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Abstract

Key message Cytological and molecular investigations in chicory revealed crucial aspects related to female gameto-
phyte development, pollen—stigma interactions, and self-incompatibility responses.

Abstract The Asteraceae family, one of the largest of angiosperms, comprises approximately 24,000 species and exhibits
considerable variation in reproductive biology. Cichorium intybus (commonly known as chicory) is among the most well-
known and widespread species of the family. In addition to its economic and commercial value, chicory is considered one
of the most interesting species in its family for the study of sporophytic self-incompatibility (SSI). Information regarding
megasporogenesis, megagametogenesis, pollen tube development, and embryogenesis in this species is almost entirely absent
in the scientific literature. Using confocal laser scanning microscopy (CLSM), we conducted a detailed investigation of female
gametophyte development, providing a comprehensive characterization of the cytological stages involved in megasporo-
genesis and megagametogenesis. To investigate the dynamics and timing of pollen tube development and pollen rejection,
we microscopically examined the interactions between pollen and stigmas in both cross- and self-pollinated plants. The
response was similar to those documented in other Asteraceae species with a 'semidry’ type of stigma. Integrated RNA-seq
analyses further highlighted transcriptional changes during self- and non-self-pollen recognition and led to the identification
of potential candidate genes involved in pollen tube development and callose deposition (in the case of self-incompatibility
reactions). In parallel, for the first time, we characterized both the embryogenesis process and embryo sac degeneration in
a compatible and incompatible crosses, respectively.
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Introduction

The Asteraceae family is one of the largest and most diverse
plant families, encompassing approximately 24,000 species
(Funk et al. 2005; Darqui et al. 2021). This taxon, alterna-
Communicated by Kinya Toriyama. tively known as the daisy family or Compositae, displays
significant variation in its reproductive biology. As flowering
plants, members of this family are heterosporous, produc-
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Trichocline, Erigeron, Lessingianthus and Cichorium
(Martinoli and Di Mois¢ 1963; Noyes and Allison 2005;
Yurukova-Grancharova et al. 2006; Gotelli et al. 2008; Deng
et al. 2010; Chehregani et al. 2011; Musial and KoSciriska-
Pajak 2013; Franca et al. 2015; Chehregani and Salehi 2016;
Janas et al. 2016, 2021; Elias et al. 2019; De Jesus Pérez
et al. 2021). In Cichorium intybus L., the majority of stud-
ies have focused on male reproductive structures. The most
comprehensive investigation was carried out by Habarugira
et al. (2015), who examined the histomorphological changes
occurring from flower initiation to anthesis. Male gameto-
phyte development in chicory continues to attract research
interest, primarily for the study of both nuclear and cyto-
plasmic male sterility mechanisms, which are widely used
in breeding programs and F1 hybrid production (Pacini and
Keijzer 1989; Varotto et al. 1996; Habarugira et al. 2015;
Waegneer et al. 2023).

In contrast, female sporogenesis and gametogenesis,
along with embryo development in chicory, have not yet
been reported. Insights into these processes can help eluci-
date the molecular and cellular mechanisms governing ovule
development, embryo sac viability, and fertilization success.
Furthermore, research on female gametophyte development
is particularly relevant for understanding reproductive bar-
riers and seed production.

Similarly, the mechanisms governing the interaction
between male and female gametophytes are still far from
being fully understood. Under normal circumstances, the
recognition between pollen grains and stigmatic papillae
ensures the germination of the former and the delivery of
germ cells to the female gametophyte through the rapid
growth of the pollen tube (Zheng et al. 2018). However,
in chicory and, more generally, in the Asteraceae family,
self-incompatibility (SI) phenomena have been frequently
observed, garnering significant research attention as crucial
mechanisms for preventing self-fertilization and promot-
ing genetic diversity by outcrossing (Kaothien-Nakayama
et al. 2010; Barrett 2013; Pang and Saunders 2014; Fer-
rer and Good-Avila 2007; Faehnrich et al. 2015; Barcaccia
et al. 2016; Bala et al. 2023). In C. intybus, Sl is particularly
pronounced and is characterized by the immediate rejection
of self-pollen or pollen from incompatible crosses (Varotto
et al. 1995; Castafio et al. 1997; Lucchin et al. 2008). In
this SI mechanism, which is known to involve the sporo-
phytic type (SSI), the ability of a pollen grain to germinate
on the stigma surface is determined by the genotype of the
parental sporophyte. Despite the importance of SI in chic-
ory, few studies have thoroughly examined the dynamics of
pollen germination and the associated SI response, and the
transcriptional dynamics underlying the regulation of this
mechanism remain completely unknown.

In this study, we aimed to bridge some of the abovemen-
tioned gaps. For the first time, we provide a comprehensive
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analysis of megasporogenesis, megagametogenesis, pollen—
stigma interactions and embryogenesis in C. intybus var.
latifolium. A timescale for pollen germination in compat-
ible crosses was outlined, indicating that a range of 20 min
to 4 h is required for a pollen tube to germinate and reach the
ovary for fertilization. In parallel, RNA-seq analyses were
integrated to investigate the transcriptional changes occur-
ring in response to self- and non-self-pollen recognition.
Furthermore, an in-depth investigation was conducted into
embryogenic patterns following a timeframe ranging from
5 to 96 h, encompassing all the steps of regular embryo-
genesis (in the case of self-compatibility) and embryo sac
degeneration (in the case of self-incompatibility). Our find-
ings provide, for the first time, foundational insights into the
reproductive biology of chicory, with a particular emphasis
on the SSI from a cytological and molecular point of view.
The results from these analyses are expected to provide
new insights into the mechanisms underlying SI in chicory,
opening avenues for future research and contributing to
comparative studies within the Asteraceae family, in which
significant variability in embryological patterns has been
observed, without a consistent structural distinction from
other angiosperms (Johri et al. 2013; Franca et al. 2015).

Materials and methods
Plants used and growing conditions

The plants were grown in the greenhouse of the “L. Toniolo”
experimental farm of the University of Padova (Legnaro,
Padova, Italy). Overall, 19 plants of C. intybus var. latifolium
(commonly known as 'Radicchio’) and two of C. endivia var.
crispum were grown. For the var. latifolium, eight plants
belonging to the 'Red of Verona' biotype, four 'Red of Chi-
oggia', four "Treviso Precoce', and three "Treviso Tardivo'
were used. Plant seeds were obtained from different breeding
companies and sown in seed starting trays filled with com-
mon potting soil. Thirty-day-old seedlings were transferred
into large plastic containers and grown until flowering.
Figure 1 shows the characteristic inflorescence of chicories
(Fig. 1a), the structure of individual florets (Fig. 1b), and the
crosses performed, as well as the biotypes used for micros-
copy analysis, aniline blue staining, and RNA-seq molecular
analysis (Fig. 1c).

CLSM analysis

To elucidate megasporogenesis and megagametogene-
sis, buds of C. intybus var. latifolium, the biotype 'Red of
Verona' was sampled at nine different stages (S8—S16) on
the basis of the classification of Habarugira et al. (2015), in
which male gametophyte development was associated with
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Fig. 1 Floral structure of chicory and experimental plan. a Chicory
inflorescence. b Anatomy of a single floret. ¢ Crosses performed and
biotypes used in this study. For confocal laser scanning microscopy
(CLSM) analysis, which was conducted to study megasporogenesis
and megagametogenesis, Cichorium intybus var. latifolium ‘Red of
Verona’ plants were used. The same methodology was applied to
study both the early stages of embryogenesis (when 'Red of Verona'
was crossed with "Treviso Precoce' and 'Treviso Tardivo') and embryo

specific stages of bud length. Self-pollination and cross-pol-
lination were also conducted to investigate the first stages of
embryogenesis (in the case of fertilization) or embryo sac
degeneration (in the case of self-incompatibility or failed
fertilization). At flowering, plants of the 'Red of Verona'
biotype were always used as seed parents and pollinated by
manually brushing self or nonself pollen onto their stigma.
In addition to self-pollination, cross-pollination was carried
out for the 'Red of Verona'x "Treviso Precoce' and 'Red of
Verona' X '"Treviso Tardivo' combinations. Each plant used
for cross-pollination or self-pollination was kept in isolation
cages before and after manual pollination, to avoid pollen
contamination. Flowers were collected at 5 h, 24 h, 48 h,
72 h and 96 h postpollination (pp).

