
Vol.:(0123456789)1 3

Conservation Genetics (2019) 20:917–926 
https://doi.org/10.1007/s10592-019-01184-2

RESEARCH ARTICLE

Conservation implications of widespread polyploidy and apomixis: 
a case study in the genus Pomaderris (Rhamnaceae)

Stephanie H. Chen1,3   · Lydia K. Guja1,2 · Alexander N. Schmidt‑Lebuhn1 

Received: 11 October 2018 / Accepted: 10 April 2019 / Published online: 17 April 2019 
© Springer Nature B.V. 2019

Abstract
Polyploidy resulting from whole genome duplication is common in plants and is increasingly being recognised as a criti-
cal factor in conservation actions, particularly when within-species variation in ploidy exists. Pomaderris (Rhamnaceae), 
a genus of 70 species endemic to Australia and New Zealand, has many species listed as threatened and that are subject to 
conservation management but of unknown ploidy. To provide a better understanding of polyploidy in the genus we sampled 
36 of 70 species of Pomaderris and used flow cytometry to establish genome sizes and infer ploidy. Additionally, to examine 
within-species variation, we screened 104 individuals of eight rare species subject to conservation management. We did not 
find evidence for infraspecific variation in ploidy, suggesting that from a cytological perspective, conspecific individuals 
from the screened populations do not need to be kept geographically separated in conservation management. There is, how-
ever, considerable variation among species, with genome sizes suggesting the occurrence of diploidy, triploidy, tetraploidy 
and hexaploidy. Finding several species to be triploid but capable of seed production, we then explored reproductive biol-
ogy using the flow cytometric seed screen. Results suggested that triploid species produce seeds asexually, as previously 
reported for two New Zealand congeners. While asexual reproduction through apomixis is generally a means of odd-ploid 
taxa overcoming sterility, we found that more than half of examined diploids and tetraploids also produced seeds asexually. 
Asexual reproduction means genetic diversity is potentially low, and these results should therefore be considered in future 
conservation actions and seed sampling designs.
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Introduction

Genetics and conservation management

Successful conservation management of rare species depends 
on the availability of information on their biological traits 

(Morris and Doak 2002; Nevill et al. 2016) but, because of 
their rarity, this information is missing particularly often in 
the case of threatened species (Jain et al. 2013). Knowledge 
of the genetic characteristics and the reproductive biology of 
species are key elements of successful conservation, regard-
less of the conservation method (Kramer and Havens 2009; 
Hoban and Strand 2015; Nevill et al. 2016). Genetic char-
acteristics of the target species are important for a variety 
of reasons (Frankham et al. 2010). Maintenance of genetic 
diversity is crucial to enable a species to respond to changing 
conditions (Reed and Frankham 2003). Inbreeding depres-
sion threatens the viability of small and isolated populations, 
leading to the concept of genetic rescue as a management 
action (Pickup and Young 2007). Genetic variants of a spe-
cies can, however, be adapted to climatic and edaphic con-
ditions, in which case translocation or revegetation efforts 
into an unsuitable area would fail, and genetic rescue may 
reduce population viability (Waller 2015). In vascular plants, 
polyploidy (or whole genome duplication) is increasingly 
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recognised as another aspect of genetics to be considered 
in management actions (Severns and Liston 2008; Wallace 
et al. 2017). Polyploidy can cause breeding barriers within 
and among populations and therefore has implications for 
both in situ and ex situ conservation.

Polyploidy

Most plant and animal species are diploid, i.e. their cells 
carry two chromosome sets or genome copies, one inherited 
from each parent. Polyploidy, the state of having more than 
two genome copies, is the result of whole genome dupli-
cation (Thompson and Lumaret 1992; Leitch and Bennett 
1997).

Two main forms of polyploidy are recognised. Autopoly-
ploids have multiple copies of the same genome, whereas 
allopolyploids arise from genome duplication after the 
hybridisation of two different species. Depending on the 
degree of differentiation between genomes and the resultant 
behaviour of chromosomes during meiosis, allopolyploids 
are characterised as genomic or segmental, with the latter 
still sufficiently homologous to form multivalents (Jenkins 
and Rees 1991). While polyploidy is rare in animals, it has 
been well documented and is widespread in plants (Muller 
1925; Masterson 1994; Soltis et al. 2009) with the frequency 
and maximum ploidy varying among and within taxa (Hus-
band et al. 2013).

