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Abstract
Abscission, known as shattering in crop species, is a highly regulated process by which plants shed parts. Although shattering has 
been studied extensively in cereals and a number of regulatory genes have been identified, much diversity in the process remains to 
be discovered. Teff (Eragrostis tef) is a crop native to Ethiopia that is potentially highly valuable worldwide for its nutritious grain and 
drought tolerance. Previous work has suggested that grain shattering in Eragrostis might have little in common with other cereals. In 
this study, we characterize the anatomy, cellular structure, and gene regulatory control of the abscission zone (AZ) in E. tef. We show 
that the AZ of E. tef is a narrow stalk below the caryopsis, which is common in Eragrostis species. X-ray microscopy, scanning electron 
microscopy, transmission electron microscopy, and immunolocalization of cell wall components showed that the AZ cells are thin 
walled and break open along with programmed cell death (PCD) at seed maturity, rather than separating between cells as in other 
studied species. Knockout of YABBY2/SHATTERING1, documented to control abscission in several cereals, had no effect on abscis
sion or AZ structure in E. tef. RNA sequencing analysis showed that genes related to PCD and cell wall modification are enriched in 
the AZ at the early seed maturity stage. These data show that E. tef drops its seeds using a unique mechanism. Our results provide the 
groundwork for understanding grain shattering in Eragrostis and further improvement of shattering in E. tef.
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Introduction
Abscission is a common process in which plants detach un
wanted organs, such as senescent or damaged leaves, 
branches, floral parts, and mature fruits and seeds. It is an im
portant response to developmental or environmental cues, al
lowing relocation of nutrients and energy and avoidance of 
pathogen infection. Fruit and seed abscission is also essential 
for propagation and offspring dissemination and establish
ment (Patterson 2001). In agriculture, fruit/seed abscission, 
also called shattering, hinders harvest and reduces crop yield, 
and therefore, reduced or no shattering in fruit/seed crops has 
been selected by humans through domestication (Dong and 
Wang 2015; Li and Olsen 2016).

The mechanism of abscission has been studied in diverse 
plant systems. It generally occurs at the junction of plant or
gans in pre-programmed cell layers called the abscission zone 
(AZ). During abscission, cell wall hydrolytic and modifying 
enzymes are activated, resulting in wall dissolution and cell 
separation (Roberts et al. 2000; Kim 2014). Elevated gene 
expression and/or enzymatic activities of endo-1,4-β- 
glucanases (cellulases), polygalacturonases (PG), xyloglucan 
endotransglucosylases/hydrolases (XTH), and/or expansins 
(EXP) are found in leaf, petal, and fruit AZs of a broad set 
of dicot species (Tucker et al. 1988; Kalaitzis et al. 1995, 
1997; del Campillo and Bennett 1996; Gonzalez-Bosch et al. 
1997; González-Carranza et al. 2002; Kim et al. 2006; 
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Mishra et al. 2008; Li et al. 2010; Singh et al. 2011; Wu et al. 
2012; Merelo et al. 2017; Li et al. 2019), and a few monocots 
such as oil palm (Elaeis guineensis) (Roongsattham et al. 
2012). Knockdown or knockout mutants have confirmed 
the importance of an endo-1,4-β-glucanase in tomato 
(Solanum lycopersicum), and polygalacturonases and EXP10 
in Arabidopsis (Arabidopsis thaliana) in promoting abscis
sion in leaf, floral organs, and fruit (Brummell et al. 1999; 
Cho and Cosgrove 2000; González-Carranza et al. 2007; 
Jiang et al. 2008; Ogawa et al. 2009).

Plant programmed cell death (PCD) may also be involved 
in abscission. In petal abscission of Yoshino Cherry (Prunus ×  
yedoensis) and Delphinium × belladonna, in which petals re
main turgid when abscising, PCD indicators including con
densed chromatin and DNA degradation were observed in 
D. belladonna but not P. yedoensis prior to abscission, sug
gesting that PCD is involved in the abscission of D. bella
donna but not P. yedoensis (Yamada et al. 2007). PCD also 
occurs in the AZ of tomato leaf and flower, particularly at 
the distal side, as shown by irregular nuclear morphology, 
DNA fragmentation, changes in organelle structure, and in
creased gene expression and enzymatic activities of nucleases 
and proteases (Bar-Dror et al. 2011). Increased cysteine pro
tease expression and activity were also detected in the AZ of 
rose (Rosa × bourboniana) petals (Tripathi et al. 2009). In 
addition, silencing S-like RNase LX or overexpressing a pro
tein inhibitor of apoptosis both delay petiole abscission in
duced by deblading and ethylene treatment in tomato 
(Lers et al. 2006; Bar-Dror et al. 2011), suggesting that PCD 
contributes to the timing or progression of abscission.

Fruit abscission of the grass family (Poaceae) is of particular 
interest due to the agronomic value of cereal crops, with AZ 
development in rice (Oryza sativa) being the best character
ized. The rice AZ is a thin layer of non-lignified and cytoplas
mically dense cells sandwiched between large lignified cells. 
Most known AZ genes in rice encode transcription factors 
(TFs) regulating AZ anatomy and lignification during early 
development, including the MYB TF SHATTERING4 (SH4), 
BEL1-type homeobox TFs qSH1 and SH5, APETALA2 TF 
SHATTERING ABORTION1 (SHAT1) and YABBY TF YAB2/ 
SHATTERING1 (Konishi et al. 2006; Li et al. 2006, 2020; 
Zhou et al. 2012; Yoon et al. 2014; Lv et al. 2018; Yu and 
Kellogg 2018). However, AZ anatomy, cell wall lignification, 
and gene expression patterns of disparate grass species differ 
from those in rice (Yu et al. 2020b), raising questions of 
whether abscission occurs through the same regulatory me
chanisms. For example, in green millet (Setaria viridis), the 
reduced-shattering mutant less shattering1 (les1) has the 
same cell anatomy and lignification patterns as the wild 
type (Mamidi et al. 2020). Similarly, Non-brittle rachis 1 
(Btr1) and Btr2, the 2 domestication genes responsible for 
the loss of abscission in cultivated barley (Hordeum vulgare 
L. subsp. vulgare), encode proteins with unknown functions, 
and the AZ of both the shattering wild barley (H. vulgare 
subsp. spontaneum) and non-shattering cultivated barley 
are lignified, although plants with the shattering alleles 

appear to have thinner walls in the AZ (Pourkheirandish 
et al. 2015). Consistent with this evidence, the gene regula
tory network of the AZ differs among rice, purple false brome 
(Brachypodium distachyon), and S. viridis, with little conser
vation among the genes specifically enriched in the AZ 
(Yu et al. 2020a). However, 1 gene that may be conserved 
is YAB2/SH1, which regulates AZ development and was se
lected during domestication in several grass species including 
sorghum (Sorghum bicolor), foxtail millet (Setaria italica), and 
African rice (Oryza glaberrima Steud.) (Lin et al. 2012; Doust 
et al. 2014; Lv et al. 2018; Odonkor et al. 2018).

