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Hieracium praealtum forms seeds asexually by apomixis. During ovule development, sexual reproduction initiates with
megaspore mother cell entry into meiosis and formation of a tetrad of haploid megaspores. The sexual pathway ceases when a
diploid aposporous initial (AI) cell differentiates, enlarges, and undergoes mitosis, forming an aposporous embryo sac that
displaces sexual structures. Embryo and endosperm development in aposporous embryo sacs is fertilization independent.
Transcriptional data relating to apomixis initiation in Hieracium spp. ovules is scarce and the functional identity of the AI cell
relative to other ovule cell types is unclear. Enlarging AI cells with undivided nuclei, early aposporous embryo sacs containing
two to four nuclei, and random groups of sporophytic ovule cells not undergoing these events were collected by laser capture
microdissection. Isolated amplified messenger RNA samples were sequenced using the 454 pyrosequencing platform and
comparatively analyzed to establish indicative roles of the captured cell types. Transcriptome and protein motif analyses
showed that approximately one-half of the assembled contigs identified homologous sequences in Arabidopsis (Arabidopsis
thaliana), of which the vast majority were expressed during early Arabidopsis ovule development. The sporophytic ovule
cells were enriched in signaling functions. Gene expression indicative of meiosis was notably absent in enlarging AI cells,
consistent with subsequent aposporous embryo sac formation without meiosis. The AI cell transcriptome was most similar to
the early aposporous embryo sac transcriptome when comparing known functional annotations and both shared expressed
genes involved in gametophyte development, suggesting that the enlarging AI cell is already transitioning to an embryo sac
program prior to mitotic division.

Some Hieracium subgenus Pilosella species form seed
via sexual reproduction. Others are facultative for
apomixis, where the majority of seed is formed via an
asexual pathway and therefore genetically identical,
while a small proportion of seed is derived via sexual
reproduction. Female gametophyte (or embryo sac) de-
velopment in ovules of sexual Hieracium species oc-
curs via the most common pathway observed in
angiosperms (Drews and Koltunow, 2011). It initiates
with megasporogenesis, a process requiring diploid
megaspore mother cell (MMC) differentiation and
subsequent MMC meiosis to produce a tetrad of four
haploid megaspores. Three of these megaspores un-
dergo cell death. The surviving or functional mega-
spore (FM) undergoes megagametogenesis, characterized
by three rounds of syncytial nuclear mitosis, fol-
lowed by cellularization and differentiation to pro-
duce the mature female gametophyte. Six cells in the
female gametophyte contain a haploid nucleus in-
cluding the egg cell, two synergids, and three an-
tipodal cells, while the central cell contains two
haploid nuclei that fuse prior to double fertilization.
Fertilization of the haploid egg and the diploid cen-
tral cell in the female gametophyte by haploid male
sperm cells triggers formation of the embryo and
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endosperm compartments of the seed respectively
(Fig. 1A, yellow; Koltunow et al., 1998).
In apomictic Hieracium subgenus Pilosella species,

the MMC initiates and completes meiosis as observed
in sexual species. The meiotic events of megasporo-
genesis are essential for apomixis initiation in Hiera-
cium piloselloides and are thought to activate function
of the dominant, hemizygous LOSS OF APOMEIOSIS
(LOA) locus conserved in three apomictic subgenus
Pilosella species. Information and/or structure at the
LOA locus enables differentiation of aposporous initial
(AI) cells, their mitotic development into aposporous
embryo sacs, and subsequent suppression of the ad-
jacent sexual pathway (Koltunow et al., 2011a; Okada
et al., 2011). Multiple AI cells stochastically differenti-
ate near cells undergoing megasporogenesis. Usually,
one AI cell undergoes mitosis to form the early apos-
porous embryo (EAE; containing two to four nuclei)
sac, which enlarges toward the megaspores and/or
FM concurrent with displacement and termination of
the sexual pathway (Fig. 1A, red; Koltunow et al., 2011a).
A mature diploid aposporous embryo sac forms after
additional mitoses, positionally substituting for the sex-
ual embryo sac. Action of the independent LOSS OF
PARTHENOGENESIS (LOP) locus inHieracium praealtum
induces fertilization-independent proliferation of the egg
and central cell, giving rise to seeds containing embryos
with a maternal genotype (Fig. 1A, red; Koltunow et al.,
2011a). Deletion of the LOA and LOP loci by irradiation
inH. praealtum results in loss of apomixis with coincident
reversion of the plant to sexual reproduction. Apomixis
in H. praealtum is therefore superimposed on sexual re-
production and does not result from a mutational in-
activation of the sexual process (Catanach et al., 2006;
Koltunow et al., 2011a). Incomplete functional pene-
trance of LOA and LOP loci is thought to give rise to the
low levels of sexual progeny in these facultative apo-
micts (Koltunow et al., 2011a).
LOA and LOP loci are hypothesized to induce a

modified sexual pathway in the AI cell and its de-
scendant structures where both meiosis and fertiliza-
tion are avoided. This notion is derived from earlier
expression analyses using a small set of reproductive
tissue marker genes in transgenic sexual and apomictic
Hieracium. Sexual and apomictic reproductive path-
ways showed convergence and common expression
regulation, from the first nuclear division of the AI cell
in apomictic H. piloselloides and Hieracium aurantiacum,
and the first nuclear division of the FM as it entered
megagametogenesis in sexual H. pilosella. These anal-
yses suggested that once the AI cell undergoes its first
nuclear division, it is committed to a megagametogenic
program (Tucker et al., 2003).
The LOA-induced gene expression programs con-

tributing to AI cell specification, differentiation, and
growth are unknown, as is the functional identity of
the AI cell before it undergoes nuclear division. Hy-
pothetically, the AI cell may differentiate as an ectopic
MMC or have FM identity upon differentiation, as
both are gametic precursor cells. Current evidence in

Figure 1. Sexual and apomictic pathways in H. praealtum, laser-
captured cell types and analysis of gene expression. A, In apomictic
H. praealtum, MMC meiosis and tetrad formation during sexual re-
production (yellow) activates the LOA locus leading to AI cell differ-
entiation and EAE sac formation (red). Sexual development ceases in
approximately 97% of ovules as the EAE sac displaces the sexual
pathway generally at FM selection. A mature aposporous embryo sac
develops with a diploid egg (e) and two diploid central cell (cc) nuclei.
The LOP locus triggers fertilization-independent embryo (em) and
endosperm (en) formation. Incomplete penetrance of LOA and LOP in
approximately 3% of ovules results in haploid embryo sac formation,
and double fertilization (DF) is required for seed initiation in game-
tophytes where LOP is lost by segregation. B, The three cell types
isolated by LCM. Uninucleate AI cells and EAE sacs containing two to
four nuclei were dissected in addition to SO cells collected from
random locations in the ovule section. Bar = 50 mm. C, Seven classes
of gene expression observed in the aRNA from the three laser-captured
samples using RT-PCR to detect a suite of low-level-expressed ovary
test genes. The number of genes in each class is indicated on the
bottom right. D to G, In situ analysis in H. praealtum ovules of a LOX
gene, one of three AI cell-expressed genes from class II in C. Antisense
(AS) probes were used in D and F and control sense (S) probes in E and
G. In situ analysis of the other two genes in H. praealtum and in sexual
H. pilosella are shown in Supplemental Figure S3. Bar = 20 mm.
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apomictic Hieracium spp. concerning both possibilities
is inconclusive. Cytological studies using aniline blue
indicate the AI cell lacks detectable callose in its cell
wall, similar to that of FMs. This contrasts with callose-
rich cell walls of MMCs in examined sexual and apo-
mictic Hieracium subgenus Pilosella species (Tucker
et al., 2001). The Arabidopsis (Arabidopsis thaliana)
SPOROCYTELESS:GUS marker construct is expressed
in the MMC of sexual and apomictic Hieracium spp.
but not in AI cells (Tucker et al., 2003). The DISRUP-
TION OF MEIOTIC CONTROL1 (DMC1) gene, which
is required for interhomolog recombination during mei-
osis (Couteau et al., 1999), is expressed in the MMCs of
sexual and apomictic Hieracium spp. but is undetectable
in AI cells via in situ hybridization (Okada et al., 2007).
While these data imply the AI cell is unlikely to have
MMC identity, and more likely to differentiate with FM
identity, the expression of other meiosis genes has not
been examined. Thus, the possibility that the meiotic
pathway may initiate and deviate at other stages in de-
veloping AI cells cannot currently be excluded. The
possibility that in apomictic Hieracium spp. AI cells
possess an FM-type identity is also unresolved due to the
limited availability of megaspore-specific markers to test
this. The Arabidopsis FM marker pFM1 (Acosta-García
and Vielle-Calzada, 2004) has been introduced to sexual
and apomictic Hieracium spp. but is not expressed in
ovules (Koltunow et al., 2011a, 2011b). Collectively,
these analyses highlight the current paucity of cell
type-specific markers and ovule EST sequence infor-
mation pertaining to early apomictic development in
aposporous Hieracium spp.