Genome duplication can have a variety of consequences. 
It can have an impact on the ecology of a species, which then 
influences diversification and speciation (Leitch and Bennett 
1997; Comai 2005). Polyploidy may lead to instantaneous 
speciation, either through creating a barrier to gene flow 
within one species or by producing a fertile, allopolyploid 
hybridogenic species in cases where diploid hybrids are 
sterile. Polyploidy has been hypothesised to facilitate the 
shift from self-incompatibility to selfing (Miller and Ven-
able 2000) and apomixis (Carman 1997). Globally, across 
thousands of species, ploidy has been associated with rarity 
(endangered plants are disproportionately diploid) and inva-
siveness (invasive plants are disproportionately polyploids) 
(Pandit et al. 2011; te Beest et al. 2012). Polyploid plants 
are particularly frequent in previously glaciated areas of the 
northern hemisphere (Brochmann et al. 2004). It has been 
suggested that polyploidy is advantageous for the evolution-
ary success of species, particularly in harsh environments 
(Comai 2005; Madlung 2013), but this has rarely been tested 
empirically (Godfree et al. 2017).

From the perspective of conservation management, 
within-species polyploid complexes are of particular con-
cern. Where within-species variation in ploidy exists in 
fragmented landscapes diploid populations are more prone 
to local extinction than polyploids (Plue et al. 2018). In spe-
cies where populations may have different ploidy, crosses 

between such populations result in odd-ploid offspring, e.g. 
the cross between a diploid (2n) and a tetraploid (4n) is trip-
loid (3n). Odd-ploid plants are often partially or fully sterile, 
and this is generally attributed to the failure of chromosome 
pairing in meiosis (Köhler et al. 2010). In conservation 
management, the creation of sterile odd-ploids is undesir-
able, as it reduces population viability unless the plants can 
reproduce asexually (Severns and Liston 2008; Wallace 
et al. 2017). Ultimately, the less common ploidial level in a 
mixed population is likely to become locally extinct through 
minority cytotype exclusion (Levin 1975). Therefore, it is 
important to know if species subject to management actions, 
such as seed production (Nevill et al. 2016), translocation 
or revegetation, constitute polyploid complexes, as well as 
about their reproductive biology. If populations with differ-
ent ploidy exist within the same species, the relevant plants 
and seeds should be separated both in natural populations 
and in seed orchards (Schmidt-Lebuhn et al. 2018).

Asexual (apomictic) reproduction is often associated 
with polyploidy (Carman 1997). While ploidy is increas-
ingly addressed in conservation management (Severns and 
Liston 2008; Wallace et al. 2017), the associated apomixis 
that may be present has rarely been investigated or consid-
ered in conservation protocols.

Study group

Pomaderris (Rhamnaceae: Pomaderreae; Fig. 1) is a genus 
of shrubs comprising 70 species occurring in Australia and 
New Zealand (Walsh and Coates 1997). Sixty-five species 
occur in Australia, and 61 of these are endemic. A number 
of species are listed as threatened in Commonwealth and 
State legislation (Australian Government 1999; New South 
Wales Government 2016), and the whole group is therefore 
of conservation interest.

Ex situ conservation is being undertaken in an effort 
to halt or reverse the decline of the numerous threatened 
Pomaderris species. These conservation activities have 
revealed that for many species it is often difficult to obtain 
seeds (Roberts and Trueman 2016; McAuliffe et al. 2016). 
If seeds are obtained physical dormancy is likely and needs 
to be alleviated with scarification, heat or acid treatment to 
enable germination (Turner et al. 2005; Haines et al. 2007; 
Patykowski et al. 2016), and if seed cannot be obtained then 
clonal production via cuttings or tissue culture can be a 
viable option (Roberts and Trueman 2016; McAuliffe et al. 
2016). Currently, these conservation and propagation activ-
ities are undertaken without information on cytology and 
reproductive biology, both of which are important to ensure 
adequate sampling (Hoban and Strand 2015), management 
of collections or seed production areas (Nevill et al. 2016), 
and translocation design.
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Genome size in the genus Pomaderris has not been 
studied; no values are available in the scientific literature, 
nor in the Kew Plant DNA C-values Database (http://
data.kew.org/cvalu​es/, Accessed 24 Feb 2019). At the 
same time, there is no published information on chromo-
some numbers in Australian Pomaderris except for a few 
species shared with New Zealand. Diploid, triploid and 
tetraploid species have been reported among New Zealand 
Pomaderris (Hair 1963; Harvey and Braggins 1985; Har-
vey and Rattenbury 1985). This raises the possibility that 
the closely related Australian Pomaderris species may also 
show variation in ploidy. Interspecific variation in ploidy, 
in turn, would suggest within-species variation may also 
be present, as polyploid complexes generally show fre-
quent and parallel whole genome duplication events as 
opposed to single, isolated events (Thompson and Lumaret 
1992; Soltis and Soltis 1999).

