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ABSTRACT

Plant architecture is a key determinant of rice (Oryza sativa) productivity, with tiller angle playing a central role in optimizing
plant density, light interception, and yield. During domestication, rice underwent a critical transition from the prostrate growth
habit of wild relatives such as Oryza rufipogon to the erect architecture of cultivated varieties, driven by selection for reduced
tiller angle. While numerous studies have identified genes associated with tiller angle regulation, a comprehensive synthesis
integrating domestication genetics, physiological mechanisms, and emerging biotechnological approaches remains limited. This
review provides a critical and integrative perspective on the molecular control of tiller angle, distinguishing between genes that
directly regulate gravitropism and shoot orientation (e.g., PROG1, TAC1, LAZY1) and those that indirectly influence plant archi-
tecture through hormonal or developmental pathways (e.g., D3, D14, D53, sd1). We highlight key domestication genes, including
PROGI, PROG7, TIG1, and the RPAD locus, and clarify the current status of BTA8 as a candidate locus associated with basal tiller
angle whose molecular function and regulatory interactions remain unresolved. Importantly, we move beyond descriptive sum-
maries to propose a conceptual framework linking gene regulatory networks, auxin-mediated gravitropism, and evolutionary
selection during domestication. We further evaluate how recent advances in multiomics, single-cell technologies, and CRISPR/
Cas-based genome editing can address current bottlenecks in dissecting complex traits such as tiller angle. By integrating genetic,
physiological, and technological perspectives, this review identifies key knowledge gaps and outlines future research directions,
including network-level analysis and precision breeding strategies. These insights provide a foundation for exploiting wild rice
genetic diversity to develop climate-resilient, high-yielding cultivars with optimized plant architecture.

| Introduction grain yield (Bai et al. 2018; Zhang et al. 2018). During the do-

Rice (Oryza sativa L.) is not only a major global staple food crop
but also serves as an important model species for plant biology
and agricultural research (Bandumula 2018; Xu and Sun 2021).
Among the various traits shaping rice plant architecture, tiller
angle has emerged as a crucial trait determinant of plant den-
sity, light interception, disease susceptibility and ultimately

mestication of rice, modification of tiller angle played a pivotal
role in transitioning from prostrate growth in wild species to
the erect architecture characteristic of modern cultivars (Wang,
Gao, et al. 2022; Wang, Tu, et al. 2023). Tiller angle is defined
as the angle between the main culm and the side tillers with
the greatest inclination, influencing the spatial distribution of
tillers and overall plant compactness (Yang and Hwa 2008).
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Axillary meristems at the basal nodes initiate side tillers, whose
growth orientation defines the plant architecture. While larger
tiller angles are beneficial during early establishment phases,
facilitating soil coverage and water retention, compact archi-
tectures with smaller tiller angles are critical for high-density
planting and mechanized farming (Marone et al. 2020; Wang,
Gao, et al. 2022; Kangben et al. 2024). Excessively narrow an-
gles, however, can limit light and air penetration, predisposing
plants to disease (Cai et al. 2023). Throughout the history of rice
domestication, the modification of tiller angle has contributed
to the development of compact plant architecture, a trait that
enhances planting density and resistance to lodging in modern
rice varieties (Zhang et al. 2019; Xu and Sun 2021; Tokuyama
et al. 2024). This shift from wild rice prostrate growth to culti-
vated rice erect growth marks one of the key adaptations during
domestication, driven by the selection of specific genes regulat-
ing tiller angle (Wambugu et al. 2021). Wild rice species, such
as Oryza rufipogon, exhibit a wider tiller angle, which is char-
acteristic of their prostrate growth habit (Zhu et al. 2013; Wang,
Lu, et al. 2022). In contrast, cultivated rice has been selected for
a more compact tiller angle, which aids in higher planting den-
sities and resistance to lodging, traits crucial for modern agri-
cultural practices (Reinhardt and Kuhlemeier 2002; Yang and
Hwa 2008). Thus, rice cultivars and wild rice species signifi-
cantly differ in terms of their architecture. To better understand
the genetic basis of the unique plant architecture of wild rice
species, researchers have mainly focused on Oryza rufipogon,
which is the ancestral progenitor of O. sativa (Huang et al. 2012),
and identified genes for architectural traits such as tiller angle,
panicle shape, plant height, and leaf architecture (Jin et al. 2008;
Tan et al. 2008; Zhu et al. 2013; Zhou et al. 2021). These studies
have not only highlighted the genetic basis for the architecture
of wild rice species, but they have also provided clues about do-
mestication trends and dynamics in O. sativa.