All samples were fixed overnight at 4 °C in FAA solu-
tion (3.7% formaldehyde, 5% acetic acid and 50% ethanol)
and then prepared for Schiff’s reagent staining overnight.
The ovules were dissected under a drop of immersion oil
(Sigma—Aldrich, Munich, Germany), and mounted on glass
slides. For detection, the samples were excited using a laser
(532 nm) with an emission between 570 and 740 nm via
a Nikon Al laser scanning confocal microscope (Nikon,
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sac degeneration following self-fertilization. To investigate pollen
tube elongation/arrest through aniline blue staining, various combi-
nations of crosses and self-fertilizations were performed. The tran-
scriptional changes occurring after self- and cross-fertilization were
evaluated in 'Red of Verona' stigmatic tissues via RNA-seq at three
distinct stages: pre-pollination, 1 h after self-pollination, and 1 h after
cross-pollination. In the latter case, pollen was taken from a 'Red of
Chioggia' biotype. ®, self-pollination; X, cross-pollination

Tokyo, Japan). The images were then processed using
Imagel] software (Schneider et al. 2012).

Aniline blue staining

For in vivo pollen tube guidance experiments, once flower-
ing was initiated and the stigma became receptive (in the
early morning), manual cross-pollinations of C. intybus var.
latifolium biotypes 'Red of Verona' X "Treviso Precoce', 'Red
of Verona' X 'Treviso Tardivo', 'Red of Chioggia' X "Treviso
Precoce’, 'Red of Chioggia' X Red of Verona' and self-polli-
nations of 'Red of Verona', and 'Red of Chioggia' were con-
ducted. Samples were collected after 20 min, 1 h, 1 h 30 min
and 4 h after pollination to monitor the germination of the
pollen tubes until they reached the ovary. As a reference,
florets of C. endivia var. crispum (curly endive), a self-com-
patible species of Cichorium, were self-pollinated and sam-
pled after 4 h. Pollination and plant isolation were performed
as described in the previous section. The florets were then
dissected from the capitula, and for each floret, the ligule
was removed. They were then fixed in a mixture of acetic
acid and absolute ethanol (1:3), washed three times with

@ Springer



156 Page4of23

Plant Cell Reports (2025) 44:156

water, cleared with 8 N sodium hydroxide and labeled with
aniline blue after all the sodium hydroxide was removed via
several washes with water. Microscopic observations were
performed under a Nikon eclipse Ts2R microscope (Nikon,
Tokyo, Japan), with inverted fluorescence. Whole pictures
of the florets were acquired via the manual large capturing
method.

RNA-seq analysis

Young leaves, anthers, and pollen were collected from four
different plants (hereafter considered biological replicates)
belonging to the C. intybus var. latifolium 'Red of Verona'
biotype. Stigma tissues from the same four plants were also
sampled at three distinct stages: pre-pollination, 1 h after
self-pollination, and 1 h after cross-pollination. In the latter
case, pollen was taken from a ‘Red of Chioggia’ biotype.
Self- and cross-pollinations were conducted as previously
described. All the tissues (n=24) were snap-frozen in lig-
uid nitrogen and stored at — 80 °C. Approximately 50 mg
of each frozen tissue sample was ground in liquid nitrogen
using a mortar and pestle, and total RNA was extracted
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. The RNA
concentration was measured with both a Qubit 4 fluorom-
eter (Qubit RNA BR Assay Kit, Thermo Fisher Scientific)
and a NanoDrop-1000 spectrophotometer (Thermo Fisher
Scientific), ensuring quality through 260/280 and 260/230
ratios. The integrity of the extracted total RNA was then
confirmed via high-sensitivity RNA ScreenTape reagents on
the 4150 TapeStation system (Agilent Technologies, MA,
USA). Library preparation and sequencing (2 X 150 bp) were
performed by Biomarker Technologies GmbH (BMKGene,
Miinster, Germany) using the NovaSeq 6000 platform (Illu-
mina Inc. San Diego, CA, USA).

After demultiplexing, the quality of the raw reads was
checked through MultiQC v1.13 (Ewels et al. 2016). Cutadapt
v1.9 (Martin 2011) was used to trim low-quality reads with a
Phred score below 30. The alignments were performed against
the reference chromosome-scale assembly of C. intybus avail-
able from NCBI (GCA_023525715.1) (Fan et al. 2022). Bow-
tie2 v2.4.4 (Langmead and Salzberg 2012) was used at default
parameters for read alignment, SAMtools v1.2 (Danecek et al.
2021) was used for sorting and indexing the alignment files,
and bedtools multiCov v2.30.0 (Quinlan and Hall 2010) was
used to generate the count matrix. An additional matrix was
generated using TPM (Transcripts Per Million) normalization,
to enable a comparison of expression levels between genes of
the same sample. The R package GenomicFeatures (Lawrence
et al. 2013) was employed to retrieve gene lengths from the
genome annotation (GCA_023525715.1) (Fan et al. 2022). A
custom R script was used to normalize the raw counts first
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based on gene length and then relatively to the total number
of reads generated for sample, expressed in millions of reads.

Notably, the chicory reference genome lacked functional
annotation (Fan et al. 2022). Therefore, for the genes and gene
lists discussed in this study, an annotation was performed by
searching for orthologous proteins in the reference genome of
A. thaliana (Cheng et al. 2017). The protein sequences of chic-
ory were used as queries and aligned (BLASTp) against the
Arabidopsis proteome-based database (Mergner et al. 2020).

Coexpression network analyses were subsequently per-
formed to identify clusters (modules) of highly correlated
genes associated with specific tissues or developmental stages.
The count matrix generated previously was initially filtered,
retaining only those genes with more than 5 aligning reads
in at least three samples. Data were normalized using the
median of ratios method with the R package DESeq?2 (Love
et al. 2014), considering tissues as variables in the linear
model. The same R package was also used to perform princi-
pal component analysis (PCA) and hierarchical clustering of
the samples for an initial quality assessment. Weighted gene
coexpression network analysis (WGCNA) was conducted on
the normalized data, starting with hierarchical clustering using
the blockwiseModules function from the R package WGCNA
v1.70-3 (Langfelder and Horvath 2008). The following param-
eters were applied: net_type =signed, minModuleSize =30,
mergeCutHeight=0.25, corType =Pearson, power=8. The
“power” threshold was determined using the pickSoftThresh-
old function, selecting the value that yields an R? value clos-
est to 0.9. The resulting gene modules were further refined
using k-means clustering with the applyKMeans function from
the R package CoExpNets (Botia et al. 2017), with the fol-
lowing parameters: n.iterations =50, net.type =signed, min.
exchanged.genes =20, excludeGrey =T. The modules showing
the best correlation with the tissues under study, were fur-
ther analyzed for module membership (MM) and gene sig-
nificance (GS). Gene Ontology (GO) enrichment analysis was
conducted for each identified module using the ShinyGO v0.80
tool (Ge et al. 2020).

The DESeq2-based normalized data were also used to iden-
tify DEGs with the R package DESeq2 (Love et al. 2014).
Analyses were specifically performed to identify DEGs among
pre-pollinated, self-pollinated and cross-pollinated stigma
tissues. After the Benjamini—Hochberg method was applied
(Benjamini and Hochberg 1995), genes with an adjusted p
value (padj) lower than 0.05, were considered DEGs.

Results and discussion
Female gametophyte development

Most studies on the sporogenesis and gametogenesis are typ-
ically conducted in the more accessible male reproductive
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structures. In contrast, analysis of female embryo sac devel-
opment is particularly challenging because of the location of
the cells within the nucellus and ovule tissues of the female
flower (Barrell and Grossniklaus 2005). In chicory, build-
ing on the work of Habarugira et al. (2015), we analyzed
nine developmental stages of buds, each corresponding
to a specific event in a developmental male gametophyte.
Our objective was to provide a comprehensive account of
the events occurring during female gametophyte develop-
ment, in accordance with the observations made for the
male counterpart. To this end, we compiled Table 1, which
aligns specific events occurring during sporogenesis and
gametogenesis in chicory. Our data revealed that the begin-
ning of the female gametophyte development occurs slightly
later than that of the male gametophyte development: while
the early pollen mother cell (PMC) is already visible at stage
7, the megaspore mother cell (MMC) appears only at stage
9. However, in the final stage of anthesis (stage 16), the two
gametophytes align in synchrony, as they reach maturity.
Female gametophyte development is conventionally
divided into two principal processes: megasporogenesis,
which encompasses meiotic divisions of the megaspore
mother cell (MMC), and megagametogenesis, which refers

to the three mitotic divisions of the functional megaspore
(FM) that give rise to the mature embryo sac (Yadegari and
Drews 2004). These two processes occur in the developing
ovule (Grossniklaus and Schneitz 1998; Yang and Sundare-
san 2000; Barrell and Grossniklaus 2005).