New Zealand triploid species of Pomaderris are aga-
mospermous, producing seeds asexually, and a tetraploid 
species was suggested to be facultatively apomictic (Har-
vey and Braggins 1985). Should threatened Australian 
congeners be apomictic, then this would have practical 
consequences for conservation management, as it would 
imply lower genetic diversity within populations (Lo 
et al. 2009) which would in turn need to inform sampling 
designs for ex situ conservation (Hoban and Strand 2015).

Aims of the study

Ongoing conservation management work on eight Austral-
ian species, Pomaderris adnata N.G.Walsh & F.Coates, P. 
bodalla N.G.Walsh & F.Coates, P. brunnea N.A.Wakef., P. 
cotoneaster N.A.Wakef., P. delicata N.G.Walsh & F.Coates, 
P. pallida N.A.Wakef., P. reperta N.G.Walsh & F.Coates, 
and P. walshii J.C.Millott & K.L.McDougall, required test-
ing for intraspecific polyploidy to avoid the inadvertent crea-
tion of odd-ploids during seed production. This study aimed 
to advance ex situ conservation practices by providing cyto-
logical and reproductive biology information. Specifically, 
the aims of the present study were to:

1.	 Determine the genome size of Australian Pomaderris, 
as far as available, to test for the first time if there is 
polyploidy in the Australian species of the genus.

2.	 Conduct chromosome counts of selected individuals 
to establish the relationship between genome sizes and 
ploidy.

3.	 Test seeds of available species to determine reproductive 
biology.

4.	 Determine if polyploid complexes exist within rare or 
near-rare species subject to conservation management.

5.	 Provide management recommendations based on these 
results, to inform seed collection, plant and seed pro-
duction, and the creation of augmented, translocated or 
additional populations.

Materials and methods

Study species and sampling

Sampling of 46 species across the genus was possible due 
to availability of fresh leaf samples and/or seeds at various 
botanic gardens (Online Appendix 1). Leaf samples were 
obtained from potted or tubestock plants of 36 species. 
These were recently added accessions in the living collec-
tion of the Australian National Botanic Gardens (ANBG) 
and Wollongong Botanic Garden (WBG), except for a sam-
ple of P. parrisiae kindly provided by Francis Nge of the 
State Herbarium of South Australia. Seeds of 25 species 
were sampled from the National Seed Bank of the ANBG, 
PlantBank at the Australian Botanic Garden Mount Annan, 
and the research collection of Dr Mark Ooi at the University 
of New South Wales.

Collaboration partners collected plants from field sites in 
New South Wales and the Australian Capital Territory from 
September 2015 to January 2018 (Fig. 2). Sampling aimed to 
collect from as many sites per species as possible and from 
multiple individuals per site. Pomaderris adnata, P. reperta, 
and P. walshii are known only from a single locality each. 

Fig. 1   Pomaderris brunnea, one of eight rare species subject to con-
servation management. Photo source Australian Plant Image Index, © 
M. Fagg 1994

http://data.kew.org/cvalues/
http://data.kew.org/cvalues/
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Pomaderris delicata is known from two localities, both of 
which were sampled. Pomaderris brunnea and P. cotoneas-
ter were sampled across their ranges with the exception of 
their two respectively southernmost populations which were 
inaccessible. A previously recorded northern outlier popu-
lation of P. brunnea was not found during field work, sug-
gesting that it may be extinct (J. McAuliffe, pers. comm.). 
Pomaderris bodalla has a small continuous, coastal distribu-
tion of which the northern and southern ends were sampled. 
Pomaderris pallida was sampled only across the northern 
half of its range.