Teff (Eragrostis tef) is an orphan crop in the subfamily 
Chloridoideae that originated, and is widely cultivated, in 
Ethiopia. E. tef has gained global popularity due to its nutri
tious and gluten-free grains, and resistance to drought stress. 
However, its productivity requires improvement (Chanyalew 
et al. 2019). E. tef was documented as non-shattering com
pared with its wild progenitor E. pilosa (Phillips 1995; 
Ingram and Doyle 2003). However, an AZ does exist in 
E. tef below the caryopsis, a position that appears uniquely de
rived in Eragrostis based on a phylogeny including about 250 
grass species (Yu et al. 2020a, 2020b). Here, we show that the 
AZ below the caryopsis is conserved in the genus Eragrostis. 
We found that the E. tef AZ is mechanistically and genetically 
distinct from that of other studied grasses, with abscission 
likely involving cell death. Knockout of the conserved shatter
ing gene, YAB2/SH1, has no effect on the AZ in E. tef, consist
ent with the unique shattering mechanism in this species.

Results
Abscission below the caryopsis is conserved among 
Eragrostis species
We first addressed whether abscission below the caryopsis in 
E. tef is associated with domestication or if it is characteristic 
of other related species. We investigated 12 species repre
senting the major clades of Eragrostis, a genus of 406 species. 
We included the distinctive E. lilliputiana (formerly 
Heterachne gulliveri) and E. scabrida (formerly Ectrosia scab
rida), as well as the sister species to all others in the genus, 
E. cyperoides (formerly Cladoraphis cyperoides) (Barrett 
et al. 2020). All 12 species have multi-floret spikelets, and ex
cept for E. cyperoides, the base of their caryopsis is enlarged 
into unusual thickened chlorophyll-containing tissue. The 
caryopsis is borne on a triangular stalk that connects it and 
the base of the filaments with the rachilla (Supplemental 
Fig. S1). Most species abscise at the same position below 
the green tissue of the caryopsis (Fig. 1A, Fig. 1, B, E–K, and 
M). The 2 sister species E. ciliaris and E. tenella are poly
morphic, abscising below the caryopsis and on the rachilla 
below the floret (Fig. 1, A, B, F, and G). In addition, in 
many cases, the lemma and palea have their own Azs that 
break simultaneously with the AZ below the caryopsis, prob
ably facilitating seed dispersal (Fig. 1, E–H, J, K, and M). In our 
samples, only 2 species, E. papposa and E. tef, have persistent 
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lemmas and paleas at maturity (Fig. 1I, Fig. 2A). Both E. lilli
putiana and E. scabrida abscise below the bottom floret 
and above the glumes (Fig. 1, A and B–D). An exception 
among the species is E. pilgeriana, which has tough lemmas 
and paleas and the whole spikelet abscises as a unit (Fig. 1, 
A, B, and L). Together, these results suggest that the caryopsis 
as the dispersal unit is largely conserved among Eragrostis 
species and likely originated in the common ancestor of 
the genus.

A previous phylogenetic study suggests that the ancestral 
AZ of the grass family and subfamily Chloridoideae is located 
in the rachilla below the florets (Yu et al. 2020b), and we 
found 4 species, E. ciliaris, E. tenella, E. lilliputiana, and E. scab
rida abscise at this ancestral position (Fig. 1, A, C, D, F, and G). 
Safranin O and fast green staining on these 4 species found 
that the rachilla AZ resembles a “typical,” Oryza-like AZ anat
omy with non-lignified, small, and flattened cells surrounded 
by larger cells with or without lignification (Supplemental 
Fig. S2), suggesting that a typical AZ is retained in some 
Eragrostis species, while it is lost in many others.

Persistent lemmas reduce grain release in E. tef
As domesticated E. tef shares the same AZ position as its wild 
progenitor E. pilosa and other Eragrostis species, and E. tef 
tends to retain its lemma at maturity, we investigated the 
loss of the lemma AZ as a possible domestication trait 
(Fig. 2A). We quantified the tensile strength of the lemma 
in E. tef and E. pilosa at the seed filling stage when the cary
opsis is still attached to the stalk and at maturity when the 
caryopsis is detached but held in place between the lemma 
and palea. In both species, lemma tensile strength is lower 

when the caryopsis is mature, but is consistently and signifi
cantly higher in E. tef compared with E. pilosa at both stages 
(Student’s t-test, P < 0.001), with 28.6 ± 0.5 gF vs. 20.4 ± 0.3 
gF for E. tef and E. pilosa at seed filling, and 15.9 ± 0.5 gF vs. 
1.2 ± 0.1 gF at maturity (Fig. 2B).

Cell structure at the base of the lemma where it detaches at 
maturity was compared with X-ray microscopy (XRM). 
Neither species had distinct abscission layers (Fig. 2, C 
and D), but the base of the lemma was consistently thicker 
in E. tef than in E. pilosa (multiple t-tests, adjusted P < 0.05, 
Supplemental Table S1A), with larger differences towards 
the base of the lemma (Slices 1 to 10 vs. 51 to 60, 2-way 
ANOVA, P < 0.01, Supplemental Table S1B; Fig. 2, C–G). In 
both E. tef and E. pilosa, safranin O stained epidermal cells 
and vascular tissues with magenta color, and fast green 
stained cytoplasm and cellulose, suggesting that the primary 
and secondary wall proportions at the base of lemma are 
comparable between the 2 species (Supplemental Fig. S3). 
These results suggest that the ease of lemma shattering of 
E. pilosa may be attributable to thinner and more fragile lem
ma tissues rather than a specific AZ, a shattering mechanism 
not described in other grasses, to our knowledge.

Abscission in E. tef is through cell death and physical 
rupture
We next investigated the caryopsis AZ of E. tef as representa
tive of the whole genus. Before abscission, scanning electron 
microscopy (SEM) showed that the caryopsis is connected to 
the triangular stalk tissue (Fig. 3, A and D). Manual removal of 
the stalk left a scar with open cells and a rough surface, as ex
pected (Fig. 3, B and E). The abscission scar of a mature 
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Figure 1 The AZ underneath the caryopsis is common in Eragrostis. (A) Dendrogram showing the phylogenetic relationship of the studied species 
and the AZ position of each. (B) A diagram illustrating the Eragrostis spikelet and the possible AZ positions. (C–M) Spikelets of (C) E. lilliputiana, (D) 
E. scabrida, (E) E. botryodes, (F) E. tenella, (G) E. ciliaris, (H) E. pilosa, (I) E. papposa, (J) E. schweinfurthii, (K) E. dielsii, (L) E. pilgeriana, and (M) E. cyper
oides. The abscised units are circled with dotted lines with the corresponding color shown in (A, B). Scale bars = 0.5 mm. C, caryopsis; G, glumes; L, 
lemma; P, palea; R, rachilla.
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caryopsis that has detached naturally resembles the scar 
caused by manual rupture, with cells open in the middle 
(Fig. 3, C and F). Similar patterns were observed in longitudin
al slices of XRM images (Fig. 3, G and H). These results suggest 
that abscission of the E. tef caryopsis occurs through physical 
rupture at the weakest cells rather than by cell separation at 
the middle lamella.

