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Abstract

The majority of flowering plants rely on animals as pollen vectors. Thus,

plant mating systems and pollen dispersal are strongly influenced by pollina-

tor behaviour. In Australian sexually deceptive orchids pollinated by male

thynnine wasps, outcrossing and extensive pollen flow is predicted due to

floral deception, which minimizes multiple flower visitations within patches,

and the movement of pollinators under mate-search rather than foraging

behaviours. This hypothesis was tested using microsatellite markers to

reconstruct and infer paternity in two clonal, self-compatible orchids. Off-

spring from naturally pollinated Chiloglottis valida and C. aff. jeanesii were

acquired through symbiotic culture of seeds collected over three seasons. In

both species, outcrossing was extensive (tm = 0.924–1.00) despite clone sizes

up to 11 m wide. The median pollen flow distance based on paternity for

both taxa combined was 14.5 m (n = 18, range 0–69 m), being larger than

typically found by paternity analyses in other herbaceous plants. Unexpect-

edly for orchids, some capsules were sired by more than one father, with an

average of 1.35 pollen donors per fruit. This is the first genetic confirmation

of polyandry in orchid capsules. Further, we report a possible link between

multiple paternity and increased seed fitness. Together, these results demon-

strate that deceptive pollination by mate-searching wasps enhances offspring

fitness by promoting both outcrossing and within-fruit paternal diversity.

Introduction

An overwhelming majority of plants rely on animals as

vectors for pollen (Ollerton et al., 2011). Therefore,

critical microevolutionary processes such as pollen-

mediated gene flow, mating system and mate choice

are profoundly influenced by the behaviour of pollen

vectors, especially for self-compatible plant species. Yet

our understanding of how different pollinators control

plant gene flow remains poor, due to a lack of data

explicitly examining the influence of pollinators on pol-

len movement (Whitehead & Peakall, 2009). Obtaining

these data is critical to advancing our knowledge of flo-

ral evolution and speciation, particularly where floral

adaptations or taxonomic divergence are correlated

with pollinator shift (Mitchell et al., 2009; Karron et al.,

2012; Van der Niet et al., 2014).

Most biotically pollinated flowers are visited by ani-

mals foraging for pollen or nectar rewards. Pollen flow

in most flowers is therefore strongly influenced by for-

aging behaviour. If pollinators forage optimally, they

should forage longer on the same inflorescence or the

same patch when flowers are providing rewards (Hod-

ges, 1981; Ferdy & Smithson, 2002). Under optimal for-

aging, a large proportion of interflower movements will

therefore be local, and strongly skewed pollen dispersal

distributions will result in species providing floral

reward (e.g. negative exponential distributions reported

by Otero-Arnaiz et al., 2005, Millar et al., 2008, Nakani-

shi et al., 2012, Scheepens et al., 2012). For self-compat-

ible species, the preponderance of short pollen flow

distances under this distribution increases the risk of sel-

fing and the associated costs of inbreeding depression.

Unlike plants in the majority of families, approxi-

mately one-third of all orchid species neither offer pol-

len, nectar or other rewards, and instead achieve
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pollination by deception (Jers�akov�a et al., 2006). The

production of nectar appears to be a highly labile trait

within the Orchidaceae, where multiple independent

evolutionary transitions between reward and decep-

tion, or vice versa, have been demonstrated (Cozzolino

& Widmer, 2005; Johnson et al., 2013). Rewardless

flowers have been shown to elicit both fewer pollina-

tor visits and lower rates of pollination (Neiland &

Wilcock, 1998 Tremblay et al., 2005). This seems para-

doxical when one considers the prevalence of decep-

tion in the orchids. One hypothesized fitness benefit

of rewardless flowers is that by limiting both the num-

ber of flowers a pollinator visits on a single plant and

a pollinator’s tenure at any single flower, geitonoga-

mous selfing is suppressed and mating between unre-

lated plants is enhanced (Nilsson, 1992; Cozzolino &

Widmer, 2005). The strongest support for this so-called

outcrossing hypothesis comes from manipulative stud-

ies wherein nectarless food-deceptive orchids were

supplemented with artificial nectar (Johnson & Nils-

son, 1999; Smithson & Gigord, 2001; Smithson, 2002;

Johnson et al., 2004; Jers�akov�a & Johnson, 2006).

Adding nectar in these orchids increased the number

of flowers visited per plant, the time pollinators spent

at a flower, while reducing the number of pollinia

removed, and in most cases increased the number of

self-pollinations. Thus, there is some evidence that

pollinator foraging behaviour can interact with re-

wardlessness to influence the mating system (Johnson

et al., 2004; Jers�akov�a et al., 2006).

Another form of floral deception, common in the

Orchidaceae, still lacks basic plant mating data. Sexu-

ally deceptive flowers employ chemical, visual and tac-

tile mimicry of sexual signals to attract mate-seeking

male insects for pollination (Schiestl et al., 1999, 2003;

Ayasse et al., 2011; Gaskett, 2011; Xu et al., 2011).

This strategy usually results in extreme pollinator

specificity, where a single species of plant relies pre-

dominantly on a single pollinator species (Peakall

et al., 2010; Gaskett, 2011). Remarkably, the strategy

has numerous independent evolutionary origins on

four continents, and in three plant families. The num-

ber of known examples is, however, dominated by the

Orchidaceae (Gaskett, 2011; Peakall & Whitehead,

2014; Phillips et al., 2014).

Although exploiting a different suite of pollinator

behaviours, sexual deception (like food deception) is

hypothesized to avoid geitonogamous and near-neigh-

bour pollination (Peakall & Beattie, 1996; Schiestl,

2005). This is because mate-searching male insects

rarely linger in a single patch. For example, following

the initial flower visit, the thynnine wasp pollinator

Zaspilothynnus trilobatus avoids flowers of the sexually

deceptive Drakaea glyptodon for a refractory period

(Peakall, 1990). The same active patch avoidance by

mate-searching males has been observed in studies of

thynnine wasp pollinators for two other orchids (Peak-

all & Beattie, 1996; Wong et al., 2004). Further, a

mark–recapture study on the small thynnine wasp pol-

linator of Chiloglottis trapeziformis, Neozeleboria cryptiodes,

demonstrated that this site-specific patch avoidance

occurs over hours but not between days (Whitehead &

Peakall, 2013). Despite the predicted link between

outcrossing and previously characterized pollinator

mate-search behaviour, realized gene flow via pollen

dispersal is yet to be reported for a single sexually

deceptive plant species.

Here our goal was to characterize pollen-mediated

gene flow for two clonal, self-compatible sexually

deceptive orchids in the genus Chiloglottis. The highly

specific wasp pollination of these two orchid species,

combined with data on typical mate-search behaviour

(Whitehead & Peakall, 2012, 2013), offered a unique

opportunity to make two explicit testable predictions

about plant mating patterns. First, we predicted that

pollinator patch avoidance would promote high

outcrossing rates despite extensive clonality and self-

compatibility. Second, we expect that optimal mate-

searching behaviour in wasps (Alcock et al., 1978;

Peakall & Beattie, 1996; Goh & Morse, 2010; White-

head & Peakall, 2013) will differ substantially from the

behaviour of foraging pollinators whose activity is

concentrated within rewarding patches. We therefore

predicted that the distribution of observed pollen flow

distances would match a patch avoidance model of dis-

persal rather than a near-neighbour (approximating

optimal foraging) or random distribution model.

