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ABSTRACT 

Xanthorrhoea johnsonii is a long lived slow growing perennial understorey species, that produces a large quantity of 

passively dispersed seed every 3-5 years.  Reproductive maturity is not reached until 20-30 years of age.  The temporal 

asynchrony of the flowering event in this population was analogous to geographic isolation through fragmentation.  A 

small population of plants flowering in isolation provided the opportunity to examine outcrossing rates, genetic diversity 

and the paternity of progeny at a small spatial scale (0.2 ha).   

The geographic location and physical characteristics of the adult plants were recorded, and both adults and their seed were 

sampled for genetic analysis.  Four microsatellite loci were screened for genetic diversity and spatial structure analysis.  

A population outcrossing rate was estimated, as well as the number of paternal parents required to resolve the progeny 

multilocus genotypes. 

High genetic diversity was found in both adults and progeny with an estimated 97% outcrossing rate.  All maternal lines 

required several paternal contributors, with no evidence of dominant paternal genotypes.  Pollen transfer occurred be-

tween both geographically close and distant plants. 
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1. Introduction  

Small fragmented populations can be vulnerable to loss of 

genetic diversity due to genetic drift and inbreeding [1, 2].  

This scenario is all too common for many plant popula-

tions, where large areas of natural landscapes have be-

come fragmented and interspersed with various types of 

anthropogenic land use activities.  The reduction in the 

number of potential breeding pairs in these smaller pop-

ulations can lead to increased selfing or biparental in-

breeding [3-6].  In the long term smaller effective popu-

lation size can also lead to a loss of genetic diversity in 

successive generations due to genetic drift [5, 7, 8].  

Plants that have a mixed mating system, and have main-

tained high outcrossing rates could be vulnerable to a loss 

of genetic variability if selfing rates and levels of 

bi-parental inbreeding, increase due to habitat fragmen-

tation [9, 10].  

The spatial arrangement of related individuals within a 

population can influence the potential for inbreeding [7].  

The location of individual plants is the result of past seed 

dispersal events and recruitment patterns.  Local genetic 

structuring occurs when genetically related seeds are 

deposited in close proximity, germinate, establish and 

grow into mature plants [11].  Structuring is reinforced in 

subsequent generations if pollen is then moved among 

these related individuals (biparental inbreeding), or within 

the same individual (selfing).  Both selfing and 

biparental inbreeding will produce seed along local ped-

igree lines [12].  Long-lived perennial plants often have 

an extended flowering period and individual plants may 
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not exhibit synchronous flowering within this time period 

[13]. 

The movement of pollen within a plant can influence 

the potential for inbreeding.  For plants that produce a 

spike inflorescence, with protandrous flowers, it is likely 

that there are both male and female phase flowers present 

at any one time on an individual plant [14, 15]. Depending 

on how the pollinators move among the flowers within an 

individual spike there is the opportunity for selfing via 

geitonogamous pollination.  At the population level, 

flowering density may impact the distances pollinators’ 

travel among flowering plants and the amount of time 

pollinators spend foraging on individual plants [16, 17].  

Each plant can potentially contribute genes to the next 

generation by either (or both) maternal and paternal roles.  

Genetic diversity in the seed generation is higher if all 

flowering plants (rather than just a few individuals) con-

tribute genes to the seed generation.  Failure of any plant 

to be a parent (either in a maternal or paternal role) will 

reduce the level of genetic diversity in the seed genera-

tion.  Unequal representations of certain genotypes in the 

seed generation is the result of some plants either setting 

more seed, or fathering more seeds than other plants.  

Ultimately then, the genetic relatedness of the viable seed 

produced at the end of each flowering season is the result 

of the effects of the breeding system, pollen movements 

and mating patterns for that particular flowering season 

[18-20]. 

Using genetic markers to assess the outcrossing rates 

of seed is one way of examining levels of inbreeding and 

genetic diversity.  Microsatellite markers are often the 

marker of choice for population studies as they are highly 

polymorphic, considered to be selectively neutral and 

reflect unbiased patterns of mutation gene flow and ge-

netic drift [21].  They can be used to explore population 

structure, outcrossing rates and relatedness within a pop-

ulation [22-24]. 

Xanthorrhoea johnsonii is a slow-growing, long-lived 

perennial that does not reach reproductive maturity until 

20 - 30 years of age and then reproduces every 3 – 5 years.  

