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Abstract The domestication and improvement of
maize resulted in radical changes in shoot architecture
relative to its wild progenitor teosinte. In particular,
critical modifications involved a reduction of branching
and an increase in inflorescence size to meet the needs
for human consumption and modern agricultural prac-
tices. Maize is a major contributor to global agricultural
production by providing large and inexpensive quanti-
ties of food, animal feed, and ethanol. Maize is also a
classic system for studying the genetic regulation of
inflorescence formation and its enlarged female inflo-
rescences directly influence seed production and yield.
Studies on the molecular and genetic networks regulat-
ing meristem proliferation and maintenance, including
receptor-ligand interactions, transcription factor regula-
tion, and hormonal control, provide important insights
into maize inflorescence development and reveal poten-
tial avenues for the targeted modification of specific
architectural traits. In this review, we summarize recent
findings on the molecular mechanisms controlling in-
florescence formation and discuss how this knowledge

can be applied to improve maize productivity in the face
of present and future environmental challenges.
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Introduction

As a monoecious plant, maize male and female repro-
ductive organs are borne on physically separated inflo-
rescences that are phenotypically distinguishable and
exhibit distinct architectures (Fig. 1a). The tassel is the
male staminate inflorescence located at the top of the
plant and is composed of a central spike and several long
branches borne at the bottom of the spike (Fig. 1b). The
female pistillate inflorescences, commonly known as
ears, originate from axillary buds formed at the stem
nodes and lack long branches (Fig. 1c). Both tassel and
ear initiate as bisexual inflorescences with a remarkably
similar architecture at the early stages of development.
However, during the development to mature structures,
several distinct changes occur in both inflorescences,
among which are gynoecium abortion in tassels and
stamens abortion in ear shoots, leading to distinct uni-
sexual flowers contained in spikelets (Cheng et al. 1983;
Vollbrecht and Schmidt 2009).

The architecture of maize inflorescences and in par-
ticular the size of ears and the number of kernel rows on
each ear are crucial traits directly related to yield (Li
et al. 2018). Maize tassel architecture, including the
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length and number of branches, also influences yield
although since pollen production is typically not a lim-
iting factor (Westgate et al. 2003), most breeding efforts
have selected for decreased tassel size, allowing for
increased light perception and the shifting of plant re-
sources into grain production (Xu et al. 2017). Indeed,
detasseled maize plants or plants with small tassels show
increased yield (Hunter et al. 1969; Fischer et al. 1987),
and small tassels with upright branches normally ensure
sufficient pollen availability. Considerable interest has
instead centered on increasing the size of maize ears that
have already been drastically modified from those of the
progenitor teosinte (Doebley 2004). Ear size (deter-
mined by both ear length and diameter) directly impacts
grain yield by determining the number and size of seeds.

Both ear and tassel originate from inflorescence
meristems (IMs) that contain small groups of plurip-
otent stem cells at the apical domain (Fig. 1d, e).
These stem cells maintain themselves as undifferen-
tiated cells as well as differentiate to produce new
lateral organs (Somssich et al. 2016; Kitagawa and
Jackson 2019). During the transition to reproductive
development, the shoot apical meristem (SAM) con-
verts into the tassel IM. Soon after establishment, the
IM produces lateral primordia called suppressed
bracts which subtend indeterminate axillary meri-
stems (AMs) called branch meristems (BMs) at the
base, and additional determinate AMs linearly
arrayed in multiple rows (Fig. 1d; BMs are
eventually responsible for the formation of long
branches observed in mature tassels). Ear primordia,
on the other hand, develop in the axils of leaves from
vegetative axillary buds that give rise to short
branches topped by IMs, and unlike in tassels, ear
IMs only generate rows of determinate AMs (Fig.
1e). These determinate AMs include spikelet-pair
meristems (SPMs), which in turn form spikelet mer-
istems (SMs) that eventually give rise to floral mer-
istems (FMs). These distinct AMs are linearly ar-
ranged on the flanks of both tassel and ear IMs, and
the acquisition of different identities combined with
sexual determination during floral development re-
sults in the unique male and female inflorescence
architectures (Vollbrecht and Schmidt 2009). In par-
ticular, pairing of SMs in ears determines the even
number of kernels typically observed in mature cobs.
In essence, the meristematic activity of IMs and AMs
is key to shape the overall architecture of both inflo-
rescences. Understanding the molecular mechanisms

that underlie meristem development has the potential
to help engineer novel methods to improve maize
yield in different environmental conditions.

