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† Background and Aims Oxalis pes-caprae is a widespread invasive weed in regions with a Mediterranean climate.
In its native habitat (southern Africa) this species has been reported as heterostylous with trimorphic flowers and a
self- and morph-incompatible reproductive system. In most of the areas invaded, only a pentaploid short-styled
morphotype that reproduces mainly asexually by bulbils is reported, but this has only been confirmed empirically.
This study aims to analyse the floral morph proportions in a wide distribution area, test the sexual female success,
and explain the causes of low sexual reproduction of this species in the western area of the Mediterranean Basin.
† Methods Fifty-five populations of O. pes-caprae were sampled in the Iberian Peninsula and Morocco to evaluate
the floral morph ratio and individual fruit set. In plants from a dimorphic population, hand-pollination experiments
were performed to evaluate the effect of the pollen source on pollen tube growth through the style. The ploidy
level and genome size of individuals of each floral morph were analysed using flow cytometry.
† Key Results From the populations studied 89.1 % were monomorphic, with most of them containing the short-
styled (SS) floral morph, and 10.9 % were dimorphic containing long-styled (LS) and SS morphs. In some of
these, isoplethy was verified but no fruit production was observed in any population. A sterile form was also
recorded in several populations. Hand-pollination experiments revealed that pollen grains germinated over recipi-
ent stigmas. In intermorph crossings, pollen tubes were able to develop and fruit initiation was observed in some
cases, while in intramorph pollinations, pollen tube development was sporadic and no fruit initiation was
observed. All individuals within each floral form presented the same DNA ploidy level: SS plants were pentaploid
and LS and the sterile form were tetraploid.
† Conclusions The low or null sexual reproduction success of this species in the area of invasion studied seems
related with the high frequency of monomorphic populations, the unequal proportion of floral morphs in
dimorphic populations and the presence of different ploidy levels between SS and LS morphs. The discovery of
the occurrence of an LS floral morph and a sterile form, whose invading capacity in these areas is as yet
unknown, will be valuable information for management programmes.

Key words: Flow cytometry, genome size, heterostyly, invasive plant, Oxalis pes-caprae, ploidy level, reproductive
biology, weed.

INTRODUCTION

The genus Oxalis (Oxalidaceae) is distributed worldwide
and consists of approx. 800 species (Hussey et al., 1997).
Oxalis pes-caprae, a native species from southern Africa,
was introduced as an ornamental plant in several areas of
the world (Baker, 1965), particularly in regions with a
Mediterranean climate, where it is currently a troublesome
and widespread invasive weed. This species arrived in the
central Mediterranean Basin at the end of the eighteenth
century (Rappa, 1911), and its rapid and vigorous vegeta-
tive reproduction and dispersal resulted in a high rate of
colonization success. In the native region both wild popu-
lations and weedy races are found (Ornduff, 1987).

This species is heterostylic with tristylous flowers pre-
senting short-, mid- and long-styled (SS, MS and LS,

respectively) morphs (Fig. 1A–C) and a self- and
morph-incompatibility reproductive system (Ornduff,
1987). In heterostylic species this usually implies that
legitimate pollinations are only possible between opposite
sex organs at the same height level (Lewis and Jones,
1992; Lloyd and Webb, 1992a). The outcome of this dis-
assortative mating in heterostylic populations should be
the presence of similar proportions of floral morphs (iso-
plethy; Lloyd and Webb, 1992b). In southern Africa,
O. pes-caprae is represented by all floral morphs and
reproduces both sexual and asexually (Ornduff, 1986).
However, in most of the areas invaded, only the SS mor-
photype that reproduces mainly asexually by the pro-
duction of bulbils has been reported (Ater, 2005; Vilà
et al., 2006a). The ability to reproduce asexually, associ-
ated with founder events that this species experienced,
may be responsible for the occurrence of the* For correspondence. E-mail lnavarro@uvigo.es
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monomorphic populations reported. These patterns have
been observed in other clonal heterostylous species such
as Eichhornia crassipes (Barrett and Forno, 1982) and
Nymphoides peltata (Wang et al., 2005), in which mono-
morphic populations and populations with highly biased
morph ratios were found.

The ability of O. pes-caprae to reproduce asexually, a
shoot able to elongate rapidly and a root capable of con-
tracting results in a highly successful vegetative spreading
(Pütz, 1994). However, the first demographic study on this
species revealed that bulbils were affected at different
recruitment stages by several ecological factors such as
post-dispersal predation, loss of viability and high intras-
pecific competition, and that the invasive success of
O. pes-caprae seems to be more correlated with anthropo-
genic activities (Vilà et al., 2006a). In addition to the
three floral morphs of this species, a new multipetal sterile
(St) form lacking reproductive structures (Fig. 1D) was
described for the Mediterranean Region (Valdés et al.,
1987; Ater, 2000).

