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Abstract

Horizontal starch gel-electrophoresis was used to examine genetic diversity between geo-
graphically isolated populations of Sutherlandia tomentosa, S. frutescens, S. frutescens var.
incana, S. microphylla, S. speciosa, S. humilis and S. montana at 18 enzyme coding loci.
Astragalus atropilosulus subsp. burkeanus and a Lessertia species were used as outgroups to
root dendrograms. Gene product of 32 enzyme coding loci revealed genetic variation at 18
(56.3%) thereof. The percentage of polymorphic loci ranged from 0 to 20.6% (0.95 criterion),
values between 1.0 (+ 0.00) and 1.3 (+ 0.09) were obtained for the mean number of alleles per
locus, and average heterozygosity values per locus ranged from 0 to 0.097 (+ 0.034). The
average genetic distance between populations (0.077) was higher than between taxa (0.032); the
overlap in the cluster analyses of genetic distance data indicated that Sutherlandia taxa are not
easily distinguished genetically. Although preliminary results showed that it was possible to
identify some sympatric taxa, the analysis of additional populations annuled this result. There is
remarkable lack of agreement between morphological and allozyme patterns within the genus
Sutherlandia and the low allozyme differentiation between populations and taxa could be the
result of the breeding systems of this genus. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The genus Sutherlandia R. Br., commonly known as the cancer bush, comprises six
taxa, all of which are endemic to southern Africa (Phillips and Dyer, 1934). The
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taxonomically significant characters to distinguish the taxa are the habit, the orienta-
tion of the fruit stipe, the shape of the pods and the shape and pubescence of the
leaflets. Sutherlandia taxa have both medicinal and horticultural uses. Leaf infusions
of §. frutescens are used to treat stomach, intestinal and uterine ailments. It is also used
as a cough remedy (Uphof, 1968), as a tonic (Van Wyk et al.,, 1997), to relieve eye
troubles and chicken pox (Watt and Breyer-Brandwijk, 1962) and to treat internal
cancers. The vernacular names refer to the use as a cancer cure, and there are several
anecdotes to support this claim, but so far there is no published scientific evidence.
Canavanine, a non- protein amino acid with known antitumourigenic properties, has
been extracted from seeds of S. frutescens and further investigations seem worthwhile.
The taxa were also grown as ornamentals in England as early as 1683 (Curtis, 1792},

Phillips and Dyer (1934) highlighted the problems associated with the taxonomy of
this genus. It is still unclear whether there are six taxa, two, or perhaps only one. The
taxonomy of Sutherlandia is problematic because the taxa often grade into each other
(Phillips and Dyer, 1934). They can only be distinguished by a combination of
characters and even this is not always conclusive (Schrire and Andrews, 1992).

Previous taxonomic research suggested that these taxa may be considered varieties
of a large polymorphic taxon, and that the range of variation makes it difficult to
separate the taxa (Meyer, 1836; Harvey, 1862; Schrire and Andrews, 1992). The
existence of morphologically integrated populations also led Phillips and Dyer (1934)
to identify the need for a genetic study of the genus Sutherlandia. There are no clear
geographical patterns within taxa and each population has its own particular combi-
nation of morphological characters.

This paper is a first attempt to determine the extent of genetic differentiation in
Sutherlandia and to evaluate the feasibility of using allozyme data as additional
characters to morphology in grouping the populations and taxa.

2. Materials and methods
2.1. Plant material

Leaf samples of Sutherlandia individuals were collected from 19 natural popula-
tions: five populations of S. frutescens (L.) R. Br. (N =79), two of S. frutescens
var. incana E. Mey. (N = 49), two of S. tomentosa Eckl. and Zeyh. (N = 76). six of
S. microphylla Burch. ex DC. (N = 76), two of S. montana Phill. and Dyer (N = 40),
one of S. humilis R. Br. (N = 20). one of S. speciosa Phill. and Dyer (N = 20) and
outgroups Astragalus atropilosulus (Hochst.) Burge subsp. burkeanus (Harv.) Gillett
(N =2) and a Lessertia sp. (N = 5). The latter is a new species, not yet described.
Sample size for the ingroup taxa was subject to availability. Sutherlandia populations
usually comprise a relatively small number of individuals growing in an area of less
than 500 m*. The populations are geographically separated and were chosen because
they allowed comparisons of population, variety and taxon levels. They also represent
the full range of morphological and geographical variation within the genus. Popula-
tions and taxa investigated, their sources and voucher specimens are denoted in Fig. |
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Fig. 1. Localities sampled for enzyme electrophoresis {populations are numbered as in Table 1).

and listed in Table 1. The identification of the populations is based on considerable
field experience of the last ten years, using the diagnostic characteristics mentioned in
the introduction.