These plants are self-compatible and produce viable 

seeds. Insects, birds, lizards, and possums visit the spike 

inflorescences but the most likely pollinators are bees, 

specifically Trigona carbonaria and Apis mellifera.  

Each plant can produce thousands of seeds and these have 

been observed in thick deposits on the surface of the 

soil/litter layer.  Primary seed dispersal is passive and 

secondary seed dispersal agents are unknown.  Whatever 

the fate of the seed, it is likely that large quantities of 

closely related seeds end up within short distances of the 

maternal parent.  A previous study of several larger 

populations during normal breeding seasons showed 

consistently high outcrossing rates despite varying flow-

ering densities [25].  

Xanthorrhoea johnsonii is a dominant understorey 

species, is fire tolerant, with fire events often stimulating 

flowering in some individuals [26].  A controlled burn to 

reduce fuel load (within an area of approx 0.2 ha.) trig-

gered an isolated flowering event among approximately 

30 individual X. johnsonii plants.  This created a small, 

temporally isolated/fragmented population and provided a 

unique opportunity to assess the outcrossing rates and 

genetic variability of the progeny from one breeding 

season.  In this effectively closed population the seed or 

progeny produced must have both maternal and paternal 

parents sourced from this location.  This provided an 

excellent opportunity to quantify selfing rates and 

biparental inbreeding in this population.   

The specific aims of the project were to use mi-

crosatellite markers previously developed for this species 

to: i) investigate the genetic variability in the adult and 

progeny populations, and any possible spatial patterns in 

relatedness, ii) estimate outcrossing rates, and iii) exam-

ine cohorts of seed from several maternal lines and esti-

mate the number of different pollen donors in this popu-

lation. 

2. Materials and Methods 

2.1. Study Species and Sample Site 

Xanthorrhoea johnsonii is a species endemic to the Aus-

tralian east coast [27] and is the most common and 

widespread species of Xanthorrhoea in Queensland 

(QLD) and New South Wales (NSW) (Figure 1).  Typi-

cally a plant has an unbranched trunk between 10 cm to 5 

m in height.  Each flowering individual produces a single 

indeterminate spike inflorescence that varies from 75 cm 

to 2 m in length. Flowering usually occurs between May 

and November [28].  

The length of time of a flowering event varies from 10 

days in warmer temperatures, to approximately 3 weeks in 

cooler conditions (for each individual plant). Individual 

flowers open in sequence from the bottom of the spike 

towards the top and individual flowers appear to be 

protandrous with stigmas maturing after approximately 3 

days [25].  Because of the sequential, progressive nature 

of flowering, both male and female phase flowers can be 

present on the same inflorescence.  

Each inflorescence is capable of producing in excess 

of one thousand flowers (depending on spike length) and 

each flower has 6 stamens and 3 ovules [25, 29].  

Therefore, each plant is capable of setting several thou-

sand seeds each time it flowers.  Primary seed dispersal 

is passive and nothing is known about secondary dispersal 

agents.
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Figure 1: Location of the study population and the seven sampled adult plants within. 

 

 

Toohey Forest covers approx 681 hectares (LAT 27
o
 32’S 

LONG 153
 o
 43’E) of eucalypt or open sclerophyll forest.  

The out of season flowering event (January) encompassed 

an area of approximately 0.2 hectares and included 30 

flowering plants. The GPS positions (lat/longs), plant 

heights (cm) and spike lengths (cm) were recorded for all 

30 plants. Leaves and seed were sampled from a subset 

(seven) of these plants for genetic analysis of adults and 

progeny. The smallest distance between any two plants 

sampled was 1.85 m and the greatest distance was 46 m.  

Samples consisted of 2 to 3 cm of leaf tissue taken from 

the growing tips of the plants and were immediately 

placed on ice. These samples were frozen at -80
o
 C within 

30 minutes of sampling.  Sampled plants were tagged for 

future seed collection.  

Once mature, a random sample of approximately 25 

seeds per plant was collected.  Seed was germinated on 

0.6% agar plates and incubated at 25
o
C in the dark for 7 to 

10 days.  Two millimetres of the radical was removed for 

genetic analysis from 20 germinated seed per parent plant 

and frozen at -80
o
 C. 

