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o Abscission is predetermined in specialized cell layers called the abscission zone (AZ) and
activated by developmental or environmental signals. In the grass family, most identified AZ
genes regulate AZ anatomy, which differs among lineages. A YABBY transcription factor,
SHATTERING1T (SH1), is a domestication gene regulating abscission in multiple cereals, includ-
ing rice and Setaria. In rice, SH7 inhibits lignification specifically in the AZ. However, the AZ of
Setaria is nonlignified throughout, raising the question of how SH7 functions in species with-
out lignification.

o Crispr-Cas9 knockout mutants of SH7 were generated in Setaria viridis and characterized
with histology, cell wall and auxin immunofluorescence, transmission electron microscopy,
hormonal treatment and RNA-Seq analysis.

e The sh7 mutant lacks shattering, as expected. No differences in cell anatomy or cell wall
components including lignin were observed between sh7 and the wild-type (WT) until abscis-
sion occurs. Chloroplasts degenerated in the AZ of WT before abscission, but degeneration
was suppressed by auxin treatment. Auxin distribution and expression of auxin-related genes
differed between WT and sh7, with the signal of an antibody to auxin detected in the sh7
chloroplast.

e SHT in Setaria is required for activation of abscission through auxin signaling, which is not
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reported in other grass species.

Introduction

Abscission, or shattering, is a highly programmed process in
which plants detach unwanted organs. Abscission occurs in spe-
cialized cell layers at the organ junction called the abscission zone
(AZ). The AZ is predetermined in early development and is often
histologically distinctive, with the cells nonlignified and notice-
ably smaller than adjacent ones, forming an inherent weak point
for breakage. Upon developmental (e.g. senescence) or environ-
mental (biotic and abiotic stresses) cues, abscission initiates by
activating cell wall hydrolytic enzymes and degrading the
cell wall, mainly the middle lamella, leading to cell separation
(Patterson, 2001; Kim, 2014). Programmed cell death is also
observed during abscission in some species (Bar-Dror et al,
2011; Yu et al., 2023).

Early differendation and late activation of the AZ are controlled
by different sets of genes (Patterson, 2001; Kim, 2014). Differentia-
tion genes are often required for the small cell size and nonlignifica-
tion of the AZ cells, as in the floral AZ and fruit dehiscence zone
(DZ) of Arabidopsis, and fruit AZ of rice (Ferrandiz et al., 2000;
Liljegren ez al., 2004; Konishi ez al, 2006; Zhou et al., 2012; Dong
& Wang, 2015). AZ/DZ with similar morphologies may be regu-
lated by conserved genes, such as the fruit DZs in Brassicaceae
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(Lenser & Theiflen, 2013), while AZ/DZ with different morpholo-
gies are controlled by different gene sets, such as the floral AZ and
fruit DZ in Arabidopsis and the morphologically diverse fruit AZs
of Poaceae (the grass family; Kim, 2014; Dong & Wang, 2015; Yu
et al., 2020a). In grasses, fruit AZs present a range of anatomical
characteristics, with some being fully lignified and others comple-
tely nonlignified; some have notably smaller cells in the AZ than
the surrounding cells, whereas in others the cell sizes are uniform
(Pourkheirandish ez al, 2015; Yu & Kellogg, 2018; Yu
et al., 2020b). Consistent with this histological diversity, most genes
identified in grasses as regulating AZ differentiation apparently do
so only in particular species or clades; these include SHATTER-
ING4 (SH4), qSHI and SHATTERING ABORTION1 (SHATI)
in rice (Konishi et al, 2006; Li et al, 2006; Zhou et al, 2012),
Non-brittle rachis 1 (Btrl) and B#2 in barley (Pourkheirandish
et al., 2015), Btrl in durum wheat (Avni et 4/, 2017) and LESS
SHATTERING]I (LESI) in Setaria viridis (Mamidi et al., 2020).
Activation of the AZ is regulated by the balance of hormonal
signaling. In Arabidopsis, increasing or decreasing endogenous
indoleacetic acid (IAA) concentration in the floral AZ delays or
accelerates petal abscission, respectively, suggesting a negative role
of auxin in abscission. Petal break strength is decreased in the
auxin importer mutants auxl, lax3 and their higher order
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mutants (Basu er 4/, 2013). The auxin signaling repressor auxin
response factor2 (arf2) mutant has delayed senescence and floral
organ abscission (Ellis ez al, 2005). In contrast, ectopic expres-
sion of a gain-of-function semidominant allele of /4A17/AXR3
in the floral AZ disrupts auxin signaling and abolishes abscission,
indicating that low auxin signaling might also be necessary for
abscission (Basu ez al., 2013). In addition, floral organ abscission
was delayed in ethylene- or jasmonic acid (JA)-insensitive
mutants, suggesting that ethylene and JA accelerate abscission
(Patterson & Bleecker, 2004; Kim ez al., 2013).

In grasses, most identified AZ genes control differentiation
and morphology of the AZ (Li & Olsen, 2016; Yu & Kellogg,
2018), but little is known about the activation of abscission. The
roles of hormones in fruit abscission of grasses are also barely
known. IAA inhibits floret abscission in excised spikelets of Avena
Jatua, abscisic acid (ABA) promotes it, while gibberellic acid
(GA) and ethylene treatments have no effect (Sargent ez al,
1984). IAA but not GA suppresses abscission in Panicum maxi-
mum (Megathyrsus maximus) under certain conditions, but the
effects can be different or even opposite, depending on the geno-
types and experimental conditions (excised panicles in growth
chambers vs intact plants in the field; Weiser et al, 1979).
Furthermore, the upstream regulation of hormonal signaling and
balance in the AZ is unclear in any studied system.

SHATTERINGI (SH1I) is a domestication gene responsible for
the loss of shattering in sorghum (Sorghum bicolor), foxtail millet
(Setaria italica), fonio (Digitaria exilis) and rice (Oryza sativa and
O. glaberrima; Lin et al, 2012; Lv et al, 2017; Odonkor
et al., 2018; Li et al., 2020; Liu ez al., 2022). SHI belongs to the
YABBY2 (YAB2) clade of YAB transcription factors, which play
important roles in plant development. In Arabidopsis, YAB genes
have conserved roles in abaxial specification of lateral organs
(Bowman, 2000). The relationship between YABs and auxin sig-
naling has been demonstrated in eudicots. In Arabidopsis higher
order Atyab mutants, expression of the auxin-responsive element
reporter DR5 is reduced, and distribution of the auxin exporter
PINT is altered in the leaf and embryo, resulting in abnormal leaf
and vein development (Sarojam ez 4/, 2010). Similarly, the DR5
signal is weaker in the pistil of Mlyab knockdown mutants in
Mimulus lewisii (Ding et al., 2021). Tomato SIYAB2b binds
directly to the promoter of auxin-amido synthetase GH3.8 and
suppresses its expression in shoots of 3-wk old plants. Exogenous
application of IAA decreases the expression of GH3.8, which is
delayed in the S/ab2b mutant. The expression of SIYAB2b is also
induced by IAA treatment (Sun et 4., 2020).

