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Abstract

Citrus nucellar poly-embryony (NPE) is a mode of sporophytic apomixis that asexual embryos
formed in the seed through adventitious embryogenesis from the somatic nucellar cells. NPE
allows clonal propagation of rootstocks, but it impedes citrus cross breeding. To understand the
cellular processes involved in NPE initiation, we profiled the transcriptomes and DNA methyl-
omes in laser microdissection captured citrus apomictic cells. In apomictic cells, ribosome bio-
genesis and protein degradation were activated, whereas auxin polar transport was repressed.
Reactive oxygen species (ROS) accumulated in the poly-embryonic ovules, and response to oxi-
dative stress was provoked. The global DNA methylation level, especially that of CHH context,
was decreased, whereas the methylation level of the NPE-controlling key gene CitRWP was in-
creased. A C2H2 domain-containing transcription factor gene and CitRWP co-expressed specifi-
cally in apomictic cells may coordinate to initiate NPE. The activated embryogenic development
and callose deposition processes indicated embryogenic fate of nucellar embryo initial (NEI)
cells. In our working model for citrus NPE initiation, DNA hyper-methylation may activate tran-
scription of CitRWP, which increases C2H2 expression and ROS accumulation, triggers epige-
netic regulation and regulates cell fate transition and NEI cell identity in the apomictic cells.
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1. Introduction with the exception of citrus, apple and mango. Citrus use a SA pro-

In apomictic plants, asexual embryos form without the meiosis and
gamete fusion that are required for sexual reproduction. The asexual
embryo develops from an unreduced gamete within an unreduced
embryo sac that is produced through mitosis (gametophytic apo-
mixis, GA) or directly from somatic cells surrounding the developing
sexual embryo sac (sporophytic apomixis, SA). Apomixis has been
observed in at least 400 plant species, but rarely reported in crops

cess called nucellar embryogenesis to form poly-embryonic seeds. In
this SA process, nucellar cells surrounding the embryo sac spontane-
ously develop into asexual embryos alongside the zygotic embryo.
However, the number of embryos per seed differs among poly-
embryonic citrus genotypes, from no more than two [e.g. lemon
(Citrus limon)] to as many as 30-40 [e.g. fertilized Satsuma manda-
rin (C. unshiu)]. The nucellar embryos are genetically identical to the
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maternal plant and give rise to clonal seedlings for rootstock produc-
tion and somatic mutants that are potentially useful for scion im-
provement. On the other hand, nucellar poly-embryony (NPE) is an
obstacle to conventional cross breeding because during ovule devel-
opment, the zygotic embryo may abort because of competition from
the nucellar embryos for nutrients from the endosperm. Despite the
importance of NPE to citrus propagation and breeding, the mecha-
nism of NPE remains to be elucidated.

GA has been well studied in herbaceous apomictic plants, with
the major genetic loci localized and the potential key genes identi-
fied.! Only one gene (i.e. PSASGR-BABY BOOM:-like) was found to
be a functional regulator of an essential step in GA (i.e. parthenogen-
esis).? Asexual propagation can be synthesized either by ectopic ex-
pression of BBM and substitution of mitosis for meiosis® or by
editing of the MATRILINEAL (MTL) gene (involved in fertilization)
and meiotic genes* to fix hybrid vigour and stabilize superior hetero-
zygous genotypes of crops. Microarrays and next-generation se-
quencing have been used to identify differentially expressed genes
(DEGs) in the ovules of sexual relative to GA accessions.>® In recent
years, the apomictic cells, such as apomictic initial (Al) cells and early
aposporous embryo sacs, were collected using laser microdissection
(LMD) and differences in the transcriptomes that are related to GA
were accurately profiled using RNA-Seq.”” Epigenetic regulation is
also thought to promote GA because GA-like phenotypes were ob-
served in loss-of-function mutants with deficiencies in DNA methyl-
transferases and the small RNA mediated RNA-directed DNA
methylation (RADM) pathway in maize and Arabidopsis.'*

Genetic localization of genes associated with NPE in citrus has
progressed in recent years. The NPE locus in Citrus genus was ini-
tially mapped within a 380-kb region on chromosome 4.3
Molecular markers tightly linked to NPE were also developed in the
Poncirus genus.'® The candidate NPE-controlling gene CitR WP was
identified from a more accurately defined 80-kb locus that was based
on BSA and GWAS analysis.'* Antisense suppression of CitRKD1
(i.e. CitRWP) abolished NPE in sweet orange and thus demonstrated
a key role for CitR WP in citrus NPE.'® However, the regulatory net-
works embedded in the cell fate transition and the specification that
occurs during the initiation of NPE remains to be uncovered.

Expressed sequences were previously compared in the ovules of
mono- and poly-embryonic citrus varieties.”'® We previously pro-
filed DEGs and miRNAs in ovules from two pairs of mono- and
poly-embryonic citrus varieties.!” Questions remain, however, about
the processes that occur specifically in the apomictic cells embedded
in nucellar tissue. Here, we describe genome-wide gene activity and
DNA methylation landscapes in citrus apomictic cells during differ-
ent stages of nucellar embryo initial (NEI) cell development using
LMD, whole-genome RNA-Seq and bisulfite sequencing (BS-Seq).
We gained new insights into the initiation of NPE in citrus and SA in
plants.

2. Materials and methods

2.1. Plant materials

For histological observation of nucellar embryo development, we
collected ovaries from mono-embryonic Clementine mandarin and
poly-embryonic Valencia sweet orange for the preparation of paraf-
fin sections at different stages [3 days before anthesis (DBA); 0 day
after anthesis (DAA); 3 DAA; 7 DAA; and every 7 days until seed
maturation]|. Ovaries of another six poly-embryonic varieties were
collected and sectioned at 7 DAA. The six varieties were the F1

hybrid (code 194) of ‘Hirado Buntan’ pummelo (mono-embryonic)
x Fairchild mandarin (poly-embryonic) (HBxFC cross), ‘Guoqing
No.1’ Satsuma mandarin, Red tangerine, ‘Cocktail’ grapefruit,
‘Willow leaf” mandarin and ‘Huagan No.2” Ponkan mandarin. The
NPE capacity was quantified by calculating the average number of
embryos per seed. The variety with NEI cells that were distinguish-
able by observing unstained paraffin sections with a microscope was
chosen for LMD capturing.

