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e Generally, in gymnosperms, pollination and fertilization events are temporally separated
and the developmental processes leading the switch from ovule integument into seed coat are
still unknown. The single ovule integument of Ginkgo biloba acquires the typical characteris-
tics of the seed coat long before the fertilization event. In this study, we investigated whether
pollination triggers the transformation of the ovule integument into the seed coat.

¢ Transcriptomics and metabolomics analyses performed on ovules just prior and after pollina-
tion lead to the identification of changes occurring in Ginkgo ovules during this specific time.

¢ A morphological atlas describing the developmental stages of ovule development is pre-
sented. The metabolic pathways involved in the lignin biosynthesis and in the production of
fatty acids are activated upon pollination, suggesting that the ovule integument starts its dif-
ferentiation into a seed coat before the fertilization.

¢ Omics analyses allowed an accurate description of the main changes that occur in Ginkgo
ovules during the pollination time frame, suggesting the crucial role of the pollen arrival on
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the progression of ovule development.

Introduction

The origin of seed traces back to the Devonian period, ¢. 360 mil-
lion years ago (Ma) and represents a key innovation at the basis of
the reproductive success of seed plants (Gerrienne ez al., 2004;
Gerrienne & Meyer-Berthaud, 2007; Prestianni & Gerrienne,
2010; Meade ez al., 2020). Seeds are formed upon single or double
fertilization occurring inside ovules, therefore representing the end-
point of the ovule ontogeny (Meade ¢t al., 2020).

Most Devonian and early Carboniferous ovule fossils showed a
lobate integument with partially fused or free lobes surrounding
the nucellus and a cupule. The nucellus, typically, developed a
single functional megaspore (FM) and an apical modification for
pollen reception (hydrasperman-type pollen chamber) (Gerri-
enne et al, 2004; Prestianni & Gerrienne, 2010; Meade ez al,
2020). In the most primitive ovules the integuments surrounded
the nucellus only at the base. The complete enclosure of the
nucellus evolved gradually to provide increased protection to the
female gametophyte and the embryo (Gasser & Skinner, 2019;
Meade et al,, 2020). The single integument of gymnosperm
ovules may be considered homologous to the inner integument
of angiosperm ovules (Singh, 1978; Doyle, 20006). Instead, the
outer integument of angiosperm ovules might derive from an
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already existing structure, such as, for instance, the cupule
(Doyle, 2006, 2008; Endress & Doyle, 2009; Endress, 2011).
The main molecular mechanisms and genes responsible for
ovule development have been largely studied in Arabidopsis
thaliana, in which the mature ovule is composed of the female
gametophyte surrounded by two integuments and a funiculus, as
in the majority of angiosperms (Cucinotta et al., 2014; Barro-
Trastoy ez al., 2020). In angiosperms, the pollination and fertil-
ization events are temporally close: the male gametophyte (pollen
grain) germinates, giving rise to the pollen tube, which ensures
the delivery of the male gametes to the female gametophyte in
order to form a seed (Figueiredo er 4/, 2016). Studies in the
model plant Arabidopsis indicated that upon fertilization a sig-
nalling pathway becomes active in the endosperm and triggers
the downstream processes responsible for the transformation of
the ovule integuments into the seed coat (Figueiredo & Kéhler,
2014). Recently, it has been demonstrated that the seed coat
development process is activated by the fertilization of the central
cell within the female gametophyte (Figueiredo & Kahler, 2018).
The postfertilization production of auxin in the endosperm seems
to be required for downregulation of the Polycomb Repressing
Complex 2 (PRC2) gene expression, thus activating the down-
stream pathways, such as gibberellin (GA) biosynthesis and the
accumulation of flavonoids needed for seed coat differentiation
(Figueiredo & Kahler, 2018). By contrast, in gymnosperms, the
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processes that trigger the switch from ovule integument into seed
coat are still not known. In addition, in Ginkgo biloba — and in
most gymnosperms — pollination and fertilization are temporally
separated events, suggesting that the pollen arrival could be the
crucial event that leads to the further progression of the ovule
development and the subsequent transformation of the ovule
integument into the seed coat.

Ginkgo biloba was chosen for this study because of its interest-
ing isolated phylogenetical position and the availability of its
genome. There are some studies on Ginkgo ovule morphology
available — the first morphological works date back to Carothers
(1907), Sprecher (1907), and Takaso (1980) — but a compre-
hensive study of all developmental stages, to refer to in future
studies, has not been provided so far. Therefore, in this paper
we have analysed all G. biloba ovule developmental stages in
detail with the aim of providing an atlas that accurately
describes the morphological stages from ovule initiation to fer-
tilization. This morphological analysis has been accompanied
by transcriptomics and metabolomics analyses performed on
ovules collected in a narrow time window of the whole course of
the ovule development; we have, indeed, focused on the event
of pollination. Omics analyses were performed before and after
the pollination event (on stages 7 and 8, the latter divided into
four chronological substages (8.1, 8.2, 8.3, and 8.4) of the ovule
development) in order to determine whether pollen arrival is
decisive in driving the processes of ovule integument transfor-
mation into seed coat. Transcriptomics goals were to identify
regulative pathways altered following pollination, and to com-
pare ‘switch genes’ that are activated following fertilization in
Arabidopsis with genes that are differently regulated following
pollination in Ginkgo. Metabolomics analyses aimed to high-
light the main metabolic pathways that change following the
pollination event in Ginkgo ovules. The combination of both
metabolomics and transcriptomics analyses allowed us to
describe the main metabolic and regulatory changes that occur
in Ginkgo ovules after pollination.

Materials and Methods

Plant material

Ginkgo biloba ovules were collected from two centuries-old trees
at the Botanical Garden of Padua, Italy, which were named GA
and GN for the purpose of this study. For the morphological
studies, buds and pools of ovules were collected weekly from
October 2019 until October 2020. Molecular and metabolomics
analyses were conducted on ovules collected exclusively during
the pollination time frame.

Fresh sample observations

Pictures of fresh samples were acquired with a digital camera
equipped with a macro lens. Fresh dissected samples were
observed through a stereomicroscope (Leica EZ4W; Leica
Microsystems, Wetzlar, Germany) equipped with a digital
camera.
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Scanning electron microscopy observations

Samples were fixed in a 4% paraformaldehyde solution in 1X
phosphate buffered saline (PBS; 10x PBS: 1.3 M sodium chlo-
ride, 70 mM disodium phosphate, 30 mM sodium dihydrogen
phosphate; pH 7.0) with mild vacuum infiltration, and main-
tained in fixative overnight at 4°C. Then, samples were washed
with 1X PBS (two times 30 min each wash) and dehydrated
using an ethanol series (30%, 50%, 70%, 85%) with 1 h for each
step, followed by 95% ethanol overnight, and finally two 100%
ethanol stages for 30 min each. After dehydration, samples were
treated with CO, to reach the critical-point drying and then
coated with a layer of gold. Samples were observed under a Zeiss
SUPRA 35VP scanning electron microscope equipped with an
Oxford Instruments INCA X-Sight detector (Oxford Instru-
ments, Abingdon, UK).