In rice, SH1 is required for early AZ differentiation by inhibit-
ing lignification in the AZ, similar to the phenotypes reported in
other rice shattering mutants such as sh4, sh5 and sharl (Zhou
et al., 2012; Yoon et al., 2014; Lv et al., 2017; Li et al., 2020). The
AZ of Setaria viridis is different from that of rice as its AZ is not
lignified in either the AZ or the surrounding tissues, raising the
question of how SH1 regulates abscission in species with different
AZ morphologies (Hodge & Kellogg, 2016; Yu e al, 2020b). As
part of their diversity survey of Swvshl in various accessions of
Setaria viridis, Liu et al. (2022) knocked out SwshI in the ME034

background. Comparing gene expression of entire panicles to those
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of controls, Liu et al. (2022) found eight lignin-related genes to be
differentially expressed, with one of these, Cinnamyl Alcohol Dehy-
drogenase 2 (CAD2), reported as a direct target of SWSH1. How-
ever, the AZ of S. viridis and that of its domesticated relative S.
italica are never lignified (Hodge & Kellogg, 2016; Liu
et al., 2022), so it is unclear how the differential lignin gene expres-
sion reported for whole panicles may apply to the AZ.

In this study, we characterize cellular and physiological aspects
of the AZ in the wild-type (WT) A10 background (hereafter
WT) and Swshl mutants in S. viridis. We show that lignin is unli-
kely to contribute to the nonshattering phenotype in Svshl.
SvSH1 has little obvious effect on early differentiation of the AZ.
However, SuSH1 is required to activate abscission at later devel-
opmental stages, a process that involves auxin pathways and
chloroplast degradation.

Materials and Methods

Generation of sh1 mutants using CRISPR-Cas9

Spacer sequences (5'-AGTAATAGCATGCTGAACAT-3' and 5'-
TTGTGGGCATTGCACTAGCC-3') were each synthesized as
partially overlapping oligos. Oligos were phosphorylated with T4
polynucleotide kinase (New England Biolabs, Ipswich, MA, USA)
and annealed by boiling and gradual cooling. Annealed and phos-
phorylated oligos were separately cloned into Gateway (Invitrogen)
compatible backbones with TaUG6 promoter in front of each
sgRNA. These TaU6-sgRNA-containing vectors and a 77iticum aes-
tivum codon-optimized version of SpCas9-containing vector pJG80
(Gil-Humanes ¢t al, 2017) were Gateway cloned into pANICI10A
(Mann et al., 2012) per the manufacturer’s instructions. Plant trans-
formation in S. viridis A10 followed Van Eck et al. (2017).

Plant growth conditions

Seeds of WT and shI mutants of Setaria viridis (L.) Beauv. were
sown in Jolly Gardener potting soil and kept moist at 4°C in the
dark for 2-3 wk to break seed dormancy. Plants were grown in a
growth chamber with 12h:12h, light: dark, light intensity of
300 pmol m™?s™ !, day and night temperatures of 31°C and
22°C and relative humidity of 50%.

Histology, in situ hybridization and light microscopy

Paraffin sections were prepared as described (Yu ez af, 2020a). Sec-
tions were deparaffinized using Histo-Clear, rehydrated in an etha-
nol series and stained with 0.05% (w/v) Toluidine blue O (TBO)
in water for 1 min, or 0.01% (w/v) Acridine Orange (AO) in water
for 10 min, followed by rinsing in water with gentle agitation three
times for 1 min each, dehydrated in 95% and 100% ethanol,
cleared in NeoClear twice for 5-10 min each and mounted with
Permount mounting medium. /7 situ hybridization was performed
as described (Yu ez al., 2020a). Images of TBO staining and 77 situ
hybridization were taken with a Leica DM750 LED Biological
microscope with ICC50 camera module and LEicaA ACQUIRE v.2.0
software (Leica Microsystems, Wetzlar, Hesse, Germany). Images
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of AO staining were taken using a TCS SP8-X confocal microscope
(Leica Microsystems) with excitation wavelength of 488 nm and
emission wavelength window of 498-600 nm. Fluorescence of the
epidermal layers of the AZ and whole pedicel region was quantified
using Fi1 (v.2.9.0) software (Schindelin ¢z 4/, 2012) with five bio-
logical samples per genotype per stage. Images of live spikelets and
AZs were taken using a Leica M125 C stereo microscope mounted
with a Leica DMC2900 camera. Brightness was adjusted as neces-
sary for images for final presentation, with adjustments applied to
all parts of the image.

Chlorophyll fluorescence quantification

Abscission zone tissues were dissected under a stereo microscope,
submerged in 4% (w/v) paraformaldehyde (PFA) and 0.1% (v/v)
Tween 20 in 0.1 M PIPES buffer (pH 7.4), vacuum infiltrated for
10 min and incubated overnight at 4°C. Samples were rinsed in
0.1 M PIPES buffer three times for 10 min each, followed by
sucrose gradient infiltration consisting of 25, 33, 50, 66, 75% (v/v)
of 2.3 M sucrose in pairs of mPrep/s™ Capsules (22 550; Micro-
scopy Innovations, Marshfield, W1, USA) for at least 1 h at each
concentration at room temperature, and 100% 2.3 M sucrose over-
night at 4°C (Knapp ez al, 2012). Samples were transferred to
Shandon Cryomatrix™ Frozen Embedding Medium (Thermo
Fisher Scientific, Waltham, MA, USA) in Tissue-Tek Cryomold
(Sakura Finetek, Torrance, CA, USA) on dry ice and kept at
—80°C. Samples were trimmed using a Leica CM1950 cryostat
(Thermo Fisher Scientific) to expose a smooth surface of the inner
tissues, and stained with DAPI and Calcofluor White for 10 min
diluted 500x and 1000x in ultrapure water, respectively. Next,
the samples were mounted on a coverslip and imaged on a TCS
SP8-X confocal microscope (Leica Microsystems) with an HC PL
APO CS2 63x/1.20 water objective lens. DAPI and Calcofluor
White were detected with excitation wavelength of 405 nm and
emission wavelength window of 415-630 nm, and chlorophyll
autofluorescence was detected with excitation wavelength of
649 nm and emission wavelength window of 660-780 nm. Average
intensity of the chlorophyll in the AZ was quantified as for AO
staining, using six biological samples per genotype per stage, with

the left and right sides of the AZ measured separately.

Immunofluorescence

Cell wall immunofluorescence followed the procedure described
in Yu et al. (2023). To calculate average wall intensity for each
probe, the probe signal in the AZ was divided by the area of cell
wall autofluorescence using Fiji (v.2.9.0; Schindelin ez 4/, 2012).
Four biological samples per genotype per stage were used, with
the left and right halves of the AZ measured separately.
Indoleacetic acid immunofluorescence followed the description
in Avsian-Kretchmer et a/. (2002) with modifications. Specifically,
30- and 38-d AZs were dissected and prefixed in freshly pre-
pared 3% (w/v) aqueous l-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDAC, 341006; Sigma-Aldrich, St.
Louis, MO, USA) in ultrapure water at RT for 2 h, then transferred
to 4% (w/v) PFA in 0.1 M PIPES buffer and 0.1% (v/v) Tween

New /’/{}'/(l//(@}l (2023) 240: 846—-862
www.newphytologist.com

New
Phytologist

20, vacuum infiltrated for 10 min and kept at 4°C overnight. Sam-
ples were washed in 0.1 M PIPES three times, dehydrated in an
ethanol series, embedded in paraffin and sectioned as described pre-
viously for 7z situ hybridization. For immunofluorescence, samples
were deparaffinized, rehydrated and kept in 1x PBS for 20 min,
followed by incubation in 2% (w/v) BSA in 1x PBS buffer for 1 h
at RT. Mouse monoclonal anti-IAA antibody (A0855; Sigma-
Aldrich) was diluted 1:500 in 1% (w/v) BSA and 1x PBS, applied
to the samples and incubated at 4°C overnight. Samples were then
washed in 1% (w/v) BSA in 1x PBS three times for 10 min and
incubated in Alexa Fluor™ 488 goat anti-mouse antibody (1 : 100
dilution) (Thermo Fisher Scientific) for 1 h at RT. The samples
were rinsed in 1x PBS, mounted with 90% glycerol and imaged as
described previously for chlorophyll fluorescence. Alexa Fluor®
488, cell wall and chlorophyll autofluorescence were detected with
excitation wavelength of 499, 405 and 649 nm and emission wave-
length windows of 509585, 415485 and 661-779 nm, respec-
tively. Average intensity of IAA in the AZ was quantified as above,
with six to ten biological samples per genotype per stage. Colocali-
zation between IAA (green) and chlorophyll (red) signals was ana-
lyzed using plugin BIOP JACop implemented in Fij1.