In this study, we used laser capture microdissection
(LCM) and 454 pyrosequencing of the isolated and
amplified RNA (aRNA) to examine gene expression
in enlarging AI cells and EAE sacs compared with
surrounding ovule cells during apomictic initiation in
H. praealtum. Indicative roles of each cell type were
established through comparisons of expressed se-
quences across all three cell types and analyses of se-
quence annotations derived through homology to
known genes and protein motifs. These analyses have
revealed close functional similarity between AI cells
and EAE sacs and significant enrichment of signaling
functions in surrounding sporophytic ovule (SO) cells,
which may impact on apomixis initiation and devel-
opment in aposporous H. praealtum.

RESULTS

RNA Isolated from Laser-Captured Cell Types Maintains
Representation of Low-Abundance Transcripts

LCM was used to isolate specific ovule cell types to
understand gene expression programs during apos-
porous embryo sac formation. Ovules isolated from
developing floral capitula of apomictic H. praealtum
at capitulum stages 3 and 4 were fixed, embedded,
and serially sectioned. These developmental stages

contain a high frequency of enlarging AI cells with an
undivided nucleus and EAE sacs containing two
to four nuclei developing near a megaspore tetrad
and/or degenerating megaspores (Fig. 1B; Koltunow
et al., 1998, 2000). AI cells with undivided nuclei
(Supplemental Fig. S1, A–C) and EAE sacs contain-
ing two to four nuclei were captured as independent
samples, in addition to randomly harvested groups
of SO cells spatially removed from cells undergoing
either sexual or apomictic events. These three cell
types provided RNA for comparative transcriptional
analyses (Fig. 1B).

RNA purified from the three cell types was subjected
to two rounds of linear amplification (Supplemental
Fig. S1, D and E) to produce an aRNA stock free from
genomic DNA (Supplemental Fig. S1F; Supplemental
Table S1). The quality of the aRNA was examined by
PCR for the potential to detect 100 low-copy, ovary-
enriched transcripts identified in apomictic H. praealtum
and H. piloselloides, which both possess the LOA-carrying
chromosome (Koltunow et al., 2011a; Okada et al.,
2011). The majority of these low-copy transcripts were
randomly selected from a set of clones derived
from cold plaque screening of an H. piloselloides ovule
complementary DNA (cDNA) library (Tucker et al.,
2001; see “Materials and Methods”). The remain-
der were genes with known spatial expression pat-
terns in sexual and apomictic Hieracium spp. ovules
(Supplemental Table S2).

Even though H. piloselloides-derived primers were
primarily used in reverse transcription (RT)-PCR
analyses, 75 of the low-copy ovule genes were detected
in aRNA from one or more of the three H. praealtum
ovule laser-captured cell types (Fig. 1C; Supplemental
Table S2), suggesting strong representation of low-
copy sequences in the recovered aRNA. Thirty-five of
the 75 genes were expressed in all three captured cell
types (Fig. 1C, class I), including Hieracium spp. FER-
TILIZATION INDEPENDENT ENDOSPERM, previ-
ously shown by in situ hybridization to be expressed
throughout the Hieracium spp. ovule during reproduc-
tive development (Rodrigues et al., 2008; Supplemental
Fig. S1G). The remaining 40 genes were differentially
expressed in the three cell types (Fig. 1C, classes II–VII).
Three of these, showing homology to an abscisic acid-
induced RESPONSIVE TO DESSICATION22 (RD22)-like
gene (clone 9.45; Supplemental Table S2), a COILED-
COIL NUCLEOTIDE BINDING SITE LEUCINE RICH
REPEAT (CC-NBS-LRR)-like disease resistance gene (clone
24.04; Supplemental Table S2), and a putative LIPOXY-
GENASE (LOX)-like gene (clone 27.18; Supplemental
Table S2), were observed to be up-regulated in the AI cell
by RT-PCR (Fig. 1C, class II). When quantitative real-time
PCR (Q-PCR) was used to examine expression of the three
AI cell-expressed genes and three others in the aRNA
samples, expression patterns were consistent with the
cell type enrichment patterns observed in RT-PCR, with
low-level expression of the three AI cell-enriched genes
detected in SO cell and EAE sac samples (Supplemental
Fig. S2).
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Spatial expression of the three AI cell-expressed
genes was examined by in situ hybridization in apo-
mictic H. praealtum and sexual H. pilosella during early
ovule development. Figure 1, D to G, shows the ex-
pression pattern for the LOX gene in H. praealtum. The
expression patterns of the other two genes are shown
in Supplemental Figure S3. Transcripts were difficult
to detect because of low expression levels. However,
transcripts were found in enlarged, uninucleate AI cells,
degenerating megaspores, degenerating nucellar epi-
dermal cells, and EAE sacs. By contrast, transcripts from
these three genes were not detectable by in situ hy-
bridization in sexual H. pilosella ovules undergoing the
events of megasporogenesis. This suggests that these
three genes are up-regulated in a small subset of ovule
cell types undergoing apomixis initiation and sexual
suppression in the apomict.
Because the aRNA generated from the threeH. praealtum

laser-captured ovule cell types retained a majority of
the tested low-copy ovule genes, the samples were
further processed for 454 pyrosequencing to compare
expression profiles in each cell type and to explore the
functional identity of the AI cell. The identified set of
low-level Hieracium spp. ovule sequences with known
expression patterns in the three aRNA cell types served as
useful internal controls to gauge the efficacy of tran-
script sequencing depth and assembly.

De Novo Assembly and Annotation of Expressed
Sequences in Three Ovule Cell Types

Hieracium subgenus Pilosella species currently lack a
reference genome or substantial DNA or EST public
sequence resources, and therefore expression profiling
requires the use of de novo transcriptome assembly
and characterization approaches. Relative to other
high-throughput sequencing technologies, such as
Illumina sequencing, 454 pyrosequencing technology
generates sequence reads on average 2.5 times longer,
which better facilitates de novo assembly; however,
the total read count is lower. In total, 465,191 high-
quality sequence reads with a median read length of
251 bases were obtained from the AI, SO cells, and
EAE sac samples (Table I). A de novo transcriptome
characterization strategy, encompassing three comple-
mentary in silico approaches (Supplemental Fig. S4),
was used to make qualitative comparisons between
the cell type transcriptomes and to infer distinctive
functional features of the three H. praealtum ovule cell
types. The first in silico approach explored the sequence
overlap between the three cell type transcriptomes,
irrespective of similarity to known genes or functional
annotations. This approach required the assembly of
sequence reads into cell type contig sets as described
below. The second and third approaches mapped
expressed sequences or contigs to known protein do-
main and gene annotations and contrasted cell type
transcriptomes in pairwise comparisons of these an-
notations.

To compare the expressed sequence complement of
three cell types, four high-quality sequence data sets
were independently assembled using the Mimicking
Intelligent Read Assembly algorithm (Chevreux et al.,
2004; Supplemental Fig. S4), one for each cell type, in
addition to a combined set of all three cell type data
sets (Table II). A total of 8,044 sequence contigs were
assembled for captured SO cells, 8,780 for AI cells,
5,002 for EAE sacs, and 18,219 for the combined as-
sembly with median lengths of 403 to 474 bases across
all four assemblies. The number of contigs generated in
the combined assembly resulted in a total number of
distinct contigs 16% less than the sum of the three cell
type contig sets, with little gain in median contig
length. This result may suggest substantial sequence
diversity in these polyploid transcriptomes but may
also indicate insufficient continuity of coverage across
transcript lengths to achieve longer transcript assem-
bly. The set of nonredundant contigs arising from the
combined assembly was used as a consensus or point
of reference for sequence comparison between the three
cell type contig sets (Fig. 2A).

The utility and relevance of the assembled contig
sets were assessed by comparison to characterized
sequences expressed in the H. praealtum ovary and
through annotation by sequence homology to public
sequence databases. Of the low-copy ovule sequences
detected by RT-PCR in RNA amplified from each cell
type (Fig. 1C; Supplemental Table S2), between 75% to
79% of sequences were identified in the assembled cell
type contigs (Table II). The three genes shown by in
situ to be enriched in AI cells, degenerating mega-
spores, and nucellar epidermal cells (Fig. 1, D–G;
Supplemental Fig. S3) were not detected in the as-
sembled AI cell transcriptome. This may relate to the
depth of the 454-sequence data set, such that these
transcripts are below the limit of detection. In addi-
tion, the enrichment of 39-end sequences in our tran-
scriptome due to the RNA amplification process as
found by others (Wuest et al., 2010) may hamper the
identification of these sequences in the sequence read
data if the characterized transcript sequences are not
full length.

The number of unique contig sequences observed
for the EAE sac sample was approximately 30% less
than both AI cell and SO cell samples (Table II). De-
spite this, the ovary-enriched, low-abundance tran-
scripts were observed in similar proportions across all
cell types, including the EAE sac contig set (Table II).
These observations suggest that the three LCM tran-
scriptome data sets have comparable sequence coverage.
However, until a comprehensive de novo characteriza-
tion of these cell-specific transcriptomes is made possible
with deeper sequence coverage, a difference in tran-
scriptome diversity and coverage cannot be excluded.
Lack of sequence depth in this data set enforces a tech-
nical boundary on the transcripts that can be observed.
However, the detection of 75% of the tested low-
abundance ovule transcripts in the aRNA sample and
the presence of the majority of these in the assembled
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contig sequences suggest that the data set has a range of
detection that can be used to make qualitative com-
parisons between these previously unstudied cell type
transcriptomes.

