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In angiosperms, ovules give rise to seeds upon fertilization. Thus, seed formation is dependent on both successful
ovule development and tightly controlled communication between female and male gametophytes. During
establishment of these interactions, cell walls play a pivotal role, especially arabinogalactan-proteins (AGPs).
AGPs are highly glycosylated proteins decorated by arabinogalactan side chains, representing 90 % of the AGP
molecule. AGP glycosylation is initiated by a reaction catalysed by hydroxyproline-O-galactosyltransferases
(Hyp-GALTS), specifically eight of them (GALT2-9), which add the first galactose to Hyp residues. Five Hyp-
GALTs (GALT2, 5, 7, 8 and 9) were previously described as essential for AGP functions in pollen and ovule
development, pollen-pistil interactions, and seed morphology. In the present work, a higher order Hyp-GALT
mutant (23456789) was studied, with a high degree of under-glycosylated AGPs, to gain deeper insight into
the crucial roles of these eight enzymes in female reproductive tissues. Notably, the 23456789 mutant demon-
strated a high quantity of unfertilized ovules, displaying abnormal callose accumulation both at the micropylar
region and, sometimes, throughout the entire embryo sac. Additionally, this mutant displayed ovules with
abnormal embryo sacs, had a disrupted spatiotemporal distribution of AGPs in female reproductive tissues, and
showed abnormal seed and embryo development, concomitant with a reduction in AGP-GlcA levels. This study
revealed that at least three more enzymes exhibit Hyp-O-GALT activity in Arabidopsis (GALT3, 4 and 6), and
reinforces the crucial importance of AGP carbohydrates in carrying out the biological functions of AGPs during
plant reproduction.

1. Introduction

In Arabidopsis, the ovule is formed by the female gametophyte (FG) -
the embryo sac - and its surrounding sporophytic tissues. Ovule devel-
opment includes two different processes: megasporogenesis and mega-
gametogenesis (Drews et al., 1998; Drews and Yadegari, 2002; Qin et al.,
2023; Schneitz et al.,, 1997, 1995). During megasporogenesis, the
proximal - distal polarity is established, while during megagameto-
genesis, the mature FG is formed (Colombo et al., 2008; Reiser and
Fischer, 1993). Thus, a mature ovule consists of the embryo sac
enclosing three antipodal cells at the proximal region, one central cell,
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and one egg cell surrounded by two synergids at the distal region, sur-
rounded by sporophytic cells - two integuments that leave an opening at
its micropylar end (Schneitz et al., 1997, 1995; Yadegari, 2004) for
pollen tube (PT) entrance. Following normal development of female and
male gametophytes (pollen grain), flowering plants reproduce sexually
through the unique process of double fertilization. This begins with the
arrival of pollen grains (PG) at the stigma of the pistil leading to PT
germination. The PT transports the two sperm cells through the female
tissues until they reach the ovules. Near the ovule, PTs direct their
growth towards the micropyle, entering the embryo sac. Subsequently,
the two sperm cells are released and fuse with the female gametes - the
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egg and the central cell. This fusion initiate embryo and endosperm
development, marking the inception of seed formation (Baillie et al.,
2023; Dresselhaus et al., 2016; Higashiyama and Takeuchi, 2015; Per-
eira et al., 2021).

From the development of male and female gametophytes up to
double fertilization and seed development initiation, several signalling
processes occur between different cells. Cell walls play an important role
in this process, being involved in sensing the extracellular environment
and transducing this information to the interior of the cell (Wolf, 2022).
Despite many studies on the mechanisms of cell wall perception, the
molecular players involved and how the signals are transduced and in-
tegrated inside the cell, remain unknown. The hydroxyproline
(Hyp)-rich glycoprotein (HRGP) superfamily is the main class of cell
surface glycoproteins in plants. The arabinogalactan-proteins (AGPs) are
an important family belonging to this group and are involved in different
stages of the reproductive process, from the formation of male and fe-
male gametophytes up to double fertilization and seed development
(Acosta-Garcia and Vielle-Calzada, 2004; Coimbra et al., 2009; Ellis
et al., 2010; Li et al.,, 2010; Tan et al., 2012; Demesa-Arévalo and
Vielle-Calzada, 2013; Pereira et al., 2014; Mizukami et al., 2016; Pereira
etal., 2016; Leszczuk et al., 2019; Moreira et al., 2022). AGPs are highly
glycosylated proteins decorated by arabinogalactan (AG) side chains
containing arabinose, L-rhamnose, L-fucose, D-glucosamine,
D-mannose, D-xylose, D-glucose, D-glucuronic acid, and D-galacturonic
acid representing 90 % of the AGP molecule (Ellis et al., 2010; Hijazi
et al., 2014; Showalter, 2001). Most of the AGPs are predicted to attach
to the outer leaflet of the plasma membrane by a glyco-
sylphosphatidylinositol (GPI) anchor. All these characteristics led to the
study of these proteins as crucial players in the developmental and
reproductive processes of angiosperms. AGP14, AGP18, and AGP22 play
indispensable roles in the development of the FG (Acosta-Garcia and
Vielle-Calzada, 2004; Demesa-Arévalo and Vielle-Calzada, 2013; Tucker
et al., 2012; Tucker and Koltunow, 2014), while AGP6, AGP11, AGP23,
AGP40, FLA3 and FLA14 are specific to pollen and are involved in
microspore development, and are crucial for correct PG germination (Da
Costa et al., 2013; Miao et al., 2021; Pereira et al., 2016; Pereira et al.,
2016). Additionally, early nodulin-proteins (ENODLs 11-15), which are
chimeric AGPs, are known to control PT reception (Hou et al., 2016).
AGP4/JAGGER is another important AGP, contributing to the persistent
synergid cell degeneration and the cessation of PT attraction into the
ovules (Pereira et al., 2016).

