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Abstract

Apomixis in Hieracium subgenus Pilosella initiates in ovules when sporophytic cells termed aposporous initial (AI)
cells enlarge near sexual cells undergoing meiosis. AI cells displace the sexual structures and divide by mitosis to

form unreduced embryo sac(s) without meiosis (apomeiosis) that initiate fertilization-independent embryo and

endosperm development. In some Hieracium subgenus Pilosella species, these events are controlled by the

dominant LOSS OF APOMEIOSIS (LOA) and LOSS OF PARTHENOGENESIS (LOP) loci. In H. praealtum and

H. piloselloides, which both contain the same core LOA locus, the timing and frequency of AI cell formation is

altered in derived mutants exhibiting abnormal funiculus growth and in transgenic plants expressing rolB which

alters cellular sensitivity to auxin. The impact on apomictic and sexual reproduction was examined here when

a chimeric RNAse gene was targeted to the funiculus and basal portions of the ovule, and also when polar auxin
transport was inhibited during ovule development following N-1-naphthylphthalamic acid (NPA) application. Both

treatments led to ovule deformity in the funiculus and distal parts of the ovule and LOA-dependent alterations in the

timing, position, and frequency of AI cell formation. In the case of NPA treatment, this correlated with increased

expression of DR5:GFP in the ovule, which marks the accumulation of the plant hormone auxin. Our results show

that sporophytic information potentiated by funiculus growth and polar auxin transport influences ovule

development, the initiation of apomixis, and the progression of embryo sac development in Hieracium. Signals

associated with ovule pattern formation and auxin distribution or perception may influence the capacity of

sporophytic ovule cells to respond to LOA.
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Introduction

Seed development in flowering plants requires the initiation

of floral development and the formation of anthers and

ovules. Within these organs, sporophytic reproductive pre-

cursor cells undergo meiotic reduction and then mitosis to
give rise to the male pollen grain containing two sperm cells

and a multi-cellular female gametophyte (embryo sac).

During double fertilization in the ovule, one sperm nucleus

fuses with the egg cell to give rise to the embryo and the

other with the central cell to produce the endosperm, thus

forming the two major constituents of the mature seed.

The ovule is possibly the most vital structure involved in

seed development. It is physically connected to the maternal

ovary tissues of the plant that supply hormones and

nutrients via the funiculus, and incorporates specific tissues
called the integuments that form the seed coat and protect

the seed during its development (reviewed in Gasser et al.,

1998; Yang et al., 2010). A third region in the ovule, the

nucellus, supports growth of the embryo sac, which houses

the egg cell and central cell and eventually the embryo

and endosperm (Chaudhury et al., 2001). Different regions
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of the ovule are critical for normal gamete formation

and seed development. For example, mutations in the

Arabidopsis SPOROCYTELESS/NOZZLE gene induce

cell-fate changes in the nucellus and prevent differentiation

of the megaspore mother cell, which is the progenitor cell of

the embryo sac (Yang et al., 1999; Balasubramanian and

Schneitz, 2000). The epidermal layer of the Arabidopsis

nucellus also plays a specific role via endogenous small
RNA pathways to regulate the fate and number of sub-

epidermal cells entering the gametophytic pathway

(Olmedo-Monfil et al., 2010). Furthermore, alterations in

the level or distribution of phytohormones such as auxin

and ethylene (De Martinis and Mariani, 1999; Pagnussat

et al., 2009), and mutations in transcription factors that

compromise integument growth such as BEL1 (Reiser

et al., 1995), WUSCHEL (Gross-Hardt et al., 2002), and
INNER NO OUTER (Villanueva et al., 1999) also lead to

defects in embryo sac development. Collectively, these

findings suggest that development of the embryo sac is

sensitive to multiple positional inputs from the surrounding

sporophytic ovule tissues (Gasser et al., 1998; Bencivenga

et al., 2011).

Alterations in positional information within the ovule are

also likely to influence the initiation and efficiency of
asexual reproductive processes such as apomixis (Koltunow

and Grossniklaus, 2003; Curtis and Grossniklaus, 2007;

Tucker and Koltunow, 2009). In apomictic Hieracium

subgenus Pilosella species that undergo the apospory type

of apomixis, sexual reproduction initiates first with the

differentiation of a megaspore mother cell that undergoes

meiosis (Fig. 1A) to produce a tetrad of megaspores

(Figs 1A, 2A, B; Koltunow et al., 1998b). However, these
meiotic products are displaced by adjoining sporophytic

cell(s) called aposporous initial (AI) cells that bypass

meiosis (apomeiosis), initiate mitosis (Figs 1A, 2C) and

produce an embryo sac containing cells resembling the

sexual egg and central cell. Embryo and endosperm

development subsequently initiate in the absence of fertil-

ization (Fig. 2D; Koltunow et al., 1998b, 2000).

Genetic studies in aneuploid H. praealtum (R35) and
analyses of apomixis mutants suggest that the two compo-

nents of apomixis in Hieracium, apomeiosis and autono-

mous seed development, are controlled by two independent

dominant loci, LOSS OF APOMEIOSIS (LOA) and LOSS

OF PARTHENOGENESIS (LOP), respectively (Catanach

et al., 2006). Furthermore, a recent study showed that the

core LOA locus in R35 is highly conserved in tetraploid

H. caespitosum (C36), tetraploid H. piloselloides (D36), and
diploid H. piloselloides (D18; Okada et al., 2011). Analysis

of these and other Hieracium species showed that the details

of the mechanism of apospory, such as the timing and

frequency of AI cell initiation or the type of embryo sac

growth, can vary between plants and/or sub-species

(Koltunow et al., 2000, 2011). In the case of D18, a higher

frequency of early AI differentiation and ectopic embryo

formation in integument tissues appeared to correlate with
abnormal ovule twisting and defective funiculus develop-

ment compared with its parental line, D36 (Koltunow et al.,

2000). Changes in the frequency and location of AI cells

were also observed in deformed ovules from R35 gamma

irradiation mutants carrying deletions in unknown regions
outside the LOA locus (Koltunow et al., 2011) and in D36

plants expressing the rolB oncogene from Agrobacterium

rhizogenes, which increases cellular sensitivity to the phyto-

hormone auxin (Koltunow et al., 2001). Auxin is known to

play diverse roles in plant growth and morphogenesis

including gynoecium morphogenesis, female gametophyte

development, and embryo patterning (Nemhauser et al.,

Fig. 1. Schematic representation of ovule development in wild-

type, GluB-1:RNase, and NPA-treated apomictic Hieracium plants.