Additionally, in its native habitat, individuals of
O. pes-caprae present different ploidy levels, with floral
morphs being diploids (2n ¼ 2x ¼ 14), tetraploids
(2n ¼ 4x ¼ 28) or pentaploids (2n ¼ 5x ¼ 35), with the
latter individuals reproducing mainly asexually by bulbils
(Ornduff, 1987). In most of the areas invaded, only the
pentaploid SS morphotype has been reported (Baker,
1965). Moreover, for populations of the exotic range there
are only eight records in the literature where other ploidy
levels were found (for a review, see Ornduff, 1987).

Despite being a highly noxious weed (it can cause
oxalate poisoning in livestock when consumed in large

quantities; Gimeno et al., 2006) few efforts have been
made to study this species in its exotic range and identify
the causes of its low or null capacity to reproduce sexu-
ally. Therefore, the objectives of this study were to survey
areas invaded by O. pes-caprae in the unexplored western
Mediterranean region, to analyse if there are changes to
population floral morph composition and DNA ploidy
levels, and to examine if there is any correlation between
morph and ploidy level. Moreover it is intended to evalu-
ate the sexual reproduction capacity of this species in the
invaded area. With this work it is hoped to contribute to a
deeper knowledge of the reproduction system of this
aggressive and invasive weed that can help management
programmes in invaded areas.

MATERIALS AND METHODS

Plant material and study area

Oxalis pes-caprae L. is a perennial plant with a deeply
buried bulb that sends out annual subterranean stems,
bearing a high number of bulbils and a rosette of leaves. It
produces inflorescences in umbellate cymes, with actino-
morphic flowers (Young, 1968). The flowers present a
yellow simpetalous corolla composed by five petals, and
bear two rounds of five stamens and one round of five
stigmas arranged in three levels according to the floral
morphotype of each individual (SS, MS or LS, Fig. 1A–C;
Ornduff, 1987). In the area studied, O. pes-caprae gener-
ally flowers in late winter to spring. This study was carried
out during late winter of 2001, 2005 and 2006, and
samples from 55 populations were collected throughout
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FI G. 1. Illustration of the three floral morphs and sterile form present in Oxalis pes-caprae: (A) short-styled; (B) mid-styled; (C) long-styled;
(D) sterile form. Legitimate pollinations are only possible between the same levels of individuals with different floral forms (sensu Ornduff, 1987).
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areas which had been highly invaded (mainly distributed
along the coast) from La Coruña province (Spain) to Rabat
province (Morocco) (Fig. 2 and Table 1). In the area
studied, this species occurs in open habitats, generally in
disturbed places such as cultivated ground, roadsides and
abandoned fields, where it covers large areas.

Morph ratio and fruit production

The floral morph ratio was estimated in all populations
in the areas studied. To do this, longitudinal transects were
made through each population and the floral morph of 100
individuals was recorded with a 5-m distance between
samples (to avoid analysis of flowers from the same
plant). Individual fruit set, i.e. the number of flowers that
set fruits in each plant, was assessed in at least 20 plants
following the same procedure.

Hand-pollination experiments

To evaluate the effect of the pollen source on pollen
tube growth through the style, hand-pollination exper-
iments were performed with the Rianxo (La Coruña,
Spain) population (a population composed by SS and LS
floral morphs). To do this, 32 plants from each morph
were potted and transferred from the field to a greenhouse
(22 + 2 ºC, photoperiod of 16 h and light intensity of
530 + 2 mmol m– 2 s– 1), where pollinator activities were
excluded. Hand pollinations were performed within (illegi-
timate crossings) and between morphs (legitimate cross-
ings) using pollen from each anther level. For each
crossing 22–35 replicates were performed. Five days after
pollination, the beginning of fruit development was
assessed and pistils were collected and harvested in 70 %
ethanol. After that, pistils were cleared and softened with
8 N sodium hydroxide for 6 h, rinsed in distilled water and
stained overnight with 0.05 % (w/v) aniline blue prepared
in 0.1 N potassium phosphate, according to Dafni et al.
(2005). Pistils were then placed on a microscope slide
with a drop of 50 % glycerine and were squashed beneath
a coverslip. Samples were examined for the number of
pollen grains adhering to the stigma, pollen-grain germina-
tion (%) and number of pollen tubes in the upper part of
the style using a Nikon Eclipse 80i epifluorescence micro-
scope (Nikon Instruments, Kanagawa, Japan) with the
UV-2A filter cube.

