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O-linked B-N-acetylglucosamine (O-GIcNAc) and O-fucose are two
sugar-based post-translational modifications whose mechanistic role in
plantsignalling and transcriptional regulation is still largely unknown. Here
we investigated how two O-glycosyltransferase enzymes of Arabidopsis
thaliana, SPINDLY (SPY) and SECRET AGENT (SEC), promote the activity

of the basic helix-loop-helix transcription factor SPATULA (SPT) during
morphogenesis of the plant female reproductive organ apex, the style.

SPY and SEC modify amino-terminal residues of SPT in vivo and in vitro by
attaching O-fucose and O-GIcNAc, respectively. This post-translational
regulation does notimpact SPT homo- and heterodimerization events,
although it enhances the affinity of SPT for the kinase PINOID gene locus and
its transcriptional repression. Our findings offer amechanistic example of
the effect of O-GlcNAc and O-fucose on the activity of a plant transcription

factor and reveal previously unrecognized roles for SEC and SPY in
orchestrating style elongation and shape.

The gynoecium, a sophisticated organ within the flower, ensures fer-
tilization and seed production in angiosperms. Depending on plant
species and/or developmental window, gynoecium shape may greatly
vary to complement its function'?. Of notable importance is the mor-
phological diversity observed at the apical-distal end of the gynoecium,
encompassing the style and stigma. This region serves as the landing
site for pollen, where germination occurs, and subsequently facilitates
the pollen’s journey to fertilize the ovules’. Both plant fitness and seed
productionare thusintricately linked to the correct development of the
style and stigma. This developmental process is highly dynamic, and
itisunderpinned by acomplex molecular orchestration that operates
inanintertwined manner*.

Amongthe transcription factors (TFs) presiding over gynoecium
development, the activity of SPATULA (SPT)—a key regulator of medial
tissue identity and style morphogenesis®—is pivotal in orchestrating
auxin accumulation as well as coordinating the medio-lateral and

adaxial-abaxial polarity axis®® and repressing cytokinin (CK)-mediated
cell-proliferationinput at the gynoecium apex’. SPT forms homo-and
heterodimers with specific TF partners to modulate several aspects
of style development*’%, Accordingly, SPT loss-of-function mutants
fail to form a fused, radially symmetric style at the gynoecium apex’
(producing aso-called split style), and this phenotype is exacerbated
by mutationsin other basic helix-loop-helix (bHLH) TFs such as INDE-
HISCENT (IND)”and HECATE1,2and 3 (HEC1,2,3)*" as well as members
of the NGATHA protein family*.

Because of its stable spatiotemporal expression in the
apical-medial tissues during gynoecium development>, we hypoth-
esized that the dynamic activity of SPT required for style pattern-
ing may be regulated at the protein level. Interestingly, a proteomic
investigation of Arabidopsis flower proteins showed that SPT is
post-translationally modified by O-linked -N-acetylglucosamine
(O-GIcNAC)™.
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O-GlcNAc is a post-translational modification (PTM) associated
with key cellular processes and stress responses in both animals and
plants'*8, In both kingdoms, O-GlcNAc is attached to a plethora of
proteins encompassing various cellular functions, among which TFs
are highly abundant” 2. O-GIcNAc decoration of target proteins leads
to the modulation of their stability, cellular localization, protein-pro-
teininteractions, transcriptional activity and other characteristics***.
Mechanistic studies in the animal field have shown that O-GlcNAc
modifications can impact TF activity by changing, for example, their
DNA-affinity binding, their ability to bind transcriptional co-activators/
co-repressors and/or their domain function**%,

Despite itsimportance across kingdoms and biological scales, the
translation of O-GlcNAc modification into specific protein functions
remains predominantly uncharted territory. This knowledge gap is
particularly pronouncedin the plant kingdom, where the mechanistic
understanding of how sugar-based PTMs influence the activity of TFs
is notably lacking. The modification of SPT by O-GIcNAc might thus
provide a rapid, adaptable mechanism to intricately regulate SPT
activity during gynoecium development.

In Arabidopsis, the enzyme SECRET AGENT (SEC) catalyses the
addition of O-GIcNAc from UDP-GIcNAc to Ser and/or Thr residues of
acceptor-substrate proteins'®. A functionally related enzyme encoded
by the gene locus SPINDLY (SPY)* functions as an O-fucosyltransferase
(POFUT), attaching monofucose (O-fucose) to target substrates®?.
Notably, while single sec and spy mutant alleles are perfectly viable in
Arabidopsis, sec spy double mutants are embryo lethal (similar to ogt
mutantsinanimals®®%), highlighting the synergistic and fundamental
importance of both enzymes for plant development™.

Examples of mechanistic outcomes resulting from the
SEC-mediated O-glycosylation of their acceptor targets include altera-
tionin protein-proteininteractions of the RNA-binding protein TaGRP2
during wheat vernalization® and of the gibberellin repressor RGA in
Arabidopsis'. Given that RGA does not directly bind to DNA, it has been
proposed that O-GIcNAc modification of this transcriptional repres-
sor could elicit a conformational change in its protein structure. This
structural alteration, in turn, would negatively impact the binding of
RGA toits proteininteractors, thereby facilitating the progression of
gene expression'®?., In contrast, the modification of RGA by O-fucose
would trigger an open conformation that retains the binding of RGA
to its protein interactors, leading to repression of the downstream
signalling pathways, opposite to the effect of O-GIcNAc'®*.

Our investigation allows a pioneering understanding of the func-
tional implications of O-GIcNAc modifications for plant TF activity. By
means of genetic, molecular, biochemical and proteomic experiments,
we herein demonstrate a role for SEC and SPY in style development
via post-translational regulation of SPT activity. We demonstrate that
SPT directly interacts with SEC and SPY, which modify the amino ter-
minus of SPT by O-GIcNAc and O-fucose, respectively, bothinvivoand
in vitro. Moreover, via a genetic complementation assay, we provide
evidence that specific modified residues located in two N-terminal
peptides are essential for SPT function in vivo, accounting for style
morphogenesis. Furthermore, we show that both enzymes enhance the
transcriptional activity and DNA-binding affinity of SPT to the PINOID
(PID) genelocus®, but do notimpact SPT nuclear localization, protein
stability or dimerization events with itself, IND or HEC1. Accordingly,
the genetic epistasis analysis between SEC/SPY and SPT, coupled with
the style morphological defects displayed by the inducible SECknock-
down in a spy mutant background (SEC RNAi spy-3), corroborates a
model in which SPT activity is primed by SEC and SPY transferases to
fine-tuneits downstream control of the hormonal balance and support
style development.

Our findings provide a mechanistic insight into the role of
O-GlcNAc and O-fucose PTMs in the activity of a plant TF, character-
ize a post-embryonic target modified synergistically by both SEC and
SPY during style development, and reinforce the importance of the

upstreamregulation mediated by these sugar-based PTMs onkey TFs
important for organ morphogenesis in multicellular organisms.

Results

SPT is modified by O-GIcNAc and O-fucose via SEC and SPY

To understand whether a post-translation mechanism based on
O-glycosylation could preside over SPT-mediated control of style devel-
opment, we performed higher-energy collisional dissociation (HCD)
and electron transfer higher-energy collision dissociation (EThcD)
fragmentation mass spectrometry (MS/MS) analyses on nuclear
extracts from fully rescued spt-12/SPT::SPT-sYFP complementation
line inflorescences (Extended Data Fig. 1a,b). The analyses identified
several Ser and Thr residues at the N terminus of SPT that were modi-
fied by two O-linked sugar moieties, O-fucose and O-GIcNAc. In vivo,
the HCD spectraindicated that both sugar groups can be localized
onSer23 and Ser24 (recovered in peptide_1, LISSSSSSSVYDTR), while
Ser25 was found modified by O-fucose (Fig. 1a-c and Extended Data
Fig.1c-e). EThcD analysis of the same peptide showed awider distribu-
tion of modifications; it indicated that the glycans could be attached
toSer23,Ser24 and Ser25 and also showed that Ser26 and Ser27 can be
modified (Supplementary Table1).

The HCD spectracorrespondingto the second peptide of interest,
initiating with Ser60 (peptide_2: SSPLPSYYSPATTTTTASLIGVHGSGD-
PHADNSR), did not provide sufficientinformation for the precise locali-
zation of the glycan modifications. However, the observed precursor
mass strongly suggests the presence of amodification consistent with
0O-GlcNAc (Fig. 1a). Furthermore, all EThcD spectra obtained for pep-
tide_2 consistently indicated that one of the Thr71-to-Thr74 residues
was the site of the modification (Supplementary Table 2). These find-
ingsalign with a prior investigation performed on O-GlcNAc-modified
Arabidopsis flower proteins?.

The quantification of both modifications on the two N-terminal
peptides of SPT was then carried out by normalizing the abundances
of each modified peptide version to the total sum of the abundances
of all versions (modified and unmodified) of the same peptide. The
levels of O-fucose modification were higher than those of O-GIcNAc
on peptide_1, while on peptide_2, O-GlcNAcylation was conspicuously
elevated and O-fucosylation was barely detected (Fig. 1d).

To assess whether modifications by O-GIcNAc and O-fucose
on SPT were dependent on SEC and SPY activity, respectively, we
crossed the spt-12/SPT::SPT-sYFP complementation line with asingle
loss-of-function mutant of SEC (sec-5)** and a catalytically redundant
mutant of SPY (spy-3)** (Extended Data Fig. 2a). Using spt-12;sec-S/
SPT::SPT-sYFP and spt-12;spy-3/SPT::SPT-sYFP inflorescences, we
performed a similar HCD MS/MS analysis and compared the per-
centage of modifications in relation to the spt-12/SPT::SPT-sYFP
segregating controls. Since O-fucosylation was hardly detected on
peptide_2, we focused this analysis on peptide_1. Our data showed that
O-fucose modification was completely abolished on peptide_linthe
spy-3background, while O-GIcNAc was present at comparable levels
(Fig. 1e). In contrast, in the spt-12;sec-5/SPT::SPT-sYFP line, we did
not observe any change in the percentage of detectable O-fucose,
while O-GIcNAc was no longer detected in this background (Fig. 1f).
This analysis demonstrates that SPY and SEC modify SPT by O-fucose
and O-GIcNAc, respectively, targeting both shared and specific resi-
dues. Our analysis highlights that the enzymes do not compensate for
each other’s activity in their respective mutant backgrounds, since
we did not observe changesin transcriptlevels of SPYand SECin sec-5
and spy-3inflorescences, respectively (Extended Data Fig. 2b), oran
increase in their enzymatic activity as assessed by PTMs recovered
on SPT (Fig. 1e,f).

To confirm the direct PTM of SPT by O-GIcNAc and O-fucose
through SEC and SPY, we performed in vitro enzymatic assays. In
these assays, we tested the ability of recombinant SEC (STPR-SEC)*
and SPY (3TPR-SPY)?** to directly modify the full-length SPT protein
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(6xHis-SPT) (Extended Data Fig. 3a) in the presence and absence of
their specific donor substrate (UDP-GIcNAc and GDP-fucose). Col-
lectively, we found that the HCD spectra obtained in the in vitro experi-
ments recapitulated the in vivo findings, showing that O-GIcNAc and
O-fucose can modify Ser23 to Ser25 of SPT (Extended Data Fig. 3b-d).