Transmission electron microscopy (TEM) supports this hy
pothesis (Fig. 4). At pre-anthesis (s1) and seed filling (s2), the 
cells are thin walled with dense cytoplasm (Fig. 4, A and B, 
Supplemental Fig. S4, A and B). However, close to the time 
of abscission, we observed cells with broken walls that ap
peared fractured in 3 out of 4 TEM samples (Fig. 4C, 
Supplemental Fig. S4, C–H). In addition, some cells develop 
large vacuoles, pushing the organelles to the edge of the 
cells, and many small vesicles of different sizes were observed, 
resembling cellular degeneration and cell death (Fig. 4, C 
and D).

We tested for cell death with trypan blue, which stains 
dead cells. Post-anthesis anthers and stigmas were stained 
in all florets, as expected (Fig. 5A), as were the tissues around 
the AZ at the base of mature caryopses (Fig. 5, C and E). 
No staining was observed in immature caryopses (Fig. 5, B 
and D).

The shattering role of YAB2/SH1 is not conserved in 
E. tef
As YAB2/SH1 is necessary for AZ development in multiple 
grass species (Lin et al. 2012; Lv et al. 2018; Li et al. 2020), 
we tested whether its function is conserved in E. tef using 
yab2/sh1 knockout mutants generated by CRISPR-Cas9. 
E. tef is tetraploid, and thus most genes exist as 2 homoeolo
gous copies (homoeologs). Using 2 guide RNAs (gRNAs) tar
geting both homoeologous YAB2/SH1, we obtained 3 
independent lines, with tetra-allelic mutations, suggesting 
high editing efficiency at both target sites. In all cases, these 
mutations generate insertions or deletions leading to frame
shift and early stop codons (Supplemental Fig. S5). Caryopsis 
abscission in the mutants is similar to that in the wild type 
and empty vector control, suggesting that disrupting 
YAB2/SH1 is not sufficient to alter shattering in E. tef 
(Supplemental Fig. S6, A–H). In addition, we found no other 
obvious phenotypic differences among the genotypes, in
cluding lemma tensile strength, inflorescence architecture, 
or overall morphology (Supplemental Fig. S6, I–K).

To test the hypothesis that there may be natural muta
tions that lead to malfunction in EtYAB2/SH1, we compared 
their amino acid sequences with other YAB2 proteins in 6 di
cot and 15 monocot species. We focused on the conserved 
Zinc Finger domain and YABBY domain (Bowman 2000). In 
the Zinc Finger domain, we found 1 amino acid Alanine at 
position 45 (alignment position 118, Supplemental Fig. S7) 
in both homoeologs of EtYAB2/SH1, while all other grass pu
tative SH1 orthologs have a Threonine at this position. 
However, we found that Alanine is predominant in dicot 
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Figure 2 Tough lemma contributes to less shattering of E. tef compared 
with its wild progenitor E. pilosa. (A) Lemma of E. pilosa shedding with 
the caryopsis, while the lemma of E. tef is retained. Arrows point to the 
lemma. Scale bar = 1 mm. (B) Tensile strength of lemma at the imma
ture (seed filling) stage and mature stage when the caryopsis has ab
scised in E. pilosa and E. tef. Stars denote significant differences 
(Student’s t-test, P < 0.01) between developmental stages. Values are 
120 measurements per genotype per stage from 6 biological replicates. 
(C–F) X-ray microscope images of (C, E) E. pilosa and (D, F) E. tef; (C, D) 
longitudinal and (E, F) cross sections. The green dotted line indicates 
the position of the cross sections. Scale bars = 100 µm. L, lemma; Lo, 
lodicule; P, palea; R, rachilla. (G) Lemma width of 60 successive slices 
in the highlighted green region in (C–F). Width is estimated using 
area/perimeter*2. Slices 1–60 are from the base to the tip of the lemma. 
Values are 4 measurements per slice per genotype.
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YAB2 and also occurs occasionally in other monocot species, 
suggesting that Alanine 45 is not likely to disrupt the func
tion of EtYAB2/SH1 (Supplemental Fig. S7). In the YABBY do
main, we found that Isoleucine at position 117 (alignment 
position 263) is unique in E. tef, as almost all other tested spe
cies have a Valine at this position (Supplemental Fig. S7), al
though these 2 amino acids have similar properties. 
Together, no obvious deleterious mutations were observed 
in EtYAB2/SH1.

Genes related to cell death are enriched in the AZ 
module at the late stage in E. tef
To identify genes that are important for AZ development of 
E. tef, we used RNA-Seq to compare the AZ with tissues im
mediately above (caryopsis) and below (rachilla) it at pre- 
anthesis (s1), seed filling (s2), and early seed maturity (s3) 
stages (Supplemental Fig. S8). Weighted Gene 
Co-expression Network Analysis (WGCNA) was used for 
identifying genes enriched in the AZ (Langfelder and 
Horvath 2008). Among the 32 modules identified, 7 are AZ 
specific, including a single AZ module of 537 genes at s1, 4 
AZ modules at s2 with 94, 468, 147, and 406 genes, and 2 
AZ modules exclusively at s3 with 2720 and 1715 genes 

(Fig. 6A, Supplemental Table S2). The gene ontology (GO) 
categories among different AZ modules were nonoverlap
ping, except for the 2 modules at s3, suggesting these 
AZ-enriched genes are stage specific (Fig. 6B, Supplemental 
Table S3). At s1, the GO term floral organ abscission 
(GO:0010227) is among the top 10 most significant enriched 
GO categories (Fig. 6B). Five out of 7 genes in this GO term, 
including Et_3A_027120, Et_3B_030237, Et_6A_047003, 
Et_6B_049757, and Et_10A_001133, encode proteins with 
BTB/POZ domain and ankyrin repeats (Supplemental Fig. 
S9A). All these BTB proteins share the same Arabidopsis 
homolog, BLADE ON PETIOLE2, which is involved in petal ab
scission (McKim et al. 2008).

At s3, GO terms related to organelle organization and sen
escence are over-represented in the most significant GO of 
the AZ modules blue and violet (Fig. 6B, Supplemental 
Table S2), consistent with the TEM observations (Fig. 4, C 
and D). Both modules share the terms peroxisome organiza
tion (GO:0007031), vacuole organization (GO:0007033), 
membrane fusion (GO:0061025), aging (GO:0007568), and 
negative regulation of cell death (GO:0060548); 74 and 49 
genes are annotated with the latter term in modules blue 
and violet, respectively. Among these, 10 and 5 genes are 
also hub genes with the highest 10% connectivity with other 

A D G

B E

C F

H

Figure 3 Abscission scar of the caryopsis in E. tef has a rough surface. (A–F) SEM images of E. tef caryopsis when (A, D) the stalk is attached, (B, E) the 
stalk is manually removed, and (C, F) the stalk has separated naturally. (A–C) Scale bars = 100 µm. (D–F) Scale bars = 10 µm. (G, H) Longitudinal 
X-ray microscope images (G) before and (H) after abscission. Arrows point to the AZ. Scale bars = 100 µm. ts, triangular stalk.
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genes of the 2 modules (Fig. 6B, Supplemental Fig. S9, B and C, 
Supplemental Table S4). In addition, module blue is also en
riched in the abscisic acid-activated signaling pathway 
(GO:0009738) and proteasome assembly (GO:0043248), 
which are known to be involved in PCD (Domínguez and 
Cejudo 2014).

