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0120 Pod shattering or pod dehiscence is a critical evolutionary trait for seed dispersal in wild
W crop plants but constitutes a major source of yield loss in agriculture. The transition from
<o shattering to non-shattering pods is a hallmark of the domestication syndrome. The present
&% knowledge of the molecular and biomechanical processes controlling pod shattering
ﬁj’g@ resistance is summarized in this article. We explore the conserved genetic networks derived

& from the Arabidopsis model involving the FUL-SHP-IND-ALC regulatory module and their
orthologs in crop species. We highlight independent evolutionary pathways in legumes, such

0825%0 | . -

&% as the Pdh1 gene in soybean and the PvMYB26 pathway in common bean, which regulate
ng@_@ lignification and mechanical tension rather than dehiscence zone identity. Furthermore, we
% examine the role of hormonal crosstalk (auxin-ethylene balance) and cell wall-modifying

) enzymes in facilitating separation layer degradation. Finally, we discuss recent advances in
R’ precision breeding, including CRISPR/Cas9-mediated genome editing and Marker-Assisted
%P Selection (MAS), to engineer shatter-resistant varieties without compromising threshability.
%;%EJ

Keywords: Pod shattering, Domestication syndrome, CRISPR/Cas9, Dehiscence zone,
Marker-Assisted Selection.

. Introduction

@ib@ Shattering is the release of the seeds from a dry fruit upon maturation, but it stands for

. different processes in different taxa: in cereals, it is the detachment of the fruit from the

c£25%0 pedicel, while in legumes and crucifers, it refers to the opening of the pod or the silique,

ZE which causes seeds to be released. In wild species of the Brassicaceae (mustards) and

02540 Fabaceae (legumes), pods are programmed to shatter upon maturity to disperse seeds, 2255
“32 ensuring reproductive success. However, in cultivated crops like oilseed rape (Brassica QQ

o255 napus), soybean (Glycine max), common bean (Phaseolus vulgaris), and Cowpea (Vigna .. .
&% unguiculate), precocious shattering can result in yield losses ranging from 20% to 50%, &%
W exacerbated by arid climatic conditions and delayed harvest. Pod Shattering Resistance (PSR) [fafo
@ is the plant’s ability to prevent the mechanical separation of pod valves at the dehiscence &%
S zone (DZ) during maturation and desiccation. @iiﬁ

Biomechanical Basis of Shattering QTS
&

Pod shattering is not merely the passive breaking of fruit walls; it is an active, programmed

biological process driven by two distinct factors:

1. Formation of the Dehiscence Zone (DZ): The DZ is a specialized region typically
located at the suture between the carpel valves and the replum (in Brassicaceae) or

%g@ between the two valves (in Fabaceae). It consists of a Separation Layer (SL) of non-
&% lignified cells that degrade enzymatically, and a neighboring lignified layer that provides
58, rigidity.
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2. Generation of Mechanical Tension: As the pod matures and dries, the cells of the
endocarp (inner layer) and exocarp (outer layer) shrink at different rates due to
differential lignification and microfibril orientation. This creates a spring-loaded tension.
In wild plants, when the SL degrades, this stored tension is released, causing the valves to
twist and violently eject the seeds.

Resistance to shattering in crops is achieved by disrupting either the formation of the DZ

(making the pod indehiscent) or the mechanical tension (preventing the valve from twisting).

Molecular basis of shattering:

The foundational understanding of pod shattering comes from Arabidopsis thaliana, where a

hierarchy of transcription factors defines the valve margin identity.

The Core Module: SHP, IND, ALC

e ldentity Genes: The MADS-box genes Shatterproofl and 2 (SHP1/2) are the master
regulators of valve margin development. They function redundantly; double mutants

(shpl shp2) fail to differentiate a DZ and are indehiscent.

o Downstream Effectors: SHP1/2 activate two basic helix-loop-helix (bHLH)
transcription factors:

v Indehiscent (IND): Essential for the differentiation of both the lignified layer and the
separation layer. Ind mutants are completely non-shattering.

v Alcatraz (ALC): Primarily required for the differentiation of the separation layer.

The Repressors: FUL and RPL

Precise spatial expression is maintained by negative regulators:

e Fruitfull (FUL): Expressed in the valves, it represses SHP and IND to prevent the
DZ from expanding into the seed-bearing area. ful mutants show ectopic DZ
formation and miniature valves.

e Replumless (RPL): Expressed in the replum, it prevents SHP expression in the
central ridge of the fruit.

This antagonistic balance ensures the DZ forms strictly at the valve margin.

Conservation and Divergence in Crop Species

Brassicaceae: Brassica napus (Oilseed Rape)

Being closely related to Arabidopsis, oilseed rape shares a highly conserved network.

e Polyploidy Complexity: B. napus is an allotetraploid (AACC genome), containing
multiple homologs of the core genes (e.g., BhSHP, BnIND).

o Breeding Targets: Natural variation in BnIND has been linked to shattering resistance.
Biotechnological approaches targeting BnIND or BnALC using RNAi or CRISPR have
successfully created shatter-resistant lines by preventing the differentiation of the
separation layer.