Hormone treatment and tensile strength measurement

The main panicles of 28-31-d-old plants were submerged in
10 mM 1-naphthaleneacetic acid (NAA), 500 uM GA, N-1-
naphthylphthalamic acid (NPA), 2,3,5- triiodobenzoic acid
(TIBA), 4-biphenylboronic acid (BBo), 4-phenoxyphenylboronic
acid (PPBo) or ABA, or 50 mglfl ethephon in ultrapure water
with 0.01% silwet-77 for 15 min daily for 4-6 d. Samples treated
with NAA, NPA, TIBA, GA and ethephon were measured after
4-6d of treatment, and samples treated with BBo, PPBo and
ABA were measured daily for 4 d after treatment. Panicles were
collected and hung upside down from a Mark-10 model M3-2
force gauge, and tensile strength of the most mature spikelet and
pedicel junction was measured by pulling off spikelets using for-
ceps. Experiments were repeated two or three times, with 1-3
plants and 15 spikelets per plant measured per replicate.

Reactive oxygen species (ROS) staining

Plants were treated with water control, NAA or TIBA for 15 min
for five consecutive days as described previously. AZs and sur-
rounding tissues were dissected 4—6d after treatment and pre-
pared as described for chlorophyll quantification. Samples were
incubated in 0.1% (w/v) 3,3’-diaminobenzidine (DAB) in water
(pH 3.8) at room temperature (RT) for 2 h in the light. Samples
were transferred into 95% (v/v) ethanol for 1 h at RT to remove
chlorophyll, then rinsed and kept in water. Images were taken
immediately with a ZEISS Axio Zoom.V16 Fluorescence Stereo
Zoom Microscope (Zeiss, Oberkochen, Germany).

Transmission electron microscopy (TEM)
Samples for TEM were prepared as described in Yu er 4/ (2023)
with modifications. Briefly, AZs at 31 and 38 d were dissected
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and fixed in 2% (w/v) PFA and 2% (w/v) glutaraldehyde with
0.1% (v/v) Tween 20 in 0.1 M cacodylate buffer at pH 7.4 over-
night at 4°C and postfixed in 1% (w/v) osmium tetroxide in
cacodylate buffer for 3 h, followed by 1% (w/v) aqueous uranyl
acetate at 4°C overnight and then 50°C for 2 h. Samples were
dehydrated in a graded acetone series and embedded in Quetol
651 epoxy resin at 60°C for 48 h. Samples were sectioned at
60 nm using a Leica Ultracut UCT ultramicrotome, mounted on
formvar/carbon film on slotted gold grids (FCF2010-Au-SB;
Electron Microscopy Sciences, Hatfield, PA, USA), stained with
lead citrate for 8 min and imaged using a Talos L 120C G2
with a CETA 16 M 4K x 4 K CMOS camera (Thermo Fisher
Scientific), and tile mapped with 2 s exposure time using Maps 3
software (v.3.16) at 8500 (pixel size 1.72 nm) and with VELOX
(Release 3.1) at 17500 or 22 000x magnifications. Three to
four AZs per stage per genotype were imaged.

RNA-Seq library construction and sequencing

RNA-Seq libraries were prepared as described in Yu ez a/. (2020a)
with modifications. The AZ, tissues immediately above (lower part
of the spikelet excluding reproductive tissues, U) and below (pedi-
cel, L) of 21- and 31-d-old plants, and the AZ of 38-d-old plants
were collected and frozen in liquid nitrogen. Three panicles and
¢. 40 AZs were sampled per replicate, and four biological replicates
were collected. After grinding, total RNA was isolated using a Pico-
Pure RNA Isolation Kit (Applied Biosystems, Waltham, MA,
USA) for each tissue following the manufacturer’s instructions.
After quantification with a Qubit™ RNA High Sensitivity kit,
¢. 250 ng total RNA was used for generating 3’ mRNA-Seq
libraries using QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for
[llumina (Lexogen, Vienna, Austria). Libraries were single-end
sequenced at 100 nt in one lane on an Illumina NovaSeq 6000
instrument at the Roy ]. Carver Biotechnology Center at the
University of Illinois at Urbana-Champaign.

RNA-Seq analysis

Raw reads were trimmed and quality-filtered using TRIMMOMATIC
v.0.35 (Bolger ez al., 2014) and mapped to the S. viridis A10 v.2.1
genome (Mamidi ez 4/, 2020). Reads were counted per gene using
StAaR v.2.7.3 (Dobin ez al.,, 2013). Differential expression was calcu-
lated in DESEQ2 (v.1.38.2) in R (v.4.2.2; Love et al., 2014), with
raw counts as input. Genes with normalized counts > 10 for at least
three samples were kept for further analysis. Significant differen-
tially expressed genes (DEGs) were defined as 1.5-fold difference
and adjusted P-values lower than 0.05. 1611 DEGs between geno-
types were then clustered using Self-Organizing Map (SOM) in the
R package KOHONEN (v.3.0.11; Wehrens & Buydens, 2007). The R
package CLUSTERPROFILER (v.4.6.0) was used for gene ontology
(GO) enrichment analysis (Wu ez al., 2021). Scripts with detailed
parameters are available at https:/github.com/Yunqing-Yu/sh1-
AZ. Genes annotated as being auxin and cell wall related were
identified based on annotation of the Setaria viridis genome
(v.2.1) available on PnyrozoME v.13 (https://phytozome-next.
jgi.doe.gov/; Mamidi er al, 2020) and cross-referenced with
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Tar  (heeps://www.arabidopsis.org/), Pram  (hetps://www.ebi.ac.uk/
interpro/), GO annotation (http://geneontology.org/), KEGG (https://
www.genome.jp/kegg/) and CAZy (http://www.cazy.org/) databases
and literature (Boerjan er af, 2003; Mohnen, 2008; Scheller & Ulvs-
kov, 2010; Weng & Chapple, 2010; Atmodjo et al, 2013; Zhong &
Ye, 2015; Polko & Kieber, 2019; Vanholme ez 4/, 2019).

Prediction of promoter-binding motifs

Two-kilobyte upstream promoter sequences were extracted from
the Setaria viridis genome (v.2.1; Mamidi ez al, 2020). The five
previously reported YABBY-binding motifs from Arabidopsis and
soybean (Shamimuzzaman & Vodkin, 2013; Franco-Zorrilla
et al., 2014; O’Malley et al., 2016) were mapped on both strands
of extracted promoter sequences using the FIMO program in the
MEME Suite (http://meme-suite.org), with default parameters
(Bailey et al., 2015).