(A–C) Comparison of early stages of ovule development, including

megaspore mother cell initiation, megaspore selection, apospo-

rous initial cell differentiation, and early embryo sac development in

(A) untransformed apomictic Hieracium, (B) transgenic

GluB1:RNase apomictic Hieracium, and (C) NPA-treated apomictic

Hieracium. Yellow shading indicates sexual structures, red shading

highlights apomictic structures, grey shading highlights regions of

integument liquefaction, and green shading indicates the

approximate localization of DR5:GFP expression. Ovule stage

numbers are indicated at the bottom of the figure.

Abbreviations: i, integument; mmc, megaspore mother cell;

f, funiculus; fm, functional megaspore; ai, aposporous initial cell;

dm, degenerating megaspores; et, endothelium; il, integument

liquefaction; aes, aposporous embryo sac; en, endosperm;

em, embryo; de, degenerating endothelium.
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2000; Weijers et al., 2006; Pagnussat et al., 2009). In

Hieracium 35S:rolB plants it was unclear if the observed

effects on altered apomictic initiation resulted from rolB

influencing cellular responses to auxin, or from the alter-
ations in cell signalling caused by dramatic changes in ovule

morphology that were induced because of constitutive rolB

expression (Koltunow et al., 2001).

In this study, the influence of ovule tissues on apomixis in

Hieracium was investigated by targeting the ablation of

funicular cells and altering ovule auxin levels by applying an

inhibitor of polar auxin transport. The treatments were

assessed by cytologically examining the effects on ovule

development and apomixis. The results suggest that
information from sporophytic tissues, involving pathways

dependent upon funiculus development and the phytohor-

mone auxin, acts in parallel or upstream of the dominant

LOA locus to influence the timing and progression of the

apomictic process in Hieracium.

Fig. 2. GluB-1:RNase leads to a de-regulation of apomixis in Hieracium. (A–D) Sections of ovules from untransformed D36 Hieracium

stained with Toluidine Blue. (A) Young ovule initiating sexual reproduction. (B) Ovule containing an aposporous initial cell displacing the

sexual megaspore tetrad. The chalazal and micropylar orientation of the ovule is indicated. (C) Ovule showing an aposporous embryo sac

undergoing mitosis. (D) Seed containing an embryo and endosperm. (E) GluB-1:GUS in a stage 3 capitulum and a stage 4 floret from

Hieracium D36. The blue staining indicates expression and the dashed rings indicate the position of the ovaries. (F–J) Ovule sections

from D36 GluB-1:RNase line #7 stained with Toluidine Blue. (F) Young ovule containing an archesporial cell and precocious aposporous

initial-like cells. (G–G’) Ovule showing megaspores and multiple expanding AI-like cells in different planes via serial sections. The red

dashed line indicates the approximate position of the aposporous initial cells in subsequent sections relative to the sexual structures.

(H) Ovule containing aborted megaspore mother cells and aposporous initials at the micropylar end of the ovule and an enlarged

outgrowth at the chalazal end. (I) Ovule showing a chalazal embryo forming in the apparent absence of endosperm. (J) Ovule showing an

aborted megaspore mother cell and chalazal aposporous initial cell. (K) Section of a mature seed containing a single embryo from D36

and a constricted seed from D36 GluB-1:RNase line #7. The whole mature seeds are also shown. Dashed red lines in (H)–(J) indicate

regions of integumentary liquefaction. Yellow false colouring indicates cells acting in the sexual pathway, pink false colouring indicates

cells acting in the apomictic pathway. Stages of ovule development are indicated in each panel. Abbreviations: aes, aposporous embryo

sac; as, archesporial cell; ai, aposporous initial cell; em, embryo; en, endosperm; et, endothelium; f, funiculus; fl, floret; fm, functional

megaspore; GB1:GUS, GluB-1:GUS; GB1:R, GluB-1:RNase; i, integument; ov, ovary; mmc, megaspore mother cell; mp, micropyle; ms,

megaspores; n, nucellar lobe; r, receptacle; st, stage. Bar¼50 lm in (D) and (E), 300 lm in (K), and 20 lm in all other panels.
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Materials and methods

Plant material

Plants used in this study were maintained by vegetative propaga-
tion and grown in greenhouses under the same conditions as
described previously (Koltunow et al., 1998b). Plant materials were
chosen based on the fact they have been described previously and
extensively characterized via cytological methods (Koltunow et al.,
1998b, 2000, 2011; Okada et al., 2011), and because they contained
the same core LOA locus (Okada et al., 2011). Self-incompatible,
facultatively apomictic Hieracium piloselloides (tetraploid D36 and
diploid D18) and H. praealtum (aneuploid R35) produce >95% of
seed via apospory coupled with autonomous seed formation, while
H. pilosella (tetraploid P36; 4x¼2n¼36) is a self-incompatible,
obligate sexual plant that requires cross-pollination to produce
seed (Koltunow et al., 1998b, 2000, 2011; Okada et al., 2011). D18
(2x¼2n¼18) was derived from D36 (4x¼2n¼36) by autonomous
embryogenesis of a rare meiotically reduced egg (Koltunow et al.,
2011). The isolation and characterization of R35 (3x+8¼2n¼35)
gamma deletion mutants was described previously (Catanach
et al., 2006). The stages of floral development for Hieracium were
used as a reference for staged tissue collections (Koltunow et al.,
1998b).

