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Abstract

Cereals are a group of grasses cultivated by humans for their grain. It is from these cereal grains that the majority of
all calories consumed by humans are derived. The production of these grains is the result of the development of a se-
ries of hierarchical reproductive structures that form the distinct shoot architecture of the grasses. Being spatiotem-
porally complex, the coordination of grass shoot development is tightly controlled by a network of genes and signals,
including the key phytohormone auxin. Hormonal manipulation has therefore been identified as a promising potential
approach to increasing cereal crop yields and therefore ultimately global food security. Recent work translating the
substantial body of auxin research from model plants into cereal crop species is revealing the contribution of auxin
biosynthesis, transport, and signalling to the development of grass shoot architecture. This review discusses this
still-maturing knowledge base and examines the possibility that changes in auxin biology could have been a causative
agent in the evolution of differences in shoot architecture between key grass species, or could underpin the future

selective breeding of cereal crops.
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Introduction

The grass family (Poaceae) of flowering plants includes key spe-
cies grown, cultivated, and bred by humans for their grain—
the cereal crops.The high yields produced by these cereals have
underpinned the development and maintenance of all agrarian
societies since the Neolithic revolution, and continue to be
vital to global food security. Between them, the ‘trinity’ of
wheat, rice, and maize are predicted to account for more than
half of all human calorie consumption, with the remaining ce-
real crops, such as barley, millets, sorghum, rye, and oats, also
contributing significantly to modern global diets (Cassman,
1999; Tilman et al., 2011). In the face of increasing global
population and climate change-driven loss of arable land, the

development of new cereal breeds that can produce greater
yields has been identified as an essential, perhaps ‘the’ essential,
challenge of modern plant science.

The Poaceae probably first emerged as a distinct family at the
start of the Cretaceous period, with recent estimates placing
their diversification from other Poales typically ~80—100 mil-
lion years ago (MYA) and as far back as 130 MYA (Prasad
et al.,2005; Stromberg, 2011; Polissar et al., 2019; Gallaher et al.,
2022; Peppe et al., 2023). In terms of abundance and diver-
sity, the Poaceae have become one of the most successful plant
families, comprising an estimated 11 000 species (Bouchenak-
Khelladi et al., 2014; Linder et al., 2018) (Fig. 1). They are also
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Fig. 1. Evolutionary comparison of the Poaceae. Species discussed in this review are in bold and accompanied by an inflorescence (spikelet) diagram,
in which each floret is represented by a yellow oval, Hordeum vulgare (barley) (with infertile lateral spikelets shown in black), Triticum aestivum (wheat),
Oryza sativa (rice), and Zea mays (maize). Other cereals that are not extensively studied or discussed in this review are included in grey. Defining features

of inflorescence development are labelled in red.

the dominant organisms in a wide range of natural ecosystems
(1.e. grasslands), the first of which are thought to have arisen
in Africa ~21 MYA. Compared with other Poales, grasses have
a series of distinctive traits, such as improved stomata, envi-
ronmental tolerance, and flexible growth (Chen et al., 2017;
Linder et al., 2018). Grasses also share a complex shoot ar-
chitecture, which underlies their ability to rapidly colonize
land, grow quickly, and produce large amounts of grain (Fig.
2). Grasses typically produce multiple ‘tillers’ (a grass-specific
term for vegetative branches) during the vegetative phase,
which allows them to rapidly expand their ground coverage,
and take up and store nutrients. Furthermore, during the veg-
etative phase, grass shoot meristems remain at the base of the
shoot, producing erect leaves, meaning that grazing by herbi-
vores does not destroy meristems, only the leaf blades. While
many monocots share this basic pattern of shoot development,
it is probably their vigorous vegetative shoot growth that es-
pecially contributes to grasses dominating some ecosystems.
After the transition to flowering, a proportion of the tillers
will initiate primary inflorescences (often called spikes, ears, or
panicles depending on the species), while other tillers undergo
senescence and nutrient remobilization to flowering tillers.
This flexible and reversible pattern of tiller initiation allows
grasses to dominate light capture during the vegetative phase,
without committing to maintaining every tiller. The primary

inflorescences of grasses in turn bear secondary inflorescences
typically referred to as ‘spikelets’. Each spikelet initiates a cer-
tain number of florets (depending on the species), each of
which can become fertilized and produce a single seed (Fig. 2).
The ultimate success of seed production is therefore the result
of the sequential development of tillers, spikes, spikelets, and
florets, which can vary greatly between grass species, and even
between ecotypes/cultivars of the same species.

The development of these structures results from the ac-
tion of increasingly specialized shoot meristems (Fig. 2).
Leaves are initiated by the primary vegetative shoot apical
meristem in the developing plant, and each leaf is associated
with an axillary shoot meristem. Activation of these axillary
meristems leads to the formation of a new shoot axis, a tiller.
After floral transition, the shoot meristems in the primary
shoot and major tillers will undergo conversion to form
primary inflorescence meristems, which can be character-
ized as a type of reproductive shoot meristem, since they do
not directly initiate to flowers (Schultz and Haughn, 1991;
Tanaka et al., 2013; Bommert and Whipple, 2018; Koppolu
and Schnurbusch, 2019).The primary inflorescence meristem
initiates a series of bracts (leaf-like organs) each of which
is associated with an axillary meristem. These axillary meri-
stems may be specified as branch meristems that give rise
to primary inflorescence branches (which have the same
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Fig. 2. Diagrams of the shoot architecture of the main Poaceae species discussed in this review. Each diagram represents an entire spike in black, and
each yellow oval represents a floret, each of which can give rise to a single grain. (A) Maize tassel (male inflorescence): produces pairs of spikelets on
short branches along its lateral branches and main spike; each spikelet then produces two florets. (B) Rice panicle: produces multiple orders of tillers;
also, shown here with each spikelet producing a single fertile floret; significant support exists for a ‘three-floret spikelet’ hypothesis that postulates that
two sterile lemmas on each inflorescence are in fact lateral florets. These florets are not included here due to their still hypothetical nature (Ren et al.,
2020). (C) Wheat ear: produces mulitfloreted spikelets. (D) Barley ear (two-rowed): produces a unifloreted central spikelet, flanked by two lateral spikelets,
which are typically sterile and represented by thin dark ovals. (E-H) Diagrams of shoot meristem development in the main Poaceae species discussed
herein. (E) Maize tassel (male inflorescence). VM, vegetative meristem; IM, inflorescence meristem; BM, branch meristem; SBM, short branch meristem;
pSM, pedicellate spikelet meristem; sSM, sessile spikelet meristem; FM, floret meristem. (F) Rice panicle. pBM, primary branch meristem; sBM,
secondary branch meristem; SM: spikelet meristem. (G) Wheat ear. (H) Barley ear. TSM, triple spikelet meristem; CSM, central spikelet meristem; LSM,

lateral spikelet meristem.

developmental potential as the main inflorescence), or as
spikelet meristems. Spikelet meristems are true inflorescence
meristems that initiate glumes, and then lemmas (bract-like
structures) along their length, each of which is associated

with a floral meristem that forms a single floret. Many grass
spikelets (e.g. barley and rice) only give rise to a single fertile
floral meristem, but others may produce multiple florets per
spikelet (e.g. wheat).

20z Atenuer z| uo ysenb Aq G92/221/5.69/2¢/v L/a101He/gxl/woo dno-oiwapede//:sdpy woly papeojumoq



6978 | Wakeman and Bennett

It is likely that the flexible pattern of vegetative and repro-
ductive shoot architecture in grasses has contributed to the
enormous success of the grass family, by allowing a diverse set
of morphologies that can colonize different ecosystems and
produce a large quantity of seed that is easily dispersed (Chen
et al.,2017; McSteen and Kellogg, 2022). Moreover, these shoot
architectural features and the grains they produce have be-
come key elements supporting modern and historical human
societies. Thus, understanding the development of grass shoot
architecture—and therefore how it can be improved to sup-
port future agricultural demands—is a question of some im-
portance. Yield improvements through conventional breeding
have already resulted in substantial changes to the shoot archi-
tecture of elite cereal varieties, whether through changes in
tiller number, tiller angle, leaf size and shape, flowering time
and synchronicity, inflorescence size and shape, increases in
total grain mass, or by improvements to other reproductive
traits, such as free-threshing and inflorescence harvestability (Li
et al., 2018; Sakuma and Schnurbusch, 2020; Liu et al., 2021).
The transformation of the weed teosinte into the high-yield-
ing modern maize crop represents the most dramatic example
of these breeding-driven changes in shoot architecture (Q.
Chen et al., 2020, 2021). A key goal for cereal research must
therefore be to provide the deep biological understanding to
allow more precise alteration of cereal shoot architecture, to
deliver specific cereal ‘ideotypes’, with optimal morphology
for particular purposes, in particular environments. Although
shoot architecture is similar between cereals, what is required
of these ideotypes varies greatly between species. For instance,
increased panicle branching is important in rice, but irrele-
vant in wheat, where the production of a small number of
highly fertile ears is a more pertinent aim (Miura et al., 2010;
Sreenivasulu and Schnurbusch, 2012;Wang et al.,2018;Y. Chen
et al.,2020). Therefore, species-specific knowledge and a robust
understanding of differences in shoot development between
cereals is crucial in understanding which genes are most rele-
vant to a particular shoot structure in a particular species.

The phytohormone auxin [indole-3-acetic acid (IAA)] has
well-established, key roles in shoot meristem development
(Pautler er al., 2013; Wang et al., 2018), and in determining
patterns of branching within shoot systems (Wang et al., 2018).
As such, auxin might be expected to play a major role in the
development of grass shoot architecture, a hypothesis largely
borne out by work in grasses over the last decade (Gallavotti
et al., 2008; Phillips et al., 2011; Matthes et al., 2019;Y. Chen
et al.,2020; Dong et al.,2021;]. Li et al., 2021; Qiao et al.,2021).
Here, we aim to review recent advances in our understanding
of auxin-driven shoot development in grasses. We have prima-
rily focused on how auxin influences the number of organs
produced in the shoot, through its effects on the number of
different shoot meristems produced, and their relative activity.
We acknowledge that there are many other important compo-
nents of shoot architecture that are influenced by auxin, such
as tiller angle, leaf shape, and flowering time (Xia et al., 2012;

H.Li et al.,2021; Zhao et al., 2023), but there was not space to
cover all these aspects in this review.