At an earlier stage of NEI cell development, when the sexual em-
bryo sac is undergoing mega-gametogenesis and the NEI cells are not
observable under a microscope, ovaries were harvested separately at
3 DBA from 10 mono-embryonic and 10 poly-embryonic progeny
from the segregating F1 population derived from the ‘HBxFC’ cross
(Supplementary Table S1). One biological replicate contained ovaries
that were harvested from five trees and then combined. Two biologi-
cal replicates were used for each genotype. At a later stage of NEI
cell development, when the zygote in the embryo sac is undergoing
mitosis and the NEI cells are observable under a microscope, ovules
were harvested 7 DAA from four trees of the highly poly-embryonic
Ponkan mandarin (C. reticulata Blanco) variety ‘Huagan No.2’
(Supplementary Table S1). One biological replicate contained ovaries
that were harvested from two trees and combined. Two biological
replicates were also used for each cell type at a later stage of NEI cell
development. The adult trees were all grown at the Institute of Citrus
Science, Huazhong Agricultural University (Wuhan, China).

2.2. Capturing of apomictic cells and extraction of
DNA/RNA

Paraffin section preparation, LMD capturing and the extraction of
DNA and RNA from the captured cells were conducted as previously
described.?® The specific cell lineages were captured from the
8-10 um paraffin sections of ovaries using a LMD7000 system
(Leica Microsystems). To ensure the consistency of each replicate,
equal areas of cells were captured from the ovary sections from each
tree for each replicate. RNA was exacted from the LMD captured
sections using the Arcturus PicoPure RNA Isolation Kit (Life
Technologies) and treated with the RNase-Free DNase Set (Qiagen).
DNA was exacted using the QIAamp DNA FFPE Tissue Kit
(Qiagen) and treated with RNase A (Invitrogen).

2.3. Construction of RNA-Seq and BS-Seq libraries

RNA quality was examined using the Agilent RNA 6000 Pico chip
and the 2100 Bioanalyzer (Agilent) (Supplementary Table S2). DNA
quality was examined using the Agilent High Sensitivity DNA Kit
(Supplementary Table S3). RNA was exacted from an area of
10.7-17.8 x 10° um?> LMD-captured sections for each replicate and
converted to first-strand cDNA using the SMARTer® Ultra™ Low
RNA Kit for Illumina® Sequencing (Clontech) before RNA-Seq li-
brary preparation. Approximately 100 ng of DNA combined with
lambda DNA (the negative control) was fragmented and ligated to
the cytosine-methylated adapters before bisulfite conversion using
the EZ DNA Methylation Gold Kit (Zymo Research). The libraries
were sequenced on the Illumina Hiseq 2000 platform (Novogene,
Tianjin, China).

2.4. Analysis of the RNA-Seq and BS-Seq data

Over 91.6% of the high-quality reads were mapped to the citrus

15,21

genomes, with no mismatch allowed, and assembled into tran-

scripts using HISAT (Hierarchical Indexing for Spliced Alignment of
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Transcripts) and StringTie** (Supplementary Table $4). Correlation
coefficients were calculated based on transcript abundance that was
normalized to fragments per kb of exon per million fragments
mapped (FPKM) (Supplementary Table S5). The DEGs were profiled
using edgeR>* with a false discovery rate (FDR) < 0.05 and a fold-
change > 2. Gene ontologies (GO) were assigned and enriched
(FDR < 0.05) using the web-based agriGO programme.**

The high-quality reads of BS-Seq were mapped to the citrus ge-
nome with Bismark (v0.18.0; -N 1, -L 20).>° The bisulfite non-
conversion rate (0.021-0.025) was estimated based on the bisulfite
conversion rate of the control lambda DNA (Supplementary Table
S6). The sequencing-error frequency (0.001-0.008) was estimated by
the proportion of methylated Cs in the Cs uniquely mapped to the
26 (Supplementary Table S7). The methylated
cytosines (mCs) and differentially methylated regions (DMRs) were

mitochondrial genome

identified as previously described.>” Differentially methylated genes
(DMGs) were defined as gene bodies or 2 kb promoter regions that
overlapped with DMRs.

2.5. DNA methylation assay and 5-azacytidine
treatment of citrus

Genomic DNAs were isolated from the ovules of poly-embryonic
(Ponkan) and mono-embryonic (Clementine mandarin) at an earlier
stage of NEI cell development and bisulfite treated using
Methylation Gold kit (Zymo Research). Treated DNAs were ana-
lysed using PCR with ZymoTaq PreMix. The PCR products were li-
gated into the pTOPO-Blunt vector. Sequences of 30 independent
clones for each fragment were analysed using Kismeth.?® The pri-
mers used for BS-Seq are listed in Supplementary Table S8.

We sprayed 2-year-old poly-embryonic mini-citrus (Fortunella
bindsii) grown in greenhouse with a 4mM solution of the DNA
methylation inhibitor, 5-azacytidine (5'-Aza). Three plants were
sprayed twice a day for 10 days. Young leaves were collected for
RNA extraction and quantification of relative gene expression levels
using real-time quantitative PCR (qQRT-PCR). Another three plants
were sprayed with water and used as the controls.

2.6. qRT-PCR analysis

First-strand ¢cDNA was synthesized using RNA isolated using the
LMD procedure and the oligo-dT50VN primer followed by second-
strand cDNA synthesis. Total RNA was extracted from ovules using
the TRIzol reagent (Takara, Dalian) and reverse-transcribed using
HiScript I QRT SuperMix for gPCR (Vazyme). Real-time PCR was
conducted and analysed as previously described.”® Gene-specific
qRT-PCR primers are listed in Supplementary Table S8. CsActin was
used as the internal control.

2.7. RNA in situ hybridization

RNA in situ hybridization experiments were conducted as described
previously.>® The 10-um thick paraffin sections were mounted onto
slides. Each slide contained an equal number of poly- and mono-
embryonic ovary sections at the same developmental stage. Primers
used for the PCR-based synthesis of RNA probes are listed in
Supplementary Table S8.

2.8. Subcellular localization of protein

The C2H2 (Cg1g000740) CDS without a stop codon was amplified
using sequence-specific primers (Supplementary Table S8) and
inserted into p2GWY7-35S to generate the 35S::C2H2-yellow

fluorescent protein (YFP) fusion construct. The nuclear localized rice
OsGhd7 was used as a nuclear marker and was expressed from the
35S::0sGhd7-cyan fluorescent protein (CFP) transgene.®! Citrus me-
sophyll protoplasts were prepared and co-transformed with con-
structs that express the target and the nuclear marker fused to
fluorescent proteins. The images were acquired using a confocal
laser-scanning microscope (Leica TCS SP2, Germany).

2.9. Detection of reactive oxygen species and assay of
enzyme activity

Superoxide anion (O,7) and hydrogen peroxide (H,O,) in ovules
were histochemically stained with nitroblue tetrazolium (NBT) and
3,3'-diaminobenzidine (DAB), respectively.>? Superoxide dismutase
(SODs) and peroxidases (PODs) activities in ovaries was assayed
spectrophotometrically after the removal of the ovary walls as de-
scribed by previously.*?