Transgenes and transformation

To determine the suitability of the rice glutellin seed storage
protein B1 promoter (GluB-1) for funicular tissue ablation,
a construct containing 1.3 kb of the GluB-1 promoter inserted
upstream of the beta-glucuronidase (GUS) gene was transformed
into Hieracium using the plant transformation vector pBI121. The
GluB-1:RNase gene was made by inserting the 1.3 kb GluB-1
promoter fragment into a previously described CG1:RNase
construct (Koltunow et al., 1998a) in place of the CG1 promoter.
The DR5:GFP construct has previously been used as a marker for
auxin accumulation (Ulmasov et al., 1997; Dorcey et al., 2009) and
was a gift from Dolf Weijers. The AtARF8:GUS construct was
described previously (Goetz et al., 2006) and contains 1.8 kb of the
5# upstream promoter sequence from the Arabidopsis ARF8 gene
fused to GUS. Constructs were electroporated into Agrobacterium
strains LBA4404 or AGL1 for plant transformation by a floral
disc method (Bicknell and Borst, 1994). PCR and Southern blot
analyses were used to confirm the presence, integrity, and number
of inserted genes in the kanamycin-resistant plants.
The self-incompatible nature, high hemizygosity, and high

apomictic seed set (>95%) of apomictic Hieracium plants makes it
almost impossible to generate true-breeding, homozygous trans-
genic apomictic lines. Similarly, crosses between apomictic and
sexual Hieracium give rise to highly diverse progeny that are
not directly comparable for assessing the effect of transgenes
(Koltunow et al., 2000). Therefore, for experimental consistency,
primary transformed lines containing a single intact gene insertion
from each species were selected for analysis (Koltunow et al.,
2000). The total number of primary lines examined for each gene
was 5 for GluB-1:GUS in D36, 8 for GluB-1:RNase in D36, 8 for
GluB-1:RNase in P36, 3 for DR5:GFP in R35, 3 for DR5:GFP in
P36, 3 for DR5:GFP in loalop mutant 115, and 3 for AtARF8:GUS
in D36. Analysis of GUS activity was carried out as described
previously by Tucker et al. (2003).

Fluorescence analysis

Samples were examined for GFP expression on a Zeiss M1 Imager
using filter set 42. Ovaries were dissected from staged florets in
approximately 40 ll 10% glycerol on microscopy slides, and gently
squashed with a glass cover slip to aid visualization of the ovule.
A standard set of exposure times (500, 1000, 2000 ms) were used to
capture each image via Axiovision software.

N-1-naphthylphthalamic acid (NPA) application

NPA (Alltech) was dissolved in DMSO and diluted to 0.01 mM,
0.1 mM, 1 mM, 10 mM, and 100 mM in 70% ethanol. In order to
examine the effect of a pulse of NPA at different developmental
stages, whole capitula containing 40–50 florets were dipped either
before MMC formation (pre-stage 2) or before AI formation (late
stage 3), left for 24 h and then rinsed in water. Ovules were
collected at various times from the following day until the time of
embryo sac formation. At least 10 capitula were dipped at each
stage taking care not to use more than three capitula per plant and
capitulum samples were pooled. The experiment was repeated
twice. A total of 65 ovules were sectioned for analysis and at least
50 ovules per stage were examined for DR5:GFP.

Cytology

D36 GluB-1:RNase lines #7 and #34 and P36 GluB-1:RNase lines
#3-1 and #7-3 were the most extensively examined in this study.
Ovaries from all of the transgenic lines were fixed in FAA (50%
ethanol, 10% formalin, 5% acetic acid) and cleared using methyl
salicylate to examine a greater number of samples, as per
Koltunow et al. (2011). Ovaries for serial sectioning were fixed in
glutaraldehyde and embedded in Spurr’s resin as described pre-
viously by Koltunow et al. (1998b). Approximately five ovules
were sectioned per stage where possible. Sections and whole-mount
ovules were examined using a Zeiss Axioplan microscope and
digital images were collected using a Spot II camera. Figures were
compiled using Adobe Photoshop and Illustrator software.

Results

Disruption of ovule funicular growth in apomictic
Hieracium leads to a de-regulation of apomixis during
early ovule stages

To impair communication between the ovule and other

maternal tissues of the plant, a genetic cell ablation strategy

was adopted that has previously been used to examine the

relationships between cells and tissues during plant organ

development (Mariani et al., 1990; Beals and Goldberg,

1997; Koltunow et al., 2011). These studies employed
chimeric gene constructs consisting of characterized pro-

moters to direct the activity of a linked ribonuclease gene in

a spatially and temporally defined manner.

Studies in Citrus, tobacco, and rice detailed the GluB-

1:GUS expression pattern during ovule and seed develop-

ment (Takaiwa et al., 1996; Koltunow et al., 1998a; Wu

et al., 1998). In the Hieracium ovule, GluB-1:GUS was

detected in the funiculus and the subtending ovary and
receptacle cells at stages 2 and 3 when the ovules had

differentiated a megaspore mother cell (Fig. 2E). In

composite Hieracium flowers, the receptacle is the only

point of contact between the individual florets and the floral

capitulum. GluB-1:GUS persisted in stage 4 capitula when

aposporous initial (AI) cells had differentiated in the ovules,

but subsequently became confined to the base of the floret

and the associated receptacle cells. Expression declined until
the late stages of seed development when GUS expression

was detected in the developing endosperm. The spatial and

temporal dynamics of the GluB-1 promoter in Hieracium

suggested that it would be a useful tool to disrupt funiculus

development and to impair communication between the
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early ovule and surrounding tissues during the initiation of

apomixis.

To maintain consistency between studies, apomictic

H. piloselloides D36 was selected for transformation with

the GluB-1:RNase construct. D36 typically initiates apo-

mixis in a uniform manner, is sensitive to the activity of the

rolB oncogene that induces changes in auxin sensitivity, and

its derivative diploid plant D18 shows funicular defects (see
Supplementary Fig. S1A–C at JXB online) and de-regulated

apomixis (Koltunow et al., 1998b, 2000, 2001). Sexual P36

was chosen as a non-apomictic control. In total, eight

transgenic apomictic H. piloselloides D36 plants and eight

transgenic sexual H. pilosella P36 plants were generated and

all exhibited decreased seed set relative to the control lines.

Two of the D36 plants and one P36 plant aborted

capitulum and flower development at the very early stages
and failed to initiate ovule or seed development (data not

shown). In the remaining lines, flowers were viable and

mature seeds were produced that had a distinctive terminal

phenotype in that they were pointed and constricted at their

site of attachment to the capitulum, reflecting the zone of

expression of the ablation gene (Fig. 2K). Two D36 plants

that produced seeds, #7 and #34, were selected for detailed

histological analysis as they represented plants expressing
the ablation gene at different levels from seed germination

studies (Table 1). A further two P36 plants (#3-1 and #7-3),

were also examined to provide a sexual control. The

remaining lines were characterized in less detail but showed

similar morphological and cytological phenotypes, suggest-

ing that the phenotypes were due to the effects of the

GluB-1:RNase transgene (data not shown).