Results

Grain shattering is abolished in Svsh7 mutants

Svsh1 was disrupted with CRISPR-Cas9 in the A10 background
using two guide RNAs, both targeting the 274 exon. Three inde-
pendent indel alleles resulted in a frameshift and early stop
codons; the mutations were biallelic and confirmed by Sanger
sequencing. shI-1 and sh1-3 share a stop codon in the conserved
Zinc Finger domain, while the stop codon of s51-2is two codons
after the Zinc Finger domain (Fig. la,b). In situ hybridization
showed that SH1 is expressed in the AZ, the glumes and the base
of the fertile floret in WT A10, consistent with previous observa-
tions in the ME034 background (Yu ez al, 2020a). However,
SH1 expression is lower in the mutant (Supporting information
Fig. S1).

As plants matured, tensile strength of the spikelet attachment
to the panicle gradually dropped to zero in the WT, while tensile
strength remained high in all three mutant alleles and the spike-
lets remained attached (Fig. 1c,d). In all mutant alleles, heading
and anthesis are 1-2d later than in WT. Spikelet number per
primary branch, panicle length and plant height vary slightly
among the mutant alleles, with s/1-1 and sh1-2 more similar to
WT and s#1-3 larger than WT (Tukey’s honestly significance test
(HSD), P<0.01; Fig. S2; Table S1a—f).

To confirm that the phenotype is caused by the SHI mutation,
shi1-1 and sh1-2 were crossed reciprocally, and tensile strength and
panicle length were evaluated in their F1 progenies. All F1 plants
resembled their parents, regardless of the direction of the cross
(Tukey’s HSD test, 7<0.01; Fig. S3; Table S1g,h). Together, these
results confirmed that SHI caused the loss of shattering in the
mutant, and also had a small effect on flowering time.

Cell anatomy is comparable between wild-type and sh7
before abscission activation

To test whether SHI controls shattering via changes in the cell
wall, the anatomy of the spikelets and AZ was compared between
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S N 8§ ML NI VTV VU RTW 6 I A LA ATCTC Q *

shil-3 AGTAAATAGCATGCTGAACATTGTGACAGTCCGTTG-GGGCATTGCACTAGCCTGCTGTCAGTGA
S K *
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WT and shI-1 using TBO staining. Spikelet anatomy was normal
in the mutant, consistent with the putatively AZ-specific role of
the protein (Fig. S4). The AZ itself also does not differ between
WT and sh1-1 until abscission occurs. In both genotypes, the AZ
is nonlignified (stained blue), whereas the epidermal layer of the
pedicel is lignified at grain filling and shattering stages (stained
turquoise; Fig. 2). To quantify this result, the AZ was stained
with the lignin stain AO (Li & Reeve, 2005). As in the TBO
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Fig.1 Shattering is reduced in the
shattering (sh1) mutants of Setaria viridis.
(a) DNA sequence alignments and the
corresponding amino acid sequences of
gRNA target sites in the second exon of
SvSH1. DNA indels in the mutants are
marked in red with letter ‘A" denoting
insertion and ‘-' denoting deletion. Mutated
amino acids and stop codons are marked in
red. Green shading in the amino acid
sequence of wild-type (WT) marks part of
the Zinc Finger domain. (b) Diagrams
showing the length of SH1 protein and
positions of Zinc Finger and YABBY domains
in the WT and mutants. (c) Representative
panicles with dropped seeds in WT and the
three sh7 mutant alleles. Bar, 5 mm. (d)
Tensile strength measurements of spikelets in
WT and sh7 mutants. Values are 80
measurements per genotype per stage from
four biological replicates. Elements in the
boxplot: center line, median; box limits,
upper and lower quartiles; whiskers, 1.5x
interquartile range; black filled circles, outliers
of individual tensile strength measurements.

Fig. 2 Abscission zone (AZ) anatomy does
not differ between wild-type (WT) and
shattering1-1 (sh1-1) of Setaria viridis until
abscission is activated. (a) A representative
image of a WT spikelet showing the position
of the AZ (circle with white dotted lines)
below the glumes. Bar, 200 pm. (b—g)
Toluidine blue staining of the AZ of (b—d) WT
and (e-g) sh1-1 (b, e) before anthesis, at

(c, f) grain filling and (d, g) shattering stages.
Bars, 25 pm. (d) Curved dotted lines mark
the location of cell separation.

results, AO stained the epidermal layer as well as a few cells above
or below the AZ, either in or near the vascular dssues (Fig. S5a-1).
Signal intensity in the epidermis and in the upper pedicel includ-
ing the AZ was not significantly different between the genotypes
at either 30 d (grain filling) or 38 d (close to shattering; two-way
ANOVA, P>0.05; Fig. S5m; Table S1i).

We investigated whether other cell wall components of the AZ
differed between WT and shI-1 using immunofluorescence.

© 2023 The Authors
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Fig. 3 Cell wall is modified during abscission
in wild-type (WT) Setaria viridis. (a) Example
of a confocal image of the WT abscission
zone (AZ) using autofluorescence. Circles
with white dotted lines mark the AZ regions
for antibody signal quantification. Bar,

25 um. (b-u) Representative images of
immunofluorescence of the left half AZs
probed with antibodies (b-e) CBM3a (anti-
cellulose), (f-i) LM11 (anti-xylan), (j-m)
LM19 (anti-unesterified homogalacturonan
(HG)), (n—q) LM20 (anti-esterified HG) and
(r-u) LM25 (anti-xyloglucan) in (b, d, f, h, j, I,
np r,t)WTand (c, e, g ik ,m,o,q,s, u)
shattering7-1 (sh1-1) at (b, ¢, f, g,j. k, n, 0,
r,s)31dand(d, e, h,i, |, m, p,q t u)38d.
Red, signal from antibody labeling; cyan,
autofluorescence. Bars, 10 um. (d, h, I, p, t)
Arrows point to separated cells. (v)
Quantification of fluorescence in the AZ.
Circles are individual measurements as
shown in (b—u). Elements in the boxplot:
center line, median; box limits, upper and
lower quartiles; whiskers, 1.5x interquartile
range; black filled circles, outliers of
individual measurements. n=8 (2 x 4

biological samples per genotype per stage). CBM_3a
Significant differences between genotypes (anti-
and conditions (Tukey's HSD test, P<0.01) cellulose)

are indicated with different letters.

Antibodies CBM3a, LM11, LM19, LM20 and LM25 were used
to label cellulose, xylan, unesterified homogalacturonan (HG),
esterified HG and xyloglucan, respectively. No differences were
observed between WT and shI-1 at 31 d (grain filling), suggest-
ing that SH1 does not affect cell wall composition early in devel-
opment. WT plants at 38 d had more xylan and less esterified
homogalacturonan than WT at 31 d. At 38 d, xylan signal in the
WT is higher than that in sh1-1 (Tukey’s HSD test, P<0.01;
Fig. 3; Table S1j—n). These results suggest that the cell wall is
modified during abscission activation in WT but not in Svshl
mutants.