2.2, Procedure

Young leaves were collected from growing shoots, placed in cryotubes and immedi-
ately submerged in liquid nitrogen (— 196°C). Sample preparation, extraction buffer,
electrophoresis, staining of gels, interpretation of results, locus nomenclature and
statistical analysis followed Van der Bank et al. (1995a). Locus abbreviations, mono-
morphic loci, buffer systems used and enzyme commission numbers are given in
Table 2. Buffer systems used are described in Van der Bank et al. (1995a,b). The
statistical analysis of allozyme data was carried out using BIOSYS-1 (Swofford and
Selander, 1981). Allele frequency data for populations of the same taxa were combined
and DISPAN (Ota, 1993) was used for the construction of dendrograms using the
neighbour-joining algorithm. Bootstrap tests involved 1000 replications. Phylogenetic
relationships were also investigated using Nei's (1978) genetic distance. Given the lack
of published information regarding the isozymes and allozymes of the genus, we
had to identify as many informative enzyme loci as possible. One population of
S. tomentosa and two populations of S. microphylla were studied in a preliminary
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Table 2
Locus abbreviations enzyme commission numbers (E.C. no.), buffers and their pH used in the study are
listed after each enzyme

Enzyme Locus E.C. No Buffer pH
Adenylate kinase AK 2743 RW 8.0
Esterase EST-1,-2 3.1.1.- RW 8.0
*EST-3
Glyceraldehyde-3-phosphate dehydrogenase 2GAPDH-1,-2 1.2.1.12 HC 5.7
Glucose-6-phosphate isomerase GPI-1,-2 3519 RW 8.0
Isocitrate dehydrogenase IDH 1.1.1.42 HC 6.5
Leucine aminopeptidase “LAP 34.11.1 MF 8.6
Malate dehydrogenase MDH-1 1.1.1.37 LiOH 8.1
*MDH-2,-3
Menadione reductase *MNR-1,-3 1.6.99.- MF 8.6
MNR-2
Manose-6-phosphate dehydrogenase MPI 5.3.1.8 RW 8.0
Peptidase, substrate:
Leucine-alanyl *PEP-C-1,-2 34.-.- MF 8.6
Leucylglycylglycine *PEP-B-1,-2,-3
Leucyl-tryosine *PEP-S-1,-2
Peroxidase *PER-1,-3 11117 MF 8.6
PER-2
6-Phophogluconate dehydrogenase PGDH-1.-2 1.1.1.44 HC 6.5
Phosphoglucomutase PGM-1,-2 54.2.2 MF 8.6
Superoxide dismutase SOD-1,-3 1.15.1.1 RW 8.0

* Menomorphic loci.

MF: A continuous buffer (pH = 8.6) system (Markert and Faulhaber 1965).

RW: A discontinuous buffer (electrode pH = 8.0; gel pH = 8.7) system (Ridgway et al., 1970).
LiOH: A discontinuous buffer (electrode pH = 8.1; gel pH = 8.3) system (Kephart, 1990).
HC: A discontinuous buffer (electrode pH = 6.5; gel pH = 6.5) system (Kephart, 1990).

survey, and for these populations both monomorphic and polymorphic enzymes were
identified. Only polymorphic enzymes were then analysed in subsequent studies. The
results from both studies are reported in this manuscript.

3. Results and discussion

Thirty-two enzyme coding loci provided interpretable results in all populations
analysed, of which 56.3% displayed polymorphism (Table 3). Fifteen of the 32 loci
(43.7%) displayed monomorphic gel banding patterns and products of the SOD-3 and
EST-3 loci migrated cathodally. In addition to these loci, the following enzymes were
stained for: acid phosphatase (E.C. No. 3.1.3.2) and aspartate aminotransferase (E.C.
No. 2.6.1.1). These two enzymes did not show sufficient activity or resolution to score
them satisfactorily in Sutherlandia samples. At SOD-2, only a few taxa showed activity,
hence the exclusion of this locus from Table 3. The maximum number of alleles for any
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given taxon was five and the average heterozygosity (H) values ranged between 0.01
and 0.097 (Table 4).

