ii. Extract with 3x1OmI portions diethyl ether 

I 2-D CHROMATOGRAMS (4) 
i. Me8S1U"e Rf values 
ii. No.e;:behaviour in UV light 

iii. cut out corresponding spots 
iv. Elute overnight in 70% ethanol 

v. Evaporate eluate to dryness 

, ISOLATED GL YCOSIDES (impure) I 
i. Run as a band in BAW 
ii. Check Rf value and behaviour in W light 
iii. Elute and run in 15% AcH 

I PURiFIED GL YCOSIDES I 
i. Me.,Ure UV spectra (shift reagents) 
i .6aerrPptMsirS D(CXllprepJished~) 
iii. compare with aglycone pattern 
iv. If sufficient material, attempt confirmation of 10 

eH NMR,MS) 

iii. Extract with 3x10ml portions of amyl alcohol 

AGL YCONES + PHENOLIC ACIDS 

ETHER EXTRACT 
i. wash with water to remove acid 
ii. Evaporate to dryness 
iii. Take up residue and run on Whatman 

N°1 paper or TLC cellulose plates 
Solvents: BAW 

Forestal 
PhOH 
Water 

CAW}TLC 
Markers: f1avones 

flavonols 
C-glycosides 
isoflavone 
phenolic acids 

iv. Note Rf vlaues behaviour 
in UV light and 
colour rxn with NA 

v. Attempt aglycone 10 

, AMYL ALCOHOL EXTRACT I 
i. Evaporate to dryness 
ii. Take up in 1% HCI in MeOH 
iii. Run on Whatman N°1 paper 

using cyanidin, delphinidin and 
pelargonidin markers 
Solvents: BAW 
Roux 
Forestal 

5O%AcH 
iv. Measure Rf values of separated 
compounds, note behaviour in UV 
light 
v. Attempt aglycone 10 

FIGURE 10. Flow chart depicting the Isolation and identification of leaf flavonoid glycosides, aglycones and phenolic acids. 
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TABLE 25. Flavonols, anthocyanidins and phenOlic acids detected in a pilot study of 
leaf hydrolysates of genera of Brunlaceae and allied families. 

FAMilY 

BRUNIACEAE 

PENAEACEAE 

GRUBBIACEAE 

RETZIACEAE 

~ 

DIAPENSIACEAE 

CUNONIACEAE 

* from Jay (1968) 

M=myricetin 
Q=quercetin 
K=kaempferol 
Iso=isohamnetin 
tr.=trace 

GENUS FLAVONOlS 

M 

Unconia -
Audouinia tr. 

Tdtmannia -
Nebelia tr. 

Thamnea -
Berze/ia + 

Brunia + 

Pseucfobaeckia + 

Mniothamnea tr. 

Rasps/ia + 

Lonchostoma + 

Staavia + 

Penaea -
Grubbia -
Retzia -
GeissoIoma -
Ga/ax -

Cunonia * -

EA=ellagic acid 
GA=gallic acid 
C=cyanidin 
D=delphinidin 

Q 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

-

tr. 

+ 

+ 

K 

-
tr 

tr. 

-
+ 

+ 

+ 

+ 

tr. 

-

-

-
-
-

-

-
-

-

PteD..C ~ 
NXJS 

Iso E.A G.A C 0 

+ .- - - -

- - - + -
+ - - + -
+ - - + -
+ - - + -
+ - - + + 

+ - - + + 

+ - - + + 

+ - - + + 

+ - - + + 

- - - + + 

+ - - tr. + 

- + + tr. + 

- + + tr. -

- - - - -

- + - - -
tr. + + - -

- + + - + 
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the compound on the finished PC and its behaviour in UV light before and after 

fuming with NH3 vapour. 

The purified glycosides were redissolved in spectral grade methanol and 

analysed on a Beckman 35 UV-visible spectrophotometer according to the 

method of Mabry et a/. (1970). using shift reagents as an aid'to identification. A 

discussion of the principles of this method appears in Chapter 2 (Section 3.1. 

page 25). The results appear in Appendix 5. 

As an additional aid to diagnosis of compounds separated by PC, 50~ 

aliquots of direct extract were applied to each of 4 x 1/4 sheets of Whatrnan N° 1 

paper and the chromatograms developed two-dimensionally in SAW and 15% 

AcH. Each of the 4 dried chromatograms was sprayed wiIh one of the foIlo\Ying 

reagents (see APPENDIX 2): 

1) Naturstoffreagenz A , 3) Pauly's reagent 

2) AlCI3 reagent , 4) Vanillin/HCI reagent 

The chromatograms were viewed in natural and UV light (365nm) and the 

colour reactions of separated compounds with the four reagents noted. 

2.2 . ANALYSIS OF AGLYCONES 

Residues of extracts prepared in 2.1. were hydrolysed on a boiling water bath 

for 30 minutes with 2N HCI and the cooled hydrolysate extracted first with diethyl 

ether (3 )( 15 ml). then with amyl alcohol (3 )( 15ml). each extract being 

evaporated to dryness on a watch glass and the residue taken up in 90% ethanol 

(EtOH). Aliquots of 50 JJI' were applied to 1 M Whatrnan paper for one-
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dimensional chromatography and the resultant chromatograms developed by the 

descending method in the following solvents, the composition of which appears 

in Appendix 2. 

a) Ether fraction: BAW, CAW, Forestal, 50% AcH, PhOH. H20. 

b) Amyl alcohol fraction: SAW. Forestal, Roux solvent: 

In the case of ether fractions run in CAW, Schleicher. and Schull pre-coated 

cellulose TLC plates were used and developed by ascending 

chromatography. The following markers were used: 

Flavonols: myricetin; quercetin, kaempferol, isorhamnetin, gossypetin, fisetin. 

Flavones: apigenin, luteolin, diosmetin, chrysoeriol 

C-glycosides: vitexin. orientin . 

Anthocyanidins: delphinidin, cyanidin, pelargonidin 

Phenols: ellagic acid, gallic acid 

Isoflavones: daidzein 

The developed chromatograms were dried, viewed in ultra-violet (UV) light of 

wave-length (") 365 nm, before and after fuming with ammonia vapour (NH3) , 

and finally sprayed with Naturstoffreagenz A (2-amino-ethyl diphenylborinate 1 % 

in MeOH). Compounds were identified (see APPENDIX 3) from their Rf values in 

the solvent systems used, co-chromatography with markers and behaviour in UV 

light as well as with the visualising reagent. The results appear in APPENDIX 6. 

A flow chart (Figure 10) shows the procedure followed in the isolation and 

identification of leaf flavonoid glycosides, aglycones and phenoliC acids. 
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2.3. ANAL YSIS OF FLAVONOID SULPHATES AND GLUCURONIDES 
'( . . 

Direct extracts were prepared of the following species: Audouinia capitata, 

Lonchosioma esterhuyseniae, Brunia $lokoei,and Berze/ia cordifoIia. Aliquots 

were applied to Whatman No.1 chromatography paper and the 

presence/absence of flavonoid sulphateslglucuronides ascertained using paper 

electrophoresis in buffer solutions of pH 2,2 (formate-acetate) $nd pH 4.4 

(acetate) respectively. The !composition of the buffer solutions appears in 

APPENDIX 2. Quercetin-3-sylphate and apige~in-7-O-glucuronide were used as 

markers in the respective systems. 

B.RESULTS 

I , 

1. ANALYSIS OF GL YCOSIDES 
I 

Extraction of dried leaf material with succeSSive portions of 90% and 50% 
! 

methanol yielded a mixture containing flavonoid glycosides, phenolic acids, 

coumarins, tannins and chlorophylls. together with other polar to moderately 

polar compounds. The chlorophylls were deposited on the sides of the rotary 
I 

evaporator flask during solvent removal. leaving a more or less clear yellow 

solution which was taken to dryness in a fume cupboard. 
i 

The method used for fractionation of the direct extract i.e. preparative paper 

chromatography, although slow, permitted several extracts to be processed 

simultaneously in the large chromatanks available. This was an advantage in 
I 

view of the high number of samples to be processed. as was the low cost of the 

technique. The two dimensional chromatograms provided preliminary diagnostic 

information as to the: 
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i) classes and degree of glycosylation of flavonoid compounds present, 

inferred from their position on the chromatogram (see APPEt-JDIX 4A). -

ii) structure of compounds present, inferred from their behaviour in UV-light 

(365nm). with or without the presence of NH3 vapour. (see APPENDIX 4B) . 

iii) Identity of compounds present, inferred from their Rf values in the two 

solvents used (BAW and 15% AcH) when compared with published values 

(Mabry et ai, 1970; Harborne 1967 and 1984; Markham; 1982). 

Elution of the compounds separated by 2D-PC. folloWed by purification by 

running as bands on 3M paper in at least two different solvents, appeared 

satisfactory in that single bands were usually obtained after the second run. In 

retrospect however, it would have been better to carry out a final clean-up of 

each compound on Sephadex to remove traces of impurities which contaminated 

some of the samples and rendered interpretation of their spectra more difficult. 

The purpose of direct extract analysis was to obtain a flavonoid glycoside 

profile for each genus included in the study. Rather than attempt to identify each 

compound present on the chromatogram, only the major flavonoids were 

selected, according to spot size, position and colour reactions in UV light, for 

further investigation. Since the procedure followed in each case was identical, a 

detailed account of chromatographic and spectral interpretations is given for only 

one species. Corresponding data for the remainder appear in APPENDIX 5. 

The procedure followed in this study for the analysis of flavonoid glycoside 

patterns, is exemplified by the identification, in Berze/iacordifo/ia leaf extracts, of 

quercetin-3-0-rhamnoside (quercitrin)=B. cordifo/ia fraction 6. 
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1.1 Preliminary diagnosis 

Fraction 6 appeared, when viewed in UV light (365nm), as a deep puce/purple 

compound at Rf 0,7~ (SAW) and 0.54 (AcH 15%). A colour change to bright 

mustard yellOW was noted on fuming with NH3 vapour and the compound was 

rendered visible peach-orange .in natural light, on spraying with NA reagent. 

Its behaviour in UV light suggested that the compound could be a 5-0H 

flavone or flavonol (3-0-substituted, with a 4'-OH group) or possibly a 5-OH 

flavanone or 4' OH chalcone with no B-ring hydroxyl groups. The position of the 

compound on a 20 PC suggested a flavonol 3-O-mono or diglycoside and its 

colour reaction with NA reagent the presence ofa 3',4'-di-OH pattern. 

1 .2 Ultra-violet spectroscopy 

UV spectroscopy is a standard tool for the determination of flavonoid 

functional groups. Neutral spectral maxima provide information as to flavonoid 

class, while the use of "shift"reagents assists with establishing the presence, 

absence or possible substitution of A and Bring OH groups. Spectral shape and 

maxima can be compared with published data, allowing an approximate 

identification to be made. The spectra obtained for the compound under 

investigation appear in Figure 11 and spectral shift data in Table 26. 
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Table 26. UV/visible spectral shifts for Berze/ia cordifo/ia Fraction 6. 

spectral maxima (nm) 

I Band I I Band II I Band I Spectral effect solution in MeOH - 1 III 
i) Alone 

1

258 
I 

348 I 27 nm. hypsochromic shift compared I 
I to quercetin (Band 11375 nm) . 

I ii)+2 drops 5% AICI~_ 295 434 86 nm bathochromic shift in Band III 
iii) Soln (ii)+2 drops -:i98 351 398 48 nm bathochromic shift in Band '" 
HCI 
iv)+NaOAc 287 327 373 9 nm bathochromic shift in Band I 
v) Soln (iv)+H3B03 280 367 19 nm bathochromic shift in Band '" 
VI) +2 drops 2M 271 330 394 

.--- .-:--

48 nm bathochromic shift in Band III 
~aOH 

The methanol spectrum (Table 26 i) suggested either a flavone (Band I 250-

270 nm; Band III 330-350 nm) or a flavonol (Band I 250-270 nm; Band III 350-

390 nm). The hypsochromic shift in Band III as compared with quercetin 

suggested that the 3-0H was substituted; this would be consistent with a flavonol 

3-O-glycoside as indicated by the position of the compound on a 20 PC. 

A large bathochromic shift in Band III seen on addition of 5% AICb (Table 26 ii) 

to the methanolic solution (i) was indicative of a free OH group at C3 or Cs andlor 

an o-dihydroxy system. Reduction in the magnitude of the shift on addition of HCI 

(iii) suggested the latter arrangement was present (acid-labile complexation with 

AICI3). while a bathochromic shift in Band III of 48 nm relative to the MeOH 

spectrum remaining after the addition of HCI (Table 28 iii) suggested the 

presence of a free 3- or 5-hydroxyl group. The size of the shift was consistent 

with either a 5-0H flavone or 5-0H, 3 substituted flavonol (bathochromic shift of 

35-55 nm in Band III with AICb/HCI). Flavonols with a free 3-0H group 

characteristically give acid-stable bathochromic shifts of more than 80 nm with 

I 
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AICI;,IHCI. A complete regeneration of the methanol spectrum on addition of HCI 

to the AICh complexed flavonoid would have indicated either absence or 

substitution of both 3-and 5-0H groups. 

Addition of powdered sodium acetate (NaOAc) to the methanolic solution 

produced a 9nm bathochromic shift in Band I (Table 26 iv). This was indicative of 

.. the presence of a 7 -OH group, ionisation of which by NaOAc characteristically 

produces a Band I shift. Ionisation of a 3- and/or 4'-OH group is also seen with 

this reagent, but does not affect Band I. 

Addition of powdered boric acid (H3B~) to (iv) produced a bathochromic shift 

of 19nm in Band III (Table 26 v); this suggested the presence of Bring o-diOH 

groups, which chelate with H3B~ in the presence of NaOAc, giving 

bathochromic Band III shifts Of 12-30nm. Other o-diOH groups such as 6,7 or 7,8 

(A ring) characteristically exhibit a smaller (5-1 Onm) shift. 

Addition of 2M NaOH to (i) produced a stable bathochromic shift of 46nm 

(Table 26 vi) in Band III. This is diagnostic for the presence of a free 4' OH group 

(40-65 nm bathochromic shift in Band III, with no loss of intensity). An unstable 

NaOH spectrum would have suggested one of the following hydroxylation 

patterns: 3, 4'; 3, 3', 4'; 5, 6,7; 5,7,8; 3', 4', 5'. Flavonoids with this arrangement 

are unstable in NaOMe. 

The combined information provided by the UV spectra suggested that 

compound 6 was likely to be a flavonol with a 3-0 linked sugar and a 3',4',5,7 

hydroxylation pattern. The fairly high Rf value in BAW indicated a single sugar 

(more than one would tend to lower the Rf value in BAW and raise that in AcH 

15%), probably with a methyl group, as in rhamnose. From tables of Rf values 

and MeOH spectral maxima (Band III), quercetin 3-0-rhamnoside (quercetrin, 

Band III maximum 350 nm) was selected as being closest to the unknown as 

regards spectral characteristics, although the Rf values in BAW/AcH 15% were 
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(iv) A sharp singlet at [) 5,26, consistent with the presence of an 0-

rhamnoside, the C-1 proton of which has an equatorial - equatorial coupling with 

the C-2 proton and gives a resonance signal in the region 8 5,0-5,3. This is a 

property of the ex-linkage common to most natural flavonoid rhamnosides and 

contrasts with the ~-linkage of most natural glucosides. The latter gives rise to 

diaxial coupling between the C-1 and C-2 protons of both 3-0- and 7-0-

glucosides, the signals appearing as a doublet and multiplet respectively. 

(v) Two doublets, at 6 6,19 (J = 1,6Hz) and 6 6,39 (J = 1,6Hz), representing 

the meta-related protons of C-6 and C-8 respectively. These chemical shifts are 

characteristic of flavones, flavonols and isoflavones having a 5,7 di-OH 

SUbstitution pattern (H-6: 8 6,0-6,2 and H-8: 8 6,3-6,5) and no 7-O-linked sugar. 

The latter, if present, causes a downfield shift of both signals as does the 

absence of a 5-0H group which gives rise, in addition, to a doublet at ± 88 due 

to o-coupling between the C-5 and C-6 protons. 

(vi) A sharp doublet at 86,87 (J = 8,0 Hz), characteristic of the H-5' proton of 

3',4' di-OH-f1avonoids, which is o-coupled to that of C-6'. In 4'-OH-f1avonoids, a 

C-3' doublet would be superimposed on its identical C-5' counterpart and a larger 

signal recorded. 

(vii) One doublet, at 6 7,30 (J = 1,2 Hz), representing the C-2' proton and a 

double doublet at 8 7,25 (J = 8,0; 1,2 Hz) representing C-6'. The C-6' and C-2' 

resonances are characteristic for 3',4', di-OH-f1avonols (range 8 7,2,-7,9) as 

opposed to 4'-OH-f1avonols (range 8 7,9-8,1) 

The 1H NMR spectrum supported the identification of Fraction 6 as quercitrin,. 

although the diagnosis was based on data relating to flavonoid trimethylsilyl 

(TMS) ethers dissolved in carbon tetrachloride (CCI4), rather than underivatised 

f1avonoids in DMSO-d6. However, the DMSO-d6 spectrum of Fraction 6 

compared well with that of quercitrin TMS-ether/CCI4 (Mabry et a', 1970) as did 
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chemical shift data for a range of common flavonoids in OMSO-de with that of 

their TMS-ether counterparts in CCL. (Batterham and Highet, 1964; Hillis and 

Hom, 1965). This suggested that 'H NMR data for flavonoid TMS-ethersiCCL. 

could be applied to the interpretation of OMSO-de spectra. 

1 .4 Identification of aglycone 

The material recovered from 'H NMR spectroscopy after removal of OMSO-de 

(cold air draught, fume hood) was treated with 2N HCI for 30 minutes on a boiling 

water bath and analysed for the presence of common flavonoid aglycones. The 

identity of Fraction 6 aglycone was confirmed as quercetin, further supporting 

diagnOSis of the parent glycoside as quercitrin. 

This procedure was useful in that it permitted the tentative identification of 

quercitrin in other Berzella species from observation of their 20 paper 

chromatograms. Quercitrin, because of its relatively high Rf value in SAW as 

compared with the majority of gtycosides occurring in the genus. is well 

separated from these and visible as a deep puce-purple spot in the far left hand 

segment of a 20 PC, becoming mustard-yellow on fuming with ammonia and 

giving a bright yellow to peach colour with NA reagent. Its presence was 

tentatively identified in all Berzelia species examined except Berzelia /anuginosa 

and B. ablOtanoides, and confirmed by later UV-spectral analysis. Quercitrin was 

also identified in Brunia albiflora and Erica atborea, but not in any other species 

examined in the present study. 
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2. ANALYSIS OF AGL YCONES 

The determination of an aglycone profile for the family provided baseline 

information that could be directly applied to systematics as well as used for 

comparison with data obtained from glycoside analysis. The results of aglycone 

analysis (APPENDIX 6) are expressed only in terms of those compounds for 

which markers were available for co-chromatography. The sugars released 

during hydrolysis were not identified. 

2.1. PHENOLS 

The presence of the simple phenols gallic and ellagic acid was checked in 

chromatograms of leaf extract hydrolysates. Neither was detected in any species 

of Bruniaceae, Retziaceae or in Erica arborea, sole representative of Ericaceae. 

Both compounds were found in all species of Grubbiaceae and in the two 

representatives of Oiapensiaceae included in this study. Ellagic but not gallic acid 

was detected in Geissolomaceae. The two tannin hydrolysates were 

distinguishable from f1avonoids on paper chromatograms on the basis of their 

pale lilac (yellow in NH3) and bright blue fluorescence (ellagic and gallic acid 

respectively) in UV light. The absence of hydrolysable tannins from Bruniaceae 

does not suggest a close relationship between this family and either 

Grubbiaceae, Oiapensiaceae or Geissolomaceae. 

The presence of the phenolic glycoside arbutin, reported from subfamilies 

Vaccinioideae and Pyroloideae of Ericaceae (Stevens, 1971) by Harbome and 

Williams (1973) was checked in 20 chromatograms sprayed with Folin reagent. 

Neither arbutin nor its aglycone hydroquinone were identified in any of the 

species examined. 
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2.2. PROANTHOCYANIDINS 

Procyanidin was detected in all members of Bruniaceae except the two 

Linconia spp., in Erica arbaIN, Shortia $OIdanelloides, Galax urceolata and in 

trace amounts in the three ;Grubbia species, but not in Geissolomaceae or 

Retziaceae. Prodelphinidin had a more limited distribution, not being recorded 

from Geissolomaceae, Retziaceae, Diapensiaceae, Grubbiaceae or from 

Tittmsnnia, Thamnea, Audouinia, Nebelia and Linconia (Bruniaceae). Those 

genera in Bruniaceae that did have prodelphinidin were alm~ uniformly positive 

for this compound. Grubbiaceae, Geisso!omataceae and Diapensiaceae thus 

appear to synthesise mainly h~drolysable tannins, Bruniaceae and Erica arborea 

only condensed tannins and Retziaceae neither. 

2.3. FLAVONOLS 

Quercetin was present in all species examined except Geissoloma 
i 

marginatum, myricetin in 35 species (57,3% of total) and kaempferol in 33 

species (54% of total). In Bruniaceae, myricetin was detected in 7/12 genera: 9/9 

Berze/ia, 5/6 Srunia, 5/5 Lonchostoma, 1/1 Mniothamnea, 213 Pseudobaeckia, 

419 Rasps/is and 5/5 Stsavis $pecies; kaempferol occurred in 8/12 genera: 8/9 
I 

Berze/is, 6/6 Srunia, 2/2 Linconts, 2/3 Pseudobaeckia, 419 Rasps/ia, 215 Staavia, 

3/4 Thsmnea and 3/3 Tittmsnnis species. The quercetin methyl ether 
! 

isorhamnetin was detected in 70% of species in all genera of Bruniaceae except 
i 

Audouinis and in Galax urceolats (Diapensiaceae) but not in the other species 

investigated. Its occurrence in 0(1 Audouinia, 1/5 Lonchostoma, 4/9 Berzelia, 516 

Brunia, 6/9 Raspalia, 4/5 Tha1Tl(le8 and all other species of the family examined 
I 

in this study may be of phyl.netic significance. Although isorhamnetin has 



Univ
ers

ity
 of

 C
ap

e T
ow

n

80 

rather similar Rf values to the common flavonols myricetin, quercetin and 

kaempferol in several solvents, it separated well in CAW and PhOH, running 

ahead of the other flavonols. 

Of the families surveyed, Geissolomaceae was unusual in apparently lacking 

common flavonols altogether. Among the rarer flavonols, gossypetin was 

recorded as present in Erica arborea, Galax urceolataand possibly in Shortia 

soldanel/oides, but not in any other species surveyed. The 5-deoxy flavonol 

fisetin was recorded as present in 8/9 Rasps/ia species, a finding that was 

consistent with the detection, in this genus, of glycosides lacking a 5-0H 

function. 

Quercetin 3-O-methyl ether, distinguishable on paper chromatograms from 

most other flavonols by its deep purple colour in UV light changing to yellow on 

fuming with ammonia. was recorded as present in several genera of Bruniaceae, 

namely Nebelia, Staavia, Berzelia and Brunia. Although the Rf value of 3-0-

methyl quercetin is higher than that of the common flavonols in most of the 

solvents used for chromatography. it may be confused with flavone aglycones 

such as chrysoeriol and the presence of this compound in Bruniaceae requires 

confirmation by co-chromatography. 

A tentative identification, based on Rf values in the solvents used and colour 

reactions in UV light compared with published data, was made of compounds for 

which markers were not available. These included quercetin 5-methyl ether 

(azaleatin) and quercetin 3,5 dimethyl ether (caryatin). 

2.3 FLAVONES 

Of the flavones for which marker compounds were available, neither diosmetin 

nor apigenin was detected in any of the species examined. Luteolin was 
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recorded as present in 314 ~ebe/ia, 7/9. Rasps/is and 313 Grubbia species and 

chrysoeriol in 3/4 Nebelia an~ fjl9 Rasps/is species. 
i 

The presence of the C-g~ycosyl flavone orientin was tentatively identified in 

some Nebe/is species, alth~gh iso-orientin, usually produced by isomerisation 
I 

during acid hydrolysis, was pot detected on paper chromatograms run in water 

as solvent. The occurrenc~ of orientin therefore requires confirmation. The 

apigenin analogue vitexin was not found. 

3. OCCURRENCE OF FLAVONOID SULPHATES AND GLUCURONIDES 

The four species of Bruniac~ae investigated, namely Audouinia, capitate, Brunia 
i 

stokoel, BerzeDa cordifo/ia afld I..onchostoms esfethuyseniae, did not appear to 
I 

contain either flavonoid sUlphates or glucuronides, as evidenced by lack of 

mobility of their leaf direct exracts during paper electrophoresis. Although further 

examination may reveal the presence of these electrically charged flavonoids in 

species of Bruniaceae, the preliminary investigation does not suggest that they 

are a characteristic feature of the family. 

C. DISCUSSION OF RESULtS 

On the basis of the results obtained, it was possible to provide a flavonoid profile 

at family, generic and specifi4 level. At family level Bruniac~ae was characterised 
I 

by the presence of proanth~yanidins in 54/56 species investigated and a total 
i 

absence of hydrolysable tanthins. Quercetin was recorded in almost all species 

examined, while the commo,", flavonols myricetin and kaempferol had a more 
i 

limited distribution and characterised only certain genera. lsorhamnetin was 
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present in 11/12 genera and quercetin-3-methyl ether in 4/12. Flavones were 

detected only in Nebe/ia and Rasps/ia. Flavonoids lacking a 5-0H function were 

found in Rasps/ia, Pseudobaeckia, Staavia, Nebe/ia and Berze/ia species; this 

could be the effect of 5-deoxygenation (fisetin was identified in 7/9 Rasps/ia 

spp.),5-0-glycosylation or substitution and is an aspect of the secondary 

chemistry of Bruniaceae that merits further investigation. . 

At generic level, the following profiles were established: 

Audouinia 

A simple profile, based on glycosides of quercetin and possibly kaempferol, 

characterises this genus. Prodelphinidin, isorhamnetin, fisetin and flavones 

appear to be absent. 

Berze/ia 

A fairly uniform profile, based on myricetin in 9/9, quercetin in 9/9, kaempferoi in 

9/9, isorhamnetin in 5/9, procyanidin in 9/9, prodelphinidin in 8/9 and quercetin-3-

methyl ether in 3/9 species, was identified. Fisetin and f1avones were not 

detected. Glycosides appear to be based mainly on isorhamnetin and quercetin. 

Quercitrin was detected in 4/9 species, and glycosides lacking a 5-0H function in 

219 species. 

Brunia 

This genus also has a uniform profile based on procyanidin in 6/6, prodelphinidin 

in 5/6, myricetin in 5/6, quercetin and kaempferol in 6/6, isorhamnetin in 516 and 

quercetin-3-methyl ether in 216 species. Flavones and fisetin were not detected. 

Glycosides of all the common f1avonols were found, but none lacking a 5-OH 

function. 

Unconia 
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The aglycones quercetin, kaempferOI, isorhamnetin and glycosides based on 

these were detected in 2/';. species. Proanthocyanidins, flavones and fisetfn 

appear to be absent. 

Lonchostoms 

A simple uniform profile, 1. based on quercetin, myricetin, procyanidin and 

prodelphinidin in 5/5 specries, characterises this genus. Isorhamnetin and 

glycosides of isorhamnetin 'were detected in L. purpureum only. Kaempferol, 

flavones and fisetin were not found. 

Mniothamnea 

The single species sampled Ilfrom this small genus has a simple profile based on 

myricetin, quercetin, procyanidin, prodelphinidin and isorhamnetin. Flavones, 

kaempferol and fisetin were hot detected. Glycosides appear to be based mainly 

on isorhamnetin. 

Nebe/is 

A uniform profile, based on quercetin in 414, isorhamnetin in 4/4, luteolin in 3/4 

and chrysoeriol in 3/4 spedies, is characteristic of this genus. Prodelphinidin 

(PO), kaempferol and m~ricetin were not found except for PO in N. 

sphserocepha/a. Glycosides lacking a 5-0H function were detected in N. /sevis, 

and quercetin-3-methyl ether in N. pa/eacea. 

Pseudobaeckia 

The three species analysed have a non-uniform profile with myricetin in 2/3, 

kaempferol in 2/3 and isorhamnetin in 2/3 species. Procyanidin and 

prodelphinidin were detecte4 in 313 and flavones in 013 species. Glycosides 

appear to be based mainly on quercetin and isorhamnetin. Glycosides lacking a 

5-0H function (possibly ba~ on kaempferol-5-methyl ether or azaleatin) were 

detected in 2/3 species. 

RaSPS/is 



Univ
ers

ity
 of

 C
ap

e T
ow

n

84 

The largest genus in the family, Raspalia has the most complex profile of genera 

in Bruniaceae. Myricetin was detected in 3/9, kaempferol in 2/9, isorhamnetin in 

6/9, fisetin in 8/9, luteolin in 7/9 and chrysoeriol in 5/9 species. Glycosides of 

fisetin (1), luteolin and quercetin were detected while glycosides lacking a 5-0H 

function were recorded from 4/9 species. 

Staavia 

Staavia species appear to possess a uniform profile based on myricetin, 

quercetin, isorhamnetin, procyanidin, prodelphinidin in 5/5 species, with 

kaempferol in 1/5. Neither fisetin nor flavones were detected, while glycosides 

lacking a 5-0H function were recorded from 1/5 species. 

Thamnea 

Quercetin was detected in 4/4, kaempferol in 3/4, isorhamnetin in 3/4 and 

procyanidin in 4/4 species. Myricetin, prodelphinidin, flavones and fisetin were 

not found. 

Tiirmannia 

This genus has a profile similar to that of Thamnea, based on quercetin, 

kaempferol, isorhamnetin, procyanidin in 3/3 species. Myricelin, prodelphinidin, 

flavones and fisetin were not found. 