In ovules from untransformed apomictic D36 plants,
a single megaspore mother cell was observed at stage 2/3

(Fig. 2A) and an enlarged AI cell(s) was not apparent until

stage 4 when meiosis was complete (Fig. 2B). One or two AI

cells, distinguished by their large size, an enlarged central

nucleus flanked by large vacuoles, and similarity to the

functional megaspore, were usually detected in D36 ovules

as per previous reports (Koltunow et al., 1998b). In most

ovules, one AI cell initiated embryo sac development and
expanded to fill the space within the endothelium normally

occupied by the sexual embryo sac by stage 5/6 (Fig. 2C).

During subsequent stages, embryo and endosperm develop-

ment initiated in the embryo sac (Fig. 2D), and continued

until the embryo was fully mature and filled the elongated

seed (Fig. 2K).

GluB-1:RNase line #7 in apomictic D36 Hieracium was

the most strongly affected line since it produced only 16%

viable seeds compared with 39% in line #34 and 60% in

untransformed D36 (Table 1). Also, seeds from line #7
showed the strongest constriction and deformation at the

point of connection to the receptacle (Fig. 2K). To

characterize reproductive defects in lines #7 and #34, up to

10 ovules were serially sectioned per stage between stages 2

and 12, from ovule initiation to seed maturity. Distinct

abnormalities were first observed during the early stages of

ovule development. In contrast to untransformed D36,

developing florets from GluB-1:RNase lines #7 and #34
showed small zones of necrosis and displaced zones of

xylem formation at the base of the ovule funiculus (see

Supplementary Fig. S2A, B, E–G at JXB online). Different

degrees of reproductive abnormalities were observed in the

two lines. In line #7, sexual processes aborted in most

ovules during meiosis. Despite this, AI differentiation and

expansion were prominent as early as archesporial cell

initiation (Fig. 2F). Up to eight AI cells differentiated in
ovules during the subsequent stages, and serial sections

showed that these were spatially separated from the

developing sexual cells in 50% (n¼10) of cases (Fig. 2G–G’).

Approximately 25% (n¼20) of sectioned ovules aborted at

this stage.

In line #34, ;13% (n¼15) of the sectioned ovules had

aborted at the early stages. In viable ovules, AI cells

appeared at a similar stage compared to line #7, but with
lower frequency and reduced displacement. One to three

AIs were evident at the early stages in close proximity to the

MMC (Fig. S2C–C’) and only in ;10% (n¼11) of cases

were they spatially separated from sexual structures. The

variations between lines #7 and #34 suggest that different

doses of GluB-1:RNase function are contributing to the

differences in ovule development and seed viability. In

contrast to the transgenic D36 lines, only minimal effects
were observed in the sexual P36 GluB-1:RNase plants

during the early stages, where funiculus growth appeared to

Table 1. Seed formation and germination in GluB-1:RNase and untransformed H. piloselloides lines

Plant Florets/capituluma No. of Seed heads No. of seeds Full seedsb set (%) Germination rate
(%)

4 d 30 d

D18 32611 20 656 70 2365 2562

D36 3366 10 343 84 3468 6065

D36 GB1:Rc #7 33613 70 2103 72 1262 1665

D36 GB1:R #30 3363 5 166 70 4566 5263

D36 GB1:R #34 3663 10 353 79 2866 3963

D36 GB1:R #37 3363 10 326 81 3763 4563

a 6 Values show standard deviation (SD) from replicate experiments.
b Full seeds indicates seeds that are large and black in colour compared to brown or white seeds that have aborted.
c GluB-1:RNase.
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be abnormally elongated but no ectopic ‘AI-like’ cells could

be detected in the ovule (data not shown). These results

indicate that the integrity of funicular and receptacle tissues

beneath the ovule influences the timing, frequency, and

location of AI formation in apomictic D36.

GluB-1:RNase induces polar nuclei defects, extra cell
divisions and ectopic reproductive zones in ovules from
apomictic Hieracium

In the majority of ovules from the low expressing line #34,

one of the early AI cells displaced the sexual structures and

initiated mitosis at the micropylar end of the ovule. Apart

from the early timing of AI formation, this was similar to

D36 controls. However, during later developmental stages

when the funicular region became more constricted, ovule
growth occasionally appeared stunted and embryo sacs

were observed containing small embryos without endo-

sperm (see Supplementary Fig. S2D at JXB online). In 27%

(n¼15) of sectioned ovules from line #34, embryo sacs

contained polar nuclei that had failed to divide. By contrast,

quiescent polar nuclei were only observed in 1% of

untransformed D36 samples at stage 8 (n¼68). These data

suggest that the reduced seed viability in line #34 is
probably due to a combination of early ovule defects as

well as failed endosperm development leading to embryo

abortion.

In ovules from D36 GluB-1:RNase line #7 that pro-

gressed past the early stages, different classes of phenotypes

were observed. In the minority of ovules, sporophytic cell

divisions and growth were indistinguishable from untrans-

formed D36 controls, but defects in polar nuclei division
were observed similar to those in line #34. In others, the

ovule integument recurved and formed a micropyle, and

multiple aposporous structures continued development in

the distal (chalazal) region of the ovule (see Supplementary

Fig. S2G at JXB online). This contrasted with D36 and

GluB-1:RNase line #34 where only one AI cell typically

continued development closer to the micropyle (see Supple-

mentary Fig. S2E, F at JXB online).
In the majority (60%, n¼31) of ovules from GluB-

1:RNase line #7, the funiculus became highly constricted

and the endothelium and micropyle did not form (Fig. 2H–J;

see Supplementary Fig. S2H–H’ at JXB online). In these

cases, somewhat surprisingly, ovule cells continued to divide

resulting in the formation of chalazal outgrowths (Fig. 2H–J).

