
Abstract The extent of genetic differentiation among
17 Ethiopian populations (249 individuals) of Phytolac-
ca dodecandra (Endod) sampled along altitudinal gradi-
ents that varied from 1600 to 3000 m was investigated
using random amplified polymorphic DNA (RAPD).
The populations were classified into three altitude
groups: lowland (1600–2100 m), central-highland
(2101–2500 m) and highland (2500–3000 m). Seventy
polymorphic loci scored from 12 RAPD primers, singly
or in combination with ecogeographical variables (alti-
tude, longitude, latitude, temperature and rainfall), were
used for principal component, discriminant, correlation,
and stepwise multiple regression analyses. Principal
component analysis (PCA) clearly differentiated low-
land and the central-highland populations from those of
the highlands independent of their geographical regions.
Canonical discriminant analysis separated the lowland
plants from those of the highlands with the central-high-
land plants being intermediate. Classificatory discrimin-
ant analysis corrected classification of 92.8% of the 249
plants into their respective three altitude groups. Multi-
ple regression analysis identified a strong association
between some RAPDs and altitude, temperature and
rainfall, while the variation in most RAPDs was ex-

plained by combinations of the different ecogeographi-
cal variables. It is hypothesised that the different alti-
tude groups may be (1) chemical and/or physiological
ecotypes produced as a result of complex interactions of
altitude with climatic and/or edaphic factors, or (2) dif-
ferent in ploidy levels. The significant correlations ob-
tained between population means from some RAPDs
and altitude and temperature as well as the strong asso-
ciation of some RAPDs with the ecogeographical vari-
ables in the multiple regression analysis suggest that
part of the RAPD polymorphism could be adaptive, and
responsive to environmental selection.
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Introduction

The berries of Phytolacca dodecandra (locally called
Endod in Amharic) have long been known for their tradi-
tional use for washing clothes in Ethiopia and elsewhere
in Africa. Preliminary studies have also shown that the
berries have spermicidal, larvicidal, hirudinicidal, fungi-
cidal and microbial properties (Lemma et al. 1979). Ex-
tensive studies on the molluscicidal properties of Endod
berries to control schistosomiasis and other snail-borne
diseases are promising (Lemma et al. 1974; WHO 1983;
Lambert et al. 1991). The local production of Endod ber-
ries as a means to control the snail intermediate hosts of
schistosomiasis is considered to be cheap, readily avail-
able and environmentally acceptable (Pezzuto et al.
1984; Lambert et al. 1991). Endod is indigenous to many
parts of Africa (Dalziel 1936). Its natural distribution in
Ethiopia ranges between 1600 and 3000 m elevation
(Wolde-Yohannes et al. 1988). Natural growth of local
populations of Endod in Ethiopia, Zambia and Zimba-
bwe has been reported on acidic and humus-rich soils,
high rainfall, low temperature and high altitude (Wolde-
Yohannes 1983; Chimbelu and Shehata 1986; Ndamba
and Chandiwana 1988).
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Random amplified polymorphic DNA (RAPD)
(Williams et al. 1990) has been frequently employed in
assessing genetic diversity and relationships in various
plant species (e.g. Baum et al. 1997; Fahima et al. 1999;
Morden and Loeffler 1999). In a previous paper (Semagn
et al. 1999a), we used RAPDs to investigate genetic di-
versity in 17 Ethiopian Endod populations. The results
from that study revealed (1) a higher genetic differentia-
tion among populations than would be expected for out-
crossing plant species, (2) significantly higher genetic
diversity in the lowland and the central-highland popula-
tions than those of the highlands and (3) distinct separa-
tion of the lowland and the central-highland populations
from those of the highlands irrespective of their geo-
graphical regions and climatic zones.

The long debated controversy as to whether genetic
variation in natural populations estimated from neutral
markers is selectively meaningful or adaptively neutral
(Lewontin 1974; Kimura 1983) is still an unresolved is-
sue. According to the neutrality theory, most evolution-
ary change and intraspecific variability at the molecular
level is caused not by natural selection but by random
drift or mutant genes that are selectively equivalent
(Kimura 1983). In this context, natural selection is re-
garded as a diversity-reducing force acting to sieve and
save beneficial mutations by eliminating harmful ones. If
natural selection is the main driving force, then different
population-environmental combinations will tend to per-
petuate individuals with complex assortments of genetic
architecture (Dobzhansky 1970). According to Nevo
(1978), the amounts of genetic polymorphism and het-
erozygosity vary non-randomly between loci, popula-
tions, species, habitats and life zones, and are correlated
with ecological heterogeneity.

