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THE DISTRIBUTION OF FREE AMINO ACIDS IN DIASTELLA SALISB., LEUCOSPERMUM R.BR. AND SOME OTHER MEMBERS OF THE PROTEACEAE

"... It is untenable ... to view secondary plant
metabolites as plant 'garbage cans' designed for
"containerizing' nonfunctional molecules.”
Rosenthal (1982)
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1. INTRODUCTION

1.1 Background

Diastella Salisb, is a small Proteaceous genus endemic in a very small distribution range in the extreme South-
western corner of the Cape. Diastella comprises seven species. Rourke (1976) recently revised fiastella for the
account of the Proteaceae being prepared for the Flora of Southern Africa. In this revision he reports that 18th
century classifications placed most of the known species of Piastella in either Profea or Leucadendren. In 1809
Salisbury founded Diastella. Br;un rejected this classification in 1810 and formed a clumsy and confusing arrangement
by placing these species in Mimefes Salisb. Sect II Miwetes spuriae R. Br.. In 1911 Phillips reinstated fiastella.
Hall and Yeldhuis (1985) 1ist P, buekii as 'endangered', 0. amyrtifolia as ‘critically rare’, 0. parilis and D
protecides as "vulnerable' and consequently the opportunity was taken to investigate some phytochemical components of

the species concerned while material was available,

Johnson and Briggs (1975) suggest phylogenetic relationships in the Proteaceae and suggest separate but nearly
parallel lines for Diastells and Leucospermum. Rourke notes the occurence of a natural, }utative bigeneric hybrid
between Piastella and Leucospermsm which indicates a still closer relationship between the two genera than this nearly
parallel Tine. A single specimen of the putative hybrid was found growing between two presumed parent species at
Betty's Bay, namely Diastella thyweloeoides ssp, meridiana and Leucospermuw oleifelium. Rourke (1976) describes the
hybrid as being quite sterile but exceptionally vigorous, however Brits (pers, comm.) of the Tygerhoek Protea Research
Unit has obtained seed from cloned material of this putative hybrid.  The seedlings have leaf forms varying between
those of the presumed parent species. These seedlings have since been dried and placed in the Compton Herbarium for

further study.
1.2 Problem statement

This thesis reports on a phytochemical investigation with the view to supplementing morphological data with chemical
data for a further taxonomic study of the relationship between Diastella, leucospermm and the putative hybrid. This
investigation was a part of a broader phytochemical study being undertaken at National Botanic Gardens, Kirstenbosch,
in which the non-protein amino acid complements and the presence of certain flavonoids have been compared in several

members of the Proteaceae. This project will eventually be extended to other taxa and other chemical compounds.

Amino acids were selected to form part of this study as Prof. J. N. Eloff, Director of National Botanic Gardens, had

good experience in the analysis of free amino acids.  The necessary equipment had been installed in the laboratories
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at Kirstenbosch and various analyses were being carried out, primarily in the Proteaceae. It was also decided to
evaluate the potential use of amino acids for a taxonomic study of several genera of Proteaceae originating from both

within and outside South Africa.

The worth of using non-protein amino acids as chemotaxonomic markers has been the subject of criticism (e.g. Porter
1967), however they have been used successfully in recent years in chemotaxonomic studies and also for confirming the
identity, at species level, of unidentified seeds (see Eloff 1983). Free amino acids have been used for

chemotaxonomic analyses in various organisms, e.g. coelenterates, zoanthids, ciliates (Kittredge and Hughes 1964),

algae (Scott 1954, Ito and Hashimota 1966), and angiosperns.
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2. LITERATURE REVIEW

2.1 Free &nino Acids - biological roles

Non-protein amino acids are generally considered to be secondary plant products, but many have been shown to be
intermediary metabolites e.g. 4-amino butyric acid. Fowden (1964) points out that they are generally not included in
any proteins., Their concentrations in plant material can be low (e.g. free amino acids account for about 0.02% of the
dry mass in young leaves of Leucospermum bolusii), or high (e.g. N methyl serine alone accounting for 5.5% of dry mass
in young leaves of Dichapetalum cymosum (Eloff 1970)). Free amino acids tend to occur in higher concentrations in

flowers and seeds than in leaves in the Proteaceae (e.q. about G.7% in L. bolusii flowers).

The concentration of free amino acids may indicate the degree to which they can be used as chemotaxonomic markers.
#mino acids in high concentration may play a major role in nutrition, metabolism, or interaction with other organisms
or factors. Bell (1981) indicates that for a non-protein amino acid to be synthesised it would presumably provide
some selective advantage to the species making it. It may play some role in the ecosystem as a whole, giving the
plant added competitive advantage over species devoting themselves to the synthesis of primary metabolites. The plant
would then benefit by the use of resources to synthesise and even accumulate the amino acid. However, the possibility
nust not be overlooked that a taxonomically significant amino acid may actually occur in a very low concentration, not

detectable by normal analytical procedures.

Where novel non-protein amino acids occur, such as the Lathyrogens found in species of Lathyrus, and L-canavanine
found in Canavalia ensiformis, they often appear to fill specific roles - in these instances producing toxic effects

in predators. Bell (1981) suggests the following roles of non-protein amino acids:
Storage : often accumulating in storage tissue, e.g. canavanine has a high NiC ratio and is thus a good

nitrogen reserve;
Defence : For example, Rosenthal reports that canavanine comprises up to 13% of the cotyledons of some
seeds, and represents up to 90% of the soluble nitrogen;

: Produce physiological effects in other organisms, e.g, canavanine which is mentioned above
under storage and apparently serves both in storage and defence. Canavanine is toxic to most

predators;

Cause disease or toxicity, acting as feeding inhibitors, e.g. up to 9% of seed dry weight of
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Muctina spp.  comprises 3,4-dihydroxyphenylalanine (L-DOPA) which causes a form of anaemia, the
neurological disorder Parkinsonism, and inhibits radicle and hypocotyl growth in some plants
(see Rosenthal 1982);

1 Phytotoxin, as suggested by the presence of non-protein amino acids in root exudates, or
liberated from seeds during imbibition. These amino acids may inhibit germination or growth
of competing plant species;

1 Fungicides or bacteriocides, for example homoarginine is toxic to landide albicans (yeast) and
Staphylacoccus  aureus (bacterium),  Canavanine is toxic to a range of yeasts, bacteria, and

yiruses.

Other possible biological roles are :
: Growth factor in plant producing amino acid;

t Reward to pollinators (Baker and Baker 1976) or seed disperser.

In considering the selective advantage of non-protein amino acids it must be remembered that plants producing such

toxins need to have a way of avoiding autotoxicity, which is a further drain on resources.

When Bell and Tirimanna (1965) investigated the free amino acids in some fifty species of Wicia, there were not many
protein' amino acids present, with the exception of arginine, glutamic acid and aspartic acid. Seneviratne and
Fowden (1968), presenting data for Acacia species, and Dunnill and Fowden (1965), presenting data for Cucurbitaceae,

excluded all 'protein' amino acids and concentrated on the dominant non-protein amino acids.

Van Staden (1966) found that the dominant amine acids in members of the family Proteaceae are mostly protein amino
acids, although there was an unknown compound which occurred as one of the dominant ninhydrin positive compounds in a

few Protea species.

It is important to differentiate between the concepts of non-protein amino acids, and free amino acids. Non-protein
anino acids exclude the 'protein' amino acids, imino acids and amides. Free amino acids include all amino acids which
are not incorporated into proteins. In this report the term 'free amino acids™ is used and includes the 17 amino
acids, 2 amides and 1 imino acid usually contained in proteins, as well as non-protein amino acids such as ornithine,

4-amino butyric acid and 3-alanine, and a host of other known amino acids, the number of which presently exceeds about

240 in various plants and a further 160 from other natural sources (Rosenthal 1982),
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The presence of non-protein amino acids is more likely to have systematic significance than the presence of any of the

20 'protein’ amino acids in the free state.

[t is important to consider the interplay between amino acids and soil nitrogen as part of the discussion on the
biological role of free amino acids . Goodwin and Mercer (1985) indicate that the chief nitrogen transport compounds
in plants are aspartic acid, asparagine, glutamic acid, glutamine and arginine. Some plants use other compounds such
as canavanine which has a particularly high N:C ratio of 0.8 and occurs in high concentration (8% of dry mass) in
Canavalia ensiformis (Jack bean) seeds, The transport compound can also vary accarding to the form of nitrogen
available in the soil. For example, Goodwin and Mercer report that nodulated soybean (&lycine max) plants export
ureides from the roots while non-nodulated roots export less ureides and more asparagine. VYogts (1982) points out
that, in several members of the Proteaceae, soil is apparently more important than climate as a factor in speciation.
Soils with 1ittle clay and low free salt concentrations are preferred. This is certainly the type of soil found in
the South Western Cape where Piastella species occur.

R

Hocking and Thomas (1974) discuss the importance of maintaining low NPK levels in soils of Proteaceous plants under
cultivation. They indicate a toxicity response by Hakea, Grevillea and Protea to high values of NP, or combinations
of NP and K. Many Proteaceous plants have specialised Proteoid roots which form a dense cluster of rootlets in a mass
below the soil surface, a discrete zone of 2.0 - 3.5 cm thick in the case of Banksia ornata growing in heathland.
These rootlets appear to trap water and nutrients thus enhancing nutrient uptake. #As these plants grow in soils where
little nitrogen is available to the roots it is Tikely that the N is retained by the plant by resorption from ageing
leaves and redistribution. The total nitrogen in the plant, particularly in the leaves, is not in very high

concentrations.

2.2 Suitable characters for use as chemotaxonomic markers

Stace (1980) comments that it is not reasonable to say that either chemical data, or structural data, is more
important than Fhe other in a taxonomic study. One cannot say that the presence or absence of a particular chemical
compound is either more or less valuable in taxonomic analyses than, say, the presence or absence of petals. However,
accepting that chemical data do have a place in taxonomy, how would one select suitable chemical compounds to use as
markers? Harborne (1972) proposes that flavonoids are excellent chemotoxanomic markers because:

- They occur universally;

- They are not directly involved in primary metabolism;

R e R T T .
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- There is immense structural variation among the flavonoids;
- Flavonoids are relatively easily analysed by simple chromotographic and spectral procedures;
- Small samples can be analysed;
- They are detectable in herbarium specimens.
Other important considerations are that chemotaxonomic markers need to be stable and not subject to arbitrary

yariation.

Chemical markers should ideally be unique, which is possible where there is great structural variation, Their

presence and concentration in a species should be constant and stable,

2.2,1 Free Amino Acids as chemotaxonomic markers

The free amino acids possess some of these qualities.
- They occur universally;
- Some are directly involved in primary metabolism while some are evidently secondary métabo]ites;
- There is immense structural variation among the free amino acids;
- Free amino acids are relatively easily analysed by simple chromotegraphic procedures;
- Small samples can be analysed:

- They have been reported to be detectable in herbarium specimens.

Fowden (1958) discusses some variations in free amino acid compositions arising in response to seasonal changes,
nutritional quality of the soil, soil moisture, temperature and post-harvest storage conditions. As long as workers
are aware of these variables they can make allowance for them. It is perhaps simpler to typify changes in
morphological characters than in chemical characters as it is easier to monitor changes such as flower development
and colour. However, it can be arqued that changes in free amino acid compositions would follow equally strict laws
as do changes in morphological features and the important thing is to determine the laws involved and to avoid

introducing variations due to experimental technique.

Examples of seasonal variations reported in the literature are given by Virtanen and Miettinen (1953) who report
that citrulline represents 0.2% of dry mass of root nodules of Alamus incana in summer. After leaf fall in October,

citrulline increased to 0.9% of dry mass. Citrulline in 4. glufinosa was about 2% of dry mass in January.

Citrulline is probably a nitrogen reserve which is used rapidly in summer and accumulates during winter after leaf
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fall. Arginine and ornithine occur only in traces in the nodules, but are abundant, along with citrulline, in the

roots nearest to nodules. This also illustrates the variability within a plant and between sites in the same organ.

Wilding and Stahmann (1962) report similar trends in Medicago sativa (alfalfa) and Trifolium (clover) root tissue
where hydroxyaspartic acid concentration is Towest at 0.58 micromole/q in October and increases to 1.17 micronole/g

in alfalfa (0.42 - 0.58 micromole/g in clover)

Murray (1983) reports changes' in the free amino acid composition in the hull (seedcoat), naturing embryos, embryo
sac, cotyledon and embryo axis of the field pea Pisuw sativum.  In these examples - Alanus, alfalfa, clover and

Pisum the changes are clearly Tinked to the nutritional function of the specific amino acids .

This illustrates that most variations in free amine acid compositions are apparently not random, but are dictated by
function as is the case for most variable morphological characters. For example, Prof. B, Walker {Witwatersrand
University, pers. comm.) indicates that the expanded phyllodes with vestigial compound leaves produced by several

Acacia species are probably produced as a water conservation strategy,

At least some variability in amino acid composition arises in response to adverse environmental conditions.
Rosenthal (1982) reports that the accumulation of 4-amino butyric acid in many plants is enhanced under adverse
environmental conditions by conversion from glutamate by the enzyme L-gqlutamic acid decarboxylase.  This process
frees the amino group to supply nitrogen for other plant needs. The resulting semialdehyde can be oxidised to

succinic acid which can 1ink in with the Krebs cycle,

Fowden (1958) discusses amino acid levels relative to plant growth and environment. He mentions changes associated
with plant development, mineral nutrition, temperature and illumination. Levels of amino acid concentrations

increase with increasing time of storage after excision.

Some changes in free amino acid content are less easily explained than others. Such variations are not exclusive to
chemistry. There are also examples of morphological variables such as the leaf tip notches or leaf shape of
Leucospermm cordifolium which can vary along the length of a branch. It must be realised, though, that once a leaf
has developed a given number of notches, it is 1ikely to retain that number. It is Tikely that if present knowledge
does not explain the reasons for variations in amino acid compositions, or morphological characters, such an

explanation will be found in the future, thus enabling one to understand the factors controlling the variability.

Bell (1981) points out that dormant seeds are frequently used in chemotaxonomic analyses as they represent a static

—
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stage in the Tife cycle of a plant. In this stage they are Tess 1ikely to be affected by changes in nutritional or
environmental factors. Meaningful comparisons can be made between different species when comparing them at such a

static stage. Seeds are also frequently rich in free amino acids.

Baker and Baker (1976) studied the amino acid compositions of nectar samples in several unrelated genera. They
found the nectar amino acids to be consistent in F, hybrids and in the parent species which they studied and they
recommended that nectar amino acid patterns would be as useful as any other plant chemicals in chemotaxonomic

studies.,

2.3 Chemotaxonomic analyses using free amino acids

Hany analyses have been reported in the literature in which meaningful chemotaxonomic data have been obtained using
free amino acid markers. Only a few references will be given here, but Rosenthal (1982), Fowden (1958), Bell (1981)
and others have discussed the subject in greater detail. Much of the work is nvolved with the isolation of single
amino acids occurring in one or several species, rather than with the determination of the Eompositions of amino acids

in each species,

Fowden and Bryant (1958) report Azetidine-2-carboxylic acid to be confined Targely to members of the Liliaceae sens.
Tat.. A few species of the Agavaceae, a family of plants then recently split off from the Liliaceae, contain small
anounts of the compound. This imino acid often accumulates in large amounts, even representing the major proportion
of the non-protein nitrogen of particular plants in the Liliaceae. In a later report Fowden (1972) reports finding
small amounts of Azetidine-2-carboxylic acid in Beta vulgaris (chenopodiaceae) and Delarix regize (a legume). This
isolation was from 109 kg of sugar beets. In such mass extractions it is possible to isolate amino acids which occur
in small amounts in the plant. Fowden does caution, though, that preparations from bulk material 1ike this could

result in the lengthy exposure of compounds to conditions which could produce artefacts.

Eloff (1970) reports on the isolation of N-methyl serine (NMS) and N-Methyl alanine (NMA) from several members of the
genus fichapetalum.  He mentioned that it would be interesting to seek a correlation between HMS, NMA and
fluoracetate, looking at other members of Dichapetalaceae and some other taxa containing fluoracetate. He had not

found NMA or NKS in dcacia georginas which also contains fluoracetate.

Seneviratne and Fowden (1968) analysed the free amine acid compositions of the seeds of several deacia species

including 4. geerginae nentioned above. They do not report finding either NMA or NMS in this species. They 1list
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seyeral non-protein amino acids and note a sharp distinction between the amino acid compositions of seeds of members
of Acacia (Sect. Gumwiferae) and those of other sections., Only slight differences in pattern existed between members
of the other sections, and there was no consistent pattern evident for all of the members constituting any single

group.

Bell and Tirimanna (1965) note that the study of the distribution and metabolism of non-protein amine acids and
related compounds in plants way be helpful both in establishing phylogenetic relationships between species within a
genus and also in defining a genus itself. Bell (1962) reports that in a study involving some fifty species of
Lathyrus the non-p: tein amino acid compositions enabled the subdivision of the genus inte five main groups based on
the associations of these non-protein amin. >rids, These five groups differed only slightly in detail from an earlier

grouping based on morphelogical and cytological informatian.

Dunnill and Fowden (1965) conducted a chemotaxonomic study of the family Cucurbitaceae using amino acids in  seeds.
They indicate that their data provide an invaluable index which should be used in considerations of relationships in
uncertain classifications. In the same paper they mention that a few amino acids such as 4-amino butyric acid and 2-
amino adipic acid occur widely in the plant kingdom.  Some show infrequent but haphazard occurrence in isolated
members of many families of plants which are not closely related. However, some have very limited distribution in
closely allied groups of plants. Erdtman (1968) describes the relationship between taxonomy and chemotaxonomy and
makes reference to such compounds as were mentioned by Dunnill and Fowden. He points out that identical compounds
which occur in remotely related taxa could be synthesised in distinctly different ways. They are analogous but not
homologous in the biological sense of the term. Such instances of the accurrences of analogous compounds would not be

likely to indicate a phylogenetic relationship between the taxa synthesising the compound.

2.3,1 The use of numerical aids in taxonomy

Sneath and Sokal (1973), and Spencer (1984) discuss the application of numerical techniques in biochemical studies,
particularly gsing cluster analysis taechniques., Sneath and Sokal discuss a variety of clustering alcorithns as well
as various methods for computing similarity coefficients when comparing species with each other. Spencer prepared a
simple computer program using an «lgorithm which appears to be based on that of the Xerox Data Systems CLUSANL

program discussed by Hansch and Leo (1979).

Numerical -analysis can be applied in taxonomic studies by encoding morphological or chemical data in a form which

i R R T e e e
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can be analysed by a computer program.  Species would be placed into groups (clusters) based on the similarity of
their free amino acid compositions, or other taxonomic properties. There are several algorithms which can be used
in the process of determining sinilarities, for example that used by Spencer, and each has its own advantages over
others and each would produce its own groupings which may not agree with groupings obtained using other algorithms.

It is beyond the scope of this thesis to go into depth discussing the principles behind the various systems,

Each species is compared with every other species to obtain a matrix of similarity indices, The highest index is
sought and reported.  The two species concerned are then clustered using either centroid linkage or arithmetic mean
Tinkage to calculate an average value for the data pair of each characteristic. The cluster then replaces the first
species in the matrix and data bank and the second species is removed from the data bank. This process is then
repeated comparing the new cluster with each species in the data bank. A similarity matrix is used to visually
check the final clusters to see which alternative groupings could have been formed and the worker can then manually

correct groupings which appear to not be the best in his opinion.

2.4 Chemical identification of the parents of a hybrid

One of the queries regarding the relationship between Diastella and Leucospermm revolves around the putative
intergeneric hybrid,  Thus it was important to see if any successful identifications had been, or could be, nade of
the parent species of any given hybrid by using chemical charasteristics. The morphological characters are blended

but the question is, how are the chemical characters of the parents blended in the hybrid?

Mabry (1972) reports on studies done on the lupine alkaloids and flavonoids in seven Baptisia hybrids and the parent
species Baptisia sphaerocarpa and 8. leucophaeae. This study showed that while some hybrids may be indistinguishable
in appearance from plants belonging to one or the other of the parent species, the alkaloid patterns in the hybrid can
be quite unique. Another study on Baptisia hybrids showed that hybrids often combine the flavonoid chemistry of the
parent species but occasionally produced unique flavonoids not present in either parent. In these particular plants,
hybridisation and introgression occur frequently as there are populations with two or more Bapfisia species. In these
populations all of the possible hybrids are present as well as plants derived from the backcrossing of hybrids with

parent species.

Smith (1976) reports on other chemical studies of hybrids. He states that in most cases, hybrid derivations of
Gossypium, Brassica, pine and several other species had been shown to be chemically intermediate between their

parents. Terpenoids, oils and flavonoids are secondary metabolites which were used as markers.

el e FRSTRGTERRRRR e e e
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The only reference which I found which deals with amino acids in studies on hybrid-parent relationships was that of
Baker and Baker (1976) in which they studied the amino acids in flower nectars of several unrelated genera and they
found very good correlations between the amino acids in the hybrids and parent species. Almost without exception, the
nectars of Fy hybrids contained every one of the amino acids contained in both parents combined, and they did not
contain any amino acids which were not found in either parent. Prosch (1986) has investigated the free amino acids in
Profea spp. hybrids, but she tame to the conclusion that the free amino acid compositions of hybrids and parents in
the Proteaceae are not sufficiently reliable properties to use for identifying the parents of any given hybrid plant
because the free amino acid compositions of parents and hybrid appear to be subject to seasonal variation. The free
anino acid compositions in some Lewcosperwuw spp. hybrids and the putative bigeneric hybrid between Leucospermum and

Diastella are reported in the present work,

2.5 The taxonomy of the Proteaceae

Rourke (1976) groups the species of Diastella as follows in his key to the species of ﬁigsfé]ia.

Hypogynous scales present - (a characteristic held in common with Leucospermum species although overall appearance
is clearly similar to that of the other species of Diastella)
D, parilis
b, myrtifalia.
Hypogynous scales absent.
Leaves orbicular, oval, elliptic or lanceolate.
0. divaricata
b, fraterna
D, thywelaeoides
Leaves acicular
b, protecides
b, buekii

Figure 2.1 depicts the groupings of the species of Leucospermim,

The following 1ist shows the genera studied in this work. They have been placed in their groups, based on
morphological properties, which have been worked out in the Proteaceas.  The chromosome number is also presented in
the column on the right, A1l of the chromosome nunbers which are presented are those presented by Johnson and Briggs

(1975).  The groupings are based on those by Johnson and Briggs, with ¥exaterella added in the Aulacinae as proposed

by Rourke {1984).
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Crassicaudex Diastelloidea Conocarpodendron
SECTION Crinitae Tumiditubus Brevifilamentum
Leucospernua New Genus
Cardinistylus Xericola
L. cordatum
—L. secundifolium
L—vexatorella obtusata
.'__Ei’exataref la alpina
Vexatorella amoena
L. rovenifol jum
L. saxatile L. wittebergense
L. gracile [:i. prostratus
L, oleifolium L, pedunculatun
. mundii —L. calligerua
__[:(, bolusii
- L, truncatulum
L. heterophyllum
L. truncatug
—[ . hypophyllocarpodendron L, wirii
. rodolentun L. utriculosum
. towemntaosuw !, erubescens
. parile L. fulgens L. patersonii
———————————L, arenarium L. praecox : L. cordifolivm
L. spathulatum . tottum
L. profugum L, vestitua
Y—i, lineare
L. canecarpodendron
[:i. pluridens
L. glabrus
L. gueinzii
| L. grandiflorum
L. formosum
L. catherinae
L ' L. reflexsum
[?. innavans
L. cuneiforwe
L. saxosum
L. gerrardii
L. praeworsus

Binary tree created from the key to the species of Leucospermum contained in Rourke (1972) with Vexatorella
added after Rourke (1984). No phylogeny is inferred or implied by lengths of lines or proximity of species
on the tree,

Figure 2.1
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Proteoideae
Conospermeae
Petrophilinae
Petrophile 13
Isepogon 13
Proteeae
Aulacinae
Aulax
Leucadendron 13
Vexatorella -
Proteinae
Faurea 12
Protea 12
Leucospermum 12
Diastella
Spatalla 12
Sorocephalus -
Brothamus -
Miwetes 12
Paranoms 12
Serruria 12
Grevilleoideas
Embothrieae
Embothriinae
Telopea 11
Stenocarpinae
Stenocarpus 11
brevilleeae
Hakea 10
Grevillea 10
Macadanisae
Nacadamiinae
Macadawia 14
Brabe jum 14
Banksieae
Banksiinae
Banksia 14

2.5.1 Chenical work on the family Proteaceae

Cronquist (1973) included the Proteaceae in a 1ist of Angiosperm families in need of chemical investigation. The
Proteaceae are an interesting group for systematic study as they occur widely in the southern hemisphere.  They are
present on several land masses including Australia, New Zealand, Africa and South America. They are well suited to

growing in xeric and poor nutrient conditions.