The majority of contigs generated high-quality
matches through BLAST sequence alignments to the
National Center for Biotechnology Information (NCBI)
nonredundant proteins, The Arabidopsis Information
Resource 10 (TAIR10) peptide, and the Compositae EST
databases (Table III; Supplemental Fig. S4). Hieracium
species, like other Compositae, are found in the Aster-
ids, while Arabidopsis is a member of the Rosids. High-
scoring matches to both the Arabidopsis TAIR10 or
Compositae sequence databases were generated for
30% to 50% sequence contigs across the cell types, and
of the TAIR10 alignments, more than 96% of anno-
tated contigs (36% of all contigs) could be mapped to
a Gene Ontology (GO) term (Table III). The unanno-
tated remainder may contain novel transcripts uni-
que to Hieracium spp., incorrectly assembled contigs,
or contigs lacking sufficiently long stretches of cod-
ing sequence to derive high-scoring cross-genome
alignments.

Although the aim of this study was qualitative com-
parison and de novo characterization and not quanti-
tative profiling of transcripts, sequence read number
per contig was compared with estimates of transcript
abundance generated by Q-PCR for 15 randomly se-
lected contig sequences, five contigs from each of the

three cell type assemblies. For these tested candidates,
the average correlation between read counts and
Q-PCR for each cell type was high (R $ 0.9; Table II;
Supplemental Fig. S5).

Collectively, these results suggest that the assembled
contig sets generated from 454 sequencing of apomictic
H. praealtum LCM-derived samples contain cell type-
specific sequences corresponding to known transcripts
from other databases, in addition to unknown and un-
annotated sequences.

Sequence Similarity and Overlap in Pairwise Comparisons
of Cell Type Contigs

The first in silico approach explored sequence simi-
larity between the three assembled ovule cell type
transcriptomes using the total combined contig set
(Table II) as a point of reference. Sequence similarity
was identified through BLASTn analysis (E value #
1E–10) across at least 80% of the smaller contig length.
The results are presented as a Venn diagram (Fig. 2A),
where the numbers represent the unique contigs from
the combined contig assembly (total 18,219) observed
in each cell type (Table II). In this approach, 93.7%
(17,066) of the combined contig set (Table II) matched
at least one contig in any cell type contig set (Fig. 2A),
and 1,754 contigs were shared across all three cell
types.

Table II. Summary of contigs assembled from RNA sequencing of three apomictic H. praealtum ovule cell types and a combined aggregate of their
reads

SO Cells AI Cells EAE Sacs Combined

Total contig no. 8,044 8,780 5,002 18,219
Median contig length (bp) 474 453 403 487
Hieracium spp. low ovary-expressed genes observeda 55/69 44/54 40/53
Correlation with Q-PCRb 0.96 6 0.05 0.92 6 0.12 0.98 6 0.03
Combined contigs matched in each cell typec 6,299 6,778 3,989 17,066
AI contigs matched in other cell typesc 3,291 2,557 6,778

aNumber of low-expressed ovary-enriched genes found in assembled contigs is divided by the number of genes confirmed by RT-PCR analysis
found in aRNA used for 454 sequencing (Fig. 1C; Supplemental Table S2). bCorrelation of the number of normalized sequence reads in
assembled contigs and their expression in the three LCM samples by Q-PCR. Five randomly chosen contigs were compared for each cell type
and Pearson correlation with SD is shown. cContig sequences were considered matched if reaching a BLASTn E value threshold less than 1E–10

and minimum of 80% overlap.

Table I. Summary of RNA sequencing reads generated from apomictic H. praealtum laser-captured ovule
cell types and their annotation with known protein domains

SO Cells AI Cells EAE Sacs

High-quality reads 167,628 183,420 114,503
Median read length 264 260 216
Sequences unique to cella 61,652 68,692 42,516
Reads with Pfam matchb 38,667 (23.1%) 42,962 (23.4%) 17,924 (15.6%)
Unique Pfam domains matched 1,570 1,552 981

aSequences were deemed nonunique if sequence alignment with BLASTn (E value threshold , 1E–10)
found a minimum 80% overlap with a sequence in another cell type. bSequences aligned to the Pfam
protein families database (version 26.0; Punta et al., 2012) with BLASTx (E value threshold , 1E–5).
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Approximately 40% (2,684) of all AI cell-matched
contigs (6,778) were specific to the AI cell (Fig. 2A).
In this respect, proportions of contigs uniquely ob-
served in EAE sacs and SO cells were 22.7% (905) and
39.4% (2,481), respectively (Fig. 2A). Of the AI cell
contigs also seen in other cell types, 22.7% (1,537) of
these were specific to the AI and SO cell overlap
compared with 11.8% (803) that were specific to the AI
and EAE sac overlap. SO cells also shared more con-
tigs uniquely with AI cells (24.4%) than with EAE
sacs (8.4%). From the perspective of the EAE sac

transcriptome, there were slightly more contigs unique
to the overlap between EAE sacs and AI cells (803)
than there were unique to the overlap between EAE
sacs and SO cells (527; Fig. 2A). Thus, in terms of
similarity of expressed sequences, the EAE sac tran-
scriptome bore greatest similarity to the AI cell, while
the AI and SO cell transcriptomes shared greater se-
quence overlap than either of their pairwise sequence
comparisons with EAE sacs.

Protein Domain Annotations of Unassembled Sequences
Show Cell Type-Specific Enrichment in Signaling and
Protein Metabolism

The second in silico approach investigated each cell
type for specific protein domain signatures that may
reflect distinctive functional attributes. We analyzed
the set of high-quality unassembled sequences from
each cell type using Pfam, the protein domain se-
quence database resource (Punta et al., 2012). Reads
from the SO cells, AI cell, and EAE sac samples could
be mapped to 1,570, 1,552, and 981 Pfam domains,
respectively (Table I). Significantly enriched Pfam do-
mains for each cell type were identified in pairwise
contrasts between the three cell types (Supplemental
Fig. S4) and annotated for GO categories. Supplemental
Table S3 shows the set of significantly enriched Pfam
domain annotations in each cell type with associated
GO terms.

In the context of enriched Pfam domains with GO
annotations, the greatest distinctions could be found
in comparisons between EAE sacs and SO cells, with
a total of 23 Pfam domains showing differential
frequencies between these two cell types. Of the 15
domains that show enrichment in EAE sacs, nine
represent either small or large subunits of the ribo-
somal complex (Supplemental Table S3), and as such,
all are associated with the GO molecular function term
of structural constituent of ribosome (GO:0003735).
Most other domains found enriched in the EAE sac
data relative to SO could be grouped under the GO
parent terms of hydrolase activity (GO:0016787) or
transition metal ion binding (GO:0046914), with the
latter enriched in cytochrome P450 (iron binding) and
plastocyanin-like (copper ion binding) domains. Each
of these domains has been identified as an important
catalytic component in a broad range of physiological,
developmental, and signaling pathways in plants.

Comparison of the AI cell with SO cells showed
enrichment of ribosomal protein Pfam domains in the
AI cell, similar to that found in the EAE sacs relative to
SO cells. However, the AI cell was also enriched for Pfam
domains implicated in ubiquitin-dependent protein de-
gradation. The ubiquitin proteasome protein catabolic
complex is involved in diverse developmental pro-
cesses, including regulation of auxin (for review, see
Vierstra, 2012) and jasmonate signaling (Xie et al., 1998),
pathogen resistance (Austin et al., 2002), cell cycle pro-
gression, and gametophyte development (Honys and

Figure 2. Hieracium spp. ovule cell type contig sequence comparisons
and analysis of ribosomal and ubiquitin-associated gene expression in
Arabidopsis ovules. A, Venn diagram showing numbers of contigs from
the combined Hieracium spp. cell type assembly aligning to the cell
type transcriptome contigs. Matching contigs were identified through
pairwise sequence comparison as those that met a BLASTn threshold (E
value# 1E–10) for at least 80% of the length of the shorter contig. Where
equally high-scoring or redundant matches were found, a single match
was counted. Contig sequences were compared with databases with
annotation and pairwise GO analyses. Statistics for these analyses are
presented in Table III. B, Box plots of ribosomal and ubiquitin-associated
gene expression in sexual Arabidopsis in nucellar ovule tissues com-
pared with developing female gametophytes.
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Twell, 2004; O’Brien et al., 2004; Liu et al., 2008; Jurani�c
et al., 2012). The S-phase Kinase-Associated Protein 1
(SKP1) Cullin F-Box protein E3 ligase complex marks
target proteins for degradation via ATP-dependent co-
valent attachment of ubiquitin. Enrichment of SKP1
proteins in the AI cell was represented by enrichment of
the POZ domain (Skp1_POZ) found at the N terminus
and the SKP1 dimerization domain found at the C ter-
minus of the protein (Supplemental Table S3).