In chicory, the ovule is of the anatropous type. Micro-
scopic investigations by confocal imaging were performed
from the initial stage of a young ovule with an archesporial
cell, where the overall estimated perimeter of the ovule was
455 um, and the funiculus length was 55 pm (Fig. 2a).

Compared with nearby cells, the emergence of the MMC
near the micropylar end of the ovule was characterized by
a large rectangular shape, and notably larger dimensions,
with an estimated cell perimeter measuring 77.8 um and
a 30 um nucleus perimeter (Fig. 2b). Interestingly, in this
stage, a marked nucleolus located in the nucleus was easily
detected, and an increase in the total perimeter of the ovule,
reaching 554 um, was observed. In Fig. 2c, an expanded
MMC was observed (perimeter of 123 um and a nucleus
of 37 um), with clearly visible chromosomes. The appear-
ance of the diploid MMC marks the first stage of the meg-
asporogenesis, which rapidly divides into completing the
first meiosis, resulting in the formation of a dyad structure

Table 1 Histological events associated with a specific bud length and stage, from the study of Habarugira et al. (2015) with an association with

the female counterpart, data produced from this study

Bud length Stage Events in male gametophyte

Events in female gametophyte

(mm) (Habarugira et al. 2015) (this study)
1.2-14 7 Appearance of early pollen mother cells (PMC) and second na
parietal cell layer
1.5-2 8 Four distinguishable anther layers, approximately 50 pmc Young ovule with archesporial cell
longitudinally aligned in each locule, enlargement and
vacuolation of tapetum
2-2.5 9 Callose deposition around PMC, meiosis First appearance of megaspore mother cell (MMC)
2.5-3 10 Tetrads of microspores, crushing of middle layer by the First meiosis of the MMC and dyad visualization with the
enlarging tapetum, nuclear division in tapetum cells cell plate formation
34 11 Degradation of callose, release of microspores, disappear-  Second meiosis, giving rise to a linear tetrad of megaspores
ance of middle layer, tapetal cell intrusion in the locule
4-5 12 Vacuolate microspore, expansion of endothecium cells, start Degenerating megaspores in the micropylar end, the chalazal
of septum disintegration megaspore remains the functional megaspore (FM), FG1
stage
6 13 First pollen mitosis, start of starch accumulation in the pol- Two-nucleate female gametophyte (FG3) entering the second
len grain, secondary thickenings of endothecium cell wall, = mitosis
anthocyanin biosynthesis in the anther Four-nucleate female gametophyte (FG4). Cells well posi-
tioned in the polar ends
7 14 Two-celled pollen grain, complete degeneration of tapetum  Eight-nucleate embryo sac in FGS5, polar nuclei migrating
toward the center to form the central cell
8-9 15 Tricellular pollen grain, completion of septum disintegra- FG6, the polar nuclei fused to form the central cell, and 7
tion, stomium opening, release of pollen grains in the cells are visible in the mature embryo sac
locule
10-12 16 Anthesis, rapid elongation of the floral tube, pollen collec-  Mature embryo sac, FG7 stage, 7-celled embryo

tion by the style brushing hairs

Central cell and egg cell more defined than in stage 15, and
ready for fertilization

Na Not analyzed, FG female gametophyte
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Fig.2 Megasporogenesis in C. intybus. a Young ovule structure with
an archesporial cell (AR). b Megaspore mother cell (MMC) with
a large nucleus (NU) positioned toward the micropylar end. ¢ The
MMC with chromosomes clearly visible in the nucleus d Dyad stage.
e Linear tetrad of megaspores. f Functional megaspore (FM) at the

(dyad perimeter: 135 um, both nuclei: 20 ym), comprising
two cells divided by the cell plate visible in Fig. 2d. From
this point onwards, the dyad is oriented such that one cell is
located toward the chalazal end, whereas the other is posi-
tioned toward the micropylar end. The dyad subsequently
enters the second meiosis, developing a tetrad structure with
a total perimeter of 156 pm (Fig. 2e). One of the megaspores
of the tetrad (perimeter 132 pm), situated at the chalazal end,
subsequently develops into the FM with a nucleus perimeter
of 25 um, whereas the other three megaspores degenerate at
the micropylar end (Fig. 2f).

During megagametogenesis, the surviving megaspore
undergoes three mitotic divisions to form the mature female
gametophyte (FG), which is also known as the embryo sac
or megagametophyte. The development process of FGs can
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chalazal end and the degenerated nuclei in the micropylar end. IN
Integument, FU Funiculus, NC Nucleolus, DN Dyad nuclei, CP Cell
plate, TN Tetrad nuclei, DM Degenerated megaspores. Scale bars:
20 pm

be divided into seven distinct stages, designated as FG1 to
FG7, on the basis of the model described in Arabidopsis by
Christensen et al. (1997). In the present study, we report the
corresponding stages, except for FG2. However, FG2 and
FG3 represent both stages of a two-nucleate embryo sac that
results from the first mitosis of the FM (Christensen et al.
1997). The distinction between these two stages is that in
FG2, the two resulting nuclei from the first division of the
FM are positioned in the center of the embryo sac, whereas
in FG3, the two nuclei are positioned at the polar ends and
separated by a vacuole, prepared to undergo a second mitosis
(Fig. 3a).

The two subsequent mitotic divisions result in the for-
mation of a four-nucleate embryo sac in FG4 (Fig. 3b)
and in an eight-nucleate embryo sac in FG5 (Fig. 3c, d).
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The mature embryo sac in chicory (FG6, FG7; Fig. 3e, f,
respectively), as in the case of numerous species within the
Asteraceae family, conforms to the typical Polygonum type.
During cellularization, the eight nuclei give rise to seven
cells: an egg cell, and two synergid cells at the micropylar
end, a large diploid central cell in the central region, and
three antipodal cells at the chalazal end. Despite consider-
able efforts to elucidate the precise mechanisms governing

Fig. 3 Megagametogenesis in C. intybus. a Stage FG3, the binucle-
ated embryo sac enters the second mitosis. b Stage FG4, tetra-nucle-
ate embryo sac. ¢ Early Stage FG5, vertical arrangement of the nuclei
from the third mitosis (7 out of 8 cells are visible). d Late Stage FGS,
the eight-nucleate embryo sac with the two polar nuclei migrating
toward the center. e Stage FG6: Embryo sac during maturation with a

cell type differentiation within the female gametophyte and
to distinguish the egg cell from the synergid cells, these
issues remain largely unresolved. Research in Arabidopsis
has shown that the spatial patterning of the embryo sac is
influenced by asymmetric auxin distribution (Pagnussat
et al. 2009). Additionally, nuclear positioning has been pro-
posed as a key factor in the specification of the egg apparatus
(Sun et al. 2021).

small central cell, image obtained from the maximum intensity Z pro-
jection. f Stage FG7, mature embryo sac with an enlarged central cell,
image obtained from the maximum intensity Z projection. N Nuclei,
PN Polar nuclei, AC Antipodal cell, EC Egg cell, SY Synergid, CC
Central cell. Scale bars: 20 pm

@ Springer
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In the mature embryo sac, an increase in the size of the
central cell was observed, whereas three antipodal cells
were not observed (Fig. 3f). In some cases, two antipodal
cells were detected, but since they were in a different plane,
they could not be shown in the images. However, they can
be observed in Supplementary Video 1, which shows a
mature embryo sac, with two antipodal cells out of three.
In many species, including Arabidopsis, antipodal cells are
known to undergo programmed cell death (PCD) or reduce
in size before fertilization (Kégi et al. 2010; Sprunck and
Grof3-Hardt 2011; Heydlauff and Gro-Hardt 2014; Van
Hautegem et al. 2015). Among the Asteraceae family, stud-
ies in Achillea species revealed that most antipodal cells
degenerate during the late stages of embryo sac development
although complete degeneration is not consistently observed
(Chehregani and Salehi 2016). In Chrysanthemum species,
antipodal cells remain viable after egg apparatus formation,
whereas in Calendula officinalis, degeneration begins prior
to egg apparatus formation (Ao 2007; Deng et al. 2010).
These findings suggest significant variability in antipodal
cell fate with respect to size, number, and timing of degen-
eration within Asteraceae species (Gotelli et al. 2008; Deng
et al. 2010). However, the inferred degeneration of antipo-
dal cells raises questions about whether cell disappearance
represents true degeneration or a detection limitation (Song
et al. 2014).