Furthermore, no differences were observed for SPT transcript
levels from spy-3 and sec-S inflorescences compared to the wild
type (Extended Data Fig. 2c), and no reduction in SPT stability (as
measured by the intensity of the SPT-YFP signal) or alterations in its
subcellular localization were observed in the single spy-3 and sec-5
mutants (Extended Data Fig. 2d,e). Altogether, our findings corrobo-
rate the idea that SEC and SPY work upstream of SPT, acting at the
post-translational level.

Our data thus show that specific residues of SPT can host both
O-GlcNAc and O-fucosyl moieties, which are attached by SEC and SPY
invivo andin vitro. Moreover, our data suggest that SEC and SPY may
work redundantly but do not compensate for one another inthe inflo-
rescences of Arabidopsis.

SPTinteractsinvivo and in vitro with SEC and SPY

To support a role for SEC and SPY in controlling SPT at the post-
translational level, we tested whether these enzymes could directly
interact with SPT. To this end, we employed co-immunoprecipitation
(Co-IP) and split-luciferase complementation assays in Nicotiana
benthamiana leaves (Fig. 2a,b) alongside yeast two-hybrid (Y2H)
experiments (Fig. 2c and Extended DataFig. 4), which alldemonstrated
directinteractions between full-length SPT-SPY and SPT-SEC proteins.
Moreover, Y2H experiments also showed that both SPY and SEC bind
to SPT via their N-terminal tetratricopeptide repeats (TPRs)*, TPRs
1-11 of SPY and TPRs 1-13 of SEC, while the carboxy-terminal cata-
lytic domain showed no growth of the yeast cells on selective media
(Extended DataFig. 4).

Most of the residues modified on SPT were positioned at pep-
tides flanking an amphipathic helix (AH) at the N terminus of SPT
(Fig.1a),adomain that supports the transcriptional activation activ-
ity of SPT*. Thus, to dissect the domains responsible for mediating
the enzyme interactions with SPT, we performed Y2H experiments
using the full-length sequences of SPY and SEC in combination with
truncated versions of SPT. Our results showed the SPT N-terminal
domain (spanning residues 1-180) containing the AH and acid (Ac)
domains™®, as well as a fragment containing only the AH domain (resi-
dues1-135), were both sufficient to produce positive interactions with
full-length SEC and SPY proteins (Fig. 2c and Extended Data Fig. 4) but
did notinteract with HEC1—aknowninteractor of SPT (Extended Data
Fig.4).In contrast, the SPT C-terminal truncation (residues 136-373),
including both the Ac and bHLH domains, did not interact with SPY
but could interact with SEC as well as HEC1 (Fig. 2c and Extended
Data Fig. 4). These results are in line with a working model in which
the binding of SPT with SPY occurs through the N-terminal domain of
SPT containing the modified residues flanking the AH domain, while
SEC interacts with the full-length SPT protein. These findings also
provide insights into the signalling modulation at the N terminus of
SPT, acrucial molecular site for both transcriptional regulation and
carpel patterning®.

SEC and SPY synergistically control style morphogenesis

Ifthe activity of Arabidopsis SEC and SPY controls style development
at the gynoecium apex, defects in style specification or elongation
or a break in radial symmetry (similar to spt) should be observed
in mutants for sec and spy. Despite decades of genetic analysis on
single mutants for these two enzymes, no defects have ever been
reported®****. Accordingly, our scanning electron microscopy (SEM)
analysis of loss-of-function spy-4 (ref. 37) and sec-5 single mutant
gynoecia, as well as the catalytically redundant mutants spy-3 and
sec-2 (ref.36), did not show any significant defectsin style formation
(Figs.3aand 4a). The correct style development observed in sec and
spy mutants is in line with normal SPT expression within the style of
these single mutants (Extended Data Fig. 2¢,d). This may suggest a
redundant role for both enzymes in controlling the morphogenesis
of the gynoecium apex.

Varying effects on carpel development were unveiled through
haplo-deficiency genetic analysis of the SEC and SPY functions—
that is, four-carpel ovaries and pin-like flowers*®. To overcome the
embryo-lethal effect elicited by the elimination of both enzymatic
activities®**° and reveal the synergistic post-embryonic roles of the
two enzymes (encompassing style development), we produced a
dexamethasone (DEX)-inducible SEC RNAi construct to lower SEC
mRNA levels in the spy-3 background (SEC RNAi spy-3) (Extended
DataFig. 5a). Two specific target guides were designed (named aISEC
and a2SEC) for SEC, ensuring low off-target scores (Extended Data
Fig. 5b,c). Only the Arabidopsis transgenic lines generated using the
a2SECguide showed reduced levels of SECtranscripts, as determined
by quantitative real-time PCR (qQRT-PCR) experiments conducted from
DEX-sprayed inflorescences (Fig. 3b). Three independent transgenic
lines recovered using the a2SEC guide were subsequently pheno-
typically analysed and compared to Col-0, spy-3 and SEC RNAi spy-3
lines that did not exhibit SEC downregulation, as negative controls
(Fig. 3a,b). We observed defects in style morphogenesis after DEX
treatment of transgenic lines with reduced levels of SEC expression—
thatis, a strong reduction in style length (Fig. 3a,c), a lack of wax/
crenulations of stylar cells (used as a differentiation marker for style)
(Fig.3d), areduction of cell elongation below the apical stigmatic tis-
sue (Fig. 3d) and a consistent reduction in fruit length (Fig. 3e). The
short-style phenotype and compromised cell elongation observed
in the DEX-induced SEC RNAi spy-3 is remarkably different from the
split-style phenotype of spt (Fig. 4a). It is consistent with a lack of
apical-basal anisotropic growth displayed by cells at the developing
apical gynoecium, where the style forms®**°. These results thus reveal
apreviously unrecognized role for SEC and SPY in style development
and suggest that SEC and SPY control early developmental processes
of style morphogenesis, presumably via aredundant and synergistic
control of style- and fruit-specific targets. Consistent with a posi-
tive role for SEC and SPY in post-embryonic plant organogenesis, we
observed areduction of rootlength in SECRNAispy-3 (a2SEC) seedlings
grownon DEX mediafor seven days compared with mock-treated sam-
plesand DEX-treated Col-0 and spy-3 parental line (Fig. 3f). Moreover,
we observed arrest of growth after 13 days of growth on DEX media
of the SEC RNAi spy-3 genetic background (Fig. 3g). Interestingly,
while knocking down SEC activity did not affect the germination

Fig.1|SPTis modified in vivo by both O-fucose and O-GIcNAc via SPY and

SEC activity, respectively. a, Illustration of the full-length SPT protein and its
domains (NLS, nuclear localization signal; B, B strand*®). The positions of the

two peptides (pep_land pep_2, black lines) targeted by O-glycosyl PTMs are
displayed flanking the AH domain. The SPT N-terminal amino acid sequence is
displayed, including pep_land pep_2 (underlined sequences). Residues in
boldindicate regions for which O-glycosyl modifications have been detected.
b,c, Representative HCD spectra of SPT pep_lindicating modification by
O-fucose (b) and O-GIcNAc (c) (bottomin ¢, zoom-in spectrum) on residue Ser23.
Note the presence of acomplete and unmodified y-ion series up to y11 and a shift

inmass of the y12 ion. Similar spectra are provided in Extended Data Fig. 3.

d-f, Quantification of the percentage of O-fucosylation (red bars) and
O-GlcNacylation (blue bars) recovered on both SPT peptidesin the spt-
12/SPT::SPT-sYFPcomplementation line inflorescences (n = 4 biological
independent samples for each peptide) (d) and quantification of the same
modifications recovered on pep_lin the spy-3 (n =4 for both the control (ctrl)
and spy-3) (e) and sec-5 (n =4 for ctrl and n = 5 for sec-5) (f) mutant backgrounds.
The values shown are means + s.d. Significant differences and P values are
indicated in the graphs following two-tailed Student’s t-tests.
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rate differently from the spy-3 control (Extended Data Fig. 5d-f), the
reduction of root growth and lethality observed at the seedling stage
confirm the fundamental roles of both enzymes in post-embryonic

Next, to investigate the role of SEC and SPY in style radialization
via regulation of SPT activity, we analysed the gynoecia of spt sec
(spt-12 sec-5 and spt-12 sec-2) and spt spy (spt-12 spy-4 and spt-12

| 373

plant development. spy-3) double mutants (Fig. 4a). Our genetic analysis showed that
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Fig.2|SPT directly interacts with SEC and SPY. a, Co-IP experiments
performed in tobacco leaves showing the full-length SPT-FLAG protein
co-immunoprecipitated with full-length SEC-HA (left) or SPY-HA (right)
recombinant proteins. The panel shows representative results from one of three
independent experiments. b, Split-luciferase assay performed in tobacco leaves
showing the interaction between full-length SPT-nLuc with both SEC-cLuc (left)

and SPY-cLuc (right). The panel shows representative results from one of three
independent experiments. ¢, Y2H assay displaying SPT domains (left) sufficient
for interactions with full-length SPY and SEC proteins. Positive co-transformants
were selected on SD-LW media (middle) and grown on SD-LWHA, 2.5 mM 3-AT
media (right) to determine strong interactions. @, empty vector.

spt sec double mutants displayed a similar phenotype to the seg-
regating spt-12 control, while spt spy double mutant combinations
increased the frequency and severity of the spt split-style phenotype
by strongly augmenting the percentage of bilateral versus radial styles
observed (Fig. 4b), as well as the depth of the medial cleft (measured
as the ratio between the cleft length and the style length) (Fig. 4c).
These data indicate that spt is epistatic to the loss of both SEC and
SPY enzymatic activities and suggest that O-fucosylation of other key
regulatorsand cellular processes of style development may be regulated
in parallel by SPY (for example, apical-basal anisotropic growth)**°,

To further examine this possibility, sec and spy mutant gynoecia
were treated with CK. No defects were displayed by sec mutants,
but for the spy mutants we observed extensive proliferation of the
medial-apical region that connects the stigma and replum (spy-3) as
well as ectopic, unbalanced growth of the lateral shoulders (spy-4)
(Extended Data Fig. 6), a phenotype associated with CK hypersensi-
tivity that has not been previously observed. These data confirm that
SPY plays multiple roles during gynoecium development. They also
corroborate the idea that SPY and SPT work in similar pathways, as
they bothrepress the CK proliferating output at the gynoecium apex,

Nature Plants | Volume 10 | February 2024 | 283-299

287


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-023-01617-4

alSEC RNAi spy-3

a2SEC RNAi spy-3

-2

2.0 4

O Mock [ +DEX

Col-0

spy-3 # #2 # #2

Mock

+DEX

0.7834
m

#3 #4

SEC expression level

Col-0 spy-3 #1 #2 #1 #2  #3  #4

alSEC a2SEC
RNAI spy-3 RNAI spy-3
c 150 d e f a2SEC RNAi
Col-0 -3 343
0.0594 (7669 0.3397 O-8140 0-;2?2 0.0001 0.0001 25 - o. Y3
—_ [ = T L M <0|‘°—0|01 01988  0.5136 Es
[ ] <0000 ™
2 100 A é r}l é £ 204 ! S
=] S =
2 Ry £ 154 |
o AL (i 5
) J E
= . » 2 104
173 | RN Y ‘g
] | S ARy € 05
L
0 T T T T T T T T # B
i
Col-Ospy-3 #1 #2 #1 #2 #3  #4 BN AT oL
alSEC a2SEC Col-O spy-3 a2SEC RNAi
RNAIi spy-3 RNAi spy-3 spy-3 #3