Astragalus atropilosulus subsp. burkeanus had unique alleles at GPI-7*¢ (Fig. 2a),
IDH*c, MPI*c, PGDH-2*%¢, PGM-1*d, and high allele frequencies at SOD-1*b
and -3*a as compared to Sutherlandia taxa, with A and B as alternate alleles at the
latter two loci. The Lessertia species had a unique (A) allele at IDH whereas the
Sutherlandia taxa had only BB and BC phenotypes at this locus.

3.1. Genetic variation within Sutherlandia populations

Of the 19 ingroup populations studied, five had unique alleles. For example, S.
microphylla had unique alleles at GPI-2*a (SMS5, SM6), MDH-1*b (SM4, SM6) and
MNR-2*a (SM1, SM2). Astragalus atropilosulus subsp. burkeanus shared MNR-I*a
with SF1 and MNR-3*a with ST1. The percentage of polymorphic loci (P) was the
same for three populations, SM1, SH and SS (20.6), and varied from zero to 17.6 for
the other populations; it was 8.8 for SF1, SF2, SVI, SM2 and SM6; 14.7 for SM3,
SMO?2 and ST2 and 5.9 for SFS5, SM4 and L (Table 4).

Individual heterozygosity (h) values ranged from 0.05 to 0.6; the mean number of
alleles per locus (A4) was between 1.0 and 1.3 (Table 4); the observed number of
heterozygotes (OBS) ranged from zero to 18 and the coefficient of heterozygosity
deficiency (d) values were from — 0.029 to 0.900. Details regarding the observed
number of heterozygotes, coefficients for heterozygosity deficiency or excess,
X? values, degrees of freedom and individual heterozygosity values for individual loci
can be obtained from the senior author (email: bot@rau3.rau.ac.za). Genotypic
frequency deviations from expected Hardy-Weinberg proportions were detected at
EST-1 (SV2; SM1; SF1), EST-2 (ST2; SMS), GPI-I1 (ST2; SS), GPI-2 (ST2; SM1-3;
SF2; SH; SS), IDH (SM1; SM5; SM6; SF5; SMO1-2; SH; SS), MNR-1 (SS), MNR-3
(L), MPI (SF2; SMOI1-2), PER-2 (ST2), PGDH-1(SV2; SM1; SM3; SF1; SF5; SMO1),
PGDH-2(ST2; SM1; SM3; SM4; SMS5; SM6; SF4; SF5; SMO1; SH; SS), PGM-1 (SM1;
SM3; SM4; SMOI-2; SH; SS) and PGM-2 (SM1). Deficiencies of heterozygotes
occurred at all these loci except for MNR-/ (SS) and PGM-1 (SM3). This could be due
to small sample size and could not be corrected because the total population was
sampled in most cases. The average heterozygosity (H) values per locus (Table 4)
ranged from zero (A, SF3, ST) to 0.097 (SS); and variation at population level occurred
at GPI-1 between two populations of S. microphylla (SMS and SM6) (Fig. 2b) and
heterozygotes were present at PGM-1 (Fig. 2¢).

0.01-0.097, respectively) are quite low as compared to the reported values for vascular
plants in Hamrick and Godt (1983) (P = 22.0-75.3%, 4 = 1.35-2.56, H = 0.079-
0.354). The lower allozyme variation between taxa might be attributed to various
factors. For example, the breeding system is taxonomically important for three
reasons: the extent of interbreeding largely defines the pattern of variation and hence
the delimitation of taxa; a knowledge of the breeding system frequently helps to
understand complexity, although often it does not solve the problems associated with
it; and a study of the breeding system is often vital in unveiling evolutionary pathways
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Fig. 2. Anexample of a gel showing allozyme variation at GP{-1 between (a) Sutherlandia taxa and (b) two
S. microphylla populations, and {c) a gel showing allozyme variation at PGM-1.
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(Stace, 1980). Sutherlandia taxa are pollinated by the malachite sunbird (Nectarinia
famosa) commonly found in southern Africa (Skead, 1967; Arroyo, 1981). The bird can
travel long distances and is able to transfer genetic material from different geographi-
cally isolated populations of taxa, causing the recombination of alleles. Flowers may
also become cleistogamous, thus enabling self-pollination (B-EvW, pers.obs.). This
will result in a small population becoming larger up to a point where pollinators will
be attracted.