The basic mechanisms of auxin biosynthesis (Gallavotti et al.,
2008; Phillips et al., 2011), conjugation, degradation, signal-
ling, and transport are generally highly conserved across the
land plant group (Mano and Nemoto, 2012; Casanova-Siez
et al., 2021), and grasses are no exception to this, containing
paralogues of all known auxin-related gene families (Table 1).
Indeed, there is no reason to believe that these basic biochem-
ical processes are fundamentally different in grasses from other
plants. Furthermore, current evidence suggests that—again in
fundamental aspects—grass development is regulated by auxin
in the same way as other angiosperms. Auxin drives the for-
mation of organs in the shoot meristems in grasses, and then
regulates the activity of those meristems, and therefore the
number and arrangement of mature organs formed (Kellogg,
2022). However, the devil is in the detail. Given the central
importance of auxin in plant development, it is very plausible
that changes in the timing, pattern, and level of expression of
auxin-related genes, or changes in the specific activity of the
encoded proteins might explain the differences in shoot de-
velopment between different grass species, or between grasses
and other flowering plants. This is the central hypothesis that
this review aims to examine. We will focus on the three best
characterized areas of auxin biology in grasses; TAA/YUC-
mediated auxin synthesis, PIN-mediated auxin transport, and
TIR 1/AFB-mediated nuclear auxin signalling.

TAA/YUC-mediated auxin biosynthesis

The core IAA biosynthesis pathway in plants involves a
two-step reaction, beginning with the reversible conver-
sion of tryptophan to indole-3-pyruvic acid (IPyA), cata-
lysed by TRYPTOPHAN AMINOTRANSFERASE
OF ARABIDOPSIS (TAA) family enzymes (Zhao, 2018;
Casanova-Saez and VoB3, 2019). IPyA then undergoes oxidative
decarboxylation, catalysed by YUCCA (YUC)-type monoox-
ygenases, to yield IAA. Other IAA biosynthetic pathways exist
in plants, and appear to be conserved in grasses, but are func-
tionally less important than the TAA/YUC pathway (Mano
and Nemoto, 2012; Korasick et al., 2013). Many different TAA
and YUC paralogues exist in flowering plants, and the exact
number of TAA and YUC genes varies between species (Table
1), as do the location, timing, and magnitude of expression
of each gene (Poulet and Kriechbaumer, 2017). Phylogenetic
studies have categorized TAA genes into two major clades, the
first containing the key Arabidopsis genes AtTAA1, AtTAR1
(TAA-RELATEDT), and AtTAR2, and the second contain-
ing a group of alliinase-related TAA genes, including At TAR3
and AtTAR4 which have been less studied (Chourey et al.,
2010; Matthes et al.,2019). The YUC phylogeny has four main
branches. Two of these contain Arabidopsis shoot-expressed
YUC genes and homologues (AtYUC1/AtYUC4 in one clade
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and AtYUC2/AtYUC6 in the other) (Cheng et al., 2000). A
third clade consists of all Arabidopsis root-expressed genes
(AtYUC3, AtYUCS5, AtYUC7, AtYUCS, and AtYUCY) (Chen
et al.,2014), while the final clade consists of embryo-expressed
AtYUC10 and AtYUC11 (Cheng et al., 2006).

The TAA and YUC genes identified in grasses allow us
to conclude that, as in Arabidopsis, different TAA and YUC
genes have specific roles within a given species. For instance,
ZmYUC1, OsYUCY, and OsYUC11 have important func-
tions in controlling auxin concentration during embryo de-
velopment (Abu-Zaitoon et al., 2012; Bernardi et al., 2012),
an equivalent role to AtYUCI, ArYUC4, and AtYUCI10
which are essential in embryogenesis in Arabidopsis (Cheng
et al., 2007). Intriguingly, several grass TAA and YUC genes
appear to either differ in expression and function from their
Arabidopsis paralogues or are absent in Arabidopsis entirely.
For instance, maize and rice YUC genes ZmYUC2, ZmYUC4,
and OsYUC7 cluster with the Arabidopsis root-expressed
YUC clade (ArYUC3, AtYUCS, AtYUC7, AtYUCS, and
AtYUCQY), but have been found to be highly expressed in the
shoot (Chen et al., 2014; Matthes et al., 2019). Perhaps most
intriguing are the maize and rice genes ZmYUC?7 (Gallavotti
et al., 2008) and OsYUCS, which cluster together, but have
no obvious Arabidopsis paralogues, presenting the possibility
of a monocot-specific subclade of YUC genes (Fujino ef al.,
2008; Qin et al., 2017). The role of this clade in shoot de-
velopment is unclear; no functional work has been published
regarding ZmYUC7. Meanwhile, OsYUCS has been impli-
cated in leaf development, but its precise role is still unclear
(Zhou et al.,2023). Expression data do suggest that ZmYUC7
is highly expressed in the seed, OsYUCS is highly expressed in
the immature inflorescence, and both are highly expressed in
the shoot and embryo, identifying these genes as relevant for
further investigation.

In maize, Sparse Inflorescencel (Spil) encodes a YUC pro-
tein with an essential role in inflorescence development
(Gallavotti et al., 2008). Unlike many yuc single mutants in
dicots, the spil single mutant showed extreme developmental
effects, with reduced tillers, spikelets on the tassel (male in-
florescence), tassel length, spikelet pair meristems on the ear
(female inflorescence), ear length, and plant height, as well as
producing spikelet meristems at atypical locations on devel-
oping male and female inflorescences and at a greatly reduced
number (Barazesh et al., 2009). Other studies in maize found
the mutant line defective endosperm18 (de18) to produce smaller
grain than the wild type, with a 40% reduction in endosperm
dry mass (Bernardi ef al., 2019). The effect was found to be
rescued by the application of either of the synthetic auxins
NAA (1-naphthaleneacetic acid) (Torti et al., 1986) or 2,4-D
(2,4-dichlorophenoxyacetic acid) (Lur and Setter, 1993). The
De18 locus was identified as being tightly linked with an allele
of ZmYUC1 which contained rearrangements and a prema-
ture stop codon, leading to a truncated YUC1 protein. The
failure of the del18 mutants to produce sufficient auxin in the
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endosperm thus appears to account for the observed change in
grain development. In barley, an allele of HYYUC4 was iden-
tified as the causative gene of the mutant line male sterile ge-
netic38 (msg38), which produces shrunken pollen grains but no
other developmental defects, suggesting that auxin synthesis is
essential for proper pollen grain development (Amanda et al.,
2022; Mudgett and Zhao, 2022). HYYUC4 is closely related to
AtYUC2 and AtYUCS, and the disruption of either of these
genes also results in male sterility in Arabidopsis. HYYUC2 is
categorized into the same clade as HYYUCH4, but its knockout
does not result in sterility and the barley yuc2 yuc4 double
mutants are indistinct from the yuc4 single mutant. This sug-
gests that HyYUC?2 is neo-functional relative to HvYUCH4, al-
though what its function might be is not currently clear. In
rice, the closest paralogue of HYYUC4 is OsYUCH4, but it is
overexpression, rather than mutation, of the gene that caused
improper pollen development (Zhao et al., 2013). While this
example is perhaps only tangentially relevant to shoot archi-
tecture, it supports the idea that change in auxin synthesis gene
expression could contribute to changes in shoot and reproduc-
tive architecture.

A maize paralogue of TAR2 called Vanishing Tassel2 (V'12)
has also been identified through genetic screens. Much like
the spi1 mutants, vt2 single mutant maize also exhibited sig-
nificant defects in inflorescence development, producing fewer
ears that were shorter and had fewer spikelets (Phillips et al.,
2011). Interestingly, spi1 vt2 double mutants showed little dif-
ference from either of the single mutants, suggesting that these
proteins function together in inflorescence-specific IAA bi-
osynthesis. In rice, the tillering and small grain1 (tsg1) mutant
exhibits increased tillering, but decreased panicle and grain size
and number, which was related to a decrease in endogenous
auxin levels. TSG1 was identified as an allele of the tryptophan
aminotransferase gene FISH BONE (FIB) (Guo et al., 2020).
FISH BONE had previously been identified as a paralogue of
AtTAR2 and its mutation was shown to result in disruption
to panicle and flower development (Yoshikawa et al., 2014).
Interestingly, single mutants in other rice TAA paralogues, such
as OsTAR1, show very little phenotypic diftference from the
wild type. This implies that TSG1 has a major or more func-
tionally distinct role from OsTAR1 and others. In addition to
the TAR2 paralogues ZmlVT2 and OsTSG1, the closely re-
lated wheat gene TaTARZ2.1 has also been implicated in shoot
development. TaTAR2.1 knockdown lines showed a reduc-
tion in grain mass, grain number, spikelet number, and height
(Shao et al.,2017). The expression and functional data of these
related genes in maize, rice, and wheat show they are similar
but distinct in their influence on shoot development. Zm'T2
appears to influence spikelet number, but OsTSG1 does not.
TaTAR2.1 and OsTSG1 both appear to affect grain devel-
opment, but Zml’T2 does not. OsTSG1 and OsTAR1 have
been reported to be highly expressed in mature inflorescences,
whereas Zm 1712 instead is more highly expressed in imma-
ture inflorescences. vt2 and far2.1 mutants both reduce tiller/
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spike production, while fs¢7 mutants increase tiller production.
Thus, the limited functional data currently available support
the idea that changes in the timing/location of auxin biosyn-
thesis might underpin some of the differences in shoot archi-
tecture between grass species.

Functional evidence for specific effects of TAA and YUC
activity on grass shoot architecture is still sparse, though the
examples discussed here show their involvement in these de-
velopmental processes. The differences in closely related TAA
and YUC genes in a variety of cereals show that the role of
auxin synthesis in cereal tillering is complex and species de-
pendent. Although this does not equate to direct evidence that
innovation in biosynthesis resulted in developmental innova-
tion, it does support the theory that this could have occurred,
and the patterns of phylogenetic conservation and distinction
amongst grasses and between grasses and other plant species

further supports this possibility.