Fig. 3| Loss of SEC function in a spy mutant background affects both
vegetative and reproductive development. a, SEM analysis of stage-12
gynoecia of Col-0, spy-3 and SEC RNAi spy-3 transgenic lines (two lines of a1SEC
RNAi spy-3 and four lines of a2SEC RNAi spy-3) treated with either mock (top) or
DEX (bottom). Scale bars, 100 um. b, qRT-PCR analysis of SEC expression levels
frominflorescences of SEC RNAi spy-3 transgenic lines (a1SECs and a2SECs) and
controls, treated with either mock (white bars) or DEX (grey bars). The values
shown are means + s.d. from three biological repeats. The Pvalues indicate
two-tailed t-test results. ¢, Measurement of style length of the genotypes
depictedina,b. The box plots indicate the median (the line within the box), the
lower and upper quartiles (the box edges), and the largest and smallest data
points (the whiskers). For Col-0, spy-3 and aISEC RNAi spy-3 transgenic lines,
n=15for mock and DEX treatments; for the a2SEC RNAi spy-3 transgenic lines,
n=15for mock and n =18 for DEX treatment. Note that the strong reduction

in style elongation (a,c) correlates with low levels of SEC expression (b). The
Pvalues are indicated in the graph following two-tailed Mann-Whiney tests.

d, SEM micrographs showing wild-type and SEC RNAi spy-3 (a2SECline 3)
styles (see the red boxes in a) displaying defects in cell elongation. Scale bars,
50 um. The panel shows representative results from one of three independent
experiments. e, Representative images of fruits in different stages of
development after mock (top) and DEX (bottom) treatments of wild-type and
SEC RNAi spy-3 (a2SECline 3) inflorescences. Scale bars, 1 cm. f, Root length
measurements of seven-day-old Col-0, spy-3 and SEC RNAi spy-3 (a2SECline

3) seedlings grown on either mock or DEX plates. Significant differences are
indicated in the graph following two-tailed Student’s ¢-tests. The box plots
indicate the median (the line within the box), the lower and upper quartiles
(the box edges), and the largest and smallest data points (the whiskers). n =17
seedlings were analysed for each genotype and each treatment. The Pvalues
indicate the results of two-tailed ¢-tests. g, Representative images of 13-day-old
Col-0, spy-3and SECRNAi spy-3 (a2SECline 3) seedlings grown on either mock
or DEX plates. Scale bars,1cm.

whichisrelevantasit providesagenetic framework for an antagonistic
SPY-CKinteraction.

Specific Ser/Thrresidues of SPT promote style radialization

To test the effect of O-glycosyl decorations on SPT function during
radial symmetry establishment at the gynoecium apex, we carried
out a detailed mutant complementation assay by producing a series
of loss-of-O-glycosylation mutant variants of SPT (expressed under the
SPTnative 5-kb promoter*’) and analysed their ability to complement
the spt split-style phenotype. To this end, specific Ser and Thrresidues
targeted by SEC and SPY in vivo and in vitro on SPT peptide_1 (Fig. 1a
and Extended Data Figs.1and 3) and peptide_2 (ref. 21) were mutated
to Ala to mimic the loss of modification*. We predicted that the lack
of style complementation would indicate a positive functional role
for those residues and the associated PTMs in sustaining SPT func-
tion. We produced and analysed the following mutant versions of SPT:
Ser23-to-Ala; Ser23, Ser24 and Ser25-to-Ala (hereafter Ser23-25-to-Ala,
onpeptide_1); Thr71, Thr72, Thr73 and Thr74-to-Ala (hereafter Thr71-
74-to-Ala”, on peptide_2); Ser23, Ser24,Ser25, Thr71, Thr72, Thr73 and
Thr74-to-Ala (hereafter Ser+Thr-to-Ala, on peptide_1 and peptide_2);
and Ser60 and Ser61-to-Ala (Ser60,61-to-Ala, as anegative control, on
peptide_2) (Fig. 5a). First, to exclude the possibility that changesin the
amino acid sequence of SPT would lead to alterations in transcript

levels and protein stability or localization, we fused the SPT wild-type
and mutant sequences with yellow fluorescent protein (YFP) and car-
ried out qRT-PCR experiments (Extended Data Fig. 7a,b) and confocal
microscopy analysis (Fig. 5b). None of the lines examined showed a
significant reduction in SPT mRNA levels (Extended Data Fig. 7a,b).
Furthermore, confocal microscopy analysis showed that a clear YFP
signal was present at the apex of gynoecia—where style and stigmatic
tissue form—expressing the wild-type SPT complementation line as
well as the Ser23-to-Ala (peptide_1) and Ser60,61-to-Ala (peptide_2)
point mutations (Fig. 5b). Accordingly, SEM analysis showed that the
sptphenotype was complemented by Ser23-to-Alaand Ser60,61-to-Ala
mutations toasimilar level as the wild-type sequence, equal to 100% of
radial styles (Fig. 5b). In contrast, despite clear SPT nuclear expression
atthe gynoecium apex of Ser23-25-to-Ala (peptide_1), Thr71-74-to-Ala
(peptide_2) and Ser+Thr-to-Ala (both peptides), these point-mutation
lines displayed ahigh percentage of bilateral styles, resembling the spt
mutant. Specifically, 40.9%, 37.7% and 48.4% of the styles observed in
the aforementioned transgenic lines were unfused—that is, they had
the split-style phenotype (Fig. 5b).

These results thus indicate a functional role for specific SPT resi-
duesinstyleradial symmetry developmentin Arabidopsisviaamecha-
nism distinct from transcriptional expression, protein stability and
cellular localization.
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Fig. 4| The symmetry-breaking phenotype of the spt-12 mutant style is
epistatic to both sec and spy mutations. a, Representative SEM micrographs
of stage-12 gynoecia of single and double mutants. Scale bars, 500 pm.

The experiment was performed at least three times for each genotype.

b, Quantification of the frequency and severity of the bilaterally symmetric
defective styles observed in the double sec spt and spy spt mutants compared
with their parental lines. Phenotypes were grouped in the following four
categories: radial (wild-type-like style, radially symmetric), weak (shallow cleft
atthe organ’s distal tip), medium (cleft running through the middle of the style)
and severe (deep cleft spanning the style into the ovary region). Fifty gynoecia
were analysed for each genotype. The phenotypic classes were compared with

ST

spt-12 using 4 x 2 contingency tables followed by Pearson’s x* test. The two-tailed
Pvalues areas follows: &, P<0.0001; #, P<0.00001; " P=0.000019; NS, not
significant P> 0.05 (sec-2 spt-12 versus spt-12, P= 0.0249; sec-S spt-12 versus spt-12,
P=0.1007). Pvalues <0.01 were considered statistically significant. Scale bars,
100 um. ¢, Quantification of the severity of the bilateral split style (relative cleft
depth) was measured as the depth of the cleft (/) divided by the style length (L).
More than 60 gynoecia were analysed for each genotype. The internal dashed
lines indicate the median and quartiles. Phenotypic classes were compared

with spt-12 using ordinary one-way analysis of variance (ANOVA) multiple
comparisons. Scale bar, 100 pm.

0O-glycosyl PTMs on SPT promote its transcriptional activity
Since SPT binds DNA (and thus regulates transcription) as a dimer?,
we hypothesized that SEC and SPY may impact its ability to interact
with protein partners and/or specific promoters. To understand how
PTMs of SPT may play arole in orchestrating style morphogenesis,
we tested whether SEC and SPY could enhance the formation of the
SPT-SPT homodimers and/or SPT-IND and SPT-HEC1 heterodimers
essential for correct style morphogenesis.

To test whether SEC and SPY could impact SPT dimerization
events, we performed fluorescence resonance energy transfer

(FRET)-fluorescence-lifetime imaging microscopy (FLIM) quantita-
tive assays in tobacco leaves to assess whether the co-expression of
Agrobacteriumharbouring either SEC-HA (35S::SEC-3xHA) or SPY-HA
(355::SPY-3xHA) would lead to a further reductionin the lifetime of the
FRET donor (GFP) compared with the formation of the homodimer
SPT-GFP;SPT-RFP (355::SPT::GFP;35S::SPT-RFP) and the heterodimers
SPT-GFP;IND-RFP (35S::SPT::GFP;35S::IND-RFP) and SPT-GFP;HEC1-
RFP (35S::SPT::GFP;35S::HECI-RFP) (Fig. 6a).

To begin, we confirmed the expression of SEC-HA and SPY-HA
recombinant proteins by western blotting (Extended Data Fig. 8a).
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Fig. 5| Genetic complementation analysis of SPT revealed a positive role for
0-glycosyl-modified residues in Arabidopsis radial style development.

a, Schematic representation of SPT residues modified by O-fucose and O-GIcNAc
used for point mutations: the Ser and Thr residues depicted in the panel were
mutated to Ala. Possible modifications of Ser23, Ser24 and Ser25 were confirmed
bothin vivo andin vitro. Modifications of Thr71-Thr74 were indicated by the
EThcD results and were previously identified”. Modifications of Ser60 and Ser61
were used as a negative control. b, Representative confocal images of gynoecia

atstages 10-11and SEM images (right) of gynoecia at stage 12 of the SPT-YFP
complementation and point-mutation lines. YFP signal is detected at the style
andinthe nuclei (inset: close-up of a nucleus with SPT-YFP signal from gynoecia).
The pie charts in the SEM pictures represent the percentage of radial (white)
versus bilateral (black) styles observed in each genetic background. Three
independent lines for each construct were analysed, yielding similar results.
Scalebars, 100 pm.
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We then tested whether SEC and SPY could modify SPT in tobacco
leaves, by means of HCD MS/MS experiments (Extended DataFig.8b,c).
In line with our in vivo and in vitro findings (Fig. 1 and Extended Data
Figs. 1c-e and 3b-d), co-infiltration of SEC or SPY with SPT resulted
in an elevated percentage of O-GIcNAc or O-fucose modifications,
respectively, detected on peptide_1 (Extended Data Fig. 8b) as well
asa higher ratio of modified peptides compared with the SPT control
(Extended DataFig. 8c).

Next, we confirmed adirectinteractioninthe nuclei co-expressing
(;) SPT-GFP;SPT-RFP as well as SPT-GFP;IND-RFP and SPT-GFP;HEC1-
RFP (without co-expression of the enzymes) with FRET-FLIM assays.
The GFP fluorescence lifetime was significantly shorter in the presence
of SPT-GFP;SPT-RFP, SPT-GFP;IND-RFP and SPT-GFP;HEC1-RFP
interactions than in the negative control: SPT-GFP;RFP-NLS (which
targets the RFP proteinin the nucleus) (Fig. 6a). These changesin GFP
fluorescence lifetime are consistent with FRET efficiencies of 5.7%, 9.6%
and 7.4% for SPT;SPT, SPT;IND and SPT;HECI, respectively (Fig. 6a).
The positive FRET control, SPT-GFP-RFP (in which the two fluorescent
tags are both cloned in cis to SPT) showed an even stronger decrease
in GFP fluorescence lifetime, which translated into a FRET efficiency
of18.8% (Fig. 6a). However, the presence of either SEC-HA or SPY-HA
had nosignificant effect onthe FRET efficiencies observedin the pres-
ence of interactions between SPT-GFP and its RFP-tagged partners
(Fig. 6a).In principle, this would suggest that O-GlcNAc and O-fucose
donot promote the formation of SPT-containing dimers. However, the
enzymes may modulate dimer formation via other mechanisms—for
example, by conformational rearrangement.