Cleistogamy would result in a morphologically uniform population which might
later, during favourable seasons, be pollinated by a bird with pollen from a geographi-
cally distant population. The resulting seeds will have a combination of genetic
material and this could result in high levels of integration and recombination. The
high degree of integration among the taxa studied (Fig. 3b) makes it difficult to
support the hypothesis that the genus comprises six taxa. The average D value
between populations was 0.077 and a UPGMA dendrogram derived from D values
shows the relationships and integration of 19 populations from six taxa of Sutherlan-
dia and outgroups (Fig. 3b). The grouping of populations ST1 and SF3 was mainly
due to lack of heterozygotes in both populations and had the highest bootstrap value
(90). Most of the groupings of populations were not well supported as indicated by
very low bootstrap values (Fig. 3b). It is interesting to note that all pairs of popula-
tions with relatively high bootstrap values (SM5 and SM6, SM1 and SM2, SV1 and
ST2, and ST1 and SF3), respectively originated from the same geographical areas.
This suggests that the geographical component of the allozyme pattern is somewhat
stronger than the taxonomic component. A similar result was obtained by Hornero
and Pérez (1997) in Colutea.

3.2. Genetic differentiation

Using limited numbers of populations when investigating genetic variation may
lead to incorrect conclusions about the taxa studied. In a preliminary survey, only
seven Sutherlandia populations (SF4, SFS, ST1, ST2, SM4, SMS5, SM6) were studied.
Fig. 3a illustrates the relationship among the four taxa using A. atropilosulus subsp.
burkeanus (A) as the outgroup. Except for S. frutescens all the taxa could be distin-
guished by unique alleles: S. frutescens var. incana (PGDH-1*c), S. microphylla
(MNR-2*c, PGDH-2*a and PGM-1%b), S. tomentosa (GPI-2*a and PER-2*a) and 4.
atropilosulus subsp. burkeanus (IDH*c, MDH-1*b, MNR-I*a, MPI*c, PGDH-2%e,
PGM-1*d, PGM-2*b and SOD-1*b). From this cluster three groupings were evident
and the grouping of taxa agreed with the classification based on morphology. The
cophenetic index value was 99.9%. We then investigated more populations, including
all taxa, and it was evident that the populations graded into each other because it
was not possible to differentiate between taxa as a result of the lack of unique alleles
(Fig. 3b).

Nei’s (1973) coeflicient of gene differentiation relative to the total population (Ggy) is
equivalent to Wright's (1978) fixation index (Fgsr). These values averaged 0.643 and
0.638, respectively, for the Sutherlandia populations and taxa studied (excluding
outgroups). This indicates that the Fgy values are similar at these taxonomic levels, i.e.,
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there is as much differentiation among subpopulations from the same taxon com-
pared to subpopulations from different taxa. For example, the Fgy value is 0.767 for
the SF populations and 0.597 for the SM populations. These Fgy values indicate
a reduction in heterozygosity between subpopulations studied due to random genetic
drift since values of Fgy are close to zero if all subpopulations are in Hardy-Weinberg
equilibrium with the same allele frequencies (Nei, 1986). The Fy; values of 0.876, 0.920
and 0.877 for the above-mentioned populations, respectively, which quantifies in-
breeding due to population subdivision, are also indicative of low levels of gene flow
between the populations studied, but it may reflect adaptation to different ecological
conditions.

Average D values (Table 4) between taxa (0.032) is lower than between populations
(0.077), and genetic distances of the same magnitude between three taxa of Sutherlan-
dia (S. frutescens, S. microphylla and S. montana) were obtained. Taxa differences were
identified between ST1, SV1, SM4 and A at GPI-7*a, *b and *c (Fig. 2a). Despite the
taxa differences observed (Fig. 2b} there are no distinct allozymes (or allele frequen-
cies) or geographic patterns of allele frequencies between taxa at different populations
to distinguish them.