These findings are in accordance with the results of Jay's (1968) survey of 

common flavonoids and phenolic acids in 6 species of Bruniaceae. On the basis 

of flavonoid distribution patterns noted in the present study, it is possible to 

propose a phylogeny for Bruniaceae. If, as has been proposed by Harborne, 

development within a particular plant group is accompanied by loss of B-ring 

hydroxylation, replacement of flavonols by flavones and increasing O-methylation, 

then evolution within Bruniaceae may have proceeded as depicted below. 
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In terms of this hypothesis, LOncho.stomlit'CId$est to the ancestral condition. 

The merging of Thamnea a~d Tittmannia, as proposed by Powrie (unpublished 

MS), is supported, but not of Brunia with Nebelia, Rasps/is with Pseudobseckis 

or Berzelia with Mniothamnea. However, as discussed in Chapter 2, a phylogeny 

based on a limited data set i~ unlikely to be reliable. The flavonoid data obtained 

in the present study, in combination with all other available evidence, should be 

assessed by cladistic method. 

LONCHOSTOMA 
M.PC.PO 

, STAAVIA 
8ER2EUA 

Hypothesis for the evolution of efunloceoe, based on foliar flavonoid pattems. 

M = myrlcetin, PC == Procyonld~, PO ~ ~elphinldln 
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CHAPTERS. 

i 
i CLADISTIC 'ANAL YSES 

A. METHODS 

, 
Two separate phylogenetic analyses were undertaken; the first had as its 

objective the identification· of sister group(s) of Bruniaceae (analysis 1) and the 

second, based on the resUlts of the first, examination of relationships within the 

family (analysis. 2). Tree$ were rooted by designating ouIgroups (Nixon and 

Carpenter, 1993) and the~haracter analysis programme CLAOOS (Nixon, 1991) 

used to obtain diagn~c information on character distribution on the 

cladograms. 

1 .. Selection of terminal taxa 

1.1 Analysis 1; Identificatiqn of sister moyp(s) of Bruniaceae 

i 

The placement of Brunia~e in classifications based on both traditional phyletic 

systematics and cladistic Studies has been controversial (see Chapfier 1. pp. 17-
I 

19). The present analysisiattetnpted to identify with greater precision. using data 
. . 

from chemistry. morphol~, anatomy, palynology. 'embryotogy and cytofogy, the 

sister group(s) of Bruniaceae. using the· currently available molecular 

phylogenies as a'guide td the inclusion of appropriate taxa. That of Chase et a/ . 

. (1993). based on a large ,data set of some 500 species of seed plants, was the 

main point of reference ~er than the smaller set (223 species) analysed by 

Soltis et a/. (1997). The Asterid2 and 3 clades,(between which Bruniaceae was 

placed) retrieved in the Ohase st al analysis provided a guide to the choice of 

terminal taxa for use in the present analysis; the aim of this approach was to limit 

the number of possible sjister group options in order to place Bruniaceae less 
, 

equivocally within the ~ridae·.s.I. This was the approach adopted by Olmstead 

I 

, J 
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et al. (1993) in their analysis of relationships in Asteridae s.l. These authors 

argued that "the coarse nature of the Chase et al. analysis weakens its ability to 

generate rigorous hypotheses, but serves a useful purpose by suggesting sets of 

taxa that merit inclusion in a more detailed analysis". Representatives were 

selected in the present study from all the major subclades in Asterid 2 and 3 as 

follows: 

Asterid 2: Asteraceae, Valerianaceae, Oipsacaceae, Campanulaceae, 

Calyceraceae, Goodeniaceae, Escalloniaceae, Aquifoliaceae, Pittosporaceae, 

Apiaceae, Cornaceae. 

Asterid 3: Oiapensiaceae, Theaceae, Ericaceae, Epacridaceae, Actinidiaceae. 

Terminal taxa were families in most cases despite the fact that Cornaceae 

appeared polyphyletic in the Chase et al. analYSis. It has also been suggested 

that Ericaceae, unless merged with Epacridaceae and Empetraceae, is 

para phyletic (Judd and Kron, 1993; Kron and Chase, 1993; Chase et al., 1993; 

Anderberg, 1993). For the purpose of testing the hypothesis that Bruniaceae has 

ericalean affinities and in order to avoid problems of paraphyly, Ericaceae was 

represented by its three major subfamilies (recognised as separate families by 

Hutchinson, 1969) according to Stevens (1971) and Epacridaceae by the 

Styphelia, Riches and Epacris groups identified by Powell et al. (1996) in a 

cladistic analysis of relationships within that family. The latter authors also 

identified a Cosme/ia lineage, which was found in the present analysis to be 

identical to the Epacris group (Le. redundant) and was therefore omitted from the 

final matrix. Genera of Watson's tribe Epacrideae (1967) did not constitute a 

distinct lineage in the analysis of Powell et al. but were included as such on the 

grounds that most existing classifications. of Epacridaceae (Orude, 1889; 

Bentham and Hooker, 1876; Watson, 1967) recognise a 

Wool/sia/An::herialEpacris/LysinemaIRupico/a grouping. Crayn st a/. (1996), in a 

preliminary cladistic analysis of Epacridaceae based on molecular evidence, 

retrieved Styphe/ia, Epscris and Richea clades. Grubbiaceae was included 
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because of its recent close association with Bruniaceae by G. Dahlgren (1989) 

and Takhtajan (1987) as a ~rate order Bruniales, near Ericales .. 
i 

Bruniaceae itself was subdivided into a LonchostHna (the 5 currently recognised 

species) and a Brunioid grouping (the remaining species of the family) in 

recognition of the disti~eness-of Lonchostoma, as noted by Tahktajan (1987). 
I 

Trees generated in the +nalysis were rooted by designating . Dilleniaceae as 

outgroup; in the Chase et a/.analysis this family was located in Rosid 3 clade i.e. 

well below Asterid clades 2 and 3. 

1.2. Analysis 2: Examinatign of relationships within Bruniaceae 
I ' 
!' 

The sister groups of Bru~iaceae ha'Jing been identified in the first analysis as 

Epacridaceae and EricacSae, a second analysis of relationships withil')the family 

was carried out in ordef to determine the existence of distinct lineages or 

groupings. A total of 51 of the currentty recognised species in Bruniaceae was 

included together with 8 genera from Epacridaceae and 7 from Ericaceae, 

representing the major lil1$8ges in these two families (see 1.1), as follows: 

Ericaceae: Erica, _Canu~, Scyphogyne, Arctostaphylos, Gaultheria, Pernettya, 

Daboecia 

. Epacridaceae: Dracophy/lum, Epscris, Lebetanthus, Prionotes, Leucopogon, 

Monotoca 

Empetraceae, which has recentty been shown to be part of a newly­

circumscribed monophyl~c Eri~e (Anderberg. 1993; Judd and Kron, 1993), 

was represented by Empetrum. The tree was rooted by designating Clethraceae 

as outgroup on the grounds that this family appeared to be basal in the ericalean 

lineages identified in the Chase et a/. (1993) and Soltis et aI. (1997) molecular 

phylogenies, as well as in studies of relationships within ericalean lineages by 

Kron and Chase (1993).: Anderberg (1993) and Kron (1996), based on non­

molecular data and molecular data. 

I . 
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2. Selection of characters and character state delimitation 

Fundamental to cladistic method is an assessment of variation within a group of 

organisms and its subsequent representation in a data matrix. The process of 

converting the observed variation into a matrix i.e. identification of informative 

characters and their partitioning into discrete states, is a critical step in cladistic 

analysis but may be interpreted differently by individual worke~. Stevens (1991) 

noted that the subdivision of characters into states was not subject to formal 

rules, particularly in the case of quantitative characters. He called for explicit 

justification of chafclcter state delimitation as a matter of course in phylogenetic 

studies. Hawkins et al. (1997) discussed concepts of primary homology and 

recommended the application of conventional character coding, in terms of which 

individual characters are considered to be independent entities capable of 

existing in different states which are transformations of each other. These 

authors drew attention to the fact that assessment of primary homology, i.e that 

process whereby a proposition of homology is generated, is a two-stage process 

involving: 

1 . Definition of the characters that in turn define columns in a data matrix. 

2. Partitioning of those characters into states which are coded and codings 

assigned to terminal taxa, each as a single column in the matrix. 

The conventional view of cladistic characters embodies the concept that 

characters and their states are distinguishable and that the latter represent 

. evolutionary transformations from an original (ancestral) condition. The 

characters used in analyses 1 and 2 were chosen mainly on the basis of the 

availability of a reasonably complete data set for the terminal taxa included. They 

represent for the most part non-overlapping qualitative entities capable of 

partition into discrete states (Stevens, 1991). Coding followed the guidelines of 

Hawkins et al. (1997), Of the five quantitative characters used in analysis -2 (11, 

16. 20, 21 and 30), four were easily delimited: stamen number, number of 
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ovules/ovary loculus, number of ovary chambers and pollen colpus number are 

discrete meristic characters and cannot be said to exemplify continuous variation 

in state. The fourth quantitiative character, namely corolla length (character 11) 

was not as readily dMsibl~ into states and the recognition of two .size classes 

was based on the classifi~tion of Erica according to Guthrie and Bolus (1905), 
i 

as discussed in Baker and Oliver (1967). Justification for the approach taken in 
. ! 

coding of this character is set out in 6.2. below. 

Although coding of the chemical characters used may appear not to conform to 

the requirement that character states are transformations· of each other, the 

presence or abse'lce of the various secondary nietabolites implies either gain or 

loss of a step in the: biosynthetic pathway concerned, and represents 

transformations along those paths. As discussed in ChaPter 2 (see pp. 46-51), 

the presence of a particular flavonoid may represent either the piesiomorphic or 

apomorphic siate, depending on whether the ability to synthesise the compound 

has been secondarily lost; For this reason, most recent phylogenetic analyses 

using data from secondary chemistry have treated these as presence/absence 

characters (see studies by Anderberg, 1993; Nandi et al .• 1998). 

A further problem associated with the use of secondary chemical characters is 

the possibility that. depending on the analytical method used, one or more 

compounds may go undetected. At species or population level. where exploration 

of subtle variations in flayonoid pattern may be essential, failure to detect a 

particular flavonoid may I.d to loss of potentially useful information. At generic 

or family level, it may ~ unnecessary to consider the variation at particular 

carbon atoms in the flavonoid and the .presence or absence of classes of 

flavonoids may be used • taxonomic characters. In the latter case, failure to 

detect a minor compound is almost irrelevant. In practice, both kinds of character 

have been used in phylog~metic analyses (see Richardson, 1983; Hufford, 1992; 

Nandi et al., 1998); the choice depends· on which is most informative as regards 

the taxa under inVestigation. 

,)1 .. 
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3. Character coding 

Potential sources of ambiguity can arise in respect of binary characters that are 

either polymorphic for the two character states designated, may be inapplicable 

(e.g. petal fusion in an apetalous taxon) or for which information is lacking. All 

three situations are often coded as ? (missing data) although a polymorphic. 

taxon in fact has both character states (0 and 1), while in the case of an 

inapplicable character neither state is present and in that of unknown data either 

of two states (0 or 1) may be present (Platnick et al., 1991). 

3.1. Polymorphic characters 

A common problem associated with the representation of organismal variation in 

a data matrix concerns characters which vary within terminal taxa included in the 

analysis, so that both character states may be present in a particular taxon. This 

becomes particularly troublesome when terminal taxa are large families e.g. 

Asteraceae or Ericaceae, in which very few characters are invariant throughout 

all members. Such polymorphic characters are usually dealt with either by coding 

as ? (missing data), by subdividing the taxon concerned into subunits that are 

monomorphic for the particular character (an approach recomended by Nixon 

and Davis, 1991) or by coding the taxon as having the plesiomorphous state. 

Adoption of the first approach (missing data) may lead to a range of errors, 

including: 

1. incorrect calculation of cladogram length 

2. incorrect character consistencies 

3. selection of less than most parsimonious topologies 

4. failure to recognise polyphyletic taxa 

At best there will be a loss of information, in that character change within 

terminals will be hidden by a "missing" coding. The same applies to coding of 

polymorphic taxa as having the plesiomorphous state when in fact both 
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plesiomorphic and apomorphic states are present (Pimeratel and Riggins, 1987). 

Nixon and Wheeler (1990): argued that "the basjc criterion for delimiting terminal 

lineages is that each should bear only one state for each character utilised in the 

analysis". However, as S.vens (1991) pointed out, subdivision of polymorphic 

taxa into monomorphic SUbunits may lead to a situation where an attempt is 

made to analyse taxa at different hierarchical levels. This may in tum affect the 

pattern of variation of c~cters and hence the delimitation of their states. 

Evolution might not pr~ uniformly in the different lineages and discrete 

patterns of variation in a character in one lineage might be blurred by variation in 
1 

that same character in another lineage. 

Despite the disadvantag~ of coding polymorphic characters as missing, many 

recent analyses of phyl~netic relationships based on morphological data have 

adopted this approach (Hufford, 1992; Anderberg, 1992, 1993; Judd and Kron, 

1993). Although none of these authors discussed their reasons for doing so, it is 

assumed that, as no adequate procedure for analysing poIymorphisms existed 

before the advent of PAUP 3.1, the large data sets involved may have rendered 

further subdivision of terminal taxa impractical. 

Nixon and Davis (1991) argued that, provided the terminal taxa in ·an analysis 

could safely be assumed to be monophyletic and that all combinations of 

polymorphic characters did occur in terminal units that were scored as missing, 

the inclusion of a limited Iiumber of polymorphic characters was justified in terms 

of not affecting the topotogy of the most parsimonious trees. In analysis 1 both 

states do occur in all the variable taxa and monophyly could be assumed for 

Asteraceae, Campanula~e, Goodeniaceae, Dipsacaceae and Valerianaeese 

but not Comaceae .. 

The approach taken in aoalysis 1 was that. inasmuch as it represented a first­

time exploration of the affinities of Bruniaceae. a coding compromise was 

reached in terms of which some of the famifies identified by molecular 
, J 

phylogenetic analysis as possible sister groups to Bruniaceae were subdivided 

into units monomorphic for the character states recognised in the data matrix. 
. i 

This was considered particularly necessary' for Ericaceae and Epacricaceae. in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

94 

terms of exploring the hypothesis that Bruniaceae has ericalean affinities. It was 

acknowledged that the results of the analysis might not be optimal in terms of 

cladogram length, character consistency and parsimony and that those taxa 

scored in analysis 1 as variable for one of three characters (perianth merosity, 

leaf arrangement and anther dehiscence) might in future analyses require 

subdivision into units monomorphic for those characters. However this approach 

would mean addressing the question of the phylogeny of the monomorphic taxa 

as well as the affinities of Bruniaceae. which may render the analysis unwieldy 

(Maddison and Maddison, 1992). 

Polymorph isms in analysis 2 are associated almost entirely with the outgroup 

taxa and represent infrageneric rather than infraspecific variation. An exception is . 

character 30 (pollen col pus number) which was shown by Hall (1987) to vary 

within some species in Bruniaceae. These taxa were coded as ? in the analysis 

using Hennig 86, which does not offer a facility for handling polymorphic data. In 

PAUP 3.1.1., which can handle polymorphic characters, separate analyses were 

made; in the first taxa were coded as for the Hennig analysis (Le. as ?) and in the 

second according to the two states known to occur for this character. 

The availability of a fairly complete data set, particularly for the ingroup, was a 

major criterion for character selection but it proved difficult to assemble more 

than thirty characters that fell into this category. This is partly to do with the fact 

that several aspects of Bruniaceae e.g. reproductive biology, embryology and 

chromosome cytology, have not been the subject of detailed scientific study and 

resulted in an unfavourable character to taxon ratio in analysis 2. This being the 

case, the subdivision of polymorphic characters into units monomorphic for a 

particular character state was not considered viable in that such a step would 

have compounded the problem. 

Wiens (1995). in a discussion of the effects of infraspecific variation on 

phylogeny inference, noted that while polymorphic characters were less reliable 

than their fixed counterparts, they should not on this account necessarily be 

excluded from cladistic analyses. A subsequent analysis (Wiens and Serviedo, 
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1997) showed t!lat exclusion of polymorphic characters in fact resulted in 

. decreased accuracy in phylogenetic analyses. 

3.2. Inapplicable characte", 

Analysis 1 contained one inapplicable character i.e. corolla fusion in 

Grubbiaceae, in which the flowers are apetalous. Hawkins et al. (1997) 

recommended the division of such characters into two separate entities: in this 

case presence/absence of a corolla and free petalslfused petals. This approach 

would however have resulted in a cOding of ? (missing data) for Grubbiaceae for 

the second of these two characters. None of the characters used in analysis 2 fall 

into the category "inapplicablen 

3.3. Missing data 

Missing data in analysis 1 was confined to nodal anatomy (character 22) in 

Bruniaceae, Aquifoliaceae and Richeoideae, nucelly in Richeoideae and 

occurrence of endosperm haustoria in Aquifoliaceae and Escalloniaceae. In 

analysis 2 missing data ir r~spect of e.g. fire response strategy, occurrence of 

leaf calCium oxalate crystals, ploidy level and pollen colpus number characterise 

some outgroup taxa. 

4. Character weighting 

Although "no one suppo$es that characters in general all deserve. the same 

weight and yield equally strong evidencen (Farris, 1983) in Carpenter (1988), the 

latter author rejected a; priori character weighting as being too subjective. 

However, many analyses: retrieve multiple most parsimonious cladograms from 

which one is selectlad as a phylogenetic hypothesis and e posteriori weighting of 

characters has been· wic:l.V applied to the problem of choosing among a set of 

equally parsimonious solutions. Both Hennig and PAUP offer a successive 
I 



Univ
ers

ity
 of

 C
ap

e T
ow

n

96 

approximations weighting option (Farris, 1969) whereby character weights are 

set according to their fit on the most parsimonious trees, with highly consistent 

characters being most strongly weighted. In addition to facilitating a choice 

among many equally parsimonious cladograms, s posteriori weighting may be 

applied to improving the resolution of cladograms generated from unweighted 

data. In the present study, s posteriori weighting was applied in analysis 2 only, 

and was based on the rescaled consistency index, which is the product of the 

character consistency index and the character retention index (Farris,1969; 

Carpenter, 1988). 

5. Cladogram generation 

The chemical data obtained in the present study, together with morphological, 

anatomical, embryological and cytological information obtained from the 

literature, were analysed using the m*; bb* options of Hennig 86 (ver.1.5; Farris 

1988) in the case of analysis1. The Le. option was tried but found to be time­

consuming. The first command (m* = mhennig) constructs several cladograms, 

each by a single pass through the data, adding the terminals in several different 

sequences and retaining the shortest trees found. Branch-swapping is then 

applied to each of the initial trees, retaining no more than one tree for each initial 

tree. The command bb* applies extended branch-swapping to the trees found by 

m* and retains all the trees that may be stored in the available space. This 

combination was found to perform best in heuristic analyses (Platnick, 1989). 

In view of the large size of the data matrix used in analysis 2, an initial set of 

trees was generated from the unweighted data using the Hennig commands h* 

and bb*. A second set of 200 trees was calculated from a random input 

sequence in PAUP (ver.3.1.1, Swofford, 1990), with TBR (branch-swapping tree 

bisection and reconnection) and MULPARS off. Although this protocol meant that 

there was no guaranteee of discovering all multiple islands, the search times 

were shorter than would have been the case had MULPARS been activated. 
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The shortest trees from _this initial search were kept and inputted to a TBR search 

With MULPARS on, to find the full set of trees of that length. This protocol, using 

a large number of random input sequences, was designed to locate all possible 

islands of parsimony (Maddison, 1991). 

8. Characters used in the CWnalyses 

8.1. Analysis 1 : Identiff8ti0n of sJ$r group(s) of Bruniaceae 

A combination of phytochemical, morphological, anatomical and embryological 

characters was used for the analysis. Main sources of information were as 

follows: 

Phytochemical characterS: Harborne and Williams, 1973; Bate-Smith, 1982; 

Gibbs, 1974; Hegnauer, 1962-73; Gornall et a/. 1979; Jensen et aI.,1975, the 

present study. 

Anatomical characters:' Metcalfe and Chafk, 1950; Allsopp and Stock, 1993; 

Watson, 1967. 

Morphological characters: Pillans, 1947; Powell. et aI., 1996; Stevens, 1973; 
, 

Mabberfey, 1989; Hutchinson, 1973; Ladd, 1994; Bentham, 1869; Smith-White, 

1955, Ladd and Donaldson, 1993. 

Embryological characters:·Dahlgren and van Wyk, 1988; Johri etlll, 1992 

1. Inulin 
. I 

The polysaccharide frudan inulin appears to characterise Asteraceae and 

families Of Cronquist's Campanulates as well as Boraginaceae and 

Menyanthaceae, in which it reptaces starch as a storage carbohydrate in 

subterranean organs. Some taxa in Comaceae (Cronquist, 1981) also 
i 

accumulate inulin. The presence of inulin was used by Bremer (1987)' as a 
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character supporting a hypothesized relationship between Asteraceae, 

Lobeliaceae and Campanulaceae. 

2. Ellagic acid 

Hydrolysable tannins, on treatment with hot mineral acid or esterases, yield 

sugar polyols (usually glucose) and phenolic acids e.g. gallic, 

hexahydroxydiphenic acids. The latter, on release from the parent tannin, forms 

its dilactone ellagic acid, easily detected on paper chromatograms by Rf value 

and violet fluorescence. The limited distribution of ellagitannins in only 

dicotyledonous families has been used as a taxonomic character, particularly by 

Dahlgren (1975, 1987), whose Rosiflorae, Myrtiflorae, Theiflorae and Dilleniflorae 

are notable for the presence of leaf ellagitannins. Of the families included in the 

present cladistic analysis, ellagitannins have been recorded as present in 

Grubbiaceae, Diapensiaceae, Theaceae, Clethraceae, Cornaceae, Asteraceae 

and subfamily Vaccinioideae of Ericaceae. The absence of ellagic acid, which is 

frequentfy accompanied by the presence of iridoids, has been used by Cronquist 

(1981) as a taxonomic character, but co-occurrence of these two classes of 

secondary metabolite is known is some taxa e.g. Fouquieriaceae (Bate Smith, 

1984). 

3. Proanthocyanidins 

Precursors in the biosynthesis of condensed tannins, proanthocyanidins have a 

much wider distribution in the plant kingdom than do the hydrolysable tannins 

and consequently make less useful taxonomic characters. They tend 

nevertheless to predominate in woody dicot families (Bate Smith, 1962,1968); 

some herbaceous taxa e.g. Dipsacaceae, Campanulaceae lack these 

compounds entirely. The co-occurrence of proanthocyanidins and lignin has 

been the subject of discussion by Stafford (1988) and its phylogenetic 

significance by Ribereau-Gayon (1972), Bate Smith (1973) and Harborne (1977). 

4. Gossypetin 
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The distribution of this rare yellow flavonol '(8-0H·quercetin) is limited to a few 

dicot taxa. being commonly encountered in Primulaceae, Asteraceae, 

Empetraceae and subfamily Rhododendroideae of Ericaceae. Other ericalean 
i 

taxa e.g. Epacridaceae, C~ethraceae and Oiapensiaceae (except Galax aphyl/a) 

do not appear to synthesi~ gossypetin(Harbome andWilliams,1973). 

5. Myricetin 

Flavonoids with tri-hydroxylated B-rings e.g. myricetin, delphinidin. have in the 
I 

past been utilised both as ~ indicators of lack of evolutionary advancement and as 

taxonomic markers (see Chapter 2). According to Gornall et a/. (1979), myricetin 

is often found to co-occUr with ellagic acid and both compounds tend to be 

absent from plant taxa po$sessing polyacetylenes, iridoids or benzylisoquinoline 
. j 

alkaloids. Of the famili8$ included in the present analysis, only Ericaceae, 

Epacridaceae, Theaceae, , Dilleniaceae and Bruniaceae appear to synthesise 

myricetin. 

S.lridoids 

These constitute a group:of monoterpenoids the abundance of, which in certain 

dicot taxa (13 orders of Dahlgren's Hamamelidae, Cornanae, Gentiananae, 

Loasanae and Lamiidae) and complete absence from others (Dahlgren's 

Asterales, Campanulales) has been considered taxonomically significant (Jensen 

et aI, 1975) The latter authors recognised two major groupings (carbocyclic 
! 

iridoids and,seco-iridoids): based mainly on chemical structure but also reflecting 

a bifurcation in the biosynthetic pathway. No differentiation was made in the 

present analysis between the two classes of iridoids, only presence/absence 
, I 

being recorded. Although ~ only one species of Bruniacese, Staavia radiata, has 

as far as is known ever be$n examined for the presence of iridoids (Jensen et a/. t 

1975) the family is coded ~s state 0 (iridoids absent) based on a negative finding 

for this species. 

7.Polyacetytenes 
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Fatty acid derived polyacetylenic compounds are common in Asteraceae, 

Araliaceae and Apiaceae, well-documented in a further 15 dicot familes (of 

interest in this analysis are Pittosporaceae, Campanulaceae and Goodeniaceae) 

and recorded as present in Valerianaceae and Euphorbiaceae (Bohlmann ef a/., 

1973). The presence of polyacetylenes (and absence of iridoids. as well as 

morphological and anatomical congruence) has been used as an indicator of 

phylogenetic relationship between Asterales and Apiales by Dahlgren (1989). 

8. Hydrocyanic acid (HCN) 

The release of HeN as one of the products of hydrolysis is a property that unites 

an otherwise biosynthetically diverse group of glycosides. The use of 

cyanogenesis per se as a taxonomic character may criticised on the grounds that 

the associated aglycones may be of different biosynthetic origin i.e. not 

homologous. Nonetheless, the release of HeN as a probable defence against 

herbivory implies some evolutionary homology. 

9. Black leaf tips (apicufae) 

The presence of black apiculae on leaf tips of almost all members of Bruniaceae 

has been noted by many authors and their possible function discussed by 

Dummer (1912) and Carlquist (1991). The former author considered these 

structures to playa protective or secretory role but the latter suggested that they 

may serve as a repository for large amounts of terpenoid compounds. This 

remains to be confirmed. Audouinia has been recorded as lacking apiculae, but 

de Lange (1993) noted their presence in the young leaf, although not in more 

mature foliage. 

10. Corolla fusion 

Choripetaly characterises Theaceae, Dilleniaceae, Actinidiaceae, Apiaceae, 

Escalloniaceae, Comaceae,. Aquifoliaceae and "Brunioideae". Sympetaly is 

considered a characteristic feature of Cronquist's Asteridae,' but is known outside 

the group e.g. in Ericaceae, Epacridaceae and several other families. The 
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occurrence of sympetaly: in the Asteridae sensu lab identified in rec~nt 

phytogenetic studies was discussed by Olmstead et al. (1992, 1993) who 
I . 

concluded that corolla fusion had either evolved several times within this lineage 

or reversed to polypetaly in some more recent taxa. Erbar (1991). in a study of 

corolla development in A$teridae 8.1. according to Tahktajan (1987). Cronquist 

(1981,1988) and DahlOren (1989). estabfished that there were two 

developmental patterns leading to sympetaly in this lineage. In early sympetaly 

the corolla was initiated as a ring from which petal lobes later developed. In late 

sympetaly, the CQrolla was initiated as distinct petals which fused later in 

development. Early sy~petaly was found to characterise· Asteraceae, 

Goodeniaceae, Calyc&raceae. Dipsacaceae. Valerianaceae and 

Campanulaceae. The other families included in the present study were not 
! 

discussed by Erbar who did however note that the corolla in certain members of 

Apiales was initiated as a ring of which the development ceased on initiation of 

the petal lobes, givmg rise to apparently free petals. 

Occasional members of the otherwise sympetalous Ericaceae (Leiophyl/um, 

Elliottia, Befarls) and Empetraceae (Ceratiola) are choripetalous. The placement . 

of these taxa on cladog,.ms resulting from molecular phylogenetic analysis of 

Ericaceae, Epacridaceae' and Empetraceae led Kron and Chase (1993) to 

conclude that choripetaly may not represent the traditional ancestral condition 

within Ericaceae. it is not certain whether similar developmental patterns to 

those observed by Erbar (1991) for Asterates/Apiales account for the occurrence 

of polypetaly in the ericalean lineages and if the sympetalous corollas of 

Asterales and Ericales can be considered to be homologous structures. In the 

present analysis. pending elucidation of this -question, it is accepted that they are. 

What is interesting is the occurrence of epipetalous stamens in some epacrid 

lineages (see character 1;4 below) and in Lonchostoma (Bruniaceae). but not in 

Ericaceae. A study of corolla development in these families may shed light on the 

evolution of sympetaly in the AsterkJae $.l identified in recent phylogenetic 

analyses. Erbar's (1991) ~dy focused specifically on sympetaly associated with 

epipetalous stamens and was based on an Asteridae s.l as recognised in 
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existing _ systems of classification rather than on the redefined Asteridae s.l. 

identified in phylogenetic studies carried out subsequent to 1991. 

The species of Grubbiaceae have only a single whorl of perianth parts and the 

family was coded as ? (inapplicable character). Both sympetaly (Lonchostoms 

species) and choripetaly (the remaining species in the family) occur in 

Bruniaceae, which was subdivided into units monomorphic for this character. The 

question of homology with sympetalous corollas of other taxa included in the 

study arises here as well and calls for investigation. 

11. Leaf arrangement 

Opposite leaves are found in Grubbiaceae, Dipsacaceae and Valerianaceae. The 

remaining families analysed have spiral/alternate leaves. Exceptions include 

Campanulaceae, Goodeniaceae and Cornaceae which are variable for this 

character and were coded here as ? although leaves of Cornaceae are only 

exceptionally alternate and have therefore been coded as opposite in some 

cladistic analyses e.g. Anderberg (1992). Leaf arrangement has been utilised in 

several studies aimed at exploration of relationships within Ericales as well as 

Cronquist's Rosidae (Hufford, 1992; Anderberg, 1992, 1993) and was considered 

an important character in the present analysis in terms of examining the 

proposed close association of Bruniaceae and Grubbiaceae. 