Fabaceae: Distinct Evolutionary Paths

Legumes have evolved shattering resistance mechanisms that often differ from the

Arabidopsis model, focusing more on cell wall architecture (lignification) than spatial

patterning.

Soybean (Glycine max): The Pdhl Mechanism

The primary domestication gene in soybean is Pod dehiscence 1 (Pdhl).

« Function: Unlike the transcription factors in Arabidopsis, Pdhl encodes a dirigent-like
protein involved in the stereoselective coupling of monolignols (lignin monomers).

e Mechanism: In wild shattering soybeans, Pdhl is highly expressed in the inner
sclerenchyma of the pod wall, promoting the deposition of lignin in a specific orientation
that maximizes twisting tension upon drying.

e Resistance: Cultivated varieties carry a loss-of-function mutation (premature stop codon)
in Pdhl. This disrupts the lignin structure in the endocarp, significantly reducing the
torsional force. The pod remains intact not because the DZ is missing, but because the
"spring™ is broken.
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o Secondary Regulators: The gene SHAT1-5 (a NAC transcription factor homolog of
Arabidopsis NST1) regulates secondary cell wall thickening in the fiber cap cells of the
suture. Mutations here further reinforce the seam against opening.

Common Bean (Phaseolus vulgaris): The St Locus

Domestication in beans is controlled by the Stringless (St) locus.

e Gene: Recent fine-mapping identified PvMYB26 as the causal gene.

e Mechanism: PvMYB26 promotes lignification in the vascular sheath (the "string") and
the bundle caps at the suture. Domesticated "stringless™ beans have reduced PvMYB26
function, leading to weaker, non-lignified sutures that do not split, effectively trapping the
seed.

Rice (Oryza sativa): Parallel Evolution in Monocots

While not a "pod,” rice seed shattering follows a similar logic. The gene gSH1 (a BEL1-type

homeobox gene) and SH4 (a MYB3 transcription factor) regulate the formation of the

abscission layer at the base of the grain. Domestication selected for mutations that inhibit this
layer's complete formation.

Biochemical and Hormonal Regulation

The structural changes driven by genetic networks are executed by hormones and enzymes.

Cell Wall Modifying Enzymes

For a pod to shatter, the middle lamella between DZ cells must be dissolved.

e Polygalacturonases (PGs): Enzymes like ADPG1 and ADPG2 hydrolyze pectin,
loosening cell adhesion. Their expression is directly upregulated by IND.

e Cellulases & Hemicellulases: These degrade the rigid cell wall components, facilitating
the final physical separation.

The Hormonal Trigger

e Auxin (IAA): A "minimum" of auxin is required in the DZ for it to differentiate. IND
promotes the expression of auxin efflux carriers (PINs) to drain auxin away from the
valve margin, ensuring the cells remain small and undifferentiated (separation layer
competent).

e Cytokinin: Acts antagonistically to auxin, promoting lignification in the valve margin.

o Ethylene: Acts as the final trigger. As the pod matures, a spike in ethylene production
induces the secretion of cell wall-degrading enzymes (PGs) into the DZ, executing the
shattering program.

Biotechnological Applications and Future Perspectives

CRISPR/Cas9 Genome Editing

Gene editing offers a rapid way to domesticate orphan crops or improve existing varieties

without linkage drag.

« Brassica: Multiplex CRISPR editing of BnIND and BnALC homologs has produced
lines with high shattering resistance and no yield penalty.

e Soybean: CRISPR knockout of GmPDHL1 in elite shattering-prone backgrounds restored
resistance. Recently, editing of GmAGLS8 (a FUL homolog) demonstrated that ectopic
expression or fine-tuning can tighten pods.

Marker-Assisted Selection (MAS)

Breeders routinely use SNP markers linked to Pdhl (soybean) and PvPdhl (a bean ortholog

recently characterized in wild accessions) to stack resistance alleles. This is crucial for

mechanical harvesting, where uniform maturity and shatter resistance are prerequisites.

The Lignin Paradox and Trade-offs

A major challenge is the trade-off between shattering resistance and pest resistance.

e The Conflict: High lignification in the pod wall (driven by wild alleles) creates the
tension for shattering but also provides a physical barrier against pod borers (e.g.,
Helicoverpa armigera).
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e The Solution: Future breeding aims to uncouple these traits spatially for example, by
maintaining high lignin in the valves for pest protection (using specific promoters) while
specifically inhibiting lignin in the suture (DZ) to prevent shattering.

Conclusion

Pod shattering resistance is a classic example of convergent evolution where different species
have targeted different nodes of a developmental network to achieve the same agronomic
goal. While the Arabidopsis IND/SHP network provides the blueprint for dehiscence zone
identity (used in Brassicas), legumes have largely exploited the biomechanics of the pod wall
via lignin modulators like Pdh1 and MYB26. The integration of these molecular insights with
CRISPR technology now allows breeders to fine-tune the letting go mechanism of crops,
ensuring that seeds are retained for harvest without becoming difficult to thresh.
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