The phylogenetic tree (Fig. 3b) illustrates the genetic relationships between Suther-
landia taxa; ST and SV formed a consistent group (92% bootstrap value). This
grouping is sensible because SV is morphologically an intermediate between SF and
ST. These two taxa co-occur and both have dense pubescent leaves. Sutherlandia
speciosa (SS) is endemic to the Khamiesberg in Namaqualand and is grouped with
S. humilis (SH) (Fig. 3¢} from the eastern Karoo regions. Morphologically, S. speciosa
is a spreading shrub of 0.4 m with large flowers and the stipe curving downwards in
the mature pods. It is similar to S. frutescens (SF), except for the stated pod character
and the larger flowers and habit. In contrast, S. humilis is a prostrate shrublet of less
than 0.2 m tall and is also similar to S. frutescens, again except for the habit. It seems
likely that S. humilis (SH) and S. speciosa (SS) are mere varieties of S. frutescens (SF),
adapted to different geographical and environmental conditions (Fig. 3c). The same
may be true of S. speciosa (SS) and S. montana (SMO), the only two “taxa“ found at
high altitudes, both with exceptionally large flowers. Sutherlandia microphylla (SM) is
grouped separately from the other taxa on the basis of the oblong pods (length to
width ratio of more than two) and narrow leaflets.

Liston (1992) studied Astragalus taxa and concluded that morphological and
allozyme divergence patterns are concordant and that infraspecific taxa are character-
ised by slight morphological and little or no genetic differentiation. The taxa however,
exhibited more pronounced morphological and allozyme differentiation as compared
to conspecific populations. Although these observations were in agreement with the
taxonomic treatment of Barneby (1964) and supported the validity of his taxa
concepts in A. sect. Leptocarpi subsect. Californici, the results of the UPGMA
phenogram suggested that taxonomic categories above taxa level do not reflect
genetic relationships. Liston’s (1992) findings are similar to the results shown in
Fig. 3a, but not to those in Fig. 3b and c. It is clear that Sutherlandia populations show
almost no agreement between morphology, geographic origin and isozyme patterns.
A similar lack of agreement between morphology and isozyme patterns was also
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found in other genera of the tribe Galegeae. Hornero and Pérez (1997) were able to
illustrate geographical relationships among 23 Colutea populations using cluster
analysis, but a strong correlation was lacking between genetic and geographic dis-
tance within each area. Populations from the same area were clustered together and
two major gene pools appeared among the Iberian Colutea populations studied, but
these did not agree with the classification proposed on the basis of morphological
criteria. The paper by Hornero and Pérez (1997) seems particularly relevant for
comparison since Colutea is the closest relative of Sutherlandia for which published
information could be found. It is interesting to note the same lack of agreement
between the current taxonomy of Sutherlandia and the enzyme patterns.

4. Conclusions

Our results indicate that the Sutherlandia taxa have very low genetic differentiation
as compared to populations. This observation is consistent with the taxonomic
treatments of Meyer (1836) and Harvey (1933) who regarded the South African
Sutherlandia genus as one variable taxon, S. frutescens. On the other hand, Phillips
and Dyer (1934) were inclined to the view that they were dealing with a large taxon
complex which was separating into definite taxa in different geographical areas. In
each of these areas they found that the fruits had differentiated sufficiently to justify
their grouping at specific rank, but one would tend to argue against the validity of
using only one characteristic in taxa delimitation.

Our survey of populations from all the taxa illustrated an integration of popula-
tions and taxa which cannot be distinguished from each other by allozyme data. The
results of this study, therefore, suggest that a more conservative taxonomic classifica-
tion system for the genus Sutherlandia is called for. However, ongoing morphological
investigation can affect final decisions regarding the circumscription and rank of the
various geographical forms of Sutherlandia. 1t 1s already clear that the specific rank is
inappropriate in many cases, and that the rank of subtaxa or variety will give a better
reflection of the lack of genetic differentiation and the lack of morphological discon-
tinuities between some of the forms hitherto accepted as distinct taxa.
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