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EAR APICAL DEGENERATIONT1 regulates maize
ear development by maintaining malate supply
for apical inflorescence
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Abstract

Ear length (EL) is a key trait that contributes greatly to grain yield in maize (Zea mays). While numerous quantitative trait
loci for EL have been identified, few causal genes have been studied in detail. Here we report the characterization of ear
apical degeneration1 (ead1) exhibiting strikingly shorter ears and the map-based cloning of the casual gene EAD1. EADT1 is
preferentially expressed in the xylem of immature ears and encodes an aluminum-activated malate transporter localizing
to the plasma membrane. We show that EAD1 is a malate efflux transporter and loss of EAD1 leads to lower malate con-
tents in the apical part of developing inflorescences. Exogenous injections of malate rescued the shortened ears of ead1.
These results demonstrate that EAD1 plays essential roles in regulating maize ear development by delivering malate
through xylem vessels to the apical part of the immature ear. Overexpression of EAD1 led to greater EL and kernel number
per row and the EADT genotype showed a positive association with EL in two different genetic segregating populations.
Our work elucidates the critical role of EAD1 in malate-mediated female inflorescence development and provides a promis-
ing genetic resource for enhancing maize grain yield.
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EAD1 is essential for ear development in maize

Introduction

Maize (Zea mays) is one of the most important cereal crops
worldwide. In addition to being a main source of food and
feed, maize grains also currently provide massive raw materi-
als for various industrial products. Thus, improvement of
grain yield is always the primary target in maize breeding to
meet an ever-increasing demand. Maize plants usually form
a single main stem bearing one elite ear, making kernel
number per ear a key determinant of yield potential. Large
ears are thus preferred in maize breeding to maximize grain
yield.

The great value of ears in maize production has driven
the identification of genes involved in female inflorescence
development, especially those regulating ear ontogeny. The
genes BARREN  STALK1 (BAT), BA2, BARREN
INFLORESCENCET (BIF1), BIF2, BIF4, SPARSE INFLORESCENCE1
(SPIT), BARREN STALK FASTIGIATE1 (BAFT1), and VANISHING
TASSEL2 (VT2) are all required for the initiation of axillary
meristems in maize (Gallavotti, 2004; McSteen et al, 2007;
Gallavotti et al, 2008, 2011; Phillips et al, 2011; Galli et al,
2015; Yao et al, 2019). Single loss-of-function mutations in
these genes are either unable to produce ears (bal, ba2, and
baf1), make fewer ear shoots (bif2), or bear shorter ears with
fewer kernels (bif1, bif4, spi1, and vt2). These genes encode
transcription factors (BA1, BA2, and BAF1), enzymes (BIF2,
SPI1, and VT2), or Auxin/INDOLE-3-ACETIC ACID (Aux/
IAA) proteins (BIF1 and BIF4) involved in auxin biosynthesis
or transport. RAMOSET (RAT), RA2, RA3, and RAMOSE
ENHANCER LOCUS2 (REL2) are four classical loci regulating
the identity and determinacy of spikelet-pair meristems
(SPMs; Vollbrecht et al, 2005; Bortiri et al, 2006; Satoh-
Nagasawa et al, 2006; Gallavotti et al, 2010). Mutants in
these genes exhibit more branches in both tassels and ears.
BRANCHED SILKLESS1, INDETERMINATE SPIKELET1 (IDST1),
and SISTER OF IDST are three genes controlling the identity
and determinacy of spikelet meristems (SMs; Chuck et al,
1998, 2002, 2008). Several genes were also reported to con-
trol the identity and determinacy of floral meristems (FMs)
in maize, including ZEA AGAMOUST (ZAGT1), ZAG3,
DROOPING LEAF1 (DRLT), DRL2, INDETERMINATE FLORAL
APEX1, and GROWTH REGULATING FACTOR-INTERACTOR
FACTOR (Mena et al, 1996, Laudencia-Chingcuanco and
Hake, 2002, Thompson et al, 2009; Zhang et al, 2018;
Strable and Vollbrecht, 2019). These genes define a regula-
tory module that provides crucial control of floret pattern-
ing and FM determinacy in the development of grain-
producing structures.

In addition to inflorescence morphogenesis, the number
of florets determined by the inflorescence meristem (IM)
proliferation is another critical factor that contributes to ker-
nel number in maize. IM activity is maintained by the feed-
back signaling pathway of the stem cell promoting factor
WUSCHEL (WUS) and its repressor CLAVATA (CLV), first
discovered in Arabidopsis (Arabidopsis thaliana) but con-
served in other species including maize (Schoof et al., 2000;
Daum et al, 2014, Wu et al, 2018). ZmWUST is expressed in
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the organizing center of the meristem, and its overexpres-
sion causes stem cell overproliferation and IM rearrange-
ment as well as severely affects productivity in maize (Chen
et al, 2021). In addition, maize THICK TASSEL DWARF1,
FASCIATED EAR2 (FEA2), and CLAVATA3/EMBRYO
SURROUNDING REGION-RELATED7 (CLE7) are the respective
orthologs of Arabidopsis CLV1, CLV2, and CLV3 (Taguchi-
Shiobara et al, 2001; Bommert et al, 2005, 2013b; Je et al,
2016, 2018; Rodriguez-Leal et al, 2019; Liu et al, 2021), and
function similarly in restricting IM proliferation. The corre-
sponding mutants show enlarged IM and produce fasciated
ears with increased disorganized kernel row number (KRN).
Several other mutants that display similar features have also
been characterized and the casual genes have been function-
ally studied (Bommert et al, 2013a; Chuck et al, 2014; Je
et al, 2016, 2018). In contrast to these genes regulating ear
size through improving IM width, KERNEL NUMBER PER
ROWG6 (KNRG), ZmACO?2, and YIGE1 were recently shown to
regulate ear size by improving EL (Jia et al, 2020; Luo et al,
2022; Ning et al, 2021). KNR6 encodes a serine/threonine
protein kinase that phosphorylates Arf GTPase-activating
protein and enhances grain yield by raising EL and KNR (Jia
et al, 2020). ZmACO2 encodes 1-aminocyclopropane-1-car-
boxylate oxidase 2 regulating ethylene biosynthesis, and a
loss-of-function mutation in ZmAOC2 leads to lower ethyl-
ene production in developing ears, resulting in higher grain
yield (Ning et al,, 2021). YIGE1 regulates EL by positively af-
fecting pistillate floret number which may be involved in
sugar and auxin signal pathways (Luo et al, 2022). These
studies highlight the potential to manipulate maize inflores-
cences architecture and yield enhancement.

Plant malnutrition affects vegetative and reproductive
growth. In maize, it usually causes a severe drop in grain
yield by disturbing normal ear development. Three plant
metabolism genes have been studied in maize with a link to
ear development. THIAMINE BIOSYNTHESIS2 (THI2) encodes
a putative enzyme involved in thiamine formation
(Woodward et al,, 2010). Plants from the corresponding thi2
mutant produce severely truncated ears and barren tassel
branches, but these phenotypes can be rescued by supple-
mentation with exogenous thiamine. ROTTEN EAR (RTE)
and TASSEL-LESS1 (TLS1) are two boron transporters and
their loss-of-function mutants share very similar phenotypes,
characterized by smaller and sterile ears and tassels
(Chatterjee et al, 2014; Durbak et al, 2014). tis1/TLST rte/
RTE double heterozygous plants exhibit a dosage-dependent
defect under boron-limited conditions, which indicate they
may function together to maintain boron homeostasis in
maize (Durbak et al, 2014).

