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Abstract The mating-system was investigated in a natu-
ral population of the tetraploid taxon Acacia nilotica ssp.
leiocarpa using open-pollinated seeds from 15 families.
Six-day-old germinated seeds were used for starch-gel
electrophoresis. Three enzyme systems (ADH, EST-1, and
6PGD) were scored. Isozyme banding patterns and segre-
gation of isozyme variants within families suggest that the
species is an autotetraploid displaying tetrasomic inheri-
tance. Estimates of single-locus (t,=0.358) and multilocus
(t,;=0.384) population outcrossing rates were homogene-
ous, and indicate substantial selfing in the population. Het-
erogeneity of outcrossing estimates among loci and fami-
lies were marked, suggesting departure from the assump-
tions of the mixed-mating model. Implications of the re-
sult for the utilization of germplasm in tree-improvement
programmes are noted.
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Introduction

In tree-breeding programmes, economic and logistic con-
siderations often preclude the use of controlled crosses for
estimating genetic parameters. Instead the families derived
from open-pollinated seeds are commonly used to quan-
tify genetic variances, heritabilities, and potential genetic
gain for characters of interest (Namkoong 1966). The as-
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sumption is made that families result from random mating,
and that inbreeding does not occur at significant levels. De-
parture from random mating, especially inbreeding, can
bias the estimates of genetic parameters. The situation may
be further complicated by the occurrence of correlated mat-
ing and biparental inbreeding (Shaw and Allard 1982; Rit-
land 1989; Muona et al. 1991). Thus, a detailed knowledge
of the reproductive pattern, which ultimately determines
the genetic structure of the progeny generation, is of par-
amount importance in formulating an efficient tree-breed-
ing programme that makes use of open-pollinated seed col-
lections.

Traditionally, mating-systems have been studied using
observations on floral morphology and the behaviour of
pollinators, and from the results of controlled crosses.
However, information derived from such studies is far from
complete and cannot be used for quantitative estimates of
mating-system parameters. The use of electrophoretically-
detectable markers, and the development of appropriate ge-
netic models have made possible detailed quantitative
studies of plant mating systems (Brown et al. 1985). Allo-
zyme markers are particularly useful for such studies since
populations are often polymorphic for many enzyme loci,
permitting each individual to be scored for several mark-
ers. Moreover, allozymes generally show co-dominant in-
heritance, so that all genotypic classes can be identified
without progeny testing.

The past two decades have witnessed a tremendous ex-
ploitation of allozyme data for the analysis of plant mat-
ing systems. The vast majority of species studied have been
diploids, in which the genetic interpretation of isozyme
banding pattern is relatively straightforward. In contrast,
the quantitative study of mating systems in polyploids has
received far less attention (Murawski et al. 1994). This can
be attributed to the complexity of the allozyme banding
pattern that can be produced in polyploids, difficulties with
inferring the inheritance of this variation, and the lack of
suitable statistical models for the analysis of mating
systems in species that do not show simple disomic inher-
itance (Quiros 1982; Barrett and Shore 1987; Ness et al.
1989). However, recent interest in the study of polyploids
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and the development of an appropriate methodology for
the analysis of mating systems in polyploids (Barrett and
Shore 1987; Ritland 1990) has opened the way for quanti-
tative studies of the mating system in previously-intract-
able, though economically-important, species.

One genus in which these advances are of great poten-
tial benefit is Acacia. Acacias possess a range of attributes
that suit them for roles in both agroforestry and environ-
mental protection (National Academy of Sciences 1979).
Consequently a large number of Acacia species are now
included in international germplasm collections with the
intention of laying the foundations for future genetic im-
provement programmes. Although a number of detailed
studies of reproductive biology have been carried out in
diploid Australian species, very little is known about the
mating systems of their (often polyploid) counterparts in
Africa and Asia (Moran et al. 1989; Muona et al. 1991). In
the present paper we report a mating-system analysis in
Acacia nilotica, a naturally-occurring tetraploid species
from Africa, using electrophoretic marker loci. A. nilotica
is the subject of an ongoing germplasm collection and as-
sessment programme conducted by the Oxford Forestry In-
stitute.