 

2.2. Molecular Methods 

Molecular analysis of the leaf samples from the adult 

flowering plants was used to determine maternal geno-

types.  Total genomic DNA was extracted from the leaf 

samples using the QIAGEN DNeasy Plant Mini-kit 

(QIAGEN Industries) after first grinding 100 mg of leaf 

tissue in liquid nitrogen.  Poly-vinyl pyrolidone (PVP) 

powder (5 mg) was included in the grinding process to 

assist in removing DNA-degrading phenolic compounds 

[30].  

Analysis of the seedling radicals was used to identify 

the progeny genotypes.  DNA extraction from all seed-

ling tissue followed a modification of a Hair Lysis Ex-

traction protocol [31].  Small amounts (2-3 mm) of un-

frozen seedling tissue were combined with 100 L of lysis 

extraction buffer and 5 L Proteinase K (20mg/mL). The 

extraction buffer included 1% 10x PCR buffer (Fish-

er-Biotech), 2.5 mM MgCL2 and 0.5% TWEEN-20.  All 

samples were then incubated for 45min at 60
o
C then 

stored at -20
o
C until used in polymerase chain reaction 

(PCR) amplification. 

Five sets of X. johnsonii microsatellite primers (X1, 

X4, X5, X8 and X9) developed by (J. Zalucki unpubl. 

res.) were amplified for all seven maternal parents (E3, 

E7, E8, E10, E15, E18 and E20) and 140 progeny (20 per 

maternal parent).  PCR reactions were performed using 

12.5 L reaction volume containing: 1.25 L 10xTaq 

polymerase buffer, 2 mM MgCL2 0.2 mM dNTP’s, 0.4 

M of forward and reverse primers, 0.25 Units of Biotech 

Taq polymerase and 10-15 ng of DNA template.  Tem-

perature cycling conditions were: 3 minutes denaturation 

at 95
 

C, then 30 cycles of 30 seconds at 94
 

C, 30 seconds 

at 54
 

C, and 30 seconds at 72
 

C; followed by a final 

extension phase of 7 minutes at 72
 

C.  

A high rate of failures during initial PCR amplifica-

tions was due to highly variable DNA yield from the Hair 

Lysis Extraction process.  The PCR success rate was 

improved considerably by increasing or decreasing the 

amount of DNA template used for each individual.  

Annealing temperatures were reduced by 2-4
o 
C for some 

individuals.  Initial annealing temperatures (
o 

C) for X1, 

X4, X5, X8 and X9 were 61, 51, 59, 59 and 59 respec-
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tively.  PCR amplification was not successful at all loci 

for all progeny; however, the minimum number of prog-

eny successfully screened at any of the five loci was 15.  

One locus, X8, was excluded from further analysis due 

to the likely occurrence of null alleles (high levels of 

homozygote excess and mismatches between the progeny 

and the known maternal parent).  Significant null allele 

estimates were found at this locus using Micro-Checker 

[32].  This program estimates null allele frequencies 

using both methods by Chakraborty et al. [33] and 

Brookfield [34].  For all four dinucleotide, polymorphic 

loci included in the analysis, all alleles found in the ma-

ternal parents were also found in the progeny and there 

were no further mismatches between a known maternal 

parent and its progeny.  

 

2.3. Statistical Analysis: 

Expected heterozygosity (HE) for each locus, exact tests 

for deviations from Hardy-Weinberg Equilibrium (HWE) 

for each locus and across all loci (1000 iterations), and 

linkage disequilibrium for all locus pairs (1000 itera-

tions), were calculated using the program GENEPOP 

(Raymond and Rousset [35]; web version at 

http://genepop.curtin.edu.au/ 27 April 2010).  Weir 

and Cockerham [36] F
IS

 values (1000 iterations) were also 

calculated for each locus and across all loci using 

GENEPOP [35].  

The average pairwise relatedness between adult plants 

and also between each maternal parent its own progeny 

and the progeny of each of the other six maternal parents, 

was calculated in the program GenAlEx 6 [39].  The 

relatedness coefficient ‘r’ was calculated using the 

Queller and Goodnight [37] estimator. 