Malate is an intermediate metabolite of the tricarboxylic
acid cycle, the glyoxylate cycle, the C4 and crassulacean acid
metabolism pathway, and exhibits multiple important func-
tions including providing NADH for the assimilation of car-
bon (C), nitrogen (N), and sulfur (S) as indirect hydrogen
carriers, regulating reactive oxygen species (ROS) production
and scavenging (Igamberdiev and Eprintsev, 2016;
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Igamberdiev and Bykova, 2018; Zhao et al, 2018; Selinski
and Scheibe, 2019). The metabolic enzymes fumarase
(FUM), malate synthase (MS), malate dehydrogenase
(MDH), and NAD(P)-dependent malic enzyme (ME;
NAD(P)-ME) participate in malate metabolism (Maurino
and Enggqvist, 2015). FUM catalyzes the reversible hydration/
dehydration of fumarate to/from malate. MS catalyzes the
irreversible production of malate from acetyl-CoA and glyox-
ylate, and the encoding gene is highly expressed in senescing
organs (Graham et al, 1992). MDH catalyzes the reversible
reduction of oxaloacetate (OAA) to malate with different
coenzyme specificity and subcellular localizations. Malate/
OAA shuttles, also termed malate valves, are powerful sys-
tems to balance metabolic fluxes by opening an indirect
transfer route of reducing equivalents (Selinski and Scheibe,
2019). There are two types of MDH enzymes: NAD-MDH is
widely distributed in the cytosol, mitochondria, and peroxi-
somes, while NADP-MDH accumulates exclusively in plas-
tids. Cytosolic MDH, together with OAA/malate antiporters
and plastid-, mitochondrial-, and peroxisomal-localized
MDH, mediates the transport of reducing equivalent
NAD(P) " /NAD(P)H between the cytosol and organelles
(Pastore et al,, 2003). NAD(P)-ME catalyzes the oxidative de-
carboxylation of malate, generating pyruvate, NAD(P)H, and
CO, used for the production of carbohydrates (Brown et al,
2010). These enzymes coordinately regulate the malate me-
tabolism, which plays essential roles in mediating the meta-
bolic status and redox homeostasis of plant cells in response
to changing environmental conditions and developmental
requirements (Maurino and Enggqvist, 2015 Heng et al,
2018; Zhao et al, 2018; Luo et al, 2019).

In this study, we characterized the maize mutant ear api-
cal degeneration1 (ead1) with lower EL and KNR. We show
that the casual gene EAD1 encodes an aluminum (Al)-acti-
vated malate transporter (ALMT) localizing to the plasma
membrane (PM). Dysfunction of EAD1 resulted in lower ma-
late contents in the apical parts of immature ears and se-
verely degenerated apical IMs. Exogenous malate injection
rescued the phenotypic defects of ead1, indicating that the
shorter ears of eadl are caused by a drop in malate con-
tents. Collectively, we demonstrate that EAD1 regulates
maize ear development by mediating the delivery of malate
to the apical parts of immature ears. The identification of
EAD1 will expand our knowledge of the molecular mecha-
nism of maize ear development.

Results

ead1 is a shortened ear mutant with degenerated
female inflorescence

Maize ear length (EL) is an important agronomic trait highly
proportional to overall grain yield (Li et al, 2018). To eluci-
date the genetic and molecular mechanisms underlying EL
development, we isolated a natural mutant, designated
ead1, exhibiting shorter ears from the elite inbred line
HN321 widely used in maize breeding programs in China for
its long ears and high specific combining ability in crosses.

Pei et al.

eadl mutant plants exhibited no significant differences rela-
tive to its wild-type (WT) siblings during vegetative growth
but developed shorter ears at maturity (Figure 1, A and B;
Supplemental Figure S1). Compared to the WT siblings,
eadl displayed a significant decrease of EL by 44%
(1026£0.86cm in eadl; 1842+126cm in WT; P < 0.071;
Figure 1D) and of KNR by 48% (19.00+2.12 in ead1 versus
36.67+1.76 in WT; P < 0.01; Figure 1E), leading to a loss of
25.7% in grain yield per ear (GYE; 68.46+7.71 g in ead1 ver-
sus 92.19+7.51g in WT; P < 0.01; Figure 1H), while ear ra-
chis diameter (ERD) and hundred-grain weight (HGW) of
ead1 were higher than those of the WT (P < 0.01; Figure 1,
C F, and G).

We followed the development of female inflorescences
from WT and ead1 to determine the stage of ear degenera-
tion in eadl. The ear developmental rates of eadl were
comparable to those of the WT before vegetative stage 11
(V11), but ear development became visibly delayed in ead1
from V12 onward when the EL is ~20mm (Supplemental
Figure S2). Indeed, we observed no obvious changes in ear
development until the length of the inflorescence reached
20mm, at which point the eadl apex started to shrink
(Figure 1, | and J). We obtained close-up views of the devel-
oping inflorescences by scanning electron microscopy (SEM;
Figure 1, K and L Supplemental Figure S3). Again, we
detected no obvious differences between WT and ead1 in
the apical IM or lateral primordia at the 10-mm inflores-
cence stage. However, we noticed significant alterations,
with shrunken apical IM and collapsed SPMs/SMs around
the apex in ead1 at the 15-mm inflorescence stage. The ob-
served apical IM degeneration and SPMs/SMs collapse ex-
tended and deteriorated in >20-mm inflorescences, and
ultimately led to the abortion of SMs and FMs in ead1. By
contrast, the lateral primordia at the middle and basal parts
of ead1 inflorescences developed normally and produced fer-
tile florets similar to those in WT (Figure 1, K and L;
Supplemental Figure S3). We further compared the main
axis length and branch number of mature tassels and ob-
served no differences between ead1 and WT (Supplemental
Figures S1, B, and C and S4, G). We confirmed these results
by anatomical studies of the mature male florets in the apex
of tassel main axes in eadl, which produced fertile pollen
like the WT (Supplemental Figure S4). Collectively, our
results indicate that ead1 causes apical degeneration of the
female inflorescence, leading to shorter ear, while the muta-
tion has no effects on vegetative growth or male inflores-
cence formation, suggesting the specificity of EAD1 function
in modulating ear development.

ROS burst and programmed cell death occur in
ead1 apical ears

We performed 3,3'-diaminobenzidine (DAB) staining of de-
veloping inflorescences from WT and ead1 to investigate
the changes in H,O, levels. We detected H,0, deposition,
as indicated by the rotten head, at the 15-mm ear-length
stage and became aggravated with the elongation of the
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Figure 1 Phenotypic comparisons of WT and ead1. A-C, Corn plants at the milk-ripe stage (A), ears (B), and kernels (C) at the full-ripe stage. WT
HN321, WT. Scale bar = 20 cm in (A), 5cm in (B) and (C). D-H, Comparison of ear traits between WT and ead1.Values are means, error bars rep-
resent standard deviation (sp) (n = 15). **P < 0.01 as determined by two-tailed Student’s t test between WT and ead1. | and ), Developing imma-
ture ears at 5, 10, 15, 20, 25, 30, and 40 mm in length in WT (l) and at 5, 10, 15, 20, and >20 mm length in ead1 (J). Scale bars = 10mm. K and L,
SEM analysis of the apical parts of immature ears in WT (K) and ead1 (L). Scale bars = 200 um.

ead1 inflorescence (Figure 2A). We also inspected paraffin
sections of apical IM to obtain close-up views. Consistently,
we initially detected strong signals for H,O, accumulation in
the apex of 15-mm inflorescences; the signal gradually
spread to the adjacent lateral primordia with the develop-
ment of inflorescence in ead1 (Figure 2, B and C). The

terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) assay is widely used to examine pro-
grammed cell death (PCD) due to its high sensitivity (Wang
et al,, 2018; Zafar et al., 2020). Here, we conducted a TUNEL
assay to ask whether PCD occurred in degenerating ead1
ears. In both longitudinal and transverse sections of
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Figure 2 ROS burst and PCD occur in ead1 apical ears. A, DAB-stained immature ears at 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25, and 30-mm length in
WT (left) and at 5, 7.5, 10, 12.5, 15, 17.5, 20, and >20-mm length in ead1 (right). Scale bars = 10 mm. B and C Paraffin sections of DAB-stained ear
tips of WT (B) and ead1 (C) at different ELs. Scale bars = 100 um. D and E TUNEL analysis of apical ears in WT (D) and ead1 (E). The first and third
columns are from transverse sections and the second and fourth columns are from longitudinal sections. Sections were counterstained with propi-
dium iodide. Signal was detected in ead1 (E), but not in the WT (D). gl, glume. Scale bars = 200 um.