Genes encoding cell wall hydrolytic and modifying 
enzymes are enriched in the late developmental AZ
We explored whether cell wall degradation could contribute 
to abscission through physical rupture. We identified puta
tive cell wall hydrolytic and modifying enzymes based on 
the Pfam database, including the glycosyl hydrolase family 
5 (GH5, cellulase), GH9 (endoglucanase), GH10 (xylanase), 
XTH, expansin, GH28 (polygalacturonase and rhamnogalac
turonase A), pectate lyase, pectin methylesterase (PME), pec
tin methylesterase inhibitor (PMEI) and pectinacetylesterase 
(PAE). For each enzyme family, we identified a few genes sig
nificantly enriched 2-fold or more in the AZ at s3 and/or in 
the WGCNA AZ modules at s3 (Fig. 7, Supplemental Fig. 
S10, Supplemental Tables S2 and S5). Among these, 6 genes 
are highly expressed specifically in the AZ. Expression of the 
endoglucanase gene Et_8B_060836 in the AZ at s3 is 93 times 
the average expression level of all GH9 endoglucanase genes 
across all developmental stages and tissue types. Similarly, 

expression of xylanase homoeologs Et_3A_026233 and 
Et_3B_030613, pectate lyase homoeologs Et_2A_016561 and 
Et_2B_020615, and PME Et_1B_011134 in the AZ at s3 are 
55, 45, 176, 118, and 122 times the average expression within 
their classes of enzymes, respectively. In addition, GH5 en
zyme Et_4B_038391 (annotated as mannanase) and PAE 
Et_1B_011630 have the highest expression among the same 
class of enzymes in the AZ at s3. In contrast, although XTH 
Et_4B_039799, expansin Et_4B_037842, and PMEI 
Et_1B_012842 are enriched in the AZ, their absolute expres
sion level is relatively low, and thus, they may be less import
ant in cell wall modification during abscission (Supplemental 
Fig. S10, Supplemental Table S5).

We tested for changes in cell wall components during de
velopment using antibodies including Carbohydrate-Binding 
Module 3a (CBM3a) targeting cellulose, LM11 preferentially 
targeting xylan, LM19 preferentially targeting unesterified 
homogalacturonan (HG), and LM20 preferentially targeting 
esterified HG. We focused on the AZ region including the 
stalk and the green tissue immediately below the caryopsis 
at s2 and s3 before and after abscission (Fig. 8). Cell wall com
position is not uniform in the region of interest, so photos of 
longitudinal sections were manually marked as AZ-stalk, 
AZ-seed, and green tissue on the palea side and on the lem
ma side. All 4 antibodies differed significantly among these 
regions (2-way ANOVA, P < 0.05; Supplemental Table S1, 

Figure 4 TEM reveals PCD and cell wall breakage in the AZ of E. tef at the early seed maturity stage. Images were taken in the AZ (A) before anthesis 
(s1), (B) at seed filling (s2), and (C, D) at early seed maturity (s3). Arrows point to cell wall breakage and vesicles (ve). Scale bars = 2 µm. m, mito
chondrion; n, nucleus; v, vacuole.
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Fig. 8). Only LM19 differed significantly among developmen
tal stages, with a stronger signal in all regions at the stage 
when the caryopsis has detached from the stalk (Tukey’s 
test; P = 0.003 between s3 detached and s2, and P =  
0.0007 between s3 detached and s3 attached). The LM19 
signal is much stronger than LM20, indicating that unester
ified HG is much more abundant than esterified HG 
(Fig. 8M–Y). Overall, these results indicate modification of 
pectin during maturation but no clear evidence of cell 
wall degradation.

YAB2-LIKE1 (YAB2L1) is a hub gene of the AZ module 
at the early seed maturity stage
Next, we tested if any of the known AZ genes are enriched 
in the AZ of E. tef. We identified the putative E. tef orthologs 
of the known shattering genes in the grass family and ana
lyzed their expression patterns. All tested genes are expressed 
in at least 1 tissue type and developmental stage, with 

homoeologs often having similar but not identical expression 
patterns. One homoeolog of YAB2/SH1 belongs to AZ mod
ule grey60 as does 1 of qSH1, and 1 LES1 homoeolog belongs 
to AZ module violet, but expression of these genes is not sig
nificantly enriched in the AZ. In addition, both copies of 
SHAT1 are significantly enriched in the AZ at s3 and belong 
to AZ module blue (Fig. 9A, Supplemental Tables S2 and S5).

We tested whether other YABBY genes are enriched in the 
AZ of E. tef. In addition to YAB2/SH1, 13 YABBY genes were 
expressed in our RNA-Seq data. Both copies of YAB2-LIKE1 
(YAB2L1), which share the highest similarities with YAB2/ 
SH1 (65% between Et_10A_000629 and both homoeologs 
of YAB2/SH1, and 73% between Et_10B_002778 and YAB2/ 
SH1), are statistically enriched in the AZ at s2 and s3 and be
long to the blue AZ module. Both homoeologs of CRABS 
CLAW (CRC)-like genes have higher expression in the AZ at 
s3, although only 1 copy is significantly enriched (Fig. 9A). 
Additionally, 1 EtYABL1 homoeolog (Et_10A_000629) is a 
hub gene of module blue. Among the genes with the highest 

Figure 5 Trypan blue staining shows cell death in the caryopsis AZ of E. tef. (A) Examples of E. tef spikelets stained with Trypan blue. Scale bar =  
1 mm. (B, C) Dissected florets indicated by arrows on the left and the right from (A), respectively. Scale bars = 500 µm. (D, E) Enlarged images of the 
triangle stalks from (B) and (C), respectively. Scale bars = 50 µm.
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5% interaction weight with EtYABL1, we found genes re
lated to cell death and protein degradation including 
Autophagy, Clp ATPase, AAA ATPase, F-box, and E3 ubiquitin 

ligase, and genes related to cell wall degradation including 
Mannanase, Pectate lyase, and Xylanase (Fig. 9B, 
Supplemental Table S6).

A B

Figure 6 Different functional categories are enriched in AZ expression modules. (A) Heatmap and eigengene expression showing gene modules that 
are enriched in the AZ at different developmental stages. s1, before anthesis; s2, seed filling; s3, early seed maturity stage. c, caryopsis; r, rachilla. 
Numbers in parentheses are the number of genes in each module. (B) Top 10 most significant GO terms enriched in each AZ module. Red and 
blue represent smaller and larger 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 AZ module. Numbers in parentheses are the numbers of genes that are annotated with a GO term in each module.
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Discussion
Abscission of E. tef occurs through physical rupture 
rather than cell separation
Current abscission models suggest that abscission occurs 
through the degradation of the middle lamella and shared 
wall between cells, resulting in cell separation. After abscis
sion, a smooth fracture plane is often observed and a pro
tective layer immediately proximal to the AZ is 
differentiated (Patterson 2001; Roberts et al. 2002). In the 
Arabidopsis floral AZ, the cells remaining on the receptacle 
elongate after abscission and a layer of cutin accumulates 
on the outside of the cell wall, while lignin is formed in 
the cells of the shedding floral organs, preventing the wall 
hydrolyzing enzymes from diffusing out of the AZ (Lee 
et al. 2018). Additionally, suberin may also be deposited 
to protect the exposed cells after abscission (Roberts 
et al. 2000). In grasses, the presence of a smooth fracture 
surface is often used as an indicator of easy shattering, 
such as in African wild rice (Oryza barthii) (Lv et al. 2018), 
S. viridis (Hodge and Kellogg 2016), and Siberian wild rye 
(Elymus sibiricus L.) (Zhao et al. 2017). However, such pre
cise cell separation is not required for abscission of E. tef, 
as a rough fracture surface and open cells on the caryopsis 
side were observed after abscission (Figs. 3 and 4C, 
Supplemental Fig. S4, F–H). Multiple layers of collapsed 
pericarp (ovary wall) cells remain between the embryo 
and the AZ fracture surface, and could serve to protect 
the embryo (Fig. 2D and 3H, Supplemental Figs. S3 and 
S6, F–H). In Arabidopsis silique dehiscence, cell rupture oc
curs in addition to cell separation, suggesting both mechan
isms could contribute to abscission simultaneously (Ogawa 
et al. 2009).

