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Maize (Zea mays L.) is one of the most important commercial crops in the world
as well as an important model organism for basic research in plant biology. The
shoot architecture of maize is primarily determined by apical and axillary
meristems, specialized groups of stem cells that are responsible for producing
branches, lateral organs, and stems. Thus the maintenance and initiation of
meristems can directly affect maize reproductive potential and yield. A major goal
of my research thesis was to understand the role of different genetic, hormonal
and environmental factors in regulating maize shoot growth to shed light on the
molecular mechanisms underlying maize architecture.
In the first chapter of my thesis, I contributed to the characterization of the role
of auxin signaling in regulating maize architecture by studying two semi-dominant
mutants defective in the early stages of reproductive organogenesis, Barren
inflorescence1 and Barren inflorescence4 (Bif1 and Bif4). BIF1 and BIF4 encode
AUXIN/INDOLE-3-ACETIC

ACID

(Aux/IAA)

proteins,

important

negative

regulators of the auxin signaling pathway. By in situ hybridizations and
yeast-2-hybrid screens, I showed that many maize activating AUXIN RESPONSE
FACTORs (ARFs) interact with both BIF1 and BIF4 and could potentially play a
role in regulating maize inflorescence development. As part of this study, we
provided evidence that BARREN STALK1 (BA1), a basic helix-loop-helix (bHLH)
transcriptional regulator essential for maize axillary meristem initiation (Gallavotti
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et al., 2004), is a potential target of auxin signaling. This work has been published
in PNAS in 2015 and I was a co-first author (Galli et al., 2015).
In the second chapter of my thesis, we provided new insights into the interplay
between inflorescence development and mineral nutrition. Boron is a fundamental
micronutrient for plant growth. Previous studies in our lab showed that ROTTEN
EAR (RTE), a maize boron efflux transporter, is necessary for maize inflorescence
development and fertility (Chatterjee et al., 2014). Here we characterized several
RTE-like genes in maize, and showed that the close paralogous gene RTE2,
which shares a similar expression pattern with RTE, strongly enhances the rte
phenotype in boron deficient conditions, resulting in stunted plants with strong
vegetative and reproductive defects. This work showed that in soils with poor
boron content both transporter proteins, RTE and RTE2, are necessary to support
growth and fertility of maize plants. My main contribution to this study, published in
Genetics (Chatterjee et al., 2017), was to characterize the expression of different
gene family members.
In the last chapter of my thesis, my research focused on a novel recessive
mutant called needle1 (ndl1). ndl1 is a temperature sensitive mutant with variable
phenotypic expressivity, showing several defects in development, the most
notable of which is the formation of tassels with reduced number of branches and
spikelets. Interestingly, ndl1 mutants showed strong genetic interactions with
several auxin-related mutants, as well as a lower concentration of auxin in
inflorescence meristems. By positional cloning and transgenic complementation, I
demonstrated that NDL1 encodes a mitochondrial metalloprotease belonging to
the FTSH (FILAMENTOUS TEMPERATURE-SENSITIVE) protease family. In
addition,

ndl1

mutants

showed

ROS

(reactive

oxygen

species)

hyperaccumulation and strong upregulation of many genes involved in stress
responses

and

mitochondrial

retrograde

regulation

(MRR).

Thus

the

characterization and identification of NDL1 provides new insights into the
interaction between redox status and auxin function in meristems, and reveals
how genetic and environmental factors contribute to the establishment of maize
architecture. With the ongoing warming of our planet, it is more and more
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important to better understand how crop plants can cope with extreme
environments.
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INTRODUCTION

The Poaceae, one of the largest families in Angiosperms, contains several
agriculturally important crops. Among them, maize (Zea mays), rice (Oryza sativa)
and wheat (Triticum aestivum) are the three major crops in the world and
contribute to approximately one fifth of total plant calories that humans consume.
Even though they all belong to the same family, maize displays a different shoot
architecture when compared to those of rice and wheat, which produce plants
with multiple tillers (vegetative shoots) and develop apical inflorescences with
bisexual flowers. A modern maize plant instead develops a single stem devoid of
tillers, allowing dense plantings in fields, as well as unisexual inflorescences
borne on separate parts of the plant.
The shoot architecture of plants is determined to a large extent by branching
patterns, which are produced by the shoot apical meristem (SAM) and axillary
meristems (AMs) (Steeves and Sussex, 1989; Vollbrecht et al., 2005). Meristems
are groups of pluripotent stem cells that are able to self-renew and differentiate
into daughter cells. Plant developmental plasticity is predominantly based on the
continuous activity of these stem cells (Gaillochet et al., 2015). Therefore,
research on the molecular mechanisms regulating plant architecture primarily
focuses on the maintenance of the SAM and the initiation and outgrowth of AMs.
Extensive research has revealed that several environmental and developmental
factors, such as transcription factors, plant hormones, redox status and different
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stresses play key role in regulating plant architecture. Here we focused on the
genetic and molecular mechanisms underlying maize shoot architecture, in
particular during reproductive development and the establishment of its unisexual
inflorescences, the male tassel and the female ear.
Shoot development in maize
Phytomers are the basic morphological units of plant architecture during shoot
development, each of which consists of a node, an internode, a true or modified
leaf, and one or more AMs (Galinat, 1959; Gray, 1879; McSteen and Leyser,
2005). During the vegetative phase of maize development, while the SAM
produces leaves along the main axis of growth, AMs initiate at the leaf axils to
produce leaf primordia and remain quiescent as axillary buds (Gallavotti, 2013).
After the transition to reproductive development, the SAM converts to an
inflorescence meristem (IM), producing the tassel at the shoot apex. In
inflorescences, leaf primordia are still initiated but remain suppressed, producing
modified primordia called suppressed bracts. Along the stem, the uppermost
axillary buds become active and give rise to ears at the axils of one or more
leaves (Kiesselbach, 1949). Eventually, a mature tassel consists of a central spike
covered with spikelets and several asymmetric long branches. The spikelet is the
basic unit of grass inflorescence architecture, consisting of two leaf-like structures
called glumes and two florets, and in maize inflorescences spikelets are paired
(Mcsteen et al., 2000). The presence of branches is the main morphological
difference between tassels and ears. Except for that, tassel and ear early in
development share an identical organogenesis process. At the peripheral zone,
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IMs give rise to different types of reproductive AMs. The first AMs formed include
the indeterminate branch meristems (BMs; formed only in tassels) and the
determinate spikelet-pair meristems (SPMs; formed in both tassels and ears).
Subsequently, each SPM gives rise to two secondary AMs called spikelet
meristems (SMs), which finally produce two tertiary AMs called floral meristems
(FMs) (Vollbrecht and Schmidt, 2009). Each maize floret consists of two bract-like
structures called lemma and palea, equivalent to sepals, two petals homologous
structures named lodicules, and the reproductive organs, stamens and carpels.
During floret development, the stamens abort growth in the tassel and the carpels
go through a similar fate in male florets (Bonnett, 1954; Irish, 1996). Thus maize is
a monoecious plant species bearing two unisexual inflorescences.
The maintenance of the shoot apical meristem and the WUSCHEL-CLAVATA
pathway
The organization of the SAM and the mechanisms regulating SAM activity have
been extensively studied in recent decades. The dome-shaped SAM is organized
into different functional domains (Somssich et al., 2016). The pluripotent stem
cells are found in the central zone (CZ), under which lies the organizing center
(OC), containing cells required to regulate and maintain stem cell fate. The rapidly
dividing daughter cells produced by stem cells reside in the peripheral zone (PZ),
where organ formation is initiated (Gaillochet et al., 2015; Mayer et al., 1998;
Somssich et al., 2016). This functional organization and regulation of meristem
activity has to be finely tuned to balance maintenance of the central zone and
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lateral organ initiation at the peripheral zone. All shoot meristems, including IMs
and AMs share a similar functional organization.
The WUSCHEL-CLAVATA (WUS-CLV) pathway has been identified as a key
pathway that coordinates stem cell proliferation and organ initiation in the
Arabidopsis thaliana SAM (Brand et al., 2000; Mayer et al., 1998; Schoof et al.,
2000). WUSCHEL is a homeodomain transcription factor belonging to the
WUS-homeobox (WOX) family, specifically expressed in the OC. Recent studies
showed that the WUS protein is able to move from the OC to the CZ through
plasmodesmata to maintain stem cell fate, and directly or indirectly activates the
CZ specific expression of CLAVATA3 (CLV3), which produces a small peptide
(Yadav et al., 2011). CLV3 peptides in turn restrict WUS expression in the OC
through the action of several receptor membrane-bound proteins, such as
CLAVATA1 (CLV1) and CLAVATA2 (CLV2) (Brand et al., 2000; Schoof et al.,
2000). Arabidopsis mutants defective in the CLV pathway generally display
enlarged meristems (Brand et al., 2000; Mayer et al., 1998; Schoof et al., 2000).
Similarly, several maize mutants identified in the WUS-CLV pathway are
characterized by thick tassels and fasciated ears, due to overproliferation of
inflorescence meristems (Muller and Bleckmann, 2008; Pautler et al., 2015; Peter
et al., 2005; Somssich et al., 2016; Taguchi-Shiobara et al., 2001). THICK
TASSEL DWARF1 (TD1) encodes a membrane localized receptor-like kinases
homologous to CLV1 (Peter et al., 2005). FASCIATED EAR2 (FEA2) encodes a
receptor-like protein orthologous to Arabidopsis CLV2, which lacks an internal
kinase domain (Taguchi-Shiobara et al., 2001). In Arabidopsis, CLV2 has been
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proposed to function by interacting with the cytoplasmic kinase CORYNE (CRN)
(Muller and Bleckmann, 2008), but recently this model has been questioned as
CRN likely lacks kinase activity (Nimchuk et al., 2011). In maize, the
characterization of compact plant2 (ct2) suggest that CT2, a α-subunit (Gα) of the
heterotrimeric GTP-binding protein, may signal downstream of CLV2 (Bommert et
al., 2013a). In addition, maize mutant analysis uncovered several new genes
regulating IM size, such as FASCIATED EAR3 (FEA3) (Je et al., 2016) and
FASCIATED EAR4 (FEA4) (Pautler et al., 2015), which encodes a novel CLV-type
LRR receptor and a bZIP transcription factor, respectively, suggesting that the
WUS-CLV pathway is not the only pathway contributing to the regulation of
meristem size in maize.
Axillary meristems initiation and the role of auxin
Unlike the SAM, AMs are secondary meristems forming in the axils of primary
organs during post-embryonic development (Bennett and Leyser, 2006). AMs are
responsible for the production of secondary axes of growth by maintaining a core
of stem cells, thus play an important role in shaping shoot architecture (Gallavotti,
2013). The identification of a group of mutants displaying abnormal shoot
architecture highlighted the importance of the plant hormone auxin in regulating
AM initiation (Bennett et al., 1995; Cheng et al., 2006; Gallavotti, 2013; Gallavotti
et al., 2008a; Galli et al., 2015; Gälweiler et al., 1998; McSteen et al., 2007;
Phillips et al., 2011; Przemeck et al., 1996). Auxins are a group of phytohormones
that play many roles in plant growth and development. Thanks to an abundance of
major breakthroughs, the basic molecular and cellular mechanisms regulating
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auxin biology are now well understood. Nonetheless, major questions remain
regarding the regulation of auxin functional specificity.
Auxin biosynthesis
In the past few years, it has been clearly shown that auxin biosynthesis is required
for almost all major developmental processes (Zhao, 2018). In plants,
indole-3-acetic acid (IAA) is the primary and most common natural auxin. IAA can
be synthesized from tryptophan (Trp)-dependent and Trp-independent pathways
(Ljung, 2013; Mashiguchi et al., 2011; Woodward and Bartel, 2005; Zhao, 2018).
Among them, the only complete Trp-dependent auxin biosynthesis pathway
identified

so

far

is

the

TAA/YUC

pathway.