Paraffin embedding and sample section observations

Tissue fixation and dehydraton protocols are the same as
described earlier for the observation with the scanning electron
microscopy. After the last dehydration step, ethanol 100% was
gradually replaced with a xylene series (1 : 3; 1:1;3: 134 : 05
4: 0 xylene : ethanol, for 1 h each). Xylene was gradually
replaced by Paraplast Plus (Leica) — as described by Douglas ez .
(2007). Ginkgo samples were embedded within steel base moulds
and maintained in plastic embedding rings at 4°C until they were
processed. Sections of 810 um were cut on a Leica RM 2125
RTS microtome. Slides were deparaffinized and rehydrated to be
stained with 1% (w/v) toluidine blue. Slides were observed with a
Leica DM500 optical microscope.

RNA extraction and sequencing

Pools of G. biloba ovules at five developmental stages around the
pollination time were collected from the two centuries-old trees
GA and GN. GA and GN plants were considered to be two bio-
logical replicates for the purpose of RNA sequencing (RNA-seq)
analysis. GA and GN are male plants that have been grafted with
female branches; therefore, male and female strobili are coordi-
nated as they are under the same environmental conditions and
in close proximity. This ensured an efficient and simultaneous
pollination of most of the ovules collected during the sampling.
The five sequenced stages are as follows: stage 7 (the pre-
pollination stage); substage 8.1 (the pollination drop substage);
and substages 8.2, 8.3, and 8.4 (three postpollination drop sub-
stages 4, 6, and 8 d, respectively, after the emission of the polli-
nation drop). Substages 8.1, 8.2, 8.3, and 8.4 are chronological
substages of the eighth stage (Table 1), arbitrarily designated for
the purpose of the study as at these times the ovules are not dis-
tinguishable from a purely morphological point of view.

Total RNA was extracted using the protocol described by
Chang ez al. (1993). RNA samples were quantified using an
Implen NanoPhotometer™ (Implen GmbH, Munich, Germany)
and RNA quality was assessed calculating the RNA integrity
number (Agilent 2100 Bioanalyzer, Agilent Technologies, Santa
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Table 1 Stages of Ginkgo biloba ovule development.

Research 2355

Supporting literature

Corresponding
stages in Douglas

Corresponding
stagesin Jin et al.

Stage Description Ovule size (diameter) Stage duration et al. (2007) (2012b)
1 Emergence of the ovule primordia Throughout summer and the 1 1
Differentiation of ovule primordia < 500 um following winter the ovules
remain enclosed within buds
3 Nucellus and integument differentiation ¢. 500 um ¢. 40 d before the pollination 3 3
4 Integument growth begins to ¢. 500 um event’ 3 4
enclose the nucellus
5 Integument has completely enclosed the > 500 pm c. 20 d before the pollination ~ 4-5 5
nucellus. Ovular collar differentiation event
6 Meiosis of the MMC and subsequent mitosis  ¢. 1 mm 6
of the functional megaspore. Development
of the female gametophyte starts
7 Pre-pollination stage. Micropyle, micropyle  c. 1.5 mm About a week before the 7 6
canal, and pollen chamber are pollination event
completely formed
8 8.1 Pollination drop substage c.2 mm 4/5 din which the pollination 7 6

8.2  Postpollination drop substages

8.3
8.4
9 Female gametophyte growing. 2 mmtoc. 15 mm
Integument layers are becoming
distinguishable
10 Cellularization of the female c. 15 mmtoc. 25 mm
gametophyte
11 Sclerotesta lignification c.25 mmtoc.28 mm
12 Archegonia completely formed Sarcotesta softening?
13 Formed embryo Sarcotesta softening?

drop is emitted

4 d after substage 8.1

6 d after substage 8.1

8 d after substage 8.1

After the pollination event,
the coenocytic growth of
the female gametophyte
takes c. 2 months

¢. 50-70 d after pollination

Visible after c¢. 75-90 d

after pollination
¢. 120-130 d after pollination
¢. 150 d after the

pollination event

MMC, megaspore mother cell.

Bold indicates transcriptomics and metabolomics analyses were performed on these stages.

"Ovules at different stages of development can be found within the same bud.

2Ovules/seeds stopped increasing in size, and the softening of sarcotesta causes an apparent decrease in width.

Clara, CA, USA). PE 2 x 150 bp RNA-seq was performed by
Novogene (HK) using an Illumina NovaSeq 6000 sequencer
(Illumina, San Diego, CA, USA). Raw reads were processed by
TriMMOMATIC (Bolger ef al, 2014) performing reads pairing,
quality trimming and Illumina adapter removal. Gene expression
was calculated on the processed reads by SaLmoN (Patro ez al.,
2017) as transcripts per kilobase per million of reads (TPM).
RNA-seq expression data were validated and reported as a ratio
between TPM of the gene of interest (GOI) and TPM of the
internal reference gene Elongation Factor 2 (EF2; Ginkgo coding
sequence (CDS): Gb_02896). Pearson correlation between the
results of GA and GN samples was calculated by Novogene (HK)
using the pipeline for RNA-seq analysis of the ENCODE project.
Expression levels of some selected genes were directly compared
to further confirm replicate consistency. Differentially expressed
genes (DEGs) were obtained with DESEQ2 (Love ez al, 2014).
All RNA-seq files are available in the National Center for
Biotechnology Information (NCBI) database (BioProject ID
code PRJNA700482).

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

Genome annotation

Ginkgo CDSs together with the genome draft in the GigaScience
Database (Guan ez al., 2016) were annotated in this study using
the DIAMOND software (Buchfink ez al, 2015) using TrEMBL
and Swiss-Prot protein databases as reference. The annotation is
available in the Supporting Information Table S1.

Reverse transcription quantitative real-time PCR analysis

Total RNA was retro-transcribed from the same samples used for
RNA-seq analysis using the iScript™ gDNA Clear cDNA Syn-
thesis kit (Bio-Rad). The reverse transcription quantitative real-
time PCR (RT-qPCR) experiment was performed in technical
triplicate of the two biological replicates (GA and GN plants) in
a Bio-Rad iCycler iQ Optical System using the iTaq Universal
SYBR Green Supermix, Bio-Rad (http://www.bio-rad.com). EF2
(Ginkgo CDS: Gb_02896) was chosen as internal reference gene.
The quantification of expression has been calculated using the
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27AAC method (Livak & Schmittgen, 2001; Pfaffl, 2001). The
Bio-Rad Software CFX MagSTRO™ was used to analyse data. The
primers used are listed in Table S2.