PIN-mediated auxin transport

As a huge number of studies have shown over the last two
decades, a fundamental aspect of auxin-regulated plant devel-
opment is the highly controlled distribution of auxin among
tissues by specific auxin transport mechanisms (KfeCek ef al.,
2009; Bennett et al., 2014b; Bennett, 2015; Zhou and Luo,
2018). There are three groups of plasma membrane auxin
transporters: the AUX1/LAX auxin influx carriers; the ATP-
BINDING CASSETTE subfamily B (ABCB) efflux trans-
porters (Yue et al.,2015; Chai and Subudhi, 2016); and the PIN
auxin efflux transporters. The PIN transporters are the most
well studied, particularly because they show polar localization
in many cells that is consistent with the observed directionality
of auxin transport, because they show dynamic intracellular
behaviour, and because they have well-developed imaging re-
sources including functional green fluorescent protein (GFP)-
tagged protein fusions and useful, highly specific antibodies.
They are also most strongly associated with development,
with many pin mutants showing specific developmental pat-
terning defects that can be associated with specific changes
in auxin transport (Paponov et al., 2005; Forestan and Varotto,
2012;Wang et al., 2022). AUX1/LAX and ABCBs are less well
chracterized in cereals, and we thus focus on PIN-mediated
auxin transport here, but, where available, studies do suggest
that these transporters affect shoot development (Huang ef al.,
2017; Zhu et al., 2022).

PINs have been identified in all land plants (Adamowski
and Friml, 2015; Zhou and Luo, 2018), and it has previously
been proposed that polar auxin transport is one of the essential
molecular innovations that resulted in the widespread adop-
tion of embryophyte specific structures and processes that led
to the success of the land plants (Bennett, 2015). In angio-
sperms, there are four canonical PIN clades (PIN1, PIN11,

PIN3, and PIN2) which have long intracellular loop domains
that function as regulatory modules, and which often have
polar localizations, along with four clades of semi- (PIN6) or
non-canonical clades (PIN5, PIN12, and PINS8) with diver-
gent structural features (Bennett ef al., 2014a). These clades are
well conserved across the angiosperms, including in monocots,
and the broader Poales. However, there has been considerable
change and innovation in the PIN family specifically in the
Poaceae (Bennett et al., 2014a) (Table 1). For instance, there
is a conserved triplication of the PIN5 clade in grasses, along
with the apparent complete loss of the PIN6 clade. Proteins
in the PIN3 clade in grasses are so divergent in sequence rel-
ative to other angiosperms that they were originally classified
as a completely distinct grass-specific clade (PIN10). In addi-
tion, the PIN1 clade has undergone an apparent triplication in
grasses, leading to two clades containing PIN1-like sequences
(PIN1a and PIN1b) and a third containing a highly divergent
non-canonical PIN protein, PIN9. This latter clade does seem
to derive from a PIN1-like sequence but is sufficiently dif-
ferent to warrant a separate name. It has therefore been pro-
posed that the grass-specific complement of PINs might be
involved in grass-specific innovations in shoot architecture
(Bennett et al., 2014a).

In the case of PIN1a and PIN1b there is certainly evidence
that they are functionally distinct (O’Connor ef al., 2014).
Analysis of PIN1a, PIN1b, and PIN11/SISTER OF PIN1
(SoPINT) in the model grass species Brachypodium distachyon
(Brachypodium) shows that these three genes have distinct
expression domains in spike meristems that collectively re-
semble PINT expression in Arabidopsis shoot meristems, with
SoPIN1 expressed in the epidermis, PIN1b in developing vas-
cular strands, and PIN71a more broadly in the internal tissues
(O’Connor et al., 2014). SoPINT1 is needed for the formation
of auxin maxima in the Brachypodium spike meristems, and
sopinl mutants resemble classic pin1 mutants in Arabidopsis.
Since the Brassicaceae have lost the PIN11 clade, it is assumed
that Arabidopsis PIN1 is therefore functionally equivalent to
both SoPINT and PIN1a/PIN1b from grasses. The distinction
between the PINT1a and PIN1b expression domains appears
to be unique to grasses and suggests an important functional
distinction between these two proteins. However, functional
analysis of PIN1a and PIN1b in Brachypodium has not cleanly
delineated what these functions are; while single mutants do
have subtle phenotypes, double mutants have much clearer
phenotypes, suggesting that to some extent PINTa and PIN1b
are redundant, rather than subfunctionalized. More detailed
work is therefore needed to understand the exact roles these
proteins play in grass shoot meristem function.

Functional studies have identified further PIN involvement
in controlling tillering, a defining aspect of grass shoot archi-
tecture and a key determinant of crop yield, especially in rice.
Rice has two PIN1 homologues (Li et al., 2019) (OsPIN1a
and OsPIN1b; the genes OsPIN1c and OsPIN1d are actually
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PIN11 clade members), Whilst the phenotypic effects of single
ospinla and ospin1b knockouts were minor, double mutants
have drastically reduced plant height and increased tillering
(Xu et al., 2005). Expression of the PIN11 genes OsPIN1c¢ and
OsPIN1d was found to be lower than that of the PINT homo-
logues in both the shoot and root, but still at relevant levels in
the meristem (Wang et al., 2009). ospinic and ospinld single
mutants still showed some decrease in plant height and tiller
number, though the double mutant of these two genes was
no more extreme than either single mutant (Li ef al., 2019).
However, this double mutant line did produce plants with no
panicle and lacking secondary branches and spikelets, analo-
gous to sopin1 mutants in Brachypodium. Further investigation
into the roles of specific PINT and PIN11/SoPIN1 genes may
reveal the existence of subfunctionalization, and the possibility
of such phenomena to have driven structural differentiation
between the Poaceae.

In wheat, TaPIN1-6 represents a complex of six genes with
one homeologue in both the A and D genomes (TaPIN1-6a
and TaPIN1-6d) and four in the B genome (TaPIN1-6b1-
TaPIN1-6b4). Meanwhile TaPIN1-7 has a single homeologue
in each genome (Yao et al., 2021). Expression analyses of these
genes showed that they are highly expressed, particularly in
the stem apex and axillary buds. RNAi-based disruption of
TaPIN1-6 and TaPIN1-7 function resulted in transgenic wheat
lines that produced significantly more tillers than the wild
type. Additionally, the knockdown lines also produced more
ears, almost certainly as a direct function of the increased tiller
number (Yao ef al., 2021). However, the ears of these lines also
produced fewer spikelets per ear, fewer grains per ear, and (in
two of the three RNAI lines) reduced thousand-grain weight.
Interestingly, these reductions did not completely negate the
positive effect of the increased ear number, and the transgenic
lines all produced a significantly increased yield over the wild
type. This result is contrary to the typical result of increased
ear/reduced seed lines in wheat, which tend to exhibit a de-
ceased yield, and hence the proposal of a wheat ideotype with
a very low number of highly productive ears (L. Chen et al.,
2020). Here, the study of auxin transport in grasses not only
indicates a role in shoot architecture for PINs but highlights
the potential value of such knowledge in developing novel
lines for higher yield agriculture.

Intriguingly, functional analysis suggests that PIN9 pro-
teins might also play a distinct, and presumably novel, role
in regulation of grass shoot architecture. Early expression
analysis found OsPINY to be particularly highly expressed in
the root and stem base (Wang et al., 2009), and further study
more specifically located this high expression to the vascular
tissue of shoot junctions and in tiller buds (Hou et al., 2021).
OsPINY is up-regulated by cytokinin (Wang and Li, 2005)
and by ammonium (Hou et al., 2021). As a result of its in-
duction by ammonium, OsPINY was investigated as a candi-
date gene involved in the increased tillering displayed by rice
in high ammonium conditions, such as flooded paddy fields.

Auxins and grass shoot architecture | 6981

Tiller number was reduced in ospin9 mutant lines compared
with the wild type in paddy conditions, and tiller number was
increased in overexpression lines (Hou et al., 2021). Analysis of
these overexpression lines when grown with only ammonium
as a nitrogen source identified an increased rate of tiller bud
outgrowth as the source of the increased tillering. Unusually
for a non-canonical PIN protein (which are typically local-
ized in the endoplasmic reticulum), it was shown that OsPIN9
is plasma membrane localized in vivo, with evidence of the
capacity for OsPINO to influence IAA distribution. Similar
to OsPIN9, ZmPINY9 in maize exhibits no expression in the
tassel or ears, and instead appears to be expressed solely in
the roots and nodes (Forestan and Varotto, 2012), although no
functional data are available for this protein. Taken together,
this work therefore provides evidence of a grass-specific
PIN protein playing a novel role in auxin transport in nodes,
with functional consequences for a key aspect of grass shoot
architecture.

No studies into a functional role for PIN10 proteins in grass
shoot architecture currently exist, but expression data are tan-
talizing with regard to a divergent function from PIN3-like
proteins in other species, and a possible role in specialized
grass architecture. ZmPIN10a and ZmPIN10b are specifically
expressed in maize inflorescences, with ZmPIN10a expression
appearing to be greater in the male inflorescence than in that of
the female, while the expression of ZmPIN10b was found to be
less than of ZmPIN10a in all samples from both inflorescences,
except for 3 mm along the female inflorescence (Forestan and
Varotto, 2012). Similar expression patterns have been observed
for OsPIN10a and OsPIN10b in rice. As in maize, OsPIN10a
appears to be more highly expressed than OsPIN10b in most
tissues, including the stem, stem base, and young panicle; how-
ever, OsPIN10b is expressed more highly in the vein, hull, and
anther of developing floret organs (Wang et al., 2009). These
results suggest that further investigation regarding PIN10 pro-
teins as specific regulators of inflorescence development and
function is warranted.