TRYPTOPHAN

AMINOTRANSFERASE1 (TAA1) mediates the conversion of tryptophan to indole
pyruvic acid (IPA) (Stepanova et al., 2008; Tao et al., 2008), which is subsequent
transformed into IAA by a flavin monooxygenase enzyme belonging to the
YUCCA (YUC) family (Zhao et al., 2001). The characterization of two maize
mutants displaying a barren inflorescence phenotype, vanishing tassel2 (vt2) and
sparse inflorescence1 (spi1), led to the identification of the maize orthologs of
TAA1 and YUC4, respectively (Gallavotti et al., 2008a; Phillips et al., 2011),
suggesting that the TAA/YUC pathway is conserved between monocot and
eudicot species, and that auxin biosynthesis greatly influences maize
inflorescence architecture.

7
Auxin transport
The dynamic distribution of auxin and the establishment of auxin concentration
gradients are known to have important roles in plant development (Heisler et al.,
2005; Leyser, 2005). Two major pathways are used to transport auxin and
regulate its distribution. One pathway is the long distance nonpolar translocation
of auxin, while the other one is the short distance auxin polar transport, dependent
on auxin influx and efflux transporters (Vanneste and Friml, 2009). One of the
best-known polar auxin efflux transporters is PINFORMED1 (PIN1) of Arabidopsis,
a plasma membrane localized protein, whose polar localization establishes auxin
efflux directions (Gälweiler et al., 1998). PIN1 activity is positively regulated by
PINOID (PID), a serine-threonine kinase (Friml et al., 2004), thus PID is involved
in regulating polar auxin transport. In maize, 12 PIN family members have been
identified, but no mutant has been reported so far, probably due to functional
redundancy (Forestan et al., 2012; Gallavotti, 2013). However, the co-ortholog of
the Arabidopsis PID gene, BARREN INFLORESCENCE2 (BIF2), has been
identified in maize. Similarly to other barren mutants, the initiation of reproductive
AMs of bif2 is severely impaired resulting in pin-formed inflorescences with few
spikelet and branches, indicating that auxin transport plays a key role in
inflorescence development in both monocot and eudicot species (McSteen et al.,
2007).
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Auxin conjugation and degradation
In addition to auxin biosynthesis and transport, auxin homeostasis is also
regulated by auxin conjugation and degradation pathways (Ljung, 2013; Rosquete
et al., 2012). Cellular IAA is generally stored as amide derivatives and ester-linked
conjugates in Arabidopsis (Tam et al., 2000). Among the IAA conjugates, a
fraction of them can be hydrolysed back to free IAA, such as IAA-Ala, IAA-Leu,
IAA-Phe, whereas some of them, such as IAA-Asp and IAA-Glu, are irreversible
and considered as precursors for degradation (Ludwig-Muller, 2011). Several
genes are involved in auxin conjugation, including several members from the
auxin-inducible GRETCHEN HAGEN3 (GH3) family (Ljung, 2013; Ludwig-Muller,
2011).
Auxin oxidative degradation, the oxidation of IAA to 2-oxindole-3-acetic acid
(oxIAA), a molecule with very low auxin activity, is believed to be another
important but poorly understood pathway regulating auxin homeostasis (Pencik et
al., 2013). Recently, the characterization and identification of a rice mutant
displaying defective reproductive development suggested the involvement of
DIOXYGENASE

FOR

AUXIN

OXIDATION

(DAO),

which

encodes

a

2-oxoglutarate-dependent-Fe(II) dioxygenase, in regulating auxin oxidative
degradation and plant development (Porco et al., 2016; Zhang et al., 2016; Zhao
et al., 2013).
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Auxin signaling
Auxin biosynthesis, transport, conjugation and degradation cooperate to ensure
appropriate spatio-temporal auxin levels, downstream of which lies the auxin
signaling pathway. AUXIN/INDOLE3 ACETIC ACIDs (Aux/IAAs) are a group of
negative regulators of auxin signaling that recruit co-repressor proteins to repress
auxin responsive gene transcription by AUXIN RESPONSE FACTORS (ARFs).
Auxin functions as a molecular glue to stabilize the interaction of Aux/IAAs and
F-box TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX
(TIR1/AFB) proteins, and by doing so it triggers the ubiquitination and degradation
of Aux/IAAs. As a result, ARFs are released to promote the expression of
downstream genes (Dharmasiri et al., 2005; Gray et al., 2001; Szemenyei et al.,
2008; Weijers and Wagner, 2016). Aux/IAAs and ARFs interact with each other
via the PB1 C-terminal domain, which is conserved between Aux/IAA family and
most ARFs. The N-terminal of Aux/IAA contains a well-known repressor motif
called EAR (Tiwari et al., 2004), and a degron domain which is critical for Aux/IAA
stability (Gray et al., 2001). In Arabidopsis as in other species, mutations in the
degron domains of different Aux/IAAs always result in dominant or semi-dominant
mutants showing altered shoot morphology, such as abnormal leaf development
and decreased apical dominance, indicating the importance of auxin signaling in
regulating plant shoot architecture (Reed, 2001). Additional evidence came from
the analysis of mutations in the Arabidopsis MONOPTEROS (MP) gene, which
encodes ARF5, and show severe defects in shoot development, resulting in a
pin-like inflorescence (Przemeck et al., 1996).
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4. Other known regulators of plant architecture
In addition to the pathways mentioned above, plant architecture is also regulated
by other endogenous and environmental cues. Moreover, besides auxin, several
hormones are important regulators of plant architecture. One notable example is
the role of cytokinin (CK) in regulating meristem size. In rice, mutants defective in
CK biosynthesis produce smaller SAMs (Kurakawa et al., 2007), indicating a
positive role of CK in meristem size regulation. Type-A ARABIDOPSIS
RESPONSE REGULATORS (ARRs) are negative regulators of CK signaling (To
and Kieber, 2008). In maize, mutations in the type-A ARRs regulator ABNORMAL
PHYLLOTAXY (ABPH1) display enlarged SAMs (Giulini et al., 2004). In addition,
many other studies in Arabidopsis have shown that WUS is able to repress type-A
ARR (ARR7 and ARR15), while ARR7 and ARR15 in turn are required for CLV3
expression, which functions to limit WUS expression, providing a direct link
between CK and WUS-CLV in meristem size regulation (Leibfried et al., 2005;
Zhao et al., 2010).
While CK and WUS-CLV pathway display a positive action on the
maintenance of the SAM by promoting the proliferation of undifferentiated cells,
auxin functions in an antagonistic way to induce cellular differentiation and new
primordia initiation among which are AMs in the PZ (Schaller et al., 2015; Shi et
al., 2018; Su et al., 2011). At the flank of SAM, auxin maxima created by
PIN-mediated polar auxin transport mark the incipient site of primordium initiation
(Gallavotti et al., 2008b; Heisler et al., 2005)Moreover, recent studies suggested
that localized auxin minima in the boundary zone between SAM and lateral
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primordia are required for AM formation (Benková et al., 2003; Gallavotti et al.,
2008b; Heisler et al., 2005; Hofmann, 2014; Qi et al., 2014; Wang et al., 2014).
Thus the balance between auxin and CK is essential to control plant shoot
development. High levels of CK generally induce WUS expression (Leibfried et
al., 2005), whereas WUS functions to restrict auxin signaling and response in the
SAM (Ma et al., 2018). In addition, auxin has been shown to suppress CK
biosynthesis

via

the

isopentenyladenosine-5’-monophosphate-independent

pathway in the shoot (Nordstrom et al., 2004). Interestingly, recent studies
suggested a synergy between auxin and CK by repressing the expression of
ARR7 and ARR15 via a MP-mediated pathway in SAM development (Zhao et al.,
2010).
Along with plant hormones, reactive oxygen species (ROS) are another group
of molecules reported to play significant roles in interpreting environmental and
developmental signals and regulating plant growth (Baxter et al., 2014; Gapper
and Dolan, 2006; Sparks et al., 2013). In Arabidopsis, ROS have been identified
as essential signaling molecules to regulate stem cell fate by affecting WUS
expression (Zeng et al., 2017). One species of ROS, the superoxide anion (O2•-),
is able to activate WUS expression to maintain stem cell fate while hydrogen
peroxide (H2O2), functions antagonistically to promote differentiation in the
peripheral zone by negatively regulating superoxide anion biosynthesis (Zeng et
al., 2017). To function as signaling molecules and mitigate their toxicity, ROS level
are tightly regulated by ROS production and ROS-scavenging pathways
(D'Autreaux and Toledano, 2007; Mittler et al., 2004). Defects in several

12
components involved in ROS scavenging pathways, such as Glutaredoxins
(GRXs), and Thioredoxins (TRXs), result in abnormal inflorescence architecture
(Bashandy et al., 2010; Yang et al., 2015). For example the Arabidopsis triple
mutant ntra;ntrab;cad2-1 affected in members of the TRX reductase family (NTRA
and NTRB) and glutathione biosynthesis pathways (CAD2) shows a pin-formed
phenotype similar to auxin mutants (Bashandy et al., 2010). These results
suggest the importance of ROS signaling in regulating plant architecture and
lateral organ initiation in meristems.

13
REFERENCES FOR THE INTRODUCTION

Bashandy, T., Guilleminot, J., Vernoux, T., Caparros-Ruiz, D., Ljung, K., Meyer, Y.,
and Reichheld, J.P. (2010). Interplay between the NADP-linked thioredoxin and
glutathione systems in Arabidopsis auxin signaling. Plant Cell 22, 376-391.
Baxter, A., Mittler, R., and Suzuki, N. (2014). ROS as key players in plant stress
signalling. J Exp Bot 65, 1229-1240.
Bennett, S.R., Alvarez, J., Bossinger, G., and Smyth, D.R. (1995). Morphogenesis
in pinoid mutants of Arabidopsis thaliana. The Plant Journal 8, 505-520.
Bennett, T., and Leyser, O. (2006). Something on the side: axillary meristems and
plant development. Plant Mol Biol 60, 843-854.
Bommert, P., Je, B.I., Goldshmidt, A., and Jackson, D. (2013). The maize Gα
gene COMPACT PLANT2 functions in CLAVATA signalling to control shoot
meristem size. Nature 502, 555.
Bonnett, O.T. (1954). The Inflorescences of Maize. Science 120, 77-87.
Brand, U., Fletcher, J.C., Hobe, M., Meyerowitz, E.M., and Simon, R. (2000).
Dependence of stem cell fate in Arabidopsis on a feedback loop regulated by
CLV3 activity. Science 289, 617-619.
Cheng, Y., Dai, X., and Zhao, Y. (2006). Auxin biosynthesis by the YUCCA flavin
monooxygenases controls the formation of floral organs and vascular tissues in
Arabidopsis. Genes Dev 20, 1790-1799.
D'Autreaux, B., and Toledano, M.B. (2007). ROS as signalling molecules:
mechanisms that generate specificity in ROS homeostasis. Nat Rev Mol Cell Biol
8, 813-824.
Dharmasiri, N., Dharmasiri, S., and Estelle, M. (2005). The F-box protein TIR1 is
an auxin receptor. Nature 435, 441-445.
Forestan, C., Farinati, S., and Varotto, S. (2012). The Maize PIN Gene Family of
Auxin Transporters. Front Plant Sci 3, 16.
Friml, J., Yang, X., Michniewicz, M., Weijers, D., Quint, A., Tietz, O., Benjamins,
R., Ouwerkerk, P.B., Ljung, K., and Sandberg, G. (2004). A PINOID-dependent
binary switch in apical-basal PIN polar targeting directs auxin efflux. Science 306,
862-865.
Gaillochet, C., Daum, G., and Lohmann, J.U. (2015). O cell, where art thou? The
mechanisms of shoot meristem patterning. Curr Opin Plant Biol 23, 91-97.

