
doi:10.1093/aob/mcg071, available online at www.aob.oupjournals.org

A Comparative Study of Metal Levels in Leaves of Some Al-accumulating
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Concentrations of Al, Si, Fe, Mn, Cu and Ca were analysed in leaves of ten Rubiaceae species, most of which
are Al accumulators, and these were compared with concentrations in one species of Melastomataceae.
Quantitative data con®rmed the distribution of Al accumulation as previously determined by semi-quantitative
tests, and suggest that there is an apparent congruency between the shoot Al concentration and the number of
accumulators within a certain genus or tribe. Al accumulators within the Rubiaceae are most characteristic of
the Rubioideae subfamily, although a second origin is likely in at least a few members of the tribes Vanguerieae
and Alberteae. While the leaf Si concentration in Melastomata malabathricum L. (Melastomataceae) was negli-
gible, all Rubiaceae studied showed relatively high Si levels (mostly >3000 mg kg±1). It is hypothesized that an
Al±Si complex is formed in the shoot tissues of Al-accumulating Rubiaceae and that this may contribute to Al
detoxi®cation. However, the Si : Al mole ratio tended to differ widely among species. There was no signi®cant
correlation between Al and the other metals analysed. A remarkably high Mn concentration was found in
Coptosapelta olaciformis Elm. ã 2003 Annals of Botany Company
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INTRODUCTION

Most plant species that grow on acid soils with a high level
of soluble aluminium (Al) compounds have developed a
wide range of resistance mechanisms to avoid or tolerate the
toxic effects of Al (Foy et al., 1978; Roy et al., 1988;
Kochian, 1995; Watanabe and Osaki, 2002). These plants
can be grouped into two categories, Al accumulators and Al
excluders, depending on whether or not Al is absorbed by
roots in large quantities and is transported from the root to
the shoot tissues. Most plants that have successfully adapted
to acid soils follow the exclusion strategy and only a small
number are Al accumulators (e.g. Haridasan, 1982;
Haridasan and ArauÂjo, 1988). These have been de®ned as
plants that accumulate more than 1000 mg kg±1 in their leaf
dry matter growing in a natural habitat (Chenery, 1948a, b;
Jansen et al., 2002b).

Al accumulation raises interesting questions with respect
to ecological and physiological features. One of the major
environmental factors to which Al accumulation is related is
soil acidity, since the level of bioavailable Al increases with
decreasing pH. Interesting physiological problems deal, for
instance, with Al transport, the speciation of Al forms,
localization and detoxi®cation mechanisms. To date, the
exact metabolic role of Al in accumulating plants is
unknown. This feature has also proved to be useful for

evaluating phylogenetic relationships in plants at different
taxonomic levels (Chenery and Metcalfe, 1983; Jansen et al.,
2002a, b).

Chenery (1948b) suggested that the largest number of Al-
accumulating species belongs to the huge, mainly tropical,
Rubiaceae family. Indeed, about 32 % of the total number of
Al accumulators recorded belong to this family. Most Al-
accumulating species have been detected using semi-
quantitative spot-tests. The `aluminon' test devised by
Chenery (1948a, b) is based on an ammonium aurine
tricarboxylate reagent, which can be applied to both living
and dried plant tissues: the slightly pink solution turns dark
red/crimson depending on the amount of Al that has been
accumulated. A similar spot-test using a chrome azurol-S
reagent was employed to detect Al accumulation in wood
(Kukachka and Miller, 1980). In earlier studies we applied
these two tests to many members of the Rubiaceae and
found that Al accumulation mainly characterized one of the
three subfamilies, namely the Rubioideae (Jansen et al.,
2000a, b). In addition, Al levels were suggested to be higher
in leaves than in stem wood, but tissues of the bark were also
found to show higher Al concentrations than those of the
wood. However, precise quantitative data on Al are known
for only a very limited number of Rubiaceae species.

Little is also known about exact levels of other metals in
the Rubiaceae. A comparative study of the mineral
composition of Al accumulators growing in a tropical
rainforest in Indonesia suggested a relationship between Al
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and Si uptake in plants that accumulate more than
3000 mg kg±1 Al (Masunaga et al., 1998). Furthermore,
the formation of an Al±Si complex was suggested in
Faramea marginata Cham., an Al-accumulating Rubiaceae
species from the swamp forest in the Ilha de Mel (Brazil),
but it is still not known whether this applies to other Al-
accumulating Rubiaceae (Britez et al., 1997, 2002). A
comparative study of metal concentrations in this family
may therefore provide further evidence on the Al±Si
relationship, and may also illustrate whether or not
additional metals are accumulated.