The case of PINS in grasses also seems intriguing, at least
as far as expression studies suggest. For instance, ZmPIN§
1s very highly expressed in the young and developing seeds
of maize, whilst OsPINS§ shows very little expression in
these structures (Matthes et al., 2019). Additionally, whilst
the PINS genes of both species are highly expressed in the
immature inflorescence, OsPINS appears to then be down-
regulated in expression in the mature inflorescence, where
ZmPINS is still expressed at a similar level to earlier in devel-
opment. Meanwhile Arabidopsis PINS exhibits a completely
different expression profile, showing very low expression in
the seeds and inflorescence, but being highly expressed in
the stamens, where these two grass PINS genes are expressed
at extremely low levels. Such diversification in expression
may therefore indicate functional diversification between
the Poaceae and other angiosperms, and even between mem-
bers of the Poaceae.
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PIN-mediated auxin transport is finely regulated not only
by expression of the PIN proteins themselves, but also through
post-translational modifications, and trafficking and locali-
zation to particular areas of membranes. In Arabidopsis, the
PINOID-family of serine/threonine kinases phosphorylate
PIN proteins in the loop domain to modulate their subcellu-
lar localization (Christensen et al., 2000; Benjamins et al., 2001;
Friml, 2003). In maize, the PINOID homologue BARREN
INFLORESCENCE2 (BIF2) functions similarly (Wu and
McSteen, 2007), phosphorylating ZmPIN1a, and thus control-
ling its cellular localization in developing inflorescence meri-
stems in normal ears and tassels (Skirpan et al., 2009). pinoid
(pid) mutants have previously been shown to exhibit a similar
developmental phenotype to pin mutants, namely a defect in
floral meristem initiation resulting in a pin-like inflorescence
(Bennett ef al., 1995; Christensen ef al., 2000; Benjamins et al.,
2001). This developmental defect is also observed in maize bif2
mutants which fail to initiate spikelet pair meristems (Barazesh
et al., 2009). Other work showed that bif2 maize mutants lacked
a compact group of PIN-expressing cells in the tassel and ear,
and had altered ZmPIN1a and ZmPIN1b expression patterns
(Carraro et al., 2006). Intriguingly, allelic variation of bif2 results
in variation in maize tassel architecture via the modulation of
auxin transport during vegetative and inflorescence meristem
development (Pressoir et al., 2009). This finding is particularly
salient for the core hypothesis of this review as it presents a clear
instance of genetic changes in auxin biology resulting in devel-
opmental changes in grass shoot architecture. The orthologous
rice protein OsPINOID (OsPID) also regulates shoot archi-
tecture through the regulation of auxin transport, interacting at
least with OsPIN1a and OsPIN1b to do this (Wu et al., 2020).
Unlike bif2, Ospid mutants have no defect in the initiation of
spikelets, but have abnormal stigma, style, and ovule develop-
ment in flowers (He et al., 2019; Xu et al., 2019). Thus, despite
their close relationship, ZmBIF2 and OsPID have distinctly dif-
ferent roles in the control of shoot architecture, suggesting that
changes in PID expression during grass evolution could con-
tribute to differences in shoot architecture between the grasses.

Our understanding of PIN function in shoot architecture
development is built on phenotypic observations of a variety
of pin mutants, coupled with observation of PIN protein lo-
calization in tissues. A current lack of pin mutants in grasses
other than maize and rice is a major roadblock to improving
understanding of grass-specific PIN function and regulation of
shoot architecture. However, the apparent innovations in both
the expression and function of PIN proteins in grasses cer-
tainly warrant further investigation for potential roles in grass-
specific developmental innovations.

Nuclear auxin signalling

By far the best understood auxin signal transduction pathway
in plants is the nuclear TIR1/AFB pathway, in which Aux/

[AA-family transcriptional repressors are targeted for degra-
dation by the action of an SCF-E3-ubiquitin ligase complex
containing TIR 1/AFB F-Box proteins, in an auxin-dependent
manner (Hagen, 2015; Salehin et al., 2015). The degradation of
the Aux/IAA proteins releases ARF (Auxin Response Factor)
transcription factors to modulate expression of genes with
promoters containing Auxin Response Elements (AuxREs or
AREs). Recent work has shown that multiple other auxin sig-
nalling pathways exist (Ang and Ostergaard, 2023), but here
we will focus on canonical, nuclear auxin signalling since it is
the most functionally important and has therefore been subject
to the most (and indeed only) study in grasses. Multiple com-
ponents of this signalling pathway, such as the ARFs, AUX/
IAAs, and TIR1/AFBs, exist in multiple copies within each
grass species (Table 1), often varying in expression profile and
sequence, and are therefore potentially a likely source of signif-
icant interclade and interspecies variability.

ARFs are categorized into three conserved clades (A, B, and
C), (Finet et al., 2013; Flores-Sandoval et al., 2015; Galli et al.,
2015, 2018), wherein clade A ARFs act as transcriptional acti-
vators, clade B act as transcriptional repressors, and clade C may
have no direct function in auxin signalling (Flores-Sandoval
et al., 2018). Aux/IAAs are categorized into nine clades, two
of which are thought to be monocot specific (Matthes et al.,
2019). TIR1/AFBs are categorized into three subclades, which
pre-date monocot—dicot divergence. Although these core
clades are shared between species and monocots and dicots,
differences in copy number exist from species to species (Table
1) and differences in expression and sequence exist between
paralogues.

In Arabidopsis, single knockouts of TIR1/AFBs, AR Fs, and
Aux/IAAs typically result in a mild phenotypic response, but
multiple knockouts result in plants with multiple severe defects
in auxin-mediated development or that often fail to germi-
nate entirely (Dharmasiri et al., 2005; Sakamoto et al., 2013;
Prigge et al., 2020; Uzair et al., 2021). Expression studies in
rice and maize show that many of the TIR1/AFB genes in
these species exhibit similar expression profiles to the other
TIR1/AFBs within the same species but vary between species
(Matthes et al., 2019). For instance, almost all maize TIR1/
AFB genes are highly expressed in young seeds and the inflo-
rescences, whereas all five rice TIR 1/AFBs show relatively low
expression in the seeds and most show low expression in the
inflorescences. These data could suggest a diversity in function
between orthologues (e.g. ZmAFB4/5B2 and OsAFB4/5B)
and between paralogues in the same genome (e.g. OsAFB2/3A
show a much higher expression level in mature inflorescences
than the other rice TIR1/AFB genes). In terms of functional
analyses, mutation of rice TIR1/AFB genes showed that single
mutant lines of Ostirl and Osafb2 produced shorter plants,
more tillers, and fewer grains per panicle (Guo et al., 2021).
Ostirl Osafb2 double mutants exhibited even more severe dif-
ferences in height, tillering, and grain number compared with
the wild type and had a significantly reduced grain size and
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Table 1. Copy number of auxin-related genes in cereal species

Family Species Known homologues
TAA/TAR Rice 4
Maize 6
Wheat 15
Barley 1
YUC Rice 14
Maize 14
Wheat 16
Barley 3
PIN Rice 12
Maize 15
Wheat 44
Sorghum iR
Aux/IAA Rice 31
Maize 34
Wheat 84
Barley 36
ARF Rice 25
Maize 36
Wheat 67
Barley 25
TIR1/AFB Rice 5
Maize 6
Wheat 11

TAAs: rice (T. Zhang et al., 2018), maize (Chourey et al., 2010; Phillips

et al., 2011), wheat (Shao et al., 2017), barley (Bai et al., 2017).

YUCs: rice (T. Zhang et al., 2018), maize (Gallavotti et al., 2008; Chourey
etal., 2010; Li et al., 2015), wheat (Li et al., 2014; Yang et al., 2021),
barley (Mudgett and Zhao, 2022).

PINs (Bennett et al., 2014a): rice (Wang et al., 2009; Miyashita et al.,
2010), maize (Forestan et al., 2012; O’Connor et al., 2014; Yue et al.,
2015), wheat (Kumar et al., 2021), sorghum (Shen et al., 2010).
AUX/IAAs: rice (Jain et al., 2006), maize (Ludwig et al., 2013), wheat
(Chaudhary et al., 2023), barley (Shi et al., 2020).

ARFs: rice (Wang et al., 2007), maize (Liu et al., 2011; Wang et al., 2012;
Galli et al., 2018), wheat (Qiao et al., 2018; J. Li et al., 2021; Chaudhary
et al., 2023), sorghum (Wang et al., 2010).

TIR1/AFBs: rice (Matthes et al., 2019; Guo et al., 2021), maize (Matthes
et al., 2019), wheat (Gidhi et al., 2023).

mass. This is similar to Arabidopsis, where TIR1/AFB single
and higher order mutant lines (including tir1 and afb2 muta-
tions) also exhibit reduced height, increased branching, and
reduced seed number (Prigge et al., 2020). Generation of
higher order TIR1/AFB mutants in maize and rice is a key
goal for expanding this knowledge into grasses (Galli ef al.,
2015; Qiao et al., 2018).

These observations of diversity between paralogues also
appear to hold true for Aux/IAAs and ARFs, and, given the
increased number of family members of these proteins, di-
versity in location and timing of expression is even greater
than in TIR1/AFBs. For instance, ZmIAA17 shows very low
expression levels in the embryo, whereas the closely related
OsIAAY9 is very highly expressed. Meanwhile, OsIAA20,
which is classified within the same clade as OsIAA9, shows
very little expression in the embryo (Matthes ef al., 2019). One
of many possible examples for the ARFs is the high expression
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of ZmARF1 in the developing seed, compared with the low
expression of closely related genes OsARF21 and ZmARF27
(Matthes et al., 2019). However, it should be noted that the
expression profiles compared in this study are from multiple
experiments performed by different groups without a unified
control. Dedicated experiments directly comparing potential
differences between these orthologous genes must be per-
formed to confirm the existence of these differences.

Functional analysis of Aux/IAAs in grasses is generally
lacking. In Arabidopsis, Aux/IAAs are highly redundant, and
only semi-dominant mutations in single genes typically pro-
duce phenotypes. The situation seems similar in grasses, with
few reported Aux/IAA mutations affecting shoot architecture.
However, there are some striking counter-examples. In maize,
semi-dominant mutants in ZmIAA27 (Barren Inflorescence 1) and
ZmIAA20 (Barren Inflorescence4) strongly affect shoot architec-
ture, producing tassels with a reduced number of branches and
spikelets, and ears with reduced length and kernel number
(Galli et al., 2015). Double mutants show more extreme ver-
sions of these phenotypes, with pin-like inflorescences as a
result of severely impaired axillary shoot meristem initiation.
Interestingly, single knockout mutations of OsIAA23 produce
strong shoot architectural phenotypes, including dwarfing and
reduced tillering (Jiang et al., 2019), but few other rice Aux/
[AAs have been found to produce phenotypes.

Compared with Aux/IAAs, there is much more evidence
for AR Fs as regulators of shoot architecture. In rice, expression
profiling of ARF genes shows that relatively few are highly
expressed in the shoot but, of the three clade A OsARF genes
with this expression profile, all are functional regulators of
rice shoot architecture (OsARF6, OsARF17, and OsARF19)
(Matthes et al., 2019). Overexpression of OsARF19 results in
reduced height (Zhang et al., 2015), while RNAI lines and
osarf19 null mutants both exhibit disrupted floral organ de-
velopment, producing abnormal florets (Zhang et al., 2016),
suggesting that OsARF19 is a key regulator of rice shoot archi-
tecture, further supported by its expression profiles in young
panicles. Along with OsARF12 and OsARF25, OsARF6 and
OsARF17 are targeted for repression by miR 167, and overex-
pression of this miRINA causes reduced stature and reduced til-
lering (Liu ef al., 2012). Double knockout mutants in OsARF6
and OsARF17 cause an increased flag leaf angle (Huang ef al.,
2021), and OsARF12, OsARF19, and OsARF25 also regu-
late flag leat angle (Li et al., 2020). Three clade B ARF genes
(OsARF7, 9, and 15) and one clade C ARF gene (OsARF18)
in rice also show high shoot expression. All of these lack func-
tional investigation and appear to be prime targets for further
investigation of the role of auxin signalling in shoot architec-
ture in grasses. Only two maize genes show particularly high
shoot expression, ZmARF7 and ZmARF35 (Matthes et al.,
2019).The precise function of ZmARF7 is not known; how-
ever, ZmARF35 binds certain regions on the promoter of
BARREN STALK1 (BAT1). bal mutants exhibit reduced til-
lering, the same phenotype that results from the disruption of
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shoot-expressed rice ARF genes OsARF6 and OsARF17. This
link suggests that ZmARF35 mutation would result in a similar
effect and should be prioritized for functional investigation.