Chloroplast degeneration precedes abscission

As no structural differences were observed in the AZ between
WT and sh1-1 before abscission, we hypothesized that SHI may
be required to activate abscission rather than patterning the AZ
itself. In WT, as the grain matured, the AZ and surrounding tis-
sues gradually lost their chlorophyll. However, chlorophyll
remained in the AZ of shI-1 even when the grain reached

© 2023 The Authors
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maturity (Fig. 4a-1). WT cells were intact at maturity, but had
chlorophyll ~ signal than shI-1 (Student’s #test,
P=4.87 x 1076; Fig. 4m—q), suggesting that the lack of chloro-
phyll was not due to cellular breakdown, but likely caused by
chloroplast degeneration.

less

We examined subcellular changes during abscission with
TEM. At 30d in both genotypes, AZ cells were loosely packed
with large intercellular spaces (Fig. 5a,e). The chloroplasts were
intact, containing thylakoids, starch granules and plastoglobules
(Fig. 5b—d,f~h). At 38d, AZ cells of WT contained large
vacuoles, with reduced volume of cytoplasm and organelles
aggregated at the edges of cells, resembling morphologies in
dying cells (Fig. 5i; van Doorn et al, 2011). The chloroplasts
were often irregularly shaped and lacked membrane integrity
(Fig. 5i-1). Additionally, some cells appeared collapsed with con-
cave cell walls, apparently initiating cell separation (Fig. 5i,
arrow). In contrast, sh1-1 had more organelles, including nuclei,
chloroplasts and mitochondria, and cytoplasmic substance at
38 d. Chloroplasts were still intact and thylakoids were visible,
although larger spaces between thylakoid membranes were
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Fig.4 Chlorophyll degenerates in the
abscission zone (AZ) of wild-type (WT)
Setaria viridis before abscission. (a-I)
Representative images of (a, e, i, ¢, g, k)
whole spikelets and (b, f, j, d, h, ) AZ of (a, b,
e, f,i,))WTand (c, d, g h, k, |) shattering1-1
(sh1-1). (a, €, i, ¢, g, k) Rectangular boxes
with white dotted lines mark the zoomed AZ
region. Bars, 200 um. (b, f, j, d, h, I) Bars,

50 um. (m-p) Representatives of (m, o)
fluorescence and (n, p) transmitted light
images of longitudinal views of AZ in (m, n)
WT and (o, p) sh7-17. Bars, 50 um. (m, o) Red
color, chlorophyll autofluorescence; cyan
color, DAPI and Calcofluor White signal.

(g9) Quantification of chlorophyll
autofluorescence. Circles are individual

Relative

measurements of half of the AZs. Elements in
the boxplot: center line, median; box limits,
upper and lower quartiles; whiskers, 1.5x
interquartile range. n =10 from six biological
AZ samples per genotype. Star denotes a
significant difference between the genotypes

observed than at 30 d (Fig. 5m—p). These results confirmed that
SvSH affects the activation of abscission, which involves chloro-

plast degeneration and likely cell death.

Auxin dynamics inhibit the production of ROS and
abscission

As hormones may accelerate or delay abscission in other systems
(Sexton & Roberts, 1982), we examined the effects of auxin,
ethylene, GA and ABA on shattering in WT and sh1-1. In WT,
both the synthetic auxin NAA and the auxin transport inhibitor
TIBA increased the tensile strength holding spikelets on the pani-
cle, although tensile strengths remained lower than in sh1-1. The
effects of another auxin transport inhibitor, NPA, on WT varied
and were not significantly different from the control. Conversely,
no treatment affected the tensile strength of s/7-1 (Tukey’s HSD
test, < 0.01; Fig. 6a; Table Slo). We also tested the effects of
auxin biosynthetic inhibitors, BBo and PPBo, which target the
IAA Dbiosynthetic enzyme YUCCA in Arabidopsis (Kakei
et al., 2015). Neither inhibitor affected shattering in either WT
or shl-1 (Tukey’s HSD test, P<0.01; Fig. S6a; Table S1p).
Similarly, GA had no effect on tensile strength in either genotype
(Tukey’s HSD test, < 0.01; Fig. S6b; Table S1). Although ethy-
lene and ABA are known shattering accelerators in some species
(Sexton & Roberts, 1982; Sargent et al., 1984), in our hands,
both ethephon and ABA inhibited shattering in WT and had no
effect on sh1-1. We also observed that both treatments affected

New Phytologist (2023) 240: 846-862
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(Tukey's HSD test, P<0.01).

grain development as the treated spikelets were often sterile,
which may in turn affect shattering (Tukey’s HSD test, P<0.01;
Fig. S6b,¢; Table S1q,r).

NAA and TIBA treatments suppressed chloroplast degenera-
tion in the AZ. Treated WT plants had more chlorophyll in the
AZ, although it remained lower than that of sh1-1 (Tukey’s HSD
test, 2<0.01; Fig. 6b—n; Table S1s). This result was consistent
with the trend of spikelet tensile strength, suggesting that auxin
might suppress chloroplast degeneration before initiation of
abscission (Fig. 6a—n).

As ROS are released during chloroplast degradation (Wood-
son, 2022), we tested whether ROS accumulated in the AZ of
WT. The H,O, indicator DAB found no H,O, accumulation in
the AZ of either genotype. Instead, the tissue above the AZ was
heavily stained in WT compared with sh1-1 (Figs 6o, S7). Both
NAA and TIBA treatments reduced H,O» accumulation in WT,
while no obvious difference was observed in sh1-1 in any of the
tested conditions (Fig. 60—q). Together, these results place auxin
signaling upstream of ROS production and chloroplast degrada-
tion, which may serve as signals to activate abscission.

IAA was localized in the chloroplast in sh7-7 assayed by
immunofluorescence

As auxin and the auxin transport inhibitor TIBA both suppress
abscission in WT, we hypothesized that auxin distribution in
the AZ may be important for its function. Accordingly,
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Fig.5 Transmission electron microscopy
reveals chloroplast degradation and cell
death in the abscission zone (AZ) of wild-
type (WT) Setaria viridis during abscission
initiation. (a, e, i, m) Representative images
of cells in the AZ of (a, i) WT and (e, m)
shattering7-1 (sh7-17) at (a, ) 30d or (I, m)
38d. Bars, 5 um. N, nucleus; V, vacuole. (i)
Arrow points to the concave cells that have
separated from adjacent cells. (b—d, f-h, j-,
n—p) Enlarged images of chloroplasts marked
in the orange boxes in (a, e, i, m). (b—d) WT
at30d. (f-h) sh7-7 at 30d. (-1) WT at 38 d.
(n—p) sh1-1 at 38d. Bars, 500 nm. C,
chloroplast; M, mitochondrion; PG,
plastoglobules; S, starch; T, thylakoid.

immunofluorescence was used to visualize and quantify IAA (and
possibly some conjugated derivatives) in the AZ (Leverone
et al., 1991; Avsian-Kretchmer ez al., 2002). While the auxin sig-
nal was reduced at 38 d compared to 30 d in both genotypes, the
genotypes did not differ significantly at either time point
(Tukey’s HSD test, 2<0.001; Fig. 7a—m; Table S1t). However,
auxin localization differed at the 38-d stage. The auxin signal
(green) was mainly cytoplasmic in both genotypes at 30 d and in
WT at 38d (Figs 7a—c, S8). In contrast, in sh1-1 at 38d, the
auxin signal overlapped with chlorophyll autofluorescence
(magenta; Fig. 7n—p). Colocalization was quantified with Pear-
son’s correlation coefficient (PCC) and Manders overlap coefhi-
cient (MOC; Dunn et 4, 2011). With both methods, at 38 d,
the colocalized auxin (green) signal in shl-I was significantly
higher than in WT (Tukey’s HSD test, £<0.001; Fig. 7q;
Table S1u—w), while colocalization between WT samples at 30
or 38d or shI-1 at 30 d was not significantly different (Tukey’s
HSD test, P>0.01; Fig. 7q; Table Slu—w). In other words, a
higher proportion of auxin (green) signal overlapped with the
chloroplast (magenta in Fig. 70,p) signal at 38 d in shI-1. Con-
versely, as the chloroplast signal was reduced in WT at 38 d, the
ratio of overlapped signal to the chloroplast signal was the same
between genotypes at both stages (Fig. 7q). Together, these
results suggest that the subcellular distribution of auxin, rather
than the total amount, differs between WT and shI-1 at 38d
close to abscission.

