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TESTING FOR APOMIXIS IN AN OBLIGATE POLLINATION MUTUALISM  
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Abstract—Plants with a small number of specific pollinators may be vulnerable to 
fluctuations in the availability of those pollinators, which could limit plant reproduc-
tive success and even result in extinction. Plants can develop mechanisms to miti-
gate this risk, such as apomixis. Reproductive assurance mechanisms have been 
largely ignored in obligate pollination mutualisms (OPMs), that are some of the 
most specialised of plant-pollinator interactions. Furthermore, although OPMs are 
often referred to as obligate, this is rarely tested. We performed a flower-bagging 
experiment to test if the unisexual flowers of Breynia oblongifolia could set fruit in 
the absence of its highly specialised seed-eating moth pollinators. Surprisingly, 
many bagged female flowers developed fruits, suggesting apomixis. We therefore 
conducted a second series of experiments in which we 1) added or excluded polli-
nators from caged plants; and 2) surveyed a wild population for apomictic repro-
duction using mother-offspring genotyping. In the absence of pollinators, no fruits 
developed. In addition, we detected no genetic evidence for apomixis when com-
paring between mothers and their offspring or between adults in a wild population. 
We explain the production of fruits in bagged branches by our discovery that B. 
oblongifolia can retain pollinated female flowers over the winter period. These 
flowers develop to fruits in the spring in the absence of male flowers or pollinators. 
Our study thus shows that B. oblongifolia is unable to produce fruit in the absence 
of its specialist moth pollinators. Thus, the highly specific interaction between plant 
and pollinators appears to be truly obligate.  

 

Keywords—Breynia, Epicephala, Phyllanthaceae, apomixis, delayed fruit produc-
tion, dormant pollinated flowers 

INTRODUCTION 

In plant-pollinator mutualisms, plants that rely 

on one, or a closely related group of pollinator spe-

cies, may be at greater risk of reproductive failure 

(Waser et al. 1996; Renner 1998). In extreme cases, 

the loss of a highly specialised animal pollinator 

could ultimately result in a plant’s extinction 

(Linberg & Oleson 2001). However, highly specific 

pollination interactions also have distinct ad-

vantages. Plants that are visited by more special-

ised species of pollinator may be less likely to re-

ceive heterospecific pollen (Morales & Traveset 

2008), can have greater pollination efficiency 

(Scopece et al. 2010) and may show increased gene 

flow between populations (Scopece et al. 2010; 

Whitehead et al. 2015). Therefore, there are both 

important risks and benefits for plants with more 

specialised pollinators.  

Obligate pollination mutualisms (OPMs) in-

clude some of the most specialised of all pollina-

tion interactions (Kato & Kawakita 2017). Plants in-

volved in OPMs are generally pollinated by a sin-

gle species of pollinator, or a few closely related 

species. Pollinators in OPMs perform pollination 

because, in addition to depositing pollen, they also 

deposit their eggs within their host plant’s flowers. 

The pollinated ovules of the host plant become the 

nursery and sole food source of the developing 

pollinator larvae. In effect, plants in OPMs sacrifice 

a proportion of their potential offspring, in the 

form of seeds, for a highly specialised pollination 

service. As in other mutualisms, in OPMs both mu-

tualists should be under selection to maximise 

their own reproductive output at the expense of 

the other (larvae vs. seeds), creating the potential 

for evolutionary conflict between partners. How 

this conflict is resolved can vary widely even 

Journal of Pollination Ecology, 

29(13), 2021, pp 167-178 

 

DOI: 10.26786/1920-

7603(2021)644 

 

Received 6 April 2021, accepted 

12 June 2021 

*Corresponding author:   

j.finch@westernsydney.edu.au   

Article 



168 Finch et al. J Poll Ecol 29(13) 

 

between closely related OPMs (Kawakita & Kato 

2004; Goto et al. 2010; Furukawa & Kawakita 2017; 

Finch et al. 2019) but remains unknown in the ma-

jority of interactions. OPMs are known to occur in 

several disparate plant lineages, with the best 

known cases involving figs (Cook & Rasplus 2003), 

yuccas (Pellmyr 2003), globeflowers (Pellmyr 

1989), Silene (Kephart et. al., 2006) and some mem-

bers of the family Phyllanthaceae (Kawakita 2010), 

often referred to as leaf flowers.  