14
Galinat, W.C. (1959). THE PHYTOMER IN RELATION TO FLORAL
HOMOLOGIES IN THE AMERICAN MAYDEAE. Botanical Museum Leaflets
Harvard University 19, 1-xvi.
Gallavotti, A. (2013). The role of auxin in shaping shoot architecture. J Exp Bot 64,
2593-2608.
Gallavotti, A., Barazesh, S., Malcomber, S., Hall, D., Jackson, D., Schmidt, R.J.,
and McSteen, P. (2008a). sparse inflorescence1 encodes a monocot-specific
YUCCA-like gene required for vegetative and reproductive development in maize.
P Natl Acad Sci USA 105, 15196-15201.
Gallavotti, A., Yang, Y., Schmidt, R.J., and Jackson, D. (2008b). The relationship
between auxin transport and maize branching. Plant Physiology 147, 1913-1923.
Galli, M., Liu, Q.J., Moss, B.L., Malcomber, S., Li, W., Gaines, C., Federici, S.,
Roshkovan, J., Meeley, R., Nemhauser, J.L., et al. (2015). Auxin signaling
modules regulate maize inflorescence architecture. P Natl Acad Sci USA 112,
13372-13377.
Gälweiler, L., Guan, C., Müller, A., Wisman, E., Mendgen, K., Yephremov, A., and
Palme, K. (1998). Regulation of polar auxin transport by AtPIN1 in Arabidopsis
vascular tissue. Science 282, 2226-2230.
Gapper, C., and Dolan, L. (2006). Control of plant development by reactive
oxygen species. Plant Physiol 141, 341-345.
Giulini, A., Wang, J., and Jackson, D. (2004). Control of phyllotaxy by the
cytokinin-inducible response regulator homologue ABPHYL1. Nature 430, 1031.
Gray, A. (1879). Structural botany, Vol 1 (American Book Company).
Gray, W.M., Kepinski, S., Rouse, D., Leyser, O., and Estelle, M. (2001). Auxin
regulates SCF(TIR1)-dependent degradation of AUX/IAA proteins. Nature 414,
271-276.
Heisler, M.G., Ohno, C., Das, P., Sieber, P., Reddy, G.V., Long, J.A., and
Meyerowitz, E.M. (2005). Patterns of auxin transport and gene expression during
primordium development revealed by live imaging of the Arabidopsis
inflorescence meristem. Curr Biol 15, 1899-1911.
Hofmann, N.R. (2014). The Importance of Being Absent: Auxin Minima Are
Required for Axillary Meristem Formation. Plant Cell 26, 1836.
Irish, E.E. (1996). Regulation of sex determination in maize. Bioessays 18,
363-369.
Je, B.I., Gruel, J., Lee, Y.K., Bommert, P., Arevalo, E.D., Eveland, A.L., Wu, Q.,

15
Goldshmidt, A., Meeley, R., Bartlett, M., et al. (2016). Signaling from maize organ
primordia via FASCIATED EAR3 regulates stem cell proliferation and yield traits.
Nat Genet 48, 785-791.
Kiesselbach, T. (1949). The structure and reproduction of corn. University of
Nebraska, College ofAgriculture, Agricultural Experiment Station. Research
Bulletin 161.
Kurakawa, T., Ueda, N., Maekawa, M., Kobayashi, K., Kojima, M., Nagato, Y.,
Sakakibara, H., and Kyozuka, J. (2007). Direct control of shoot meristem activity
by a cytokinin-activating enzyme. Nature 445, 652-655.
Leibfried, A., To, J.P., Busch, W., Stehling, S., Kehle, A., Demar, M., Kieber, J.J.,
and Lohmann, J.U. (2005). WUSCHEL controls meristem function by direct
regulation of cytokinin-inducible response regulators. Nature 438, 1172-1175.
Leyser, O. (2005). Auxin distribution and plant pattern formation: how many
angels can dance on the point of PIN? Cell 121, 819-822.
Ljung, K. (2013). Auxin metabolism and homeostasis during plant development.
Development 140, 943-950.
Ludwig-Muller, J. (2011). Auxin conjugates: their role for plant development and in
the evolution of land plants. J Exp Bot 62, 1757-1773.
Ma, Y., Miotk, A., Sutikovic, Z., Medzihradszky, A., Wenzl, C., Ermakova, O.,
Gaillochet, C., Forner, J., Utan, G., and Brackmann, K. (2018). WUSCHEL acts as
a rheostat on the auxin pathway to maintain apical stem cells in Arabidopsis.
bioRxiv, 468421.
Mashiguchi, K., Tanaka, K., Sakai, T., Sugawara, S., Kawaide, H., Natsume, M.,
Hanada, A., Yaeno, T., Shirasu, K., and Yao, H. (2011). The main auxin
biosynthesis pathway in Arabidopsis. Proceedings of the National Academy of
Sciences 108, 18512-18517.
Mayer, K.F., Schoof, H., Haecker, A., Lenhard, M., Jürgens, G., and Laux, T.
(1998). Role of WUSCHEL in regulating stem cell fate in the Arabidopsis shoot
meristem. Cell 95, 805-815.
Mcsteen, P., Laudencia-Chingcuanco, D., and Colasanti, J. (2000). A floret by any
other name: control of meristem identity in maize. Trends in Plant Science 5,
61-66.
McSteen, P., and Leyser, O. (2005). Shoot branching. Annu Rev Plant Biol 56,
353-374.
McSteen, P., Malcomber, S., Skirpan, A., Lunde, C., Wu, X., Kellogg, E., and Hake,
S. (2007). barren inflorescence2 Encodes a co-ortholog of the PINOID

16
serine/threonine kinase and is required for organogenesis during inflorescence
and vegetative development in maize. Plant Physiol 144, 1000-1011.
Mittler, R., Vanderauwera, S., Gollery, M., and Breusegem, F.V. (2004). Reactive
oxygen gene network of plants. Trends in Plant Science 9, 490-498.
Muller, R., and Bleckmann, A., R (2008). The receptor kinase CORYNE of
Arabidopsis transmits the stem cell-limiting signal CLAVATA3 independently of
CLAVATA1. Plant Cell 20, 934-946.
Nimchuk, Z.L., Tarr, P.T., and Meyerowitz, E.M. (2011). An evolutionarily
conserved pseudokinase mediates stem cell production in plants. Plant Cell 23,
851-854.
Nordstrom, A., Tarkowski, P., Tarkowska, D., Norbaek, R., Astot, C., Dolezal, K.,
and Sandberg, G. (2004). Auxin regulation of cytokinin biosynthesis in
Arabidopsis thaliana: a factor of potential importance for auxin-cytokinin-regulated
development. Proc Natl Acad Sci U S A 101, 8039-8044.
Pautler, M., Eveland, A.L., LaRue, T., Yang, F., Weeks, R., Lunde, C., Je, B.I.,
Meeley, R., Komatsu, M., Vollbrecht, E., et al. (2015). FASCIATED EAR4 encodes
a bZIP transcription factor that regulates shoot meristem size in maize. Plant Cell
27, 104-120.
Pencik, A., Simonovik, B., Petersson, S.V., Henykova, E., Simon, S., Greenham,
K., Zhang, Y., Kowalczyk, M., Estelle, M., Zazimalova, E., et al. (2013). Regulation
of auxin homeostasis and gradients in Arabidopsis roots through the formation of
the indole-3-acetic acid catabolite 2-oxindole-3-acetic acid. Plant Cell 25,
3858-3870.
Peter, B., China, L., Judith, N., Erik, V., Mark, R., David, J., Sarah, H., and
Wolfgang, W. (2005). thick tassel dwarf1 encodes a putative maize ortholog of the
Arabidopsis CLAVATA1 leucine-rich repeat receptor-like kinase. Development 132,
1235.
Phillips, K.A., Skirpan, A.L., Liu, X., Christensen, A., Slewinski, T.L., Hudson, C.,
Barazesh, S., Cohen, J.D., Malcomber, S., and McSteen, P. (2011). vanishing
tassel2 encodes a grass-specific tryptophan aminotransferase required for
vegetative and reproductive development in maize. Plant Cell 23, 550-566.
Porco, S., Pencik, A., Rashed, A., Voss, U., Casanova-Saez, R., Bishopp, A.,
Golebiowska, A., Bhosale, R., Swarup, R., Swarup, K., et al. (2016).
Dioxygenase-encoding AtDAO1 gene controls IAA oxidation and homeostasis in
Arabidopsis. Proc Natl Acad Sci U S A 113, 11016-11021.
Przemeck, G.K., Mattsson, J., Hardtke, C.S., Sung, Z.R., and Berleth, T. (1996).
Studies on the role of the Arabidopsis gene MONOPTEROS in vascular
development and plant cell axialization. Planta 200, 229-237.

17
Qi, J., Wang, Y., Yu, T., Cunha, A., Wu, B., Vernoux, T., Meyerowitz, E., and Jiao,
Y. (2014). Auxin depletion from leaf primordia contributes to organ patterning.
Proceedings of the National Academy of Sciences 111, 18769-18774.
Reed, J.W. (2001). Roles and activities of Aux/IAA proteins in Arabidopsis. Trends
in plant science 6, 420-425.
Rosquete, M.R., Barbez, E., and Kleine-Vehn, J. (2012). Cellular auxin
homeostasis: gatekeeping is housekeeping. Mol Plant 5, 772-786.
Schaller, G.E., Bishopp, A., and Kieber, J.J. (2015). The yin-yang of hormones:
cytokinin and auxin interactions in plant development. Plant Cell 27, 44-63.
Schoof, H., Lenhard, M., Haecker, A., Mayer, K.F., Jürgens, G., and Laux, T.
(2000). The stem cell population of Arabidopsis shoot meristems is maintained by
a regulatory loop between the CLAVATA and WUSCHEL genes. Cell 100,
635-644.
Shi, B., Guo, X., Wang, Y., Xiong, Y., Wang, J., Hayashi, K.I., Lei, J., Zhang, L.,
and Jiao, Y. (2018). Feedback from Lateral Organs Controls Shoot Apical
Meristem Growth by Modulating Auxin Transport. Dev Cell 44, 204-216 e206.
Somssich, M., Je, B.I., Simon, R., and Jackson, D. (2016). CLAVATA-WUSCHEL
signaling in the shoot meristem. Development 143, 3238-3248.
Sparks, E., Wachsman, G., and Benfey, P.N. (2013). Spatiotemporal signalling in
plant development. Nat Rev Genet 14, 631-644.
Steeves, T.A., and Sussex, I.M. (1989). Patterns in plant development
(Cambridge University Press).
Stepanova, A.N., Robertson-Hoyt, J., Yun, J., Benavente, L.M., Xie, D.Y., Dolezal,
K., Schlereth, A., Jurgens, G., and Alonso, J.M. (2008). TAA1-mediated auxin
biosynthesis is essential for hormone crosstalk and plant development. Cell 133,
177-191.
Su, Y.H., Liu, Y.B., and Zhang, X.S. (2011). Auxin-cytokinin interaction regulates
meristem development. Mol Plant 4, 616-625.
Szemenyei, H., Hannon, M., and Long, J.A. (2008). TOPLESS mediates
auxin-dependent transcriptional repression during Arabidopsis embryogenesis.
Science 319, 1384-1386.
Taguchi-Shiobara, F., ., Yuan, Z., ., Hake, S., ., and Jackson, D., . (2001). The
fasciated ear2 gene encodes a leucine-rich repeat receptor-like protein that
regulates shoot meristem proliferation in maize. Genes & Development 15,
2755-2766.