SH1 regulates gene expression in the AZ in late
development

SHI regulated genes were identified by RNA-Seq analysis of
the AZ and the tissues immediately above (U, upper) and

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

; *@‘@) S5 ()

A3 q@ i

A\

below (L, lower) it at 21 and 31 d (preheading and seed filling,
respectively), and the AZ at 38d (close to abscission; Fig. S9).
At each stage, more genes were differentially expressed in the
AZ than in U or L (Fig. 8a). In addition, more DEGs were
identified in the AZ at 38d (697 up and 622 downregulated
genes) than at 21 or 31d, consistent with the phenotype being
mainly visible at the latest developmental stage (Fig. 8a;
Table S2).

The 1611 DEGs were placed in nine clusters by Self-
Organizing Map (SOM). SOM1-3 were similar between the
two genotypes, SOM4, 5, 7 and 8 downregulated in shI-1,
and SOM6 and 9 upregulated in shI-1 (Fig. 8b). Consistent
with the in situ hybridization resules (Fig. S1) and the RNA-
Seq data of Liu et al (2022), SHI was in SOM5, in which
gene expression was lower in the mutant in all tissue types and
stages. The downregulation of SHI in the mutant was more
pronounced as the plants matured, implying that the func-
tional SH1 protein might be necessary to maintain its tran-
script level (Table S2). LESI was in SOM7, in which genes
were upregulated at later stages in WT, but not as strongly in
sh1-1, suggesting that SHI positively regulates LESI (Fig. 8b;
Table S3).

Different sets of stress-related genes were upregulated in WT
and sh1-1 (Fig. 8c; Table S4). The top 10 enriched GO terms in
SOM4, 7 and 8 included GO:0042542 (response to hydrogen
peroxide), GO:0034976 (response to endoplasmic reticulum
stress) and GO:0009408 (response to heat) in SOM4,
GO:0007568 (aging), GO:0071215 (cellular response to abscisic
acid stimulus), GO:0006972 (hyperosmotic response) and
GO:0010150 (leaf senescence) in SOM7 and GO:0009727
(detection of ethylene stimulus) and GO:0042742 (defense
response to bacterium) in SOMS8. GO:0071365 (cellular
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response to auxin stimulus) was also enriched in SOM8 (Fig. 8¢).

SOM6 and 9 genes upregulated in shI-1 included
photosynthesis-related terms such as GO:0009773
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Fig. 6 Auxin signaling suppresses abscission in wild-type (WT) Setaria viridis via inhibiting chloroplast degradation and reactive oxygen species (ROS) accu-
mulation. (a) Tensile strength measurements of the spikelets in WT and shattering7-1 (sh7-7) mutants under various treatments. Values are 90 measure-
ments per genotype per stage from three biological replicates in control, 1-naphthaleneacetic acid (NAA), N-1-naphthylphthalamic acid and 2,3,5-
triiodobenzoic acid (TIBA) treatments. (b) Quantification of chlorophyll autofluorescence in control, NAA or TIBA treatment. Circles are individual measure-
ments of half of the AZ. n=12 from six biological abscission zone (AZ) samples per genotype per condition. Elements in the boxplot: center line, median;
box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; black filled circles, outliers of individual measurements. Significant differences
between genotypes and conditions (Tukey's HSD test, P <0.01) are indicated with different letters. (c—n) Representatives of (c, e, g, i, k, m) fluorescence
and (d, f, h, j, I, n) transmitted light images of longitudinal views of AZin (c, d, g, h, k, I) WT and (e, f, i, j, m, n) sh7-7 under (c-f) control, (g-j) NAA and
(k—n) TIBA conditions. Bars, 50 um. Dotted white line shows approximate position of one side of the AZ. (c, e, g, i, k, m) Red color, chlorophyll autofluores-
cence; cyan color, DAPI and Calcofluor White signal. (0—q) 3, 3’-diaminobenzidine (DAB) staining of AZ and surrounding tissues in (0) control, (p) NAA
and (q) TIBA treatments. Bars, 500 um.
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Fig.7 Auxin is located in the chloroplast of abscission zone (AZ) in shattering1-1 (sh1-1) in late development of Setaria viridis. (a-l) Representative
immunofluorescence of (a-d) anti-auxin signal, (e—h) autofluorescence and (i) transmitted light images of longitudinal sections of AZ in (a, ¢, e, g, i, k)
wild-type (WT) and (b, d, f, h,j, ) sh1-7 at (a, b, e, f, i, j) 30d and (c, d, g, h, k, I) 38 d. Representative measured AZ region is marked with white circle with
dotted line. Bars, 25 um. (e—h) Red color, chlorophyll autofluorescence; cyan color, cell autofluorescence. (m) Quantification of auxin signals. Circles are
individual measurements of half of the AZ as shown in (a—d). Elements in the boxplot: center line, median; box limits, upper and lower quartiles; whiskers,
1.5x interquartile range. n =6-10 biological samples per genotype per stage. Significant differences between genotypes and conditions (Tukey's HSD test,
P <0.01) are indicated with different letters. (n—p) Representative enlarged super-resolution fluorescence images of (n) auxin signal, (0) chlorophyll auto-
fluorescence and (p) merged signal in sh7-7 at 38 d as marked in the white box in (d). Bars, 5 um. (q) Quantification of the overlap of green and magenta
channels by Manders overlap coefficient (MOC) and Pearson'’s correlation coefficient (PCC). MOC.green and MOC.magenta refer to the proportion of
overlapped signal to the total green and magenta signal, respectively. Circles are values calculated from individual samples. Elements in the boxplot as in
(m). The same biological samples as in (m) were used for overlap quantification. Significant differences between genotypes and conditions (Tukey's HSD
test, P <0.01) are indicated with different letters.
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Fig. 8 Differentially expressed genes (DEGs) between wild-type (WT) Setaria viridis and shattering1-1 (sh7-7) are more abundant in the abscission zone
(AZ) in late development. (a) Venn diagrams showing up (upper numbers) and downregulated (lower numbers) genes of sh7-7 vs WT at 21, 31 and 38d.
A, AZ; L, lower tissue of the AZ (pedicel); U, upper tissue of the AZ (base of the spikelet). (b) Self-Organizing Map (SOM) clusters of DEGs. The number of
genes in each cluster is indicated in parentheses. Each cluster includes genes with similar patterns of expression, with tissues and time points arranged along
the x-axis, expression levels on the y-axis. Fine solid lines, expression patterns of each gene; heavy dotted lines, average expression patterns of the genes in
each cluster within the genotype. Blue, WT; red, sh7-7. When expression patterns in mutant and WT are similar, the red and blue lines are similar in pattern
(SOM1, 2, 3), whereas if WT expression is higher, the blue lines appear above the red ones (SOM4, 5, 7, 8) and vice versa (SOM6, 9). (c) Top 10 most sig-
nificant gene ontology (GO) terms enriched in each cluster. Red and blue represent smaller and larger adjusted P-values, respectively. The size of the dots
represents the ratio of genes in each GO term over the total number of genes in the cluster.