We then investigated whether SEC and SPY would impact
SPT-mediated gene expression. The best-characterized downstream
target of SPT (and IND) during style development s the PID kinase®****,
which is downregulated to support the accumulation of the auxin
morphogenic signal within specific medial-apical cells®. We thus tested
whether the downregulation of PID expression by SPT-IND was exac-
erbated by SEC and SPY by performing a transient transactivation
assay in N. benthamianaleaves using the same constructs used for the
FRET-FLIM experiments and al-kb promoter fragment of PID, contain-
ing the cis-elements directly bound by both IND*#2** and SPT in vivo
(Extended DataFig. 9a).

The PID promoter was fused to the GUS gene as a reporter. To
begin, we confirmed that the expression of SEC-HA or SPY-HA did not
affect GUS expression (Extended Data Fig. 9b), and the transcriptional
read-out of SPT/IND was determined by qRT-PCR experiments using
different ODs for co-infiltration (Fig. 6b and Extended Data Fig. 9c).
Wefirst tested for equal expression of the co-infiltrated recombinant
proteins by western blots and then compared the GUS transcription
levels (Fig. 6b). The expression of SPT-GFP and IND-RFP either alone
(homodimers) or co-expressed (heterodimer) significantly diminished
PPID::GUS expression levels (Fig. 6b and Extended Data Fig. 9c), while
the expression of either SEC-HA or SPY-HA had nosignificant effect on
transcription alone (Extended Data Fig. 9b). However, co-expression of
both SEC-HA and SPY-HA together with SPT-GFPand IND-RFPled toa
significant further reduction of the background levels of PID expression
(Fig. 6b). Furthermore, co-expression of the catalytic SPY (spy-3-HA)
and SEC (sec-5-HA) mutant enzymes, together with SPT-GFP and IND-
RFPrecombinant proteins, led to areversion of the GUS transcriptional
levels to the basal repression trigged by the SPT-GFP/IND-RFP heter-
odimer (Fig. 6b). Altogether, these results demonstrate that both SEC
and SPY enhance SPT/IND-mediated repression of PID transcription.

To corroborate theidea that O-glycosyl PTMs of SPT directly influ-
ence its transcriptional activity rather than dimerization events, we
tested whether the affinity of SPT for the PID promoter was enhanced
by SEC and SPY. To this end, we employed electrophoretic mobility shift
assay (EMSA) experiments performed using the full-length 6xHis-SPT
recombinant protein (Extended Data Fig. 3a), which we showed was
abletobind a171-bp fragment of the PID promoter encompassing the

cis-elements (G-box, CACGTG) recognized in vivo by SPT (Extended
Data Fig. 9a,d). Moreover, the electrophoresis mobility shift signal
was strongly abolished when the wild-type G-box sequence of the PID
promoter was mutated (TGATGA)** (Extended Data Fig. 9d), in agree-
ment with previous data'. Notably, when SPT was incubated with the
PID promoter fragmentin the presence of recombinant STPR-SEC-HA
and 3TPR-SPY-HA proteins and their respective donor substrates, we
observed a stronger mobility shift occurring at lower concentrations
of SPT recombinant protein (Fig. 6¢).

Altogether, our findings show that SEC and SPY can modulate
SPT-mediated control of PID expression by increasing its DNA-binding
affinity and/or transcriptional activity rather than its ability to form
homo- or heterodimers.

Discussion

This work provides the genetic and molecular foundation for eluci-
dating the role of Arabidopsis thaliana SEC'® and SPY?® O-glycosyl
enzymes in style development>®. More broadly, our data provide a
molecular characterization of the functional roles of O-GlcNAc and
O-fucose PTMs in the regulation of a plant bHLH TF—that is, SPT,
which plays pivotal roles in tissue identity®, body-axis formation®and
bilateral-to-radial symmetry transition® during gynoecium develop-
ment. As comparable biological processes and conserved molecular
players (that is, O-GIcNAc' and bHLH TFs*) are present in both the
plant and animal kingdoms, this study sheds light on a fundamen-
tal mechanism that could be employed more generally during the
orchestration of organ morphogenesis and symmetry establishment
in higher eukaryotes.

Ever since its initial discovery in the 1980s by Torres and Har
the significance of O-GIcNAc as a signalling molecule in processes
such as nutritional sensing, stress response and animal development
has been long established. Despite its importance in several cellular
processes and the extensive range of targets modified by O-GIcNAc",
theimpact of thisPTM on protein functions has been comprehensively
elucidated for only alimited number of targets. Mechanistic examples
that might share similarity to the effect of O-GIcNAc on SPT include
three well-characterized TFs from the animal kingdom: PDX-1 (ref. 25),
Oct4 (ref.22) and C/EBPB*.

In plants, it has been previously proposed that SEC and SPY con-
trol the activity of other acceptor substrates by promoting protein
stability”’, controlling cellular localization*®*, enhancing or disrupting
protein-protein interactions®**’ and fine-tuning gene expression*:.
Amongthese, the best-characterized molecular exampleisthe DELLA
protein RGA, whichis antagonistically regulated by SEC and SPY during
Arabidopsis post-embryonic development'®%,

Here we showed that the OGT enzyme SEC and the POFUT enzyme
SPY can both physically interact with SPT in vivo and in vitro (Fig. 2)
and modify several Ser/Thr residues at the N terminus of SPT (Fig. 1
and Extended Data Figs. 1 and 3) flanking its AH domain (Fig. 2c and
Extended DataFig. 4). Mutations of the SPT sequence at Ser23 to Ser25
and Thr71 to Thr74 (to Ala) demonstrated a functional role for those
residues in style morphology, thus linking specific O-GIcNAc and
O-fucose modifications to organ function and development.

The AH domain of SPT is quite different from the N-terminal
sequence of other plant bHLH TFs*, reinforcing the idea that it hosts
specific residues for signal transduction mediated by O-GIcNAc and
O-fucose. Notably, the AH domain has been found to be either highly
conserved across some SPT orthologues (for example, tomato) or
missing from other plant species completely (for example, in monocot
rice)*’. This supports ascenario in which the evolution of the N terminus
of SPT and itsregulation by sugar decorations might be the site of style/
stigma shape diversificationin monocots and dicots. It has long been
known that the AH domain of SPT supports the essential role of the Ac
domainin carpel function®, but the molecular basis of its modulation
isyet to be determined.
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Fig. 6 | SEC and SPY promote the SPT-mediated repression of PID
transcription rather thanits ability to form homo- and heterodimers. a, Left,
FRET-FLIM assay showing that both SEC and SPY have no effect on the strength
of theinteraction between SPT-GFP and its interacting partners SPT-RFP, IND-
RFP and HEC1-RFP, in nuclei of co-infiltrated tobacco leaves. The experiments
were repeated at least three times for each combination; more than 60 nuclei
were used for quantification for each combination. Right, the FRET efficiency (%)
isindicated in the violin plots. The internal dashed and dotted lines indicate the
median and quartiles. Different letters indicate significant differences (P < 0.05)
tested by ordinary one-way ANOVA multiple comparisons. The exact Pvalues

are provided in the Source data. b, Top, schematic representation of the 1-kb
promoter of PID used in the transactivation assays, including the TF binding
sites (G-boxes, indicated by the red lines, and E-box, indicated by the blue line).
Middle, quantification of GUS expression by qRT-PCR experiments showing that
both SEC-HA and SPY-HA enhance the transcriptional downregulation triggered
by SPT and IND. The optical density (OD) values employed were OD = 0.1for
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SPT-GFPand IND-RFPand OD = 0.5 for SEC-HA and SPY-HA, in each experiment.
The experiments were repeated three times for each combination (n=3). The
values shown are means + s.d. Different letters indicate significant differences
(P<0.01) tested by ordinary one-way ANOVA multiple comparisons. The exact
Pvalues are provided in the Source data. Bottom, immunodetection of SPT-GFP,
IND-RFP, SEC-HA and SPY-HA from N. benthamiana Agrobacterium-infiltrated
leaves used for the transactivation assays. The Coomassie brilliant blue (CBB)
bands were used as asample loading control. ¢, EMSA experiments showing

that SEC (STPR-SEC) and SPY (3TPR-SPY) both enhance the binding of SPT
(6xHis-SPT) to theregion of the PID promoter (171-bp pPID). Similar results were
obtained from two independent experiments. d, Schematic working model
showing that SEC and SPY act upstream of SPT to attach O-GIcNAc (blue square)
and O-fucose (red triangle), which in turn promotes the binding of SPT to the PID
promoter and/or its transcriptional activity. In this way, SEC and SPY contribute
to the fine-tuning of auxin distribution while repressing CK sensitivity at the
gynoecium apex, ultimately promoting style morphogenesis.

Nature Plants | Volume 10 | February 2024 | 283-299

292


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-023-01617-4

O-glycosylation of SPT did not lower its levels, either at the tran-
scriptional or at the protein level (Extended Data Fig. 2c-e), even
though O-fucosylation of SPT by SPY might, in addition, fine-tune SPT
proteinstability, as we observed aslightincrease of SPT protein levels at
the gynoeciumapexinthe spy-3single mutant background (Extended
Data Fig. 2d,e). Although the N terminus of SPT is predicted to be
unstructured by AlphaFold*° (AF-Q9FUA4-F1) and the residues modi-
fiedby PTMsare located withinadisordered region of SPT, we excluded
a possible effect of the mutations on protein folding or instability as
the C-terminal YFP, cloned in cisto the wild-type and mutant versions
of SPT, was visible, suggesting that the transgene protein precursors
are correctly folded and expressed (Fig. 5b). Since the N-terminal
region, including both the AH and Ac domains, is important for SPT
transcriptional activation®, the attachment of PTMs flanking the AH
domain supports two mechanistic scenarios for the function of the AH
domainasamodulator of the Acdomainactivity: (1) a direct effect via
a conformational change or (2) anindirect effect via interaction with
other transcriptional activators and/or co-repressors.

While SEC and SPY did not enhance SPT’s ability to form protein-
protein interactions with itself and its known dimerization partners
IND and HECl1in tobacco leaves (Fig. 6a), we observed an augmented
transcriptional repression of its known downstream target PID®°
(Fig. 6b). Accordingly, the effect of glycosylation on SPT increased the
affinity of SPT to a DNA fragment of the PID locus (Fig. 6¢). Altogether,
thissupports aworking model where SEC and SPY, and the PTMs they
transfer onto SPT, can directly modify the affinity of SPT for its DNA
targets and its transcriptional activity (Fig. 6d). To delve deeper into
this scenario, in vivo transcriptomic studies that employ cellular
resolution across various gynoecium tissue types will be essential
to provide insights into the spatiotemporal contribution of PTMs to
SPT activity.