Pairwise genetic and geographic distances [38] were 

calculated and spatial autocorrelation performed on the 

progeny using GenAlEx 6 [39].  Progeny were assigned 

the spatial coordinates (lat/longs) of their maternal parents 

for the purpose of this analysis.  A minimum distance 

class of 5 m was used.  Following Peakall et al., [40], 

GenAlEx tests for statistical significance based on the 

random permutation of ‘r’ (relatedness co-efficient) under 

the assumption of no spatial structure.  From 1000 ran-

dom and then ranked permutations of all individuals 

among the geographic locations the 95% confidence in-

terval was determined.  If the calculated r-value falls 

outside this confidence region, then significant positive or 

negative spatial genetic structure was inferred.  An 

autocorrelogram showing the autocorrelation coefficient 

‘r’ as a function of the nominated distance classes and the 

95% confidence interval was plotted in GenAlEx. 

The program Cervus [41] was used to identify possible 

paternal parents for each of the progeny and estimate the 

degree of selfing in the population.  When given the 

multi-locus genotypes of both the progeny and the known 

maternal parent, Cervus calculates the progeny’s likeli-

hood of decent (LOD) for all nominated candidate pa-

ternal parents.  An error rate of 1% was specified to allow 

for possible mistypings, null alleles and mutations, as 

recommended by Marshall et al., [41].  Consequently, 

the highest LOD score is not necessarily assigned to the 

candidate paternal parent simply expressing the lowest 

number of mismatches.  The allele frequencies of all 

sampled individuals are also taken into account and the 

highest LOD score therefore reflects the candidate parent 

statistically most likely to be the true paternal parent.  

Delta scores (the difference in LOD scores between the 

first and second most likely candidate parents) are also 

calculated by CERVUS and are a measure of the reliabil-

ity of assigning parentage to the most likely candidate.  

Based on the simulation of a large number of parentage 

tests, strict (95%) and relaxed (80%) confidence levels 

were applied to the delta values to indicate the probability 

that true parentage has been assigned, while taking into 

account the genotype of the known maternal parent [41].  

All other sampled adults (6) were included as possible 

candidate paternal parents for all progeny sampled (140).  

In addition the known maternal parents were also in-

cluded as possible paternal parents, to allow for possible 

selfing.  Therefore, for each of the 140 progeny sampled, 

there were 7 possible paternal parents screened.  The 

significance values of the delta scores were calculated 

based on an estimate that 23% of the adult flowering 

plants in the natural population were sampled (7 out of 30 

recorded at the time of field collection).  

The software Gerud version 2.0 [42] was used to es-

timate the minimum number of paternal parents contrib-

uting to the multi-locus progeny arrays.  The progeny 

from each known maternal parent was analysed sepa-

rately.  Based on the multi-locus genotype of the known 

maternal parent and all its progeny, the program simulates 

all possible paternal genotypes.  The program then con-

structs sets of these genotypes that require the minimum 

number of individuals acting as paternal parents and 

identifies the number of progeny fathered by each poten-

tial paternal parent.  In cases where multiple mini-

mum-father solutions are possible, the program lists all 

paternal genotypic combinations and ranks the solutions 

based on relative probability.  The program can identify 

at most six paternal parents contributing to the progeny 

genotypes, however detection of each additional paternal 

genotype and the inclusion of each additional locus in-

creases the computational requirements of the program 

exponentially.  Given the large increase in the number of 

alleles identified in the progeny in comparison to their 

known maternal parent (Table 1), we expected that sev-

eral paternal parents would be contributing to each family 

group.  We therefore limited the number of loci used in 

this analysis (as recommended in Jones [42]) to the two 

loci (X1 and X4) with the highest exclusion probabilities 

http://genepop.curtin.edu.au/
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calculated in Gerud.  Because Gerud is unable to deal 

with missing data, where there was failed allele amplifi-

cation at either locus X1 or X4 for any of the progeny, that 

individual was removed from the analysis.  

3. Results 

The heights of the seven adult plants sampled, ranged 

from 25 cm to 86 cm. (i.e. ~25 to 86 years old [43]).  

Spike length ranged from 36 cm to 108 cm. in length and 

circumference from 13.5 to 18 cm.  Using an average of 

2.1 seeds per cm
2
 [25] seed set in these plants ranged from 

just over 1000 seeds to approximately 4000 seeds.  

The average number of alleles across all four loci was 

6.75 for the maternal parents and 14 for the progeny.  

