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Panicle size is a critical determinant of grain yield in rice (Oryza sativa) and other grain crops. During rice growth and
development, spikelet abortion often occurs at either the top or the basal part of the panicle under unfavorable conditions,
causing a reduction in fertile spikelet number and thus grain yield. In this study, we report the isolation and functional
characterization of a panicle abortion mutant named panicle apical abortion1-1 (paab1-1). paab1-1 exhibits degeneration of
spikelets on the apical portion of panicles during late stage of panicle development. Cellular and physiological analyses revealed
that the apical spikelets in the paab1-1 mutant undergo programmed cell death, accompanied by nuclear DNA fragmentation
and accumulation of higher levels of H2O2 and malondialdehyde. Molecular cloning revealed that paab1-1 harbors a mutation in
OsALMT7, which encodes a putative aluminum-activated malate transporter (OsALMT7) localized to the plasmamembrane, and
is preferentially expressed in the vascular tissues of developing panicles. Consistent with a function for OsALMT7 as a malate
transporter, the panicle of the paab1-1 mutant contained less malate than the wild type, particularly at the apical portions, and
injection of malate into the paab1-1 panicle could alleviate the spikelet degeneration phenotype. Together, these results suggest
that OsALMT7-mediated transport of malate into the apical portion of panicle is required for normal panicle development, thus
highlighting a key role of malate in maintaining the sink size and grain yield in rice and probably other grain crops.

INTRODUCTION

Rice (Oryza sativa) is the major staple food for more than half of
theworld’spopulation.Grain yield in rice ismainly determinedby
the number of panicles, number of grains per panicle, and grain
weight, all of which are typical quantitative traits (Xing and
Zhang, 2010). Panicle architecture, characterized by its size and
branching pattern, determines the number of spikelets and,
thus, the number of grains per panicle. Large panicles withmore
branches and spikelets (and, thus, higher grain number per
panicle) have been preferred in breeding programs for new rice
types with higher yield (Khush, 2000). Thus, understanding the
molecular genetic mechanisms of panicle development and
identification of superior alleles for large panicles are of great
interest to both plant biologists and plant breeders.

The rice panicles are initiated following the switch from the
vegetative to reproductive growth. At the transition, the shoot
apical meristem is converted into an inflorescence meristem,
which further initiates the primary branch meristems (BMs)
and forms themain axis of the inflorescence. Subsequently, the
primary BMs produce secondary BMs and spikelet meristems
(SMs). SMs are also initiated from the secondary BMs and fi-
nally form spikelets (Ikeda et al., 2004; Tanaka et al., 2013). At
maturity, rice panicle architecture, and thus the number of
spikelets per panicle, is determined mainly by the length of
the main axis and the length and number of primary and sec-
ondary branches. Over the past two decades, a number of
genes regulating panicle development have been identified
and functionally characterized. For example,SMALLPANICLE,
REDUCED CULM NUMBER1 (RCN1), LAX PANICLE1 (LAX1),
and LAX2 are involved in the initiation of BMs and SMs
(Nakagawa et al., 2002; Komatsu et al., 2003a; Oikawa and
Kyozuka, 2009; Tabuchi et al., 2011). ABERRANT PANICLE
ORGANIZATION1 (APO1),APO2, and TAWAW1 are involved in
maintaining the identity of BMs by preventing precocious
conversion of BMs to SMs (Ikeda et al., 2005, 2007; Ikeda-
Kawakatsu et al., 2012; Yoshida et al., 2013). FRIZZY PANICLE
is required to ensure initiation and identity of floral organs by
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inhibiting the continued formation of axillary meristems from
differentiated SMs (Komatsu et al., 2001, 2003b). Notably, the
above genes encode different types of transcription factors. In
addition, GRAIN NUMBER1, which encodes a cytokinin oxi-
dase/dehydrogenase, regulates cytokinin accumulation in in-
florescence meristems and plays an important role in determining
the final number of SMs during panicle development (Ashikari
et al., 2005). DENSE AND ERECT PANICLE1 encodes a phos-
phatidylethanolamine binding protein-like domain protein that
regulates meristematic activity and, thus, panicle morphology
and grain number per panicle (Delhaize et al., 1993, 2007;
Ashikari et al., 2005; Huang et al., 2009). Recently, miR156 was
found to negatively regulate panicle branch number by
downregulating the expression of SOUAMOSA PROMOTER
BINDING PROTEIN-LIKE14 (Jiao et al., 2010; Miura et al.,
2010). Elucidating the functions of these genes and their
regulatory relationships will contribute to breeding of new elite
rice cultivars with “ideal” plant architecture and higher grain
yield.