Materials and methods
Study organism

A. nilotica is a naturally-occurring polyploid species that is widely
distributed in Africa, Arabia and the Indo-Pakistan subcontinent
where it is managed as a multipurpose tree (Ali and Quaiser 1980).
The species is very variable, and presently nine subspecies are rec-
ognised. Most of these subspecies are tetraploid (2n=4x=52), though
higher-ploidy levels (2n=8x=104, and 2n=8x=208) have been re-
corded in the subspecies nilotica and tomentosa (Nongonierma
1976). This study involves the subspecies leiocarpa whose distribu-
tion is restricted to Arabia and East Africa, where it occurs in Ken-
ya, Somalia, Ethiopia and Tanzania.

A. nilotica produces showy, bright-yellow flowers that are polli-
nated by bees of the families Megachilida and Anthophoridae (Ty-
birk 1989). Pollen is dispersed as polyads, which generally contain
16 pollen grains. This offers the potential for full-sib mating within
pods. Another important aspect of the reproductive biology is that
the species is andromonoecious, with on average, only about 30% of
flowers per tree, being hermaphrodite. The remaining fraction of
flowers produce abundant pollen but have no female function. Flow-
ering may occur a number of times each year, depending upon wa-
ter availability. Although profuse flowering occurs, most flowers
abort and pod set is low. The degree of self-incompatibility within
the species is not known, though self-incompatibility is found in var-
ying degrees within other members of the genus (Kenrick and Knox
1989).

Seed and seed collection site

Open-pollinated seeds from 25 individual trees of A. nilotica ssp.
leiocarpa were obtained from the collection maintained by the Ox-
ford Forestry Institute. Seeds had been collected by the Institute dur-
ing January/February 1990 from the Sabaki area near Malindi in the
Coast Province of Kenya (3°11’S, 40°07'E and altitude 20 m). Here
the population of trees is spread over an extensive area measuring
7 kmx4 km. In some places the trees are found as scattered individ-
uals that have been deliberately retained in farmers fields, while els-

where it occurs as thickets in overgrazed areas and near cattle trails.
The seed analysed from each tree comprised the contents of a num-
ber of pods that had been bulked.

Electrophoresis

Electrophoretic analysis was carried out using open-pollinated seeds
from 15 randomly-chosen trees. Approximately 40 seeds from each
family were analysed, making a total of 580 seeds assayed in the
study. Large numbers of seed were assayed per tree in order to allow
the maternal genotype of each tree to be inferred from the progeny
genotype array with reasonable precision. Seeds were clipped to al-
low them to imbibe water, and were subsequently germinated on Pe-
tri dishes for a period of 1 week. Seed tissues were ground over ice
in extraction buffer and absorbed onto filter-paper wicks. Samples
were subjected to electrophoresis on 11% horizontal starch gels for
5 h. Three enzyme systems, alcohol dehydrogenase (ADH), esterase
(EST), and six-phosphogluconate dehydrogenase (6PGD), were as-
sayed. The buffers used were 0.0045 M DL-histidine HC], 0.0037 M
NaOH, pH 6.5 (gel), 0.041 M sodium citrate, 0.0003 M citric acid,
pH 6.5 (electrode) for EST, and 0.0052 M DL-histidine HCI,
0.042 M Tris, 0.0029 M LiOH.H,0, 0.022 M H;BO3, pH 8.2 (gel),
0.029 M LiOH.H,0, 0.192 M H;BO;, pH 8.1 (electrode) for ADH
and 6PGDH.

For each of the enzymes, one clearly-staining, polymorphic
system was scored. The three loci were designated Adh, Est-1, and
6Pgd. As well as recording the position of bands on the electropho-
resis gel, the relative staining intensities of the enzyme bands were
noted. This was essential for assigning putative genotypes to the
progeny that had been scored in this tetraploid species.