To test these predictions, we combined hand crosses

with symbiotic orchid germination, genetic paternity

analysis and simulations to ask the following four

specific questions:

1 What are the realized rates of outcrossing in these

two clonal species?

2 Can we infer paternity for progeny and trace the

extent of realized pollen flow?

3 What is the typical mate diversity for individual

capsules?

4 Do patterns of outcrossing and pollen dispersal con-

form to what we would expect given the patch

avoidance behaviour of the wasp pollinators?

Materials and methods

Study species and sampling

The genus Chiloglottis contains approximately 30 species

of terrestrial orchids that form clonal colonies in the

understory of eucalypt forest habitats in south-eastern

Australia (Peakall et al., 2010). While colonies may be

very dense in ramets, only a small proportion of these

flower in any given year. Each plant bears a single

flower (1.5–2 cm in size) on a short stem (< 10 cm),

and pollen is aggregated into two pairs of curved, soft

pollinia. During pollination, it is routine for either one
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or both pairs to be removed in their entirety. This floral

morphology makes them particularly useful for pollina-

tion studies as the anthers and stigma are easily

inspected for pollen removal or deposition (Fig. S1).

The sexually deceptive Chiloglottis valida and C. aff.

jeanesii are typical members of their genus (Peakall

et al., 2010), occur in sympatry and are strongly repro-

ductively isolated by their attraction of different specific

thynnine wasp pollinators, Neozeleboria monticola and

N. cryptoides, respectively (Peakall & Whitehead, 2014;

Whitehead & Peakall, 2014). Flowering typically lasts

for 5–6 weeks, commencing in mid-October. Unpolli-

nated flowers remain open for approximately 14 days.

This study focuses on one site of sympatry, Kanan-

gra-Boyd National Park (NSW, Australia), where both

species grow intermingled in large numbers. The study

site occupies a gentle slope in tall montane eucalyptus

forest. At the outset of the study, we mapped a

100 9 24 m transect (running roughly north–south)
over the most orchid-dense section of the population.

This transect was bounded on the east by a creek line

and west-facing slope and to the south by a change to

a more closed vegetation community. Both of these

features were not favourable for Chiloglottis, and few

were found in these areas. The west boundary is

marked by a vehicle track, the other side of which is

flat habitat supporting a low density of orchid colo-

nies. To the north of the transect, the slope continues

with colonies of orchids sporadically distributed in

lower numbers for over 400 m.

In 2007, we sampled one individual leaf per 2 m2

(n = 334). This was done to establish baseline allele

frequencies, estimate maximum clone sizes and provide

a database of candidate genotypes for paternity analysis.

In the years 2007–2009, we surveyed all flowers on the

transect for pollen removal or deposition over the

course of several visits per season (Table 1). We calcu-

lated for each species a measure of pollen transfer effi-

ciency (pollinia removals/pollinia depositions) and

pollination rate as the proportion of flowers observed

with pollen deposition. Every flower detected with pol-

len removal was designated as a potential pollen donor,

and a leaf sample was taken for DNA analyses. If flow-

ers had been pollinated, we estimated the number of

pollinia deposited and then relocated them in pots to a

growth cabinet to avoid losses from herbivory. At cap-

sule dehiscence, we collected the seed with a corre-

sponding maternal leaf sample. During the seasons

2010 and 2011, we continued to collect data on pollen

removal and deposition, continued taking leaf samples

for potential pollen donors, but we did not collect addi-

tional mother plants or capsules.

To extend the coverage of potential pollen donors

beyond the transect itself, we also made collections

from the few major colonies on the periphery,

expanding our study site to an area of 160 9 80 m.

At the end of the study, we therefore had material

from three seasons of naturally pollinated seed cap-

sules and their mothers, five seasons of observed pol-

len donors, a systematic transect-wide sample of

genotypes, collections from all colonies observed on

the periphery of the transect as well as a small num-

ber of naturally pollinated capsules and leaf samples

from elsewhere in the national park (ranging from

300 to over 5000 m away).

Orchid fungal culture and seed germination

As is typical for orchids generally, Chiloglottis seeds are

minute, consisting of only an embryo and seed coat.

Thus, DNA quantities sufficient for progeny analysis

could not be obtained from individual seeds. Further-

more, mycorrhizal infection is required for seed germi-

nation. Therefore, we implemented orchid fungal

culture and seed germination following Roche et al.

(2010). Briefly, orchid seed was surface-sterilized and

dispersed onto oatmeal agar plates (Clements & Ellyard,

1979), then inoculated and colonized by an isolate of

the Tulasnella symbiont (Roche et al., 2010). Three

plates per capsule were sowed, and plates were stored

in the dark at 20 °C while germination was monitored

every 2 weeks.

For many orchid species, symbiotic germination

remains challenging even with the appropriate fungal

Table 1 Summary statistics on observed pollination, plants

collected and seed families successfully germinated during the

study.

2007* 2008 2009 2010 2011 Total

Chiloglottis valida

Pollen removals – 19 30 11 33 93

Pollen deposits – 11 34 7 22 74

Pollination transfer

efficiency

– 0.58 1.13 0.64 0.67 0.80

Pollination rate – 0.30 0.15 – 0.20 0.23

Plants collected 9 9 28 – – 46

Seed families

germinated/

genotyped

1 7 14 – – 22

Chiloglottis aff. jeanesii

Pollen removals – 33 16 18 42 109

Pollen deposits – 23 17 17 36 93

Pollination transfer

efficiency

– 0.70 1.06 0.94 0.86 0.85

Pollination rate – 0.18 0.08 – 0.16 0.15

Plants collected 14 20 14 – – 48

Seed families

germinated/

genotyped

5 16 8 – – 29

*Field work in 2007 occurred later than peak flowering so that

most pollinated flowers had already closed and began to swell. This

prevented accurate measures of pollen removal from being made

that year.
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symbiont and rates of germination can be variable and

often very low (Batty et al., 2001; Swarts et al., 2010).

Further, the development of protocorms beyond early

developmental stages requires subculture into different

media as well as changes in light and gas exchange

regime, the optimal conditions for which are not

known for Chiloglottis. Here, our goal was only to ger-

minate seed to a stage suitable for DNA extraction.

Therefore, when protocorms showed signs of slowed or

halted growth, those 1 mm or larger in diameter were

collected for genetic analysis.

Hand crosses – assessing self-compatibility

To test for self-compatibility and evidence for

inbreeding depression, we performed a series of self

and cross pollinations of virgin plants. As Chiloglottis

plants bear only a single flower, we were unable to

easily impose both treatments on a single genotype.

The final number of hand crosses per taxon was 8 and

10 (C. valida) and 7 and 8 (C. aff. jeanesii) for outcross

and self matings, respectively. Following symbiotic ger-

mination, the percentage of germinating seeds and the

germination stage was scored under a dissecting micro-

scope for three plates per capsule. We did this by

superimposing on the plate a 1-cm2 grid with num-

bered cells and selecting 12 different random cells to

score. Five stages of seed germination were defined as

proposed by Ramsay et al. (1986): S1 seeds had

imbibed and broken the testa; S2 seeds had developing

trichomes; S3 had initiated a leaf primordium and

dropper; S4 had enlarged with further development of

leaf and dropper and were beginning to show photo-

synthetic tissue; and S5 protocorms showed a green

leaf.

The growth index of Whitehead & Peakall (2013)

was modified to provide a standardized estimate in the

range 0–1, calculated by the formula:

Growth index ¼ nS1 þ 2ðnS2Þ þ 3ðnS3Þ þ 4ðnS4Þ þ 5ðnS5Þ
5ðntotÞ

where ns = the observed number of protocorms at stage s.