3. Results

3.1. Morphological and cytological characterization of
NPE in citrus

In the ovules of mono-embryonic citrus (Clementine mandarin), the
zygotic embryo and endosperm arise from double-fertilization in the
mature embryo sac and give rise to one seedling (Fig. 1A-I). By con-
trast, in the ovules of poly-embryonic citrus (Valencia sweet orange),
multiple asexual embryos initiate directly from the nucellar cells and
develop alongside the zygotic embryo that is localized in the sexual
embryo sac (Fig. 1J-O). In the poly-embryonic ovule, nucellar cells
are somehow reprogrammed and turned into NEI cells containing an
enlarged nucleus, deeply stained cytoplasm and a thickened cell wall,
which are histologically evident in ovules at 7 DAA (Fig. 1K). The
sporophytic nucellar cells degrade gradually as ovules develop. The
NEI cells, however, are protected from degradation (Fig. 1L) and in-
stead undergo mitosis that directs them toward embryonic develop-
ment and enter the enlarging embryo sac (Fig. 1M). Multiple
nucellar embryos undergo a morphogenesis process that is similar to
the zygotic embryo (Fig. 1N and O) and develop into mature asexual
embryos (Fig. 1P and Q). The zygotic embryo, however, may abort
during development, because of nutritional competition with the
asexual embryos in the same embryo sac. Therefore, the germination
of one mature ‘Valencia’ seed yields multiple seedlings with no more
than one sexual progeny (Fig. 1P-R). We sectioned and observed
ovaries from six poly-embryonic citrus varieties with different capac-
ities for NPE (2.5-9.2 embryos per seed) (Supplementary Fig. S1).
Ponkan mandarin is highly poly-embryonic (with 9.2 + 4.4 embryos
per seed), thus ovaries from Ponkan mandarin produced plenty of
NEI cells that were clustered together and were evident in the
unstained ovule sections (Supplementary Fig. S1G). Therefore,
Ponkan mandarin was used for capturing the NEI cells.

3.2. The apomictic and sporophytic cells differ
significantly in biological processes

A total of 13,967 and 15,779 genes were detected (FPKM > 1) using
RNA-Seq at earlier and later stages of NEI cell development, respec-
tively. The four cell types share similar gene expression level distribu-
tions, with similar percentages of genes spanning six orders of
magnitude (Supplementary Fig. S2A). We quantified the relative ex-
pression of 22 selected genes (Supplementary Fig. S3). The expres-
sion patterns that were demonstrated using qRT-PCR were highly
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Figure 1. Embryo initiation, development and seed germination in mono-embryonic and poly-embryonic citrus. (A-F) Paraffin sections of ovules and seeds from
mono-embryonic Clementine mandarin illustrating sexual embryo development. (G-I) Mature mono-embryonic seed of Clementine mandarin with the seed coat
removed and the single plantlet germinated from one seed. (J-0) Paraffin sections of ovules and seeds from poly-embryonic Valencia sweet orange. The emer-
gence of the nucellar embryo initial (NEI) cells and the development of nucellar embryos are apparent. (P-R) Mature poly-embryonic seed of Valencia sweet or-
ange with the seed coat removed and multiple plantlets germinated from one seed. The red arrows point to NEI cells. The green arrows point to nucellar poly-

embryos. The green dotted lines enclose the sexual embryo sac. Scale bars 20 yum.

consistent with the expression patterns demonstrated using RNA-
Seq (r>0.87).

At an earlier stage of NEI cell development (3 DBA), the reprog-
ramming of the Poly-NC is underway but the NEI cells are not yet
formed or observable. In contrast, at this stage of development, the
reprogramming of the Mono-NC has not begun. To profile biologi-
cal processes and genes active during cellular reprogramming, tran-
scriptomes of the 6-7 layers of nucellar tissues captured from the
ovary sections (i.e. Poly-NC and Mono-NC) of the F1 progeny from
mono- and poly-embryonic citrus were compared (Fig. 2A-E). A to-
tal of 532 DEGs were identified. The expression of 444 (83.5%) of
these genes was up-regulated in the Poly-NC. The expression of the
remaining 88 genes was down-regulated in the Poly-NC (Fig. 2M,
Supplementary Table S9). Biological processes that were enriched in
the DEGs of the poly-NC and the Mono-NC are listed in Fig. 3A.
Notably, the cellular process ‘mitochondrial respiratory chain com-
plex I’ was enriched among the genes that were up-regulated in the
Poly-NC (Supplementary Table S10).

To profile the active genes and biological processes in the NEI
cells, transcriptomes were compared between the LMD-captured

NEI cells and the surrounding nucellar sporophytic (SO) cells of
Ponkan mandarin at later stage of NEI cell development, after the
NEI cells enlarged and developed a dense cytoplasm and were ob-
servable in ovary sections (7 DAA) (Fig. 2F-L). A total of 2,859
DEGs were identified from a comparison of the transcriptomes of
NEI cells and SO cells. We found that the expression of 1,483
(51.9%) genes was up-regulated and that the expression of 1,376
(48.1%) genes was down-regulated in NEI cells (Fig. 2M,
Supplementary Table $S12). These DEGs are associated with particu-
lar biological processes (Fig. 3B).

The biological processes responsible for the production (ribosome
biogenesis and translation) and degradation (ubiquitin-dependent
protein catabolic) of proteins were associated with the most signifi-
cantly enriched GO terms for genes that were up-regulated in the
Poly-NC (Fig. 3A). NEI cells up-regulated genes were enriched in ri-
bosome biogenesis and methylation process (Fig. 3B). The majority
of genes associated with ribosome biogenesis (25/27), translation
processes (65/73) and methylation process (30/57) encode different
ribosomal proteins. Consistent with this finding, the expression levels
of genes associated with ‘ribosome’ and ‘ubiquitin’ were up-
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Figure 2. Laser microdissection of apomictic and sporophytic cells and differentially expressed genes (DEGs) profiled by RNA-Seq. (A-E) Schematic diagrams of
cell lineages in mono- (A) and poly-embryonic (B) ovules at an earlier stage of NEI cell development. (C-E) Nucellar tissue collected separately from the mono-
and poly-embryonic ovules at 3 days before anthesis from the F1 progeny derived from a ‘HB pummelo (mono-embryonic) x Fairchild mandarin (poly-embry-
onic)’ cross. (f) Schematic of cell lineages in a poly-embryonic ovule at a later stage of NEI cell development (7 days after anthesis). Nucellar embryo initial (NEI)
cells (G-1) and nucellar sporophytic (SO) cells (J-L) were captured from Ponkan mandarin ovules. The paraffin sections show ovules before microdissection (C, G
and J), after microdissection (D, H and K) and the collected cells (E, | and L). (M) Number of expressed genes and DEGs in specific cell lineages. The earlier and
later stages of NEI cell development refer to the stages before and after the appearance of nucellar embryo initial (NEI) cells in the nucellus. Poly/Mono-NC, poly/

mono-embryonic nucellar tissue. Scale bars 20 um.

regulated in both the Poly-NC and NEI cells (Supplementary Fig.
S2B). These results demonstrate that protein turnover (both produc-
tion and degradation) was activated in the apomictic cells during
NEI cell development.