The AI cell and EAE sac Pfam domain comparisons
showed the least differences, implying a greater func-
tional similarity. The majority of domains observed to
be enriched in the SO cell sequence set relative to EAE
sacs were similarly enriched in SO cells relative to the
AI cell, also supporting closer functional association
between AI cells and EAE sacs relative to SO cells. The
only domain showing statistically significant enrich-
ment in AI cells relative to EAE sacs was the WD40
protein domain. This domain has been implicated in
female gametophyte development (Shi et al., 2005) and
is known to function in creating protein scaffolds and
facilitating protein interactions in multiprotein com-
plexes such as the E3 ligase complex (Smith et al.,
1999). Pectinesterase, Cys protease, and the profilin
domain were enriched in EAE sacs relative to the AI
cell sequence set, which may relate to events of embryo
sac growth and expansion. The profilin domain is im-
plicated in actin binding, commensurate with the abun-
dance of actin cytoskeletons in two- and four-nucleate
embryo sacs during megagametogenesis (Webb and
Gunning, 1994).

Collectively, analysis of protein domains that could
be annotated in unassembled reads from the three
captured cell types suggested that the SO cell tran-
scriptome was functionally distinct from those of the
AI and EAE sac, predominately in signaling and ri-
bosome- and ubiquitin-related domains, while high-
lighting substantial functional overlap between the AI
cell and dividing EAE sacs.

Annotation of Assembled Contigs Shows Closest
Functional Identity Exists between AI Cells and EAE Sacs

In a third in silico approach, we associated contigs
to GO annotations through sequence homology and
sought to identify GO terms that showed specific cell
type enrichment using pairwise comparisons. All contig
sets showed comparable GO annotation rates ranging
from 65% to 74% (Table III). GO enrichment analysis
was completed in two complementary stages; the first
was a commonly used singular GO term enrichment
analysis (SEA) utilizing a Fisher exact test for increased
frequencies of individual terms in an input list relative
to a background list (Ashburner et al., 2000; Du et al.,
2010). While a commonly used and powerful approach,
SEAGO analyses consider individual GO term frequencies
in isolation against the full GO hierarchy and therefore can
struggle to identify statistically significant evidence of en-
richment for more specific, but less frequently observed,
child terms. To address this, nested GO analysis using
nested Expression Analysis Systematic Explorer (nEASE)
was also used (Chittenden et al., 2012). This approach
restricts testing to within significant terms found in the
first stage (SEA) and uses related GO terms and similarly
annotated genes to better discriminate enrichments at
more specific GO terms. These approaches have been
shown to provide greater sensitivity to detect biologi-
cally relevant functional themes in human cancer ex-
pression profiling (Zhang et al., 2010; Chittenden et al.,
2012). The full results of the GO enrichment analysis
from both singular and nested analyses are presented in
Supplemental Table S4.

Interestingly, there were no statistically significant
(P # 0.05) differences in GO term counts identified in
the reciprocal pairwise comparison between AI cell
and EAE sac derived annotations. This implied close
functional identity between these two cell types
(Supplemental Table S4) but does not necessarily mean
that the same genes are expressed in both samples,
and clearly all cell type contig sets contain subsets of

Table III. Annotation of contig sequences assembled from apomictic H. praealtum ovule cell RNA and the expression profiles of corresponding
Arabidopsis homologs in Arabidopsis ovules

SO Cells AI Cells EAE Sacs

Total contig no. 8,044 (100%) 8,780 (100%) 5,002 (100%)
Contigs with NCBI nonredundant protein matcha 6,259 (77.8%) 6,481 (73.8%) 3,396 (67.9%)
Contigs with Compositae EST matchb 3,071 (38.2%) 3,050 (34.7%) 1,656 (33.1%)
Contigs with Arabidopsis peptide matchc 4,068 (50.6%) 3,953 (45.0%) 1,893 (37.8%)
Contigs with Arabidopsis GO annotation 4,032 (50.1%) 3,896 (44.4%) 1,820 (36.3%)
Unique Arabidopsis array probes matchedd 7,420 (100%) 6,706 (100%) 3,911 (100%)
Expressed in Arabidopsis nucellus or ovule at meiosis 6,673 (89.9%) 6,032 (89.9%) 3,514 (89.8%)
Differentially expressed between Arabidopsis nucellus and ovule at meiosis 259 (3.5%) 210 (3.1%) 160 (4.1%)
Expressed in Arabidopsis female gametophyte or postmeiotic ovule (FG2-4) 6,084 (82.0%) 5,746 (86.4%) 3,249 (83.1%)
Differentially expressed between Arabidopsis female gametophyte and

postmeiotic ovule (FG2-4)
1,004 (13.5%) 961 (14.3%) 547 (14.0%)

aContigs with a BLASTx E value threshold less than 1E–5 to the NCBI nonredundant protein database. bContigs with a BLASTn E value threshold less
than 1E–10 with a minimum sequence overlap of 80% to the Compositae Genome Project EST collection (http://compgenomics.ucdavis.edu). cContigs
with a BLASTx E value threshold less than 1E–5 with a minimum sequence overlap of 80% to Arabidopsis (TAIR10). dUnique Arabidopsis Agilent
4x44K array probes targeting Arabidopsis homologs of H. praealtum RNA contigs assembled from each cell type.
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unique expressed sequences (Fig. 2A). The subsets of
contig sequences unique to AI and EAE sacs were
further explored, and annotation rates and GO results
were concordant with comparisons of the full cell type
contig sets. Therefore, these unique sequences may
represent different sequence mappings to similar gene
sets, poorly annotated sequences, or species-specific
sequences.
The pairwise comparison of EAE sac and SO cell

contig annotations yielded the greatest number of
discriminatory GO terms (Supplemental Table S4). These
findings were congruent with the prior Pfam anno-
tation analysis of unassembled sequence reads. The
enriched GO annotations of EAE sac contigs relative
to SO cells are dominated by terms related to game-
tophyte development, lipid localization, ribosome
biogenesis, translation, and gene expression, over-
lapping with many of the annotated Pfam domains.
The functional terms enriched in AI cells relative to
SO cells also shared substantial overlap with those
enriched in EAE sacs relative to SO cells; however, the
biological process of flower development was uniquely
enriched in AI cells relative to SO cells (Supplemental
Table S4).
GO enrichment terms in SO cells relative to EAE

sacs centered on functional themes of signaling, pro-
tein kinase activity and phosphotransferase activity,
transcription factors, and nucleic acid metabolism
(Supplemental Table S4). Similar functional themes
were enriched in SO cells relative to the AI cell anno-
tations, along with increased annotations related to
glycosyl hydrolysis and methyltransferase.
In summary, the pairwise comparisons between as-

sembled contig sequences from each cell type, made on
the basis of sequence similarity alone, indicated that
while the EAE sac-expressed contigs shared greater
similarity to the AI cell than SO-expressed contigs, the
AI cell shared best overlap with SO cell-expressed
contigs. In complementary annotation-based analyses
that identify functional similarity (derived GO anno-
tations), very few discriminatory GO terms from either
gene or Pfam domain annotations were identified be-
tween AI cell and EAE sac. Derived GO annotations
from contigs and Pfam domain annotations of unas-
sembled reads both suggest relative enrichment of sig-
naling pathways in SO cells and overlapping enrichment
of ribosome biogenesis, translation, and gametophyte
development in the AI and EAE sac transcriptomes.
The Pfam analysis more clearly proposes an enrich-
ment of ubiquitin pathway-associated expression in AI
and EAE sacs than the contig analysis. Conversely, the
contig analyses propose more extensive and specific
enrichment of terms in signaling pathways associated
with the SO cell transcriptome. This analysis suggests
that the AI cell transcriptome shares molecular signa-
tures with both the SO cell and EAE sac transcriptomes
but is functionally more similar to the EAE sac and is
consistent with the AI cell undergoing a develop-
mental transition between the SO cell type and the
EAE sac.

Expressed Genes in Apomictic H. praealtum Ovules Share
Homologs with Arabidopsis Genes Expressed Early in
Female Gametophyte Development

We investigated the possibility that the apomictic
H. praealtum ovule transcriptome assemblies contained
transcripts of general relevance to sexual ovule re-
productive cell types and whether temporal expression
patterns were shared with cell-specific expression pro-
files of comparable stages of sexual Arabidopsis female
gametophyte development. The Arabidopsis LCM ex-
pression data sets analyzed were generated with the
Agilent 4x44K Arabidopsis array and captured gene ex-
pression from the nucellus at meiosis, the whole ovule at
meiosis, the postmeiotic female gametophyte at mega-
gametogenesis containing two to four nuclei (FG2-4),
and the whole ovule at FG2-4 stage (Tucker et al., 2012a).

The Hieracium spp. cell type contigs were mapped to
Arabidopsis gene peptide sequences (TAIR10) using
BLASTx, and numbers of matches ranged from 1,893
(38%) to 4,068 (50%) across the cell type assemblies
(Table III). This corresponded to a range of between
3,911 and 7,420 unique Arabidopsis gene expression
probes on the Agilent array (44K, Table III). TheHieracium
spp. contig sets mapped to the array were found to be
dominated by Arabidopsis ovule-expressed sequences
(83%–90%; Table III). After filtering to remove genes
present in all seven data sets, radar plots were used to
examine the similarity between the three Hieracium spp.
and four Arabidopsis data sets (Supplemental Fig. S6).
Interestingly, no obvious trends were detected to suggest
that, based on Arabidopsis gene identity, the Hieracium
spp. cell type contigs were biased for expression in any
one Arabidopsis cell type.