Despite the apparent risks associated with 

highly specific pollination interactions, many 

OPMs have persisted over many millions of years 

and are geographically widespread. The best-

known example involves >750 fig species and their 

fig wasp pollinators, which have been co-evolving 

for about 75 MY and have a pantropical distribu-

tion (Cruaud et al. 2012). A second and more re-

cently discovered case involves leaf flowers (Phyl-

lanthaceae) and leaf flower moths (Epicephala spp.). 

In this system, the pollination behaviours cur-

rently exhibited by Epicephala moths are believed 

to have evolved once approximately 20 MYA, with 

leaf flowers subsequently diversifying to include 

an estimated 700 plant species across several gen-

era (Kawakita & Kato 2009; Kawakita et al. 2019). 

As leaf flower seeds and Epicephala moths are un-

likely to be dispersed together, the colonisation of 

new habitats by these obligate mutualists may be 

problematic. Despite this, leaf flowers and leaf-

flower moths occur across Asia, Australasia, Oce-

ania and the Neotropics and have repeatedly colo-

nised remote islands across the South Pacific 

(Hembry, Okamoto and Gillespie, 2012; Hembry et 

al., 2013).  

Redundancy mechanisms, such as longevity, 

autonomous selfing, vegetative cloning or apo-

mixis may help to explain how plants involved in 

specialised pollination mutualisms can colonise, 

persist and diversify across new habitats and re-

gions. Autonomous selfing, or self-pollination, oc-

curs where pollen is transferred between the male 

and female reproductive structures of a single 

plant, without the aid of pollinators, and is fre-

quently used by plants that are pollinated by spe-

cialised pollinators (Fenster & Martén‐Rodríguez 

2007). Apomixis is the  development of unfertilised 

ovules into seeds. Apomixis does not require the 

transfer of pollen and results in clonal offspring 

that are genetically identical to the maternal parent 

(Nogler 1984; Asker & Jerling 1992; Hand & Kol-

tunow 2014). Many plants that display apomixis 

can do so facultatively, switching from sexual to 

asexual reproduction depending on the local avail-

ability of pollinators (Koltunow et al. 2011). Apo-

mixis is relatively widespread in flowering plants; 

more than 120 genera in 33 angiosperm families 

are known to use it via several different mecha-

nisms (Carman 1997; Hand & Koltunow 2014). 

However, because only a small proportion of all 

flowering plants have been checked for apomixis, 

it is likely that there are many more species that 

use it than have been identified to date. While re-

dundancy mechanisms and other methods of re-

productive assurance have been studied in many 

plants, they have received little attention in OPMs.  

Breynia oblongifolia (Phyllanthaceae) is a wide-

spread Australian leaf flower species that has a 

pollination mutualism with at least two species of 

Epicephala moth (Finch et al. 2018, 2019). Although 

interactions with pollinators in plants such as 

Breynia are often referred to as obligate, this has 

very rarely been tested (Pellmyr 2003). Interest-

ingly, 15-30% of all fruits collected from B. oblongi-

folia contain no pollinators or evidence of having 

contained pollinators or other insects (Finch et al. 

2019). It is unknown if moths always lay eggs 

within the flowers that they pollinate, as eggs are 

very small and are often difficult to locate within 

flowers. To date, no plant species that is involved 

in an OPM has been shown to be apomictic. How-

ever, if B. oblongifolia were found to be apomictic, 

this would have profound implications for our un-

derstanding of the ecological stability of the mutu-

alism, as well as how any potential conflict be-

tween mutualists may be resolved.  

Here we set out to test the hypothesis that B. ob-

longifolia is an obligate mutualist that requires spe-

cialist moth pollination for reproduction. Initially, 

we used flower bagging experiments to test the 

ability of B. oblongifolia to set fruits in the absence 

of pollinators. Surprisingly, many flowers devel-

oped fruits during the spring and summer, sug-

gesting the possibility of apomixis. We therefore 

conducted two follow up experiments in which we 

1) experimentally added pollinators to caged 

plants; and 2) surveyed a natural population of B. 

oblongifolia for evidence of apomictic reproduction 

using mother-offspring genotyping. In this way, 

we aim to increase our understanding of how 



August 2021 Apomixis in pollination mutualisms 169 

 

plants mitigate against the risks associated with 

highly specific pollinators. 

MATERIALS AND METHODS 

STUDY SPECIES 

Breynia oblongifolia is native to the eastern sea-

board of Australia (Atlas of Living Australia 2018). 