inflorescences, we observed strong positive signals at the
base of apical SMs and FMs in ead1 (Figure 2E), while we
detected no signal in WT (Figure 2D). The results indicated
that the abortion of the inflorescence apex in ead1 is caused
by PCD of the apical SM and FM cells. To take a closer look,
we performed transmission electron microscopy (TEM)
analysis on the apex of the 20-mm inflorescence in both
WT and eadl. Compared to WT, destructive events oc-
curred in ead1 including the vacuolization of the cytoplasm,
nuclear atrophy as well as the collapse of the cell wall. We
also observed numerous abnormal mitochondria in ead1

(Supplemental Figure S5). Together, we conclude that the
excessive accumulation of ROS in the apical IM triggers
PCD, resulting in ear apical degeneration in ead1.

The causal gene underlying ead1

To identify the genetic nature of the eadl mutation, we
crossed the mutant to inbred line B73. All F; progenies pro-
duced well-developed ears without apical degeneration. We
backcrossed the F; plants to the ead1 mutant; the resulting
862 BC;F; (ead1/B73//ead1) individuals segregated in a 1:1
ratio (445 long ears versus 417 degenerated ears, y” = 0.85,
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P > 0.05; Supplemental Figure S6; Supplemental Table S1),
indicating that ead1 is caused by a single recessive mutation.
We used the above segregating population for map-based
cloning of EAD1, which we initially located to bin 5.06 on
the long arm of chromosome 5 between markers IDP6939
and IDP6872. We screened a total of 3,491 individuals for
recombinants and narrowed down the mapping region to a
355-kb interval between newly developed markers 199-4
and 200-16. The mapping interval harbored nine putative
protein-coding genes based on the B73 reference genome
(B73_RefGen_v4, http://www.maizegdb.org), with only
Zm00001d017570 exhibiting differences between WT and
ead1 (Figure 3A). The predicted gene structure and amino
acid sequence of Zm00001d017570 revealed a 3-bp deletion
in the first exon and 51 single-nucleotide polymorphisms,
resulting in the deletion of one amino acid and 25 amino
acid alterations in ead1 (Figure 3B; Supplemental Figures S7
and S8B).

To determine whether the polymorphisms detected in
Zm00001d017570 are responsible for apical degeneration in
ead1, we introduced a construct for clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associ-
ated nuclease 9 (Cas9)-mediated genome editing with a
single-guide RNA (sgRNA) targeting the first exon of
Zm00001d017570 into maize inbred line Z31 to create mu-
tant alleles. We obtained six independent T, transgenic
events with two types of mutations leading to frameshifts
and premature termination of translation of the predicted
protein encoded by Zm00001d017570 (Figure 3G
Supplemental Figure S9). Importantly, we observed apical
degeneration, H,O, accumulation and shorter ears, typical
phenotypes of ead1, in T, homozygous knockout (ko) indi-
viduals (Figure 3, E-G; Supplemental Figures S10 and S11).
Crosses between these ko plants and ead1 failed to rescue
the ead1 phenotype, confirming that these new mutants are
allelic to ead1 (Figure 3, H-J). We also generated comple-
mentation lines by introducing a 4,463-bp genomic fragment
encompassing 2,996 bp of upstream promoter region and
1,467 bp of the Zm00001d017570 coding region into Z31
(Figure 3D). We obtained 20 positive transgenic events, of
which we randomly selected six for further testing. When in-
troduced into the eadl background by crossing/selfing and
marker-assisted selection, all six transgenic events rescued
the eadl phenotype. We characterized two representative
events further, as shown in Figure 3, K-M. These results
demonstrate that Zm00001d017570 is the causal gene re-
sponsible for the apical degeneration in ead1.

EAD1 is preferentially expressed in vascular tissues
of ears and EAD1 localizes to the PM

EAD1 was predicted to encode an ALMT containing six po-
tential transmembrane helices close to its N terminus and a
cytoplasmic tail at the C-terminus (Supplemental Figure S8).
To reveal the subcellular localization of EAD1, we cloned the
full-length coding sequences of EAD1 and ead1 in-frame and
upstream of the sequence for the enhanced green
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fluorescent protein (EGFP) to generate the Ubipro:EAD1-GFP
and Ubipro:ead1-GFP constructs. While we detected free
GFP signal throughout the cell, both EAD1-GFP and ead1-
GFP specifically colocalized with the PM-specific dye FM4-64
(Figure 4A; Supplemental Figure S12A). We also generated
the constructs 35Spro:EAD1-EGFP and 35Spro:ead1-EGFP
(driven by the cauliflower mosaic virus 35S promoter) and
co-infiltrated them with the PM marker construct PIP2-
mCherry (encoding a fusion between mCherry and PLASMA
MEMBRANE INTRINSIC PROTEIN 2 [PIP2]) into Nicotiana
benthamiana epidermal cells. Again, both EAD1-EGFP and
ead1-EGFP signals overlapped with the mCherry signal
(Figure 4B; Supplemental Figure S12B). These results indi-
cated that EAD1 protein localizes to the PM and that the
eadl mutations do not alter the PM localization of the ead1
protein.

We then turned to an analysis of the EAD1 expression
pattern in various tissues including immature ears, tassels,
leaves, stems, and roots. Reverse transcription-quantitative
PCR (RT-gPCR) analysis showed that EAD1 is expressed in
all tissues examined in the WT and showed preferential ex-
pression in the apical parts of immature ears and roots; no-
tably, expression levels were much lower decreased in all
eadl mutant tissues examined (Supplemental Figure S13).
We also examined the transgenic plants harboring a
EAD1pro:GUS reporter construct, whereby the B-glucuroni-
dase (GUS) reporter gene was placed under the control of
the EADT promoter. We detected GUS activity in both the
apical parts and the vascular tissues of ears (left parts of
Figure 4, C and D), as well as a weak signal in leaf-sheaths
and bracts (left parts of Figure 4, E and F). Detailed observa-
tions through longitudinal and transverse sections demon-
strated the localization of strong GUS signal in xylem
parenchyma cells (right parts of Figure 4, C-F). We also in-
vestigated the tissue-specific localization of the EAD1-EGFP
fusion protein in EADT1pro:EADT-EGFP transgenic plants. We
detected strong EGFP signals in the xylem vessels of imma-
ture ears (Figure 4, H-)) and relatively weak signals in vascu-
lar cambium cells below the IM central zone (Figure 4G)
and the base of the outer glume of FMs (Figure 4, H and K).
Together, these results demonstrated that EAD1 is preferen-
tially expressed in xylem parenchyma cells and that EAD1
protein tissue specifically localizes to the xylem vessels of im-
mature ears.