Ploidy level analyses

DNA ploidy level and genome size of two to six plants
belonging to each floral morph were estimated in 52 popu-
lations (Table 1) using flow cytometry (FCM). DNA
ploidy levels of the individuals involved in the hand-
pollination experiments were also determined. Potted
plants were transferred from the field and maintained in a
greenhouse under the same conditions as those described
above. Nuclear suspensions were obtained from fresh
young leaves of each plant following the protocol of
Galbraith et al. (1983). Nuclei were released after chop-
ping approx. 1–2 cm2 of leaf tissues of O. pes-caprae and

Pisum sativum ‘Ctirad’ (reference standard with a 2C
nuclear DNA content of 9.09 pg according to Doležel
et al., 1998) with a razor blade in a glass Petri dish con-
taining 0.5 mL of Otto I solution [100 mM citric acid,
0.5 % (v/v) Tween 20]. In some samples of LS morpho-
type, SS individuals of O. pes-caprae were used as an
internal reference standard. Afterwards, the nuclear sus-
pension was filtered using an 80-mm nylon filter into a
cytometer sample tube and 1 mL of Otto II solution
(400 mM Na2PO4.12H2O) was added to the isolate for
staining at neutral pH. This two-step nucleus isolation pro-
cedure (Otto’s buffer) was first described by Otto (1992)
for animal tissues and further adapted to plant material by
Doležel and Göhde (1995). The nuclear suspension was
stained with 50 mg mL– 1 of propidium iodide (Fluka,
Buchs, Switzerland) and 50 mg mL– 1 of RNase (Fluka)
was added to avert staining of double-stranded RNA.

Samples were kept on ice and analysed within a 10- to
15-min period in a Coulter EPICS XL (Coulter
Electronics, Hialeah, FL, USA) flow cytometer equipped
with an air-cooled argon-ion blue laser tuned at 15 mW
and operating at 488 nm. Doublets were removed from
data analysis using a region defined in a fluorescence light
pulse integral versus fluorescence light pulse height cyto-
gram that included only the particles of interest. In each
sample at least 3000 nuclei were analysed.

Absolute nuclear DNA estimations of O. pes-caprae in
mass units (pg) were performed using the formula:

O: pes-caprae 2C nuclear DNA content (pg)

¼ O: pes-caprae G0=G1 peak mean

P: sativum G0=G1 peak mean
� 9�09 ð1Þ

Conversion of mass units into number of base pairs (bp)
was performed using the factor: 1 pg ¼ 0.978 � 109 bp
(Doležel et al., 2003).

Statistical analyses

In hand-pollination experiments a one-way ANOVA
(SigmaStat for Windows Version 3.1; SPSS Inc.) was used
to analyse differences in the percentage of germinated
pollen grains according to the pollen source (floral morph
and anther level). For data normalization, percentage
values had to be transformed using an arcsine function. To
evaluate if the pollen provided during hand-pollination
experiments affected the number of pollen tubes which
developed into the style, a Pearson correlation analysis
between these variables was performed. A Kruskal–Wallis
one-way ANOVA on ranks was used for analysing the
number of pollen tubes in the style obtained in each cross-
ing experiment. The multiple comparison Dunn’s test was
used for pair-wise comparison.

For relative DNA content analyses, an ANOVA with
floral morphs nested within populations was applied.
Differences in absolute genome size estimations among
floral morhps were analysed using a one-way ANOVA. A
Tukey–Kramer multiple comparison test was performed
for pair-wise comparison.
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RESULTS

Morph ratios analysis of the 55 populations studied is
given in Table 1. From these, 49 populations (89.1 %)
were monomorphic (regarding only the presence of sexual

floral forms), containing either SS or LS morphs and/or
the sterile form (St). Despite the occurrence of monomor-
phic populations of LS and St, SS accounts for 93.9 % of
the cases (46 out of 49 populations). Indeed, only two
populations were pure LS (4.1 %) and only one was pure
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FI G. 2. Location and floral morph proportions of the Oxalis pes-caprae populations surveyed in Iberian Peninsula and Morocco. Population localities:
1, Muxı́a; 2, Boiro; 3, Rianxo; 4, Cacia; 5, Costa Nova; 6, Aveiro Sul; 7, Eirol; 8, Santo André; 9, Mira; 10, Figueira da Foz; 11, Lavos; 12, Enxara
dos Cavaleiros; 13, Pegões; 14, Alcácer do Sal; 15, Grândola; 16, Santiago do Cacém; 17, Cercal; 18, Odemira; 19, São Teotónio; 20, Baiona;
21, Odeceixe; 22, Aljezur; 23, Marateca; 24, Alcantarilha; 25, Fonte de Boliqueime; 26, São Brás de Alportel; 27, Tavira; 28, Castro Marim; 29, Lepe;
30, Gibraleón; 31, Huelva; 32, San Juan del Puerto; 33, Manzanilla; 34, Gines; 35, Dos Hermanas; 36, El Cuervo de Sevilla; 37, between El Cuervo
de Sevilla and Jerez de la Frontera; 38, Puerto Real; 39, Nador; 40, between Nador and Al Hoceı̈ma; 41, Boudinar; 42, Amter; 43, Oued Laou (Uad
Lau); 44, Nakhla; 45, Tétouan; 46, Marais Smir; 47, Ksar es Sghir; 48, Khemis Anjra; 49, Dar ben Saddok; 50, Aaouamra; 51, Arbaoua; 52, Rabat;
53, Harhoura; 54, Skhirate Côte; 55, Skhirate Centre. Populations 1–3 and 29–38 are located in Spain, 4–28 in Portugal and 39–55 in Morocco.