Plants grow to approximately 2 m tall and bare 

unisexual male and female flowers that emerge 

from separate leaf axils (Fig. 1). Female flowers are 

present throughout the year, but male flowers are 

only present during the austral spring and sum-

mer (Finch et al. 2021). Epicephala moth pollinators 

are active during the austral spring and summer 

but absent during the winter (June to September). 

Many of the female flowers present during the 

winter contain deposited pollen that was likely de-

posited during the previous flowering season. 

However, it is unclear if these pollen grains are in 

fact viable, and hence further experimentation was 

required to confirm this (Finch et al. 2021). Female 

flowers are pollinated by at least two species of Ep-

icephala moth (Finch et al. 2018, 2019). The moth 

pollinators also lay eggs within the flowers that 

they fertilize. The pollinator larvae hatch from the 

eggs and grow by consuming around half the 

 

 

Figure 1. The male flowers (M), female flowers (Fe) and 
fruits (Fr) of Breynia oblongifolia (Phyllanthaceae). 

developing seeds in each fruit. However, up to a 

third of fruits contain no evidence of pollinators. 

Fruiting is variable between populations, occur-

ring during the austral spring, summer and au-

tumn in response to local rainfall and long dura-

tion photoperiods (Finch et al. 2021).  

FLOWER BAGGING  

To test the ability of wild plants to set fruit 

without pollinating moths we conducted a pollina-

tor exclusion experiment at Western Sydney Uni-

versity’s EucFACE field site in Richmond, Aus‐

tralia (-33.6188, 150.7368). The field site contains a 

remnant patch of Cumberland Plain Woodland, 

where a natural population of 200-300 B. oblongifo-

lia forms a large component of the woodland un-

derstory. In August 2016, before the emergence of 

male flowers or pollinators (Finch et al. 2021), we 

covered eight branches on each of 32 adult plants 

with fine nylon mesh exclusion bags. Plants > 1 m 

in height and > 3 m apart were chosen randomly 

by walking two pre-determined transects (N = 32). 

Any fruits remaining on the branches were re-

moved before the addition of bags. Eight bags 

were added in pairs around the four cardinal 

points of each plant canopy and two were then ran-

domly selected for repeat surveys. On one of these 

branches the bag was left sealed. The bag on the 

other branch was cut open along the lower seam to 

allow access to pollinators and thereby serve as a 

procedural control. For these two branches we rec-

orded the number of mature fruits approximately 

every two weeks from 5/10/2016 until 17/03/2017. 

For the six remaining branches, fruits were left to 

fall off into the bag and were collected and counted 

after seven months. Of 224 pollinator exclusion 

bags installed at the start of the experiment, 200 on 

32 plants were still attached to their branches after 

7 months. The remaining 24 bags were lost to 

wind, falling branches from the tree canopy or 

aphid infestations. After collection, fruits were dis-

sected and checked for the characteristic seed her-

bivory caused by Epicephala moths (Finch et al. 

2019). We used generalised linear mixed models 

(GLMM) to determine if our bagging treatment af-

fected fruit production using the "lmer" function in 

Lme4 library (v1.1-15) (Bates et al. 2015), specifying 

a random intercept and slope for date and plant 

identity. We tested for a significant effect of the ex-

perimental treatment using a stepwise deletion 

method and likelihood ratio tests (Pinheiro & Bates 
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2000; Bolker et al. 2009). All statistical analyses 

were conducted in R (R Core Team 2021) (V. 3.4.4) 

using the R Studio interface (RStudio Team 

2016)(V. 1.1.414). All figures included in the man-

uscript were plotted using ggplot2 (v.0.9.0) (Wick-

ham 2009).  

POLLINATOR INTRODUCTION & EXCLUSION 

In our flower bagging experiment many 

bagged branches produced fruit. Breynia oblongifo-

lia flowers are unisexual, so the production of 

fruits on bagged branches is highly unlikely to be 

due to autonomous selfing. As such, we focussed 

on the possibility that B. oblongifolia may be facul-

tatively apomictic. To test this, we conducted a sec-

ond experiment under controlled (cage) conditions 

to rule out the possibility that pollinated flowers or 

Epicephala moths were present in the female flow-

ers prior to the addition of the bags, and thus con-

firm that Breynia is able to produce fruits without 

pollination (i.e. apomixis). We purchased 150 B. ob-

longifolia seedlings from a native plant nursery (In-

digo Native Nursery, Sydney, NSW). Seedlings 

had been grown from locally collected seeds until 

approximately 2 years old (~0.40 m tall), in an Aus-

tralian native plant soil mix, in 40 x 40 x 80 mm 

plant pots. At this point some of the plants were 

already producing male and female flowers. As no 

data exists on the best growth conditions to pro-

mote flowering over vegetative growth in B. oblon-

gifolia, we trialled two different re-potting meth-

ods. Plants were sorted by height and then placed 

alternately into two groups from tallest to shortest. 