All meristems (SAM, IMs, AMs) are highly orga-
nized structures arranged in an apical-basal pattern and
serve as a reservoir of undifferentiated stem cells. Mer-
istems contain different functional domains: (i) the cen-
tral zone (CZ) maintains active pluripotent stem cells
through the entire life of the plant; (ii) the peripheral
zone (PZ) located at the flanks of the CZ contains cells
that are the descendants of pluripotent stem cells and
acquired a new identity to form lateral organ primordia;
(iii) the organizing center (OC) is a small group of cells
contained within the CZ and functions to control the
stem cell pool size; and (iv) the rib zone (RZ) located
below the organizing center gives rise to the central
tissues of the stem and pushes the entire apical meristem
upward (Fig. 2).

To sustain apical reservoirs of stem cells and
generate lateral primordia, plants use multiple
broadly conserved strategies involving receptor-
ligand interactions, transcription factor networks,
and hormonal regulation. An active and important
area of research is aimed at understanding how
these pathways coordinate their function and how
environmental factors influence them. For example,
to achieve maximum production, potential maize
needs to be well fertilized and watered, and it is
critical that nutrient and water availability sustain
inflorescence growth throughout development
(Hussain et al. 2019; Durbak et al. 2014; Borras
and Vitantonio-Mazzini 2018). In maize, most of
the key genes regulating inflorescence architecture
were identified by characterizing developmental
mutants with abnormal inflorescence meristems,
from small meristems leading to misshapen leaves
and inflorescences, to enlarged meristems with ex-
tra florets.

The regulation of maize inflorescence meristem size
and function

The functional domains of meristems (CZ, PZ, RZ, and
OC) are tightly regulated to maintain meristem size and
function, and the CLAVATA-WUSCHEL (CLV-WUS)
negative feedback loop coordinates domain-domain in-
teractions and balances meristem renewal and organ
differentiation (Kitagawa and Jackson 2019). WUS is a
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homeodomain transcription factor (TF) expressed in the
OC of apical meristems and is transported via plasmo-
desmata to the CZ to promote the proliferation of stem
cells (Mayer et al. 1998; Yadav et al. 2011). In the CZ,
WUS activates the CLV3 gene, encoding a short signal-
ing peptide perceived by a series of receptor complexes
that in turn repress WUS expression (Mayer et al. 1998;
Brand et al. 2000; Schoof et al. 2000). Activation of
CLV3 in the OC is prevented by the action of WUS in
conjunction with HAIRY MERISTEMs (HAMs),
GRAS-transcriptional regulators (Zhou et al. 2015;

Zhou et al. 2018).While this pathwaywas first described
in Arabidopsis, in this section we highlight some of the
major players characterized in maize.

In Arabidopsis, wusmutants have small and unstable
SAMs and genetic analysis revealed that WUS plays a
central role in maintaining the number of pluripotent
stem cells in shoot meristems (Kitagawa and Jackson
2019). The maize B73 genome encodes two duplicated
WUS paralogs, ZmWUS1 and ZmWUS2 (Nardmann and
Werr 2006); however, the molecular function of both
ZmWUS genes is unknown due to the lack of

Fig. 1 Maize inflorescence
architecture. aMature maize plant
with tassel and ear. b Mature
tassel. cMature ear. d, e Scanning
electron microscope (SEM)
images of developing tassel (d)
and ear primordia (e) in early and
later stages of development. IM,
inflorescence meristem; SB,
suppressed bract; BMs, branch
meristems; AMs, axillary
meristems; SPMs, spikelet-pair
meristems; SMs, spikelet
meristems. Scale bars: 200 μm

Fig. 2 Regulation of inflorescence meristem size and function. a
SEM of an ear inflorescence meristem. Scale bar: 200 μm. b
Confocal microscopy image of an immature ear tip showing
expression of a pZmWUS1::RFP transcriptional reporter (Je et al.