Cuttings, seeds and herbarium vouchers were collected, 
and cuttings were propagated in nurseries in south-eastern 
Australia. Living plants for analysis were held as tubestock 
or in pots in the ANBG and WBG nurseries.

Flow cytometry

Flow cytometry is a rapid and reliable method to analyse 
properties of microscopic particles in liquid suspension. 
The method has a wide range of applications in the plant 
sciences including the estimation of nuclear DNA content, 
often expressed as the 2C value of DNA in picograms (pg) 
(Doležel et al. 2007; Vrána et al. 2014). The relationship 
between ploidy and nuclear DNA content generally allows 
the recognition of polyploid complexes among close rela-
tives, e.g. if genome sizes of different individuals show ratios 
of c. 1:2 (potentially diploid and tetraploid, or tetraploid 
and octoploid) or 1:1.5 (potentially diploid and triploid, or 

tetraploid and hexaploid). Although living tissue is required, 
only a small amount is needed.

For flow cytometry, fresh young leaves were collected 
from Pomaderris specimens and kept on ice or refriger-
ated for up to 2 days. Glycine max ‘Polanka’ (2C = 2.50 pg) 
(Doležel et al. 1994) was used as an internal standard. CyS-
tain PI Absolute P (Sysmex Partex GmbH, Görlitz, Ger-
many) was used for sample preparation following the manu-
facturer’s instructions. A leaf area of approximately 1 cm2 
from the Pomaderris plant and the standard was placed in 
500 μL of nuclei extraction buffer and chopped manually 
with a double edge razor in a Petri dish lid for approximately 
30 s. The leaf material was swirled gently in the buffer to 
release intact nuclei. The liquid was filtered through a 40 μm 
cell strainer, and the filtered sample was transferred to a sam-
ple tube. The sample was mixed with 2000 μL staining solu-
tion (consisting of 2 mL staining buffer, 12 μL of 1 mg/mL 
propidium iodide and 6 μL of 1 mg/mL RNAse) and loaded 
into a flow cytometer with a 488 nm laser (BD Accuri C6 
Plus equipped with a BD CSampler Plus, BD Biosciences, 
San Jose, CA, USA) and run at a flow rate of 14 μm/min per 
min and core size of 10 μm. Histogram data were collected 
using the FL2 detector while eliminating events with a value 
of less than 5000 on FL2-H. Analysis was performed with 
the BD Accuri C6 Software version 1.0.23.1.

For screening, flow cytometry was run until at least 5000 
events were counted in total. For reporting representative 
2C values for each species, a plant was selected from each 
species and measured in triplicate, with standard errors 

Fig. 2   Locations of the popula-
tions of eight rare Australian 
Pomaderris species which were 
screened for infraspecific ploidy 
variation
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calculated for each individual. In this case, runs were termi-
nated after counting 2000 events for the sample peak.

For species where seeds were available, seeds were 
screened with flow cytometry to measure the genome size 
ratios between embryo and endosperm, which can provide 
information on the reproductive biology of a species (Matzk 
et al. 2001; Dobeš et al. 2013). A ratio of 1.5, for example, is 
typical of normal sexual reproduction with diploid embryo 
and triploid endosperm resulting from double fertilisation, 
whereas a ratio of 2.5 may indicate a diploid embryo and 
pentaploid endosperm. As the latter is most parsimoniously 
explained as the result of unreduced (diploid) polar nuclei 
fusing with a reduced (haploid) sperm nucleus, this situation 
would imply that the embryo was produced asexually.

Depending on availability, we used between one and ten 
seeds per measurement and collected varying numbers of 
events, as small numbers of seeds do not always release 
thousands of usable nuclei. Glycine max ‘Polanka’ and Zea 
mays ‘CE-777’ (2C = 5.43 pg) (Doležel et al. 2007) were 
used as internal standards. In cases where the internal stand-
ard peak was too close to the endosperm peak we repeated 
flow cytometry without a standard to determine embryo: 
endosperm ratios and infer reproductive biology.