GC-MS-driven untargeted metabolomics analysis

Samples extraction, derivatization, and analytical condi-
tions Ginkgo ovules were collected at the pre-pollination stage,
at the pollination drop substage, and at the postpollination drop
substage (stages 7, 8.1, and 8.4, respectively, in Table 1). Sam-
ples were snap-frozen in liquid nitrogen, powdered, poured into
2 ml vials filled with argon, and stocked at —80°C until the day
of analysis. Sample extraction, derivatization, and analysis were
performed using a modified version (Landi ez a/, 2020) of the
protocol proposed by Lisec e al. (2006) using ribitol as internal
standard (0.2 mg ml™!). The analysis was carried out using a
Thermo Fisher gas chromatography apparatus (G-Trace 1310,
Thermo Fisher, Waltham, MA, USA) equipped with a single
quadrupole mass spectrometer (ISQ LT). A 1 pl volume for each
sample and replicate was injected in splitless mode into a capillary
column (MEGA-5 MS, 30 m X 0.25 mm X 0.25 um + 10 m
of pre-column) (MEGA Stl, Legnano, Italy) using helium (6.0)
as carrier gas with a flow rate of 1 ml min™". Injector and source
temperatures were settled at 250°C and 260°C, respectively, and
samples were analysed using the following programmed tempera-
ture: isothermal 5 min at 70°C followed by a 5°C min~"' ramp
to 350°C and a final 5 min heating at 330°C. Mass spectra were
recorded in electronic impact (EI) mode at 70 eV, scanning in
the 40—600 7/z range, scan time 0.2 s. The mass spectrometric
solvent delay was settled as 9 min. #-Alkane standards (C10-
C40 all even) and blank solvents were injected at scheduled inter-
vals for instrumental performance, tentative identification, and
monitoring of shifts in retention indices.

Analysis of metabolomics data Raw GC-MS data were then
analysed using the software MS-DiaL v.4.48 coupled with a
purpose-built EI spectra library. The software parameters used for
data collection, peak detection, deconvolution, alignment, and fil-
tering were as previously reported in Fausto er al (2021). Data
annotation was carried out in MS-DIAL using publicly available
libraries. Identification of compounds was based on comparison of
the mass spectral pattern with EI spectral libraries, such as MoNA
(Mass Bank of North America, http://mona.fiehnlab.ucdavis.edu/
), MassBank, and the mass spectra and retention time index spec-
tral libraries from the Golm Metabolome Database (Horai ez 4/,
2010). Metabolite annotation and assignment of the EI-MS spec-
tra were achieved following the guidelines for the metabolomics
standards initiative for compounds identification; that is, level 2
(identification was based on a spectral database) and level 3 (only
compound groups were known, i.e. specific ions and RT regions
of metabolites) (Sansone ez al, 2007).

Experiments were carried out using a completely randomized
design with three technical replications for each developmental
stage (7 = 3). Metabolomics data were analysed using the soft-
ware METABOANALYST 5.0 (Chong & Xia, 2020). Metabolomics
data were normalized using the internal standard (ribitol
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0.02 mg ml™") based normalization functions in the MS-DIaL
software. The internal standard normalized data set was trans-
formed through ‘log, normalization’ and Pareto scaled. The data
were then classified through unsupervised multivariate principal
component analysis (PCA). The output comprised score plots to
visualize the contrast between different samples and loading plots
to explain the cluster separation. Metabolite variations were pre-
sented as a heatmap reporting only the ANOVA significant fea-
tures (see the Results section). Partial least-squares discriminant
analysis (PLS-DA) was used to highlight differences among the
metabolic phenotypes at three time-points (stages 7, 8.1, and 8.4)
and to identify the metabolites mainly involved in groups separa-
tion as well as their change in concentration along time. Succes-
sively, data were analysed through the univariate ANOVA using
Fisher’s post hoc least significant difference test (2 < 0.05 to high-
light statistical differences among single metabolites and ovule
developmental stage). A false discovery rate was applied to the
nominal P-values as control for false-positive findings. Further,
for classification and features selection, a random forest analysis
was carried out (Notes S1; Breiman, 2001; Enot et 2/, 20006;
Chen ez al., 2013) using 500 trees and seven predictors. Features
with the highest interest were then ranked by their contributions
to classification accuracy (mean decrease accuracy).

Finally, to identify the metabolite coverage and the main
altered pathways during the three ovule stages of growth, data
were analysed using the METABOANALYST enrichment analysis and
the pathway analysis tool METPA (Xia & Wishart, 2011). See
Notes S1 for a deeper understanding of the univariate and muldi-
variate approach in metabolomics experiments, and see Saccenti
et al. (2014) and Percival et 2l (2020) for a detailed review on
the joint application of univariate and multivariate analysis.

Metabolomics raw data sharing The raw data sets and the
metadata associated with the GC—MS-based metabolomics analy-
sis have been deposited at the Mendeley database (doi: 10.17632/
k8hghnmnpg.1) and are freely available for download from
https://data.mendeley.com/datasets/k8hghnmnpg/1.

Results

Ovule development in Ginkgo: a long story

To date, only partial descriptions limited to a few developmental
stages of the Ginkgo ovule could be found in some of the studies
published so far (Douglas et al., 2007; Jin et al., 2012b; Wang ez
al., 2014). Here, we document and describe 13 subsequent stages
of ovule development discriminated by appreciable morphologi-
cal changes in developing ovules. We have created for the first
time a comprehensive morphological atlas about the Ginkgo
ovule developmental stages, consistent with the already existing
literature (Lee, 1955; Avanzi & Cionini, 1971; Douglas ez al.,
2007; Jin et al., 2012b; Wang ez al., 2014).

Ginkgo ovule development has been thoroughly investigated
from ovule initiation (Fig. 1a,b) to fertilization (Fig. 1g) and its
consequent transformation into a seed (Fig. 1h). In early spring
(at the latitude of Padua), Ginkgo buds open, exposing young
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leaves and female reproductive structures (Fig. lc,e) that, after
few weeks, are ready to be pollinated (Fig. 1f). At the same time,
ovule primordia that will be exposed in the following spring are
already forming on the same short-shoot tip under leaves and
recently blossomed ovules (stage 1; Fig. 1d). Thus, ovule primor-
dia remain quiescent for almost a year. Once sprouted and suc-
cessfully pollinated (Fig. 1f), ovules continue their process of
development and maturation until the fertilization occurs after
about 4 months (Fig. 1g).

The morphological steps of ovule development described in
the following are summarized schematically in Table 1.