The study of AGPs over the years suggest that the protein core only
serves as a molecular scaffold for the AG sugar chains, since these sugars
account for more than 90 % of the entire molecule, so the functions of
AGPs will be directly linked to glycosylation (Pennell et al., 1991; Seifert
and Roberts, 2007; Silva et al., 2020). Furthermore, it is known that the
attachment of sugar chains influences the localization, intracellular
distribution, and stability of AGPs and most likely their ability to
interact with other molecules (Leszczuk et al., 2023; Seifert and Roberts,
2007; Showalter, 2001). The addition of type-II AGs to the AGPs core
protein is performed by 22 glycosyltransferases (GTs) (Silva et al.,
2020). The process of glycosylation is initiated by the attachment of the
first galactose residue to the hydroxyl group of hydroxyproline (Hyp) in
the AGP backbone. This enzymatic reaction is catalyzed by galactosyl-
transferases known as Hyp-O-GALTs, specifically eight Hyp-GALTs -
GALT2-6 & HPGT1-3 or GALT7-9 (Basu et al., 2015b, 2015a, 2013;
Ogawa-Ohnishi and Matsubayashi, 2015; Showalter and Basu, 2016).
Recently, by using reverse genetics, we showed defects in vegetative
development and in reproductive processes, namely, in pollen and ovule
development, seed morphology, and pollen-pistil interactions in multi-
ple knockout mutants of the genes encoding these enzymes (Kaur et al.,
2022, 2021; Moreira et al., 2023; Zhang et al., 2021). We demonstrated
the crucial role of the AG polysaccharides in the reproductive processes
using a quintuple knockout mutant (galt25789) (Kaur et al., 2022, 2021;
Moreira et al., 2023). More recently, a more extreme higher-order
mutant (galt23456789 or 23456789) revealed dramatically reduced
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seed-set and defects in male tissues, namely, exine, tectum patterning
and intine thickness and low pollen viability (Kaur et al., 2023). A
reduction in number of ovules in the 23456789 octuple mutants was also
reported.

In this work, we complement and extend these previous studies by
demonstrating the crucial role of these eight enzymes in the develop-
ment of female reproductive tissues, by further studying the 23456789
octuple mutant. This octuple mutant reveals a higher quantity of un-
fertilized ovules which display abnormal callose accumulation both at
the micropyle and, in some cases, throughout the entire embryo sac,
when compared to the quintuple mutant. Additionally, the octuple
mutant demonstrates the presence of ovules exhibiting abnormal em-
bryo sac development, a reduction in glucuronic acid levels, and a dis-
rupted spatiotemporal distribution of AGPs in the female tissues. These
abnormalities ultimately result in impaired interactions between PTs
and pistil tissues, leading to reduced seed formation and the develop-
ment of defective embryos.

2. Material and methods
2.1. Plant material and growth conditions

A. thaliana (Columbia-0 ecotype) was obtained from the Arabidopsis
Biological Research Center (ABRC), Columbus, Ohio, USA and used as
wild-type (WT). The 23456789 mutants were generated as described
previously (Kaur et al., 2023). The pAGP24:GUS constructs were
generated and used to produce transgenic plants as described previously
(Moreira et al., 2022). All plants used in this study were germinated after
four days of stratification in the dark at 4°C and were grown in soil under
long-day conditions (16 h of light/8 h of dark, 22°C, 60-70 % relative
humidity) in plant growth chambers at a light intensity of 122 pmol
m-2 s-1.

2.2. Seed set evaluation

Mature siliques were harvested from five-week-old plants and
dissected to identify unfertilized ovules and matures seeds. The siliques
at maturity were examined under a stereomicroscope (Model C-DSD230,
Nikon).

2.3. Preparation of live plant material for microscopy

For reciprocal crosses, floral buds at stage 12 (Smyth et al., 1990)
were emasculated before hand-pollination. Pistils were observed at
stage 13/14 (Smyth et al., 1990) or 24-48 h after pollination (HAP) and
dissected under a stereomicroscope (Model C-DSD230, Nikon) using
hypodermic needles (0.4 x20 mm; Braun). The opened carpels and the
ovules that remained attached to the septum were maintained in
mounting medium and covered with a coverslip.

2.4. Staining of pollen tubes with aniline blue

Arabidopsis flowers were fixed in 10 % (v/v) acetic acid and ethanol
for 16 h at 4°C, followed by three washes with water (5 min each) and
bleaching with 1 M NaOH 8 N for 16 h, at 4°C. After the 16 h, three
washes were carried out again with water (30 min - 1 h each), and the
material was incubated in a solution of decolorized aniline blue (DAB)
(Mori et al., 2006) 0.1 % (w/v) for 16 h at 4°C. Samples were observed
using an inverted microscope (Eclipse Ti-S; Nikon) with UV fluores-
cence, and images were captured using a DS-Ri2 camera (Nikon).

2.5. Detection of GUS activity
GUS assays were performed on inflorescences as described by Lil-

jegren et al. (2000), overnight. After chemical GUS detection, samples
were incubated in clearing solution [160 g of chloral hydrate
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(Sigma-Aldrich), 100 ml of water, and 50 ml of glycerol] and incubated
at 4°C overnight. After that, flowers resulting from crosses between
23456789 pistils and pAGP24:GUS PGs (Moreira et al., 2022), together
with flowers from pAGP24:GUS plants (WT background) were dissected
under a stereomicroscope (model C-DSD230; Nikon) and observed
under the microscope. A Zeiss Axiolmager AZ microscope equipped with
differential interference contrast optics was used. Images were captured
with a ZeissAxiocam MRc3 camera using Zen Imaging Software (Zen
2011 SP1).