Cell walls may be modified in abscission of E. tef
In E. tef, the cell walls in the AZ are thin and non-lignified 
(Fig. 4, Supplemental Fig. S4), and the AZ is only a few cell 
layers wide (Fig. 3, G and H, Supplemental Fig. S3), forming 
a natural weak spot for the mature seed to break off even 
without cell wall breakdown. Nonetheless, our RNA-Seq 
data showed that genes encoding endo-1,4-β-glucanase, xyla
nase, pectate lyase, and PME are highly upregulated in the AZ 
before abscission (Fig. 7, Supplemental Fig. S10, Supplemental 
Table S5), suggesting that cell walls may break down in these 
cells. Although these enzymes are all encoded by large gene 
families, only a couple of genes (often pairs of homoeologs) 
are highly expressed in a temporally and spatially specific 
manner, suggesting that they may play specific roles in cell 
wall degradation and modification that may facilitate 
abscission.

Conversely, our immunofluorescence data only partially 
support cell wall modification in the AZ during abscission. 
The signal of LM19 which preferentially labels unesterified 
HG is significantly higher in the AZ and surrounding cells de
tached from the stalk compared with the AZ at earlier stages 
(Fig. 8, P–R and Y). An increase in unesterified HG was also ob
served in the AZ of oil palm fruit right before and after abscis
sion induced by ethylene, assayed by immunofluorescence 
with JIM5, an antibody similar to LM19 (Roongsattham et al. 
2016). An increase in unesterified HG may result from the ac
tivity of PME that removes the methyl groups of esterified HG. 
De-esterified HG may be further depolymerized by PG or 
crosslinked with calcium to form a rigid cell wall (Daher and 
Braybrook 2015). The former promotes cell separation 
through the middle lamella, and the latter may promote cell 
fracture, although additional studies would be required to 
demonstrate which is the case for E. tef AZ.

BA

Figure 7 Cell wall-modifying enzymes are enriched in the AZ at the early seed maturity stage. (A) Heatmap of relative expression normalized by each 
gene. (B) Heatmap of absolute expression of each gene. s1, before anthesis; s2, seed filling; s3, early seed maturity stage. Stars denote significant 
enrichment by at least 2-fold in the AZ compared with the rachilla and caryopsis (Wald test, adjusted P < 0.05). Blue or purple shading on gene 
names indicates AZ modules as defined by WGCNA. c, caryopsis; r, rachilla.
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We did not observe differences in cellulose labeled with 
CMB3a, xylan labeled with LM11, and esterified HG labeled 
with LM20 (Fig. 8). This may indicate a lack of modification 

of these wall components, but may also indicate that our 
antibodies are not sensitive enough; cell wall components 
are complex and the antibodies often only label a specific 

A B C

D E F
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J K L

M N O

P Q R

S T U

V W X

Figure 8 Some cell wall components differ among developmental stages. (A–X) Representative images of immunofluorescence with antibodies (A– 
F) CBM3a, (G–L) LM11, (M–R) LM19, and (S–X) LM20. (A–C, G–I, M–O, S–U) Autofluorescence. (D–F, J–L, P–R, V–X) Antibody signals. Different 
sections from the same samples were used for different antibody labeling. The AZ and its surrounding tissues are manually divided into AZ-stalk, 
AZ-seed, photosynthetic ovary wall on the palea side, and the lemma side. Images are enhanced for visualization, and raw images were used for 
quantification. Scale bars = 50 µm. (Y) Signal intensity of the 3 biological replicates (circles) and mean ± standard error (lines) within each region 
for each antibody. Stars denote significant differences (Tukey’s test, P < 0.01) between developmental stages. S2, seed filling stage; s3-attached, early 
seed maturity stage before abscission; s3-detached, post-abscission stage. g, green tissue at the bottom of the caryopsis; ts: triangular stalk.
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form of the polysaccharides (McCartney et al. 2005). 
Consistent with this hypothesis, the triple mutant 
Arabidopsis dehiscence zone polygalacturonase1 (adpg1) 
adpg2 quartet2 lacks fruit abscission but has a similar JIM5 
signal compared with the wild type (Ogawa et al. 2009).

PCD accompanies abscission in E. tef
PCD plays essential roles throughout plant development, in
cluding differentiation of xylem tracheids, the tapetum of an
thers, maternal tissues during seed development, or 
senescing organs such as leaf and floral parts (Daneva et al. 
2015). PCD may result in degradation (e. g. tapetum cell 
death and leaf perforation) or preservation (e. g. xylem 

differentiation) of the cell wall (van Doorn et al. 2011). 
PCD and abscission both occur in senescing organs. 
However, direct evidence demonstrating the importance of 
PCD in abscission is scarce. Suppressing the expression of 
the S-like RNase LX delays both leaf senescence and abscis
sion in tomato, so it is unclear whether delayed abscission 
is a direct effect of downregulation of LX or an indirect effect 
through delayed senescence (Lers et al. 2006).

In anther dehiscence, PCD occurs in successive layers of 
cells ending with the stomium, allowing the anther to 
open and release pollen (Sanders et al. 2005; Senatore et al. 
2009; Wilson et al. 2011). Ectopic expression of an aspartic 
protease in Arabidopsis anther keeps the stomium cells 

A

B

Figure 9 Putative orthologs of previously identified AZ genes are partially enriched in the AZ. (A) Heatmap of relative expression normalized by each 
gene. s1, before anthesis; s2, seed filling; s3, early seed maturity stage. Stars denote significant enrichment in the AZ by at least 2-fold compared with 
the rachilla and caryopsis (Wald test, adjusted P < 0.05). The gray, blue, or purple shading on gene names indicates the AZ modules defined by 
WGCNA. c, caryopsis; r, rachilla. (B) Selected YAB2L1 co-expression network. Genes related to cell wall enzymes (yellow), and protein degradation 
and cell death (blue) with the top 5% highest weight interaction with YAB2L1 (red) are shown in the network. The size of the filled circles denotes 
the absolute expression levels of the genes.
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intact and suppresses dehiscence, although it is unclear 
whether these cells fail to undergo PCD (Ge et al. 2005).