Populations without a pie diagram are monomorphic containing the SS floral morph.
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TABLE 1. Results of floral morph proportion and relative nuclear DNA content analyses of the studied Oxalis
pes-caprae populations

Population
Floral morph

proportion (%)

Relative nuclear DNA content analyses

Floral morph DNA
index

CV (%) Ploidy level n

1. Muxı́a 100SS – – – – –
2. Boiro 58SS : 42LS SS 0.185 + 0.0017 3.12 5x 5

LS 0.151 + 0.0022 3.18 4x 6
3. Rianxo 91SS : 9LS SS 0.186 + 0.0020 3.20 5x 7

LS 0.153 + 0.0024 3.78 4x 5
4. Cacia 100SS SS 0.182 + 0.0006 2.91 5x 3
5. Costa Nova 100SS SS 0.182 + 0.0026 2.79 5x 5
6. Aveiro Sul 100SS SS 0.181 + 0.0029 3.04 5x 5
7. Eirol 100SS SS 0.181 + 0.0024 2.85 5x 5
8. Santo André 51SS : 49LS – – – – –
9. Mira 100SS SS 0.183 + 0.0011 3.31 5x 5
10. Figueira da Foz 89SS : 11LS SS 0.182 + 0.0020 2.84 5x 10

LS 0.148 + 0.0011 3.25 4x 10
11. Lavos 100SS SS 0.187 + 0.0031 3.12 5x 5
12. Enxara dos Cavaleiros 100SS – – – – –
13. Pegões 67SS : 33LS SS 0.183 + 0.0012 2.70 5x 5

LS 0.150 + 0.0037 2.91 4x 5
14. Alcácer do Sal 100SS SS 0.183 + 0.0029 3.51 5x 5
15. Grândola 100SS SS 0.182 + 0.0027 3.50 5x 5
16. Santiago do Cacém 100SS SS 0.179 + 0.0015 3.16 5x 5
17. Cercal 100SS SS 0.183 + 0.0020 3.05 5x 5
18. Odemira 75SS : 25St SS 0.186 + 0.0033 2.69 5x 9

St 0.148 + 0.0024 3.22 4x 5
19. São Teotónio 2SS : 98St SS 0.183 + 0.0023 3.17 5x 5

St 0.152 + 0.0017 3.60 4x 5
20. Baiona 89SS : 11St SS 0.182 + 0.0017 2.63 5x 5

St 0.145 + 0.0016 3.51 4x 5
21. Odeceixe 100SS SS 0.183 + 0.0014 3.00 5x 5
22. Aljezur 100SS SS 0.180 + 0.0009 3.41 5x 5
23. Marateca 100SS SS 0.178 + 0.0010 3.51 5x 5
24. Alcantarilha 62SS : 38St SS 0.181 + 0.0022 3.46 5x 5

St 0.145 + 0.0005 3.38 4x 5
25. Fonte de Boliqueime 60SS : 40St SS 0.183 + 0.0023 3.92 5x 5

St 0.149 + 0.0022 4.19 4x 5
26. São Brás de Alportel 95SS : 5St SS 0.181 + 0.0013 3.08 5x 5

St 0.146 + 0.0009 3.30 4x 5
27. Tavira 100SS SS 0.181 + 0.0016 2.67 5x 5
28. Castro Marim 100SS SS 0.179 + 0.0024 3.50 5x 5
29. Lepe 100SS SS 0.181 + 0.0013 3.13 5x 5
30. Gibraleón 96SS : 2St SS 0.183 + 0.0024 2.78 5x 5

St 0.150 + 0.0005 3.64 4x 2
31. Huelva 100SS SS 0.182 + 0.0038 2.89 5x 5
32. San Juan del Puerto 100SS SS 0.181 + 0.0016 3.15 5x 5
33. Manzanilla 100SS SS 0.181 + 0.0018 3.45 5x 5
34. Gines 100SS SS 0.183 + 0.0027 3.48 5x 5
35. Dos Hermanas 100SS SS 0.185 + 0.0027 3.00 5x 5
36. El Cuervo de Sevilla 100SS SS 0.181 + 0.0014 3.10 5x 5
37. Between El Cuervo de Sevilla

and Jerez de la Frontera
100SS SS 0.184 + 0.0018 2.91 5x 5

38. Puerto Real 100SS SS 0.182 + 0.0031 3.67 5x 5
39. Nador 84SS : 16St SS 0.186 + 0.0030 2.92 5x 6

St 0.151 + 0.0041 3.70 4x 6
40. Between Nador and Al Hoceı̈ma 100SS SS 0.187 + 0.0019 3.38 5x 6
41. Boudinar 100SS SS 0.189 + 0.0024 2.94 5x 2
42. Amter 60SS : 40St SS 0.183 + 0.0024 3.80 5x 4

St 0.148 + 0.0019 2.98 4x 5
43. Oued Laou (Uad Lau) 47SS : 53St SS 0.184 + 0.0024 2.78 5x 3