This index preferentially weights more advanced

seedlings such that plates that germinated and

advanced seeds further received a higher index than

plates with the same proportion of germination, but

weaker development.

We tested differences in germination index between

outcross and self treatments with a normal approximate

Wilcoxon rank-sum test. Because symbiotic orchid ger-

mination is highly variable with many plates not germi-

nating, we also reduced the data to binary germination/

no germination and tested differences in percentage of

plates germinated by v2 contingency test. Statistical

tests were carried out in the software package JMP v9.0

(SAS, Cary, NC, USA).

DNA extraction, loci selection and microsatellite
genotyping

Leaf samples were lyophilized before DNA extraction

using a QIAGEN Plant-Mini kit as per the manufac-

turer’s instructions. Due to the difficulty in germinating

large numbers of orchid protocorms, we focused our

genotyping effort on only those families with more

than 12 individual protocorms of a size large enough

for DNA extraction. Protocorms were lyophilized

directly after picking off the agar plate, with DNA

extraction carried out in 96-well plates (Appendix 1).

As the amount of tissue in early-stage protocorms is

very small, the resulting DNA yields were also low and

necessitated a trade-off between the number of loci

genotyped against the amount of DNA required for reli-

able amplification and repeats if necessary. We there-

fore carried out a genotyping screen of a mixed-taxon

pool of 200 leaf samples from the transect at 12 micro-

satellite loci described in Flanagan et al. (2006). We

then ranked loci in order of information content as

measured by the effective number of alleles and chose

the six most informative loci for genotyping in further

analyses. To demonstrate the resolution of our 6-locus

battery, we plotted the accumulation curve of multilo-

cus genotype (MLG) recovery with each combination of

loci (Fig. S2) using GENCLONE 2.0 (Arnaud-Haond &

Belkhir, 2007). The recovery of maximum MLGs was

reached before the sixth locus for both species, demon-

strating that six loci provide the resolution necessary

for recovery of all unique MLGs. For these loci, exclu-

sion probability with one parent known was calculated

as 0.995 and 0.963 and probability of identity was

2.55 9 10�7 and 2.96 9 10�5 for C. valida and C. aff.

jeanesii, respectively, as calculated in GenAlEx 6.5

(Peakall & Smouse, 2006, 2012). Pairwise geographic

distances were calculated for all matching MLGs to esti-

mate the maximum clone size.

The protocol for amplification by polymerase chain

reaction and scoring of genotypes is outlined in Appen-

dix 1 and broadly followed Flanagan et al. (2006). In

the event of mismatches with maternal genotypes, or

failure to amplify, microsatellite analyses of offspring

were repeated until the error was rectified or the DNA

stock was exhausted. Each mother was run a minimum

of two times per locus to ensure accurate genotypes

against which to calculate protocorm genotyping error

rates and reconstruct paternity.

A data set comprised of protocorms genotyped at

more than four loci was used to estimate microsatellite

genotyping error rates. By comparing each protocorm

to its known maternal genotype, we estimated the rate

of mistyping for each locus by obtaining the proportion

of samples in which a maternal allele was not recov-

ered: Pmis. Because at a given locus, each diploid off-

spring represents two chances to recover the maternal

allele, our rate of genotyping error = Pmis/2.
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After removing clone genotypes, basic population

genetic statistics were calculated for both parent and

offspring generations in GenAlEx 6.5 and an exact test

for Hardy–Weinberg equilibrium was performed in

Genepop 4.2 (Raymond & Rousset, 1995; Rousset,

2008) with settings of 100 batches and 1000 iterations

per batch.

Mating system analysis

To estimate the degree of outcrossing, we constructed

progeny arrays, each consisting of the genotypes for

mothers of naturally pollinated capsules and their prog-

eny with genotypes at four or more loci. We divided

the data by taxon and estimated single and multilocus

outcrossing rates (ts and tm), biparental inbreeding

(tm–ts) and correlation of paternity (rp) in the package

MLTR version 3.4 (Ritland, 1989, 2002). The analyses

were conducted under a Newton-Raphson iteration

routine with pollen and ovule allele frequencies

assumed equal. Standard errors were estimated via

1000 bootstrap iterations resampled at the family level.

In addition to overall taxon analyses, we calculated the

outcrossing rate for each naturally pollinated family

(Ritland & Jain, 1981). For progeny of both taxa, we

also calculated the heterozygosity-based population sel-

fing rate s in the package RMES (David et al., 2007),

with significance calculated by 1000 iterations. Based

on the distribution of multilocus heterozygosity, this

method provides an estimate of inbreeding unbiased by

common genotyping problems such as null alleles and

asymmetric amplification.

Sibship and paternity reconstruction

Achieving successful paternity analysis for a plant spe-

cies in the wild presents several technical challenges.

These include the requirement for sufficient genotyping

coverage of candidate fathers, and the need for accurate

genotyping at sufficient polymorphic loci to achieve

accurate paternal assignment. In addition, orchids can

bring the added challenge of obtaining sufficient DNA

from seedlings that require symbiotic germination and

can take months to grow to a suitable size. Despite this,

orchids provide one advantage for assigning paternity:

the pollinium. Because pollen is transferred in aggre-

gate via pollinia, siblings within an orchid capsule have

a high correlation of paternity. In other words, it is

likely that most, if not all, of the ovules in a single

flower have been fertilized by the same pollen donor. If

more than one pollinium fertilizes a brood, aggregated

pollen ensures that full sibs will still be common within

a capsule. If the mother’s genotype is known, the pater-

nal genotype can then be deduced by subtracting the

maternal alleles at a locus across the array of offspring.

Mendelian inheritance ensures that the probability of

recovering the diploid paternal genotype at a locus

asymptotically approaches one as the number of off-

spring assayed increases (Jones et al., 2010).

We limited our paternity and sibship analysis to prog-

eny for which we had a minimum of five loci scored.

For each progeny array, we first attempted to assign

sibship and paternity through reconstruction and exclu-

sion (Ellstrand, 1984). This was estimated manually

after extracting all unambiguous paternal alleles at each

locus for a given progeny array using GenAlEx 6.5. We

calculated the minimum number of sires needed to sire

a brood by the count of unambiguous paternal alleles.

Our criteria for accepting a multiply sired capsule

required more than two unambiguous paternal alleles

to be recovered at more than one locus. In the case

where only one locus showed more than two unambig-

uous paternal alleles, this was accepted as evidence for

multiple sires only if every unambiguous paternal allele

at that locus was recovered in more than one individ-

ual offspring. These conservative criteria therefore

avoided artificial inflation of parent numbers due to

possible genotyping errors and were parsimonious by

not assigning more sires than strictly necessary to

explain a progeny array.

Unambiguous paternal alleles were then used in

exclusion of paternal candidates from a set composed of

all genotypes collected in flower or leaf on the study

site from 2007 to 2011. This was done in a modified

version of the TwoGener and Multilocus match rou-

tines in GenAlEx 6.5. The routine took unambiguous

paternal alleles as described above for sibship recon-

struction and then for each offspring, excluded candi-

date sires that did not match the recovered paternal

alleles.

As reconstruction and exclusion are not tolerant of

errors or missing data, we also carried out paternity

and sibship analysis in COLONY version 2.0 (Jones &

Wang, 2010). The program uses a maximum-likelihood

algorithm to infer sibship groups and reconstruct and

assign paternity while tolerating genotyping errors.