The aim of this paper is to determine exact Al
concentrations in leaves of ten species of Rubiaceae,
which are nearly all Al accumulators, using a precise
quantitative method. Al levels are compared with results
of previous spot-tests and are evaluated in a phylogenetic
framework. Furthermore, concentrations of other elem-
ents, in particular those of Si, Cu, Zn, Fe, Mn and Ca,
have been measured to explore any correlation between
these elements and Al. We also include in our analyses
leaf samples of Melastoma malabathricum L., which is an
Al-accumulating member of the Melastomataceae. This
family includes the second largest number of Al-accumu-
lating species in angiosperms (Jansen et al., 2002a). Data
on Melastoma allow us to compare metal concentrations
of Al and Si in two different families. While Si may play
a role in Al detoxi®cation in Rubiaceae, a different
mechanism has been suggested for Melastomataceae
(Watanabe et al., 1998).

MATERIALS AND METHODS

Dried leaves of 11 specimens from ten genera of Rubiaceae
were collected at the herbarium of the National Botanic
Garden of Belgium (BR) to obtain >0´2 g dry weight for
each sample. Since there is generally no evidence of
intraspeci®c variation in Al accumulation within Rubiaceae
species growing in their natural habitat, we tested only one
sample for ten species. However, two specimens of
Emmeorhiza umbellata K.Schum. were included, which
are indicated in the text as E. umbellata1 and E. umbellata2

(see below).
For the mineral analysis, 200 mg portions of the samples

were digested using an acid mixture (HNO3 : HClO4 :
H2SO4, 5 : 2 : 1). Concentrations of Al, Fe, Mn, Zn, Cu

and Ca were determined by atomic absorption spectro-
photometry (Z-8000; Hitachi, Tokyo, Japan). Total Si
values were calculated by analysing separately the concen-
trations of acid-insoluble Si (SiO2) and acid-soluble Si,
which was taken up in the acid mixture. Concentrations of
SiO2 (crude silica) were estimated by weighing the residue
in the digested solution; the acid-soluble concentration of Si
was measured by Graphite Furnace Atomic Absorption
Spectrometry (GFAAS). Mineral concentrations in
Melastoma malabathricum L. (Melastomataceae) were
obtained from seedlings grown in a nutrient solution with
0´4 mM Al and 0´65 mM Si (pH 3´8) (Watanabe et al., 1997;
unpubl. res.).

Without conducting a new phylogenetic analysis we have
manually constructed a hypothetical tree that mainly

F I G . 1. The distribution of Al accumulation plotted on a hypothetical tree based on Bremer and Thulin (1998), Andersson and Rova (1999), Bremer
et al. (1999), Bremer and Manen (2000) and Piesschaert et al. (2000); data on Al accumulation from Jansen et al. (2000a, b). Taxa within the

Rubioideae that are partly or entirely herbaceous are indicated by an asterisk.
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summarizes molecular phylogenies (Bremer and Thulin,
1998; Andersson and Rova, 1999; Bremer et al., 1999;
Bremer and Manen, 2000; Piesschaert et al., 2000). The
distribution of Al accumulators was plotted on this hypo-
thetical tree using MacClade 4 (Maddison and Maddison,
2000; Fig. 1).

The specimens studied, with details of their origin and
collector (if known), are given in Table 1.

RESULTS

Quantitative data on Al, Si, Mn, Fe, Zn, Cu and Ca
concentrations are given in Table 2 for all specimens
examined. There was signi®cant variation in the concentra-
tion of Al and Si among the Rubiaceae specimens analysed.
Triainolepis hildebrandtii was the only species in which the
Al content was very low and could not be quanti®ed exactly.
All other species showed an Al concentration above
1000 mg kg±1. Levels of Al exceeding 9000 mg kg±1 were
found in species of Coccocypselum, Coptosapelta,
Craterispermum, Danais and Saprosma, while representa-
tives of Alberta, Canthium, Emmeorhiza and Gouldia
accumulated lower levels of Al. By far the highest Al
concentration was found in Craterispermum laurinum
(36 202 mg kg±1).