Chromatin assembly process was enriched among genes that were
up-regulated in the Poly-NC (Fig. 3A). In contrast, genes associated
with the methylation of histone H3-K9 were enriched among genes
that were down-regulated in NEI cells (Fig. 3B), including a gene
that encodes SUVH4, which catalyses H3 lysine 9 dimethylation.
This modification is required for the maintenance of CHG methyla-
tion in Arabidopsis.®* The expression of SUVH4 was down-
regulated 2.5-fold in NEI cells (FPKM = 8.7). These data provide evi-
dence that the reprogramming of chromatin occurs during NEI cell
development. The genes associated with responses to oxidative stress
were overrepresented among the DEGs enriched in both the Poly-NC
(24 up-regulated genes; Supplementary Table $10) and NEI cells (60
up-regulated genes; Supplementary Table S13) (Fig. 3C). The major-
ity of these genes encode peroxidases (PERs), heat shock proteins
and stress-responsive proteins, such as RD21 (Fig. 3C). In contrast,
eight genes responsible for the biosynthesis of antioxidant flavonoids
and anthocyanins that are associated with phenylpropanoid and fla-
vonoid biosynthetic processes (Supplementary Table S11) were
enriched among the genes that were down-regulated in the Poly-NC
(Fig. 3A).

Genes associated with embryonic development and callose deposi-
tion processes were enriched among the genes that were up-regulated
in NEI cells. In contrast, genes associated with these GO terms were
enriched among the down-regulated genes during post-embryonic

development and meristem development (Fig. 3B, Supplementary
Fig. S2C, Supplementary Table S14), which reflects the early em-
bryogenic cell fate of NEI cells.

Phytohormone-related biological processes were not differentially
enriched among the DEGs associated with the Poly-NC. In contrast,
response to hormone stimulus was enriched among the DEGs associ-
ated with the NEI cells and auxin polar transport was enriched
among the genes that were down-regulated in NEI cells. We analysed
the expression levels of genes associated with the biosynthesis, signal-
ling, and transport of auxin (82 genes), gibberellin (21 genes) and cy-
tokinin (54 genes). Indeed, none of these genes were differentially
expressed in the Poly-NC relative to the Mono-NC. However, we
were able to detect the expression of 58 genes associated with auxin.
Eight of these genes were up-regulated and 16 of these genes were
down-regulated in the NEI cells. The down-regulated genes include
two genes associated with auxin biosynthesis, 12 genes associated
with auxin signalling and 2 genes associated with auxin transport
(Supplementary Fig. S4). Among the 21 genes associated with gibber-
ellins, the expression of 6 genes associated with gibberellin biosyn-
thesis was up-regulated in NEI cells (Supplementary Fig. S4).

3.3. Global DNA methylation, especially in the CHH
context, was reduced in apomictic cells

To investigate DNA methylation profiles during NEI cell develop-
ment, whole-genome BS-Seq was conducted using the same sets of
LMD-captured apomictic and sporophytic cells. For the CHH con-
text, we determined that the average CHH methylation level was
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Figure 3. Analysis of transcriptomes in apomictic and sporophytic cells. Enriched GO terms (biological processes) among differentially expressed genes (DEGs)
between apomictic and sporophytic cells at earlier (A) and later (B) stages of NEI cell development. (C) Heatmap of 43 selected genes that are up-regulated in apo-
mictic cells and associated with the GO term ‘response to oxidative stress’. The orange-to-blue scale indicates gene expression levels. orange = most, grey =

moderate, blue = least. Poly/Mono-NC, poly/mono-embryonic nucellar tissue.

1.0-2.1%, based on the identification of ~0.6~1.3 million (~8-14%
of the total) mCs that contribute to the CHH context (Fig. 4A and
B). The DNA methylation levels in the three contexts were all higher
in the chromosomal regions that are dense with transposable ele-
ments (TEs), relative to regions with high gene density (Fig. 4C;
Supplementary Fig. S5A) and were also higher in TEs than in
protein-coding genes (PCGs) (Fig. 5). The total levels of C methyla-
tion in both PCGs and TEs, especially the levels of CHH methyla-
tion, were lower in the apomictic cells than in the sporophytic cells at
both stages of NEI cell development (Poly-NC < Mono-NC, NEI
cells < SO cells) (Fig. 5).

Among the 10 biggest citrus TE groups (Fig. 6A), the CHH meth-
ylation levels of the Class I TEs (retrotransposons including Gypsy,
Copia, LINE and Caulimovirus) was obviously lower in NEI cells
than in SO cells (Fig. 6B). The CHH methylation levels of the Class
II TEs (DNA transposons) was also slightly lower in NEI cells
(Fig. 6C). The CHH methylation levels of both classes of TEs were
slightly lower in the Poly-NC relative to the Mono-NC. The results
demonstrated that global DNA methylation levels, especially in the
CHH context, were decreased in the apomictic cells and that the

reduction in the methylation of NEI cells was primarily due to the re-
duction of methylation levels of retrotransposons.

We examined the expression levels of 81 DNA methylation path-
way gene homologs, including those involved in RADM. Among the
62 genes detected at earlier stage of NEI cell development, none were
differentially expressed in the Poly-NC relative to the Mono-NC.
Among the 57 genes detected at later stage of NEI cell development,
the expression of three RADM pathway genes was up-regulated in
NEI cells. In contrast, seven genes were down-regulated in NEI cells,
including two genes that encode DNA methyltransferases, one gene
that encodes a DNA glycosylase involved in active demethylation
[REPRESSOR OF SILENCING 1 (ROS1)] and four RdDM path-
way genes (Supplementary Fig. S4).

3.4. DNA methylation may alter expression of
apomixis-related genes

To investigate the potential effect of DNA methylation on the initia-
tion of NPE, DMRs, DMGs and differentially methylated TEs were
identified in the apomictic cells (Supplementary Fig. S5B, C;
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Supplementary Tables S15 and S16). The DMGs were subjected to a
Kyoto Encyclopedia of Genes and Genomes pathway enrichment
analysis (Supplementary Fig. S6). Among the Poly-NC hyper-methyl-
ated genes, the ribosome pathway was significantly enriched. These

findings are consistent with the up-regulated expression of genes as-
sociated with ribosome-related processes in the Poly-NC (Fig. 3A;
Supplementary Fig. S2B). We suggest that the activated expression of
the ribosomal proteins may be associated with the hyper-methylation
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of DNA. Notably, plant hormones signal transduction pathways
were enriched among hypo-methylated genes in NEI cells.
Approximately half (19/44) of these genes encode auxin-responsive
proteins (Supplementary Fig. S6D). Moreover, the expression of
auxin-related pathway genes was down-regulated in NEI cells
(Fig. 3B, Supplementary Fig. S4). These data are consistent with an
association between the down-regulated expression of auxin-related
genes and the hypo-methylation of DNA.