2016) in inflorescence meristems and axillary meristems. c Dia-
gram of the core regulatory network and key factors controlling
meristem size and function

Mol Breeding           (2021) 41:21 Page 3 of 13    21 



characterized mutations in maize. The expression pat-
tern of ZmWUS1 in the presumptive organizing center of
the SAM and IMs (Fig. 2b), as well as the expansion of
ZmWUS1 expression in the IMs of fasciated ear3 (fea3),
a mutant with enlarged ear IMs (a phenomenon called
fasciation), suggests that ZmWUS1 promotes stem cell
proliferation in maize shoot meristems as well (Je et al.
2016; Nardmann and Werr 2006). Notwithstanding,
single- and double-knock-out mutants of ZmWUS and
possibly other WOX genes are needed to identify the
role of ZmWUS1 and ZmWUS2 in maize meristems.
This is important because in monocots WUS orthologs
may play a different function than that reported in
Arabidopsis, given that the rice WUS ortholog is not
required for SAM maintenance (Lu et al. 2015; Tanaka
et al. 2015; Nardmann and Werr 2006; Tanaka and
Hirano 2020).

Characterization of the CLV-WUS pathway in maize
has been possible due to the analysis of a series of
fasciated ear mutants. The CLAVATA genes encode
CLV ligands and CLV receptors, and loss-of-function
mutations inArabidopsis CLV1,CLV2, andCLV3 genes
produce bigger meristems (Clark et al. 1997; Fletcher
et al. 1999; Jeong et al. 1999). The maizeCLV1 ortholog
is THICK TASSEL DWARF1 (TD1), which encodes a
leucine-rich repeat receptor-like kinase (LRR-RLK),
while the CLV2 ortholog is FASCIATED EAR2
(FEA2) that encodes an LRR receptor-like protein
(LRR-RLP). Null mutations of both td1 and fea2 result
in overproliferating inflorescence meristems (Taguchi-
Shiobara et al. 2001; Bommert et al. 2005), indicating a
conserved role of CLV1 and CLV2 in the regulation of
meristem size in distantly related species. While two
potential maize CLV3 orthologs exist, ZmCLE7 and
ZmCLE14 (Je et al. 2016), Zmcle7 null mutants were
shown to have a fasciated ear phenotype (Rodriguez-
Leal et al. 2019). As a secreted peptide, ZmCLE7 is
perceived by FEA2, which functions in a signal trans-
duction pathway that includes the heterotrimeric G pro-
tein α subunit COMPACT TASSEL2 (CT2) and the β
subunit ZmGB1 (Je et al. 2018; Bommert et al. 2013;
Wu et al. 2020). An additional independent signal trans-
duction pathway involves the ZmFCP1 peptide and the
LRR-RLP FEA3 (Je et al. 2016). ZmFCP1 is perceived
by FEA3, but it can also be perceived by FEA2 together
with the pseudokinase ZmCORYNE (Je et al. 2018).
Altogether, these signaling pathways are believed to
contribute to the positioning of ZmWUS expression
within maize meristems (Je et al. 2016) (Fig. 2b, c).

As a seed crop, the overall yield of maize is highly
dependent on the number of kernels per ear, with wider
IMs generally having more room for extra AMs and
taller IMs resulting in longer ears, eventually resulting in
more seeds attached to each cob (Jia et al. 2020; Je et al.
2016; Bommert et al. 2013). Although mutations in
most CLV genes in maize condition short and fasciated
ears, they still have the potential to increase the number
of kernel rows and eventually grain production. Indeed,
it was shown that weak alleles of both fea2 and fea3 not
only have greater IM diameter that increases rows of
kernels in ears but also produce ears of comparable
length to normal ears, even in hybrid combinations
(Bommert et al. 2013; Je et al. 2016). Similar work in
tomato has shown that CRISPR-Cas9 editing of cis-
regulatory elements in the SlCLV3 promoter region has
quantitative effects on floral organ number and fruit size
(Rodriguez-Leal et al. 2017).

The identification and cloning of quantitative trait
loci (QTL) that underlie agronomic traits such as kernel
number per row (KNR) in ears is another promising
approach to uncover the molecular causes of yield-
related traits. A major QTL, KNR6, was found to have
pleiotropic effects in ear length and kernel number per
row. qKNR6 encodes an active serine/threonine-protein
kinase that phosphorylates an ARF GTPase-activating
protein (AGAP) which controls the activity of the GTP-
binding proteins (Jia et al. 2020). Overexpression of
qKNR6 results in longer ears with a higher kernel num-
ber per row. In contrast, reduced expression of qKNR6
mediated by RNA interference led to shorter ears with
reduced numbers of kernels per row. Similarly, null
mutations in the ZmAGAP gene generated by
CRISPR-Cas9 phenocopied KNR6 silencing, suggest-
ing that both genes are involved in controlling ear length
and ultimately yield (Jia et al. 2020).