12. Perianth merosity 

Pentamery is a feature of most taxa in this analysis. except Grubbiaceae. 

AquifoUaceae and subfamily Ericoideae of Ericaceae. Dipsacaceae. Asteraceae, 

Valerianaceae and Cornaceae are variable for this character and were coded as 

? 

The occurrence of pentamery vs. tetramery may be a key issue in understanding 

evolution within Asteridae s.l. (Soltis et a/. I 1997) and particularly within 

Cronquist's Ericales. Hufford (1992) however coded Ericaceae as.· uniformly 

pentamerous in his study of Cronquisfs Rosidae, while Anderberg (1993) did not 
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take account of tetramery and pental'!'ery in his ahalysis of relationships within 

Ericales. 

13. Perianth insertion 

Hypogyny is a feature of the uericalean" taxa included here, with the exception of 

subfamily Vaccinioideae of Ericaceae. "Lonchostomoideae", Escalloniaceae and 

Aquifoliaceae also have Ii hypogynous perianth. In the remainder of taxa the 

perianth is epigynous. A _ned study regarding the evolution of epigyny (the 

putatively derived condition) in Asteridae 8.1. has been advocated by Soltis and 

Soltis (1995) and is of particular interest in the present study owing to the 

occ~rrence of both epi- and hypogyny in Bruniaceae. 

14. Stamen attachment 

Epipetalous. stamens are found in several of the taxa included in the analysis: the 

Styphelia and Epacris ctades of Epacridaceae, lonchostoma (Bruniaceae), 

Theaceae and Diapensi8ceae welt as families of Dahlgren's Asterales and 

Campanulales. This character has important implications for understanding 

relationships within Asteridae $./., Cronquisfs Ericales and indMdual families e.g. 

Epacridaceae and Bruniaceae. In Epacridaceae for instance, epipetaly is 

common but reversals to the free state occur In a number of lineages (Powell et 

al., 1996). This has not always been recognised in recent phylogenetic analyses, 

in which the family is coded as uniformly epipet8lous (Anderberg, 1992). In 

Bruniaceae, Lonchostoma species generally have epipetalous stamens and are 

regarded as derived on ~ese grounds as 'Nell as possession of a sympetalous 

corolla. This too has not been recognised in cladistic analyses (Hufford, 1992) 

which have coded the family as having uniformly free stamens. 

15. Stamen number 

Taxa having either true diplostemony or anthers greater in number than twice the 

perianth parts, include ,the three subfamilies of Ericaceae, Grubbiaceae, 

Theaceae. Dilleniaceae, Actinidiaceae and EscalJoniaceae. The remainder of the 

•. " ~t-
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taxa included in this analysis either have the haplostemonous condition or 

anthers numbering less than the perianth parts. This character has been used in 

several recent phylogenetic studies of Ericales but interpretation has not been 

uniform e.g. Anderberg (1992) coded Epacridaceae as obdiplostemonous but 

later (1993) as haplostemonous. 

16. Anther dehiscence 

Anthers dehiscing by terminal pores are present in all the subfamilies of 

Ericaceae included here, as well as Actinidiaceae. The remaining families have 

anthers which dehisce by means of longitudinal slits. Taxa of Campanulaceae 

may have either condition and the family is coded as ? 

17. Pollen presenters 

In four of the families included here, namely Cam pan ulaceae, Asteraceae, 

Calyceraceae and Goodeniaceae, specific structures for poDen distribution (other 

than anthers) are common. In 'Asteraceae, the style grows through a tube of 

more or less connate introrse anthers and extrudes the pollen by piston action. A 

similar condition, although modified in its details, is known in Goodeniaceae and 

Calyceraceae. This mechanism exemplifies active pollen presentation (Ladd, 

1994), as opposed to the passive type which involves other floral modifications. 

In Campanulaceae stylar elongation occurs in some species, but the family is 

considered to have the passive type of pollen presentation, although Ladd (1994) 

noted that there seemed to be a number of nuances in pollen presentation 

mechanism in Campanulaceae. This author was of the opinion that pollen 

presentation in the CampanulaleslAsterales was likely to have ~n derived from 

a common ancestor. 

Anderberg (1992) considered the pollen presentation apparatuses of Asteraceae, 

Campanulaceae, Goodeniaceae and Calyceraceae to be homologous floral 

. modifications. The occurrence of a (passive) pollen presenter has been recorded 

in only a single species of Epacridaceae, Ach!Dtriche serrulate, and the family is 

coded as state 0 (pollen presenters absent). Bruniaceae (Ladd and Donaldson, 
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_ 1993) does not appear to possess pollen presenters. Families in which pollen 

presenters are present in all species examined are coded as having Slate 1.. 

Ukely selective advantages in the development of pollen presenters have been 

hypothesised to include greater accuracy in pollen transfer and avoidance of 

interference between male and female organs in the flower. 

18. PoNen release 

Both Epacridaceae and Ericaceae shed pollen in tetrads. HOwever, in genera of 

the Styphelia clade (Epacridaceae), only one (occasionally 2 or 3) out of four 

grains of the tetrad develops to maturity, giving rise to pseudomonads. True 

monadeny Is coded here ;as state 0, tetradeny as state 1 and pseudomonadeny 

as state 2 for this charadter. Although the fossil record (Friis, 1985; Nixon and 

Crepet, 19,93) suggests ~ monadeny represents the plesiomorphous condition, 

the evolutionary direction 1eading to tetradeny as opposed to pseudomonadeny is 

uncertain and this charact8r was therefore coded as unordered multistate. 

19. Number of integuments 

Unitegmic ,ovules are characteristic of most, taxa included in this analysis; 

bitegmy is encountered only in Dilleniaceae and Theaceae. 

20. Endo$perm hlUstoria', 

Endosperm haustoria a'" generally present in families of Dahlgren's Ericales, 

with the exception of Diapensiaceae. Dahlgren (1983) utilised this character in 

the delimitation of his superorder Comiflorae, although not aU families in this 

group possess endosperm haustoria. Bruniaceae appears to have' a micropylar 

haustorium, although thi$ needs confirmation (Dahlgren and van Wyk, 1988). 

Theaceae, Plttosporaceae, Apiaceae and some of Dahlgren's C8mpanulales and 

Asterales lack haustoria. 
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21. Ovule nucelly 

In Dilleniaceae, Cornaceae and Aquifoliaceae the ovule is crassinucellate; the 

remainder of taxa have tenuinucellate ovules. Bruniaceae. according to Dahlgren 

and van Wyk (1988), are either "almost tenuinucellate" or "weakly 

crassinucellate", depending on one's definition of tenui- vs. crassinucelly. 

Dahlgren (1988) noted that existing embryological studies of Bruniaceae show 

the megaspore mother cell and early megaspore tetrad separated from the 

nucellar epidermis by at least one cell layer. This state could not in his view be 

direcUy compared to the tenuinucelly of Ericales. Bruniaceae is coded as 

tenuinucellate in this analysis, with some reservation; the issue can be resolved 

only by detailed embryological study. 

22. Nodal anatomy 

This character is not well known for Bruniaceae, which is coded as ? Unilacunar 

nodes occur in Eljcaceae, Epacridaceae and families generally regarded as 

having ericalean affinity, as well as in Campanulaceae, Esca lion iaceae, 

Calyceraceae and Goodeniaceae. The remaining families used in the present 

analysis have trilmultilacunar nodes. 

TABLE 27 CHARACTER STATES FOR ANAL YSIS·AlMED AT 

IDENTIFICATION OF SISTER GROUP'S) OF BRUNIACEAE 

1. Inulin: not accumulated (0); accumulated (1) 

2. Foliar ellagic acid: present (0); absent (1) 

3. Foliar proanthocyanidins: present (0); absent (1) 

4. Foliar gossypetin: absent (0); present (1) 

5. Foliar myricetin: present (0); absent (1) 

S. Iridoids: absent (0); present (1) 

7. Polyacetylenes: absent (0); present (1) 
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8. Foliar.HeN: absent (0); present (1) 

'9. Leaf apex: leaves not terminating in a black aplculus (0); leaves terminating in 

a black apiculus (1) 

10. Corolla fu;sion: choripetaly (0); sympetaly (1) 
" i 

11. Leaf arrangement: spil1!f/altemate (0); opposite (1) 

12. Perianth meroslty: pentamerous (0): tetramerous (1) 

13. Perianth insertion: hypcgynous (0): epigynous (1) 

14. Stamen attachment: free from PQtaIs (0); adnate to petals (1) 

15. Stamen number: ~ 2xperianth segments (0); ~ perlanthsegments (1) 

16. Anther dehiscence: by longitudinal sills (0); by apical pores (1) 
l 

17. Pollen presentation m~hanism: no floral modification, for pollen presentation 
, ' 

(0); flowers with specialised pollen presentation mechanism (1) 

,18. Pollen shed: monads (q): tetrads (1); pseudomonads (2) 

19. Ovule integuments: bu.gmy (0); unitegmy (1) 

20. Endosperm: haustoria present (0); haustoria not present (1) 

21. Ovules: crassinucellate (0); tenuinucelldt (1) 

22. Nodal anatomy: nodes unilacunar (0); nocIe$ trilmultilacunar (1) 

TABU: 28 ~tf~RACTEB ST~ MATRIX FQR ~~LY§J§~IMED AT IDENIJEICATION OF 

SIfTER GROUP(§) OF BRUNIACEAE 

Taxa Chanicters 

Dilleniaceae 000 o 0 o 0 1 0 0 00000 00000 o 1 

Theaceae o 0 000 o 0 0 0 0 00010 o 0 0 0 1 1 0 
Diapensiacea 0 o 0 P 1 o 0 0 0 1 000 1 1 00011 1 0 

Actinidiaceae 0 1 0 0 1 1 0 0 0 0 o 0 0 0 0 10010 1 0 

Ericoideae 0 1 0 P 0 o 0 1 0 1 o 1 000 1 0 1 1 0 1 0 

Rhododendroid 0 1 0 ~ 0 o 0 1 0 1 o 000 0 1 0 1 1 0 1 0 

Vaccinioideae o 0 0 0 0 1 0 1 0 1 o 0 1 o 0 101 1 0 1 0 
Epacrideae 0 1 000 1 0 1 0 1 000 1 1 o 0 1 1 0 1 0 

,~ 

. ~. 
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Richioideae o 1 0 o 0 o 0 1 0 1 0 0 o 0 1 001 1 0 1 ? 
Styphelieae 0 1 000 o 0 1 0 1 o 0 o 1 1 002 1 0 1 0 

Grubbiaceae 0 0 0 0 1 o 0 0 0 ? 1 1 1 0 0 00010 1 1 

Pittosporaceae 0 1 0 0 1 o 1 0 0 1 0 0 o 0 1 000 1 1 1 1 

Apiaceae 0 1 0 0 1 o 1 1 0 0 0 0 1 0 1 000 1 1 1 1 

Lonchostoma 0 1 0 0 0 o 0 0 1 1 0 0 0 1 1 000 1 0 1 ? 

Brunioideae 0 1 0 0 0 o 0 0 1 0 o 0 1 0 1 o 0 0 1 0 1 ? 

Campanulacea 1 1 1 0 1 o 1 1 0 1 ? 0 1 o 1 ? 1 0 1 0 1 0 

Dipsacaceae o 1 1 0 1 1 0 o 0 1 1 ? 1 1 1 o 0 0 0 1 1 1 

Asteraceae 1 0 0 1 1 o 1 1 0 1 0 ? 1 1 1 o 1 010 1 1 

Valerianaceae 0 1 1 0 1 1 1 1 0 1 1 ? 1 1 1 o 0 1 1 1 1 1 

Escalloniaceae 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0 000 1 ? 1 0 

Calyceraceae 1 1 1 0 ? 1 0 0 0 1 0 o 1 1 1 o 1 0 1 0 1 0 

Goodeniaceae 1 1 1 o 1 1 1 1 0 1 ? o 1 ? 1 o 1 0 1 0 1 0 

Aquifoliaceae 0 1 1 0 1 o 0 ? 0 0 0 1 0 0 1 o 00 1 ? o ? 

Comaceae 1 0 1 0 1 1 0 0 0 0 ? ? 1 o 1 000 1 0 o 1 

6.2. Analysis 2: Examination of relationships within Bruniaceae 

For Bruniaceae and the selected outgroup taxa, a combination of chemical, 

morphological, anatomical and embryological characters was used, together with 

one cytological and one palynological character. In addition to the sources given 

in 4.1, morphological data were from Powell et aL (1992, 1996), Dyer (1975), de 

Lange (1992) and Powrie (pers. comm.); anatomical data were obtained from 

Carlquist (1978, 1991), palynological data from Hall (1987) and cytological data 

from Goldblatt (1981). 

1. Ellagic acid (see 6.1) 

Not identified in any species of Bruniaceae or Epacrida~e, ellagic acid has 

been recorded as present in Clethra, Empetrum and Arctostaphylos. 

.'1 ,,~ ~f; 
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2. Isorhamnetin 

The methylated ftavonol isorhamnetin (quer«*ln 3-""",yI ether) is widespread in 

leaves of Bruniaceae, being absent only from LoncIJosIoma (except L 

purputeUITI), AudouIhia, some Berze/ia and RaapaJia species, BnmIa a/biflora 

and ThemneIt hbWIe. AlthOugh of common occurrence in angiosperm families. 

isorhamnetin has not been! shown to be present in Epacridaceae, Empetraceae, 

Clethraceae or Ericaceae. According to Harbome (1977). O-methylation of the 

ftavonoid 8-ring is a derivefi character invoMng acquisition ~ acId.itionalsteps in 

the flavonoid biosynthetic pathway. 

3. PrOlnthocyanidins (see 6.1) 

The loss of capacity to synthesise trI-hydroxylated tIavonoid B-rif19$ has been 

considered by Harbome (1,977) to ~an evolutIOnary advancement and 
, . . \ " 

bY Gomail and Bohm (197f> to be -highly advancec:r I.e. representative of a two-

stage pf0C8SS InvolVIng tht gain and subMquent loss d biosynthetic capacity. . ! . . . . 

The occurrence ~ prOdeIphinidin (PO) in leaves of Bruniaceae is fairly genus-

specific according to Pilla.' delu;,~1 in that it appears to be absent from 

AudouinIa, UnconIa, Tttamnee, Tittmannia and NebeIIa (except N. 
. I 

mactoeephala) but present. throughout. all the other genera. The distribution of 

PO is not known for ~ genera In Epacridaceae; It appears to be present In 

Dtacophy/lum, Leucopogon and. Monotoca but Is a~t from E.pacria. In 

Ericaceae PO has been r~ded as present in E.rica,CaJluna, Daboecia and 

Atcloataphyloa, but no recQrd could be found for FWnettya, Gau/lhet1a or 

Scyphogyne. Procyanidlns' a ... · universally present· in all. three families except in 

the genus Unconia (Bruniaceae). 

4. Myricetin (see 6.1.) 

The distribution of rnyric:etin in Bruniaceae is rather similar to that of 
. ! 

prodeIphinidin In that ~ either possess or lack both compounds. Exceptions 
I ~. • . 

to this rule are some R.- and steavIe species. Epa6rict gen«a Lf1betanthu8 
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and Prionotes and amongst Ericaceael Erica and Daboecia, synthesise myricetin 

Harborne and Williams, 1973). 

5. Kaempferol 

The last in a series of flavonols with decreasing B-ring hydroxylation is 

kaempferol, the distribution of which in Bruniaceae is also fairly genus..specific. It 

was not recorded in the present study in any Lonchostoma, Nebelis, Staavia or 

Mniothamnea nor in most Rasps/iss species. Of the outgroup taxa C/ethra, 

Dracophy/lum, Erica and Pemettya lack kaempferol. 

6. Fire-response strategy 

The occurrence of woody subterranean stems, from which regeneration is 

possible following a fire, does not seem to have been well studied in Ericaceae 

but burls (=lignotubers) are known from Arctostaphylos (Keeley and Keeley, 

1988) and a few Erica species (Oliver, pars. comm.). Bell et at (1996) noted that 

data for fire-response strategy in Epacridaceae was sparse, but recorded the 

presence of lignotubers in occasional members ofStypheliae and Cosmelieae. 

Only Arctostaphylos could be coded with certainty for this character and the 

remainder of the outgroups are recorded as unknown (7). In Bruniaceae, 

lignotubers are found in 21 species in" all genera except Rasps/is, 

Pseudobaeckia and Mniothamnea (pillans, 1947; Carlquist, 1978; Rebelo, 1980; 

Broil, 1980). It is thought that, in addition to their role in fire survival, Iignotubers 

may function as storage organs for water and/or nutrients or as a means of 

regeneration following frost (Gill. 1975; Carlquist, 1978; James. 1984; Zedler and 

Zammit, 1989; Bouchereta/., 1990). 

7. Leaf margin 

Serrate margins occur in many Ericaceae (Stevens. 1971) e.g. Vaccinium and 

Gaultheria and in occasional Epacridaceae (Lebetanthus, Prionotes). Leaves of 

the remaining taxa in the present analysis have entire margins. This character 

was utilised by Anderberg (1993) in a phylogenetic investigation of relationships 



Univ
ers

ity
 of

 C
ap

e T
ow

n

111 

in Ericales and by Powellet al. (1996) in an analysis of relationships within 

Epacridaceae. 

8. Leaf aplcutae (see 6.1) 

Black leafapiculae are characteristic of all members of Bruniaceae, although in 

Audoulnia these appear to be lost early in development (de Lange, 1992) and are 

not evident in the mature leaf. The function of these structures is not clear. but 

they do not appear to ~ur in epacrid or ericalean taxa. Some genera of 

Epacridaceae have leaves. terminating in spines (powell et aI., 1988; Powell. 

1992). but the homology of pungent and apiculate leaf apices is doubtful. 

9. Stipules 

These are recorded as present in the bruniaceous genera Unconia and 

Tdtmannia and in some Bene/ie, Brunia and staavia species (PIlians 1947); 

leaves of Ericaceae and Epacridaceae appear to be exstipulate (Stevens. 1971; 

Powell et al, 1992). 

10.Perianthlnsertion 

Epigyny is the rule in most genera of Bruniaceae. except Lonchostoma (Pllians, 

1947). According to Dyer (~975) the ovary in Raspe/ia is -more or less superior" 
, . 

and species are coded as hypogynous in the present analysis. Superior ovaries 

occur throughout Epacridaceae (Powell et al, 1992) and in most Ericaceae 
I 

except for Vacclnloideae, some genera of which are epigynous (Stevens, 1971). 

Anderberg (1982. 1993). Judd andKron (1993) and Powell et eI. (1998) all 

considered perianth insertion to be informative on questions of circumscription of, 

as well as relationships within. Ericales. 

11. Corolla fusion 

Sympetaly. the rule in almost all taxa of Ericaceae and Epacridaceae,is a 
I . 

condition that has beencohsidered indicative of close relationship between these 
I 

groups . (Copeland. 1954; ~tevens, 1971) .. Varying degrees of corolla fusion are 
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evident in Lonchostoma species (Rebelo, 1980); this represents one of several 

features that set this genus apart from others in Bruniaceae. in which the petals 

free or occasionally very Slightly connate at the base. Patterns of sympetaly and 

polypetaly in Asteridae s.l. have been discussed by Olmstead et a/. (1993) and 

used by Anderberg (1993) in a cladistic examination of relationships within 

Ericales. 

12. Corolla length 

The majority of species in Bruniaceae have minute flowers (2-3 mm in length). 

often grouped in globose or capitate heads. Exceptions are Lonchostoma, 

Audouinia and some Thamnea species (corolla length exceeding Smm). Within 

Bruniaceae the distinction is quite clear and almost genus-specific. with little 

overlap between these two size classes. The flowers of Epacridaceae are 

variable as regards size; Leucopogon and Monotoca generally have small 

inconspicuous flowers. while those of Epacris and Dracophy/lum are usually 

larger and more showy (powell et a/ .• 1986; Powell. 1992). Amongst the 

Ericaceae. there are some small-flowered Erica species. particularly in subgenus 

Euerica which is defined by corolla length of less than 8mm. Within Euerica. 

sections Ephebus. Ceramia. Chlorocodon and Arsace are defined by corolla 

lengths of less than 6. S. 2 and 3mm respectively (Guthrie and Bolus. 1905, as 

discussed in Baker and Oliver. 1967) while in the remaining sections the corolla 

is longer than Smm. In the South African endemic Scyphogyne and in Daboecia 

and Calluna the corolla is short; in Pemettya and Gaultheria both long and short­

flowered species are found and in Atctostaphy/os the corolla exceeds Smm in 

length (Stevens. 1971). Coding of this character in the outgroup taxa is not exact 

in that exact measurements could not be made and Perneftya and Gaultheria 

were coded as variable. These two taxa were not divided into units monomorphic 

for corolla . length in view of the already large data matrix, but this might be done 

in future analyses. Corolla length is not a character that has been included in any 

of the phylogenetic studies of relationships in Ericaceae/Ericales to date. but may 

well prove informative. Oliver stated (1991) that there appeared to have been an , 
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evolutionary trend within E..tfca from small and inConspicuous to large-flowered 

forms, followed by a reversal to the basal condition in more derived groups. This 

represented In his opinion one aspect of development of different pollination 

syndromes in the group. The fossil record (Friis 1985; Nixon and Crepet, 1993) 

suggests that very small flowers (1.2-1,9 mm long) may be ancestJal for 

ericalean lineages. 

13. Corolla colour 

White or cream-coloured flowers are the rule in Bruniaceae, but Thamnea, 
Lonchostoma, Audouinia and Staavia species are notable for their pink, purple, 

or red blooms. Ericaceae :and Epacridaceae generally have brightly-coloured 

corollas, exceptions beir1$l Scyphogyne, AtCtostaphylos and Leucopogon 

(Stevens, ,1971; Powell et 11/., 1996). This character could not be established with 

certainty for Gaultheria and' Pemettya and these taxa were coded as ? Deboseia 

may have white, pink or red flowers and was also coded as ? 

14. Flowers subtended by cpnsDicuous whitt tgctS 

The flowers of Brunlaceae, whether borne singly or in an inflorescence, are 

subtended by one to several bracts. Up to twelve bracts are present in 

Audouinia, Thamnea and Ttttmannla, while those of NebeIIa are conspicuously 

lengthened and protrude beyond the exserted stamens. In Staavia, the bracts are 

enlarged and ray-like, forming an involucre surrounding the capitate 

inflorescence. The white bracts of Staavla may be very conspicuous e.g. in S. 

g/utJnou and presumably play a role in the pollination syndrome of the group. 

They are not knOwn to occur in other members of the family nor in the outgroup 

taxa. 

15. Calyx lobes 
In Rupalia the ovary appears to be more or less superior, in contrast to most 

other genera of the family. Calyx lobes in this taxon are adjacent at the base, 

forming a V-shaped angle~ a character used by Pillans (1947) as diagnostic for 
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Rasps/ia in his key to Bruniaceae. This suggests that a residual calyx tube is 

present in Rasps/ia as it is in Lonchostoma, also hypogynous. In the remaining 

genera of Bruniaceae, which are epigynous, the sepals are free but adnate to the 

ovary for part of their length, forming a false tube at the base. Taxa of Ericaceae 

generally have the sepals fused into a tube or cup, while those of Epacridaceae 

have free sepals. 

16. Fruit type 

Capsular fruits (septicidal or loculicidal) characterise Clethra, Lonchostoma, 

LebetanthlA, Prionotes, Dracophyllum, Gaultheria, Ca/luna and Erica (pillans, 

1947; Stevens, 1971; Powell et a/., 1992). Non-capsular but dehiscent fruits 

occur in Brunia, Unconia, Nebelia, RaspsDa and Staavia and dry indehiscent 

fruits in the remainder of genera in Bruniaceae (Pillans, 1947; Dyer, 1975) as 

well as in Scyphogyne. Pernettya, Empetrum, Leucopogon, Monotoca, and 

AfCtostaphylos have fleshy indehiscent fruits. Fruit type was used as an 

important character both in the recognition of subfamilial groupings in 

Epacridaceae by Bentham and Hooker (1876) and Orude (1889) and in a 

phylogenetic analysis of relationships within the family by Powell et 81. (1996). It 

has also been considered evolutionarily informative in recent cladistic studies in 

Ericales and Ericaceae (Judd and Kron, 1993; Anderberg, 1993). In the opinion 

of Oliver (1989) fruit dehiscence constitutes a key character for distinguishing 

Ericeae and Salaxideae, the former having dehiscent capsules and the latter a 

berry or drupe. He considered the Salaxideae to be a more advanced grade 

derived from a basic ericoid ground plan by reduction and fusion. The fossil 

record suggests that capsular fruits are ancestral within Ericales (Friis, 1985; 

Nixon and Crepet, 1992) but the evolutionary direction within the taxa used In the 

present analysis is uncertain and this character was coded as unordered 

multistate. 

17. Stamen number (see 6.1) 
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In C/ethra and Ericaceae th.re are generally two whorls of s1amens, while in 

Epacridaceae and Bruniaceae only one is present. In some taxa of Ericoideae 
I -

e.g. Scyphogyne, stamens may be reduced from 10 to 5 or less. 

18. Stamen position 

Some genera of Bruniaceae (Brunis, NebeIIa, Berzelia) are notable for globose 

inflorescences in which the flowers have stamens much exserted; it has been 

generally assumed that this is an adaptation for insect poUination in Bruniaceae 

(Whitehead et aL, 1987) bUt wind pollination - has been associated with 

prominently exserted stamens in other ta>ca of the Cape flora (Koutnik. 1987, 

Oliver, 1991). SomeLOIICho8toma species and R88palia dregeana also have 

exsarted stamens; Erica arld Scyphogyne are variable for this character and are 

coded as ? on the ground~ that further subdMsion of these taxa would make the 

analysis too cumbersome. ,However. as in the case of character 12, this should 

be further explored in future cladistic studies. The remainder of the outgroups 

have the stamens included or at least not markedly exserted. This character is 
I 

potentially problematic in that it represents what Stevens (1991) described as 
\. 

quantitative masqueradinQ as qualitative information, but it was considered 

preferable not to exclude any information that would be likely to improve 

resolution, particularly in view of the low character to 1axon ratio in this analysis. 

The pollination biology of Bruniaceae is not well understood and further study 

would contribute to a better undersflilnding of family phylogeny. 

19.Amher~scence 
, 

The anthers in C/ethta ar,ld Ericaceae dehisce by apical pores or short apical 

slits. while in Epacridaceat and Bruniaceae dehiscence is uniformly by means of 

longitudinal slits over the full length of the anther. 

20.Sta~inst!tion 

Anthers in Ericaceae. C~raceae and Bruniaceae are -free from the corolla, 

except in Loncho&toma, where they are epipetalous in most species and Inserted 
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in the throat of a tubular corolla. This is the· condition for many taxa of 

Epacridaceae and has been used in the past (Bentham and Hooker, 1876; 

Drude, 1889) as an important character for delimitation of sub-familial groups. Of 

the genera included in this analysis, Epac;ris, Leucopogon and Monotoca have 

epipetalous stamens; in Lebetanthus and Prlonotes these organs are free. 

21. Ovule number/ovary loculus 

In Thamnea, most Lonchostoma species, Epacris, Erica, Calluna, Pemettya, 

Gaultheria, Dracophyllum, Lebetanthus and Prionotes, there are numerous 

ovules in each ovary chamber. In Monotoca and Leucopogon (Styphelieae), as 

well as in Scyphogyne, Arctostaphylos, Nebelis, Berze/ia, Mniothamnea, 

Rasps/ia and some Brunia species, ovule number is reduced to one per loculus 

(pillans, 1947; Watson, 1967; Stevens, 1971; Oliver, 1991). The remaining 

genera of Bruniaceae generally have 2 ovules per chamber. This character has 

been used by various authors in generic or tribal delimitation in both Bruniaceae 

and Epacridaceae and is a feature of some of the "minor genera" of Ericoideae, 

where the reduction in the number of ovules/ovary chamber is considered to be 

part of an evolutionary trend involving decrease in flower size and loss of flower 

colour, together with development of fruit indehiscence, pollen monadeny and 

stamen exsertion within this lineage (Oliver, 1991). Evolutionary direction in 

development of this character in the taxa included in the present study is 

uncertain and it was therefore coded as unordered multistate. 

22. Number of ovary chambers 

In Bruniaceae there are normally 1-2 loculi in the ovary, exceptions to the rule 

being Audouinia (usually 3 but occasionally 4 or 5, according to de Lange (1992) 

and the geographic outlier Rasps/ia trigyna (2-3). In Epacridaceae there are 5 

ovary chambers in Epacrideae but a variable number in Styphelieae (1-10): of 

the taxa included in the present analysis Monotoca has 1 and Leucopogon 2 or 

more (powell et a/., 1992). Ericaceae also appear to be variable for this 

character; Erica species have 8, Scyphogyne 1, Ca/luna, Pemettya, Daboecia 
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and Gaultheria usually the same as the number of petals (Stevens, 1971). 

Although the fossil record (Friis, 1985; Nixon and Crepet, 1993) suggests that the 

ancestral condition in ericaMn lineages may be a 3-4 chambered ovary, this 

character was coded as unordered multistate on the grounds that directionality is 

not known with certainty in the study group . 

. 23. Placentation 

All members of Epacridaceae except styphelieae hav.axile· placentation (Powell 

et aL, 1996) as do most Ericaceae except AIctosfaphyIo$ (8eevens, 1971) and 

Bruniaceae, except Tham~ and titfmannia speCies, in which it Is apical 

(PIlians, 1947). 