Chromosome counts

Our methodology was adapted from that used by Castro and 
Rosselló (2007). Several root tips were collected from a rep-
resentative plant of selected species approximately 1–2 h 
after watering and immediately pre-treated with 0.002 M 
8-hydroxyquinoline solution for c. 4 h at 4 °C, washed with 
distilled water, fixed in fresh Carnoy I (95% alcohol and ace-
tic acid in a 3:1 ratio) overnight and preserved in 70% etha-
nol at − 20 °C. For examination, root tips were hydrolysed 
for 10 min in 1 M HCl at 60 °C and stained in aceto-orcein 
for approximately 4 h. The first c. 1 mm of two root tips were 
spread out on a glass slide by tapping with a brass rod for 
30 s in a drop of 45% acetic acid. A coverslip was added and 
then pressed down firmly under tissue paper.

Chromosome counts were made from well-spread meta-
phases on digital photographs taken with Leica Application 
Suite (Version 4.8.0) software from a Leica DM 2500 LED 
compound microscope at the 100 × oil immersion level.

Results

Genome size and chromosome counts 
across the genus

Measurement of genome size across 36 species (37 taxa 
including subspecies) of Pomaderris revealed a group of 
putative diploids with genome sizes of 0.783 ± 0.009 to 

0.998 ± 0.003  pg (mean ± standard error), a gradient of 
species with genome sizes ranging from 1.319 ± 0.004 to 
2.046 ± 0.009 pg, and a single taxon, P. paniculosa subsp. 
paralia, with a genome size of 2.908 ± 0.004 pg (Fig. 3; Online 
Appendix 1).

Our chromosome counts from root tip squashes were 
2n = 24 for P. bodalla (genome size 2C = 0.966 ± 0.004), 
36 for P. pallida (2C = 1.394 ± 0.006) and P. elliptica var. 
elliptica (2C = 1.667 ± 0.005), and at least 43 for P. walshii 
(2C = 1.993 ± 0.002).

Flow cytometric seed screen

Flow cytometric seed screen showed ratios in genome size 
between embryo and endosperm of c. 1.5 for Pomaderris for-
restiana, P. lanigera, P. ledifolia, P. notata, P. obcordata, and 
P. vellea, c. 2.5 for Pomaderris bodalla, P. costata, P. brun-
nea, P. cotoneaster, P. delicata, P. discolor, P. mediora, P. 
parrisiae, and P. velutina, and c. 3.0 for P. andromedifolia, 
P. argyrophylla, P. eriocephala, P. intermedia, P. pallida, P. 
prunifolia var. prunifolia, P. queenslandica, and P. reperta 
(Online Appendix 1). In the case of P. cocoparrana, measure-
ment of two seeds together produced three peaks, with the 
second c. 1.5 and the third c. 2.5 times the size of the first. 
A repeat measurement of a single seed showed only a ratio 
of c. 1.5, but unfortunately no more seeds were available for 
further sampling.

Only two taxa showed inconsistent genome sizes between 
leaf samples and seed accessions. A seed sample of P. parri-
siae showed nearly exactly twice the genome size of an inde-
pendently collected leaf sample, suggesting the existence of 
diploids and tetraploids in the same species. Although meas-
urements of leaves and seeds of P. prunifolia var. prunifolia 
similarly suggest tetraploidy and triploidy, respectively, the 
first of these two specimens is morphologically aberrant, rais-
ing the possibility that there is an unresolved taxonomic issue.

Population screening

A total of 104 Pomaderris plants from twenty populations 
of eight species subject to conservation management were 
screened (Fig. 4; Online Appendix 2). No variation large 
enough to indicate ploidy differences was detected within any 
of the eight species. The greatest difference in measurements 
within a species was 10.5%, in P. pallida, and the difference 
was only between 2.7% and 6.5% in the other species.

Discussion

In the present study we aimed to determine cytology and 
reproductive biology of Australian Pomaderris to inform 
conservation management, particularly ex situ seed 



922	 Conservation Genetics (2019) 20:917–926

1 3

pg
 D

N
A

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

Section
Pomaderris
Umbelliflorae
Apetalae
Psilogyne

pa
rris

iae

cin
ere

a

ob
co

rda
ta

su
bp

lic
ata

bri
ag

ole
ns

is

ve
lut

ina

de
lic

ata

rac
em

os
a

ad
na

ta
au

rea

ob
lon

gif
oli

a

co
co

pa
rra

na

bru
nn

ea

as
pe

ra

bo
da

lla

dis
co

lor

vir
ga

ta

ap
eta

la 
su

bs
p. 