Cluster of genes such as PROGI, PROG7 and RPAD and genes
like TIGI, have been cloned and characterized, shedding light
on the evolutionary dynamics shaping rice architecture, while
BTAS is currently defined as a locus associated with basal tiller
angle in wild rice (Oryza minuta), rather than a fully cloned and
functionally validated gene. Its precise molecular function and
regulatory pathway remain largely unresolved. Moreover, no
direct genetic or molecular interactions have yet been demon-
strated between BTAS8 and key regulators such as PROGI, the
RPAD locus, or TIGI. Further studies are required to elucidate
its role in the regulatory network controlling tiller angle and
plant architecture (Jin et al. 2008; Tan et al. 2008; Hu et al. 2018;
Wu et al. 2018; Zhang et al. 2019). Furthermore, recently, im-
portant progress has been made in the molecular interactions
between the genes, such as PROGI with LA1, in regulating til-
ler angles in rice (Wang, Huang, et al. 2023; Zhang et al. 2023).
In parallel, critical domestication genes, regulating tiller angle
have been identified, such as sd1 (Semidewarf1) gene, which en-
code protein gibberelline 20 oxidase (GA200x2) has historically
been linked to semidwarf stature and reduced tiller angle in do-
mesticated rice (Ashikari et al. 2002; Hedden 2003). Moreover,
the gene IPA1 has been associated with ideal plant architecture,
encoding the protein SQUAMOSA promoter-binding protein-
like 14 (SPL14), influencing both tiller number and angle, thus
contributing to the high-yield potential of modern varieties
(Jiao et al. 2010). Therefore, the IPAI gene has become a crucial

component of rice breeding, with ideal plant architecture repre-
senting a novel strategy for developing extremely high-yield va-
rieties (Wang et al. 2017; Zhang et al. 2017; Gao et al. 2021; Kong
et al. 2022). Understanding the role of such genes in controlling
tiller angle as well as plant architecture provides insight into the
genetic foundation of rice domestication and offers pathways
for future breeding programs. Mutations in the sequences of
individual genes are the strongest contributors to evolutionary
change (Hershberg et al. 2007), and that mutations at the ge-
nomic level accelerate the evolution of rice during domestication
and modern breeding (Wang, Wang, et al. 2022). Furthermore,
plant architecture, resource efficiency, and yield potential are all
directly impacted by growth habit (Inagaki et al. 2021; Wang,
Gao, et al. 2022). An upright growth habit with modest tiller
angles has long been favored by breeders due to its advantages
for high-density planting and ease of mechanization (Chen
et al. 2024). In addition to direct genetic control, phytohormonal
regulation, particularly involving cytokinins and auxin, plays
a significant role in modulating tiller development and spatial
orientation (Li et al. 2007; Zhang et al. 2018; Wu et al. 2024).
Interactions between these hormonal pathways coordinate the
balance between vegetative and reproductive growth, directly
impacting overall plant architecture (Albacete et al. 2014).
While tiller angle remains a central focus, it is important to
note that domestication also involved other critical traits such
as seed shattering, flowering time, and grain size, which col-
lectively contributed to the evolution of modern rice varieties.
Furthermore, ecological factors such as drought and photope-
riodic responses have indirectly influenced tiller architecture,
emphasizing the complex interplay between genetic, environ-
mental, and human-mediated selection pressures (Wambugu
et al. 2021). Mutations in key regulatory genes have been major
drivers of evolutionary change during domestication (Wang,
Wang, et al. 2022). New technologies such as CRISPR-Cas9 ge-
nome editing and multiomics approaches, advance opportunities
now exist to further dissect and manipulate tiller angle-related
traits for future rice improvement (Yin et al. 2025). However,
caution is warranted, as over-compaction of plant architecture
could negatively impact disease resistance and canopy venti-
lation. Recent advances in genomics and integrative databases
have further accelerated the understanding of rice plant archi-
tecture and provide comprehensive genomic maps and inte-
grated information on plant architecture-related genes, enabling
systematic exploration of gene networks involved in tiller angle
regulation (Wei et al. 2021). Moreover, several recent reviews
have summarized the molecular basis of rice plant architecture
and tiller angle regulation (Bai et al. 2018; Huang et al. 2021).
But most of these studies primarily focus on individual genes or
pathways without integrating domestication genetics, physiolog-
ical mechanisms, and emerging genome editing technologies.
In this review, we aim to provide a more integrative perspec-
tive by linking genetic regulation, physiological processes, and
modern biotechnological approaches to better understand and
manipulate tiller angle in rice. Furthermore, in this review, we
summarize recent advances in understanding the genetic basis
of prostrate growth and tiller angle development in wild and cul-
tivated rice species. We particularly focus on key cloned genes,
their functional mechanisms during domestication, and future
directions for breeding high-yield, resource-efficient rice variet-
ies. We also highlight current limitations, knowledge gaps, and
the potential of emerging technologies to accelerate the genetic
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FIGURE1 |