As EAD1 was predicted to encode an ALMT, we extracted
the protein sequences for all nine putative ALMT members
from the maize reference proteome. We then constructed a
maximume-likelihood (ML) tree with ALMT members from
maize, rice (Oryza sativa), and Arabidopsis, as well as deter-
mined the chromosomal distribution of ALMT members in
the maize and rice genomes (Supplemental Figures S14 and
S15; Sharma et al, 2016). Notably, maize EAD1,
Zm00001d017571, and rice OsAMLT7 belonged to a mono-
phyletic lineage, suggesting that maize EAD1 and rice
OsAMLT7 are possible orthologs. Zm00001d017571
appeared to encode an additional copy of EAD1, while
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Figure 4 Gene expression of EAD1 and protein tissue-specific localization of EAD1. A, Subcellular localization analysis in maize mesophyll proto-
plasts. The constructs Ubipro:GFP, Ubipro:EAD1-GFP, and Ubipro:ead1-GFP were transfected in maize protoplasts; the PM was stained with the dye
FM4-64. Scale bars = 10 um. B, Subcellular localization analysis in N. benthamiana epidermal cells. The constructs 35Spro:EGFP, 35Spro:EAD1-
EGFP, and 35Spro:ead1-EGFP were separately co-infiltrated with the PM marker PIP2-mCherry. Scale bars = 20 um. C—F, GUS staining results of ear
related tissues in EAD1pro:GUS transgenic lines. C, Ear apical part at the 15-mm stage. D, Ear basal part at the 30-mm stage. E, Sheath of ear-leaf. F,
Immature ear bract. Left: entire tissue; right, paraffin sections of GUS-stained tissues. Scale bars = 100 um. G-K, Tissue-specific accumulation of
the EAD1-GFP fusion protein in EAD1pro:EAD1-GFP transgenic maize ears. Positive signals were detected below the apical IM (G), the basal parts
of FM glumes (H and K), and xylem vessels of the immature ears (H, I, and J). G, H, |, and K, the longitudinal sections and (J) indicates the trans-
verse section from immature ears. K, the close-up view of the basal part of glume. Vt, vascular tissue; v, xylem vessel; p, phloem; gl, glume; BF,
brightfield. FB28 is cell wall dye. Scale bars = 50 um.

OsAMLT7 was present as a single copy in rice. identity, suggesting that Zm00001d017571 and EAD1 are de-
Zm00001d017571 and EAD1 located ~70-kb apart on chro- rived from a tandem duplication event specifically during
mosome 5, and their encoded proteins shared 94.1% maize genome evolution (Supplemental Figure S15).
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EAD1 functions as a malate transporter responsible
for malate transport into apical ears

To address the role of EAD1 in maize ear development, we
examined its transport properties for malate in the Xenopus
laevis oocyte system. Accordingly, we separately injected
full-length purified complementary RNA (cRNA) for EAD1
and eadl into oocytes and analyzed transport using the
two-electrode voltage clamp (TEVC) technique and stable
isotope labeling. In TEVC experiments, with malate supple-
mented in the bathing solution, we observed slight outward
currents (anion influx) in the oocytes injected with the
EAD1-cRNA compared to control oocytes injected with wa-
ter or oocytes injected with ead1-cRNA (Figure 5, A and B).
We also assessed the malate efflux properties of EAD1. We
thus preloaded oocytes injected with water, or with EAD1 or
eadl cRNA, with H,O or malate, before measuring their eli-
cited currents in ND96 buffer solution (pH 4.5). EAD1-
accumulating oocytes mediated larger inward currents than
those recorded in oocytes accumulating ead1 or in oocytes
injected with water only (Figure 5, C and D). Increasing the
intracellular malate concentration (i.e. malate loaded)
resulted in an increase in EAD1-mediated inward currents
(Figure 5, C-E), which was accompanied by a negative shift
in E.., the holding potential at which the current reverses
sign (Figure 5F). Consistently, when testing malate influx
with a 10-mM "C-labeled malate solution, we measured a
slightly greater amount of '>C-labeled malate uptake in
EAD1-accumulating oocytes than those with ead1 or water-
injected control (Figure 5G). To assess oocytes for malate ef-
flux, we preloaded EAD1-injected oocytes and ead1-injected
oocytes with '>C-labeled malate and measured the efflux 2 h
after incubation in ND96 bath solution (pH 4.5). The total
3C amount exuded from EAD1-injected oocytes was signifi-
cantly higher than those with ead1 or water-injected control
(Figure 5H). Taken together, these results confirmed that
EAD1 mainly mediates malate efflux across the membrane
while we barely detected a malate efflux function for ead1.

If EAD1 facilitates the transport of malate into the apical
parts of immature ears, then malate contents should be al-
tered in different parts of ead1 ears. We thus compared the
malate contents in apical, middle, and basal parts of devel-
oping ears from WT and ead1. Indeed, we observed a grad-
ual decrease pattern in malate contents from the apical to
the basal parts of WT immature ears (Figure 6A). Compared
to WT, the malate contents were lower in both the apical
and the middle parts of eadl immature ears when they
were 10, 15, 20, and 25mm in length. We detected signifi-
cantly lower malate contents in the basal part only in 10-
mm immature ears (P < 0.01; Figure 6A). These findings
confirm that EAD1 is responsible for the heterogeneous ma-
late distribution in different parts of immature ears and
plays an essential role in maintaining malate supply for nor-
mal immature ear development.

To further study the role of malate in ear development,
we tested whether exogenous applications of malate might
rescue the shorter ears of ead1. To this end, we applied ex-
ogenous malate solutions following three different methods
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(spraying plants; root irrigation and injection into ear-
adhered stems) when the immature ear was ~5mm in
length. Only exogenous malate injections resulted in longer
mature EL, with a complete rescue of the ead1 mutant phe-
notype (Figure 6, B and C). The above results validate the
notion that the shorter ears in eadl are caused by endoge-
nous malate deficiency that can be rescue by exogenous ma-
late injection at an early stage of ear development.

Malate transport and metabolism play essential
roles in cell proliferation and inflorescence
development

To better understand the gene regulatory network of EAD1
involved in maize female inflorescence development, we
extracted total RNA from the apical parts of 10-mm, 15-
mm, and 20-mm immature ears of WT and ead1 plants and
performed transcriptome deep sequencing (RNA-seq). We
confirmed the quality of the data by principal component
analysis (Supplemental Figure S16) and generated corre-
sponding transcriptome profiles. We identified 639 (491
upregulated and 148 downregulated, ead1 versus WT) and
609 (389 upregulated and 220 downregulated) differentially
expressed genes (DEGs) in 10-mm and 15-mm ears. We also
detected 7,411 (2,909 upregulated and 4,502 downregulated)
DEGs between the two genotypes at the 20-mm ear stage,
when clear apical shrinking of ead1 ear can be observed.
The Venn diagram showing the overlapping DEG sets and a
heatmap representation of DEG expression levels between
WT and ead1 mutant ears are presented in Supplemental
Figure S17. Gene ontology (GO) analysis revealed that the
most significant enriched DEGs in the cell component cate-
gory is related to membrane integrity at all three EL stages
(Supplemental Figure S18), indicating that EAD1 dysfunction
may disrupt the membrane system in ead1. For ears of 10
and 15mm in length, DEGs were mainly enriched in the bio-
logical processes (BPs) RNA metabolism, DNA binding, pro-
tein modification (hydrolase activity, catalytic activity, and
peptidase activity), and primary metabolism (Supplemental
Figure S18, A and B). For ears of 20mm in length, the upre-
gulated DEGs were enriched in BPs linked protein ubiquiti-
nation, H,0,, and ROS response as well as organic acid
catabolism and transport (Supplemental Figure S18C). The
three well-known ALTERNATIVE OXIDASE (AOX) genes
(AOX1, AOX2, and AOX3) with critical roles in counteracting
excess ROS (Liu et al, 2019) were upregulated in ead1
(Figure 7A). The DEGs involved in malate metabolism in-
cluding MS (Zm00001d003247) and pMDH
(Zm00001d041243) whose encoding proteins localize to per-
oxisomes as well as NADP-ME (Zm00001d043601) with
NADP-ME accumulating in the cytosol were upregulated,
while  NADP-ME (Zm00001d003090, encoding a plastid-
localized protein) and NAD-ME (Zm00001d013911, encod-
ing a mitochondrion-localized protein) were downregulated
across all three stages (Figure 7, B and C). These results may
reflect the disorder of malate metabolism across different
organelles when EAD1 is not functional. The enriched
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Figure 5 Malate transport activity of EAD1. A and B, Outward current recordings in X. laevis oocytes injected with EAD1 or ead1 cRNA. A, Whole-
cell currents recorded in oocytes injected with water control or with different cRNAs: EAD1, ead1. The outside solution contained malate at a final
concentration of 20 mM. The holding potentials ranged from 0 to 100 mV (in 10-mV increments). The time and current scale bars for the record-
ings are shown. B, Mean I/V curves in oocytes constructed from steady-state currents recordings in (A). Values are means=standard error
(n = 10). C-E, Inward current recordings in X. laevis oocytes injected with EAD1 or ead1 cRNA. C, The oocytes were preloaded with either water
(left) or malate (right). The holding potentials ranged from —160 to 20 mV (in 20-mV increments). The time and current scale bars for the record-
ings are shown. D and E, Mean I/V curves of the steady state currents in oocytes preloaded with water (D) or malate (E). F, Difference in the mag-
nitude of EAD1-mediated current and shift in the holding potential (Erev) at which the current reverses sign between water-loaded and malate-
loaded oocytes accumulating EAD1. G, Malate uptake activity of EADT cRNA- and ead? cRNA-injected oocytes detected in a 10-mM "*C-labeled
malate solution. Water-injected oocytes were used as negative control (n = 12). H, Malate efflux activity of EAD1- and ead1-accumulating oocytes.
Oocytes preloaded with 36 nlL of 100-mM "*C-labeled malate were incubated in the bath solution (ND96, pH 4.5) for 2 h. The total *C amount of
efflux was measured (n = 18). The scatterplots indicate the value of each sample and the black line indicates the means=sp. Different letters in
(G and H) indicate significant difference at P < 0.05 determined by Tukey’s HSD test.