Serial sections also showed the presence of multiple nucellar

lobes containing both sexual and AI cells (see Supplemen-
tary Fig. S2H–H’ at JXB online). Typically, the megaspores

and the adjacent initials closer to the micropylar end of the

ovule had aborted (Fig. 2H–J). However, cells in the

chalazal region of the ovule continued dividing to form an

enlarged dome where cell degeneration (liquefaction) oc-

curred, indicating that the integumentary identity of the

tissue had been retained (Fig. 2H–J; see Supplementary

Fig. S2H–H’ at JXB online). Apomictic processes occurred
in such domes (Fig. 2I, J), spatially removed from the

arrested sexual and AI cells by many cell layers. In some of

these ovules, embryos formed in isolation surrounded by

liquefying tissue (Fig. 2I; see Supplementary Fig. S2G at

JXB online). In other ovules, AI cells (Fig. 2J) or inverted

embryo sac structures containing egg-like cells (see Supple-

mentary Fig. 2I at JXB online) and undivided polar nuclei

were observed. Often a diverse array of structures including

AI cells, cellular-like endosperm cells, embryos, and embryo

sacs could be observed in the same ovule through serial
sections. Such ovules resembled those described for H.

piloselloides D18 (Koltunow et al., 2000). The frequency of

GluB-1:RNase line #7 ovules showing apomictic develop-

ment in the integumentary domes and constriction at the

micropylar end of the developing seed correlated with the

mature fertile seed development shown in Fig. 2K. It is

therefore likely that some of the viable seeds contained

embryos derived from the chalazal zones. This is somewhat
reminiscent of the multiple adventitious chalazal embryos

that form from embryo initial cells in seeds from Citrus

(Kobayashi et al., 1979; Koltunow et al., 1995).

Taken together, these observations suggest that the

integrity of funicular and receptacle tissues in Hieracium is

important for ovule development and apomixis, possibly

because they transmit or synthesize regulatory information.

Perturbations to these tissues in apomictic GluB-1:RNase

D36 induced developmental changes in unconnected regions

of the ovule, leading to abnormal integument growth,

precocious differentiation of multiple AI cells and disorga-

nized embryo sac development (Fig. 1B). Similar defects in

funiculus growth may contribute to a de-regulation of

apomixis in H. piloselloides D18 (see Supplementary Fig.

S1 at JXB online; Koltunow et al., 2000) and H. praealtum

R35 deletion mutants (see Supplementary Fig. S1 at JXB

online; Koltunow et al., 2011), which produce extra and/or

displaced AI cells as well as abnormal embryo sacs. These

findings suggest that the capacity of sporophytic cells to

respond to LOA and subsequently develop into embryo sacs

is modulated by the surrounding tissues of the ovule not

directly involved in the apomictic pathway.

Auxin maxima and auxin-responsive genes are detected
in specific regions of the Hieracium ovule, including the
funiculus

Previous studies in apomictic Hieracium D36 plants express-

ing the rolB oncogene suggested that alterations to auxin
sensitivity in sporophytic tissues might contribute spatial

and temporal control over the apomictic process (Koltunow

et al., 2001). In Arabidopsis ovules, auxin contributes to

integument growth (Schruff et al., 2006), embryo sac

polarity (Pagnussat et al., 2009), and vascular development

(Ohashi-Ito et al., 2010). Several approaches were used to

determine if auxin signalling might be a sporophytic factor

influencing ovule development and apomixis in Hieracium.
Analysis of AtARF8:GUS in ovules from transgenic Hiera-

cium D36 plants showed that GUS activity was detected

predominantly in the funiculus at stage 4/5, and at later

stages in the whole ovule as well as connective tissues of the

receptacle (Fig. 3A, B). In Arabidopsis, ARF8 is involved in
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mediating auxin responses and regulating the transcription

of downstream genes (Goetz et al., 2006).

Furthermore, DR5:GFP, which marks the sites of auxin

accumulation in ovules (Dorcey et al., 2009), was also

detected during the early stages of Hieracium ovule

development. In transgenic apomictic H. praealtum R35

(Fig. 3) and sexual P36 (see Supplementary Fig. S3 at JXB

online) plants, DR5:GFP accumulated in one or a few cells
at the distal tip of the young ovule (Fig. 3C; see

Supplementary Fig. S3C at JXB online), apparently mark-

ing the juvenile nucellar epidermis prior to the appearance

of the single integument. GFP was also detected in

connective tissues directly below the funiculus of the ovule

and in the receptacle (see Supplementary Fig. S3A at JXB

online). During the events of MMC specification and

meiosis, DR5:GFP expanded to include a pool of distal
nucellar epidermal cells adjoining the reproductive cells

(Fig. 3D), and in sexual P36 was also detected in the tip of

the growing integument (see Supplementary Fig. S3D at

JXB online). In later stages, no obvious GFP signal was

detected in AI cells or enlarging embryo sacs in either

species (Fig. 3E; see Supplementary Fig. S3E at JXB

online). Expression subsequently diminished in the nucellar

lobe but was detected in the tip of the integument (Fig. 3F;
see Supplementary Fig. S3F at JXB online). Apart from the

absence of DR5:GFP in the tip of the integument of young

R35 ovules, patterns of GFP accumulation were very

similar between sexual and apomictic Hieracium.

In summary, these results suggest that auxin accumulates

in specific regions of the Hieracium ovule, including the tip

of the nucellus, the tip of the integument, and the

connective tissues located below the ovule funiculus
(Fig. 1A). Based on this and the finding that 35S:rolB,

which increases auxin sensitivity, induces a de-regulation in

apomixis somewhat similar to Glub-1:RNase (Koltunow

et al., 2001), it was considered that auxin accumulation or

flow might contribute sporophytic information to the

apomictic process.

Fig. 3. AtARF8:GUS and DR5:GFP are detected in ovules from

apomictic Hieracium. (A) AtARF8:GUS in a stage 4 D36 floret. The

blue staining indicates expression and the dashed line indicates

the position of the ovule. (B) AtARF8:GUS in a stage 8 D36

capitulum, showing strong staining in vascular tissues of the

receptacle. (C–F) DR5:GFP accumulation in wholemount ovules

from apomictic R35 capitula treated with 70% ethanol. (C) Young

ovule showing nucellar outgrowth with GFP expression marked in

green. (D) Ovule showing growth of the integument around the

nucellar epidermis. (E) Ovule at the stage where meiosis is

occurring and apomixis is initiating. (F) Mature ovule. (G–J)

DR5:GFP accumulation in wholemount ovules from apomictic R35

capitula treated with 1 mM NPA in 70% ethanol. (G) Young ovule

just prior to nucellar outgrowth. Increased levels of GFP are

detected at the base of the ovule below the funiculus. (H) Ovule at

a similar stage to (D) showing growth of the integument around the

nucellar epidermis. GFP expression is detected at the tip of the

nucellus and integument. (I) Ovule at a similar stage to (E) showing

accumulation of GFP in the integument. (J) Ovule at a similar stage

to (F) showing accumulation of GFP in the integument. Stages of

ovule development are indicated in each panel. Dashed lines in

(C)–(J) indicate the shape of the ovule. Abbreviations: apo,

apomict, f, funiculus; ov, ovule; r, receptacle; v, vasculature.