24. Pollen retease (see 6.1l 

A feature held in common by Ericaceae and Epacridaceae is the maturing of 

pollen in tetrads, a charar.ter not known in Brunlaceae. In SGmehmembers of , 

Stypheliae, notably Monotoca· and ~, not aHof the four grains mature 
; 

. and the resultant grain is pseudomonadenous. In Ericoid-.e, anemophilous 

. species have monadenou$ pollen which appears to· be part of the overall 

pollination syndrome in ~ taxa (0IIver.·1991); in Etft:a and St:yphogyne it is 

tetradenous. This characbH- was coded as unordered multistate as in the 

previous analysis. 

25. Leaf calcium oxalate .I§ 
Oxalic acid is rar8Iy found in the free state In the plant cell but its calcium salt is 

very common and occurs In crys1aIHne form as the trlhydrate or monohydrate, 

which belong to· the ~I and monoclinic crystal systems respectively 

(Evans, 1996). The distribution Of different crystdine forms of calcium oxalate 

(rhomboids and druses) " lea~ of Bruniaceae formed part of a detailed 
i 

anatomical. ~ byC8rtqulst' (1991), who used the results to deftne variouS 

infrafamllial lineages.· ~ing to Oliver (pers. comm.)both rhomboids (single 

rectangular crys1alsor prnsms) and druses (cluster ctyStaIs or rosettes) occur in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

118 

Erica, which was coded as variable, on the grounds that insufficient iriformation 

was available to permit recognition of units monomorphic for this character. The 

distribution of these two morphs Is not well known for other taxa of Ericaceae 

included in the present study, nor for Epacridaceae. The evolutionary 

significance and directionality of this character is not clear. A case might be 

made for considering absence of calcium oxalate as the plesiomorphous state, 

the ability to synthesise simple crystals as a gain mutation followed by 

coalescence of single crystals into compound clusters, with the presence of both 

crystal types as intermediate between these two states. The function of the 

different crystalline forms of calcium oxalate, which include, in addition to druses 

and rhomboids, also single acicular crystals (raphides) and microsphenoids, is 

however not well understood and the character was coded as unordered 

multistate. 

26. Stomatal distribution 

Carlquist's study (1991) of leaf anatomy in Bruniaceae demonstrated the 

existence of great variation in stomatal distribution both between and within 

currently recognised genera of the family. In Erica. part of. the ericoid leaf 

syndrome, which has in tum been interpreted, inter alia, as an adaptation to 
summer drought (Stock et a/., 1994), is the presence of rolled leaves with 

stomata on the abaxial surface only. In Calluna, stomata are not confined to the 

lower leaf surface while in Daboecia, Pemettys, Scyphogyne and most 

Gaultheria species they are; in Arctostaphylos both states occur (Stevens. 1971). 

In Epacridaceae, Dracophyllum species have stomata on both leaf surfaces' while 

the remainder of taxa included in the present analysis have only abaxial stomata 

(powell et a/., 1996). 

27. Leaf hairs 

A feature that has been used to differentiate between Ericaceae and 

Epacridaceae is the occurrence of multicellular leaf hairs in the former and their 

absence from the latter family. with the exception of Lebetsnthus and Prionotes 
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(Stevens. 1971). Bruniaceae resembfes Epacridaceae in having only simple 

unicellular clothing hairs. which are abundant in some taxa. 

28. Anther apPlndaaes 

As in the case of leaf hairs, the presence or absence of anther appendages is a 

feature that distinguishes Ericaceae from Epacridace&e. whose close relationship 

on grounds of both non-molecular (Copeland. 1954; Stevens. 1971; Anderberg, 

1992 and 1993; Judd and Kron. 1993) and molecular (Kron and Chase. 1993; 

Kron. 1996) evidence is otherwise strongly indicated. Anthers in Edc:ace&e are 

generally adorned with ~s, wings or other ornamentation. while those of . 
Epacridaceae and Bruniaceae lack these appendages. Oliver· (1991) noted that 

anther ornamentation was generatly lacking in bird and wind-pollinated species of 

Erica, but since these constitute only an estimated 20% of the genus (Rebelo fit 

a/. 1985). this taxon was coded as having appendages commonly present. 

29. Anther thecae 

Pillans (1947) noted the OQCurrence. in Unconia species, of anther thecae which 

diverged at. maturity. a feature that he regarded as sutYiciently distinctive to be 

included in his key to th$ Bruniaceae. It appears that this character may be 

implicated in pollen dispersal since the upper connate portion of the anther 

thecae is abortive. Information as to the occurren(;8 of. divergent anthers was not 

available for the other taxa represented in the present analysis •. which were 

coded as ? in the rnatrbc. 

30. Ploidy level 

The chromosome cytology of Bruniaceae has been only partially studied 

(Goldblatt, 1981) but staevia radiata, BerzeIIa abtotan0icJe8 and B. eclcJonD 

appear to be poIyploids. The ploidy level of other taxa in this study could not be 

established with certainty and . these are coded as ? Smith-White (1955). in a 

study of chromosome nu~ and poIIen.tYPes in Epacridaceae. cOncluded that 

the family was exceptk)nally· -variable as ntgards chromosome number, 
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particularly in the tribe $typhelieae in which he recorded 9 different haploid 

numbers, derived from polyploid and aneuploid changes on base numbers of 4 

and 6. In view of the complexity of epacrid cytology, coding for this character was 

taken as uncertain. 

31. Pollen colpus number 

In a detailed palynological study of Bruniaceae, Hall (1988) found tricolporate 

pollen grains to be most common in the family but recorded a range of aperture 

numbers of up to 10. Colpus number was not constant in currently recOgnised 

genera and varied in some cases within species. In the latter case the character 

was coded as ? in the Hennig analysis 86 and as both ? or as polymorphic in two 

separate PAUP analyses. Ericaceae appear to be fairly constant in having 

tricolporate pollen but the condition for Epacridaceae could not be established 

and these taxa are also coded as ? 

32. Floral bracts extending beyond corolla 

.In Nebelia species the flowers are tightly clustered in head-like inflorescences, 

each flower being subtended by a prominent cream-coloured bract. The bract is 

stiff, sharply pointed and extends beyond the corolla, particularly in N. pa/esces 

where it is at least twice as long· as the petals. Its adaptive Significance is not 

clear but a protective function in the developing flower may be suggested. 

Homology of this bract with that of Staavia species (character 13) is uncertain but 

unlikely, since in Staavia an involucre is present whHe in Nebelia all florets in the 

inflorescence bear a subtending bract. Prominent scarious bracts are not known 

to occur in other species in Bruniaceae nor in the outgroup taxa. 

TABLE 29. CHARACTERS AND STATES USED IN ANALYSIS 2. 

Leaf secondary chemistry 
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2. Proanthocyanidins (PA): both procyanidins (PC) and prodelphinidins (PO) 

present (0); only procyanidins present (1) 

3. Myricetin: present (0); absent (1) 

4. Kaempferol: absent (0); present (1) 

Morphology 

5. Fire-response strategy:.r8generation possible from a subterreanean stem (0); 

regeneration not possible from a subterranean stem (1) 

6. Leaf margin: serrate (0); entire (1) 

7. Leaf apex: leaves not terminating in a black apiculus(O); leaves terminating in 

a black apiculus (1) 

8. Stipules: absent (0); present (1) 

9. Corolla insertion: hypogynous (0); epigynous (1) 

10. Corolla fusion: choripetaly(O); sympetaly (1) 

11. Corolla length: >5mm (0); <5mm (1) 

12. Corolla colour: corolla brightly coloured (0); corolla not brightly coloured (1) 

13. Bracts: inftorescencenot subtended by an involucre· of white bracts (0); 

inflorescence subtended bY an involucre of prominent white bracts (1) 

14. Calyx lobes: not adjacent at the base to form a V-shaped angle (0); adjacent 

at the base and forming a V-shaped angle (1) , 
15. Fruit: locuJlcidallseptitidal capsule (0); dehiscent non.;.capsular fruits (1); 

indehiscent nutlet, drupe or pyrene (2) 

16. Stamen number: = I> 2 x perianth segments (0); =1 < the number of perianth 

segments 

17. Stamen position: stamens included (0); stamens prominently exserted (1) 

18. Anther dehiscence: pores (0); apical slits (1) 

19. S1arnen atlachment: epipetalous (0); free (1) 

20. Number of ovulesl avaiy locule: three or more (0); two (1); one (2) 
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21. Number of ovary chambers: >3 (0); 3 (1); 2 (2); 1 (3) 

Anatomy 

22. Placentation: axile (0); apical (1); basal (2) 

23. Pollen release: monads (0); pseudomonads (1); tetrads (2) 

24. Calcium oxalate crystals in leaf: rhomboids and druses (0); druses (1); 

rhomboids (2); neither (3) 

25. Stomata: present on both leaf surfaces (0); one leaf surface only (1) 

26. Leaf hairs: multicellular leaf hairs present (0); unicellular leaf hairs present (1) 

27. Anther ornamentation: anthers usually adorned with appendages (0); anthers 

not usually ornamented (1) 

28. Anther thecae: not diverging above the middle at maturity (0); diverging 

above the middle at maturity (1) 

Cytology 

29. Ploidy level: diploid (0); tetraploid (1) 

Palynology 

30. Pollen colpus number: 3 (0); 4 (1); 5 (2); 6 (3); 7 (4); 8 (5); 10 (6) 

Gross morphology 

31. Inflorescence structure: flowers not subtended by prominent, scarious bracts 

exceeding the corolla (0); flowers grouped in globose heads, each flower 

subtended by a prominent, scarious bract exceeding the corolla (1). 

• 
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TABLE 30. CHARACTER STATE MATRIX YSEC I~ ~NAL YSIS OF WITHIN-FAMILY 

PHYLOGENY. ,~, 

Taxa Charact8rs 

clethra 00010 ??OOO 00101 00101 00001 1m? 00 

empetr 00011 ?1000 01007 21011 20221 ??Tn 00 
monoto 10011 ?1000 11?O? 21010 2311? 111?? 10 
epacri. 10111 ?1000 1000? 01010 0002? 111?? 10 
dracoph 10010 ?1000 1000? 01011 0002? 01171 10 
lebetan 10101 ?OOOO 1??O? 01?11 0002? 10171 10 
prionot 10101 ?OOOO 1?OO? 01011 0002? 101?? 10 
leucop 10071 71000 11101 21010 2OO1? ?1171 10 
erica ?OOOO ?1000: 1000? 00?01 00020 100?? 00 

call una ?D011 11000 11001 10001 0002? 01D?? 00 
scypho ?Tn? ?1000 11101 21101 23021 100?? 00 
arctos 00011 01000: 10101 20001 00122 00071 00 
pemet ?O?10 ?1000 1??O? 20001 0002? 100?? 00 

gaulth 10?11 ?OOOO 1??O? 00001 00021 OOO?? 00 
daboec 10000 ?1000 1110? 00001 0002? 171?? 00 
audcap 10111 01101 00000 21011 11002 01100 00 

berabr 11100 01111 01100 21111 23002 01101 00 

bercor 11011 01111 01100 21111 23002 01101 00 

bereck 11001 011?1 01100 21111 23002 01101 00 
bergal 10001 111?1 01100 21111 2300? ?1100 00 
berinc 10001 011?1 01100 21111 23002 01101 00 
berlan 11001 111?1 01100 21111 2300? ?1100 00 
berrub 11001 . 111?1 01000 21111 23000 01100 00 
bersqu 10001 11111 01100 21111 23002 01107 00 

brualb 11001 111?1 01100 11111 22002 01100 00 
brualo 11001 111?1 01100 11111 22002 11101 00 

brulae 11001 011?1 01100 11111 1200? ?110? 30 

brunod 11011 01101 01100 11111 1200? 71100 20 

bru&to 11001 01111 01000 11111 2200? ?1100 00 
brumac 11101 ?1111 01100 11111 12002 11101 50 

Ionpur 11000 11100 10000 01111 12001 11100 ?O 

loliest 10000 11100 10000 01110 02001 11101 20 
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lonmon 10100 11100 10100 01010 02001 11100 10 

lonmyr 10000 01100 10000 01111 02001 11101 40 

lonpen 10000 01100 10000 01010 02001 11101 40 

linalo 11111 11111 00000 11011 12001 11111 00 

lincus 11101 01111 01100 11011 12001 11111 00 

mniocal 11000 11101 01100 21011 23001 11101 10 

nebfrag 11110 11101 01100 11111 22000 11100 21 

neblaev 11110 11101 01100 11111 22002 11101 11 

nebpale 11110 11101 01100 11111 22002 01100 11 

nebsph 11110 11101 01100 11111 22002 11101 11 

pseafr 11010 11101 01100 21001 12001 01100 10 

psecor 11011 11101 01100 21011 22001 01101 10 

rasbar 10001 11100 01101 11011 22001 11101 10 

rasdre 10010 11100 01101 11111 12003 11101 10 

rasglo 11000 11100 01001 11011 22001 11100 10 

rasmic 11010 11100 01101 11011 22001 11100 10 

rassta 11011 11100 01101 11011 22001 01101 10 

rasvar 10001 11100 01101 11011 22001 11101 10 

rastrig 11110 11100 01101 11011 ?2003 11101 10 

.rasvillo 11011 11100 01101 11011 22001 11101 10 

rasvir 11001 11100 01101 11011 22003 11101 10 

stadocl 11000 11111 01010 11011 22001 01100 20 

stacap 11000 01111 01010 11011 22001 01100 10 

stadreg 11001 11111 01010 11011 22001 11101 10 

staglut 11000 11111 01010 11011 22001 01101 10 

starad 11000 01111 01010 11011 22001 01101 10 

stazey 11001 11101 01010 11011 22001 01100 20 

thahir 10110 01101 00000 21011 02?02 11101 20 

thadio 11111 01101 00000 21011 02100 11101 10 

thamas 11111 11101 00000 21011 02102 11101 00 

thathe 11111 11101 01100 21011 03002 11101 00 

titlaev 11111 11111 01100 21011 12102 01101 00 

titlaxa 11111 01111 01100 21011 12102 01101 00 

titest 11111 01111 00100 21011 12102 01101 00 

7. Consensus trees 
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The use of consensus trees as a basis fot tormal classification has been 

recommended by Anderberg and Tehler (1990) who argue that, in the commonly 

encountered situation where multiple equally parsimonious claclograms are 

generated from the same data set, there is no way of knowing with certainty 

which is preferable as' a phylogenetic hypothesis. In their View, a strid consensus 

tree, aftl:lough not of itself an hypothesis, represents an unambiguous statement 

about the interrelationships of' the taxa investigated and is therefore ttle most 

reliable basis for naming groups of terminal' taxa for use in a working 

classification. In depicting only those components common to all most 

parsimonious cladograms ~.e. unequivocally supported by the data, a strict 

consensus tree combines high explanatory power with minimal inconsistency. 

However, as West and Faith (1990) and Bremer (1988) point out, a consensus 

tree is always less' resolved than any of the set of most parsimonious trees from 

which it is derived and therefore does not represent a parsimonious solution to 
character state change. 'It-'reveals little about process (Miyamoto, 1985) and 

cannot be used as an hypothesis of phylogeny. carpenter (1988) argued that 

one of the most parsimoniOus cladograms should always be preferred over a 
consensus tree as a phylogenetiC hypothesis and outlined a method for choosing 

among multiple most parsimonious trees. Most recent cladistic studies have 

adopted the approach that one eX the most parsimonioUS cladograms be used as' 

a basis for examining process e.g. character evolution and a consensus tree as a 

framework for cIassiftcafion. As Bremer (1988) noted: -with morphological data, 

consensus trees are not enough. Parsimonious cJadograms are necessary as a 

reference scheme for cha,.ar interpretatlon-. 

Consensus trees may be generated in a number of ways, which differ in the 

criteria used for retaining groups or subsets of taxa in the consensus. The most 
commonly used are strict, semi-strict (Bremer, 1988), Adams consensus (Adams, 

1972) and majority rule (Margush and McMorris, 1981) trees. Strict consensus 

trees contain only those gr'C)UpS appearing in all of the equally' parsimonious trees 
i 

generated by analysis of: the' data set and represent the most conservative 

I -
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approach to consensus. Semi-strict trees differ from strict counterparts in that 

they retain groups that are not supported in all parsimonious trees but are not 

specifically contradicted. Majority-rule consensus finds groups that appear in a 

pre-specified percentage of the total set of most parsimonious trees, while 

Adams consensus preserves more structure than does strict method. 

In the present study strict consensus trees were generated in analysis 2 using 

the nelsen command in Hennig and the strict option in PAUP. 

8. Assessment of confidence 

Cladograms are currently being used as a basis for botanical classification and 

formal naming of taxa as well as a means of presenting phylogenetic hypotheses 

or exploring biogeographical pattern (Linder, 1991). The assessment of 

confidence in a particular cladogram or its nodes has become increasingly 

necessary. The simplest estimate of support for an indMdual branch relates to 

the number of character state changes associated with that branch (i.e. branch 

length) but also to the nature of change, greater support being provided by 

complex rather than simple morphological change and by non-homoplastic as 

opposed to homoplasious characters (Bremer. 1994). Homoplasy, which is 

according to the latter author common in morphological data at higher taxonomic 

levels, presents a particular problem when assessing branch support from 

branch length alone. More robust methods are now preferred for the testing of 

cladogram or clade stability. These fall into two broad categories. invoMng 

perturbation of the data set and of the analytical method respectively (Davis, 

1993; Bremer. 1994). 

8.1. Data oerturbation 
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8.1.1. Bootstrapping 

This is a method for the estimation of statistical error in situations where the 

underlying sample distribution is unknown or ditlicult to derive analytically 

(Felsenstein, 1985; Sandef$On, 1989). The bootstrap offers a way of 

approximating this distribution by resampling from the original data set by 

simultaneous duplication and elimination of characters to give a set of bootstrap 

replicates of the same size as the original data set. These are used to construd a 

new set of trees of which a m,jority-rule consensus is generated. The proportion 

of replicates supporting a given clade is considered a measure of support i.e. a 

clade appearing in X% percent of bootstrap trees is associated with a confidence 

level of X%. This provides ~ quantitative value for the occurrence of specific 

clades, given the available data. 

Sanderson, in a detailed discussion of the method, noted that its appJication was 

restricted to hypotheses regarding membership of terminal taxa i.e individual 

clades. He also drew attention to its limitations in respect of data sets with low 

character to taxon ratios and/or moderate to high levels of character conftict, a 

cawat echoed by Olmstead et III. (1992). Hillis and Bull (1993). in an 

assessment of the value of bootstrapping as a measure of repeatability and 

accuracy, concluded that 1M method was a biased but highly conservative 

estimate of the probability of correctly inferring clades. Nevertheless, estimates of 

bootstrap support are commonly included in phylogenetic studies. 

In the present study bootstrap analyses were made of both data sets (analyses 1 

and 2) as a first measure of confidence in the clades discovered by parsimony 

analysis. In the case of analysis 1, bootstrapping was carried out only on the 

unweighted data set, while in analysis 2 both unweighted and weighted data sets 

were analysed. In all cases, 200 replicates were specified and trees generated 

by heuristic search methods,. using a simple addition sequence and the TBR 

bran~-swapping algorithm with MULPARS option in effect. 

8.1.2. Character remo'4'lIcharacter deletion 
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This is a non-statistical method for assessing the stability of each clade resolved 

by a data set (Davis, 1993), in terms of which an estimate is made of the 

minimum number of· characters that must be removed before resolution of the 

clade is lost i.e. it no longer appears in the consensus tree. The clade stability 

index (CSI), which is the ratio of the minimum number of required character 

removals to the number of informative characters in the data set, provides a 

direct quantitative measure of support for a given clade in terms of characters. 

Clade CSI cannot exceed a value of 1, while a CSI value of 0 indicates that a 

clade is not retrieved even ~y the complete data set. Davis argued that character 

removal provided an index of quality of cladistic data sets that was distinct from 

that which was measured by the bootstrap and noted that while bootstrap 

frequencies and minimum character removal scores appeared to be correlated, 

each was an imprecise predictor of the other. Davis' method, criticised by Bremer 

(1994), is similar to the technique of jack-knifing (Farris et al, 1997) which 

involves successive deletion of characters from a data matrix. 

8.2. Bremer support 

Bremer (1988), in a examination of the use and limitations of amino acid data in 

inferring angiosperm phylogeny, drew attention to the fact that Single changes in 

even large data matrices could result in retrieval of cladograms with topologies 

quite different from those obtained following analysis of the unchanged data set. 

This led him to the conclu;sion that when examining protein sequence data, 

decisions as to correct phylogeny should be based not only on the topologies of 

the most parsimonious trees, but also on that of cladograms several steps 

longer. Bremer noted the difference in his approach to branch 'support (based on 

the number of character state changes) from that of Davis (1993), based on 

number of character changes. He suggested a method for extending his estimate 

of branch support to estimates of support of an entire topology, by calculation ·of 

a total support index (the sum of all branch support values). 
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Estimates of "Bremer support" (Bremer, 1988, 1994) i.e. the loss of resolution in 

less than parsimonious trees, or the·extra length iieetfed to lose a branch in the 

consensus of near most parsimonious trees, were made in the present study. 

This approach, referred to as decay analysis by Donoghue et a/. (1992) and 

Olmstead et a/. (1993), represented an assessment, independent of bootstrap 

support, of confidence in the topologies discovered in analyses 1 and 2. 

8.3. Constraint analysis 

This constitutes a means of evaluating the cost of alternative topologies. Two 

constraint analyses, based respectively on the unweighted and weighted data 

sets used for analysis 2, were carried in order to test the hypotheses that: 

1. Srunie species constitute a monophyletic group, as recognised by Pillans 

(1947) - unweighted data set. 

2. Audouinia is the most basal taxon in the family, as suggested by Dahlgren and 

van Wyk (1988) -unweighted and weighted data set. 

B. RESUL 1S OF ANALYSIS 1 

IDENTIFICATION OF SISTER GROUP(S) OF BRUNIACEAE 

The use of m*bb* in the present analysis retrieved a single tree, 67 steps in 

length, with a consistency index of 0,34 and a retention index of 0,61 (Figure 14). 

All of the ingroup taxa, with the exception of Theaceae comprised a clade (A) 
• I 

diagnosed by twin synapomorphies: a~nce of foliar myricetin (Character 4) and 

possession of unitegmic ovules (Character 18). Within this lineage, the following 

sub-clades were evident: 

1. A GrubblaceaeiAquifoliacea,lCornaceae clade, supported by twin parallelisms 
i 

of perianth tetramery and trilmultilacunar nodal anatomy (Characters 11 and 21) 

... 
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Figure 14. Single tree obtained in analysis 1 (identification.of sister group of 
Bruniaceae). using Hennig 86. 

Non-homoplasious forward changes=solid bars; homoplasious forward changes 
(parallelisms)=dark stippling; reversals=light stippling 
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and sister to the remaining ingroup taxa (Clade B). Within this clade, 

Grubbiaceae was sister to a Comaceae/AquWoliaceae lineage, diagnosed by two 

parallelisms {Characters 11 '+ 21 {perianth tetramery and trilmultilacunar nodal 

anatomy)} and one reversal (Character 20: crassinucellate owles). 

2. Within Clade B, which was diagnosed by a single parallelism (absence of foliar 

ellagic acid), an EscalioniaceaelActinidiaceae lineage, supported by Character 5 

(presence of iridoids), was sister to a grouping comprising the remaining ingroup 

taxa (Clade C), supported by one synapornorphy (Character 9: sympetaly) and 

one parallelism (Character 14: number of stamens equal to or less than the 

number of perianth segments). 

3. Clade C contained two distinct lineages: a Bruniaceae + Ericaceae + 

Epacridaceae grouping (Clade D), diagnosed by a single reversal (presence of 

foliar myricetin; Character 4) and a clade comprising all of the remaining families 

included in the present analysis (Clade E). 

4. Within Clade 0 Bruniaceae, comprising a monophyletic lineage supported by 

the synapomorphy of black leaf apiculae (Character 9), was sister to an 

EricaceaelEpacridaceae grouping diagnosed by one synapomorphy (Character 

17: pollen shed in tetrads) and one parallelism (Character 7: presence of leaf 

HCN). The epacridalean lineages did not form a distinct clade; rather the Riches 

and Epscris/Styphe/la groupings were sisters to Ericaceae, which appeared to 

represent a monophyletic lineage diagnosed by one parallelism (Character 15: 

anther dehiscence by apical pores) and one reversal (Character 14: stamen 

number equal to or more than, twice the number of perianth segments). 

5. In Clade E, supported by the single parallelism of absence of an endosperm 

haustorium (Character 19), Diapensiaceae occupied a position as sister to a 

lineage in which Pittosporaceae and Apiaceae were placed at the base of a sub­

clade diagnosed by one synapomorphy (Character 6: presence of 

polyacetylenes) and one parallelism (Character 21: trilmultilacunar noctal 

anatomy). Within this lineage two groupings were evident: a Dipsacaceae + 

Valerianaceae' lineage (Clade F) that appeared well-supported by' three 
, 

parallelisms: absence of foliar proanthocyanidins, presence of iridoids and 

- .. ~ 
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opposite leaf arrangement (Characters 2, 5 and 10 respectively) and a 

Campanulaceae + Calyceraceae + Goodeniaceae + Asteraceae grouping (Clade 

G) diagnosed by one parallelism, one synapomorphy and one reversal: capacity 

to accumulate inulin, presence of pollen presenters and of endosperm haustoria 

(Characters 0, 16 and 19 respectively). 

Apiaceae was sister to the lineage comprising Clades F and G, which was 

supported by a single parallelism: Character 13 (stamens adnate to petals). 

6. Within Clade G, Asteraceae was sister to a grouping comprising 

Campanulaceae, Calyceraceae and Goodeniaceae, diagnosed by one 

parallelism (Character 2: absence of foliar proanthocyanidins) and one reversal 

(Character 21: unilacunar nodal anatomy). Campanulaceae was sister. in this 

lineage, to Calyceraceae/Goodeniaceae, supported by a single parallelism: 

presence of iridoids (Character 5). 

In the bootstrap analysis, with the exception of the Ericaceae clade (55%) and 

DipsacaceaeNalerianaceae lineage (61 %), support for the groups shown on the 

cladogram was less than 50%. Estimates of aBremer support" (decay index) gave 

similar results in that all nodes collapsed in the strict consensus tree of the 244 

trees one step longer than the single most parsimonious tree, except for the 

nodes below the Ericaceae grouping and Clade F. All nodes collapsed in trees 

two steps longer than the strict consensus tree. 

The current view that Ericaceae is paraphyletic unless merged with 

Epacridaceae and Empetraceae, based on the results of several phylogenetic 

studies (Judd and Kron, Kron and Chase, Anderberg, Chase et a/., all 1993; 

Crayn et al. 1996 and Kron. 1996) and formalised by Kron (1997), is not 

however supported by the results of the present analysis. 

C. DISCUSSION OF RESULTS OF ANALYSIS 1 

...... 
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IDENTIFICATION OF SISTER GRoUP(S) OFB~UNiACEAE 

1. Sister relationship of Bruniaceae and EricaceaeJEpacridaceae 

The sister relationship of Bruniaceae and EricaceaelEpacridaceae suggested by 

the results of the present a,.'ysis is significant for two reasons. Firstly, it may 

represent an advance on the' findings of recent phylogenetic studies (see Sect. 

1.1. below). Secondly, it is compatible with most traditional classifications (see 

Sect. 1.2. below), despite the fact that these have disagreed to the extent of 

placing Bruniaceae in three of Cronquist's (1981) superorders. 

This result must nevertheless be viewed as tentative in that support for the 

BruniaceaelEricaceae/Epacridaceae clade is not strong either in terms of number 

of characters or'in bootstrap and Bremer support. Inclusion of more characters in 

the analysis may result in better support and the need for detailed studies of 

reproductive biology, floral ontogeny and anatomy, fruit morphology and 

anatomy, embryology and chromosome cytology in Bruniaceae is highlighted. 

Apart from the flavonoid profile of the family. investigated in this study, its 

secondary chemistry is also not well understood. Only one species has been 

examined for the presence of iridoids, while the occurrence of poIyacetyienes 

and sesquiterpene Iactones, characteristic of Apiales and Asteraceae, has never 

been investigated in Bruniaceae. 

Poor support for some· internal nodes of a cladogram has been a problem in 

other phylogenetic analyses based on non-molecular data. In a study of 

relationships in Ericales (Anderberg; 1992), support for an Empetraceae + 

Ericaceae + Epacridaceae clade was limited to a single homoplasious character: 

diplostemony. This monophyletic lineage has been nevertheless identified in 

three major phylogenetic studies based on molecular data. In a second study of 

Ericales, Anderberg (1993) identified a Vaccinioid + Arbutoid + Epacridaceae 

clade, also based on a single homoplasious character: early anther inversion. A 

similar relationship was uncOVered in the large-scale molecular phylogenetic 

analysis of Chase et sf. (1993). Molecular studies of Bruniaceae are needed in 
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order to make an independent assessment of the relationships suggested by the 

present study. 

1.1 Comparison of the results of the present study With those of recent 

phylogenetic analyses 

Bruniaceae has been included in six large-scale recent phylogenetic studies, of 

which four (Olmstead et a/., 1993; Chase et aL, 1993; Soltis et al, 1997; Hoot et 

a/., 1999) utilised molecular data, one (Nandi et a/., 1998) combined molecular 

and non-molecular data sets and one (Hufford, 1992) morphological and 

chemical information. These studies do not agree as to the sister relationship(s) 

of Bruniaceae and none agree with the results of the present study in' its 

Identification of Epacridaceae and Ericaceae as sister taxa to Brunlaceae. The 

areas of conflict are discussed below, dealing in chronological order with the 

relevant studies. 