Schematic molecular and physiological illustration of tiller angle in rice. PROGI acts as a central regulator, repressing LAZY1, which

governs shoot gravitropism through auxin signaling. TACI also contributes to auxin-mediated control of tiller angle. RPAD, influenced by zinc fin-

ger genes (Znf5, Znf7, Znf8), promotes erect growth through deletion of PROGI. Changes in tiller angle affect light interception, photosynthesis, and
yield traits such as tiller and grain number via PROGI pleiotropic effects. Further, Prostrate Growth 1 indicates PROG1, LAZY1 to LA1, Rice Plant
Architecture Domestication to RPAD, Tiller Angle Control 1 to TAC1. Arrows indicate the direction of physiological processes and developmental
transitions, while different colored components represent distinct processes, including growth stages, resource allocation, and regulatory mecha-

nisms influencing tiller angle.

improvement of rice plant architecture. In addition, systematic
analysis of plant architecture genes provides new opportunities
for understanding complex regulatory networks and guiding
breeding strategies. Extracted information will also improve
our understanding about the mechanisms of erect growth in do-
mesticated Oryza species and can identify the additional genes
regulating important traits in wild rice species, which could be
proven beneficial for breeding high-yield varieties.

1.1 | Physiological Bases of Tiller Angle
Contributing to Resource Use Efficiency

A key component of efficient resource utilization in rice is the
tiller angle, which affects light interception, photosynthetic
efficiency, and crop output (Figure 1; Mubarak et al. 2022).
It is crucial to comprehend the physiological and genetic pro-
cesses underlying tiller angle in order to optimize plant archi-
tecture and to obtain highest productivity. Effective resource
use is made possible by the dynamic variations in the tiller
angle that occur over the plant's life cycle. In the beginning, a
broader angle during the tillering stage aids in the space occu-
pation of young plants and prevents the growth of weeds (Wang
et al. 2021). As the plant matures, the angle decreases to lessen

leaf shadowing and increase photosynthetic efficiency (Alam
et al. 2014; Dong et al. 2016). Larger plants can minimize soil
water evaporation and boost competition for resources, but they
may have worse photosynthetic efficiency because of more leaf
shade (Tao et al. 2024). Furthermore, at the physiological level,
gravitropism represents the central mechanism regulating til-
ler angle, enabling plants to maintain appropriate shoot orien-
tation relative to gravity (Wang, Gao, et al. 2022). This process
is primarily mediated by the asymmetric distribution of auxin,
which generates differential cell elongation at the base of tillers
(Zhang et al. 2018). Upon gravistimulation, auxin is redistrib-
uted toward the lower side of the tiller base, leading to enhanced
cell elongation on that side and bending of the tiller toward a
specific orientation (Rehman et al. 2022). This auxin-driven dif-
ferential growth establishes and maintains the angle between
the main culm and lateral tillers (Wang 2019). Disruption of
this asymmetric auxin distribution leads to altered tiller orien-
tation and impaired gravitropic responses (Zhang et al. 2018).
Consequently, breeding programs that integrate knowledge of
tiller angle and crop physiology can develop rice varieties com-
bining high planting density with efficient light capture. It is
illustrated in Figure 1, to summarize the physiological and mo-
lecular mechanisms underlying tiller angle regulation through
gravitropism and auxin-mediated processes.
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1.2 | Genetic Basis for Prostrate Growth/Large
Tiller Angle of Wild Rice Species

One of the earliest domestication traits in cultivated rice (Oryza
sativa) was the selection for erect growth from prostrate wild an-
cestors. Wild rice species within the Oryza genus exhibit diverse
growth habits, namely prostrate (> 60°), semiprostrate, or erect
adapted to a range of ecological niches (Vaughan 1989, 1994;
Samal et al. 2018). For example, in Oryza rufipogon, tiller angles
exceeding 60° typically characterize prostrate growth (Lizhi
et al. 2000). In the early 2000s, the molecular basis of prostrate
growth remained largely unknown. However, recent studies
have uncovered several genes that regulate tiller angle and di-
rectly or indirectly contribute to domestication of rice (Table 1).
These genes reveal that tiller angle is a complex, genetically con-
trolled trait shaped by selection for improved resource use effi-
ciency and agronomic performance.