2.6. Seed size and width analysis

Approximately 50 Arabidopsis seeds were viewed in a Nikon Eclipse
E600 microscope and photographed. Seed length and width was
measured using ImageJ analysis software (https://imagej.nih.gov/ij/i
ndex.html), according to the instructions.

2.7. Ruthenium red staining

WT and 23456789 seeds were pre-hydrated in water for 1 h with
shaking (200 rpm) to remove non-adherent mucilage and stained with
0.01 % ruthenium red for 30 min as previously described (Kaur et al.,
2021). Ruthenium red stained seeds were examined under a Nikon
SMZ1500 stereomicroscope coupled with a CCD Infinity 2 camera.

2.8. Plant material and light microscopy

Individual flowers from inflorescences of A. thaliana in stages 14-15
(Smyth et al., 1990) were fixed in 2 % (w/v) paraformaldehyde and
2.5 % (w/v) glutaraldehyde in PIPES buffer [0025 M, pH 7, 0.001 %
(v/v) Tween-80], placed under vacuum for 1 h and then left at 4°C
overnight. After dehydration in a graded ethanol series, the material was
embedded in LR White resin. Thick sections (0.7 mm) were obtained
with a Leica EM UC7 Ultramicrotome, placed on glass slides and stained
with a solution of 1 % (w/v) toluidine blue (Sigma-Aldrich, St Louis,
MO, USA). Various slides were left unstained for immunolocalization
with mAbs against AGP epitopes. Sections for brightfield microscopy
were mounted with Eukitt quick-hardener (Fluka), and observations
were made on a Zeiss Axiolmager AZ microscope. Images were acquired
with a Zeiss Axiocam MRc3 camera using Zen Imaging software (Zen
2011 SP1).

For phenotypic characterization, ovules at different stages of devel-
opment (Smyth et al., 1990) were cleared with chloral hydrate and
analysed as described previously (Brambilla et al., 2007). Samples were
observed using a Zeiss Axiolmager AZ microscope equipped with dif-
ferential interference contrast lenses. Images were acquired with a Zeiss
Axiocam MRc3 camera and processed with Zen Imaging software (Zen
2011 SP1). For characterization of embryo development, ovules at
different stages of development were cleared with Visikol and a satu-
rated solution of gum arabic (v:v). The samples were observed in a
Nikon Eclipse E600 microscope equipped with a differential interference
contrast (DIC) setting.

2.9. Immunolocalization and antibodies used

The following mAbs against AGPs were used: JIM8 (Pennell et al.,
1991), JIM13 (Knox et al., 1991) and LM2 (Smallwood et al., 1996).
Fluorescein isothiocyanate (FITC)-conjugated anti-rat IgG (Sigma-Al-
drich F-1763) was used as secondary antibody. In slides prepared for
immunolocalization, sections were treated as follows: 5 min in
phosphate-buffered saline (PBS), pH 7.4, containing 5 % (w/v) non-fat
dried milk (blocking solution), followed by incubation with primary
antibody (diluted 1:5 in blocking solution), for 2 h at room temperature
followed by overnight at 4°C. After washing with PBS, sections were
incubated with secondary antibody (diluted 1:100 in blocking solution)
for 4 h in the dark, and finally washed with PBS followed by distilled
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water. Slides were further stained with 0.01 % (w/v) calcofluor white
(Fluorescent Brightener 28; Sigma-Aldrich F3543) and mounted with
Vectashield mounting medium (Vector Laboratories, Burlingame, CA,
USA; ref: H-1000). Control experiments were performed omitting in-
cubation with primary antibody (incubation with blocking solution
only) and resulted in no staining with secondary antibody. Bright-field
and fluorescence observations were performed on a Leica DMLB epi-
fluorescence microscope [objectives were Leica N-Plan, and the filters
used were 365/445 nm for calcofluor and 4°,6-dia-
midino-2-phenylindole (DAPI); and 470/525 nm for the fluorescein
stain]. Images were captured with a DS-Ri2 camera (Nikon) in automatic
exposure mode and processed with Nikon NIS-Elements software. All
images were processed for publication using ImageJ (Schneider et al.,
2012).

2.10. Scanning electron microscopy

Seed samples were dry-mounted on aluminium stubs, covered by a
10 nm coat with palladium in a sputter coater (Anatech HUMMER 6.2
Sputtering System), and observed using a scanning electron microscope
(SEM JEOL JSM-6390, HV/LV Tungsten/LaB6, Jeol USA Inc. 2012)
equipped with an Energy Dispersive X-ray Spectroscopy (EDS) detector,
with an accelerating voltage of 15 kV. Photographs were taken with SEM
Control User Interface version 8.5 software at the Institute for Corrosion
and Multiphase Technology, Ohio University. Both WT and 23456789
seeds were examined in three independent groups of approximately 20
seeds each.

2.11. Statistical analysis

All statistical analyses were conducted using GraphPad Prism version
8.0.2 for Windows (GraphPad Software, San Diego, CA, USA; www.gra
phpad.com, accessed on 24 August, 2023). Two-way analysis of vari-
ance and the post hoc Tukey test were applied to detect significant
differences for all analysis, except for seed length and seed width, for
this student’s t-test was applied. The frequency of ovules with abnormal
callose phenotype was calculated as the number of ovules with PT in the
micropylar region and abnormal callose accumulation divided by the
total number of ovules; and as the number of ovules without PT in the
micropylar region, showing ectopic callose deposition in the whole
embryo sac divided by the total number of ovules. The frequency of
ovules with collapsed embryo sac (ES) was calculated as the number of
ovules with collapsed ES in stage 14 divided by the total number of
ovules observed.

