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Riassunto. Centoventuno esemplari di 34 specie di Encephalartos 
(Zamiaceae, Cycadales) coltivati nell’Orto Botanico di Napoli sono stati 
esaminati per valutare la presenza di polimorfismi negli enzimi 
fosfoglucomutasi, 6-fosfogluconato deidrogenasi e isocitrico deidrogenasi. 
I risultati ottenuti indicano un elevato livello di polimorfismo genetico in 
contrasto con quanto precedentemente osservato in altri generi di 
Cycadales.

Abstract. One hundred and twentyone specimens belonging to 34 species 
of Encephalartos (Zamiaceae, Cycadales) cultivated at thè Botanical 
Garden of Naples, Italy, have been examined to evaluate thè occurrence of 
polymorphism in thè enzymes phosphoglucomutase, 6-phosphogluconate 
dehydrogenase and isocitric dehydrogenase. Data indicate a high level of 
genetic polymorphism in contrast with previous evidence available for 
other genera of Cycadales.

Key words: Encephalartos, Enzyme polymorphisms, Zamiaceae.

iNTRODUCnON

Cycadales (cycads) are a group of gyrnnosperms whose fossil 
record dates back to thè Lower Permian (Crane, 1988). They are 
presently represented by eleven genera, distributed in thè whole 
intertropical belt (Stevenson, 1990).

In recent year, biologists have become interested in cycad 
genetics and molecular biology. Despite thè potential interest of 
such investigations, however, no study is available dealing with 
thè genetic structure of a significant number of species in a 
genus. At present, only three species have been studied by
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using enzyme polymorphisms, 1. e., Cycas rumphii Miq.
(Leibenguth, 1984; 1985), Zamia pumila L. (Walters & Decker- 
Walters, 1991), and Macrozamia communis L.A.S. Johnson 
(Ellstrand et al., 1990).

In thè latter two studies, thè authors found an unusual 
genetic structure with relatively low level of polymorphism and 
generally rare alternate alleles. These results strongly contrast 
with similar flndings on other gymnosperms (Hamrick & Godt, 
1990).

To verify thè level of polymorphism in other cycad taxa, we 
analysed thè variation of phosphoglucomutase, isocitric 
dehydrogenase and 6-phosphogluconate dehydrogenase wlthin thè 
Affican genus Encephalartos.

Encephalartos is thè second largest genus in thè Cycadales and 
consists of over 50 species, plus a number of yet undescribed taxa 
(Goode, 1993; Stevenson & Osborne, 1993). Its distribution is 
presently restricted to thè Aftican continent, with more than half of 
thè species occurring in South Africa. While some species of 
Encephalartos have a fairly wide distribution (i.e. E. natalensis), 
others have a narrow range or even a point distribution (Goode, 
1993; Moreto et al., 1989).

Material and Methods

A total of 121 specimens belonging to 34 Encephalartos 
species were investigated; all specimens are cultivated at thè 
Botanica! Garden of Naples (Tab. 1). Thè specimens were either 
fìeld collected or supplied by other botanical institutions. It is 
extremely unlikely, therefore, that any of thè specimens sampled 
was clonai propagation of another.

For phosphoglucomutase (PGM - E.C. 2.7.5.1), 121 specimens 
were examined; for 6-phosphogluconate dehydrogenase (6-PGD - 
E.C. 1.1.1.44), 101 specimens; for isocitric dehydrogenase (IDH - 
E.C. 1.1.1.42), 107 specimens (Tab. 1).

Young and healthy leaflets (3 g) were collected from each 
specimen and washed several times in sterile distilled water. Thè 
leaflets were then minced and homogenized in a Waring Blendor (3 
pulses of 5 sec each). Homogenization buffer contained 100 mM
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Tab. 1 - Encephalartos species in study with their geographic origins and number 
of examined specimens.