molecular functions (MFs) were mainly involved in glutathi-  S18C). By contrast, the downregulated DEGs were enriched
one transferase activity, hydrogen symporter activity, and in BP related to the cell cycle, chromosome organization,
transmembrane transporter activity (Supplemental Figure nucleic acid metabolism, DNA replication, and cell
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ference at P < 0.05 determined by Tukey’s HSD test.

proliferation (Figure 7D; Supplemental Figure S18D). The
enriched MFs were mainly related to RNA, DNA, and pro-
tein binding activities (Supplemental Figure S18D). In addi-
tion, genes involved in inflorescence development were
globally downregulated in ead1 (Figure 7E).

Overexpression of EAD1 produces longer ears

Given that EAD1-mediated malate transport plays a sub-
stantial role in immature ear development and elongation,
we wondered if EAD1 overexpression might enhance EL and
KNR. We thus generated a construct with the EADT coding
sequence driven by the Ubiquitin (Ubi) promoter, trans-
formed it into the inbred line B104 and obtained the two
EAD1-overexpressing lines OE1 and OE2 (Figure 8A). OE1
led to a three-fold increase in EADT transcript levels, a 4.9%
increase in EL (0.7+0.23 cm; Figure 8, B and C) and a 5.6%
increase in KNR (1.64+0.56; Figure 8D) relative to the non-
transgenic siblings. We obtained similar results in OE2, with
a 7.31% increase seen for EL (Supplemental Figure S19A).
We also compared EL between the F1 progeny of the
crosses 731 x B104 and Z31 x B104°%. The ELs of
731 x B104°%" F, and Z31 x B104°% F, progeny were 7.7%

and 8.1% longer than those of Z31 x B104 F, progeny, re-
spectively (Supplemental Figure S19B). These results con-
firmed that higher EAD1 expression positively regulates EL
and KNR in maize.

Furthermore, to study the effect of EAD1 on EL in differ-
ent genetic backgrounds, we developed two F, segregating
populations derived from HN321 x LS3 and HN321 x LS84
crosses. We determined the genotype of the three EADT
alleles in HN321, LS3 and LS84 inbred lines (Supplemental
Table S4), which we designated here as A;, A,, and A;, re-
spectively (Figure 8 E and H). We also developed allele-
specific DNA markers (Supplemental Table S2). EL in both
F, populations followed a normal distribution (R = 0.95;
Figure 8, F and I). The EL of plants carrying the A, allele
from HN321 (A;A;, AJA,, and A;A;) was significantly higher
than that of plants harboring the other alleles from LS3
and/or LS84 (AA, and A3A;). Indeed, the A, allele increased
EL by 48%-52% (0.89-097cm) and 3.5%-3.7% (0.68—
0.73cm) compared to the A, and A; alleles, respectively
(Figure 8, G and J). These results demonstrate that diverse
EADT1 alleles exist in maize inbred lines and different alleles
have different effects on EL.
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Figure 7 Malate transport and metabolism play essential roles in cell proliferation and inflorescence development in developing ears. A, DEGs in-
volved in the AOX pathway at all three stages. B, Differential expression of malate metabolism-related genes. (1) MS (Zm00001d003247); (2)
NADP-ME (Zm00001d043601); (3) pMDH (Zm00001d041243); (4) NADP-ME (Zm00001d003090); (5) NAD-ME (Zm00001d013911). C, Malate me-
tabolism is involved in multiple processes and malate can be easily transported across cell membranes separating various compartments through
its transporter (indicated as a blue transmembrane structure). The numbers are the same as in (B). D and E, DEGs involved in DNA replication (D)
and inflorescence development (E) are broadly expressed at lower levels in ead1 relative to WT at all three stages.

Discussion (Maurino and Engqvist, 2015; Selinski and Scheibe, 2019).
Given that malate is always accompanied by transfer of re-

Malate is a vital plant organic acid that participates in the X ; X i -
ducing equivalent, we investigated the contents of NAD

transfer of redox equivalents between cell compartments
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Figure 8 Contribution of EAD1 to EL. A-D, EAD1-overexpression line (OE1) produces longer ears than a nontransgenic line (B104). A, Typical ears
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cate significant difference at P < 0.05 determined by Tukey’s HSD test. Scale bars = 5cm in (A, E, and H).

and NADH from different parts of immature ears and deter-
mined that these two parameters are less abundant in the
apical parts of ead1 immature ears (Supplemental Figure
$20, A and B). However, the ratio of NAD " /NADH, typically
considered a pivotal determinant of cellular redox status
(Noctor et al, 2006; Ying, 2008), had increased by 1.11- to
1.68-fold in ead1 relative to the WT (Figure 9A). As ammo-
nium is the product of nitrate reduction (Tischner, 2000),
we also measured ammonium contents to assess the N as-
similative capacity of immature ears. The results showed
that the ammonium contents of the apical and middle parts
of ead1 immature ears start to decrease at the 15-mm stage
and was more pronounced at the 20-mm stage
(Supplemental Figure S20C). Together, we conclude that
transcriptional regulation, redox potential, and metabolism
status are disturbed in eadl apical immature ears. We