Although the function of antipodal cells remains poorly
characterized, research efforts have focused on elucidating
the function of synergids. Synergids are thought to be crucial
in the fertilization process, attracting pollen tubes to egg
cells. Among the two mature synergids, only one, termed
the receptive synergid, receives the pollen tube, whereas the
other is referred to as the persistent synergid (Mogensen
1984; Higashiyama 2002; Higashiyama and Takeuchi 2015;
Maruyama and Higashiyama 2016).

Overall, many molecular mechanisms remain to be clari-
fied, particularly with respect to cell differentiation, central
cell formation, synergid-mediated pollen tube guidance,
and the function of antipodal cells. Understanding these
processes will provide insights into plant reproductive
development.

To evaluate and measure the difference between the nuclei
of the cell of an embryo sac, estimation of their perimeter
and area was conducted (Fig. 4).

The observable nuclei in five mature embryo sacs (in FG6
and FG7), were illustrated in a graphical representation by
analyzing the perimeter and area correlation in Fig. 4a and,
singularly, in box plots of the nuclear area (Fig. 4b) and
perimeter (Fig. 4c). A significant disparity in the nuclear
area and perimeter was observed among the embryo sac
cell types. The central cell nuclei exhibited the largest
dimensions, followed by those of the egg cells. For both
the nuclear area (Fig. 4b) and perimeter (Fig. 4c), the most
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prominent differences were found between the central cell
and both synergid and antipodal cells, with the egg cells
also differing significantly from the antipodal cells. Though
differences were observed among the nuclei of embryo sac
cells, their biological significance remains unknown due to
the absence of comparable measurements in the literature.

Pollen tube germination

Aniline blue staining has been used as a rapid and depend-
able technique for the identification of callose deposition,
particularly in the context of pollen tube growth (Eschrich
and Currier 1964). This technique uses a fluorochrome that
specifically binds to callose, allowing for its visualization
via fluorescence microscopy using an ultraviolet (UV) filter
(Mason et al. 2020). The molecular mechanisms underlying
pollen tube growth are particularly puzzling as it is the only
cell type in which plant cell growth is extremely rapid and
confined to the tip of the cell (Chebli and Geitmann 2007;
Bove et al. 2008; Hepler et al. 2013). The structure of a
chicory floret, as observed through fluorescence microscopy,
is shown in Fig. 5a.

The florets of chicory are situated within the capitula,
with a typical number of 15-25 per inflorescence, and are
encircled by a series of bracts, forming an involucre (M
Kiers 2000; Mathieu et al. 2020). As the pistil matures, the
style and the stigma extend through the tube formed by five
fused anthers. During the aniline blue staining protocol,
bleaching with sodium hydroxide renders the anthers more
fragile, causing them to separate and increasing their vis-
ibility, as shown in Fig. 5a. Chicory florets are protandrous, a
phenomenon characterized by the earlier maturation of male
reproductive organs relative to female reproductive organs,
reducing in this means self-pollen (Lloyd and Webb 1977,
Bawa and Beach 1981; Forrest 2014). Indeed, the stigma
of chicory comprises a receptive part of the papillae cells,
which remain closed and hidden as they elongate and emerge
from the anther tube (where mature pollen is present), pre-
venting the receptive surface of the stigma from receiving
self-pollen, whereas the outer side is composed of fake
papillae cells, incapable of perceiving pollen. Upon extru-
sion of the stigma from the anther tube, the receptive por-
tion of the papillae cells becomes exposed (Fig. 5b), thereby
enabling the reception of potentially compatible pollen.

The pappus structure, as a characteristic trait in Aster-
aceae (M Kiers 2000), was easily detected and composed of
diminutive scales (Fig. 5a, c, d). Moreover, in the inferior
part of the pappus, a unilocular ovary was observed. This
study reports, for the first time in chicory, the presence of a
nectar structure at the base of the corolla, surrounding the
style base (5d, e). The nectary structure is characterized by a
star shape of round angles/tips with the presence of stomata,
which are known to mediate nectar release (Fig. Se) (Pacini
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Fig.4 Measurements of the nuclear area and perimeter of mature
embryo sacs. a Scatter plot of the nuclear perimeter (um) vs. nuclear
area (um?) across different cell types b Boxplot of the nuclear area (in
um?). ¢ Nuclear perimeter (in um). The global statistical significance
was assessed using the Kruskal—Wallis test, whereas pairwise com-
parisons were conducted using the Dunn test with Bonferroni correc-

et al. 2003). However, few investigations of the nectary
structure of Asteraceae have been conducted, which, inter-
estingly, is known to play a large role in plant affinity and
taxonomy, since the nectary structure may differ in terms
of shape and amount of nectar secretion even within the
same family (Sulborska and Weryszko-Chmielewska 2007;
Wist and Davis 2008; Sulborska 2011; Wojtaszek and Maier
2014).

On the other hand, for the pollen tube germination analy-
sis, we conducted a series of preliminary tests to optimize
the protocol and gain insight into the microscopic fluores-
cence characteristics of the chicory florets, since no previous
studies, to our knowledge, have provided images or detailed
explanations. At the outset of our investigation, we discerned
that the vascular bundle: xylem and phloem tissue, exhib-
ited autofluorescence (Fig. 6a-f), which may initially prove
confusing when attempting to identify the transmitting tract.

Once the parameters and general structure of the florets
were defined, the next step was to determine which crosses
were compatible among the chicory varieties investigated

cc

tion for multiple testing. P-values were adjusted using the Bonferroni
correction for pairwise comparisons. Significance levels are indicated
by asterisks as follows: p<0.05=%, p<0.01=**, p<0.001 =***,
"ns" indicates no significant difference (p>0.05). AN Antipodals, SY
Synergids, EC Egg cell, CC Central cell

in this study. Given that chicory exhibits SSI and that
incompatible pollen tubes are arrested on the stigma sur-
face, the detection of the pollen tubes in the transmitting
tract was considered as a compatible cross. The biotypes
under consideration were 'Red of Verona', 'Red of Chiog-
gia', "Treviso precoce', and '"Treviso tardivo'. Our observa-
tions revealed that no incompatibility was observed among
the biotypes used. Therefore, a series of independent sam-
plings were conducted to establish a baseline for the ger-
mination and growth of pollen tubes in cross-pollinated
florets at four time points. The timescales were as follows:
20 min, 1 h, 1 h 30 min, and 4 h. The results were then
subjected to a detailed analysis, which yielded the conclu-
sions represented in Fig. 6. In the left panels (Fig. 6a, c,
e, g), female tissues (i.e., stigma, style and ovary) from
a pre-pollinated floret were used as a negative control,
whereas the same female tissues following a compatible
cross-pollination event are reported in the right panels. In
the latter case, the initial observation of pollen germina-
tion occurred at 20 min pp (Fig. 6b), with penetration of
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Fig.5 Fluorescence microscopy of C. intybus. a Structure of a chic-
ory floret with the ligule dissected prior to fixation. b Magnification
of a pollinated stigma with grains (PG) adhering to receptive papillae
(RP). Fake papillae (FP) and outer tissues of the stigma do not show
any germinated pollen grains. ¢ Corolla base (CB) detached from the

the stigma and growth of pollen tubes in the transmitting
tract occurring at 1 h pp (Fig. 6d). The style and ovary
were reached at 1 h and 30 min pp (Fig. 6f), and at 4 h pp,
respectively (Fig. 6h). This finding suggests that within
the 20 min to 1 h timeframe, pollen tubes in compatible
crosses initially commence germination within the stigma
papillae surface and subsequently undergo elongation but
remain at the stigma level. Notably, in other Asteraceae
species, such as Senecio squalidus and Helianthus annuus,
pollen germination was observed to occur between 15 and
30 min in compatible crosses (Allen et al. 2011; Sharma
and Bhatla 2013).