GO0:0007568 (aging), GO:0009414 (response to water depriva-
tion), GO:0010150 (leaf senescence) and GO:0030968 (endo-
plasmic reticulum unfolded protein response; Fig. 8c).

Of the eight DEGs in the lignin biosynthetic pathway reported
by Liu er al (2022), only a NAC transcription factor
(Sevir.6G085750) was differentially expressed in our dataset.
This gene was downregulated in the AZ at 38 d in our samples,
but was reported as upregulated by Liu ez al. (2022). We searched
for other lignin-related genes in our DEGs and identified a
Caffeoyl-CoA O-methyltransferase (Sevir.6G204900) and a lac-
case (Sevir.5G388000) downregulated in the AZ of shI-1 at 38
and 21d, respectively. Additionally, two pectinacetylesterases
(Sevir.5G079400 and Sevir.9G336500) and one polygalacturo-
nase  (Sevir.3G165200) were downregulated, and nine
New Phytologist (2023) 240: 846-862
www.newphytologist.com

glucosidase/glucanase-related genes were differentially expressed

in the AZ of sh1-1at 38 d (Table S2).

Auxin-related genes were differentially regulated in the AZ
of sh1

Our hormonal treatments, IAA localization and RNA-Seq analy-
sis suggested that SHI may regulate shattering through auxin
pathways (Figs 6, 7, 8c). We therefore specifically examined
auxin-related DEGs. The term ‘auxin response’ was enriched in
SOMS, in which genes were downregulated at 38d in shI-I
(Fig. 8b,c), although other auxin-related DEGs were found in
other SOMs. In total, 29 auxin-related DEGs were variously up
and downregulated in the mutant, including genes involved in
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(a) (

Fig. 9 Auxin-related genes are differentially
expressed between wild-type (WT) and
shatteringT-1 (sh7-17) in the abscission zone
(AZ) of Setaria viridis. (a) A diagram
illustrating differentially expressed genes
between WT and sh7-7 involved in auxin
transport, homeostasis and signaling in a cell.
Auxin transporters include exporters PIN

N
A | IAA )
S - (degradation)
YUCCA 7
IAA precusor IAA
7 GH3
ILL
PILS IAA conjugates

AUX

Other auxin

localized on the plasma membrane and PIN- \ responsive genes ytoplasy
LIKES (PILS) localized on the endoplasmic

reticulum (ER) membrane, and importer WT sh1-1

AUX. Dashed arrows indicate the direction of () 21d 31d 38d _21d 31d 38d

IAA movement. Auxin homeostasis proteins
include indole-3-acetic acid (IAA)
biosynthetic enzyme YUCCA,
DIOXYGENASE OF AUXIN OXIDATION
(DAO), auxin amide conjugate synthetase
GRETCHEN HAGEN 3 (GH3) and IAA-amino
hydrolase IAA-LEUCINE RESISTANT-LIKE
(ILL). Auxin signaling proteins include AUXIN
RESPONSE FACTORs (ARFs), AUXIN/
INDOLEACETIC ACID (AUX/I1AAs), SMALL
AUXIN UP RNAs (SAURs) and AUXIN
SIGNALING F-BOX PROTEIN (AFB). Blunt-
ended arrows indicate negative regulation
and headed arrows indicate positive
regulation. (b) Gene expression heatmap of
auxin-related genes normalized by each gene
from the RNA-Seq experiment. Significant
differential expression between sh7-7 and
WT (1.5-fold change; Wald test, adjusted P-
value <0.05) is indicated by arrows.
Arrowheads up and down denote
upregulation and downregulation in the
mutant, respectively. Proteins leading to
increased free IAA or positive regulators of
auxin signaling are in red, and proteins
leading to decreased free IAA or auxin
response repressors are in blue. A, AZ; L,
lower tissue of the AZ; U, upper tissue of the
AZ.

]

auxin signaling, metabolism and transport that may positively or
negatively impact auxin signaling (Fig. 9; Rosquete ez al., 2012;
Zhang & Peer, 2017; Sauer & Kleine-Vehn, 2019; Yu
et al., 2022). Most differences were observed late in development.
In mutant plants at 38 d, auxin signaling DEGs included five
AUXIN RESPONSE FACTORs (ARFs; four upregulated and one
downregulated), eight AUXIN/INDOLEACETIC ACID (AUX/
IAAs; two upregulated and six downregulated), three SMALL
AUXIN UP RNAs (SAURs; one upregulated and two downregu-
lated) and one AUXIN SIGNALING F-BOX PROTEIN (AFB,
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upregulated). Among auxin metabolism genes, an auxin biosyn-
thetic enzyme YUCCA (YUC) was downregulated; two
GRETCHEN HAGEN 3 (GH3) encoding auxin amide conjugate
synthetases were up and downregulated; all three JAA-LEUCINE
RESISTANT-LIKE (ILL) of TAA amidohydrolases and two
DIOXYGENASE OF AUXIN OXIDATION (DAO) were down-
regulated. Among auxin transport genes, two auxin influx carriers
(AUX) were upregulated, while one efflux carrier PIN-LIKES
(PILS) was downregulated (Fig. 9). The differential expression of
these genes could lead to either more or less free IAA, suggesting
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Auxin signaling and distribution

H,0, accumulation Chloroplast degradation
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Senescence Cell wall modification
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Abscission

Fig. 10 Putative model of SHATTERING1 (SH1) regulating the activation
of abscission in Setaria viridis. SH1 regulates auxin signaling and
distribution, which inhibits H,O, accumulation and chloroplast
degradation, two indicators of organ senescence. H,O, accumulation and
chloroplast degradation also precede abscission. In addition, cell wall is
modified during the initiation of abscission. Solid lines indicate evidence
from this study; dotted lines indicate literature evidence and hypothetical
connection. Headed arrows indicate positive regulation and blunt-ended
arrows indicate negative regulation.

that SHI regulation of auxin signaling and homeostasis is
complex.

Discussion

The function of YAB2/SH1 differs between rice and Setaria

Grass YAB genes have different expression patterns from those of
eudicot species (Bowman, 2000; Juarez et al, 2004; Dai
et al., 2007; Tanaka ez al., 2012; Yu et al., 2020a), and the con-
trol of shattering by YAB2/SH1 has only been reported in grasses
to date. Most known shattering genes in grasses involve early
development of the AZ and control morphology and lignification
patterns, which differ considerably among grass species (Li &
Olsen, 2016; Yu & Kellogg, 2018; Yu ez al., 2020a,b). As these
genes predetermine the AZ, discovery of later events that activate
abscission is obscured, and therefore, little is known about the
activation process in the family. In this study, we focused on
SH1, which controls shattering in multiple grass species includ-
ing ones with diverse AZ anatomy. We demonstrated that in S.
viridis, SuSH1 is required for activation of abscission via auxin
signaling and homeostasis, ROS production and chloroplast
degradation (Fig. 10), pathways that are not described for abscis-
sion in rice or any other grasses (Lv ez al, 2017; Li et al., 2020).
Although Liu er al. (2022) reported lignin biosynthetic genes to
be regulated by SvSH1, with CAD2 as a direct target, lignin is
unlikely to be involved in abscission in S. viridis, in that AZs are

New /’/{)'/(l/{(ghl (2023) 240: 846862
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nonlignified in WT A10 and ME034V backgrounds, the SvshI
mutants, and the domesticated S. #zalica (Figs 2, S5; Hodge &
Kellogg, 2016; Mamidi ez al., 2020; Liu ez al., 2022). Our RNA-
Seq data, which are specific to the AZ, did not find the same
DEGs reported by Liu ez al. (2022; Table S2) in their analyses of
whole panicles, implying that any lignification happened in tis-
sues other than the abscission zone. The differences between their
study and ours may also reflect different sampled tissue types,
genetic background, growth conditions and/or developmental
stages.