While all alleles found in the maternal parents were also 

found in progeny, the number of alleles found in the 

progeny was 47% to 67% times greater than the number 

found in the maternal parents (Table 1).  Two of the four 

loci (X4 and X9) were found to significantly deviate from 

HWE (p<0.01).  Observed heterozygosity was consist-

ently lower than expected across all four loci and FIS 

values were small and positive (Table 1).  After adjust-

ment for multiple comparisons (n=6, alpha=0.05) Locus 

X4 showed significant linkage disequilibrium with loci 

X5 and X9.  All other locus pairs were in linkage equi-

librium.  Pairwise relatedness “r” [37] values between 

adult plants ranged from 0 to 0.3.  As expected the mean 

relatedness ‘r’ [37] was greater between a known mater-

nal parent and its progeny (0.44 - 0.55), than between each 

maternal parent and the progeny of another (0.23 to 

–0.24).  

Significant positive spatial structure was found among 

the progeny within the 5 m distance class and significant 

negative spatial structure was found at eight of the re-

maining nine distance classes (Figure 2).  Measures of 

genetic similarity (r) between pairs of individual progeny 

ranged from 0.197 in the 5 m distance class to –0.079 in 

the 45 m distance class. 

Six of the 140 progeny were assigned one of the seven 

adult plants as a likely paternal parent at a 95% confi-

dence level, based on the delta scores calculated in Cervus 

[41].  Another seven progeny were assigned a paternal 

parent (from the seven sampled adults) at an 80% confi-

dence level (Table 2).  Therefore, for 127 of the 140 

progeny sampled there was less than an 80% chance that 

any of the adult plants sampled was more likely than 

another to be the paternal parent (Table 2) suggesting 

outcrossing is high.  All 13 progeny assigned a paternal 

parent had no allelic mismatches at any loci between 

progeny, the known maternal parent and the first paternal 

candidate.  Zero or one mismatches were associated with 

the second paternal candidate.  

No progeny from E15 was assigned a paternal parent 

from the seven adult plants sampled (Table 2).  In addi-

tion, E15 was not assigned as a likely paternal parent for 

any of the assigned progeny.  E10 was identified as a 

paternal parent for two of its own seed (i.e. selfed), 

however it was not assigned as a likely paternal parent to 

any of the other progeny.  Pollen was moved among all 

other adult plants (Table 2). 

Of the 140 progeny analysed four showed evidence of 

potential selfing.  Two of these were at 95% confidence 

and both from maternal parent E10, and two at 80% con-

fidence, both from maternal parent E7.  This suggests 

that a conservative estimate of the populations outcross-

ing rate would be around 97% for this mating season.  

The program Gerud [42] reconstructs the paternal 

genotypes needed to account for the progeny genotypes, 

given the known maternal parent genotype.  When re-

constructing paternal genotype solutions, some progeny 

may potentially be descended from more than one pater-

nal parent.  Therefore the sum of the progeny distributed 

among putative paternal parents may be higher than the 

number of progeny included in the analysis.  Several 

equally likely solutions may be found, many varying only 

in the assigning of some putative fathers as homozygotes 

rather than heterozygotes. 

A minimum of five paternal parents were required to 

account for the genotypic diversity identified in the 

progeny from both E10 and E18 maternal parents (Table 

3).  In each case one putative paternal parent did not 

dominate in their contribution to progeny genotypes.  Six 

paternal parent genotypes were identified for the progeny 

for both E8 and E15 maternal parents (Table 3).  One 

putative paternal genotype identified for the progeny of 

E8, was included in all 15 of the most likely solutions and 

consistently contributed to more progeny than the other 

five potential parent genotypes.  More than six paternal 

parents were needed to resolve the genotypic variation 

identified in the progeny from maternal parents E3, E7 

and E20.  The Gerud software was unable to reconstruct 

possible genotypic solutions in these cases. 

4. Discussion 

The asynchronous flowering of a small number of Xant-

horrhoea johnsonii occurring within a much larger pop-

ulation of reproductively mature plants provided a unique 

opportunity to examine the mating patterns of this species 

within a closed population for one mating season.  The 

reproductive isolation of the population in this particular 

season determined that both the maternal and paternal 

parents for each seed produced in this season could only 

come from within the closed population.  The potential 

for inbreeding, via either selfing and/or bi-parental in-

breeding, was potentially amplified under these condi-

tions, and would be evident in genetic analysis of the 

progeny.  