Total Si levels (acid-soluble + acid-insoluble Si) among
the Rubiaceae analysed ranged from 586 mg kg±1 in Alberta
minor to 22 075 mg kg±1 in Emmeorhiza umbellata1, but
concentrations in most species were between 3000 and
15 000 mg kg±1. Only trace levels of Si were found in
Melastoma malabathricum. The Si : Al mole ratio differed
widely, varying from 0´226 in Alberta minor to 3´360 in
Canthium confertum, and an exceptionally high value of
17´386 was found in Emmeorhiza umbellata1 (Table 1).

Considerable variation also occurred with respect to
concentrations of Mn, Fe and Ca, while relatively little
variation was found for Cu and Zn. The concentration of Mn
was surprisingly high in Coptosapelta olaciformis
(3644 mg kg±1). Relatively high levels of Mn were also
found in Gouldia terminalis (892 mg kg±1) and Saprosma
arboreum (737 mg kg±1). Similar differences were found for
Fe concentrations, since Coccocypselum canescens
(746 mg kg±1) and, to a lesser extent, Craterispermum
laurinum and Emmeorhiza umbellata2, showed relatively
high levels of Fe. However, these quantities were not many
times above the average quantity of Fe. Ca levels varied
from 2066 mg kg±1 in Alberta minor to 25 245 mg kg±1 in
Triainolepis hildebrandtii, and were frequently above
10 000 mg kg±1. The Si : Ca mole ratio was greater than 1
in Craterispermum laurinum, Danais fragrans and
Emmeorhiza umbellata1.

DISCUSSION

Comparison of Al concentrations in Rubiaceae with results
of earlier studies

The present data agree very well with earlier semi-
quantitative tests on Al concentrations in Rubiaceae. The
ten Rubiaceae specimens studied accumulated Al in their
leaves, i.e. contained Al levels above 1000 mg kg±1, whereas
Triainolepis hildebrandtii showed no accumulation. In
general, the number of accumulating species or genera
appears to be a good indicator of the Al concentration in that
group (Jansen et al., 2000a, 2002b). Hence, the feature tends
to be most strongly expressed in taxa that consistently show
positive spot-tests for leaves and wood. A comparison of
previous tests on leaves and wood with the new Al-analyses
is given in Table 3. In this table specimens are divided into

TABLE 1. Details of the species studied

Species Origin Collector and collection number

Alberta minor Baillon Madagascar A.M. Homolle s.n. (BR-S.P. 834443)
Canthium confertum Korth. Borneo, Tawao, Elphinstone Province A.D.E. Elmer 20614
Coccocypselum canescens Willd. ex
Roem. & Schult.

Brazil, Est. Rio. R. de Sul,
Kappesberg p. Montenegro

B. Rambo 47236

Coptosapelta olaciformis Elm. Philippine Islands, Surigao C.A. Wenzel 3047
Craterispermum laurinum Benth. Liberia, approx. 10 miles

north of Monrovia, savannah
area

J.W.A. Jansen 1611

Danais fragrans Pers. Madagascar, Toliara, InteÂgral
ReÂserve nr. 11, Andohahela,
Parcelle 1,

B. Randriamampionona 334

Emmeorhiza umbellata K.Schum.
E. umbellata1 Brazil C.F.P. von Martius (BR-S.P. 802367)
E. umbellata2 Brazil L. Riedel 160

Gouldia terminalis (Hook. & Arn.)
Hillebr. var. coriacea (Hook. & Arn.)
Fosberg

Honolulu, Oahu, Manoa-Palolo (BR-S.P. 810219)

Melastoma malabathricum L. Plants cultivated from seeds in a glasshouse
at the Laboratory of Plant Nutrition
(Hokkaido University, Japan)

Saprosma arboreum Blume Borneo, Tawao, Elphinstone Province A.D.E. Elmer 21452
Triainolepis hildebrandtii Vatke Tanzania, Ru®ji, Ma®a Island H.J. Schlieben 2363
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three arbitrary groups according to their ability to accumu-
late Al: (1) strong Al accumulators (Al concentration
>9000 mg kg±1); (2) intermediate accumulators; and (3)
non-accumulators (Al concentration <1000 mg kg±1). It is
signi®cant that the specimens categorized as strong accu-
mulators almost always test positive in leaf-tests according
to Chenery (1946, 1948a, b) and Jansen et al. (2000b). The
only exceptions are a specimen of Danais and one of
Coccocypselum (see Table 3). However, the single speci-
men of Coccocypselum that was found to give a negative
result was cultivated in a glasshouse, and the lack of high Al
levels in this specimen is probably due to the rather neutral
soil conditions (Jansen et al., 2000b). Furthermore, the
genera that are considered to be strong Al accumulators in
Table 3 nearly always test positive in the chrome azurol-S
test of wood samples.