UNBRANCHED2 (UB2) and UB3 are two function-
ally redundant TFs that belong to the SQUAMOSA
PROMOTER BINDING (SBP)-box TF family (Chuck
et al. 2014). Both genes are expressed in the periphery of
shoot meristems, and ub2;ub3 double mutants show
enlarged inflorescence meristems and increased kernel
row number. While single ub2 and ub3mutants have no
obvious phenotype, an additional study identified a
major QTL for kernel row number, KRN4, and revealed
that a transposon insertion located ~ 60 kb downstream
of UB3 is responsible for reducing its expression and
therefore increasing meristem size (Liu et al. 2015).
Additionally, UB3 is one of the downstream targets of
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GROWTH-REGULATING FACTOR (GRF)-
INTERACTING FACTOR 1 (GIF1), for which null
mutants (gif1) show fasciated ears similar to those of
ub2;ub3 double mutants (Zhang et al. 2018). Overall,
increasing seed yield in maize by tinkering with the
CLV-WUS pathway or related pathways is an exciting
application for the basic molecular knowledge about
meristem size regulation that has emerged in recent
years. Promising results using a fea2 weak alleles in
field trials suggest that this or similar strategies have
indeed the potential to significantly increase maize yield
(Trung et al. 2020).

KNOTTED1 (KN1) was the first identified gene in
maize shown to play a critical role in the balance of stem
cell renewal and organ initiation in all shoot meristems
independent of the CLV-WUS pathway (Bolduc et al.
2012; Hay and Tsiantis 2010). KN1 is the founding
member of the class I KN1-like homeobox (KNOX)
family (Hake et al. 2004) and is expressed in a broad
domain encompassing the central and rib zones of mer-
istems but is excluded from the peripheral zone. Ectopic
expression of KN1 and other KNOX genes (ROUGH
SHEATH1 RS1, GNARLEY1, LIGULELESS3 and 4),
usually leads to the formation of knots or flap tissues
as well as different proximal-distal patterning defects in
leaves (Schneeberger et al. 1995; Foster et al. 1999;
Muehlbauer et al. 1999; Bauer et al. 2004). Recessive
kn1 loss-of-function mutants in certain inbred back-
grounds, on the other hand, have severe phenotypes
including the formation of small meristems and arrested
shoot development (Vollbrecht et al. 2000). In other
inbred lines such as B73, kn1 mutants produce tassel
and ear primordia with fewer AMs leading to tassels
with barren patches and fewer branches, and ears that
are either absent or much smaller in size with only a
small number of seeds (Kerstetter et al. 1997). These
phenotypes reveal a role for KN1 in meristem mainte-
nance and AM formation. Other KNOX genes play
similar roles; for example, it was reported that a loss-
of-function mutant of RS1 while having no obvious
phenotype enhanced the kn1 phenotype, indicating un-
equal redundancy between KNOX genes (Bolduc et al.
2014).

The identification of KN1 transcriptional targets re-
vealed a molecular link between KNOX function and
the control of inflorescence architecture. A study on the
KN1 genome-wide occupancy that combined chromatin
immunoprecipitation sequencing (ChIP-seq) and RNA
sequencing (RNA-seq) in immature ears of kn1mutants

revealed that KN1 preferentially binds to many TFs and
genes regulating hormone metabolism, transport and
signaling pathways, and particularly auxin pathways
(Bolduc et al. 2012). Auxin is a major hormone that
shapes maize inflorescence architecture as it is crucial
for, among other things, the formation of lateral
primordia (see below). KN1 was shown to directly
regulate auxin-related genes, including genes involved
in auxin biosynthesis, signaling, efflux and influx trans-
port, and response (Bolduc et al. 2012). Furthermore,
KN1 may physically interact with the zinc-finger TF
RAMOSA1 (RA1), and co-regulated targets of both
factors are involved in meristem determinacy and main-
tenance (Eveland et al. 2014). RA1 is a key determinacy
factor of spikelet-pair meristems and loss-of-function
ra1 mutants show a dramatic increase of long branches
in both tassels and ears. The timing of RA1 expression
was shown to contribute to different branching patterns
of grass inflorescences (Vollbrecht et al. 2005).