In order to identify DNA methylation regulated genes, DEGs with
overlapped DMRs were listed (Supplementary Tables S17 and S18).
We compared the DEGs with the DMRs and found that genes that
were up-regulated in the Poly-NC were significantly enriched in
CHH hyper-methylation in the gene body (Fig. 7A). These data indi-
cate a positive association between CHH methylation of the gene
body and gene expression in the Poly-NC. For example, UBIQUITIN
EXTENSION PROTEIN 6 (UBQ6), a key regulator of plant devel-
opment and callogenesis, was up-regulated and had higher levels of
DNA methylation in the gene body in the Poly-NC (Fig. 7B). Among
the 11 genes within the ~80-kb citrus NPE locus,'* only CitR WP
(Cg4g018970) was up-regulated in apomictic cells (Poly-NC and
NEI cells). Additionally, a hyper-methylated DMR was detected in
the gene body of CizZRWP in the Poly-NC (Fig. 7C). It is known that
an NPE-specific miniature inverted-repeat transposable element

(MITE) insertion in the promoter region is associated with the tran-
scriptional upregulation of CitRWP for poly-embryonic develop-
ment.'>1%35 We tested whether the MITE insertion was associated
with the hyper-methylation of CizRWP. According to whole genome
BS-Seq, a CHH hyper-methylation signal was detected in the down-
stream region proximal to the MITE in the Poly-NC, but not
detected in the same region in the Mono-NC, which lacks the MITE
(Supplementary Fig. S7A). In the poly-embryonic Ponkan (with the
MITE), the CHH hyper-methylated region was detected in both NEI
and SO cells (Supplementary Fig. S8B). Using local BSP-PCR, we de-
termined that the DNA methylation levels of all sequence contexts
associated with the MITE (located 5’ to the start codon from =133 to
-560bp) and both the upstream (=716 to —560) and downstream
(=133 to 169 bp) proximal regions were significantly higher in the
poly-embryonic Ponkan ovules than in the same region (-289 to
169 bp, without the MITE) in the mono-embryonic Clementine man-
darin ovules at an earlier stage of NEI cell development
(Supplementary Fig. S7B and C). Therefore, we suggest that the in-
sertion of the MITE is associated with the hyper-methylation of the
MITE and the proximal region. To test whether DNA methylation
affects the expression of CitRWP, we treated the mini-citrus plants
with the DNA methylation inhibitor (5'-Aza) and found that the ex-
pression of CitR WP was significantly decreased in the treated leaves
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Figure 7. Influence of differentially methylated regions (DMRs) on gene expression. (A) Fold-enrichment of DEGs in CHH-hyper DMRs relative to all genes in the
Poly-NC relative to the Mono-NC. Fisher's test was used to infer statistical significance (¥ P< 0.05; **P< 1e-10). The numbers above the columns indicate DEGs in
Poly-NC relative to Mono-NC that overlapped with CHH-hyper DMRs. (B) The genome browser snapshot shows the expression levels and DNA methylation levels
of UBQ6 (Cg7g019060). (C) Genome browser snapshot showing the expression levels and CG methylation levels of the 80-kb poly-embryony locus in the Poly-NC
and the Mono-NC. The red box indicates a differentially methylated region. Poly/Mono-NC, poly/mono-embryonic nucellar tissue.

(Supplementary Fig. S9). Therefore, we suggest that DNA methyla-
tion positively regulates the expression of CitR WP.

3.5. Apomictic cell-specific genes in citrus

At an earlier stage of NEI cell development, only 21 transcription
factor (TF) mRNAs were differentially expressed in the Poly-NC rel-
ative to the Mono-NC. Only 12 of the DEGs were up-regulated in
the Poly-NC (Supplementary Fig. S10A and B), including CitR WP.
Indeed, the expression of CitZRWP was up-regulated 7-fold in the
Poly-NC (FPKM =17). Notably, the expression of an mRNA
(Cg1g000740) that encodes a TF with a C2H2 domain (hereafter re-
ferred to as C2H2) was up-regulated 45-fold in the Poly-NC
(FPKM = 409)—the highest level of induced expression among all
DEGs. Among the 212 TF-encoding mRNAs that were differentially
expressed in NEI cells relative to SO cells at a later stage of NEI cell
development, there are genes that contribute to development and

stress responses (Supplementary Fig. S10C and D). Significantly, the
expression of CitR WP and C2H2 was also up-regulated in NEI cells.
The expression of well-known embryogenesis-related TF-encoding
mRNAs were up-regulated in NEI cells, such as WUSCHEL-
RELATED HOMEOBOX 9 (WOX?9).

In situ hybridization experiments that utilized antisense RNA
probes showed that CizZR WP was expressed throughout the maternal
tissue of the poly-embryonic ovule (Fig. 8A2), but was not expressed
at detectable levels in the mono-embryonic ovule (Fig. 8A1) at an
earlier stage of NEI cell development. At later stage of NEI cell devel-
opment, CitRWP was expressed specifically in the NEI cells
(Fig. 8B2), sexual embryo sac (Fig. 8B1) and juice sac in the ovary
(Supplementary Fig. S11B1-B6). The expression pattern of C2H2
was similar to CitR WP. However, the expression of C2ZH2 was more
specific to apomictic cells than the expression of CiZRWP because
C2H2 was not expressed in the zygotic embryo (Fig. 8C1-C3 and
D1-D3) or any other tissue in the ovary (Supplementary Fig.
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$11C1-D6). Thus, C2H2 is a good candidate marker gene for poly-
embryonic ovule and NEI cells. The fluorescence from the C2H2-
YFP fusion protein colocalized with the fluorescence from rice
OsGhd7-CFP (a nuclear marker) in citrus protoplasts, which demon-
strates that the protein encoded by C2H2 accumulates in the nucleus
(Fig. 9A). The expression level of C2H2 was quantified at an earlier
stage of NEI cell development in the ovules of 12 citrus varieties us-
ing qRT-PCR. It was barely expressed in the ovules of five mono-
embryonic varieties but was expressed at variable levels in the ovules
of seven poly-embryonic varieties (Fig. 9B). Interestingly, the expres-
sion level of C2H2 seems positively associated with the capacity of
citrus for NPE. Indeed, C2H2 was expressed at low levels in varieties
with relatively low capacities for NPE (1.2-2.5 embryos per seed), at
moderate levels in varieties with moderate capacities for NPE
(3.2-6.0 embryos per seed) and at high levels in varieties with high
capacities for NPE (8.9-9.2 embryos per seed). Two stress-respon-
sive genes were expressed predominantly or exclusively in NEI cells.
The expression of a gene encoding a cysteine protease (RD21) was
up-regulated 57-fold in NEI cells (FPKM=34) and specifically
expressed in NEI cells (Fig. 8E1-E3). RD21 was not expressed in
any other tissue in the ovary (Supplementary Fig. S11E1-E6), which
makes it a good candidate marker gene for NEI cells. The expression
of an NAD(P)-linked oxidoreductase superfamily gene was up-
regulated 18-fold in NEI cells (FPKM =234) and was specifically
expressed in NEI cells, zygotic embryo (Fig. 8F1-F3) and juice sac in
the ovary (Supplementary Fig. S11F1-F6). The spatiotemporal ex-
pression pattern of the four genes detected using in situ hybridization
with RNA probes is consistent with the spatiotemporal expression
pattern established using QRT-PCR (Fig. 8A4-F4).