Other ARFs implicated in shoot architecture include
OsARF1, where antisense expression resulted in decreased
shoot height (Attia ef al., 2009), as did single knockout lines of
OsARF11 and OsARF16 (Sakamoto et al., 2013; Uzair et al.,
2021). Knockout of OsARF11 and OsARF16 also resulted in
an increase in tillering (Sakamoto et al.,2013; Uzair et al.,2021).
OsARF4 (Hu et al., 2018) and OsARF25 (Z. Zhang et al.,
2018) negatively regulate grain size, whereas OsARF6 (Qiao
et al.,2021) and OsARF11 (Sims et al.,2021) have been impli-
cated in the positive regulation of grain size. In wheat, expres-
sion profiling identified TaARF4, 9, 12, 15, 17, 21, and 25 as
potential regulators of tillering (J. Li ef al., 2021). Furthermore,
reduced TaARF11 expression has been identified as the causa-
tive factor in the reduced tillering of the dwarf monoculm (dme)
mutant line (He ef al., 2018). This interpretation of the role of
TaARF11 in tillering control is complicated by reduced IAA
levels in dmc. The precise effects of this auxin reduction, ex-
pression of 1TaARF11, and expression of other auxin signalling
genes in this mutant remain to be determined. TaARF11 is
closely related to OsARF11 (J. Li et al., 2021), but the reduced
tillering that results from its disruption is in contrast to the
increased tillering that results from a knockout of OsARF11.
This example shows that changes in ARF expression could be
a source of variation in shoot architecture between grass spe-
cies. A picture thus emerges of ARFs playing antagonistic roles
in many aspects of shoot architecture in grasses, although the
currently fragmentary nature of the data makes it difficult to
understand this within a holistic framework.

In addition to the synthesis, transport, and signal transduc-
tion of auxin, the diversity of downstream responses could also
be a major source of diversity and functional and structural
novelty in grasses. Several instances of tillering mutants have
been described in this context, a perhaps unsurprising finding,
considering our current knowledge of genetic control of til-
lering in grasses. TEOSINTE BRANCHED 1 (TB1) was first
identified as a central coordinator of tillering in maize, and
orthologous proteins have been discovered with equivalent
function in wheat (TaTB1) (Dixon ef al., 2018), rice (OsFC1)
(Takeda et al., 2003), sorghum (SbTB1) (Kebrom et al., 2010),
and barley (HVINT-C or HvVrs5) (Ramsay ef al.,2011; Zwirek
et al., 2019). These genes act to repress axillary meristem out-
growth, and their expression is a known downstream target of
auxin signalling (del Rosario Cardenas-Aquino et al., 2022).
Although broadly similar, the phenotypic results of altered ex-
pression of these genes are not directly equivalent, suggesting
that evolutionary changes to this central coordinator could un-
derpin some of the variation in grass shoot architecture be-
tween species.

Another relevant example is HIGH-TILLERING
DWARF1 (HTD1) in rice. HTD1 is an essential enzyme in

the synthesis of strigolactone, a molecule which has its own
signalling capability and influence on shoot architecture (Jiang
et al., 2013; Biirger and Chory, 2020; Mashiguchi et al., 2021).
HTD1 expression is induced by auxin and is a widely con-
served regulator of shoot architecture (Zou et al., 2006). An
example in maize is the BARREN STALK (BA) genes. BA1
(Gallavotti et al., 2004) and BA2 (Yao et al., 2019) both in-
fluence axillary shoot meristem formation, and their mutants
exhibit disruption to ear and tassel development, with reduced
branching and spikelet number. BA1 functions downstream of
auxin signalling and has been proposed to interact with BA2
to regulate proper axillary shoot meristem development, as a
consequence of auxin establishing normal phyllotaxic pattern-
ing in the inflorescences (Yao et al., 2019).

From current research, a significant body of evidence sug-
gests that (unsurprisingly) genes involved in auxin signalling
influence the development of shoot architecture in grasses, and
that differences in sequence, location of expression, and timing
of expression exist between these genes. Taken together, these
further build the case for such changes potentially underlying
changes in shoot architecture between members of the Poaceae.
Future investigation into sequence and expression differences
between signalling elements in grasses, the generation of higher
order mutants, and the identification of functional similarities
and differences between paralogues will test whether there is a
link between innovation in auxin signalling and innovation in
grass shoot architecture.

Conclusions

So how does the most important hormone make the most
important plants? In this review, we have attempted to ask
whether innovations in auxin biology are associated with the
morphological innovations in the shoot architecture of the
grasses. There is currently no clear answer to this question, but
there are tantalizing hints that it may be the case. The dra-
matic changes in PIN protein structure and complement be-
tween the grasses and their near relatives in the Poales implies a
strong selective drive for novel functionalities, given that these
altered structures are then highly conserved within the grasses.
The expression of these genes, and the functional evidence
where available, certainly implicates them in the development
of shoot architecture, but it is too early to firmly associate
specific changes in PIN proteins with specific morpholog-
ical effects. The existence of apparent grass-specific clades of
auxin biosynthesis and signalling components, and the changes
in expression and function relative to known paralogues in
Arabidopsis, does indicate significant auxin innovation be-
tween the grasses relative to other plant species. There are also
clear examples, such as the functional differences between the
orthologues VT2/FB/TaTAR2.1, that support the idea that
changes in expression level or timing of auxin synthesis genes
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might be associated with differences in shoot architecture
within the grasses.

However, as we have also outlined, there remains a lack of
detailed understanding of auxin biology in the ‘big three’ cereals
(rice, maize, and wheat), and little species-specific knowledge
exists for other, still significant cereals, such as barley, sorghum,
and millets. Future work would be best focused on the func-
tional analysis of pathways that identify and connect changes
in gene sequence, associated changes in auxin distribution and
response, and causally connected changes in shoot architecture.
Many studies have been discussed in this review that have pro-
duced a plethora of expression data, but such knowledge remains
of limited use without associated investigation into the pheno-
typic effects of such differences, and the underlying presence
and activity of auxin. Additionally, the systematic generation and
study of single and multiple mutants for auxin-related families
in key grasses, based on current knowledge from Arabidopsis,
would be a rational next step. The rapid advances in the ability
to perform multigene CRISPR in grass species, allowing func-
tional redundancy to be overcome even in species with complex
genomes, should make such an approach more feasible.

Opverall, understanding the basis of the morphological innova-
tions in the grasses, whether these are driven by changes in auxin
biology, or changes in other developmental pathways, would be
hugely beneficial in determining the possibility and mechanisms
for the continued improvement of grass shoot architecture, with
implications for improved food security and feeding the increas-
ing global population with reduced arable land.

Conflict of interest

The authors have no conflict of interest to declare.

Funding

AW is supported by the Natural Environment Research Council (NERC)
Panorama DTP (NE/S007458/1).TB is supported by Biotechnology and
Biological Sciences Research Council (BSSRC) grant BB/X001423/1.

References

Abu-Zaitoon YM, Bennett K, Normanly J, Nonhebel HM. 2012. A large
increase in IAA during development of rice grains correlates with the expres-
sion of tryptophan aminotransferase OsTAR1 and a grain-specific YUCCA.
Physiologia Plantarum 146, 487-499.

Adamowski M, Friml J. 2015. PIN-dependent auxin transport: action,
regulation, and evolution. The Plant Cell 27, 20-32.
Amanda D, Frey FP, Neumann U, et al. 2022. Auxin boosts energy gen-

eration pathways to fuel pollen maturation in barley. Current Biology 32,
1798-1811.

Ang ACH, Ostergaard L. 2023. Save your TIRs—more to auxin than
meets the eye. New Phytologist 238, 971-976.

Attia KA, Abdelkhalik AF, Ammar MH, Wei C, Yang J, Lightfoot DA,
El-Sayed WM, EI-Shemy HA. 2009. Antisense phenotypes reveal a

Auxins and grass shoot architecture | 6985

functional expression of OsARF1, an auxin response factor, in transgenic
rice. Current Issues in Molecular Biology 11, 29-34.

Bai B, Bian H, Zeng Z, Hou N, Shi B, Wang J, Zhu M, Han N. 2017.
miR393-mediated auxin signaling regulation is involved in root elongation
inhibition in response to toxic aluminum stress in barley. Plant and Cell
Physiology 58, 426-439.

Barazesh S, Nowbakht C, McSteen P. 2009. sparse inflorescencel,
barren inflorescencel and barren stalk1 promote cell elongation in maize
inflorescence development. Genetics 182, 403-406.

Benjamins R, Quint A, Weijers D, Hooykaas P, Offringa R. 2001. The
PINOID protein kinase regulates organ development in Arabidopsis by
enhancing polar auxin transport. Development 128, 4057-4067.

Bennett SRM, Alvarez J, Bossinger G, Smyth DR. 1995.
Morphogenesis in pinoid mutants of Arabidopsis thaliana. The Plant
Journal 8, 505-520.

Bennett T. 2015. PIN proteins and the evolution of plant development.
Trends in Plant Science 20, 498-507.

Bennett T, Brockington SF, Rothfels C, et al. 2014a. Paralogous radia-
tions of PIN proteins with multiple origins of noncanonical PIN structure.
Molecular Biology and Evolution 31, 2042-2060.

Bennett T, Hines G, Leyser O. 2014b. Canalization: what the flux? Trends
in Genetics 30, 41-48.

Bernardi J, Battaglia R, Bagnaresi P, Lucini L, Marocco A. 2019.
Transcriptomic and metabolomic analysis of ZmYUC1 mutant reveals the
role of auxin during early endosperm formation in maize. Plant Science 281,
133-145.