propose that low malate contents, disturbed malate metab-
olism, unbalanced cell redox state (NAD " /NADH) together
with high H,O, levels, trigger PCD in ead1 inflorescences.
The activated AOX pathway, upregulated stress responses,
and the downregulation of genes related to DNA replication
and inflorescence development lead to the developmental
arrest of ead1 apical ears (Figure 9B). Based on the facts that
(1) EADT1 is highly expressed in xylem parenchyma cells and
the protein mainly localizes in xylem vessels of immature
ears; (2) EAD1 is responsible for the efflux of malate; and (3)
EAD1 dysfunction results in lower malate contents in the
apical parts of developing inflorescences, we conclude that
EAD1 plays essential roles in the delivery of malate through
xylem vessels to the apical parts of the immature ear. A
working model of EAD1 involved in maize immature ear de-
velopment is shown in Figure 9C.
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The ALMT protein family comprise a group of anion
channels participating in diverse physiological processes in-
cluding Al resistance, phosphate starvation response, stoma-
tal aperture, panicle development, and plant-microbial
interactions in different species (Sasaki et al, 2004
Takanashi et al, 2016; Heng et al, 2018; Medeiros et al.,
2018; Zhou et al, 2020). Recently, the rice ALMT gene
OsALMT7 was shown to be essential for rice panicle devel-
opment (Heng et al,, 2018). In this study, we discovered that
EAD1 shares 73.8% identity with rice OsALMT?7. Despite be-
ing possible orthologs and having similar biological functions
during inflorescence development, major differences also ex-
ist between the two proteins. First, maize eadl mutant
plants show apical degeneration of the female inflorescence
during IM differentiation, while Osalmt7 mutant plants ex-
hibit apical degeneration after the successful differentiation
and determination of the IM (Figure 1, K and L; Heng et al,,
2018). These distinct phenotypes may reflect the specific
functional stages of maize and rice inflorescence develop-
ment. Second, our results demonstrated a gradual decrease
in malate contents from the apical to the basal parts of WT
immature ears, while malate contents of rice panicles are
homogeneous. These different distribution patterns may also
be attributed to the different inflorescence architecture in
maize and rice. Third, EAD1 specifically modulates female
ear development but has no effect on the male tassel, which

is unique to maize and absent in rice. Fourth, we detected a
second copy of EAD1 (Zm00001d017571), likely derived
from a tandem duplication event in the maize genome,
while OsAMLT7 was present as a single copy in the rice ge-
nome, which provides a clue for the evolutionary functional
divergence between EAD1 and OsAMLT7, or sub-
functionalization of EAD1 and Zm00001d017571. Finally, we
showed that EADT is highly expressed in xylem parenchyma
cells and that the protein mainly localizes to xylem vessels
of immature ears. OSALMT7 was reported to be predomi-
nantly expressed in the phloem and phloem parenchyma
cells of vascular tissues of the spikelet hull and rachis, sup-
porting a role for OsALMT7 in phloem loading of malate.
This apparent discrepancy for the cell type expression pat-
tern between maize and rice may have inadvertently been
caused by our focus on expression levels mainly in the key
stages of EAD1 function, which does not rule out the possi-
bility that EAD1 is expressed in phloem of mature ears. In
maize, there are nine putative ALMT members and none of
their physiological roles have been fully deciphered (Pineros
et al, 2008; Ligaba et al, 2012). The map-based cloning and
functional demonstration of EAD1 will lay a solid foundation
for further functional studies of the ALMT gene family.
Given that large ears generally produce more kernels to
maximize grain yield, researchers have poured much efforts
into identifying functional genes to improve ear size. These
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genes mainly include modulators of IM width through the
WUS-CLV signaling pathway. However, complete loss-of-
function of these genes often causes dramatic IM fasciation
and eventually shorter and disorganized ears, possibly as a
consequence of the competition for resources between the
massive overproliferated IM and developing kernels. Thus,
weak alleles of UB3, FEA2, FEA3, and CLE7 have been tenta-
tively mined to reach a balance between IM proliferation
and kernel development, resulting in greater KRN while pro-
ducing normal ears with well-developed kernels (Bommert
et al, 2013b; Liu et al, 2015; Je et al, 2016; Liu et al,, 2021).
Compared to these genes modulating ear width, few genes
regulating EL have been identified (Xiao et al, 2016; Li et al,
2018), largely because EL is a typical quantitative trait con-
trolled by multiple loci. Three QTLs, KNR6, ZmACO2, and
YIGET, have recently been cloned that regulate ear size by
improving KNR and EL, providing new insights into ear de-
velopment and will ultimately contribute to maize grain
yield improvement (Jia et al, 2020; Ning et al, 2021; Luo
et al, 2022). Our studies reveal that EAD1 indeed plays an
essential role in regulating maize EL by maintaining ade-
quate malate supply to apical inflorescences. In contrast to
the other malnutrition-related genes THI2, RTE, and TLST,
which are involved in both reproductive and vegetative pro-
cesses (Woodward et al, 2010; Chatterjee et al, 2014
Durbak et al, 2014), EAD1 specifically modulates ear devel-
opment but has no effect on tassel or vegetative growth.
The eadl mutant is characterized by shorter ears but in-
creased ERD and HGW, which may be attributed to the bal-
ance between “source” and “sink” organs. When EAD1 was
nonfunctional, the transport of malate to the apical inflores-
cence was blocked, thus mimicking the destruction of an
apical “sink.” However, the “source” would retain normal
function, as vegetative growth is not affected. Nutrients and
energy would thus accumulate at the basal part of the
degenerated ear, leading to larger seeds and increased ERD
and HGW. EAD1 showed very weak expression in the tassel,
which may explain the lack of phenotype in mutant tassels.
Our results demonstrate a gradual decrease in malate con-
tents from the apical portion to the basal part of WT imma-
ture ears. This pattern may mean that the apical part of the
immature ear is the most developmentally active region
that needs more malate to sustain proper structure and
growth. This greater need for malate in the apical region
may also explain why lines overexpressing EAD1 produced
longer ears than their untransformed siblings. We also found
that different alleles of EADT have different effects on EL, as
the HN321 allele of EAD1 exhibited a positive association
with EL in two different segregating populations. Possible
reasons include higher expression of the HN321 allele or
that the encoded protein displays a higher affinity toward
malate. Further study is needed to address the mechanistic
difference between EAD1 alleles in maize ear formation. Our
work provides a potential gene resource for future yield im-
provement in maize.
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Materials and methods

Plant materials and growth conditions

The maize lines and populations used in this study were
planted in the experimental fields either in Beijing (39°N,
116°E) from the end of April to the start of May, or in
Sanya (18°N, 108°E), Hainan province from the end of
October to the start of December. The transgenic plants
were grown in the greenhouse with a 16-h light (25°C)/8-h
dark (18°C) cycle. Nicotiana benthamiana plants used for
subcellular localization experiments were grown in a light in-
cubator with a 16-h light/8-h dark photoperiod at 22°C.

Phenotypic characterization of the ead1 mutant

A Canon digital camera (EOS 550D) was used to take all
photographs. Air-dried ears from the WT (HN321) and ead1
were used to measure (cm), KNR, ERD (mm), HGW (g),
GYE (g), and KRN. Tassel main axis length (cm), tassel
branch number as well as other vegetative traits were all
measured from mature plants after flowering. Pollen grains
were stained with 1% (w/v) 1,-KI and photographed with a
BX53 microscope (Olympus, Tokyo, Japan). For cryo-SEM
analysis, fresh immature ears of WT and ead1 were fixed to
the loading table and rapidly frozen in liquid N. The samples
were then freeze-dried, sputter-coated with gold, and ana-
lyzed by cryo-SEM with a HITACHI S-3000N Scanning
Electron Microscope carrying a Quorum refrigeration system.
For TEM analysis, apical parts of fresh immature ears were
vacuum infiltrated and fixed in 4% (w/v) glutaraldehyde, fol-
lowed by rinsing, replacement, dehydration, embedding, and
sectioning as described previously (Huo et al, 2020). Images
were obtained with a HITACHI H-7500 transmission electron
microscope.

DAB staining and TUNEL assay

Fresh immature ears were immersed in freshly prepared
DAB staining solution (1mg mL™", pH 3.8) and infiltrated
under vacuum for 10 min. Stained ears were cleared of pig-
ments in 100% ethanol for 60 min with three changes at
room temperature, and then stored in 75% (v/v) ethanol.
Apical parts of the stained ears were then dehydrated with
a graded ethanol series and embedded in paraffin. Eight-
micrometer thick sections were prepared using a microtome
(RM2235; Leica, Wetzlar, Germany) and photographed with
a BX53 microscope. The TUNEL assay was performed using
the DeadEnd Fluorometric TUNEL System (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tions. Samples were analyzed under a laser scanning confo-
cal microscope (LSM 710 NLO; Zeiss, Oberkochen,
Germany).