Eloff (1983) proposed a project in which a chemotaxonomic investivation be undertaken on South African taxa,
starting with the Proteaceas. The reasons for the choice of the Proteaceae are:
1) br J P Rourke, curator of the Compton Herbarium at Kirstenbosch, is an expert on Proteaceae taxonomy, and

is available as co-worker;

o R ey ST e
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2) Huch of the alpha-taxonamical work has already been done for inclusion in the Flora of Southern Africa,
3) This family is valuable in aesthetic and econamic terms.

4) Gibbs (1974) reported that very 1ittle chemotaxonomic work had been done on the family.

The present work includes some parts of this general pilot survey proposed by Eloff, looking at the free amino acids
present in each South African genus and some exotic genera of the Proteaceae with special attention given to
Diastella and Leucospermm. The complete analysis, including the study of free amino acids in the different parts
of the plants at different times of the year, has not been completed, although some data can be presented for L.

aleifol fuw which was studied in more detail than the other taxa in this study,

Scott (1985), Perold, Beylis and Howard (1973), Van Staden (1966), Van Oudshoorn (1963), Ellsworth and Martin
(1971), Prosch (1986) and Van Schalkwyk (1986) have studied the flavanoids and free amine acids in the Proteaceae

with either a strong chemical bias on the one hand, or a strong systematic bias on the other.

2.6 Some notes on the extraction of free amino acids

As noted above, free amino acids have been shown to occur in quantities in excess of one percent of dry mass of organs
of some species (see Eloff (1970); Bell (1981); Virtanen and Miettinen (1953); Wilding and Stahmann (1962)). In one

of these cases a single amino acid, NMA, was present in concentrations of 5.5% of the dry mass of very young leaves.

Some factors make it difficult to interpret data - for example Daley and Bidwell (1977) suggest that phosphoserine may
be involved in chelating metal ions. These complexes are often insoluble. P-Serine has been observed to be present
in the Proteaceae by Prosch (1986) and van Schalkwyk (1986), and I have also found phosphoserine to occur in

relatively large amounts in most of the species which [ analysed.

Pollard, Sondheimer and Steward (1958) report on an equilibrium reaction between an unknown hydroxyamino acid and its
lactone. In basic solutions (containing ammonia) the lactone was hydrolysed to the amino acid. Acid hydrolysis

brought about the reconversion to the lactone form. They also reported that glutamic acid appeared upon hydrolysis

but the source was not known.
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3. MATERIALS AND METHODS

3.1 Plant material

Although the main objective of this project was to compare the free amino acid compositions of Piastella Salish.,
Leucosperaum R, 8r. and the putative bigeneric hybrid, it was also considered to be important to compare these taxa
with representatives of other Proteaceous genera which are indigenous to, and exotic to Southern Africa. Hence the
species listed below were analysed. Brief details are given below about each species analysed and a reference number
or a voucher specinen is quoted for each. Where the collection was made at Kirstenbosch the accession number is
quoted.  Otherwise a collecting number is quoted and the voucher specimen is housed in the Compton Herbarium. The
organ(s) investigated are also mentioned. The abbreviation 'LWP' is a prefix to the collecting number indicating that
[ was the collector of the voucher specimen, and the 'K' indicates that the specimen is housed in the Compton

Herbarium, Kirstenbosch,

3.1.1 Diastella Salish.
Some of the species of Diastella are growing at Kirstenbosch although the specimens tend to be small.
3.1.1.1 Diastella buekii (Gandoger) Rourke
21 January 1985 accession number 30/79 Kirstenbosch leaf,
(This plant may have been infected with Phytopthera cinnamowi at the time of extraction)
18 October 1985 LWP K36 Wemmershoek flower plus leaf,

3.1.1.2 Diastella divaricata (Berg.) Rourke, ssp. divaricata

21 January 1985 407/82 Kirstenbosch Teaf (flowering plant).
5 July 1985 LHP K1, Cape Point Nature Reserve leaf and flower.

3.1.1.3 Diastella divaricata wontana Rourke
3 February 1986 LWP K63 Houwhoek Mountains flower,

3.1.1.4 Diastella fraterna Rourke

10 July 1985 LKP K7 Kleinmond leaf and bud.
10 July 1985 LWP K8 Betty's Bay leaf and bud.
3 February 1986 LKP K58 Betty's Bay flower.

3.1.1.5 Diastella wyrtifolia (Thunb,) Salisb. ex Knight
18 October 1985 LWP K45, Tulbagh Waterfall Reserve flower,
3.1.1.6 Diastella parilis Salisb. ex Knight

18 October 1985 LUP K39 Witelsrivier, $langhoek flower,

R e ———
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3.1.1.7 Diastella protecides (L.) Druce

9 April 1985 1427771, Kirstenbosch leaf.
25 January 1985 1421/, Kirstenbosch 1eaf.
25 November 1985  1427/71, Kirstenbosch flower.

3.1.1.8 Diastella thywelaeoides weridiana Rourke

10 July 1985 LWP K6 Betty's Bay leaf and flower.
3 February 1986 LWP K56, Rooiels flower.

3.1.1.9 Diastella thywelaeoides (Berg.) Rourke ssp. thywelaeoides
10 July 1985 LWP K5, Steenbras Forest Reserve leaf and flower.

3.1.2 Leucospermum R. Br.

The main interest in the relationship between Diastella and Leucospermum revolves around the existence of a putative
bigeneric hybrid in nature.  Lewcospermum (Sect. Diastelloides) was named by Phillips because there are superficial
resenblances between the small flowers in this section and the flowers of Diastella. Because of these similarities
and for the reason that Rourke (1976) suggested that the ancestral form of Diasfells would probably have been a
member of this section, all members of Leucospermum (Sect. Diastelloides) were analysed. It is notable that the
presumed Leucospermum parent, Leucosperwum oleifelium, s not a member of Lewcospermum (Sect. Diastelloidea). For
this reason it would be interesting at a future date to analyse the four members of leucospermum (Sect. Crinitae)
into which Leucospermum oleifolium has been classified, two of which were analysed in this work.
3.1.2.1 Lleucospermum (Sect. Crassicaudex) cuneiforme (Burm. f.) Rourke
27 December 1985  836/7Z, Kirstenbosch red flower,
27 December 1985  1026/72, Kirstenbosch yellow flower.
An analysis was done in triplicate of the same yellow flower material, and was compared with red
flower material from a different plant.
3.1.2.2  Leucospermun (Sect. Crassicaudex) saxosum S. Moore
27 December 1985  40/78, Kirstenbosch flower,
3.1.2.3 Leucospermum (Sect. Conocarpodendron) conocarpodendron (L.) Buek ssp. viridum Rourke
7 February 1986 976/70, Kirstenbosch flower.
3.1.2.4  Leucospermum (Sect. Conocarpodendron) glabrum Phillips
13 February 1986  41/73, Kirstenbosch Teaf,
3.1.2.5 Lleucospermum (Sect. Tumiditubus) praecox Rourke
1 February 1986 907/75, Kirstenbosch Jeaf.
3.1.2.6 leucospermum (Sect. Tuwiditubus) muirii Phillips

13 February 1986  24/73, Kirstenbosch flower,

—
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| 3.1.2.7 leucosperwmuw (Sect. Brevifilawentuw) vestitum (Lam.) Rourke

24 September 1985  LWP K30, Tygerhoek T 75 11 27 flower.
Parent of controlled crossing with L. cordifelium

3.1.2.8 Leucospermum (Sect. Brevifilamentuw) lineare R, Br

24 September 1985  LWP K32, Tygerhoek, T 73 10 32 flower,
Parent of controlled crossing with L. cerdifeliun

3.0.2.9 Leucospermum (Sect. Brevifilawentum) cordifolium (Salisb. ex Knight ) Fourcade

24 September 1985 ~ LWP K29, Tygerhoek, T 73 10 08 flower.
Parent of controlled crossings with L. vestitum and L. Tineare.
14 January 1985 LWP K35, Kirstenbosch leaf.
12 February 1985  LWP K35, Kirstenbosch Teaf.
4 March 1985 LWP K35, Kirstenbosch 1eaf .
14 Apri) 1985 LWP K35, Kirstenbosch Teaf,
5 July 1985 LWP K35, Kirstenbosch flowering shoot,
20 March 1985 27171, Kirstenbosch {eaf,

3.1.2,10 Leucospermum (Sect. Cardinistylus) formosum (Andr.) Sweet
13 February 1986  645/75, Kirstenbosch Teaf,
3.1.2.11 Lleucospermm (Sect. Cardinistylus) catherinae Compton
7 February 1986 1054/72, Kirstenbosch leaf,
3.1.2,12  Leucospermm (Sect. Leucospermum) hypophyllocarpodendron (L.) Druce

3.1,2.12.1  leucospermum (Sect. Leucospermum) hypophyllocarpodendron (L.) Druce ssp. hypophyllocarpodendron

18 October 1985 LWP K38, Wemmershoek flower,
3.1.2,12.7  Leucospermum (Sect. Leucospermum) hypophyllocarpodendron ssp. canaliculatum (Buek ex Meisn.)
Rourke
18 October 1985 LKP K43, Malmesbury flower, (plant with flat Teaves),
18 October 1985 LWP Kd44, Atlantis flower, (plant with canaliculate Teaves).

3.1.2.13 Leucosperwmum (Sect. Leucospermu) parile (Salisb. ex Knight) Sweet
18 October 1985 LWP K42, Malmesbury flower.

3.1.2.14  Leucospermm (Sect. Diastelloidea) bolusii Gandoger

14 June 1985 1047772, Kirstenbosch leaf and flower bud.
5 July 1985 1047772, Kirstenbosch seed from store.
10 July 1985 LP K4, Boskloof leaf and flower bud.
12 September 1985 LWP K4, Kirstenbosch seed from store,
30 October 1985 1042772, Kirstenboch flower,

Teaf.

developing seed.
material frozen since 14 June 1985.

3.1.2.15 Lleucospermum (Sect. Diastelloidea) calligeruw (Salisb. ex Knight) Rourke

18 October 1985 LWP K41, Abbotsdale flower.

P e —
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3.1.2.16  Leucaspermum (Sect. Diastelloidea) heterophy!lum (Thunb.) Rourke

3 June 1985 857/12, Kirstenbosch Teaf,
25 November 1985  857/72, Kirstenbosch flower.

3.1.2.17 Leucospermum (Sect. Diastelloidea) pendunculatum (Klotzsch)

3 February 1986 LWP K59, Groenkloof flower.
3.1.2.18 Leucospermm (Sect. Diastelloidea) prostratum (Thunb.) Stapf

14 June 1985 25/75, Kirstenbosch leaf and flowerbud.
3.1.2.19 Leucospermm (Sect. Diastelleidea) royenifolium (Salisb. ex Knight) Stapf

14 June 1985 46/13, Kirstenbosch leaf and flowerbud.
25 November 1985  46/73, Kirstenbosch flower,

3.1.2.20  Leucospermm (Sect. Diastelloidea) truncatulum (Salisb. ex Knight) Rourke

8 January 1985 26/71, Kirstenbosch leaf,

21 January 1985 26/71, Kirstenbosch leaf,

25 June 1985 26/11, Kirstenbosch leaf and flower.
75 November 1985  26/71, Kirstenbosch flower.

3.1.2.21 Leucospermum (Sect. Piastelloidea) wittebergense Compton

21 January 1985 403/71, Kirstenbosch leaf,
14 June 1985 403/71, Kirstenbosch leaf and flowerbud.

3.1.2.22 lLeucospermu (Sect. Crinitae) oleifolium (Berg.) R. Br.

9 April 1985 850/70, Kirstenbosch leaf,
8 May 1985 850770, Kirstenbosch leaf.
3 June 1985 850/70, Kirstenbosch leaf.
3 June 1985 850/70, Kirstenbosch leaf and flowerbud.
25 June 1985 850770, Kirstenbosch leaf (flowering plant),
25 June 1985 850/70, Kirstenbosch leaf (non-flowering plant).
2 July 1985 850/70, Kirstenbosch seed from store.
10 July 1985 LWP K3, Betty's Bay Teaf and flower.
10 July 1985 LWP K2, Kleinmond leaf and flower.
10 September 1985 850/70, Kirstenbosch leaf - post-harvest environment tests,
- seed from store.
30 October 1985 850/70, Kirstenbosch Flower,
young leaf,
old leaf,
root.

Proteoid root.
seed from store - seed coat,
- Cotyledon.
frozen since 3 June 1985.
airdried since 10 September 1985.
35 November 1985  850/70, Kirstenbosch leaf - post-harvest environment tests.

3.1.2.23 leucospermum (Sect. Crinitae) wundii Meisn

7 February 1986 19/73, Kirstenbosch leaf (flowerbud stage).




Page 19

r 3.1.3 Hybrids

Comparisons were made between hybrids and parent species of known crosses done at Tygerhoek Protea Research Unit.
This was to test the feasibility of identifying the parents of the putative bigeneric hybrid between Diastells
thywelaeaides and Leucospermum oleifol fum by comparing the free amino acid compositions of the three.

3.1.3.1 Putative Diastella thywelaeoides X Leucospermum oleifolium (Dt X Lo)

9 April 1965 670/74, Kirstenbosch leaf,
25 June 1985 670/74, Kirstenbosch Teaf and flower.

3.1.3.2 Controlled crosses
3.1.3.2.1 leucospermm cordifolivm x L. vestituw
24 September 1985  TX 79/46 A, Tygerhoek flower.
3.1.3.2.2  leucospermum lineare x L. cordifolium

24 September 1985  TX 79 504, Tygerhoek flower.
24 September 1985  TX 79 50F, Tygerhoek flower.

3.1.4 Indigenous species of the Proteaceae

3.1.4.1 Aulax cancellata (L.) Druce
13 February 1986  966/82, Kirstenbosch female leaf.
female flower.
male leaf,

3.1.4.2 Aulax uwbellata (Thunb.) R.Br.

3 February 1986 LWP K60, Groenkloof male flower.
3 February 1986 LWP K65, Groenkloof female flower,

3.1.4.3 Brabejum stellatifoliug L.

75 November 1985  163/84, Kirstenbosch flower,
3.1.4.4 Faurea macnaughtenii Phill,

13 February 1986  250/78, Kirstenbosch leaf.
3.1.4.5 Faurea saligna Harv,

13 February 1986  559/76, Kirstenbosch leaf,
3.1.4.6. Leucadendron salignum Berg,

7 February 1986 233/84, Kirstenbosch fenale leaf.
1 February 1986 233/84, Kirstenbosch nale leaf.

3.1.4.1  leucadendron tinctuw Williams

7 February 1986 75/83, Kirstenbosch fenale leaf.
7 February 1986 75/83, Kirstenbosch male leaf,
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3.1.4.8 Mimetes cucullatus (L.) R, Br.
3 February 19686 LWP K57, Betty's Bay leaf,
3.1.4.9 HKimetes fimbriifelius Salisb. ex Knight
7 February 1986 11/78, Kirstenbosch flaower,
3.1.4.10 Orothamnus zeyheri Pappe ex Hook. F.
13 February 1986  1015/77, Kirstenbosch leaf.
3.1.4.11 Paranowus reflexus (Phill. & Hutch.) N.E.Br.
7 February 1966 116/83, Kirstenbosch Teaf (flowerbud stage).

3.1.4.12  Paranomus sceptrum-gustavianus (Sparrm.) Hyl

13 February 1986  390/82, Kirstenbosch Teaf,
3.1.4.13 Protea nitida Mill,

7 February 1986 LWP K65 or 397/82, Kirstenbosch flower.
3.1.4.14 Protea repens (L.) L.

7 February 1986 489/71, Kirstenbosch flower.,
3.1.4.15 Serruria adscendens R. Br,

13 February 1986  207/78, Kirstenbosch leaf,
3.1.4.16 Serruria pendunculata (Lam.) R. Br.

1 February 1986 1036/72, Kirstenbosch leaf,
3.1.4.17 Sorocephalus tenuifelius R. Br.

13 February 1986 589/82, Kirstenbosch Teaf.
3.1.4,18 Spatalla parilis Salisb. ex Knight

19 February 1986  204/78, Kirstenbosch Teaf.
3.1.4.19 Vexatorella latebrosa Rourke

19 February 1986  666/82, Kirstenbosch Teaf.
3.1.4.20 Wexatorella obtusata (Thunb.) Rourke

13 February 1986  54/73, Kirstenbosch leaf,

3.1.5 Exotic species of the Proteaceae

Each of these plants was growing in the garden of the Director's house, Kirstenbosch, unless otherwise specified.

A1l were analysed on 19 February 1986, and leaf material only was analysed.
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3.1.5.1 Banksia ericifelia L.f.
G Scott 38.

3.1.5.2 Banksia serrata L.f.
G Scott 34,

3.1.5.3 Grevillea banksii R.Br,
G Scott 32, Rourke home garden. {flowering plant).

3.1.5.4 Grevillea robusta A. Cunn.
LWP K66, Private garden adjoining Kirstenbosch.

3.1.5.5  Hakea pugioniformus Cav.
LHP K68.

3.1.5.6  Hakea saligna ). Knight
G Scott 41,

3.1.5.7 Isopogon pulchellus
LWP K69,

3.1.5.8 Macadawia ternifelia F.b.Muell.
LWP X70.

3.1.5.9 Petrophile sessilis Sieb.
NBG 54865,

3.1.5.10 Stenocarpus salignus R.Br,
LWP K681

3.1.5.11 Stenocarpus sinuatus (A. Cunn,) Endl.
6 Scott 31.

3.1.5.12 Telapea speciossisimus (Sm.) R.Br.
6 Scott 33.

3.2 Method development

3.2.1 Standardisation of extraction procedure

Various tests were carried out to determine the effects of variations in technique on the free amino acid
compositions of selected species. The method development reported here was undertaken in order to 1imit variability

due to experimental technique so that the data obtained could be used with confidence for a chemotaxonomic study.

Most of these tests were carried out on
Leucaspermue cordifolium which is growing in the garden outside the laboratory at Kirstenbosch.

L. oleifelium which grows in abundance at Kirstenbosch and which is one presumed parent spscies of the
putative bigeneric hybrid.

L. bolusii which is a member of leucospermum (Sect. Diastelloidea) and which grows abundantly at
Kirstenbosch.
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3,2.1.1 Post-harvest Pre-extraction conditions

While testing the effect of different methods of macerating plant tissue it became evident that material which had
been macerated immediately differed from material which had stood for some four hours awaiting maceration. Figure
3,1 shows some changes in free amino acid compositions as noted in early experiments. There was a progressive
decrease, as time passed, in the amount of glutamic acid, aspartic acid and serine relative to 4-amino butyric
acid, valine, and leucine/isoleucine. I concluded that this effect resulted from the increased time between

harvest and extraction rather than from the method of maceration.

This conclusion was confirmed in a second experiment where post-harvest conditions were varied (see Table 3.1).
There was a similar decrease in the amount of aspartic acid, olutamic acid and serine relative to 4-amino butyric

acid and valine.

Hany of the species of Diastella and Leucospermum (Sect. Diastelloidea) were collected at some distances from
Kirstenbosch, e.g. Tulbagh and Bredasdorp. This meant that there was considerabls delay between the time of
harvest of some species and the time of their extraction. Consequently, I set about investigating the effects of

different post-harvest conditions on the free amino acid complements of different material of L. oleifeliun.

Some of the post-harvest conditions used by various workers include:

Freezing in polythene bags (Van Staden 1966);

Herbarium naterial (Eloff 1970);

: Storing for varying periods of time in either paper envelopes or polythene bags. (Prosch, Van Schalkwyk,
National Botanic Gardens, pers. comm.);

: Lyophilising (J. Kaiser, Botany dept., U.C.T., pers. comm.).

Table 3.1 presents a statistical analysis of the data for & comparison of the following post-harvest conditions:

Control - immediate extraction (duplicated);
Material stored in polythene bags for
: Two days ¢ ambient temperature - daylight;
: Two days : ambient temperature - dark;
: Two days : frozen;
: Two weeks ¢ frozen;
: Two weeks : dried in plant press as herbarium specimen.

The dried sample is clearly the most different showing a very poor correlation with the control,
The control was done in duplicate and shows an extremely good correlation showing that the method is sound.

Aubient temperature varied hetwsen 8°C and 25°C and the two samples in this treatment show good correlations with

_
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12 Feb 1983 |, cordifglium

i

Immediate

A

Figure 3.1 A

Figure 3.1 A, Paper chromatograms of free amino acids in' Leucospermum cordifoliua leaves subjected to different post-
harvest treatments. The treatment is given above each. A distinct change in relative concentrations of
Asp, 6lu and Ser with respect to 4-amino butyric acid, Val and the Leucines is evident.

B. Another example of a change in relative concentrations of the same amino acids and Ala, as in A, asa
function of different post-harvest time or temperature conditions.

* C. Another example of a change in relative concentrations of the same amino acids as in A, as well as
ethanolamine. Some of the different post-harvest treatments shown in Table 3.1 are represented.

Development in horizontal direction in A,C with BAW, vertical dimension in A and C with Phenol. Single
dimension in B was run using BAW.

; Ala : alanine
‘ Asp : aspartic acid
1 6lu : glutamic acid
leucines ¢ Ile : isoleucine
| Leu ¢ leucine:
Ser ¢ serine
Val t valine
BAW : Butan-1-01:Acetic Acid:Water::90:10:29::V:VaV
Phenol . Water Saturated Phenol (Phenol:Water::80:20::V:V)
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the controls.

The frozen material had surprisingly poor correlations with the control, particularly that stored for two weeks.

Table 3.1  Correlation coefficient r comparing different post-harvest treatments of leaf waterial of L. oleifoliua.
Each different post-harvest treatment is compared with Control 1.

TREATMENT r 1
Control 1 *

Control 2 0.99

2 day light at ambient temperature 0.98

2 day dark at ambient temperature 0.97

2 day -15 °C 0.93

2 week -15 °C 0.82

2 week dried in press as herbarium specimen 0.14

The above experiments had been done using single extraction in MCW as mentioned later. Because the treatment mav

have had an influence on the extractability of some of the different amino acids it was decided to "repeat the

experiment by using the exhaustive extraction procedure as outlined later.
The data for this final experinent are presented in Table 3.2 together with a statistical analysis.

The correlation coefficients are given for the full data set, and also excluding proline. The reason for the
exclusion of proline is that it is not easily detected by the AAA as it has a yellow colour reaction wWith
ninhydrin and at Tow concentrations it can be confused with background noise.  The PC analyses did not show the

differences in proline concentration as indicated by AAA.