The very high Al level in leaves of Craterispermum
laurinum (36 202 mg kg±1) illustrates that this species is a
strong Al accumulator. To the best of our knowledge, the
highest level of Al found in a representative of the
Rubiaceae is that reported by Chenery (1946) in Faramea
insignis Standl. (40 000 mg kg±1), followed by Faramea
anisocalyx Poepp. & Endl. (36 900 mg kg±1). Other
members of the Rubiaceae that show Al levels above
10 000 mg kg±1 occur in the tribes Coussareeae,
Craterispermeae, Lasiantheae, Pauridiantheae, Prismato-
merideae, Psychotrieae and Urophylleae.

The genera listed as intermediate or weak Al accumula-
tors in Table 3 show more variation in the semi-quantitative
tests. Leaf-tests for some specimens of Alberta and
Canthium were negative and, while those for Emmeorhiza
and Gouldia were all positive, the number of specimens

TABLE 3. Comparison of results of previous leaf- and wood-tests with Al concentration reported in this paper

Genus Taxonomic position Al-test on leaves
Chrome azurol-
S test on wood

Al concentration (mg
kg±1) in the specimen

tested in this study

Strong Al accumulators
Coccocypselum Coccocypseleae, R (15/15)1, 2, 3 (3/4)5 ± 10 357
Coptosapelta Basal Rubioideae? (7/7)3 (2/2)5 (0/1)7 10 535
Craterispermum Craterispermeae, R (9/9)2, 3 (3/3)5 (4/4)6, 7 36 202
Danais Danaideae, R (17/18)3 (2/2)5 (3/4)7 9146
Saprosma Paederieae, R (9/9)1, 2, 3 (2/2)5 (2/2)7 9854

Intermediate Al accumulators
Alberta Alberteae, I (2/2)3 (4/6)5 (0/2)7 2472
Canthium Vanguerieae, I (14/25)3 (0/9)4 (1/3)5 (0/1)7 1885
Emmeorhiza1 Emmeorhiza2 Spermacoceae, R (1/1)3 (4/4)5 (0/1)7 1222
Gouldia Rubioideae, R (1/1)5 6 1946

Non-Al accumulator
Triainolepis Near Knoxieae, R (0/1)3 (0/2)5 (0/3)7 Trace

Data according to Chenery (1946)1, Chenery (1948a)2, Chenery (1948b)3, Webb (1954)4, Jansen et al. (2000a)5, Kukachka and Miller (1980)6 and
Jansen et al. (2000b)7. In parentheses, the nominator gives the number of Al-accumulating specimens, and the denominator the total number of
specimens tested. R, Rubioideae; I, Ixoroideae.

TABLE 2. Leaf concentrations of elements and mole ratio of Si : Al and Si : Ca in ten Rubiaceae and one
Melastomataceae species

Family Leaf concentrations (mg kg±1) Mole ratio

Species Al Si Mn Fe Zn Cu Ca Si : Al Si : Ca

Rubiaceae
Alberta minor 2472 586 92 61 17 1 2066 0´226 0´404
Canthium confertum 1885 6589 14 77 54 3 23 482 3´360 0´400
Coccocypselum canescens 10 357 6515 149 746 59 8 16 975 0´603 0´548
Coptosapelta olaciformis 10 535 3560 3644 160 46 5 8428 0´324 0´603
Craterispermum laurinum 36 202 13 438 587 391 33 18 11 389 0´356 1´684
Danais fragrans 9146 12 100 358 101 28 6 10 743 1´270 1´608
Emmeorhiza umbellata1 1222 22 075 68 160 42 6 14 214 17´386 2´216
Emmeorhiza umbellata2 2452 4812 24 250 32 5 15 865 1´886 0´433
Gouldia terminalis 1946 5118 892 57 39 2 24 595 2´526 0´297
Saprosma arboreum 9854 3571 737 50 41 3 15 731 0´347 0´324
Triainolepis hildebrandtii (Trace) 5305 7 46 17 3 25 245 ± 0´300

Melastomataceae
Melastoma malabathricum 7130 (Trace) 208 651 36 11 12 143 ± ±

Only one sample was tested for each specimen.
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tested for Emmeorhiza was small and only a single sample
of Gouldia was tested. Al concentrations in the specimens of
these four genera range from 2472 to 1222 mg kg±1, and the
chrome azurol-S test is generally negative. This may
suggest that Al is preferentially stored in leaves, and that
Al accumulation in the secondary xylem occurs primarily
when leaf levels are much higher than 1000 mg kg±1.