3. Results

3.1. 23456789 mutant reveals significant reduction in seed set and higher
rates of unfertilized ovules

Seed set of the octuple mutant, as previously reported in Kaur et al.
(2023), was severely reduced (~86 %) when compared to the WT and
the other Hyp-GALT mutants. In this work, the growth of WT and
23456789 plants was compared 40 days after germination. The exami-
nation of siliques in the 23456789 plants confirmed their reduced size
compared to WT siliques and a visible reduction in the number of fully
developed seeds, providing evidence of ovule abortion (Fig. 1 A).
Quantification of unfertilized ovules revealed approximately 15 %
(n=100 siliques) of the ovules were unfertilized in the mutant siliques
(Fig. 1 A). The germination percentages of the 23456789 octuple mu-
tants were significantly reduced by ~78 % compared to WT (Fig. 1B-C).
Interestingly, it was determined that a longer stratification time could
alleviate the reduced germination percentages (Supplemental
Figure 1A-D) but could only improve the germination percentages to
46 % at the most (at 7d of imbibition).
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Fig. 1. 23456789 plants showing a significant reduction in seed set and a higher percentage of unfertilized ovules. (A) Percentages of green seeds and
unfertilized ovules present in WT and 23456789 plants 40 days after germination (n = 100 siliques for each). On the top of the graphic: representative image of
23456789 green seeds (left) and 23456789 unfertilized ovules (right). (B) Germination of 23456789 seeds decreased in comparison to the WT. (C) Quantification of
germinating seeds in 23456789 compared to WT. Germination percentages were examined 7 days after sowing (n = 28-30 seeds) in four independent experiments.
Error bars denote mean standard deviation, **** above bars indicate significant differences between WT and 23456789 (P < 0.0001).

3.2. Pollen tube rupture defects in 23456789 plants

In vivo PT growth assays were performed in self-pollinated pistils
from 23456789 and WT plants using DAB staining to detect callose in
PTs. 23456789 self-pollinated pistils [stage 13/14 according to Smyth
et al. (1990)] exhibited less PGs at the stigma surface when compared to
the self-pollinated WT pistils, but subsequent pollen germination and PT
growth along the pistil tissues appeared to proceed normally as in WT
pistils (Figs. 2A and 2C). When visualizing PT arrival at the entrance of
23456789 ovules, abnormal callose accumulation was observed at the
micropylar region of the embryo sac and ovule integuments in the
presence of PTs (Fig. 2D-E). In addition, excessive callose accumulation
was observed along the entire embryo sac in some ovules with no PTs
growing towards them (Fig. 2F). While in WT ovules, PT arrival at the
embryo sac entrance occurred normally with no callose deposition in
this region (Fig. 2B).

Reciprocal crosses between WT and 23456789 plants were per-
formed, and PT growth examined in the corresponding pistils by DAB
staining. It was observed that the loss of these 8 GALTs in the FG is
responsible for the observed callose accumulation in the embryo sacs
(Fig. 3A-C). Moreover, not even the GALTs present in the growing WT
PTs could rescue this phenotype, since the number of ovules with
abnormal callose accumulation was similar in both self-pollinated
23456789 pistils and @ 23456789 x 3 WT crosses (Fig. 3F). The
GALTs in the male gametophyte seem to be dispensable for normal PT
reception by the embryo sacs but are essential for PG germination and
PT growth along the pistil tissues as demonstrated by the ¢ WT x &
23456789 crosses (Fig. 3D-E). Additionally, in emasculated 23456789
and WT pistils, abnormal callose accumulation was almost undetected in
either case (Supplemental Figure 2), indicating that this callose depo-
sition in GALT deficient mutants is dependent on pollen-pistil
interactions.

Either in self-pollinated 23456789 pistils or 23456789 pistils polli-
nated with wild type PGs, two distinct phenotypes regarding callose
deposition were observed and quantified in the ovules: i) callose accu-
mulation at the micropylar region of the ovule, in the embryo sac and

integuments (Fig. 2D-E and Fig. 3C) (21 %, n=400 in self-pollinated
23456789 pistils; 19 %, n=200 in @ 23456789 x 3 WT crosses) and ii)
callose accumulation throughout the whole embryo sac (Fig. 2F and
Fig. 3B) (9 %, n=400 in self-pollinated 23456789 pistils; 13 %, n=200
in @ 23456789 x 3 WT crosses), which was virtually absent in the WT
self-pollinated pistils and WT pistils pollinated with 23456789 PGs
(Fig. 3F-G).

Controlled crosses between 23456789 pistils and a PG and PT marker
line (pAGP24:GUS, Moreira et al., 2022) were performed to determine
whether PT reception at the embryo sac was normal. In @ WT x &
PAGP24:GUS crosses, GUS expression was detected inside the whole
embryo sac due to PT rupture and subsequent content release (Fig. 4A),
but in @ 23456789 x & pAGP24:GUS crosses, GUS expression was
observed only inside the synergids, at the micropylar region of the
embryo sac (Fig. 4B), suggesting a failure in PT rupture in these mutant
ovules.