Bernardi J, Lanubile A, Li Q-B, Kumar D, Kladnik A, Cook SD, Ross
JJ, Marocco A, Chourey PS. 2012. Impaired auxin biosynthesis in the
defective endosperm18 mutant is due to mutational loss of expression in
the ZmYuc1 gene encoding endosperm-specific YUCCA1 protein in maize.
Plant Physiology 160, 1318-1328.

Bommert P, Whipple C. 2018. Grass inflorescence architecture and
meristem determinacy. Seminars in Cell and Developmental Biology 79,
37-47.

Bouchenak-Khelladi Y, Muasya AM, Linder HP. 2014. A revised evolu-
tionary history of Poales: origins and diversification. Botanical Journal of the
Linnean Society 175, 4-16.

Biirger M, Chory J. 2020. The many models of strigolactone signaling.
Trends in Plant Science 25, 395-405.

Carraro N, Forestan C, Canova S, Traas J, Varotto S. 2006. ZmPIN1a
and ZmPIN1b encode two novel putative candidates for polar auxin trans-
port and plant architecture determination of maize. Plant Physiology 142,
254-264.

Casanova-Saez R, Mateo-Bonmati E, Ljung K. 2021. Auxin metabolism
in plants. Cold Spring Harbor Perspectives in Biology 13, 2039867 .

Casanova-Saez R, VoB U. 2019. Auxin metabolism controls develop-
mental decisions in land plants. Trends in Plant Science 24, 741-754.

Cassman KG. 1999. Ecological intensification of cereal production sys-
tems: yield potential, soil quality, and precision agriculture. Proceedings of
the National Academy of Sciences, USA 96, 5952-5959.

Chai C, Subudhi PK. 2016. Comprehensive analysis and expression pro-
filing of the OsLAX and OsABCB auxin transporter gene families in rice
(Oryza sativa) under phytohormone stimuli and abiotic stresses. Frontiers
in Plant Science 7, 593.

Chaudhary C, Sharma N, Khurana P. 2023. Genome-wide identification
of Aux/IAA and ARF gene families in bread wheat (Triticum aestivum L.).
Protoplasma 260, 257-270.

Chen L, Zhao J, Song J, Jameson PE. 2020. Cytokinin dehydrogenase:
a genetic target for yield improvement in wheat. Plant Biotechnology Journal
18, 614-630.

Chen Q, Dai X, De-Paoli H, Cheng Y, Takebayashi Y, Kasahara H,
Kamiya Y, Zhao Y. 2014. Auxin overproduction in shoots cannot rescue
auxin deficiencies in Arabidopsis roots. Plant and Cell Physiology 55,
1072-1079.

20z Atenuer z| uo ysenb Aq G92/22./5.69/2¢/v L/9191Me/qx/wod dnoolwepese//:sdpy woly papeojumo(



6986 | \Wakeman and Bennett

Chen Q, Samayoa LF, Yang CJ, et al. 2020. The genetic architecture of
the maize progenitor, teosinte, and how it was altered during maize domes-
tication. PLoS Genetics 16, e1008791.

Chen Q, Samayoa LF, Yang CJ, et al. 2021. A conserved genetic ar-
chitecture among populations of the maize progenitor, teosinte, was rad-
ically altered by domestication. Proceedings of the National Academy of
Sciences, USA 118, e2112970118.

Chen Y, Dan Z, Gao F, Chen P, Fan F, Li S. 2020. Rice GROWTH-
REGULATING FACTOR?7 modulates plant architecture through regulating
GA and indole-3-acetic acid metabolism. Plant Physiology 184, 393-406.

Chen Z-H, Chen G, Dai F, Wang Y, Hills A, Ruan Y-L, Zhang G, Franks
PJ, Nevo E, Blatt MR. 2017. Molecular evolution of grass stomata. Trends
in Plant Science 22, 124-139.

Cheng Y, Dai X, Zhao Y. 2006. Auxin biosynthesis by the YUCCA flavin
monooxygenases controls the formation of floral organs and vascular tis-
sues in Arabidopsis. Genes & Development 20, 1790-1799.

Cheng Y, Dai X, Zhao Y. 2007. Auxin synthesized by the YUCCA flavin
monooxygenases is essential for embryogenesis and leaf formation in
Arabidopsis. The Plant Cell 19, 2430-2439.

Chourey PS, Li Q-B, Kumar D. 2010. Sugar-hormone cross-talk in seed
development: two redundant pathways of IAA biosynthesis are regulated
differentially in the invertase-deficient miniature? (mn7) seed mutant in
maize. Molecular Plant 3, 1026-1036.

Christensen SK, Dagenais N, Chory J, Weigel D. 2000. Regulation of
auxin response by the protein kinase PINOID. Cell 100, 469-478.

del Rosario Cardenas-Aquino M, Sarria-Guzman Y, Martinez-Antonio
A. 2022. Review: Isoprenoid and aromatic cytokinins in shoot branching.
Plant Science 319, 111240.

Dharmasiri N, Dharmasiri S, Weijers D, Lechner E, Yamada M, Hobbie
L, Ehrismann JS, Jiirgens G, Estelle M. 2005. Plant development is reg-
ulated by a family of auxin receptor F box proteins. Developmental Cell 9,
109-119.

Dixon LE, Greenwood JR, Bencivenga S, Zhang P, Cockram J,
Mellers G, Ramm K, Cavanagh C, Swain SM, Boden SA. 2018.
TEOSINTE BRANCHED1 regulates inflorescence architecture and develop-
ment in bread wheat (Triticum aestivum). The Plant Cell 30, 563-581.

Dong S, Dong X, Han X, et al. 2021. OsPDCD5 negatively regulates plant
architecture and grain yield in rice. Proceedings of the National Academy of
Sciences, USA 118, €2018799118.

Finet C, Berne-Dedieu A, Scutt CP, Marlétaz F. 2013. Evolution of the
ARF gene family in land plants: old domains, new tricks. Molecular Biology
and Evolution 30, 45-56.

Flores-Sandoval E, Eklund DM, Bowman JL. 2015. A simple auxin tran-
scriptional response system regulates multiple morphogenetic processes in
the liverwort Marchantia polymorpha. PLoS Genetics 11, e1005207.

Flores-Sandoval E, Eklund DM, Hong S-F, et al. 2018. Class C ARFs
evolved before the origin of land plants and antagonize differentiation and
developmental transitions in Marchantia polymorpha. New Phytologist 218,
1612-1630.

Forestan C, Farinati S, Varotto S. 2012. The maize PIN gene family of
auxin transporters. Frontiers in Plant Science 3, 16.

Forestan C, Varotto S. 2012. The role of PIN auxin efflux carriers in polar
auxin transport and accumulation and their effect on shaping maize devel-
opment. Molecular Plant 5, 787-798.

Friml J. 2003. Auxin transport—shaping the plant. Current Opinion in Plant
Biology 6, 7-12.
Fujino K, Matsuda Y, Ozawa K, Nishimura T, Koshiba T, Fraaije MW,

Sekiguchi H. 2008. NARROW LEAF 7 controls leaf shape mediated by
auxin in rice. Molecular Genetics and Genomics 279, 499-507.

Gallaher TJ, Peterson PM, Soreng RJ, Zuloaga FO, Li D-Z, Clark LG,
Tyrrell CD, Welker CAD, Kellogg EA, Teisher JK. 2022. Grasses through
space and time: an overview of the biogeographical and macroevolutionary
history of Poaceae. Journal of Systematics and Evolution 60, 522-569.

Gallavotti A, Barazesh S, Malcomber S, Hall D, Jackson D, Schmidt
RJ, McSteen P. 2008. sparse inflorescencel encodes a monocot-specific

YUCCA-like gene required for vegetative and reproductive development
in maize. Proceedings of the National Academy of Sciences, USA 105,
15196-15201.

Gallavotti A, Zhao Q, Kyozuka J, Meeley RB, Ritter MK, Doebley JF,
Pé ME, Schmidt RJ. 2004. The role of barren stalk1 in the architecture of
maize. Nature 432, 630-635.

Galli M, Khakhar A, Lu Z, Chen Z, Sen S, Joshi T, Nemhauser JL,
Schmitz RJ, Gallavotti A. 2018. The DNA binding landscape of the
maize AUXIN RESPONSE FACTOR family. Nature Communications 9,
4526.

Galli M, Liu Q, Moss BL, et al. 2015. Auxin signaling modules regulate
maize inflorescence architecture. Proceedings of the National Academy of
Sciences, USA 112, 13372-13377.

Gidhi A, Mohapatra A, Fatima M, Jha SK, Kumar M, Mukhopadhyay
K. 2023. Insights of auxin signaling F-box genes in wheat. Protoplasma
260, 723-739.

Guo F, Huang Y, Qi P, Lian G, Hu X, Han N, Wang J, Zhu M, Qian Q,
Bian H. 2021. Functional analysis of auxin receptor OsTIR1/ OsAFB family
members in rice grain yield, tillering, plant height, root system, germination,
and auxinic herbicide resistance. New Phytologist 229, 2676-2692.

Guo T, Chen K, Dong N-Q, Ye W-W, Shan J-X, Lin H-X. 2020. Tillering
and small grain 1 dominates the tryptophan aminotransferase family re-
quired for local auxin biosynthesis in rice. Journal of Integrative Plant Biology
62, 581-600.

Hagen G. 2015. Auxin signal transduction. Essays in Biochemistry 58,
1-12.

He R, Ni Y, Li J, Jiao Z, Zhu X, Jiang Y, Li Q, Niu J. 2018. Quantitative
changes in the transcription of phytohormone-related genes: some tran-
scription factors are major causes of the wheat mutant dmc not tillering.
International Journal of Molecular Sciences 19, 1324.

HeY, Yan L, Ge C, Yao X-F, Han X, Wang R, Xiong L, Jiang L, Liu C-M,
Zhao Y. 2019. PINOID is required for formation of the stigma and style in
rice. Plant Physiology 180, 926-936.

Hou M, Luo F, Wu D, et al. 2021. OsPIN9, an auxin efflux carrier, is re-
quired for the regulation of rice tiller bud outgrowth by ammonium. New
Phytologist 229, 935-949.

Hu Z, Lu S-J, Wang M-J, et al. 2018. A novel QTL qTGW3 encodes the
GSKB/SHAGGY-like kinase OsGSK5/0sSK41 that interacts with OsARF4
to negatively regulate grain size and weight in rice. Molecular Plant 11,
736-749.

Huang G, Hu H, van de Meene A, et al. 2021. AUXIN RESPONSE
FACTORS 6 and 17 control the flag leaf angle in rice by regulating sec-
ondary cell wall biosynthesis of lamina joints. The Plant Cell 33, 3120-3133.