The absence of Al accumulation in Triainolepis hilde-
brandtii agrees with the exclusively negative leaf- and
wood-tests.

Phylogenetic aspects of Al accumulators in Rubiaceae

The distribution of Al accumulators is plotted on a
hypothetical Rubiaceae tree that is based on molecular
phylogenetic analyses (Fig. 1). Al accumulation tends to
show two parallel origins within the family. While the
majority of Al accumulators characterize the basal, pre-
dominantly woody, representatives of the Rubioideae, a
second and independent origin is suggested within the
Vanguerieae and Alberteae. However, Al levels in the latter
two tribes appear to be lower than those in most of the
Rubioideae. The Vanguerieae and Alberteae are closely
related, as illustrated by molecular and morphological data
(Andreasen et al., 1999). Within the Alberteae, Al accu-
mulation is probably restricted to Alberta, because
Nematostylis, the sole relative of Alberta, has been found
to be non-accumulating (Jansen et al., 2000b). Besides
Canthium, the feature is also reported in at least one
specimen of two other genera that belong to the
Vanguerieae, namely Pachystigma and Perakanthus
(Chenery, 1948a). Although the phylogenetic position of
Coptosapelta needs further research, Al accumulation may
indicate a position within or near the base of the Rubioideae
(Jansen et al., 2002c).

The lack of Al accumulation is remarkable among the
more derived tribes of the Rubioideae. This may be
explained by these tribes' tendency to herbaceousness.
The in¯uence of woodiness on Al accumulation can be
illustrated by Saprosma, for example, which seems to show
the highest Al levels in the Paederieae. Except for a slight
positive `aluminon' test of a specimen of Paederia foetida
L., most representatives of the Paederieae are non-accumu-
lators (Jansen et al., 2000b). Saprosma has been transferred
from the Psychotrieae to the Paederieae, and is the only
(large) tree within the Paederieae; other members are shrubs
or climbing shrubs (Puff, 1992). Nevertheless, it is still
unclear why herbaceous plants generally do not accumulate
Al. The high Al concentrations in the herbaceous genus
Coccocypselum (Coccocypseleae) are striking. Despite its
herbaceous habit, the presence of strong Al accumulation in
Coccocypselum probably re¯ects the strongly supported,
close relationship between the Coccocypseleae and the
Coussareeae (see Fig. 1), which are suggested to include
only species with very high Al levels (Britez et al., 2002).

Besides a clear taxonomic signi®cance and considerable
differences in Al levels between woody and herbaceous
plants, the supply and uptake of Al in above-ground plant
tissues may also depend on the annual or perennial habit, as
well as on the acidity, moisture and Al saturation of the soil.

It appears that moderate or intermediate Al accumulators in
the derived Rubioideae are perennial, whereas annual plants
usually are non-accumulators. However, perennial species
are by no means always accumulators. Unfortunately,
information about soil conditions is not available from the
herbarium sheets of the material used in this study.

Si accumulation in Rubiaceae

In addition to Al accumulation, several Rubiaceae appear
to accumulate Si. Plants that accumulate Si contain Si levels
higher than 10 000 mg kg±1 and show Si : Ca mole ratios
greater than 1 (Ma et al., 2001; Ma and Takahashi, 2002). Si
accumulation therefore appears to be present in
Craterispermum laurinum, Danais fragrans and
Emmeorhiza umbellata1. Except for Alberta minor, all the
Rubiaceae species analysed in this study had Si concentra-
tions in excess of 1000 mg kg±1. In contrast, Si accumulation
is absent in Melastoma malabathricum (Melastomataceae).

With respect to the strong Al accumulators, the trend is
for a positive correlation between Al and Si concentrations,
as a result of the high Al and Si levels in Craterispermum
laurinum. However, this correlation is weakened when all
the Rubiaceae analysed are considered, owing to the very
high Si level and relatively low Al level in Emmeorhiza
umbellata1. The high Si variation encountered in the two
specimens of E. umbellata is striking. A relatively high Si
concentration also occurs in Triainolepis hildebrandtii, but
Al accumulation is absent in this species. Therefore, the
present results do not indicate a strong correlation between
Al and Si. Further analyses of a large number of non-
accumulating and accumulating species are needed, and the
intraspeci®c variation should also be considered when
interpreting Al±Si relationships in Rubiaceae.