Ovule development within buds Stage 1 of ovule development
is the undifferentiated stage of the arising ovular primordia (Fig.
1d). Stage 2 is characterized by a typical bone-shaped emergence
of ovule primordia. Then, the two ovule primordia that
dichotomize from a single stalk become recognizable because of
the distal elongation of their two opposite ends (Fig. 2a). Ovules
do not present subtending bracts, as the ovule-bearing stalk
emerges directly from the base of the leaf axil. The whole stalk,
bearing the two ovules’ primordia at stage 2 of ovule develop-
ment, measures ¢. | mm. Thereafter, at stage 3, ovules continue
to grow, separating themselves until the dorsal groove between
the two growing integuments becomes visible and clearly sepa-
rates the two primordia (Fig. 2b). Margins of the forming integu-
ment grow radially, encircling the developing nucellus. At this
stage, the nucellus is lens shaped and clearly visible in the distal
pole of the ovule (Fig. 2b). At stage 4, the growing integument
has thickened in the regions flanking the nucellus (Fig. 2¢). At
this stage, the histologically recognizable nucellus is ¢. 10 cells

Fig. 1 The entire development process of the
ovule of Ginkgo biloba until seed
maturation. Clockwise: (a) wintering bud;

(b) opened wintering bud with ovules
already present inside (black arrow-head);

(c) just opened bud with exposed leaves and
ovules; (d) enlarged detail from (c): following
year ovule primordia already recognizable
under metabolically active leaves at the
short-shoot tip (black arrow-head); Stage 1
of ovule development; (e) developing ovules;
(f) developing ovules with pollination drops;
(g) ovule development throughout the
summer, until the fertilization takes place in
late summer; (h) mature seeds.

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation
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wide in diameter (Fig. S1a), and the primary sporogenous cells
will differentiate from the hypodermal layer of the nucellus.
Within the same bud, ovules at different stages of development
can be found together (indicated by 1 in Table 1; i.e. stages 3
and 4). At stage 5 of the ovule development, the integument con-
tinues to grow over the nucellus, gradually overtopping it and
finally covering it. The nucellus is then positioned at the centre
of the ovule. At this stage, the sulcus separating the two ovules is
visible, and the ovular collar begins to differentiate from the base
of the integument (Fig. 2d).

Opening of the buds and preparation for pollen reception until
pollination At stage 6, the buds open, exposing ovules due to
the rapid elongation of ovular stalks. Each ovule measures ¢ 1
mm in diameter. The visible megaspore mother cell (MMC)
appears larger than the surrounding cells of the sporogenous tis-
sue (Fig. 2e). Shortly after, the MMC undergoes meiosis, leading
to the formation of the tetrad. Only the chalazal cell of the tetrad
persists, forming the FM that undergoes several nuclear divisions
leading to the formation of the female gametophyte. At the same
time, cavitation of the pollen chamber takes place due to pro-
grammed cell death of apical nucellar cells (Jin ez al, 2012a).
The pollen chamber is the structure responsible for receiving the
pollen grains where they can germinate. At stage 7, the growth of
the integument leads to the complete formation of the micropyle
and the micropylar canal (Figs 2f, S1b). The micropyle is distally
oriented with respect to the bifurcation of the two ovules, and it
connects the completely formed pollen chamber with the outer
environment. The pollen chamber is teardrop shaped, with its
opening oriented toward the micropyle (Fig. S1b). External cells
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Fig. 2 Stages of Ginkgo biloba ovule development. (a) Stage 2: differentiation of ovule primordia. Scanning electron microscopy (SEM) image of a bud
deprived of leaves primordia (black arrowhead) showing developing ovules (white arrowheads show the two ovule primordia borne on a single stalk). (b)
Stage 3: nucellus and integument differentiation. SEM image of ovules in which the forming nucellus is visible (white arrowhead); the sulcus, which
separates the two ovules, is also shown (black arrowhead); polar view. (c) Stage 4: integument growth begins to enclose the nucellus. SEM image showing
the detail of the ovule integument growing and flanking the nucellus, polar view. (d) Stage 5: integument has completely enclosed the nucellus; ovular
collar differentiation. SEM image of an ovule showing the integument engulfing the underlying nucellus. Ovular collar is recognizable (white arrowhead).
(e) Stage 6: meiosis of the megaspore mother cell (MMC) and subsequent mitosis of the functional megaspore; development of the female gametophyte
starts. Longitudinal section of a paraffin-embedded ovule showing the MMC (black arrowhead) in the centre of the nucellus. (f) Stage 7: pre-pollination
stage. Micropyle, micropyle canal, and pollen chamber are completely formed. SEM detail of the micropyle. (g) Stage 8: pollination stage. Pollination drop
exposed. (h) Stage 9: female gametophyte growing; integument layers are becoming distinguishable. Longitudinal section of a paraffin-embedded ovule
showing the three layers of the developing integument that are differentiating (indicated by black arrowheads). (i) Stage 10: cellularization of the female
gametophyte. Longitudinal section of a fresh ovule showing the central green and cellularized female gametophyte. (j) Stage 11: sclerotesta lignification.
Section of a fresh ovule showing the lignified sclerotesta (in purple) stained with phloroglucinol. (k) Stage 12: archegonia completely formed. Longitudinal
section of a paraffin-embedded ovule showing the archegonium that contains the differentiated archegonial central cell. Shortly before fertilization the
central cell will divide to originate the egg cell that will be fertilized. Black arrowhead indicates lipid inclusions. (I) Stage 13: formed embryo. Longitudinal
section of a paraffin-embedded seed in which the embryo is visible within the archegonium on the right. The unfertilized archegonium on the left is
degenerating. Cc, central cell; Fg, female gametophyte; M, micropyle; N, nucellus; Pc, pollen chamber; Ta, tapetum.

of the micropyle are rectangular, elongated, and parallel oriented
among themselves. Internally the micropyle canal is coated with
epidermal cells. At stage 8, ovules are receptive for pollen. At pol-
lination time (Fig. 2g), the pollen chamber has reached its largest
volume. The developing female gametophyte remains within the
enlarging megaspore membrane; thus, at the time of pollination,
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the embryo sac will be in an early coenocytic stage of develop-
ment. The portion of the sporogenous tissue encircling the
female gametophyte (the tapetum) is distinguishable from outer
cells because its cells are larger and stain differently from external
nucellar cells (Fig. S1c). The pollination drop, mainly produced
by nucellar tissues in correspondence to the pollen chamber (Jin
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et al., 2012a), is extruded through the micropyle (Fig. 2g). For
the purpose of this study, stage 8 was further divided into four
substages: the pollination drop substage (substage 8.1 in Table 1)
and three temporally close postpollination drop substages almost
indistinguishable from a morphological point of view (substages
8.2, 8.3, and 8.4 in Table 1), corresponding, respectively, to 4 d,
6 d, and 8 d after the emission of the pollination drop. The polli-
nation drop substage and the three postpollination drop sub-
stages have been included in the metabolomics and molecular
analyses carried out in the proximity of the pollination event.

Ovule development after pollination until fertilization At . 1
wk after pollen is deposited in the pollen chamber it starts to ger-
minate (Fig. S1d). The male gametophyte development proceeds
within the ovule; in fact, it draws nourishment from the nucellus
(haustorial male gametophyte). Its development will last until the
moment of fertilization, when the spermatozoids will be released
(Friedman, 1987; Friedman & Gifford, 1997).