Genes that were differentially expressed between
tissue types in Arabidopsis and could be mapped to an
H. praealtum ovule contig were also examined (Table
III; Supplemental Fig. S7). Genes meeting these criteria
were more likely to be differentially expressed be-
tween the FG2-4 and whole ovule sample, compared
with the nucellus and its corresponding whole ovule
sample (Table III; Supplemental Fig. S7). Many of these
genes encoded ribosomal subunits. Analyses of the
expression of ribosomal genes in Arabidopsis ovules
showed that most ribosomal genes are decreased in
abundance in the Arabidopsis nucellus relative to other
tissues, but ribosomes become more abundant in the
female gametophyte at FG2-4 during early mitotic events
(Fig. 2B). Thus, the enrichment of ribosomal genes in
cell types undergoing female gametophyte development
in sexual Arabidopsis parallels the enrichment of ribo-
somal genes in AI cells and EAE sacs in apomictic
H. praealtum relative to other ovule cell types during
EAE sac development.

We next queried the expression of ubiquitin-
associated genes in the Arabidopsis nucellus relative
to other Arabidopsis ovule tissues. Figure 2B shows
that ubiquitin-associated genes are slightly more enriched
in the nucellus comparedwith other ovule tissues (Fig. 2B).
Reciprocal best BLAST analyses between the 329 probes
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associated with ubiquitin processes on the Arabidopsis
array and Hieracium spp. AI cell, SO cell, and EAE sac
contigs show that 16 are found only in the AI cell rel-
ative to eight in the SO cell and four in EAE sacs. Genes
expressed in the AI cell-only category were RELATED
TO UBIQUITIN1 (RUB1) and SKP1-like and included
some ubiquitin protein ligases, which is consistent with
the enriched ubiquitin- associated domains found in the
Pfam analyses (Supplemental Table S3). However, in
apomictic H. praealtum, ubiquitin-associated sequences
are enriched in both AI cells and EAE sacs (Supplemental
Table S3; Fig. 3).

Taken together, these comparisons of gene expres-
sion in ovules of sexual Arabidopsis and apomictic H.
praealtum at comparable stages of gametophyte devel-
opment show high similarity in sequence identity of
expressed genes. However, their differential behavior
in the tissue sets is not absolutely conserved. This may
be due to a combination of differences in the evolu-
tionary distance between the two species, ploidy of the
embryo sac structures (i.e. the diploid H. praealtum EAE
sac versus the haploid meiotically derived Arabidopsis
female gametophyte), differences in the developmental
stage of the tissues collected, and possibly heterochronic
ovule gene expression relating to aposporous embryo
sac growth.

Meiosis and Megaspore Gene Homologs Are Not Found in
Enlarging AI Cells

We utilized the significant annotation overlaps
between Arabidopsis and Hieracium spp. to directly
query data sets for putative homologs in each captured
sample to further investigate indicative AI cell func-
tions. First, we queried whether the AI transcriptome
bears similarity to that of the MMC or FM (Fig. 1A).
Annotation of the AI cell and EAE sac contigs did not
yield any GO annotations related to meiosis function.
We directly queried the contig set and the unassem-
bled read set for currently known genes characteristic
of and/or required for function of these meiotic and
postmeiotic cell types. Transcripts resembling meiosis
genes that are highly conserved in plants and animals,
such asDMC1, SPORULATION11, RAD50,ASYNAPTIC1,
andMUTS HOMOLOG4 (Schwarzacher, 2003), were not
observed in any of the cell type transcriptome sequence
sets. Other genes required in meiotic cells of Arabi-
dopsis, including SOLO DANCERS, SWITCH1/DYAD,
MULTIPOLAR SPINDLE1, SPOROCYTELESS/NOZ-
ZLE, MUTL-HOMOLOG1, REC8, PARTING DANCER,
and TARDY ASYNCHRONOUS MEIOSIS, were simi-
larly not detected. Furthermore, homologs of Arabidopsis
FM genes, CHROMATIN-REMODELING PROTEIN11,
FM, MNEME, MtN3, and ARABINOGALACTAN PRO-
TEIN18 gene transcripts were not observed in the AI
cell transcriptome (see Supplemental Table S5 for Arabi-
dopsis gene identifiers). As sequence coverage in this
study is not saturating, we investigated the possibility
that these meiosis-associated genes are expressed in

the ovule at levels below the detection threshold of the
data set. Of the 19 Arabidopsis meiosis-related homo-
logs investigated, 16 were represented by probes on the
array and seven were detected with robust expression
values (greater than the median of all probes) within the
Arabidopsis ovule samples. As mentioned above, low-
abundance transcripts are observed in the H. praealtum
ovule data set. These ovule contigs were successfully
mapped to many putative Arabidopsis homologs show-
ing abundance in the Arabidopsis ovule less than the
median expression value. While it is still possible that
some of these transcripts are present at levels below the
range of detection of expression of this data set, it would
be expected that sequencing depth is sufficient to detect at
least the seven conserved candidates with robust tran-
script abundance in the Arabidopsis ovule. The absence of
any of the known transcripts required for meiosis and FM
function in the AI cell suggests it is unlikely to be un-
dergoing either a meiotic or FM developmental program.

Unique Developmental Regulators Are Expressed in
Developing AI Cells as Revealed by GO Analysis

To interrogate the possible molecular functions of the
AI cell further, we examined more closely the Arabidopsis

Figure 3. Summary of enriched gene functional categories in the three
apomictic ovule cell types from Pfam and assembled contig analyses.
The uninucleate AI cell and EAE sac containing two to four nuclei
(shaded red) show preferential enrichment of functional terms shown
inside the black dashed ovals surrounding them. They share many
functional terms indicated within the red dashed oval surrounding
both cell types. The remaining terms in the ovule cartoon relate to
significant functional categories found in the SO cells. This comple-
ment of functional categories results in the demise of the adjacent
sexually derived haploid megaspores (yellow).
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genes identified by sequence homology found to be
differentially present in the three ovule cell types. To
guide this investigation, we focused on genes associated
with the statistically significant GO terms uncovered by
the nEASE in pairwise comparisons involving the AI
cell (Supplemental Table S4). This analysis had identi-
fied six GO terms in the AI and SO cell pairwise com-
parison and none in the AI and EAE sac comparison
(Supplemental Table S4). SO-enriched terms included
carbohydrate metabolic process and methyltransferase
activity, while AI-enriched terms included flower de-
velopment, gametophyte development, multi-organism
process, and lipid localization. Notably, lipid localiza-
tion, multi-organism process, and gametophyte devel-
opment was also enriched in EAE sacs relative to SO
cell by nEASE; Supplemental Table S4). The list of genes
underlying these terms was filtered to remove the genes
identified in both AI and SO cell transcriptomes, leav-
ing the annotations specific to the AI, EAE sacs, or SO
cell type. These annotations were also queried for evi-
dence of expression in Arabidopsis early ovule tissues
as assessed by the 44K array (Supplemental Table S6;
Tucker et al., 2012a).
The AI cell exhibits enriched expression of putative

homologs of Arabidopsis histones, histone acetyl, and
deacetyl transferases and floral genes involved in
chromatin function and gene silencing via small
RNA pathways (DICER2-like; Supplemental Table S6).
Members of chromatin complexes regulating expres-
sion of auxin-related genes, meristem maintenance,
and auxin efflux were observed. A putative homolog
of UNFERTILIZED EMBRYO SAC5 (UNE5), a stress-
induced protein thought to be involved in secretory
pathways, was also observed. Mutations in UNE5 in
Arabidopsis lead to defective fertilization in embryo
sacs (Supplemental Table S6; Pagnussat et al., 2005).
Rho GTPase-like genes were found, and these act as
molecular switches that control cytoskeletal dynamics
and influence pollen tube tip growth and animal cell
movement in spatial cell zones. Their expression may
suggest potential involvement in the directional growth
of AI cells toward sexual cells during sexual suppression
(Kenneth and Duckett, 2012; Supplemental Table S6).
Both AI cells and EAE sacs are enriched in expres-

sion of genes resembling those involved in the cell
cycle G-to-M transition (CELL DIVISION CYCLE5-like)
or found in root and shoot meristematic regions
(TRANSLATIONALLY CONTROLLED TUMOR PRO-
TEIN-like). A homolog of EMBRYO SAC DEVELOP-
MENTAL ARREST27 (EDA27) was enriched in both
cell types. Mutations in EDA27 lead to unfused polar
nuclei. Interestingly, a putative homolog of the basic
helix-loop-helix BEL1-like gene EOSTRE (AT2G35940;
Supplemental Table S6) was detected in AI cells and
two to four nucleate EAE sacs. Transcripts of this gene
are not detected during mitosis in Arabidopsis embryo
sacs. Ectopic expression of EOSTRE results in abnor-
mal nuclear migrations, and one of the synergids is
converted to a second egg cell in 10% to 15% of cases
(Pagnussat et al., 2007). Embryo sac formation in

apomictic Hieracium spp. also exhibits abnormal nu-
clear migration and conversion of synergids to eggs,
leading to corresponding frequencies of polyembry-
onic seed formation (Koltunow et al., 1998, 2000). This
may reflect a misexpression of a similar gene during
apospory; however, expression comparisons with sex-
ual Hieracium spp. embryo sacs are needed to confirm
this.