One group was re-potted into large 3 L plant pots 

using native soil mix (Turtle Landscape Supplies, 

South Windsor, NSW). The second group was left 

in the original small pots and soil mix. Re-potted 

plants in large pots grew larger and had a greater 

average number of flowers per plant (14.7, SD = 

9.9) than plants that were not re-potted (3.08, SD = 

4.49). Within each group, plants were again sorted 

by height before being alternately assigned to two 

experimental treatments; pollinator introduction 

and no pollinator (control). Plants were numbered 

and randomly assigned to each experimental treat-

ment.  

Prior to the start of the experiment, we carefully 

examined all the plants and removed female flow-

ers to ensure that no potentially pollinated flowers 

remained.  The plants were placed into 1500 mm x 

750 mm x 250 mm nylon mesh cages (Raised 

Garden Bed Kit, Roundpoint™, Australia) in order 

to exclude Epicephala and other insects. Plants in 

the small pots were split between two cages, with 

only one cage receiving pollinators. Plants in the 

large pots were split between four cages, with two 

cages receiving pollinators. External openings on 

the cages were then sealed using duct tape and any 

remaining gaps were filled with Tanglefoot® (The 

Scott’s Miracle-Gro Company, Marysville, Ohio, 

USA). As an additional precaution, yellow sticky 

traps were suspended from the roof of the mesh 

cage to monitor for insects until the point at which 

pollinators were introduced. Water was provided 

by an automated irrigation system for five 

minutes, twice daily. Plants in the small pots were 

were given Osmocote® Boost + Feed liquid ferti-

liser (Scott’s, Bella Vista, NSW) on 1/02/2018. 

Plants in the large pots received the same fertiliser 

on 1/02/2018, 16/4/2018 and 7/5/2018. The number 

of female flowers on each plant, including those 

that developed into fruits, was counted at the end 

of the experiment. In both the pollinator introduc-

tion and control cage, plants were checked weekly 

and all male flowers were removed.  

Wild Epicephala moths were collected from the 

EucFACE site whilst ovipositing into female flow-

ers. In this way we ensured that collected moths 

were likely to be female, carrying pollen, and had 

previously mated. It was not possible to determine 

which Epicephala species was collected prior to re-

lease as this identification requires destructive 

sampling (Finch et al. 2018). For plants in the small 

pots, we collected five Epicephala moths on 15/11/17 

and another three moths two weeks later on 

29/11/2017. For plants in the large pots, we col-

lected 14 Epicephala moths on 4/4/18, splitting them 

evenly between the two pollinator introduction 

cages. All Epicephala were released into the experi-

mental treatment during the day, within 24 hours 

of capture and were not subsequently removed. 

Fruits were removed at maturity (> 5 mm diame-

ter) and placed in plastic pots with mesh-vented 

lids to allow insect emergence and identification. 

Following emergence, moths were identified by 

genital dissection (Finch et al. 2018).  

GENOTYPING 

In addition to our pollinator introduction ex-

periment, we used mother-offspring genotyping to 

determine if some B. oblongifolia seeds are pro-

duced via apomixis. In April 2017 we collected 10-
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20 fruits from 27 of the 32 B. oblongifolia plants that 

had previously been randomly selected at the 

EucFACE site for the flower bagging experiment, 

using branches that had not been bagged. The 

fruits were dissected and sorted into those that did 

and did not have herbivory damage. As other spe-

cies of seed herbivore in fruits at the EucFACE site 

are very rare (Finch et al. 2019), we assumed that 

all feeding damage was likely to be from Epicephala 

moths. We reasoned that those fruits that did not 

exhibit herbivory damage were more likely to be 

produced by apomixis. Fruits were then dissected, 

and seeds damaged by herbivory were discarded. 