Endler (1986) has reviewed several methods which
can be used to detect natural selection in natural popula-

tions. Correlation between geographic variation in the
traits and environment is one of the methods used to sug-
gest possible relationships between traits and environ-
mental factors. If natural selection occurs, the geograph-
ic variation in the selective factor will give rise to paral-
lel geographic variation in traits. The objectives of this
paper were, therefore, to assess the extent of genetic di-
vergence between altitude groups using different multi-
variate statistical methods and to test the hypothesis that
ecogeographically varying selection results in a correla-
tion between RAPDs and their selective ecogeographical
factors in wild Ethiopian Phytolacca dodecandra popu-
lations.

Materials and methods

Sampling and RAPD analysis

A total of 249 samples were collected from 17 localities that re-
present the major geographical sites and ecological characteristics
of the natural distribution of Endod in Ethiopia (Table 1). The 5
years (1992–1996) of meteorological data (monthly temperature
and rainfall) were obtained for 16 localities (except Bure) from the
National Meteorological Service Agency, Addis Ababa. The proce-
dures for leaf sample collection, DNA isolation, RAPD reactions,
fragment separation and the RAPD primers used have been de-
scribed in (Semagn et al. (1999a). Seventy polymorphic loci
(RAPDs) that varied between 396 to 2000 bp each were scored
from 12 random primers using a 1-kb ladder as a size marker. A lo-
cus was scored as polymorphic (P) when the frequency of the most
common band (present or absent) was less than 0.98. The different
polymorphic loci scored from each primer were designated by a
name that consisted of the primer followed by a number starting
from one for the heaviest locus (e.g. 29-1: UBC 29 locus 1; Table
2). Loci with the same mobility were considered to be identical
fragments, receiving equal values, regardless of their staining in-
tensity. The exact molecular size of each locus was not determined.
All polymorphic loci were entered in a computer file as binary ma-
trices where 0 coded for absence and 1 coded for presence.
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Table 1 The geographical background of 17 Endod (Phytolacca dodecandra) populations sampled in Ethiopia

Population Sample Locality Region Longitude Latitude Altitude (m) Altitude
size groupa

1 15 Wondo Genet Sidamo 38.35 7.10 1900 LL
2 15 Kofele Arsi 38.48 7.04 2700 HL
3 14 Zuquala Shewa 38.52 8.32 2900 HL
4 15 Menagesha Shewa 38.29 9.04 2400 CH
5 10 Debre Sina Shewa 39.45 9.52 2800 HL
6 15 Dese Welo 39.38 11.06 2500 CH
7 15 Korem Welo 39.31 12.31 2450 CH
9 15 Woken Gonder 37.53 13.10 2700 HL

10 15 Taragedam Gonder 37.52 12.07 2300 CH
11 15 Bure Gojam 35.05 10.43 2100 LL
12 15 Dima Welega 36.56 9.52 2000 LL
13 15 Nugema Welega 36.30 8.45 1800 LL
14 15 Gechi Ilubabor 35.43 8.20 1600 LL
15 15 Gina Ilubabor 35.30 7.36 2400 CH
19 15 Gerima Kefa 36.50 7.40 2600 HL
21 15 Abakara Bale 39.46 7.06 3000 HL
22 15 Entoto Shewa 38.42 9.03 3000 HL
Total 249