During rice growth and development, panicle abortion fre-
quently occurs at either the top or basal parts of the panicle,
particularly under unfavorable climatic conditions (malnutrition,
extreme temperatures, shading, and water stress) (Senanayake
et al., 1991; Saha et al., 1998; Yao et al., 2000; Kobayasi et al.,
2001; Kato et al., 2008). Molecular genetic studies have identi-
fied several quantitative trait loci responsible for panicle apical
abortion in rice (Cheng et al., 2011; Tan et al., 2011). In addition,
a few genes involved in panicle degeneration have also been
reported. SHORT PANICLE1 was reported to control the spikelet
abortion at the basal part of panicles, likely through regulating
nitrate transport (Li et al., 2009). ABERRANT SPIKELET AND
PANICLE1encodesaTOPLESS-relatedtranscriptionalcorepressor;

its loss-of-function mutant exhibits pleiotropic phenotypes in-
cluding spikelet abortionat themiddleandbasal portionsofpanicle
(Yoshida et al., 2012).Mutation inTUTOU1,whichencodesaSCAR-
like protein modulating actin organization, causes a pleiotropic
phenotype includingpanicle apical abortion (Bai et al., 2015). Despite
this progress, the molecular and genetic mechanisms underlying
panicle abortion are still poorly understood.
In this study, we report the isolation and characterization of

a spikelet abortion mutant named panicle apical abortion1-1
(paab1-1) that exhibits degeneration of spikelets at the tops of
panicles during the late stage of panicle development. Our data
suggest that OsALMT7 (an aluminum-activated malate trans-
porter) is responsible for panicle apical abortion in paab1-1 and
playsanessential role inmaintainingpaniclesizeandgrainyieldby
mediating malate transport in rice.

RESULTS

paab1-1 Exhibits an Apical Abortion Phenotype during Late
Panicle Development

Tounderstand thegenetic andmolecularmechanismunderlying
panicle development in rice, we identified a mutant, named
panicle apical abortion1-1, from a tissue culture-derived pop-
ulation of the japonica rice cv Kitaake. The paab1-1 mutant
plants were morphologically similar to the wild type before the
heading stage but showed severely aborted spikelets at the
apical portion of each panicle at the heading stage (Figures 1A
and1B). The spikelet abortion rate, as the percentage of aborted
spikelets in a panicle, was ;22% on average, and as a result,
the number of grains per mature panicle dropped by ;20%
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compared with the wild type (Figures 1C to 1E). In addition, the
plant height of the paab1-1 mutant was slightly lower than the
wild type, largely due to a reduction in panicle length (Figures 1F
and 1G). Moreover, the overall grain weight per panicle was
reduced in paab1-1 (Figure 1H). A more detailed analysis based
ondividing thepaab1-1panicle into threeportions indicated that
the spikelets and grains of the middle portion were smaller,
whereas the basal spikelets and grains were normal in size
compared with the wild type (Supplemental Figures 1A to 1F).
Thus, paab1-1 is a typical spikelet abortion mutant with a sig-
nificant reduction in the sink size and grain yield.

To investigate when the apical spikelet degeneration starts to
occur during panicle development, we divided the developmental
course for panicles into six stages according to the panicle
length (;1,;3,;5,;7,;10, and;13 cm) (Figures 2A to 2F). In
the variety Kitaake, the 1-cm stage represents a tiny panicle that
already has differentiated spikelets, whereas the panicle at the
13-cm stage has almost reached the final size, although it is still
inside the flag leaf sheath (Figures 2A, 2F, and 2G). During
the development of panicles, the size of the spikelets also in-
creases and reaches amaximum at the 13-cm stage (Figures 2H