Bar¼50 lm in (A) and (B) and 20 lm in all other panels.
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Inhibition of polar auxin transport by NPA leads to
alterations in flower development, seed viability, and
accumulation of DR5:GFP

To examine the role of polar auxin transport during seed

development in Hieracium, apomictic D36 capitula at late

stage 3 were dipped in N-1-naphthylphthalamic acid (NPA)

at concentrations varying from 0.01 mM to 100 mM (see

Materials and methods), left to mature, and then the seeds

were harvested for viability scoring and germination studies.

NPA is a phytotropin that regulates auxin efflux and has

previously been used to disrupt polar auxin transport and

to characterize the effects on plant development (Reed

et al., 1998; Nemhauser et al., 2000; Dorcey et al., 2009).

The application of NPA had a pronounced effect on

Hieracium flower development. Flower size and morphology

were particularly sensitive to the inhibitor, with higher

concentrations of NPA resulting in smaller florets that failed

to open completely (Fig. 4A–C). Similarly, increasing

concentrations of NPA had a dosage-dependent effect on

seed viability and germination frequency (Fig. 4D).

Approximately 82% (n¼272) of the seeds produced by

control plants treated with 70% ethanol appeared black in

colour, typically a measure of viability, while the remainder

were white or brown, indicative of early ovule or seed

abortion. 79% of the black seeds germinated after 25 days on

media. By contrast, only 42% (n¼119) of the seeds produced

after treatment with 10 mM NPA+70% ethanol appeared to

be viable and only 2% germinated. The majority of seedlings

from NPA-treated capitula germinated with extremely stunted

roots (see Supplementary Fig. S4 at JXB online).

At lower concentrations of NPA, seed sterility was also

increased relative to the wild-type control, but a higher

proportion of seeds germinated compared with the 10 mM

treatment (Fig. 4D). Application of 1 mM NPA led to

changes in ovule DR5:GFP expression and similar effects

were observed in all species examined. At the early stages of

ovule outgrowth (stage 2), NPA caused DR5:GFP to

accumulate to higher levels at the base of the ovule in cells

adjoining the funiculus and the receptacle (Fig. 3G; see

Supplementary Fig. S3B at JXB online). By stage 3,

DR5:GFP accumulated at the tip of the integument, whereas

in untreated plants it was either weak or absent (Fig. 3H).

During subsequent stages, DR5:GFP was detected at high

levels in the ovule, extending from the tip of the integument

in a crescent shape towards the funiculus, following the path

of integument growth (Fig. 3I, J). Strong accumulation of

DR5:GFP in the integument indicates that auxin is appar-

ently trapped within the ovule by NPA treatment, possibly

through an inhibition of transport away from a site of

synthesis at the tip of the integument, or through defects in

the funiculus vasculature. Similar results were obtained in

sexual P36 (see Supplementary Fig. S3 at JXB online).

Combined, these results show that polar auxin transport

is important for flower and seed development in Hieracium.

NPA has a dosage-dependent effect on seed viability

in apomictic Hieracium and leads to changes in auxin

accumulation during ovule development.

NPA treatment alters ovule development and the
initiation of apomixis in Hieracium, resulting in
phenotypes similar to GluB-1:RNase plants

To determine the effects of altering polar auxin transport

during Hieracium ovule development, capitula were dipped

in either 1 mM or 5 mM NPA before MMC formation (pre-

stage 2) or before AI formation (late stage 3), left for 24 h,

and then rinsed in water. Ovules were collected at sub-

sequent stages until the time of embryo sac formation and

were analysed by clearing or sectioning. The application of

5 mM NPA to pre-stage 2 capitula completely inhibited

ovule growth in most florets (compare Fig. 4E with 4I),

even though ovary growth continued normally. This

indicates that polar auxin transport is required for ovule

outgrowth in Hieracium, and seemingly explains the high

sterility caused by high concentrations of NPA. The

application of 1 mM NPA at the same stage did not inhibit

ovule formation, however, allowing the effect of reduced

polar auxin transport to be examined during subsequent

stages of ovule development in apomictic plants.

In apomictic D36 capitula treated with 1 mM NPA prior

to stage 2, the sexual process initiated and a megaspore

mother cell (MMC) was observed in all ovules at stage 2/3

(Fig. 4J). However, in contrast to control plants (Fig. 4F),

expansion of the MMC was accompanied by the appear-

ance of multiple (2 or 3) AI-like cells at the chalazal end of

the cell. The appearance of AI cell(s) was not detected in the

control D36 plants until stage 4 (Fig. 4G), when meiosis

was complete and megaspore selection was occurring. At

stage 4/5, some NPA-treated ovules contained up to 10 AI

cells in close proximity to the sexual structures (Fig. 4K).

Many of the NPA-treated ovules appeared to be twisted

relative to the plane of the ovary (Fig. 4M) as a result of

alterations in funiculus and/or integument growth. By stage

6, most of the treated ovules were stunted (Fig. 4P) and cells

in and around the endothelial layer were misshapen and/or

heavily stained with toluidine blue, suggesting they were

undergoing degradation. AI cells continued to differentiate

in chalazal regions of the ovules throughout these stages

with high frequency, but misshapen embryo sac structures

were small and positioned close to the micropylar end of the

ovule. Only 28% of the seeds produced after this treatment

were capable of germinating (Fig. 4D).