0O-GIcNAc has been linked to the cold-temperature response in
both animals® and plants®. Interestingly, in addition to being a master
regulator of style development, SPT can transduce environmental cues
into developmental programmes by integrating external signals such
as cold temperature®*® and light quality’* during seed germination
and style development. Eventhough SPT was the first regulatory gene
described to control the cold response during seed germination®?, the
molecular mechanism underpinning this processisstill unelucidated,
and post-translational control of SPT was hypothesized to underpinits
mechanistic activity®>. This raises the intriguing possibility that SPT
might be regulated by O-GIcNAc at the post-transcriptional level to
integrate environmental cues into organ development.

A recent O-fucosylomics® study performed in young Arabidop-
sis seedlings identified an N-terminal peptide of SPT modified by
O-fucose, coinciding with our peptide_1 (Fig. 1), whose modification
was lost in the spy-4 mutant background. This strengthens the impor-
tance of sugar-based PTM of SPT in other developmental contexts—
for example, roots and cotyledons. Such a regulatory mechanism
would fit well with the view of SPT as integrator of abiotic signals and
genetic factors, similar to that proposed for the DELLA protein RGA™.
Conversely, even though 262 O-GIcNAc-modified flower proteins
have beenidentified”, a gap inknowledge remains regarding the SPY
targets and the impact of O-fucose on key regulators of gynoecium
development. This includes the CK signalling pathway, as implied
by the heightened responsiveness of spy alleles to CK treatments
(Extended Data Fig. 6). The severe phenotype of the spt spy double
mutantis thusinline with a scenario in which other key regulators of
style development and hormonal regulators are O-fucosylated by SPY
in parallel to SPT, leading to the augmented phenotype observed in
the spt spy mutant (Fig. 4).

Notably, the complex network of TFs orchestrating style devel-
opmentincludes several layers of cross- and self-regulation that act
at both the transcriptional and translational levels®”. Although our
FRET-FLIM experimentsintobacco leavesindicate that SEC and SPY

may not regulate SPT-SPT, SPT-IND and SPT-HEC1 dimer formation
(Fig. 6a), it is still possible that specific TF interactions might be
mediated by O-GIcNAc and O-fucose in a cell-/tissue-type manner
and/or at a specific developmental stage. Also, additional upstream
regulation can be hypothesized, as three NGA family members have
been identified as targets of O-GlcNAc modification in Arabidopsis
inflorescences?.

Our genetic analysis and the phenotypes unveiled by the induc-
ible spy-3 SEC RNAi mutant confirm fundamental roles for these two
enzymes in post-embryonic growth, including seedling and root
growth as well as fruit and style development (Fig. 3). The synergistic
role of SEC and SPY in Arabidopsis reproductive development has been
previously observed by haplo-insufficiency genetic analysis, which
revealed that heterozygosis of SEC/sec-1in a spy-4 gal double mutant
background increased the number of gynoecia with four carpels®, a
phenotype previously associated with the spy-2 allele”’. In contrast,
heterozygosis of SPY/spy-4 in a sec-1 gal double mutant background
produced pin-like structures®*, which are reminiscent of the pid
mutant®. This s in line with our work showing that SEC and SPY have
multiple, overlapping functionsin gynoeciumdevelopment, including
tissue specification and style elongation, presumably via the regulation
ofaplethoraoftargets, including SPT. It also suggests that the ratio of
0-GlcNAc and O-fucose on target proteins might trigger very specific
developmental outputsinvivo. Itis possible to speculate that, during
style development, differentarrays of PTMs on SPT (and other targets),
triggered by both genetic and environmental cues, might determine
the selectivity of DNA targets and/or protein partners bound by SPT,
to specify medial tissue identity®, coordinate the medio-lateral’ and
adaxial-abaxial® body axes and control the antagonistic auxin/CK
balance, to establish radial symmetry®",

Taking the data as awhole, we propose aworking model (Fig. 6d) in
which O-glycosylation of SPT by O-GlcNAc and O-fucose is mediated by
SEC and SPY, respectively, to regulate style development by supporting
cellelongation and the SPT-mediated balance of the auxin/CK crosstalk
atthe gynoecium apex.

Methods

Plant materials and growth conditions

The following loss-of-function mutant lines in the ecotype Colum-
bia (Col-0) background were used in this study: sec-2 (ref. 30), sec-5
(ref. 33), spy-3 (ref. 34), ind-2 (ref. 13) and spt-12 (ref. 59). The spy-4
mutant®*, which was originally in the Wassilewskija background, was
back-crossed to Col-0 three consecutive times, and homozygous seg-
regating seeds were used for this study. The SPT::SPT-sYFPtransgenic
line was described previously*. The SPT::SPT-sYFP line in the Col-0
background was crossed with spt-12 to obtain the complementation
lineusedin thisstudy. Furthermore, the spt-12/SPT::SPT-sYFPline was
crossed with sec-5and spy-3mutants. The plants were grownat22 °Cin
long-day conditions (16 h light / 8 h dark) in controlled-environment
rooms, unless otherwise specified.

Immunoprecipitation from Arabidopsis inflorescences
SPT-sYFP was immune-precipitated from young inflorescences of
spt-12/SPT::SPT-sYFP (segregated control), spt-12;sec-5/SPT::SPT-sYFP
sec-5and spt-12;spy-3/SPT::SPT-sYFP plants. Young buds (close sepals)
were collected fromtheinflorescences andimmediately frozeninliquid
N, after picking; 5 gwere usedin each of the three biological replicates
foreach genotype. Eachsample was groundinliquid N, and extracted
using 10 ml of buffer A as previously described*®. After centrifugation
at 16,000 g for 30 min, the supernatant was incubated with 30 pl of
GFP-Trap magneticbeads (ChromTek). After 1 h of rotationat4 °C, the
beads were sedimented with amagnetic rack (GE Healthcare) for1 min
and washed with buffer Athree times. Proteins on the beads were eluted
with 1x loading buffer (Merck) and then separated by 10% SDS-PAGE
and used for MS analysis.
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MS and data processing

Gelsslices were prepared according to standard procedures adapted
from Shevchenko et al.®. Briefly, the slices were washed with 50 mM
TEAB buffer, pH 8 (Sigma), incubated with 10 mM DTT for 30 min at
65 °Candthenincubated with30 mMiodoacetamide atroom tempera-
ture (both in 50 mM TEAB). After washing and dehydration with ace-
tonitrile, the gels were soaked with 50 mM TEAB containing 10 ng pl™
Sequencing Grade Trypsin (Promega) and incubated at 40 °C for 8 h.
The extracted peptide solution was dried down, and the peptides
were dissolved in 0.1% TFA/3% acetonitrile. Aliquots were analysed
by nanoLC-MS/MS on an Orbitrap Eclipse Tribrid mass spectrometer
coupled to an UltiMate 3000 RSLCnano LC system (Thermo Fisher
Scientific). The instruments were controlled by the Orbitrap Eclipse
Tune Application v.3.4, Thermo Scientific Xcalibur v.4.4.16.14 and
the Thermo Scientific SlI for Xcalibur v.1.6.0.60983 software. The
samples were loaded and trapped using a pre-column with 0.1% TFA
at 15 pl min™ for 4 min. The trap column was then switched in-line
with the analytical column (nanoEase M/Z column, HSS C18 T3,100 A,
1.8 pm; Waters) for separation using the following gradient of solvents
A (water, 0.1% formic acid) and B (80% acetonitrile, 0.1% formic acid)
ataflowrate of 0.2 pl min™: 0-3 min, 3% B; 3-10 min, increase Bto 7%
(curve 4); 10-70 min, linearly increase B to 37%; 70-90 min, linearly
increase B to 55%, followed by a ramp to 99% B and re-equilibration
to 3% B. Data were acquired with the following mass spectrometer
settings in positive ion mode: MS1/0T, resolution 120 K, profile
mode, mass range m/z300-1,800, AGC 4e5, fill time 50 ms; MS2/IT,
data-dependent analysis with the following parameters: 1.5 s cycle
timeinIT turbo mode, centroid mode, isolation window 1 Da, charge
states 2-5, threshold 1e4, HCD CE = 33, AGC target le4, max. inject
time auto, dynamic exclusion 1 count, 15 s exclusion, exclusion mass
window +10 ppm.

Alternatively (for the tobacco sample analysis), the following
gradient of solvents A (water, 0.1% formicacid) and B (80% acetonitrile,
0.1% formic acid) was used at a flow rate of 0.2 pl min™: 0-3 min, 3% B;
3-10 min, increase Bto 7% (curve 4); 10-100 min, linearly increase B to
37%;100-148 min, linearly increase B to 50%, followed by aramp to 99%
Bandre-equilibrationto 3% B. The mass spectrometer settings for those
samples were: MS1/OT, resolution 120 K, profile mode, mass range m/z
300-1,800, AGC4e5, fill time 50 ms; MS2/IT, data-dependent analysis
with the following parameters: FAIMS device set to three compensa-
tion voltages (-35V, =50V and -65V) for 1 s each; MS2/IT: for each CV,
data-dependent analysis with the following parameters: IT turbomode,
centroid mode, isolation window 1 Da, charge states 2-5, threshold
le4, HCD CE =30, AGC target 1e4, max. inject time dynamic, dynamic
exclusion1count, 15 s exclusion, exclusion mass window +10 ppm.

LC-MS analysis using EThcD fragmentation was performed onan
Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific)
using similar basic parameters as described above. Specific parameters
for EThcD fragmentationincluded: targeted inclusion of the peptides
of interest with +25 ppm tolerance, ETD active with calibrated charge
dependent parameters, EThcD true with hcd25, detector type: ion
trap rapid.

The raw data from all acquisitions were processed in Proteome
Discoverer v.2.4 or v.3.0 (Thermo Scientific); all mentioned tools of
the following workflow are nodes of the Proteome Discoverer soft-
ware. Spectra were recalibrated, and identification was performed
using an in-house Mascot Server v.2.8.0 to v.2.8.2 (Matrixscience)
with the TAIR10_pep_20101214 A. thaliana protein sequence database
(arabidopsis.org, 35,386 entries) or the Nicotiana tabacum database®
to which the SPT-YFP fusion sequence was added. The MaxQuant
contaminants database (maxquant.org, 245 entries) was included in
the search. The parameters were enzyme trypsin, 2 missed cleavages,
6 ppm precursor tolerance, 0.6 Da fragment tolerance, carbamido-
methylation (C) as fixed modification and oxidation (M), deamidation
(N/Q), acetylation (protein N terminus), dHex (NST, +146.058 Da) and

HexNAc (NST, +203.079 Da) as variable modifications. Evaluation was
performed using Percolator with an FDR target of 0.01.

For processing the EThcD data, Proteome Discoverer v.3.0 with
Mascot Server v.2.8.0 set to EThcD was used with a custom database
containing the SPT sequence and common contaminants. The param-
eters were enzyme trypsin, 1 missed cleavage, 10 ppm precursor tol-
erance, 0.6 Da fragment tolerance, carbamidomethylation (C) as
fixed modification and dHex (NST, +146.058 Da) and HexNAc (NST,
+203.079 Da) as variable modifications. Evaluation was performed
using Fixed Value PSM Validator with amaximum delta Cn of 0.05.