However, a limitation of this approach is that the

analysis currently cannot incorporate the prior assump-

tion of correlated paternity, which for orchid mating is

highly likely. The analysis therefore risks false inference

of full sibs carrying high-frequency alleles as separate

pollination events and can overestimate the minimum

number of sires (Sefc & Koblmuller, 2009).

Mating and pollen flow simulations

We carried out two kinds of simulations using a cus-

tomized version of GenAlEx 6.5, running routines

based on the simulation framework outlined in Banks

& Peakall (2012) and Whitehead & Peakall (2014). The

first routine simulated matings to test the sensitivity of

our paternity assignment methods for delineating full-

sib groups within mixed progeny arrays and is

described more fully in Appendix 2.
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The second simulation generated pollen dispersal

distributions using the geographic coordinates of our

samples. This estimated the level of selfing expected in

our study under three models of pollen dispersal: (1)

Near-neighbour pollen dispersal, where pollen moves

between neighbouring plants as expected under strict

optimal foraging. (2) Patch avoidance pollen dispersal,

where pollen underwent a patch avoidance displace-

ment before final dispersal and pollination could take

place. (3) Random pollen dispersal, which provided a null

model of pollen movement. Importantly, for these sim-

ulations, we used both the real geographic coordinates

of our samples and their genotypes to provide realistic

outcomes specific to our study. For the nearest neigh-

bour and random pollen dispersal cases, the complete

distribution could therefore be fully enumerated, from

which random subsampling for any specified number

of draws could be obtained. For the patch avoidance

models, even within the constraint of the input of real

coordinates, a vast number of scenarios could be

generated. Therefore, to ensure realistic patch avoid-

ance models, they were parameterized based on mark–
recapture data for N. cryptoides, which is both closely

related, and of similar size to the two pollinators in this

study (Whitehead & Peakall, 2012, 2013). The patch

avoidance distance imposed was therefore drawn from

a normal distribution with mean = 12 m, SD = 13 m,

corresponding to the single-day dispersal distances

recorded for N. cryptoides. Pollen dispersal following

patch avoidance was made to an available orchid at a

distance drawn from an exponential distribution with

mean = 2, simulating subsequent attraction to a nearby

flower.

To allow us to compare the simulation outcomes

with our observed pollen flow distribution which was

based on n = 18 pollen dispersals (see results below),

within GenAlEx we generated 100 sets of 18 simulated

dispersals under each model described above, ranked

the dispersals by distance, averaged for each rank and

then plotted the averages. We tested differences

between the observed and simulated pollen dispersal

distributions with a Kolmogorov–Smirnov test (2000

bootstraps) implemented in package ‘Matching’ (Sek-

hon, 2011) for R (R Core Team, 2013).

Results

While pollination efficiency varied widely over four

seasons of data collection, when averaged across all sea-

sons both species showed very similar rates of pollen

depositions to removals (C. valida = 0.80, C. aff. jeane-

sii = 0.85, total flowers with pollen deposited n = 167,

total flowers with pollen removed n = 202) (Table 1).

Rates of pollination success for the site averaged 0.23

and 0.15 for C. valida and C. aff. jeanesii, respectively.

We collected 46 C. valida and 48 C. aff. jeanesii naturally

pollinated capsules over three seasons.

Hand crosses – assessing self-compatibility

The total numbers of germination plates counted for

hand crosses were 27 and 29 for C. valida and 20 and

21 for C. aff. jeanesii outcross and self matings, respec-

tively. Germination was highly variable (germination

index range 0–0.33, mean = 0.023), and generally, very

few protocorms per plate reached stage three. In self-

pollinated capsules for C. valida, we detected suppressed

germination (Kruskal–Wallis test H = 13.931, d.f. = 1,

P = 0.0002) and fewer plates germinated (Pearson’s

v2 = 15.412, d.f. = 1, P < 0.0001). Differences between

self and outcross for both metrics of germination suc-

cess were not significant for C. aff. jeanesii (H = 0.300,

d.f. = 1, P = 0.584 for germination index, Pearson’s

v2 = 0.198, d.f. = 1, P = 0.656 for percent germinated),

but we did observe an overall lower percentage of ger-

mination compared to C. valida (Fig. 1).

Locus information and clone detection

For the mapped transect, leaf samples were obtained

for 268 C. valida and 313 C. aff. jeanesii plants across the

5 years of the study. A minimum of five loci were

successfully amplified for this set of 581 samples. Geno-

typic resolution plateaued between five and six micro-

satellite loci, but the curve approached maximum

resolution faster for C. valida than for C. aff. jeanesii

(Fig. S2), due to the lower allelic variation in the latter

taxon. In both taxa, however, the maximally informa-

tive combination of five loci recovered the same

number of multilocus genotypes (MLGs) as with the

full six-locus set.

The distribution of clone sizes based on sampling at

the scale of 2 m2 showed most clones to be up to two
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Fig. 1 Fitness of symbiotically germinated self and outcrossed

hand-crossed seed. Grey points depict growth index data; squares

and bars show mean and standard error. Circles and bars show

percentage of plates germinated.
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metres in size, with maximum clone sizes of 6 and

11 m for C. valida and C. aff. jeanesii, respectively

(Fig. 2).

Population genetics and mating system

From the total of 94 naturally pollinated seed capsules

that were sown onto 376 agar plates, we collected,

extracted and genotyped a total of 825 individual proto-

corms. Of these, 671 protocorms were amplified

successfully at four or more loci and 629 at five or

more loci. The successfully genotyped protocorms were

drawn from a total of 28 and 31 progeny arrays of

C. valida and C. aff. jeanesii, respectively.

Both species displayed very high levels of outcrossing

in naturally pollinated capsules, tm = 1.00 (0.048) and

0.924 (0.049) for C. valida and C. aff. jeanesii, respec-

tively (Table 2). Heterozygosity-derived estimates of sel-

fing rate, s, did not differ significantly from 0 (C. valida

P = 0.16, C. aff. jeanesii P = 0.06). The difference

between single and multilocus outcrossing estimates

indicated similar and very low rates of biparental

inbreeding in both taxa. We also found a departure

from strict correlated mating (rp = 1) in both taxa with

rp values of 0.647 and 0.765 for C. valida and C. aff. jea-

nesii, respectively (Table 2), indicating an appreciable

level of multiple paternity.

Despite the high outcrossing estimates, most loci for

the four populations showed a statistically significant

departure from Hardy–Weinberg equilibrium (Table S1)

and several factors can account for this result. By com-

paring mothers to offspring, we estimated genotyping

error rate at 0.015 and found no direct evidence for

null alleles. MICROCHECKER (Van Oosterhout et al.,

2004) (which assumes Hardy–Weinberg equilibrium)

indicated potential null alleles in eight of 24 locus by

population combinations, which might be due to asym-

metry in amplification of heterozygote alleles as a

result of low starting DNA concentrations. There are

also several loci that in some populations show depar-

ture from Hardy–Weinberg equilibrium despite little to

no heterozygote deficiency. (e.g. C. aff. jeanesii adults

for locus CV0423, F = �0.01). In these cases, departure

from Hardy–Weinberg is driven by an allelic distribu-

tion dominated by few very common alleles and many

very rare alleles. Thus, those loci that show greater dif-

ference between number of alleles (Na) and number of

effective alleles (Ne) are likely to produce a significant

Hardy–Weinberg test result that becomes nonsignificant

when all rare alleles are pooled to the same allelic

state. Thus, despite many of our loci not being in

Hardy–Weinberg equilibrium, in most cases this is not

due to a heterozygote deficit. Departure from Hardy–
Weinberg expectations is therefore unlikely to be due

to inbreeding.