HUFFORD (1992) 

Hufford's analysis of relationships among Cronquist's Rosidae and other non­

magnoliid taxa placed Bruniaceae as sister to a large "comiftorae-asterid" clade 

which mainly comprised families of Cronquist's Asteridae but also of his 

Difleniidae and Hamamelidae. Ericaceae was included in this lineage i.e. a 

similar position with respect to Bruniaceae to that indicated by the present studY. 
The importance of Hufford's study lay In its identification of a more broadly­

circumscribed Asteridae than had preViously been recognised and in its 

association of Bruniaceae with this lineage. Intemal support for the "comiflorae­

asterid" clade was not however assessed in this study. 

The results of Hufford's analysis were not based on accurate information for 

Bruniaceae, so cannot be directly compared with those of the present study.~e 

coded the family as having pollen grains 20-30J.L or larger with reticulate tectal 
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sculpture, crassinucellate ovuleS; MalrQinal and/Or-axile placentation and no foliar 

proanthocyanidins. The correct states are: pollen grains mostly < 20J.1l11 with 

foveolate sculpture, tenuinucellate ovules (although this needs further study), 

axile-apical placentation and proanthocyanidins universally present. 

Epacridaceae was not represented in Hufford's study, while Ericaceae was 

coded as having a pentamerous corolla and ellagic acid present. This does not 

reflect the polymorphism that exists within Ericaceae for these characters: 

members of subf8mlly Ericoideae have tetramerous flowers, while ellagic acid 

has been recorded from subfamily Vaccinioicleae only. SubdMsion of the family 

into units monomorphic for these_ characters may well have influenced the 

topology of trees discovered in the study. 

CHASE eta/. (1993> 

This analysis, which addressed the question of spermatophyte phylogeny using 

DNA· sequences of the chloroplast gene rbcl form 499 taxa, retrieved an 

monophyletic Kasterid" group composed of Cronquist's Asteridae together with 

elements of his Dilleniidae, Rosidae and Hamamelidae. Within this clade five 

subclades, termed Asterid I-V, were distinguishable. Bruniaceae, represented by 

Berzelia lanuginosa, was placed in Asterid II, while Ericaceae and Epacridaceae 

(represented by 15 and 5 species respectively) were placed in Asterid III, with 

Epacridaceae nested within Ericaceae. Molecular evidence thus differed from 

non-molecular evidence (Hufford, 1992) in suggesting that Bruniaceae was part 

of, rather than sister to, an asterid lineage and also in its basal placement of 

Ericaceae with respect to Bruniaceae. Within Asterid n, Bruniaceae was found in 

the study of Chase et a/. to be sister to a large clade comprising Asteraceae + 

Goodeniaceae + Campanulaceae and ComaceaelPittosporaceae/Apiaceae. 

DipsacaceaeNalerianaceae was sister to this lineage (see Figure 15). 

As Chase et a/. noted, the importance of their study lay in its predictive value, , 

rather than in the accuracy i of the topologies discovered, internal support for 

.. - . 
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Diapensiaceae 
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Simplified strict consensus tree of Search I, from Chase et al. (1993) analysis of 
seed plant phylogeny. 
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which could not be adequately evaluated on account of the size of the data set. 

The results of the study were particularly valuable as a guide to the identification 

of potential sister-groups to Bruniaceae to be included in the present cladistic 

analysis. Terminal taxa were selected from the Asterid II and III clades retrieved 

in the Chaseet aL analysis~ thus representing families both above and below 

Bruniaceae in Asteridae 8.1. 

OLMSTEAD et aL (1993) 

A position of Bruniaceae within (rather than as sister to) Asteridae 8.1. was also 

supported by the results of an analysis by Olmstead et aL (1993). which 

examined relationshiPs within Asteridae 8.1.. based on tbcL. sequence data. 

Bruniaceae (again represented by Berzelia lanuginosa) was not resolved to a 

particular clade in this study. This is surprising considering its more focused 

purpose in comparison with that of Chase et a/. (1993). The initial analyses 

identified 11 clades that were congruent between all islands, with Bruniaceae not 

resolved to any of these. In a. second analysis. of relationships between 3 of the 

11 clades. namely Asterales, OipsacaleS and Apiales, Bruniacaae was not 

resolved, either within a Dip&acales + Apiales clade (lsland-80) or within the 

entire AsteraleslApialeslDipsacales group (lsland-196: see Figure 17). 

No relationship was suggested in any of the analyses between Bruniaceae and 

an ericalean clade, which included representatives of both Ericaceae and 

Epacridaceae (5 and 1 species respectively) in the initial analyses but not in the 

second (1 representative of Ericaceae). 

SOLTIS eta/. (1997) 

Soltis et aL (1997) addressed the question of angiosperm phylogeny as revealed 

by cladistic analysis of sequences from the nuclear gene 18S ribosomal DNA. 

Bruniaceae was represented in this study by Berzelia lanuginosa and Ericaceae 

by ItfCtostaphylos uva-ursi and Vaccinium tnaC1OCIIrp8 - both members of 
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'---Apiaceae 

'---------Comaceae (Griselinia) 
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t---------------- Escalloniaceae (Escallonia) 
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,...-----Escalloniaceae (Phyllonoma) 
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'------------Cornaceae (Helwingia) 
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t---------------Lamiidae 

'---------------Ericaceae 

FIGURE 17: 

outgroups 

Simplified strict consensus tree of ,196 trees (Island 196) obtained in the phylogenetic 
analysis by Olmstead et al. (1993) of relationships in Asteridae s./. This section of the 
analysis explored relationships between three of the clades identified in the primary 
analysis: namely Asterales s./., Apiales and Dipsacales. 
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subfamily Vaccinioideae according to Stevens (1973). Epacridaceae was not 

represented. This second large-scale study retrieved topologies that were largely 

congruent with those found by Chase et a/., although based on fewer taxa (223 

species). In particular, all searches conducted in the analysis of Soltis st a/. 

identified a large eudicot clade in. which two subclades could be distinguished, 

largely corresponding to Rosidae and Asteridae s./. 

In the strict consensus of 5294 shortest trees resulting from phylogenetic 

analysis, Bruniaceae was placed in Asteridae sol. as part of an Asteridae clade, 

at the base of a lineage comprising families of Cronquist's Lamiidae. An 

Ericalean grade, together with Caryophyllidae s.l. was sister to Asteridae. 

Parsimony jackknife analysis was used to assess support for the topologies 

obtained, but neither the Asteridae nor the Ericalean grade had values above SO. 

The analyses of Chase et a/. and Soltis et al, based on chloroplast and nuclear 

gene sequences respectively, thus disagreed both in respect of the sister­

relationships of Bruniaceae and of its position with respect to 

Ericaceae/Epacridaceae. 

NANDI etat (1998) 

These workers conducted a cladistic study of 182 angiosperm taxa selected 

according to topologies obtained in various cladistic studies including those of 

Chase et a/. (1993) and Hufford (1992). Both non-molecular and molecular (rbcl) 

data sets were analysed,. separately and in combination. Bruniaceae was 

represented by Berzeiia /anuginosa and Ericaceae by Erica australis only. 

Epacridaceae was not included. A total of 252 non-molecular characters was 

used in the first analysis, which retrieved a poorly-supported Asterid lineage. 

Within this clade three subclades were distinguishable: one comparable to 

Asterid III of Chase et a/., a second comprising families from Chase et a/.'s 

Asterid clades I, II and lV and a third composed of taxa from Chase et a/.'s 

Asterid I. II. III and V together with families of Cronquist's Rosidae and Dilleriiidae 

that were not included in the analysis of Chase et a/. 

I 
I .. 
I 
I 
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Within the first of these three subclades, an ericalean lineage was reasonably 
, 

well-supported (59% bootstrap value) but none of the remaining clades had 

bootstrap values of greater than SO. Nandi et a/. attributed the lack of intemal 

support for tree topology obtained in the analysis of non-molecular data to a high 

number of empty cells i.e. missing information. 

Analysis of the rbcL sequence data retrieved a moderately well-supported 

(bootstrap value 52%) Astef;d III subclade sensu C~ase et al, including 

Ericaceae, together with poorly-supported Asterid 1+11 and IV subclades. 

Bruniaceae was placed as sister to Campanulales, in Asterid 1+11. 
. l 

Analysis of the combined data sets with successive weighting produced a single 

most parsimonious tree with ~o well-supported nodes (bootstrap values all less 

than SO%). As in the tbcl. analysis, Bruniaceae was part of an Asterid 1+11 

subclade, but in this instance as sister to Eucommiales and lcacinaceae (see 

Figure 19). 

The different sister relationships for Bruniaceae discovered in the three analyses 

may have to do with the fact that, in the non-molecular data set, the family had 

45.2% missing information (117 cells out of 242). In addition, at least ten of the 

characters were polymorphic tbr the family and could have been coded differently 

had a representative other than Berzelia lanuginosa been selected. 

HOOTetal (1999> 

This study examined relationships among basal eudicots, using sequences of 

three genes: the chloroplast genes atpB and tbcl. and nuclear ribosomal 185 

DNA. Taxa (73) were selected on the basis of representivity of most of 

Tahktajan's subclasses and superorders (Tahktajan, 1997) with SetzeRa 

lanug;nosa the sole placehQIder for his Ericanae. Asteridae according to 

Tahktajan were not represented in this study. 

In three separate analyses based on individual gene sequences as well as two 

based on combined data sets (atpBlmcL and atpBlrbcUnr185), Serzelia was 

placed as sister to Hedera (Araliaceae). This lineage was very well-supported 

Ilk· • 
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FIGURE 18: 

,...---------------Grubbiaceae 

~------------------ Diapensiaceae 

~-------- Clethraceae 

~-------- Epacridaceae 

...--- Ericaceae 

'----Monotropaceae 

~-------------- Pittosporaceae 

~-----------Apiaceae 

...---------Dipsacaceae 

'----------Valerianaceae 

1----------------Cornaceae 

~-------- Goodeniaceae 

1--_________ Calyceraceae 

~-------Campanulaceae 

'----------Asteraceae 

Simplified strict consensus of 100 most parsimonious trees generated in an analysis 
of the circumscription of Ericales by Anderberg (1992), based on non-molecular data. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

..----- Ericales 

'----- Diapensiaceae 

Campanulales 

,--- Pittosporaceae 

Aralia~ 
~N v:~· i:};~ 

~a" Esdalloniaceae 

~:f"'t ., 
-

Dipsacales 
» 
~ 
m 
:0 
C 
~ 

Aquifoliaceae 
Ao 
I\) 

Bruniaceae 

Eucommiales 

"----- lcacinaceae 

..----- Comales 

---- Hydrangeaceae 

AGURE 19: 
Asterid clade (simplified) found in the Single most-parsimonious tree generated in a combined 
cladistic analysis of angiospenns by Nandi et 81. (1998), USing mel and non-molecular data 
sets and successive weighting. 

41 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• ,~)" 

t 

"Lower hamamelid$.· 

My~?t,~,~mO~geae 
." '"'1c 

Gunneraceae 

Hydrangeaceae 
-

Brunlaceae 
0 
0 
:IJ 
m 

Araliaceae m c 
0 
(5 
0 

Rosids ci1 

Dilleniaceae 

Caryophyllids 

Hamamelids/saxifragales 

FIGURE 20: 
Strict consensus tree (simplified to show the position of Bruniaceae) of the 15 shortest trees 
obtained from combined data (atpB, rbcL and 185) used in a cladistic analysis of relationships 
among basal eudicots by Hoot et aI. (1999). Ilk. • 
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(85-100% of bootstrap replicates) in all except the analysis based on nr18S 

sequences. Hydrangea (Hydrangeaceae) was sister to this species-pair in all 

except the nr18S analysis (see Figure 20). The retrieval of this lineage is 

significant in that it unites representatives of two of Tahktajan's subclasseS, not 

placed in his Asteridae but included in Asteridae 8.1. senau Cronquist by Chase et 

al. (1993), Soltis et at (1997) and Nandi et at (1998). However, in the analysis of 

Chase et a/. Bruniaceae was part' of "Asterid II, while Hydrangeaceae and 

Araliaceae were included in Asterid IV. 

ANDERBERG (1992) 

A further study of interest Is Anderberg's analysis of the Circumscription of 

Ericales (1992), based, as in the case of the present analysis, on non-molecular 

data. Although Anderberg did not include Bruniaceae in his study, he focused on 

relationships that are relevant to the results of the present olie. As can be seen 

from Figure 18, the topology of the strict consensus tree obtained by Anderberg 

closely resembles that of the tree shown in Figure 14, although very different 

sampling strategies and cha"'~r sets were used in the two studies. 
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All six studies discussed above agreed in associating Bruniaceae with a 

monophyletic asterid lineage (=asterids sensu Chase et at 1993; Asterids sensu 

APG. 1998) that has been identified in most recent phylogenetic analyses of 

relationships among angiosperm families (see A below. from MagaJI6n et a/ .• 

1999 and refs. therein). 

,..------- Magnoliales t-------- laurales 
~------ Piperales 
~------ Aristolochiales 
..... ------ lIIiciales 

----ll-------- . Nymphaeales 
~-------- M~~~M 

_----- RANUNCULID CLADE 1===== basal eucflCOt grade 
..---- CARYOPHYlllDCLADE 

1------ SAXIFRAGOIDS 

-- Geraniaceae 
Capparales 

~~--+-t-- Sapandales 
Malvales 

t-- Myrtales 
'-- CORE ROSIDS 

,..--- CORNAlEAN CLADE m. 
_- ERICAlEAN CLADE 8 i. 

1
= ~ ASTERIDAE S.L. fit ~ 

lAMlIDAE S.L. i §. 

A. General eudicot phylogenetic pattern (from Magall6n et aI., 1999). 
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Within this clade, three subclades have been identified: comalean, ericalean and 

core asterid, the latter again divisible into smaller clades, termed Asteridae s.l. 

and Lamiidae s.l. by Magall6n et at Bruniaceae has been placed in Asteridae s.l. 

(=euasterids II sensu APG, 1998) by these authors, together with Dipsacales, 

Apiales and Asterales, which lineages comprise families of Cronquist's Asteridae 

and Rosidae. Ericaceae and Epacridaceae have on the other hand been 

included in the ericaiean clade (=asterid III sensu Chase et al., 1993; Ericales 

sensu APG, 1998) according to Magall6n et al. (1999), along with 

Diapensiaceae, Theaceae, Grubbiaceae and Clethraceae. 

.udIcIat cl core asterids 
mUI eucIlc:at .. A5teridae 5.1. Lamiidae 5.1. 

core eudIa:III 
0 CD - en en -t ~ d. .1eItd d. ui "0 en j .!!! ~ 

CD 
CD j 

en as I ! I ! It;j~ ~ ca Co) c: .!e c: en 
~ ca 00 ca ca as '!(j .!e e ~ c: 

~ IIIIIHIU ca en CD ~ C'CS E )( :t oS- - ca '0 CD 
~ 

en ca 
C < C!) tXl CIJ C!) ...J 

B. Relationships within the Asterld clade: core astertds (from Magall6n at aL, 1999) 

-.. 
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The different sister group relationships indicated for Bruniaceae by the results of 

present study and of those discussed above may be related to several factors: 

a) Current lack of agreement as to relationships within asterid clade 

The phylogenetic pattern within the asterid clade (see B above) is not universally 

supported, although apparent in many analyses, mostly based on rbcLsequence 

data (Magall6n et,al., 1999). In the analyses of Olmstead etal. (1993), Soltis and 

Soltis (1997) and Soltis et al. (1997) for instance, the ericalean and comalean 

clades and Asteridae s.l appeared to be non-monophyletic. In some studies 

these clades appear in unexpected positions e.g the comalean clade as sister to 

Lamiidae s.l. + Garrya (Downi~ and Palmer, 1992) or Lamiidae 8.1. at the base of 

the asterid clade (Olmstead et al., 1993). 

The ericalean clade, though retrieVed in analyses based on both tbcl. and 18S 

sequences (Olmstead et al .• 1993; Chase et al., 1993; Soltis and Soltis, 1997), 

has also appeared as a grade closely linked with the caryophyllid clade within an 

asterid assemblage (Soltis et at 1997). The placement of the ericalean clade as 

sister to the core asterids (Hufford, 1992; Chase et al, 1993) is not universally 

supported. Soltis and Soltis (1997) found this clade to be sister to 

Hydrangeaceae, together sister taxon to the core asterids. Olmstead et al.(1993) 

found the ericalean clade to be sister to asterids excluding Lamiidae s.l., while 

Downie and Palmer (1992) found it to be the most basal clade within the asterids. 

Other studies, discussed in Magall6n et al. (1999), have discovered yet other 

placements of the ericalean clade. 

b) Scale of the analYses 
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The six studies discussed above were all, withthcfeltception of that of Olmstead 

et al. (1993), aimed at expl«ing relationships at ordinal level and above. The 

present study focused on relationships within the Euasterid II clade (APG, 1998). 

Different sampling densities were used, which is likely to have influenced the 

topologies of the trees discovered. It has been noted (Soltis et at, 1993; 

Olmstead et at. 1993; Hillis" 1998; Poe, 1998) that uneven and/or insufficient 

taxon sampling may result in incorrect topologies or anomalous placements in 

molecular (and presumably also other) phylogenies. Bruniaceae was represented 

in all six studies discussed above by a single species: Berzelia /anuginosa. As a 

sample of a palaeoendemic and morphologically, anatomically and 

palynologically extemely diverse family, this was probably inadequate. If, as has 

been suggested by Hall (1987), the diversity exhibited by the family is the produd 

of great age, gMng Bruniaceae "time to accumulate the results of numerous 

evolutionary events", then it may be that more extensive sampling of the lineages 

identified in the phylogenetic analysis of within-family relationships is necessary, 

in order to accurately refled molecular diversity. 

The fad that none of the recent phylogenetic studies have associated 

Bruniaceae with Ericaceae or Epacridaceae may also have to do with uneven 

sampling of taxa in these lineages. The representation of these families was 

sparse and/or uneven in all the analyses except for that of Chase et al. and was 

probably inadequate (see discussion above) for the purposes of reflecting within­

family diversity. This could be seen particularfy in the Ron-molecular analyses, 

where characters polymorphic for the family were coded as having a single state. 

c) Sampling st[ategv 

Some of the studies discussed above e.g. Hufford (1992) and Soltis et a/. (1997) 

selected representative taxa ;according to Cronquist's classification (Cronquist, 

1981), while Hoot et al. (1999) followed Tahktajan's system (Tahktajan, 1997). 

Nandi et a/. (1998) sampled according to existing macrotaxonomic studies as 

well as lineages discovered in previous cladistic studies. It seems possible that a 
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biased approach may result from too-rigid adherence to anyone taxonomic 

system or topology. A good example is provided by the present study; for 

purposes of flavonoid analysis, taxa were selected according to the 

classifications of Cronquist (1988), Dahlgren and van Wyk (1988) and G. 

Dahlgren (1989) because molecular studies were not at the time available as a 

guide to possible sister taxa. These systems suggested families now included in 

an ericalean clade (APG, 1998). On the other hand, taxa used in the cladistic 

study to explore sister relationships of Bruniaceae were selected from the Asterid 

II (= euasterid II; APG, 1998) and III lineages discovered in the analysis of Chase 

etal. (1993). Had Tahktajan's system been followed throughout, selection of taxa 
would have been different again, as Bruniaceae is placed by him in Superorder 

Ericanae of Subclass Dilleniidae. Very different relationships may have been 

suggested, depending on the sampling strategy followed. 

d)-Sources of evidence 

Molecular data (DNA restriction sites and sequences) have been extensively 

used in recent phylogenetic studies on account of the large number of characters 

offered for analysis and the availability of comparable data across all major seed­

plant lineages. This represents an advantage over non-molecular data which 

may not be comparable e.g. absence of floral characters in gymnosperms, or 

may give rise to empty cells in a data matrix e.g. secondary compounds present 

in only some taxa. Molecular data also offer the advantage that, depending on 

the rate of evolution of the chosen gene sequence, it is theoretically possible to 

examine relationships at any taxonomic level (Hillis, 1987). Sequence data from 

the slowly-evoMng plastid gene tbcl, which codes for the large subunit of 

ribulose-1, 5-biphosphate carboxylase/oxygenase (RuBisCO), have been most 

often applied to exploration of relationships at ordinal level (e.g. Chase et al., 

1993, for the seed plants) but have also proved useful at a lower level (e.g. Kron 

Ilk· • 
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and Chase. 1993. for the systematics of Ericaceae. Epacridaceae. Empetraceae 

+ related taxa). Sequences of the nuclear gene 18S ribosomal DNA have 

likewise been used both at family level and above (e.g. Soltis and Sottis. 1.995. 

for relationships within Sa>cihgaceae; Soltis et ., .• 1997 for the angiosperms), as 

have those of atpB (Hoot et a/.. 1995 for relationships in Lardizabalaceae; Hoot 

et a/" 1999. for relationships among lower eudicots). 

Ideally the gene sequence chosen should be appropriate to the taxonomic 
I f 

level of the problem addressed. Concern was expressed initially that 18S rONA 

might be too evolutionarily conservative for elucidating phylogenetic relationships 

at family level and above (see Soltis et 81., 1997). Nickrent and Soltis (1995). 

however. compared the rate of evolution and phylogenetic resolution of 18S 

rONA sequences with those (>f tbcL and concluded that seqences of the former 

gene were sufficiently variable for studies at higher levels among the 

angiosperms. 

However. the fact that there exist areas of conftict between between the 

results of various phylogenetic studies based on different gene. sequences 

suggests that no single gene will provide the perfect phylogeny and may not be 

appropriate to all levels of the taxonomic hierarchy. The large-scale analyses of 

Chase et a/. (1993) arid Som. et a/. (1997) have provided a valuable framework 

for more focused studies. In dealing with problem areas. the approach has often 

been to combine data sets from different gene sequences (Hoot sf a/ .• 1999) or 

from molecular and non-molecular evidence (Nandi et a/., 1998). The current 

view is that the best phylogenetic information will be obtained by cladistic 

analysis of aU available data, molecular and non-molecular i.e. using total 

evidence (Hillis, 1987; Kluge., 1989; Vane-Wright et aI., 1992; de Queiroz. 1993; 

Olmstead and Sweere,1994; Nandi •• '.,1998). 
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No such analysis of the sister relationships of Bruniaceae has been possible. 

,The conflict between the results presently available may well be resolved by an 

analysis using tbcL, 185 rONA and stpB sequence data in combination wHh non­

molecular evidence and based on adequate sampling of possible sister taxa. 

Agreement between results of the present study and others' 

Despite the conflicting views as to sister relationships of Bruniaceae discussed 

above. there are areas of agreement between the results of the various studies. 

The topology of the single tree obtained in the present analysis (Figure 14) of 

non-molecular data is in agreement with topologies' (see Figures 15-17) obtained 

in the molecular phylogenetic analyses of Olmstead et sl. (1993). Chase et sl. 

(1993). and Soltis et sl. (1997) in their common retrieval of: 

1. An Asteraceae/GoodeniaceaeJCampanulaceae clade 

2. A OipsacaceaeNalerianaceae clade 

3. A PittosporaceaeJApiaceae clade 

4. A Comaceae/Aquifoliaceae clade 

A further study of interest is Anderberg's analysis of the circumscription of 

Ericales (1992), based. as is the present analysis, on non-molecular data. 

Although Anderberg did not include Bruniaceae in his study. it focused on 

relationships that are relevant to the results of the present one. As can be seen 

from Figure 18, the topology of the strict consensus tree obtained by Anderberg 

closely resembles that of the tree shown in Figure 14. Broad support for the 

results of the present analysis is therefore forthcoming from recent phylogenetic 

studies based on both molecular and non-molecular data. 

..~ 

1.2 Comparison of the results of the presemanalvsis with existing classifications 
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When viewed against the concept of an Asteridae 8.1., the different views 

regarding affinities of Bruniaceae (see Table 8, reproduced from Chapter 1) are 

reconciled. Brongniart (1826) allied the family with Araliaceae and Comaceae, as 

did van Tieghem (1897). Lindley (1853), Niedenzu (1891), Thome (1976), 

Dahlgren (1980), Dahlgren and van Wyk (1988), G. Dahlgren (1989) and 

Carlquist (1991) all proposed an affinity with Grubbiaceae, but in different orders. 

Takhtajan (1969) and Cronquist (1981) alHed Bruniaceae with Pittosporaceae, 

again in different orders. Placement of Bruniaceae within an ericalean framework 

was suggested by Dahlgren and van Wyk (1988), Cronquist (1988) and G. 

Dahlgren (1989). 

The inclusion within a newly-defined Asteridae 8.1. of families that were formerly 

part of Cronquist's Dille'niidae (Ericaceae, Epacridaeeae, Grubbiaceae, 

Diapensiaceae) or Rosi$e (Pittosporaceae, Comaceae, Aquifoliaceae, 

Araliaceae, Apiaceae), is consistent with the opinions of all the above authors 

regarding the placement of Bruniaceae within an asterid lineage. This is a tribute 

to the utility of the framewotk provided by molecular phylogenies, within which 

existing classifications can be re-examined. 

1.3 The position of Grubbiaceae 

This small Cape Floristic Region endemic family has been allied with Bruniaceae 

in some traditional classifi~ns (see Table 8), but not included in any of the 

large-scale molecular phylogenetic analyses. In phylogenetic studies of Ericales 

by Anderberg (1992, 1993). Grubbiaceae was placed basal to an 

EricaceaelEpacridaceae cla4e i.e. a similar relationship to that found in the 

present study. Anderberg hypothesised that Grubbiaceae belonged among the 

lower representatives of the Ericales. The association of Grubbiaceae with 

Aquifoliaceae in the present analysis may provide a basis for future 

investigations of the preci~ affinities of this family. The Grubbiaceae + 
I 
I 

Aquifoliaceae + Comaceae clade identified was supported by two parallellisms: 

perianth tetramery and trilmultilacunar nodal anatomy. Bootstrap support for this 

... - . 
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clade was below 50% and estimates of Bremer support showed the clade to 

collapse in trees one step longer than the single most parsimonious tree 

obtained. The inclusion of more characters in the analysis may increase 

confidence in the robustness of the clade. but Grubbiaceae. like Bruniaceae. 

suffers from a lack of detailed information regarding secondary chemistry, 

embryology and floral anatomy. Molecular studies of Grubbiaceae and other 

endemic southern African taxa are urgently needed. 

1.4. Homoplasy in the data 

There is significant homoplasy in the data, as evidenced by the consistency 

index and levels of bootstrap support. The fact that all branches collapsed in 

cladograms only 1 or 2 steps longer than the most parsimonious cladogram 

indicated limited support for the tree topology discovered in this analysis. 

The consistency index associated with the single cladogram obtained in analysis 

1 (0.34) is not dissimilar from indices obtained in other non-molecular 

phylogenetic analyses such as those of Hufford. 1992 (0.18); Anderberg, 1992 

(0.30); Anderberg, 1993 (0.40) and Judd and Kron. 1993 (0.46). According to 

Quicke (1993), a consistency index in the range 0.25-0.35 is quite common for 

analyses based on non-molecular data. Sanderson and Donoghue (1989) found 

consistency index (ci) to be directly correlated with the number of taxa included in 

a cladistic analysis. ci decreasing and homoplasy increasing as more taxa were 

added. This could be related to an increase in the average number of character 

state changes per character with the addition of more taxa. Their conclusion was 

that the ci was not a measure of quality but merely of the overall level of 

homoplasy. These authors did not find a significant difference between levels of 

homoplasy in molecular and non-morecular data, a finding supported by the 

results of recent molecular phylogenetic studies e.g. Olmstead et a/., 1992 

(ci=0.29). 

Bremer (1988) noted the common occurrence of homoplasy in morphological 

data at higher taxonomic levels and Soltis and Soltis (1995) made the 
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TABLE 8 AFFINITIES OF BRUNIACEAE ACCORDING TO VARIOUS AUTHORS 

Date Author Allied taxa Order or cleele 

1818 Brown Corneae, Harnameldeae 
1825 OeC8ndolle RhIInnaceae 
1826 ......... -. COmaceae (MJI_,. HanwneIdaceae 

'""""", , AnIIaceIle 
1836-40 EncIcher tiamMlIId.a., Comeae 
1853 LIndey ....... IIId.a. , GnIJbia 
1861-2 Sonder HanwneIdaceae 
1865 Hooker sarra 
1868 C1GIYClJ ~.ae 
1872 BaIlon ~" HamameIdeae 
1891 NIedeIIZU GntiiaceH 
1897 V., • MV18ITI Comaceae "UINJeIIferae-(RosaIean) 
1912 Haler Rosales 
1915 RclaIas 
1930 NIedenzu & Harms Rclllil ,Isolated postIIon) 
193e WetIsteIn RoeIII8 
1953 So6 IIanIMllldales 
1964 ~Menz 

RelJ __ 

1969 Huk:hlnaon HalIIMIIIdaIes 
1969 TahkIajan PItIDIpcnCeae, Escalalllaceae, SmdhgaIes 

RorkUac.a. 
1987 GelSIOkxnaceae 
1997 Gn.tJbIaceae Bn.Ii8Ies, ..,.-01 del Ericanae 

1976 Thome GI'lmtJIaceae, Ror1cUaceae, PItIDsporaIes, stmder Bnl'ineae 
GeIssoIomaceae, Myrohunnac:eae, 
Hyctos1achyace8 

1992 BnI1i8Ies, IM4"'I'I UI \IaIII Rosanae 
,;., , 

1981 CroncJist Q.nariaceae, PIaoIpcnceae, Rorwaceae Rosales 

1988 Ericales 

1980 DahV'en GI'lmtJIaceae Qn)nIaI.s 

1983 Q,nonIaceae, some ~ African 
famlies 

1988 .......... ,&van~ GrUJbIac:eae BnnaIeI near ErIcaIes 
1989 U8ritwt "'1, G. ~,part of EricaIes 
1991 Cer1qList GI'lmtJIaceae Rosales 

HanIlllMldalBs 
1992 HuIford,l. ComHIorae astertd ~ of 

ROIIIdae 
1993 O1aseeta/. Aplaceae, PIaoIpcnceae, AstIIrtdae &.1. 

vaIer1anaceae, 
1993 Olmstead et a/. EscaIIonaceae, Comaceae AsIieI1dae &.1. 
1997 SolIs et aI. Lamlaceae, SOIanaceu, AsterkIae • .1. - .. 
1998 Nard_ •. EuccAili.alea, IcacInac:eee Astertdae •. 1. 
1998 MIG ana-IMt, AstenIIes, a.ster1ds2 
1999 Hootetal. , ,~, , AraIac:eae AsIertds 

.li 

."... -
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observation that "perhaps one of the most significant discoveries of molecular 

phylogenetics is the high frequency of homoplasy suggested for some 

morphological and chemical features" (of plants). 