Mating-system analysis

Mating-system analysis was carried out on the assumption that the
tetraploid A. nilotica displays tetrasomic inheritance i.e., there is no
preferential pairing among the four homologous chromosomes at
meiosis. Such a mode of inheritance is expected if A. nilotica has an
autotetraploid, rather than an allotetraploid, origin. The assumption
of tetrasomic inheritance is consistent with the lack of fixed hetero-
zygotes and the variation in gene dosage levels, detected at isozyme
loci in the study. It should be noted, however, that confirmation of
this mode of inheritance can only be derived from formal genetic
analysis which was not performed in this investigation.

Quantitative analysis of the mating system made use of the
MLTET programme (Ritland 1990; Murawski et al. 1994), specifi-
cally written for the analysis of mating systems in autotetraploids.
Data on putative progeny-genotype arrays from the 15 parent trees
were used both to infer maternal genotypes, and to jointly estimate
pollen allele frequencies and outcrossing parameters. Estimates of
single-locus outcrossing rate (t;), multilocus outcrossing (t,,), and
multilocus family estimates of outcrossing rate (t.;), were deter-
mined. The method makes the normal assumptions of the mixed-mat-
ing model, but the programme is modified to account for tetrasom-
ic inheritance. Variances of estimates were obtained by conducting
200 bootstraps. Due to the low number of families assayed (15), boot-
strap resampling was performed within families.

Results

The three enzyme systems studied each showed a wide va-
riety of banding phenotypes (Fig. 1). These were distin-
guished not only by the position of bands, but also by the
relative staining intensity of the bands. Differences in
staining intensity were interpreted as differences in allelic
dosage in this tetraploid species, where, within a single in-
dividual, a particular allele may be present in from one to
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Fig. 1 Observed variation in a ADH
isozyme banding patterns of A.
nilotica ssp. leiocarpa for alco- T oy w—- — — —  m— —  ——
hol dehydrogenase (ADH), 2 b— — — — = =
esterase (EST), and 6 phospho- . [ — — = =
gluconate dehydrogenase
%Sﬁg?;éxfy"pi};":f?hiﬁgf " Adh genotype 111 1113 1133 1333 3333 1112 M23 1223 1233
Estl and 6Pgd loci b EST
1r— [ — — — —— — bl —_— —
2 — —— -_— — —— — — — —— [
3 — — EEEW — W SR mewe — —
L — — — — — — v—
Est1 genotype 111 1122 1222 1123 1234 1233 1244 1344 W33 2233 2234 2344 3344
¢ 6PGD
T =m — — —
2 b — — ] || | —
6Pgd genotype 111 1112 1122 1222 2222 2223 2233

four copies. Also shown in Fig. 1 are the putative geno-
types associated with each banding pattern for Adh (di-
meric enzyme with three alleles), Est-1 (monomeric en-
zyme with four alleles), and 6Pgd (monomeric enzyme
with three alleles). All enzyme systems showed extensive
segregation for putative heterozygous and homozygous
phenotypes, with no evidence of ‘fixed’ heterozygosity. In
addition it was possible to distinguish both ‘balanced’ and
‘unbalanced’ heterozygotes, differing in the intensity of
their band staining. This electrophoretic evidence sug-
gests, but does not prove, that A. nilotica ssp. leiocarpa is
unlikely to be an allopolyploid, showing digenic-disomic
inheritance. In such a case a high proportion of ‘fixed’ and
‘balanced’ heterozygotes would be expected. Moreover,
the number of alleles per locus would be restricted to two
inarecent allopolyploid derived by hybridisation and chro-
mosome doubling. For these reasons, further analyses of
the data were carried out on the assumption that A. nilot-
ica is an autotetraploid displaying tetrasomic inheritance.

Table 1 shows single-locus outcrossing estimates (t,)
and their standard errors for the Adh, Est-1, and 6Pgd loci,
the minimum variance mean single-locus outcrossing rate
(t), and the multilocus outcrossing estimate (t,,) that uses
information from all three loci. Single-locus outcrossing
estimates range from 0.18 for Est-1 to 1.02 for 6Pgd, and
are significantly heterogeneous. The mean single-locus
outcrossing rate, t;=0.358, and the multilocus outcrossing
rate, t,,=0.384, are very similar, both values being signif-
icantly less than one, indicating a substantial degree of self-
ing in the population. The close correspondence between
these values suggests that the low values of t are caused by
true selfing rather than biparental inbreeding.