3.6. Reactive oxygen species accumulation and
oxidative stress response excitation in apomictic cells
We identified citrus homologs for seven categories of previously
reported genes involved in plant reproduction: apomixis and somatic
embryogenesis (SE)-associated genes (7 =79); megaspore mother cell
and functional megaspore-specific genes (17 =24); meiosis-associated
genes (n=14); cell cycle-associated genes (7= 87); genes related to
phytohormone biosynthesis, signalling, transport and responses
(auxin, n=82; GA, n=21; cytokinin, #=54); DNA methylation
and small RNA pathway genes (7 =281) and oxidoreductase genes
(n=121) (Supplementary Fig. S4). Among these genes, only one cat-
egory (i.e. the oxidoreductase genes) was differentially expressed in
the Poly-NC relative to the Mono-NC. Among the 51 oxidoreduc-
tase genes that were expressed at earlier stage of NEI development,
the expression of seven genes were up-regulated in the Poly-NC, in-
cluding two genes that serve as major sources of endogenous O~ in
plants (i.e. AOX1A and NDUFS4), TRX1 and four peroxidase
genes. However, the expression of two peroxidase genes was down-
regulated. At later stage of NEI cell development, the expression of
eight genes was up-regulated in the NEI cells (i.e. AOX1A, TRX1
and five peroxidase genes), and the expression of 10 genes was
down-regulated, including NDUFS4, RBOHF and eight peroxidase
genes (Supplementary Fig. S4).

The O, and H,0, levels were detected in the poly- and mono-
embryonic citrus ovules during different stages of NEI cell develop-
ment using NBT and DAB staining, respectively. Although poly-
embryonic ovules produced more O,~ than mono-embryonic ovules
at both earlier stages of NEI cell development (3 DBA) and at anthe-
sis, O,~ accumulated to barely detectable levels in both mono- and
poly-embryonic ovules at 7 DAA (Supplementary Fig. S12A). The

results indicate that the accumulation of O,™ in ovules is important
for the cell fate transition in Poly-NC but that O, is not required af-
ter NEI cells are formed. The H,O, content was higher in poly-
embryonic than mono-embryonic ovules at both earlier and later
stages of NEI cell development but lower in poly-embryonic ovules
at anthesis (Supplementary Fig. S12B). Consistent with these data,
response to H,O, was enriched in both the Poly-NC and NEI cells
(Fig. 3B). These results indicate that higher levels of H,O, are impor-
tant for both the cell fate transition in the Poly-NC and the identity
of NEI cells. We assayed the activities of the enzymes that are respon-
sible for the elimination of endogenous O, and H,O, (i.e. SODs
and PODs, respectively) in ovaries. SOD activity was lower in the
poly-embryonic ovaries at earlier stage of NEI cell development, con-
sistent with the higher O,~ content in poly-embryonic ovules during
this stage of development (Supplementary Fig. S12C). POD activity
was lower in poly-embryonic ovaries at both stages of NEI cell devel-
opment, higher H,O,
poly-embryonic ovules at both stages (Supplementary Fig. S12D).

consistent  with  the content  in

4, Discussion

4.1. CitRWP and a gene encoding a C2H2 TF may
initiate citrus NPE

CitRWP and C2H2 were up-regulated in apomictic cells at both
stages of NEI cell development (Supplementary Fig. S10). In situ
RNA hybridization revealed that CitR WP was expressed specifically
in apomictic cells and the zygotic embryo during the development of
NEI cells. The expression pattern of C2H2 was even more specific in
that it was expressed only in apomictic cells (Fig. 8D1-D4). In
Arabidopsis, the RWP-RK domain containing (RKD) TF gene RKD2
is preferentially expressed in the egg cell and embryonic cells. The ec-
topic expression of RKD2 led to the formation of enlarged and
densely cytoplasmic embryogenic cells in ovule tissue that was remi-
niscent of adventitious embryony.>® In citrus, loss of CitRKD1 (i.e.
CitRWP) function abolished NPE.'® We suggest that CitRWP is a
marker gene for both sexual and asexual embryogenic cells in citrus
and that the activated expression of CitRWP in poly-embryonic
ovules activates a cell fate transition in the nucellus and specification
of embryogenic cell identity. We suggest that C2H2 is a marker gene
specific to apomictic cells and may work coordinately with CitRWP
to initiate NPE. The correlation between increases in the gradient ex-
pression pattern of C2H2 in citrus ovules and increases in the capac-
ity for NPE (Fig. 9B) provides evidence that C2H2 may have a
dosage effect on the initiation of NPE. Whether CitRWP interacts
with C2H2 and how the integration of their activities induces the ini-
tiation of NPE remains to be determined.