18
Tam, Y.Y., Epstein, E., and Normanly, J. (2000). Characterization of auxin
conjugates in Arabidopsis. Low steady-state levels of indole-3-acetyl-aspartate,
indole-3-acetyl-glutamate, and indole-3-acetyl-glucose. Plant Physiology 123,
589-596.
Tao, Y., Ferrer, J.L., Ljung, K., Pojer, F., Hong, F., Long, J.A., Li, L., Moreno, J.E.,
Bowman, M.E., Ivans, L.J., et al. (2008). Rapid synthesis of auxin via a new
tryptophan-dependent pathway is required for shade avoidance in plants. Cell 133,
164-176.
Tiwari, S.B., Hagen, G., and Guilfoyle, T.J. (2004). Aux/IAA proteins contain a
potent transcriptional repression domain. Plant Cell 16, 533-543.
To, J.P., and Kieber, J.J. (2008). Cytokinin signaling: two-components and more.
Trends in plant science 13, 85-92.
Vanneste, S., and Friml, J. (2009). Auxin: a trigger for change in plant
development. Cell 136, 1005-1016.
Vollbrecht, E., and Schmidt, R.J. (2009). Development of the Inflorescences. In
Handbook of maize: Its biology (Springer), pp. 13-40.
Vollbrecht, E., Springer, P.S., Goh, L., Buckler, E.S.t., and Martienssen, R. (2005).
Architecture of floral branch systems in maize and related grasses. Nature 436,
1119-1126.
Wang, Y., Wang, J., Shi, B., Yu, T., Qi, J., Meyerowitz, E.M., and Jiao, Y. (2014).
The Stem Cell Niche in Leaf Axils Is Established by Auxin and Cytokinin in
Arabidopsis. Plant Cell 26, 2055-2067.
Weijers, D., and Wagner, D. (2016). Transcriptional Responses to the Auxin
Hormone. Annu Rev Plant Biol 67, 539-574.
Woodward, A.W., and Bartel, B. (2005). Auxin: regulation, action, and interaction.
Ann Bot 95, 707-735.
Yadav, R.K., Perales, M., Gruel, J., Girke, T., Jonsson, H., and Reddy, G.V. (2011).
WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis
shoot apex. Genes Dev 25, 2025-2030.
Yang, F., Bui, H.T., Pautler, M., Llaca, V., Johnston, R., Lee, B.H., Kolbe, A., Sakai,
H., and Jackson, D. (2015). A maize glutaredoxin gene, abphyl2, regulates shoot
meristem size and phyllotaxy. Plant Cell 27, 121-131.
Zeng, J., Dong, Z., Wu, H., Tian, Z., and Zhao, Z. (2017). Redox regulation of
plant stem cell fate. EMBO J 36, 2844-2855.
Zhang, J., Lin, J.E., Harris, C., Campos Mastrotti Pereira, F., Wu, F., Blakeslee,

19
J.J., and Peer, W.A. (2016). DAO1 catalyzes temporal and tissue-specific
oxidative inactivation of auxin in Arabidopsis thaliana. Proc Natl Acad Sci U S A
113, 11010-11015.
Zhao, Y. (2018). Essential roles of local auxin biosynthesis in plant development
and in adaptation to environmental changes. Annual review of plant biology 69,
417-435.
Zhao, Y., Christensen, S.K., Fankhauser, C., Cashman, J.R., Cohen, J.D., Weigel,
D., and Chory, J. (2001). A role for flavin monooxygenase-like enzymes in auxin
biosynthesis. Science 291, 306-309.
Zhao, Z., Andersen, S.U., Ljung, K., Dolezal, K., Miotk, A., Schultheiss, S.J., and
Lohmann, J.U. (2010). Hormonal control of the shoot stem-cell niche. Nature 465,
1089-1092.
Zhao, Z., Zhang, Y., Liu, X., Zhang, X., Liu, S., Yu, X., Ren, Y., Zheng, X., Zhou, K.,
Jiang, L., et al. (2013). A role for a dioxygenase in auxin metabolism and
reproductive development in rice. Dev Cell 27, 113-122.

20
CHAPTER ONE

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38
CHAPTER TWO

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
CHAPTER THREE
NEEDLE1 (NDL1) ENCODES A MITOCHONDRIA LOCALIZED PROTEASE
REQUIRED FOR THERMOTOLERANCE OF MAIZE GROWTH

Abstract
Plant axillary meristems (AMs) are groups of stem cells initiated at the axils of
leaves during post-embryonic development. AMs are ultimately responsible for
the production of branches, lateral organs and stems, thus they directly shape
plant architecture and affect crop yield. The previous identification of several
mutants showing defects in inflorescence development has shed light on the
essential role of the plant hormone auxin in regulating maize AM initiation. Here
we characterized and cloned needle1 (ndl1), a temperature sensitive mutant
displaying strong genetic interactions with several auxin-related mutants.
Interestingly, we demonstrate that NDL1 encodes a metallo-protease localized to
mitochondria. Further analysis indicates that together with the hyperaccumulation
of reactive oxygen species (ROS), ndl1 mutant inflorescences show the
up-regulation of many genes involved in stress responses and mitochondrial
retrograde regulation (MRR). These findings uncovered an essential pathway that
coordinates meristem redox status with the hormonal control of reproductive
organogenesis, and regulates overall maize growth.
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Introduction
Plant developmental plasticity depends on the life-long maintenance of stem cells
called meristems, group of cells that retain the ability to proliferate as well as to
differentiate functional progeny (de Jong and Leyser, 2012; Greb and Lohmann,
2016; Laux, 2003). Plants produce different types of meristems throughout their
lifecycle. In particular, shoot architecture in higher plants is established by apical
meristems, shoot apical meristems (SAMs) and inflorescence meristems (IMs),
and axillary meristems (AMs), initiating at the axils of true or modified leaves. In
crop species such as maize, IM and AM activity determines the architecture of its
inflorescences thus directly impacting yield (Bommert et al., 2013b). Meristem
function is heavily influenced by the activity of phytohormones and by
environmental factors such as light, temperature and stresses (Pfeiffer et al.,
2017). For example, when grown in drought and heat stress condition, grain crops
have defective floral initiation and show delayed flowering dramatically reducing
yield (Barnabas et al., 2008).
Auxins are a group of phytohormones that play essential roles in plant growth
and development and are essential for organogenesis. In the past few decades,
the molecular characterization of several auxin mutants showing defects in
meristem formation and development highlighted the importance of auxin in
regulating plant shoot architecture. In Arabidopsis, mutants defective in
inflorescence development are characterized by the pin-formed phenotype
whereby no floral meristem, a type of AM, is initiated. Pin-like mutants such as
pinformed1 (pin1), pinoid (pid), monopteros (mp), and yucca (yuc) are affected in
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auxin transport, signaling and biosynthesis, respectively (Bennett et al., 1995;
Cheng et al., 2006; Gälweiler et al., 1998; Przemeck et al., 1996). In maize,
mutants defective in AM initiation and development are generally characterized by
a reduction in spikelets (grass specific structures containing florets) and branches
in its inflorescences, the tassel and the ear. Molecular analysis indicates that the
defects observed in several of these mutants are caused by mutations in genes
regulating

auxin

function.

INFLORESCENCE1

(SPI1)

VANISHING
encode

the

TASSEL2

(VT2)

co-orthologs

of

and

SPARSE

TRYPTOPHAN

AMINOTRANSFERASE 1 (TAA1) and YUCCA4 (YUC4) in Arabidopsis,
respectively, and function in the best characterized auxin biosynthetic pathway in
plants (Gallavotti et al., 2008a; Phillips et al., 2011; Stepanova et al., 2008; Zhao
et

al.,

2001).

BARREN

INFLORESCENCE1

(BIF1)

and

BARREN

INFLORESCENCE4 (BIF4) are members of the AUXIN/INDOLE3 ACETIC ACIDs
(Aux/IAAs) family, a group of essential proteins functioning as negative regulators
of auxin signaling (Barazesh and McSteen, 2008; Galli et al., 2015). BARREN
INFLORESCENCE2

(BIF2)

encodes

a

serine/threonine

protein

kinase,

homologous to Arabidopsis PID, that regulates auxin polar transport by
phosphorylation of PIN efflux transport proteins (McSteen et al., 2007; Skirpan et
al., 2009). Moreover, analysis of widely-used reporter lines for auxin response
and polar transport suggests that the creation of PIN1-mediated local auxin
concentration gradients is necessary for plant organ formation in both Arabidopsis
and maize (Benková et al., 2003; Gallavotti et al., 2008b; Heisler et al., 2005).
Interestingly, recent evidences suggest that auxin minima also play an essential
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role in regulating axillary meristem formation (Hofmann, 2014; Qi et al., 2014).
Thus the dynamic regulation of auxin is crucial for inflorescence development and
is necessary for establishing the species-specific patterning of organ formation in
inflorescences.
Here we characterize a new temperature sensitive maize mutant called
needle1 (ndl1) with striking phenotypic similarities with the auxin-related mutants
mentioned above, and showing a strong genetic interaction with several
auxin-related mutants such as Bif1 and spi1. Surprisingly, NDL1 encodes a
mitochondrial localized ATP-dependent zinc metalloprotease belonging to the
FTSH (Filamentation Temperature Sensitive H) family, originally identified in E.
coli (Begg et al., 1992; Santos and De Almeida, 1975). ndl1 mutants show ROS
hyperaccumulation and strong up-regulation of many genes involved in stress
responses. We show that these conditions affect auxin homeostasis and
consequently reproductive organogenesis, indicating a functional link between
meristem redox status and auxin in regulating maize inflorescence architecture.