Similarly, ovules from apomictic D36 capitula treated

with 1 mM NPA at late stage 3 (after meiosis but prior to

AI formation) showed developmental defects (Fig. 1C). In

the majority of NPA-treated ovules at stage 4, multiple AI

cells could be distinguished in chalazal regions adjoining

megaspore tetrads. The most striking defects, however, were

observed from stage 5 onwards. In many ovules, embryo

sac(s) appeared to be extruded from the micropyle (Fig. 4L,

N). In these cases, the embryo sac continued developing and

dividing independent of its position away from the in-

tegument and ovule proper. At stage 6, the majority of

treated ovules had failed to fill the space available within

the ovary locule similar to the samples treated prior to stage

2 (Fig. 4P), and many displayed an abnormally stunted
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Fig. 4. NPA treatment alters flower development and the initiation of apomixis in D36 Hieracium. (A–C) D36 Hieracium flowers at

stage 7 after treatment with different concentrations of NPA at stage 3. (D) Germination of seeds derived from capitula treated with

different concentrations of NPA. (E–H) Ovules from apomictic D36 Hieracium florets treated with 70% ethanol. (E) Cleared wholemount

stage 3 floret showing the position of the ovule (false coloured in blue) relative to surrounding ovary and floral tissues. (F) Ovule

containing an MMC and no aposporous initial cells. (G) Ovule containing a single aposporous initial cell displacing the sexual functional

megaspore. (H) Ovule showing an aposporous embryo sac undergoing mitosis. (I–P) Sections of ovules from NPA treated florets,

dipped prior to stage 2 (I–K, P, M) or at stage 3 (L, N, O). (I) Empty locule of a 5 mM NPA-treated floret. (J) Two sections of a young

ovule at a similar stage to (F) superimposed to show the megaspore mother cell and at least three aposporous initial cells. (K) Stunted

ovule at a similar stage to (G) showing multiple aposporous initial cells differentiating in close proximity to the functional megaspore.

(L) Stunted ovule containing a dividing embryo sac extruding through the micropyle. (M) NPA treatment twists ovule growth relative to

the surrounding tissues, indicated by the line showing the skewed alignment. (N) Ovule at a similar stage to (H) showing an extruded

cellularized embryo sac and integument liquefaction in the chalazal region. (O) Ovule at a similar stage to (H) showing development of

an embryo sac surrounded by liquefying integumentary cells in the chalazal region. (P) Stunted ovule at a similar stage to (H) showing

multiple aposporous events occurring in chalazal regions of the ovule. Yellow false colouring indicates cells acting in the sexual

pathway, pink false colouring indicates cells acting in the apomictic pathway. Stages are indicated in each panel as are the

concentrations of NPA used. Abbreviations: aes, aposporous embryo sac; ai, aposporous initial cell; C, control; ch, chalazal region;

fm, functional megaspore; il, integument liquefaction; mmc, megaspore mother cell; ov, ovule; st, stage. Bar¼5 mm in (A), (B), and

(C) and 20 lm in all other panels.
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funiculus. Multiple apomictic events initiated in the chalazal

regions of the ovules, similar to the pre-stage 2 treated

samples (Fig. 4O), forming displaced regions of degradation

and AI initiation. These regions were similar to those

observed in the GluB-1:RNase plants.

NPA is unable to stimulate AI differentiation in the
absence of the LOA locus

To determine whether the appearance of extra AI-like cells

in NPA-treated ovules was dependent upon the presence of
the apomixis initiation locus (LOA; Catanach et al., 2006),

NPA treatments were repeated in sexual Hieracium P36 and

in R35 loalop mutant 115 (m115), which both lack the

capacity for AI formation and autonomous seed develop-

ment. Analysis of DR5:GFP in P36 and m115 showed that

polar auxin transport was inhibited by NPA in a similar

manner to that in apomictic R35 (see Supplementary

Fig. S4 at JXB online; data not shown). However,
cytological analysis of ovules at stages 4, 6, and 10 failed to

identify any ectopic AI-like cells or embryos in either

background. In the absence of cross-pollination, no fertile

seeds were set on either plant. This indicates that applica-

tion of NPA is not sufficient to stimulate the formation of

AI cells or embryos in Hieracium in the absence of the LOA

locus.

Discussion

Sporophytic ovule tissues modulate the initiation of
apomixis in Hieracium

In the search for the loci responsible for apomixis, little

attention has been given to factors that impart temporal

and spatial control on the reproductive process and thereby

alter the plant’s response to key loci such as LOA. In this

study, the relationship between sporophytic tissues and the
initiation of apomixis was examined in Hieracium. The aim

was to determine whether the apomictic process is influ-

enced by sporophytic information external to the reproduc-

tive cells, and if so, what aspects are susceptible. To achieve

this, an ablation strategy was utilized to compromise

communication between the ovule, the funiculus, and

the receptacle, which forms the base of the floral capitulum

and connects the female reproductive tissues to the rest of
the plant. Transgenic GluB-1:RNase lines showed varying

degrees of connective tissue ablation that, somewhat pre-

dictably, resulted in the abortion of flower and ovule

development in extreme cases. However, in less severe cases,

the ovules were viable and disruption of the connective

tissues correlated with the precocious appearance of multi-

ple AI-like cells in apomictic plants. Unlike control

apomicts, these AI cells often formed prior to female
meiosis and in isolated regions of the ovule, several cell

layers away from the sexual cells. The differentiation of AI

cells away from sexual cells is not typical of apomixis in

Hieracium, but has been described in a previously charac-

terized Hieracium mutant (loa1; Okada et al., 2007). In loa1

ovules, ‘AI-like’ cells differentiate several cell layers away

from the meiotic tetrad, grow towards the funiculus, and

fail to initiate mitosis. The AI cells in GluB-1:RNase

are somewhat distinct from those in loa1, since they

differentiate further away from the sexual cells, at higher

frequency and appear to retain some capacity for further

development. Higher frequencies of AI-cell initiation have

also been noted in several species of apomictic Hieracium

including H. piloselloides D18 (Koltunow et al., 2000) and

H. aurantiacum A36 (Koltunow et al., 1998b). Based on the

results of GluB-1:RNase expression, it seems likely that

abnormal funiculus development in D18 contributes to the

de-regulation of apomixis compared with D36 (Koltunow

et al., 2000). In terms of the apomictic process, this

indicates that information restricting the number and

position of AI cells relative to the sexual cells is dependent
upon the integrity of sporophytic structures such as the

funiculus and the receptacle.