Foralldata, the Minora Feature Detector was used for peak detec-
tionand quantification withaminimumtracelength of 7and S/N 3. Pep-
tide abundances were determined as peak areas. After normalization
to the total peptide amount, the quantification was based on the top
three unique peptides per protein. Missing values were imputed by low
abundance resampling. For hypothesis testing, a background-based
t-test was applied. The results were exported to Microsoft Excel. The
percentage of the peptide modified with O-GIcNAc or O-fucose was
calculated on the basis of the normalized abundances of the modified
peptide compared with the sum of the abundances of all versions of
the peptide.

For overviews and spectrum presentation, the MS raw files were
converted to .mgf files using msconvert (Proteowizard v.3, https://
proteowizard.sourceforge.io/index.html); these files were used for a
database search via Mascot Server v.2.8.0 to v.2.8.2 using the above-
mentioned databases and Mascot search parameters. The Mascot
search results were then imported into Scaffold v.4.11.0 (www.pro-
teomesoftware.com).

DNA constructs

To produce the recombinant 6xHis-SPT protein, the full-length SPT
coding sequence was cloned into the pRSFDuet vector by using the
BamHI and Pstl restriction sites. To produce recombinant 5STPR-
SEC and 3TPR-SPY proteins, we used the following strategy. First,
to generate a protein expression vector with the 10xHis-MBP tag,
we amplified a 10xHis-MBP coding fragment by PCR with the primer
pair 10xHis-MBP-F and 10xHis-MBP-R from the pMAL-c2X vector
(Addgene) and cloned it into the pTrcHis vector (Addgene) using
the Xhol and Hindlll restriction enzymes, obtaining a pTrcIOxHis—
MBP vector. Second, code-optimized full-length SEC and SPY coding
sequences were synthesized by Sangon Biotech (Shanghai). The cod-
ing sequences of STPR-SEC and 3TPR-SPY were amplified using the
gene-specific primers pair STPR-SEC-opt_F/5TPR-SEC-opt_R and
3TPR-SPY-opt_F/3TPR-SPY-opt_R and cloned into the pTrc10xHis—
MBPvector using the Sacland Sall restriction enzymes. All constructs
were verified by sequencing and transformed into the Escherichia coli
Rosetta (DE3) strain by heat shock.

For transient co-expression in tobacco, 35S::SPT-3xFLAG,
35S::SEC-3xHA and 35S::SPY-3xHA were constructed as follows: the
full-length coding sequences of SPT, SECand SPY were amplified using
gene-specific primers (listed in Supplementary Table 3), and the PCR
products were digested with Sifl (NEB) and cloned into the empty
pCambial305-35S::3xFLAG or pCambial305-35S::3xHA vector (gifted
by Y. Ding), which was pre-digested with Dralll (NEB). All constructs
were verified by sequencing and introduced into the Agrobacterium
tumefaciens GV3101 strain for infiltration in N. benthamiana leaves.

For the split-luciferase complementation assay, the cod-
ing sequences of SPT, SEC and SPY were amplified by PCR using
gene-specific primers (listed in Supplementary Table 3) and inserted
into the pCambial305-35S::nLuc and pCambial305-35S::cLuc vectors
(gifted by Y. Ding), respectively, using Dralll restriction sites, thus pro-
ducingthe 35S::SPT-nLuc, 35S::SEC-cLuc and 35S::SPY-cLuc constructs.

For the Y2H assay, full-length and domain fragments of coding
sequences from SPT, SEC and SPY were cloned into pPDONR221 (Invit-
rogen) using primersin Supplementary Table 3, and then recombined
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into either the pGDAT7 or pGBKT7 vector (Clontech) following the
manufacturer’s instructions.

The DEX-inducible amiRNA constructs for SEC were generated
as follows: specific amiRNA primers were generated using the online
tool ‘Web MicroRNA Designer’ (WMD3) (http://wmd3.weigelworld.
org/cgi-bin/webapp.cgi)®*. According to WMD3 guidelines, the amiR-
NAs were designed with uridine at position 1; in addition, one mis-
matchto the target gene wasintroduced in the 3’ part of the amiRNAs
toreduce the likelihood that the amiRNA would act as a primer for
RNA-dependent RNA polymerases to trigger secondary RNAi. Two
specific regions, ACGTGCAACCTTCTACACACC’ (named aISEC) and
‘CTGGGCTCCCTGTAAAACGTG' (named a2SEC), located inthe15thand
18th exons of the SECgene, respectively, were chosen (Extended Data
Fig.5). Using pRS300 (ref. 62) as a PCR template, the fragments were
amplified, and subsequently each fragmentwasinserted downstream
of aDEX-inducible promoter to generate two pGAL6::amiRNA plasmids.
The resultant plasmids were recombined with the 35S5::GVG::Nos cas-
sette (p/CSL11041,Synbio TSL) and the Basta selection marker cassette
(pICH41308, Synbio TSL), using the standard Golden Gate cloning
method, to produce the binary vectors p35S::GVG-amiSEC-Basta-
pICSL4723 (p35S::amilSEC-GR and p35S::ami2SEC-GR). The vectors
were transformed into the spy-3 mutant background.

Togenerate the transgenic SPT-YFPpoint-mutation lines analysed
in this study, we amplified a 5-kb SPT promoter fragment from Col-O
genomic DNA using the primer pair pSPT-F and pSPT-R (see Supplemen-
tary Table 3 for the sequences). The SPT promoter was cloned into the
pCambial305vector by using the EcoRland BspElrestriction enzymes,
thus producing the pSPT-pCambial305 plasmid. The SPT wild-type
genomic coding sequence fused in frame to the sYFP fluorescent tag
(hence named SPT-YFP) was then amplified asawhole segment (2.5 kb)
from genomic DNA extracted from original SPT::SPT-sYFP** seedlings
using the primer pair 2.5k_(BspEl)_F and 2.5k_(Kpnl)_Rand clonedinto
the pSPT-pCambial305 plasmid, thus obtaining the pSPT::SPT-YFP-
pCambial305 construct.

To generate constructs harbouring specific point mutations of
SPT, we used the pSPT::SPT-YFP-pCambial30S5 plasmid as atemplate
and used mutagenesis primers (listed in Supplementary Table 3)
introducing specific mutations in the SPT coding sequence. All con-
structs were verified by sequencing and introduced into the A. tume-
faciens GV3101 strain by heat shock, then transformed into the spt-12
background by floral dipping (note, since spt-12 produces few seeds,
each construct was transformed in 30 mutant plants). The transgenic
seeds were selected on Murashige and Skoog plates supplied with
15 mg 1" Basta, and at least eight positive, independent T, lines were
screened using a confocal microscope for the presence of nuclear YFP
signalsinroots.

For the FRET-FLIM assay, the coding sequences of SPT and IND
were first inserted into pCambial305 using the Dralll sites; then, the
coding sequences of EGFP and RFP were inserted in-frame using the
Xbal and Pstl restriction enzymes.

For the transactivation assay, we first cloned the GUS coding
sequence into the pCambial305 vector using the HindlIll and BstEIl
sites, producing the pCambial305-GUS construct. The 1-kb promoter
region of PIDwas then cloned into the pCambial305-GUS vector using
the Pstl and Hindlll restriction sites. All constructs were verified by
sequencing and introduced into the A. tumefaciens GV3101 strain for
transformationin N. benthamianaleaves.

Recombinant protein expression

Cellsweregrownin LB media at 37 °C until the OD,, value reached 0.5;
the culture was then cooled down before induction. The expression of
6xHis-SPTwasinduced by 0.4 mMIPTGat25 °Cfor4 h. The expression
of 10xHis-MBP-5TPR-SEC and 10xHis-MBP-3TPR-SPY was induced
by 0.4 mMIPTG at 16 °C for 16 h. Recombinant proteins were purified
with nickel sepharose according to the manufacturer’s instructions

(QIAGEN). The purified recombinant protein was dialysed overnight
against dialysis buffer 20 mM Tris-HCI, pH 8.0,50 mM NaCl,1mMDTT,
5% glycerol) at 4 °C. All proteins were aliquoted, flash-frozen in liquid
N, and stored at —80 °C.

Invitro O-glycosylation assay

The direct modification of SPT protein by SEC and SPY was tested
by an in vitro glycosylation assay as previously described in Zentella
et al.?®, Briefly, to test O-GlcNAclation, a 50 ml reaction was carried
outby mixing 10 mg of 6xHis-SPT, 5 mg of 5STPR-SEC, 20 mM Tris-HCI
(pH 7.2),12.5 mM MgCl, and 200 uM UDP-GIcNAc (Merck). To test
O-fucosylation, the 50 ml reaction contained 10 mg of 6xHis-SPT,
5 mg of 3TPR-SPY, 50 mM Tris-HCI (pH 8.2), 50 mM NaCl, 5 mM MgCl,
and 200 pM GDP-fucose (Merk). After incubation for 2 h at 25 °C,
the protein samples were separated by 10% SDS-PAGE, and the band
containing recombinant 6xHis-SPT (43 kDa) was excised and treated
for MS analysis as described above.

Co-IP assay intobacco leaves

A. tumefaciens GV3101 strains harbouring the 355::SPT-3xFLAG,
35S::SEC-3xHA and 35S::SPY-3xHA constructs were transiently
expressed either alone or co-infiltrated in four-week-old leaves of N.
benthamiana. To enhance gene expression, an Agrobacterium strain
harbouring P19 was always co-infiltrated. After 48 h fromiinfiltration,
the leaves were harvested, and the total protein was extracted using
the protein extraction buffer (25 mM Tris-HCI, pH 7.4, 1 mM EDTA,
150 mM NacCl, 10% glycerol, 0.15% NP-40, 1 mM NaF, 10 mM DTT, 2%
PVPP,1 mM PMSF and 1x proteininhibitor). Total protein extracts were
immunoprecipitated with anti-HA magnetic beads (Thermo Scientific);
inputand IP samples were analysed by immunoblotting using anti-HA
(Sigma) and anti-FLAG antibodies (Sigma) separately.

Split-luciferase complementation assay in tobacco leaves

The split-luciferase complementation assay was performed as
described previously®™. A. tumefaciens GV3101 strains harbouring the
35S8::SEC-cLuc and 35S::SPY-cLuc constructs were co-infiltrated with
either 35S::SPT-nLuc or a 355::(J-nLuc empty vector, while 355::SPT-
nLuc was also co-infiltrated with a 355::@-cLuc empty vector, into
four-week-old leaves of N. benthamiana. To enhance gene expression,
an Agrobacterium strain harbouring P19 was always co-infiltrated.
After 48 h infection at room temperature, 0.4 mM D-luciferin (Ther-
moFisher) was infiltrated into the leaves, and LUC activity was meas-
ured using the Night OWL system equipped with a cooled CCD imaging
apparatus (Berthold Technologies) and analysed with the Indigo
software (v.2.0.5.0).

Y2H assay

For the Y2H experiments, coding DNA sequences were cloned into
pDONR207 and recombined into pGDAT7 or pGBKT7 vectors (Clon-
tech). Plasmids were transformed into the AH109 yeast strain by the
lithium acetate method. Co-transformed strains were selected on SD/-
Leu/-Trp (Merk) at 28 °C for three to four days. Transformed yeast were
serially diluted (10°,107,10"2and 10~%) and dotted on SD/-Ade/-His/-
Leu/-Trp and SD/-Ade/-His/-Leu/-Trp/2.5 mM3-amino-1,2,4-triazole
(3-AT, Merk) to examine protein interactions. Growth was observed
after five days of incubation at 28 °C.