3.3. 23456789 defects in female gametophyte and ovule development

Analysis of cleared ovules from WT and 23456789 self-pollinated
plants was performed to examine FG development and revealed the
presence of abnormal embryo sacs in the octuple mutant. In several
mutant ovules, embryo sac development was impaired, revealing
collapsed embryo sacs (Fig. 5B) and abnormal embryo sacs with only
one visible nucleus (Fig. 5C), when compared to WT ovules with normal
embryo sacs (Fig. 5A). Ovules with developmental defects in embryo
sacs were quantified in 23456789 self-pollinated pistils and approxi-
mately 27 % (n=400) of the ovules revealed compromised development
of the embryo sac compared to only ~1 % (n=550) in WT (Fig. 5D).
Furthermore, some ovules in the octuple mutant showed shorter inner
integuments compared to WT (Supplemental Figure 3).

Sections of pistils from both 23456789 mutants and WT plants at
stages 14 — 15 (Smyth et al., 1990) were embedded in LR-White resin
and stained with toluidine blue to visualize ovule development in more
detail. 23456789 ovules displayed a specific defect in their embryo sacs,
namely the displacement of the embryo sac wall from the surrounding
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23456789
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Fig. 2. Decolorized aniline blue staining of PTs in self-pollinated WT and 23456789 pistils. (A) PTs growing along the pistil tissues towards the entrance of the
embryo sacs in a self-pollinated WT pistil. (B) Detail of a WT ovule with normal PT growth towards the embryo sac entrance and no abnormal callose accumulation.
(C) Small number of PGs germinating at the surface of the stigma of a self-pollinated 23456789 pistil, with PTs growing towards the ovules. (D) Higher magnification
of a 23456789 ovule displaying callose accumulation at the micropylar region of the ovule and its integuments (arrows). (E) Magnification of (C) showing unfer-
tilized 23456789 ovules with callose accumulation at the micropylar end of the embryo sac (arrows) and a fertilized ovule. (F) Unfertilized 23456789 ovules with
callose accumulation in the whole embryo sac. Yellow asterisks indicate the PT entering the embryo sac. es, embryo sac region; m, micropyle; ov, ovule; pg, pollen
grain; pt, pollen tube; WT, wild-type. Scale bars: (A, C) = 100 um; (B, D) = 20 pym; (E, F) = 50 pm.

cell layers and numerous small vacuoles in the central cell region (Fig. 5
G - H) in contrast to WT ovules (Fig. 5E-F).

3.4. Abnormal distribution of AGP epitopes inside unidentified structures
in the embryo sac

Immunolocalization studies were carried out to visualize the distri-
bution of AGP epitopes in the female tissues of the octuple mutant
compared to WT. JIM8, an antibody used to recognize specific AGPs
carbohydrate epitopes, was present in embryo sac walls, specifically in
the micropylar region, at the filiform apparatus in WT and 23456789
female tissues (Fig. 6A-B). In addition, in octuple mutant ovules this
antibody accumulated in small unidentified structures in the spaces
created by the displacement of the embryo sac wall in the chalaza region
(Fig. 6B). JIM13, another antibody used to recognize glycan epitopes
from AGPs, labelled the embryo sac wall, its synergids and the filiform
apparatus, as well as the inner integuments in WT and octuple mutant
ovules (Fig. 6C-D). JIM13 also labelled small unidentified structures at
the spaces created by the displacement of the octuple embryo sac wall in
the chalaza and in small vacuoles near the central cell region (Fig. 6D).

LM2, an antibody which recognizes glucuronic acid (GlcA) residues
specific to AGPs, strongly labelled the ovules and ovary tissues in WT
(Fig. 6E). In contrast, LM2 labelling was apparently reduced in the
ovules and absent in the ovary tissues of the octuple mutant (Fig. 6F).
LM2 also labelled small unidentified structures located outside the em-
bryo sac wall and small vacuoles in the embryo sac near the central cell
region (Fig. 6F).

3.5. 23456789 defects in embryo and seed development

Whole mount clearing allowed for observation of embryo develop-
ment in 23456789 octuple mutants. Embryogenesis in WT seeds pro-
ceeds through a series of successive programmed stages: 1-cell, 2-cell,
octant, globular, triangular, heart, and torpedo stages (Fig. 7A). How-
ever, in the octuple mutant, seeds with abnormal embryo development
were observed within the same silique and these embryos were arrested
at different stages of development (Fig. 7B-C). These embryo defects
were seen between the one-cell and torpedo stages and were mostly
related to abnormal cell divisions in the suspensor, the hypophysis and
the apical region of the embryo. In Fig. 8A-B, bent cotyledon embryos
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Fig. 3. Decolorized aniline blue staining of reciprocal crosses between WT and 23456789 plants and the observed frequency of different patterns of
abnormal callose accumulation. (A-C) Aniline blue staining of reciprocal crosses between 23456789 pistils and WT PGs. (A) PGs germinating at the stigma and PTs
growing towards the ovules. Some ovules show callose accumulation at the micropylar region of the embryo sac and in ovule integuments. (B) Unfertilized ovule with
callose accumulation in the embryo sac. (C) PT entering the embryo sac with abnormal callose accumulation at the micropylar region (arrow). (D-E) Aniline blue
staining of reciprocal crosses between WT pistils and 253456789 PGs. (D) PGs germinating at the surface of the stigma with some PTs growing along the pistil. (E) PT
entering a normal ovule without ectopic callose accumulation. Yellow asterisks indicate the PT entering the embryo sac. (F, G) Quantitative analysis of ovules with an
abnormal callose accumulation phenotype in the micropylar region and in whole embryo sac observed in self-pollinated WT and 23456789 pistils, and in reciprocal
crosses between 23456789 and WT plants. WT, n = 550; 23456789, n = 400; @ WT x 3 23456789, n = 275; @ 23456789 x 3 WT, n = 200. Values are expressed as
percentages. Error bars denote mean =+ standard deviation, “ above bars indicate significant differences between WT and 23456789 (P < 0.0001) and significant
differences between @ WT x & 23456789 and @ 23456789 x 3 WT (P < 0.001). es, embryo sac region; m, micropyle; ov, ovule; pg, pollen grain; pt, pollen tube; WT,
wild-type. Scale bars: (A, D) = 100 um; (B, C) = 50 um; (E) = 20 um.