Table 2 shows the estimated multilocus family outcross-
ing rates (t,,;) for the 15 trees in this study. These values
were calculated on the assumption that pollen-allele fre-
quencies are the same for each maternal parent. The val-
ues obtained run from 0.16 to 1.04 and are statistically sig-

Table 1 Single and multilocus estimates of outcrossing rate in Aca-
cia nilotica ssp. leiocarpa

Locus Outcrossing rate (t) SE (t)
Adh 0.327 0.333
Est-1 0.180 0.018
6Pgd 1.017 0.076
Mean single locus 0.358 0.074
Multilocus 0.384 0.080

Table 2 Multilocus outcrossing rates for 15 families of Acacia
nilotica ssp. leiocarpa

Family Outcrossing rate (t;) SE (typ)
1 0.16 0.08
2 0.22 0.08
3 0.18 0.12
4 0.39 0.12
5 0.67 0.19
6 0.73 0.18
7 0.17 0.08
8 0.80 0.12
9 0.39 0.13

10 0.90 0.22

11 0.44 0.12

12 0.25 0.12

13 1.04 0.22

14 0.20 0.09

15 0.41 0.19

nificantly heterogeneous. Such a result indicates that the
assumptions of the mating system model are violated ei-
ther because there is true variation in outcrossing rate
among trees, or because the allele frequencies in outcross
pollen received by different trees are significantly differ-
ent.
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Discussion

Although polyploids comprise a large fraction of the
world’s flora, very few quantitative studies of mating
systems have been performed on these species in compar-
ison with their diploid counterparts (Barrett and Shore
1987; Murawski et al. 1994). This is largely a reflection of
the technical difficulties associated with the analysis of
polyploids, difficulties that are well illustrated in the
present study. The first problem is in finding suitable ge-
netic markers. Isozyme banding patterns in polyploids are
often extremely complex due to the multiplicity of alleles
that may be found in a single individual, making genetic
interpretation of the variation difficult (Roose and Gottleib
1976; Soltis and Rieseberg 1986; Ness et al. 1989). More-
over, systems must be found in which differences in alle-
lic dosage can be scored. Alleles may be present in from
one to four copies, and this number must be known in or-
der to assign a genotype to an individual. Although clear
banding patterns were found for other enzyme stains, dif-
ficulties with interpretation precluded their use in the
present mating-system analysis.

The second major difficulty with analysing polyploids
is in knowing with confidence the mode of inheritance of
genetic variants. Allopolyploids are often considered to
display regular disomic inheritance, while autopolyploids
exhibit polysomic inheritance patterns. However, the ori-
gin of many polyploids is not known. Moreover, these gen-
eral rules may not always apply, especially in cases where
hybridisation takes place between very-closely related spe-
cies, or where pairing behaviour of chromosomes is mod-
ified subsequent to the formation of the polyploid (Soltis
and Rieseberg 1986). The only certain way of finding the
mode of inheritance is by conducting formal genetic
crosses (Quiros 1982; Soltis and Soltis 1988, 1989). In the
present case the polyploid origin of tetraploid A. nilotica
ssp. leiocarpa is not known, and controlled crosses were
not available. Analysis has been conducted on the assump-
tion that the population is showing tetrasomic inheritance
of isozyme variants. This assumption is based on the argu-
ment that if A. nilotica ssp. leiocarpa was an allotetraploid,
formed by hybridisation and chromosome doubling,
‘fixed” heterozygosity would be detected, and the fre-
quency of segregating allelic variants would be low. Iso-
zyme analysis, however, revealed no ‘fixed’ heterozygos-
ity, and at the loci scored either three or four alleles were
segregating at substantial frequencies in the population.

The final difficulty with analysing the mating system in
polyploids concerns the application of models for outcross-
ing estimation (Ritland 1990; Murawski et al. 1994). These
models require substantially more data than do similar
models for diploids. This is especially true where mater-
nal genotypes are unknown, and large numbers of progeny
need to be scored to allow these genotypes to be inferred
with precision. Moreover, data from heterozygous mater-
nal parents yields relatively-little information on outcross-
ing rates. This is true for Adh in the A. nilotica population
studied where the two common alleles are present at

roughly equal frequencies. Data from a number of poly-
morphic loci may, therefore, be essential to obtain out-
crossing estimates with low standard errors. Finally the
models themselves are necessarily complex, involving far
more parameters than diploid models, so reducing the
strength of the conclusions that can be drawn from them.