ap
eta

la

fer
rug

ine
a

lig
us

trin
a s

ub
sp

. li
gu

str
ina

he
lia

nth
em

ifo
lia

 su
bs

p. 
his

pid
a

ph
yli

cif
oli

a s
ub

sp
. e

ric
oid

es

an
gu

sti
fol

ia

be
tul

ina
 su

bs
p. 

be
tul

ina

ela
ch

op
hy

lla
pa

llid
a

pil
ife

ra 
su

bs
p. 

tal
pic

uti
ca

rep
ert

a

be
tul

ina
 su

bs
p. 

ac
ten

sis

an
dro

med
ifo

lia
 su

bs
p. 

an
dro

med
ifo

lia

int
erm

ed
ia

ell
ipt

ica
 va

r. e
llip

tic
a

cf.
 pr

un
ifo

lia
 va

r. p
run

ifo
lia

co
ton

ea
ste

r

wals
hii

ora
ria

 su
bs

p. 
ora

ria

pa
nic

ulo
sa

 su
bs

p. 
pa

ral
ia

24*
24

36*

36

>43

x3
x3

x3

x3

x2
.5

x2
.5

x2
.5

x2
.5 x2

.5

x2
.5

x1
.5

36

diploid

triploid

tetraploid

hexaploid?
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Fig. 4   Genome size measurements for individuals from screened pop-
ulations of eight rare species of Pomaderris (2C values). Within each 
species results are grouped by populations. No species shows varia-
tion of a degree that would indicate intraspecific polyploidy. Pomad-

erris adnata, P. bodalla, P. brunnea, and P. delicata have genome 
sizes suggesting diploidy, P. cotoneaster and P. walshii have sizes 
suggesting tetraploidy, and P. pallida and P. reperta have intermedi-
ate sizes suggesting triploidy
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conservation and production protocols. We sampled a large 
portion (over half) of the genus and revealed that polyploidy 
and apomixis occur frequently across the genus, in both rare 
and common species. The conservation and evolutionary 
implications of the prevalence of polyploidy and apomixis 
in Australian Pomaderris are discussed.

Polyploidy in Pomaderris

Our data from three different lines of evidence—genome 
sizes of mature plants, genome size ratios in seeds, and chro-
mosome counts—demonstrate widespread ploidy differences 
in Australian Pomaderris. A group of species with the small-
est genome sizes of c. 0.8–1.0 pg was clearly distinct. A 
gradient of species showed genome sizes of c. 1.3–2.0 pg, 
and Pomaderris paniculosa subsp. paralia stood out with a 
larger size of c. 2.9 pg. We produced chromosome counts 
of selected species and measured genome sizes for two 
taxa for which counts had been previously published—P. 
aspera (2n = 24, 2C = 0.945 pg) and P. phylicifolia (2n = 36, 
2C = 1.34 pg) (Hair 1963; Harvey and Rattenbury 1985). 
Considered together, these data support the assumption that 
samples in the small genome size group are diploid, those 
at the lower end of the intermediate gradient are triploid, 
and those at the upper end of the gradient are tetraploid. 
Based on our count of 2n = 36 for P. elliptica var. elliptica, 
it appears most likely that it is the triploid species with the 
largest genome size in our study, and that the next four larger 
taxa are tetraploid. Although P. paniculosa subsp. paralia 
has not been counted, its genome size is consistent with the 
assumption of hexaploidy.

Polyploidy appears to be widespread in Australian 
Pomaderris, with the diploid group accounting for 20 of the 
37 taxa whose genome sizes we measured. Whole genome 
duplication has been identified as a driver of speciation as it 
confers instantaneous genetic isolation (Soltis et al. 2007), 
with the caveat that polyploid species are usually of poly-
phyletic origin (Soltis and Soltis 1999). It also enables hybri-
dogenic speciation through restoration of fertility (Riese-
berg 2001) and can be a key event preceding radiations into 
harsher environments (Chen et al. 2007; Schmidt-Lebuhn 
et al. 2010).

To understand the evolutionary history of Pomaderris, 
it is therefore important to place polyploidization events in 
a phylogenetic context. At the same time, this may enable 
us to make predictions about species whose ploidy has not 
yet been established. A nested member of a clade whose 
other species are known to be triploid and apomictic could, 
for example, be assumed to share these traits, which would 
provide guidance for the development of management plans.