After pollination, the colour of the ovules changes from yellow
to green (Fig. 1f,g). At stage 9 (Fig. 2h), the micropyle opening
is reduced, and nucellus cells surrounding the pollen chamber
collapse inward, reducing its narrow opening until closing it. The
opening is finally sealed by stacked debris of dead nucellar cells
(Fig. 2h). The pollen tube consumes the nucellar tissue, which is
thinning also because of the enlargement of the coenocytic female
gametophyte, which generally forms > 1000 free nuclei before
the cellularization process begins (Lee, 1955). During stage 9,
the three differentiated layers of the single integument are becom-
ing distinguishable (Figs 2h, Sle). The outer layer of the integu-
ment becomes the sarcotesta, made by wide and isodiametric
cells; this layer is also dotted with calcium oxalates and mucilagi-
nous canals. This layer will undertake a process of ripening,
becoming fleshy at maturity, as occurs in the pericarp of proper
fleshy fruits of angiosperms. Immediately below this outer layer,
the cells that will form the sclerotesta are recognizable. These cells
are smaller, thick walled, and constitute a portion of tissue with a
greater cell density. Underneath this denser tissue, more loosely
organized and elongated cells are recognizable, and these are the
cells that will form the inner layer of the integument: the
endotesta. At first it is soft and translucent, and then it differenti-
ates to become a paper-like layer (Fig. Sle). At the same time,
tapetal cells encircling the female gametophyte are degenerating
(Fig. S1f). The cellularization of the female gametophyte (stage
10) proceeds centripetally: cell walls are formed from the outer
portion of the gametophyte, proceeding towards the centre (Fig.
2i). While the female gametophyte completes its cellularization,
two distinct clusters of cells characterized by a smaller size and a
denser protoplasm are gathering in its micropylar side. A single
cell within the two clusters enlarges (generally two clusters are
formed, but sometimes even more), and this is the archegonial
initial cell, while adjacent cells encircle the enlarging one (Wang
et al., 2014). The female gametophyte is green due to the pres-
ence of Chl (Fig. 2i). Stage 11 is characterized by the lignifica-
tion of the highlighted by
phloroglucinol in fresh ovules in Fig. 2(I). At this stage the inner
endotesta is still fleshy, but in a short time it will differentiate,

sclerotesta, staining  with
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forming the thin papery layer between the female gametophyte
and the sclerotesta. At stage 12, archegonia are completely
formed (Fig. 2k) and, externally, the softening of sarcotesta
causes an apparent decrease in width (indicated by 2 in Table 1).
Archegonia are constituted by the neck cells, the central cell, and
the cubic epithelial cells that delimit the archegonia forming the
archegonial jacket (Wang et al., 2014). The portion of the female
gametophyte in which archegonia are located stains differently
with respect to the underpart of it. Indeed, cells appear more
loosely organized, their walls are thinner, and they do not contain
starch grains, unlike outer female gametophyte cells (Fig. S1g).
Approaching the fertilization time (c. 135-145 d after the polli-
nation), the central cell (Fig. 2k) divides to form the egg cell and
a ventral canal cell that will degenerate soon, prior to the fertiliza-
tion event (Wang er al., 2014). Ginkgo is a zoidogamous gym-
nosperm, meaning that spermatozoids swim toward the
archegonium, which opens subsequently to the conformational
changes of neck cells, allowing the fusion of the two gametes
(Wang ez al., 2014). At stage 13, the newly formed embryo is vis-
ible (Fig. 21) and rapidly increases in dimensions; for a detailed
description of the embryo development, see Feng ez al. (2018).

Ovule transcriptome analysis around pollination reveals the
involvement of important metabolic pathways

Interestingly, Ginkgo ovule integument acquires the typical char-
acteristics of the seed integument long before fertilization takes
place. Indeed, before fertilization, the three-layered integument
differentiates: the inner endotesta thins out, the middle scle-
rotesta completes its lignification, and the outer sarcotesta thick-
ens and begins to accumulate fatty acids. Since we wanted to test
whether pollination is responsible for the switch from ovule into
seed integument, a transcriptome analysis of ovules before and
after pollination was performed. The five sequenced stages are:
stage 7, substage 8.1, and substages 8.2, 8.3, and 8.4 (Table 1).
Ovules were collected from female branches grafted on the two
male individuals present at the Botanical Garden of Padua.
Therefore, female branches are exposed to a large amount of pol-
len, which ensures a successful pollination for most of the ovules.
A high-throughput RNA-seq (Illumina NovaSeq 6000) analysis
was performed for each sequencing experiment. The correlation
analysis (Fig. S2) indicates that the RNA-seq results of the two
sampled plants (GA and GN) correlate well and, therefore, that
the two plants can be treated as biological replicates. Repro-
ducibility between the two replicates is also shown in Fig. S3,
where expression levels of some selected genes in the GA samples
are compared with those in the GN samples.

Among the 10 sequenced samples we have obtained an average
of 118 389 936 clean reads, of which 97% was mapped to the
reference genome. TPM values were used to normalize gene
expression levels.

To obtain an overview of the DEGs in the pre-pollination,
pollination drop, and postpollination drop stages, we considered
substages 8.2, 8.3, and 8.4 as a unique postpollination drop stage
(Fig. 3). This comparison evidenced that 257 genes are expressed
only in stage 7, that 152 genes are specific for substage 8.1, and
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that 472 genes are expressed only in postpollination drop sub-
stages (Fig. 3).

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses allowed us to find out which
biological functions or pathways are significantly associated
with DEGs (GO and KEGG bar charts are provided, respec-
tively, in Figs S4, S5). The results showed a more pronounced
change in terms of DEGs between stage 7 and substage 8.1, and
between substages 8.3 and 8.4 (Figs 4, S4, S5; Table 2). The
GO analysis performed on comparison of stages 7 and 8.1
revealed that the ontological categories that include more DEGs
are attributable to two macro-categories of different cellular
processes: the mobilization of energy resources, and the con-
struction of cell walls. The comparison between substages 8.2
and 8.3 did not show significant DEG variation, whereas the
GO analysis performed comparing substage 8.3 with substage
8.4 turned out to be opposite to what was observed comparing
the pre-pollination stage with the pollination drop substage.
Indeed, the same pathways that are mostly upregulated compar-
ing stage 7 and substage 8.1 are mostly downregulated compar-
ing substages 8.3 and 8.4. The significant GO and KEGG
enriched pathways resulting from the comparison between suc-
cessive stages are reported in Table 2.

In addition, we observed that some transcription factors
belonging to the lignin regulatory network are differentially
expressed when comparing stage 7 with substage 8.4 (Table 3),
in accordance with the metabolomics analysis (see the following
subsection). In particular, putative Ginkgo orthologues of Ara-
bidopsis activators of the lignin biosynthesis pathway, such as
MYBG61, MYB26, MYB46, MYB58, and NST2 (Zhao & Dixon,
2011), were upregulated.