4.2. Reactive oxygen species may trigger the
embryogenic cell fate transition and specification in
apomictic cells

Previously, we and others found evidence for an oxidative stress re-
sponse in the poly-embryonic ovules of citrus.'>'*!%!? Indeed, we
found that the response was particularly robust in apomictic cells
during the initiation of NPE (Fig. 3) and that genes encoding oxidor-
eductases were differentially expressed (Supplementary Fig. S4).
Highly specific expression of the drought-stress inducible gene
RD21%7 and a salt-stress inducible gene from the NAD(P)-linked ox-
idoreductase superfamily®® in NEI cells makes a compelling case for
the specific activation of stress response in apomictic cells (Fig. 8E2
and F2). We naturally wondered whether reactive oxygen species
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Figure 8. Expression patterns of CitRWP, C2H2, RD21, NAD(P)-linked oxidoreductase in mono- and poly-embryonic ovules. 1-2, antisense RNA probes hybridized
to the mono/poly-embryonic ovule. 3, sense RNA probes hybridized to the poly-embryonic ovule. 4, The expression level of each gene was quantified using
FPKM values from RNA-Seq data (left) and gRT-PCR (right). The white, grey striped, black and grey columns represent samples from the Mono-NC, Poly-NC, SO
cells and NEI cells respectively. The cDNA template was amplified from the first-strand cDNA derived from the RNA isolated from the laser-microdissected cells.
Data are mean values = SD, n= 3 technical replicates from two pooled tissue samples. Earlier and later stages of NEI cell development refer to the stages before
and after the appearance of the nucellar embryo initial (NEI) cells in the nucellus. Poly/Mono-NC, poly/mono-embryonic nucellar tissue. The micrographs were
prepared from longitudinal sections from single ovules at a magnification of 20x. Scale bars 40 um.

(ROS) accumulates in apomictic cells. Indeed, a higher level of O~
and H,O, was detected in poly-embryonic ovules during the initia-
tion of NPE. The signals that induce increases in the accumulation of
ROS in apomictic cells and the contribution of ROS to the initiation
of NPE remain open questions.

ROS are well-known signalling molecules that regulate stem cell
fate in both plants and animals.?**** Different species of ROS play
different roles in plant development. In the Arabidopsis root, a
bHLH (basic helix-loop-helix) TF directly regulates the expression of
a set of PODs and thus modulates the accumulation of O, in the
root meristem to maintain cell proliferation. In contrast, the accumu-
lation of H>O» in the elongation zone promotes cell differentiation.>”
In the shoot apical meristem of Arabidopsis, accumulation of O, in
the central zone maintains stem cells. In contrast, the accumulation
of H,0, in the peripheral zone promotes cell differentiation.*" In the
NPE of citrus, the accumulation of O,~ and H,O, in poly-embryonic

ovules may induce a cell fate transition at an earlier stage of NEI cell
development. In contrast, HO, may induce NEI cell specification at
a later stage of NEI cell development. The up-regulated expression of
particular genes that encode catalytic enzyme (i.e. AOX1A and
NDUFS4), genes associated with the ‘mitochondrial respiratory
chain complex I’ cellular process (i.e. major sources of endogenous
O, in plants) (Supplementary Fig. S4). Decreased SOD enzyme ac-
tivity (Supplementary Fig. S12C) and down-regulated phenylpropa-
noid and flavonoid biosynthesis (Fig. 3A) probably promote the high
level accumulation of O,~ during the earlier stage of NEI cell devel-
opment in poly-embryonic ovules (Supplementary Fig. S12A).
Decreased POD enzyme activity (Supplementary Fig. S12D) may
promote the high level accumulation of H,O, in poly-embryonic
ovules at both stages of NEI cell development (Supplementary Fig.
S12B). In the poly-embryonic ovules of citrus, the NPE-controlling
gene CifRWP may ultimately drive the accumulation of ROS in


https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab014#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab014#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab014#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab014#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab014#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab014#supplementary-data

12 Delineation of apomixis initiation in citrus

OsGhd7-CFP

A Cg1g000740-YFP

Bright field Merge

/'\

B 8.9+3.1
800 (n=33)
750

1 9.21+4.4
450 (n = 29)

S 400

[72]

o

g 350 3.2+1.3

x 6.0+3.5 (n =30)

2 300 (n=51)

s 250 [

x T
150 454138

(n =28)
100 -
50 25+1.8 1.2+0.3
(n=29) (n=231)
0 P s—
B o S % g S 4 R % o %,
0, (2
6"‘6‘9 "*’o 4“"6,. ‘2940 N . o)°o s ?9+° o‘f?:, %, %"
7> /@ /0 /{9 G \9 3 04’ ‘9
<, 2 O 4 O 3 4 G ) 2
) L y % y 2 ¢, ) L= C3
%, D e Y %, % 0 2
(72 ’Q ® 0, ) &, 0, e
® +‘\C‘ %o +AC‘ % % ,.0,? 004_
'y 7 ', - )
> o ¥ ]
: low poly- medium poly- high poly-
mosicssmbrgonic embryonic embryonic embryonic

Figure 9. Expression and subcellular distribution of C2H2. (A) Subcellular localization of C2H2-YFP. Mesophyll protoplasts from citrus were co-transformed with a
plasmid encoding C2H2-YFP and a plasmid encoding OsGhd7-CFP, a nuclear marker. The images were acquired with a fluorescence microscope and merged
with a bright field image. Scale bars 5um. (B) Expression levels of C2H2 in ovules. The relative expression levels of C2H2 in ovules from 12 citrus cultivars at an
earlier stage of NEI cell development were quantified using qRT-PCR. CsActin was used as the endogenous control. Data are mean values = SD, n=23 technical
replicates from two pooled tissue samples. The cDNA template was amplified from first strand cDNA prepared from RNA that was isolated from ovules. The aver-
age number of embryos per seed was counted for each variety and is indicated above each bar.

apomictic cells by altering gene expression patterns and ultimately,
enzymes activities. The Ci#RWP-based mechanism that triggers the
accumulation of ROS in apomictic cells remains to be elucidated.

4.3. Epigenetic regulation may induce initiation of NPE

Genes associated with chromatin assembly and methylation of his-
tone H3-K9 were enriched among the DEGs in apomictic cells
(Fig. 3A and B), which indicates that a reprogramming of chromatin
occurs during the initiation of NPE. The reprogramming of chroma-
tin occurs during the somatic-to-reproductive cell fate transition in
plants.*? The DNA methylation pathway is critical for distinguishing

apomictic from sexual reproduction.'® Indeed, loss of methyltrans-
ferase and RdADM function down-regulates an ovule-specific chroma-
tin-based silencing pathway and leads to apomictic reproduction.'®”
12 1 citrus apomictic cells, global CHH methylation levels were de-
creased (Fig. 5). In NEI cells, the CHH hypo-methylation of DNA
was prominent, especially in retrotransposons (Fig. 6B). The expres-
sion of two DNA methyltransferase genes and four RADM pathway
genes was down-regulated in NEI cells (Supplementary Fig. S4).
Among these genes, DECREASE IN DNA METHYLATION 1
(DDMT1) is involved in the maintenance of methylation at both CG
and non-CG sites in Arabidopsis. A mutation in DDM1 induces a
profound loss of methylation for particular TEs and leads to strong
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transcriptional activation of TEs.*> NRPES is the fifth largest subu-
nit of Pol V. This special subunit mediates RADM.** The lower level
of CHH methylation in the transposons of NEI cells might be caused
by the down-regulated expression of genes associated with DNA
methylation. In Arabidopsis and maize, GA-like phenotypes were ob-
served in the loss-of-function mutants that are deficient in DNA
methylation, especially in mutants deficient in RdDM (e.g. dmit,
ago9, sgs3 and nrpdla nrpd1b, an RNA Polymerase IV and V dou-
ble mutant)."®'? In our study, the global CHH hypo-methylation
and down-regulated expression of DNA methyltransferase and
RdADM pathway genes in apomictic cells indicates that the regulation
of RADM might also contribute for SA. Collectively, we suggest that
the reprogramming of chromatin, especially the CHH hypo-
methylation of DNA that is associated with the down-regulated ex-
pression of genes that encode DNA methyltransferases and compo-
nents of the RADM pathway (Supplementary Fig. S4), may change
the epigenetic and transcriptional status of apomictic cells and thus
may facilitate cell fate transitions towards embryogenesis during the
initiation of NPE in citrus (Fig. 10).