to 2M). Parallel observations showed that there were no ap-
parent differences in the color and size of the panicles, spikelets,
and anthers between the wild-type and paab1-1 plants until
the 10-cm stage, but the apical spikelet degeneration pheno-
type became clearly visible at the 13-cm stage in paab1-1
(Figures 2A to 2F and 2H to 2M), as indicated by the white and
smaller spikelets and shrunk anthers (Supplemental Figures 2A
and 2B). These aberrant spikelets became shriveled after
heading, and finally aborted (Figure 2N). To define the de-
velopmental defect more precisely, we examined the spikelet
morphology at early development stages by scanning elec-
tron microscopy. The scanning electron microscopy obser-
vations revealed no difference in floral primordia between
paab1-1 and the wild type (Supplemental Figures 3A to 3F). We
then performed histological analysis on apical spikelets at late
stages. The lemma, palea, lodicules, stamens, and pistil in
apaab1-1spikelet allweremorphologically similar to those in the
wild type at the 10-cm stage (Supplemental Figures 4A, 4B, 4E,
and 4F). However, the floral organs in paab1-1, but not in the
wild type, collapsed as the apical spikelets developed further
(Supplemental Figures 4C, 4D, 4G, and 4H). Thus, apical abortion

Figure 1. Phenotypic Chatracterization of paab1-1.

(A) Gross morphology of an adult paab1-1 plant, showing the erect panicles due to aborted spikelets at the top as compared with the wild type (WT).
(B) A representative paab1-1 panicle showing the aborted apical portion. The arrow indicates the degenerated spikelets.
(C) Comparison of a representative paab1-1 mature panicle with the wild type, showing reduced panicle length due to the aborted tip in paab1-1.
(D) to (H)Comparisonof spikelet abortion rate (D), numberof grainperpanicle (E), panicle length (F), plant height (G), and1000-grainweight (H)between the
wild type and paab1-1. All data shown are mean6 SE (n = 15). Asterisks represent statistically significant differences from the wild type, as determined by
Student’s t test. **P < 0.01.
Bars = 10 cm in (A) and 2 cm in (B) and (C).
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of the paab1-1 panicle occurred during late panicle development
(after 10 cm in length).

Cell Death Occurs in the Apical Spikelets of
paab1-1 Panicles

To further examine the cellular changes associated with the
panicle apical abortion phenotype in paab1-1, we performed
transmission electron microscopy (TEM) analysis of the apical
spikelets at the 7-, 10-, and 13-cm stages, respectively. There
were no obvious alterations in term of the organization and or-
ganellecontent inpaab1-1cellsat the7-cmstage,but lessdefined
organelles with reduced contents were seen at the 10-cm
stage. Breakdown of organelles was clear at the 13-cm stage
compared with the wild type (Supplemental Figures 5A to 5F).
Consistent with the findings from the TEM analysis, a terminal
deoxynucleotidyl transferase-mediated dUTP nick-end label-
ing (TUNEL) assay, which detects nuclear DNA fragmentation,
showed signals in paab1-1 apical spikelet hull cells at the
10-cm stage (Figures 3B, 3I, and 3K), and the signals became
more intense at the 13-cm stage (Figures 3C, 3M, and 3O). In
addition, an electrophoresis analysis also showed clear DNA
fragmentation in the aborted spikelets, further confirming that
DNA degradation occurred in the aborted apical spikelets in
paab1-1 (Supplemental Figure 6). On the contrary, neither pos-
itive TUNELsignals nor obviousDNA fragmentsweredetected in
the wild-type spikelet cells of the corresponding stages (Figures
3D, 3F, 3H, 3J, 3L, and 3N). These results collectively suggest
that cell degeneration in the paab1-1 apical spikelets starts to
occur between the7- and10-cmstages, before spikelet abortion
becomes visible.

It has been well documented that excessive accumulation of
H2O2 can trigger cell death (Van Breusegem and Dat, 2006). We
therefore measured H2O2 content and found that there was a H2

O2 blast in the paab1-1 panicle at the 10-cm stage and that this
change was located in the apical portion (Figures 3P and 3Q).
High reactive oxygen species levels lead to oxidative damage
of cellular components, such as membrane lipids; and ma-
londialdehyde (MDA), an end product of lipid peroxidation, is
regarded as an indicator of the production of reactive oxygen
species (Chen and Murata, 2002). We measured the MDA
content and found that MDA levels were elevated in the apical
portions of 10- and 13-cm paab1-1 panicles compared with
the wild type (Figure 3R). We further examined the expression
level of OsVPE2 and OsVPE3, two representative genes as-
sociated with programmed cell death (PCD; Deng et al., 2011),
and found that expression of OsVPE2 was significantly in-
creased in paab1-1 at the 10-cm stage and even higher at the
13-cmstage,whereas a significant elevationwasnot seen until
the 13-cm stage forOsVPE3 (Figures 3S and 3T). Those results
suggest that overaccumulation of H2O2 in the apical portion of
the paab1-1 panicle may trigger PCD at a stage not later than
10 cm in length.