In general, this expanded in silico analysis of genes
underlying terms found through nested GO enrichment
highlights the similarity in mitotic embryo sac-like
programs between AI cells, EAE sacs, and Arabidopsis
embryo sacs (Supplemental Table S6) and reveals po-
tential ectopic gene expression and/or possible gene
recruitments that may influence features of AI cell gene
expression and fate.

Stress and Disease Resistance-Like Gene Expression in AI
Cells and EAE Sacs

AI cells and EAE sacs also appear to exhibit expres-
sion of homologs of genes not evident in Arabidopsis
embryo sacs at two to four nucleate stages from array
analyses (Supplemental Table S6). These include absci-
sic acid stress-inducible genes thought to function in
autophagy, a CONSTITUTIVE DISEASE RESISTANCE1-
like homolog, and pathogenesis-associated lipid transfer-
like proteins (Supplemental Table S6). Homologs of
other genes involved in responses to salt, ozone, other
abiotic stresses, and pathogen infection were evident in
AI cells and/or EAE sacs (Supplemental Table S6). The
significance of this is unclear and may reflect involve-
ment in aspects of H. praealtum aposporous embryo sac
growth. However, homologs of three genes that fit into
this “stress-pathogen” category include an abscisic acid-
induced RD22-like gene, a CC-NBS-LRR-like resistance
gene, and a putative LOX gene coordinately up-
regulated in the AI cell, degenerating nucellar epider-
mal cells and megaspores in apomictic ovules. These are
undetectable by in situ in sexual ovules, suggesting as-
sociation with apomictic initiation and sexual suppres-
sion (Fig. 1, D–G; Supplemental Fig. S3). The functional
associations of such stress and pathogenesis-related
genes in apomictic events warrant further investigation.

DISCUSSION

Apomixis Control and Transcriptional Analyses of
Apomixis Events

Reproductive events in ovules are controlled by cell-
autonomous and nonautonomous pathways (Drews
and Koltunow, 2011). Apomixis has evolved many
times in flowering plants (Carman, 1997), and most of
the suites of observed mechanisms are controlled by
dominant genetic loci. Apomixis is proposed to be
manifested by recruiting the sexual machinery in a
heterochronic manner so that the events of meiosis and
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fertilization are bypassed (Koltunow and Grossniklaus,
2003; Sharbel et al., 2010; Koltunow et al., 2011a;
Tucker et al., 2012b). Genetic and epigenetic mecha-
nisms have been proposed to regulate apomixis, with
the apomixis loci postulated to influence global and cell
type-specific processes during the chronology of re-
productive events leading to seed formation (Koltunow
and Grossniklaus, 2003; Catanach et al., 2006; Okada
et al., 2011; Rodriguez-Leal and Vielle-Calzada, 2012).

To date, approaches aimed at understanding gene
expression in apomicts, whose genomes currently re-
main unsequenced, have involved the use of RNA
extracted from florets or microdissected ovules and
analyses involving differential screening and compar-
ative cDNA sequencing (Vielle-Calzada et al., 1996;
Tucker et al., 2001; Rodrigues et al., 2003; Albertini
et al., 2004; Singh et al., 2007; Cervigni et al., 2008;
Laspina et al., 2008). More recently, high-throughput
RNA sequencing technologies have been employed
(Sharbel et al., 2009, 2010). Deep-sequencing analyses
in microdissected diploid sexual and apomictic Boechera
spp. ovules, which undergo diplospory, have identi-
fied a down-regulation of gene expression in apomictic
ovules relative to sexual ovules around the time of
MMC development and its switch to mitotic embryo
sac formation. However, there was no obvious de-
velopmental pathway or timing change that could
simply explain the shift to apomixis. Transcription
factors were overrepresented among apomixis-specific
genes, suggestive of large-scale regulatory changes in
apomictic ovules (Hofmann, 2010; Sharbel et al., 2010).

Depending on the aposporous species, timing of AI
cell development may occur at various stages in relation
to the temporal sequence of sexual events. In some spe-
cies, the sexual pathway persists even though apospo-
rous embryo sacs form (Koltunow and Grossniklaus,
2003). We were unable to find obvious commonality of
gene expression categories in our apomicticH. praealtum
ovule cell transcriptomes compared with the available
transcriptome information from aposporous grass
species Poa pratensis, Paspalum notatum, and Pennisetum
glaucum (Albertini et al., 2004; Laspina et al., 2008; data
not shown). This may reflect sequencing depth and
associated limitations in the ability to resolve differ-
ential expression in AI cells or unreduced female ga-
metophytes in the complex starting material employed
in those studies. Apospory may also involve changes
in a subset of commonly expressed genes in sporo-
phytic and gametophytic cells whose action is reflected
at the posttranscriptional or protein level. Alterna-
tively, apospory in grass species and eudicot Hieracium
spp. may result from different molecular mechanisms.

While studies in whole ovules may indicate associ-
ation of candidate pathways with apomictic repro-
duction, the cells involved in the process form a small
percentage of the total ovule cell mass, spatial valida-
tion by in situ does not feature in some studies, and
functional validation is limited by the ability to trans-
form the species. Isolation of specific cell types enables
direct transcriptional comparisons (Kerk et al., 2003;

Day et al., 2005). Here, we have confirmed the efficacy
of LCM in combination with 454 pyrosequencing,
bioinformatic analyses, and in situ hybridization to
explore transcriptomes of two apomictic cell types, the
AI cell and the EAE sac of H. praealtum in relation to
SO cells not participating in these events. We also
compared our expression data with various ovule cell
types isolated by laser capture from Arabidopsis.

The Enlarging AI Cell Is Transitioning to a Mitotic Embryo
Sac Program prior to Nuclear Division

While the transcriptome sequence data sets obtained
from the laser-captured H. praealtum ovule cell types
were not saturating for quantitative analyses, low-
abundance and cell-specific transcripts and protein
domains were identified in conjunction with a range of
putative homologs found in ovules of other sexual
species. The presence of low-abundance transcripts and
overlaps with putative ovule-expressed homologs sug-
gests that this data set can provide useful insights into
discriminating cellular functions of the enlarging AI
cell. GO categories enriched in each examined cell type
are summarized in Figure 3. These enrichments were
identified through pairwise comparison of the three cell
types (AI to SO cell, AI to EAE sac, and EAE sac to SO
cell) and showed that the AI cell transcriptome displays
a similar functional profile to the EAE sac transcriptome.

The AI cell transcriptome does not exhibit expres-
sion of meiosis-associated genes that are conserved in
many plant species. Relative to SO cells and EAE sacs,
the AI cell is enriched in GO terms related to flower
development, with underlying gene homologs, in-
cluding histone acetyl transferases and histone deace-
tylases, MADS box genes, and participants in auxin
signal transduction. However, both the AI cell and
EAE sacs share significant overlaps in GO functional
categories and protein domains that are quite distinct
from those seen in SO cells. The AI cells and EAE sacs
are significantly enriched in gametophyte develop-
ment functions, translation, ribosome biogenesis, and
ubiquitin proteasome function (Fig. 3). Both cell types
express homologs of a number of genes involved in
Arabidopsis female gametophyte development. Ribo-
some biogenesis is increased in AI cells and EAE sacs
of H. praealtum and also during female gametophyte
development in Arabidopsis, consistent with the re-
quirement of ribosomal genes for progression of the
gametophytic cell cycle (Shi and Yang, 2011). Devel-
oping Arabidopsis embryo sacs do not exhibit the up-
regulation of ubiquitin-associated pathways evident
in aposporous H. praealtum AI cell and EAE sac tran-
scriptomes. Collectively, the absence of detectable
meiosis gene expression and the significant overlap in
homologs of genes involved in female megagametophyte
development in the AI cell and EAE sac suggests that
the enlarging AI cell is transitioning to and acquiring an
embryo sac fate even though it has not yet undergone
nuclear division.
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Sporophytic Influences on AI Cell Differentiation and
Aposporous Embryo Sac Development