Inspection of.' the. cladogranLobtained in this analysis reveals that most of the 

chemical, morphological and embryological characters used are homoplastic. As 

regards secondary chemistry, the capacity to synthesise foliar ellagitannins for 

example appears to be the plesiomorphous condition for ..,e ingroup, but is lost 

in Aquifoliaceae and the majority of other' taxa examined. A reversal to the 

plesiomorphous state occurs in Oiapensiaceae and Vaccinioideae. Presence of 

foliar proanthocyanidins is a plesiornorphy for the entire group, with losses of the 

biosynthetic step leading tQ these compounds occurring in several lineages: , 
Aquifoliaceae/Comaceae, Clade F and the grouping comprising Campanulaceae, 

Calyceraceae and Goodeniaceae. The loss of capacity to synthesise myricetinin 

leaves is a synapomorphy for Clade A, with a reversal to the plesiomorphous 

s1ate in Clade D. The . biosynthetic pathway leading to synthesis of 

poiyacetylenes is a synapomorphy for Clade E, but is lost in Oipsacaceae and 

Calyceraceae. lridoids arise in several lineages: Comaceae, 

ActinidiaceaelEscalloniaceae~ Clade F and CalyceraceaelGoodeniaceae. 

Of the morphological characters, perianth pentamery appears to be the ancestral 

state for the ingroup, with reduction to tetramery in the Grubbiaceae + 

Aquifoliaceae + Comaceae lineage and in Ericoideae. Free stamens represent 

the plesiomorphic condition, with stamen adnation having multiple origins in 

Theaceae, Lonchostomoideae, Diapensiaceae, two out of three epacrid lineages 

and the taxa above Apiaceae (node 28). A reversal to the ancestral state occurs 

in Campanulaceae.Hypogyny has multiple origins, in Brunioideae. Grubbiaceae. 

Vaccinioideae and Clade E above node 29., Haplostemony defines 

AquifoliaceaeiCornaceae as well as Clade C, with reversals to the 

diplostemonous condition in' the lineages of Ericaceae. Anther dehiscence by 

apical pores has two origins: in Actindiaceae and Ericaceae. 

Anatomical features likewise appear to demonstrate multiple origins and 
I 

reversals. The presence of ehdosperm haustoria appears to be plesiomorphous 
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for the group. with loss of this character in Theaceae as well as in Clade E. A 

reversal to the plesiomorphous state occurs in Clade G. Nodal anatomy is 

plesiomorphically unilacunar with tri- to multi-lacunar nodal anatomy occurring in 

the Grubbiaceae + Aquifoliaceae + Comaceae lineage as well as in Clade E 

above Diapensiaceae. A reversal to unilacunar nodal-anatomy occurs in Clade F 

above Asteraceae. 

D. RESULTS OF ANAL VSIS 2 

INFRAFAMILIAL RELATIONSHIPS IN BBUNIACEAE 

1. Analvsis using Hennig 86 

The Hennig command h*; bb* generated 1442 equally parsimonious trees, each 

148 steps in length, with a consistency index (ci) of 0.28 and a retention index (ri) 

of 0.76. The strict consensus tree of these (Figure 19) was 189 steps long, with 

ci=23 and ri=68. The topology of the tree suggests that the species of 

Bruniaceae constitute a monophyletic lineage (Clade A), with DracophyHum 

(Epacridaceae) as sister to the group. Within Bruniacaae, Lonchostoma is sister 

to the remaining taxa, which form a clade (B) in which Thamnea hirtella and 

Audouinia capitata are basally placed. Thamnea species, other than 

T.cJiosmoidesIT.tnaS&Oniana, do not form a distinct lineage; T. the8ioicIes is 

shown as sister to Tittmannia and Audouinia is nested within the remaining 

currently recognised species. Tittmannia is sister to a large clade (C) comprising 

the species of Unconia, Brunia, Nebelia, Berze/ia, Staavia, P88Udobaeckia, 

Mniothamnea and Rasps/ia. Within this lineage, Unconia is sister to the 

remaining taxa (Clade D). Within Clade D. the species of NebeIia, together with 

Brunia nodif/ora, constitute a sister lineage to Berzelia, Staavia, Mniothamnea, 

Pseudobac/cia, Rasps/ia, with the remaining Brunla species at the base of the 

clade (E). Within Clade E, Berze/ia species constitute a sister group to the other 

.- . 
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taxa, while Pseudobaeckia and Mniothamnea are basal to a lineage comprising 

Rasps/ia species, which are placed at the apex of the tree. The results suggest 

that Lonchostoma is closest to the ancestors of the family and Rasps/is the most 

evolutionarily advanced. 

The monophyly of 7 out of the 12 currently recognised genera is supported; 

species of Lonehostoma, Tlttmannia, Unconia, Nebel/a, Betze/ia, staavia and 

Raspe/ia constitute monophyletic lineages. but there. is little within-clade 

resolution. except for Rasps/ia in which two sub-clades are distinguishable (R. 

trigyna/R.dtegeana and R. barnardiLfi. variabi/is) and Staavia, amongst which 

S.capitel/a/S.radiata and S. zeyheri/S. dtegeana form subgroups. Brunia species 

do not appear to constitute a monophyletic group; B. nodifIota occupies a sister 

position with respect to Nebelia, while B. stokoei is sister to a Berze/is + Staevia 

+ Rasps/is + Pseudobaeckia + Mniothamnea clade, which includes also Brunie 

albiflora and B. a/opecuroidN. The remaining Brunie species are basally placed 

in Clade E. The two Pseudobaeckie species included in the analysis do not form 

a clade but are placed. together with Mniothamnea, as sister to Rasps/ia. 

Paraphyly is suggested for thamnea, unless merged with Audoulnia and for 

Brunie, if not merged with Nebelia. 

2. Analysis using PAUP 

PAUP retained 4774 trees ~m analysis of the unweighted data set, each 150 

steps in length, with a ci of 0.29 and a ri of 0.76. The strict consensus tree of 

these (Figure 20) was simi,.r to that generated by Hennig in suggesting the 

monophyly of the family and of 7 generic groupings. as well as a sister 

relationship of Dracophyl/um with Bruniaceae, a basal placement of 

Lonchostoma within Bruniaceae and a position at the apex of RaspsRa. The 

topology of the PAUP strict Consensus tree differed from that of Hennig in the 

following respec1s: 
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1. The Nebe/is clade was placed higher on the tree as sister (together with 

Brunia nodif/ora) to a clade comprising Rasps/ia, Staavia, Pseudobaeclcia and 

Mniothamnee species. BelZe/ia, together with Brunia albiflora, was sister to a 

clade comprising all of these taxa. Brunia a/opecutoicJes was sister to this 

grouping. instead of part of it, as suggested by the Hennig analysis. 

2. Resolution was changed in the Raspa/ia, Staavia and Nebe/ia clades: 

Rasps/ia staavioides, Staavia zeyheri and Nebelia ps/eacee were placed as 

sister taxa to the remaining species in their respective clades. 

3. Pseudobaeclcia ameans and Mniothamnea callunoides formed a sub-clade 

with P. COITIataas sister. This lineage was sister to a clade comprising the 

species in Raspalia. 

The different topologies of the strict consensus trees obtained using Hennig and 

PAUP may be related to the fact that exact solutions were not sought in either 

analysis on account of the large size of the data set. Both resultS are reported 

here as a basis for future investigation. One of the Hennig most parsimonious 

trees was used for a preliminary exploration of character evolution in the family 

on the grounds that the trees generated were two steps shorter than those 

obtained in the PAUP analysis. 

3. Weighted data 

The topology of the strict consensus (Figure 21) of all the most parsimonious 

trees generated by PAUP following successive weighting of the data was in 

agreement with that of that obtained from unweighted data in the following 

respects: the basal placement of Lonchostoma within Bruniaceae, the sister 

relationship of Dracophyllum and Bruniaceae and the monophyly of 7 generic 

groupings i.e. Lonchostoma, Tittmannia, Unconia, Nebeli., Berze/ia, staavia and 

Raspslia. With respect to the ingroup taxa, the topology of the consensus tree 

based on weighted data was almost identical to that generated from the 

unweighted data set, except in the case of the Lonchostoma clade which was 
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further resolved in the weighted tree to include a sub-clade comprising L 

purpureum, L myrtoides and L esteIhuyseniae. 

The weighted data consensus tree differed from that obtained from unweighted 

data mainly in respect of the outgroup taxa; in the weighted tree 

A~phykWPemettya formed a grouping and Empetrum was sister to the 

MonotocaA..eucopogon lineage, with LebetanlhuslPrionotN as sister to this 

clade. The taxa representing Ericaceae were all ~sally placed' on the 

cladogram, while those representing Epacridaceae and Empetraceae were more 

closely allied with Bruniaceae. ' 

4. Analvsis with Character 30 <eollen morphology) coded as polymorphic 

Analysis of unweighted data. using the PAUP option for coding polymorphic 

characters in respect of character 30 generated 32 700 trees, each 150 steps 

long, with a ci of 0.293 and a ri of o.ne. The topology of the strict consensus 

tree of these (Figure 22) differed from that obtained from analysis of the weighted 

data set in resolution of the Berze/ia, Ra$p8lia and Lonchostoma clades. Two 

additional subclades were detected in the 8erzelia lineage: B. /anuginosa + 

B.rubra and B. eckIonii + B.abtotanoides + B. corr:Jl1b/ia. In the Raspalia lineage 

R. staavioides and R. villose, were basally placed with a R. barnatrJii + R. 

variablOs + R. vil'f1ata clade sister to a grouping comprising R. dregeana + R. 

trigyna +R. g/obosa + R. microphy//a at the apex of the lineage. The latter clade 

represents the most recently evolved species in the family. 

In the Lonchostoma grouping at the base of the tree. L pentandrum was sister to 

the remaining species, in which L myrtoides was basal to L purpureum +L -, 

estethuysen/ae + L monogynum. 

The position of the Nebelia lineage in this analysis was different from that in the 
I 

other two PAUP analyses in its more basal placement with respect to Brunia 

nodif/ora. 

.....' . 
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5. Bootstrap analysis: unweighted data 

Bootstrap analysis of the unweighted data (Figure 23) indicated moderate to 

good support for 6 out of 7 generic groupings i.e. those comprising Berzelia 

(50%). Tittmannia (51 %). Staavia (66%). Rasps/ia (66%). Unconia (15%) and 

Nebelia (84%) species. A Lonchostoma clade was not supported. The clade 

comprising all the taxa in Bruniaceae was supported at #le 78% level. while a 

Bruniaceae + Epacridaceae + Empetraceae lineage received 67% support. The 

confidence level associated with this clade together with Scyphogyne was 60%. 

Within Berze/ia, a sub-group comprising B. squanosa, B. ga/pinii and B. incurva 

received 58% support. 

6. Bootstrap analysis: weighted data 

Bootstrap analysis of the weigted data set (Figure 24) indicated support for the 

Nebelia, Staavia and Tittmannia clades at the 75%. 54% and 52% levels 

respectively. Amongst the outgroups. 80% and 77% support was shown for the 

MonotocaII..eucopogon and Lebetanthus/Prlonotes lineages of Epacridaceae. 

Amongst the ingroup taxa two clades comprising species pairs were supported: 

Staavia capitel/a1S.radiata (52%) and Rasps/ia bamarrJiiIR.variabilis (51%). 

7. Constraint analyses . 

7.1. Constraining Audouinia to a basal position within Bruniaceae 

Constraint analysis of the unweighted data generated a single tree 151 steps 

long i.e. 3 steps longer than the set of most parsimonious trees obtained in the 

Hennig analysis and 1 step longer than those obtained in the PAUP analysis. 
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Figure 22. Strict consensus of set of most parsimonious trees obtained in 
PAUP analysis of unweighted data set, with Character 30 (pollen colpus 
number) coded as polymorphic. 
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available in the published literature. Four of these characters were generated by 
the phytochemical analyses carried out in the present study. The results 
suggested that Ericaceae and Epacridaceae are most likely the sister groups of 
Bruniaceae and therefore the most appropriate out-groups for inclusion in the 
major analysis, aimed at exploring within-family relationships. Grubbiaceae. was 
shown to be closer to Aquifoliaceae than to Bruniaceae and was not included in 
the second analysis. 

In the second cladistic analysis, a total of 52 species of Bruniaceae, 6 genera in 
Epacridaceae and 7 in Ericaceae were scored for 32 characters; 5 of these were 
chemical characters generated by the present study and the remainder were 
obtained from published work on the morphology, anatomy, cytology and 
palynology of Bruniaceae and its sister-groups. The results showed that 7 out of 
12 currently recognised genera comprise monophyletic lineages. There was no 
support either for the recognition of subfamilial lineages or for the suggested 
merging of Nebelia! Brunis, Titfmannia!Thsmnea, Rsspalia!Pseudobaeckis and 
Berzelia!Mniothsmnea. Lonchostoms was shown to be basal within the family, a 
finding that is consistent with the flavonoid chemistry of the genus. The most 
significant result was the identification of Drscophyllum (Epacridaceae) as sister 
to Bruniaceae. The latter finding is supported by the microfossil record, which 
indicates the presence of Epacridaceae at three sites in southern Africa at the 
CretaceousIT ertiary boundary. Bruniaceae may be regarded as an ancient 
Gondwanan relict family with possible Cretaceous origins and closer links with 
Australian rather than African lineages . 
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members of Grubbiaceae. Diap8l'111lceaeatid,Geissolornaceae surveyed in this 
study. Bruniaceae is thus distinct from the last three families as regards tannin 
synth8lis. The methylated flavonol isomamnetin waS found in 7ew, of species in 
all genera of Bruniaceae except l:.dIJphostoma' and Audouinia, but not in any 
other species analysed except GalaX urceolate (trace amounts). The flavonols 
rnyricetin and kaempferol were found in 57'1. and 54 .. respectively·ofspecies ,!ite 

surveyed and quercetin in 100,*,. Aavonoids having tri-hydroxylated B-rinas were 
not found in Audouinia, Tittmannia, Thamnea, Unconia or Neb#IIia. The rarer 
flavonol gossypetin. was detected in Erica atbofea, Galax ephy/ItJ and Shortie 
aoIdaneIlOit:Ie8. but not in Bruniaceae. Grubbiac;eae. Retziaceae or 
Geissolomaceae. Quercetin 3-O-methyl ether was' detected ,in some NebeIia, 
staavia, BfUttia and 8etzfIIia species. but not in thef8l'ft8inder of species 
surveyed.' The .flaVOne luteoiin was found in some Nebe/ia, Raspalia and Grubbia 
species and chrysoeriol in NebeIiII- and RaspaDe. The presence of glycosldes 
lacking a 5-hydroxy function was reoorded in Ra".Ha af1d may be based on 
fisetin (5-deoxy quercetin) •. which chiracterised the- atJycone profile rA'most 
species in this genus. O&her genera in which $.hydroxy function was lacking 
included P1J8UdobIIeckia. $taavia, Btunia and 8«%eIia. The presence of C-
glycosides was suggested' in a few species, while flavonoid sulphates and 
glucuronfdes were not detected in the 4 specieS analysed. Bitlavonoids were not 
identified in any of the species Investigated. 

On the basis of the aglyco". patterns discovered. a phylogeny forBruniaceae 
could be proposed. in which Loncho6loma was basal in the family and two 
subfamilial lineages couI~ be recognised, based on loss of8-ring 
trihydroxylation. replacemeM of flavonols by tlavones and gain of -B-ring 
methylation. Lonchoatoma species were noteworthy for the slmpttcity of their 
flavonoid profiles in comparison with those of other species in Bruniaceae. The 
flavonoid and tannin profile of Brunlaceae· did not suggest a close relationship 
with Grubbiaceae. Diapensiaceae or Gelssolomaceae but rather with Ericaceae. 

Critical to cladistic analysis. of within-family relationships is the identification of 
sister group(s) to the taxOn under 8lC8mlnation. Bruniaceae is regarded as 
taxonomically isolated and. traditional phenetic classificatiOns have alUed the 
family with repr~ cI several CronqUlstian aubel_sea. Recent opinion 
has favoured Oilleniidae.ln particular Ericales, while the souIhern African 
endemic family Grubbiaceae is thought to be the closest relative of Bruniac8ae. 

Molecular phylogenetic studies carried out during the past few years have on the 
other hand suggested a I position for, Brunlaceae within Asteridae 8.1.. a 
monophyletic lineage identified by several independ$nt research groups~ The 
latter studies were not In agreement as to the identity of sister taxa to 
Bruniaceae. but provided_: guide to the selection of fttrnilles for inclUsion in a 
cladistic anafysis tlits~familiaf relationships. A preliminary analysis, aimed 
at identifying sister gFOUP(S) to· Bruniaceae. utilised 24 taxa and 22 characters 
obtained from morphology. i chemistry. anatomy and palynology and mostly 
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SUMMARY 

A CHEMOSYSTEMATIC AND CLADISTIC STUDY OF THE SOUTHERN 
AFRICAN ENDEMIC FAMILY BRUNIACEAE DC 

Bruniaceae is one of the southern African endemic plant families. The last 
revision of the family was completed in 1947 by Pillans. and 76 species in 12 
genera are currently recognised. Since 1947. proposals have been made by 
various systematists for the recognition of subfamilial groupings as well as for the 
merging of several genera. but the relationships among. genera are still poorly 
understood. Cladistic method is ideally suited to exploring such questions but 
calls for a broad base of molecular and/or non-molecular data. Very few 
molecular data are currently available for Bruniaceae. but recent studies of the 
palynology and chromosome cytology as well as the wood and leaf anatomy of 
the family have provided several non-molecular characters for phylogenetic 
analysis. Many phylogenetic studies toc:Iay include information from secondary 
chemistry. on the grounds that these data are independent from morphology or 
anatomy but also that assessment of relationships should take into a~unt all 
available data. Phytochemical information for Bruniaceae is scanty. but 
suggested that flavonoid distribution patterns in the family were likely to provide 
useful systematic data. This was' confirmed by the results of a pilot study. A 
central goal of the present study was an examination of foliar flavonoid profiles of 
58 species representing all genera in Bruniaceae. Eight species representing 
Grubbiaceae. Diapensiaceae. Ericaceae. Retziaceae and Geissolomaceae. 
families with which Bruniaceae has been allied in recent classifications. were 
included in the phytochemical survey. To ensure adequate sampling. an initial 
investigation of intraspecific variation in flavonoid profiles of three representative 
species was carried out. The results suggested that sampling from one or two 
populations of each species would be sufficiently representative of its flavonoid 
chemistry. 

The phytochemical survey involved methanol extraction of fresh leaf material. 
yielding a mixture of glycosides which were separated by means of paper 
chromatography and analysed using mainly IN spectroscopy. The identity of one 
glycoside was confirmed by proton NMR spectroscopy. Leaf extract hydrolysates 
were separated by means of paper and thin layer chromatography. and the 
aglycones identified by co-chromatography. The occurrence of flavonoid 
sulphates and/or glucuronides was investigated using paper electrophoresis. 

The results of the survey showed Bruniaceae to be characterised by the 
presence of proanthocyanidins; in AucJouinia. Tittmannia. Thamnea. Unconia and 
Nebelia only procyanidin was detected. while in the remaining genera of 
Bruniaceae and in Erica arbotea prodelphinidin was also present. The other 
species tested either had no proanthocyanidins or only procyanidin in trace 
amounts. The hydrolysable tannin aglycones gallic and ellagic acids were not 
recorded from Bruniaceae. Retziaceae or Erica arbotea. but characterised all 
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species. Thirdly I the placerninttltfatuniadi'Withfh a general ericalean context. 

as proposed iO several recent classifications, Js supported and paves the way for 

future studies of relationships between Ericaceae (now including Epacridaceae) 

and Bruniaceae. 

The results of phylogenetic analysis of the family, although based on a low 

character to taxon ratio in. the data matrix, were cladograms with fairly well­

resolved topologies which suggested the monophyly of 7 of the 12 currently 

recognised genera in Bruniaceae. The positions of Nebelia and Brunia require 

clarification however. The sister group of Bruniaceae having been identified as 

Epacridaceae, specifically Dracophyl/um, a more closely-focused analysis of 

Ericaceae is now possible. Additional characters are needed from 

phytochemistry (Bruniaceae, Epacridaceae and the southern African Ericaceae) 

and leaf anatomy, chromosome cytology and palynology (Epacridaceae). This 

highlights a third difficulty that applies to all characters used in phylogenetic 

analysis but particularly to phytochemical data at generic or specific level 

(Richardson, 1982) i.e. that for many taxa the sister group is unknown and can 

only be identified by cladistic study. Once this is accomplished, phytochemical 

studies can be undertaken at the required taxonomic level and relationships re­

examined. 

In a recent study of angiosperm phylogeny, based on combined tbcL and non­

molecular data, Nandi et at (1998) emphasised the need for biochemical 

- (specifically secondary metabolite) studies in 23 plant famifies, 'Bruniaceae 

among them, _ In -order to increase the data base available for future· cladistic 

analyses. The present survey of foliar flavonoid patterns has taken a step 

towards meeting this need and -contributed to elucidation of relationships at both 

generic and family level. It -is hoped that the results of the present study, by 

providing a framework for more focused analysis, will lead to a better 

understanding of the evot~ and relationships of this interesting Cape endemic 

family. 
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orcinol, gentisic acid and salicylic acid have a variable distribution in Ericaceae 

but tend to characterise particular subfamilies. Ericaceae is represented in 

southern Africa by only two genera: Erica (800+ species, which now include 

those of the former "minor genera" of the Ericoideae) and Vaccinium (1 species). 

The secondary chemistry of these endemic species is poorly understood (Oliver, 

pers. comm.). Future studies of the relationships between Bruniaceae and the 

African Ericaceae would benefit from investigation of flavonoids in the latter and 

of phenols in both. 

The flavonoid chemistry of Epacridaceae has not been much studied 

(Hegnauer. 1986-1992). Flavonoid and phenol patterns in leaves of 27 species 

were investigated by Harborne and Williams (1973), who found a simple 

syndrome based on quercetin and kaempferol. Other phytochemical stUdies of 

the family have focused on fruit anthocyanin pigments (Jarman and Crowden, 

1973) and flavonol arabinosides of leaf, flower and fruit of 30 species (Jarman 

and Crowden. 1977; Menadue and Crowden, 1983). Epacridaceae appears to be 

characterised by myricetin, quercetin and kaempferol arabinosides, particularly 

foeniculin (quercetin-3-arabinoside). A survey of Bruniaceae and the southern 

African Ericaceae for the occurrence of these glycosides would provide additional 

phytochemical data for cladistic analysis of the relationships between the three 

families. 

The present study contributed to establishing the identity of sister groups to 

Bruniaceae, up to now a matter of controversy. The association of Bruniaceae 

with the largely Australian family Epacridaceae is of interest for several reasons. 

Firstly, it redresses to some extent the situation referred to by Linder et a/. (1992) 

as "a curious lack of Gondwanan and particularly Australian sister relationships 

for Cape endemic families". Secondly, a Bruniaceae-Epacridaceae alliance 

provides support for the view that Bruniaceae is an ancient family. with possible 

Gondwanan origins. This is consistent with its lack of anatomical specialisation. 

palaeoendemic status and Red Data categorisation of approximately 25% of its 
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The fact that more of the data generated by the present flavonoid survey were 

not used in the cladistic artidVSfi of BriitttiCiR phylogeny highlights two 

difficulties associated with the use of flavonoid data in systematics and their use 

in cladistic studies at or below family level in particular: A practical difficulty is the 

time needed to collect adequate material. extract and separate the glycosides 

present and identify them with a reasonable degree of certainty. Paper 

chromatography is cheap but laborious. Several runs ira different solvents are 

necessary in order to purify individual glycosides to the stage when identification 

can be made. Many of the .glycosides isolated in the course of the present study 

could be only tentatively identified and potentially useful data were under-utilised. 
; 

The use of high performance liquid chromatography (HPlC). which was not 

widely-available at the time the flavonoid analyses were done in this study (1991-

2), may solve this problem in the future. The discovery in Bruniaceae of 

glycosides lacking a 5-hydtoxy function is of particular interest in relation to the 

known occurrence in EriC8G88e of the flavonol 5- and 3,5-methyl ethers azaleatin , 

and caryatin and their glycosides. 

Aglycone patterns were more easily established. yielding four· characters for 

incorporation into the cladistic analysis of extra-familial relationships of 

Bruniaceae and five for that of within-family relationships. Other potential 

characters based on agycone patterns e.g. the presence of flavones andfisetin 

in· some genera. could nat be incorporated into the present analyses either 

because the identity of· some of the aglycones required confirmation or because 
i 

corresponding data were not avaIlable for many of the outgroup taxa. The latter 

problem might be partly solved by a careful scouring of the ·Iiteralure but for many 

of the taxa concerned the data do not exist. The leaf flavonoid and phenol 

chemistry of many genera in Ericaceae·is well known (Harbome.1989; Harborne 

and Williams, 1969, 1971 and 1973) ... Both the 5-methyl ethers and 

dihydroflavonols of quercetin. myricetin and kaempferol occur in the family, 

particularly in RhododendrQideae, and the yellow flavonol gossypetin in both 

Rhododendroideae and Vaccinioideae. The simple phenols hydroquinone, 

.J:" 
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CONCLUSION 

The central goal of the present study was to undertake a phylogenetic study of 

the southern African endemic family Bruniaceae as a contribution to the revision 

of the family, currently in progress. This approach, i.e. the uncoupling of 

revisionary from evolutionary studies, was suggested by Raven (1974) and 

Goldblatt (1978), who did not imply by this that these were separate topics but 

rather that evolutionary insight could be gained (into a_ particular taxon) even if 

alpha-taxonomic work was incomplete. 

The first objective of the study - an investigation of foliar flavonoid patterns in 

Bruniaceae - provided information concerning an aspect that has not until now 

received much attention. The results obtained did not suggest a close 

relationship between Bruniaceae and any of the other families included in the 

survey except Ericaceae (represented by Erica arborea). It was possible, using 

the chemical data generated, to propose a phylogeny for Bruniaceae, based on 

current theories regarding flavonoid evolution. This suggested a basal position in 

the family for Lonchostoma and support for the proposed merging of Tittmannia 

and Thamnea but not of Berzelis and Mniothamnea, Brunia and Nebelia, or 

Rssps/is and Pseudobaeckis. Uniformity in chemical profile suggested the 

monophyly of 7 out of 12 genera in Bruniaceae. Humphries and Richardson 

(1980) have argued however that correct evolutionary interpretation of 

phytochemical data can only be achieved by cladistic analysis. The phylogeny 

proposed on the basis of the chemical data gathered in the course of the present 

study could thus be treated as an hypothesis to be objectively tested by 

combining these data with all other available evidence. Despite the fact that only 

5 of several 'potential characters generated by the survey of foliar flavonoids were 

used in the cladistic analysis, the resultant phylogeny agreed with that obtained 

from chemical data in a basal placement within the family of Lonchostoms, as 

well as in the monophyly of some of the genera. 
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major higher dicot lineages, during a short period of time in the Late Cretaceous 

(80-95 my). 

Not all of the fossil pollen records unequivocally confirm the presence of 

Epacridaceae however. The microfossils from southem Africa have affinities with 

Dicrotetradites clavatus Couper or Paripo/lis oche8is Partridge, both of which are 

considered to indicate Epacridaceae (Jordan and Hill, 1996). The occurrence of 

Epacridaceae in southern Africa at the CretaceouslTertia.ry boundary has been 

. accepted without question (Coetzee sf a/., 1983; Scholtz, 1985). The two 

relevant records are from Namaqualand and Botswana, regions which today are 

arid to semi-arid but appear from the Palaeogene microfossil record to have 

supported a dry subtropical forest, of which Epacridaceae is thought to have 

been an understory component. A third record, also from Namaqualand (de 

Villiers, 1997), is based on EricipitN /ongisu/catus Wodehouse and 

Dicotetradites clavatus Couper. This collection, perhaps less reliable owing to the 

very low numbers of grains identified to Epacridaceae, suggested that this family 

formed part of the understory in humid-temperate forest vegetation. 

Some of the Australian records however are of Ericipites scabf8tua, which is 

referable to Ericaceae, Epacridaceae or Empetraceae. When recorded from 

Australia, Ericipites is usually taken to represent Epacridaceae on grounds of 

present day distribution, whereas in southem Africa (Coetzee sf a/., 1983; 

Scholtz, 1985) this form is attributed rather to Ericaceae, again on grounds of 

present-day distribution. 

A critical analysis of the variation in pollen morphology of the Bruniaceae­

Ericales lineage, associated with an evaluation of the Tertiary fossil grains, in the 

context of the phylogeny of the lineage, may cast further light on the 

geographical history of Bruniaceae. 
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The apparent similarity in'·fIoraI and 'leaf" morphology between modem 

Lonchostoma and some Epactls and Dracophy/lum species is interesting. 