129
257 152

21954

187 600

472

Fig. 3 Coexpression Venn diagram from the RNA sequencing experiment
performed on Ginkgo biloba ovules. Coexpression Venn diagram
represents the significant Differentially expressed genes among the
sequenced stages, considering the three postpollination drop substages
(8.2, 8.3, and 8.4) as a unique postpollination stage.
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On the other hand, the majority of the putative Ginkgo ortho-
logues of Arabidopsis ‘switch genes’ — which are the genes that
are activated or repressed upon fertilization and that belong to
the gene regulatory network responsible for the switch from the
ovule integuments into the seed coat (Figueiredo & Kohler,
2014, 2018; Figueiredo et al, 2016) — are not differentially
expressed between pre-pollination and postpollination drop sub-
stages, nor between pollination drop and postpollination drop
substages (Table S3).

RNA-seq expression levels were confirmed by RT-qPCR per-
formed on the same samples. RT-qPCR analyses are, in most
cases, consistent with the normalized expression levels of the gene
of interest (TPM GOI/TPM EF2) provided by the RNA-seq
(Fig. S6). These transcription factors were chosen upon the role
of the respective orthologues in Arabidopsis ovule development

(Table S2).

An untargeted metabolomics approach reveals a
correspondence between molecular and metabolic
pathways

The GC-MS-driven analysis was performed on ovules collected
at the pre-pollination drop stage (stage 7), at the pollination drop
substage (substage 8.1), and at the postpollination drop substage
(substage 8.4). Among all three developmental stages, the
metabolomics analysis allowed for an annotation and quantifica-
tion of 201 metabolites and an extraction of 2832 unknown EI-
MS shared features. Both annotated and unknown metabolites,
processed through MS-DiaL, have been reported as supplemen-
tary data (Table S4). The KEGG-based enrichment analysis
revealed an enrichment of the pathways for starch and sucrose
metabolism, glycolysis/gluconeogenesis metabolism, galactose
metabolism, pentose phosphate pathway, p-alanine metabolism,
arginine and proline metabolism, pantothenate and coenzyme A
(CoA) biosynthesis, and phenylalanine metabolism, among
others (Fig. 5a; Table S4). The pathway analysis, which combi-
nes enrichment and topology analysis, was carried out by com-
paring the different stages with each other (7 vs 8.1; 7 vs 8.4; 8.1
vs 8.4). The results indicated that 15 pathways, with an impact
higher > 0.2, were significantly changed comparing the pre-
pollination stage with the pollination drop substage (7 vs 8.1)
and the postpollination drop substage (7 vs 8.4) of ovule develop-
ment. On the contrary, comparing substages 8.1 vs 8.4, only nine
were significantly impacted (Fig. 5b; Table S4). ANOVA identi-
fied that 92 out of 201 metabolites were differentially produced
among the three ovule developmental stages. These metabolites
mainly belonged to chemical classes of the amino acids, organic
acids, sugars and sugar alcohols, polyamines, fatty acids, and so
on (Table S4). The majority of amino acids significantly
increased in both stage 7 and substage 8.1. Only proline accumu-
lated during stage 7. Successively, in substage 8.4, its content was
restored to pre-pollination levels. A similar trend was also
observed in several sugars and sugar alcohols (Table S4). Whereas
fructose, glucose, and trehalose accumulated during substage 8.1
and their content fell in the 8.4 samples, galactinol accumulated
significantly only in substage 8.4.
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Fig. 4 Diagram of the enriched pathways resulted from the RNA sequencing experiments performed on Ginkgo biloba ovules at five stages of
development. The Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses indicate which pathways are significantly
associated with differentially expressed genes. The graph shows the paired comparisons between the five sequenced substages, and significant GO and
KEGG enriched pathways are reported for each comparison. The bar length indicates the number of up (blue bars) and downregulated (yellow bars) genes
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Table 2 Most significant Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enriched pathways resulted from the comparisons
between the five sequenced stages in the RNA sequencing experiment performed on Ginkgo biloba ovules during the pollination time.

Stage comparison GO/KEGG enriched pathways Upregulated genes Downregulated genes
Stage 7 vs substage 8.1 Hydrolase activity, acting on glycosyl bonds GO:0016798 106 14
Carbohydrate metabolic process GO:0005975 154 16
Lipid metabolic process GO:0006629 124 18
Cell wall organization or biogenesis GO:0071554 26 4
Cell wall GO:0005618 20 5
DNA binding transcription factor activity GO:0003700 80 30
Plant hormone signal transduction atr04075 59 8
Starch and sucrose metabolism atr00500 51 2
Stilbenoid, diarylheptanoid, and gingerol biosynthesis atr00945 10 1
Substage 8.1 vs substage 8.2 Cell wall GO:0005618 0 5
Transferase activity, transferring glycosyl groups GO:0016757 1 9
B-Alanine metabolism atr00410 0 3
Arginine and proline metabolism atr00330 0 3
Plant hormone signal transduction atr04075 3 0
Butanoate metabolism atr00650 2 0
Substage 8.2 vs substage 8.3 Cell wall GO:0005618 2 2
DNA binding transcription factor activity GO:0003700 6 1
Substage 8.3 vs substage 8.4 Cell wall organization or biogenesis GO:0071554 0 28
Cell wall GO:0005618 0 24
Hydrolase activity, acting on glycosyl bonds GO:0016798 4 58
Carbohydrate metabolic process GO:0005975 8 73

Table 3 Ginkgo biloba transcription factors belonging to the lignin regulatory network that are differentially expressed between stages 7 and 8.4 of ovule

development.

Arabidopsis orthologous genes Ginkgo CDS Substage 8.4 value Stage 7 value log, (fold change) P-value P-adjust
MYB63/MYB58 Gb_13117 0.143429183 0.007802651 4.200473988 0.008482568  0.039487077
MYB83/MYB61/MYB46/MYB26  Gb_40065 11.82285882 4.138988129 1.514251186 1.01 x 1078 2.95 x 1077
Gb_25814 3.014301106 0.259487982 3.538131659 6.22 x 1077 513 x 107"°
Gb_33428 13.50373396 4.983419618 1.43816343 1.04 x 10~ 492 x 1071
NST1/NST2/NST3 Gb_01375 3.191131363 1.745278213 0.870700927 0.01060573 0.046704262
Gb_32549 12.9950516 8.008710222  0.698343608 0.001507969  0.010148823

CDS, coding sequence.