Additional transcriptional regulators specifically
expressed in distinct domains of inflorescence meri-
stems play important roles in maize inflorescence archi-
tecture. Two functionally redundant BELL1-like ho-
meobox (BLH) TFs, BLH12 and BLH14, are required
for the maintenance of axillary meristems, as well as
tassel branch patterning (Tsuda et al. 2017). Both
BLH12 and BLH14 interact with KN1 in vivo and their
expression patterns overlap with that of KN1 in shoot
apical meristem and inflorescence meristems. More-
over, like a null mutation of kn1, blh12/blh14 double
mutants fail to maintain axillary meristems, suggesting
that BLH12 and BLH14 are bona fide cofactors of KN1
in controlling the initiation of axillary meristems (Tsuda
et al. 2017).

Hormonal control of inflorescence architecture

Phytohormones are involved in almost every aspect of
plant development and growth throughout the entire life
of a plant. In meristems, contrasting activities between
cytokinin and auxins in promoting stem cell prolifera-
tion and differentiation, respectively, are well docu-
mented (Gaillochet and Lohmann 2015). In particular,
auxin is a crucial hormone for organogenesis and mer-
istem establishment, whose concentration varies in dif-
ferent parts of the plant (Benkova et al. 2003; Wang
et al. 2014b; Wang et al. 2014a). Locally, auxin con-
centration is determined by both metabolism and
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transport mechanisms. In maize, auxin biosynthesis in-
volves at least two distinct enzymes, the YUCCA-like
flavin monooxygenase SPARSE INFLORESCENCE1
(SPI1) and the tryptophan aminotransferase
VANISHING TASSEL2 (VT2) (Gallavotti et al. 2008;
Phillips et al. 2011). In spi1 mutants, severe defects in
both inflorescences are observed, including reduced
numbers of branches and spikelets in tassels and small
ears bearing few seeds. Intriguingly, both tassel and ear
primordia show disorganized and slightly enlarged IMs
with AMs grown over the tip (Gallavotti et al. 2008).
The tassels of vt2mutants produce no tassel branches or
functional spikelets, and the ears are very small and
typically have barren patches on one or both sides
(Phillips et al. 2011). As a mobile molecule, auxin flow
and distribution among cells are controlled by polarly
localized auxin efflux transporters and auxin influx car-
riers. In maize, ZmAUX1 encodes an auxin influx carri-
er, and a null mutation of Zmaux1 shows a reduced
number of tassel branches and spikelets (Huang et al.
2017). In addition, the maize PINOID (PID) ortholog
encoded by BARREN INFLORESCENCE2 (BIF2)
plays an important role in axillary meristem and lateral
organ initiation (McSteen et al. 2007). As a serine/
threonine-protein kinase, the Arabidopsis PID protein
phosphorylates the auxin efflux transporter AtPIN1 and
controls the subcellular localization of AtPIN proteins
that direct auxin flow (Michniewicz et al. 2007). Simi-
larly, BIF2 phosphorylates ZmPIN1a and regulates its
subcellular localization during maize inflorescence de-
velopment (Skirpan et al. 2009).

Auxin is perceived by nuclear co-receptor complexes
including TRANSPORT INHIBITOR RESISTANT1/
AUXIN SIGNALING F-BOX (TIR1/AFB) and AUX-
IN/INDOLE-3-ACETIC ACID (AUX/IAA) proteins.
TIR1/AFB is the substrate-recognition subunit of the
SKP1/CULLIN1/F-Box (SCF) E3 ubiquitin ligase com-
plex, and auxin bound to TIR1/AFB promotes the inter-
action with AUX/IAA proteins, triggering the removal of
the AUX/IAA by polyubiquitination of AUX/IAAs
followed by degradation by the 26S proteasome. The
degradation of AUX/IAAs releases AUXIN RESPONSE
FACTOR (ARF) transcription factors to activate early
auxin-responsive gene transcription when bound to
auxin-responsive cis-regulatory elements (Weijers and
Wagner 2016). Auxin signaling components involved
in maize inflorescence development include BARREN
INFLORESCENCE1 (BIF1) and BIF4, encoded by two
AUX/IAA genes (ZmIAA27 and ZmIAA20, respectively).

Bif1 and Bif4 are semi-dominant mutants with fewer
tassel branches and barren patches on tassels, as well as
shortened ears bearing disorganized rows of seeds and
areas devoid of seeds. In Bif1 and Bif4 mutants, point
mutations in the degron domain stabilize BIF1 and BIF4
mutant proteins thus inhibiting expression of downstream
auxin-response genes even in the presence of the hor-
mone (Galli et al. 2015; Liu et al. 2019a). Genes down-
stream of auxin signaling that function in axillary meri-
stem initiation and pattern both inflorescences include
BARREN STALK1 and BARREN STALK2, encoding
two interacting transcriptional regulators (Galli et al.
2015; Yao et al. 2019).