Fine mapping of EAD1 and generation of maize
transgenic plants

F, plants were generated by crossing eadl with the maize
reference cultivar B73, and a BC;F; segregating population
was obtained by backcrossing. The locus was initially
mapped to chromosome 5. Additional insertion/deletion
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and simple sequence repeat markers were developed for fine
mapping. The primers for mapping are listed in
Supplemental Table S2.

For functional complementation, the coding sequence of
EAD1 (without stop codon) was cloned in-frame and up-
stream of the GFP sequence, placed under the control of a
2,996-bp EADT promoter fragment, and terminated by the
Nos terminator. The entire cassette was inserted into
pCAMBIA3300 to generate the complementation construct
EAD1pro:EAD1-GFP. Positive transgenic plants were selected
based on BASTA resistance and backcrossed to eadi; F,
individuals were assayed. A 20-bp sgRNA (5-GAGTAG
TGGTCTGGAATGGC-3') targeting the first exon of
Zm00001d017570 was inserted into the pBUN411 vector to
generate CRISPR/Cas9-mediated mutants. Positive transgenic
plants carrying the CRISPR/Cas9 construct were genotyped
to test for mutations. The 2,996-bp EAD1 promoter fragment
from HN321 was cloned into pCAMBIA1301 to generate the
construct EADTpro:GUS. The coding sequence of EADT was
inserted into pCAMBIA2300-EGFP between the maize Ubi
promoter and GFP to generate the overexpression construct
Ubipro:EAD1-EGFP. All individual constructs were introduced
into maize via Agrobacterium (Agrobacterium tumefaciens)-
mediated infection (strain EHA105; Frame et al.,, 2002, 2011),
with EAD1pro:EAD1-GFP, the CRISPR/Cas9 construct and
EAD1pro:GUS transformed into inbred line Z31, and
Ubipro:EAD1-EGFP into inbred line B104. The primers used
for cloning are listed in Supplemental Table S3.

Subcellular localization of EAD1

The TMHMM Server version 2.0 (http://www.cbs.dtu.dk/serv
icessyTMHMM/) was used to predict putative transmem-
brane domains in EAD1. The full-length coding sequence of
EADT and ead1 were cloned in-frame with GFP to generate
the Ubipro:EAD1-GFP and Ubipro:ead1-GFP constructs using
pJIT-163-GFP vector as backbone and the 35S:EAD1-EGFP
and 35S:ead1-EGFP constructs using the pCAMBIA1300-
EGFP vector. The resulting plasmids were transfected
into maize mesophyll protoplasts using polyethylene glycol-
mediated transient transfection or individually co-
transfected with the PM marker PIP2-mCherry into N. ben-
thamiana mesophyll cells (Yoo et al,, 2007). The fluorescence
signals were recorded with a laser scanning confocal micro-
scope. The indicated numbers of randomly selected proto-
plasts or N. benthamiana mesophyll cells with mCherry and
GFP accumulation were quantified for fluorescence colocali-
zation analyses using Fiji (Schindelin et al, 2012). The pri-
mers used are listed in Supplemental Table S3.

Expression analysis of EAD1 and promoter GUS
assay

Maize tissues were harvested for total RNA isolation
using the TRIzol reagent (Invitrogen, Waltham, MA, USA).
For RT-gPCR analysis, total RNA samples were digested with
RNase-free DNasel (Transgen, Beijing, China) and cDNA was
produced using total RNA and oligo(dT),g primers (Thermo
RevertAid First-Strand cDNA Synthesis Kit). qPCR was
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performed with SYBR Premix (Roche LightCycler 480 SYBR
Green | Master) using a MyiQ5 single color Real-Time PCR
Detection System (Roche, Basel, Switzerland). The compara-
tive threshold cycle method was used for determining rela-
tive transcript levels using GAPDH as an internal control.
Three biological and three technical replicates were per-
formed. The primer sequences used are listed in
Supplemental Table S3.

For GUS staining, tissues from EAD1pro:GUS transgenic
T, lines were immersed in 5-bromo-4-chloro-3-indolyl-B-o-
glucuronic acid/cyclohexyl ammonium salt (X-gluc) staining
solution (1x phosphate-buffered saline, pH 7.0; 10-mM
EDTA, pH 7.0; 0.5-mM potassium ferricyanide; 0.5-mM po-
tassium ferrocyanide; 0.1% [v/v] Triton X-100, and 0.1% [v/
v] X-gluc), vacuum infiltrated for 15min and incubated at
37°C overnight. Chlorophyll and pigments were removed
from the stained tissues in 70% (v/v) ethanol and examined
under a SZX7 stereomicroscope (Olympus). The samples
were then dehydrated with a graded ethanol series and em-
bedded in paraffin. Eight-micrometer thick sections were
prepared using a microtome (RM2235; Leica) and photo-
graphed with a BX53 microscope.

Confocal analysis of EAD1-GFP fusion protein

Fresh immature ears from EAD1pro:EADT-GFP transgenic
lines were collected and immediately placed in 2.5% (w/v)
paraformaldehyde (Sigma-Aldrich, St Louis, MO, USA) at pH
7.0 at 4°C, and then vacuum infiltrated for 30 min before
being stored overnight at 4°C. Sample preparation for con-
focal analysis was conducted as previously described (Wang
et al, 2014). Fifty-micrometer thick sections were prepared
using a Leica VT1000S vibratome. Samples were stained with
50-ugmL™" cell wall dye FB28 (Sigma-Aldrich) for 20 min.
Images were acquired with a two-photon fluorescence
microscope (LSM 780 NLO; Zeiss).

Phylogenetic analysis

The amino acid sequences of the nine ALMT members from
maize were retrieved from EnsemblPlants (http://plants.
ensembl.org/indexhtml) and tested against the HMM pro-
files in Pfam (http://pfamxfam.org/). The sequence align-
ment was performed with ClustalW (https://www.genome.
jp/tools-bin/clustalw) using default parameters. An unrooted
maximum likelihood (ML) tree was constructed with the
program MEGA version 6.0 (https://www.megasoftware.net/)
using the best model LG with Rates among Sites as Gamma
Distributed (G), partial deletion, and the 1,000-bootstrap
method. The graphs of chromosomal distribution of ALMT
members were retrieved from TBtools (Chen et al, 2020).

Electrophysiological measurements in X. laevis
oocytes

The coding sequences of EAD1 and ead1 were amplified and
cloned into the plasmid pGHME2 (Chen et al, 2010). The
resulting constructs were then linearized and transcribed
into cRNA using T7 polymerase. Oocytes were injected with
36ng of cRNA and cultured in ND96 solution (96-mM
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NaCl, 2-mM KCl, 1-mM MgCl,, 1.8-mM CaCl,, 5-mM HEPES,
pH 7.4) at 18°C for 2 days. The two-electrode voltage clamp
technique was used for electrophysiological studies. The out-
ward currents were recorded in a bath solution containing
malate (20-mM Na-malate, 60-mM Na-gluconate, 1-mM Ca-
gluconate, 1-mM Mg-gluconate, 1-mM K-gluconate, and 10-
mM MES, pH 56). Oocytes were clamped with 800 ms
pulses from 0 to 100 mV with 10 mV increments and resting
for 1.2s between two pulses. The inward currents were
recorded in oocytes preloaded with 36-nL nuclease-free wa-
ter or 100-mM Na-malate. The recording solution (96-mM
NacCl, 2-mM KCl, 1-mM MgCl,, 1.8-mM CaCl,, 5-mM HEPES,
0.1-mM LaCl;, pH 4.5) was used. Oocytes were clamped
with 800-ms pulses from —160 to 0 mV with 20-mV incre-
ments and resting for 1.2s between two pulses. The mean
current—voltage (I/V) curves were preliminarily processed by
Clampfit (Axon, American) and plotted in Origin2020b.
Reversal potential was calculated through cross points of
the |-V curves and x axes (I = 0). Experiments were per-
formed at least 3 times independently; representative data
from one experiment were shown.