Intact seeds were grouped by maternal plant and 

dried at approximately 15% relative humidity and 

16°C for 1-2 weeks. Seeds were then X-rayed on a 

Faxitron MX-20 (Faxitron X-ray Corporation, Lin-

colnshire, Illinois) and those seeds without endo-

sperm development were discarded. The Breynia 

seeds were then planted singly in a sterile seed pot-

ting mix (1-part coarse sand, 1-part perlite). Seed-

lings were germinated at 24°C under a 12:12 day-

light-night cycle. The seedlings were checked 

weekly and watered when necessary, to keep the 

germination medium moist at all times. Germina-

tion generally occurred within 10-20 days of plant-

ing. At around two months old the seedlings were 

transferred into a native garden soil mix and 

grown under glasshouse conditions at 25°C and 

60% RH and watered every 2-3 days.  

We genotyped 51 seedlings from 16 adults, 31 

seedlings from fruits containing no Epicephala, and 

20 seedlings from fruits with Epicephala. In addi-

tion, we randomly sampled 27 additional adult 

plants within the same wild population using the 

method detailed above. We removed 20 mm2 of 

leaf tissue from each bush or seedling. The leaf 

samples were randomised within a 96 well plate 

and submitted to Diversity Arrays Technology 

(University of Canberra, Bruce, ACT, Australia) for 

genotyping using the DArTseq platform 

(Sansaloni et al. 2011). DArTseq uses restriction en-

zymes to selectively reduce the repetitive compo-

nents of a genome prior to Illumina NGS sequenc-

ing. The mean depth of coverage is high, at more 

than 30 reads per locus, to ensure high quality var-

iant calling. Propriety algorithms (Dart Pty Ltd.) 

were used to remove low quality reads and correct 

for low quality bases in singleton reads. Propriety 

software was then used for variant calling and 

quality filtering (version DArTsoft14).  

Diversity Arrays Technology returned a dataset 

of 8907 loci for all 94 sequenced individuals. Our 

quality control procedure comprised three steps. 

The DArTseq service providers use technical repli-

cates of multiple samples to create a “reproducibil‐

ity score” for each locus. We removed all loci with 

a “reproducibility score” of less than 96% and all 

individuals in which 20% or more of loci were 

missing. Of the 6223 remaining loci, we further re-

moved all of those with more than one single nu-

cleotide polymorphism (SNP) per locus. Conse-

quently, even after stringent filtering and quality 

control, a very large number (4444) of loci were 

available for our analysis for all 94 sequenced indi-

viduals. Loci were recorded as homozygous, het-

erozygous or missing.  

We used the R Package Related (Pew et al. 1999; 

Wang 2011) to calculate coefficients of relatedness 

(r) between seedlings and mothers. The r-coeffi-

cient between mothers and seedlings produced by 

apomixis should be equal to one. The same method 

was used to calculate r between all pairs of adults 

in the EucFACE population. We hypothesised that 

if apomixis was occurring, seedlings from fruits 

without Epicephala would have r-values equal to 

one, whilst r-values from seedlings resulting from 

sexual reproduction would be equal to 0.5. Fur-

thermore, any adults in the population that were 

the clonal offspring of another adult should also 

have an r-value of one. We used the “compareesti-

mators” function in the same package to determine 

the best relatedness estimator for our allele fre-

quencies (Wang 2011). In this instance the best es-

timator was Quellergt (Queller & Goodnight 1989). 

The Perm package (Fay & Shaw 2010) was used to 

perform a two-sampled permutation test on the re-

latedness coefficients estimated by Related. We 

used a Welsh’s t-test to test for differences in the 

proportion of seeds filled with endosperm and the 

germination rate between seeds with and without 

feeding damage.  

RESULTS 

FLOWER BAGGING  

Both bagged and open branches produced fruit. 

Fruit production primarily occurred in the spring 

(Nov-Dec) and late summer (March-April) (Fig. 