The material used for treatments 1 to 6 (control, single extraction, freezing (dry and in NCW), drying in the oven
and Tyophilising) had all been macerated together without adding any liquid to the plant material, and the
f material ueiéhed out from the homogeneous mass of macerated tissue so that, in these tests at least, there was
minimal sampling variability. Using macerated material instead of intact leaves would probably have a much larger
effect on changes in amino acid composition due to the increased wound effect. Many more Tysosomes would have

been broken and polyphenol - oxygen effects would have been much more accentuated than in intact leaves. The air

dried and cool box treatments were macerated in the same way as the control following the time period of their
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Table 3.2 A. Correlation coefficient r comparing different post-harvest treatments of leaf material of (.
oleifoljum. Each different post-harvest treatment is compared with Immediate exhaustive extraction.
The second r value is given for comparisons in which the data for proline were excluded because
proline appeared to be quite uniform for each sample on the paper chromatograms.
B. Molar percent data for [. oleifolium leaves treated with the different post-harvest treatments
specified in A.
TREATMENT rrexcl, Pro
A I Immediate exhaustive extraction A 2
2 Immediate single extraction 0.93 0.98
3 Lyophilised 0.92 1.00
4 24 hours -15 °C 0.92 0.99
5 24 hours -15 °C in NCW 0.92 0.98
6 24 hours 110 °C 0.91 0.95
7 24 hours cold box 0.83 0.91
8 4 weeks air dried (loose in envelope) -0.03 -0.01
1 2 3 4 5 6 71 8
B Alanine g8 10 9 9 10 13 4 13
Arginine 1 0 0 0 0 1 0 0
Asparagine 3 04 4 5 4 4 14 3
Aspartic acid 17 19 18 17 13 17 12 1
Glutamic acid 003 37 3% 3N W1
Glutamine 2 4 3 3 2 3 1 &
Glycine 1 1 .1 &t 1 1.1
Hisitidine 1 1 0 0 0 0 1 1
Isoleucine 1 2 1 1 1 3 3 1
Leucine 1 1 1 1 1 1 1 1
Lysine 11 1 1 1 1 1 1
Phenylalanine 1 4 .1 32 % 1 10 1%
Proline “ 3 1 1 2 5 1 2
Serine T 7 9 9 9 9 8§ 7
Threonine 303 3 3 4 4 5 4
Tryptophan I 1. ¢ 0  060-1 1
Tyrosine 0 0 0 0 0 0 0 1
Valine 2 2.2 2 2 3 5.4
4-amino butyric acid 2 3 2 3 2 5 3 16
Ethanolamine 2 2 2 3 3 3 3 5§
Phospho-serine 2 5 2 1 2 31
Pipecolic acid 1 0 1 1 1 0 0
Ret. time 174 1 0 1 1 1 0 1 1
micromole / g.d.w. 58 3.3 5.5 5.1 4.3 1.8 5.9 8.6

R G TSR TR
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The single extraction was done as a comparison with previous work where the exhaustive extraction had not been
used. The yield was about 60% of that for the exhaustive extraction but the free amino acid compositions were not

significantly different (r = 0.93, and when Pro was excluded, r = 0,98).

The fact that Teaves were macerated before treatments 1 to 6 were applied did not appear to have a large influence

oh the amino acid compositions.
The frozen material - either frozen in dry form, or in MCH, was very similar to the control.

The material placed in the oven was quite similar to the control although the yield was poor., There was slightly
more alanine. Some glutamic acid may have been converted to 4-amino butyric acid. It did appear that drying at
110°C produced fewer changes in free amino acid composition than drying at 85°C for 48 hours (data not presented

here), and certainly the oven must be preheated before placing the material into it.
The Tyophilised material was extremely well correlated with the control.

Storing material in a cold-box was not satisfactory. The temperature had been 0.5°C for more than five hours and
it had increased overnight to reach 18°C within twenty hours. There was less alanine, Aspartic acid appears to

have been converted to asparagine. There was more valine. It was quite different to the control.

The air dried material was least similar to the control. Alanine increased. Aspartic acid was probably convertad
to asparagine. Glutamic acid was probably converted to both glutamine and 4-amino butyric acid. The higher yield

indicates the release of extra free amino acids, pessibly as the result of protein or peptide degradation.

The conclusions drawn from these tests were that the free amino acid complements of Proteaceous species are prone
to wvariation in response to post-harvest environmental conditions and it can be concluded that the best post-
harvest storage conditions for Proteaceous plants are:
: Immediate extraction;
¢ Brief storage, preferably not exceeding 24 hours:
¢ frozen;
s 15°C ~ 20°C3
: Long term storage:

Tyophilising if these facilities are available;
rapid drying in an oven at more than 100°C,

.
.
s
H

—
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Herbarium material does not appear to be suitable for determining the free amino acid compositions of Proteaceous
plants as the dominant free amino acids appear to be mostly protein amino acids. There do not appear to be

significant novel non-protein amino acids such as are found in some genera, for example Lathyrus,

3.2.2 Problems encountered with a brown precipitate in the extract

Prosch (1986) and Van Schalkwyk (1986) reported difficulties encountered due to a brown precipitate which hinders
the separation and detectiori of free amino acids on chromatograms. The brown deposit cakes upon drying and is not
easily redissolved by the advancing solvent front during the development of the chromatogram in BAW or phenol. As a
result the free amino acids are not eluted properly and do not separate properly from this deposit and then from

each other,

This brown deposit became a more serious problem the more the extract was concentrated in its final preparation.
For a while the extracts were being concentrated to 10 g dry mass per millilitre. At this concentration the deposit
was a really serious problem and consequently the concentration process was later taken only as far as 1-5 g dry
mass/millilitre. This greatly inproved the separations of the amino acids by the use of paper chromatograms, [t is
a well known fact that there is a large quantity of tannins in some Profea species. Rourke (1980) reports that the
bark of Protea nitids was used for tanning leather. Stock and Lewis (1982) report that they had to use PVP
(Polyviny] pyrollidine) in order to precipitate out polyphenolic compounds for purifying plant extracts for nitrate

reductase assays of Protea repens and P. cynarcides.

Besides not concentrating the final extract to more than about 5 g/wl, other modifications of the extraction
processes were found to decrease the interference caused by the brown deposit in Arofea extracts (Van Schalkuyk
1986).  The use of PVP was tried based on the work by Stock and Lewis (1982). In the experiments where it was used

it did not appear to be reducing the brown deposit, corroborating the results of Van Schalkwyk (1986).

It had been noticed that where the aqueous phase was subjected to rotary evaporation at high temperature and Tow
pressure as qone by Prosch and Van Schalkwyk (pers. comm) for removing the methanel prior to passing the solution
through the cation exchange column, there was more of the brown precipitate. It was noticed in the Leweospermm
material being used that as the methanol was removed the solution became milky., The addition of more methanol
restored the clarity of the solution while the addition of water did not. The milky solution did not pass easily
through the cation exchange resin.  When the ammonium solution was applied to elute the cations from the column

where the sample had been concentrated beforehand the eluent had a darker colour and the resin in the column was

_—
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left much darker. It was concluded that the methanol allowed more of the precursor of the brown deposit to wash
through the colunn before the adsorbed cations were eluted when the ammonium hydroxide solution was applied. The
final extract of samples from which methanol had not been removed, or in which the methanol had been replaced with
new methanol before being applied to the column, was not as dark as the extracts where methanol had been removed,
even if water had been added to replace the methanol. The extracts which had had methanol in them when applied to
the cation exchange resin resolved far better on chromatograms than did the methanol-free, or water treatments. The

free amino acid composition did not appear to differ in the treatments and the PC are shown in Figure 3.2,

Following this observation the aqueous phase was no longer concentrated before the cation exchange step, It was
also determined that there were not many ninhydrin positive compounds coming through the column with the waste when
the sample was applied.  Some phosposerine and a 1ittle aspartic acid were eluted in the water wash following the
sample application and so this water wash was reduced to one third of the amount previously used, As the sample
itself was so dilute, not having been concentrated by rotary evaporation, the reduced water wash (approximately 15 X
void volume) would probably remove most or all of the contaminants that may be present in t%e column and which could

be removed.

3.2,3 Selection of suitable plant organs for analysis

Some investigation was undertaken to determine whether or not the free amino acid composition was uniform throughout
the plant. To this end an analysis was done of several organs of Leucospermum oleifolium.  The AAA was not yet
available at the time that the initial work of analysing the various plant parts was undertaken. There did not
appear to be significant differences between the free amino acid compositions of the various flower and leaf samples
when observed using paper chromatograms. It was clear that the flowers contained a far higher concentration of free
amino acids than did the leaves, Where ever possible inflorescences in the 'picking stage' were selected. At this
stage about half of the flowers had extended their pollen presenters and seed set had not yet begun so that there

would not be mixing of genetic types with parent plant and embryonic plant.

There was the problem due to polyphenolics in the extract, as mentioned in Section 3.2.2. The free anino
acid:polyphenolic compound ratio was evidently higher in flowers than in leaves, and the free amino acid compesition

did not appear to be significantly different in flowers and leaves, and so it was decided to analyse the flowers of

as many plants as possible,
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Figure 3.2 Comparison of free amino acids in samples of Leucospermuw oleifolium where the aqueous phase was
concentrated by rotary evaporation prior to the jon exchange step. The solution became milky.

A. Water was added to dilute the sample. The solution remained milky and did not pass easily through the
ion exchange column,

B. Methanol was added to dilute the sawple. It became clear again, passed easily through the ion exchange
column and there was less brown material in the final extraction product than was present in A, See
Section 3.2.2 for a discussion about this brown material,

Development in horizontal direction with BAW, vertical dimension with Phenol.

BAN : Butan-1-o0l:Acetic Acid:Water::90:10:29::V:V:V
Phenal : Water Saturated Phenol (Phenol:Water::80:20::V:V)
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[t was clear that flowers would not be available for a few species, but should have been available for most of the
species as this decision had been taken before the flowering season. It was unfortunate, however, that after
starting on this proposed approach, serious delays were encountered due to malfunction of the amino acid analyser.
As a result of these delays the flowering season of most of the species had passed by the time that they were
analysed so that in the early stages mostly flowers were analysed, then mostly leaves, and in the final stages only
leaves were analysed,  This meant that the data were not suitable for use in the numerical analyses which had been

planned.

After the AAA was available, and the project was under way, the free amino acids of various organs of L. oleifolium,
L. belusii and other species were extracted and compared, using PC and AAA. These data are presented in Table 3.3.
There are basically the same free amino acids present in all organs although in different concentrations relative to
each other, The most interesting comparison is the free amino acid yield per gram dry mass of organ. The free
amino acid concentration was highest in seeds, and developing organs such as flowers, active roots, and younger

Teaves, This correlates well with the data found by Prosch (1986) in Protea,

As has already been mentioned, seeds would be the best stage of the life cycle of a plant in which to analyse the
free amino acid composition as it is an entire plant; fifty or so seeds representing as many genotypes can be
analysed together thus mixing the genotypes; the free amino acid concentration is high; and in the dormant state
the free amino acid composition of the seed is probably least affected by changing environmental factors. However,
seeds of [iastells species were rarely found and seeds are not readily available for most of the other species

studied in this project.

3.3 Extraction Procedure

The extraction method 1is based on that of Bieleski and Turner (1966), wusing a mixture of
nethanol:chloroforn:water::12:5:3::viviv  (HCW) to solubilise the free amino acids (See APPENDIX D for the meanings of

abbreviations),

Although earlier extractions were done using different plant material:solvent (MCW) ratios, the method used for most

of the extractions reported in this work (i.e. those since November 1985) were done as follows.

—
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Table 3.3 Free amino acids found in various organs of Leucosperaum oleifolium and L. bolusii.
Data for each free amino acid represent its occurence as a percent value of the total micromoles of free

amino acids / g dry mass of material.

RT 71 etc. : unknown amino acid with retention time of 71 minutes on AAA

02 62 P etc.  : unknown amino acid in PC with Re X100 of 2 in BAW, and 62 in phenol, purple
colour reaction with Ninh. spray.

Ninh. spray ¢ 0.25 % ninhydring 5.0 % 2,4,6-collidine in methanol.

PROT, ROOT : proteoid root

JUV. PLANT : juvenile plant

MAT. PLANT/SEED : mature plant or seed

DEV. SEED : developing seed

iLeucosperaun oleifol iun \Leucosperum bolusii

i FLWR YOUNG OLD  SEED COTY- PROT. MAIN |JUV. MAT. IFLWR YOUNG DEV. MAT.

; LEAF LEAF COAT LEDON ROOT ROOT |PLANT PLANT | LEAF SEED SEED
Alanine b3 T 9 22 9 1 Ihono-oul 8 .o 1w
Arginine 3 8 2 16 6 4| 2! 1 8 9
Asparagine o4l ? 2 12 3 7 6, 21 17 2 13 15
Aspartic acid o114 7 4 3 7002 10! 15 19 6 4
Glutamic acid V192 w1110 17 18y 37 ! 16 ¥ 12 10
Glutanine Y 3 1 -1 1 16 30 2 4 .16 4§ U 2
Glycine N 1 1 5 2 14 i 1 2
Histidine : 2 1 1 : ! 1 2
Isoleucine by 2 2 ? 5 2 It 2 211 2 1 3
Leucine 3 2 1 4 4 2 Iy 4 1) 1 2 1 3
Lysine 1= 2 7 1 1 T 1 1 2
Phenylalanine ! 2 L 1 4 1 21 1 1 1 4 3
Proline V13 1 4§ 5 1 1+ 2 3 - 2 3 4
Serine o6 7 o2 9 13 8, 3 3 1 12 % 9
Threonine : 2 4 7 2 8 4, 1 17 1 2 3 2
Tryptophan L2 1 1 1 2 11 2 3 1 2
Tyrosine ! 1 1 2 1} 1.} 1
Valine b6 3 2 4 9 7 2, 3 2 1 3 3 6
4-amino butyricacid ] 4 6 8 3 7 47 6 14 2 10 1 5
Citrulline ! 1) '
Ethanolamine A { § ] 2 i 1, 4 91 2 3 1
Phosphoserine P2 5 21 2 I6 54 3 T o1 1
Rt 71 ! 1 !
Rt 111 1 | 1 : 1 1
02 62p bl B : !
micromole/g dry mass | 7.8 2.1 0.9 7.6 18.6 16.2 55, 0.8 0.7 4.0 1.8 54.9 6.8
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3.3.1 Maceration of tissue

Leaf material (5 g fresh mass) or 2 g of flower material was extracted in MCW making allowance for water in the
tissue by reducing the water component of the solvent by making the ratio of the MCW 24:10:3. Where there was
abundant material (more than 20 g or so) it was put without solvent into a kitchen blender and blended until finely
macerated. The required amount of material was then removed from this large quantity thus ensuring random sampling,
The tissue was then placed in MCW (24:10:3 to compensate for tissue water) in a ratio of about 6 millilitre per

gran.

Where the quantity of material was 1imited and less than enough for macerating as above it was ground using a mortar
and pestle using MCW (24:10:3) to rinse it into a beaker after maceration. In this way as little as 0.4 g of
naterial was analysed in one instance. The volume of HCW was usually more than 6 millilitre per gram when this

nethod was used, 15 mil1ilitre usually being the lowest total volume used.

3.3.2 Solubilisation of the free amino acid fraction

After 30 minutes in the extraction medium mentioned above, the supernatant was kept after being removed using a
pasteur pipette, Further MCH (12:5:3) was added to the residue, again in the ratio of about 6 millilitre per gram

fresh mass.

This process was repeated once more giving a total of three washes in HCM by which stage the plant fibres were
essentially cleared of colour. The chlorophyll from the leaves of some species such as Faurea spp. and Hakea spp.
which have hard leaves was not extracted as efficiently as in the case of the softer-leaved species such as

Vexatorella. However, even in these hard-leaved species most of the colour was removed,

Extractions done prior to November 1985 had been done using a single HCW wash at a rate of 5 ml MCW per g fresh mass
of material. Consequently a comparison was made between the triple and single extractions in MCW, That is, 6 nl
HCW per g was compared with 18 ml per g.  The correlation coefficient for the data in these two comparisons was r =
0.93 and when'proline data were excluded from the comparison, r was 0,98, The conclusion from this is that although
the yield in the single extraction was about 57% of that in the triple extraction, the free amino acid composition

is not significantly different.

A comparison was done between the use of 70% ethanol as used by Van Staden (1966) and MCW as used by Eloff (1968),

No differences were evident using PC.

—n
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3.3.3 Dry mass determination

Where there was an abundance of material macerated, the balance of the material was dried in an oven at 105°C for 24
hours to deterine the dry mass. In some instances the tissue left after the extractions in MCW was dried in the
oven, and the dry mass estimated. These estimated dry masses were usually in the expected range (25 - 40%) and if
they seemed to be unacceptable the percentage dry mass of a similar type of material was used in determining final

yield of free amino acids per gram dry mass of material.

3.3.4 Separation of agueous and non-aqueous phases

Chioroforn and water were added to the pooled MCW supernatant from the three extraction washes to make a final MCH
ratio of about 5:5:4.  In this composition the aqueous and chloroform phases separate readily. The separation was

speeded up by centrifuging at 10 000 - 15 000 ¥ g for 10 minutes.

3.3.5 Cation exchange and final preparation of extract and its storage

The aqueous phase was removed and placed directly onto columns of Dowex 50W-¥8 in the H* form. Column diameter was
1 cm and bed volume about 2.9 millilitre, After all of the aqueous phase had been applied to the column, the column
was washed with 15 millilitre distilled water to remove neutral and negatively charged particles. A small amount of
aspartic acid and perhaps 50% of the phosphoserine were lost in this wash (see Figure 3.3).  The cations were then
eluted using 3N ammonium hydroxide in solution. The eluent containing the cations was concentrated in a rotary
evaporator, with a bath temperature of 95°C, condenser temperature of about 60°C and reduced pressure of about 200

mbar.

The final extract was concentrated in this manner to about 1-5 gram dry mass per millilitre of sample. In some
instances where the rotary evaporator had not removed sufficient water, the sample was further concentrated by using
a stream of warm gﬁr {about 50°C) blowing into a test-tube containing the extract. The extract was stored in capped
sample tubes at -15°C when keot for long periods of time. According to the LKB analyser handbook, the more labile
compounds  such as glutamine could break down in long periods (more than 72 hours) and so wherever possible extracts

were analysed without delay.

i"
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Figure 3.3 A, Paper chromatogram of the free amino acid extract of /. cuneiforae \3,
B. Paper chromatogram of the amino acids eluted off the ion exchange column in the water wash.

C. Table presenting the amino acids detected using the LKB 4150 Alpha amino acid analyser. Data represent
micronoles of each compound.

Paper chromatography was done with Schleicher & Schill 2043A paper. Development was first in the

horizontal direction using Butanol:Acetic acid:Water (90:10:29), then in the vertical direction using water
saturated Phenol.

RT 71 etc. : unknown amino acid with retention tise of 71 minutes on AAA
L. cun -+ Leucospernum (Sect, Crassicaudex) cuneiforse (Burm. f.) Rourke
Y3 : sample 3 of the yellow variants done in triplicate,

wat.wash  : water wash eluent from cation exchange column,
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3.4 Analysis of free amino acids in the extract

3.4.1 Paper _chromatography

The equivalent of 300 mg dry mass of leaf (80 mg of flower) was applied to Schleicher & Schilll 20434 46 X 57 cm
chromatography paper., Some eariier chromatographic assays had been done using Whatman No. 1 chromatography paper
and a comparison between the two types of paper showed no significant differences in Re values for amino acids.

The only visible difference was that the solvent front advanced more rapidly in the Whatman paper.

Two-dimensional descending paper chromatographic (PC) assays were done. Butanol:Acetic Acid:Water (B:A:W::90:10:29)
was used in the first dimension and water-saturated Phenol was used in the second dimension. Solvents were allowed
to evaporate in a fume cupboard after each run, The chromatograns were sprayed 1ightly with a solution of 0,253
ninhydrin and 5.0% 2,4,6-collidine in methanol (Ninh. spray). The methanol was evaporated using a hair-drier and
the chromatogram was then placed in an oven at 105°C, colour reaction being checked at about five minutes to see
initial colour reactions and finally after about thirty minutes. The spots were outlined, solvent fronts marked, a
colour intensity on a scale one-to-five given for each spot where the most abundant compound in the particular
sample was given a value of 5. The identity of each compound was written on the chromatogram. The identities of
amino acids had been confirmed by Van Schalkwyk (1986) or by me by co-chromatography with the relevent authentic
standard amino acid. In some cases amino acids were eluted off the PC and the retention tine determined in the AAA,
Unknown spots were given a five- or six-character code made up of the R value in each dimension, and the colour,
thus making it easy to find the locality of an unknown compound on an amino acid map. For example, if alanine were
to be described in this way it would be called 22 62 P as it has average R X 100 values of 22 in BAW, 62 in Phenol,
and has a purple reaction with Ninh. Spray, Unknown compounds observed on PC are reported in this thesis by this

identification code and an estimated quantity using the scale one-to-five.

The PC was photocopied to obtain a permanent record of the free amino acids observed in paper chromatographs of the

particular plant material,

3.4.2 Automatic Amino Acid Analysis (AAA)

3.4.2.1 Details of the analysis

The presence of ninhydrin positive compounds on the PC were compared with compounds observed using an LKB 4150

Alpha automatic amino acid analyser (AAA).  This is a system using a 25 cm (i.e. about 25 millilitre) analytical

—
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column packed with Ultropac 11 cation-exchange resin in the 1ithium (Li*) form, particle size 11 micrometre + 0.5
micrometre, Column pressure 20 to 40 bar (lower at the higher temperatures) and temperatures 30°C, 57°C and 75¢C.
There are five 1ithiun-citrate buffers (pH values 2.80; 3.00; 3.02; 3.45; 3.55) and a 0.3 K LiOH regenerating
solution.  Colour reaction is with a ninhydrin reagent stored refrigerated under nitrogen in an amber glass

bottle. Details of the buffers, the elution progran and instrument specifications are given in Appendix .

Leaf extract equivalent to 80 mg dry mass (30 ng of flower) was injected into the sample capsule with a layer of
at least 10 microlitre loading buffer at each end of the 180 microlitre capsule. In two instances two capsules
Were required for a single loading of very dilute extracts in which cases program step 14 was duplicated prior to

sanple analysis. This had no visible effect on the retention times of any of the compounds.

3.4.2,2  Separation of amino acids

Amino acids are eluted sequentially starting with those with the lowest ionic strength.  The ionic strength of an
anino acid eluted from a cation exchange column can be decreased by increasing the pH or, alternatively, by
increasing the temperature. Thus when all of the amino acids have been removed which will elute at a given

program step, either pH or temperature is raised.

The elution program given in APPENDIX A enables a suitable separation of the amino acids found in plant extracts.

The known compounds separate well, As can be seen in Figure 3.4, sometines asparagine appears as a shoulder on
the glutamic acid peak. In such a case the peak area for the shoulder can be estimated by taking the area for a
peak of a similar size to that of the shoulder. The shoulder is given that area and that area is subtracted from
the printed peak area given for the combined peaks.  This estimation was checked for accuracy by comparing a
different sample size of the same extract in which the Asn and Glu peaks separated and the peak area agreed with

the estimated area for the Asn.

An endeavour was made to improve the separation of Asn and Glu by decreasing the first temperature, but this was
not very successful. Cystine (Cys-Cys) and pipecolic acid have the same retention time. No endeavour was made to
separate them as it was evident from PC that pipecolic acid occurred in only one species and cystine occurred in
low concentration (usually less than 0.5 molar percent) and neither of these would have much effect on a numerical

analysis of the data.

—————————
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See APPENDIX D for abbreviations of amino acid names.

Figure 3.4 Example worksheet used for the calculation of the molar percent figures presented in the data.
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3.4.2.3 Detection and reporting of eluted compounds

#s the compounds eluted off the column they were mixed with ninhydrin reagent in the ratio buffer:reagent::35:25.
This mixture passed through a reaction coil at 130°C for some 3 minutes. Photometric detection was at 440 nm and
570 nm.  The signals from these detectors were sent to either or both of a recording integrator in which the
signals were summed prior to being traced on paper, and a two-pen recorder in which the signals were traced
separately.  Figure 3.5 shows the three traces described above. Also shown is the report given by the integrator
which contains the following details:

run number, time and date.

()] + which relates to the reference used (a physiological fluid standard containing 39
compounds) for testing each batch of the reagent. This ID was changed for each new batch of
reagent.

RT 1 Retention time in minutes.

Area : The area under each peak. Sometimes visual adjustment was made to compensate for baseline

waver or unresolved shoulders on large peaks. These adjustments agreed very well with
actual values obtained when a different quantity of the same sample was analysed.

Type ¢+ Type of peak : B = baseline; V = valley; P = penetration of baseline; D = distorted.

AR/HT 1 area over height which guides the operator in setting the peak width value on the
integrator,

Area % i area of each peak as a percent of the total area under the trace,

Total area.

Kul. Factor: multiplication factor for adjusting area percentage and total area values.

3.4,2.4 Presentation of AAA data

The integrator report was then photocopied onto a worksheet as shown in Figure 3.4 and the molar percent values

were calculated,

The worksheet containg the following details:

Date of run : as on the integrator report,
Sample date : date of harvest/extraction.
Sample ¢ description of sample.

ul; mg dry mass ¢ quantity analysed.
D : refers to the relative standard.