Huang P, Jiang H, Zhu C, Barry K, Jenkins J, Sandor L, Schmutz
J, Box MS, Kellogg EA, Brutnell TP. 2017. Sparse paniclel is required
for inflorescence development in Setaria viridis and maize. Nature Plants 3,
17054.

Jain M, Kaur N, Garg R, Thakur JK, Tyagi AK, Khurana JP. 2006.
Structure and expression analysis of early auxin-responsive Aux/IAA gene
family in rice (Oryza sativa). Functional & Integrative Genomics 6, 47-59.
Jiang L, Liu X, Xiong G, et al. 2013. DWARF 53 acts as a repressor of
strigolactone signalling in rice. Nature 504, 401-405.

Jiang M, Hu H, Kai J, Traw MB, Yang S, Zhang X. 2019. Different
knockout genotypes of OslAA23 in rice using CRISPR/Cas9 generating dif-
ferent phenotypes. Plant Molecular Biology 100, 467-479.

Kebrom TH, Brutnell TP, Finlayson SA. 2010. Suppression of sorghum
axillary bud outgrowth by shade, phyB and defoliation signalling pathways.
Plant, Cell & Environment 33, 48-58.

Kellogg EA. 2022. Genetic control of branching patterns in grass inflores-
cences. The Plant Cell 34, 2518-2533.

Koppolu R, Schnurbusch T. 2019. Developmental pathways for shaping
spike inflorescence architecture in barley and wheat. Journal of Integrative
Plant Biology 61, 278-295.

Korasick DA, Enders TA, Strader LC. 2013. Auxin biosynthesis and
storage forms. Journal of Experimental Botany 64, 2541-2555.

20z Atenuer z| uo ysenb Aq G92/22./5.69/2¢/v L/9191Me/qx/wod dnoolwepese//:sdpy woly papeojumo(



Krecek P, Skupa P, Libus J, Naramoto S, Tejos R, Friml J, Zazimalova
E. 2009. The PIN-FORMED (PIN) protein family of auxin transporters.
Genome Biology 10, 249.

Kumar, M, Kherawat BS, Dey P, et al. 2021. Genome-wide identification
and characterization of PIN-FORMED (PIN) gene family reveals role in devel-
opmental and various stress conditions in Triticum aestivum L. International
Journal of Molecular Sciences 22, 7396.

Li H, Sun H, Jiang J, Sun X, Tan L, Sun C. 2021. TAC4 controls tiller
angle by regulating the endogenous auxin content and distribution in rice.
Plant Biotechnology Journal 19, 64-73.

Li J, Jiang Y, Zhang J, et al. 2021. Key auxin response factor (ARF) genes
constraining wheat tillering of mutant dmc. Peerd 9, e12221.

Li N, Yin N, Niu Z, Hui W, Song J, Huang C, Wang H, Kong L, Feng D.
2014. Isolation and characterization of three TaYUC10 genes from wheat.
Gene 546, 187-194.

Li W, Zhao X, Zhang X. 2015. Genome-wide analysis and expression pat-
terns of the YUCCA genes in maize. Journal of Genetics and Genomics 42,
707-710.

Li Y, Fu X, Zhao M, Zhang W, Li B, An D, Li J, Zhang A, Liu R, Liu X.
2018. A genome-wide view of transcriptome dynamics during early spike
development in bread wheat. Scientific Reports 8, 15338.

LiY, Li J, Chen Z, Wei Y, Qi Y, Wu C. 2020. OsmiR167a-targeted auxin
response factors modulate tiller angle via fine-tuning auxin distribution in
rice. Plant Biotechnology Journal 18, 2015-2026.

Li Y, Zhu J, Wu L, Shao Y, Wu Y, Mao C. 2019. Functional divergence of
PIN1 paralogous genes in rice. Plant and Cell Physiology 60, 2720-2732.

Linder HP, Lehmann CER, Archibald S, Osborne CP, Richardson
DM. 2018. Global grass (Poaceae) success underpinned by traits facili-
tating colonization, persistence and habitat transformation: grass suc-
cess. Biological Reviews of the Cambridge Philosophical Society 93,
1125-1144.

Liu H, Jia S, Shen D, Liu J, Li J, Zhao H, Han S, Wang Y. 2012. Four
AUXIN RESPONSE FACTOR genes downregulated by microRNA167 are
associated with growth and development in Oryza sativa. Functional Plant
Biology 39, 736-744.

Liu L, Lindsay PL, Jackson D. 2021. Next generation cereal crop yield
enhancement: from knowledge of inflorescence development to practical
engineering by genome editing. International Journal of Molecular Sciences
22, 5167.

LiuY, Jiang HY, Chen W, Qain Y, Ma Q, Cheng B, Zhu S. 2011. Genome-
wide analysis of the auxin response factor (ARF) gene family in maize (Zea
mays). Plant Growth Regulation 63, 225-234.

Ludwig Y, Zhang Y, Hochholdinger F. 2013. The maize (Zea mays L.)
AUXIN/INDOLE-3-ACETIC ACID gene family: phylogeny, synteny, and
unique root-type and tissue-specific expression patterns during develop-
ment. PLoS One 8, e78859.

Lur HS, Setter TL. 1993. Role of auxin in maize endosperm development
(timing of nuclear DNA endoreduplication, zein expression, and cytokinin).
Plant Physiology 103, 273-280.

Mano Y, Nemoto K. 2012. The pathway of auxin biosynthesis in plants.
Journal of Experimental Botany 63, 2853-2872.

Mashiguchi K, Seto Y, Yamaguchi S. 2021. Strigolactone biosynthesis,
transport and perception. The Plant Journal 105, 335-350.

Matthes MS, Best NB, Robil JM, Malcomber S, Gallavotti A, McSteen
P. 2019. Auxin evodevo: conservation and diversification of genes regulating
auxin biosynthesis, transport, and signaling. Molecular Plant 12, 298-320.
2.

McSteen P, Kellogg EA. 2022. Molecular, cellular, and developmental
foundations of grass diversity. Science 377, 599-602.

Miura K, lkeda M, Matsubara A, Song X-J, Ito M, Asano K,
Matsuoka M, Kitano H, Ashikari M. 2010. OsSPL14 promotes pan-
icle branching and higher grain productivity in rice. Nature Genetics 42,
545-549.

Miyashita Y, Takasugi T, Ito Y. 2010. Identification and expression anal-
ysis of PIN genes in rice. Plant Science 178, 424-428.

Auxins and grass shoot architecture | 6987

Mudgett M, Zhao Y. 2022. Plant biology: local auxin synthesis drives
pollen maturation in barley. Current Biology 32, R370-R372.

O’Connor DL, Runions A, Sluis A, Bragg J, Vogel JP, Prusinkiewicz
P, Hake S. 2014. A division in PIN-mediated auxin patterning during organ
initiation in grasses. PLoS Computational Biology 10, e1003447.

Paponov |, Teale W, Trebar M, Blilou I, Palme K. 2005. The PIN auxin
efflux facilitators: evolutionary and functional perspectives. Trends in Plant
Science 10, 170-177.

Pautler M, Tanaka W, Hirano H-Y, Jackson D. 2013. Grass meristems I:
shoot apical meristem maintenance, axillary meristem determinacy and the
floral transition. Plant and Cell Physiology 54, 302-312.

Peppe DJ, Cote SM, Deino AL, et al. 2023. Oldest evidence of abun-
dant C, grasses and habitat heterogeneity in eastern Africa. Science 380,
173-177.

Phillips KA, Skirpan AL, Liu X, Christensen A, Slewinski TL, Hudson
C, Barazesh S, Cohen JD, Malcomber S, McSteen P. 2011. vanishing
tassel2 encodes a grass-specific tryptophan aminotransferase required
for vegetative and reproductive development in maize. The Plant Cell 23,
550-566.

Polissar PJ, Rose C, Uno KT, Phelps SR, deMenocal P. 2019.
Synchronous rise of African C4 ecosystems 10 million years ago in the ab-
sence of aridification. Nature Geoscience 12, 657-660.

Poulet A, Kriechbaumer V. 2017. Bioinformatics analysis of phylogeny
and transcription of TAA/YUC auxin biosynthetic genes. International
Journal of Molecular Sciences 18, 1791.

Prasad V, Stromberg CAE, Alimohammadian H, Sahni A. 2005.
Dinosaur coprolites and the early evolution of grasses and grazers. Science
310, 1177-1180.

Pressoir G, Brown PJ, Zhu W, Upadyayula N, Rocheford T, Buckler
ES, Kresovich S. 2009. Natural variation in maize architecture is mediated
by allelic differences at the PINOID co-ortholog barren inflorescence2. The
Plant Journal 568, 618-628.

Prigge MJ, Platre M, Kadakia N, et al. 2020. Genetic analysis of the
Arabidopsis TIR1/AFB auxin receptors reveals both overlapping and spe-
cialized functions. elife 9, €54740.

Qiao J, Jiang H, Lin Y, et al. 2021. A novel miR167a—0sARF6-0OsAUX3
module regulates grain length and weight in rice. Molecular Plant 14,
1683-1698.

Qiao L, Zhang W, Li X, Zhang L, Zhang X, Li X, Guo H, Ren Y, Zheng
J, Chang Z. 2018. Characterization and expression patterns of auxin re-
sponse factors in wheat. Frontiers in Plant Science 9, 1395.

Qin H, Zhang Z, Wang J, Chen X, Wei P, Huang R. 2017. The activa-
tion of OsEIL1 on YUCS transcription and auxin biosynthesis is required for
ethylene-inhibited root elongation in rice early seedling development. PLoS
Genetics 13, €1006955.

Ramsay L, Comadran J, Druka A, et al. 2011. INTERMEDIUM-C, a
modifier of lateral spikelet fertility in barley, is an ortholog of the maize
domestication gene TEOSINTE BRANCHED 1. Nature Genetics 43,
169-172.

Ren D, Li Y, He G, Qian Q. 2020. Multifloret spikelet improves rice yield.
New Phytologist 225, 2301-2306.

Sakamoto T, Morinaka Y, Inukai Y, Kitano H, Fujioka S. 2013. Auxin
signal transcription factor regulates expression of the brassinosteroid re-
ceptor gene in rice. The Plant Journal 73, 676-688.

Sakuma S, Schnurbusch T. 2020. Of floral fortune: tinkering with the grain
yield potential of cereal crops. New Phytologist 225, 1873-1882.