Xanthorrhoea johnsonii has been shown to be capable 

of selfing in previous genetic analysis [25].  The poten-

tial for selfing may be heightened if pollinators spend 



Table 1: Characteristics of four dinucleotide microsatellite loci 

Locus Allele Size (bp) 
N 

a/p 

Na 

(a) 

Na 

(p) 
HO HE FIS 

X1 136 –168 7/138 9 17 0.86 0.88 0.023 

X4 118,120,124 – 148,152,164,170,172 7/137 10 19 0.85 0.91 0.073 
X5 126 – 134,138 – 150 7/138 4 12 0.69 0.71 0.039 

X9 104 – 112,116 - 120 7/128 4 8 0.70 0.75 0.073 

 average  6.8 14   0.052 

Primer sequences are from J. Zalucki ‘unpubl. res.’ 
N, number of individuals screened (includes both adults (A) and progeny (P));  

Na (a), number of alleles scored in adult plants; Na (p), number of alleles scored in progeny;  

HO, observed heterozygosity; HE, expected heterozygosity. 

 
 

Table 2: Details of the 13 progeny assigned a paternal parent from 

the seven sampled adult plants (the known maternal parents). Ge-

ographic distances between assigned paternal parents and the 

known maternal parent are given in parentheses and those assigned 

with 90% confidence are shown in bold. 

Maternal 

Parent 
Progeny 1 Progeny 2 Progeny 3 Progeny 4 

E3  E20 (18.8m) E20 (18.8m)     

E7 E8 (14.5m) E8 (14.5m) E7 (self) E7 (self) 

E8 E3 (32.5m) E3 (32.5m) E7 (14.5m)   

E10 E10 (self) E10 (self)     

E15 none       

E18 E20 (1.9m)       

E20 E8 (42.9m)       

 
 

Table 3: The minimum number of paternal parents contributing to 

the multi-locus progeny arrays 

Maternal 

Parent            

(n progeny) 

Minimum 

paternal 

parents  

required 

Distribution of 

progeny among 

putative paternal 

parents 

Number of 

solutions* 

E3 (20) >6 - - 

E7 (20) >6 - - 
E8 (20) 6 1,2,2,3,4,8 15 

E10 (19) 5 3,3,4,5,5 2 

E15 (18) 6 2,3,3,4,4,4 9 
E18 (18) 5 2,2,4,5,5 6 

E20 (20) >6 - - 

*number of minimum father solutions given the highest probability in 

Gerud [42]. 

 

more time on single plants due to the fewer numbers of 

flowering plants available [18].  Bi-parental inbreeding 

is possible if some spatial genetic structuring among adult 

plants already exists due to historic mating patterns, dis-

persal and recruitment events.  Plant dispersal can occur 

during two independent life cycle stages: (i) pollen dis-

persal before fertilisation, and (ii) seed dispersal after 

fertilisation and embryo development.  Gene flow can 

therefore occur due to the immigration of paternal geno-

types through pollen dispersal and/or the immigration of 

both maternal and paternal genotypes via seed disper-

sal/immigration [44, 45]. 

In species that exhibit only localised seed dispersal, 

fine scale differentiation between family groups often 

occurs.  This localised spatial genetic structuring can 

occur in conjunction with long-range pollen dispersal that 

can result in simultaneous broad scale homogenisation of 

variation between geographically distant populations [44, 

45].  Little is known about the degree of spatial genetic 

structure that exists in adult populations of X. johnsonii.  

However, this species does exhibit a seemingly passive 

mode of seed dispersal, [26] where large quantities of full 

and/or half sib seeds are initially shed in close proximity 

to the maternal parent plant (localised seed dispersal), 

which suggests that some spatial genetic structure among 

the adult plants could be expected.  Under conditions 

where neighbouring plants are more likely to be closely 

related, the potential for bi-parental inbreeding would be 

further enhanced in a closed population where pollen 

could only be sourced from among those neighbouring 

plants, as was the case in this study.  In this study any 

effect of immigrant seed into the population was avoided 

as all seed was collected directly from the maternal plants 

inflorescence.  

 

4.1. Genetic Variability and Spatial Patterns  

The number of alleles across the four loci in the adult 

plants ranged from four to nine alleles. This suggests that 

the sampled adult plants were quite diverse and unrelated.  

Plants were distributed throughout 0.2 ha and reflected a 

range of geographic proximities to one another.  Plant 

E18 showed a potential half sib relationship (r ~ 0.25) 

with plant E20 (1.8m apart) and plant E7 27.2m apart.  