dissected from the octuple mutants and WT seeds were likely smaller in 4. Discussion
the octuple mutant seeds compared to WT. Indeed, octuple mutant seeds
were abnormal and distorted with significantly lesser length and larger
width (Fig. 8 F-G). Additionally, SEM seed morphology analysis

revealed that the octuple mutant exhibited altered seed shape, but the

4.1. Under-glycosylation of AGPs impact male-female gametophyte
interactions

seed coats surface looked similar (Fig. 8 C-D). To investigate the
involvement of the Hyp-GALTs in modifying seed coat mucilage,
ruthenium red staining, which stains acidic biopolymers such as pectin,
was performed on the octuple mutant. A strong reduction in pectin
staining in the mucilage adhering to the seeds was observed when
compared to WT (Fig. 8E). Mutant ovules also showed reduced ruthe-
nium red staining at the micropylar end (Supplemental Figure 4).

The abnormal reproductive phenotypes of the 23456789 octuple
mutant plants highlight the importance of GALT2-9 in male-female
gametophyte interactions, consistent with previous findings (Moreira
etal., 2023). We confirmed that seed set reduction in the octuple mutant
(Kaur et al., 2023) is not only due to male gametophytic issues, but also
due to a high rate of unfertilized ovules, likely a consequence of defec-
tive male — female gametophyte interactions. Additionally, low germi-
nation rates of octuple mutant seeds indicate redundant functions for
these GALTs in seed germination.

Examination of in vivo PT growth in 23456789 self-pollinated pistils
revealed two phenotypes: 1) abnormal callose accumulation at the ovule
micropylar region, with PTs approaching this region, resembling the
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Fig. 4. Histochemical localization of GUS activity in WT and 23456789 ovules from pistils pollinated with pollen grains expressing the pAGP24:GUS
fusion gene 24-48 HAP. (A) GUS activity driven by the AGP24 promoter is detected in the PT and in the whole embryo sac of a WT ovule after normal PT rupture;
(B) GUS activity driven by the AGP24 promoter observed in the PT arriving at the embryo sac, and GUS activity detected at the micropylar region of the embryo sac
after PT entrance in the region corresponding to the synergids. es, embryo sac region; pt, pollen tube; sy, synergid. Scale bars: (A — B) = 20 pym.
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Fig. 5. Defects in female gametophyte and ovule development of 23456789 plants compared to WT. A-D. Cleared whole mount ovules of self-pollinated WT
and 23456789 pistils. (A) WT ovule at FG6 stage (Drews et al., 1998) with one central cell (ccn), one egg cell (ecn) and two synergid cells (sy). (B) 23456789 ovule
with a collapsed embryo sac (arrow). (C) 23456789 ovule with only one visible nucleus inside the embryo sac (arrow). (D) Quantitative analysis of ovules with
collapsed embryo sac observed in self-pollinated WT and 23456789 pistils. WT, n = 550; 23456789, n = 400. Values are expressed as percentages. Error bars denote
mean + standard deviation, **** indicate significant differences between WT and 23456789 (P < 0.0001). E-H. Cross sections of LR-White embedded ovules from
23456789 and WT plants stained with toluidine blue. (E) WT ovule showing normal development of the female gametophytic cells and integuments. (F) WT ovule
showing pollen tube entering one of the synergids. (G) 23456789 ovules showing defects such as displacement of the embryo sac wall from the surrounding tissues
(black arrow) and numerous small vacuoles in the central cell region (yellow triangle). (H) 23456789 ovules showing a pollen tube entering one of the synergids. ccn,
central cell nucleus; ecn, egg cell nucleus; ec, egg cell; es, embryo sac region; fa, filiform apparatus; FG, female gametophyte; i, integument; ii, inner integument; oi,
outer integuments; sy, synergids, WT, wild-type. Scale bars: (A - H) = 20 pm.
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Fig. 6. Immunolocalization of AGPs recognized by the JIM8, JIM13 and LM2 antibodies in WT and 23456789 ovules. (A, B) Immunolocalization of the JIM8
epitope in WT (A) and 23456789 (B) ovules. (A) JIM8 labelled the embryo sac wall and the synergid cells, as well as the filiform apparatus. The integuments
surrounding the embryo sac were also labelled by JIM8. (B) The JIM8 labelling signal in 23456789 ovules was strong in the embryo sac wall and filiform apparatus.
The embryo sac was displaced from the surrounding tissues; JIM8 also labelled small unidentified structures outside the embryo sac wall (arrow). (C, D) Immu-
nolocalization of the JIM13 epitope in WT (C) and 23456789 (D) ovules. (C) The embryo sac, the synergid filiform apparatus, and the inner integuments were
strongly labelled by JIM13. (D) The embryo sac wall, the integuments, the synergids, and the filiform apparatus were strongly labelled by JIM13. The 23456789
embryo sac was displaced from the surrounding tissues with small vacuoles labelled with JIM13 near the central cell region (yellow triangle). JIM13 also labelled
small unidentified structures outside the embryo sac wall (arrow). (E, F) Inmunolocalization of the LM2 epitope in WT (E) and 23456789 (F) ovules. LM2 recognizes
glucuronic acid (GlcA) residues in AGPs. (E) Strong LM2 labelling at the WT ovules and the ovary walls. (F) In the mutant, LM2 labelling was visible only in the
ovules and was much weaker than in WT. Ovary walls were not labelled in the mutant. The 23456789 embryo sac was displaced from the ovule with small vacuoles
showing LM2 labelling (yellow triangle). LM2 also labelled small unidentified structures outside the embryo sac wall (arrow).es, embryo sac region; fa, filiform