Cloning and Characterization of the Causal Gene OsALMT7

To isolate the causal gene for the observedmutant phenotype,
we constructed an F2 mapping population by crossing paab1-1
with the japonica cultivar IRAT129. All the F1 individuals
showed the panicle apical abortion phenotype, indicating that
the mutation is dominant. We selected 1340 individuals with
typical apical abortion from 2300 field-grown F2 plants to map

Figure 2. Degeneration of Top Spikelets Occurs at Late Stages of Panicle Development in paab1-1.

(A) to (G)Representative imagesofwild-type (left) andpaab1-1 (right) developingpanicles, showingdifferent stages as indicatedbypanicle length: 1cm (A),
3 cm (B), 5 cm (C), 7 cm (D), 10 cm (E), 13 cm (F), and final size (G). White arrows indicate the degenerating spikelets in (F) and (G).
(H) to (N) Representative spikelets from the top of the corresponding panicles shown in (A) to (G).
Note that degeneration of apical panicle becomes visible in paab1-1 when the panicle reaches the 13-cm stage. Bars = 1 cm in (A) to (G) and 3 mm in (H)
to (N).
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Figure 3. Cell Death-Related Events Are Triggered in paab1-1.

(A) to (C)Apical spikelets of thewild-type (left) andpaab1-1 (right) panicles at the 7-, 10-, and13-cmstages (PL7 cm, PL10 cm, andPL13cm)were used for
cell death analysis. The dotted white lines indicate the sites of cross sections for TUNEL assays.
(D) and (E) TUNEL assay of apical spikelet hull cells at the 7-cm stage. NoDNA fragmentation signal was detected in both thewild type (D) and paab1-1 (E).
(F) and (G) Magnified views of the boxed areas in (D) and (E), respectively.
(H) and (I) TUNELassay of apical spikelet hull cells at the 10-cmstage. DNA fragmentation signalwas detected in thepaab1-1mutant (H), but not in thewild
type (I).
(J) and (K) Magnified views of the boxed areas in (H) and (I), respectively.
(L) and (M) TUNEL assay of apical spikelet hull cells at the 13-cm stage. There was no DNA fragmentation signal detected in the wild type (L), but intensive
signals were seen in paab1-1 (M).
(N) and (O) Magnified views of the boxed areas in (L) and (M), respectively.
(P)Measurement of H2O2 content in panicles of the 7-, 10-, or 13-cm stages in the wild type and paab1-1, showing higher accumulation of H2O2 only at the
10-cm stage in paab1-1. The calculation was based on fresh weight of the whole panicles.
(Q)H2O2 content measurement in thewild-type panicles, comparedwith apical and lower portions of 10-cm young panicles of paab1-1. AP, apical portion;
LP, lower portion; FW, fresh weight.
(R) Higher MDA content in the paab1-1 apical spikelets at PL10 cm and PL13 cm.
(S) and (T)Expression level ofOsVPE2 (S) andOsVPE3 (T) in the top regions of wild-type and paab1-1 panicles at the 7-, 10-, or 13-cm stage, relative to the
internal control (rice UBIQUITIN gene).
All data in (P) to (T)arepresentedasmeans6 SEof three independentbiological replicates. **P<0.01, analyzedby theStudent’s t testcomparedwith thewild
type. Bars = 2 mm in (A) to (C), 0.5 mm in (D), (E), (H), (I), (L), and (M), and 0.1 mm in (F), (G), (J), (K), (N), and (O).
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paab1-1. The paab1-1 locus was initially mapped to the long
arm of chromosome 2 between the markers S2-10-3 and
RM525. After finemapping, themutation was further narrowed
down to an 82-kb genomic region between themarkers C1 and
H-4, in which nine open reading frameswere annotated (Figure
4A). Sequence comparison betweenpaab1-1 and thewild type
revealed a single nucleotide substitution of A to G in the
predicted splicing site between the second intron and the third
exon of LOC_Os02g45160 (referred to hereafter asOsALMT7;
Liu et al., 2017) (Figure 4B). Consistent with the expected
defect in splicing of the second intron, RT-PCR analysis de-
tected two transcripts in the paab1-1mutant. One was 157 bp
longer than that in the wild type due to retention of the second
intron. In addition, a smaller transcript caused by alternative