There appears to be an interesting difference in the Si : Al
mole ratio between strong and intermediate Al accumula-
tors: strong accumulators generally show values of 0´3±0´6,
whereas the Si : Al mole ratio is usually above 1 in
intermediate Al accumulators. Exceptions are Danais
fragrans (1´270) and Alberta minor (0´226), which are
considered to be strong and intermediate Al accumulators,
respectively. The Si : Al mole ratios observed in the strong
Al accumulators correspond with those found in Faramea
marginata Cham. (Rubiaceae, Coussareeae) (Britez et al.,
2002). The Si : Al mole ratio in this species varies from 0´34
to 0´60, and it is suggested that more than one Al±Si
compound is formed. Moreover, the mole ratio of Si : Al in
F. marginata shows a signi®cant positive correlation with Si
concentration, but there is no correlation with Al concen-
tration. Hence, Si seems to regulate Al accumulation in this
species. Furthermore, the Si : Al mole ratio was found to be
around 0´5 in Qualea grandi¯ora Mart. (Vochysiaceae), but
around 0´1 in Q. parvi¯ora Mart. (Vilarino, 2002). Thus,
in Al accumulators from other families different Al±Si
associations seem to be formed.

Al accumulation is thought to inhibit the uptake of high
concentrations of Si because Al and Si are immobilized by
forming complexes on the roots (Hodson and Evans, 1995).
Moreover, it has been illustrated that Al-silicate may help to
detoxify the harmful effects of Al, but explanations for this
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mechanism are still controversial (Barcelo et al., 1993;
Hodson and Sangster, 1993, 1999; Hodson and Evans, 1995;
Cocker et al., 1998). Although the present results do not
indicate a strong correlation between Al and Si concentra-
tions, the high Si levels found may indicate that Al-silicate
is the primary form of Al in leaves of the Rubiaceae. This
may reduce the toxic effects of Al, but other mechanisms
may also contribute to Al detoxi®cation. Al-oxalate, how-
ever, has been reported to be the detoxi®ed, chelated Al
form in leaves of Melastoma malabathricum L.
(Melastomataceae) (Watanabe et al., 1998).

Concentrations of other metals analysed

There was no signi®cant correlation between concen-
trations of Al and those of other cations (Table 2).
Although a positive correlation between Al and Cu
levels might be suggested because the highest concen-
trations of Cu and Al occur in Craterispermum
laurinum, the limited variation in Cu concentration
between strong and weak Al accumulators may indicate
that this relationship is of little signi®cance.

The variation found in Mn, Fe, Cu and Zn concentrations
appears to be common when comparing different species
within a native community. While normal levels of Mn fall
within the range 20±500 mg kg±1 (Reeves and Baker, 2000),
Mn accumulation (or `hyperaccumulation' as for heavy
metals) was de®ned as concentrations over 10 000 mg kg±1

(Baker and Brooks, 1989). Thus, despite its high level of Mn
(3644 mg kg±1), Coptosapelta olaciformis cannot strictly be
considered to be a hyperaccumulator. The principal report
of plants showing high Mn concentrations was by JaffreÂ
(1980), who studied species on the ultrama®c soils in New
Caledonia; the specimen of Coptosapelta studied here came
from the Philippine Islands. It is unclear whether
Coptosapelta may develop internal detoxi®cation mechan-
isms for Mn in addition to Al detoxi®cation. Other records
of very high Mn concentrations in the Rubiaceae are not
known. The relatively high content of Mn in
Craterispermum laurinum, Gouldia terminalis and
Saprosma arboreum may be explained by soil conditions.

Fe concentrations in plants are generally higher than Mn
concentrations. Although there was considerable variation
in Fe levels among the specimens analysed, accumulation of
this element seems to be absent. None of the species studied
showed Zn hyperaccumulation, with concentrations above
10 000 mg kg±1. Normal concentrations of Cu in plants are
in the range 5±25 mg kg±1, but there have been occasional
records of plants from copper-mineralized areas, in particu-
lar the Katanga Copper Arc (Democratic Republic of
Congo), with more than 1000 mg kg±1 Cu (Malaisse et al.,
1994; Reeves and Baker, 2000). The majority of Cu-
accumulating plants has been reported from these areas in
the Democratic Republic of Congo. A number of Rubiaceae
genera, such as Otiophora, Manostachya, Pentanisia and
Fadogia, are reported to grow in copper soils, but it is
unclear whether hyperaccumulation of Cu is present in these
species (Duvigneaud and Denaeyer-De Smet, 1963; Wild,
1978).
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