YABs may function through auxin dynamics and signaling

The connection between auxin signaling and YAB function has
not been reported previously in grasses. Auxin levels in the AZ
did not differ between WT and SwshI mutants at both 31 and
38 d, assayed by immunofluorescence (Fig. 7a—m). However, at
38 d, more of the signal was localized in the chloroplast of the
mutant (Figs 7n—q, S8). The antibody used here not only has
high cross-reactivity with IAA but also reacts weakly with its con-
jugated derivatives (Pence & Caruso, 1987; Avsian-Kretchmer
et al., 2002); therefore, we cannot differentiate different forms of
auxin. Our RNA-Seq analysis found DEGs that may lead to
increased free IAA content in sh1-1 through transport, conjuga-
tion or oxidation pathways, such as upregulation of AUX and
downregulation of GH3 and DAO, and DEGs that may lead to
reduced free IAA, such as downregulation of PILS, YUC and
ILLs, which decrease intracellular auxin export, biosynthesis
and hydrolysis of IAA conjugates to free IAA, respectively. We
also found both up and downregulation of auxin signaling genes
(Fig. 9). We explored potential direct targets of SH1 using public
data on YABBY-binding motifs in Arabidopsis and soybean from -
protein-binding microarray, DNA affinity purification sequen-
cing (DAP-Seq) or Chromatin Immunoprecipitation Sequencing
(ChIP-Seq; Shamimuzzaman & Vodkin, 2013; Franco-Zorrilla
et al., 2014; O’Malley et al., 2016). Most auxin-related DEGs
have at least one putative YAB-binding motif in their promoters
(Table S5), but these motifs are not well conserved, so any con-
clusion will require experimental validation. We conclude that
the SvSHI mutation affects auxin dynamics in the AZ, but future
studies are required to elucidate the specific auxin pathways and
whether the regulation is through direct targeting.

Auxin signaling inhibits chloroplast degradation in
regulation of abscission in S. viridis

We found that auxin inhibited abscission of S. viridis, while GA
had no effect (Figs 6a, S6), as previously reported (Weiser
et al., 1979; Sargent ez al., 1984). In our conditions, ethylene and
ABA treatments suppressed normal seed development and abscis-
sion in WT, implying that normal seed maturation may be neces-
sary to activate abscission (Fig. S6b,c). Additionally, we found
that the auxin efflux inhibitor TIBA but not NPA had an effect
similar to NAA (Fig. 6). TIBA, but not NPA, interferes with vesi-
cle trafficking and actin dynamics, suggesting that TIBA and
NPA compounds may inhibit different cellular activities
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(Dhonukshe ez al., 2008; Teale & Palme, 2017). Both adding
auxin (NAA) and inhibiting its efflux (TIBA) suppress abscission,
pointing to auxin distribution and dynamics, rather than absolute
concentration, as activating abscission.

NAA and TIBA treatments inhibited chlorophyll breakdown
and ROS generation in WT, partially mimicking the phenotype
of shl-1, placing auxin signaling upstream of these processes
(Figs 6, 10, S7). Chloroplast degradation indicates cell death and
organ senescence (van Doorn & Woltering, 2004; van Doorn
et al., 2011), and indeed, we observed large vacuoles and empty
cells in addition to chloroplast breakdown in the AZ of WT dur-
ing abscission (Fig. 5i-1). Auxin inhibition of both senescence
and abscission is also reported in Arabidopsis. AtARF1 and 2
accelerate leaf senescence and yellowing and floral organ abscis-
sion independent of ethylene (Ellis ez 2/, 2005). Ectopic expres-
which  promotes
production, delayed floral organ shedding and sepal yellowing
(Basu et al., 2013). Thus, the connection between senescence and
abscission may be conserved between eudicots and grasses.

sh1 mutants flower slightly later (Fig. S2a), and their glumes
and AZ stay green for much longer than WT (Fig. 4), suggesting
that SH1 regulates both senescence and abscission in the AZ area.
Future studies are necessary to dissect whether senescence is a pre-

sion of Trp-2-monooxygenase, auxin

requisite for abscission or proceeds in parallel.

In addition to the connection between auxin, senescence and
abscission, auxin may also regulate chloroplast function. Our immu-
nolabeling suggested that auxin may be localized in the chloroplasts
of the mutant at late developmental stages (Fig. 7d,n—q), as also
reported in Arabidopsis and Coffea by immunofluorescence (Aloni
et al., 2003; Marquez-Lopez et al, 2018), and in Nicotiana, Pinus,
sunflower and barley by gas or liquid chromatography (Sandberg
et al., 1982, 1990; Fregeau & Wightman, 1983). IAA precursors,
such as tryptophan and indole-3-glycerol phosphate, are synthesized
in the chloroplast, but final IAA production is thought to occur in
the cytosol (Ljung, 2013). It is unlikely that the antibody used in this
study labeled tryptophan as the reactivity is negligible (Pence & Car-
uso, 1987). Additionally, IAA is detected in the chloroplast in some
species by gas or liquid chromatography (Fregeau & Wight-
man, 1983; Sandberg ez al, 1990). Auxin signaling also positively
regulates  chloroplast  development, chlorophyll content and
photosynthesis, although the molecular pathway remains unclear
(Salazar-Iribe & De-la-Penia, 2020). Whether such regulation
involves chloroplast localized auxin requires future investigation.

Auxin signaling inhibits H,O, production above the AZ in

S. viridis

In eudicots, ROS accumulate in the AZ of Arabidopsis and
tomato flowers, and Capsicum leaves (Sakamoto er al, 2008;
Bar-Dror et al., 2011; Lee et al., 2018), and are necessary to upre-
gulate proteins required for abscission such as cellulase Ce/2 in
Capsicum, and receptor-like kinase HAESA and its ligand
INFLORESCENCE DEFICIENT IN ABSCISSION (Sakamoto
et al., 2008; Lee et al., 2022). ROS accumulation in the Arabi-
dopsis floral AZ is also necessary for lignin formation, which may
facilitate abscission by restricting cell wall hydrolyzing enzymes
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within the AZ (Lee ez al., 2018). These results suggest that ROS
are not just stress indicators but are also signaling molecules that
promote abscission. Unlike in eudicots, we did not observe
H,O, or superoxide accumulation in the AZ of S wiridis
(Figs 60—q, S7). Due to the difficulty of substrate penetration
into live tissues, we fixed and cut open the AZ tissues to expose
inner cell layers, so the transient superoxide may have been lost
during processing. Nonetheless, we observed strong H,O, signal
above the AZ in WT but not s#I-1, and H,O, production can
be partially suppressed by either NAA or TIBA treatment, indi-
cating that SH1 regulates H,O, production through auxin sig-
naling (Fig. 10).
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