a LL, Lowland; CH, central-highland; HI, highland



The populations were classified into three altitude groups
(lowland: 1600–2100 m; central-highland: 2101–2500 m; high-
land: 2501–3000 m) in the same way as reported in our previous
paper (Semagn et al. 1999a). Two data matrices were used for the
different multivariate analyses techniques: DATA SET-1 consisted
of 249×70 (249 rows representing individuals and 70 columns rep-
resenting RAPDs). DATA SET-2 included the Y-matrix of size
16×72 (16 rows representing populations and 72 columns corre-
sponding to the total number of polymorphic loci, Shannon infor-
mation measure and population mean for band presence in each of
the 70 RAPDs) and the X-matrix of ecogeographical variables of
size 16×27 (16 rows corresponding to the populations and 27 col-
umns representing longitude, latitude, altitude, monthly average
temperature and monthly total rainfall). Shannon's information
measure (H) was calculated as: H=–∑pi log2 pi, where pi is the fre-
quency of a given RAPD fragment at the ith locus (Lewontin
1972). Mean band presence (referred to here as population mean)
per locus was preferred over allele frequency due to the uncertain-
ty in the polyploidy level of Endod.

Statistical analyses

Four different multivariate analyses techniques were used. (1)
Principal component analysis (PCA) can be used to investigate
overall variation in data without the concern of specifically group-
ing observations into predefined classes (Rencher 1992). PCA was
performed on all individuals (DATA SET-1) and on population
means using THE UNSCRAMBLER software (Computer-Aided Model-
ling, CAMO, version7.5, Oslo, Norway, e-mail: camo@camo.no);
the first two principal components were plotted for visual exami-
nation of the clustering pattern of individuals and populations
(scores) and selected RAPDs (loadings). (2) Different discriminant

analyses can be used to summarise variation between predefined
classes or classification variables. Stepwise discriminant analyses
try to find out a subset of linear combinations of variables that
best reveals the difference among the classes; canonical discrimin-
ant analysis determines how best to separate known groups of in-
dividuals, and classificatory discriminant analysis predicts to
which predefined class an observation belongs (SAS 1987). We
performed stepwise discriminant analysis on DATA SET-1 using
the STEPDISC procedure to select an optimal set of discriminating
variables (RAPDs) that tended to separate the altitude groups to a
maximum degree. Variables were chosen to enter or leave the dis-
crimination model among groups based on the significance level
of an F test (P=0.15) from an analysis of covariance, where the
variables already chosen act as covariates and the variable under
consideration is the dependent variable. PROC CANDISC was used to
summarise variation between altitude groups, based on the RAPDs
chosen by PROC STEPDISC. PRO DISCRIM with full cross-validation
and the nearest-neighbour method, which is suitable for classifica-
tion when the groups have a non-normal distribution, was used for
correct classifying plants. (3) Spearman rank correlations (rs) were
calculated for DATA SET-2 to test for association between genetic
indices (P, H and population means) and ecogeographical vari-
ables. (4) When data on ecogeographical variables are available,
other statistical models, including stepwise multiple regression
analysis (SMR) can be used to find out the most important eco-
geographical variable(s) that influence the genetic variation (e.g.
Nevo and Beiles 1989; Fahima et al. 1999). Stepwise multiple re-
gression analysis, with ecogeographical variables as regressors,
was then performed on DATA SET-2 using PROC REG to find out
the best predictors of P, H and the population mean for each
RAPD. The validity of the regression model was tested using the
variance inflation factor (VIF) as a measure of multicollinearity
(near-linear dependence) among the regressors. VIF for each term
in the model measures the combined effect of dependencies
among the regressors on the variance of that term. The VIF value
that exceeds 10 is considered to be an indication of multicollinear-
ity (Montgomery and Peck 1992). All discriminant, correlation
and regression analyses were made using SAS, version 6.12.

Results

Principal component analysis

The first five principal components (PCs) from principal
component analysis of DATA SET-1 explained a total of
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Table 2 The twelve 10-mer RAPD primers of University of Brit-
ish Columbia (UBC) used and the designation of the polymorphic
loci scored in each primer

Primer Locus Prime Locus

UBC 29 29–1 to 29–5 UBC 116 116–1 to 116–5
UBC 43 43–1 to 43–8 UBC 131 131–1 to 131–6
UBC 54 54–1 to 54–3 UBC 204 204–1 to 204–8
UBC 79 79–1 to 79–6 UBC 212 212–1 to 212–5
UBC 100 100–1 to 100–7 UBC 237 237–1 to 237–4
UBC 111 111–1 to 111–7 UBC 239 239–1 to 239–6