Gynoecium treatments

For the DEX treatments, 35S::amiSEC-GRinflorescences were sprayed
with either 10 pM DEX (Sigma) or mock (DMSO, Sigma) three times
every five days over two weeks, and gynoecia were fixed after five
days fromthelast treatment. For the CK (6-benzylaminoadenine, BA)
treatments, the inflorescences of Col-0, sec-2, sec-5, spy-3 and spy-4
were sprayed with either 50 pM or 100 uM BA (Merk) or mock (NaOH
(200 mM)) three times every five days over two weeks, and gynoecia
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were fixed after five days from the last treatment. All spray treatments
used a 0.015% final concentration of Silwet L-77.

SEM

Inflorescences were fixed overnight in FAA solution (3.7% formalde-
hyde, 5% glacial acetic acid and 50% ethanol). After complete dehydra-
tion through an ethanol series from 50% to 100%, the inflorescences
were critical point dried using the Leica EM CPD300. Gynoecia were
hand-dissected using a stereomicroscope (Leica S9D), coated with
gold particles and examined with an FEI Nova NanoSEM 450 emis-
sion scanning electron microscope equipped with xT microscope
control software (v.6.3.4), using an acceleration voltage of 3 kV. The
experiments were conducted in biological triplicates, and gynoecia
were taken from distinct inflorescences and plants each time. The
total number of gynoecia analysed for each experiment is indicated
in the figure legends. Data analysis was carried out using Microsoft
Excel (v.2311).

Confocal microscopy

Confocal microscopy analysis was performed on a Zeiss LSM 880
confocal microscope with a x40 water-immersion lens, using
ZEN-Black-LSM880 software (v.2.3) (Zeiss). YFP signals were excited
byanargon-514 nm,10 mW solid laser with emission at 550-570 nm. To
view the gynoecia, floral buds were dissected using a stereomicroscope
(LeicaS9D); then, the gynoecia were mounted along their longitudinal
axis in water. To quantify the YFP fluorescence intensity, the z-series
images of epidermal cells on the surface layer (L1) at the style region
were collected with the z-step set at 1 pum. Maximum intensity projec-
tion of the z-series of the nucleus was used to quantify the YFP intensity
using the software Image] (v.1.53).

RNA extraction and qRT-PCR

Three independent biological repeats of total RNA extracted from
each genotype were isolated from young inflorescences using an
RNeasy Plant Mini Kit (Qiagen), including treatment with RNase-free
DNase (Qiagen) following the manufacturer’s instructions. Four micro-
grams of extracted RNA sample was reverse transcribed using M-MLV
Reverse Transcriptase (Promega) from each RNA sample. The qRT-PCR
experiments were performed in quadruplicates using SYGREEN BLUE
qPCRMIX (PCRBIO) witha Chromo4 Real-Time PCR Detection System
(Bio-Rad). Target gene expression levels were quantified by the 2722
method with UBIQUITINIO as the internal control using Bio-Rad CFX
manager software (v.3.1) and Microsoft Excel (v.2311). The gene-specific
primers are listed in Supplementary Table 3.

Western blot analysis

Protein samples were separated by 10% SDS-PAGE and transferred
to a nitrocellulose membrane (GE Healthcare). After being blocked
in 1x PBST buffer containing 5% skimmed milk, the membrane was
incubated with the selected primary antibody using a 1,000-fold
dilution overnight at 4 °C, washed three times with 1x PBST (10 min
each) and incubated with the selected secondary antibody conju-
gated with horseradish peroxidase usinga3,000-fold dilutionfor1h
atroomtemperature. After three washes with 1x PBST (10 min each),
the film was illuminated and photographed with ImageQuant800
(GE Healthcare). AMERSHAM ImageQuot 800 software (v.1.2.0) was
used for western blotting analysis; GeneSys software (v.1.3.8.0) was
used for gel imaging. If the primary antibodies were already conju-
gated with horseradish peroxidase, there was no need to incubate
the membrane with secondary antibodies. The following antibodies
were used: anti-GFP (GF28R, 1:1,000 dilution, Thermo Scientific),
anti-RFP (ab34771,1:2,500 dilution, Abcam), anti-FLAG (F3165,1:3,000
dilution, Sigma), anti-HA (3F10,1:3,000 dilution, Sigma), anti-mouse
(sc-516102, 1:1,000 dilution, Santa Cruz) and anti-rabbit (ab205718,
1:5,000 dilution, Abcam).

Seed germination assay

Freshly harvested seeds were sterilized and sowed on 0.9% agar plates
supplemented with 10 pM DEX or mock (DMSO). The plates were grown
in long-day (16 h light / 8 h dark) conditions. Seed germination was
photographed from day O for three consecutive days, and the rate of
germination was calculated as the ratio of germinated seeds over the
total number of seeds plated, for each genotype every 24 hours. Data
analysis was carried out using Microsoft Excel (v.2311).

Root length measurement

Seeds were sterilized and stratified inadark, cold room for 48 h before
being sowed on Murashige and Skoog plates supplemented with 10 pM
DEX or mock (DMSO). The seed plates were grown vertically (with a
slightangle) inshort-day (8 hlight/16 h dark) conditions. The seedlings
were imaged at day 7 after germination, and the primary rootlengths
were measured using ImageJ (v.1.53).

FRET-FLIM assay

FLIM images were captured using a Leica Stellaris 8 FALCON confocal
microscope equipped witha x40 water-immersion objective (HC Plan
40x/NA 1.10). The samples were excited with the 488 nm output of a
pulsed white-light laser working at a 20 MHz repetition rate (Pulsed
SuperK Fianium FIB-12 PP white-light laser from NK Photonics). The full
width at half maximum of the laser pulse was ~170 ps, as determined
from the instrument response function that was obtained by imaging
an Erythrosin B (Sigma-Aldrich, >95% purity) water solution saturated
with potassiumiodide (Sigma-Aldrich). The EGFP fluorescence signal
was collected in the 503-530 nm range using a Leica HyD X detec-
tor. Four-week-old N. benthamiana leaves were co-infiltrated with
GV3101 strains to express SPT-EGFP with RFP-NLS or in combination
with IND-RFP, HECI-RFPand SPT-RFP, with or without SEC-3xHA and
SPY-3xHA recombinant proteins. To enhance gene expression, an
Agrobacterium strain harbouring P19 was always co-infiltrated. After
48 h,theleaves were cut and imaged on the microscope. Image acqui-
sition and analysis was carried out using LAS X software (v.4.2, Leica
Microsystems). At least 50 nuclei per condition from three biological
replicates were analysed. A region of interest was hand-drawn around
the nucleus, and the arrival times of all photons within the region of
interest were used to generate a fluorescence decay histogram. The
fluorescence decay was fitted using a bi-exponential decay function,
and the amplitude-weighted average fluorescence lifetime® obtained
from the fit was used to compute the energy transfer efficiency, E, in
accordancewith E=1- /1, (ref. 64), where rp, and 1, are, respectively,
theaverage fluorescencelifetimes of EGFP in the presence and absence
of the FRET acceptor, RFP. The latter fluorescence lifetime, 7,,, was
obtained from the negative control, SPT-EGFP::RFP-NLS.

Chromatinimmunoprecipitation-qPCR assay

The chromatinimmunoprecipitation assay was performed using young
inflorescences (close sepals) of the SPT-sYFP spt-12 complementa-
tion line as previously described®. Three biological repeats were per-
formed, using 3 g of plant material for each repeat. IP was conducted
using GFP-Trap beads (ChromTek). The enrichment of the PID promoter
regions was quantified using qPCR normalized with the ACTIN2 gene
withthe appropriate primers listed in Supplementary Table 3.

Transient transactivation assay

Transactivation assays were performed on four-week-old N. benthami-
ana Agrobacterium-infiltrated leaves using pPID::GUS alone, pPID::GUS
combined with 35S5::SPT-GFP and 35S::IND-RFP or together with
35S8::SEC-3xHA, 35S::sec-2-3xHA, 355::SPY-3xHA or 35S::spy-3-3xHA. To
enhance gene expression, an Agrobacterium strain harbouring P19 was
always co-infiltrated. All transformed bacteria were infiltrated using
OD = 0.5, except 35S::SPT-GFPand 35S::IND-RFP (Fig. 6b), which were
infiltrated using OD = 0.1. After 48 h from infiltration, the leaves were
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harvested, and the expression levels of GUS transcript were quantified
via qRT-PCR; the hygromycin gene in the pPID::GUS vector was used as
theinternal control. Protein expression levels were detected by western
blot. The primers used are listed in Supplementary Table 3.

EMSA
The EMSA reaction was performed as follows: 150 ng of amplified
and gel-extracted wild-type or mutated DNA nucleotides together
with the indicated concentration of recombinant 6His-SPT protein
were incubated in 1x EMSA buffer (250 mM Tris-HCI, pH 8.0, 500 mM
NaCl, 25% glycerol, 10 mM DTT) on ice for 20 min. To test the effect
of O-glycosylation on SPT, recombinant SPT was first incubated with
STPR-SEC or 3TPR-SPY recombinant proteins in reaction buffer for
1hat 25°C with 200 pM UDP-GIcNAc or GDP-fucose, respectively
(enzymatic assay). Then, the DNA nucleotides and EMSA buffer were
added to the reaction. The reaction was analysed by electrophoresis
on 5% native acrylamide gel in 1x TBE buffer at 150 V for 50 min. After
electrophoresis, the gels were stained with EB for 20 min followed by
imaging with the UV imager (G:BOX F3 gel doc system, SYNGENE).
The primers used for amplification of the wild-type and mutated PID
171-nucleotide fragments are listed in Supplementary Table 3.

The company names and catalogue numbers of the commercial
reagents usedin thisstudy are summarized in Supplementary Table 4.