On the other hand, the methylation of PCGs is positively associ-
ated with the expression levels of genes that encode pathways that
were enriched during NPE and with the expression levels of genes
that are required for NPE in citrus, such as genes that are up-

A Earlier NEI stage

regulated in the Poly-NC (Fig. 7A), ribosome pathway
(Supplementary Fig. S6A), plant hormone signal transduction path-
way (Supplementary Fig. S6D), UBQ6 and CitRWP (Fig. 7B and C).
A growing number of genome-wide methylation studies provides evi-
dence that the relationship between DNA methylation and gene ex-
pression is complex.* In most angiosperms, genes with gene body
methylation are generally constitutively expressed.**™*® Although
DNA methylation in the promoter region usually inhibits gene tran-
scription, it promotes gene transcription in some cases (e.g. ROS1
from Arabidopsis and genes that inhibit fruit ripening in to-
mato).****=52 I the case of CitR WP, hyper-methylation of the pro-
moter region containing a MITE insertion might activate gene
transcription in the poly-embryonic ovules by enhancing the binding
of particular transcription activators or by inhibiting the binding of
particular transcription repressors. Together, we suggest that the
global reduction of CHH methylation levels in the DNA of apomictic
cells may derepress retrotransposons and thus alter the expression of
adjacent genes that regulate development. The methylation of PCGs
may promote the expression of critical biological processes, path-
ways and key genes that induce the initiation of NPE. ROS is an at-
tractive candidate for the signal that triggers the epigenetic
reprogramming of apomictic cells in citrus. ROS affects epigenetic
regulatory systems, global DNA methylation and the regulation of
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oxidative stress. Indeed, ROS have been proposed to regulate sex/
apomixis switching in apomictic plants.’>>* The stress induced accu-
mulation of ROS and the epigenetic reorganization of plant cells was
also reported to promote in vitro SE.>> Therefore, we suggest that
the accumulation of ROS may trigger the cell fate transition and SE
in citrus ovules by inducing the epigenetic reprogramming of apo-
mictic cells.

4.4. Citrus NPE initiation shares common features with
GA and SE

To identify the important biological processes, pathways and key
genes that are activated and repressed by epigenetic reprogramming
during the initiation of NEI cells and to specify the identity of apo-
mictic cells in citrus, we investigated the enriched GO terms shared
among different types of apomixis and SE. In the apomictic cells of
citrus, protein turnover was the most significantly enriched processes
(Fig. 3; Supplementary Figs. S2B and S6A). Protein turnover was
also dramatically induced in the pre-meiotic germinal cells of
Arabidopsis®® and in the Al cells of Hieracium and Boechera—two
GA plants.”’” Together, these data provide evidence that protein
turnover is activated in both sexual reproductive cells and Al cells
and that a ribosome-based regulatory mechanism may generally con-
tribute to apomixis in plants. In the NEI cells of citrus, the expression
of genes associated with auxin polar transport process and auxin
biosynthesis, signalling and transport pathway genes was down-
regulated. In apomictic Hieracium, earlier and more Al-like cells
appeared in the ovule when polar auxin transport was inhibited, and
changes in the frequency and location of Al cells were observed
when the sensitivity to auxin was increased.’® Therefore, inhibition
of polar auxin transport and auxin responses might promote the ini-
tiation of both gametophytic and SA and help to specify embryogenic
cell fate.

In NEI cells, activation of callose deposition may lead to callose
deposition in the cell wall, which explains the thickened cell wall of
NEI cells. Callose deposition at the plasmodesmata is required for
the symplasmic isolation of embryogenic cells from non-
embryogenic cells during SE and the establishment of cell totipo-
tency.>” We suggest that callose deposition may serve to isolate the
NEI cells from the surrounding nucellar SO cells and thus, to help
maintain embryogenic cell fate and to facilitate the subsequent SE.
Callose accumulates in the walls of cells undergoing megasporogene-
sis and SE but not in GA initial cells.°® This indicates that NEI cells
share identity with embryogenic cells instead of GA initial cells. In
addition, genes associated with embryonic development process were
enriched among the up-regulated genes in citrus NEI cells (Fig. 3B).
In contrast, genes associated with gametophyte development process
were enriched among the up-regulated genes in GA initial cells from
Hieracium.” These data reflect the distinct embryogenic cell fates of
NEI cells and GA initial cells. Notably, genes associated with PCD
process were enriched among the down-regulated genes in NEI cells
(Fig. 3). In addition, the stress-responsive RD21 was specifically
expressed in citrus NEI cells (Fig. 8). The homolog of RD21 in
Arabidopsis acts as a negative regulator of sphingolipid-induced cell
death.®! Therefore, we suggest that the specific and abundant expres-
sion of RD21 and the down-regulation of genes associated with PCD
process may have protected the NEI cells from degradation alongside
the surrounding nucellar SO cells after anthesis. Thus, the NEI cells
can divide and form the embryonic cell mass that enters the enlarging
embryo sac and develop into asexual embryos alongside the zygotic
embryo.

Based on the transcriptome and DNA methylome profiles in apo-
mictic cells, we suggest a working model for the initiation of NPE in
citrus (Fig. 10). In our model, the expression of the key NPE-
controlling gene CitRWP is activated in the poly-embryonic citrus
ovule, which is associated with the hyper-methylation of DNA in the
NPE-specific MITE insertion region in the promoter of CizZRWP. The
transcriptional upregulation of CitR WP results in the epigenetic reg-
ulation and ROS accumulation in apomictic cells. These effects acti-
vate a cell fate transition in the poly-embryonic nucellus and specify
embryogenic cell identity in NEI cells. NPE in citrus shares common
features with GA during the initiation of apomixis, in that the so-
matic cells undergo reprogramming but later diverge to SE, when
NEI cells have acquired an embryogenic cell fate.
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Supplementary data are available at DNARES online.
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