However all other pairwise relatedness values indicated 

that adult plants were unrelated to each other (r ~ 0) re-

gardless of geographic proximity.  Observed and ex-

pected heterozygosity was not calculated for the adult 

plants alone.  However, in a previous genetic study of 

four populations of X. johnsonii, observed/expected 

heterozygosities (based on allozyme data) ranged from 

0.33 / 0.39 to 0.42 / 0.53, with no significant deviations 

from Hardy-Weinberg equilibrium [25].  

The maintenance of high levels of genetic diversity 

among the adult plants within close proximity to each 

other, and across the population as a whole, is likely the 

result of several different population processes facilitating 

historic gene flow through seed and pollen dispersal. : i) it 

suggests that historic pollen movement must have con-

sistently covered distances at least greater than nearest 

neighbour, ii) secondary seed dispersal may be more 

prevalent than currently understood, and iii) although a 

large number of half- and full sib seeds are passively 
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deposited within close proximity to a maternal plant each 

season, only a very small number of these establish during 

a recruitment event.  Temporally patchy recruitment in 

this way would limit the formation of family group 

structure, as found in this population.  

The age of individual X. johnsonii can be estimated 

using the height of the plant as a surrogate measure, and 

both the sampled and unsampled plants in this population 

reflected a wide range of ages (~ 25 to 86 years).  The 

varied age of the plants within the population suggests 

that recruitment events are sporadic over a number of 

years and are not the result of a mass recruitment event 

within one season.  The latter event would produce an 

even age stand of individuals which is not evident in this 

or other species within the genus [26].  The lack of re-

latedness among the sampled adult plants of various ages 

suggests that no single pollen donor consistently contrib-

uted to seed/progeny across several seasons.  No full sib 

relationships were identified among the adult plants in 

this study. 

The average number of alleles (14) found in the 

progeny was twice that found in the sampled adults (6.72).  

The only viable source of pollen was from plants within 

the population and therefore these additional alleles must 

have been contributed to the progeny from unsampled 

adult plants acting as pollen donors/fathers.  This indi-

cates that the extant adult population is likely even more 

genetically diverse than reflected in our limited sample of 

adults.  Although the observed heterozygosity was lower 

than expected at all four loci (Table 2), the very small FIS 

values suggests a lack of certain heterozygote genotypes, 

rather than an excess of homozygotes caused by in-

breeding or null alleles.  A lack of some allele combina-

tions in heterozygote progeny is expected when several 

paternal parents contribute new and different alleles to the 

progeny array from one maternal parent. 

Although no evidence of inbreeding was found among 

the sampled adult plants, both bi-parental inbreeding and 

selfing were potentially heightened within the sampled 

progeny due to the effective isolation of the population 

during the flowering season.  The unseasonable timing of 

the flowering event provided potential pollinators with a 

concentrated and limited resource of both pollen and 

nectar to contribute to the progeny/seed.  Our analysis of 

the selfing rates and spatial autocorrelation of progeny 

arrays allowed us to test our hypothesis of potential ge-

netic structuring in this isolated population. 

The estimated outcrossing rate for this population was 

quite high at 97%.  Only four of the 140 progeny were 

identified as possible selfing events (two individuals at 

95% and two individuals at 80% confidence) (Table 2).  

These progeny were from only two maternal parents.  In 

populations with low genetic diversity, true selfing may 

be difficult to distinguish from bi-parental inbreeding 

between closely related individuals.  This is unlikely to 

be the case in this study.  A previous study of this species 

based on allozyme data also found high outcrossing rates 

[25].  During normal flowering seasons in large popula-

tions with high flowering density, outcrossing rates were 

on average 99%.  In populations where the individual 

plants were more isolated (approximately 50 m between 

nearest neighbours) and flowering density was therefore 

lower, outcrossing rates decreased slightly to 97% [25]. 

A strong positive genetic structure within the first two 

distance classes (up to 10 metres) was found in the 

progeny analysis (Figure 2).  This was expected within 

the first distance class (up to 5 m) as all progeny from a 

given maternal parent were assigned that maternal plants 

geographic co-ordinates.  Individuals within the first 

distance class of 5 m were therefore predominantly from 

the same maternal parent and would reflect at least 

half-sib relationships which would generate significant 

positive spatial structure in the smallest distance classes 

of the autocorrelation analysis.  However, two maternal 

plants E18 and E20, occurred only 1.85 m apart.  