63
RESULTS
ndl1 (needle1) is a temperature-sensitive mutant affected in the early stages
of reproductive organogenesis
The ndl1 mutant was originally identified in ethyl methanesulfonate (EMS)
mutagenesis

screens

for

new

mutations

affecting

maize

inflorescence

development. Segregation in M2 populations indicated that the mutant was
caused by a single recessive mutation. After introgression in a homogeneous B73
background, ndl1 plants showed abnormal inflorescence development, showing
tassels with fewer branches and spikelets (Fig. 1a-d and Fig. 2c-d) while ears
were only slightly shorter with occasional disorganized rows of kernels (Fig. 2a, b
and 2e).
We noticed that in fields and greenhouse growth conditions, the ndl1 tassel
phenotype showed variable expressivity, ranging from very thin tassels with no
branches and no spikelets to tassels with fewer branches and spikelets (Fig. 1a-d).
Several evidences suggested that the phenotype severity was influenced by
temperature. The appearance of a strong phenotype (no branches and spikelets)
always correlated with field plantings in warmer temperatures in late Spring (Fig.
3a,b). To test the hypothesis that temperature was therefore a factor influencing
the expressivity of the ndl1 phenotype, we grew ndl1 plants in long day conditions
(16 hours light-8 hours dark) in a controlled growth chamber in mild (24°C
day-20°C night) and high temperature (32°C day-28°C night). Over 30% of ndl1
plants arrested growth after producing a few leaves when grown at high
temperature. The remaining mutants produced tassels with a significantly reduced
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number of branches (Fig. 3c-h). None of the above phenotypes were instead
observed in the mild temperature regime.
The inflorescence phenotype of ndl1 mutants was reminiscent of mutants
affected in AM development in inflorescences, such as the semi-dominant Bif1
and Bif4 mutants affected in auxin signaling (Galli et al., 2015). To determine
whether AM initiation or maintenance was impaired, we used Scanning Electron
Microscopy (SEM) to analyze the early stages of ndl1 tassel and ear development.
In normal plants, the inflorescence meristem (IM) gives rise to a series of
reproductive axillary meristems (AMs), which eventually produce the spikelets
and their florets (Fig. 1e). In ndl1 tassels showing a strong phenotype, no AM was
visible (Fig. 1h), whereas in weak mutants the regular initiation and arrangements
of AMs along the inflorescence axis was visibly disrupted (Fig. 1f and Fig. 1g). In
ndl1 ears, we noticed milder defects in AM initiation compared to tassels but some
IMs showed slight fasciation (Fig. 2b). Altogether these results suggested that
NDL1 functions in AMs initiation as well as in IM maintenance.
To better characterize the molecular defects of ndl1 plants, we used RNA in
situ hybridizations with a series of known marker genes. Normally in maize
inflorescences, the early steps of primordia initiation occur at the peripheral zone
of IMs. Suppressed bracts (SBs) are the first visible primordia and subtend newly
initiating AMs. Boundary domains between the newly forming AMs and the
inflorescence axis are established very early in development by the function of
boundary genes such as BARREN STALK1 (BA1) to prevent fusion defects
(Gallavotti et al., 2004; Galli et al., 2015). We used antisense probes for the maize
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ZYB15, BA1 and ARF4 genes whose expression marks SBs, BDs and meristems,
respectively (Fig. 1i, k and m) to analyze the early steps in reproductive
organogenesis of ndl1 tassels. In ndl1 immature tassels, the regular expression
patterns of ZYB15 and BA1 were disrupted in the peripheral zone of IMs (Fig. 1i, j,
m and n). Similarly, ARF4, whose expression is normally observed both in the IM
and in the peripheral zone marking newly forming primordia, was normally
expressed in ndl1 IM but not in its peripheral zone (Fig. 1k, l; (Galli et al., 2015).
These results indicate that in ndl1 mutants the early steps of tassel
organogenesis leading to initiating SBs and AMs were disrupted, while the IM per
se appeared unaffected, at least in early stages of development.
Previous studies showed that polar auxin transport is necessary for maize AM
initiation and inflorescence patterning (Gallavotti et al., 2008b). ZmPIN1a encodes
a membrane-localized auxin efflux transporter whose upregulation at the
peripheral zone of IMs marks newly initiating primordia (Gallavotti et al., 2008b).
We used confocal microscopy to monitor the expression of ZmPIN1a:YFP in wild
type and ndl1 immature tassels. A strong up-regulation of ZmPIN1a:YFP was
detected on the flank of wild type IMs, which overlapped with SB and AM initiation
sites (Fig. 1o), as previously reported, whereas in the ndl1 tassels with a severe
phenotype this patterning was completely absent (Fig. 1p; n=3). Overall, our
results indicate that NDL1 is essential for the early stages of maize reproductive
organogenesis.
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ndl1 mutants enhance the inflorescence phenotype of auxin-related
mutants
The phenotypic resemblance of ndl1 and previously reported mutants with altered
auxin transport, signaling or biosynthesis as well as the analysis of ZmPIN1a:YFP
suggested that NDL1 function may also affect these pathways (Barazesh and
McSteen, 2008; Gallavotti et al., 2008a; Gallavotti et al., 2008b; Galli et al., 2015;
McSteen et al., 2007; Phillips et al., 2011). To investigate this hypothesis, we
checked the genetic interaction between ndl1 and different auxin-related mutants,
such as Bif1 and Bif4, spi1 and bif2, affected in auxin signaling, biosynthesis and
transport, respectively (Barazesh and McSteen, 2008; Gallavotti et al., 2008a;
Galli et al., 2015; McSteen et al., 2007). The strongest genetic interaction was
observed between ndl1 and Bif1, and between ndl1 and spi1. ndl1 enhanced the
phenotype of Bif1/+ and spi1/spi1 mutants in both tassels and ears (Fig. 4).
Quantitative analysis of mature tassels showed a significant reduction in branch
and spikelet-pair number compared with single mutants (Fig. 5). Furthermore, we
observed long barren tips in double mutants’ ears only (Fig. 4g-l). A similar
phenotype was also observed in Bif4/+;ndl1/ndl1 mutants (Fig. 6e). However, ndl1
could not significantly enhance the tassel phenotype of Bif4/+ plants (Fig. 6a-d, f,
g). Moreover, we analyzed the phenotype of bif2/bif2;ndl1/ndl1 double mutants,
which produced tassels and ears with a similar phenotype with bif2 single mutants
(Fig. 7a-e, g and h). However, the main rachis of double mutant tassel was
significant thinner than bif2 mutants, but comparable with ndl1 mutants (Fig. 7f),
suggesting a more complex genetic connection. The phenotypic similarities
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between ndl1 and auxin-related mutants and the fact that most double mutants
displayed synergistic interactions suggested a functional link between NDL1 and
auxin in regulating maize inflorescence development.

NDL1 encodes a mitochondria localized FTSH protein
The originally isolated ndl1 reference allele (ndl1-ref) was initially mapped to
chromosome 8 using a Bulked Segregant Analysis (BSA) approach using a
high-throughput SNP genotyping platform on an M3 segregating population
(Gallavotti and Whipple, 2015). To further define the map position of NDL1, we
constructed a fine-mapping F2 population by crossing ndl1-ref from the original
M2 genetic background to the B73 inbred line, as well as analyzed a smaller M4
population. By screening both mapping populations including 477 and 32 ndl1
individuals, respectively, we mapped ndl1 to a 1.2 Mb window (B73v2) between
markers CYP450 (2R/1018chr) and KIP (1R/1018chr) including 27 predicted
genes (Fig. 8a). Since an obvious candidate gene was not identified in this list, we
performed a complementary mapping approach called Bulked Segregant
RNA-seq analysis (Liu et al., 2012) . We prepared 3 bulked samples of immature
tassels (0.5-1cm) for RNA-seq analysis including ndl1 severe mutant and wild
type samples from F2 segregating populations, as well as tassels from OH43, the
original EMS treated genetic background. To prevent accidental sampling of
mutant tassels within the wild type bulked sample due to variable expressivity, we
genotyped each wild type individual using flanking markers TP and 49T19 (see
Table 1), thus only homozygous wild type plants would be bulked.
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High-throughput sequencing of these samples generated 28M, 45M and 28M
100-bp single end reads that were mapped to the B73v2 genome. By searching
the aligned transcripts within the mapping window, an A to T transversion present
only in the ndl1 transcripts was identified in the coding region of gene model
GRMZM2G038401, encoding a FILAMENTOUS TEMPERATURE SENSITIVE
H10 protein (ZmFTSH10). The resulting amino acid substitution (Isoleucine 541 to
Phenylalanine) occurred in a highly conserved amino acid from prokaryotic to
eukaryotic organisms, where it invariably is an Isoleucine or Leucine residue (Fig.
9a). To exclude the possibility that this SNP was a polymorphism due to extensive
genetic diversity existing in maize germplasms, we sequenced the candidate
gene in 29 maize inbred lines along with a teosinte sample, the wild progenitor of
modern maize. We further checked more than 300 maize inbred lines for SNPs in
GRMZM2G038401. Based on this analysis, the A>T SNP was only present in the
ndl1 mutants, suggesting that the SNP was a mutation rather than an extant
polymorphism (Fig. 9b).
To confirm that ZmFTSH10/GRMZM2G038401 corresponded to NDL1, we
undertook two complementary approaches. As the ndl1-ref was the only allele
available, we created null mutations in ZmFTSH10 using CRISPR/Cas9
gene-editing technology with a gRNA designed to target exon 5 (Fig. 8b). The
genome

editing

vector

was

transformed

into

immature

embryos

by

Agrobacterium-mediated transformation and regenerated plants were crossed to
ndl1 homozygous mutants. We observed a barren tassel phenotype in the
resulting F1s, which carried heterozygous ndl1-ref mutation, in several individual
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plants (Fig. 8k-m and Fig. 10a and b). Sequencing of ZmFTSH10 in these plants
identified 4 frame-shift deletions and insertions (Fig. 10c). Additionally, we
introgressed a pFTSH10::FTSH10-3xHA-YFP construct into ndl1 homozygous
mutants. Four independent events carrying this construct and expressing a
NDL1-YFP fusion protein were capable of fully complementing the ndl1
phenotype (Fig. 8d-j and Fig. 11). Overall, these complementary approaches
confirmed that NDL1 corresponds to ZmFTSH10/GRMZM2G038401.

NDL1 is a mitochondria-localized protease
FTSHs are ATP-dependent metalloproteases belonging to the AAA (ATPases
associated with diverse cellular activities) protein family (Ogura et al., 1991).
FTSHs are bifunctional enzymes achieving proteolytic activity as well as
chaperone-like activity, which are crucial for protein quality control (Bieniossek et
al., 2006; Kolodziejczak et al., 2002; Leonhard et al., 1999; Neuwald et al., 1999;
Ogura and Wilkinson, 2001). In yeast, three copies of FTSH proteins have been
identified and they are grouped into the m-AAA and i-AAA class, both localized in
the inner membrane system of mitochondria. YTA10 and YTA12 belong to the
m-AAA class, with the active site facing the mitochondria matrix, whereas the
i-AAA YME1 exposes its catalytic sites to the inner membrane space (Tauer et al.,
1994). Arabidopsis contains 12 FTSH proteins, four of which are targeted to
mitochondria, including two m-AAA proteases AtFTSH3 and AtFTSH10 and two
i-AAA proteases AtFTSH4 and AtFTSH11 (Sakamoto et al., 2003; Sokolenko et
al., 2002; Urantowka et al., 2005). Neighbour-joining analysis placed ZmFTSH10
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within the clade of mitochondrial localized m-AAA proteases, including AtFTSH3
and AtFTSH10, YTA10 and YTA12 (Fig. 12). In addition, we identified two
truncated proteins, ZmFTSH3A and ZmFTSH3B, in the maize genome, sharing
about 300 similar amino acids with the N-terminal portion of ZmFTSH10 (Fig. 13).
Based on this analysis, NDL1/ZmFTSH10 appears the only putative functional
maize ortholog of AtFTSH3 and AtFTSH10. NDL1 shared 74% and 71% identity
and 82% and 78% similarity with AtFTSH3 and AtFTSH10, respectively. As
expected, staining with a Mito tracker colocalized with the NDL1-YFP signal in
maize transgenic lines, indicating that NDL1 was targeted to mitochondria,
consistent with the reported subcellular localization of AtFTSH3 and AtFTSH10
(Fig. 14a-c) (Sakamoto et al., 2003).
NDL1 contains several conserved domains shared by the FTSH protein family
(Fig. 8c). A putative mitochondria target peptide was identified at the N-terminal of
NDL1, followed by an FTSH extracellular domain. The middle domain of NDL1
contained Walker A and Walker B motifs, and a Second Region of Homology
(SRH) motif, which are crucial for ATPase function (Karata et al., 2001). A Zn2+
binding motif HEXXH, a conserved feature of this class of metalloproteases
(Leonhard et al., 1996), was also found at the C-terminal of NDL1. The I541F
mutation of the ndl1-ref mutant was located in a variable stretch of amino acids
between the SRH and HEXXC motifs. We therefore measured the effect of this
mutation on the protein function by assaying the ATPase activity of NDL1 and
NDL1-REF proteins. According to our results, the I541F mutation significantly
decreased NDL1 ATPase activity (Fig. 9c). By confocal analysis of the NDL1-YFP
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protein, we determined that NDL1 is expressed in essentially every cell (Fig.
15a-c), and accordingly, quantitative real-time PCR in different tissues showed
that NDL1 transcripts were detected in all tissues examined (Fig. 15d).
Since in Arabidopsis two putative orthologous genes were present, we
obtained double mutant combinations of AtFTSH3 and AtFTSH10 for functional
analysis. We first obtained a T-DNA insertion line in AtFTSH3 (SALK_037144)
and confirmed that AtFTSH3 expression was completely knocked-out (Fig. 16a
and b). Subsequently, since no AtFSTH10 knockout lines were available, we
employed CRISPR/Cas9 gene-editing technology to target AtFTSH10 in the ftsh3
insertion line background. After self-crossing the T0 plants, we obtained several
T1 lines, and among them, we followed one line carrying a 4 base pair deletion in
the coding region of AtFTSH10 (Fig. 16a). Interestingly, no significant visible
morphological change was observed in the shoot of Atftsh3;Atftsh10 double
mutants, except that the double mutant plants showed a reduction in primary root
length when compared with wild type, a result consistent with a recent report
using a different Atftsh3;Atftsh10 double mutant combination (Kolodziejczak et al.,
2018) (Fig. 16c). We therefore checked whether ndl1 mutants also showed a
similar phenotype in roots and determined that ndl1 mutants displayed
significantly shorter primary roots (Fig. 16 d-e). These results suggest that the
function of m-AAAs is at least partially conserved from Arabidopsis to maize.
ndl1 is defective in respiration complexes and ROS homeostasis.
It has been previously determined that AtFTSH3, AtFTSH10 and AtFTSH4 are
required for the stability and assembly of the mitochondrial oxidative
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phosphorylation (OXPHOS) complexes. In Atftsh3;Atftsh10 mutants, the activities
of complex I (CI) and V (CV) are significantly reduced, while complex IV (CIV)
activity is identical to wild type (Kolodziejczak et al., 2018; Marta et al., 2007).
Most mitochondrial proteins, including m-AAA proteases, are encoded in the
nucleus.