The transcriptional repression on downstream tar-
get genes by AUX/IAA proteins requires the interac-
tion between AUX/IAA proteins and the transcrip-
tional corepressor TOPLESS (TPL), which changes
local chromatin structure (Long et al. 2006; Krogan
et al. 2012; Wang et al. 2013). In maize, the transcrip-
tional corepressor RAMOSA1 ENHANCER LO-
CUS2 (REL2) is a member of the TPL family that
interacts with AUX/IAA proteins and other transcrip-
tion factors carrying DLN-type and RLFGV-type mo-
tifs (Liu et al. 2019b). The rel2 mutant was first
identified as a genetic enhancer of the classic ra1
mutant (Gallavotti et al. 2010), and further phenotyp-
ic analysis revealed that rel2 mutants show
background-dependent pleiotropic phenotypes in
both vegetative and reproductive development (Liu
et al. 2019b). In particular, rel2 shows severely up-
right tassel branches, enlarged inflorescence meri-
stems, and increased kernel row number in ears of
the A619 inbred background. Overall, these results
suggest that REL2 plays a role in AM initiation and
also controls inflorescence meristem size (Liu et al.
2019b). The importance of REL2 in the latter is also
supported by a recent GWAS study that identified a
SNP in REL2 associated with an increased kernel row
number (Parvathaneni et al. 2020). Whether this ef-
fect on the size of meristems is due to an effect on the
auxin signaling pathway or other pathways is not yet
known, although the transcription factor WUS is
known to interact with TPL corepressor proteins
(Kieffer et al. 2006; Causier et al. 2012; Zhang et al.
2014) and may therefore influence the core pathway
for meristem maintenance. However, the pleiotropic
phenotype of rel2 mutants in most inbred back-
grounds appears to limit its potential practical
applications.
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While auxin-related mutants affect suppressed bract
and axillary meristem initiation as well as inflorescence
meristem size, presumably through a feedback mecha-
nism (Shi et al. 2018), these processes are inherently
linked and it is yet unclear whether specific manipula-
tions of auxin signaling in inflorescences may yield to
practical bioengineering approaches. It is nonetheless
conceivable that modulation of auxin response by engi-
neering stability variants of AUX/IAA proteins (Ramos
Baez et al. 2020) may alter the patterning of lateral organ
primordia and consequently axillary meristems in inflo-
rescence meristems, producing desirable architectural
changes in maize inflorescences. Similar approaches
have been indeed successfully used in Arabidopsis,
where different mutations in IAA28 that alter auxin-
driven degradation rates were shown to affect phyllo-
taxy (Moss et al. 2015).

In opposition to the role of auxin at the peripheral
zone of meristems, cytokinins have long been known to
promote stem cell proliferation in the meristem central
zone andWUS itself is positively regulated by cytokinin
in Arabidopsis (Wang et al. 2017; Zubo et al. 2017;
Meng et al. 2017; Xie et al. 2018). In maize, mutant
analysis mainly revealed defects during vegetative de-
velopment. The maize ABPHYL1 (ABPH1) gene en-
codes a type-A response regulator protein (ZmRR3) that
regulates the distichous phyllotaxy of maize plants by
negatively regulating cytokinin signaling (Giulini et al.
2004). In addition to phyllotactic defects, abph1 mu-
tants also develop bigger SAMs (Jackson and Hake
1999). These phenotypes are enhanced by gain-of-
function mutations in the maize cytokinin receptor HIS-
TIDINE KINASE1 kinase HAIRY SHEATH
FRAYED (Muszynski et al. 2020). Conversely, defects
in cytokinin biosynthesis led to premature SAM termi-
nation in maize (Knauer et al. 2019).