AAA program details : baseline settings, absorbance ranges, flow rates etc.

_
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Figure 3.5 ‘Data obtained from the LKB 4150 Alpha amino acid analyser.
A, Recorder trace of the absorption by ninhydrin positive compounds at 440 na.
B, Recorder trace of the absorption by ninhydrin positive compounds at 570 nm,

C. Integrator trace of the combined signals for the above two absorption readings, together with printed
retention times indicating the time at which each compound eluted from the coluan,

D. Integrator report. See Section 3.4.2, for a description of the report.
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The table

Compound : lists amino acids and other peaks which appear reqularly, including unidentified
peaks.

Retention time of each peak.

Multiplication factor for each compound which was obtained from the peak area of a known quantity of
gach standard amino acid using the LKB Physiological Fluid standard mix or the
relevent authentic standard amino acid.

“HF = /A
where WF = multiplication factor
Q0 = quantity in nanomoles
4 = peak area

The quantity (Q) in nanomoles 1is deternined for each compound in a plant extract by multiplying the
reported peak area (A) by the multiplication factor for that compound (MF} from
the above equation.

Micromole/gram dry mass is obtained by dividing the quantity Q obtained above, by the milligram dry
mass value for the quantity of plant material represented in the sample.

Total ¢ the total of micromole/gram dry mass representing yield in micromole of free amino acids
per gram dry mass of the plant material being analysed.

Molar percent is the amount of each compound as a percentage of the total yield of ninhydrin
positive compounds.

411 of the AAA data presented in this thesis are given as molar percent, unless otherwise specified,

I am presently writing a computer program into which the peak area values will be entered. The program will then
do the calculations which are done manually on the worksheet. A cluster analysis program can then be used to
analyse selected data from the computer file. This will mean that data will be entered once only, thus reducing
the chances of errors in data entry. It will also mean that data will have more significant digits than the
single decimal place used for the present work allowed. The peak areas which were used ranged from 50 000 to
250 000 000, i.e. 5 significant digits which were not reflected in the molar percent data presented in this thesis

which were only 3 digits.

Table 3.4 shows the peak areas for standard amino acids in four analyses and coefficients of correlation between
each. The correlations indicate the reliability of the analyser data, even when different sample volumes are

used.

PC and AkA data agree very well as seen in Table 3.5. In some cases the correlation coefficient is fairly Tlow,

but it must be remembered that the data being compared are integer values in a scale of 1-to-5, and real numbers

—
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Comparisons between peak area values from four different analyses of the LKB physiolegical fluid standard
pix of amino acids, There is less than a one percent variance in the different analyses when compared
using the correlation coefficient r. This close correlation exists even when the sample volume is
different as was the case in 7L L.

4 L L etc. refer to standards e.g. 4th run using the LKB physiological fluid and LKB buffers.

Code of sample v 4LL S5LL 6LL 7LL
Alanine i 28 28 26 3.6
Arginine ! 2.3 L3 2 i
Asparagine - .0 1.0 09 1.4
Aspartic acid ' 2.8 3.0 3.0 4.2
Cystine ! 1.9 1.9 1.8 2.6
Glutamic acid ! 3.0 29 27 1.9
Glycine ! 29 29 27 3.8
Histidine ' 2.8 2.8 2.6 3.8
Isoleucine ! 2.6 2.6 24 3.4
Leucine ! 2.7 286 © 2.8 35
Lysine ! I 35 30 4.8
Kethionine ! 2.8 2.7 26 3.7
Phenylalanine ) 27 2.6 2.5 3.6
Proline ! 0.6 0.6 0.6 0.7
Serine ; 2.8 2.8 2.6 3.7
Threonine ! 2.8 2.8 26 3.7
Tyrosine ! 2.6 2.6 2.5 3.6
Valine ! 21 L1 285 . 3%
3-alanine ! 0.2 0.2 0.2 0.3
4-amino butyric acid | 1.6 1.6 1.4 2.0
Citrulline ! 0.9 0.9 0.9 12
Hydroxyprol ine : 0.2 0.2 02 0.3
Ornithine l 34 34 32 4S5
Phosphoserine ! 1.6 .6 15 21
Correlation : * 1.00
coefficients ! * 1.00

* 1.00
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on a scale of 1 to 40 or more. This makes a proper comparison difficult.

Future work should be done using an internal standard (e.g. norleucine) which will ba added at a constant rate per
gran fresh mass of plant material. This will enable greater precision in quantifying data obtained from A4A by
eliminating differences due to applying different volumes to AAA and also to cater for losses of material which

occur during processing.

3.5 Statistical Reliability

There are no guidelines readily available to give the number of representatives one must use for each species to

obtain statistically reliable data for the free amino acid composition of a species.

It is not practical to do triplicate assays (or more) on each species as this would be very time-consuming and it

would be very costly in terms of chemicals and other materials.

The 1ideal is to use seeds as it is easy to do a single extraction using about fifty seeds thereby doing fifty
genotypes. Seeds are very difficult to obtain for fiastella and Leucospermuw as the rate of seed set is very low in
each inflorescence. In some species I found no seeds on any of large numbers (more than 20) inflorescences. In some
species 1 found perhaps one seed in 5 or 10 inflorescences and these were frequently not mature at the time of

harvest,

I did some duplicate and triplicate extractions using the identical material to compare the data and see if the method

yielded consistent results. See Table 3.6,

3.6 (Cluster analysis of data

Numerical taxonomic principles were applied to the analysis of the data for each species in an attempt to cluster data
on the basis of the similarity of free amino acid compositions.  Two different computer programs were used, namely
one which 1 wrote which uses the correlation coefficient (r) to compare data for each species, and the one after
Spencer (1984). In each of these programs each species is compared with every other species to obtain a matrix of
similarity indices. The highest index is sought and reported. The two species concerned are then clustered and the
average value for the data pair of each characteristic is calculated. The cluster then replaces the first species in
the matrix and data bank and the second species is removed from the data bank. This process is then repeated

comparing the new cluster with each species in the data bank, The similarity matrices were printed out for visual

—
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Table 3.5  Comparison between data obtained frow Leucospermum oleifolium using paper chromatography and AAA.
Correlations are given using the coefficient r.

Paper chrowatograms (PC) developed in BAW in the first dimension and phenol in the second,

AAA : automatic awino acid analysis
Phenol ¢ Water Saturated Phenol (Phenol:Water::80:20::V:V)
BAW : Butan-1-o1:Acetic Acid:Water::90:10:29::V:V:V

RT 71 etc. : unknown amino acid with retention time of 71 minutes on AAA

02 62 P etc.  : unknown amino acid in PC with Re X100 of 2 in BAW, and 62 in phenol, purple
colour reaction with Ninh. spray,

Ninh. spray + 0.25 2 ninhydring 5.0 $ 2,4,6-collidine in wethanol.

OCT etc, ¢ month of analysis
FLWR i flower
\Leucospermum oleifol iuw
----- s=== zzz==z --::::---'-'---*---:::::::::::::::::1
' 10 Sep 30 Oct
' FLWR YOUNG oLD SEED
; LEAF LEAF COAT
PC / AAA 1 PC AAA PC  AMA PC  AMA PC AAA PC AMA
Alanine P35 3 3 i 7 i 9 i 2
Arginine I3 13 1 3 2 8 2 2 4 16
Asparagine R B 1 I on 1 2 2 § 12
Aspartic acid Vo410 § 1 4 14 ] 7 4 4
Cysteine/Cystine ! 1 _
Glutamic acid P05 16 5 19 5 2 5 2% i 1
Glutamine 5 | § 17 3 3 3 li 1
Glycine ! 4 0 1 1 i
Histidine ! 0 0 2
Isoleucine ! 1 3 4 3 2 2 2 2
Leucine : 1 3 3 3 2 1 2 9
Lysine ! 1 1 2 2 1 1
Phenylalanine - 1 2 1 |
Proline L | 2 I | 3 3 1 39
Serine HE 7 i 6 i 7 4 1 1 2
Threonine b2 2 2 2 2 4 2
Tryptophan ! 2 2 1 1 1
Tyrosine H 1
Valine P22 3 6 2 3 ¥ 72 4
3-alanine ; 3
4-amino butyric acid | 2 5 3 4 § ] | 8 2 3
Ethanolamine A | 2 2 1 3 8 3 4 2 2
Phosphoserine | 1 3 2 3 5 i 12 1
Rt 171 g 1 1
0262p ' 2
nicromole/q dry mass ! 1.8 2.1 0.9 1.6
Correlation Voo 0,92 oun tnm
coefficients ! *0.63 *0.80
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Table 3.6 Data for amino acid analyses done in triplicate and in duplicate to check for reproducibility of results,
A statistical check was done using the correlation coefficient r. The data for amino acids are presented
as the molar percent of the total micromoles per gram dry mass.

RT 71 etc. : unknown amino acid with retention time of 71 minutes on AAA

L. cun : Leucospermum (Sect. Crassicaudex) cuneiforme (Burm. f.) Rourke
| | : yellow variants, done in triplicate.

L. ole C1 or (2 : Leucospermum (Sect. Crinitae) oleifolium (Berg.) R. Br.

I L Ly -} iz L

\oeun cun cun)  olei  olei

L e M Y2 3, @ 2
Alanine ; 3 3 3! 5 5
Arginine : 17 15 131 12 13
Asparagine ! 23 23 23! 13 14
Aspartic acid ! 5 4 4 | 10 10
Glutamic acid . 10 10 10 19 16
Glutamine ; 12 13 14 ) 14 14
Glycine . 1 1 i
Histidine ! 1 1 g
Isoleucine : 1 1 1 1 1
Leucine : : 1 1
Lysine ' 1 1 1 1 1
Phenylalanine : : 1 1
Praline : 6 8 9 2 2
Serine ! 7 8 9. 6 Vi
Threonine 4 3 3 3] 2 ¥
Tryptophan : 2 1 11 1 2
Valine ! 2 2 11 3 2
4-amino butyric acid | 2 2 2! 4 B
Ethanolamine : 1 1 14 2 2
Phosphoserine ! 1 1 11 1 1
Rt 93 : 1 1 14 1
Rt 111 : 2 2 1]
micromole/g dry mass | 354  30.227.0 | 3.9 1.3
Correlation ! * 0.99  0.98 * 0.99
coefficient ! * 0.99;
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comparisons with the clusters,

When clusters are used as part of a new cluster, the character value is multiplied by the number of species
represented in that cluster so as to give each original species in the new cluster equal weighting when the new

average is calculated for each characteristic.,

3.6.1 Indices of similarity used in vegetation studies

Various indices of similarity can be used for cluster analyses of this type, as in relevé clustering on the basis of
vegetation data obtained in ecological studies, Mueller-Dombois & Ellenberg (1974) describe various similarity
indices used in vegetation studies. These indices include those based simply on presence or absence of species, and
nodifications to allow for quantities of each species represented. Each of these indices has factors which made me
reject them for use in this analysis, for example they do not compare the relative abundance of the same species in

gach relevé,

3.6.2 Dissimilarity index used by Spencer

The cluster analysis program based on that of Spencer (1984) is listed in APPENDIX B and the printout obtained from
an analysis 1is presented in APPENDIX C.  Spencer wrote his program for use in biochemical and other studies
calculates the estimated standard deviation (ESD) of the quantities of all amino acids represented in each species.
The program then compares the deviation of each amino acid in one species from the ESD for that amino acid, with the

deviation of each corresponding amino acid in another species from the ESD of that amino acid.

& problem with Spencer's program is that in some cases (perhaps when there is an odd number of species being
compared) it leaves out one species and gives a double grouping for two other species/clusters. (One of these
groupings is clearly nonsense as the dissimilarity indices for the two groupings are orders of magnitude from each

other (see Figure 3.6). Other workers also experienced problems with this pragram (Dr. P. Brain, Natal Institute of

I[mmnuology, Pers. comm.).
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A Coefficient calculated using Spencer’s clustering progras.
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Correlation coefficient r using progras listed in APPENDIX B.

C. 25400 " BRRUCRUINILALIASNERIRLRLREINTISBELLLSLILLILLLLLLLILLLINS
25500 * 3 DATA BANK t
25600 * BELTRECRLLIRUTRINSLLRARILERTLILILIRELLLLLILLLLILLLILLLLL
25700 DATA CLUSTERING USINE FREE AMINO ACIDS IN ACACIA $pp. 415,11 ¢ DESCKS, KV, NP
%800 DATA Acacia glnrglnal 20,0,0,1,4,0,3,3,0,0,0,4,2,3,3

26000 DATA Acacia rigens 10,0,0,3,4,0,2,2,0,0,0,1,2,3,0
26200 DATA Acacia arsata ,1, ,3,4,4,0,3, 10,0, U, ,2,2,2
26400 DATA Acacia brachybotria 14,3,2,2,4,0,2,1,0,0,0,1,2,2,2
25500 DATA Acacia cyclopsis ,2.3,[,],!,0,2,2,0,0. 12:3,3,3
26800 DATA Acacia calasifolia ,4,3,3,2,4,0,1,1,0,0,0,1,2,3,2
27000 DATA Acacia aneura 14 3;3,2,0,0,3,2,0,0,0,2,3,2,3
27200 DATA Acacia baileyana 14,3,3,2,4,0,2,1,0,0,0,0,2,3,3
27400 DATA Acacia dealbata 14:3,4,4,4,3,3,2,0,0,0,0,3,3,3
27600 DATA Acacia bidwilli 10,0,0,0,0,0,3,1,0,4,3,0,1,0,0
27800 DATA Acacia farnesiana  ,0,0,0,0,0,0,3,0,0,4,3, 1,2,0,3

Figure 3.6 Dendrograms obtained using two different clustering systems:

A. The computer program using Spencer's algorithm, Note that the index reaches a very large number, Note
also that 4. dealbata is excluded from the cluster, and the grouping of 4, bidwilli and A. rigens is
done twice, with very different indices (37.51 and 1 000 000)

B. The computer program using the correlation coefficient r.

C. The data bank used in the cluster analysis program. See Seneviratne & Fowden (1968) for details of the
values. These data are in the format for use in the computer prograu.

—
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3,6.3 Cluster Analysis using correlation coefficient

I was initially not happy with the program by Spencer as it had some bugs in it resulting in inaccurate reporting of
clusters, Groupings obtained for the free amino acid data reported by Seneviratne & Fowden (1968) using Spencer's
progran did not agree with a visual assessment of similarities between species data. A cluster based on the
correlation coefficient (r) seemed to agree better with this visual assessment. The dendrograms obtained in these
two analyses are shown in Figure 3.6, The correlation coefficient correlates the covariance of data pairs in each
set of characters being compared. Consequently I wrote the program listed in APPENDIX B to calculate the
correlation coefficient and use that as the index for comparing the species for cluster analyses. The printout from

a run using this program is given in APPENDIX C.

3.6.4 Observations on the application of cluster analysis

Sneath and Sokal (1973) indicate that the correlation coefficient is not the best index to use in cluster analyses.
The correlation coefficient has been used extensively in taxonomic studies, but they indicate some limitations in
its use. For example, they indicate that it does not give good reflections of similarities when few taxa and
characters are being compared, and this would be a fault in the analysis shown in Figure 3.6. The limitations that
they mention will probably not be particularly significant in the present work as the number of taxa and characters
being compared is large. Hall (Bolus herbarium, pers. comm.) points out that the correlation coefficient is not

suitable for use in his numerical taxonomic work although it may be suitable in the present work.

An oversight in my program is that it does not exclude 0;0 data pairs. This means that 41 data pairs are used in
each analysis (n = 41) while in fact there may be 20 or more 0;0 data pairs. The higher n value causes a better r
value to be calculated. The following two examples illustrate this point:

r = 0,93376, n = 41 with 20 ¥ 0;0 data pairs r = 0.94420 when the 0;0 data pairs are excluded (n = 21)

r = 0.95658, n = 41 with 30 X 0;0 data pairs = 0.96472 when the 00 data pairs are excluded (n = 11)
This difference becomes less significant when the number of 0;0 data pairs becomes a small fraction of the number of

variables,

& basic problem in applying numerical taxonomical techniques is that a zero value does not necessarily mean zero.
In morphological studies it may be quite straightforward to determine the absence of a characteristic. However, in
chemistry a zero value means that the compound was not detected. Failure to detect a compound may be bacause it has

been rerouted in a different metabolic pathway, thus producing a different end product. Alternatively, it may be

_
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present but in an amount below the level of detection. If the detection limit is 0.3 units then a compound may be
present at 0.2 units, Mathematically there is a vast difference between 0.0 and 0.2 and this could be incorporated
into the cluster program in one way or another. Due to the unreliable nature of low values, Hall (pers. comn.)
points out that systems such as his BOLAID contain a 'no comparison' option so that that particular compound would

not be used in comparisons of the species in question with other species. Fowden (1972) showed that a tremendous

number of amino acids would be detected in sugar beet if the quantity of plant material analysed were large enough.
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4. RESULTS

Table 4.1 contains the free amino acid data for the species studied. These data have been presented with related genera

grouped so that visual inspection can be easily carried out.
4.1 Free amino acids in Diastella

The free amino acid compositions of the species of Diastella are listed in Table 4.1, Data are also given in Table
4,1 for 0. fraterna collections at different localities on the same day and also at one locality about six months
apart. The seasonal variation certainly gives greater variability to the free amino acid compositions in this species
than do these two localities. Of particular note is the occurence of a large quantity of asparagine in the flower.

This has also been noted by Prosch (1986) in Protea.

Correlation coefficients for 0. Fraterna samples are r = 0.98 for the July collections at Betty's Bay and Kleinmend.
In comparing the two Betty's Bay samples of July and February, r = 0.12 but when glutamic acid and 4-amino butyric

acid are added together, r = 0.47.

4.2 The free amino acids in Lewcospermm species

The free amino acid compositions of the species of Lewcospermum are presented in Table 4.1, [, oleifolium was

compared for season and locality as was 0. fraterna.

4.3 Free awino acids in the family Proteaceae

The free amino acid compositions of twelve South African and eight exotic genera of the Proteaceae are presented with

the Diastella and Leucospermum data in Table 4.1,

It is interesting to note the differences in amino acid compositions of the male and female plants of Aulax and
Leucadendron. A, cancellata and L. saligmm have similar male and female data (r = 0.97 or more). The data for L.
tinctum and A. unbeflata are very different. No explanation for this difference is immediately available, although if
differences in chemical components of the sexes were shown to be consistent, this would be a valuable means of
identifying the sex of a seedling. Proline is different in A. wmbellata (which was also observed on PC with values of
5 and 3 as opposed to 18 and 3 on AAA),  The ethanolamine and phosphoserine values in L. tinctum are quite different

(10327 and 1835 respectively) although this difference was not detected in PC and it may not be significant., There is

N R ORI = LU e RN
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Table 4.1 The free amino acids in species of the family Proteaceae which were studied in this work. Species are
grouped roughly according to the groupings given in Section 2.5, wostly with closely related genera

adjacent,
Data are presented as molar percent of the total micromoles / g dry mass of material.

* refers to data used in the cluster analysis mentioned in Section 3.5.

§ refers to analyses which were done with single extraction in MCW as discussed in Section 3.2.2. L. bol 1 Leucospermum (Sect. Diastelloidea) bolusii Gandoger
L, cal s Leucospersum (Sect. Diastelloidea) calligerum (Salisb. ex Knight) Rourke
RT 71 etc. : unknown amino acid with retention time of 71 minutes on AAA L. het s Leucosperaum (Sect. Diastelloidea) heterophyllum (Thunb.) Rourke
02 62 P etc. + unknown amino acid in PC with R, X100 of 2 in BAW, and 62 in phenol, purple L. ped i leucospersum (Sect. Diastelloidea) pendunculatum (Klotzsch)
colour reaction with Ninh. spray. L. pro .+ Leucospersum (Sect, Diastelloidea) prostratum (Thunb.) Stapf
Ninh. spray : 0,25 % ninhydrin; 5.0 3 2,4,6-collidine in methanol. L. roy s Leucosperaum (Sect. Diastelloidea) royenifolium (Salisb. ex Knight) Stapf
{. tru : Leucospernun (Sect, Diastelloidea) truncatulum (Salisb. ex Knight) Rourke
F : flower waterial analysed L. wit s Leucosperaum (Sect. Diastelloidea) wittebergense Compton
L : leaf material analysed L. oleClor C2 : Leucospermum (Sect. Crinitae) oleifolium (Berg.) R. Br.
L+F : leaf and flower material were analysed together L. aun s Leucospernum (Sect. Crinitae) wundii Meisn
L(F) : leaf of a plant which was bearing flowers D, bue : Diastella buekii (Gandoger) Rourke
0. div div s Diastella divaricata (Berg.) Rourke, ssp divaricata
ATL : Atlantis b, div won s Diastella divaricata montana Rourke
8'8 : Betty's Bay D. fra : Diastella fraterna Rourke
K'M : Kleinmond 0. wyr s Diastella myrtifolia (Thunb.) Salisb. ex Knight
HAL : near Malmesbury b, par : Diastella parilis Salisb. ex Knight
D. pro : Diastella proteoides (L.) Druce
fema : female O. thy wer : Diastella thywelaeaides meridiana Rourke
D, thy thy 1 Diastella thywelaeoides (berg.) Rourke ssp. weridiana
Petr sess : Petrophile sessilis Sieb. Faur macn s Faurea wacnaughtonii Phill,
Isop pulc : Isopogon pulchellus Faur sali i Faurea saligna Harv.
Aula canc s Aulax cancellata (L.) Druce Niwe cucu : Nimetes cucullatus (L.) R. Br.
Aula umbe : Aulax umbellata (Thunb.) R.Br. Hiwe fiab 1 Niwetes fimbriifoliusSalish. ex Knight
L'de sali s Leucadendron salignum Berg, Orot zeyh s Orothamnus zeyheri Pappe ex Hook. F.
L'de tinc s Leucadendron tinctum Williams Para refl t Paranowus reflexus (Phill. & Hutch.) N.E.Br.
Vexa late s Wexatorella latebrosa Rourke Para scep s Parancaus sceptrum-gustavianus (Sparrm.) Hyl
Vexa obtu ¢ Vexatorella obtusata (Thunb.) Rourke Prot niti t Protea nitida Mill,
L. cun t Leucospermum (Sect. Crassicaudex) cuneiforwe (Burm. f.) Rourke Prot repe : Protea repens (L.) L. F
RED, Y1...Y3  : Red and yellow variants, the yellow being done in triplicate. Serr adsc s Serruria adscendens R. Br.
wat.wash : water wash eluent from cation exchange column. Serr pedu ¢ Serruria pendunculata (Lam,) R, Br.
L. sax t Leucospermum (Sect. Crassicaudex) saxosuw S. Moore Soro tenu s Sorocephalus tenuifolius R. Br.
L. con + Leucospersum (Sect. Conocarpodendran) conocarpodendron (L.) Buek ssp. viridum Spat pari t Spatalla parilis Salisb. ex Knight
Rourke Telo spec s Telopea speciossisims (Sm.) R.Br.
L. gla 1 Leucospermum (Sect. Conocarpodendron) glabrum Phillips Sten sali s Stenocarpus salignus R.Br.
L. pra + Leucospermum (Sect. Tumiditubus) praecox Rourke Sten sinu s Stenocarpus sinuatus (A, Cunn.) Endl,
L. i s Leucosperuum (Sect. Tumiditubus) muirii Phillips Grev bank : Grevillea banksii R.Br.
L. ves : Leucospermum (Sect. Brevifilamentus) vestitum (Lam.) Rourke Grev robu t Grevillea robusta A, Cunn.
L. lin + Leucospermum (Sect. Brevifilamentu) lineare R. Br Hake pugi ¢ Hakea pugioniforaus Cav.
L. cor : Leucospersum (Sect. Brevifilawentun) cordifolium (Salisb. ex Knight ) Fourcade Hake sali s Hakea saligna ). Knight
L. for s Leucospermum (Sect. Cardinistylus) forwosum (Andr.) Sweet Maca tern t Macadamia ternifolia F.b.Muell.
L. cat 1 Leucospernum (Sect. Cardinistylus) catherinae Compton Brab stel t Brabejum stellatifolium L., .
L. hyp hyp s Leucospermum (Sect. Leucospermum) hypophyllocarpodendron (L.) Druce Bank eric s Banksia ericifolia L.f.
ssp. hypaphyllocarpodendron Bank serr i Banksia serrata.L.f, _ -
L. hyp can : Leucasperaum (Sect. Leucospermum) hypophyllocarpodendron ssp. canaliculatum .