Furthermore, the detailed explanation of some genes involved
in tiller angle regulation such as the PROG7 (PROSTRATE
GROWTH 7) and YABBY5 gene, which encodes a protein lo-
cated on chromosome 7, cloned into another AA-genome wild
rice species i.e., Oryza barthii are discussed here. This species is
the progenitor of African cultivated rice, Oryza glaberrima (Hu
et al. 2018; Zheng et al. 2024). The PROG?7 allele regulates pros-
trate growth in O. barthii, which is characterized by a larger til-
ler angle and numerous additional tillers, whereas O. glaberrima
carrying a prog7 allele exhibits upright growth. PROG7 is a zinc-
finger transcription factor, and mutations in the promoter region
of prog7 reduced its expression level and induced the transition
of prostrate growth in African wild rice to erect growth in O.
glaberrima (Hu et al. 2018). Moreover, the gene sequences of
progl and prog7 were conserved, with prog7 in O. glaberrima
being identical to progl in O. sativa. This serves as a strong in-
dication of parallel domestication of plant architecture between
the two cultivated rice species.

Another locus involved in plant architecture, RPAD (RICE
PLANT ARCHITECTURE DOMESTICATION) contains a clus-
ter of genes and is closely linked to PROG1, was cloned in O. ru-
fipogon (Wu et al. 2018). In O. sativa, however, there is a 110-kb
deletion at the RPAD locus. It was found that a tandem repeat of
seven zinc-finger genes occurred in this 110-kb region of wild
rice, with ZnF5, ZnF7, and ZnF8 functioning in regulating the
semiprostrate growth phenotype in wild rice species, as well as
plant height, panicle number per plant, grain number per pani-
cle, and grain yield per plant (Wu et al. 2018). Alleles of the zinc-
finger gene at the RPAD locus in the Asian wild rice species O.
rufipogon and Oryza nivara, along with the African wild rice O.
barthii, played similar roles in the development of large tiller an-
gles. The locus of RPAD in Oryza glaberrima indicated conver-
gent selection with O. sativa (Wu et al. 2018). Similar to the gene
progl in O. sativa and prog7 in O. glaberrima, the RPAD locus
is also involved in the parallel domestication of plant architec-
ture in both Asian and African rice species (Wu et al. 2018).
Furthermore, targeted editing of the RPAD gene cluster offers
a promising strategy to modify tiller angle and plant stature for
breeding compact, high-yielding varieties (Wu et al. 2018; Zhang
et al. 2023). This suggests that the evolution of wild rice species
into cultivated varieties is primarily driven by positive selection;
specifically, during the domestication process, cultivated rice

varieties were largely formed through the loss of certain genes
or the deletion of specific gene sequences.

TILLER INCLINED GROWTH 1 (TIGI), a single dominant gene
on chromosome 8 that controls the natural inclination of til-
lers in the wild rice species O. rufipogon, was recently cloned.
In wild rice, elevated TIGI activity leads to an inclined growth
habit (Zhang et al. 2019). The TCP family transcription factor
protein OsTCP15 is encoded by the TIGI gene. The OsTCP15
protein consists of 266 amino acids and is a class II TCP protein.
TIGI stimulates cell elongation, increases the tiller angle, and
is primarily expressed along the adaxial side of tillers in wild
rice. During rice domestication, transition of the inclined tiller
angle in O. rufipogon to fully erect growth in cultivated rice was
induced by variations in the promoter region of the tigl allele
of cultivars, which resulted in lower expression of TIGI at the
tiller base on the adaxial side and decreased tiller angle and
cell length. TIGI promotes cell elongation on the far-land side
of the tiller base and increases the tiller angle. Furthermore, as
a transcription factor, TIGI can bind to the TCP-binding sites in
EXPA3, EXPB5, and SAUR39 promoters to activate their expres-
sion (Zhang et al. 2019). In addition, Aux/IAA repressors and
ARF activators are pivotal in auxin signaling (Yan et al. 2020),
while GRAS and HD-ZIP transcription factors modulate develop-
mental plasticity in shoot branching and tiller angle adjustment
under stress (Zhang et al. 2022). Additionally, TIGI shares a sig-
nificant degree of similarity with several well-known proteins,
including OsTB1 and REP1 in rice, TB1 and BAD1 in maize, and
BRC1 in Arabidopsis (Luo et al. 1996; Doebley et al. 1997; Takeda
et al. 2003; Costa et al. 2005; Aguilar-Martinez et al. 2007; Yuan
et al. 2009; Bai et al. 2012). Moreover, editing TIGI expression
through promoter engineering has also been proposed as a
means to fine-tune tiller inclination without adversely affecting
other agronomic traits (Guo et al. 2020).