2B). Fruit production on open branches (control) 

was significantly greater than on bagged branches 

(χ2  = 10.10, DF = 1, P < 0.01). Although bagged  
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Figure 2. A) Histogram of the number of fruits produced 
per branch for branches fitted with pollinator exclusion 
bags (N = 190); B) Mean fruits per branch (± SE) in branches 
fitted with pollinator exclusion bags (closed branch) vs 
control branches fitted with bags that were cut open to al-
low access by pollinators (open branch). 

branches produced fewer fruits than open 

branches, fruit production occurred in parallel 

across both treatments, and fruit production was 

still occurring up to seven months after the addi-

tion of pollinator exclusion bags (Fig. 2B). Of the 

200 bagged branches, 152 produced a total of 453 

fruits (Fig. 2A), with an average of 2.98 fruits per 

branch (sd = 4.7). These fruits produced an average 

of 2.4 seeds, which is lower than wild collected 

fruits (5.1 seeds per fruit) (Finch et al., 2019). Fifteen 

of the 32 bagged plants were found to have fruits 

that showed damage characteristic of seed feeding 

by Epicephala larvae, suggesting that Epicephala 

pollinators were present in the female flowers 

prior to the addition of the bags in the winter of 

2016.  

POLLINATOR INTRODUCTION & EXCLUSION 

Caged Breynia plants that did not receive polli-

nators did not produce fruits, whilst plants that re-

ceived pollinators produced many mature fruits 

(Fig. 3A). In the small pots, 13 of the 36 plants in 

the pollinator introduction treatment produced a 

total of 31 mature fruits. One plant in the pollinator 

exclusion treatment initiated fruit development 

but the two developing fruits on that plant ab-

scised before maturity, when approximately 3 mm 

in diameter. Amongst the 31 fruits that developed 

to maturity, 23 exhibited damage from Epicephala 

seed herbivory. Epicephala moths, which were all 

sp. A (Finch et al. 2018) were recovered from 12 of 

these fruits. The remainder of the Epicephala likely 

emerged prior to fruit collection.  

Amongst the Breynia plants that were re-potted 

into large pots, those that received pollinators pro-

duced a total of 231 fruits (mean = 6.41 fruits per 

plant, SD = 10.6) from 35/36 plants (Fig. 3B). Ap-

proximately half of the fruits (N = 118) showed ev-

idence of seed herbivory and 31 Epicephala were 

taken after emergence from the collected fruits, 

most of which (21) were Epicephala sp. B. The mean 

number of female flowers was the same between 

treatments in both the small (T = -0.70, DF = 66.31, 

P = 0.88) and large pots (T = -0.15, DF = 68.9, P = 

0.4863).  

GENOTYPING  

In total, we collected 933 seeds from 27 plants. 

Of those seeds, 441 came from fruits with Epiceph-

ala (26 plants) and 492 were from fruits without Ep-

icephala (24 plants). The mean percentage of seeds 

with endosperm development (i.e. those that ap-

peared to be viable) was 64% but this was highly 

variable between plants (SD = 27%). Fruits with Ep-

icephala had a smaller proportion of seeds with en-

dosperm development than those without (T = 

2.50, DF = 47.9, P < 0.05). This is most likely ex-

plained by larvae consuming filled seeds and leav-

ing a greater proportion of unfilled, undamaged 

seeds. In the germination trials, we sowed 350 

seeds from fruits with Epicephala herbivory and 209 

seeds from fruits without herbivory. The germina-

tion rate was low (only 51/559 germinated) and 

highly variable between plants (mean = 8%, SD = 



August 2021 Apomixis in pollination mutualisms 173 

 

 

Figure 3. Mean number (± SE) of mature fruits per plant in two independent replicated trials (small and large pots) grown with 
(N = 36) and without Epicephala pollinators (N = 36). Small pot and large pot replicates were included to maximise the likelihood 
of flowering in young plants (see methods). The date of Epicephala moth introductions are shown (Epi). 

 

17%). For 16/27 plants, no seedlings germinated. 

There was no significant difference in germination 

between seeds that did and did not come from 

fruits with Epicephala feeding damage (T = 0.96, DF 

= 36.64, P > 0.05).  

Analysis of the DArTseq data revealed no sig-

nificant difference in relatedness coefficients (r) be-

tween mothers and seedlings from fruits with and 

without Epicephala (Z = 0.22, P = 0.82) (Fig. 4). The 

mean r values were 0.372 (SD = 0.053) for seedlings 

from fruits with Epicephala and 0.376 (SD = 0.066) 

for seedlings from fruits without Epicephala. No 

seedling-mother relatedness coefficients from ei-

ther of these groups approached a value of 1 that 

might suggest apomixis (Fig. 4). Furthermore, the 

mean relatedness coefficient between adults 

within the genotyped population was -0.024 (SD = 

0.11) and no coefficients exceeded 0.5, suggesting 

no evidence of apomixis in the broader adult pop-

ulation. 