Paternity analysis

We inferred paternity by two methods: strict manual

exclusion and error-tolerant maximum-likelihood

analysis in COLONY requiring a probability cut-off

value of 0.80. Between these two techniques, we

were able to confidently infer paternity for 9 of 22

C. valida and 13 of 28 C. aff. jeanesii progeny arrays.

Eight of these arrays with inferred paternity showed

evidence of more than one sire, and in two cases, we

were able to assign paternity to minor contributors

with < 50% paternal contribution. For progeny arrays

with inferred paternity, we were able to use paternal

shares to calculate the effective number of sires (KE).

We found 27% (C. valida) and 41% (C. aff. jeanesii) of

the naturally pollinated capsules required a minimum

of two unique sires to explain the genetic patterns in

the progeny array (Table 3). Three sires were inferred

for one additional capsule. This unexpectedly high

level of multiple paternity was consistent with the

observation that stigmatic pollen loads frequently

exceeded a single pollinium (Table 3).
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Comparing observed and simulated pollen dispersal
distributions

For both species combined, the pollen flow distances

inferred from paternity assignment ranged from 0 to

69 m with a median of 14.5 m. Median nonselfed pol-

len flow distances were 20 m for C. valida (n = 8) and

12 m for C. aff. jeanesii (n = 10).

When comparing the observed pollen dispersal distri-

bution to that expected under the three models (Fig. 3),

we were able to reject near neighbour (P � 0.001) and

random pollen flow (P = 0.002). By contrast, the

observed data were consistent with a pollen dispersal

distribution generated under a patch avoidance model

(P = 0.937). The predicted selfing rates for pollen dis-

persal models were effectively zero under both random

and patch avoidance models, while near neighbour (five

nearest neighbours) produced an average rate of 19.7%

selfing. Thus, selfing rates in this study were much

lower than expected under the near-neighbour model.

Discussion

In this first detailed genetic study of outcrossing rates

and pollen flow in sexually deceptive plants, we found

high outcrossing rates despite clone sizes of up to 11 m

wide. We also found an unexpected, moderate level of

multiple paternity in these orchids. Finally, the distri-

bution of paternity-inferred pollen flow events closely

matched the flight distances and patch avoidance

behaviour previously documented for small thynnine

wasps (Wong et al., 2004; Whitehead & Peakall, 2013).

We elaborate on each of these key findings below.

Outcrossing and inbreeding

High outcrossing rates are expected for Australian sexu-

ally deceptive orchids pollinated by male thynnine

wasps for at least two reasons: (1) due to patch avoid-

ance behaviour, wasps typically visit only one flower in

a patch (Peakall & Beattie, 1996; Whitehead & Peakall,

2013) and (2) thynnine wasp males commonly search

for mates along patrolling paths over 10 s of metres

(Peakall & Beattie, 1996; Whitehead & Peakall, 2012;

Menz et al., 2013). Despite the potential for extensive

clonality to increase the probability of selfing (Vallejo-

Mar�ın et al., 2010; Vandepitte et al., 2013; Sinclair et al.,

2014), all estimated measures of outcrossing for our

naturally pollinated progeny arrays confirmed our first

prediction of predominant outcrossing for both species

of Chiloglottis (Table 2).

There are very few studies that have estimated selfing

rates for orchids. Most of these have been previously

summarized in the review of Jers�akov�a et al. (2006),

who reported selfing rates in orchids for seven reward-

ing species and three rewardless species. We were only

able to find additional data for one more rewarding

(Nilsson et al., 1992) and two deceptive orchid species

(Ortiz-Barney & Ackerman, 1999; Trapnell & Hamrick,

2006). Selfing rates reported for rewarding orchid spe-

cies ranged from 22% to 85% (mean = 44%,

median = 31%), while selfing rates reported for decep-

tive orchids varied 0% to 60% (mean = 25%,

median = 18%). It is evident then that Chiloglottis sel-

fing rates in this study fall in the very low end of the

spectrum, lower than any selfing rate reported for a

rewarding orchid. Selfing rates lower than 10% have

only been reported for two other orchid species: Cypri-

pedium calceolus (Tremblay, 1994) and the sexually

deceptive Caladenia tentaculata (Peakall & Beattie, 1996).

Our findings also underscore the importance of out-

crossing for offspring quality, with progeny from artifi-

cial crosses in C. valida displaying inbreeding depression

in germination and growth when sired by selfing

(Fig. 1). This evidence for inbreeding depression does,

however, highlight the need for caution when inter-

preting outcrossing rates, as some selfed progeny may

not have been detectable via our germinate and

genotype approach due to failure to germinate. As a

consequence, the outcrossing estimate for C. valida

(Tm = 1.001) may be biased upwards and should be

interpreted as an estimate of realized gene flow, not

just pollen transfer. The extremely low selfing seen in

the unbiased heterozygosity-based s, however

(s = 0.026), supports the progeny-based result.

By contrast, C. aff. jeanesii did not display depressed

germination and growth indicative of inbreeding

depression. As Chiloglottis only bear a single flower, we

were unable to replicate self and outcross treatments

on a single genotype, which would be required to over-

come potential variation due to individual effects. It is

therefore possible that evidence for inbreeding depres-

sion in C. aff. jeanesii might only be discoverable by

crossing more individuals than our study allowed.

Table 2 Mating system parameters for two sympatric Chiloglottis species.

ts (SD) tm (SD) tm–ts rp s (SD)

C. valida 0.925 (0.030) 1.001 (0.048) 0.076 0.647 (0.074) 0.026 (0.026)

C. aff. jeanesii 0.874 (0.070) 0.924 (0.049) 0.050 0.765 (0.075) 0.060 (0.040)

tm, multilocus outcrossing rate; ts, average single locus outcrossing rate; SD based on bootstrap procedure; tm–ts, biparental inbreeding; rp,
correlated mating within maternal progeny arrays; s, heterozygosity-derived population rate of selfing.
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Table 3 Paternity and mating system analysis for 57 naturally pollinated Chiloglottis seed families. Pollen load provides an estimate of

number of pollinia on the mother plant’s stigma and was not able to be scored for some mothers. Minimum number of sires is determined

by manual paternal genotype reconstruction unless otherwise noted. Each positive paternal assignment is supplied with the method by

which it was obtained (R: manual reconstruction, C: COLONY), the proportion of the brood sired by that sire and the inferred pollen

movement. Single locus outcrossing (ts) and multilocus (tm) outcrossing as reported by MLTR are reported with standard errors.