1.3 | PROGI Interacts With Other Genes in
Regulating Rice Tiller and Panicle Architecture

PROGI1(PROSTRATE GROWTH 1) was the first gene identified
and cloned that regulates prostrate growth in Oryza rufipogon.
Through map-based cloning technique, Jin et al. (2008) and
Tan et al. (2008) cloned PROGI simultaneously using the
genomes of O. rufipogon and the indica cultivar, Teqing (O.
sativa). PROGI is located on the short arm of chromosome 7
and encodes a 167-residue polypeptide containing a C,H,-type
zinc-finger motif; mutations in the progl coding region induce
amino acid variation and cause the loss of protein function, re-
sulting in erect growth with small tiller angles (Jin et al. 2008;
Tan et al. 2008). Whole-genome sequencing of 163 O. glaber-
rima and 83 O. barthii accessions from the African Sahel and
East Africa revealed convergent selection of PROGI during in-
dependent domestication events. Full deletion of PROGI was
consistently associated with erect growth in both domesti-
cated African rice and wild individuals carrying the deletion,
while wild individuals retained an intact PROGI exhibited a
prostrate phenotype (Cubry et al. 2018). Comparative analyses
of PROGI sequence and expression, together with the wide-
spread distribution of tiller angle variation across Oryza spe-
cies, suggested that prostrate growth is a derived trait shaped
by strong natural selection, conferred or enhanced by PROGI
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of rice plants by increasing polar auxin transport (PAT) and
decreasing lateral auxin transport (Li et al. 2007). In addition,
another important regulator gene that governs the develop-
ment of rice tiller buds is MONOCULM1 (MOC1). Because of
abnormalities in the production of tiller buds, mutants without
functional MOCI only generate a main culm without tillers
(Sun et al. 2010). MOC1 is shielded from degradation by its in-
teraction with the DELLA protein SLENDER RICE 1 (SLR1).
Gibberellin (GA) signaling causes SLR1 to degrade, which in
turn degrades MOC1, lowering the number of tillers and en-
couraging stem elongation. This system balances branching
and upright development by coordinating the quantity of til-
lers and plant height.

However, three genes PROG1, PROG7, TIGI and one locus RPAD
containing cluster of genes are known to regulate prostrate
growth in wild rice species, have now been successfully cloned.
As shown in Figure 2, collectively, PROGI, PROG7, RPAD, and
TIGI regulate prostrate growth habits in wild rice species and
have been integral to the domestication process through tar-
geted selection. In parallel, the emergence of CRISPR/Cas9 ge-
nome editing technology has opened new avenues for precise
functional validation and targeted improvement of these key
genes (Figure 3; Pacesa et al. 2024). Despite recent advances,
most studies focus heavily on a few gene families (Zinc-finger
transcription factors and TCPs (Viola and Gonzalez 2023)), po-
tentially overlooking other regulatory mechanisms, such as epi-
genetic control (Gibney and Nolan 2010), small RNAs (Mitarai
et al. 2009), or hormonal cross-talk (Liu et al. 2010). Likewise,
much of the current functional validation relies on overex-
pression or knockout approaches in model backgrounds (e.g.,
Zhonghuall (Liu et al. 2020; Xie et al. 2025)), which may not
fully represent the field conditions. However, these advances
deepen our understanding of the genetic control of plant and

Modulation of
gravitropism and
asymmetric growth

provide powerful tools for accelerating rice domestication and
future crop improvement.

1.5 | Gene Interactions and Precision Editing in
the Regulation of Rice Tiller Angle

Recent studies have highlighted the complex regulatory net-
work governing tiller angle and panicle architecture in rice,
involving multiple key genes such as PROGI1, LA1, OsGI, TACI,
MOCI, and LA1 (Figure 3). PROGI interacts with both LA1 and
OsGI to negatively regulate tiller angle and panicle traits (Wang,
Tu, et al. 2023). Interestingly, PROGI and LAI act as mutual re-
pressors in the gene network: PROGI directly binds to the pro-
moter of LAI to inhibit its expression, whereas LAI can bind
to the PROGI promoter and suppress its transcription (Wang,
Tu et al. 2023; Tan et al. 2008). Overexpression of LA in near-
isogenic lines (NILs) carrying active PROGI alleles (associated
with larger tiller angles) resulted in a compact plant architec-
ture with reduced tiller angle and tiller number. Conversely, in
PROGTI overexpression lines, LAI expression was significantly
downregulated in the tiller base. This mutual antagonism
demonstrates that both genes play critical and opposing roles in
controlling tiller number and orientation (Wang, Tu et al. 2023;
Tan et al. 2008). Functionally, PROGI and LA1 influence lateral
auxin transport at the shoot base, a key determinant of tiller
angle (Tan et al. 2008). Downstream of PROGI, OsGI mediates
panicle architecture; knockout of OsGI in PROG1 overexpression
backgrounds led to significant increases in panicle length and
grain number. Similarly, double knockouts of OsGI and LAI pro-
duced comparable effects, reinforcing the role of OsGI as a down-
stream effector positively regulated by PROGI1, which binds to
its intragenic region to activate expression (Wang et al. 2023).
Integration of additional regulators such as TACI, MOC1I, and

o
CRISPR
8—- — Knock-out
—@® — Activation
/X — CRISPRi)
<7~ — Base editing
\, J
( . .
Multi-omics
GWAS Transcripto;ics
L] i
Phenotyping  Field Testing
\ J