The most complete currently available phylogenies of 
Pomaderris were sampled broadly across the tribe Pomad-
erreae and included only a limited number of Pomaderris 

taxa—thirteen represented by nrITS sequences (Kellermann 
et al. 2005) and 12 by trnL-trnF sequences (Kellermann 
and Udovicic 2008), only five of which were included in 
this study.

The genus has been divided into seven sections based 
on floral, fruiting and indumentum characters (Walsh and 
Coates 1997). Existing phylogenies do not have sufficient 
sampling and resolution to test the monophyly of the sec-
tions, but in the absence of such data this classification pro-
vides the best available framework in which to examine vari-
ation in ploidy. Taxa from four sections have been sampled 
in this study, and sections Apetalae and Pomaderris contain 
different ploidy levels. This suggests that polyploidy in the 
genus may have arisen several times independently. Without 
a detailed phylogeny, however, it has to remain unclear how 
often and when polyploidy arose in the genus.

Once our results can be placed in the context of a well 
resolved phylogeny, we will be able to gain a clearer under-
standing of the evolution of genome size and ploidy and of 
the impacts of polyploidization on patterns of diversification 
in Pomaderris. Such information would also provide useful 
background for focusing conservation efforts on maintaining 
evolutionary potential and genetic diversity.

Reproductive biology

Our results indicate that numerous species of Pomader-
ris reproduce asexually through pseudogamous apomixis 
(Online Appendix 1, Table 1). Understanding the factors 
influencing seed set and fitness is crucial to assure the long-
term security of rare plant species. Management of rare 
triploid species, confirmed (P. pallida) and putative (P. rep-
erta), is of particular concern, as triploid species are gen-
erally expected to require asexual means of reproduction. 
Although the results demonstrate that asexual reproduction 
does occur widely across the genus, it may succeed only 
infrequently in some species where seed set is commonly 
observed to be very low.

Obtaining seed has so far proven difficult for P. pallida 
with 196 seeds being retrieved from 18 plants in one popula-
tion and no seed from another population; on the other hand, 
P. reperta has produced 35,497 seeds from 30 bagged plants. 
Pomaderris delicata, a diploid apomict, produced very little 
seed in the wild but much larger numbers in cultivation (all 
data T. North, pers. comm.). Potential explanations are low 
mate availability, pollinator limitation or stress-induced seed 
abortion in situ, but experimental data are needed to resolve 
the question. In particular in triploid individuals, failure of 
meiosis would be an additional possibility but immediately 
raises the question of how a species would have historically 
persisted and dispersed without producing appreciable num-
bers of seeds.
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The flow cytometric seed screen of Pomaderris pallida, P. 
reperta and six other species showed an endosperm:embryo 
ratio of c. 3 and embryonic genome sizes of c. 1.14–1.51 pg. 
We suggest that the most parsimonious explanation of these 
values is triploidy (Fig. 3) and pseudogamous apomixis with 
apomeiotic origin of the pollen: both embryo sac and pol-
len are produced without meiosis, the embryo is a clone of 
the mother, and the endosperm obtains six genome copies 
from the mother and three from a pollen nucleus. Production 
of unreduced pollen grains has been observed in triploid 
Pomaderris in New Zealand (Harvey and Rattenbury 1985). 
The same process could occur in diploids and tetraploids 
(Ramsey and Schemske 1998, 2002), likewise leading to a 
genome size ratio of c. 3 in the seed, but we consider this 
less likely given that all species for which an even level of 
ploidy can be assumed with some confidence appear to pro-
duce pollen meiotically (see below).

More surprisingly, our results suggest that many even-
ploid Australian species of Pomaderris may likewise regu-
larly produce seeds asexually. Seven species showed a ratio 
of c. 2.5 and embryonic genome sizes of c. 0.84–0.92 pg. We 
consider it most likely that this is the result of diploidy and 
pseudogamous apomixis with meiotic origin of the pollen. 
In this scenario the embryo sac would be produced without 
meiosis, the embryo is accordingly a clone of the mother, 
and the endosperm obtains four genome copies from the 
mother and one from a haploid pollen nucleus (Dobeš et al. 
2013). The same applies to P. cotoneaster and P. parrisiae 
but at the level of tetraploidy with a decaploid endosperm 
derived from eight maternal and two paternal genome 
copies.