Acknowledging these difficulties and shortcomings, the
present study gives a best estimate of the outcrossing rate
of A. nilotica ssp. leiocarpa as t,=0.384. This is highly
significantly less than one, the figure expected under ran-
dom outcrossing. The multilocus estimate is very little dif-
ferent from the mean single-locus estimate, showing that
biparental inbreeding is unlikely to be important in the pop-
ulation (Shaw et al. 1981). These figures suggest that A.
nilotica ssp. leiocarpa is self-compatible, and that approx-
imately 60% of seeds are set through self pollination. These
results are comparable to those obtained for another Afri-
can tetraploid species, A. tortilis, with an estimated mean
outcrossing rate, over ten populations, of 0.35 (Olng’otie
1991). They differ substantially, however, from estimates
for diploid Acacia species from Australia which range
from 0.84 to 0.99, very close to random mating (Philp and
Sherry 1946; Moffett 1956; Moran et al. 1989; Muona et
al. 1991).

A number of factors may be important in accounting for
these differences. The first is the degree of self-compat-
ibility exhibited by the species. Studies using controlled
crosses have shown that there is a complete spectrum of
compatibility among Acacia species in Australia (Ken-
drick and Knox 1989). Higher levels of outcrossing may
therefore be associated with a greater degree of self-incom-
patibility. An alternative is that the species are uniformly
self-compatible, but differ in the degree of pollen disper-
sal among individuals. In populations of A. nilotica ssp.
leiocarpa, where the density of trees is low and the time
of flowering among individuals may vary, limited pollen
dispersal between trees could limit the extent to which out-
crossing occurs. Controlled pollination and observations
of pollination in the field would be needed to distinguish
between these hypotheses.

The possibility of restricted pollen dispersal among
trees within the A. nilotica population is supported by the
fact that single-locus outcrossing rates are significantly
heterogeneous over loci. Such a result would be expected
if, through restricted pollen dispersal, the allele frequen-
cies in outcrossed pollen received by different trees varied
(Ennos and Clegg 1982; Brown et al. 1985). Whatever its
cause, this heterogeneity in single-locus outcrossing rates
indicates significant departures of the population from the
assumptions of the mixed-mating model. Another indica-
tion of departures from model assumptions is the signifi-
cant variation in outcrossing rates found among families.
These range from 0.16 to 1.04. Possible reasons for het-
erogeneity are restricted and non-random outcross pollen
dispersal, as well as true differences in outcrossing rate
among trees (Brown 1985).

Although there are undoubtedly some difficulties in ap-
plying mating-system analysis to this population of A. ni-
lotica, there are clear indications of a significant degree of



self fertilisation ocurring in the field. This has important
implications for the use of these open-pollinated progenies
in the estimation of genetic parameters for practical tree-
breeding programmes. The most important of these is that
among-family variance for quantitative characters will be
greater than expected under random mating in a tetraploid
(Bever and Felber 1992). Unless this is accounted for, he-
ritability will be overestimated from the analysis of open-
pollinated progeny trials. Future research in such tree-
breeding programmes needs to be directed at clarifying
such issues as the degree of self-compatibility within pop-
ulations, confirming the proposed mode of inheritance of
genetic variation, and assessing factors controlling the ex-
tent of outcrossing in this species. Such information is an
essential foundation for future genetic improvement of the
species.

Acknowledgements We thank Dr. Richard Barnes for supply of
seeds funded under ODA R.5655. We also thank Dr. Kermit Ritland
for the computer programme and Mzx. P. Oballa for help with running
the analyses. The senior author is grateful to the British Council for
providing a Visiting Fellowship during the course of this study.