DISCUSSION 

In this study, we set out to test the hypothesis 

that Breynia uses apomictic reproduction as a 

method of reproductive assurance. Although we 

found no evidence to support the existence of apo-

mixis, we believe we may have identified other 

traits that act to reduce the likelihood of 

reproductive failure. Flowering and fruiting in B. 

oblongifolia is highly dependent on local rainfall 

(Finch et al. 2021), which is highly variable in Aus-

tralia (Nicholls et al. 1997; Risbey et al. 2009). Re-

taining pollinated flowers is likely to make B. ob-

longifolia much less vulnerable to fluctuations in 

rainfall by allowing Breynia to reproduce when en-

vironmental conditions are most suitable, regard-

less of the co-occurrence of its highly specific pol-

linators (Finch et al. 2021). As such, we believe that 

retaining pollinated flowers likely acts to reduce 

the likelihood of reproductive failure in B. oblongi-

folia.  

GENOTYPING 

We used mother-offspring genotyping to look 

for genetic evidence of apomixis in a natural pop-

ulation. Estimated relatedness coefficients (r) be-

tween mothers and their apomictic or clonal off-

spring should be about 1 (Lynch & Ritland 1999), 

while those between mothers and sexually pro-

duced offspring should be about 0.5. In our study, 

the mean relatedness coefficients between mothers 

and seedlings from fruits with and without Epi-

cephala was approximately 0.37 and the highest in-

dividual r value identified was 0.52, so clearly 

there is no genetic evidence for apomixis. Instead, 

although the observed r values between parents 

and offspring were lower than 0.5, we believe that 
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Figure 4. Frequency density function of pairwise relatedness coefficients (r) between B. oblongifolia mother and seedlings from 
fruits that contained Epicephala (N = 20), didn’t contain Epicephala (N = 31) and between randomly chosen adults in the popula-
tion (Adult, N = 43). The dashed line denotes the expected values of r under apomictic reproduction. 

 

the mean value of ~0.37 is consistent with a parent-

offspring relationship and that all 51 genotyped 

seedlings probably result from sexual reproduc-

tion via pollination. The lower than expected r 

value may relate to the allele frequencies used to 

estimate population parameters. Closely related 

individuals within a single isolated population 

may have few rare or unique alleles, which could 

result in an underestimation of the coefficient of re-

latedness (Wang 2014). The inferred presence of 

few rare or unique alleles suggests that the B. ob-

longifolia population at EucFACE may be repro-

ductively isolated. According to the Atlas of living 

Australia (Atlas of Living Australia 2018), there are 

up to ten documented records of B. oblongifolia 

within 1-5km of the EucFACE population. Epiceph-

ala moths have repeatedly colonised oceanic is-

lands and are clearly able to disperse over the rel-

atively small distances discussed here (Hembry et 

al. 2012). However, it is unknown how frequently 

Epicephala moths make movements between host 

plant populations and if pollen is carried when 

they do so. Our data suggest that Epicephala disper-

sal may occur relatively infrequently, or perhaps, 

that dispersing moths rarely carry pollen between 

Breynia populations. In addition to low relatedness 

values between parents and offspring, when we 

calculated relatedness between all 43 randomly 

sampled adults within the EucFACE population, 

we did not detect any r values greater than 0.5. As 

such we found no evidence of apomixis at the 

EucFACE site in a large sample of genotyped 

adults or their seedlings. 

DORMANT POLLINATED FLOWERS 

Initially, we conducted a bagging experiment in 

a wild population of B. oblongifolia to look for evi-

dence of apomixy. In our experiment, bagged 
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branches produced fruit for up to seven months af-

ter pollinators had been excluded (Fig. 2). We be-

lieve that the production of fruit on bagged 

branches is explained by the recent discovery that 

B. oblongifolia can retain previously pollinated fe-

male flowers over the winter period (Finch et al. 

2021). In the initial bagging experiment, we made 

no attempt to remove female flowers prior to bag-

ging. It is likely that many of the female flowers 

present on the bagged branches had previously 

been pollinated, although we were not aware of it 

at that time (Finch et al. 2021). This also explains 

why many bagged fruits contained evidence of 

feeding damage by pollinator larvae. To test our 

explanation, we conducted a second experiment 

under controlled (cage) conditions to rule out the 

possibility that pollinated flowers were present in 

the female flowers prior to the addition of the bags. 