@ Springer

lower part of the floret at the pappus structure level. d Closer look
at the nectary (NE), surrounding the style base (SB). e Star-shaped
nectary with the presence of stomata (SO). ST Stigma, SY Style, AN
Anthers, PA Pappus, OV Ovary, CT Corolla tube. Scale bars: 100 pm

A comparative analysis of three different scenarios is
presented in Fig. 7. Figure 7a and 7b and shows the stigma
and the style of a floret subjected to self-pollination: pollen
grains germinate but no pollen tubes penetrate the stigma
or traverse the style. Callose deposits are distinctly visible
on the receptive surface of the stigma. In contrast, Fig. 7c
and 7d represent the stigma and style of a cross-pollinated
floret: the pollen tube germinates and elongates in the trans-
mitting tract. Finally, as shown in Fig. 7e and 7f, a floret
from C. endivia, a self-compatible species, was used as a
control, with pollen tubes exhibiting normal growth through
the stigma and style tissues.
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Fig.6 Comparison of female
tissues before pollination (nega-
tive control) and after compat-
ible cross-pollination in chicory.
In the left panels the pre-
pollinated stage of: a, ¢ stigma
(8T), e style (SY), and g ovary
(OV), were used as a negative
control. Vascular bundles (VB),
receptive papillae (RP), fake
papillae (FP) and the ovary wall
(OW) are indicated by arrows.
The panels on the right show
the pollen germination kinetics,
following a compatible cross:

b pollen grains (PG) either
adhering to or germinating on
the stigma surface 20 min post
pollination (pp), d pollen tubes
(PT) penetrating the stigma

and elongating within the
transmitting tract (77) 1 h pp, f
magnification of multiple pollen
tubes advancing through the
transmitting tract 1 h 30 min pp,
and h pollen tubes reaching the
ovary 4 h pp. Scale bars: 50 um
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«Fig.7 a, b Self-pollination of chicory, ¢, d cross-pollination of chic-
ory, and e, f self-pollination of endive. a Manually self-pollinated
chicory, with arrested pollen tubes (PT), and callose deposits (CD)
visible on the stigma (S7) surface. b Absence of pollen tubes in the
chicory style (SY) following self-pollination; vascular bundles (VB),
on the other hand, are clearly visible. ¢ Pollen grain (PG) germina-
tion and pollen tube development through the stigma of (manually)
cross-pollinated chicory. d Pollen tube growth within the chicory
style following cross-pollination. The stigma (e) and style (f) of self-
pollinated C. endivia (self-compatible), were used as positive con-
trols. The pollen tube elongates in the transmitting tract, and callose
deposits are not present. Scale bars: 50 pm

Pollen—stigma interactions are related mainly to the
type of the stigma, as they were classified as either dry or
wet on the basis of the presence or absence of secretions at
the stigma surface (Heslop-Harrison and Shivanna 1977;
Rejon et al. 2014; Bhatla and Lal 2023). According to earlier
studies, SSI is associated with dry stigmas, whereas game-
tophytic SI is typically linked to wet stigmas, as initially
described by Heslop-Harrison and Shivanna (1977). Wet
stigmas typically secrete an exudate (extracellular secretion
that covers the stigma outermost surface), which facilitates
pollen germination. These stigmas generally lack a continu-
ous cuticle, thereby enhancing the conditions for pollen ger-
mination (Dickinson 1995; Sang et al. 2012). Conversely,
dry stigmas exhibit a greater degree of specificity, char-
acterized by a continuous cuticle that significantly inhib-
its incompatible pollen tube germination, as in the case of
SSIin Brassica oleracea, where self-pollen is immediately
arrested, in most cases prior to germination (Dickinson
1995; Nasrallah 2023).

Elleman et al. (1992) conducted a comparative study of
pollen—stigma interactions in five distinct species character-
ized by an SI response, including Cosmos bipinnatus and
Helianthus annuus from the Asteraceae family. The authors
reported that stigmas from these latter two SSI species do
not appear to be completely dry, but rather seem to produce
a small amount of surface secretion, allowing initial pollen
tube growth even in the case of incompatible pollinations.

These observations were later substantiated by Hiscock
et al. (2002), and Allen et al. (2010) in their detailed struc-
tural and cytological studies of the pollen—stigma interac-
tion on S. squalidus, an Asteraceae member exhibiting SSI.
From the germination trials of incompatible events in S.
squalidus, three different scenarios were observed: i) pollen
grains arrested prior to germination, or following the appear-
ance of short pollen tube initials ii) pollen tubes arrested on
the stigma surface, and iii) pollen tubes arrested after stigma
penetration (on rare occasions). Callose deposition remains a
common feature across all possible scenarios (Hiscock et al.
2002).

Further studies confirmed the nature of the semidry stig-
mas in other Asteraceae members, such as Lessingianthus
grandiflorus, Lucilia lycopodioides (Teixeira et al. 2011),

and H. annuus (Sharma and Bhatla 2013). For example, in
this latter study, the pollen tube was also able to germinate
in incompatible crosses, but failed to penetrate the papilla,
instead continuing its growth parallel to it (Sharma and
Bhatla 2013).

In many other Asteraceae species, such as Ambrosia arte-
misiifolia L. (Friedman and Barrett 2008), Zinnia angustifo-
lia (Samaha et al. 1989), Artemesia granatensis (Pefas et al.
2011), and Echinacea angustifolia (Wist and Davis 2008), a
comparable pattern was identified, with germinated pollen
tubes (from self-pollination events or incompatible crosses)
being arrested on the stigma surface.

Similarly, in chicory, pollen germination accompanied by
callose deposition in self-pollinated stigmas was observed
(Fig. 7a). Since this event has rarely been observed in dry
stigmas (Dickinson 1995; Hiscock et al. 2002), we hypoth-
esize that chicory, like other Asteraceae species mentioned
above, may exhibit a semidry stigma type. However, fur-
ther cytochemical analysis is needed to determine whether
chicory presents semidry stigmas, potentially indicating a
shared trait within the Asteraceae family.

In many studies, pollen tube germination was monitored
by observing the seed set, and/or, considering environmental
conditions, the morphology of the flower (short/long style),
pollen load, and pseudo self-incompatibility (Lloyd 1968;
Eenink 1981; Burson 1987; Galen et al. 1989; Leduc et al.
1990; Varotto et al. 1995; Love et al. 2016). Several factors
must be considered as errors may arise at various stages
during these procedures. These potential sources of error
include manual pollination techniques, seed counting accu-
racy, premature harvesting, misinterpretation of germinated
pollen tubes on papillae cells as compatible pollinations,
and challenges in detecting pollen tube elongation within
the style (Eenink 1981; Faehnrich et al. 2015). From our
perspective, the implementation of aniline blue methodol-
ogy, comprising repeated analyses and the development of
an optimized protocol, can ensure the production of reliable
results. Following self-pollination and cross-pollination, we
further explored both the transcriptomic changes occurring
at the stigmatic level and the cytological changes occurring
at the ovule level. The following sections will provide a
detailed account of these observations.

Transcriptomic changes in stigma tissues pre-pollination,
and following self- and cross-pollination

RNA-seq data were produced for young leaf (Leaf), anthers
(Ant), pollen (Pol), pre (Pre-P), 1 h cross (Cross-P), and
1 h self (Self-P)-pollinated stigmas. The four biological
replicates used for each tissue were derived from plants
belonging to the 'Red of Verona' biotype, whereas the pol-
len used for cross-pollination was taken from 'Red of Chi-
oggia'. Although the focus of our analyses was on stigmatic
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tissues, we considered it useful to include anthers, leaves,
and pollen to identify genes or gene clusters specific to stig-
matic tissue and not expressed in the other tissues examined.
Given the low number of reads, the fourth replicate of Pol
tissue was excluded from further analyses. In total, approx-
imately 972 M reads (on average 42 M reads per sample)
were obtained, while, after the filtering steps, approximately
924 M reads were retained. After DESeq?2 (Love et al. 2014)
normalization, 40,884 genes were globally expressed in at
least one tissue (Table S1). Pol presented the lowest number
of expressed genes (24,792), whereas Cross-P presented the
greatest number of expressed genes (34,702, Fig. 8A). For
the evaluation of expression levels between genes within
the same sample, we also provided an additional table with
expression data normalized to TPM. (Table S2).