Fig. 1 Principal component
analysis of 249 Endod plants
from 17 populations using 70
RAPD markers. PC1 and PC2
explain 17% and 6% of the to-
tal variation, respectively. The
numbers refer to the corre-
sponding population numbers
as indicated in Table 1



34% of the variations among samples. A plot of PC1
(17%) and PC2 (6%) revealed two major molecular
groups (Fig. 1). The lowland and the central-highland
populations were clearly separated from those of the
highlands by PC1 with negative and positive co-ordinate
values, respectively. The only exception was population
15 (altitude 2400 m) that was grouped with the highland
populations. Figure 2 shows the 32 RAPDs that had rela-
tively the highest loadings for PC1 and/or PC2. About 16
RAPDs scored from 11 primers were mainly responsible
in separating the lowland and the central-highland popu-
lations from those of the highlands along PC1. When
population means were used, instead of individuals, the
first 5 PCs explained 66% of the total variance. A plot of
PC1 and PC2 which explained 32% and 11% of the total
variance, respectively, revealed two altitude groups as
Fig. 1: the lowland and the central-highland populations
(1, 4, 6, 7, 10–14) clustered to the right side of the quadrant
while the highland plus population 15 clustered to the
left side of the quadrant (Fig. 3). Populations 1 and 7 ap-

peared more distant from the rest of the lowland and the
central-highland populations.

Discriminant analyses

The discriminant analyses succeeded in differentiating,
on the basis of band presence or absence, between the
three altitude groups. The discrimination model obtained
with the stepwise procedure of DATA SET-1 identified
37 RAPDs as the best differentiating factors (data not
shown). A plot of CAN1 and CAN2 showed the distinct
clustering of samples into their corresponding altitude
groups as lowland, central-highland and highland
(Fig. 4). CAN1 separated the highland plants (group
mean =−3.67) from the lowland (group mean =4.38)
with the central-highland plants positioned in between.
CAN2 further separated mainly the central-highland
plants (group mean =−1.77) from the others. F-statistics
from pairwise comparisons of the three altitude groups
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Fig. 2 The 32 selected RAPDs
that contributed most to the
PC1 and PC2 axes. The 16
RAPDs (indicated with ellipse)
mainly contributed to separate
the lowland and the central-
highland populations from the
highlands along PC1. The num-
bers before and after the hy-
phen refer to the primer and the
particular locus for that primer,
respectively (e.g. 239–1=UBC
239, locus 1)

Fig. 3 Principal component
analysis based on population
means of 70 RAPDs. PC1 and
PC2 explain 32% and 11% of
the total variance, respectively.
The numbers refer to the corre-
sponding population numbers
as indicated in Table 1
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Fig. 4 Plot of canonical discri-
minant functions 1 and 2 based
on 37 selected RAPDs. The
numbers correspond to the alti-
tude groups: 1 lowland, 2 cen-
tral-highland, 3 highland

Table 3 Discriminant analyses,
based on band presence or ab-
sence of 37 RAPDs, among
three altitude groups of 17 pop-
ulations of Endod

Pairwise comparisons of altitude groups; each F-statistic has 37 and 210 degrees of freedom

Lowland Central-highland Highland

Lowland
Central-highland F=19.50, P=0.0001
Highland F=63.84; P=0.0001 F=22.63; P=0.0001

Classification results for altitude groups

Actual group n Predicted group

Lowland Central-highland Highland

Lowland 75 70 5 0
Central-highland 75 6 64 5
Highland 99 0 2 97

231 plants (92.8%) were correctly classified
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Table 4 Spearman rank corre-
lation coefficients (rs) of popu-
lation means from all except
population 11 with altitude,
longitude, latitude, annual aver-
age temperature and annual
rainfall. Only significant corre-
lations were included in the ta-
ble

Locus Altitude Longitude Latitude Annual Annual
average rainfall
temperature

29–1 0.56*
29–2 −0.68** 0.60*
29–3 −0.75** 0.60*
43–1 −0.60*
43–3 0.66**
43–5 0.54*
43–7 −0.68** 0.56*
43–8 0.50*
54–2 −0.83** 0.66*
79–2 0.51*
79–4 −0.69** 0.63*
79–6 −0.86* 0.65*