We ensured that all flowers present prior to the be-

ginning of the pollinator introduction and exclu-

sion experiment were removed. With this precau-

tion, no flowers developed to fruits in the pollina-

tor exclusion treatment. Future studies should take 

note of this phenomenon and, where applicable, 

take precautions to exclude the possibility of polli-

nated but “dormant” flowers when looking for ev-

idence of apomixis. As such, in accordance with all 

the available evidence, the production of fruits on 

bagged branches is best explained by B. oblongifolia 

retaining previously pollinated flowers and not by 

apomixis. 

Our study thus confirms that B. oblongifolia is 

unable to produce fruit in the absence of pollina-

tors. It is possible that invertebrates other than Ep-

icephala may also contribute to pollination in B. ob-

longifolia. Indeed, some Breynia species are known 

to produce nectar (Kawakita & Kato 2004), which 

could attract alternative pollinators, but nectar 

production has not been confirmed in B. oblongifo-

lia. Gall midges (Clinodiplosis sp.: Cecidomyiidae) 

have been reported to carry very small amounts of 

Breynia pollen and may contribute to pollination in 

some Breynia species when foraging for nectar (Ka-

wakita & Kato 2004). That said, in several hundred 

hours of observation we did not observe any polli-

nators other than Epicephala visiting flowers in B. 

oblongifolia at four separate field sites during the 

day or night (Finch et al. 2018, 2019, 2021). We con-

clude therefore, for B. oblongifolia at least, pollina-

tion by insects other than Epicephala seems un-

likely. Thus, the interaction between B. oblongifolia 

and its Epicephala pollinators appears to be truly 

obligate.  

DIAPAUSING POLLINATORS  

The retention of pollinated flowers is not the 

only mechanism in this system that appears to 

limit the impact of environmental unpredictability 

on the mutualism. In B. oblongifolia, Epicephala 

moths diapause as eggs within female flowers 

throughout the winter and possibly at other times 

of the year (Finch et al. 2021). Indeed, this explains 

why many fruits in our bagging experiment 

showed evidence of seed herbivory. In B. oblongifo-

lia, flowering and fruit production is strongly in-

fluenced by rainfall and photoperiod (Finch et al. 

2021). Epicephala develop within growing fruits, 

emerging and pupating to adults with the appear-

ance of flowers. Pollination and egg laying in vir-

gin female flowers then occurs, initiating the next 

cycle of fruit and moth reproduction (Finch et al. 

2021). In this way, egg diapause appears to pro-

mote the synchrony of plant and pollinator lifecy-

cles. This is likely to be particularly important in 

south eastern Australia, where rainfall is highly 

variable between years (Nicholls et al. 1997; Risbey 

et al. 2009). Furthermore, Instead of developing di-

rectly to adults, Epicephala moths are also capable 

of diapausing as pre-pupal larvae for over a year 

(Finch et al. 2021). Only a small fraction of moths 

appear to enter into pre-pupal diapause, but it is 

hypothesized to function as a bet hedging strategy 

against future variations in the abundance of flow-

ers. In this way, pre-pupal diapause appears to 

promote more stable pollinator populations. As 

such, pollinated flower retention, egg diapause 

and pre-pupal diapause likely function to promote 

both plant and pollinator reproductive success un-

der unpredictable climates.  

CONCLUSIONS 

Floral traits that act to increase the window of 

opportunity for reproduction appear to be im-

portant insurance mechanisms in plant species 

with highly specific pollinator interactions. For ex-

ample, in some fig trees, high within-tree flower-

ing and fruiting asynchrony allows for increased 

opportunities for pollen transmission between 

trees, and probably also results in more stable fig-

wasp populations (Bronstein & Patel 1992; Cook & 

Power 1996; Compton & McCormack 1999; Gates 

& Nason 2012). In addition, in some fig species, fe-

male flowers can remain receptive for a few weeks 
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to “wait for pollinators” (Khadari et al. 1995). Com-

parable adaptations are also found in specialised 

but non-OPM systems. The flowers of certain in-

frequently pollinated species of orchid can remain 

open and receptive for at least three weeks and 

have pollinia that can remain viable for up to seven 

weeks (Primack 1985; Gregg 1991; Neiland & Wil-

cock 1995). As such, floral traits that act to increase 

the window of opportunity for reproduction, such 

as floral longevity or retaining pollinated flowers, 

appear to be important insurance mechanisms in 

plants will highly specific pollinators (Caitling 

1991). 
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