Thus,

the

communication

between

mitochondria

and

nuclear

transcription known as the mitochondrial retrograde regulation (MRR) is critical to
coordinate nuclear and organellar activities to maintain cell function, especially in
stress or mitochondrial dysfunction conditions (Kerchev et al., 2014; Rhoads and
Subbaiah, 2007; Woodson and Chory, 2008). The Mitochondrial Dysfunction
Stimulon (MDS) is a set of nuclear genes that respond to mitochondrial defects
(De Clercq et al., 2013), among which the best characterized gene is
ALTERNATIVE OXIDASE 1a (AOX1a) that encodes a cyanide-insensitive
terminal oxidase (Møller, 2001). Previous studies showed that in tassels of maize
CI- and CIV-deficient mutants, high expression of two genes, ZmAOX2
(GRMZM2G125669)

and

ZmAOX3

(GRMZM2G074743)

was

detected,

respectively, indicating that the expression pattern of different AOX genes serve
as marker for specific mitochondrial defects (Karpova et al., 2002). We therefore
performed qRT-PCR analysis of these markers using immature tassels of ndl1,
wild type and Bif1;Bif4 double heterozygous mutants. High expression of
ZmAOX2 was observed in ndl1 mutants, whereas no difference was detected in
Bif1;Bif4 mutants, which exhibit a striking similar phenotype to ndl1 severe
mutants (Galli et al. 2015; Fig. 14d). However, the expression level of ZmAOX3 in
ndl1 and Bif1;Bif4 tassels were comparable to wild type (Fig. 14d). These results
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suggest that the mitochondria complex I function is impaired in ndl1 tassels and
are consistent with the ftsh3;ftsh10 analysis in Arabidopsis. Specific up-regulation
of another MDS gene, HSP20 (GRMZM2G135960), supported the conclusion that
OXPHOS complexes were damaged in ndl1 tassels (Fig. 14d).
Mitochondria are the main source of reactive oxygen species (ROS).
OXPHOS complexes defects usually increase ROS production (Kirkinezos and
Moraes, 2001). It was previously reported that AtFTSH4 influences OXPHOS
complex activity and that inactivation of AtFTSH4 results in elevated levels of
ROS (Gibala et al., 2009; Zhang et al., 2014). To determine if high levels of ROS
were also produced in ndl1 mutants, 3,3’-diaminobenzidine (DAB) staining was
performed to examine hydrogen peroxide (H2O2) levels in immature tassels.
Unusual accumulation of H2O2 was detected at the tip of ndl1 tassels displaying a
strong phenotype (Fig. 14e-i). However, no significant increase was found in wild
type or Bif1;Bif4 tassels (Fig. 14f), indicating that the ndl1 mutation specifically
up-regulates ROS production, consistent with the hypothesis that NDL1 functions
in maintaining OXPHOS complex activities.

NDL1 controls maize inflorescence development by regulating endogenous
auxin levels
The synergistic interaction and phenotypic similarity between ndl1 and several
auxin mutants suggested that NDL1 may regulate maize inflorescence
development via cross-talk with auxin-related pathways. In particular, the strong
genetic interactions observed with Bif1 (Fig. 4, 5), which encodes a stabilized
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Aux/IAA protein insensitive to auxin-induced degradation (Galli et al., 2015), and
with spi1, an auxin biosynthetic mutant, suggested that the levels of free auxin
may be decreased in ndl1 mutant IMs, and that may be the cause of the early
defects in organogenesis. To verify this hypothesis, we crossed ndl1 to the auxin
signaling marker line DII-VENUS, a marker for endogenous auxin levels. The
nuclear DII-VENUS marker is based on the degron domain of Aux/IAA proteins,
whose degradation is controlled by auxin levels in cells (Brunoud et al., 2012; Mir
et al., 2017). In wild type immature tassels, low expression of DII-NENUS was
detected in the IM indicating high concentration of auxin. In ndl1 tassels, however,
the DII-VENUS signal was much stronger than in wild type, indicating lower levels
of auxin in ndl1 IMs and in particular in the peripheral zone (Fig. 17; n=3). These
results are consistent with the genetic analysis and support the hypothesis that
lower auxin levels in ndl1 IMs may perturb the auxin-driven initiation of lateral
primordia.
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Discussion
In crop species like maize, inflorescences are a major source of yield, therefore
mutations affecting inflorescence development greatly impact productivity.
Previously identified genes responsible for barren inflorescence phenotypes when
mutated, such as SPI1, VT2, BIF1, BIF2, and BIF4, are all directly involved in
regulating auxin function (Gallavotti et al., 2008a; Galli et al., 2015; McSteen et al.,
2007; Phillips et al., 2011). Here we characterized ndl1, a new barren mutant
displaying synergistic interaction with many of the auxin mutants mentioned
above, caused by a mutation in a mitochondrial localized protease highly
conserved from prokaryotic to eukaryotic organisms. The characterization and
identification of ndl1 uncovered another pathway that coordinates intracellular
redox status with hormonal pathways to regulate plant developmental processes.
NDL1 encodes a mitochondrial localized m-AAA protease belonging to the
FTSH family. Mitochondria are best known for sustaining cellular ATP supply
through oxidative phosphorylation and the tricarboxylic acid cycle (TCAC).
Recently, mounting evidences highlighted mitochondria as major players in stress
response (Van Aken et al., 2009) as well as multiple other metabolic processes
(Millar et al., 2011). Moreover, several studies suggested chemical and genetic
perturbation of mitochondria could affect plant architecture. Prohibitins (PHB) are
a group of integral mitochondrial membrane proteins that interact with FTSH
proteins to assemble into a high molecular weight complex acting as chaperones
in mitochondrial respiratory chain assembly (Van Aken et al., 2007). Both PHB3
knockout line and overexpression line display altered shoot architecture in
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Arabidopsis (Van Aken et al., 2007). Arabidopsis FTSH4, a mitochondrial
localized i-AAA protease involved in regulating oxidative phosphorylation
(OXPHOS) complexes activity, has been reported to influence leaf morphology
(Gibala et al., 2009; Hong et al., 2016; Smakowska et al., 2016) and shoot
architecture (Zhang et al., 2014) under short day or high temperature conditions.
Here we showed that NDL1 is necessary for thermotolerance of inflorescence
development, providing another evidence supporting the importance of
mitochondria in regulating plant development. Surprisingly, mutations in the
Arabidopsis co-orthologous genes AtFTSH3 and AtFTSH10 do not affect
inflorescence development, but only root development (Kolodziejczak et al., 2018).
One possible explanation of this striking difference may be related to the different
growth habits of Arabidopsis and maize. In particular, the optimal growth
temperature for Columbia (Col-0), a common lab Arabidopsis strain, is much
lower than for maize, and ndl1 mutants only show strong phenotypes in high
temperature conditions (Fig. 3). In these conditions, wild type Arabidopsis is
severely affected in growth, unless specific tropical strains are used. It would be
indeed interesting to test if knocking out AtFTSH3 and AtFTSH10 in tropical
strains would result in a much stronger shoot phenotype than the root-specific
phenotype observed in Col-0.
The precise molecular mechanisms by which mitochondria regulate plant
architecture are far from elucidated but MRR, the communication between
mitochondria and the nucleus, is likely to be involved in this process. In the PHB3
knock out and overexpression lines, the up-regulation of several MDS genes was
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observed (Van Aken et al., 2007). Our data indicated that an abundance of MDS
genes were specific up regulated in ndl1 mutants (Fig. 14d), including a small
heat shock protein (sHSP), HSP20, which is known to coordinate MRR with heat
stress response (Rhoads et al., 2005). According to our analysis, ndl1 showed
stronger phenotype in high temperature conditions (Fig. 3), indicating that heat
stress enhances the mutant phenotype. Although not specifically tested, it is likely
that other stresses may influence the severity of the ndl1 phenotype. It is also
worth noticing that when grown at a constant high temperature in a controlled
environment ndl1 mutants are severely impaired in vegetative development as
well.
Accumulating evidence suggests that ROS and associated redox regulation
have the potential to play crucial roles in shoot development (Schippers et al.,
2016). Glutaredoxins (GRXs) are a group of antioxidants that utilize glutathione to
reduce protein disulfide bonds and regulate cellular redox status. Arabidopsis
mutants lacking GRXS17 show compromised shoot apical meristems (Knuesting
et al., 2015). Moreover, the maize GRX protein ABERRANT PHYLLOTAXY2
(ABHP2) has been shown to regulate shoot meristem size (Yang et al., 2015).
Thioredoxins (TRXs) and glutaredoxins (GRXs) are important players in
maintaining cellular redox homeostasis by catalyzing disulfide reduction. ntra and
ntrab are two Arabidopsis mutants lacking the NADPH-thioredoxin reductases
and cad2-1 is a mutant with reduced GSH synthesis activity. The triple mutant of
ntra;ntrab;cad2-1 showed defective flower and root development, and displayed
characteristic pin-formed shoot and shorter primary root (Bashandy et al., 2010),
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resembling defects observed in strong ndl1 mutants. It is interesting to note that
auxin metabolism, signaling and transport are highly influenced in the
ntra;ntrab;cad2-1 triple mutants and auxin is able to at least partially recue the
mutant phenotype, indicating the interplay between redox homeostasis and auxin
biology in regulating plant architecture (Bashandy et al., 2010).
One of the possible molecular mechanisms connecting mitochondria redox
status to inflorescence architecture is that oxidative stress, a common component
of abiotic stresses, causes mitochondrial dysfunction, thus inducing the MRR
(Møller, 2001). Oxidative stress is caused by an imbalance between ROS
production and scavenging enzymes that causes oxidative damage (Schieber and
Chandel, 2014). ROS have been identified as one of the molecules that plant
mitochondria signal to the nucleus (Rhoads and Subbaiah, 2007). In Atftsh4
mutants (Zhang et al., 2014) and ndl1 mutants (Fig. 14e-i), abnormal
accumulation of ROS was detected. Moreover, many ROS scavenger genes were
up-regulated in ndl1 mutant transcriptomes (data not shown), such as genes
belonging to the peroxidase and the thioredoxins (TRXs) families. Hence ROS
can be considered as an integrator of stresses and mitochondrial perturbation,
and as signaling molecules that regulate plant architecture.
There is growing evidence that the crosstalk between ROS and auxin
contribute significantly to overall plant development and stress responses. ROS
are able to affect different aspects of auxin biology, such as auxin biosynthesis,
auxin metabolism, auxin transport, and auxin signaling (Tognetti et al., 2012). One
of the well-known examples is that H2O2 is able to mediate auxin oxidative
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degradation via inducing peroxidase activities (Kawano, 2003; Vatulescu et al.,
2004; Zhang et al., 2014), which may provide an explanation for the synergistic
interaction of ndl1 mutants and auxin mutants (Fig. 4, 5, 6, 7). Moreover, by
confocal analysis of the DII-VENUS marker line, we showed that auxin
concentration was reduced in ndl1 mutant IMs (Fig. 17). Previous studies
indicated that the chemical perturbation of mitochondria could directly affect auxin
signaling and stabilized the DII-VENUS signal, providing another evidence in
support of our hypothesis (Kerchev et al., 2014).
Overall, the isolation of ndl1 provides new insights into maize inflorescence
development. We showed that NDL1/ZmFTSH10 is essential for maize growth in
high temperature, and that NDL1 may function at the interplay of auxin and ROS
pathways. Moreover, we showed that the mitochondrial retrograde regulation
pathway was induced in ndl1 mutants, providing a maize model system to study
MRR in addition to the widely used alternative respiration system. Furthermore,
the up-regulation of a series of stress related genes and the temperature-sensitive
phenotype of ndl1 mutants suggest that NDL1/ZmFTSH is also involved in maize
stress response, thus could be used as a model to study maize stress biology.
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Materials and Methods
Plant material and phenotyping
The ndl1 reference (ndl1-ref) allele was generated by EMS mutagenesis in the
OH43 background by Gerald Neuffer and obtained by the Maize Genetics
Cooperation Stock Center (04HI-A632XOH43GN-173). The mutation was
introgressed into B73 with seven backcrosses for phenotypic measurements,
unless otherwise noted. ndl1/ndl1;Bif1/+, ndl1/ndl1;Bif4/+ and ndl1/ndl1;spi1/spi1
double mutants were created by crossing BC2(B73) ndl1/ndl1 individuals with
Bif1/+, Bif4/+ and spi1/spi1 respectively, and selfed. Both mutations were in the
B73 background. The vegetative phenotype of ndl1 mutants and double mutants
were analyzed at Rutgers University, New Jersey. Student’s t-test was used to
determine statistical significance. The ndl1 root phenotype experiment was
carried out using BC7 ndl1 mutants (B73) at 30 °C.
The AtFTSH3 insertion line SALK_037144 was obtained from the Arabidopsis
Biological Resource Center (ABRC). Arabidopsis plants were grown on
half-strength MS plates at 22 °C with 16hr/8hr light/dark cycles for 7-10 days and
transplanted to soil in the growth chamber in a 16hr/8hr light/dark (LD)
photoperiod at 22 °C.
Arabidopsis CRISPR/Cas9 mutagenesis
The