apparatus; i, integument; ow, ovary wall; ov, ovule; WT, wild-type. Scale bar: (E,F) = 50 um; (A-D) = 20 pm.

25789 phenotype (Moreira et al., 2023) and 2) abnormal callose accu-
mulation in the whole embryo sac, with no PTs reaching the ovule.
Reciprocal crosses with WT plants confirmed that these callose pheno-
types were caused by the lack of the eight GALTs in the female tissues.
Callose plays an important role in FG early development, disappearing
when the embryo sac matures (Newbigin et al., 2009; Zhou et al., 2016;
Zhou, 2019), and its presence at later stages of development indicates
ovule abortion (Vishnyakova MA 1991; Sun et al., 2004). Inappropriate
callose accumulation in this region may impair PT reception by the FG
(Moreira et al., 2023). We demonstrated that in 23456789 pistils, PT
burst fails in some 23456789 ovules, probably leading to abnormal
callose accumulation at the micropylar region, as previously suggested
(Moreira et al., 2023). Similar phenotypes were observed in mutants for
other genes essential for the reproductive processes (Huck et al., 2003;
Escobar-Restrepo et al., 2007; Liu et al., 2016; Duan et al., 2020; Ju
et al., 2021). Furthermore, RNAi mutants for the chimeric AGPs
ENODL13/14/15, early nodulin-like proteins with an arabinogalactan
glycomodule and a GPI motif, exhibit callose deposition in the embryo
sac as a defence response to PT overgrowth or structural collapse after
fertilization failure (Hou et al., 2016).

Several AGPs are expressed in Arabidopsis female tissues (Moreira
et al., 2022; Pereira et al., 2016; Pereira et al., 2014). AGP24, a classical

AGP, is found in the functional megaspore, mature ovule embryo sacs
before and after fertilization, immature seeds, and PGs, indicating its
role in PT-embryo sac interactions (Moreira et al., 2022; Tucker and
Koltunow, 2014). JAGGER/AGP4, another female specific AGP is
involved in persistent synergid cell degeneration and polyspermy block
(Pereira et al., 2016b). When compared to the quintuple mutant (Mor-
eira et al., 2023), the octuple mutant has even more under-glycosylated
AGPs, leading to their functional failure, which may explain the callose
phenotype in the micropylar region upon PT arrival. Moreover, reduced
de-esterified pectins, indicated by ruthenium red staining in 23456789
mutant ovules, suggests compromised PT-embryo sac interactions.
Recently, a feronia mutant was shown to maintain de-esterified pectin at
the filiform apparatus on the micropylar end for PT entrance (Duan
et al., 2020). Similar reductions in ruthenium red staining were found in
glcatl4a/b/c mutants (Ajayi et al., 2022). Thus, we suggest that AGP
carbohydrates and their interaction with other cell wall components like
pectins are crucial for specific AGP functions in FG development and
successful PT reception.
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Fig. 7. Impaired embryo development in the ovules of 23456789 octuple mutants. The developmental stages of embryogenesis from 1-cell to torpedo stage
were defined according to Wendrich and Weijers (2013). (A) Normally developing embryos at the 1-cell, 2-cell, octant, globular, triangular, heart and torpedo stages
in WT. (B) and (C) represents 23456789 octuple mutant embryos. (B) shows normal embryo development in the octuple mutant. Octuple mutant embryos also had
developmental defects with abnormal divisions in the suspensor/ hypophysis and/or in the embryo itself (~10 %) as indicated by black arrows in (C). Black arrows
point towards the defective divisions occurring in the embryo or suspensor leading to abnormal shapes and hence, their developmental arrest. White dashed lines in
the figure panels are marked to help visualize embryo development. Embryo shapes were visualized after Visikol treatment (n>150 embryos). e, embryo; h, hy-

pophysis; s, suspensor. Scale bars = 100 pm.

4.2. The lack of GALT2-9 affects female gametophyte and embryo
development

The functional loss of eight Hyp-GALTs (GALT2-9) compromises FG
development. Detailed analysis of the 23456789 mutant revealed
abnormal embryo sac development in a considerable number of cases,
probably related to ovules exhibiting ectopic callose accumulation
throughout the embryo sac, without fertilization. Callose is known for its
barrier functions in isolating dead or dysfunctional cells (Sun et al.,
2004), suggesting these ovules collapse due to abnormal development.
Furthermore, some mutant ovules revealed shorter inner integuments
compared to WT as in galt25789 mutant (Moreira et al., 2023), poten-
tially affecting FG development. Several 23456789 ovules also exhibited
partial displacement of the embryo sac wall from surrounding cell layers
and accumulated small unidentified structures immuno-labelled for AGP
sugar epitopes, indicating modified AGPs spatiotemporal distribution in
the embryo sac, likely due to defective glycosylation.