Species Geographic origin

No. of specimens 
examined for 
each enzyme

PGM 6PGD IDH
E. altensteinii Lehmann Rep. South Africa (RSA) 4 3 3
E. arenarius R.A. Dyer RSA 5 4 5
E. bubalinus Melville Tanzania, Kenya 1 1 1
E. caffer (Thunberg) Lehmann RSA 2 2 2
E. cycadifolius (Jacquin) Lehmann RSA 3 1 2
E. eugene-maraisii Verdoom RSA 8 6 6
E. ferox Bertolini fìl. RSA, Mozambique 5 5 4
E. friderici-guilielmi Lehmann RSA 2 2 1
E. gratus Prain Malawl, Mozambique 2 1 2
E. heenanii R.A. Dyer RSA, Swaziland 1 1 1
E. hildebrandtii A. Braun & Bouche Kenya, Tanzania 2 2 2
E. horridus (Jacquin) Lehmann RSA 6 5 6
E. inopinus R.A. Dyer RSA 4 4 4
E. kisambo Faden & Beentje Kenya 1 1 1
E. lanatus Stapf & Burtt Davy RSA 4 4 4
E. latifrons Lehmann RSA 1 1 1
E. Laurentianus De Wildeman Zaire, Angola 1 1 1
E. lebomboensis Verdoom RSA Swaziland, Mozambique 4 3 4
E. tehmannii Lehmann RSA 3 3 3
E. longifolius (Jacquin) Lehmann RSA 10 7 10
E, manikensis Gilliland (Gilliland) Zimbabwe, Mozambique 3 3 2
E. marunguensis Devred Zaire 2 1 2
E. natalensis R.A. Dyer & Verdoom RSA 11 10 10
E. ngoyanus Verdoom RSA, Swaziland 1 1 1
E. paucidentatus Stapf & Burtt Davy RSA, Swaziland 5 5 5
E. poggei Ascherson Zaire 6 6 3
E. sclavoi De Luca, Stevenson & Moretti Tanzania 1 1 1
E. transvenosus Stapf & Burtt Davy RSA 2 1 2
E. trispinosus (Hooker) R.A. Dyer RSA 3 3 3
E. umbeluziensis R.A. Dyer Swaziland, Mozambique 5 3 4
E. villosus Lemaire RSA, Swaziland 4 3 4
E. woodii Sander RSA (extinct in nature) 1 0 1
E. sp. "Msinga” RSA 4 4 2
E. sp. "Piet Retiefu" RSA 4 3 4
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Tris-HCl (pH 8.0) 10 mM EDTA, 7.5% polyvinylpyirolidone (PVP 
m.w. 40000), 2 mM phenylmethylsulphonylfluoride (PMSF), 14 mM 
2-mercaptoethanol and 2.2 mM dithiothreitol. Thè leaflet weight to 
buffer volume ratio was 1 to 5. Thè homogenate was filtered 
through Miracloth paper, partially purifìed through successive 
ammonium sulphate precipitations (20-60%) and extensively 
dialysed against 100 mM Tris-HCl (pH 8.0), 10 mM EDTA. Thè 
extract was then either electrophoresed or stored at -80 °C for 
long time preservation. No detectable enzymatic activity has 
been observed after 6 months of such Storage.

Three buffer systems were used in a horizontal starch gel 
electrophoresis apparatus (Connaught Laboratories, Canada); 
electrophoreses (11% starch gel) were carried out for 18 h at 4 
°C (4 V/cm, with 200 x 100 x 5 mm slabs); standard stalning 
procedures for these isozymes were used (Tab. 2).

Tab. 2 - Buffers, ranning condltions and stalning methods used.

Enzyme Gel buffer Electrode buffer Stalning

Tris 15 mM Tris 0.2 M NADP 0.5 mM
EDTA 2 mM EDTA 2 mM GIP 2.6 mM
Borie acid 50 mM Borie acid 0.23 M G1.6P 0.05 mM

PGM PH 7.5 PH 8.0 PMS 0.3 mM
MTT 1.4 mM

60 V; 9 mA; 18 h G6PDH 1.4 U
MgCb 5 mM
PH 8.0

Tris 8 mM Tris 0.15 M NADP 0.5 mM
Citric acid 2 mM Citric acid 50 mM 6PG 2.6 mM

6PGD PH 7.2 PH 7.2 PMS 0.3 mM
MTT 1.4 mM

40 V; 15 mA; 18 h MgCb 5 mM
PH 8.0

Tris 9 mM Tris 135 mM NADP 0.625 mM
Citric acid 2 mM Citric acid 32 mM Isoc. Ac. 40 mM

IDH PH 8.0 PH 8.0 PMS 0.2 mM
MTT 1.75 mM

50 V; 12 mA; 18 h MgCb 5 mM
PH 8.0
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All enzymes detected migrateci anodally. Four loci were inferred 
from thè observed bandlng pattems. In thè case of thè two PGM 
loci, thè locus with thè slowest mobility was numbered 1 and 
thè fastest 2. Alleles are named in a similar fashion, being a thè 
slowest and d thè fastest one (Tab. 3).