Mother

Progeny >

5 loci

Pollen

load

Min. No.

of sires

Inferred

sire Method

Effective

sires (KE)

Proportion of

brood sired

Pollen

distance (m) ts (SE) tm (SE)

Chiloglottis aff. jeanesii

CV2431 13 1 2‡ Self§ R/C 1.742 0.69 0 0.131 (0.079) 0.193 (0.239)

CV2496 6 1–2 1‡ Self§ C 1.000 1.00 0 0.413 (0.212) 0.343 (0.384)

CV2441 14 1 1† Self§ R/C 1.000 1.00 0 0.096 (0.162) 0.518 (0.194)

CV2261 7 1 1† CV2260§ R/C 1.000 1.00 0 0.783 (0.075) 1.03 (0.006)

CV2500 14 1 1 CV2981§ R 1.000 1.00 0 1.077 (0.023) 1.002 (0.001)

CV2451 14 1 1 CV2518§ R/C 1.153 0.93 0 0.609 (0.079) 0.971 (0.048)

CV2440 11 1 2† CV3054§ R/C 1.424 0.82 5 1.393 (0.116) 0.983 (0.046)

CV2534 13 > 2 1 CV3141§ C 1.550 0.23 10 1.012 (0.081) 1.027 (0.001)

CV2519 17 2 1 CV2716 R 1.410 0.82 14 0.648 (0.087) 0.936 (0.070)

CV2528 6 > 2 1† CV2260§ R/C 1.000 1.00 15 1.059 (0.097) 1.006 (0.003)

CV2452 9 – 1† CV2918§ C 1.000 1.00 15 0.821 (0.067) 0.982 (0.020)

CV2518 7 2 1† CV3170§ R/C 1.000 1.00 16 0.93 (0.049) 1.001 (0.001)

CV2474 12 1–2 1 CV3011 R/C 1.385 0.83 23 0.942 (0.072) 0.993 (0.010)

CV2453 10 1–2 1† 1.412 (0.066) 1.026 (0.005)

CV2450 9 2 1† 1.036 (0.018) 1.016 (0.006)

CV2253 8 – 1† 0.577 (0.160) 1 (0.001)

CV2499 13 – 2 0.917 (0.033) 1.006 (0.005)

CV2477 14 1 2 1.106 (0.063) 1.013 (0.003)

CV2475 18 > 2 2 1.204 (0.023) 1.021 (0.005)

CV2427 13 – 2 0.835 (0.096) 1.018 (0.001)

CV2256 4 1–2 2 1.226 (0.128) 1.02 (0.007)

CV2520 12 2 2 0.698 (0.092) 0.927 (0.062)

CV2490 10 1–2 1 1.314 (0.017) 1.014 (0.005)

CV2429 13 – 1 0.628 (0.089) 1.003 (0.001)

CV2428 12 1–2 1 1.018 (0.059) 1.016 (0.002)

CV2426 14 – 1 1.235 (0.026) 1.011 (0.001)

CV2425 2 > 2 1 1.225 (0.074) 1.045 (0.014)

CV2257 12 – 1 1.008 (0.004) 1 (0.001)

CV2249 12 – 1 0.936 (0.118) 1.01 (0.002)

CV2436* 6 > 2 1† Self§ C 1.000 1.00 0 0.24 (0.135) 0.902 (0.115)

Chiloglottis valida

CV2454 3 1 1 Self§ R/C 1.000 1.00 0 0.312 (0.049) 1.001 (0.001)

CV2461 7 2 1† CV3162 R/C 1.000 1.00 8 0.466 (0.136) 0.936 (0.059)

CV2448 15 1–2 1† CV2535§ R/C 1.000 1.00 10 0.899 (0.056) 1 (0.001)

CV2432 19 – 3‡ CV3055§ R/C 2.756 0.47 14 0.807 (0.045) 1.002 (0.001)

CV2709§ R/C 0.26 36

CV2766§ R/C 0.26 69

CV2551 11 – 1† CV3034§ R/C 1.000 1.00 19 0.604 (0.081) 1.001 (0.001)

CV2254 4 > 2 2† CV3080§ R/C 1.600 0.75 21 0.815 (0.258) 0.687 (0.274)

CV2471 8 < 1 1‡ CV2493§ R/C 1.000 1.00 33 0.767 (0.110) 1 (0.001)

CV2531 4 1 1‡ 0.937 (0.176) 1.004 (0.002)

CV2521 15 2 1† 0.212 (0.101) 1.001 (0.001)

CV2479 8 < 1 1† 0.987 (0.052) 1 (0.001)

CV2508 8 1–2 1† 0.971 (0.055) 1 (0.001)

CV2442 7 1–2 1† 0.946 (0.088) 1.001 (0.001)

CV2511 11 > 2 2 0.996 (0.040) 1 (0.001)

CV2509 14 > 2 2 0.832 (0.079) 1.001 (0.001)

CV2535 12 > 2 2 1.13 (0.111) 0.848 (0.147)

CV2498 14 > 2 2 0.955 (0.053) 1 (0.001)

CV2522 18 > 2 2 0.818 (0.055) 1 (0.001)

CV2529 13 1–2 2 1.305 (0.028) 1.004 (0.001)
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Paternal diversity within seed families

Our analysis of 51 naturally pollinated orchid capsules

revealed genetic confirmation of multiple paternity at

an unexpectedly high rate (Table 3). In C. valida 27%

and C. aff. jeanesii, 41% of capsules were sired by more

than one sire, with the average progeny array being

explained by 1.27 and 1.44 minimum sires, respec-

tively. To our knowledge, the only other genetic pater-

nity study in orchids found strict correlated paternity in

459 progeny arrays from 15 populations (Trapnell &

Hamrick, 2006). Our study therefore appears to be the

first to genetically confirm multiple paternity of orchid

capsules. Our results are concordant, however, with

pollen-labelling studies showing that pollen carryover

(the retention of a single donor’s pollen on a pollinator

over subsequent flower visits) can promote multiple

paternity in some species with soft or divided pollinia

that easily break into subunits (Peakall, 1989; Peakall &

Beattie, 1996; Johnson & Nilsson, 1999; Johnson &

Edwards, 2000; Johnson et al., 2005; Tremblay et al.,

2005; Harder & Johnson, 2008).

The high diversity of pollen donors we discovered

may seem unusual given the aggregated pollen and pol-

len limitation in these taxa. Nevertheless, the diversity

of sires per orchid capsule was far lower than plants

with monad pollen grains, for example, Mimulus aver-

age 4.9 outcross sires per fruit (Karron et al., 2006),

Ipomopsis average 4.4 sires per fruit (Campbell, 1998)

and Silene population averages 3.8-6.1 (Teixeira & Ber-

nasconi, 2007). Sire diversity in Chiloglottis is, however,

higher than the rate of within-fruit multiple paternity

observed in Asclepias (1.9% of fruits), a genus in the

only plant family outside orchids to have evolved

pollinia (Broyles & Wyatt, 1990).

Despite the likely prevalence of multiple paternity in

flowering plants (Pannell & Labouche, 2013), few

studies have quantified the fitness effects of multiply

sired seed families (but see Schemske & Pautler, 1984;

Paschke et al., 2002; Breed et al., 2014), much less

examined the mechanisms underlying any fitness

effects. In addition to benefits intrinsic to an increased

probability of outcross fertilization, benefits to pollen

donor diversity include increased quality and quantity

of progeny (Marshall & Ellstrand, 1986; Montalvo,

1992) and the potential for ovules to ‘bet-hedge’ across

numerous mates of varying quality (Jennions & Petrie,

2000; Karron et al., 2012). Interestingly, a pilot hand

cross data set showed that when controlling for pollen

load, multiply sired outcrosses displayed significantly

greater seed quality (percentage embryo bearing) than

single-sired crosses (Fig. 4), indicating higher seed fit-

ness. Through experimental hand crosses in the orchid

Cypripedium calceolus, Tremblay (1994) similarly showed

higher germination rates in seeds from capsules sired

by multiple fathers.