Buek ex Meisn.) Rourke
L. par s Leucospernum (Sect. Leucospermus) parile (Salisb. ex Knight) Sweet
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generally a uniformity of free amino acid compositions among the genera of the Proteaceae. A distinct exception
appears to be species of Fawrea which share two unknown ninhydrin positive compounds which occur in high
concentration.  Prosch (1986) reported finding the same two compounds on paper chromatograms of some Protea species.

This is particularly interesting since Johnson and Briggs place Prafes and Faurea in a separate group,

4.3.1 Cluster analysis of the data

Although the data were not suitable for the application of numerical analysis because different organs were
analysed, cluster analyses were carried out purely out of interest. All species were included although I could have
done separate analyses, one using the data for the flower naterial, and the other using the data for the non-

flowering plants,

Using the computer programs which perform the cluster analysis based on the correlation coefficient (r), and the
progran after Spencer (1984), produced good results which were generally in agreement with the grouping done by
Rourke (1972, 1976, 1984) and Johnson and Briggs (1975) based on morphological properties.l Rourke (pers. comm.)

points out that the more characteristics one uses, the more difficult it is to obtain a cluster,

Figure 4.1 shows the results of a cluster analysis, using r, of representatives of twenty-two genera (68 species) of
the family Proteaceae. The correlation coefficient matrix is shown in Table 4.2, The most significant separation

is of clusters with flower material from those with leaf material. These are distinctly separated with few misfits.

It appears to be significant that Leucospermum species and Diastella species were apparently grouped more often with
each other than with the other genera. The other indigenous genera also appear to be grouped together more than with
the exotic genera. It is also significant that among all of the clusters, most of the intra-cluster correlation
coefficients are greater than 0.9 which shows that there is generally a uniformity of free amino acid compositions
anong the genera of the Proteaceae. A distinct exception appears to be species of Faurea which share two unknown
ninhydrin positive compounds which occur in high concentration. Prosch (1986) reported finding the same two
compounds on paper chromatograns of some Profes species. This is particularly interesting since Johnson and Briggs

place Protea and Faurea in a separate group.

An  analysis using the program after Spencer (1984) is given in Figure 4.2 with the dissimilarity coefficient matrix
shown in Table 4.3, In this cluster the first group clustered consists of most of the flowering material., The

Leucospermam and Diastella species again appear to be grouped with each other more than with other genera, This

)
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CORRELATION COEFF!CIENT (r)

Figure 4.1 Dendrogram from the cluster analysis of all of the data in Table 4.1, using the correlation coefficient (r).
See the correlation coefficient matrix in Table 4.3 and the program listed in APPENDIX B.

Legend to columns shown in the dendrogram :

L t leaf

Fq s flower

L(F) ¢ leaf of plant which may have been flowering

LF ¢ leaf of plant which was flowering

L+F : leaf and flower material were macerated together
1 Diastella species

¢ Leucospermum (Sect. Diastelloidea) species

i ¢ Leucospersuw species from other sections as shown in Section 3.1.2
: indigenous Proteaceae

: exotic Proteaceae

OCT etc. : month of analysis




Table 4.2 Matrix of correlation coefficients computed for a comparison of each of the sixty-eight species of the .
fanily Proteaceae analysed in this study. The cluster analysis based upon this matrix is shown in
Figure 4.1, Species names are shortened to 18 characters for printing purposes. The full species names Page 56
are shown in Table 4.1.
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1] L. calligerua F 2 oct
6| 0. parilis Fl 1 octY
t | L parile F e ocr
12| L beterophylte | £| 2 Nov
18 | L, cuneiforse y3 F in DEC
5| L, lineare F n SEP
% | L. cordifolie F n SEP
3| 0. divaricats son EL 1 FEB
A5 | Kisetes fisbriito F 5 FEB
4| 2. fraterna Fl| 1 FEs
n A4 | Nisetes cucullaty F 5 FE8
4 | Paranoaus refles | L 5 FEB
l- 151 L. royenifolim F F] NOV
36 | Aulax usbel). <te F H FEB
49 | Protea nitida F § FEB
B | L suirii F n FE§
22| L. proecox L n FEB
52 | Serruria pedmcul | | 5 FEB
A | L glabra L n FEB
M| Mulax cancel, <fe | LF 1 FEB
56 | Vexatorella obtus | L 5 11]
4B | Paranosus sceptry | L 5 FEB
S1 | Serruria adscende L 5 FEB
46 | Orothasnus zeyher | L 5 FEB
[——— 65 | Petrophile sessil L ] FE8
1 | tewead, sali. <fe | L 5 FEB
02 | Levead. tine, ma | L H FEB
62 | Hakea saligna L [ FEB
A | L. forsosum L 5 FEB
59 | revilles banksii L(F) [] FEB
32| L. aundii L k1] FEB
84 | Macadasia temmifo | | § Fib
“ 8 0. thyselae, ser. | L | 1 n
61 | Kakea pugionifors | | § FEB
Y 43 | teucad. tinc. <fe | | 5 FEB "
50 | Protes repens F 5 FEB
= - U | L vestitus F n st
1 1| b. buekii [C A oct
T b1 90 thyselae. thy, | L | 1 Ju
67 | Stenocarpus sinua | L F 6 FEB
66 | Stenocarpus salig | 1L 6 FEB
57 | Banksia ericifoli | L 6 FEB
r'_'I: 98 | Banksia serrats | L 6 tOFE
8 | L. catherinae L 5 FE8
N0 | L. conocarpodendr | F n FEB
1| 8. protecides F11 oV
63 | Isopogon pulchell | L [ FE8
B | L. hypabyllocarpa | £ 6 ot
55 | Vexatorella lateb | L H FEB
3 | Mdax cancel. <ua | L ¥ 5 FE8
A0 | Lewad. sali, wa | | 5 FE8
10 | & solusii Fl 2 ]
53 | Sorocephalus tenu | 1 5 FEB
N | L. oleifolim LeF ) 1 Ju
13 ] L. pedinculatn F 2 FEB
W | L. prostrat F 2 Jun
L 17 | L. wittebergense L+F b4 JUN
60 | Grevilles robusta | LF 6 FEB
= 5| 0. ayrtitolia Fl 1 oct
I_E - 1D, divricata div| L | 1 JuL
16| L. truxcatulu F 2 KOV
L 19 | L. sarosur F n DEC
St Spatalla paritis | | 5 e
[ 39 | Faurea saligna L 5 FEB
T 8| Faures wacnaughto | L 5 FEB
35 | Aulax usbell. ua F 5 FEB
68 | Telapea speciossi | t 6 FEB
7 | Brabejus stellati F H NOV
- 1% K
Degree of dissinilarity
Figure 4.2 Dendrogram from the cluster analysis of all of the data in Table 4.1, using the program after Spencer (1984),
See the dissimilarity coefficient matrix in Table 4.4 and the program listed in APPENDIX B.
Legend to coluans shown in the dendrogran ;
L : leaf
F ¢ flower
L(F) ¢ leaf of plant which may have been flowering
LF : leaf of plant which was flowering
L+F t leaf and flower material were macerated together
1 : Diastella species
2 t Leucosperum (Sect. Diastelloidea) species
3/ ¢ Leucosperamum species from other sections as shown in Section 3.1.2
5 : indigenous Proteaceae
6 : exotic Proteaceae
Species are numbered as in Table 4.4,
Species names are shortened to 17 characters for printing purposes. The full species names are shown in
Table 4.1,

. OCT etc. : month of analysis
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Table 4.3 Matrix of dissimilarity coefficients computed for a comparison of each of the sixty-eight species of the r

family Proteaceae analysed in this study. The cluster analysis based upon this matrix is shown in

Figure 4,2, Species names are shortened to 17 characters for printing purposes. The full species names

are shown in Table 4.1.
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observation, seen in both cluster analyses, indicates that future work may provide meaningful cluster analyses using

free amino acids in the Proteaceae.

One may consider the following facts when analysing the data. Some modifications may be used, for example, to bring
better agreement with proline data from AAA and paper chromatography. Another point is that phosphoserine is the
first compound to elute from the AA4 column and is accompanied by brown material (discussed in Section 3.2.2). This
material would be detected to some extent by the 440 nm detector if not also by the 570 nm detector. For this

reason I am inclined to exclude phosphoserine from the data.

Large quantities of what appears to be ethanolamine were detected by AAA in some samples.  In most of these cases
the ethanolamine observed on the PC was apparently in quite Tow concentration. Some of these samples had been
stored for quite a long time before being analysed in the ARA, for example leucospermum prostratum which had been
stored for about seven months. [leucadendron tinctuw female had not been stored for very long but had a high
concentration of ethanolamine, which had not been detected on the PC. I had analysed some samples at intervals of
seven and fifteen weeks respectively following extraction and the storage in frozen conditions had not brought about
any visible changes in the free amino acid compositions of the samples. However, I feel that ethanolamine, which is

a breakdown product, could be excluded from the data.

f visual inspection of the data in Table 4.1 shows some apparent trends in some of the more closely related taxa,
for example, the arginine and asparagine in L. cuneiforme and L. saxosum appear to stand out from most of the other
taxa, but, as is also shown in the table, these samples were all flower material. Thus, it appears that any trends

are evidence of seasonal or organ properties and may not have much taxonomic significance.

4,4 Free amino acids in hybrids

The free amino acids found in the putative bigeneric hybrid (Dt X Lo), Diastella thymelaeoides (Dtw) crossed with
Leucospermum oleifolium (Lo), are given in Table 4.4, There are also data of free amino acids found in hybrids from

controlled crosses done at Tygerhoek Protea Research unit.

The correlation coefficients from the comparison of covariance of each pair of samples is also given, [t is evident
that the free amino acid composition of Pf X Lo is poorly correlated with that of Lo (r = 0.39) but is reasonably

correlated (r = 0.82) with that of Dfw.  When the molar percent values of 4-amino butyric acid and glutamic acid are

added to each other, the 0t X Lo correlation with Lo increases fromr = 0.39 tor = 0.78 and the &t X [o - Lo
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The free amino acids in the putative bigeneric hybrid between Diastella thywelaecides and [leucosperaus
oleifolium. The data on the right refer to controlled crosses done at the Tygerhoek Protea Research Unit.

Al of the data are presented as molar percent of the total micromoles / g dry mass of material,

Correlation coefficients (r) are given comparing each parent with the hybrid, and the combined data for
both parents with the hybrid.

Dt X Lo : Putative Diastella thymelaeoides X Leucosperuum oleifolium
L. cord X L. Tin AJF : Leucoseprmum cordifolium X L. Iineare (two crosses, designated A and F)
L. cord X L. vest : Leucospermum cordifolium X L. vestitum

Lo ke B il e b b e L
' thyw olei thym\ cord vest line cord cord cord
| wer L X X X
: L ! TR .
i olei lin & lin F vest
Alanine o510 it 22 2 2 T 17
Arginine L 2 9, 29 3 18 16 10 U4
Asparagine . 7019 17 n3 N B3 3B
Aspartic acid 16 3 14 1 9 10 6 8 10
Glutamic acid 3019 3y 12 1 16 10 14 13
Glutamine T8 2 2y 17 1 7 14 16 3
Glycine : 1
Histidine ! : 1 1
Isoleucine 1 2 14 -2 3 1 2 2 1
Leucine | 1 14 1 3 1 1 1
Lysine ' 1 1 1
Phenylalanine Lo 4 1]
Proline b8 15 1) 6 1 2 § 6 2
Serine V5 4 6} 5 6 5 6 8 5
Threonine P2 1 3t 1 2 1 2 3 1
Tryptophan b1 8 T 1 2 1 1
Valine 1 243 4 3 3 3 2
3-alanine b2 !
4-amino butyric acid | 14 22 50 2 4 3 3 3
Ethanolamine V10 2 i 1 1 1 1 1
Ornithine I . 2
Phosphoserine 2 7 L | 2 1 1 1 1
Rt 163 ! ! 1
Rt 171 . | 2 1
nicromole/g dry mass | 3.5 0.8 4.0} 16.8 16.2 21.9 20.2 13.0 20.5
Correlation ' - 0,72 0,82, - 0.4 090 0.81 0.65 0.1
coefficient : - 0.39) - 072 0.65
- compared with | : - 0.92 0.88
one parent : : - 0.9
I 1
] 1
- compared with | -*- # -*- (.65 -*-+ -*- 0.85
both parents } boete Wt 0,89 0,78
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correlation increases from r = 0.82 to r = 0,93,  (4-amino butyric acid is a conversion product of glutamic acid as

discussed in Section 2.2.1.)

When comparing covariance between Ot X Lo and the summed characteristics of both parents (i.e. alanine =5+ 10 = 15
etc. for each anino acid), r = 0.65. When proline is excluded because it is 23:1, r = 0.72 and, then when 4-amino
butyric acid is added to glutamic acid, r = 0.92. The exclusion of proline is perhaps justified in that the amount of
proline detected using PC is simjlar in L. oleifelium and the hybrid, This treatment of the amino acid data therefore
does not support the hypothesis that the plant is a hybrid between Diastella thywelasoides and Leucospermm cleifolium
although good correlations of hybrid with parents are not necessarily important as hybrids could be the additive

result of the parent amino acid compositions.

The parent-hybrid correlations are generally better among the controlled crosses. It is notable, however, that {-
amino butyric acid is mostly present in fairly uniform concentration, and is in low concentration in each of the
samples. Similar statistical manipulations can be applied to the controlled crosses as were done for the putative
hybrid Ot X Lo and its presumed parents, although the proline and 4-amino butyric acid figures appear to be reasonable
as presented. When comparing the hybrid characteristics with the summed characteristics of the two parent species, a
better correlation is obtained between hybrid and sum for £. cordifolive X £. vestitum than for the hybrid with either
parent.  In the cases of L. cordifolium X L. lineare (two crosses) and 0f X Lo with their respective parent species,
each hybrid is more similar to one parent than to the other and the new correlation coefficients are lower than those

for the hybrid and the more similar parent.

It is not possible to use these data to draw any conclusions which will show how to identify the parent species of a

presumed hybrid in Leucospermum although using the amino acid compositions of nectar may prove successful (see Baker

and Baker 1976),
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5. DISCUSSION

5.1 Free Amino Acids as Chemotaxonomic markers in the family Proteaceae

The results from this analysis show that as long as one works within certain limits, it is possible to carry out a
meaningful chemotaxonomic study using free amino acids as markers. It is important to have a standard post-harvest
environment so as to avoid creating adverse conditions to which the plant material will respond by altering its free
anino acid composition. In cases where the material cannot be extracted within a day following harvest, it is felt
that the best method for preserving the material is in a lyophilised state. Material should always be selected to
minimise seasonal variation. Seeds are best to use as these represent a stable stage in the 1ife cycle of the plant.
Leaves appear to be best as a general choice as they are available for a longer time (all year around in the
Proteaceae) than are flowers in most species. Younger leaves should be selected as they have a higher yield of free

amino acids than do older leaves,

Herbarium material does not appear to be suitable material for the determination of free amino acid compositions in
the Proteaceae as there was a very poor yield of free amino acids in the air dried sample shown in Table 3.2, and
their composition has a very poor correlation with that of the free amino acid composition of the control which was

fresh material.

[t appears that herbarium material can be used for certain purposes. For example, Eloff (1970) used herbarium
naterial for extracting NMA and NKS from the Teaves of Dichapetalum. In this case the amino acids in question are
perhaps not as closely linked to primary metabolism as are the protein amino acids which constitute the majority of
the free amino acids in the Proteaceae. It is likely that novel amino acids occurring in high concentrations in plant
material would be recovered fairly well from herbarium material. This would not be true, however, if the compound
would be broken down to provide nutrients and primary metabolites for the continuing metabolism of the plant,
especially as the drying plant would be experiencing stressful conditions at a temperature which does not arrest the

progress of enzymatic reactions.

5.2 Interpretation of Data

Two major difficulties encountered in the interpretation of the data obtained from these analyses were firstly that
66% of the material was analysed in one month and the remainder over an extended period of eight months. Secondly,

nuch of the material used was flower material. It is clearly evident that the decision to use flowering material of

some species and leaf material in other species was made without sufficient information. Had the decision been made
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after the amino acid analyser had been put into use, it would have been different as the AAA is far more suited for

detecting the differences in free amino acid compositions in different organs than is paper chromatography.

5.3 Comparison with published Data

There s general agreement with the data reported by Van Staden (1966) in that the majority of free amino acids are
protein amino acids, with few instances where unknown compounds occurred in high concentrations relative to those of
glutamic acid, and 4-amino butyric acid, which were most frequently reported to have the strongest reaction with
ninhydrin.  Alanine was frequently in high concentration, and it was the compound which was present in highest
concentration in seven species. Glycine, serine, aspartic acid were always present and occurred with an overall
rating of 3 on the scale one-to-five. Four unknown compounds occurred (with a rating of 3 or more). The one unknoun
(U-19) occurred in only Leucadendron argenteum; three unknowns (U-3, U-4, U-7) occurred together in the one species of
faurea which van Staden analysed and in four species of Protea; U-7 was the dominant compound in three Protes
species and co-dominant with glutamic acid in four other Protea species; U-3 and U-4 occurred together in seven

Protea species.

Although the presence of these three unknown amino acids in Faurea and Protea support the observation in Section 4.3
that both of these genera contain my unknown compounds 03 09 Br-P and 04 14 0-Br, only one of Van Staden's (namely U-
3) occurs in a relatively sinilar position on PC and would be given a code something 1ike 10 26 Y-P which does not

appear to correlate with either of my unknowns mentioned above.

I failed to find the ubiquitous occurrence of cystine that Van Staden reports, and he reports that it occurs mostly
with a value of 2 on his scale of one-to-five. It is possible that the compound which I have identified as

phophoserine is the same as the compound which Van Staden calls cystine.
Except for these differences, my data agree with Yan Staden's findings.

5.4 Analysis of the data

Although the data were not suitable for the application of numerical analysis because different organs were analysed,
cluster analyses were carried out purely out of interest., The results are discussed in Section 4.3.1. It appears to

be significant that Leucospermum species and Diastella species were apparently grouped more often with each other than

with the other genera. It would appear that the other indigenous genera are grouped more with each other than being
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grouped With the exotic genera. This observation, seen in both cluster analyses, indicates that future work may

provide meaningful cluster analyses using free amino acids in the Proteaceae.

5.5 Statistical reliability

One is seriously inhibited by practical limitations when doing a broad-based survey 1ike this one. It was not
possible to do three or more replicates of the same extractions, or to get several genotypes, although wherever
possible sampling was done by macerating large quantities of leaves from more than one plant and taking a small randon

sample from this large sample.

Parker (1976) gives three essentials in designing an experiment to deal with uncontrolled variation which tends to
occur in biology. These three essentials are:

- reduce individual and sample errors to a minimum;

- avoid bias;

- arrange to be able to distinguish variation due to error from variation due to treatments.
These essentials can only be applied in a broad sense in a project of the kind being reported here. There was clearly

bias as a result of the decision to use flower material and not only leaf material. However, the other two points

were applied as best as was practical.

5.6 The Function of Free Amino Acids in the Proteaceae

Free amino acids are important in the metabolism of the plant, as forms of nitrogen storage, as carbon skeletons which
are incorporated into basic metabolic processes, and for building proteins. Another gemeral function is, simply
stated, involvenent by free amino acids in the interaction of the plant with its environment and with other organisms.
This project did not include investigations into the interaction of the plant with the environment but it became very
evident that the free amino acid composition of a Proteaceous plant is readily affected by the environment, biotic or

abiotic,

It seems to be reasonable to postulate that the presence of phosphoserine in fairly large quantities in many of the
species analysed could indicate that these plants use this compound for storing phosphorous. This may be an important
strategy as Proteaceous plants typically occur on soils which are low in phosphorous., The only record given by

Rosenthal (1982) of phosphoserine in plants is given by Daley and Bidwell (1977) who found it in Phasealus wvulgaris.

The function of a character is a central factor determining its expression in the phenotype, The free amino acid
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composition is the phenotypic expression of the genotype of the plant. Some characteristics have functions related to
season, and asparagine appears to be such a characteristic, being in higher concentrations when the plant is in a

flowering cycle,

So it is important, when sampling is carried out, to keep accurate records as is the normal practice in collecting
herbarium material and plant material for propagating. Entries in a collecting register should include descriptions
of s0il type and habitat, the stage of the 1ife cycle (vegetative or reproductive), and maturity of the plant as well
as the date, locality and other collecting details. It is important to remember when collecting material that one
would probably Took immediately for explanations for unusual morphological characteristics, and record these, but
differences in chemical characteristics will only become evident after days of analysis. It may be easier to explain
such differences if good records were taken at the time of collecting. It would be well worth analysing a soil sample

for N (and perhaps also P and K) and texture.

In the final analysis the comment made by Vogts (1984), that there is a closer dependance of Proteaceous species on
soil than on clinate for speciation, may be what is most prominently reflected in these free amino acid composition
data. For example, if soil data were to be added to Figure 4.1 and Figure 4.2 along with the month, group and organ

data, 1t may become evident that the clustering reflects soil type more than anything else, perhaps with the exception

of flowering cycle,

Mabry (1972) made an important observation with regard to a chemotaxonomic study. He points out that the
chemotaxonomist must understand the biological roles of the chemical compounds which he is studying. He further
points out that the future of phytochemistry, with which chemotaxonomy is inseparably connected, lies in the
understanding of the interactions between cell with organism, and organism with environment. We are accumulating

isolated facts which must eventually be understood in the context of larger systems.
5.7 Conclusion

This work has pot brought forth convincing evidence that free amino acids are of as great value for chemotaxonomic
studies in the Proteaceae as they appear to be in the Fabaceae or Cucurbitaceae. However, the data do suggest that
there is some agreement between groupings based on morpholoaical properties and those based on the amino acid data
presented in this thesis. Therefore [ feel that the present project has indicated that free amino acids can be used

for chemotaxonomic studies in the family Proteaceae, although the distribution of these compounds among the species

appears to be variable. When the data were used in cluster analyses, it appeared that fiastella was shown to be more
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similar to Lewcospermm than to the majority of the other genera which were analysed giving strong support for the
previous groupings made based on morphological and morphological properties. However, since these data were not

really suitable for cluster analysis, these findings are noted for interest only.

It is not possible at this stage to say that Diastel]a should be included with Leucospermum. There appears to be more
evidence suggesting an affinity of fiaste/la with Leucospermum than that it should not be grouped together with

Leucospermum,

In this context it is interesting to compare the findings of Perold (1984b) that all Diastella species produce
conocarpin and its associated compounds plus an unknown flavonoid X.  Lewcospermum species tend to produce either
conocarpin and its associates or Teucodrin and its associates and sometimes an unknown flavonoid X. Seven of the
eight species in Leucospermum (Sect. Diastelloidea) produce leucodrin and its associates, three also producing the
unknown flavonoid X. The only species in the section which produces conocarpin and its associated compounds is L.
pedunculatum. It is interesting to note that L, oleifolium, the one presumed parent speéies of the hybrid 8t X lo,
produces conocarpin and its associates as do the Piastella species. Perold did not find the unknown flavonoid X in L.

aleifal ivm,

Scott (National Botanic Gardens, pers. comm.) has shown me some data for delphinidin and cyanidin occurring in some
Diastella and Leucosperamum species.  She had analysed some of the material which I had collected. The six Diastella
species which were analysed contained cyanidin. L. pedunculatum, the one species of Lewcospemum (Sect. Diastelloidea)
which Perold found to produce conocarpin, also produces cyanidin. According to the groupings in Figure 4.1, L.
pedunculatum does not appear to have a distinctly different free amino acid composition as compared with the other
members of the section. Two other members of section Diastelloidea were analysed and contained delphinidin as did £,
parile and all three samples of L. hypaphyllocarpodendron, which are members of section lewcospermum, Other samples

have been or are being analysed but the data are not yet available,

Thus, if Diastella were to be sunk into the genus Leucospermum, it should probably be kept as a distinct section and

not be placed into one of the established sections,

No conclusive findings were obtained to show that free amino acid compositions will be particularly useful for

identifying the parent species of a hybrid.