Among the secondary metabolites involved in lignin biosyn-
thesis (looking at the ANOVA, variable importance of projection
(VIP) scores, and random forest outputs), quinic acid, sinapinic
acid, sinapic acid, pantothenate, and phenylalanine significantly
accumulated in both substage 8.1 and in substage 8.4, whereas
coniferin, compared with stage 7, was significantly reduced in
substage 8.1 and accumulated during substage 8.4. The unsuper-
vised PCA was carried out on blank samples and on all three sam-
ple groups to demonstrate the system suitability (Fig. 6a,c). The
PCA score plot, built on the first and second principal compo-
nents (PC1 and PC2, respectively), revealed good discrimination
of sample groups against blanks, highlighting model robustness
(Fig. 6). The components used separated all three stages with no
outliers (Fig. 6), indicating that our metabolomics analysis was
reliable and could sufficiently reflect the metabolic profile
changes of the ovule. Both unsupervised PCA analysis (Fig. 6a)
and supervised PLS-DA conducted on annotated metabolites
(Fig. 6b) demonstrated group separation, with the first two PCs
explaining 54.7% variance for PCA and 53.7% variance for PLS-

New Phytologist (2021) 232: 2353-2368
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DA score plots. PLS-DA-derived VIP scores (built on the first 30
metabolites with a VIP score > 1.4) revealed melezitose, gallic
acid, glutamine, and aspartic acid, among others, like the ones
with the highest VIP scores for the three developmental stages
(Fig. 6¢). A random forest analysis — used to identify those
metabolites that best classify the data into different groups and
potential biomarkers of the phenomenon under study — revealed
a-ketoglutaric acid, pyroglutamic acid, pantothenate, galactur-
onic acid, gallic acid, and galactinol, among others, with the
highest mean decrease accuracy (features ranked by their contri-
butions to classification accuracy) for the three sample groups
(Fig. 6d). Finally, cluster analysis on the top of the heatmap —
reporting in a false colour scale the variation of metabolites” con-
centrations for each sample and replicate — confirmed, at a lower
level, total discrimination among all samples, whereas, at a higher
level, substages 8.1 and 8.4 grouped together, suggesting a simi-
larity between these two stages (Fig. 6e). This similarity is also
revealed by the reduced number of pathways altered resulting
from the pathway analysis (Fig. 5b).
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Fig. 5 Kyoto Encyclopedia of Genes and Genomes-based enrichment analysis of Ginkgo biloba ovules during the pollination phase. (a) Pathway 2

enrichment analysis reveals different metabolic pathways enriched during different ovule stages (P-value cut off < 0.05). (b) The result from ‘Pathway 2
Analysis' carried out with the web-based tool MeTPA using the concentrations of metabolite identified in Ginkgo ovules during the pre-pollination (stage g
7), pollination drop (substage 8.1) and postpollination drop (substage 8.4) stages. Total cmpd, the total number of compounds in the pathway; Hits, the g

matched number from the uploaded data; Raw P, the original P-value; Impact, the pathway impact value calculated from pathway topology analysis. The §_

complete pathway analysis, including the full list of the pathways, the False discovery rate applied to the P-value) and Holm adjustment (used to counteract g

the problem of multiple comparisons) are reported in Supporting Information Table S4. ns, no significant statistical difference. g
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Fig. 6 Discrimination through principal component analysis (PCA) and partial least square discriminant analysis (PLS-DA) of Ginkgo biloba ovule samples in
the three stages analysed based on metabolomics analysis. (a) PCA and (b) PLS-DA showing score plots discriminating stage 7 (indicated in the legend with
1), substage 8.1 (indicated with 2), and substage 8.4 (indicated with 3) groups by virtue of the first two principal components (PCs). (c) Variable
importance of projection (VIP) features for the groups from PLS-DA analysis. (d) Random forest analysis displaying the mean decrease accuracies. (e)
Overlay heatmap of the top 50 metabolites profiles (selected by ANOVA with P < 0.05) in stage 7 (1), substage 8.1 (2), and substage 8.4 (3). PRE1-PRE3
are replicates of stage 7 (pre-pollination stage); D1-D3 are replicates of substage 8.1 (pollination drop substage) and POST1-POST3 are replicates of
substage 8.4 (postpollination-drop substage). Each square represents the different stage's effect on every metabolite's relative abundance using a false-
colour scale. Colours dark red and blue indicate relative metabolite abundances, increased and decreased, respectively (n = 3).
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Discussion

The observation that Ginkgo female plants isolated from male
plants (and, therefore, from the arrival of pollen) aborted all their
ovules after the pollination drop emission (Friedman, 1987) sup-
ports the hypothesis of the crucial role of pollination in triggering
the long differentiation process that modifies the ovule integu-
ment into a seed coat. To understand the molecular networks
controlling the morphological changes observed, we performed
transcriptomics and metabolomics analyses. GO and KEGG
analyses showed that genes involved in the energetic metabolism
are activated before the emission of the pollination drop, whereas
genes belonging to the same pathways are downregulated after
pollination. The untargeted metabolomics analysis strongly sup-
ported the transcriptomics data highlighting an alteration of
starch and sucrose metabolism accompanied by an accumulation
of proteinogenic amino acids, which are strictly interconnected
(Miinch, 1930; Hammes ez 4/, 2006). In particular, proteino-
genic amino acids were accumulating in the pollination and post-
pollination drop substages (8.1 and 8.4 substages, respectively),
underlying the presence of an intense protein synthesis that is
typical of growing and differentiating tissues. These amino acids
are passively transported following the phloem bulk flow dictated
by sucrose (transport and assimilation), representing the major
osmolyte (Miinch, 1930; Hammes et 4, 2006). Starch and
sucrose metabolism was one of the pathways affected most.
Sucrose content was stable during all the stages of the ovule anal-
ysed, suggesting its cleavage to guarantee the phloem mass flow
towards the growing tissues. In agreement with this hypothesis,
an accumulation of glucose and fructose, the main products of
sucrose breakdown mediated by invertases, was observed (Sturm
& Tang, 1999). The possible degradation of sucrose was further
suggested by increasing glucose-6-phosphate and fructose-6-
phosphate content, which are the main products derived from
glucose during glycolysis, guaranteeing a carbon flux towards the
Krebs cycle. The modulated regulation of genes connected with
sugars and amino acid metabolism is also consistent with studies
on Ginkgo pollination drop composition, which demonstrated
that the drop is mainly composed of sugars (at a high level) and
amino acids (at a lower level) (Nepi ez al, 2017; von Aderkas ez
al., 2018; Cheng ez al., 2018; Prior ez al., 2019; Lu ez al., 2020).
Ginkgo ovules are characterized by an intense cell division dur-
ing the pre-pollination drop stage, which continues till the polli-
nation drop substage is reached. Successively, pollinated ovules
restart their growth, whereas unpollinated ovules abort and fall.
Among the isolated in Ginkgo ovules, 4-
hydroxyphenethyl alcohol should be mentioned. It is present at
high concentrations in the pre-pollination stage, but its concen-

metabolites

tration drops down during the pollination drop substage and
increases again after pollination. This molecule is known in the
literature for its cytokinin-like activity and its ability in promot-
ing cell division (Serdyuk ez al, 1995, 2000), and the observed
fluctuation in its concentration could be involved in ovule growth
before and after pollination.