The phenotypes observed in GluB-1:RNase ovules could

be caused by a number of factors. These include the

inhibition of signalling molecule synthesis or movement

through the funiculus and/or general stress responses. Stress

can take many forms in plants, including abiotic and

biotic stimuli, both of which have pronounced effects on
reproduction (Sun et al., 2004; Oshino et al., 2007).

Reproductive stress has been associated with altered levels

of hormones and downstream response pathways, including

salicylic acid (Martinez et al., 2004), jasmonic acid

(Avanci et al., 2010), and auxin (Jain and Khurana, 2009).

Interestingly, alterations in apomictic development, includ-

ing the precocious appearance of extra AI cells, could be

induced by inhibiting polar auxin transport in flowers from
apomictic Hieracium using NPA. In Hieracium plants

containing DR5:GFP, which marks auxin accumulation,

expression was noticeably absent from sexual and apomictic

reproductive cells, but was detected in specific sporophytic

regions of the ovule including the connective tissues of the

funiculus, the tip of the growing nucellus, and the tip of the

growing integument. Inhibition of polar auxin transport by

NPA appeared to slow auxin flow away from these sites,
since GFP fluorescence accumulated to higher levels in these

regions and also in adjoining cells within 24 h of applica-

tion. Although DR5:GFP expression increased dramatically

in NPA-treated ovules, it is unclear whether altered levels of

auxin in specific regions of the ovule, the slowed auxin flow

out of the ovule or both contribute to the observed ovule

phenotypes. Also, it is not clear whether the de-regulation

of apomixis induced by altered auxin transport is directly
due to changes in LOA activity or indirectly due to changes

in ovule development. Irrespective, the results to date

indicate that changes in auxin transport lead to the non-

cell-autonomous de-regulation of the apomictic process.

Similar to the GluB-1:RNase results, these changes were

only induced in backgrounds containing LOA. Therefore,

the initiation and progression of apomixis in Hieracium

appears to depend upon the expression of LOA and the
ability of sporophytic cells to respond to this information.

The capacity of ovule cells to respond is directly or
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indirectly regulated by funiculus growth and auxin trans-

port, which appear to impart control on the apomictic

process by restricting reproductive competence and poten-

tial (Fig. 5).

Piecing together factors that contribute to the
progression of apomixis in Hieracium

In a recent study, a transgenic approach using SPOROCY-

TELESS:RNase determined that the meiotic events of

megasporogenesis are required for the initiation of apos-

pory in D36 (Koltunow et al., 2011). Consistent with a close
relationship between sexual processes and the initiation of

apomixis, results from the current study show that even in

severely deformed ovules, AI cells are only observed in

ovules exhibiting some evidence of having initiated sexual

reproduction. However, the results presented here showed

that AI cells were observed prior to meiotic divisions of

the MMC in GluB-1:RNase and NPA-treated D36 ovules.

A similar observation was made in ectopic ovules from D36
plants transformed with 35S:rolB (Koltunow et al., 2001).

One possibility is that the ovule defects induced by these

treatments uncouple or prematurely induce programmes

required for AI initiation that normally act downstream of

megasporogenesis.

The reason for the increased number of AI cells detected

in the GluB-1:RNase and NPA treated plants is uncertain.

Studies in Arabidopsis have shown that signals from

nucellar epidermal cells involving small RNAs and ARGO-

NAUTE9 are required to prevent sub-epidermal cells, other

than the functional megaspore, from adopting gameto-

phytic identity (Olmedo-Monfil et al., 2010). This suggests

that a lack of small RNA-mediated repression in ago9

mutants leads to a broader zone of reproductive compe-

tence. It is possible that a similar mechanism might be

indirectly compromised by the Glub-1:RNase and NPA

treatments in Hieracium (Fig. 5), leading to the increased

number and altered position of AI cells.

Despite an increased number of AI cells, aposporous

embryo sac development was compromised in the most

severely deformed ovules from GluB-1:RNase plants. This
might relate to the failure of the integument to grow

correctly and surround the nucellar lobe (Fig. 1B). NPA

treatment also led to an inhibition of integument growth,

but, by contrast, embryo sac development continued appar-

ently independently of the surrounding tissues (Fig. 1C).

A remarkably similar phenotype was noted in Arabidopsis

ovules mis-expressing the AUXIN RESPONSE FACTOR6

(ARF6) or ARF8 transcription factors (Wu et al., 2006).
Combined with our NPA data, this indicates that, at certain

Fig. 5. Model for the interaction between ovule development and apomixis in Hieracium. (A) Initiation of apomixis in apomictic Hieracium.

Sporophytic information (white ring), including polar auxin flow and funiculus growth, promotes normal development of ovule cells. This

creates an environment suitable for the initiation and progression of megasporogenesis (SEX; inner yellow ring), and the subsequent

stimulation of LOSS OF APOMEIOSIS (LOA) and AI formation (Koltunow et al., 2011). Sporophytic information also ensures that LOA

activity is directly (1) or indirectly (2) restricted to a limited zone of sporophytic cells (central red ring). (B) Ovule development in apomictic

Hieracium after NPA or GluB-1:RNase treatment. Sporophytic information still acts to promote the development of ovule cells and induce

sexual processes, albeit with decreased efficiency (dashed arrow and smaller yellow ring). The requirement for megasporogenesis to

stimulate AI formation is partially compromised. A lack of spatial and temporal control from surrounding ovule cells means that a greater

number of cells can respond to LOA and initiate apomictic development (convoluted red shape).
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developmental stages, both sexual and aposporous embryo

sac growth can continue independently of the surrounding

ovule tissues.

The different ovule deformities and stresses reported here

and previously show that apomixis is sensitive to a variety

of inputs, but in most cases is a remarkably resilient process

that leads to the formation of viable seed (Koltunow, 2000;

Koltunow et al., 2000, 2001; Rodrigues et al., 2008). Apart
from the actions of LOA and LOP, it appears that

apomictic Hieracium utilizes the underlying sexual machin-

ery to support apomictic events (Tucker et al., 2003).

However, it has remained unclear how control is imparted

onto the apomictic process, restricting reproductive poten-

tial to one or a few sporophytic cells and ensuring that

downstream events can occur in sequence. It seems likely

that the stage-specific information from sexual cells and
sporophytic ovule tissues is an important component of this

process.
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