FIGURE 2 | It represents the summarized information of key genes involved in regulating tiller angle during rice domestication. PROG7 (from
Oryza barthi) is an ortholog of PROGI, while TIGI was identified from Oryza rufipogon. Loss-of-function by mutations or reduced expression of these
genes contributed to the transition from prostrate to erect growth in cultivated rice. Haplotype analysis and GUS reporter assays were used to charac-

terize gene variation and expression. PROGI represses LAI (LAZY1) by binding to its promoter region, while LA1 can also bind to the PROGI promot-

er, indicating mutual regulation. PROGI further regulates panicle architecture via interaction with the intragenic region of OsGI. Further Or, Os, Ob,

Og are indicating Oryza rufipogon, Oryza sativa, Oryza barthi and Oryza glaberrima respectively. Moreover, arrows indicate regulatory relationships.
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FIGURE3 | A schematicdiagram isillustrating the molecular regulation of rice tiller angle. It presents a regulatory network of key genes involved
in tiller angle control, including PROGI (PROSTRATE GROWTH 1), LAI (LATERAL AXES 1), OsGI (Oryza sativa GIGANTEA), TACI (TILLER
ANGLE CONTROL 1), MOCI (MONOCULM 1), and LAZY1. These genes collectively coordinate shoot orientation, tiller angle formation, and plant
architecture. Connections between genes represent regulatory or functional relationships within the network (directionality is simplified for clarity).
On the left, key phytohormones auxin, gibberellin, and strigolactone are shown as major regulators influencing tiller angle through modulation of
gravitropism and asymmetric growth. On the right, modern biotechnological tools, including CRISPR-based genome editing (knock-out, activation,
CRISPRI, and base editing) and multiomics approaches such as genome-wide association studies (GWAS), transcriptomics, phenotyping and field
testing are highlighted as strategies for dissecting and improving tiller angle traits in rice. Further, GWAS and CRISPRi represent Genome-Wide

Association Study and Clustered Regularly Interspaced Short Palindromic Repeats interference, respectively.

LA11I further refines tiller orientation. MOC1, which regulates
tiller bud initiation, interacts with LAI, a key mediator of auxin
redistribution necessary for shoot gravitropism (Yu et al. 2007;
Hollender et al. 2020; Jiao et al. 2021). Together, these interac-
tions form a foundational developmental axis governing tiller
emergence and angle. Modern genome editing tools offer new
avenues for manipulating these genetic networks (Figure 3).
Loss-of-function editing of PROGI via CRISPR/Cas9 promotes
more erect plant architecture, ideal for high-density planting
(Chen et al. 2021; Kumar et al. 2022). However, over-compact
phenotypes may increase susceptibility to diseases such as blast
under high humidity (Zhao et al. 2022). Therefore, fine-tuning
gene expression through CRISPR activation (CRISPRa), inter-
ference (CRISPRI), or base editing can provide more nuanced
control over tiller angle, preserving genetic diversity and min-
imizing trade-offs in plant health (Chaudhary et al. 2024; Yin
et al. 2025). Furthermore, multiplex genome-editing (MGE)
technologies are advanced bioengineering tools designed to pre-
cisely modify two or more specific DNA loci within a genome.
These tools have significantly enhanced the ability to intro-
duce targeted changes at multiple nucleotide sites, making ge-
nome modification more efficient and versatile (Abdelrahman
et al. 2021). Beyond single-gene editing, gene pyramiding offers
a robust strategy to enhance tiller architecture. For example,
pyramiding favorable alleles of TIGI/PROGI and TIG1/TACI
led to lines with significantly wider tiller angles compared to

individual NILs (Zhang et al. 2019; Mao et al. 2022). This sug-
gests that allele stacking can be tailored to specific agroeco-
logical environments. Yet, the molecular basis of such additive
interactions remains unclear. To address this, future studies
should incorporate multiomics approaches including transcrip-
tomics, proteomics, and epigenomics, along with virus-induced
gene silencing (VIGS) to dissect the cooperative effects of pyra-
mided genes. Moreover, high-resolution phenotyping platforms
are essential to evaluate gene functions under real-world field
conditions, since most functional studies have been limited to
early growth stages or controlled environments. Recent ad-
vances in GWAS and RNA-seq analyses have led to the identi-
fication of novel candidate genes regulating tiller angle in rice
(Dong et al. 2016). These genes are implicated in key hormonal
signaling pathways, including auxin and gibberellin, which are
known to influence plant architecture. Although their precise
functions remain to be validated, these candidates represent
promising targets for functional studies and potential integra-
tion into the genetic network controlling tiller angle.