Salehin M, Bagchi R, Estelle M. 2015. SCF """A"B_phased auxin percep-
tion: mechanism and role in plant growth and development. The Plant Cell
27, 9-19.

Schultz E, Haughn G. 1991. LEAFY, a homeotic gene that regulates inflo-
rescence development in Arabidopsis. The Plant Cell 3, 771-781.

Shao A, Ma W, Zhao X, Hu M, He X, Teng W, Li H, Tong Y. 2017.
The auxin biosynthetic TRYPTOPHAN AMINOTRANSFERASE RELATED
TaTAR2.1-3A increases grain yield of wheat. Plant Physiology 174,
2274-2288.

20z Atenuer z| uo ysenb Aq G92/22./5.69/2¢/v L/9191Me/qx/wod dnoolwepese//:sdpy woly papeojumo(



6988 | Wakeman and Bennett

Shen C, Bai YH, Wang SK, Zhang SN, Wu YR, Chen M, Jiang DA, Qi
YH. 2010. Expression profile of PIN, AUX/LAX and PGP auxin transporter
gene families in Sorghum bicolor under phytohormone and abiotic stress:
auxin transporter gene families in Sorghum bicolor. The FEBS Journal 277,
2954-2969.

Shi Q, Zhang Y, To V-T, Shi J, Zhang D, Cai W. 2020. Genome-wide
characterization and expression analyses of the auxin/indole-3-acetic acid
(Aux/IAA) gene family in barley (Hordeum vulgare L.). Scientific Reports 10,
10242.

Sims K, Abedi-Samakush F, Szulc N, Macias Honti MG, Mattsson
J. 2021. OsARF11 promotes growth, meristem, seed, and vein formation
during rice plant development. International Journal of Molecular Sciences
22, 4089.

Skirpan A, Culler AH, Gallavotti A, Jackson D, Cohen JD, McSteen
P. 2009. BARREN INFLORESCENCE? interaction with ZmPIN1a suggests
a role in auxin transport during maize inflorescence development. Plant and
Cell Physiology 50, 652-657.

Sreenivasulu N, Schnurbusch T. 2012. A genetic playground for enhanc-
ing grain number in cereals. Trends in Plant Science 17, 91-101.

Stromberg CAE. 2011. Evolution of grasses and grassland ecosystems.
Annual Review of Earth and Planetary Sciences 39, 517-544.

Takeda T, Suwa Y, Suzuki M, Kitano H, Ueguchi-Tanaka M, Ashikari
M, Matsuoka M, Ueguchi C. 2003. The OsTB1 gene negatively regulates
lateral branching in rice. The Plant Journal 33, 513-520.

Tanaka W, Pautler M, Jackson D, Hirano H-Y. 2013. Grass meristems
II: inflorescence architecture, flower development and meristem fate. Plant
and Cell Physiology 54, 313-324.

Tilman D, Balzer C, Hill J, Befort BL. 2011. Global food demand and
the sustainable intensification of agriculture. Proceedings of the National
Academy of Sciences, USA 108, 20260-20264.

Torti G, Manzocchi L, Salamini F. 1986. Free and bound indole-acetic
acid is low in the endosperm of the maize mutantdefective endosperm-B18.
Theoretical and Applied Genetics 72, 602-605.

Uzair M, Long H, Zafar SA, et al. 2021. Narrow Leaf21, encoding ribo-
somal protein RPS3A, controls leaf development in rice. Plant Physiology
186, 497-518.

Wang B, Smith SM, Li J. 2018. Genetic regulation of shoot architecture.
Annual Review of Plant Biology 69, 437-468.

Wang D, Pei K, Fu Y, Sun Z, Li S, Liu H, Tang K, Han B, Tao Y. 2007.
Genome-wide analysis of the auxin response factors (ARF) gene family in
rice (Oryza sativa). Gene 394, 13-24.

Wang H, Ouyang Q, Yang C, Zhang Z, Hou D, Liu H, Xu H. 2022.
Mutation of OsPIN1b by CRISPR/Cas9 reveals a role for auxin transport in
modulating rice architecture and root gravitropism. International Journal of
Molecular Sciences 23, 8965.

Wang J-R, Hu H, Wang G-H, Li J, Chen J-Y, Wu P. 2009. Expression
of PIN genes in rice (Oryza sativa L.): tissue specificity and regulation by
hormones. Molecular Plant 2, 823-831.

Wang S, Bai YH, Shen CJ, Wu YR, Zhang SN, Jiang DA, Guilfoyle TJ,
Chen M, Qi YH. 2010. Auxin-related gene families in abiotic stress response
in Sorghum bicolor. Functional & Integrative Genomics 10, 533-546.
Wang Y, Deng D, Shi Y, Miao N, Bian Y, Yin Z. 2012. Diversification,
phylogeny and evolution of auxin response factor (ARF) family: insights
gained from analyzing maize ARF genes. Molecular Biology Reports 39,
2401-2415.

Wang Y, Li J. 2005. The plant architecture of rice (Oryza sativa). Plant
Molecular Biology 59, 75-84.

Wu H, Xie D-J, Tang Z-S, Shi D-Q, Yang W-C. 2020. PINOID regulates
floral organ development by modulating auxin transport and interacts with
MADS16 in rice. Plant Biotechnology Journal 18, 1778-1795.

Wu X, McSteen P. 2007. The role of auxin transport during inflorescence
development in maize (Zea mays, Poaceae). American Journal of Botany
94, 1745-1755.

Xia K, Wang R, Ou X, Fang Z, Tian C, Duan J, Wang Y, Zhang M. 2012.
OsTIR1 and OsAFB2 downregulation via OsmiR393 overexpression leads

to more tillers, early flowering and less tolerance to salt and drought in rice.
PL0S One 7, e30039.

Xu M, Tang D, Cheng X, et al. 2019. OsPINOID regulates stigma and
ovule initiation through maintenance of the floral meristem by auxin signal-
ing. Plant Physiology 180, 952-965.

Xu M, Zhu L, Shou H, Wu P. 2005. A PIN1 family gene, OsPIN1, involved
in auxin-dependent adventitious root emergence and tillering in rice. Plant
and Cell Physiology 46, 1674-1681.

Yang Y, Li N, Hui W, Yuan B, Fan P, Liu J, Wang H, Feng D. 2021. Seed-
specific expression of TaYUC10 significantly increases auxin and protein
content in wheat seeds. Plant Cell Reports 40, 301-314.

Yao FQ, Li XH, Wang H, Song YN, Li ZQ, Li XG, Gao X-Q, Zhang XS,
Bie XM. 2021. Down-expression of TaPIN1s increases the tiller number and
grain yield in wheat. BMC Plant Biology 21, 443.

Yao H, Skirpan A, Wardell B, Matthes MS, Best NB, McCubbin T,
Durbak A, Smith T, Malcomber S, McSteen P. 2019. The barren stalk2
gene is required for axillary meristem development in maize. Molecular Plant
12, 374-389.

Yoshikawa T, Ito M, Sumikura T, et al. 2014. The rice FISH BONE gene
encodes a tryptophan aminotransferase, which affects pleiotropic auxin-
related processes. The Plant Journal 78, 927-936.

Yue R, Tie S, Sun T, Zhang L, Yang Y, Qi J, Yan S, Han X, Wang H,
Shen C. 2015. Genome-wide identification and expression profiling anal-
ysis of ZmPIN, ZmPILS, ZmLAX and ZmABCB auxin transporter gene fami-
lies in maize (Zea mays L.) under various abiotic stresses. PLoS One 10,
e0118751.

Zhang S, Wang SK, Xu YX, Yu CL, Shen CJ, Qian Q, Geisler M, Jiang
DA, Qi YH. 2015. The auxin response factor, OsARF19, controls rice leaf
angles through positively regulating OsGH 3-5 and OsBRI 1: auxin response
factor controls leaf angle. Plant, Cell & Environment 38, 638-654.

Zhang S, Wu T, Liu S, Liu X, Jiang L, Wan J. 2016. Disruption of
OsARF19 is critical for floral organ development and plant architecture in
rice (Oryza sativa L.). Plant Molecular Biology Reporter 34, 748-760.

Zhang T, Li R, Xing J, Yan L, Wang R, Zhao Y. 2018. The YUCCA-auxin—-
WOX11 module controls crown root development in rice. Frontiers in Plant
Science 9, 523.

Zhang Z, Li J, Tang Z, et al. 2018. Gnp4/LAX2, a RAWUL protein, inter-
feres with the OslIAA3-OsARF25 interaction to regulate grain length via
the auxin signaling pathway in rice. Journal of Experimental Botany 69,
4723-4737.

Zhao L, Zheng Y, Wang Y, et al. 2023. A HST1-like gene controls tiller
angle through regulating endogenous auxin in common wheat. Plant
Biotechnology Journal 21, 122-135.

Zhao Y. 2018. Essential roles of local auxin biosynthesis in plant develop-
ment and in adaptation to environmental changes. Annual Review of Plant
Biology 69, 417-435.

Zhao Z, Zhang Y, Liu X, et al. 2013. A role for a dioxygenase in auxin
metabolism and reproductive development in rice. Developmental Cell 27,
113-122.

Zhou J-J, Luo J. 2018. The PIN-FORMED auxin efflux carriers in plants.
International Journal of Molecular Sciences 19, 2759.

Zhou L, Chen S, Cai M, et al. 2023. ESCRT-Il component OsSNF7.2
modulates leaf rolling by trafficking and endosomal degradation of auxin
biosynthetic enzyme OsYUCS in rice. Journal of Integrative Plant Biology
65, 1408-1422.

Zhu C, Box MS, Thiruppathi D, Hu H, Yu Y, Martin C, Doust AN,
McSteen P, Kellogg EA. 2022. Pleiotropic and nonredundant effects of an
auxin importer in Setaria and maize. Plant Physiology 189, 715-734.

Zou J, Zhang S, Zhang W, Li G, Chen Z, Zhai W, Zhao X, Pan X, Xie
Q, Zhu L. 2006. The rice HIGH-TILLERING DWARF1 encoding an ortholog
of Arabidopsis MAXS is required for negative regulation of the outgrowth of
axillary buds. The Plant Journal 48, 687-698.

Zwirek M, Waugh R, McKim SM. 2019. Interaction between row-type
genes in barley controls meristem determinacy and reveals novel routes to
improved grain. New Phytologist 221, 1950-1965.

20z Atenuer z| uo ysenb Aq G92/22./5.69/2¢/v L/9191Me/qx/wod dnoolwepese//:sdpy woly papeojumo(