100–1 −0.63* −0.56* 0.64*
100–2 −0.72** 0.75**
100–3 −0.63** −0.84** 0.71**
100–4 −0.59*
100–6 −0.50*
111–1 −0.51*
111–3 0.65*
111–4 0.54*
111–5 0.63*
111–6 0.53* −0.50*
116–2 −0.59* 0.61*
116–4 0.51*
131–1 0.64*
131–3 0.58*
131–6 −0.79** 0.78**
204–1
204–2 −0.55*
204–4 0.61* −0.65* 0.50*
212–3 −0.55*
237–1 −0.71** −0.56* −0.53* 0.57*
237–2 −0.67**
237–3 −0.58*
237–4 −0.70** −0.51* 0.70**
239–1 −0.61 −0.77** 0.72**
239–2 −0.64** 0.51*
239–3 −0.74** 0.62*
239–4 0.57* 0.62*

* P<0.05, ** P<0.005
a The number before and after
the hyphen refer to the primer
and the locus, respectively (e.g.
29–1: UBC 29, locus 1)

Table 5 Coefficient of multiple regressions (R2) of genetic indices (P,
H and population means) as dependent variables, and 17 ecogeo-
graphical variables (longitude, latitude, altitude, average temperature
in July and October, and monthly rainfall) in 16 populations of P. do-

decandra as independent variables. The following is a list of 7 RAP-
Ds for which no variable met the 0.15 significance level for entry into
the model: 29–4, 54–1, 79–3, 204–1, 204–6, 212–2 and 212–4. Each
month is abbreviated by the first three letters (e.g. Jan for January)

Locusa X1 X2 X3 X4 X5 R2
1 R2

12 R2
123 R2

1234 R2
12345

P Jul Tb 0.16
H Jul T 0.21

Population means
29–1 Altitude 0.49
29–2 Altitude Longitude 0.52 0.80
29–3 Altitude Longitude 0.38 0.70
29–5 Jul RF Aug RF Sep RFc 0.21 0.44 0.57
43–1 Jan RF Altitude Apr RF 0.44 0.58 0.69
43–2 Aug RF Longitude May RF Jan RF 0.22 0.34 0.50 0.67
43–3 Altitude Sep RF 0.32 0.43
43–4 Altitude 0.16
43–5 Oct RF Altitude Jul RF Longitude 0.44 0.73 0.80 0.86
43–6 Jul RF May RF Latitude 0.28 0.50 0.75
43–7 Altitude Longitude Jan RF 0.62 0.80 0.88
43–8 Altitude Jul T 0.27 0.39
54–2 Altitude Longitude Apr RF 0.78 0.88 0.90
54–3 Sep RF Feb RF 0.38 0.51
79–1 Mar RF 0.46



have also indicated significant differences, with the dif-
ference between the lowland and the highland groups be-
ing very large (Table 3). The correct classification of
plants into their respective altitude groups, based on the
37 selected RAPDs, was 92.8% (Table 3); the addition of
the 33 RAPDs which were removed by STEPDISC in-
creased the percentage of correct classification only by
0.4%.
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Spearman rank correlation (rs)

Correlations between genetic indices (P, H and popula-
tion means) and ecogeographical variables were comput-
ed with the aim of determining whether the clinal varia-
tion in PCA and discriminant analyses is associated with
any of the ecogeographical variables. The results indicat-
ed the lack of correlation of P and H with any of the eco-
geographical variables. Table 4 summarises the relation-
ship between population means of selected RAPDs and
ecogeographical variables. Out of the 70 RAPDs tested,

Table 5 Continued

Locusa X1 X2 X3 X4 X5 R2
1 R2

12 R2
123 R2

1234 R2
12345

79–2 Jan RF Altitude 0.31 0.43
79–4 Altitude Latitude 0.43 0.54
79–5 Altitude Oct T 0.46 0.63
79–6 Altitude 0.86