The PCA performed on DESeq2-normalized data
(Fig. 8a) revealed a strong correlation among the replicates
of each tissue, except for one of the three Pol biological rep-
licates. Additionally, an overlap was observed between the
biological replicates of Pre-P, Cross-P and Self-P. However,
a certain degree of redundancy at the transcriptomic level
was expected, considering that all samples were collected
from the same tissue 1 h after self-pollination and cross-
pollination events.

A WGCNA was then performed to identify clusters of
genes (modules) sharing similar expression patterns. This
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Fig.8 WGCNA results. a PCA based on DESeq2-normalized data
and, at the top right, the total number of DESeq2-based normal-
ized genes for each of the six tissues under study (young leaf (Leaf),
anther (Ant), pollen (Pol), pre (Pre-P), cross (Cross-P), and self (Self-
P) -pollinated stigmas). For each of the six tissues, four biological
replicates were used (with the exception of pollen, for which three
replicates were used due to technical limitations). b WGCNA mod-
ules after the K-means clustering analysis. ¢ Correlation analysis per-
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method has become one of the most effective approaches
for obtaining RNA-seq data from many plant species, but
it has never been applied to chicory. The 44,884 expressed
genes obtained after the DESeq2 normalization were ini-
tially used to construct a matrix with a soft-thresholding
power of =8, ensuring a scale-free network. Setting
the minimum module size to 30 (a module being a clus-
ter of highly correlated genes), we identified 53 distinct
modules. Modules with eigengenes (MEs, representing
the expression profiles of all genes within a module) cor-
related above 0.25 were then merged, reducing the total
number of modules to 31, each assigned a unique color.
As suggested by Botia et al. (2017), we further applied
a k-means step. This additional measure overcomes the
limitations imposed by the exclusive use of a hierarchi-
cal clustering method (such as the WGCNA). A classical
hierarchical method cannot reassign an expression vector
already assigned to a specific cluster, even if its module
centroid shifts significantly after the inclusion of addi-
tional vectors. The methodology proposed by Botia et al.
(2017), hierarchically generates a draft of the modules,
and then applies a k-means step starting from this draft,
reassigning genes that were initially placed in the wrong
module. Figure 8b shows the updated distribution of genes
across the 31 modules after k-means clustering. Correla-
tion analysis between the newly organized modules and the
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formed between the 31 WGCNA modules obtained after the K-means
clustering analysis and the 6 tissues under study to identify highly
tissue specific modules. The boxes with the thicker borders represent
modules with a correlation p value <0.01. d GO enrichment analysis
(biological process category) of the genes contained in the three mod-
ules, namely, red, turquoise and dark red, which, according to Panel
¢, best correlated with Pre-P, Cross-P and Self-P tissues, respectively
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six tissues under study revealed that one or more modules
were highly correlated with each tissue (p value <0.01).
To investigate genes and molecular pathways involved in
self-incompatibility and pollen tube growth, we focused
mainly on stigma tissues (namely, Pre-P, Self-P and Cross-
P), where the SSI components (male and female) are sup-
posed to interact, determining whether pollen tube germi-
nation and development occur.

The red, the dark red, and the turquoise modules were
specifically and significantly (r=0.88, 0.56, and 0.85,
respectively) correlated with Pre-P, Self-P and Cross-P
stigma tissues, respectively (Fig. 8c). To explore whether the
three abovementioned modules were enriched for genes fall-
ing within reproductive-related ontological categories, we
conducted a gene set enrichment analysis (GSEA) on genes
with a module membership (MM) and gene significance
(GS) greater than 0.9 and 0.5, respectively. MM (between
0 and 1) reflects the association between a gene's expres-
sion profile and the module eigengene (ME), whereas GS
(between -1 and 1) indicates the biological importance of
a gene. In theory, genes with both high GS and MM values
are likely to play key biological roles in the tissue correlated
with their respective modules. Table S3 provides the MM
and GS values for each gene assigned to the red, dark red,
and turquoise modules in the WGCNA. The most enriched
biological process (BP) categories included “inflorescence
meristem growth” and “cutin biosynthetic process” for
the red module, “phenol-containing compound catabolic
process” and “l-aminocyclopropane-1-carboxylate bio-
synthetic process” for the turquoise module and “salicylic
acid catabolic process” for dark red module (Fig. 8d). In
the pre-pollinated stigma-associated red module, it was not
surprising to find an enrichment of biosynthetic processes
(BPs) linked to inflorescence meristem growth and to cutin
and lipid biosynthetic processes. The outermost stigma
layer is indeed a highly modified cuticle, which is mainly
composed of cutin and lipids (Clifford and Owens 1990). In
contrast, the enrichment of the BP category named “1-ami-
nocyclopropane- 1-carboxylate (ACC) biosynthetic process”
in the Cross-P-correlating turquoise module was unique.
Three genes belonging to this BP category were found to
be members of the ACC-synthase (ACS) family, namely,
ACS1, ACS6 and ACSS. Weterings et al. demonstrated that
pollination triggers a high and persistent accumulation of
ACC oxidase (ACO) transcripts throughout all cells of the
transmitting tract (Weterings et al. 2002). In contrast, ACC-
synthase (ACS) mRNA accumulates only in a subset of
transmitting tract cells, following a wave-like pattern, with
the peak aligning with the advancing pollen tube tips. With
respect to the enrichment of the salicylic acid (SA) catabolic
process found in the dark red module, SA is known to be
capable of regulating pollen tip growth (Rong et al. 2016)
and callose synthesis/deposition, but studies elucidating the

role of this phytohormone in the self-pollen recognition pro-
cess are lacking (Wu et al. 2018).

Since none of the analyzed WGCNA modules were spe-
cifically enriched for BP categories related to pollen—pistil
interaction or pollen tube development, we also analyzed the
data from a different perspective. Through a classical DEG
analysis, followed by enrichment analysis, we evaluated the
changes that occurred at the transcriptomic level via pair-
wise comparisons of the three stigmatic tissues (Pre-P, Self-
P and Cross-P stigmas; Table S4). Comparing pre-pollinated
(Pre-P) to self- (Self-P) and cross-pollinated (Cross-P) stig-
mas, provides valuable insights into the molecular mecha-
nisms governing pollen—pistil interactions, specifically cal-
lose production in the self-pollination events, or pollen tube
initiation in case of cross-pollination. Moreover, the direct
comparison between self- and cross-pollination (Self-P vs.
Cross-P) offers a focused perspective on SSI, highlighting
genes that are differentially expressed in stigmas at the same
maturation stage and putatively involved in self-pollen rejec-
tion, pollen acceptance and pollen tube penetration.

In Fig. 9a and Fig. 9b, the genes significantly upregulated
and downregulated (respectively) in each comparison are
reported.

The number of exclusively upregulated and downregu-
lated genes in the Self-P vs. Cross-P comparison was found
to be 315 and 198, respectively (Fig. 9a and Fig. 9b). Nota-
bly, the most enriched categories among the downregulated
genes were "response to stress" (GO: 0006950), "response to
external stimulus" (GO:0009605), and "biological processes
involved in interspecies interaction between organisms"
(GO:0044419). This finding strengthens the hypothesis
that the recognition of non-self-pollen and, more likely, the
penetration of the stigma by the pollen tube seem to trigger
the activation of elements involved in stress response path-
ways, as has been extensively demonstrated in other species
(Hiscock and Allen 2008; Boavida et al. 2011; Mondragdn-
Palomino et al. 2017; Zhang et al. 2017). The number of
downregulated genes in the Pre-P vs. Cross-P comparison
(662, Fig. 9b) and in the Pre-P vs. Self-P comparison (1243,
Fig. 9b) was clearly significantly greater than the number of
upregulated genes in the same two pairwise comparisons
(432 and 361, Fig. 9a). The analyses also revealed a substan-
tial number of DEGs in both the Pre-P vs. Cross-P and Pre-P
vs. Self-P comparisons. In particular, 1,344 genes (Fig. 9b)
were downregulated in both comparisons. These data sug-
gest that the interaction between pollen and the stigma leads
to significant transcriptional changes as early as lh after
pollination, regardless of the type of pollen (self or nonself).