AGPs function as molecular determinants for female reproductive
development, being crucial for cell wall modification and cell differen-
tiation in reproductive tissues (Lopes et al., 2023). They accumulate
specifically in the FG cell walls and in the nucellar epidermis during
early ovule development (Coimbra et al., 2007; Tucker and Koltunow,
2014), suggesting a role in FG development. Specific AGPs including
AGP22 and AGP24 are expressed in the FG and nucellus cells (Tucker
et al. 2012; Moreira et al., 2022), and AGP18 is critical for functional
megaspore development in Arabidopsis (Demesa-Arévalo and
Vielle-Calzada, 2013). AGP18 is transcribed in the ovule somatic tissues
and moves to the functional megaspore to be translated, where it is

glycosylated, indicating the importance of glycosylation for its function
here (Demesa-Arévalo and Vielle-Calzada, 2013). Thus, most probably,
the lack of these eight GALTs leads to the under-glycosylation of AGPs
essential for FG development.

The octuple mutant also shows defects during embryo development.
Immunolocalization studies detected AGPs at different embryo devel-
opment stages suggesting its involvement in embryogenesis (McCabe
et al., 1997; Pennell et al., 1991; Pérez-Pérez et al., 2019; Seifert and
Roberts, 2007; Van Hengel et al., 2002; Zhong et al., 2011). Besides
being fundamental for embryo development, the lack of the GALTSs also
result in defects in seed shape, size and germination, and reduced
adherent mucilage extruded upon seed hydration. These defects are
more exaggerated than those observed in the galt25789 quintuple
mutant (Kaur et al.,, 2021). AGPs, although a small part of the seed
mucilage, are important for deposition of cellulose rays in the seed coat
mucilage (Griffiths et al., 2016). AGP glucuronosyltransferase mutants
revealed by immunolabelling and biochemical analyses that GlcA sugars
on AGPs are essential for pectin and cellulose matrix organization in
Arabidopsis seed coat mucilage (Ajayi et al., 2021; Zhang et al., 2020).
AGP glycosylation likely maintains seed shape and mucilage production,
by interacting with other mucilage components such as pectins (Kaur
et al., 2021).

4.3. 23456789 reveals a low glucuronic acid content in female tissues

23456789 ovules demonstrated an apparent reduction in labeling
with LM2, an antibody recognizing AGP carbohydrate epitopes con-
taining p-linked GlcA, and an absence of labeling in the ovary walls, as
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Fig. 8. Microscopic analysis of mature embryos and seeds and ruthenium red staining of seed coat mucilage from WT and 23456789 mutant plants. (A)
WT and 23456789 bent mature embryos removed from the seeds and observed under the stereomicroscope. The 23456789 octuple mutant displayed an abnormal
shape of the mature embryo in comparison to the normal, oblong shape of WT mature embryos. (B) DIC microscopy images of cleared mature embryos from WT and
23456789 mutant seeds showing the abnormal mature embryos in the mutant. (C) Dry seeds imaged by SEM. Like the mature embryos, the seeds of the 23456789
octuple mutants were abnormal and wider in shape. (D) The detailed surface morphology of dry mature Arabidopsis WT and 23456789 seeds visualized by SEM. (E)
Staining of seed coat mucilage with ruthenium red (for pectin) following the removal of the outer mucilage. (F and G) Seed length and seed width of WT and
23456789 mutants (mean + SD, n=50). * P <0.05, *** P <0.001. Scale bars (A and B) = 100 pm.

observed in the galt25789 mutant (Kaur et al., 2021; Moreira et al.,
2023). GlcA is added to $-1,3 and p-1,6-linked galactans of AG glycans
by pB-glucuronosyltransferases (GlcATs) (Dilokpimol et al. 2014;
Lopez-Hernandez et al., 2020), an essential process for AGP biological
functions, as GlcA residues enable AGPs to bind Ca®" ions (Ajayi et al.,
2022, 2021; Lamport and Varnai, 2013; Lopez-Hernandez et al., 2020).
In Torenia fournieri, GlcA was identified as an essential component of the
disaccharide AMOR, required for making PTs responsive to female
attraction molecules, such as LURES (Mizukami et al., 2016). Recent
studies showed that the mutants glcat14a, glcat14b, and glcat14c, part of
the GT14 family of p-glucuronosyltransferases, presented develop-
mental and reproductive defects due to a reduction in Ca?*-AGP GlcA
binding (Ajayi et al., 2021; Lopez-Hernandez et al., 2020; Zhang et al.,
2020). Ca?* oscillations are critical for many reproductive events in
plants, suggesting that female and male specific AGPs might play a role
in calcium-mediated signalling pathways (Iwano et al., 2012; Lamport,
2023; Lamport et al., 2021). We expected a reduction in all AGP epitopes
analysed by immunocytochemistry. The fact that this did not occur
suggests that other Hyp-GALTs are involved in adding the first galactose
residue to AGPs, since the phenotypes observed are not fully penetrant.

5. Conclusions

This study emphasizes the important role of eight GALTs (GALT2-9)
in AGP glycosylation in female tissues, extending our previous findings
(Kaur et al., 2023, 2022; Moreira et al., 2023). Proper AGP glycosylation
as initiated by these GALTSs is essential for correct spatiotemporal dis-
tribution of AGPs which in turn is vital for female reproductive devel-
opment, PT-embryo sac interactions, embryo and seed development.
Our study supports the hypothesis that the initial sugar additions in-
fluence the terminal deposition of GlcA, demanding further biochemical
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investigations. The severe phenotypes observed with the loss of these
Hyp-GALTs suggest their common contribution to AGP glycosylation
and the existence of other enzymes performing this function, which
remain to be identified.
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