Gibberellic acid (GA) is known to promote, among
other processes, stem elongation (Schwechheimer and
Willige 2009). The binding of GA to its receptor GIB-
BERELLIN INSENSITIVE DWARF1 (GID1) triggers
ubiquitin-dependent degradation of DELLA proteins,
whose mutants have pleiotropic effects on plant archi-
tecture. In particular, DELLA proteins were shown to
have a role in regulating IM size in Arabidopsis, and
null mutations of all Arabidopsis DELLA genes result in
enlarged IMs. While ChIP-seq in IMs revealed that
DELLA proteins directly bind to the cell cycle inhibitor
KRP2 in the underlying rib meristem, null mutations in
KRP2 reduced the size of meristems without affecting

stem growth, revealing a potential strategy to uncouple
stem growth from meristem size (Serrano-Mislata et al.
2017). Further analysis of della mutants in barley
showed a conserved function of DELLA proteins in this
process (Serrano-Mislata et al. 2017), although it is not
yet known whether this function is conserved in maize.
However, among the direct targets of the maize tran-
scription factor, KN1, described above, is the gibberellic
acid biosynthetic gene, GA2OX1, which encodes an
enzyme that inactivates GA (Bolduc and Hake 2009).
By binding to two TGAC motifs in a cis-regulatory
region on the first intron of GA2OX1, KN1 mediates
activation of GA2OX1 expression at the base of the
SAM and of newly initiated leaves, suggesting that
KN1 modulates GA activity in specific domains of the
shoots (Bolduc and Hake 2009).

Environmental influence on maize inflorescence
architecture

Recent studies revealed how nutrient availability, redox
homeostasis, and water use efficiency are essential for
sustaining inflorescence development. The metalloid bo-
ron (B) is a structural components of plant cell walls and
can serve as a cofactor in stabilizing protein structure or
activating enzymes and may affect cellular activities such
as signaling and membrane function. Two maize mutants,
tassel-less1 (tls1) and rotten ear (rte), provided molecular
insights into the role of boron in maize inflorescence
development. TLS1 encodes an aquaporin protein that
facilitates the movement of B and null mutations in tls1
show defects in the early development of the SAM and IM
when grown in boron-deficient conditions (Durbak et al.
2014). Similarly, null mutations of rte show defects in both
vegetative and reproductive organs (Chatterjee et al. 2014).
RTE encodes a membrane-localized boron efflux trans-
porter, and it is expressed in cells surrounding the xylem,
suggesting that RTE supplies adequate boron levels to
developing inflorescences and that boron distribution in
inflorescence meristems is essential for the formation of
fertile reproductive organs (Chatterjee et al. 2014). Fur-
thermore, the close paralog RTE2 partially compensates
RTE function during reproductive development and muta-
tions in rte2 severely enhance the defects of rte single
mutants (Chatterjee et al. 2017). Overall, the function of
RTE, RTE2, and TLS1 are essential for shoot and root
growth in soils with poor boron concentrations as well as
for the formation of fully fertile inflorescences by
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maintaining meristem growth (Durbak et al. 2014). Boron
deficiencies are common in certain areas of the world and
lead to severe losses in different crop species, mainly
because of reduced fertility. Understanding mechanisms
for uptake and distribution of boron and other elements is
therefore essential for devising strategies aimed at reducing
losses in productivity in certain environments.

Redox homeostasis is attained by balancing the forma-
tion and removal of reactive oxygen species (ROS), and
cells have evolved an effective defensive machinery for
regulating excessive ROS levels. While ROS serve as
essential signalingmolecules for plants to respond to biotic
and abiotic stresses, ROS crosstalk with hormonal path-
ways and meristem regulation is an active area of research
(Zeng et al. 2017). Two recent studies have started to
reveal the influence that ROS plays in maize inflorescence
development. ThemaizeNEEDLE1 (NDL1) gene encodes
a mitochondria-localized ATP-dependent metalloprotease
involved in the stability and assembly of oxidative phos-
phorylation complexes, and null ndl1 mutants strikingly
resemble auxin-related mutants such as vt2, spi1, and bif2
(Gallavotti et al. 2008; McSteen et al. 2007; Phillips et al.
2011). However, ndl1 shows unique stress-associated de-
fects and the accumulation of H2O2 in inflorescence mer-
istems. This suggests that NDL1malfunction in mitochon-
dria increases ROS levels in inflorescence meristems that
consequently alter endogenous auxin concentration, lead-
ing to defective initiation of suppressed bract primordia
and axillary meristems in tassels and ears (Liu et al.
2019a).