Paternity assignment and pollen flow

Through the combination of maximum-likelihood and

manual reconstruction methods, we successfully

assigned paternity to progeny in 20 of 51 progeny

arrays from two taxa. The combined distribution of pol-

len movements inferred from paternity assignment in

both taxa ranged from 0 to 69 m with a median of

14.5 m. These movements were well in the range of

average movements found from mark–recapture of

related orchid-pollinating wasps: 15–27 m in N. crypto-

ides (Whitehead & Peakall, 2012), however, somewhat

shorter than the median distances observed in larger

thynnines; 32 m for Zaspilothynnus trilobatus (Peakall,

1990); 38 m for Z. gilesii; 46 m for Z. nigripes (Menz

et al., 2013); and 17 m in two species of Thynnoides pol-

linating Caladenia tentaculata (Peakall & Beattie, 1996).

For context, we surveyed the literature for studies

reporting microsatellite paternity-inferred pollen flow

Table 3 (Continued)

Mother

Progeny >

5 loci

Pollen

load

Min. No.

of sires

Inferred

sire Method

Effective

sires (KE)

Proportion of

brood sired

Pollen

distance (m) ts (SE) tm (SE)

CV2466 16 1 2 0.891 (0.043) 1 (0.001)

CV2523 12 – 1 0.876 (0.043) 1 (0.001)

CV2486 10 < 1 1 0.788 (0.105) 1.002 (0.001)

CV2479 16 2 1 1.145 (0.029) 1 (0.001)

CV2270* 4 1 1† Self§ C 1.000 1.00 0 0.249 (0.261) 0.972 (0.025)

CV2237* 10 > 2 1‡ 1.143 (0.031) 1.001 (0.001)

CV2445* 14 1–2 2 1.011 (0.004) 1 (0.001)

CV2437* 16 > 2 2 0.445 (0.090) 0.919 (0.069)

CV2540* 15 1–2 1 0.872 (0.041) 1.002 (0.001)

*Sample collected off the transect.

†Manual reconstruction and COLONY in agreement.

‡COLONY-derived estimate. Because genotyping error quickly inflates minimum inferred sires via strict reconstruction, we take the error-

tolerant COLONY measure if lower.

§COLONY assignment probability > 0.8
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distances and found only seven for biotically pollinated

herbaceous species (Table S3). These studies tended to

show strongly leptokurtic or negative exponential pol-

len movement distributions with the majority of polli-

nation occurring very close to the donor plant (Hardy

et al., 2004; Ishihama et al., 2006; Llaurens et al., 2008;

Buehler et al., 2012; Scheepens et al., 2012; Matter

et al., 2013). Although we did observe some close-range

pollen movements in this study, only 22% of paternity

assignments were found between plants 5 or fewer

metres apart and 50% of pollen movements were

greater than 14 m. Compared to other systems, mean

pollen flow here is within the range of means reported

for other insect pollinators: 5 m in Heloniopsis orientalis

to 21.6 m in Centaurea corymbosa. Despite the predomi-

nance of short-distance movements, maximum pollen

movement often exceeded 100 m in these other sys-

tems. In our study, we did not observe any pollen

movements on this scale despite capacity to detect

movements up to 160 m. This could be a reflection of

the small patrol ranges of Neozeleboria wasps (White-

head & Peakall, 2013) limiting the tail of long-range

dispersal. These findings are consistent with our second

prediction that mate-search imposes different pollen

dispersal patterns than foraging behaviour.

Observed vs. simulated pollen dispersal

Near-neighbour pollination represents the extreme

expectation under optimal foraging by reward-seeking

pollinators. The distribution of observed non-self pollen

flow distances for Chiloglottis differed from that simu-

lated under near neighbour (P � 0.001), consistent

with the expectations of patch avoidance during sexual

deception. We were able to reject random mating

which suggests that despite patch avoidance limiting

near-neighbour pollination, dispersal was still limited

spatially. Our simulated model of pollen flow under

patch avoidance was not distinct from the observed dis-
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data (a) were estimated from paternity analysis of naturally
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dispersal (b) to a random orchid among the five nearest

neighbours, (c) after a patch avoidance flight based on known

wasp behaviour and (d) randomly. Each simulated distribution

was tested against the observed data using a Kolmogorov–Smirnov

test, with P-values calculated from 2000 bootstraps.
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C. aff. jeanesii C. valida

Fig. 4 Pilot data set for seed fitness in multiple- and single-sired

hand-crossed orchids. Percentage embryo bearing seed is displayed

with error bars for standard error. Samples sizes are n = 4 and

n = 14 in Chiloglottis aff. jeanesii, and n = 2 and n = 9 in C. valida

for double- and single-sired crosses, respectively.
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tribution; however, the small number of assignments

means that there are probably a large range of other

theoretical distributions that are not necessarily statisti-

cally distinguishable from the observed data. Overall,

our simulations support our second prediction that

mate-search behaviour drives pollen dispersal pat-

terns that are distinct from those driven by foraging

behaviour.

Why are some progeny unable to be assigned?

Given the demonstrated resolution of our loci (Fig. S2),

and our sampling of every known pollen donor or reci-

pient on the site over five seasons, it was surprising to

not obtain a higher number of paternal assignments.

There are several possible explanations.

Firstly, difficulty in obtaining paternal assignment

might be due to long-distance pollen flow. Interest-

ingly, in studies of the movement of N. cryptoides, we

observed hints of a bimodal dispersal behaviour

whereby wasps commonly remained in a localized area

(< 15 m) for days before or after making less common

long-distance flights across the study site (Whitehead &

Peakall, 2013). It is very difficult to capture data

describing the long tail of these kind of dispersal curves;

however, pollen flow from outside the study site

(greater than 150 m) could explain why we were

unable to assign paternity to some progeny.

Mitchell et al. (2009) note that using pollinator flight

distance as a proxy for pollen dispersal can result in

underestimates of gene movement, especially in the

presence of pollen carryover. This is because pollen car-

ryover enhances long-distance pollen flow, as pollen

grains from a single visit remain on a pollinator beyond

the first subsequent flower visit. Our sampling design

was made in the light of flight distances known from

N. cryptoides and other wasp studies (Peakall, 1990;

Peakall & Beattie, 1996; Whitehead & Peakall, 2012)

showing high site fidelity and short movements. Never-

theless, we had potential to detect pollen movements

more than five times greater than the median pollinator

movements for N. cryptoides (Whitehead & Peakall,

2012). Finally, 50% of simulated matings for the ran-

dom dispersal model exceeded the maximum observed

pollen flow distance (Fig. 3); therefore, despite few

inferred long-distance pollinations, within the con-

straints of our sampling, there remained considerable

scope to detect them.

A second explanation for low paternal assignment

could lie in the difficulty of obtaining sufficiently large

progeny arrays via symbiotic germination. This was a

problem exacerbated by multiple paternity which

quickly diminishes the available genotypic information

from any single sire. Although simulations showed high

accuracy in paternity assignment for 12 progeny arrays

(even in cases where paternity was evenly split

between two sires), power dropped very quickly when

minority share sires were introduced at correlated

paternity of 0.9 (Fig. S5). Where we did assign sires to

multiply sired capsules, these generally showed a

departure from even paternity as seen in KE (Table 3),

which should approach the number of pollen donors

(K) as the proportional share in paternity approaches

equality (Bernasconi, 2004). If pollen donors usually

contribute unequally to the progeny array, as seen in

other studies of paternity and carryover (Karron et al.,

2006), then this might explain why we were unable to

assign paternity for some of our arrays.