100–1 Altitude Sep RF Longitude Jan RF 0.53 0.66 0.84 0.93
100–2 Altitude Longitude Oct T Jul T 0.61 0.79 0.89 0.92
100–3 Oct T Jul T Oct RF 0.54 0.82 0.91
100–4 Altitude Aug RF Longitude 0.34 0.65 0.72
100–5 Apr RF 0.28
100–6 Altitude Jan RF 0.28 0.49
100–7 Dec RF Altitude 0.09 0.25
111–1 Jan RF Aug RF Mar RF 0.54 0.68 0.76
111–2 Aug RF Altitude Jan RF 0.31 0.48 0.58
111–3 Altitude Longitude Jan RF May RF 0.42 0.57 0.64 0.74
111–4 Altitude Mar RF Oct T Feb RF Sep RF 0.38 0.58 0.75 0.81 0.87
111–5 Apr RF Aug RF Altitude Dec RF Feb RF 0.46 0.67 0.76 0.81 0.86d

111–6 Altitude Longitude 0.33 0.72
111–7 Nov RF Altitude Feb RF Jan RF 0.45 0.62 0.71 0.77
116–1 Apr RF Oct RF 0.27 0.43
116–2 Jul T May RF Altitude Longitude Jul RF 0.49 0.63 0.75 0.91 0.94
116–3 Oct T Dec RF Jan RF Aug RF 0.19 0.35 0.67 0.77
116–4 Altitude Longitude Jul RF 0.26 0.51 0.60
116–5 Oct T May RF Mar RF Dec RF Aug RF 0.17 0.35 0.55 0.66 0.73
131–1 Latitude Dec RF Nov RF Apr RF 0.26 0.60 0.71 0.83
131–2 Jul RF Altitude 0.45 0.54
131–3 Longitude Oct RF Aug RF 0.10 0.36 0.40
131–4 May RF 0.22
131–5 Dec RF Jul RF Sep RF 0.17 0.36 0.58
131–6 Jul T Altitude Jan RF Feb RF Latitude 0.52 0.63 0.69 0.81 0.87e

204–2 Latitude Jul RF Feb RF 0.33 0.44 0.54
204–3 Mar RF 0.34
204–4 Jul T Nov RF 0.49 0.71
204–5 Aug RF Jan RF 0.22 0.38
204–7 Sep RF 0.28
204–8 Jul T Altitude 0.27 0.45
212–1 Jan RF Oct T Altitude 0.25 0.45 0.73
212–3 Altitude Aug RF 0.36 0.47
212–5 Sep RF Jul T 0.27 0.42
237–1 Altitude Latitude 0.59 0.75
237–2 Longitude Aug RF Jul RF Jun RF Latitude 0.55 0.65 0.76 0.89 0.91f

237–3 Oct T 0.21
237–4 Oct T 0.36
239–1 Oct T Jul RF Mar RF Jul T 0.57 0.72 0.83 0.89
239–2 Altitude Latitude Longitude 0.45 0.63 0.74
239–3 Altitude Nov RF 0.49 0.62
239–4 Latitude Altitude 0.11 0.67
239–5 Oct T May RF 0.25 0.42
239–6 Altitude 0.18

a The number before and after the hyphen refer to the primer and
the locus respectively (e.g. 29–1: UBC 29, locus1)
b T: Average temperature
c RF: Rainfall

d Jul RF and May RF increased the R2 to 0.94
e Apr RF and May RF increased the R2 to 0.94
f Altitude, May RF and Nov RF increased the R2 to 0.98



a total of 28 RAPDs showed significant positive (9 RAP-
Ds) and negative (19 RAPDs) correlations with altitude.
Population means from 21 RAPDs were also correlated
with annual average temperature. All RAPDs, except 3
(43–5, 237–3 and 239–4), that were correlated with annual
average temperature were also correlated with altitude; the
converse was not true. Six and 7 RAPDs were also cor-
related with latitude and longitude, respectively, against
only 2 RAPDs (111–5 and 204–4) with annual rainfall.

Stepwise multiple regression (SMR) analyses

SMR was first performed on DATA SET-2 using genetic
indices (P, H, and population means of the 70 RAPDs) as
dependent variables and the 27 ecogeographical vari-
ables (longitude, latitude, altitude, monthly average tem-
perature and monthly total rainfall) as independent vari-
ables. Each of the genetic indices identified 1 or more of
the ecogeographical variables. There was, however, se-
vere multicollinearity among the selected ecogeographi-
cal variables as indicated by the high variance inflation
factors (VIFs) that ranged between 1 to 457 (data not
shown). Multicollinearity among the regressors was ob-
served when two or more monthly temperatures were se-
lected by the model. Regression analyses were repeated
several times by removing temperature until VIF <10 for
all selected regressors. This criterion reduced the number
of regressors into 17 by removing all monthly tempera-
tures except July and October.