Statistical analysis

Statistical analysis was performed as indicated in each figure legend,
using GraphPad Prismv.9 (Dotmatics). The exact Pvalues are provided
in the ‘Statistical source datal’ file.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All dataneeded to evaluate the conclusionsin this paperare presentin
the paper and/or its supplementary materials. All raw proteomic data
are available in the PRIDE repository (https://www.ebi.ac.uk/pride/;
accession numbers: PXD037917 (in vivo HCD MS/MS from A. thali-
ana); PXD043987 (invivo EThcD MS/MS from A. thaliana); PXD043957
(invivo HCD MS/MS from N. benthamiana); and PXD044034 (in vitro
HCD MS/MS from enzymatic assay)). The following databases were
used inthis study: TAIR10_pep_20101214 Arabidopsis thaliana protein
sequence database (arabidopsis.org); the N. tabacum database®, to
which the SPT-YFP fusion sequence was added; and the MaxQuant
contaminants database (maxquant.org). All new genetic material
(high-order mutants and transgenic lines) and expression vectors will
be made available to the scientific community upon request and with
no limitation. Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Invivo proteomic analysis of spt/SPT-YFP SPTexpression levels by qRT-PCR in inflorescences of Col-0, spt-12 and spt-12/
complementation line inflorescences. a, Confocal image (split-channels) of SPT::SPT-sYFP complementation line. Values shown are means + SD from three
astage-12 gynoecium apex of the spt-12/SPT::SPT-sYFP complementation line biological repeats. Pvalues indicate two-tailed t test results. c-e, Representative
(hereafter use SPT-YFP to represent the translated protein product), which fully HCD spectra of SPT pep_lindicating modifications of residue Ser24 by both
restored the split-style phenotype of spt-12 mutant. Note, expression of nuclear O-fucose (c) and O-GlcNAc (d) (zoom-in spectrum, lower panel) and residue Ser25
YFPsignalis shownin the style. Scale bars indicate 500 um. b, Quantification of modified by O-fucose (e) (zoom-in spectrum, lower panel).
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Extended Data Fig. 2| Quantification of SPT, SPY, and SEC expression
patterns. a, Illustration of the SEC, SPY and SPT gene structure indicating the
T-DNA (sec-5, sec-2, spy-4, spt-12) and point-mutation (spy-3) lines and qRT-PCR
primers (arrows F and R) used for these experiments. Scale bars represent

100 bp. b, Quantification of SECand SPY expression by qRT-PCR in mutant
inflorescences of the transferase enzymes sec-5 and spy-3. Values shown are
means + SD from three biological repeats. Pvalues indicate two-tailed ¢ test
results. ¢, Quantification of SPT expression by qRT-PCR in mutant inflorescences
of the transferase enzymes sec-5and spy-3. Values shown are means + SD from
three biological repeats. Pvalues indicate two-tailed ¢ test results. d, z-stack

SPT-YFP

confocal images of stage-10 gynoecia of SPT complementation line in sec-5and
spy-3backgrounds compared to their respective segregating control, spt-12/
PSPT:SPT:sYFP.Scale bars represent 100 pm. e, Quantification of the YFP signal
intensity in nuclei of gynoecia of the genotypes depicted in panel (d). The box
plots indicate the median (line within the box), the lower and upper quartiles
(box), and the largest and smallest data points (whiskers). All data points are
plotted in the graph. For spt-12/pSPT:SPT:sYFPin sec-5 background, n =11 for
control (spt-12) and n = 8 for spt-12 sec-5, respectively; For spt-12/SPT::SPT-sYFPin
spy-3background, n =10 for both control (spt-12) and spt-12 spy-3. The Pvalues
indicate results of two-tailed ¢ test.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| SPT is modified by O-GIcNAc and O-fucose via SECand
SPY invitro. a, SDS-PAGE gel showing purified SEC, SPY and SPT recombinant
proteins from E. coli. The arrows indicate the band of the proteins at the expected
size, that is, 10xHis-MBP-5TPR-SEC (SEC), 112 kDa; 10xHis-MBP-3TPR-SPY (SPY),
107 kDa; and 6xHis-SPT (SPT), 44 kDa. The panel shows representative results
obtained from at least three repetitions. b, Schematic representation of SPT
protein domains and amino acid sequence (pep_l and pep_2 are underlined in

black) showing a summary of the residues found modified in vitro by O-fucose
(red residue) and both modifications (O-GlcNAc and O-fucose, yellow residues)
on pep_1, from HCD-MS experiments. The spectra indicate that modification

by O-GlcNAc can occur on pep_2 around residues T71-T74 (blue underline).

¢, d, Representative HCD spectraindicating that SPT pep_1is modified by
O-fucose (c) and O-GlcNAc (d) (zoom-in spectrum, lower panel) on residue Ser23.
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Extended Data Fig. 4 | SEC and SPY interact with SPT via their N-terminal
domains. Yeast-two-Hybrid experiments to determine SPT-SEC (top panel) and
SPT-SPY (bottom panel) protein-protein interactions. Full-length (FL) proteins

and functional domains (TPRs and Cat) structures are depicted on the left panel.

HECI (top panel) was used as negative and positive control to testinteractions
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(%]
]
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with SPT-AH domain and the SPT-C (Ac plus bHLH domains combined),
respectively. The assays were performed using SEC and SPY as the bait (BD)
and SPT as prey (AD). Growth on selection media SD-LWHA supplemented
with 2.5 mM 3-AT indicates strong interactors. The dilutions examined in the
experiments encompass ratios of 1:1,1:10, 1:100, and 1:1000.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| DEX-inducible SEC RNAi cloning strategy and seed
germination rate analysis. a, Schematic illustration of the working principle
ofthe construct for DEX inducible RNAi of SEC. b, Prediction of highly specific
amiRNA sequences for SEC gene (AT3G04240) in WMD3 (http:/wmd3.
weigelworld.org/cgi-bin/webapp.cgi). The top-ranking two sequences (al and a2,
inred) were selected for analysis. HE and HE* indicate the hybridization energy
of the amiRNA to a perfectly matching complement (HE, column 2) and to

the target site in the target gene (HE*, column 4); identifier of the target gene
(column 3). ¢, Schematic illustration of the aland a2 complementary sequences
onthe SECmRNA (top), highlighting the mismatched nucleotides on the
amiRNA guides, inred. Bottom, BLAST results for the aISEC (bottom left) and

a2SEC (bottom right) guide specificity in the NCBI database. The BLAST results
show very high specificity for both sequences in Arabidopsis. d, Representative
images of Col, spy-3, sec-5 and SEC RNAi spy-3 (a2SECline 3) seeds germinated
oneither mock or DEX plates. e,f, Statistical analysis of the germination rate of
Col, spy-3, sec-5and SEC RNAi spy-3 (a2SECline 3) seeds germinated on either
mock (e) or DEX (f) plates. More than 300 seeds from four biological repeats for
each genotype were analysed. Values shown are means + SD. Different letters

at the same timepoint indicate significant differences (P < 0.05) determined by
ordinary one-way ANOVA (Tukey’s multiple comparison test). The exact Pvalues
are provided in the Statistical Source Datal file. The colours of the letters are
consistent with the genotype in the graph.
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Extended Data Fig. 6 | spy mutant gynoecia are hypersensitive to cytokinin with cytokinin (either 50 uM or 100 uM BA) and mock. Scale bars represent
treatments. Representative SEM images of stage-13 gynoecia of Col-0, sec-2, 500 pm. The panels show representative results from one of three independent
sec-5, spy-3 and spy-4 genetic backgrounds after pharmacological treatment experiments.
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Extended Data Fig. 7| Molecular characterization of spt-12/SPT-YFPS/T- four technical repeats. Values shown are means + SEM. b, Quantification of SPT
to-A point mutation lines. a, Comparison of SPT transcript levels inyoung transcriptlevelsin selected transgenic lines of spt-12/SPT-YFP complementation
inflorescences of three independent spt-12/SPT-YFP complementation (wild-type and point mutation lines depicted in the graph. Values shown are means + SD
sequence) and point mutation lines, by qRT-PCR experiments. The experiment from three biological repeats. The Pvalues indicated comparison with wild-type
was performed once on three independent transgenic lines per construct, with by two-tailed student’s ¢ test.
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Extended Data Fig. 8 | SPT is modified by O-GIcNAc and O-fucose via SEC
and SPY in tobacco leaves. a, Immunodetection of SEC-HA (35S::SEC-3xHA)
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with GV3101 strains carrying either construct of SPT alone or with SECand
SPY.The graph shows representative data generated from one of the three

and SPY-HA (355::SPY-3xHA) from Agro-infiltrated N. benthamiana leaves. The
CBB (Coomassie Brilliant Blue) bands were used as sample loading control. The
datashows representative results from one of three independent experiments.
b, Percentage of O-GIcNAc-modified, O-fucose-modified or unmodified SPT
peptide_1detected in HCD MS/MS experiments from tobacco leaves infiltrated

independent biological repeats. ¢, Table depicting the abundance ratio of SPT
peptide_1modified by O-GIcNAc (HexNac) and O-fucose (dHex), resulting from
co-expression with SEC and SPY, in comparison to the abundance of the same
peptide observed in SPT-alone expression. The colour scale indicates the range
ofratio values.
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Extended Data Fig. 9 | Molecular interaction between SPT and PINOID
promoter invivo and invitro. a, Top, schematic representation of the PID
promoter fragment including G-boxes (red lines) and E-box (blue line), and the
position of the fragments amplified across those cis-elements. Bottom, qRT-PCR
quantification of ChIP experiments carried out from young inflorescences of
spt-12/pSPT:SPT:sYFPcomplementation line. The enrichment of the SPT binding
to the region (R2) containing the two G-boxes demonstrate SPT binds in vivo to
the PID promoter. Values shown are means + SD from three biological repeats
for R1and R2; four biological repeats for R3. The Pvalues indicate results of
two-tailed t test. b, qRT-PCR quantification of GUS expression in transactivation
assay from tobacco leaves infiltrated with either the pPID:GUS construct alone
or with SEC-HA (355::SEC-3xHA) or SPY-HA (355::5PY-3xHA). OD = 0.5 was used
for both SEC and SPY in each experiment. Note, SEC and SPY have no effect

on pPID:GUS expression. Values shown are means + SD from three biological
repeats. The Pvalues indicate results of two-tailed ¢ test. ¢, qRT-PCR experiments
showing quantification of GUS expression in transactivation assays from tobacco
leaves following infiltration with IND-RFP (IND) and SPT-GFP (SPT) alone or both
(IND + SPT) compared to the pPID:GUS construct alone. OD = 0.5 was used for
both SPT and IND in each experiment. Values shown are means + SD from three
biological repeats. The Pvalues indicate results of two-tailed ¢ test. d, Graphic
representation of the PID promoter including the 171-bp fragment used in EMSA
experiments. Recombinant SPT (6xHis-SPT) binds to wild-type sequences of the
G-box (red lines) present in the PINOID promoter, in a concentration-dependent
manner (left panel). Incubation with a mutated (Mut) G-boxes (from CACGTG

to TGATGA) abolish this binding. Similar results were obtained from two
independent experiments.
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Antibodies

Antibodies used anti-GFP (GF28R, 1:1000 dilution, Thermo Scientific),
anti-RFP (ab34771, 1:2500 dilution, Abcam),
anti-FLAG (F3165, 1:3000 dilution, Sigma),
anti-HA (3F10, 1:3000 dilution, Sigma),
anti-mouse (sc-516102, 1:1000 dilution, Santa Cruz),
anti-rabbit (ab205718, 1:5000 dilution, Abcam).

Validation The antibodies were validated in plants (including Arabidopsis).
GFP Monoclonal Antibody Thermo Scientific GF28R; used in Arabidopsis https://nph.onlinelibrary.wiley.com/doi/full/10.1111/
nph.12364.
Biotin anti-RFP antibody abcam ab34771; used in Arabidopsis https://www.nature.com/articles/s41467-020-19343-2.
anti-mouse antibody (m-lgGk BP-HRP) Santa Cruz sc-516102; used in Arabidopsis https://www.mdpi.com/1422-0067/21/24/9666.
Goat Anti-Rabbit IgG H&L (HRP) abcam ab205718; used in Arabidopsis https://bsppjournals.onlinelibrary.wiley.com/doi/full/10.1111/
mpp.13037.
Anti-HA-Biotin Merck 3F10; used in Arabidopsis https://www.nature.com/articles/ncomms5848#Sec?.
Monoclonal ANTI-FLAG® M2 antibody Merck F3165; used in Arabidopsis https://www.nature.com/articles/s41477-022-01303-x.
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