gRNA targeting

AtFTSH10

http://cbi.hzau.edu.cn/cgi-bin/CRISPR.

was

designed

Equal

with

the

volumes

of

on-line

tool

100

µM

FTSH10-gRNA-F and FTSH10-gRNA-R were mixed, incubated at 65°C for 5
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minutes and cooled down to room temperature. The fragments were inserted into
the BbsI site of the pX330 vector (AddGene). The CRISPR target cassette was
subsequently cloned into the HindIII/EcoRI sites of pCAMBIA1300 vector.
Arabidopsis transformation was performed by floral dipping (Clough and Bent,
1998).
Positional cloning
For map-based cloning of the NLD1 locus, we first performed a Bulked Segregant
Analysis (BSA) using the MASSarray system developed by Iowa State University
(Liu et al., 2010). This approached mapped the NDL1 locus to chromosome 8.04.
To fine map the mutation, mutant plants from the original background of the
mutagenesis, were crossed to B73 and selfed. The subsequent F2 population
was screened and mutant plants were genotyped using the PCR-based molecular
markers listed in Table 1. After narrowing down the genomic region surrounding
NDL1 to a window of 1.2 Mb, we undertook a Bulked Segregant RNA-seq
approach (Liu et al., 2012). 0.5 cm to 1 cm wild type and ndl1 tassels from the F2
mapping populations, as well as from OH43, were used for RNA extraction with
the RNeasy Plant Mini Kit (Qiagen). Extracted total RNA samples were sent to the
DNA Core Illumina Sequencing Services of the University of Missouri for analysis.
The RNAseq reads generated by Illumina HiSeq 2000 were mapped to the maize
B73 v2 genome using TopHat v2.08b with the following parameters: tophat -p 1
--bowtie1 -G ZmB73_5a.59_WGS_exons.gtf. Mapped reads were visualized
using the Integrative Genomics Viewer (IGV; http://www.broadinstitute.org/igv/).
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Reads within the 1.2Mb ndl1 mapping window were manually inspected for SNPs
relative to the B73 reference genome and OH43 and wild type sibling samples.
Expression analysis
For in situ hybridizations, 0.2-0.4 cm wild type and ndl1 inflorescences were
dissected and fixed using paraformaldehyde acetic acid (PFA). Samples were
dehydrated and embedded in paraplast. Hybridizations were performed at 56°C,
overnight. After several washes, samples were treated with anti-digoxygenin (DIG)
antibody (Roche) and signals were detected using NBT/BCIP (Promega). The
BA1, SPI1, and ZYB15 probes were previously described (Gallavotti et al., 2008a;
Gallavotti et al., 2011; Gallavotti et al., 2004). The NDL1 antisense probe was
synthesized using T7 RNA polymerase (Promega) of NDL1 cDNA cloned to
pENTR223.1-Sfi with primer NDL1-F2/NDL1-R2 (Table 1) and digested with
EcoR1. Images were taken using a Leica DM5500B microscope equipped with a
DFC450 C digital camera.
For quantitative real-time PCR (qRT-PCR), RNA was extracted from wild type
and ndl1 3-5 mm immature tassels using the RNeasy Plant Mini Kit (Qiagen)
using three separate biological replicates. Retrotrascription was performed using
the qScript cDNA Synthesis kit. cDNA was amplified with PerfeCTa® SYBR®
Green FastMix® (Quanta Biosciences) on an Illumina Eco Real-Time PCR
System. Relative expression levels were calculated using 2−ΔΔCt method with
UBIQUITIN as control. The primers used for qRT-PCR are listed in Table 2.
For confocal microscopy, the ZmPIN1a-YFP and DII-VENUS (Gallavotti et al.,
2008b; Mir et al., 2017) maize maker lines were crossed with BC7(B73) ndl1
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mutants. The resulting F1 were backcrossed with BC8(B73) ndl1 mutants. Images
were obtained using dissected 3-5 mm tassels on a Leica SP5 confocal
microscope using 514 excitation and 520–575 emission.
For imaging immature ears of transgenic pNDL::NDL-3xHA-YFP plants,
propidium idodide counterstaining was performed using 594 excitation and
625-655 emission settings. Images were analyzed using FIJI.
Complementation test
The B73 NDL1 genomic DNA sequence was amplified with Phusion DNA
polymerase (NEB), which included ~3.9kb and ~1kb up- and downstream of the
coding sequence, respectively, and was cloned into the XbaI/EcoRI sites of the
maize transformation vector pTF101 via Gibson assembly (Gibson et al., 2009).
An in-frame 3xHA-YFP cassette was inserted downstream of the final exon using
Gibson assembly. Primers used are listed in Table 2.
CRISPR/Cas9 mutagenesis
Equal volumes of 100 µM NDL1-gRNA-F and NDL1-gRNA-R were mixed and
incubated at 65°C for 5 minutes. After cooled down to room temperature, the
fragments were inserted into the BsaI site of the pBUE411 vector (AddGene). The
construct was transformed into immature embryos of maize HiII lines via
Agrobacterium-mediated infiltration at the Plant Transformation Core Facility of
the University of Missouri, Columbia. The genomic DNA was extracted from the
resistant calli, and the target region was amplified with NDL1-cripsr check-F/
NDL1-cripsr check-R primers (Table 2). The genome targeting efficiency was
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determined using the T7 Endonuclease I (NEB) following manufacturer’s
instructions. Only calli showing CRISPR/Cas9 activity were used to regenerate
plants.
To genotype positive plants, the target region was amplified with NDL1-cripsr
check-F/ NDL1-cripsr check-R primers (Table 2). The PCR products were purified
and cloned into pGEM-T Easy Vector (Promega) for sequencing.
ROS staining
4-6 mm immature tassels were dissected using a light microscope. The staining
was performed using 1mg/ml DAB in MES (10 mM, PH 6.5) solutions and
incubated in the dark at room temperature for 8-12 hours. Following a 30 minute
boiling (80

) in 95% ethanol, the tissue was kept in 70% ethanol. Images were

taken using a Leica DM5500B microscope equipped with a DFC450 C digital
camera.
Phylogenetic analysis
FTSH protein sequences were retrieved from the National Center for
Biotechnology Information (NCBI) and Phytozome v.12.1. The amino acid
sequences of maize, Arabidopsis and yeast were aligned with Clustal Omega.
The evolutionary tree was inferred in MEGA5 using the Neighbor-Joining method.

ATPase assay
The (Δtm) NDL1 sequence (deletion of the first 300 amino acids) was amplified
with primers NDL1-F3/NDL1-R3 (Table 1) using cDNA of wild type and ndl1
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tassels and cloned into the SfiI sites of pENTR223-Sfi (Consortium, 2011).
Subsequently, the pENTR-NDL1 clones were transferred into the expression
vector pET-55-DEST (NovoPro) using LR clonase II (Life Technologies). Protein
expression in Rosetta (DE3) cells (Novagen) was induced with 0.4 mM IPTG
(isopropyl β-D-1-thiogalactopyranoside) at 16°C overnight. The supernatant was
purified by Ni-NTA.
ATPase activities were measured using the EnzChek Phosphate Assay Kit
(Invitrogen) according to the method described previously (Webb, 1992). 3 nmol
purified proteins were added to the reaction mixture including 50µl 20x reaction
buffer, 200µl 2-amino-6-mercapto-7-methylpurine riboside substrate solution
(MESG) and 10µl purine nucleoside phosphorylase. After a 10 minute incubation
at room temperature, 1mM ATP was added as substrate and the absorbance at
360 nm was recorded from 0 min to 100 min. ATPase activity was calculated
according to manufacturer’s instructions.
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Figure 1. ndl1 is defective in reproductive organogenesis. (a-d) Mature tassel
phenotype. (e-h) SEMs of immature tassels in normal and mutant plants. IM,
inflorescence meristem. AMs, axillary meristems. (Scale bars, 500 µm.) (i-n)
mRNA in situ hybridizations of immature tassels with ZYB15, ARF4 and BA1
antisense probes (scale bars, 250µm). (o and p) Confocal images of normal and
ndl1 immature tassels expressing ZmPIN1a-YFP fusion protein. (Scale bars,
250µm.)
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Figure 2. ndl1 is defective in reproductive organogenesis. (a) Mature ear
phenotype. (b) SEMs of immature ear of normal and mutant plants (scale bars,
500µm.) (c-e) Quantification of the reproductive defects of ndl1 mutant
inflorescences (n≥30). Error bars show SD.
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Figure 3. ndl1 shows temperature sensitive phenotype. (a and b) Quantification of
the branch number and spikelet number of ndl1 mutants planted in May and June
from two separate years (n≥35). Error bars show SD. (c-e) The whole plant
phenotype of wild-type and ndl1 mutants grown in mild (24°C day-20°C night) and
high temperature (32°C day-28°C night). (f and g) The tassel phenotype of
wild-type and ndl1 mutants grown in mild and high temperature. (h) Quantification
of the branch number of wild-type and ndl1 mutants grown in mild and high
temperature (wt n≥10; ndl1 n≥20).