The implication is in all cases pseudogamous agamos-
permy, meaning that offspring are genetically uniform but 
reproductive success is still dependent on pollination (or at 
least self-pollination) (Noirot et al. 1997). As we aimed to 
screen across many species we did not systematically screen 
multiple seed samples per species, and it remains possible 
that apomixis is facultative in the even-ploid species, as we 
observed within the same seed lot in P. cocoparrana. The 

large number of apomictically produced seed in our analyses 
indicates, however, that apomixis is at least very common in 
Australian Pomaderris.

Previous research showed that Pomaderris kumeraho, 
which is endemic to the North Island of New Zealand, is a 
diploid (2n = 24) that is self-fertile and reproduces sexually 
(Harvey and Braggins 1985; Harvey and Rattenbury 1985). 
However, two triploid taxa, P. hamiltonii and P. phylicifolia 
var. ericifolia, reproduce by agamospermy. In the tetraploid 
P. phylicifolia reproduction is mainly sexual, but there is 
some indication that plants may be facultative apomicts.

A predominance of asexual reproduction would have 
implications for the conservation management of a species, 
because many or all individuals of a given population may 
be genetically identical. For species with low genetic diver-
sity (e.g. due to high selfing) it is recommended that sam-
pling for seed conservation focus on increasing the number 
of mothers sampled rather than number of seeds per plant 
(Hoban and Strand 2015). This recommendation could also 
be applied to apomictic species. Some allelic diversity may 
be produced if apomixis is facultative (Berthaud 2001) and 
again in this case sampling many mothers would increase 
the likelihood of capturing unique alleles.

If apomixis is obligate for some species, seed production 
areas may not need to control paternity in those cases (as 
for pseudogamous apomixis the pollen does not contribute 
genes to the offspring) and effort may be best directed at 
including as many maternal lines as possible. The evolution-
ary ecology of apomixis is not widely studied and as such 
has not necessarily been applied to translocation planning. 
While low genetic diversity is often considered problem-
atic in conservation (Hoban and Strand 2015), in the case 
of apomictic species it can be associated with specialisa-
tion or adaptation to the environment and proven site of the 
mother plant (van Dijk 2003). In species where both sexual 
and apomictic plants occur the apomicts often have wider 
geographic distribution than the sexuals. This may, how-
ever, only be beneficial in the short-term, as in the longer 
term evolutionary success may be limited by lack of adaptive 

Table 1   Total number of taxa 
(species, subspecies, varieties) 
for each combination of 
suggested reproductive biology 
and ploidy

Pomaderris cocoparrana is assigned as half sexual and half apomictic

Inferred ploidy of plant Inferred reproductive biology Total 
number of 
taxa

Sexual reproduc-
tion

Pseudogamous 
apomixis

Unknown (seeds 
unavailable)

Diploid 6.5 7.5 12 26
Triploid – 8 6 14
Tetraploid 1 2 2 5
Hexaploid – – 1 1
Uncertain – – 2 2
Total number of taxa 8.5 17.5 23 48
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potential (van Dijk 2003). These patterns may also affect 
translocation success.

Within‑species ploidy variation

No variation in ploidy was detected within the eight species 
subject to conservation management (Pomaderris adnata, P. 
bodalla, P. brunnea, P. cotoneaster, P. delicata, P. pallida, P. 
reperta and P. walshii). Although the existence of such vari-
ation cannot be excluded entirely unless every individual of 
each species is measured, our sample was representative for 
many of the extant populations used to source seeds and cut-
tings in ongoing conservation work. Our results accordingly 
suggest that during conservation management of the afore-
mentioned eight selected rare species, screened populations 
of the same species do not need to be kept geographically 
separated from a cytological perspective.

The only significant gaps are single southern outlier 
populations of P. brunnea and P. cotoneaster. Should these 
populations be used as sources for seed production and 
revegetation in the future, it would be recommended to test 
the ploidy of representative individuals.

It was beyond the scope of this study to examine whether 
different species should be kept geographically separated 
where they are not already co-occurring to avoid hybridisa-
tion between species. This information would be valuable 
for conservation management and could be obtained through 
crossing trials.
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