Epacris cra88lfolia, herbarium specimens t:I which were inspected at Kew, is the 

subject of a recent paper by Crowden and Menadue (1998). Its reseQ'lbiance to 

Lonchostoma ~ seems remarkable. In addition, the two species 

occupy similar rock crevice habitats on moist sandstone cliffs, E. cra88ifolla in the 
mountains of New South Wales and L ~ In the Riviersonderend 

Mountains of .the southern Western Cape Province. It is possible that the 

vegetative and floral features of these species have persisted unchanged in 

protected habitats, supporting the hypothesis of a moist-temperate origin for 

ancestral forms. ConverselY it is possible that Similarity in vegetative features is 

the result of convergent evolution, since the two species occupy similar habitats. 

7.2 The fossil record 

The fossil record for Bruniaceae is limited to a single Pleistocene pollen 

collection from the Cedarberg, south Western Cape Province (Meadows and 

Sugden, 1991). The microfossil record for Epacridaceae appears to be better and 

pollen grains attributed to this family have been recorded from the Late 

Cretaceous (71-84-mya) and early Tertiary of southern Africa (Scholtz and 

Deacon, 1982; Scholtz, 1985); the Palaeocene-Eocene (65-40 mya) of southern 

Africa (de Villiers, 1997), the Campanian-Maastrichtian (76-72 mya)of Antardica 
(Dettman and Jarzen, 1990; Crame, 1992) and of Australia (Dettmann, 1994), 

the Eocene (55-38 mya) of New Zealand (Crosbie and Clowes, 1980) and the 

Oligocene (38-25 mya) of sOuth-east Australia (Stover and Partridge, 1973). 

If these attributions are correct, the almost contemporaneous occurrence of 

Epacridaceae in southe~ Africa and Australia/Antarctica at the Late 

CnttaceousITertiary boundary suggests that this lineage may have arisen early in 

the history of Asteridae s.L. Olmstead et aI. (1992) concluded, on the basis of 

evidence from the fossil r-:cord and the results of their phylogenetic study of 

Asteridae s.l., that the latter group had originated and diversified, along with other 

,I 
I 
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7. A scenario for the origin and evolution of Bruniaceae 

An hypothesis regarding the origin and evolution of Bruniaceae can be 

advanced, based on the results of the present study, together with evidence from 

the fossil record and modem distribution of Bruniaceae (Figures 27 and 28) and 

its sister group. 

7.1 Distribution 

The combined distribution of Bruniaceae and Epacridaceae today encompasses 

southern South America, South Africa, Australia, New Zealand, Tasmania and 

Malesia i.e. a Gondw8nan "track" (Linder et al., 1992). Bruniaceae (± 76 species) 

is endemic to southem Africa while Epacridaceae (± 400 species) is largely 

Australian but occurs on all Gondwanan fragments except Africa, Madagascar 

and India. Genera considered basal in each family, according to the results of 

phylogenetic analysis, are Lonchostoma in Bruniaceae (this study) and Prionotes 

or Lebetanthus in Epacridaceae (Powell et at; Crayn et al, 1996). All three 

genera are endemic to their respective areas of distribution and two are 

monotypic (Lebetanthus and Prionotes). All occupy moist-temperate habitats, in 

the south Westem Cape Province of South Africa, Tasmania and southem 

Patagonia respectively. This suggests that the ancestors of both lineages may 

have evolved under mild and mesic conditions, while the modem distribution of 

these taxa suggests an ancient Gondwanan origin. 

The role of mesic sites as refugia for southem African and Australian 

palaeoendemic or relict taxa has been suggested by Adamson (1958), Levyns 

(1962), Stebbins and Major (1965), Melville (1975), Goldblatt (1978) and Specht 

and Detbnann (1995). The modem occurrence of most Bruniaceae 

(palaeoendemic) as well as many endemic or relict Epacridaceae (Hill and Read, 

1987; Dettmann, pers. comm.) in moist temperate habitats supports the 

hypothesis that the ancestors of a Bruniaceae-Epacridaceae lineage originated 

under such a climatic regime. 
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Bruniaceae by reference to . seasOnal groWth ··unlt rather than according to the 

typological concept of a synttorescence (Troll, 1964, 1969). 

There is nonethless some agr •• nent batv .. en PRlans' hypothetical tree and 

those discovered in the present analysis in that L01'1Cho8toma, Unconia, 

Audouinia and Tlltmannia are basally placed in both. 

6. Sister relationship of Bruniaceae and Epacridaceae 

The identification of Dracophyllum as sister to Bruniaceae is of particular interest 

and recalls Hooker's comment (1865) that • Audouinie is an epacridaceous 

subshrub-. Assuming that Epacridaceae MlMU Watson (1967) is a monophyletic 

lineage, as suggested by Anderberg, Judd and Kron, Kronand Chase (all 1993) 

as well as by Powell et aI. and Kron·(both 1996), then Bruniaceae and 

Epacridaceae can be regarded as sister families. The results of a phylogenetic 

analysis by Crayn et at (1996) suggested however that Lebetanthua was closer 

to taxa of Stevens' VacCinioideae (Ericaceae) than to other lineages in 

Epacridaceae. and that the retention' of Lebetenthw rendered the latter family 

paraphyletic. 

Assuming that Bruniaceae and Epacridacea. are sister families, the question 

arises as to whether this lineage is derived from within Ericaceae. The current 

view suggests that ,.,. evolutionary origin of the Epacridaceae lies among 

Ericaceae of the tribes Andromedeae and Gaultheriaew (Kron and Chase, 1993) 

and that Epacridaceae "form a robust clade that occupies a derived position 

among Ericaceae as sister to an AndromedeaeJDaboecieae clade- (Kron, 1996). 

The sinking of Epacridaceae in Ericaceae is currently being formalised, although 

Allaway (1996) and Kron(1996) both noted that paraphyly could be avoided by 

splitting Ericaceae into smaller families. 

The need for investigation of the relationships between Epacridaceae, 

Bruniaceae and Ericaceaft (particularly Ericoideae and Vaccinioideae) is 

suggested by the results of the present analysis. 

n ..~ . 
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MNIOTHAMNEA 
Flowers axillary or terminal: 
ovary unilocular, uniovulate 

NEBELIA 
Flowers capitate: ovary 

bilocular: loculi uniovulate 

LlNCONIA 
Flowers axillary: ovary 

bilocular: loculi biovulate 

BERZELIA 
Flowers capitate: ovary unilocular, 

uniovulate 

. BRUNIA' " 
flowers cap~te:. pVCiry imperfectly '" 

bilocular, rarely unilocular: loculi uni- or 
biovulate 

RASPALIA 
Flowers capitate: ovary bilocular: 

loculi 1-4 ovulate 

A PSEUDOBAECKEA 
Flowers axillary: ovary uni- or 

bilocular. loculi tmi- or biovulate 

TlTTMANNIA 
Flowers axillary: ovary bilocular: 

loculi biovulate 

AUDOUINIA 
Flowers axillary: ovary trilocular: 

loculi biovulate 

STAAVIA 
Flowers capitate: ovary 

bilocular: loculi uniovulate 

THAMNEA 
FIQwers termnal: ovary 

. uni-or bilocular: loculi 2-8 
ovulate 

LONCHOSTOMA 
Flowers axillary: ovary 

bilocular: loculi biovulate 

Figure 26. Pillans' proposed phylogeny of Bruniaceae (19ft).· 
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Comparison of this tree with the strict consensus trees obtained in cladistic 

analyses of Bruniaceae reveals agreement in the'foIIowing features: 

1. Basal placement of Lonchostoma. 

2. Absence of support for the proposed merging _ (powrie, unpublished MS) of 

various genera, namely Rasps/ia + Pseuclobaeckie. Mniothamnea + Brunis, 

Tittmannia + Thamnea and Nebelia + Brunia. 

5. Comparison of results of cladistic analysis with Piltans' (194D phylogeny of 

Bruniaetae. based on morphological criteria 

Current theories regarding family phylogeny are not based on cladistic 

methods but on observations regarding the distribution of characters generally 

regarded as primitive or advanced. Pillans (1947) was able, using morphological 

criteria, to suggest a p~obable direction, in evolutionary development in 

Bruniaceae, from a trilocular to unilocular ovary and toward a reduction in the 

number of ovules per ovary chamber. These modifications were usually 

accompanied by changes in the inflorescence, whereby axillary flowers became 

terminal and finally cr~ into heads. Progress in development appeared to 

Pillans to have been uneven in that the inflorescence of several genera exhibited 

a greater degree of advancement than did the ovary (F'agure 28). In Pillans' view 

(supported by Dahlgren and van Wyk, 1988) the monotypic Audouinia was the 

least advanced member of fle family, by virtue of its trilocular ovary and axiHary 

flowers borne on short shoots. l3etze/ia. in which the ovary is unilocular and the, 

flowers crowded Into terminal heads, was considered most advanced. 

The characters used by Pillans in his proposed phylogeny of Bruniaceae were 

both limited in number and open to alternative interpretation. Unilocular ovaries 

are for instance present in . some Thamnea species and may have a different 

origin to those of BetzeR. and Mniothamnea (Brongniart, 1828). Classen­

Bockhotf (in prep.) has called into question many currently-accepted concepts of 

inflorescence morphology 'n woody plants and has re-interpreted that of 

~ , -.". t ".' 

, ' 

• 
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4. Comparison of the results of cladistic analysis with proposed phylogeny based 

on foliar flavonoid patterns 

The results of the chemical investigations carried out in the present studY were 

used to construct a hypothetical "'ee" (reproduced here from Chapter 4) 

depicting the possible evolution of flavonoid characters in Bruniaceae. 

LONcHOSTOMA 
M.PC.PO 

STAAVIA 
BERZELIA 

gain of ftavonoI 3-mefhyIaflon 
(quercetin 3-methyI e1her) 

loss of ftovonoI A-ring 5-OH function 
(methylation or gIycosyIationl 

gail of 3' me1hyIaHcn (Isorhormetin) 
grodualloss of fIovonoIB-rtng 
1rI-hydrOxyIaIIon - kaempterol 

Hypothesis for the evolution of 8runiaceae, based on foliar flavonoid patterns. 

M = myrlcetin, PC = procyanidin, PD = prodelphinidin 
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while the merging of Mni9fhiJ""'" with ~Ide was suggested by the 

PAUP analyses. Despite a low character to taxon ratio, good cIadogram 

resolution was achieved, particularly in the PAUP analysis with Character 30 

coded as potymorphic. Further phylogenetic studies, using additional characters, 

may resolve the. differences bet\"18en the results obtained in Hennig· and PAUP 

analyses and further improve resolution of individual. clades. Inflorescence 

morphology and the occurrence of fungal· symbionb$ are two potentially 

informative characters that could not be used in the present analysis because of 

uncertain or inadequate information. Pollination biology and seed dispersal 

mechanisms of species in Bruniaceae have been little studied and would provide 

additional characters for phylogenetic analysis. Better information is· required as 

to cytology, resprouting vs. reseeding capacity, presencelabsence of stipules and 

identity of some of the flayonoids isolated in this study. The results obtained in 

the present study are not regarded as sutriciently conclusive to. suggest formal 

taxonomic changes, but asa framework for future more focused investigation . 

.... . 

., too:> , 
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.- a decrease in the number of ovules/ovary loculus, from up to 10 in Thamnea 

and Lonchostoma to one in Berzelia, Hebe/ia and Staavia. 

Brongniart (1826). considered the unilocular ovary in Thamnea, with 10 

pendulous owles attached to a central column, to be equivalent to the five 

biowlate Iocules occasionally seen in Audouinia. This is the state for the majority 

of Epacridaceae and further supports a basal position in Bruniaceae for these 

two genera. In Brongniart's opinion the bilocular ovary of Tittmannia, which he 

regarded as very close in floral structure to Thamnea, had arisen via a flattening 

of the central column in Thamnea to give a partition, followed by a reduction in 

the number of ovules/ovary chamber to two (the state for the majority of 

Bruniaceae). Baillon ·(1874) expressed a similar view of Tittmannia, which he 

referred to as "a somewhat unusual Thamnea" in which the septum between the 

two biovulate cells of the ovary was less rapidly and completely destroyed. A 

comparable although less clear-cut development could be proposed for 

Lonchostoma, the only other genus in the family with multiovulate ovary 

chambers. In L. esterhuyseniae there are 2(1) ovary chambers, with 5-8 ovules 

Ichamber; in L. purpureum there are also 2(1) chambers, but only 1-2 

ovules/chamber (Rebelo, 1980). A detailed investigation of ovary structure in this 

genus, as has been done for Audouinia (de Lange, 1992), may reveal the 

persistence in some populations of the plesiomorphic 5-locular ovary. 

3. Relevance of results to revision of Bruniaceae 

A revision of Bruniaceae by Professor A. V. Hall (formerly of the Department of 

Botany, University of Cape Town) is currently in progress and the results of the 

present phylogenetic analysis may assist in establishing a framework for formal 

classification of the family. 

The topologies of the four strict consensus trees supported the monophyly of 7 

out of the 12 currently recognised genera in Bruniaceae. Brunia as recognised by 

Pillans (1947) was not found to be a monophyletic group in any of the analyses 
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the PAUPanalysis using ·ett.lilcter 30 c6did'" polymorphic, Bruma nodifIora 

retained this sister relationship. but Nebelia was placed basal to the entire clade. 

The placement of Brunie tnacrocephlJla, B. _vis and B. stoIcoei was similar in all 

four analyses, while that of B. a/biflora and B. alopeclJfOides differed in 'the 

Hennig and PAUP analyses, with B. a/biflora pJaced higher on' the PAUP trees 

than B. aIopecuroides. The proposal of Ballion (1874) and Powrie (in Dyer, 1975) 

that Brunia and, Nebelia be merged was not supported by the results of the 

present study. 

2. Character eyoIution 

It is difficult, given the multiple Origins and reversals of many of the characters 

used in the analysis, to interpret their evolution in the family. The plesiomorphous 

condition for the family appears from the present phylogenetic analysis to include 

hypogyny, sympetaly, epi~1ous stamens, 1~licidal capsular fruits, capacity to 

regenerate from a subterranean rootstock, synthesis of foliar flavonoids having 

tri-hydroxylated B-rings, absence of biochemical pathways leading to B-ring 

methylation and a conspicuous corolla(> 5mm long and brightty coloured). 

Pillans' proposed phylOgeny of Bruniaceae relied heavily on inflorescence 

morphology, which was not used as a character in the present analysis because 

of the doubtful homology of capitate (Staavia), globose (BerzeHa, Brunia, 

NebeIia) and spicate· (PNudobaeckie) inftorescences as opposed to flowers 

born. singly on short shoots (Audouinia, Tittmannia, Them"..). Classen­

Bockhoff' (in prep.) conCluded for instance that each flower in Audouinia, 

Them"." and Unconia was comparable to an entire lateral inflorescence. 

Other key characters in Pillans' phylogeny were: 

• a decrease in the number of ovary chambers from 3 in Audouinia to I in 

Berze/ia, Mniothamnea and Thamnea 
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ovary (occasionally 4-5 locular), haploid chromosome number and single flowers 

borne on short shoots, was basally placed on all four strict consensus trees 

among the 4 Thamnea species included in the present analysis, above 

Lonchostoma. A basal position in the family was supported by the results of 

constraint analysis. The merging of Audouinia and Thamnea has not been 

proposed by any author, although many regard these two taxa, together with 

Tittmannia, as a natural grouping. The concept of a Tittmannia + Audouinia + 

Thamnea alliance was formalised by Niedenzu (1891) as subfamily Audouineae, 

a classification followed by Thonner (1915) and Niedenzu and Harms (1930). 

Tahktajan (1987) also recognised this grouping, as subfamily Audouinioideae, in 

his classification of Bruniaceae. Such a distinct lineage was not detected in any 

of the tree topologies obtained in the present analysis. 

Mniothamnea, regardec( as close to Berze/ia on grounds of common possession 

of a unilocular ovary (Powrie, unpublished MS), was shown in the Hennig 

analysis to be sister (together with the two Pseudobaeckia species) to a Raspslia 

clade. In the PAUP analyses, PseudobaeckJa cotdata was sister to a P. african a 

+ Mniothamnea callunoides subclade. All tree topologies support Niedenzu's 

(1891) proposed close relationship between Pseudobaeckia and Raspa/is but not 

Powrie's proposals that Pseudobaeckia be merged with Rupa/ia and 

Mniothamnea with Berzelia. 

Berze/ia species, identified as a monophyletic lineage in both analyses, differed 

as regards placement on cladograms generated by Hennig and PAUP. In the 

Hennig analysis this grouping was sister to a Staavia + Mniothamnea + 

PseudobaeckJa + Rasps/ia clade at the apex of the cladogram, while in the 

PAUP analyses it was located further down the trees, as sister to a lineage 

comprising Nebe/ia + Staavia + Raspslia + Mniothamnea + Pseudobaeckia + 

Brunia nodifIora. 

Brunie species did not constitute a monophyletic lineage in any of the analyses. 

In the Hennig analysis Brunia nodifIora was sister to a Nebelia lineage, while in 

two of the PAUP analyses this species and the Nebelia lineage were sisters to a 

large clade comprising Mniothamnea + Pseudobaeckia + Staavia + Rasps/ia. In 

-. .. 
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owle/ovary loculus (characror'20, state ·2) -and.; pollen shed in pseudornonads 

(character 23, state 1). 

1.2.8. Homoplasy in the data 

As in the case of the preceding analysis there was. evidence of· considerable 

homoplasy in ~ data, particularly in respect of flavonoid·· characters which 

showed multiple origins and reversals in both ingroup and outgroup taxa. 
Morphological features such as corolla colour. presence or absence of 

lignotubers, number of ovary chambers,. fruit dehiscence and. stamen 

inclusionlexsertion also appeared to be homoplastic, as did some anatomical '11 

characters e.g. stomatal distribution a~ leaf crystal type. Th~ was. reflected in a ~ 

low consistency index (028) and mode~ bootstrap support •. As discussed by 
. "~.' ~. 

Sanderson and Donoghue (1989) consistency index is correlated with number of 

taxa included in a cladistic analysis and It was to be expected that the value 

obtained in analysis 2 would be lower than that in analysis1. 

E. DISCUSSION OF RESULTS OF ANAL VSIS 2 

INFRAFAMILIAL RELATIONSHIPS IN BRUNIACEAE 

1. Comparison with existing classifications 

The topologies of the strict consensus trees obtained in aU four analyses suggest 

that Lonchostoma is sister to the rest of the family. Pillans (1947), although he 

was uncertain as to evolutionary directions within Bruniace8a, placed 

Lonchostoma near the base of his hypothetical tree (Figure 26) together with 

Unconia, Tittmennia and Audouinia. 

The monotypic Audouinia, generally regarded as the feast adVanced taxon tn'the 

family (Pillans, 1947; Dahlgren and van Wyk, 1988) on account of its trilocular 

• 

,.'!c' ."~ ,. 

;, 
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C. CLADES REPRESENTING SUB-GENERIC LINEAGES IN BRUNIACEAE 

1. Lonchostoma purpureum + L myttoide.s (node 97), supported by a single 

parallelism: character 19 (stamens not epipetalous). 

2. Berzelia abrotanoides + B. cordata + B.eckJonii (node 74), diagnosed by one 

reversal: capacity to regenerate from a subterranean stem (character 5). 

3. Berzelia ga/pinii + B. sqUSrTOSB + B. incurva (node 75), diagnosed by one 

reversal: character 1 (lack of capacity to synthesise foliar isorhamnetin). 

4. Staavia capitella + S. radiata (node 79), diagnosed by one reversal: character 

5 (capacity to regenerate from a subterranean stem). 

5. Staavia dregeana + S. zeyheri (node 70), diagnosed by one parallelism: 

synthesis of foliar kaempferol (character 4). 

6. RaspsDa bamatdii + R. variabi/is (node 69), diagnosed by one parallelism: 

capacity for synthesis of foliar isorhamnetin (character 1). 

7. Rasps/ia dtegeBna + R. trlgyna (node 66), diagnosed by one parallelism: 

absence of foliar calcium oxalate (character 24,state 3). 

D. CLADES OCCURRING AMONG OUTGROUP TAXA 

1. A Scyphogyne + Empetrum clade (node 114), supported by three parallelisms: 

corolla length of <5mm, stamen number < I = the number of perianth segments 

and one owle/ovary loculus (characters ii, 16 and 20, state 2). 

2. Erica + Deboseia (node 116), diagnosed by one reversal; synthesis of foliar 

myricetin (character 3). 

3. Calluna + Gaultheria (node 113), diagnosed by a single reversal; presence of 

stomata on both leaf surfaces (character 25). 

4. Lebetanthus + Prionotes (node 111), diagnosed by two reversals: synthesis of 

foliar myricetin (character 3) and leaves having serrate margins (character 6). 

5. Monotoca + Leucopogon (node 106), diagnosed by four parallelisms: a corolla 

of < 5mm in length (character 11), indehiscent fruits (character 15, state 2), one 
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B. CLADES ,CORRESPONDING', To CURAENTt.Y RECOGNISED GENERA IN 

BRUNIACEAE 

1. LotJChoatome species. (node 104). supported by 2 reversals: synthesis of leaf 

myricetin (character 3) and stamen epipetaly (character 19). 

2. Tittmannia species (node 95). supported by one- parallelism (apical 

placentation (character 22. state 1)] and one reversal (presence of stomata on 

both leaf surfaces (character 25)]. 

3. Unconia species (node.93). supported by one synapomorphy (divergent anther 

thecae (character 28)] end one parallelism [leaf calcium oxalate druses 

(character 24. state 1)] 

4. NebeIia species (node 89). supported by one parallelism pack of capacity ot 

regenerate from subterranean stem (character 5)]. one reversal pack of capacity 

for synthesis of leaf kaempferol (character 4)] and one synapomorphy (scarlous 

extended bractssubtending the flower (character 31)]. 

5. BetzeRa species (node SO), supported by two parallelisms: indehiscent fruits 

(character 15. state 2) and a single tNary chamber (character 21, state 3). 

6. Staavia species (node, 82), supported by one synapomorphy Pnflorescence 

subtended by an involucre of white conspicuous bracts (character 13)] and one 

reversal [brightly coloured perianth (character 12)]. 

7. Raspa/ia species (node 77). supported by a single synapomorphy: calyx lobes 

adjacent at the base ~cha ... cter 14). 

8. Pseudobaeckia species (node 71). supported by one parallelism (absence of 

foliar myricetin (character 3)] and one reversal: stomata present on both leaf 

surfaces (character 25). 

9. Mniothamnea + pseut/ObaeCkia species (node 76). supported by a single 

parallelism: indehiscent fruits (character 15. state 2). 

.. .. 

. ,~ 
.V 
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7.2. Constraining monophyly of Brunia 

Analysis of the unweighted data generated 100 trees, the shortest of which was 

160 steps long i.e. 12 steps longer than the unconstrained trees. 

8. Character optimisation 

Characters were plotted on to one of the most parsimonious trees generated in 

the Hennig analysis (Figure 25), to· be used as a basis for exploring character 

evolution in Bruniaceae. The following clade categories were distinguished: 

A. MAJOR CLADES 

1. Epacridaceae + Bruniaceae (node 112), supported by one synapomorphy and 

two parallelisms: anther dehiscence by longitudinal slits (character 18). stamens 

= or < number of perianth segments (character 16) and lack of anther 

ornamentation (character 27). 

2. Bruniaceae (node 107). supported by one synapomorphy (leaf apex modified 

to a black apiculus-character 7). one parallelism (two ovary chambers-character 

21. state 2) and one reversal (pollen release in monads-character 23. state 0). 

3. Bruniaceae minus Lonchostoma (node 105), supported by four parallelisms 

[presence of leaf procyanidins only (character 2). epigyny (character 9). 

indehiscent fruits (character 15, state 2). calcium oxalate rhomboids in the leaves 

(24, state 2)] and one reversal [choripetaly(character 10)]. 

4. 12. A Staavia + Rasps/ia + Pseudobaeckia + Mniothamnea clade (node 84), 

supported by two parallelisms: leaf calcium oxalate druses (character 24. state 1) 

and 4-5-colporate pollen grains (character 30, state 1) plus two reversals: lack of 

capacity to synthesise foliar kaempferol (character 4) and included stamens 

(character 17). 
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APPENDIX 1 VOUCHER SPECIMENS 

SPECIES DATE LOCALITY COLlECl1ON MJMBER 
BRUNIACEAE 
Audouinia capitats (L.) Brong. 26/11/90 Karbonkelberg 324 

1/3/91 Hemel-en-Aarde 336 
18/2189 Cape Point 292 

Bei;elia abrotanoides (L.) Brongn. 24/3/92 Pella Mission station 359 
1617/89 Cape Pomt 95 

Berzelia cordifolia Schldl. 1512189 near Cape Infanta 280 
19/8/91 De Hoop 346 

Berzelia eckJonii Pill. 23/9/88 KogelbelR 250 
Berzelia galpinii Pill. 4/8/87 Lemoenshoek J.P.R. SN 

20/12190 Fouriesberg EJ.P.377 
Berzeiia incurva Pl11. 1817/87 Vogelgat 102 

2212189 Vogelgat 296 
Berzelia lanuginosa (L.) Brongn. 18/6/87 KirstenboschL 14 108 

1617/87 Cape Point 93 
517187 CedarDe!li Sneeuberg 112 

19/8/87 Storms River 125 
712189 Zuurvlakte 267 

28/1/91 Du Toit'sKloof 329 
1817187 Vogelgat 97 

617187 Cedarberg,Uitkyk 113· 
3/10/87 CedarbeJlLEikeboom 137 
15/2189 Grootvadersbos 276 
3/8/87 Hottentots Holland 124 

1117/88 Cedarberg,Pakhuis 207 
16/12190 Du Toit's Kloof 325 

Berzelia rubra (Willd.) SChldl. 1817187 Vogelgat 101 
Berzelia squarrosa JIhunb.) Sond. 31/1/90 Cedarberg,Donkerkloof AH361 

3/8/87 Landdrosko~ 126 
2813/88 Somerset Sneeukop 191 

BelZe/ia intermedia Sch/dl. 16/4/91 Gysmanshoek . Pass FJP 391 
Brunia albiflora E Phil/ips 3017188 Kogelberg 213 

- 20/3/91 Betty's Bay 340 
Brunia a/opecuroides Thunb. 3/8387 Landdroskop 119 

26/10/87 Betty's Bay 152 
Brunia /a~vis Thunb. 14/10/87 Kirstenbosch, L4 141 

26/10/87 Betty's Bay 148 
Brunia nodiflora L. 5/3/91 Kalk Bay Mts 338 

16/4/91 Gysmanshoek Pass FJP 395 
18/6/87 Kirstenbosch estate 107 

26/10/87 Hemet-en-Aarde 154 
29/8/89 Blaauwkrantz FJP 164 
23/9/88 Steenbras Dam, 248 
26/3/89 Bain's Kloof 302 
20/4/89 Villiersdorp 304 

26/11/90 Karbonkelberg 323 
Brunia stokoe; E. Phi/lips 20/3/91 Betty's Bay 341 
Brunia stokoei E. PhiOips 30/3190 ,Betty's Bay 317 
Brunia macrocepha/a Willd. 20/4/88 Keeromsberg 193 
Lonchostoma pUfJJureum Pill. 4/8/88 Somerset Sneeuko~ 219 
Lonchostoma esterhuyseniae Strid 1/12188 Pilaankop 255 
l..aJchastorna II AJI ~.T'.un (VEtt) FI 20/4/88 Keeromsberg 198 

25/3/89 Limietberg 297 
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SPECIES DATE LOCALITY COLLECOONNlA&R 
Lonchostoma myrtoides (Vahl) Pill. 11/10/89 Ceres Flower Show 311 
Lonchostoma ~ UQ/ldn.m (T'IxJnb.) Swarlz 712189 Zuurvlakte 262 
Unconia a/o~ecuroides L. 15/12187 Grootvadersbos 166 
Unconia cuspidata (Thunb.) Swartz 14/11/89 Landdroskop 310 
Mniothamnea ca/lunoides 14/12187 . Grootvadersbos 155 
(Oliver) Niedenzu 15/2189 Grootvadersbos 288 
Nebelia fragarioides (Willd.) 28/3/88 Landdroskop 192 
Kuntze 3/8/87 Landdrosko~" 123 
Nebelia laevis (E. Meyer) Kuntze 3017187 Jonaskop JPRSN 

27/11/90 Jonaskop H.Crous 113 
Nebelia paleacea (Bergius) Sweet 26/10/87 Hemel-en-Aarcle 149 

712188 Perdeberg, Kleinmond 172 
Nebe/ia sphaerocepha/a (Sonder) 11/1/88· Keeromsberg 178 
Kuntze 28/3/88 Somerset Sneeukop 190 
Pseudobaeckia africana 24/10/87 Groot Winterhoek 142 
(Burm.f.) Pill. 28/1/91 Du Toit's Kloof 330 
Pseudobaeckia cordata (Burrn.fJ 25/3/89 Limietberg 298 
Niedenzu 5/1/91 OuteniQua Mts 326 
PseudobaecI<ia oon::Iata var. , ,lIJIlUiXy,a PI. 14/12188 WJtteberg 258 

31/12189 Bain's Kloof 314 
Ras~alia bamard" Pill. 18/3/90 Misty Point, SweIendam 316 
Raspa/ia dregeana (Sond.) Niedenzu 15/1/90 Matroosberg 315-
RaSDs/ia g/obosa (Lam.) Pill. 4/8/88 Landdroskop 217 
Raspa/ia microphy//a (Thunb.) Brongn. 23/9/88 Steen bras Dam 244 

1/12188 Pilaarkop 253 
Raspa/ia staavioides (Sonder) Pill; 30/10/89 KrakadouwPOQrt FJP 189 
Raspa/ia trigyna (Schltr.) Dammer 20/11/89 Southern Natal,· Egossa 313 
Raspa/ia villosa Prest. 23/10/90 TuretPallk, KaJe~ EEE 37070 

20/12190 Watervalberg FJP 354 
Raspa/ia variabilis Pil.l 1/12188 Pilaarko~ 254 
Staavia dodii Bolus 1617/87 Cape Point, Okifantskop 90 

2218/90 Cape Point, Sirkelsvlei FJP 235 
Staavia capitella (Thunb.) Sonder 2112191 Wolfieskop FJP 425 
Staavia dregeana Pres!. 0 30/1/91 Table Mt, Nursery 332 

Buttress 
Staavia glutinosa (L.) Dahl 8/9/89 Table Mt, Grootkop RSSN 

17/3/88 Table Mt, Nursery Ravine NBG 091188 
Staavia radiata (L.) Dahl 1617187 . Cape Point, Olifantskop 91 

5/5/92 Rondeberg 363 
Thamnea diosmoides Oliver 21/9/88 Gydo Pass. Ceres 233 
Thamnea hirtel/a Oliver 219/88 Wltzenberg, Inkruip 234 
Thamnea massoniana Dammer 2917188 Victoria Peak 211 
Thamnea thesioides Dammer 7/10/89 Ceres Nature Reserve 309 
Tittmannia estemuyseniae E. Powrie 16/5/88 Stettynskloof 201 
Tittmannia laxa (Thunb.) Pres!. 517187 Cedarberg Sneeuberg 114 

3/10/87 Cedarberg Sneeuberg 135 
Tittmannia laevis Pill. 23/10/90 Tunet Pea<. KaJe 8ckkevekj EEE 37069 

GRUBBIACEAE 
Grubbia rosmarinifolia Berg. 15/12187 Grootvadersbosch 165 
Grubbia rourkei Carlq. 23/9188 St~nbras Dam 246 
Grubbia tomentosa (Thunb.) Harms 15/12187 Grootvadersbosch 167 

23/9/88 Steenbras Dam 243 
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SPECIES DATE LOCALITY COI.1.ECTDI NUMBER 

DIAPENSIACEAE , 

Galax urceolata 1817/91 Edinburgh Botanic 
, Garden 

Shortia soldanelloides 1817/91 Edinburgh Botanic 
Garden 

ERICACEAE 
Erica erborea ssp. alpina 13/9/91 Chelsea PhysiC Garden 

RETZIACEAE 
Retzia capensis Thunb. 23/9/88 Steen bras Dam 

7/12188 Perdeberg, Kleinmond 

GEISSOlOMACEAE 
Geissoloma. marginata (L.)A.Juss. 1412189 9I.eIeI1da II we, 120'Cb:X 

PeeK 

PENAEACEAE 
Endonema retzioides Sand. 18/6/92 ·RMerspnderend 
Penaea muctonata L. 15/2189 nr Cabe Infanta 
Penaea dahlgrenH Rourke 23110/89 Boosmansbos, 

HeidelbelSt 

All collectors numbers are the author's. Voucher specimens are held at NBI except for E.E.E. 
collections (BOL) and the Oiapensiaceae coUections (Edinburgh Botanic Garden) 

F.J.P. = F.J. Powrie 
A.H. = A. Hitchcock 
R.S. = R. Saunders 
J.P.R = J.P.Rourke 
E.E.E = E.E. Esterhuysen 

694463 

700731 

348 

249 
171 

271 

FJP 505 
284 
308 

--
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APPENDIX 2 

COMPOSITION OF SOLVENT SYSTEMS (PAPER CHROMATOGRAPHy), BUFFER 
SOLUTIONS (ELECTROPHORESIS) AND SPRAY REAGENTS (IDENTIFICATION). 