It may be worthwhile analysing the free amino acid complements of the nectar of the Proteaceous plants as Baker and

—
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Baker (1976) report consistent nectar amino acid data in several plant genera and their hybrids. Variations in nectar
compositions would probably have a more direct effect on the perpetuation of a nectar producing species than would a
change in the chemical composition of any other organ. A change in the nectar amino acids of a plant could have
serious consequences on the successful pollination of the plant, and consequently, on the seed production, It is
therefore 1ikely that nectar amino acid composition would be stable, and Baker and Baker appear to show this to be

true in the species which they studied,
5.8 Future work

As the data presented in this thesis are difficult to interpret because both flower and leaf naterial were used, those

species will be reanalysed, where possible, so as to obtain more comparable data using Teaf naterial.

Further work will be done comparing the free amino acids in different organs of different species to see if any
meaningful patterns exist. Proteoid roots appear to have high concentrations of free amino acids, and will be studied

more closely. Of particular interest is the consideration of nitrogen uptake, transport and storage in the plant, and

phosphoserine as a possible storage form of phosphorous.

More work needs to be done investigating the cyclic changes in free amino acid compositions during the course of the

year, to see if any definite patterns are followed.

The data obtained from these studies should be compared with that for other Fynbos species, particularly those that
have similar phenotypic characteristics to those of the members of the Proteaceae. The fabaceous plants endemic in
the Fynbos, Bruniaceae, Ericaceae and Restionaceae, would be interesting families to compare as a starting point. The
study of the legunes should be particularly interesting because they fix nitrogen so that more N would be available
for amino acid synthesis. Furthermore, there is a vast data bank with which to compare legume data, as a great deal

of work has been done on legquminous plants in other parts of the world.

The study of other classes of chemical compounds, such as flavonoids, should continue to see if they indicate any

answers to the questions about the relationship between Leucospermum, Diastella and the putative bigeneric hybrid.

Particular attention should be given to Leucospermum sections Diastelloidea and Crinitae.
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SUMMARY

Diastella s a small Proteaceous genus endemic in the South Western Cape. Hall and Veldhuis (1985) list . buekii as
endangered, 0. myrtifolia as critically rare, 0. parilis and . proteoides as vulnerable, and consequently the
opportunity was taken to obtain some information regarding the chemical components of the species of Diastella.
Diastella species had been placed variously in Protea, Leucadendron and Kimetes prior to the genus ODiastella being
formally accepted in 1911, Johnson & Briggs (1975) suggest that Leucospermum and Diastella have nearly paralle]
phylogenetic Tlines. Rourke (1976) suggests that Diastella probably arose from a member of Lewcospermum section
Diastelloidea.  The occurrence in nature of a fertile putative bigeneric hybrid between D. thywelacoides and L. (Sect.

Crinitae) oleifolium corroborates some of Rourke's arguments.

A phytochemical investigation was undertaken with a view to using the data obtained in a chemotaxonomic study to
investigate the relationship between Diastella, Leucospermum and the putative hybrid. Bell (1981) reports that free
anino acids have been found to be reliable chemotaxonomic characters in plants and consequently free amino acids were
used in the present study. Very 1ittle chemotaxonomic work has been done on the Proteaceae, and as it was important to
compare the relationship between Diastella and Leucospermum with that of Diastella with other members of the family, the

free amino acids in several other genera originating both within and without South Africa were analysed.

Some duplicate and triplicate tests were carried out to confirm the reliability of the extraction in a
methonol:chloroform:water mixture, Tests were carried out to determine suitable post-harvest conditions which were to
be used to prevent the variation in the free amino acid composition of a sample so that reliable data could be obtained
for use in this chemotaxonomic study. It was found that lyophilising, or short term storage in polythene bags at sub-
zero or ambient (15°C to 25°C) temperatures prevented changes in the free amino acid composition of the leaves of
L. oleifolium. Amino acids were detected using paper chromatography (solvents butanol:acetic acid:water

(90:10:29) and water-saturated phenol) and by using the LKB 4150 Alpha automatic amino acid analyser.

The original intention had been to analyse flower material from each species, but instrument failure caused a long delay
after which the flowering season had passed for most of the taxa, Therefore, most of the analyses were done using leaf
material, Consequently the data were not suitable for a proper taxonomic study using numerical taxonomic systems.
Nevertheless, as a matter of interest, sixty-eight taxa were compared using a cluster analysis program which I wrote for

use on the IBH PC XT computer, using the correlation coefficient (r) to compare species, and another program after

Spencer (1984) using standard deviations to compute dissimilarity coefficients. The groupings obtained in the cluster
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analyses of the data showed that Piastella and Leucosperwum were grouped with each other more frequently than with other
genera.  The other indigenous genera were frequently grouped together or with the exotic genera, and the exotic genera
were frequently grouped with each other. Visual inspections of the tabular presentations of the data indicate some
trends within taxonomic groupings, but these appear to indicate seasonal variation and probably have 1ittle taxonomic

significance.

From these data one cannot say that Diastella should be sunk into the genus Leucospermum, although when comparing taxa
using the cluster analyses, a closer relationship with Lewcospermum nay have been indicated than that with other taxa
which were compared with these two genera. Perold (1984b) indicates that while the phenolic lactones in Diastella and
Leucospermum (Sect. Diastelloidea) are generally different, there was greater similarity between Diastella and L. (sect.
Crinitae) oleifolium which is one of the presumed parent species of the putative bigeneric hybrid, For this reason it
is felt that future work should investigate the chemical similarities between fiastella and Lewcaspermum section

Crinitae as well as section Diastelloidea.

The free amino acid data did not show any specific value, in this case, as a neans of identifying the parent species of
hybrids. ~ Some differences were noted in the free amino acid compositions of the different sexes of [eucadendron and
Aulax which may mean that one can use the free amino acid composition of a plant to identify its sex. Further
investigation needs to be done in these areas as this could be economically important to the growers of these plants if

they could determine the sex of a seedling.

In conclusion, the chemical data indicate a similarity between Proteaceous genera in that there do not appear to be
prominent novel free amino acids such as is the case among some members of the Fabaceae (i.e. a similarity by absence
rather than by presence)., Thus I do not feel that one can use the data obtained in this work to make any conclusions
about the value of using free amino acids as taxonomic characters in the Proteaceae, other than that they can vary
between organs, they change with the seasons, and they can alter between harvest and extraction and one must work within
these limitations, There are better similarities observed between the flavonoid compositions than the free amino acid
compositions of Diastella and L. oleifolium, the one presuned parent of the putative bigeneric hybrid and further study
should be undertaken into the compositions of these and other chemical compounds in Diastells and sections Diastelloidea

and Crinitae of the genus Leucespermm.

_
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APPENDIX A

A.l  Instrument specification for the LKB 4150 Alpha amino acid analyser.

1.3 INSTRUMENT SPECIFICATION AND SAFETY WARNINGS

1.3.1 Specification

The following is the detailed specification of the LKB 4150 Alpha amino acid analyser.

Detection Limit

Reproducibility
Buffers

Ninhydrin Reagent
Pump

Operating Pressures

Analytical Column
Resin

Sample Injection
Temperature Controls

Programmer

Photometer

Chart Recorder
(Optional)
Autoloader

Refrigeration Unit
Dimensions

Required Services

Safety Systems

Ninhydrin - better than 100pM
Fluorimetry (Optonal) - better than 10pM.

Better than £3% at 10nm
Up to five buffers and one regeneration solution, all stored under nitrogen and fully

programmable. Reservoir volume 4 litres.
Stored under nitrogen in a 2.5 litre amber glass reservoir in a dark, refrigerated cabinet.

One Applied Chromatography System pump with two pumping heads. Each pump head has
sapphire pistons and valves, easily adjustable flow rate and a maximum rating of 400 bar.

maximum 40 bar
minimum 6 bar
Ninhydrin pressure: maximum 40 bar
minimum 6 bar
High pressure glass column in a solid state heating system. The resin bed length is
adjustable from 20cm to 45cm (less than 20cm with optional adapter).

Ultropac 11 cation-exchange resin, sodium or lithium form, with particle size of 11um +

0.5pum.
Automatic loading system is used to load sample capsules into the fluidic system. Each

capsule can contain between 5ul and 160l of sample.

Column: Temperature variable between ambient and 90°C.
Reaction Coil: Temperature set to 130°C £ 0.2°C.

Microprocessor controlled programmer containing 20 programmes each of 20 steps.
Programmer contains all operator functions, operation timer and column temperature

control

Single flow cell with optical beam splitter to provide detection at 440nm and 570nm using
ninhydrin and a tungsten halogen lamp. Qutput ranges0 t02.0,0t01,0t00.5,0t00.2 and 0
t00.1 absorbance units linear or0 to 2.0 absorbance units logarithmic. Automatic chart fold-
back is provided allowing peaks of up to three times the chart width to be represented.
Recorder output 0mV to 100mV for all ranges. Flowcell volume 8pl, pathlength 15mm.

Two channel, continuous writing chart recorder with chart width of 250mm and a response
time of 0.5 sec. for full scale deflection. Chart speeds0.1,0.2,0.5,1, 2,5 or 10mm. sec~! or

mm. min -,
Integral autoloader unit in darkened, refrigerated cabinet providing the facility to load up to

16 capsules.
Additional capsules may be inserted into the priority load position during analysis.

This provides a cool storage area for the ninhydrin, autoloader and sample capsules.

Fluidics Cabinet: 9lcm x 48cm x 88cm (wxdx h)
Programmer Unit: 44cmx 42cmx 13em (wxd x h)
Chart Recorder 2210: 37ecmx24emx 1lem(wxdx h)

Oxygen free nitrogen gas (99.99%), regulated to 5 bar.
Drainage facility
220V/115V, 50Hz/60Hz, 500VA main supply.
Automatic shut-down in the event of:

High coil temperature

Photometer lamp failure

Low ninhydrin pressure

Low buffer pressure

Low nitrogen pressure

High column temperature o
Battery memory protection on mains fail (for up to 6 months).

Buffer pressure:
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| 4.2 Alpha data sheet giving details of the elution program for plant extracts, and other relevent details used in the

analysis of amino acids using the LKB 4150 Alpha amino acid analyser.

ALPHA DATA SHEET
iy & st P L
sampie .. L0 ACa dovdrar. Lalig run, s :r::u """ N surren u R O
Volume Losded. /924l Amount Loaded. Drea do.No™  “C T:’ME N 123 465 6 P C D
Run Number. . 5.3 ... Opersator. LN ....... 1 2y z Ca | Y Y
2 e J YE ¢ x ¥
Fluorescence | 440nm | 570nm 3 £Xd AL L ¥ X
Bassline Setting |  _— so | so| ¢ 1| 52 X ¥ ¥ X
0..Range/Gain| _— RN s 39 || @ X ¥ % X
6 £n b N ¥ Y X%
Buffer pH Molarity 7 (& oy y X ¥ ¥
QIR 2 SRR - = SR, 8 s7|| ue N N .
NI R 23 " HERE |y N
. ;3': ........... 0 ! ‘9 ......... 10 7% 19 v ¥ X Y
R THE s WO oo..... 1 Ey I X X X
ozl L5 A e e L A '
[ "- 04 ........... 0 '3 ......... 13 2y < s M ow ow s m BN
Butter | Ninhydrin/aeR 14 2y ) G T A w ow s )t x
rowrsw wl/he [ 35 | 2 ::
Pump Setting 7 0.5 .
Operating Pressure boe | 38 18 -
ChartSpeed . .... 7 oo v iiiiiianen 19
Rm&dhﬂﬂmg?’l ........... mm 20
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A.3 Buffer formulations for the analysis of physiological fluids using the LKB 4150 Alpha amino acid analyser.

LKDB

BI1I0CHROM

PHYSIOLOGICAL FLUID ANALYSIS ON THE LKB 4150 ALPHA

Buf'fer Formulations

Loading Buffer Buffer Buffer Buffer Buffer Lithium

Buffer 18 2e 3* 4e 5%  Hydroxide
pH . 2-20 2-80 3-00 3-02 3ol"5 3055 -
Li+ ion
Concentration (M) 0.2 0.2 0.3 0.6 1.0 1.65 0.3
Citric Acid (g) 48.00 48.00 48.00 48.00 48.00 105.05 -

Lithium Hydroxide (g) 142.00 42.00 42.00 42.00 42.00 35.00 62.95

Lithium Chloride (g) - - 21.25 84.75 170.00 314.35 -
Phenol (g) 5.00 5.00 5.00 5.00 5.00 5.00 .
Thiodiglycol 25% (ml) 400.00 40.00 40.00 40.00 : 40.00 40.00 -
Isopropanol (ml) - 75.00 75.00 - - - -
Conc HC1 (mls approx) 80 i 74 73 59 - -
Final volume (litres) 5 5 5 5 5 5 5

% indicates in which buffer reservoir each buffer should be placed

‘ —
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APPENDIX B

Program listings of the cluster analysis programs for the IBM PC XT. The first program, written by me, uses the correlation coeff

calculate the similarity coefficients. The second program uses the algorithm of Spencer

(1984).

8.1 Program using correlation coefficient, See the printout in APPENDIX C.

RGN R R R R R AR R R R AR N R EE

12 HD$i:)
20 HD$(2)
30 HD$:3)
40 HD$(4)
50 HD$(S)

-

i
CLUSTER AMALYSIS BY CORRELATION CO-EFFICIENTS ]

L3
LI R

#
125 ¥ POWRIE J APR 1986 3
50 HD$(4) = ° IBN PRINTER ¥
70 HDS(7) = “#4SssuddtiuauuasuassRasuti uuiuniaiesetasta R nnnaaenuenss”
80 NREPNERRRRREREVERRRERENNARNARERRFANERRRATENNRASENCERENNEY

90 ° & HEADER AND CONSTANTS '
100 ° HEEREEREERRARREEREEREE AR ARER AR ARERRENRERESNRFRURURIRNS

110 BYS=TINES
120 HS61$ = ° PRESENTLY READING DATA FRON DATA BANX =
PRESENTLY CALCULATING CORRELATION CO-EFFICIENTS®

LI T TR

130 ns628 = °

140 mSG3$ = - PRESENTLY FINDING THE LARGEST CORRELATIONS *
150 HSC4$ = © PRESENTLY REARRANGING DATA, NAMES AND MATRIX ~©
160 MsGss = ° &

170 ULS$ = CHR$(27)+CHR$:45)+CHR${1)

180 HL$ = CHR$(27)4+CHRS{45)+CHRS(0)

190 FL = 48:PN = 1

200 LF$ = CHR$(27)+CHR$(51)+CHRS(36)

210 FFs = CHR$(12)

b I e T -
240 GOTO 1450 ° TO BOOY

250 END

260

280
290 * ERERERRREMBESHEEERRRRERERERERRRERERRRHEREE HEEAEERRIRIRRNS

300 * ® PROCEDURE : PRINT HEADINGS ON SCREEN AMD PRIRTER ]
J10 C eEEERMEEEEEEREERRRARRNERNAR RN ER R RN R R
320 CLS:PRINT:PRINT:PRINT:PRINT:PRINT:PRINT:LPRINT LF$:LPRINT FF$
JWFRI=1107

340  PRINT TAB(11);HD$(I)

350 LPRINT TAB(11);HDS(I)

380 NEXT I

370 LPRINT:LPRINT DESCRS

380 LPRINT “USING ";NP;™ PLANTS AHD "IHY; T VARIABLES."

390 LPRINT:LPRINT"CORRELATION"; TAB(20);UL$; “SPECIES/CLUSTER 1°;ML$
400 LPRINT UL$; COEFFICIENT";NL$;TAB(20);UL$; "SPECIES/CLUSTER 2°;NLS
410 LPRINT TAB(30);ULS; NEW CLUSTER NAME";NLS

420 LN = 20 + RETURN

430 ° EEERREERAREEENERREONRERERNRENSEERRANENNSAEERRRRENREANNE
40 ' & DATA INPUT ¥
450 ' RREEEE R RRETREREERE RN AR NN R RN FRRE RN
460 LOCATE 17 : PRIKT NSG1$

70 FOR I =1 10 WV

480  READ VNS

490 NEXT 1

500 NC = WP ° REMEMBER NP

510 DIn CHINP+2,8V) ,W(NP+2) NN (NP+2) ,RINP+2,NP+2)

SO FORI:1T0MN

530 LOCATE 1,1 :PRINT “Sp, °;1

540 Wl =1

550 READ NS:NNS{I)z = “aN$

560 FRRI=1T0MW
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570 READ CH(I,D)
580 NEXT K

590 NEXT i

800 ST = 1+ FIN: NP-1

S10 ' EEESEEEARREREREAE AR R RN AR AR
620 * % PROCEDURE : CORRELATION COEFFICIENT CALCULATOR ¥
630 RS EEERENEEERERREEEE NN RN R RN R RN
640 LOCATE 17 : PRINT NSG2$

450  LOCATE 1,20 :PRINT “No. remaining : “jNP

460 FOR X1: ST 10 FIN

670  LOCATE 1,1 : PRINT "Sp. 1 “3X1

480 IF NP = NC THEN STY = Xl

690 FOR Y1 = STY T0 NP

700 LOCATE 1,12 : PRINT “Sp, 2 *3M

710 IF Y1 = X1 THEN 900

720 FORC =1 70N

ELSE STY = |

730 XS = CH{X1,C)¥CH(X1,C)
740 YS = CHYL,C)ECH(YL,C)
750 XY = CHOX1,C)5CHIY1,C)
760 X0z X0+ XS

770 Y0048

780 §P = 5P 4+ XY

790 §X = §X + CHIXL D)
800 SY = §Y 4 CHIYL,D)
810 NEXT C

820 AX:=SXESX/ N
830 AY=S5Y ST/ N
B40 AP =SX ®5Y /WY

850 BX = X@ -AX
860 BY = Y@ -AY
870  BP = 5P -AP

880  RIX1,Y1) = BP/SOR(BXeBY) : IF NP ( NC AMD Y1 { X1 THEN R(Y1,X1) = R(X1,Y1)
890 XS = 0 2Y5=0:XY=0:X0=0:Y0=0:5P=025%=0:5Y=0:AX=0:AY=0:AP=0:BX=02BY=0:BP=0

700  NEXT Yi

¢10 NEXT X1

920 ° EEERERBANEEENFRENEAEREEERNERNSAREEERENNURERIRENRERRRABRRER
930 ° # PROCEDURE : FIND LARGEST CORRELATION #

G40 ' FREEERERERNEEERSEERNEEERSERREREAREARESNERENRIANNRRRRENEE

950 LOCATE 17 = PRINT MSC3$

960 HC = 0

970 FOR X1 = 1 TD NP-1

980 LOCATE 1,7 PRINT X1

990  FOR Y1 = X141 TO NP

1000 LOCATE 1,19 :PRINT Y1

1010 IFMC { R(X1,Y1)THEN HC = R(X1,Y1):XP=X1:YP=Y1

1020 NEXT M1

1030 NEXT X1

1040 ' SESEREEERRREE RN R RN RN R R PN E RN RN R R AR RN AR R R S
1050 ' ® PROCEDURE : PRINT PAIRS IN CLUSTER, NANE CLUSTER E
1040 * ERuSEEEEFENRERARREARAE RN E RN PR RGN RN RN RRAR
1070 LPRINT HC;TAB(15};UL$;NR$(XP);HL!:LPRINT Tﬁl(lS);ULS;NMG(YPJ;NLS
1080 HNS$(XP)="3x “4MIDS(NNS(XP)+" ' ',4,25)
1090 LPRINT Tlﬂ(30);ULi;ﬁH$t!P);HLS

{ 1100 LPRINT
1110 LN = LN ¢ 4: IF LN ) FL -5 THEN LPRINT FF$ : PN = PN + 1 : LPRINT TAB(34);"PAGE ;PN : LPRINT : COSUB 390 :

LPRINT LIN$ : LN = 4 —
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1120 IF NP ( 3 THEN RETURN
1130 7 st R R

1140 * & PROCEDURE : CALCULATING AVERAGES OF PAIRS OF DATA #
1150 * SENSERERNEENREMERNEREEERERRNERFRREN MR RNE RN EAN N RN R R NRNE
1160 W = NOXP) @ W(XP)=H(XP)+H(YP)

70 FOR I = 1 TO W .
1180 CH(XP,I)=(U¥CH(XP,1)+M(YP)#CH{YP,1})/8(XP)

1190 NEXT I
1200 ° HERHEEREREEEEREEEHEERRERERELER IR R
1210 ' # PROCEDURE : REARRANGING DATA, NANES AND WATRIX '

1220 ° SESENERNXEERRERERERERENNERHEMENAREMRERIABRUERURREARNEHRUNE

1230 LOCATE 17 : PRINT MSG4$

1240 FOR 1 = 1 TD NP

1250  LDCATE 1,7 2 PRINT I

1260 FOR J = YP TO NP

1270 LOCATE i,18 : PRINT J

1280 R{I JI=R(I,J41)

1290 NEXT J

1300 REXT I

1310 FOR I = YP TO NP

1320  LOCATE 1,7 : PRINT I

1330 FORJ = 1 TO KV

1340 LOCATE 1,18 : PRINT J

1350 CH(I,J) = CH(I+1,0)

1360  NEXT J

1370 (1) =W(I+1)

1380 FOR J =1 TO NP

1390 LOCATE 1,18 : PRINT J

1400 R(I,JI=RI+1,d)

1410  NEXT J

1420 NEXT I

1430 ST = XP: FIN = XP

1440 LOCATE 1,7 : PRINT *

1450 FOR 1 = YP TO NP

1460 LOCATE 1,7 : PRINT I

1470 NNS(I)=HN$(I+1)

1480 NEXT I

1490 NP = NP - |

1500 GOTO 410

1510 RETURN

1520 ° wEmmEme BN RN AR RS RARER R RN ELE
1530 * ® PROCEDURE : CALCULATE ELAPSED TINE ]
1540 © REENBENRREEEEREERN MR RN NN RN R E RN RN RN R RN
1550 BT - VAL(BT$)#3600+VAL(RIDS(BTS,4,2) ) 260+VAL(RIGHTS(BT$,2))
1560 CT = VAL(CT$)#35004VAL{NIDS(CT$,4,2) }280+VAL(RICHTS(CTS,2))
1570 TT=CT-BT

1580 TTH = INT(TT/3600) .+ TTM = INT((TT-TTH#3800)/60) : TTS = IT-TTHE3400-TTNx50
1590 TTS=STRECTTH)+"Hr “+STRS(TTM)+"Nin "+STR$(TTS)+"Sec”

1600 RETURN

1610 END
1620 ° #ESRSERREREERERSERFEE RN SRR R RN R ER PR REERE
1630 ‘' ==s==zzzssssszzszssszzssscezsssrssczzsazszzzzsszszszsaaszas

1640 © EEBEEEEERERERHEEREEE RSN R RS RN RN ERAAROERER
1650 & BRNuEMuENE RN RN R E RN NER R E RS RRERE RN ERAR
1660 " # BoDY E . . .
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1670 ' HESSEEEEEEREEERERENERREERANR RN R R AR RS

1580 READ DESCRS,NV,NF

1490 GOSUB 290

1700 LPRINT LINS

1710  GOSUB 430 * READ FROM DATA STATEMENTS

1720 LPRINT LINS : (LS .

1730 CT$=TINES

1740 GOSUB 1530 * CALCULATE ELAPSED TIME

1750 LPRINT : LPRINT = CLUSTER ANALYSIS COMPLETED. BEGAN AT : "3BT$;~ ENDED AT : “jCT$:LPRINT"
TOTAL TIME TAKEN : “;TT$;TAB(40);"DATE : ";DATES