splicing of the second intronwasdetected (Figures 4Band4C).
Both transcripts detected in paab1-1 had frame shifts starting
from the Ala at position 164 and were terminated prematurely
(Supplemental Figure 7). RT-qPCR analysis showed that
OsALMT7 is expressed at a higher level in the paab1-1mutant
than in the wild-type plants (Supplemental Figure 8).
To verify whether the mutation of OsALMT7 is responsible for

panicle apical abortion in paab1-1, a 6-kb genomic fragment
isolated from paab1-1, including the entire coding region of
LOC_Os02g45160 and its flanking sequences,was introduced
into the wild type. All 22 positive transformants (T0) displayed
the typical panicle apical abortion phenotype, mimicking the
paab1-1 phenotype (Figures 4D and 4E). This observation
confirmed the identity of OsALMT7 for panicle apical abortion

Figure 4. Map-Based Cloning of paab1-1.

(A) Fine mapping of paab1-1. The molecular markers and numbers of recombinants are indicated above and below the filled bars, respectively. The
candidate open reading frame is highlighted in red.
(B)Genomic structure of the LOC_Os02g45160 (OsALMT7) gene. Thewhite and filled boxes indicate untranslated regions and exons, respectively, and the
black lines indicate introns. A base substitution in paab1-1 is highlighted in red and an alternative splicing site in blue. cF1 and cR1 are a pair of primers for
PCR analysis in (C).
(C)RT-PCR analysis showing the presence of two abnormally sized transcripts in paab1-1. The larger transcript contains the 2nd intron due tomutation of
thesplicing site. Theslightly smaller transcript iscausedby theutilizationof analternativedownstreamsplicing site as indicatedbygreen in (B). Thegenomic
DNA was used as a control.
(D) Genetic confirmation of the OsALMT7 gene. Wild-type plants transformed with a genomic fragment with the base substitution amplified from paab1
(WTgpaab1-1) resembled the paab1-1 plants.
(E) Verification of coexistence of the wild type and mutated OsALMT7 in the WTgpaab1-1 plants by sequencing.
(F) Deletion mutation at the target site in two representative knockout lines generated by the CRISPR/Cas9 technology. The cr-1 plant is a homozygous
mutant carrying a 2-bp deletion on both homochromosomes and cr-2 is a biallelicmutant carrying a 5-bp deletion on one chromosome and a 7-bp deletion
on another. The filled bars indicate exons and lines indicate introns of OsALMT7. The sgRNA target sequence is underlined in blue and the PAM motif is
highlighted in red letters.
(G) Representative panicles of knockout mutants showing the apical abortion phenotype.
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and verified the dominant nature of the OsALMT7 mutation in
paab1-1. In addition, we isolated an allelic mutant, named
paab1-2, which carried a point mutant in the third exon of
OsALMT7 (resulting an amino acid change from Ala to Phe at
position 195) and displayed a similar panicle apical abortion
phenotype to paab1-1 (Supplemental Figures 7, 9A, and 9B).
We also transformed a CRISPR-Cas9 construct targeting the
first exonofOsALMT7 into thewild type (Kitaake) and identified

48 knockout plants (with frame shift). Strikingly, all the knockout
plants exhibited the apical panicle abortion phenotype (Fig-
ures 4F and 4G). Similarly, RNA interference (RNAi) knock-
down plants ofOsALMT7 in four japonica variety backgrounds
(Kittake, Zhonghua 11, Asominori, and Nipponbare) all ex-
hibited the apical panicle abortion phenotype (Supplemental
Figures 10A to 10H). RT-qPCR analysis showed that ex-
pression ofOsALMT7, but not that of its two closest homologs

Figure 5. Expression Pattern and Subcellular Localization of the OsALMT7 Protein.