Methodological conclusions for plant paternity
analysis

We found, as in previous work (e.g. Sefc & Koblmuller,

2009), that COLONY overestimated sire numbers with

respect to minimum number of sires required to

explain a progeny array. COLONY is based on a

maximum-likelihood algorithm that incorporates allele

frequencies and Mendelian ratios, meaning that two

offspring sharing an allele occurring at high frequency

within the population might not necessarily be

assigned to the same sibship. While we did run analy-

ses under the ‘complexity prior’, COLONY still pro-

duced a number of unlikely sibship divisions for which

manual reconstruction determined a minimum of one

sire as sufficient (e.g. a single selfed progeny in an

array of outcrossed half sibs). This is why we favoured

inferring the number of sibships in a progeny array via

manual reconstruction. Our method may have resulted

in an underestimate of multiple paternity in some

instances due to minority paternal shares not being

detected in small progeny arrays (Sefc & Koblmuller,

2009). However, because pollen loads are moved en

masse in rare pollination events, and flowers close

within 24 hours, the assumption of low sire numbers

and correlated paternity will always be realistic for

orchids.
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Appendix 1

Laboratory protocols

PCR Protocol

PCR amplification was performed in a 25 lL reaction

mix consisting of 2.5 lL 10 9 PCR buffer, 1.5 lL
25 mM MgCl2, 1.7 lL dNTPs (2 lM), 1.7 lL untailed

primer (2 lM), 0.4 lL M13 primer (2 lM), 0.8 lL
1 x BSA (10 lg mL�1), 0.8 lL fluorescent-labelled

M13 label (2 lM), 13.5 lL double-distilled water, 0.1 lL
Taq (5 U lL�1) and 2 lL template DNA. PCR amplifica-

tion was performed using a Corbett PC-960C cooled

thermal cycler, and negative controls were run for all

amplifications. Amplification of the microsatellite frag-

ments was conducted with an activation step at 94 °C
for 3 min followed by 2 cycles of denaturation at 94 °C
for 30 s, annealing at 66 °C for 40 s (stepping down

3 °C every 2 successive cycles) and extension at 72 °C
for 70 s, with a further 32 cycles of denaturation at

94 °C for 30 s, annealing at 54 °C for 40 s and exten-

sion at 72 °C for 70 s, followed by a final extension

step at 72 °C for 35 mins.

Protocorm DNA Extraction Protocol

1 Freeze dry protocorms overnight in screwcap tubes.

2 Grind in QIAGEN tissue mill with glass beads,

2 9 20 s, at speed 5.

3 Add 100 lL of QIAGEN API and 1 lL RNase. Mix

and incubate at 65 °C for 15 min with intermittent

inversion.

4 Spin down, move 100 lL of each sample into wells

of a 96-well plate, add 50 lL AP2. Mix. Chill on ice

for 5 min.

5 Spin plate for 12 min at 4000 r.p.m. Transfer 100 lL
of the supernatant to a new plate with 100 lL of

100% isopropyl alcohol.

6 Invert 50 times and then spin for 12 min at

4000 r.p.m.

7 Decant supernatant, blot. Add 150 lL of fresh 70%

ETOH. Invert 10 times and then spin for 12 min at

4000 r.p.m.

8 Decant, blot. Spin inverted at 200 r.p.m. for 10 s.

9 Dry plate at room temperature. Resuspend overnight

at 65 °C 30 lL TE.

Appendix 2

Paternity simulations – a test of
statistical power

Methods

To test the response of COLONY to mixed progeny

arrays of varying paternal shares, within GenAlEx we

built simulated populations (n = 500) for each taxon,

with multilocus genotypes drawn from the allele fre-

quency distributions observed in adult populations.

These simulated populations then went through one

round of random mating under one of three levels of

correlated paternity: 1, 0.9 and 0.5. We limited progeny

arrays to 12 offspring to match our data set and used

COLONY to analyse 10 families constrained to each
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level of correlated paternity. We also looked at the

accuracy of strict manual reconstruction by simulating

100 progeny arrays per taxon, per rate of correlated

paternity. Our estimate of accuracy for manual exclu-

sion was then calculated from the number of correct

paternal assignments for the simulated arrays.

Initial trial runs on simulated data showed that the

number of correct paternity assignments and full-sib

inferences made by COLONY dropped when multiple

families were analysed in the same run. This and the

steep rate of increase in computation time with increas-

ing numbers of offspring included limited us to running

analyses one family at a time (Wang & Santure, 2009).

COLONY analyses on real and simulated data sets were

run with an allelic dropout rate and genotyping error

rate per locus of 0.0001 and 0.01, respectively. Allele

frequencies supplied in COLONY runs were calculated

from parent populations after clones were removed

from the data sets. The mating system assumed male

and female polygamy and allowed inbreeding. Full-

likelihood analysis was set to a medium run length,

medium precision with a complexity prior on sibship

size that penalized pedigrees resulting in different sires

for every offspring.

Results

To ensure robust conclusions could be drawn from our

paternity analysis, we first evaluated the outcomes of

the paternity analysis simulations, and the performance

of the two methods of paternity assignment that we

implemented.

Based on the simulated matings, we found that strict

manual reconstruction inferred the correct minimum

number of sires 94–100% of the time for dual paternity

at 0.5 correlated paternity and single paternity (Table

S2). This dropped dramatically to 66% and 54% for the

two taxa when correlated paternity was set at 0.9. This

demonstrates the sensitivity of sibship reconstruction to

the number of offspring sampled and the unknown

proportional representation in the brood. It is evident

that when paternity proportions are skewed and prog-

eny arrays are limited in size, the number of progeny

sired by the minor contributor will frequently be below

critical levels for recovering all paternal alleles across

loci.

A similar pattern of paternal assignment accuracy

was found using COLONY under the same three levels

of correlated paternity (Figure S3). Under single

paternity, COLONY assigned the correct sire to simu-

lated offspring with 80–90% accuracy. Accuracy

dropped slightly when paternity was shared equally

between two sires but the minimum value still

exceeded 75%, suggesting an average of six offspring

per sire is sufficient to assign paternity at this level of

confidence. Again, correlated paternity of 0.9 produced

the least reliable results and accuracy dropped below

50%. Collectively, our paternity simulation outcomes

suggested we had adequate statistical power to confi-

dently identify paternity in progeny arrays of a: greater

than six with correlated paternity, or b: arrays of 12

with even contributions of multiple fathers. We expect,

however, that a breakdown of correlated paternity

introducing minor paternal contributions will nega-

tively affect the accuracy of paternal assignment even

in arrays of 12 offspring.

Supporting information

Additional Supporting Information may be found in the

online version of this article:

Figure S1 Pollination in Chiloglottis. (a) Neozeleboria sp.

(impatiens) depositing pollinia on Chiloglottis aff. jeane-

sii. (b) Pollinia deposited are clearly visible on the

stigma. (c) Neozeleboria monticola visits Chiloglottis valida.

Images: Michael Whitehead.

Figure S2 Resolution (unique multilocus genotypes

recovered) for each possible locus combination.

Figure S3 Accuracy of paternity assignment in COL-

ONY for simulated data across three levels of correlated

paternity for C. aff. jeanesii (open circles) and C. valida

(closed circles).

Table S1 Descriptive population genetic statistics for six

nuclear microsatellite loci in adult and offspring cohorts

for two Chiloglottis orchid species at one site of sympa-

try.

Table S2 Proportion of correct estimates for minimum

number of sires in simulated data.

Table S3 Pollen dispersal distances from microsatellite

paternity studies of herbaceous, biotically pollinated

plants
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