90

Figure 4. ndl1 mutants enhance the inflorescence phenotype of auxin-related
mutants. (a-l) Double-mutant analysis of ndl1/ndl1 with Bif1/+ and spi1/spi1 in B73
background. (a-f) Mature tassel phenotype. (g-l) Mature ear phenotype.
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Figure 5. Genetic analysis of ndl1 mutants. (a-d) Quantification of tassel branch
number and tassel spikelet-pair number in wild-type, ndl1/ndl1, Bif1/+,
ndl1/ndl1;Bif1/+, spi1/spi1, and ndl1/ndl1;spi1/spi1 plants (wild-type n≥10,
mutants n≥17). Error bars show SD.
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Figure 6. ndl1 mutants enhance the ear phenotype of Bif4 mutants. (a-d) Mature
tassel phenotype. (e) Mature ear phenotype. (f and g) Quantification of tassel
branch number and tassel spikelet-pair number in wild-type, ndl1/ndl1, Bif4/+ and
ndl1/ndl1;Bif4/+ double mutants, with no significant difference (n≥17). Error bars
show SD.
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Figure 7. Double mutant analysis of ndl1 and bif2. (a-d) Mature tassel phenotype.
(e) Mature ear phenotype. (f) Quantification of tassel main rachis diameter in in
wild-type, ndl1/ndl1, bif2/bif2 and ndl1/ndl1;bif2/bif2 double mutants (n≥6). Error
bars show SD. (g and h) Quantification of tassel branch number and tassel
spikelet-pair number in wild-type, ndl1/ndl1, bif2/bif2 and ndl1/ndl1;bif2/bif2
double mutants, with no significant difference (n≥6). Error bars show SD.
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Figure 8. NDL1 encodes ZmFTSH10. (a) Positional cloning of NDL1. (b)
Schematic representation of the ZmFTSH10 gene and the position of mutant
alleles. Exons and UTRs are depicted as gray and dark gray rectangles,
respectively. The green bar indicates the guide RNA targeting site. The red bar
points out the position of the missense mutation (c) Schematic representation of
the ZmFTSH10 protein. FtsH_ext, FtsH-extracellular domain. WA, Walker A motif.
WB, Walker B motif. SHR, Second Region of Homology motif. (d-g) The tassel
phenotype of ndl1 is rescued by the pFTSH10::FTSH10-3xHA-YFP construct. (h-j)
Confocal images of immature ear expressing pFTSH10::FTSH10-3xHA-YFP. PI,
Propidium Iodide. (Scale bars, 50µm.) (k-m) The tassel phenotype of wild-type
and ndl1 mutants generated by CRISPR/Cas9.
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Figure 9. The I 541 F substitution affects NDL1 activity. (a) Multiple sequence
alignment. Zm, Zea mays. Ec, E.coli. Hs, Homo sapiens. At, Arabidopsis thaliana.
In red, the I 541 F substitution. (b) Codon containing the ndl1-ref mutation in
different inbred backgrounds. The A to T SNP is only found in ndl1 mutants. (c)
ATPase activities of wild-type (Δtm) FTSH (the first 300 amino acids deletion) and
(Δtm) I 541 F. Error bars show SD.
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Figure 10. CRISPR/Cas9-engineered mutations in NDL1 result in a barren
phenotype. (a-c) Mature tassel phenotype of CR-ftsh10 plants generated by
CRISPR-Cas9. (b) PCR genotyping of CR-ftsh10 plants show that all CR-ftsh10
alleles carry heterozygous ndl1-ref mutation. (c) Sequencing results of CR-ftsh10
alleles are aligned to the reference genome sequence. Indels are shown in red
letters. The gRNA targeting site is shown in blue letters. The PAM site is
underlined.
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Figure 11. ZmFTSH10 is able to rescue the ndl1 tassel phenotype. (a-d) 4
different transgenic events expressing pFTSH10::FTSH10-3xHA-YFP in the
ndl1-ref background show wild-type-like tassels (event 1 and event7, n≥20; event
8 and event 10, n≥10 ). Error bars show SD.
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Figure 12. Neighbour-Joining tree of the FTSH protease family.
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Figure 13. Multiple sequence alignment of ZmFTSH10, ZmFTSH3A and
ZmFTSH3B amino acid sequences.
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Figure 14. ndl1 is defective in OXPHOS complexes. (a-c) Confocal images of
immature ear expressing pFTSH10::FTSH10-3xHA-YFP stained with MitoTracker
Red CMXRos (scale bars, 10µm.) (d) Quantitative RT-PCR of ZmAOX2, ZmAOX3
and ZmHSP20 in wild-type, ndl1/ndl1 and Bif1/+;Bif4/+ immature tassels. Error
bars show SD. (e-I) Abnormal H2O2 accumulates at the barren tip of ndl1 mutants
only.
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Figure 15. Expression analysis of NDL1. (a and b) Confocal images of NDL1-YFP
in immature tassels (scale bars, 100µm.) (c) Confocal images of NDL1-YFP in
leaf with PI staining (scale bar, 50µm.). (d) Quantitative RT-PCR of NDL1 in
different maize tissues. The y axis shows the fold change relative to embryo
expression levels. Error bars show SD.
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Figure 16. ndl1 mutants show shorter primary roots, consistent with the
Arabidopsis ftsh3;ftsh10 double mutant phenotype. (a) Schematic representations
of AtFTSH3 and AtFTSH10 genes and the location of mutant alleles used. Indels
are shown in dashes. The gRNA targeting site is shown in red letters. The PAM is
underlined. (b) RT-PCR of AtFTSH3 in wild-type Arabidopsis (Columbia) and ftsh3
mutants with 18S as an internal control. (c) The root phenotype of wild-type
Arabidopsis and ftsh3;CR-ftsh10 double mutants grown in half-strength MS plates
at 22°C with 16hr/8hr light/dark cycles for 14 days. (d) The root phenotype of
wild-type maize (B73) and ndl1 mutants grown in 30°C for 7 days. (e)
Quantification of the primary root length (n≥30). Error bars show SD.
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Figure 17. Confocal microscopy analysis of DII-VENUS signal in immature
tassels. Maximum projection of Z-stacks of DII-VENUS signals in wild-type (a-c)
and ndl1 mutants (d-f) immature tassels. IM, Inflorescence Meristem. Arrowhead
indicates high DII-VENUS signals at the tip of the IM (scale bars, 100µm.)
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Tables

Location

Marker

Primer name

112.6

SSR

umc1858

113.2

dCAPs

113.8

Indel

49T19

114.4

CAPs

CDC28-SacI

115.2

CAPS

MSP-MaeII

116.05

Indel

49T25

116.2

Indel

CYP450

116.6

dCAPS

49T38-MluI

116.7

dCAPS

UCE-MboI

117.4

dCAPS

KIP-NalII

117.7

CAPs

UBQ-TaqaI

118

Indel

49T32

118.16

Indel

TP

119.2

Indel

49T11

119.2

I

49T11

49T12-PstI

Primer sequence (5'-> 3')
Forward: GTTGTTCTCCTTGCTGACCAGTTT
Reverse: ATCAGCAAATTAAAGCAAAGGCAG
Forward: TCTTCTACGCCCAGAGACTG
Reverse: GATTAGCAAACAGTGATTGCTG
Forward: GTCGCAGCCATGGAATGCTGGAT
Reverse: GATTAGCAAACAGTGATTGCTG
Forward: GGGAATAACAAGATTCCTGATCT
Reverse: CGTCCACTTTATCTGTCCTG
Forward: TCTTCCATTGGCATCACGTG
Reverse: AGCGCTTGCATAGTAACTAC
Forward: TGCAGGTCACTGAGTCCTCG
Reverse: TCACATGTAACCGCACAGGC
Forward: AGAGCAAGGATTTGCTTGGCTTGC
Reverse: GATCCTTGACGGTGCAATCAAATC
Forward: TGATTGGTAGGAGGTTCTCGGACGC
Reverse: GTGACCACGGCATTCTTGATGGTG
Forward: CTAGGTGACACCATACCTGAAAAC
Reverse: CAACACCACTATACGAGTGAGA
Forward:GATAGTGAGGGGTTTTCTAAGGCCAT
Reverse: CTCAGTCTGTAATGCCAGGATCTG
Forward: GTGCCACTTGTTAGCACACTTG
Reverse: GGTCAGCAAATCGTTAGAGC
Forward: CGCAGTTCATGTTCTTCGAC
Reverse: CAGGGGTAAGGTAACAAATCAAGG
Forward: TGCTTCCAGACGATCACCTGCTAC
Reverse: CGTCGTCCAGGTTGTTGATGATGG
Forward: GTGCTTTCTGCTGCTTATGG
Reverse: CTGCAGCAGCTTCAACTTGG
Forward: GTGCTTTCTGCTGCTTATGG

Table 1. List of markers used for positional cloning.
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Primer name

Sequence 5'-3'

Use

NDL1-F1

CTGGGACAAATAGACCTGACATCCTG

genotyping

NDL1-R1

CGCAGCAATTAAAGCAGCTTCATTACAAACCATGGCAA

genotyping

NDL1-Rescue-F

GTTTATTTCACAGTATTCTCACCAGAAATTGGTTTAA

genotyping

NDL1-Rescue-R

ATGTACAGCTCTGACGTTGAGGAG

genotyping

NDL1-F2

GAATTCGGCCGTCAAGGCCAATGACGCTCGCCTCCCTCGCCCG

in situ

NDL1-R2

AGTCGACGGCCCATGAGGCCCTACGTGGGTACAACGTCACCAA

in situ

HSP20-F

GACCTCTCCATCCCCAAGATCTTC

qRT-PCR

HSP20-R

CATCGGCACCTTCAGTTGCAC

qRT-PCR

AOX2-F

CCAAGACGCTGATGGATAAGGT

qRT-PCR

AOX2-R

CCACGGTTTCCAGCATCATC

qRT-PCR

AOX3-F

CGGCACCGAGAAGCATGA

qRT-PCR

AOX3-R

CTGGTCCACTTCCACTCCGT

qRT-PCR

NDL1-cripsr-F

CATCTGCAGATAAGCTTCCAAGAGTTC

genotyping

NDL1-cripsr-R

CATCAGAGGTCAAGAATTAGCCTGTGC

genotyping

NDL1-gRNA-F

TTTTGAGGAAGCCCAGGAAGCTTT

gRNA

NDL1-gRNA-R

AAACAAAGCTTCCTGGGCTTCCTC

gRNA

NDL1-F3

GAATTCGGCCGTCAAGGCCAATGGGCAAAGGAAGAGGAGGTATTTTC

cloning

NDL1-R3

AGTCGACGGCCCATGAGGCCCGTGGGTACAACGTCACCAAC

cloning

Table 2. List of primers used in this study.
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