A: SOLVENT SYSTEMS 

1) BAW (BUTANOL -ACETIC ACID-WATER) 
n-Butyl alcohol 
Acetic acid (glacial) 
Water 

4 Shake and discard lower layer 
1 
5 

2) CAW 
Chloroform 

(CHLOROFORM-ACETIC ACID-WATER) 
30 

Acetic acid (glacial) 
Water 

15 Shake and discard surplus water 
2 

3) FORESTAL 
Glacial acetic acid 30 
~ bbai:.la::rc 3 
Water 10 

4) ROUX SOLVENT (FORMIC) 
Hydrochloric acid conc. 2 
Formic acid 5 
Water 3 

5) ACH 50% (15%) 
Acetic acid (glacial) 1 (15) 
Water 1 (85) 

6) PhOH (Phenol saturated with water) 
Phenol 3 500g 
Water 1 125ml 

B: BUFFER SOLUTIONS 

Shake and discard 
aqueous layer 

1) ACETAlE BLFFER p-i 4,4 (PAPER ~SIS: FLAVO'DID GLl.JCl.R(J\JICES) 
O,2M acetic acid 305 ml 
O,2M scx:ilmcntae 195ml 
Water 500ml 

2) ~MAlE-ACETAlE BLFFER p-i 2,2 (PAPER ~S/S: FLAVO\OID 
Sl...lA1AlES) 

Formic acid 2,5% 250ml 
Acetic acid 8,0% 250ml 
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C: SPRAY REAGENTS (CHROMATOGRAPHy) 

1) NATURSTOFFREAGENZ A (NA) 

1 % solution in methanol of 2-amino-ethyl diphenylborinate (diphenyl-boric acid­

ethanolamine complex; diphenylboric acid, (3-aminoethyl ester) 

Flavones and ftavonols having 3',4'-dihydroxy pattem appear as orange spots in 

both visible and ultra-violet light; their 4'-hydroxy equivalents appear yellow-green. 

2) ALUMINIUM CHLORIDE SOLUTION 

5% solution of AICh in ethanol 

All 5-hydroxy ftavonoids appear as ftuorescent yellow spots on dried chromatograms 

viewed in UV light (365nm) 

3) PAULY'S REAGENT (DIAZOTISED SULPHANILIC ACID) 

Solution A: 0,3% sulphanilic acid in 8% HCI 25ml 

Solution B: 5% aqueous sodium nitrite 1,5ml 

The two solutions are mixed just before use and applied as a spray to the dried 

chromatogram. A 20% aqueous sodium carbonate solution is sprayed onto the PC 

before drying. Compounds having free phenolic hydroxyl groups appear as yellow, 

orange or red spots. 

4) VAN ILLI N-HCI 

Vanillin 5% in ethanol 4 

Hydrochloric acid conc. 1 

The two reagents are mixed prior to use and sprayed onto the PC, which is then 

warmed with a hair dryer. Catechins and proanthocyanidins appear as red to purple-red 

spots immediately following the application of heat, while ftavonones and 

dihydroflavonols react similarly but more slowly. The regent detects ftavonoids having 

an A-ring oxidation pattern as in phloroglucinol, combined with a saturated C-ring. 
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APPENDIX 3 Rf VALUES IN VARIOUS SOLVENTS, APPEARANCE IN ULTRA-VIOLET LIGHT (365nm) AND COLOUR REACTIONS OF 
COMMON FLAVONOIDSIPHENOLIC ACIDS 

RfVALUES 
oe"ctl 

Q.A$ 

Cyanidin 

Delphinidin 

Pelargonidin 

Myricetin 

Quercetin 

l6aempferol 

lsorhamnetin 

Gossypetin 

Fisetin 

Apigeni 

Luteolin 

Diosmetin 

Chrysoeriol 

Orientin 

Vitexin 

Ellagic acid 

Gallic acid 

Daidzein 

Rutin 

CHEMICAL CLASS 
FI = flavonol 
F = flavone 
A = anthocyanidin 

A 

A 

A 

R 
R 
R 
R 
R 

R 
F 

F 

F 

F 

C 

C 

P 

P 

I 

G 

C = flavone C-glycoside 
P = phenolic acid 
I = isoflavone 
G = flavonol glycoside 

Br = bright 

BAW 

0,68 

0,42 
0,8 

0,43 
0,64 

0,83 
0,74 
0,31 

0,76 

0,89 

0,78 

0,85 

0,82 

0,31 

0,41 

0,34 

0,68 

0,92 
0,45 

CAW 

0,03 

0,01 

-
0,06 
0,19 

0,58 
0,71 

-
0.26 
0,78 

0,39 

0,85 

0,84 

0,07 

0,18 

0,04 

0,16 

PhOH FOR. ACHfOMs 

- 0,49 

0,08 0,32 

- 0,68 
0,13 0,28 
0,29 0,41 
0,58 0,55 
0,66 0,52 
0,12 0,26 

0,5 0,45 
0,88 0,83 

0,66 0,66 

0,89 0,63 

0,9 o,n 
0,43 0,65 

0,63 0,78 

0,17 0,26 

0,12 0,64 

0,46 

COLOUR REACTION 
mag = magenta. 
purp = purple 
Y = fluorescent yellow 

0,4 

0,3 

-
0,13 
0,15 
0,18 

0,15 
0,18 

0,2 

0,27 

0,23 

0,26 

0,26 

0,38 

0,49 

0,1 

0,6 

Y-G = fluorescent yellow-green 
B-G = fluorescent blue-green 
P = peach 
o = orange 
T =taupe 
Oc = ochre 
inv. = invisible 
vis. = colour in daylight 

COLOUR REACTIONS IN UVNISINA 
H~ ROUX U.V. UVINH3 VIS NAlUV 

0,0 0,22 mag blue mag -
0,0 0,13 purp blue purp -
0,0 0,33 red blue red -
0,0 Y BrY P 0/0 

0,0 Y BrY inv. P/O 

0,0 Y BrY-G inv. Y/G 

0,0 paleY BrY-G inv. Y/G 

dull dull Y PIO-

0,0 inv. PIO 

0,0 inv. Y/G 

0,0 dull TIOc inv. PIO 

0,0 bright inv. Y/G 

0,0 YI Y-G inv. Y/G 

0,02 inv. PIO 

0,06 inv. Y/G 

0,0 pale lilac p1Ie~ inv. -
0,0 bright blue txlBrttiB inv. -

0,04 light blue B-G inv. -
0,23 deep mauve Y-G inv. Y/G 
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APPENDIX4A 

Flavonoid sulphates 

Flavone C- and 
C-IO-glycosides 

Dihydroflavonol 
3-0-monoglyc 

Dihydroflavonol 
aglycones 

Aglycones 

Isoflavone 

Flavone 

Aglycones: 

Flavonol 3-0-dig/yc 

Catechin I Epicatechin 

Flavonol 3-0-monoglyc 

Flavone O-monoglyc 

Flavonol 7-0 monoglyc 

Flavone, Flavonol, Biflavone, Chalcone, Aurone 

Flavonol tri-O-glyc. (3.7.) 

Isoflavone 
7-0-diglyc 

Isoflavone 
7 -O-monoglyc 

Flavone tri-O-glyc 

Flavone di-O-glyc 
Flavonol 7 -O-diglyc 

A guide to the distribution of flavonoid types on a chromatogram developed in TBAl15% HOAc . 

. ' 
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APPENDIX4B 

Interpretation of spot colour in terms of flavonoid structure 

spot colour in ultraviolet light 

UV light 
without NH3 

Oarkpurple 

Fluorescent 

UV light 
with NH3 

Yellow, yellow-green 
or green 

Little or no colour 
change 

Light blue 
Red or orange 

Fluorescent yellow­
green or 
fluorescent blue-green 

Little or no colour 
change 
Bright fluorescent 
light blue 

Spot colour in ultraviolet light 

UV light 
. without NH3 

UV light -. 
with NH3 

Possible flavonoid type 

a. Commonly 5-OH flavones or fIavonols (3-0-
substituted with 4'-OH) 

b. Occasionally 5-OH flavanones and 4'-OH 
chalcones with no B-ring-OHs 

c. Commonly fIavones or 3-0- substituted 
flavonols with 5-OH but lacking a 

d. free 4'-OH 
e. Some 6- or 8-OH fIavones and 3-0-

substituted fIavonols with 5-OH 
f. lsoflavones, dihydroftavonols, bifIavonyis 

and some flavanones with 5-OH 
g. Chalcones with 2'- or 6'-OH but without a 

free 2- or 4-OH 
Some 5-OH ftavones 
Chalcones with a free 2- and/or 4-OH 

Flavones and fI$Vanones lacking a free 5-OH, 
e.g.5-O-glycosides 
Flavonols lacking a free 5-OH but with the 3-OH 
substituted 
lsoflavones lacking a free 5-OH 

lsoflavones lacking a free 5-OH 

Possible flavonoid type 

. Invisible Fluorescent light-blue lsoflavones lacking a free 5-OH 

Dull yellow and yellow; Little of no colour 
or orange change 
fluorescence 

Fluorescent yellow 

Yellow-green 
blue-green or green 

Dull orange red or 
mauve 

Cerise pink or 
fluorescent yellow 

Orange or red 

Little or no colour 
change 

Blue 

Blue 

Flavonols with a free 3-OH and with or without a 
free 5-OH (sometimes originating from the 
dihydroflavonoO 

Aurones with a free 4'-OH and flavanones 
lacking a free 5-OH 

a. Aurones lacking a free 4'-OH and 
flavanones lacking a free 5-OH 

b. Flavononis with a free 3-OH and with or 
without a free 5-OH 

Anthocyanidin 3-glycosides 

Most Anthocyanidin 3,5 diglycosides 
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FOclethr =0 
97 =1 
t1empetr =0 
C3epacri =1 

8ericad =7 
E10SCYPhO =7 
C11arctos =0 
C12pernet =7 

[
14dabOec =1 
F51ebeta :=1 
93 =1 

[
b6priono =1 
F2monoto =1 
94 =1 

[
b71eucop =1 
F9callun =7 
95 =1 

[
b13gaulth =7 
F4dracop =1 
96 =1 

F3010npur =1 

r9E~3~ionest =1 
C321onmon =1 
C3310nmyr =1 

3410npen =1 
1692 =1 
L~5~~hahir =1 

Figure 19. Strict consensus of 1442 most parsimonious trees, obtained in 
analysis 2 (examination of within family relationships in Bruniaceae), using 
Hennig 86. 

Lr;l~~udcap =1 

L 
~60thadio =1 

fa ~~~~hamas =1 

Lr;6:~hathe =1 

l 
~63titlae =1 

[t~6~~~tlax =1 
L65tl.test =1 

5 =1 

L 
F351inalo =1 

r82 =1 
~3 ~~61incus =1 

F27brunod =1 
80 =1 
Lra3~~ebfra =1 

° - -

EL-39
0

neblae =1 
r40nebpal =1 
L41nespha =1 

81 =1 
Lfg'2~~rumac =1 

Lr;=2~~rulae =1 

LfG2~~rusto =1 

Lrs2!~rUalb =1 

L-25brualo =1 
[ F16berabr =1 

73 =1 
t17bercor =1 
C18bereck =1 
c19bergal =1 
C20berinc =1 
C21berlan =1 
C22berr~b =1 

23bersqu =1 
F53stadod =1 

-72 =1 
L-56staglu =1 
[ F54stacap =1 

69 =1 

[
b57starad =1 
li=55stadre =1 
70 =1 
1b58stazey =1 

4 =1 

L
F37mnioca =1 
71 =1 . 

E
L-42PSeafr =1 

43psecor =1 
[ra4~~aSglO =1 

E
L-47raSmic =1 

48rassta ;:::1 

E
51raSVil =1 
52rasvir ;:::1 
F44rasbar =1 
66 ::1 

[
u.....49rasvar =1 
1f':'45rasdre =1 
67 =1 
b50rastri =1 
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brualb 
brunod 
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pser:or 
rasbar 
rasvar 
rasdre 
ras/ri 
rasg/o 
rasmic 
rasvil 
rasvir 
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staglu 
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I 
L 

r--

l-
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'--

stazey . 
nebfra 
neb/ae 
nespha 
nebpal 
brua/o 
brusto 
bru/ae 
brumac 
/inalo 
lincus 
titlae 
til/ax 
titest 
thathe 
thamo 
thamas 
Ihahir 
/onpur 
lonesl 
lonmon 
/onmyr 
/onpen­
/ebeta 
priono 
ericad 
cal/un 
scypho 
arctos 
pemel 
gaulth 
daboec 

Figure 20. Strict consensus of 4774 most parsimonious trees obtained in 
PAUP analysis of unweighted data set. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

77 

75 

L 

51 

52 
54 

-

52 

Fiqure 24. Bootstrap analysis (weighted data set). 
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rasglo 
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rasv;r 
sladod 
stacap 
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- .- . --- -- . --- --_.- - . _. - -- w· - 268 365 401 258 365 150-7 -glycoside 'br y 259 304 360 268 decomp 
'br y 258 358 272 330 408 269 360 400 262 294 376 Q-3-glycoside 
'br green 267 352 275 328 408 276 351 399 267 300 357 Iso/K3-glycoside 
'y 260 361 270 331 408 269 360 401 262 299 378 Q-3-glycoside 
'y-gr 268 352 276 327 403 276 346 395 268 299 354 Iso/K3-glycoside 
'y-gr 253sh 356 271 411 267 364 400sh 257sh 315 365 Iso/K3-glycoside 
'y 269 353 decomp. 361 269 406 357 258 360 Q-3-diglycoside 

-----

'y-gr 263 361 271 408 269 358 3~fr-- - ---- ~67 K-3'-glycosloe 
, gr 258 357 272 407 269 358 401 262 370 Q-3-glycoside 
'y-gr 259 359 272 331 408 270 364 402 263 374 Q-3-glucuronido 

'y-gr 257 357 273 411 269 362 401 260 368 Iso-3-glycoside 
y/p/y-gr 268 357 273 328 415 270 363 403 257 360 150-3,7 -diglycoside 
y/p/y-gr 255 356 271 328 413 267 359 398 258 362 Iso-3-galactoside 
'y-gr 262 359 271 409 271 363 398 264 378 Q-3-glycoside 

y/p/y-gr 266 363 272 328 408 271 367 399 264 381 Q-3-glycoside 
y/p/y-br 266 372 270 409 270 365 399 264 381 Q-3-rutinoside 
y/p/y-gr 265 360 272 408 271 363 399 264 378 Q-3-gly_coside 
'y-gr 256 357 273 407 269 362 402 257 362 Iso-3-rutinoside 
y/dk/y-gr 257 358 272 330 414 270 362 402 263 364 Iso-3-galactoside 
y/dk/y-gr 257 356 273 417 269 362 398 263 358 150-3- glycoside 
e visy/p/br y 257 357 272 329 415 269 358 396 265 366 150-3- glycoside 
e visy/p/br y 257 357 271 325 416 268 359 398 264 361 150-3- glycoside 
'-gr 270 356 270 325 411 270 408sh 362 260 359 kaempferol 5-0-Me 

ether 3,7-
diglycoside 

'-gr 257 356 271 325 414 270 362 400 258 361 150-3- O-glycoside 
'-gr 256 354 268 417 270 356 393 268 359 150-3- glycoside 
apricoVply-gr 258 358 269 415 268 400sh 361 269 415 Fisetin 3-glycoside 

, Azaleatin-3-
glycoside 

257 347 270 391 264 344 261 353 
-gr 255 353 267 411 269 402 258sh 362 Iso/K3- glycoside 
y/p/y-gr 258 359 271 413 272 362 400 259 367 Iso/K3- glycoside 
-gr 256 346 268 398 267 355 257 361 Luteolin 7-glycoside 
y/y/br y 259 356 271 415 275 303 403 288 259 368 150-3- glycoside 
ry 255 357 272 411 269 360 400sh 261 359 
ry 259 357 272 325 410 269 362 394 262 370 Q-3- glycoside 
y/p/y-gr 257 359 272 408 268 361 363 
y/p/y-gr 257 357 289 413 272 400sh 359 260 362 K 5 - Me ether 3 

glycoside 
e-p/y-gr 257 272 357 274 415 268 395 359 358 150-3,7 diglycoside 
r/p/y-gr 271 357 273 413 271 359 400 271 362 150-7,3 diglycoside 
r/y/br y 267 358 271 416 270 362 400 261 368 150-3,7 diglycoside 
·gr 258 356 270 406 270 358 395 263 371 Q-3-galactoside 
I/p/y-gr 268 356 272 315 415 270 359 399 259 361 150-3,7 diglycoside 
I/y/br y 270 353 273 403 272 400sh 358 275 375 Aza -3,7 

diglycoside 
gr 268 354 270 408 267 355 267 373 Aza/Fis 3 glycoside 
'/p/br.y 266 354 271 404 268 353 267 370 Aza/Fis 3,7 

- diglycoside 
'y 264 355 272 405 268 356 265 378 Aza/Fis 3,7 

diglycoside 
gr 263 366 271 410 268 363 265 382 Aza/Fis 3 glycoside 
y 258 344 269 393 265 363sh 266 363 Luteol,n 5 glycoside 
~r 257 356 272 328 410 269 355 398 261 368 0-3- glycoside 
fp/y-gr 256 358 272 330 412 268 359 397 261 369 0-3-rutinoside 
1r 258 358 269 411 270 356 398 262 373 Q-3- glycoside 
y 261 359 272 409 271 398sh 356 262 369 Q-5-Me 
1r 259 358 272 417 269 363 263 370 Q-5-Me 3 glycoside 

Fisetin 
'p/br y 266 353 - 398 274 352 398 263 369 Q+ Q-3-Me 
Ir 265 357 273 399 270 356 266 373 Q-5-Me/Fis 
'p/y-gr 276 353 274 391 276 350 273 350 K-5-Me 
·gr 263 352 269 404 267 348 262 365 Aza/Fis 3 olvcoside --- --
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'y-gr 259 359 269 401 266 354 395 260sh 291 372 Q-3-glycoside 
<lbry 259 304 360 268 decomp 268 365 401 258 365 150-7 -glycoside 
<lbry 258 358 272 330 408 269 360 400 262 294 376 Q-3-glycoside 
<lbr green 267 352 275 328 408 276 351 399 267 300 357 Iso/K3-glycoside 
<ly 260 361 270 331 408 269 360 401 262 299 378 Q-3-glycoside 
<ly-gr 268 352 276 327 403 276 346 395 268 299 354 Iso/K3-glycoside 
<ly-gr 253sh 356 271 411 267 364 400sh 257sh 315 365 Iso/K3-glycoside 
rJy 269 353 decomp. 361 269 406 357 258 360 Q-3-diglycoside 

361 271 408 269 358 397- ------ - -- --

367 K-3-QTYcosille <ly-gr 263 -
'y gr 258 357 272 407 269 358 401 262 370 Q-3-glycoside 
<ly-gr 259 359 272 331 408 270 364 402 263 374 Q-3-glucuronido 

<ly-gr 257 357 273 411 269 362 401 260 368 Iso-3-glycoside 
sy/p/y-gr 268 357 273 328 415 270 363 403 257 360 150-3,7 -diglycoside 
sy/p/y-gr 255 356 271 328 413 267 359 398 258 362 Iso-3-galactoside 
<ly-gr 262 359 271 409 271 363 398 264 378 Q-3-glycoside 

s'i!p/y-gr 266 363 272 328 408 271 367 399 264 381 Q-3-glycoside 
sy/p/y-br 266 372 270 409 270 365 399 . 264 381 Q-3-rutinoside 
sy/p/y-gr 265 360 272 408 271 363 399 264 378 Q-3-glycoside 
<ly-gr 256 357 273 407 269 362 402 257 362 Iso-3-rutinoside 
sy/dk/y-gr 257 358 272 330 414 270 362 402 263 364 Iso-3-galactoside 
sy/dk/y-gr 257 356 273 417 269 362 398 263 358 150-3- glycoside 
lIe visy/p/br y 257 357 272 329 415 269 358 396 265 366 150-3- glycoside 
lie visy/p/br y 257 357 271 325 416 268 359 398 264 361 150-3- glycoside 
y-gr 270 356 270 325 411 270 408sh 362 260 359 kaempferol 5-0-Me 

ether 3,7-
diglycoside 

y-gr 257 356 271 325 414 270 362 400 258 361 150-3- O-glycoside 
y-gr 256 354 268 417 270 356 393 268 359 150-3- glycoside 
s apricoVply-gr 258 358 269 415 268 400sh 361 269 415 Fisetin 3-glycoside 

, Azaleatin-3-
glycoside 

y 257 347 270 391 264 344 261 353 
y-gr 255 353 267 411 269 402 258sh 362 Iso/K3- glycoside 
5 y/p/y-gr 258 359 271 413 272 362 400 259 367 Iso/K3- glycoside 
y-gr 256 346 268 398 267 355 257 361 Luteolin 7-glycoside 
sy/>j/bry 259 356 271 415 275 303 403 288 259 368 150-3- glycoside 
br y 255 357 272 411 269 360 400sh 261 359 
br y 259 357 272 325 410 269 362 394 262 370 Q-3- glycoside 
sy/p/y-gr 257 359 272 408 268 361 363 
5y/p/y-gr 257 357 289 413 272 400sh 359 260 362 K 5 - Me ether 3 

glycoside 
Je-p/y-gr 257 272 357 274 415 268 395 359 358 150-3,7 diglycoside 
;y/p/y-gr 271 357 273 413 271 359 400 271 362 150-7,3 diglycoside 
;y/y/br y 267 358 271 416 270 362 400 261 368 150-3,7 diglycoside 
f-gr 258 356 270 406 270 358 395 263 371 Q-3-galactoside 
;y/p/y-gr 268 356 272 315 415 270 359 399 259 361 150-3,7 diglycoside 
;y/y/br y 270 353 273 403 272 400sh 358 275 375 Aza -3,7 

diglycoside 
'-gr 268 354 270 408 267 355 267 373 Aza/Fis 3 glycoside 
y/p/br.y 266 354 271 404 268 353 267 - 370 Aza/Fis 3,7 

diglycoside 
Ir y 264 355 272 405 268 356 265 378 Aza/Fis 3,7 

diglycoside 
-gr 263 366 271 410 268 363 265 382 Aza/Fis 3 glycoside 
ry 258 344 269 393 265 363sh 266 363 Luteol,n 5 glycoside 
-gr 257 356 272 328 410 269 355 398 261 368 Q-3- glycoside 
f/ / - r 256 358 272 330 412 268 359 397 261 369 Q-3-rutinoside 
·gr 258 358 269 411 270 356 398 262 373 Q-3- glycoside 

261 359 272 409 271 398sh 356 262 369 Q-5-Me 
·gr 259 358 272 417 269 363 263 370 Q-5-Me 3 glycoside 

Fisetin 
r/p/br y 266 353 398 274 352 398 263 369 Q+ Q-3-Me 
gr 265 357 273 399 270 356 266 373 Q-5-Me/Fis 
'/p/y-gr 276 353 274 391 276 350 273 350 K-5-Me 
/-nr ?R1. 1.I:\? ?~a "n" ,)Cl.7 ,,~n 
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'-gr 268 

nustard 266 

y/dkJ 269 
:stard y 
fill.y 259 
right y 255sh 
ry 256 
ylp/y-gr 261 
-gr 255 
-gr 270 
ry 276 
-gr 256 
rlpl mustard y 286 
J/y-gr 275 
-gr 262 
-gr 267 

1kylpl 269 
stard y 
cIky/p/b rill y 270 
-gr 258 
ylp/y-gr 268 

ylp/y-gr 258 
-gr 267 

ry 259 

rill y 256 
rill y 268 
·gr 269 
ry 257 
Ibl-gr 254 
.y 269 
,/It blly-g r 255 

/y 258 

257 
J-y/p/y-gr 259 
>ry/p/y-gr 258 
1r 268 

p'mustardy 258 

ply 248 

fis = fisetin 
Lu = luteolin 

270sh 

260sh 

287 

300sh 
330 

-- -

354 269 398 275 

351 273 395 275 

356 272 403 272 

362 270 425 270 
362 270 427 270 
357 270 414 270 
378 268 421 263 
347 268 403 273 
346 270 397 276 
348 269 410 275 
357 272 410 270 
343 278 391 282 
380 265 419 277 
343 270 393 261 
351 271 399 271 

351 276 325 395 277 

384 274 433 274 
356 273 320 403 270 
357 274 325 404 273 

357 272 330 410 273 
348 274 396 275 

355 268 405 268 

359 - decomp 418 269 
355 267 300 411 275 
363 270 410 266 
355 271 403 267 
350 268 323 399 266 
354 272 399 272 
357 268 391 283sh 

359 272 324 404 270 

360 273 278 404 269 
358 274 300 408 268 
360 272 312sh 401 270 
354 272 324 409 272 

348 272 386 270 

353 270 402 249 

- -- - - - -- - - - - ~ - ---- . 

rhamnoside 
390sh 359 265 376 Fisetin/azaleatin 3 

glycoside 
355 402 264 369 
decomp 
400sh 363 266 372 Fisetin/azaleatin 3 

JID'_coside 
373 407 260 373 369 Q -3-7 diglycoside 
369 406 267sh 370 
364 404 253 364 Iso/K3- glycoside 
364 412 264 396 Q -7- glycoside 
355 385 270 368 Lu.-7- glycoside 
353 389 decomp 
355 390sh 270 350 
361 401 259 365 150-3- diglycoside 
352 403sh 286 345 
362 420 275 382 

343 261 345 
340 398sh 269 352 K-5-Me ether 3,7 

diglycoside 

353 399 266 340 367 Q -7- glycoside 

420sh 362 266 392 
355 400 262 368 Q -3- glycoside 
392sh 359 267 365 No 3,50H function 

No O-di OH 
360sh 401 261 371 Q-3-rutinoside 
346 395 268 354 Iso-3- glyco~ide 

356 397 262 367 Q -3- glycoside 
-

361 404 . - 375 Q-3- glycoside 
356 400 260 375 Q-3-Me7 glycoside 
390sh 359 263 375 
357 397 262 375 Q3 Me ether 

353 257 368 Lu-5- glycoside 
354 398 263 366 Lu-7- glycoside 

349 - 365 carytin 3 glycoside 
caryatin -3'-

362 401 262 300 378 Q derivative 
sh 

363 398 276 324 389 Q-3- glycoside 
400sh 364 264 323 370 
363sh 400 261 376 Q-3- glycoside 
359 395 265 374 Q-3- glycoside 

351 395 262 365 Q-3 rhamnoside 

367 decomp 359 5 substitution or 5-
'- deoxy 