Temperature in July was the only explanatory variable
selected for P (R2=0.16) and H (R2=0.21). None of the
17 ecogeographical variables were selected in 7 RAPDs.
Population means from the remaining 63 RAPDs identi-
fied 1 or more explanatory variable(s) (Table 5) and can
broadly be classified into seven categories based on their
primer association with the ecogeographical variables:
(1) geographical factors (altitude, latitude and longitude)
(11 RAPDs), (2) geographical and rainfall factors
(25 RAPDs), (3) geographical and temperature factors
(3 RAPDs), (4) rainfall only (11 RAPDs), (5) rainfall
and temperature factors (7 RAPDs), (6) temperature only
(2 RAPDs) and (7) geographical, rainfall and tempera-
ture factors (4 RAPDs). Altitude was the most important
of the geographical variables. It singly explained
40–57% of the variance in 9 RAPDs (29–1, 29–2, 79–4,
79–5, 100–1, 111–3, 239–2, 239–3 and 239–4) and
58–86% of the variance in 5 other RAPDs (43–7, 54–2,
79–6, 100–2, 237–1). Rainfall in particular months
singly explained about 40–57% of the variance in 7
RAPDs (43–1, 43–5, 79–1,111–1, 111–5, 111–7 and
131–2). Temperature in July and/or October singly ex-
plained 40–57% of the variance in 5 RAPDs (100–3,
116–2, 131–6, 204–4 and 239–1), against only 1 RAPD
(237–2) for longitude and none for latitude. Most of the
variation in the other RAPDs was explained by 2 or
more combinations of the different ecogeographical vari-
ables. The best two-variable combinations was altitude
and longitude in 29–2, 29–3 and 111–6; altitude and lati-

tude in 237–1 and 239–4; July temperature and Novem-
ber rainfall in 204–4 (Table 5).

It is also evident from Table 5 that most of the vari-
ance in 13 of the 21 RAPDs (29–2, 29–3, 43–7, 54–2,
79–4, 79–6, 100–1, 100–2, 111–6, 237–1, 239–2, 239–3
and 239–4) which were significantly correlated with an-
nual average temperature was primarily explained by al-
titude. In fact in all except 100–2 of the latter, tempera-
ture was not selected as an explanatory variable, clearly
indicating an indirect association of temperature with al-
titude. Temperature explained most of the variance only
in the other 6 RAPDs (100–3, 116–2, 131–6, 204–4,
237–4 and 239–1).

Discussion

Our results support the earlier conclusion drawn by
Semagn (1999) concerning the existence of strong ge-
netic differentiation among Ethiopian Phytolacca do-
decandra populations along altitudinal gradients. Genet-
ic differentiation between populations along altitudinal
gradients has been demonstrated in several plant species
because important environmental conditions change rap-
idly with elevation (e.g. Clausen et al. 1940; Nevo et al.
1983; Fahima et al. 1999). As pointed out by Bradshaw
(1965), genetic differentiation is predicted for traits that
are adaptations to environmental conditions likely to re-
main fairly constant during the lifespan of an organism.
In Endod, evidence supporting genetic differentiation, ei-
ther into two- or three- altitude groups, comes from prin-
cipal component and discriminant analyses and from en-
vironmental correlates of RAPD polymorphisms. Princi-
pal component analyses performed on all individuals and
population means (Figs. 1, 3) revealed distinct differenti-
ation of the lowland and the central-highland populations
from the highlands. When altitude was used as a classifi-
cation variable, discriminant analyses resulted in a dis-
tinct separation between the lowland and highland popu-
lations, with the central-highland plants being intermedi-
ate between the former (Table 3; Fig. 4). No single plant
from the lowland populations was classified into the
highland and vice versa (Table 3).