1.6 | Genomic and Biotechnological Approaches to
Tiller Angle Regulation

Tiller angle is a fundamental trait influencing plant architec-
ture, photosynthetic efficiency, lodging resistance, and yield
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potential in cereal crops such as rice (Zhang et al. 2018; Wang,
Tu, et al. 2022). Recent advancements in single-cell omics tech-
nologies, including single-cell RNA sequencing (sScRNA-seq)
and ATAC-seq, have made it possible to examine gene expression
and chromatin accessibility at cellular resolution (Buenrostro
et al. 2015; Lu et al. 2024). These (scRNA-seq) and ATAC-seq
tools can help to identify key regulators of tiller angle in specific
tissues, such as axillary buds, and provide insights into cell fate
determination and developmental trajectories during tiller bud
formation (Denyer et al. 2019; Hamrud et al. 2025). Gene editing
tools, particularly CRISPR-Cas systems, have facilitated precise
modifications of genes associated with tiller angle (Romero and
Gatica-Arias 2019), these technologies allow functional vali-
dation through targeted knockouts or allele replacements, and
advanced systems such as base and prime editing enable subtle
alterations of regulatory elements or single nucleotides without
inducing double-strand breaks (Kantor et al. 2020; Saber Sichani
et al. 2023). Multiplex editing further enables simultaneous
modification of multiple targets, accelerating the development
of rice varieties with optimal architecture (Gupta et al. 2024).

In addition to single-cell and genome editing approaches, mul-
tiomics technologies have become essential in uncovering the
complex regulatory networks underlying tiller angle control
(Chachar et al. 2025). Transcriptomic analyses have been used
to compare rice genotypes with contrasting tiller angles, en-
abling the identification of differentially expressed genes asso-
ciated with gravitropism, auxin transport, and cell elongation
pathways (Zhang et al. 2018; Chen et al. 2024). Metabolomics of-
fers insights into the hormonal dynamics particularly of auxins,
cytokinins, and strigolactones that drive tiller bud outgrowth
and orientation (Chachar et al. 2025). Integration of multiomics
datasets has enabled systems biology approaches to model til-
ler angle regulation in conjunction with other agronomic traits,
facilitating the identification of key genetic hubs and signaling
cascades (Figure 4; Table 2). The application of machine learn-
ing and artificial intelligence to large omics datasets further
enhances the ability to predict gene functions, regulatory ele-
ments, and genotype-to-phenotype relationships (Cembrowska-
Lech et al. 2023). Furthermore, gene pyramiding strategies,
combining favorable alleles of multiple regulators, together with
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FIGURE4 |

Integration of multiomics approaches explaining the tiller angle for different growth habits of rice. Further, this figure illustrates that

advanced tools such as single-cell omics, gene editing, and multiomics technologies including transcriptomics (gene expression profiling), proteom-

ics (identification of tiller angle-related proteins), and metabolomics (metabolite analysis) can contribute to improving the tiller angle in modern rice

cultivars. Moreover, GWAS, QTL, and CRISPR are the abbreviations of genome-wide association study, quantitative trait loci, and clustered regularly

interspaced short palindromic repeats.
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TABLE 2 | Integrative tools and strategies for understanding and modifying tiller angle in rice.

Approach Description Application References
QTL Mapping Identifies genomic regions Locates major loci controlling tiller Wang et al. (2011)
associated with phenotypic traits angle across diverse populations
GWAS Associates SNP markers with natural Detects natural allelic variation linked Bai et al. (2022)

phenotypic variation in populations

Gene Cloning Isolates and functionally

characterizes specific genes

Transcriptomics Analyzes gene expression patterns
across tissues and conditions

Proteomics Identifies and quantify proteins
involved in trait development

Metabolomics Profiles metabolites that influence

physiological pathways

Single-Cell Omics Resolves gene expression at cellular

resolution in specific tissues

CRISPR/Cas
Genome Editing

Precisely edits specific gene
sequences to alter function

to tiller angle in diverse rice accessions

Enables functional analysis of Yan et al. (2023)
key regulators genes regarding

tiller angle in rice

Reveals expression changes in tiller
angle regulatory pathways in rice

Zhang et al. (2018)

Detects differentially expressed Xu et al. (2015)
proteins involved in shoot

orientation in rice

Links hormone levels and metabolic
shifts to tiller angle formation in rice

Lietal. (2022)

Maps developmental trajectories Lian et al. (2024)
in axillary buds regulating

tiller outgrowth in rice

Validates gene function and Shan et al. (2014)
introduces beneficial alleles

from wild relatives of rice

high-throughput field phenotyping, provide promising avenues
for validating gene function under realistic agronomic condi-
tions and accelerating the development of climate-resilient,
high-yielding rice varieties (Abdelrahman, Wei et al. 2021, Wei
et al. 2021, Mao et al. 2022, Cembrowska-Lech et al. 2023).
Collectively, these genomics and biotechnological tools are
transforming our capacity to dissect, understand, and engineer
tiller angle traits for improved crop productivity.