3C-malate uptake and efflux activity analysis in X.
laevis oocytes

Stable isotope labeling was used to measured EAD1 trans-
port activity. For malate uptake assays, X. laevis oocytes
were transferred into °C-labeled (99% atom; Sigma-Aldrich)
malate solution (ND96 supplemented with 10-mM "C-
malate, pH 5.6). After an incubation of 2h, oocytes were
washed and dried at 80°C. For malate efflux experiments,
oocytes were preloaded with 36-nL C-malate (100 mM)
and separately incubated in 110-uL ND96 solution (pH 4.5)
for 2 h. The effluxes were respectively collected and dried in
tin capsules at 80°C. Finally, samples were ground and the
8"Copps%, Was determined using an isotope ratio mass
spectrometer with an elemental analyzer (Thermo Finnigan
Delta™" XP; Flash EA 1112).

Analysis of malate contents

Developing ears (EL = 10, 15, 20, and 25 mm) from WT and
ead1 were collected. The 10-mm ears were divided into two
parts (apical and basal), while the other ears were divided
into three parts (apical, middle, and basal) to measure their
malate contents according to the previously described enzy-
matic method (Delhaize, 1993; Heng et al, 2018). Briefly,
samples were ground to a fine powder in liquid N, and
~50mg powder was extracted with 1-mL water and incu-
bated at 95°C for 20 min. The supernatant was then col-
lected after centrifugation (more than 10,000 rcf) for 15min
at room temperature. A 0.1-mL aliquot of each supernatant
or standards (ranging from 0 to 0.5mM) was taken and
mixed with buffer (1 mL of 0.05-M glycine, pH 10; 0.2 mL of
30-mg/mL NAD; 2 uL of 4U/uL glutamic-oxaloacetic trans-
aminase) and 0.9-mL water. The mix was preincubated for
10 min at room temperature to obtain a stable absorbance
reading (SYNERGY HTX, BioTek) at 340 nm, defined as R,,
followed by the addition of 4-puL 25U/uL MDH to activate

Pei et al.

the reaction for 10min. The absorbance readings were
recorded at 340 nm as R, The values of (R,-R,) were used
to plot a standard curve and the malate contents were de-
termined. Experiments were performed three times and rep-
resentative data from one experiment were shown.

Exogenous malate supplementation to ead1

ead1 plants growing in the field were used for the malate
supplementation tests. A volume of 0.5-mL malate solution
(5mM, pH 5.6) was injected into the ear-adhered stem of
eadl at the 5-mm ear-length stage with a 1-mL plastic sy-
ringe. Additional groups including ead1 plants without exog-
enous malate supplementation and eadl plants sprayed
with exogenous malate (50 mL, 5mM, pH 5.6) or irrigated
(50 mL, 5mM, pH 5.6) were set as controls. An additional
malate supplementation was performed 3 days later. At least
15 individuals were used for each group. EL was evaluated at
the mature stage. The supplementation experiments were
performed three times over three successive years.

Transcriptome analysis

Transcriptome profiling was carried out on the apical parts of
10-, 15-, and 20-mm immature ears from WT and eadl. To
improve the representativeness of transcriptome data of the
samples, 10 immature ears were collected as one sample
pool, with four biological replicates for each stage group, cor-
responding to a total of 24 immature ear groups. All samples
were processed into cDNA libraries using the lllumina TruSeq
Stranded Total RNA LT Sample Prep Kit (lllumina, San Diego,
CA, USA) and were sequenced on an lllumina NovaSeq in-
strument (lllumina) as 150-nt paired-end reads. Clean data af-
ter adaptor and quality trimming were mapped to the B73
reference genome (B73_RefGen_v4) with the program STAR
(Dobin et al,, 2013). Read counts per gene were used for dif-
ferential expression analysis with the tool DESeq2 (Love et al,
2014) with 1% false discovery rate as the threshold to declare
significant DEGs (P < 0.05, fold-change > 2) between WT
and ead1. GO analysis was performed using agriGO version
2.0 (Tian et al, 2017).

Analysis of NAD*, NADH, and ammonium contents
The BioAssay Systems EnzyChrom NAD™/NADH assay kit
(E2ND-100) was used to determine the contents for NAD "
and NADH according to the manual. Indophenol blue color-
imetry was performed at 550 nm to measure ammonium
concentration (Santoni et al, 2001). The content analyses
were performed three times and representative data from
one experiment were shown.

Accession numbers

The RNA-seq datasets are available from the National Center
for Biotechnology Information, under BioProject number
PRINA718682 and SRA accession numbers SAMN18558475—
SAMN18558486, SAMN22518025-SAMN22518036.
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Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Comparisons of ear, tassel, and
vegetative traits between WT and ead1.

Supplemental Figure S2. Quantitative analyses of ear de-
velopment rate in WT and ead1.

Supplemental Figure S3. SEM analysis of lateral meris-
tems in apical ears.

Supplemental Figure S4. Comparisons of mature male
florets at the flowering stage and mature tassels after pow-
dering in WT and ead1.

Supplemental Figure S5. Transmission electron micros-
copy analysis of apical ears at the 20-mm stage in WT and
ead1.

Supplemental Figure S6. Representative ear phenotypes
of the BC,F; (ead1/B73//ead1) segregating population.

Supplemental Figure S7. Coding sequence alignment of
EADT in WT and ead]1.

Supplemental Figure S8. Amino acid sequence analysis of
EAD1.

Supplemental Figure S9. CRISPR/Cas9-mediated muta-
tions in Zm00001d17570.

Supplemental Figure S10. Developing immature ears in
Z31 and Zm00001d017570 knockout line.

Supplemental Figure S11. Pairwise comparison of DAB-
stained immature ears of ead1 ko mutants and Z31.

Supplemental Figure S$12. Quantitative analyses of fluo-
rescence co-localization.

Supplemental Figure S13. RT-qPCR analysis of EAD1 ex-
pression in different tissues of WT and ead1.

Supplemental Figure S14. Maximum-likehood (ML) phy-
logenetic tree of the ALMT protein family in maize, rice and
Arabidopsis.

Supplemental Figure S15. Chromosomal distribution of
ALMT members in maize and rice.

Supplemental Figure $16. Quality control analysis of the
transcriptome data.

Supplemental Figure S17. EAD1 dysfunction leads to
transcriptional reprogramming in maize immature ears.

Supplemental Figure S18. Gene ontology (GO) analysis
of DEGs between WT and ead1 in three ear length stages.

Supplemental Figure S19. Contribution of EADT overex-
pression to EL.

Supplemental Figure $20. Contents of NAD*, NADH,
and ammonium in different parts of immature ears.

Supplemental Table S1. Chi-square fitness test of the
BC,F, segregating population (ead1/B73//ead1).

Supplemental Table S2. List of primers used for map-
based cloning of EAD1.

Supplemental Table S3. List of primers used for func-
tional analysis.

Supplemental Table S4. Polymorphic amino acids in the
three EADT alleles.

Supplemental File S1. Amino acid alignment used for the
phylogenetic tree shown in Supplemental Figure S14.
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Supplemental File S2. Newick format of the phylogenetic
tree shown in Supplemental Figure S14.

Supplemental Data Set 1. Summary of statistical
analyses.
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