References

Ali SI, Quaiser M (1980) Hybridization in A. nilotica complex. Bot
J Linn Soc 80:69-77

Barrett SCH, Shore JS (1987) Variation and evolution of breeding
systems in the Turnera ulmifolia complex. Evolution 41:340--354

Bever JD, Felber F (1992) The theoretical population genetics of au-
topolyploidy. In: Futuyma D, Antonovics J (Eds) Oxford surveys
in evolutionary biology, vol 8. Oxford University Press, Oxford,
pp 185-217

Brown AHD, Barrett SCH, Moran GF (1985) Mating system estima-
tion in forest trees:models, methods and meanings. In: Gregori-
us HR (ed) Population Genetics in Forestry — Lecture Notes in
Biomathematics. Springer-Verlag, Berlin, pp 3249

Ennos RA, Clegg MT (1982) Effect of population substructuring on
estimates of outcrossing rate in plant populations. Heredity
48:283-292

Fagg CW, Barnes RD (1990). African Acacias: a study and acquisi-
tion of the genetic resources. Final Report to the Overses Devel-
opment Administration, UK

935

Kenrick J, Knox RB (1989) Quantitative analysis of self-incom-
patibility in trees of seven species of Acacia J Heredity 80:240~
245

Moffett AA (1956) Genetical studies in Acacias. I. The estimation
of natural crossing in black wattle. Heredity 10:57-67

Moran GF, Muona O, Bell JC (1989) Breeding systems and genetic
diversity in A. auriculiformis and A. crassicarpa. Biotropica
21:250-256 v

Muona O, Moran GF, Bell JC (1991) Hierarchical patterns of corre-
lating mating in A. melanoxylon. Genetics 127:619-626

Murawski DA, Fleming TH, Ritland K, Hamrick JL (1994) Mating
system of Pachycereus pringlei: an autotetraploid cactus. Hered-
ity 72:86-94

Namkoong G (1966) Inbreeding effects on estimation of genetic ad-
ditive variance. For Sci 12:8-13

National Academy of Sciences (1979) Tropical legumes: resources
for the future. Washington DC

Ness BD, Soltis DE, Soltis PS (1989) Autopolyploidy in Heuchera
micrantha. Am J Bot 76:614-626

Nongonierma A (1976) Contribution a I’étude du genre Acacia Mill-
er en Afrique occidentale. II. Caractéres des inflorescences et des
fleurs. Bulletin de I’IFAN Serie A 38:487-657

Olng’otie PAS (1991) Acacia tortilis (Forsk.) Hayne: a study of ge-
netic diversity and breeding systems. D Phil thesis, University of
Oxford

Philp I, Sherry SP (1946) The degree of natural crossing in green
wattle (A. decurrens Willd.) and its bearing on wattle breeding.
J S Afr For Assoc 14:1-28

Quiros CF (1982) Tetrasomic segregation for multiple alleles in al-
falfa. Genetics 101:117-127

Ritland K (1989) Correlated matings in the partial selfer Mimulus
guttatus. Evolution 43:848-859

Ritland K (1990) A series of FORTRAN computer programs for es-
timating plant mating systems. J Heredity 81:235-237

Roose ML, Gottleib LD (1976) Genetic consequences of polyploidy
in Tragopogon. Evolution 30:818-830

Shaw DV, Allard RW (1982) Estimation of outcrossing rates in Doug-
las fir using isozyme markers. Theor Appl Genet 62:113-120

Shaw DV, Kahler AL, Allard RW (1981) A multilocus estimator of
mating system parameters in plant populations. Proc Natl Acad
Sci USA 78:1298-1302

Soltis DE, Rieseberg LH (1986) Autopolyploidy in Tolmiea menzie-
sii (Saxifragaceae): genetic insights from enzyme electrophore-
sis. Am J Bot 73:310-318

Soltis DE, Soltis PS (1988) Electrophoretic evidence for tetrasomic
segregation in Tolmiea menziesii (Saxifragaceae). Heredity 60:
375-382

Soltis DE, Soltis PS (1989) Tetrasomic inheritance in Heuchera mi-
crantha (Saxifragaceae). J Hered 80:123-126

Tybirk K (1989) Flowering, pollination and seed production of A. ni-
lotica. Nord J Bot 9:375-381