Tab. 3 - Allele mobility (in cm from origin).

Enzyme
a

Allele 
b c d

PGM1 2.0 2.5 3.0 3.5

PGM2 4.0 4.5 5.0 5.5

6PGD 1.5 2.0 2.5 3.0

IDH 1.5 2.0 2.5

Results

Thè genette interpretatìon of thè banding pattems was based on 
several lines of evidences (Tab 4). When a single activity band 
occurred in thè majority of thè sampled plants, it was assumed to 
represent homozygous status for thè involved locus or loci. In this 
regard, previous literature relative to subunit composition and 
typical number of isozyme loci for a particular enzyme was taken 
into account.

All thè species examined showed two isoenzymatic forms for 
PGM (PGM1 and PGM2) and a single forni for 6-PGD and IDH. As 
far as thè probable number of different alleles is concemed, thè 
electropherograms indicated thè possible presence of 4 alleles at 
thè 6-PGD locus, 3 alleles at thè IDH locus and 8 at both PGM loci 
(4 each). Five different phenotypes for IDH and 6-PGD, and 14 for 
PGM were detected.

6-PGD shows band b (distance from origin 2 cm) in all thè 
species but four (Tab. 4). Among these four (all represented by a 
single individuai), E. latifrons, E. laurentìanus and E. sclavoi exhibit 
only band d (distance from origin 3 cm), while E. gratus exhibits 
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only band a (distance from origin 1,5 cm). Thè latter two bands are 
present also in other species (Tab. 4).

Tab. 4 - Allele forms in thè examined species.

Species PGM1 PGM2 6PGD IDH

E. altensteinii 2.5 - 3.0 4.5 - 5.0 1.5-2.0 2.0
E. arenarius 2.5 4.5 2.0 2.0 - 2.5
E. bubalinus 3.0 5.0 2.0 2.0
E. caffer 2.5 - 3.0 4.5 - 5.0 2.0 1.5- 2.5
E. cycadtfolius 2.5 - 3.0 4.5 - 5.0 2.0 1.5-2.0
E. eugene-maraisii 2.5 - 3.0 4.5 - 5.0 2.0 1.5-2.0-2.5
E. ferox 2.5 - 3.0 4.0 - 4.5 - 5.0 2.0 2.0- 2.5
E. friderici-guilielmi 2.5 4.0 - 4.5 2.0 2.0
E. gratus 2.0 - 2.5 4.0 - 4.5 1.5 2.0 - 2.5
E. heenanii 2.5 4.0 2.0 2.0
E. hildebrandtii 2.5 - 3.0 4.5 - 5.0 2.0 2.0 - 2.5
E. horridus 2.5 - 3.5 4.5 - 5.0 2.0 1.5-2.0-2.5
E. inopinus 2.5 - 3.0 4.0 - 4.5 - 5.0 1.5 - 2.0 2.0 - 2.5
E. kisambo 3.0 - 3.5 5.5 2.0 1.5
E. lanatus 2.5 - 3.0 4.0 - 4.5 - 5.0 1.5-2.0 1.5 - 2.0
E. latifrons 2.5 5.0 3.0 2.0
E. laurentìanus 2.5 4.5 3.0 1.5 - 2.0
E. lebomboensis 2.5 - 3.0 4.5 - 5.0 2.0 2.0
E. lehmannii 2.5 4.5 2.0 1.5-2.0-2.5
E. longifolius 2.0 - 2.5 - 3.0 4.0 - 4.5 1.5 - 2.0 1.5-2.0-2.5
E. manikensis 2.5 - 3.5 4.5 - 5.5 1.5 - 2.0 1.5- 2.5
E. marunguensis 2.5 - 3.0 4.5 - 5.0 2.0 1.5-2.0-2.5
E. natalensis 2.5-3.0-3.5 4.0 - 4.5 - 5.5 1.5 - 2.0 1.5-2.0-2.5
E. ngoyanus 2.5 4.5 2.0 1.5
E. paucidentatus 2.0 - 2.5 - 3.0 4.5 - 5.0 1.5 - 2.0 2.0 - 2.5
E. poggei 2.0 - 2.5 4.0 - 4.5 1.5 - 2.0 2.0 - 2.5
E. sclavoi 3.0 5.0 3.0 2.0
E. transvenosus 2.5 4.0 - 4.5 2.0 2.0
E. trispinosus 2.5 - 3.5 4.5 - 5.5 1.5-2.0 1.5-2.0-2.5
E. umbeluziensis 2.5 - 3.0 5.0 2.0 - 3.0 1.5-2.0-2.5
E. villosus 2.0 - 3.0 4.5 - 5.0 2.0- 3.0 2.0 - 2.5
E. woodii 3.5 5.5 Not available 1.5
E. sp. "Msinga” 2.5 4.5 1.5- 2.0 1.5- 2.0
E. sp. "Piet Retiefii" 2.5 4.5 2.0 - 2.5 1.5-2.0-2.5
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As far as IDH is concemed, in almost all thè species band b 
(distance from origin 2 cm) is always present (Tab. 4). E. kisambo, 
E. woodii and E. ngoyanus exhibit only band a (distance from 
origin 1.5 cm).