St 0.148 + 0.0025 3.45 4x 5
44. Nakhla 65SS : 35St SS 0.181 + 0.0011 2.83 5x 5

St 0.150 + 0.0047 4.38 4x 5
45. Tétouan 70SS : 30St SS 0.181 + 0.0030 2.81 5x 5

St 0.152 + 0.0054 3.67 4x 4

Continued
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St (2.0 %). The St form was also found in 13 of the SS
populations with a variable degree of abundance: in two
populations (numbers 43 and 48) similar proportions were
observed, in one (number 19) the St form was dominant
and, in the remaining populations, SS was the dominant
form. Only six populations were found to be dimorphic
(10.9 %) containing SS and LS floral morphs (Table 1).
The analysis of morph ratio in mixed populations of SS
and LS revealed that in three populations (5.5 %) the ratio
between the two floral morphs was closer to 1 (isoplethic
populations numbers 2, 8 and 52; Table 1). In the remain-
ing populations (numbers 3, 10 and 13) SS individuals
prevailed. No fruit and seed production was observed in
any population from the areas studied.

A geographical analysis of the distribution of the floral
morphs revealed that (a) monomorphic populations of SS
form were arbitrarily distributed through the area studied,
(b) populations with the St form were found in the south
of the Iberian Peninsula and Morocco and (c) populations
with the LS floral morph were restricted to some areas.

In hand-pollination experiments it was observed that
pollen grains of LS and SS floral morphs germinated over
recipient stigmas. Namely, pollen grains of mid-level
anthers from SS germinated in 72.6 % of the cases, and
from long-level anthers of the same morph in 67.1%. In
the LS floral morph, pollen grains from short- and mid-
level anthers presented a 60.4 % and 61.2 % germination
success rate, respectively. Statistical analyses revealed sig-
nificant differences (F ¼ 12.97, P , 0.001) in germination
values between pollen grains from mid-level anthers of SS
and pollen grains from both levels of LS. The germination
percentage of pollen grains from the long-level anthers of
SS was not statistically different from any of the others.
When considering the floral morph of the pollen donor
and recipient stigma (Table 2), it was observed that pollen-
grain germination was significantly higher (F ¼ 25.23,
P , 0.001) in intermorph pollinations.

The number of pollen tubes developed in the style was
not correlated with the number of pollen grains provided
in hand-pollination experiments (Pearson correlation,
r2 ¼ 0.223, P . 0.01). Pollen tube-development analyses
showed that in intermorph crossings there was a variable
growth of pollen tubes through the style, which usually
reached the ovules. In contrast, in intramorph pollinations,
the development of pollen tubes was sporadic, as most of
the pollen tubes were unable to pass the stigmatic papillae.
The analysis of intermorph crossings revealed statistically
significant higher tube development in the reciprocal style
from pollen grains of SS morph than from pollen grains of
the LS morph (H ¼ 197.46, P , 0.001). In addition, with
the exception of the LS � SSlong crossing (recipient �
pollen donor, respectively), where a low percentage of
initial fruit set was obtained (27.3 %), no fruit initiation
was observed in the remaining crosses (Table 2). The
observed lack of pollen-tube development in intramorph
pollinations was in agreement with the absence of fruit
initiation. In intermorph crossings, despite the develop-
ment of several pollen tubes along the style, a low percen-
tage of fruit initiation was observed.

Flow cytometric analysis of the DNA ploidy level of
O. pes-caprae provided histograms with well-defined
peaks of both sample and internal reference standards.
Nevertheless, some small differences in sample quality
were detected according to the floral morph. Leaves of LS
morph presented G0/G1 peaks with coefficients of vari-
ation (CV) ranging from 2.33 to 4.27 % (mean
CV ¼ 3.13 %), leaves of SS morph presented CV values
ranging from 2.19 to 6.04 % (mean CV ¼ 3.10 %) and
peaks of leaves from the St form presented the highest
CV values, which ranged from 2.56 to 5.55 % (mean
CV ¼ 3.59 %). The internal reference standard presented
peaks with very good resolution (mean CV ¼ 1.41 %).

The DNA ploidy level, given as a DNA index
(DI ¼ 2CO. pes./2CP. sat.), of two to ten individuals of each

TABLE 1. Continued

Population
Floral morph

proportion (%)

Relative nuclear DNA content analyses

Floral morph DNA
index

CV (%) Ploidy level n

46. Marais Smir 100St St 0.151 + 0.0046 3.82 4x 5
47. Ksar es Sghir 100SS SS 0.182 + 0.0008 2.69 5x 3
48. Khemis Anjra 47SS : 53St SS 0.186 + 0.0044 3.49 5x 5

St 0.146 + 0.0021 3.08 4x 4
49. Dar ben Saddok 100SS SS 0.183 + 0.0028 3.07 5x 5
50. Aaouamra 100SS SS 0.180 + 0.0018 2.86 5x 5
51. Arbaoua 100SS SS 0.183 + 0.0024 2.66 5x 5
52. Rabat 47SS : 53LS SS 0.181 + 0.0011 2.72 5x 5

LS 0.150 + 0.0012 2.96 4x 5
53. Harhoura 100SS SS 0.181 + 0.0013 2.73 5x 5
54. Skhirate Côte 100LS LS 0.150 + 0.0018 3.02 4x 5
55. Skhirate Centre 100LS LS 0.148 + 0.0012 2.70 4x 3

Relative nuclear DNA values of each floral morph (SS, short-styled; LS, long-styled; St, sterile) are given as a mean and standard deviation of the
DNA index relative to the internal reference standard Pisum sativum ‘Ctirad’.