1760 ° EREEEERRBEAREEREREREEEREHOOEEERRRRRENNERRRERARNEERRERERRY

1770 " = VARIABLE DESCRIPTIONS #

1780 © EREEREFNERFNEEERARERRERNRENESNEEREENRENS RN RN RRRARRERREE

1790 "AP = 8X # §Y / WV

1800 "AX = SX*2 / WV

1810 "AY = 32/ W

1820 "BP = 8P - AP

1830 "BT$ & BT = BEGIN TINE

1840 'BX = X@& - AX

1850 'BY = Y@ - AY

1860 °C = LOOP COUMTER - CORRELATION

1870 "CH(I,J) = CHARACTERISTICS ARRAY

1880 'CT$ & CT = CLOSE TINE

1890 ‘DATES = DATE

1900 °DESCR$ = DESCRIPTION OF DATA

1910 *FF$ = FORN FEED

1920 "FL = FORM LENGTH

1930 "HC = HIGHEST CORRELATION

1940 ‘HD$ = HEADING

1950 T = LOOP COUNTER

1960 *J = LOOP COUNTER

1970 'LF$ = LINE FEED SPACING

1980 "LINS$ = DRAW LINE

1990 "LN = LINE WUMBER

2000 ‘N$ & MN$(I) = SPECIES NAME

2010 "NC = REMEMEER NP

2020 °NL$ = STOP UNDERLINE COMBAND

2030 ‘NP = NUNBER OF SPECIES

2040 "NV = NUNBER OF VARIABLES

2050 *MSGn$ = PROGRESS MESSAGE

2060 "PN = PAGE NUMBER

2070 "R(I,J) = CORRELATION COEFFICIENT ARRAY

2080 'SP = SUM OF PRODUCTS XY

2090 °ST = START OF Loop

2100 “STY = START OF Y1 LOOP

2110 "SX = SUM OF CHARACTERS IN SPECIES 1

2120 'SY = SUM OF CHARACTERS IN SPECIES 2

2130 "TINES = TINME

2140 “IT = TINE TAKEN : TTH, TTN, TTS HOURS, MIN, SEC

2150 “UL$ = UNDERLINE COMMAND

2160 ‘W & W(I) = NUMBER OF SPECIES IN A CLUSTER

2170 "X1 = LOOP COUNTER

2180 "XP = FLAG FOR Sp, 1 IN CLUSTER

2190 "X0 = SUN OF XS

2200 ‘XS = SQUARE OF X

2210 XY = PRODUCT OF X & ¥ - -
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2220 "Y1 = LOOP COUNTER

2230 "YP = FLAG FOR So. 2 IN CLUSTER

2240 "YQ = SUN OF YS

2250 'YS = SOUARE OF Y

2280 °

2270 "DATA BANK WUST BE WADE UP OF THE FOLLOWING :

2280 ' DESCRIPTION OF DATA : NOT MORE THAM 140 CHARACTERS, ENCLOSED IN QUOTES

2290 * MUMBER OF VARIABLES

2300 * NUMBER OF PLANTS

2310 * NV ITENS FOR VARIABLE NANES

2320 *© WP GROUPS OF DATA COMPRISING SPECIES NAME AND NV VALUES FOR EACH VARIABLE

2330 * LINE NUMBERS TO START AT 25400, INCREMENT 10

25499 ' REAFEEAREREREREERERRFERERNEREERREHHRREEHNNEEHHOHER R E R

25500 © # DATA BANX ¥

25501 " LAST MODIFIED 27 MAR 1986 L

25502 © BEENREEEEEENEFENNEBEENBEREEEEEEEERERRRNREERRRAERERNERNNEENR

25700 DATA “FREE AMINO ACIDS AS CHEMOTAXOMOMIC MARKERS IN DIASTELLA AND OTHER GENERA OF THE FANILY PROTEACEAE"

25710 DATA 41,68

25711 DATA ALA,ARG,ASN,ASP,CYS,GLU,GLN,GLY,HIS, ILE,LEU, LYS, NET, PHE, PRO, SER,THR,TRP,TYR,UAL,SRL#,4ABA,CIT,ET#H,HPRB ORN, PSR,P1P,RTS7
,R193,RT163,RT171,RT145,RT130, 2995, 3583,0309, 0414, 4868, 0262,RT71

25720 DATA Diastella buekii

25722 DATA 6.7,,,7.3,.2,49.3,1.2,,,2.3,.6,,},2.1,,,1.6,.4,3.6,,15.0,,.6,,,5-8,,,,,,,,,,,,,,.1

25730 DATA D, divaricata divaricata

25732 DATA 165,2,11,0,24,2),5 325519 311505005 3711100510, 11 921402112510 02 412

25740 DATA D. divaricata montama

25747 DATA 2.3,0,8,16:7,7:1,0:2,20,8,1304) 101,108,104, 18,140501,04,703,9:5, 303,203,001, 3,5,0:2,12), 30155, 104541000700 52100010

25750 DATA D. fraterna

25757 DATA 1. 8;1 é 27;6:4;|1p14|3p1306,.8)103}1|3;v7;07101]06;9o5351813|1’1|3,0213071o!)lo‘p;zp;)r]),p,;ij],,,p,;;yl?

25780 DATA D, myrtifolia

25751 DATA 6o3,1.5,8,5.4,.2,20-7,7.5,,,3.1,2-9,.3,,.7,11-4,4-3,-4,1-6,-4,3.9,.2,8.1,,6;?,,-3,3-1,,-6,1-5,,ol,,,,,,,,,.&

25770 DATA D, parilis

23777 DATA 5, 5;10:5,15;4 5,,12 6]15 5,05;1‘,1 5p105}¢6;,0’,601 7-5;3 4,2 6;-5;2 9,,4.2,»2,.3,,,.7,,,,,.6,,,,,,,,,.2

25780 DATA D, protecides

25787 DATA 5,.8,9,10,,14.5,3.3,2.9,3-?,1.3,.?,l.!,,-7,11-1,5,3,1.7,-2;1.6,-7,7.9,,2-!,,.1,7.9,,,1.7,,},,,,,,,,

25790 DATA D. thymelaecides meridiama

25797 DATA 5,7,4,6,0,23,8,0,0,1,1)0,,1,8,5,2,1,0,1,2)14),10,,0,241101 4101202002

25800 DATA D. thymelaeoides thymelaeoides

23807 DATA 57),5,0,36)15402011911831021231020001251)50 0010200000010

25810 DATA Leucosperaua bolusii

25813 DATA 3,,17,5545)16) 181501015, 1024,740001 102512020 1030000000000 002

25820 DATA L. calligerun

25821 DATA 4.5,8,2,9.3,0.1,2.3,14.7,,.3,1.3,.9,.4,,.7,3.7,5.8,1.0,3.1,-3,3.4,,3.7,.4,1.l,,,l.4,,,,,.4,,,,,,,,,.l

25830 DATA L. heterophy!lum

25831 DATA 3,7,14,10,,16,8,0,1,1,15,,1984,10:2,1,0,21,510 21001020300 000000009

25840 DATA L. pedunculatun

25841 DATA 2-3,:5,24.1;4.9,.I,I]-5,12.2,.6,1.1,2-1,1-1,.6,.3,.5,15.6,6-1,2-9,1-7,.2,4-2,-2,1-6”3.9”,.7,,,,,.4,,,,3,,,,,.1

25850 DATA L. prostratum

25851 DATA 6,,2,155,12,2,2y51415912)1471511,0)21)2433) 132400080000 10000 0

25860 DATA L. royenifoiiun

25861 DATA 3,5,2‘,9,,10,16,-‘;! 2;],05,’u3p3;6’3p2’l;"p3;-5,1;,|1;2;,ojp;,];,p;;’p';

25870 DATA L. truncatulum

25871 DATA 2,20,11, 9:;15;9111:1:11111r917r311113111 Lbplersdesdeersrsind

25880 DATA L. wittebergense

25881 DATA 10,4,6,13,0,10,2,5,2,1)151252)72,151,3,9:3),24111211)2)81421 0010202

25890 DATA L+ cuneiforne y3
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25900 DATA L. sazosum

25901 DATA §,19,34,5,)4,3)) 1y L0 101041 27,80 805205508 ix des o iasn ey

25910 DATA L. conocarpodendron

25911 DATA 1. 6,32 3’12 1 4, l,o3,7.4,12.4,.2,.5, -9;08 L 7’!3,!3,6!1’3 7)1 3’1!"|1 2. 7,01 L 5}’2 ’,,l?;l}l'}]l 5};,;;,’;,

25920 DATA L. qlabrum
25921 DATA K 7’1 7’5 ] Ig-s,"!|2}2n6,03,,-5;-3p02’,oép!l‘,‘o]pjné,;031t9;b2;‘|1p,2;}]4l7;"t&;,n?;,"r’,!}

25930 DATA L, praecox

25940 DATA L. muirii
23941 DATA 2.1,2.6,1?.4,3.7,.1;16.5,17.7,-3;!,.9,-5,.4,,.5,25-6,10-1,2.2,.8,.3,1-3,-4;4-1,,1.8;-8,,1-9,,,.5,,-?,,,,,,,,,

25950 DATA L., vestitun

25951 DﬁTﬁ 2l5}203}17l3’9l3,’lSI?,l&O?,’l4’207’3!1’ls,,0‘}6!6’504]1!&]103’03'4.‘,'3!6,,1I!’,li]?l"’,’Ol}lS,,j’,’,”
23940 DATA L. lineare

25?51 DATA 2!5}1802}2302,1003’rl,lé}]l‘,,|61131’|7’lé,;|3’10?,‘|6]|9]1l‘]'4p2t5;,302,'lB;’IZpIIS},p;ll;i.’,,;,",,,
29970 DATA L. cordifaliun

25971 DATA 118;2617;1902,1#09;)12|2,2o2];|2;I¢5;l];vé’pu3p&l!y4|6,|7’104;03]218,'ll9}l4p1;}|2'1|3,’,'J3,l6,,,f},],'
25980 DATA L. formosun

25981 DATA 5.5,o‘;2|5’13’14206]2|5;02;105;1|5;1|9;1|5p;s7}3o5;409}3-2’o‘,loI}Zoay02,4-4;;303,’|1p205,,p02]};}};};});
25990 DATA L. catherinae ;

25991 DATA 319;51nS,llZ,én?;,lllI,lo?,05;1ol;|3;|3’2l3p;04,1)2051212;1a‘}ol}loé’iljzl?;}S,)US’IQZJ,;)ilr,;,,}’,p
26000 DATA L. hypohyliocarpodendron hypophyllocarpodendron

26001 DATA 5,447,1745,7;,15:9,08,035108,1.2507 510741305, 3.7 04520105, 304,502,450 1,75, o 13 106y 508 Lo 1) 0050000000 10
26010 DATA L, parile

26011 DATA 2,8,13,9,,22)1049)151)15501314 3,352 311000 100 desdsansn s rae

26020 DATA L. oleifoliunm

26021 DATA 10.3,1-9,,3.4,,19.2,1‘9,,,1-6,1.2,,,.4,15,3.9,.7,7.5,,2.1,,22-3;,2-!;p;éoé,,,,,,,,,,,,,,

26030 DATA L+ mundii

26031 DATA 10.5,11.3,3,12.2,,17.5,6|4,.2,2.6,.5,.3,1.5,,.5;2.5,5-1;2,4.5,-2,1.8,.2,5-2,,6-I,,-l,(,,,,;l.ﬂ,,,,,,,,,
26040 DATA Aulax cancellata (male)

26041 DATA 9-3,.6,5.5,15,,36,1,o2,.7,1.2;.7,.5,,1.6,3.1,7-9,2.3,o3,1n!,io8,,3-6,,2-6,,,4.4,,,.6,,.6;;,;;,,,,

26050 DATA Aulax cancellata {female)

26051 DATA 8.2,05,,135,30,9,1.8,44,1,5,2:3) 147,145, 44,2,4:2,6)3,5;43)202) 30575093 3081345450 0000000000010

26060 DATA Aulax umbellata {male}

26061 DATA 3)19,7,9,,9,7,,4)1,,15,1518,)3; 2)3051402)1,304310000 100000300001

26070 DATA Aulax umbellata (female)

24071 DATA 3.1,9.2,21.2,11.7,.3,17.6,4,1-2;!-8,!.2,.6,.6,.4,1-5,3.1;4.4,2.4,!-8,o4,2.7;,2»9,,5o5,,.1,.9,,,,,-5,,,,,,,,,
26080 DATA Brabejum stellatifolium

26081 DATA 8,5,12)5,,14,8,1,1)1) 13492011, 914,241 300 51,20 s 2p Lt s 2o s Lo 1

26090 DATA Faurea macnaughtonii

26091 DATA 542)44),1401),8:3).5)0 7500000050005 08) 1045103, 1065035085303 0307y 805 151564y 5310 0p 0135009305100y

26100 DATA Faurea saligma

26101 DATA 12,2,503,1848))10.9, 045101, 08,07505) 015502502 204109,02542503501)2025 5601325045 01,1801 5 501080505000 3450 1)
26110 DATA Leucadendron salignum (male}

26111 DATA 5.2,2.1,&.3,9;5,,26.4,2.1,-8,I-7,.4,.4,.9,.8,.7,1-8,7.1,2-3,.7,-!,oé,.3,4,,4.5,,.1,12.8,,,3,,1.4,,,,,,,,,
26120 DATA Leucadendron salignum (female)

25121 DAT“ 1.7,.7,11-2;!1-3,,27-6,2.6,.9,.8,.6,.5,.?,,.5,2.1,7.5,2-5;1.3,-2,1-1,a3,l.3,;3-5,,nI;ll-2,,,3,,1-1,,,,,,,,,
28130 DATA Leucadendron tinctum (male)

26131 Dﬁ“ 6-5,.3,7,II.9,,23.2,2-9,.3”.6,.5,!”o?,l.lﬂ.?,l.ﬂ,.é,-!,2-2,.3,5-6”10“11503;"”1”"’”"

26140 DATA Leucadendron tinctum (female)

26141 DATA §,2,5)9,)15,4) 001910192 09245)31 210200800271 0250 00300205000 000)

26150 DATA Minetes cucullatus

26151 DATA 3, 6,-7;23 9,3 5,;3,18.8,12.8,1.2,1.8,1.6,.8,.2,,.2,4.2,6-2,4-2,2-5,.5,2.9,-2,6.6,,2.3,,,1-1,,;,,,,,,,,,,,
261460 DATA Mimetes fimbriifolius

26161 DATA 204)3.2,27.1,4,8,01,11,12.8,09,.9,104,.8,.5,:2,44,4.4,10,4.3,2. 3,.4,2 p e B YO 7,,,.9,,,1,,.1,,,,,,,,,
26170 DATA Orothamnus zeyheri -
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26171 DAT“ 12.4,;7,2.4,4.6,,34-4,3.1,1o6,ol,»8,!-l;-6;,1-6;1-5;11-3;3-3;-3;-8;1;|4;2c5,,306;,-4,10:7,,,ué,,-l,,;,,,,,,

26200 DATA Paranonus reflexus

26201 Dﬁrﬂ 5!8)11;9,4i‘]lGlS”?‘oS,’l?}l’lo);iS,lS’!}ol,iS}‘lS’élI}Zlé}ll9’02}1}01]‘14’IS]Zlap’ll}ll”,",’lls’,,”,’,’

26210 DATA Paranomus sceptrum-qustavianus
262!1 Dﬁrﬂ 10-8,-2,,1506,,37-7,‘-1;lo5pa‘;lo?;l-2,-5;;2-2,3;5-4,4-2,-3,-3,1|5,,1-6;,3-!,,o‘,3-6,,,,,,,,,,,,,,

26220 DATA Protea nitida

26221 DATA 4-2;2o1,16-7,&.7,.3,9.!,9.9,.9,1-6,.7,-5,.2,.4,.4,2!.5;4.9,2.1,2.1,.3,2.7,.2,1.5,,5,-6,,1.9,,,,,.5,,,,,,,,,

25230 DATA Protea repens

26231 DATA 3.2,2.1,25.3,6-1,.1,5.9,9,.7,1.3,3.9,1.2,.7,.1,.3,15.1,5.6,4.2;2.5,.2,3.7,-1,.9,,3-1,-3,,-7,,,,,.8,,,,,,,,,

26240 DATA Serruria adscendens
26241 DATA 5-5,2.7;3,6-6,,25.3,1.7,1.6;02,1.6,1.2,'4',1.9,3-4;5.9,2-8,-5;1-1,2-1;-2;8;,8-8,;,13.1;,,,,,,;,,,,,,

26250 DATA Serruria pedunculata

26251 DATA 9'2}’8,3'5'19'1}’28'8!3’04}’lS}IS}08]’IE’EI&}!OII’ZO?'I.I]03,06]!‘]4'5"4!"”4!5"},’I’),]”,,,’

26260 DATA Sorocephalus tenuifolius

26261 DATA 842,01,2:1,7.4,,20:6,5,2,7,1,3,1:5,104,08,01,1.5, 2015130032502 1,207 305,108, 1,009,543, 20095 0030 00002002
26270 DATA Spatalla parilis

26271 DATA 4|5p37|7;312;1|2,|1;2|9,9|1’07’1o7,|3,|6'2,03;|4p|9p13|79311|4;03;105;vi,ol,;;,;,,,?oé’,07’|2101,”,,,,
26280 DATA Veratorella latebrosa

26281 DATA ?i?}05]502p22|4,ol,9oﬂ;3f1|8;102,oSp|5f|?’]|9}1|‘fﬂ|3}3]3.6'?|2)t9}l5}1p’5!61}ll;lSvé);;l4’,pl;”"”,,
26290 DATA Vexatorella obtusata

26291 DATA 3-5,1.4,,10.?,,41.4,1.6,.6,-6,.8,-7;1-1,,1-1,1-8,4.7,4.9,1-9,-5,!-2,,1-7,,5,,.1,8,,,1-1,,,,,,,,,,,
26300 DATA Banksia ericifolia

26301 DATA 12,8,2,18y12,3,5) 10001551510 6) 13151100429 0151 142 12002039 002143

26310 DATA Banmksia serrata
26311 DATA 11,5;1.5,:3,9:4),17.7,646545)0 3310249, 108172:5;3:5,1004,3:5,302542)1035 3747137550 74553301 2085 130011 28

26320 DATA Grevillea banksii

26321 DATA 1319;o3p,609,p15|9;7|5;03’021103}101101};2'2p2l9,5|8’203’03’|5,10‘;;B,p19l1p;;5|9,,,l‘,,;,,,,’,’,
25330 DATA Grevillea robusta

26331 DATA 10.6,1.,3),8,,18:8)2:2)502,109,0950759105;3:7)2:5,08,2)0833435)1107)19:5,5,1804,5.9,108)0500 90000200
26340 DATA Hakea pugioniforais

26341 DATA 12.6,.6,,13.3,,19.9,1,.6,.4,1.1,.7,.3,,1.3,1.5,!.2,3,4.2,.9,.6,,7.3,,9.1,,.3,!.8,,,3.6,,,,,,,,,,,
26350 DATA Hakea saligma

2&351 DATA 16.6,1.3 ”1402 1119391205,;-9,t?yo7,l|51p1|?,105,4n9,In!,!l’,|9;202;,8|1;;9l3;;’sizp;’l;,p,;}p}jf}
26360 DATA Isopogon puichellus

26361 DAT“ 5.7,5-3;50o3,6.3,,9.5,2.6,.2,.4,.4,.3,1,,.4,1-2,3,.9,.9,.3,.2;,1.7,.5,3»3,,,2-7,,,1.3,,.7,,,,,,,,,
26370 DATA Macadamia ternifolia

25371 DﬁTA 717,1-1;‘-3;16|2|nl,Zl-?;?;03;,v7’|5,lo2,;l&;?o?;&iS,ZOZ}I}l.];09,ol]!l&;}lﬂl‘f}plO]f’o’;'?o‘!’,’,’,,'
26380 DATA Petrophile sessilis

26381 DATA 12.4,2 ,10«5,13-1;;21-7,2-1”o?;uﬂpo‘;-5“o9p2o7,5v3;1n2,2o4”J”‘o‘”‘n1”;12”,1-7”;””””

28370 DATA Stenocarpus salignus
26391 DATA 7-4,,3-3;15.4,,23.4,3-2,,.3,1-2,.9,.l,,.9,3.9,1.7,.6,1.9,.1,1,,19.6,,4,,,9.11,;1.8,,,,,,,,,,2,

26400 DATA Stenmocarpus sinuatus
26401 DATA 12 ’,’2403,]23|5ptS,,aE,;lvE;|1p;|7;3|5;103,1|1p,15’;;05115-7”]111311,2-2,,;;,,;,)”
26410 DATA Telopea speciossisimus

26411 DATA 10.5,1-2,3;10n9,.2,16,3.1;].l,.3,.9,1.1,2-3,,1.4,2-9,5-1,2-4;a3;-8,.4,3.9,10.5,,11,,.l,&.l,,,?-?,,,,,,,,l,l,,
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B.2 Program based on that of Spencer (1984). See the printout in APPENDIX C.

FERERFRERERFERRFFRRRREARAER R AR AR AR R IR RN AR R R BN R R

% Cluster analysis us‘ng Spencer ‘s algoritha L
* Mogified by Les Fowrie, 15 Aug 1985 #"
T % E T E I r s R R R R T EE E SR R R R SR e IS IS
T o PRINT
g,1 1 input "Epter the name of the data file to read (idefault {RCACIALASCSY ¢ "jreadfiles
file$ = ** {han readfiled = "acacia,asc”: locate 10,1 : 77

85 open readfile$ for input as £f
87 day$ = dated : tyd$ = left$itime$,5) & tilenamed = sid¥iday$, 4,2} + Iettdiday$, 20 + leftdityds, 2} + migdityds, 4,2} +
= CLi®
he data file to write [default {";filename$;: input "3} 1 “jwritefils
! ate |

92 apen writefii$ for oubput as 2

94 grint £2, ¢ FERERAAERFARRRFERB AR A RR AR RARRERARERRRARRA IR RN AR R

180 print {2, % Cluster analysis using Spencer’'s algorithe ¥
110 pript £2, " # Hodified by iLes Fowrie, 10 July {984 !
120:print £2, ¢ FRAREREARAREERRARRRBARARRRI PR AR AR F R AR PR AR RR R RO AR R "

13% print £2, * fun date : “jdayd;tabidZl; “starting time : ";timed

{44 print £2, ° Data source @ "; readfiled; tab{42i;"Clusters written to : "jwritefils
150 DEFINT A-C,I-N

1% input £1, DESCR$,NY,NF

1582 print £2, dezcrd

154 grint £2, "Using “jnv;" variables in “jnp;" plants.®

ish print £2,"" ¢ R H WORDSTAR INGTRUCTION FOR CONDENSED PRIN

158 print 2, $ Ti551m3;arzu, Species Species 2 Cluster
name”

169 print 2,

[ S g e e S Y i S Sy Nl A iR P — et e B e . o T B B i k
176 FOR T =1 TORY @ ippub £, WVE ¢ NEXT I

180 NH=Z#NF

190 DIM L (NMONUY BONMD NS (NS

200 FGR I=1T0HP

214 Wi} =1

220 input {1, $k’):#N$€IE =" HLEFTH{NNS{II+® T8

230 FOR #=1 TO

240 input £, KZI.K

250 NEXT K

260 MEXT I

270 FRINT"Present values HP @ "yHPy® MY 1 HVIPRINT:PRINT

280 PRINT:FRINT:INPUT "New value for WP T pNPE 1 IF VALU NP$) (> O THEN NP = YAL{ NP§!
290 FRINT:PAINT: INPUT "New value for WV YONLEVE ¢ IF VALU NV 0 THEN MY = VAL V8
30U DIN ASHV)  AIM{NVI 2K

MO FOR K = |

320 184 G

330 i g

143 KEX

150 FOf 170 HP

360 FO P70 WY

370 Kﬁ' 41#:+i{4.x‘

380 A2 =A2IKITL 02

393 HE

400 NEX

§10 FD 170 WY

420 13K} =SOR{ (¥2(KI-(XMK} 1~ 2/NPH/ (NP-11)

30 (R =TMIO /NP

440 NEIT K
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S SED S OFRE-TE N

L |

-4 —

[ s e

Ce 22

b =
1

=

Jau U=y
G560 FOR K = 1 TO WY
570 =D+ (X{IR,KY-X{JP KiF4X(IP,)-XUIP, K}
330 NEXT K
S90 IF /0 » DM THEN BM = §/D s 1= IP s § = 4P
504 HEXT IP
510 NEAT JF
520 NP = KP4l
-5 £=1 10 W
FEC R SEICIRRE SRR SR - INIEI SR INARFRL DO 1))

450 NEXT K

H50 WINPI=H{I)+H{D}

&70 NN$(NPY="C: “+RIBHTH(NN$ (1), 1T)
43¢ FOR K=1 TO WY

&90 SWAP X{L,K}, X{NP,K}

704 SGWAP 1{J,K)X{HC, 1)

710 REXT K

720 SHAP Wil},WiNP)

730 SWAP Wi}, WIND)

740 REH

730 GHAP NNSII} NNFINP}

7h( SWAP HNF (J) NNS(RC)

70 priat £2, 1/DM;TAR(ZS) ;NN {NP);TAB{SS) jNN§ (NC) s TAB (0! NS (1}

Z,
TAR INSTRUCTION FOR NORMAL PRINT
2," Finiching time ; "jtime$iciose £1 : close £2

5 prxn‘
i
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APPENDIX C

Examples of analyses using the programs listed in APPENDIX B.