1.7 | Critical Perspectives and Future Research
Directions

Although substantial progress has been made in identifying key
genes regulating tiller angle in rice, several important limitations
and knowledge gaps remain. Most current studies focus on a
limited number of gene families, particularly zinc-finger tran-
scription factors and TCP proteins, while other regulatory layers
such as epigenetic modifications, small RNAs, and chromatin
remodeling (Mitarai et al. 2009; Gibney and Nolan 2010; Viola
and Gonzalez 2023) remain insufficiently explored. In addition,
functional validation of tiller angle-related genes has largely been
conducted under controlled experimental conditions, which may
not fully capture gene performance under field environments.
Single-gene studies also overlook the complex regulatory net-
works governing plant architecture. Tiller angle is a quantitative
trait influenced by gene-gene interactions, hormonal cross-
talk, and environmental factors (Albacete et al. 2014; Zhang
et al. 2018; Wu et al. 2024). Therefore, future research should pri-
oritize system-level approaches integrating genomics, transcrip-
tomics, proteomics, and phenomics to identify regulatory hubs
and interaction networks (Chachar et al. 2025).

Furthermore, despite advances in genome editing technologies,
precise fine-tuning of tiller angle remains a challenge due to
trade-offs between compact architecture and disease suscepti-
bility or reduced canopy ventilation. Emerging approaches such
as CRISPR activation (CRISPRa), interference (CRISPRi), and
multiplex genome editing offer promising strategies to overcome
these limitations by enabling more nuanced regulation of gene
expression (Abdelrahman et al. 2021; Chaudhary et al. 2024; Yin
et al. 2025). Recent resources such as RiceNavi (Wei et al. 2021)
provide integrated platforms for exploring plant architecture
genes and facilitate network-based analysis. Incorporating such
databases into future studies will accelerate the identification
of novel regulatory pathways and enhance breeding efficiency.
Overall, future research should move beyond descriptive gene
identification toward predictive and integrative models that
combine genetic, physiological, and environmental data. This
shift will be essential for developing climate-resilient, high-
yielding rice varieties with optimized plant architecture.

2 | Conclusions and Prospects

The domestication and transformation of wild rice species into
modern cultivars have been shaped by both natural and artifi-
cial selection, resulting in desirable traits such as erect growth
and compact tiller architecture. These traits are particularly ad-
vantageous for dense planting and high yield potential, aligning
with the urgent need to meet global food demand. Importantly,
many wild rice species continue to grow in natural ecosystems,
offering a rich repository of untapped genetic diversity that can
be leveraged to improve cultivated varieties, especially in en-
hancing environmental adaptability and resilience. A hallmark
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of rice domestication has been the architectural shift from
prostrate to upright growth. This transformation not only im-
proves harvestability but also contributes significantly to yield
enhancement. Several key regulatory genes have been identified
in this process, including PROG1, RPAD, TIG1, PROG7, D3, D14,
LPA1, LAZY1, and MOCI, which are known to control tiller
angle and shoot orientation. However, many functional alleles
residing in wild germplasm remain unexplored due to limita-
tions in genetic mapping resolution, insufficient phenotyping
tools, and the complex polygenic nature of plant architecture
traits. Studying the tiller angle presents both challenges and
opportunities. A major challenge lies in the quantitative and
environmentally sensitive nature of the trait, making it diffi-
cult to dissect traditional methods. Moreover, pleiotropy and
genetic redundancy often complicate functional validation of
candidate genes. Despite these hurdles, modern tools such as
high-throughput phenotyping, multiomics integration, single-
cell analysis, and CRISPR/Cas-based genome editing offer
unprecedented opportunities to decode the molecular basis of
tiller angle with high precision. The strategic integration of ge-
nome editing with traditional breeding opens new avenues for
directly introducing beneficial alleles from wild rice into elite
cultivars without linkage drag. These cutting-edge technologies
hold the potential to fine-tune the tiller angle for optimal light
interception, lodging resistance, and resource use efficiency. As
global agriculture confronts climate uncertainty and increasing
population pressure, optimizing tiller angle through advanced
biotechnological and genomic approaches offers a promising
pathway to develop climate-smart, high-yielding rice varieties
for sustainable production.
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