The mean coefficient of variation (CV, %) of O. pes-caprae G0/G1 peak, ploidy level and the number of analysed plants (n) are also provided.
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floral morph in every population analysed is presented in
Table 1. All individuals within each floral morph presented
the same DNA ploidy level. A mean DI of 0.151+ 0.0062
was obtained for LS, a mean DI of 0.183+ 0.0033 for SS
and a mean DI of 0.149 + 0.0036 for St. The low standard
deviations that were obtained enabled a clear assignment of
the ploidy level (Fig. 3). Statistically significant differences
were detected among morphs while no statistically signifi-
cant differences were found within morphs among popu-
lations (Table 3). The ratio between the DI of LS and SS
morphs was 0.825, which shows that LS had approximately
four-fifths of the nuclear DNA content of SS, correspond-
ing to a tetraploid level for LS and a pentaploid level for
SS. The LS morph and the St form presented a similar
amount of nuclear DNA (no significant differences were
obtained), which in this case reflects the same ploidy level.
Also, nuclei from LS and SS morphs isolated, stained and
analysed simultaneously, revealed a histogram with two
close but distinct G0/G1 peaks that confirmed the ploidy
level of both morphs (Fig. 3C). The ploidy level of the
plants used in hand-pollination experiments showed that, as
expected from the results above, SS individuals were penta-
ploid and LS individuals were tetraploid.

The estimation of the absolute nuclear DNA content
of O. pes-caprae is given in Table 4. A mean 2C value
of 1.66 + 0.030 pg of DNA was obtained for the SS
morph and mean 2C values of 1.37 + 0.056 and
1.35 + 0.033 pg of DNA were obtained for the LS
morph and St form, respectively. These two latter values
were statistically different (F ¼ 2918.69, P , 0.001)
from the estimation obtained in the SS morph and were
highly reproducible among dates of analysis (no statisti-
cally significant differences were obtained). According to
recent literature on this genus (Emshwiller, 2002;
Loureiro et al., 2006) where Otto’s was the only buffer
capable of isolating nuclei from Oxalis leaves (suppo-
sedly due to the highly acid cell sap of leaves) and to
the overall good quality of the results obtained in the

present work, it seems that this is the most appropriate
procedure for FCM analyses of O. pes-caprae.

DISCUSSION

Heterostyly, a floral polymorphism that evolved to
promote outcross pollinations and/or avoid self-
interference between sex organs (Lloyd and Webb,
1992a), is usually genetically linked with a diallelic, spor-
ophytic self-incompatibility system (Ganders, 1979). In
this system, pollen rejection is controlled by the interaction
of the self-incompatibility genotype of the pistil with the
genotype of the pollen parent. Pollen grains present the
products of two S alleles, and rejection occurs when either
one of these alleles matches any of the S alleles expressed
in the pistil (Matton et al., 1994). Therefore, in order to
reproduce sexually, the presence of more than one floral
morph and pollinator activity is of special importance
(Lloyd and Webb, 1992b).

Ornduff (1987) described the heterostylic system of
O. pes-caprae. This species is an invader of Mediterranean
regions and it has been included in several lists of invasive
weeds (Hussey et al., 1997; Bergmeier and Dimopoulos,
2001; Hadjikyriakou and Hadjisterkotis, 2002; Weber,
2003; Almeida et al., 2004). Nevertheless, only recently has
the high impact of this species in the exotic range of distri-
bution became a focus of attention (Rottenberg and Parker,
2004; Gimeno et al., 2006; Vilà and Gimeno, 2006; Vilà
et al., 2006a, b), even though information on its sexual
reproduction remains scarce (Ornduff, 1986, 1987;
Rottenberg and Parker, 2004; Ater, 2005).