In seed development of wheat and barley, the pericarp de
generates to provide space and remobilize nutrients to the 
developing seeds. The dead cells in the pericarp collapse 
and reduce to several layers of cuticles, serving as a protect
ant to the embryo (Domínguez and Cejudo 2014; Li et al. 
2021). Our results suggest a similar scenario in E. tef and prob
ably other Eragrostis species. As the caryopsis matures, the 
cells in the AZ including the photosynthetic ovary wall 
undergo cell death and collapse, leading to breakage at the 
weakest cells—the AZ (Figs. 2, C and D, 3, and 5). Since cell 
death does not occur precisely in the AZ, we infer that 
PCD accompanies abscission but does not specify the AZ.

Putative YAB2/SH1 paralogs may regulate AZ 
development of E. tef
YAB2/SH1 is so far the only gene that shows conserved roles 
in abscission across subfamilies of grasses despite their differ
ences in AZ position and anatomy (Lin et al. 2012; Doust et al. 
2014; Lv et al. 2018; Odonkor et al. 2018; Yu et al. 2020a, Liu 
et al. 2022). In E. tef, both copies of YAB2/SH1 are expressed in 
the AZ, particularly at early developmental stages (Fig. 9A). 
However, distinct from the knockout studies in rice and 
Setaria (Lv et al. 2018; Liu et al. 2022), the knockout mutants 
of EtYAB2/SH1 do not have any shattering phenotype, sug
gesting that either they do not function in E. tef abscission 
in the caryopsis or lemma, or their function is redundant 
with other genes (Supplemental Fig. S6). Since most 
Eragrostis species have lost the ancestral AZ position in the 
rachilla and evolved an AZ position below the caryopsis 
(Fig. 1) (Yu et al. 2020a), we propose that YAB2/SH1 may con
trol ancestral AZ development in the grass family, while 
Eragrostis species, including E. tef, have evolved a unique 
mechanism controlling grain shattering through physical 
fracture. Consistent with this hypothesis, both copies of 
YAB2L1 that share the highest similarity with YAB2/SH1 are 
highly enriched in the AZ at seed maturation and are co- 
expressed with cell wall-modifying enzymes and cell death- 
related genes (Fig. 9, Supplemental Table S6), suggesting 
that YAB2L1 could be an upstream regulator of abscission 
in E. tef.

Putative orthologs of known AZ genes in other species are 
also enriched in the AZ of E. tef, including 4 homologs of 
BOP2 in the AZ module at s1 (Supplemental Fig. S9A), and 
both copies of SHAT1 putative orthologs in the AZ at s3 
(Fig. 9A, Supplemental Tables S2 and S5). Both BOP2 and 
SHAT1 define the anatomy of the AZ. In Arabidopsis, BOP1 
and BOP2 are essential for AZ differentiation. bop1 bop2 dou
ble mutants fail to develop the small and cytoplasmically 
dense AZ cells at the junction of the receptacle and floral or
gans as observed in the wild type, and completely abolish 
floral organ abscission (McKim et al. 2008). In rice, SHAT1 
is strongly and specifically expressed in the AZ. Along with 
pleiotropic defects in inflorescence development, shat1 

mutants show an extended rachilla at the position of the 
AZ, and the small AZ cells are replaced by elongated and lig
nified cells (Zhou et al. 2012). Gene knockouts would be re
quired to validate the role of these genes in E. tef.

Loss of lemma shattering may contribute to the 
domestication of E. tef
Although the caryopsis AZ in E. tef is similar to that in its wild 
progenitor E. pilosa, the spikelets do shatter less (Phillips 
1995), because the tough lemma clasps the caryopsis in the 
floret (Fig. 2A). Most of the wild Eragrostis species studied 
here have lemmas that break easily, with 1 exception in 
E. papposa (Fig. 1, C–M), suggesting natural variation of lem
ma toughness in wild Eragrostis species. The tough lemma of 
E. tef may have been selected during domestication. Our 
XRM data and histological staining did not reveal a distinct 
AZ in the lemma of either E. pilosa or E. tef (Fig. 2, C–G, 
Supplemental Fig. S3), so the tough lemma in E. tef cannot 
be due to the loss of a lemma AZ. The main difference be
tween the domesticate and its wild progenitor is that the 
base of the lemma in the former is much thicker than that 
of the latter, suggesting that lemma shattering is due to phys
ical fracture and the thicker lemma of E. tef is less likely to 
break off. Future studies are required to test if any physio
logical process activates lemma shattering in E. pilosa but 
not in E. tef. Controlling either caryopsis or lemma shattering 
will further reduce grain shattering in E. tef and increase har
vestable yield.

The ancestral AZ is lost in a number of Eragrostis 
species
Our previous study mapped the AZ position of about 250 
grass species, including 26 Chloridoideae species, on a grass 
phylogenetic tree. The ancestral state of the AZ position in 
the whole grass family and in Chloridoideae is placed in 
the rachilla below the floret (Yu et al. 2020a). In another 
study, we compared the AZ anatomy of diverse grass species 
including 3 Chloridoideae species, E. tef, Sporobolus heterole
pis, and Bouteloua curtipendula, and the AZ of S. heterolepis is 
located below the floret (the ancestral position). The AZ of S. 
heterolepis is smaller than the surrounding cells and differen
tially lignified with upper cells non-lignified and lower cells 
lignified, resembling a typical AZ anatomy (Roberts et al. 
2002; Yu et al. 2020b). The current study sampled 12 
Eragrostis species, with 7 species abscising only below the 
caryopsis, 2 species (E. ciliaris and E. tenella) both below 
the caryopsis and in the rachilla, and 2 species (E. lilliputiana 
and E. scabrida) only in the rachilla (Fig. 1). Histological stain
ing revealed that the rachilla AZ in the 4 Eragrostis species is 
similar to the AZ of S. heterolepis in terms of the cell morph
ology (Supplemental Fig. S2, Yu et al. 2020b). These results 
suggest that the ancestral rachilla AZ may be lost in the an
cestor of Eragrostis, while it may have been regained in some 
species. Alternatively, the Eragrostis ancestor may have been 
polymorphic with both caryopsis and rachilla AZs; in this 
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scenario, the rachilla AZ would have been lost later on in 
some species while retained in others. A larger sample size 
will be required to distinguish these 2 hypotheses.

Materials and methods
Plant materials and growth conditions
Seeds of teff (E. tef) (cultivar Dabbi, PI 524438, https://www. 
ars-grin.gov) were obtained from Dr Robert VanBuren at 
Michigan State University. Seeds of E. botryodes (Ingram 
2000-13), E. ciliaris (Ingram 605), E. dielsii Pilg. (PI 238301), 
E. papposa (Ingram 2000-01), E. pilgeriana (Ingram 644), E. pi
losa (PI 219588), E. schweinfurthii (Ingram 2000-12), E. tenella 
(Ingram 606), E. scabrida (Columbus 5220), and E. cyperoides 
(Ingram 655) were kindly provided by Dr Amanda L. Ingram 
at Wabash College. Seeds of E. lilliputiana (Columbus 5206) 
were obtained from Dr. J. Travis Columbus at Claremont 
Graduate University. E. scabrida and E. lilliputiana were pre
viously classified as sister genera of Eragrostis in tribe 
Eragrostideae, based on their distinctive morphological traits, 
but were placed within Eragrostis by Barrett et al. (2020).

For experiments involving multiple species comparisons, 
plants were grown in a greenhouse with 40–50% humidity, 
14-h light/10-h dark, and temperatures of 28 °C day/22 °C 
night. For experiments only on E. tef, plants were grown in 
a growth chamber with 40–60% humidity, 12-h light/12-h 
dark, and temperatures of 31 °C day/22 °C night.