Focusing more closely on the process of pollen tube ger-
mination and growth, we identified 6 genes with Arabidopsis
orthologues that fall into the "pollen tube guidance" BP cat-
egory, namely, MEE14, LIP, and two copies of NRX1, POP2
and A36. All of these genes were downregulated in at least
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a b Pre-PvsCross-P
Pre-PvsCross-P
TF TF
C Pre-P vs Cross-P Pre-P vs Self-P Self-P vs Cross-P
Arabidopsis Function
Gene ID Log2FC adj-pval Log2FC adj-pval Log2FC adj-pval
L2E82_25258 -5.25 3.48E-04 -6.25  1.56E-05 AT2G15890.1 MATERNAL EFFECT EMBRYO ARREST 14 (MEE14)
L2E82_22661 -4.96 3.60E-03 AT3G02810.1 LIP(LOST IN POLLEN TUBE GUIDANCE 2)
L2E82_42056 -3.35 1.49E-20 -2.12  5.23E-08 -1.22  1.79e-02  AT1G60420.1 NRX1 (NUCLEOREDOXIN 1)
L2E82_42057 -2.72 6.21E-17 -2.39  1.53E-12 AT1G60420.1 NRX1 (NUCLEOREDOXIN 1)
L2E82_08221 -3.60 1.31E-04 -4.62  4.74E-07 AT3G22200.1 POLLEN-PISTIL INCOMPATIBILITY 2 (POP2)
L2E82_21697 -1.88 1.43E-03 AT5G36260.1 Aspartyl protease 36 (A36)
L2E82_40935 -4.67 3.73E-03 4.41 2.41E-02 AT1G05570.2 Callose synthase 1 (CALS1, GSL6)
L2E82_42373 -5.05 1.10E-02 AT1G06490.2 Callose synthase 7 (CALS7, GSL7)
L2E82_29924 -2.34  2.78E-03 AT5G13000.1 Callose synthase 3 (CALS3, GSL12)
L2E82_17794 -4.68 7.13E-06  AT4G09960.2 SEEDSTICK (STK)

Fig.9 DEG analysis. a Venn diagram showing specific and common
upregulated genes in pairwise comparisons among the three stigmatic
tissues (Pre-P, Self-P and Cross-P stigmas). In the bottom right, only
the fraction of upregulated genes encoding transcription factors is
shown. b Venn diagram showing specific and common downregu-
lated genes in pairwise comparisons among the three stigmatic tis-
sues (Pre-P, Self-P and Cross-P stigmas). On the bottom right, only

one of the two comparisons, Pre-P vs. Cross-P or Pre-P vs.
Self-P, whereas four were downregulated in both compari-
sons (Fig. 9c). Among the latter, we highlight L2E82_25258,
the putative orthologous of MATERNAL EFFECT EMBRYO
ARREST 14 (MEEI4, AT2G15890). The resulting pro-
tein, also known as CCG BINDING PROTEIN1 (CBP1),
was found to interact with several other proteins, namely,
CCG, NRPB1_CTD, MED7, MED?9, several AGAMOUS-
like (AGL) transcription factors, TBP1, and TFIIF, and to
play a crucial role in pollen tube attraction (Li et al. 2015).
L2E82_42056 and L2E82_42057 are two genes (puta-
tively paralogues) that, on the basis of orthologous analysis
with A. thaliana, could encode for NUCLEOREDOXIN 1
(NRX1, AT1G60420). Mutations in NRX/ cause defective
pollen tube growth in the pistil (Qin et al. 2009). The role
of this gene in pollen tube growth is further supported in

@ Springer

the fraction of downregulated genes encoding transcription factors is
shown. ¢ Differentially expressed genes (in at least one of the three
pairwise comparisons) that fell into the "pollen tube guidance" BP
category or were associated with callose synthesis. For each gene,
the log2FC values for the three pairwise comparisons (if adjusted p
value < 0.05), the putative orthologues in A. thaliana and the putative
functions are reported

chicory, where it was found to be overexpressed not only in
the Cross-P vs. Pre-P and Self-P vs. Pre-P comparisons, but
also in the Cross-P vs Self-P comparison. L2E82_08221 is
the putative orthologous of POLLEN-PISTIL INCOMPAT-
IBILITY 2 (POP2, AT3G22200), which plays a role in medi-
ating pollen tube guidance, as demonstrated by Palanivelu
et al. (2003). POP2 encodes a transaminase responsible
for degrading y-amino butyric acid (GABA), and in pop2
flowers, GABA levels rise significantly, leading to a con-
centration-dependent disruption of pollen tube growth,
guidance, and fertility. It was therefore hypothesized that
GABA functions as an inhibitor of pollen tube elongation at
high concentrations, and is a signal that guides pollen tube
navigation. Finally, L2E82_22661 and L2E82_21697 were
upregulated only in the Cross-P vs. Pre-P comparison. The
first gene codes for LOST IN POLLEN TUBE GUIDANCE 2
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(LIP2), a receptor-like kinase (RLK) that, along with LIP1,
constitutes, a crucial component of the pollen tube receptor
complex. Both the LIP1 and LIP2 proteins are localized at
the tip of the pollen tube through palmitoylation, a process
crucial for their role in guidance regulation. The simultane-
ous inactivation of these genes results in defective pollen
tube guidance (Liu et al. 2013). The L2E82_21697 protein
product is the putative orthologous of A36, an aspartyl pro-
tease, the knockout of which is responsible for a significant
seed abortion and an apoptosis-like programmed cell death
of pollen grains. In addition to A39, A36 is also involved in
pollen tube guidance (Gao et al. 2017).

In addition to being a primary component of the cell wall
surrounding developing microspores, callose also plays a
key role in pollen tube growth (Kapoor and Geitmann 2023).
Callose deposition in response to self or incompatible pol-
len grains acts as an impermeable barrier to pollen tube
growth (Kaur et al. 2021). In our study, callose deposits
were particularly evident on the stigmatic surface follow-
ing self-crossing (Fig. 7a). For this reason, we considered
it useful to investigate whether the callose accumulation
observed in self-pollinated stigmas was also associated with
transcriptional changes in genes encoding callose synthase.
Three genes, namely L2E82_40935, L2E82_42373, and
L2E82_29924, which are putative orthologues of callose
synthase 1 (GSL6), 7 (GSL7) and 3 (GSL12), were all sig-
nificantly upregulated in the Self-P vs. Pre-P comparison.
Additionally, the putative orthologous of GSL6 was also
upregulated in the Self-P vs. Cross-P comparison (Fig. 9c).
Based on the TPM values, L2E82_29924 (GSL12) was
found to be, on average, more expressed across all three
tissues (i.e., 18.11, 14.47, and 3.65 for Self-P, Cross-P, and
Pre-P, respectively) compared to L2E82_40935 (GL6) and
L2E82_42373 (GL7), where the mean values were 2.13
(Self-P), 0.10 (Cross-P), and 0.08 (Pre-P) for the first, and
0.90 (Self-P), 0.09 (Cross-P), and 0.03 (Pre-P) for the sec-
ond (Table S2). The TPM values reveal an increased expres-
sion in Self-P for all three genes.

In Arabidopsis, at least 12 callose synthase genes (CALS
or glucan synthase-like, (GSL)) have been identified, all of
which are expressed during pollen development (Ellinger
and Voigt 2014). Further studies are needed to elucidate
whether the increased expression of these three genes fol-
lowing self-pollination is indeed linked to increased callose
deposition at the stigmatic level.