This is the first thorough study in natural conditions of
O. pes-caprae sexual reproduction through its exotic range
of distribution. The analysis of morph ratio proportion on
the populations studied enabled the first observation of
dimorphic populations of SS and LS in this region of the
Mediterranean Basin, as until now only SS monomorphic
populations had been reported for this area (Valdés et al.,

TABLE 2. Results of the hand pollination experiments in Oxalis pes-caprae from the Rianxo population

Pollinations No. of pollen grains on stigma Germinated pollen grains (%) No. of pollen tubes along the style Fruit set (%)

Intramorph pollinations
SS � SSmid 269 + 107.6 69.7 0.2 + 0.72 (25)a 0.0
SS � SSlong 165 + 83.6 64.9 0.1 + 0.24 (34)a 0.0
LS � LSshort 546 + 202.5 55.2 1.4 + 2.87 (24)ab 0.0
LS � LSmid 476 + 177.5 50.2 0 (25)a 0.0

Intermorph pollinations
SS � LSshort 397 + 151.3 66.9 30.1 + 18.33 (24)cd 0.0
SS � LSmid 188 + 89.9 67.0 10.8 + 9.78 (22)abc 0.0
LS � SSmid 442 + 77.6 75.4 81.0 + 33.90 (35)d 0.0
LS � SSlong 406 + 106.3 69.3 58.6 + 17.21 (30)cd 27.3

The values are given as mean and standard deviation of the total number of pollen grains and pollen tubes and as the number of germinated pollen
grains (%).

In crossings, the first floral morph represents the recipient stigma (female parent) and the second one the pollen donor (male parent); the anther level
used for pollination is given in subscript.

Floral forms: SS, short-styled, LS, long-styled, St, sterile.
The number of replicates is given in parenthesis.
Values followed by the same superscript letters are not significantly different according to the multiple comparison test at P , 0.05.
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1987; Ater, 2000). Within the mixed populations, three
showed similar proportions of both floral morphs, as
expected in heterostylous species (Dulberger, 1992). On
the other hand, in the remaining populations, SS was the
dominant floral morph. Oxalis pes-caprae seems to exhibit
a classical pattern of founder events with a prevalence of
monomorphic populations and dimorphic populations with
biased morph ratios, both apparently maintained by
asexual reproduction.

However, the occurrence of mixed populations of two
reciprocal morphs opens the possibility of sexual reproduc-
tion. Nevertheless, field observations in both dimorphic
and monomorphic populations revealed an absence of fruit
production in O. pes-caprae individuals. Controlled polli-
nations (with all possible crossings) in a dimorphic popu-
lation enabled the sexual reproduction system to be
analysed in more detailed. First, it was possible to verify
that pollen grains were able to germinate. This is not in
total agreement with the results of Ornduff (1987), who
found a high level of pollen sterility in the SS pentaploid
floral morph. It was also possible to observe that, in inter-
morph crossings, pollen tubes were able to develop and
reach the ovary to apparently fertilize the ovules. This was
the case of LS � SSlong, where fruit initiation was
obtained. In all the other inter-morph crossings no fruit
production was observed. Despite the low fruit production
in inter-morph controlled crossings, these results are not in
agreement with the total lack of fruit production recorded
in natural populations, opening the possibility of
occasional sexual reproduction. In intra-morph pollinations
and, as expected from a diallelic sporophytic self-
incompatibility system, pollen tubes were not able to pass
the stigmatic papillae. Occasional development of pollen
tubes throughout the style was observed in these pollina-
tions but no fruits were observed. These results are in
accordance with field observations on monomorphic popu-
lations, where the incompatibility system may be the main
factor that blocks fruit production.

Ploidy level analysis of O. pes-caprae individuals using
FCM revealed that all individuals with the SS floral morph
were pentaploid. This is in accordance with what was pre-
viously known about this species that, in its exotic range
of distribution, O. pes-caprae is mostly represented by a
sterile pentaploid SS morph (Ornduff, 1987; Rottenberg
and Parker, 2004). However, a different ploidy level was
found for all LS and St individuals, i.e. tetraploidy.
Whereas, tetraploid populations with all three style lengths
are common in the native range of distribution (Ornduff,
1987), for the exotic range, the available information on
O. pes-caprae ploidy levels is scarce. Symon (1961) and
Michael (1964) reported the occurrence of spotty tetra-
ploid populations with the three floral morphs in south and
western Australia, respectively, with individuals reprodu-
cing sexually and asexually. Some tetraploid individuals
were also found in other parts of the exotic range
(Matthew, 1958; Borgen, 1974), but no information on the
morph composition of those populations was provided
(Ornduff, 1987). The occurrence of pentaploid and tetra-
ploid individuals in the exotic range of distribution has
been explained by some authors to be the result of several
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independent introduction episodes (Michael, 1964;
Ornduff, 1986). It is believed that pentaploid individuals
originated in southern Africa after a crossing between an
unreduced gamete from a tetraploid individual and a
haploid gamete from a diploid individual (until now no
diploid individuals had been found outside the natural
range of distribution of O. pes-caprae) and were further
introduced in other territories. It was also suggested that
tetraploid individuals in the exotic range of distribution
could be the result of the fertilization of gametes with 14
chromosomes which originated from pentaploid plants
(Ornduff, 1987).