Typically, plants contain two isozymes for PGM, one cytosolic 
and one plastidial (Solus & Solus, 1989). Also in our case, two 
PGM forms are present, but we cannot attribute them with 
certainty to cytosolic or plastidial compartments. In all specimens, 
thè PGM1 bands b (distance from origin 2.5 cm) and c (distance 
from origin 3 cm) are present alone or together, with the exception 
of thè single individuai of E. woodii which exhibits only band d 
(distance from origin 3.5 cm). In most specimens, PGM2 
phenotypes are represented by a single band, either band b 
(distance from origin 4.5 cm) or band c (distance from origin 5 cm). 
The exception are E. woodii and E. kisambo, which exhibit only 
band d (distance from origin 5.5 cm), and E. heenardi which 
exhibits only band a (distance from origin 4 cm) (Tab. 4).

The presence of at least two allelic form in some of 
examined samples indicates that all the investigated enzymes 
(with the possible exception of PGM2 locus) are nuclear- 
encoded in Encephalartos.

DlSCUSSION

The isozyme pattems shown here are similar to those 
observed in other seed plants (Gottlieb, 1981).

The three enzymatic systems investigated show an average 
gene diversity of 8%, polymorphic loci were 80%, and the 
average number of alleles per locus was 2.1 (for this 
computation we used only the species for which more than one 
specimen was available) (Tab. 1).

It is interesting to compare these values with allozyme data 
set compiled by Hamrick & Godt (1990) for 473 plants. These 
authors found that the average gene diversity was 15%, the 
percentage of polymorphic loci was 50.5% and the average 
number of alleles per locus was 1.96. It must be noted that in 
our sample the same alleles are generally present in different 
species and this causes the high level of polymorphism coupled 
with the low value of gene diversity.
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In most piant species, polymorphic loci are characterised by two 
or more relatively common alleles and tend to be polymorphic 
throughout individuals. This is true also for Encephalarthos. In 
previous studies on thè genette structure of Macrozamia communis 
(Ellstrand et al., 1990) and Zamia pumila (Walters & Decker- 
Walters, 1991), thè authors proposed the existence of an unusual 
genette structure with relatively low polimorphic loci and rare 
alternate alleles.

In Encephalartos species in which more than a couple of 
specimens have been analysed, the presence of polymorphic 
loci, particularly for IDH and PGM1, is clearly revealed (Tab. 4). 
The just mentioned two enzymes are monomorphic in 
Macrozamia and poorly variable in Zamia pumila In the latter 
species, differently from other gymnospermous taxa (Hamrick & 
Godt, 1990), much of this polymorphism is due to rare alleles, 
each of which occurs in one or few populations.

Given the biology of cycads (long-lived, dioecious, insect 
pollinated, animal dispersed), a relatively high level of genette 
variation would be expected (as in Encephalartos), rather than 
the homogeneity shown by Zamia and Macrozamia species. The 
unusual genette structure of the latter two genera could be 
related to their possibly more recent origin (Caputo et al., 1993).

In conclusion, the presence of polymorphic loci at inter- and 
intraspecifìc level in Encephalartos reveals the potential usefulness 
of this approach for the study of relationship among closely related 
Encephalartos species, whose morphological features and 
taxonomic range are often controversial. Moreover, this 
investigation indicates that testing genette variation may be 
accomplished even if the plants are from botanical garden 
collections, provided that the size of the sample is large enough to 
provide a complete representation of botti the range of diversity in 
the genus and intraspecifìc variability.
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