Another gene involved in regulating meristem redox
status was discovered by the characterization of the decus-
sate phyllotaxy dominant mutant Aberrant Phyllotaxis 2
(Abph2). Abph2 is caused by a translocated copy of the
MSCA1 glutaredoxin (GRX) gene. Glutaredoxins are small
ubiquitous redox enzymes that catalyze the reduction of
disulfide bonds in target proteins (Fernandes and
Holmgren 2004). As oxidation repair enzymes,
glutaredoxins are involved in multiple cellular functions,
such as redox signaling and control of glucosemetabolism.
Intriguingly, Abph2 develops enlarged SAMs while the
null msca1-ref mutant shows reduced SAM size. More-
over, protein-protein interaction assays revealed that
MSCA1 interacts with the TGA-type bZIP transcription
factor FEA4 (Pautler et al. 2015). FEA4 is an ortholog of
Arabidopsis PERIANTHIA (PAN) that functions as a
negative regulator of inflorescence meristem size indepen-
dent of the CLV-WUS pathway (Pautler et al. 2015). All
these results suggest that MSCA1 positively regulates

meristem size via regulation of FEA4 function, possibly
by altering its redox status (Yang et al. 2015; Pautler et al.
2015).

In maize, water deficits and high temperatures during
reproductive development and flowering result in wide-
spread sterility, wilting and necrosis, and in a condition
known as tassel blasting. Thus, these environmental factors
have a major impact on inflorescence development and
maize yield (Schoper et al. 1986; Schoper et al. 1987;
McNellie et al. 2018; Dong et al. 2020; Begcy et al.
2019). However, how the availability of water and high
temperatures affect pathways controlling maize inflores-
cence architecture is a much less studied topic, and the
integration of environmental cues with plant meristem
function is just beginning to be understood (Jones et al.
2021). Only a small number of candidate genes have been
identified as maize drought resistance or heat tolerance
genes via genome-wide association studies (GWAS). For
example, a drought tolerance GWAS analysis in maize
identified a MITE transposable element insertion in the
promoter of a NAC gene (ZmNAC111) that is significantly
associated with drought tolerance. Enhancing the expres-
sion of ZmNAC111 by transgenic approaches led to in-
creased drought tolerance in seedlings and increased water
use efficiency (Mao et al. 2015). If and how these genes
influence meristem development is currently unknown.
Very recently, another NAC transcription factor, NE-
CROTIC UPPER TIPS1 (NUT1), encoding ZmNAC91,
was shown to be required for long-distance water move-
ment inmaize plants by reinforcing the secondary cell wall
in protoxylem cells and thus enabling these cells to with-
stand high negative pressures. Defects in NUT1 function
lead to visible necrosis and wilting of leaves, as well as
sterility and blasting in tassels due to the decreased water
supply (Dong et al. 2020). A deeper understanding of the
molecular mechanisms regulating responses to water def-
icits and high temperatures and their interplay with inflo-
rescence development is essential to reveal promising
breeding targets and helpmaize tolerate the effects of rising
global temperatures.

Conclusions

As more and more genes and pathways are found to
regulate the maintenance and activity of inflorescence
meristems, new possibilities arise to engineer rational al-
terations of inflorescence architecture by exploiting
existing natural variation in inbred lines, landraces, and

   21 Page 8 of 13 Mol Breeding           (2021) 41:21 



even in the wild progenitor teosinte (Flint-Garcia 2013).
Maize inbreds and landraces retain large nucleotide diver-
sity (Hufford et al. 2012), and a large number of genes
show presence/absence variations among inbreds (Lai
et al. 2010). Therefore, there are abundant genetic re-
sources potentially available to improve maize perfor-
mance and improve yield outcomes in specific environ-
ments. While modern maize has been selected to have
small upright tassels and large ears and to have an archi-
tecture adapted for high-density planting, this may not be
the optimal solution for every environment. Tapping into
diversity in landraces and teosinte may indeed yield a
partial or complete reimagining of inflorescence architec-
ture to match unique geographical and agricultural needs,
including specific water and nutrient use strategies.

Furthermore, the ability to create targeted modifications
in genes and regulatory regions by CRISPR-Cas-based
approaches is poised to allow everexpanding possibilities
to modify well-known pathways affecting inflorescence
development and productivity and represents a promising
area of translational research. In addition, the rapid selec-
tion and fixation of novel alleles in transgene-free offspring
using these approaches dramatically shorten breeding pro-
grams (Eshed and Lippman 2019). Molecularly, we are
just beginning to understand the transcriptional regulatory
landscape of the maize genome, and recent efforts have
provided valuable insights specific to inflorescence devel-
opment (Galli et al. 2018; Ricci et al. 2019; Parvathaneni
et al. 2020; Sun et al. 2020; Crisp et al. 2020). These efforts
are expected to provide powerful information to guide
practical applications in many crop species and provide a
blueprint for maize genomic editing and new targets for
maize improvement.
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