In light of the results obtained in this work, together
with previous knowledge of the reproductive system of
this species, it is likely that the low or null sexual repro-
ductive success in the exotic range of distribution could be
a consequence of: (a) a high percentage of monomorphic
populations (mostly of SS floral morph) and unequal pro-
portion of floral morphs when dimorphic populations are
found; and/or (b) the presence of different ploidy levels
between LS and SS morphs in all the populations studied,
which may limit the development of the fertilized ovule,
as in inter-morph pollinations, pollen grains were appar-
ently able to germinate, reach and fertilize the ovules.
Problems in gametophyte formation or ovule abortion
have been described in O. magnifica (Guth and Weller,
1986), and meiosis problems in the pollen mother cells
after polyploidy or aneuploidy have been assumed for
O. debilis (Luo et al., 2006) which presents the same
ploidy level (2n ¼ 5x ¼ 35; Baker, 1965) as the SS floral
morph of O. pes-caprae. Therefore, further information

about the cytology of pollen grains and ovules of the pen-
taploid SS floral morph is necessary to understand the low
sexual reproduction success in controlled pollinations, as
sexual reproduction cannot be totally excluded from occur-
ring in natural populations. Additionally, the occurrence of
three populations with 1 : 1 morph ratios is usually the sig-
nature of sexual reproduction and the expected outcome of
disassortative mating. Two hypotheses can be given as
possible explanations for isoplethy in those populations:
SS and LS morphs may have been introduced at the same
time and present similar asexual propagation rates and/or,
considering the present hand-pollination results, residual
sexuality can occur. Genetic markers could be powerful
tools to cope all these hypotheses.

Rottenberg and Parker (2004) in Israel detected genetic
variability in several populations of O. pes-caprae com-
posed of the functionally sterile SS floral morph. Given
the absence of sexual reproduction, these results are sur-
prising with authors proposing mutations and genome
rearrangements as possible explanations. In the popu-
lations in the present study, the low but not totally
excluded sexual reproduction could be a reasonable expla-
nation for some of the genetic diversity detected in this
species. Nevertheless, a thorough and large survey at this
level that would enable the analysis of the causes and
extent of genetic variability in this species is still needed
in other areas of the regions invaded.

According to the information available in the literature,
it is known that weedy races in the natural area of distri-
bution are not necessarily pentaploid (Ornduff, 1987).
Therefore, tetraploid individuals found throughout the area
studied can also behave as invasive plants, despite the fact
that in the few invaded places where this morphotype has
been found previously it remained non-aggressive (Baker,
1965). The actual distribution pattern of populations
containing LS floral morphs, associated with the predomi-
nance of SS populations, may be due to a very recent intro-
duction of LS individuals by anthropogenic activities (the
location of these populations are correlated with important
areas of human activity), to a recent origin of LS in the
populations studied and/or to a lower competitive capacity
of LS individuals in comparison with SS ones. Also, the
recent finding of frequent sterile individuals in several
populations should be viewed with caution at a manage-
ment level, as the competitive capacities of these plants are
unknown. The absence of a sexual reproductive system in
this form may result in a reduction in energy investment
that could be used in bulbil production, and therefore
improve its asexual capacities. Therefore, the major

TABLE 3. ANOVA of DNA ploidy level with floral morphs nested within populations

SS d.f. MS F P Var. comp. (%)

Morphotypes 321.56 2 160.78 8.48 ,0.001 2.3
Populations (morphotypes) 1270.13 67 18.96 0.26 1.000 –14.2
Residual 43907.36 602 72.93 112.0

SS, sum of squares; df, degrees of freedom; MS, mean square; Var. comp., variance component (%).

TABLE 4. Absolute genome size estimations of Oxalis
pes-caprae floral morphs

Floral
morph

Ploidy
level

Nuclear DNA
content (pg/2C)*

1C genome
size (Mbp)†

CV
(%) n

Short-styled 5x 1.66 + 0.030a 325 3.10 39
Long-styled 4x 1.37 + 0.056b 335 3.13 248
Sterile 4x 1.35 + 0.033b 330 3.59 66

The values are given as mean and standard deviation of the nuclear
DNA content in mass values (pg/2C) and as the mean of the 1C genome
size in number of base pairs (Mbp).

The mean coefficient of variation (CV, %) of the G0/G1 peak for each
morph and number of individuals analysed (n) are also provided.

* Values followed by the same letters are not significantly different
according to the multiple comparison Tukey–Kramer test at P , 0.05.

† 1 pg of DNA ¼ 978 Mbp (Doležel et al., 2003).
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predominance of asexual reproduction in well-adapted gen-
otypes of O. pes-caprae, together with its frequent dis-
persion and establishment by anthropogenic activities,
confer this species with the capacity to be highly invasive.

This study has contributed to a better understanding of
the biology of this invasive weed and has triggered other
studies, which are necessary for understanding and con-
trolling this species. Among these studies, it would be
interesting to assess the asexual reproductive capacity of
plants of different forms, the intra- and inter-population
genetic variability on a large scale and the phylogeography
of O. pes-caprae in invaded areas to understand its pat-
terns and history of colonization.
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