Therefore, comparisons of individuals between these two 

family groups were included within the first distance class 

(5 m).  This suggests some positive genetic structure 

beyond the half-sib relationships of progeny from the 

same maternal parent.   

Any family group structure in the progeny disap-

peared within only 10 m (Figure 2).  This reflects the 

high levels of diversity found in the seed generation as a 

whole, but also highlights the lack of any apparent near-

est- neighbour pattern of pollen transfer.  Although seed 

dispersal may be limited, pollen movement must be more 

widespread (i.e. not only nearest-neighbour) in order to 

maintain high diversity and limit family spatial structure.  

The isolation of this population in this particular breeding 

season could have promoted inbreeding in the progeny, 

however this was not the case.  The lack of genetic 

structure found in the progeny (in distance classes > 10 m) 

also shows that the limited pollen pool and small popula-

tion size in this particular breeding season has not pro-

moted inbreeding.  

 

4.2. Pollen Donors and Movement 

Given that a 47% - 67% increase in allele numbers was 

found in the progeny compared to the maternal parents, it 

was apparent that more than one father had contributed to 

the progeny of each maternal parent.  As maternal gen-

otypes were known, the number of paternal parents 

needed to account for each family progeny array was then 

assessed.  The minimum number of pollen donors re-

quired for any of the seven family groups (of 20 seeds) 

was five, with three of these families requiring at least six 

paternal parents (Table 3).  The distribution of progeny 

assigned to each of the putative paternal parent genotypes 

was relatively even i.e. no single paternal multilocus 
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genotype was a dominant contributor to the progeny 

(Table 3).  Due to the 3-5 year flowering cycle exhibited 

by this species, it is likely that, historically, it has not been 

the same combinations of plants contributing to seed set 

each year.  This will help mitigate against loss of genetic 

variability in this species. 

The need for multiple paternal parents to resolve the 

multi-locus genotypes of the progeny within each family 

group suggests that many plants within the population are 

acting independently as both maternal and paternal par-

ents.  From the seven sampled maternal parents in this 

study, five (71%) were identified as probable paternal 

parents for at least one progeny from another sampled 

adult plant (Table 2).  Pollen transfer in these cases oc-

curred across a range of distances, from as little as 1.9 m 

from plant E20 to plant E18, up to 43 m from plant E8 to 

plant E20 (Table 2).  Given the assumed limited and 

passive mode of seed dispersal in this species, multiple 

pollen donors donating pollen over a wide range of dis-

tances is likely the predominant process maintaining high 

genetic diversity, and limiting family group 

sub-structuring.  The need for multiple paternal parents 

also suggests that either a few individual pollinators are 

transferring mixed pollen loads, or numerous pollinators 

are involved in moving pollen among the plants.   

As populations become smaller and more geograph-

ically isolated from one another through increased habitat 

fragmentation in urbanised areas, the potential for in-

breeding and subsequent loss of genetic diversity is po-

tentially heightened [3-6].  Prior to this study, the only 

previous estimates of outcrossing rates for this species 

were calculated for several large populations [25].  Our 

estimates of high levels of genetic diversity and a high 

outcrossing rate corroborate these findings but are based 

on a much smaller spatial scale (0.2 hectare).  Our study 

suggests that family group substructure may not be a 

feature of X. johnsonii populations, that individual plants 

produce genetically diverse progeny within a breeding 

season and that there is no evidence of single plants acting 

as principle pollen donors.  This is an encouraging find-

ing for this species as it is constantly under threat due to 

habitat fragmentation.  As this study focused on only a 

single population, and a small number of adults, future 

study of paternal parentage (pollen donors) within geo-

graphically fragmented populations warrants study.  The 

sporadic and seemingly low recruitment rates could be 

both a help and a hindrance for this species in the future.  

The low recruitment rates keep the genetic diversity of the 

population high, with few full or half sibs being estab-

lished in close proximity.  But the low recruitment rates 

could become a problem if their frequency declines.  

Changes in micro-climatic conditions could change ger-

mination rates and recruitment events.  As X. johnsonii is 

long-lived, this problem may not be evident in the short 

term.  It would become a problem for the species if re-

cruitment were to fail over the course of several decades.   
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