Signaling from SO cells, involving both genetic and
epigenetic networks, plays a major role in both pro-
moting and restricting the number of cells with spo-
rogenic potential that can initiate female gametophyte
development in premeiotic ovules of sexual species
(Armenta-Medina et al., 2011; Bencivenga et al., 2011).
Disruption of pathways involving Leu-rich receptor-
like kinases (RLKs) and their ligands, ARGONAUTE
proteins, and other members of small RNA pathways,
in addition to DNA methyltransferases in sporophytic
tissues of premeiotic Arabidopsis, rice (Oryza sativa),
and maize (Zea mays) ovules, can result in failure of
MMC formation or the development of multiple MMC-
like or megaspore-like cells (Nonomura et al., 2003,
2007; Zhao et al., 2008; Garcia-Aguilar et al., 2010;
Olmedo-Monfil et al., 2010). Disruption of sporophytic
ARGONAUTE function in maize can lead to a change
in MMC cell fate such that it bypasses meiosis and
undergoes mitosis forming a diploid embryo sac
(Singh et al., 2011). Recent data suggest that integrity
of small RNA pathways in SO tissues is also important
for sequential progression between megasporogenesis
and megagametogenesis in Arabidopsis (Tucker et al.,
2012a).
SO cells in apomictic H. praealtum ovules were

enriched in signaling functions involving methyltrans-
ferases, various kinases, transporters, and other intra-
and inter-cellular signaling molecules compared with the
AI cell and EAE sacs (Fig. 3). Thus, consistent with their
predicted identity, SO cells in H. praealtum possess ma-
chinery in common with ovules of sexually reproducing
plants that may function in regulating cell specification
events during female gametophyte development. The ef-
fects of altering methyltransferase or RLK activity and the
composition of the ARGONAUTE protein family in
apomictic and sexual Hieracium spp. ovules are currently
unknown. Alterations in SO pattern formation in apo-
mictic Hieracium spp. arising from targeted cellular abla-
tion, disruption in polar auxin transport and auxin
perception (Koltunow et al., 2001; Tucker et al., 2012b),
and mutation (Koltunow et al., 2011a) influence the
number and position of AI cells formed and progression
of aposporous embryo sac formation. AI formation
within the ovule is dependent upon LOA function after
the initiation of sexual meiosis (Koltunow et al., 2011a).
The enriched classes of signaling molecules identified
here, such as kinases that influence female gametophyte
development in sexual systems, may thus influence the
capacity of SO cells to respond to LOA in apomictic
Hieracium spp.

Roles of Ubiquitin Proteasome Pathways in Meiotic
Avoidance and Apomixis

The anaphase-promoting complex/cyclosome (APC/
C) is an evolutionarily conserved E3 ubiquitin ligase

critical for cell cycle progression by degrading cell
cycle proteins. The enrichment of ubiquitin protea-
some components in AI cells observed in this study
during their growth and transition to mitotic events
of embryo sac formation is in keeping with its func-
tion in mitotic cell types. The Arabidopsis protein
OMISSION OF THE SECOND DIVISION1 (OSD1) is
associated with and negatively regulates the APC/C.
OSD1 functions in both divisions of meiosis and, in-
terestingly, loss of its function leads to omission of the
second meiotic division. In osd1cyclin A1;osd1cyclin A2
double mutants, the first and second meiotic divisions
are avoided (d’Erfurth et al., 2009, 2010).

Genomic sequences tightly linked to the apospory
locus in tetraploid St John’s wort (Hypericum perfo-
ratum) contain a truncated gene, HpARI, homologous
to Arabidopsis ARIADNE7, which encodes a ring finger
E3 ligase protein predicted to be involved in various
regulatory processes related to ubiquitin-mediated pro-
tein degradation. The HpARI marker cosegregates with
apospory but not autonomous embryo formation and is
inherited in a dominant manner in aposporous segre-
gants. Three intact “sexual alleles” are also present in
the tetraploid apomict, and these are coexpressed with
the truncated HpARI gene in a variety of plant tissues.
HpARI is proposed to act in a dominant negative man-
ner at the protein level to influence alterations in ga-
metophyte development (Schallau et al., 2010). Cys-rich
ring domains characteristic of the ARIADNE family are
found in contigs from all three apomictic H. praealtum
laser-captured ovule cell types and merit further
characterization.

A range of gene homologs up-regulated in AI cells
and EAE sacs relative to SO cells are involved in pro-
cesses regulated by the ubiquitin proteasome pathway,
including auxin and jasmonate signaling, flower de-
velopment, pathogen resistance, abiotic stress (drought),
cell cycle progression, and gametophyte development.
Thus, it is conceivable that the LOA locus may influence
this pathway in apomictic Hieracium spp.

CONCLUSION

LCM in this study has enabled an analysis of the
indicative functions of specific ovule cell types at early
stages of aposporous embryo sac formation in apo-
mictic H. praealtum. We have determined that enlarging
AI cells appear to be transitioning to a gametophytic
program prior to their first nuclear division. Future
examination of transcriptional profiles of laser-
captured cell types from sexual, apomictic, and mu-
tant Hieracium spp. that have lost LOA and/or LOP
function, in conjunction with whole ovule transcrip-
tome analysis from the same material using the depth
afforded by the Illumina short-read platform, should
provide a comprehensive, quantitative analysis of large
and small RNA pathways operating during apomictic
reproduction.
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MATERIALS AND METHODS

Plant Materials

Apomictic Hieracium praealtum accession R35 (Catanach et al., 2006; Koltunow
et al., 2011a) and tetraploid sexual Hieracium pilosella accession P36 were
grown in a glasshouse under long-day conditions with average day and night
temperatures of 25°C and 16°C, respectively (Koltunow et al., 2011a).

Tissue Fixation, Embedding, and LCM

Farmer’s fixative (ethanol:acetic acid [3:1] containing 1 mM dithiothreitol
[DTT]) was used as a fixative for H. praealtum (R35) floral tissues (Kerk et al.,
2003). Capitula were collected at stages 3 and 4 of development (Koltunow
et al., 1998), vertically bisected in ice-cooled fixative, placed under vacuum for
one hour at –75 kPa, and stored at 4°C overnight. Ovaries were dissected from
the fixed florets in 70% (v/v) ethanol and further dehydrated to 100% (v/v)
ethanol. Tissue was infiltrated at 4°C with a butyl methyl methacrylate (BMM)
solution (79.5% (v/v) n-butyl methacrylate, 20% (v/v) methyl methacrylate,
and 0.5% (w/v) benzoin methyl ether from ProSciTech with 1 mM DTT) and
ethanol in the volume ratios 1:3, 1:1, 3:1, 1:0, and 1:0, with gentle agitation for
12 h each change (Baskin et al., 1992). Individual ovaries were placed in BEEM
capsules (ProSciTech) and polymerized at –20°C under UV light (6-W lamp)
for 3 to 5 d. Serial ovule sections, 5 mm thick, were cut using glass knives with
a rotary microtome (Model 2055, Leica Microsystems), floated on sterile water
on a Leica PEN membrane-coated microscope slide, and dried at 42°C prior to
long-term storage at 4°C. BMM was removed by slide immersion in 100%
(v/v) acetone for 10 min and drying at 42°C prior to LCM. Cells were dis-
sected from sections using a Leica AS Laser Microdissection system quipped
with a 633 objective at aperture 5 to 6 and a UV laser (337-nm wavelength)
at intensity 40 to 46 and tracking speed 3 to 4. AI cells with undivided nuclei
were captured from 270 individual 5-mm sections (Supplemental Fig. S1). A
total of 100 EAE sacs containing two to four nuclei were also harvested from
5-mm sections. Clusters of approximately 50 SO cells were cut from 50 in-
dividual 5-mm ovule sections after AI cells and EAE sacs had been har-
vested. Harvested cells were collected in the cap of a 0.2-mL PCR tube, and
the RNA was either isolated immediately or the captured cells were stored
at –80°C.

RNA Isolation and Amplification from LCM Sections

Total RNAwas extracted from the captured cell types using a PicoPure RNA
isolation kit (Arcturus Bioscience) according to the manufacturer’s instructions
including the on-column DNase treatment. The RNA isolated from the three
captured samples was subjected to amplification using a MessageAmp II
aRNA Kit (Ambion). This protocol employs a linear amplification procedure
adapted from Eberwine et al. (1992) that has been shown to be robust to bias in
amplified transcript abundances (Li et al., 2004). Yields after first-round am-
plification of the samples were 1,300 ng for SO cells, 646 ng for AI cells, and
513 ng for EAE sacs. Ten percent of the first-round product was used for
second-round amplification, producing 189 mg, 154 mg, and 126 mg, for
SO cells, AI cells, and EAE sac samples, respectively. Total RNA was also
extracted from whole H. praealtum R35 ovary samples at the same stage used
for LCM using the RNeasy Plant Mini Kit (Qiagen) and subjected to ampli-
fication as a control. (See Supplemental Protocol S1 for preliminary analyses of
isolated and aRNA).

Isolation of Low-Prevalence Ovary Sequences from
Apomict Hieracium piloselloides D18 and Expression
Analysis in aRNA Samples from H. praealtum (R35)

Cold plaque screening was performed on a cDNA library made from
ovaries extracted from H. piloselloides (D18) at stages 2 to 4 of capitulum de-
velopment (Tucker et al., 2001). A bank of cDNA clones representing pre-
dominantly ovary-specific genes expressed at low levels were randomly
selected and sequenced (Tucker et al., 2001). EST sequences of 500 bp were
deposited to the NCBI database (accession nos. GO673075–GO673166).
BLASTx searches of the sequenced ESTs against the Arabidopsis (Arabidopsis
thaliana) TAIR10 peptide database (http://www.Arabidopsis.org/index.jsp)
were carried out to provide a preliminary indication of homology. E values
lower than 1E–5 were considered to represent significant similarity. Putative

clone identities using the best match to the BLAST results are presented in
Supplemental Table S2. Primer pairs were developed for each clone for use in
RT-PCR in AI cell, EAE sac, and SO cell aRNA, and these sequences are also
provided in Supplemental Table S2. Approximately 15 ng of aRNA from the
AI cell, EAE sac, and SO cell samples were used as a template for cDNA
synthesis using the MessageAmp II aRNA Kit (Ambion). RT-PCR was per-
formed using equal amounts of cDNA solution per reaction with the following
conditions: 95°C for 2 min, then 40 cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for 1 min 40 s. Amplified RT-PCR fragments using H. piloselloides primers
were cloned into the pGEM-T Easy vector (Promega) and sequenced to verify
recovery of the expected product, and more than 97% identity to the original
cDNA sequence was considered a match.