Correlation of traits with environmental factors is one
of the commonest and oldest method for detecting selec-
tion. Although a correlation does not necessarily imply a
cause-and-effect relationship, it is useful in determining
just what traits and what environmental variables are
suspected of being engaged in a selective process
(Endler 1986). In the present work, population means
from 28 RAPDs were significantly correlated with alti-
tude, against 2 RAPDs with annual rainfall, 6 RAPDs
with latitude, 7 RAPDs with longitude and 21 RAPDs
with annual average temperature. Stepwise multiple re-
gression analysis indicates altitude, singly or in combi-
nation with the other ecogeographical variables, as an
explanatory variable(s) in 36 RAPDs against only 16 for
longitude, 16 for temperature and 10 for latitude (Table
5). Hence, it is highly likely that altitude (and/or other
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correlated environmental variables) exerts a differential
selective pressure on closely linked genes or co-adapted
gene blocks. We hypothesise that the genetic differentia-
tion at or linked to RAPD-DNA loci between altitude
groups is partly adaptive and responsive to natural eco-
logical selection, as has previously been reported in Dro-
sophila (e.g. Brussard 1984), mole-rats (e.g. Nevo 1990),
Trimerotropis pallidipennis (Orthoptera) (Confalonieri
and Colombo 1989) and wild barley (e.g. Nevo et al.
1983; Baum et al. 1997; Fahima et al. 1999).

Alternative hypotheses to explain RAPD differentiation

Data on morphological traits in Endod did not support
the differentiation of populations into morphological
ecotypes (Semagn et al. 1999b), but the possibility that
they may be chemical and/or physiological ecotypes
(Stace 1989) remains to be fully determined. There are
two indications for the presence of chemical ecotypes.
First, the Ethiopia Endod populations are recognised by
two names, depending on the colour of the berries: arabe
with pinkish berries and ahiyo with greyish berries
(Lemma 1983). The former is the case for population 15
and most of the highland plants. Preliminary data from
high-performance liquid chromatography (HPLC) indi-
cated that the pinkish colour in the arabe-type berries is
due to phenolic compounds that belong to the betacyanin
family (F. Vinicieri et al., unpublished). Secondly, Park-
hurst et al. (1990), based on their studies on variation in
triterpene saponins from 15 populations collected over a
wide geographical range in Africa, have also reported
the presence of low (<66%) and high (>80%) levels of
oleanolic acid groups. An indication of physiological or
phenological ecotypes may be the observed distinct dif-
ferences in growth habit, morphology and flowering time
among 11 clones cultivated in a common garden experi-
ment in Addis Ababa (K. Semagn, unpublished).

Habitat differentiation between other polyploid spe-
cies and their diploid progenitors has been demonstrated
in a number of field and laboratory studies. For example,
allozyme and cytological analyses suggested that natural
populations of Heuchera grossulariifolia (Wolf et al.
1990), Heuchera micrantha (Ness et al. 1989) and
Tolmiea menziesii (Soltis 1984; Soltis and Rieseberg
1986) consist of either diploid or tetraploid plants; no
mixed populations were detected. Similarly, four chro-
mosomal species (2n=52, 54, 58, 60) were reported in
mole-rats, Spalax ehrenbergi superspecies complex, each
of which were associated to a different temperature, pre-
cipitation and humidity (Nevo 1990). The ploidy level of
P. dodecandra is unclear. Chromosome counts made
from Rwandan plant material indicated that the species is
tetraploid with 2n=4x=36 (Auquier and Renard 1975),
while preliminary chromosome counts from Ethiopian
material indicated a much higher ploidy level (B. Stedje;
K. Dagne, unpublished) although detailed investigation
was found difficult due to the small size of chromosomes
(<1 µm). Stomatal size was measured from 48 herbarium

specimens of Endod to see if the data could be used to
predict differences in ploidy level between altitude
groups. These preliminary data, however, did not indi-
cate any significant difference between altitude groups
(B. Stedje, unpublished). With the same analogy as that
of diploid/tetraploid relationships mentioned above or
that of mole-rats, the existence of habitat differentiation
between altitude groups due to different ploidy levels in
Endod is one possible hypothesis, which can be tested by
crossing the lowland and the highland genotypes and as-
sesssing the viability and seed set of the F1 plants. The
latter, however, has not yet been tested due to the long
time required obtain F1 plants (about 2 years) in order to
assess their fertility.
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