Histology and light microscopy
Histological experiments followed standard procedures as 
described previously (Yu et al. 2020b) and in Supplemental 
Methods S1.

X-ray microscopy
Sample preparation and XRM imaging methods were adapted 
from Duncan et al. (2022). A combination fixation-contrast 
solution, ethanolic phosphotungstic acid (ePTA), was pre
pared at 1% PTA (w/v) in 70% ethanol (v/v). Live E. tef spike
lets were transferred to 10 mL of ePTA in 20 mL glass sample 
vials and placed on a lab rocker at room temperature (RT) for 
at least 21 d before imaging, and the ePTA solution was 
exchanged at 7 and 14 d. For XRM imaging, a single fixed 
and contrast-enhanced spikelet was rinsed for 10 min in dis
tilled water, then transferred to a 0.2 mL flat-cap PCR tube 
filled with melted low melting point agarose at 2% (w/v) in 
distilled water. When the agarose had solidified, the sample 
tube was mounted on the end of a wooden applicator stick 
using a 2-stage 5-min epoxy resin and placed in the XRM sam
ple holder. Imaging was done on a ZEISS Xradia 520 Versa 
X-ray microscope using a 20× objective lens with the follow
ing instrument settings: 60 kV, 5 W, 83 μA, binning = 2, ex
posure = 7 s, 4,001 projections, geometric magnification =  
1.8× for a voxel resolution of 0.7 μm. Scans were automatic
ally reconstructed using ZEISS Reconstructor software, and 
image analysis used ORS Dragonfly for noncommercial users. 

Lemma width was estimated using the formula area/perim
eter*2 measured by Dragonfly software (Object Research 
Systems, Montréal, Canada).

Scanning electron microscopy
Caryopses before and after abscission were dissected and 
fixed in 2% (w/v) paraformaldehyde and 2% (w/v) glutaralde
hyde with 0.1% (v/v) Tween20 in 0.1 M cacodylate buffer at 
pH 7.4, vacuum infiltrated for 10 min, kept at RT for 2 h, fol
lowed by overnight incubation at 4 °C. After 3 rinses in 0.1 M 
cacodylate buffer for 15 min each, tissues were post-fixed in 
1% (w/v) osmium tetroxide in cacodylate buffer for another 
3 h, followed by 3 rinses in water. Then samples were placed 
in 1% (w/v) aqueous uranyl acetate at 4 °C overnight, then 
50 °C for 2 h, followed by another 3 rinses in water.

The samples were then dehydrated in an ethanol series, 
critical point dried in a Tousimis Samdri-780A critical point 
dryer, mounted on aluminum stubs with double-stick carbon 
adhesive tabs, Au/Pd coated in a Tousimis Samsputter-2a. 
Images were digitally acquired at 1280×960 pixel resolution 
at 20 kV, a current of 6.6 µA, magnification of 100× and 
1500× at a working distance of 12.6 to 12.8 mm on a 
Hitachi S-2600H SEM.

Transmission electron microscopy
Florets at pre-anthesis (s1), seed filling (s2), and maturation 
(s3) stages were dissected and fixed as in the SEM procedure. 
After fixation and post-fixation steps, samples were dehy
drated in a graded acetone series (30%, 50%, 70%, 80%, 90%, 
100%, 100%, 100% v/v) for 15 to 30 min each. Then tissues 
were infiltrated in a series of Quetol 651 epoxy resin (20%, 
40%, 60%, 80%, 100%, 100% v/v) for 12 to 24 h with acetone 
as solvent and polymerized in Quetol 651 resin at 60 °C for 
48 h. Specimens were then sectioned at 60 nm using a Leica 
Ultracut UCT ultramicrotome, mounted on 200 mesh for
mvar/carbon-coated copper grids, stained with lead citrate 
for 8 min, and imaged using a LEO 912 AB Energy Filter 
Transmission Electron Microscope (Zeiss, Oberkochen, 
Germany). Images were acquired with iTEM software 
(ver. 5.2) (Olympus Soft Imaging Solutions GmbH, Münster, 
Germany) with a TRS 2048 × 2048k slow-scan charge-coupled 
device camera (TRÖNDLE Restlichtverstärkersysteme, 
Moorenweis, Germany). About 3 to 4 biological samples per 
stage were observed.

Trypan blue staining
Spikelets were dissected and immersed in commercial 0.4% 
(w/v) trypan blue solution (G-Biosciences) for 1 h at RT. 
Samples were incubated in 100% ethanol overnight to re
move chlorophyll and kept in 100% ethanol in a petri dish 
for imaging with a ZEISS Axio Zoom.V16 Fluorescence 
Stereo Zoom Microscope. Z-stack images were processed 
using the Extended-Depth-of-Focus function in ZEISS Zen 
Blue software (Version 2.3).
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Generation of Etyab2 CRISPR mutants in E. tef
gRNAs were designed to target EtYAB2 in both subgenomes 
using the online tool CRISPOR (Concordet and Haeussler 
2018). Two gRNAs targeting TAGCAAACATGCTCCG 
GCGC and AACATCGTGACTGTCCGTTG were selected 
and cloned into module B vector pMOD_B2518 with restric
tion enzyme BsmBI, and module C vector pMOD_C2616 
with BsaI, respectively, using GoldenGate cloning system. 
Module A vector pMOD_A1110 carrying the ZmUbi1pro
moter:TaCas9 was then assembled with modules B and C vec
tors into the destination vector pTRANS_250d using AarI 
enzyme (Čermák et al. 2017). Then the sequences including 
ZmUbi1promoter:TaCas9 and the 2 gRNAs were PCR ampli
fied using primers Infu78891 FP and Infu78891 RP 
(Supplemental Table S7) and cloned into the PHP78891 vec
tor via FseI restriction sites using infusion cloning (TaKaRa 
Bio, Kusatsu, Shiga, Japan). PHP78891 harbors BABY BOOM, 
WUSCHEL (Lowe et al. 2016), and a desiccation inducible 
RAB17M promoter-driven CRE gene, which induces cleavage 
of the transgenes inside the loxP sites (Mookkan et al. 2017). 
Transformation and regeneration of transgenic lines were 
carried out as described by Beyene et al. (2022) and in 
Supplemental Methods S1.

RNA-Seq library preparation
Florets at s1, s2, and s3 were dissected and tissues surround
ing the AZ, immediately above (the lower part of caryopsis), 
and below (the rachilla) were collected using a scalpel under 
a dissecting microscope (Supplemental Fig. S8), and stored in 
2 mL tubes surrounded by liquid nitrogen. Around 80 to 100 
dissected tissues were pooled for each biological sample and 
6 biological replicates were collected. Dissected tissues were 
ground, and total RNA was isolated using a PicoPure RNA 
Isolation Kit with in-column DNase I treatment following 
the manufacturer’s instructions. 3′ mRNA-Seq libraries 
were constructed using QuantSeq 3′ mRNA-Seq Library 
Prep Kit FWD for Illumina (Lexogen, Vienna, Austria) (Moll 
et al. 2014). In total, 50 libraries were successfully constructed 
(4 samples failed to amplify for unknown reasons) and were 
subjected to single-end sequencing at 100 nt on an Illumina 
NovaSeq platform with S prime flow cells at the Roy J. Carver 
Biotechnology Center at the University of Illinois at 
Urbana-Champaign. Sequences have been deposited in the 
Sequence Read Archive (BioProject ID PRJNA885107).