Among the differentially expressed transcription fac-
tors, the putative orthologous of SEEDSTICK (STK,
AT4G09960), namely, L2E82_17794, is worth mentioning.
The DESeq2-normalized data (Table S1), revealed that this
gene has low or no expression in the leaf, pollen, or anther,
whereas a transcript accumulation was observed at the
stigma level prior to pollination. At this point, the amount of
STK mRNA decreases to zero just 1 h after self-pollination,

whereas it remains at high levels 1 h after cross-pollination
with compatible pollen. STK appeared to be differentially
expressed between Cross-P and Self-P (Fig. 9¢). Consid-
ering the central role played by STK in fertilization and
seed development processes (Mizzotti et al. 2012), it can
be hypothesized that, following the interaction between the
stigma and incompatible pollen (self), almost immediate
shutdown of the gene transcription occurs.

Double fertilization, embryogenesis and embryo sac
degeneration

Successful fertilization requires the guidance of the pollen
tubes by the pistil, facilitating the delivery of the two genera-
tive cells (i.e., the sperm cells) from the pollen grain to the
embryo sac (Raghavan 2003; Higashiyama and Takeuchi
2015; Dresselhaus et al. 2016; Adhikari et al. 2020; Shin
et al. 2021). Upon reaching the micropyle of the ovule,
the pollen tube passes through one of the synergids of the
embryo sac and releases the two sperm cells, which then fuse
with the female gametophyte (Lora et al. 2010; Palanivelu
and Tsukamoto 2012; Pereira et al. 2021). The process of
double fertilization represents the initial stage of seed devel-
opment, a distinctive biological phenomenon wherein the
destiny of two sperm nuclei is synchronized to facilitate the
fertilization of two distinct cell types. The fertilization of
the egg cell results in the formation of the zygote, whereas
the fertilization of the homodiploid central cell fuses with
the second sperm nucleus, leading to the development of the
triploid endosperm. Our observations indicate that within a
time frame of 5-24 h, the pollen tubes reach the ovule, thus
initiating the process of double fertilization. Fertilization is
micropylar, with the pollen tube entering and fusing with
one of the two synergids (Fig. 10a).

This finding is consistent with ultrastructural observa-
tions in angiosperms showing that the synergid cell receiv-
ing the pollen tube undergoes programmed cell death (PCD),
leading to its degeneration. This degeneration creates a pas-
sageway that facilitates sperm entry into the egg and central
cells, enabling fertilization (Li et al. 2009). Calcium ion flux
has been implicated in mediating this process of pollen tube
reception and burst by synergids (Mascarenhas and Mach-
lis 1962; Heslop-Harrison 1987; Higashiyama et al. 2001;
Higashiyama 2002; Mendes et al. 2016).

After monitoring the pollen tube journey over a time
course ranging from 20 min to 4 h, we tracked as after the
pollen tubes approach the ovule, in a timeframe spanning
from 5 to 96 h (five timepoints, 5 h, 24 h, 48 h, 72 h, and
96 h; Fig. 10b-f). At the same timepoints, we also exam-
ined the fate of the ovules belonging to self-pollinated
plants (Fig. 10g-k). This study documents for the first time
embryogenesis in chicory, starting from the zygotic stage
to a fully developed embryo and endosperm, including the
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Fig. 10 Embryogenic patterns in C. intybus. a Pollen tube (PT) enter-
ing the micropylar end (ME) and fusing with one of the synergids
(8Y), image obtained from the maximum intensity Z projection. b-f
Stages of embryogenesis in C. intybus after a compatible cross at
five time points: b 5 h pp, early stages immediately after the double
fertilization; zygote (ZY) is evident, and endosperm (EN) is form-
ing; image obtained from maximum intensity Z projection; ¢ 24 h pp,
embryo development at 8—16 cell division stage; d 48 h pp, a globu-
lar embryo stage (EB); e 72 h pp, a heart-shaped embryo; and f 96 h

@ Springer
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pp, cotyledons at early stages of formation. g-k Embryo sac matura-
tion after self-pollination at different time points. g After 5 h, linearly
shaped embryo sac (ES) with well-visible egg cell (EC) and central
cell (CC), was observed, and h after 24 h, the embryo sac with the
only egg cell was still visible; the other nuclei underwent degenera-
tion. (i) After 48 h, the embryo sac in which all the nuclei degener-
ated, j after 72 h, the embryo sac shrank, and k after 96 h the embryo
sac degenerated inside the ovule (OU). Scale bars: 20 um
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globular stage, heart-shaped stage, and cotyledon elongation
(Fig. 10b-f). In chicory, the endosperm appears to be of the
nuclear type, with endosperm nuclei undergoing rapid divi-
sions from 5 to 24 h pp without undergoing cellularization in
this timeframe (Fig. 10b, ¢ and Supplementary Fig. 1). Like
other Asteraceae (e.g., in Achillea tenuifolia, Hieracium,
Pterocypsela formosana, Erigeron annuus, Chrysanthemum
carinatum, Crepis bithynica, Helichrysum rupestre, Leonto-
don autumnalis, and Centaurea kilaea), chicory endosperm
transitions from an initial free nuclear stage to a cellular
stage, after the globular stage of embryogenesis (Kapoor and
Tandon 1964; Villari 1987; Yurukova-Grancharova 2004;
Yurukova-Grancharova and Dimitrova 2006; Yurukova-
Grancharova et al. 2006, 2012; Hua et al. 2015; Chehregani
and Salehi 2016; Kartal 2025). On the other hand, a cel-
lular type of endosperm has been documented in Artemisia
annua, Ambrosia artemisiifolia and Ambrosia trifida (Chen
et al. 2014; Shirkhani et al. 2024). In addition, another
study in Ambrosia artemisiifolia reported initial free-nuclei
endosperm formation, and that cellularization occurred
after globular embryo formation (Yurukova-Grancharova
et al. 2015). Both types of endosperm have also been docu-
mented in the Taraxacum genus (e.g., the nuclear type for
T. officinale and the cellular type for T. udum) (van Baarlen
et al. 2002; Musiat and KoSciiska-Pajak 2013; Musiat et al.
2013). The variability observed at the genus (in the case of
Taraxacum) and species levels (in the case of Ambrosia),
appears to be a distinctive feature of the Asteraceae fam-
ily. However, it cannot be ruled out that some observations
may not be accurate because of difficulties in detecting and
interpreting the nuclear—cellular transition of endosperm for-
mation. Further detailed and targeted studies are needed to
confirm the type of endosperm characterizing this intricate
family.

Overall, our observations revealed heterogeneous stages
occurring between 5 and 24 h, ranging from the entry of pol-
len tubes into the embryo sac to the early globular embryo
stage. In some cases, delayed fertilization was noted, with
pollen tubes entering the embryo sac after 24 h, whereas in
other samples, endosperm cells were already observed as
early as 5 h from the pollination. At the early globular stage
of the embryo, several endosperm nuclei were observed,
indicating a rapid division rate (Fig. 10c), whereas the
globular mature embryo (Fig. 10d), was well-defined. By
72 h, various heart-shaped stages were observed, with slight
differences in orientation and maturation (Fig. 10e). After
96 h, cotyledons became clearly visible (Fig. 10f).

In contrast, during self-pollination, pollen tubes rarely
manage to reach the ovule, resulting in a lack of fertilization
(Fig. 10g-k). In self-pollinated flowers, when no pollen tubes
reach the micropylar end, the embryo sac structure begins
to thin as early as 5 h after pollination. Notably, the central
cell, formed by the fusion of the two polar nuclei, and the

egg cell were visible and had not yet degenerated (Fig. 10g).
The egg cell remained intact even after 24 h (Fig. 10h). It is
hypothesized that the degeneration of antipodal and synergid
cells occurs first. By 96 h, the embryo sac had degenerated
completely, and its structure was no longer visible (Fig. 10k).

Conclusions

In conclusion, our findings provide new cytological insights
in a research area with limited data. The application of
advanced techniques, such as confocal microscopy, allowed
us to elucidate for the first time the phases of megasporogen-
esis and megagametogenesis in C. intybus. Additionally, by
shedding light on pollen—pistil interactions, we have added
another small piece to the complex puzzle of SSI in chicory
and we have established a foundation for further molecu-
lar analyses and comparative studies across the Asteraceae
family. Finally, by comparing SI-mediated processes with
normal embryogenesis, we have revealed key aspects of
cytological dynamics that occur both in the presence and
absence of fertilization. These results serve as a basis for
future genetic and molecular studies, with the potential to
enhance our understanding of reproductive biology in the
Asteraceae family.
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