In Situ Hybridization Analysis of Selected Genes in
Ovary Sections

In situ hybridizationwas carried out as previously described by Okada et al.
(2007). Briefly, florets of H. praealtum R35 and H. pilosella P36 were collected
and fixed in a buffered 4% (w/v) paraformaldehyde solution containing 0.25%
glutaraldehyde and 1 mM DTT and embedded in BMM. Sections (3–4 mm)
were hybridized with the digoxigenin-labeled sense and antisense RNA
probes to detect transcripts from 9.45 RD22, 24.04 NLR, or 27.18 LOX genes
(Supplemental Table S2; Roche Diagnostics). Hybridization signals were vi-
sualized by overnight incubation. Microscopy and photography were con-
ducted as described by Okada et al. (2007).

454 Pyrosequencing of aRNA
from Laser-Captured Samples

First-strand cDNA was synthesized using 20 mg of aRNA for each cell type
with random hexamers, followed by second-strand cDNA synthesis using a
BG-GsuI(dT) primer: 59-GAGAGAGAGAATCCTTGCGGCCGCCTGGAG(T)16VN-39
(V = A, G, or C). The polyA tail sequences were removed by GsuI digestion
(Shibata et al., 2001), followed by phenol chloroform purification and size
fractionation of cDNAs using a Sepharose G50 column to collect cDNA
fragments greater than 150 bp. Due to the preliminary RNA amplification
step, cDNA samples were enriched for short (,500 bp) fragments. 454 se-
quence data generation was conducted by the Australian Genome Research
Facility, and the resulting sequence data sets have been deposited in the NCBI
Sequence Read Archive public database (http://www.ncbi.nlm.nih.gov/sra;
with BioSample accession nos. of SAMN01915662, SAMN01915663, and
SAMN01915664).

Quality 454 Read Filtering, Pfam Search, and
Enrichment Analysis

Raw 454 sequences were trimmed for adapter sequences, low quality, and
ambiguous bases using the Lucy algorithm version 1.2.0 (Chou and Holmes,
2001) with default parameters. Trimmed sequences less than 100 bases were
discarded. In total, 79.9% of raw sequences passed through quality filtering for
use in assembly. All quality-filtered sequence reads were used to query the
protein family database Pfam (http://pfam.sanger.ac.uk) to explore protein
domain annotations predicted in the transcriptome sequence. The use of the
larger set of sequence reads before assembly provided more direct access to
individual read count information and also provided a means for analysis
independent of the assembly algorithm. Sequence reads were translated in six
frames, and putative peptides longer than 20 amino acids were analyzed
against Pfam using a BLASTx E value threshold of 1E–5. Where multiple ac-
ceptable matches were found, each sequence was annotated by the best-
scoring Pfam domain. Pfam domains observed in at least five reads were
annotated for GO functional classes through the Pfam database and analyzed
for enrichment in pairwise comparisons between the three cell types using the
Fisher exact test (P value # 0.05) with false discovery rate correction for
multiple testing (Benjamini and Hochberg, 1995).

Contig Assembly and Gene Annotation

TheMimicking Intelligent Read Assembly algorithm version 3.2.0 (Chevreux
et al., 2004) was used for assembly with the “accurate” parameter setting. The
assembly resulted in 8,044 contigs for SO cells, 8,780 for AI cells, and 5,002 for
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EAE sacs. To generate the combined assembly, quality-filtered sequences from
the three samples were combined and assembled, resulting in 18,219 contigs.
These were further filtered to those that had an average read coverage across
their length of at least three reads. Contig sequences from the combined as-
sembly were compared against each cell type assembly, and sequences were
considered matched if they had a BLASTn hit (E value # 1E–10) across at least
80% of the smaller contig length. In cases where a combined assembly contig
strongly matched multiple contigs from the same cell type, the match was only
counted once. In this way, the combined assembly was used as a nonre-
dundant reference to generate a representation of sequence similarity be-
tween cell types (Fig. 2A). The contigs were annotated by reciprocal BLAST
to the NCBI nonredundant protein database and the TAIR10 peptide data-
base. BLAST results were filtered to those with an E value of no more than
1E–5 and a match extending at least 80% of the query- or target-matched
sequence. As Hieracium is a member of the Compositae family, the EST re-
source of the Compositae Genome Project sequence database (http://
compgenomics.ucdavis.edu/) was queried for gene annotations. The NCBI
Asteraceae (taxon identification: 4210) was also queried for annotations;
however, the Compositae Genome Project database generated substantially
more alignments and was used thereafter. Best-hit Compositae EST se-
quences were identified as those where Hieracium spp. contigs showed strong
matches (BLASTn, E value # 1E–10) across at least 80% of query or the
Compositae EST with no more than one gap, which was shorter than 5% of
total contig length. Best-hit Compositae EST sequences were annotated by
comparison with the Arabidopsis TAIR10 peptide database by BLASTx. En-
richment of GO terms in pairwise comparisons between the three cell types
was assessed by Fisher exact test (P value # 0.05) with false discovery rate
(Benjamini and Hochberg, 1995) adjustment using AgriGO (Du et al., 2010). A
second-stage GO enrichment analysis was performed using the nEASE algo-
rithm (Chittenden et al., 2012) and default parameters. nEASE aims to identify
robust GO enrichments of more specific GO terms by borrowing strength
across parent-child relationships in the GO ontology tree. An Expression
Analysis Systematic Explorer (EASE) Arabidopsis ontology reference data set
was created for this purpose from the GO annotations available at TAIR10.

Normalization of Sequence Reads to Number of the
Contigs and Validation by Q-PCR

To compare abundance of contig sequences between cell types and for
Q-PCR validation, the number of sequence reads attributable to each contig
was normalized to reads per million per kilobase. An additional normalization
factor was applied based on five ubiquitously expressed control genes,
Elongation factor1-a, Polyubiquitin, Actin2, Ubiquitin-conjugating enzyme9,
and Glyceraldehyde-3-P dehydrogenase C2, that are known to be stably
expressed in different cells and tissues (Czechowski et al., 2005). Fifteen con-
tigs and their normalized abundances were chosen for validation by Q-PCR.
The first-strand cDNA synthesized from aRNA as described above was mixed
with Absolute QPCR SYBR Green Mix (Thermo Fisher Scientific) and appro-
priate gene primers. Q-PCR was conducted in a Roter Gene RG-3000 (Corbett
Life Science). All samples were measured in triplicate. The average expression
of target genes was normalized as described by Rodrigues et al. (2008). These
data are shown in Supplemental Figure S5.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Protocol S1. LCM, RNA isolation, and amplification.

Supplemental Figure S1. Validation of quality and quantity of aRNA
from laser capture microdissected cell types from H. praealtum ovule
sections.

Supplemental Figure S2. Validation of RT-PCR data obtained for low
ovary-expressed genes in LCM samples by quantitative real-time PCR.

Supplemental Figure S3. Examination of two AI cell-detected genes, an
abscisic acid-responsive RD22-like gene and a CC-NBS-LRR-like disease
resistance gene, by in situ hybridization in ovules of sexual and apomic-
tic plants.

Supplemental Figure S4. Flow chart of bioinformatic analyses of RNA
sequencing data from each laser-captured ovule cell type with thresh-
olds and filtering as shown.

Supplemental Figure S5. Comparison of the number of sequence reads in
15 genes assembled de novo and their expression in the three LCM
samples by quantitative real-time PCR.

Supplemental Figure S6. Radar plots showing the similarity between Arabi
dopsis and apomictic H. praealtum ovule LCM data sets based on detec-
tion of TAIR10 transcripts on Agilent 4x44K arrays.

Supplemental Figure S7. Differentially expressed Arabidopsis homologs
of H. praealtum contigs from AI cell, SO cell, and EAE sac data sets.

Supplemental Table S1. Isolation of RNA from laser-captured H. praealtum
R35 apomictic ovule cell types and RNA yields after amplification.

Supplemental Table S2. Expression of low-level H. piloselloides (D18)
ovary genes in amplified AI cell, SO cell, and EAE sac H. praealtum
aRNA samples by RT-PCR.

Supplemental Table S3. Pfam enrichment analysis by reciprocal and pair-
wise comparisons between H. praealtum ovule cell types.

Supplemental Table S4. GO enrichment analysis by reciprocal and pair-
wise comparisons between H. praealtum ovule cell types.

Supplemental Table S5. Arabidopsis meiosis- and megaspore-associated
genes examined for presence in H. praealtum AI cell contigs.

Supplemental Table S6. Discriminatory gene annotations associated with
significant GO terms found through nested GO enrichment analysis be-
tween H. praealtum ovule cell types and comparison with Arabidopsis
ovule genes on Agilent 4x44K arrays.
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