RNA-Seq analysis
Sequences were trimmed using cutadapt 3.2 (Martin 2011) 
and mapped to the E. tef v3 genome (CoGe id50954) 
(VanBuren et al. 2020) using STAR software (v2.7.8a) 
(Dobin et al. 2013). Because 3′ UTRs were not annotated, 
500 bp were extended to each gene model at the 3′ end to 
increase the mapping rate. Mapped read counts were calcu
lated using htseq-count (HTSeq v0.11.4) (Anders et al. 2015). 
Raw counts were then input into DESeq2 (v1.22.2) in 
R (v3.5.0) (Love et al. 2014), and genes with less than 

10 normalized average counts at each condition were re
moved because of low expression before gene differential ex
pression and co-expression analyses. Two-fold change and 
adjusted P-values lower than 0.05 were used as thresholds 
for significant differential gene expression.

Gene co-expression networks were constructed in 
WGCNA (v1.66), using normalized counts with soft- 
thresholding power of 9, minimal module size of 60 genes, 
cutHeight of 0.1, and deepSplit of 2 (Langfelder and 
Horvath 2008). Hub genes within each module were identi
fied using intramodular connectivity and signed 
eigengene-based connectivity implemented in WGCNA. 
The 10% of genes with the highest connectivity in both 
methods were treated as hub genes in a module. 
Co-expressed genes of YAB2L1 were defined as genes in the 
top 5% highest weight of interaction with YAB2L1 and 
were visualized using CytoScape v3.8.2 (Shannon et al. 
2003). Gene names and categorization were manually cu
rated based on the annotation of their putative rice ortho
logs identified by OrthoFinder (Emms and Kelly 2015). R 
scripts for the analyses are available at https://github.com/ 
Yunqing-Yu/tef-abscission-zone.

GO enrichment analysis
GO terms of E. tef v3 protein sequences were annotated using 
the Gene Ontology Meta Annotator for Plants (GOMAP) 
pipeline (Wimalanathan and Lawrence-Dill 2021). In total, 
67,018 of 68,255 (98.2%) sequences were successfully anno
tated, and the median number of annotated GO terms per 
gene was 8. Functional annotation of genes was based on 
their putative rice orthologs. The E. tef organism GO 
annotation database was built using the function 
“makeOrgPackage” in the package of AnnotationForge in 
R. GO enrichment analysis of genes enriched in the AZ was 
performed using the clusterProfiler package in R with default 
settings except that biological process was used for the sub
ontology type, and maximum set as 1,000 (Yu et al. 2012). 
Redundant terms were identified and removed using the 
“simplify” function implemented in clusterProfiler with a cut
off of 0.6 and measure of “Rel,” plus manual curation.

Identification of putative cell wall-related enzymes
Cell wall-modifying enzymes of interest were identified 
through Pfam domain search. Relevant enzyme families 
include glycosyl hydrolase family 5 (PF00150) which has cel
lulase activity, glycosyl hydrolase family 9 (PF00759) which 
has endoglucanase activity, glycosyl hydrolase family 10 
(PF00331) which has xylanase activity, xyloglucan 
endo-transglycosylase (XET) C-terminus (PF06955), glycosyl 
hydrolases family 28 (PF00295) which has polygalacturonase 
and rhamnogalacturonase A activity, pectate lyase superfam
ily (PF12708 and PF00544), expansion C-terminal domain 
(PF01357), pectinacetylesterase (PF03283), pectinesterase 
(PF01095), and plant invertase/pectin methylesterase inhibi
tor (PF04043). Raw HMM files of these enzymes were down
loaded from https://www.ebi.ac.uk/interpro/, and used for 
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searching against the annotated proteins from the E. tef v3 
genome using hmmsearch with a sequence reporting thresh
old of 0.01 and domain reporting threshold of 0.1 (HMMER 
3.1b2; http://hmmer.org/). These protein sequences were 
then used as queries to identify the Arabidopsis homologs 
using blastp with default settings. If the Arabidopsis homo
logs were not annotated as the expected enzymes on The 
Arabidopsis Information Resource (TAIR), then these pro
teins were excluded from downstream analyses.

Immunofluorescence
Caryopses at s2 and s3 before and after abscission were dis
sected and fixed in 4% paraformaldehyde (w/v) and 0.5% 
(w/v) glutaraldehyde with 0.1% (v/v) Tween20 in 0.1 M 
PIPES buffer at pH 7.4, vacuum infiltrated for 10 min, kept 
at RT for 2 h, followed by overnight incubation at 4 °C. 
Samples were dehydrated with an ethanol series, infiltrated 
with Lowicryl HM20 resin (Electron Microscopy Sciences, 
Hatfield, USA), and polymerized in an EMS UVC3 
Ultraviolet Cryo Chamber (Electron Microscopy Science). 
Specimens were sliced into 250 nm thin sections using a 
Leica Ultracut UCT ultramicrotome and dried onto a sila
nized coverslip. For immunofluorescence, sections were trea
ted with fresh 0.1% (w/v) sodium borohydride in 1 ×  PBS 
buffer for 30 min to quench autofluorescence, rinsed in 
1 ×  PBS buffer 3 times for 5 min each, then treated with 
0.05 M glycine in 1 ×  PBS buffer for 15 min to inactivate re
sidual aldehyde groups. Samples were then incubated in 
blocking buffer (5% (w/v) BSA in 1 ×  PBST, 0.5% (v/v) 
Tween-20) for 1 h. Rat primary antibodies (LM11, LM19, 
and LM20) were diluted in blocking buffer with a ratio of 
1:15 and 1:100 for CBM3a (PlantProbes, https://plantcellwall
s.leeds.ac.uk/science/antibodies/) and applied to the samples 
for 1 h at RT. Samples were rinsed in blocking buffer 3 
times for 10 min each, then incubated with Alexa Fluor 594 
goat anti-rat secondary antibody (Thermo Fisher 
Scientific, Waltham, USA) diluted 300 ×  in blocking buffer 
for LM11, LM19, and LM20. For CBM3a, samples were incu
bated with a secondary antibody 6x-His Tag Monoclonal 
Antibody (HIS.H8, Thermo Fisher Scientific) diluted 500 times 
for 1 h at RT, followed by incubating with a tertiary antibody 
Alexa Fluor 488 goat anti-mouse antibody diluted 500 times 
overnight at 4 °C. Samples were then washed with 1 ×  
PBST twice for 15 min each and stored in 1 ×  PBS at 4 °C be
fore imaging. The fluorescence signal was imaged with a TCS 
SP8-X confocal microscope (Leica Microsystems, Wetzlar, 
Germany) with an HC PL APO CS2 63×/1.20 water objective 
lens. The detailed imaging setting was described in 
Supplemental Methods S1.

Accession numbers
Sequence data used in this article can be found in the CoGe 
data libraries under accession number CoGe id50954. 
RNA-Seq data from this article can be found in Sequence 
Read Archive under BioProject ID PRJNA885107.
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