Lastly, genes required for the defence against abiotic and biotic
stresses are always expressed at high levels in the stages under
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consideration. This is probably because the micropyle and the
pollination drop represent an open way and a vehicle for putative
pathogens that could enter the ovule (von Aderkas ez al., 2018;
Cheng ez al., 2018; Lu et al, 2020). Indeed, protection from
potential bacterial and fungal pathogens is essential.

Beyond the descriptive aspect, the omics analyses on ovules
before, during, and after pollination were fundamental also in
order to acquire new knowledge of the pollination event in G.
biloba, particularly with regard to whether it might be the trigger
leading to the activation of downstream pathways responsible for
the switch from ovule integument into seed coat. It is now well
established that, in Arabidopsis, the seed coat initiation is depen-
dent on the fertilization of the central cell and the subsequent for-
mation of the triploid endosperm (Figueiredo ez al, 2016).
Following fertilization, auxin produced in the endosperm is
transported to the integuments by PGP10, an ABCB-type trans-
porter that is controlled by the MADS-box transcription factor
AGLG62 (Figueiredo ez al., 2016). Once in the integuments, auxin
removes the PRC2 block, thus allowing GA biosynthesis and the
accumulation of flavonoids mediated by TRANSPARENT
TESTA. Therefore, in Arabidopsis, during the switch from ovule
integuments into seed coat, genes that are required for auxin and
GA biosynthesis are upregulated together with genes involved in
auxin transport, such as PGP and PIN1 transporters, while PRC2
and DELLA proteins are downregulated together with GA
catabolism genes (Figueiredo er al., 2016; Figueiredo & Kéhler,
2018). In Ginkgo ovules, most orthologous genes that in Ara-
bidopsis are known to be involved in the switch from ovule into
seed integuments are not differentially expressed before and after
the pollination. A possible explanation can be found in the bio-
logical differences of the two plants. Indeed, pollination and fer-
tilization are events that occur with very different timings in
Arabidopsis and Ginkgo. In Ginkgo, the female gametophyte is
haploid and the fertilization of the egg cell occurs months after
pollination, once the ovule integument is already transformed,
therefore showing the typical seed coat morphology. After fertil-
ization, the seed coat of Ginkgo seeds does not undergo signifi-
cant morphological modification except for the completion of
the ripening process of the fleshy and outermost layer — the sar-
cotesta — necessary to enhance seed dispersal. Given these differ-
ences, it does not come as a surprise that in Ginkgo ovules the
process of seed coat development, activated by pollen arrival,
involves different genes.

In this study, we have highlighted some relevant changes
occurring during pollination that can be interpreted as determi-
nants for the transformation of ovule integument into seed coat
in G. biloba. These results indicate that this switch is triggered by
pollination, long before fertilization. Indeed, the seed coat of G.
biloba is characterized by the differentiation in an outer and
fleshy sarcotesta, characterized by the presence of fatty acids,
among which butyric acid confers a foul odour to the seed, and
in an inner sclerotesta, that constitutes the lignified layer protect-
ing the inner female gametophyte and/or embryo (Singh ez al,
2008; Nigris et al, 2021). During the switch from pre-
pollination to postpollination stages the metabolic pathways
required for the biosynthesis of butanoate (the ester of butyric
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acid) and fatty acids are significantly enriched together with tran-
biosynthesis. The
metabolomics and transcriptomics results obtained suggest that

scriptional  activators  of the lignin
metabolic pathways involved in the seed coat formation are acti-
vated upon pollination. In fact, the pathway analysis pointed out
that the phenylalanine metabolism, involved in lignin produc-
tion, was one of the most impacted pathways. p-Alanine and pro-
line play a key role in lignin biosynthesis and regulation
(Broeckling ez al., 2005; Guan ez al., 2019), besides being funda-
mental in the pollination process (Shivanna, 2003; Nepi, 2014;
Nepi ez al., 2017). The content of these amino acids confirmed
the trend observed during the transcriptomics analysis. f-
Alanine, incorporated into pantothenate (significantly increased
in substage 8.4), is a precursor of the acyl-carrier protein CoA
(White ez al., 2001; Kupke e 4l., 2003), which also serves as a
carrier for the lignin precursor sinapic acid (significantly accumu-
lated in substage 8.4) and sinapinic acid (Yamauchi ez al., 2002).
Accumulation of metabolites such as quinic acid and the mono-
lignol glucoside coniferin, both essential for lignin biosynthesis,
suggested the activation of seed coat differentiation programmes
upon pollination (Terashima ez al, 2016; Volpi e Silva ez al,
2019). In plants, quinic acid is conjugated with #rans-cinnamic
acids for the biosynthesis of chlorogenic acids, which occurs prin-
cipally via the shikimate shunt (the shikimate content was signifi-
cantly increased in both 8.1 and 8.4 substages), which is also the
major route towards the synthesis of lignin units (Volpi e Silva ez
al., 2019). Concerning coniferin, its role as lignin precursor in
gymnosperms has been widely documented since monolignol 4-
O-B-p-glucosides, such as syringin and coniferin, are considered
as the primary transportation and/or storage forms of monolig-
nols for lignification (Aoki er al., 2016; Terashima er al., 2016).
However, a premature tissue lignification driven by the overpro-
duction of lignin could strongly interfere with tissue growth and
development. Recent studies have demonstrated that the pro-
teinogenic amino acid proline can appropriately reduce lignin
biosynthesis (Guan ez al., 2019). Therefore, besides its implica-
tion as an osmoprotectant (Verbruggen & Hermans, 2008), in
energy storage (Kishor ez al., 2005), or its role in pollen germina-
tion (Shivanna, 2003), proline could play a pivotal role in modu-
lating lignin production, suggesting that the accumulation
observed in our experiments could serve also in maintaining
lignin production under normal thresholds.

This study provides an accurate description of morphological
steps that occur during ovule growth and development from ovule
initiation to ferdlization. This thorough structural characterization
was prodromal to the omics analyses performed during the switch
from pre-pollination to postpollination stages. Furthermore, our
results suggest that the process of seed coat development in G.
biloba might be triggered by the pollination event (instead of fertil-
ization as occurs in Arabidopsis), which leads to the formation of a
‘seed-coat-like postpollination ovule integument that will be
already differentiated prior fertilization, displaying all the morpho-
logical characteristics of the mature seed coat.

The results obtained pave the way for understanding the
molecular network controlling the development of ovule and seed
structures in Ginkgo and for further investigations into the
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conservation of the ovule developmental programme in gym-
nosperms. Everything considered, these results do not allow us to
state whether the mechanisms that drive the seed coat develop-
ment are conserved or not across seed plants, as extant gym-
nosperms and angiosperms form two sister clades whose lineages
separated ¢. 300 Ma (Becker et al., 2000); therefore, both groups
experienced a long, independent evolutionary history. Further
studies will be needed to better elucidate these questions.
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