.1 Cluster analysis using the correlation coefficient. See program 1isting in APPENDIX B.

PP E L2t et E P2 e R R R R A R e R RN P R S S N R E R R AR PR R S E R R E NP

X Iy
X CLUSTES AMALYII: 3Y CCOREELATICN CO-cFFICIENTS X
¥ X
X LES W POL=TEZ . I KRR 17854 X
X i Dl PRTHTES i
 F P F P S S S E N R R R R R E E R E R R S E PR S SRR R SR E R R R R TS Y]
FREZ AMINO ACTIDSE AS CHEMI TR (GMCMIC MARKERS IM DIASTIZILLA AND CSTHER JEMERA OF
ThE FaMILY PROTEACEAE.
EJClLd;ﬂq Etnam, F-se~, fro,. zomisining Asn Wwith Asp. Gla % d4-ap with CGlu.
UsSIrg 88 FLANTES é&ND 33 M=RINBLES.
CCRRELAT {ON SPECIES/CLUBSTER i :
COEFFICIENT SPLELIER/ QMJSTEP i
REW CLUSTER MAMZ
7989104 Diastella buekii )
L. <hvmelaeoices thvmelaecides
4% Diastella buektl
. PFB7699 D. fraterna
L. peduncuiatum
¥¥x 0. traterna
. PFSO02G Aulax cancellata <female™
FParanomus scaptram—gustavianus
¥¥ fulay cancellata <femaler
« 249305 D. divaricata montana
L. muirii
¥¥ D, divaricata montana
. 7957882 ¥ D. divaricata mcntana
Leucospermuin bolusii
¥Xx D. divaricata montana
. 9945859 L. rovenifolium
Protea nitida
¥¥ L. rovenifoliumn
. 9953916 ¥ D. fraterna
¥ L. rovenifeclium
2% D. fraterna
-99454%97 Leucadendron salionum <male:
Laucadendron tinctum <female?>
X% eucadendron_salignum <ma
. 7944358 2% _D. divaricata montana
Laucadendron saligqnum sfemale’
£ 0, divaricata montana
« 794238 X% _Aulaxw canceallata <female>
Serruria adscendens
X¥ Aulax cancellata <female:>
« 9940627 ¥ D, divaricata mortana

Mimetes cuculiatus
XX D. divaricata montana
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JRRELATICN
EFFICIENT

F958%a8 Aula cancsiilata wmalss
4% Laycsderoron salignum sma
2 Aulan _gancellata <malex
35308587 ¥X Aulad canceilata < remaler
' obtusaca
i Aaley cancellata <femaier
9246809 £%¥ D. divaricata montana
L. vestitun
¥% D. divaricata montana
Q25473 ¥¥ 0. fraterna
Mimates fimoriifolius
£¥ D. fraterna
IG24991 L. tormosum
X% fulan canceliata “fsmaler
%X L. formosum
924473 XX Aulax cancellata <males
Serruria pedunculata
¥ Aulax cancellatas “male>
IP13595 Orothamnus zevheri
Grevillea banksii
¥¥ Orothamnus zevheri
9054656 ¥ Aulay cancellata “male
Leucadendron tinctum <male>
£X Aulax cancellata <malex
1897401 D. myrtifolia
¥ L. formosum .
¥ D. mvrtifolia
1BIOET D. parilis
L. calligerum
% . marilis
188412 Petrophile sessilis
Sterocarpus sinuatus
XX Fetrcpnile sezsilic
1BE222& % D. divaricata montana
. protecides
¥¥ D. divaricata montana
888102 ¥¥ D. divaricata montana
L. glabrum
¥%¥ D. divaricata montana
'BB4509 ¥X D. divaricata montana

X% Aulax canc=llata “male> ' y .
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RRELATICN
CF-ICIENT
' CLUSTER NEME
FEATE0E?
S L 1 SNl
D. murtitoila
558351 L. hvnohvilocernodendron hypaphvllocatrscdgendron
Julas umnpieliata ofemalas
k% L. hvooavllocarpodendron
G857 53548 L. prascox
Faranomus refienus
ik L. prascox
22834501 ¥%¥ D, fraterna
i¥ L. hvponhvllocarcodendran
¥ D. fraterna
7B41498 L. cungiforme w3
L. linsars
¥% L. cuneiforme v3
3845004 ¥¥ D. parilis
X% L. oraescox
¥X D. parilis
BZ24654 XX D. parilis
L. parils
X D. parilis
819331 Hakea pugioniformis
Hakea saligna
¥¥ Hakea pugioniformis
9917633 L. oleifolium
Grevillea robusta
¥%¥ L. oleifolium
PE128462 X% D. mvrtifolia
D. thvmel acoides meridiana
¥ D. mvrtifolia
9795129 ¥¥ Hakea pugicniformis
Telcocpea sp2ciossisimus
X _Hakea pugioniformis
9799882 Eankesia serrata
¥ Hakza pugioniformis
¥ Banksia serrata
178698 ¥¥ D. divaricata montana
Macadamia ternifolia
X D. divaricata montana
1774358 ¥ D. parilis

¥ D. parilis

-, D : =4 -II - -
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FAGE 4

RRELATION SPECIES /CLUSTER 1
EFFICIENT SFECIES/CLUSTER 2

NEW CLUSTER NAME

- o S o T S o S S St e o o o o i o o o . e ok o o o o i d S i S S S T o o o S o o i T S i i S g

774291 ¥¥_Diastaila nuekii

¥X Diastella bueskii

R7 70744 XX Diastella buerii
¥ D. myrtifolia
¥%* Diastella buekii

3767771 X¥ D. divaricata montana
Erabejum stellatifolium
X D. divaricata montana

7 Z4903 ¥X D. divaricata montana
L. hetercphvllum
¥ D. divaricata montana

17146209 ¥¥ D. divaricata montana
X% D. parilis

XX D. divaricata montana

1711695 %% Orothamnus zevheri
Sorocephalus tenuifolius
¥ Orothamnus zevheri

1725024 XX Orothamnus zevheri
XX Banksia serrata :
¥¥X Orothamnus zevheri

L7607 L. truncatulum
Aulayx umbellata <male>
¥¥ L. truncatulum

SS267 Banksia ericifolia
XX Petrophile gessilis.
¥¥ Banksia ericifolia

£34881 D. divaricata divaricata

XX Orothamnus zeyvheri ;
¥¥ D. divaricata divaricata

561958 ¥X¥ Diastella buekii
¥ D. divaricata divaricata
¥k Diastella buekii

Cyededrdlos ¥X D. divaricata montana
XX Banksia ericifolia
¥¥ D. divaricata montana

623377 Protea repens
Isopoqon pulchellus
XX Protea repens

622164 X D. fraterna
¥ L. cuneiforme v3

% D. fraterna
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COEFFICIENT
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SFECIES/CLLSTER ¢
SPECIES,CLUSTER 2
NEW CLUSTER MAME

————— —————— — . —— T —— T _—— ——— —— — — — — i ————————— " S, " o o W " S . — " S S —— . o S — " o St

.954193
. 9489925
. 94460432
19445194
9451124
. 9295983
.9219382

512079
.828737
. 7180095
. 6547665

. 4213587

kX

L. prostratum
L. Wwitteasergensa
rx L.

prastratum

L. orostratum

X%

iatebrocsa
¥ L. prostratum

YVevatorella

L. catnerinasa
Spatalla carilis
X%k 1.

catherinae

Diastella buekii

XX

D. divarizata montana

XX

¥¥%¥ Diastella buekii

D. fraterna

L. prostratum

XX

¥i¥ D. fratarna

truncatulum

XX

conocarcodendron
¥%¥ L. truncatulum

truncatulum

X
Ix

cordifolium
¥

L. truncatulum

Faurea_macnaughtonii

Faurea saligna

¥ Fawrea macnaughtonii

D. fraterna
Frotea repens

XX

fraterna

¥x D.

Diastella buekii

XX

D. fraterna

XX

¥¥ Diastella buekii

L. truncatulum

XX

L. catherinae

XX

¥ L. truncatulum

|2

kX

truncatul um
Lis

saxosum

¥¥x L. truncatulum

Diastella buekii

X

L. truncatulum

XX

XX Diastella buekii

Diastella buekii

X

Faurea macnaughtonii

Xx Diastella buekii .

————— . ————— T — —— o —— s e - - s o =
—— e ———————— o ———— —— — —— — —— — — — e o ————— — ———

CLUSTER ANALYSIS COMPLETED.
;ME TAKEN 3

TOTAL T
v ST

BEGAN AT :

21:10:25
4Hr 49Min 41Sec i

A s

ENDE
D

D AT

ATE
i g R

s 02:
04-0
oELD _q‘ -.‘.: .

AN

00: 06
9-1986
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C.2 Cluster analysis using the program after Spencer (1984). See program listing in APPENDIX B.

AXRAR AR XX R KA A XA KA R R A A KA AR R K A X R KRR XK KA R AR AR R R X AR Rk R Rk kR R AN K R KN

x x

Cluster analysis using Spencer's algorithn
* Hodified by Les Powrie, 10 July 1986 !
Run date : 08-15-1986  starting time : 12:23:15
Data source : diastell.seq Clusters written to : 15081223.d1a
FREE AMINO ACIDS AS CHEMOTAXONOMIC MARKERS IN DI4STELLA AND OTHER GENERA OF
THE FAMILY PROTEACEAE
Using 41 variables in 68 plants.

Dissimilarity Species 1 Species 2 Cluster name

6.173538 L. prascox Serruria peduncyl C: L. praecox
8.351498 B. Ffraterna Niwetes fFiwbriifo C: 0. fraterna
8.387533 L. glabrum C: L. praecox Ci L. glabrum
8.979894 C: L. glabrum Aulax cancellata Ce L. glabrum
9,156122 0. divaricata won C: D, fraterna C: & divaricata mon
9.627505 C: 0. divaricata won Hiwetes cucullaty C: 0. divaricata wen
11.2036 C: L. glabrum Vexatorella obtus C: L. glabrum
11.36471 Orothamus zeyher Serruria adscende C: Orothamus zeyher
11.44932 C: Orothamnus zeyher Paranomis sceptru C: Orothamus zevher
11.60881 L. lineare L. cordifol fum Cs L. lineare
12.19521 Ci L. glabrum Ci Orothamnus zeyher Ci L. glabruw
12,7382 D, parilis L. calligerum C: D, parilis
13.34054 L. heterophyllum L. parile C: L. heterophyllum
11.56266 C: L. heterophyllum L. cuneiforne y3 Ci L. heterophyllun
13.07394 C: L. heterophyllum C: L. lineare Ce L. heterophyllum
11.682338 C: & parilis C: L. heterophyllun Ct 8. parilis
12.66025 Ct b, divaricata won C: D, parilis Ce . divaricata won
15,00383 Petrophila sessil Leucadendron sali C: Petrophila sessil
11, 94502 Ci L. glabrum C: Petrophila sessil C: L. glabrum
13.87392 Ci L. glabrum Leucadendron Einc Ci L. glabrum
15.61244 Faurea macnaughto Faurea saligna Cs Faurea macnaughto
15.89473 C: L. glabrum Hakea saligna C: L. glabrum
16.05606 Diastella buekii D, thymelaeoides C: Diastella buekii
16.15258 C: D, divaricata won Paranomys reflexy C: 0. divaricata mon
16.52907 C: 2. divaricata mon L. royenifolium C: D divaricata won
17.58318 C: L. glabruw L. forwosuw C: L. glabrum
18.11607 Aulax umbellata < Protea nitida C: Aulax uwbellata <
17.91346 C: 0. divaricata wan C: dulax uwbellata < Ct B, divaricata mon
19.62395 C: L. glabruw Grevillea banksii C: L. glabrum
2041587 C: 0. divaricata mon L. owuirii C: D, divaricata mon
21,01066 Ct &, divaricata won C: L. glabruw C: . divaricata won
22,4249 C: 0. divaricata won L. wundii C: 0. divaricata mon
24,1741 C: D, divaricata mon Macadawia ternifo C: D, divaricata mon
26.87336 C: 0. divaricata mon D. thymelasoides C: 0. divaricata mon
29.07159 Banksia serrata Banksia ericifeli C: Banksia serrata
29.77099 C: 0. divaricata won Hakea pugioniforn C: D, divaricata won
30.68657 Ci D. divaricata mon Leucadendron tinc C: D. divaricata mon
31.82424 Protea repens L. vestitum C: Protea repens
28.2571 C: b divaricata mon Cs Protea repens C: b. divaricata mon
33.91837 C: Diastella buekii C: 0. divaricata won C: Diastella buekii
34,4724 C: Piastella buekii Stenocarpus sinua Ci Diastells buskii
35.5088 C: Banksia serrata Stenocarpus salig C: Banksia serrata
35.07528 C: Diastella buekii C: fanksia serrata C: Diastella buekii
38.6805 L. catherinae L. conocarpodendr C: L. catherinae
33.64103 C: Diastella buekii Ct L. catherinae C: Diastella buekii
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Dissimilarity Species 1 Species 2 Cluster name
38.64977 C: Diastella buekii . protecides C: Diastella buekii
39.07007 C: Diastella buekii Isapogon pulchell C: Diastella buekii
40,53491 C: Diastella buekii L. hypohyliocarpe C: Diastella buekii
41.02335 C: Diastella buekii Vexatorella lateb C: Diastella buekii
40,97905 C: Diastella buekii Aulax cancellata C: Mastella buekii
41.23716 L. prostratum L. wittebergense C: L. prostratum
47.29155 C: Diastella buekii Leucadendron sali C: Diastella buekii
48.23966 C: Diastella buekii Leucospermum bolu C: Diastella buekii
49,90642 C: Diastella buekii Sorecephalus temu C: Diastella buekii
52.92662 C: Diastella buekii L. oleifelium C: Diastella buekii
54.63551 C: Diastella buekii L. pedunculatun C: Diastella buekii
59.78591 C: Piastella buekii v L. prostratuw C: Diastella buekii
64.75989 D, wyrtifalia Grevillea robusta C: D. myrtifolia
54.87093 C: Diastella buekii : DLomprtifelia C: Diastella buekii
70,88235 C: Diastella buekii D, divaricata div Ct Diastella buekii
74.25891 C: biastella buekii L. truncatulum C: Diastells buskii
77.85582 Ct Diastella buekii L. saxosiun Ci Diastella buekii
110,516 C: Diastella buekii Spatalla parilis C: Diastella buekii
124.8327 C: Diastella buekii t Faurea wacnaughto C: Diastella buekii
134.5666 Ci Diastella buekii Aulax umbellata < C: Diastella buekii
141.61 C: Diastella huekii Telopea speciossi C: Diastella buekii
151.8076 C: Diastella buekii Brabe jum stellati C: Diastella buekii

Finishing time : 23:33:09
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APPENDIX D

Abbreviations
AAA ¢ amino acid analysis using the LKB 4150 Alpha amino acid analyser.
BAW : Butan-1-0l:Acetic Acid:Water::90:10:29::V:V:V
DtX Lo ¢ putative bigeneric hybrid between fisstella thywelaeaides and Leucospermum oleifelium.
Dtu + Diastella thywelaeoides ssp. thywelaeeides, presumed parent species of Dt X Lo
ESD ! estinated standard aeviation,
LWP + Leslie Ward Powrie, collector of the material with collector's number.
Lo t Leucospermum oleifolium, presumed parent species of Ot ¥ Lo
HCW : Methanol:Chloroform:Water::12:5:31:V:Vsy
Molar percent : the molar quantity of one amino acid as a percentage of the total moles of free anino acids in a sample,
Ninh. spray t 0,25% ninhydring 5,0% 2,4,6-collidine in methanol.
Phenol : Water Saturated Phenol (Phenol:Water::80:20::V:V)
r ¢ correlation coefficient after Parker (1976).

Tygerhoek P.R.U. : Tygerhoek Protea Research Unit of the Horticultural Research Institute, Tlocated at
Riviersonderend.

Amino acid abbreviations
: after the three-letter forms used by Lehninger (1975) and some of my own.

Ala t alanine

Arg ¢ arginine

Asn : asparagine
Asp : aspartic acid
Cys ¢ cysteine
Cys-Cys : cystine

6In ¢ glutamine

6lu : glutamic acid
Gly : glycine

His : histidine

Ile : isoleucine
Leu : Teucine

Lys : lysine

Met : methionine
Phe : phenylalanine
Pro ¢ proline

Ser : serine

Thr : threonine

Trp ¢ tryptophan
Tyr ¢ tyrosine

Val ¢ valine

3-ala ¢ 3-alanine
4-ABA ¢ d-amino butyric acid
Citr : citrulline
Etham : ehtanolanine
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Hpro ¢ hydroxyproline

Orn ¢ ornithine

P-ser : phosphoserine

Pip i pipecolic acid

RT 71 etc ¢ unknown amino acid observed in AAA with retention time of 71 minutes.

02 62 P etc ¢ unknown amino acid observed in PC with purple colour, R X 100 of 2
in BAW and 62 in phenol,

Abbreviations used in figures and tables

Species names are abbreviated as follows, sometimes with the first four characters of the specific or

subspecific name,

D, bue
D. div div
D. div won
b, fra
D, myr
D, par
b pro
D. thy wer
D, thy thy

L. cun
RED, Y1...Y3
wat.wash

L. sax

L. con

L. gla

L. pra

L. wui

L. ves

L. lin

L iCoF

L. for

L. cat

L. hyp hyp
L. hyp can

L. par
L. bal
L. cal
L. het
L. ped
L. pro
. roy
L, tru

L. wit

L. ole Cl or C2
L. wun

-

Dt X lo :
L. cord X L. 1in /F:
L. cord ¥ L. vest

Aula canc
Aula umbe
Brab stel

¢ Diastella buekii (bandoger) Rourke

t Diastella divaricata (Berq.) Rourke, ssp. divaricata
1 Diastella divaricata montana Rourke

i Diastella fraterna Rourke

¢ Diastella myrtifolia (Thunb.) Salisb. ex Knight

t Diastella parilis Salisb. ex Knight

i Diastella pratecides (L.) Druce

Diastella thymelzecides meridiana Rourke

¢ Diastella thymelaeoides (berg,) Rourke ssp. weridiana

: Levcospermum (Sect. Crassicaudex) cuneiforme (Burm. f.) Rourke

red and yellow variants, the yellow being done in triplicate.

: water wash eluent from cation exchange column.

¢ Leucospermm (Sect. Crassicaudex) saxosum S. Moore

¢ Leucospermm (Sect. Conocarpodendron) conocarpodendron (L.) Buek ssp. viridum Rourke
¢ Leucospermum (Sect. Conocarpodendron) glabrum Phillips

+ Leucospermm (Sect, Tuwiditubus) praecox Rourke

: Leucospermm (Sect. Tuwiditubus) wuirii Phillips

i Leucospermum (Sect. Brevifilamentum) vestituw (Lam.) Rourke

¢ Leucospermum (Sect. Brevifilamentum) lineare R, Br

Leucospermm (Sect. Brevifilawentum) cordifelium (Salisb. ex Knight ) Fourcade

¢ Leucospermm (Sect. Cardinistylus) Formosum (Andr.) Sweet
¢ Leucospermm (Sect, Cardinistylus) catherinae Conpton
¢ Leucospermum (Sect. Leucosperwum) hypophyllocarpodendron (L.) Druce

ssp. hypaphyllacarpedendron

¢ Leucospermum (Sect.  Leucospermum)  hypophyllocarpedendron ssp.  canaliculatum

(Buek ex Meisn.) Rourke

: Leucospermm (Sect. Leucospermm) parile (Salisb. ex Knight) Sweet

Leucospermum (Sect, Diastelloides) belusii Gandoger

: Leucospermm (Sect, Diastelloidea) calligerum (Salisb. ex Knight) Rourke
¢ Leucospermum (Sect. Diastelloidea) heterophyllum (Thunb.) Rourke

Leucospermm (Sect. Diastelloidea) pendunculatum (Klotzsch)
Leucospermum (Sect. Diastelloidea) prostratum (Thunb.) Stapf

t Leucospermm (Sect. Diastelloidea) royenifolium (Salisb. ex Knight) Stapf

Leucospernuw (Sect. Diastelloidea) truncatuluw (Salisb. ex Knight) Rourke

s Leucospermm (Sect. Diastelloidea) wittebergense Compton
i Leucosperaunm (Sect. Crinitae) oleifoliuw (Berg.) R. Br,
¢ Leucospermm (Sect. Crinitae) mundii Meisn

t Putative Diastella thywelaeoides X Leucospermum oleifolium

Leucosepraum cordifolivm X L. lineare (two crosses, designated A and F)

s Leycospermm cordifelium % L. vestitum

t Aulax cancellata (L.) Druce
: Aulax umbellata (Thunb.) R.Br.
¢ Brabejum stellatifelium L,
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Faur macn s Faurea macnaughtonii Phill,

Faur sali : Faurea saligna Harv.

L'de sali : Leucadendron salignuw Berg.

L'de tinc i Leucadendron tinctuw Wil)ians

Hiwe cucu : Hiwetes cucullatus (L.) R, Br.

Hiwe fimb i Kiwetes Fimbriifolius Salish. ex Knight
Oret zeyh i Orothamnus zeyheri Pappe ex Hook. F.
Para refl t Paranomys reflexus (Phill, & Hutch.) N.E.Br.
Para scep ¢ Paranomus sceptrum-gustavianus (Sparrm.) Hyl
Prot niti : Protea nitida Mill.

Prot repe i Protea repens (L.) L.

Serr adsc ¢ Serruria adscendens R, Br.

Serr pedy : Serruria pendunculata (Lam.) R. Br,
Soro temy s Sorocephalus tenuifolius R. Br.

Spat pari 1 Spatalla parilis Salisb. ex Knight
Vexa late 1 Vexatorella latebrosa Rourke

Vexa obtu i Vexatorella obtusata (Thunb.) Rourke
Bank eric 1 Banksia ericifelia L.f.

Bank serr : Banksia serrata L.f.

Grev bank s brevillea banksii R.Br.

Grev robu i Grevillea robusta A, Cunn,

Hake pugi s Hakea pugioniforaus Cav.

Hake sali : Hakea saligna J. Knight

Isop pulc 1 Isapogon pulchellus

Kaca tern ¢ Macadawia ternifolia F.b.Muell,

Petr sess ¢ Petraphile sessilis Sieb.

Sten sali s Stenocarpus salignus R.Br.

Sten sinu v Stenacarpus sinuatus (A, Cunn.) Endl.
Telo spec : Telopea speciossisimss (Sm.) R.Br.
fema : female

FLWR : flower

PROT, ROOT 1 proteoid root

JUV. PLANT : juvenile plant

MAT. PLANT/SEED :
DEV. SEED
ATL
B'8
K'N
HAL

—
—

mal
—

(o]
—
-

0CT etc

mature plant or seed
developing seed

: Atlantis

: Betty's Bay

: Kleinmond

: near Malmesbury

: flower material analysed

: leaf naterial analysed

: leaf nmaterial from a flowering plant

: leaf nateial from a plant which could have been in flower
: leaf and flower material were analysed together

: group 1 Diastella species

¢ group 2 Leucospermum (sect. Diastelleidea) species

¢ group 3 species from other sections of Leucospermum (see Section 3.1.2)
: group 5 other indigenous genera of the family Proteaceae

1 group b exotic genera of the family Proteaceae

¢ month of analysis