(A)RelativeexpressionofOsALMT7 in various tissues, including root, stem, leaf blade, leaf sheath, andpanicleat the7-cmstage (PL7).RiceUBIQUITINwas
used as an internal control. Data are presented as mean 6 SE (n = 3).
(B) Relative expression ofOsALMT7 in developing panicles at the 1-, 3-, 5-, 7-, 10-, and 13-cm stages (PL1 to PL13) before heading. RiceUBIQUITINwas
used as an internal control. Data are presented as mean 6 SE (n = 3).
(C) to (F)Promoter activity ofOsALMT7 as shown byGUS staining. Vascular tissue-preferred expressionwas seen in spikelet hull (C) and rachises at basal
(D) andmiddle (E) parts of the panicles carrying theOsALMT7-GUS fusion. The squared area in (E)wasmagnified to show a vascular tissue (F). P, phloem;
PP, phloem parenchyma cells. Bars = 0.5 mm in (C), 0.2 mm in (D) and (E), and 0.1 mm in (F).
(G) to (J) mRNA in situ hybridization of OsALMT7 on transverse sections of panicle spikelet hull (F) and rachis (G). Abundant OsALMT7 transcripts were
detected in vascular tissues of the panicle. OsALMT7 sense probe was used as a negative control (I) and (J). V, vascular tissue; PP, phloem parenchyma
cells. Bars = 0.5 mm in (G) and (I) and 0.2 mm in (H) and (J).
(K) Plasma membrane localization of OsALMT7 in rice protoplasts. The OsALMT7-GFP fusion protein was transiently coexpressed with PIP2-mCherry,
a plasmamembranemarker in rice protoplasts (upper row). cDNAs corresponding to the twomutant versions of transcripts detected in paab1-1were also
fused toGFP (paab1-t1-GFPandpaab1-t2-GFP)andcoexpressedwithPIP2-mCherry in riceprotoplasts (middleand lower rows).From left to right: imageof
GFP (green), mCherry (red), protoplast, and merged GFP and mCherry. Bars = 5 mm.

OsALMT7 Maintains Panicle Size 895

http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1


OsALMT8 and OsALMT9, was significantly downregulated in
the RNAi plants (Supplemental Figures 11A and 11B). Col-
lectively, these results demonstrate that the mutation in
OsALMT7 is responsible for panicle apical abortion and that
the mutant phenotype observed in paab1-1 is likely caused by
a dominant-negative mutation.

The predicted OsALMT7 protein consists of 488 amino acid
residues and contains a conserved ALMT domain. Secondary
structure prediction showed that OsALMT7 has seven potential
transmembrane helices (Supplemental Figures 12A to 12C).
BLAST searches of databases revealed that there are a number of
ALMT orthologous proteins in land plants and that the rice ALMT
family includes nine members. Phylogenetic analysis indicated
that OsALMT7 is most closely related to AtALMT10 (with 45.6%
amino acid identity), an uncharacterized Arabidopsis family mem-
ber, but ismore distantly related to other functionally characterized
members, such as AtALMT1 (30.6% identity), AtALMT6 (22.2%),
AtALMT9 (24.8%), AtALMT12 (26%), and TaALMT1 (37.4%)
(Supplemental Figure 13). This bioinformatic information implies
that OsALMT7 may execute a distinct function from those pre-
viously characterized homologs.

OsALMT7 Is Preferentially Expressed in Vascular Tissue and
Localized to the Plasma Membrane

To elucidate the function of OsALMT7, we first analyzed the ex-
pressionpatternofOsALMT7byRT-qPCRanalysis.Expressionof
OsALMT7was detected in all rice organs analyzed, with relatively
higher expression in the roots, stems, and panicles and lower
expression in other organs including leaves and leaf sheathes
(Figure 5A). A detailed analysis focusing on the panicle indicated
that OsALMT7 expression increased continuously during panicle
development (Figure 5B). The expression pattern of OsALMT7
was further evaluated in plants transformed with a GUS reporter
gene driven by a 2614-bp promoter sequence of OsALMT7. We
observed GUS activity in various organs examined, with the
strongest staining in the roots, stems, and panicles and faint
staining in leaves and leaf sheaths, similar to the RT-qPCR results
(Supplemental Figures 14A to 14E). Since organ defects were
observed only on the apical part of the panicle in paab1-1, we
further analyzedOsALMT7 expression in the panicle at the 10-cm
stage. GUS staining in transverse sections of spikelet hulls and
rachises of the panicle revealed strong promoter activity of
OsALMT7 in the vascular tissues (Figures 5C to 5E). A close-up
observation showed that the GUS signals weremainly distributed
in the phloem and phloem parenchyma cells of vascular tissues
(Figure 5F). To verify this observation, an RNA in situ hybridization
approach was employed. Strong signal was detected again in the
vascular tissues of the spikelet hull and rachis (Figures 5G to 5J).
The expression pattern ofOsALMT7 is consistent with its putative
function as an anion transporter required for normal panicle de-
velopment, likely involved in phloem loading of malate.

To test if OsALMT7 is localized to the plasma membrane as
annotated (http://harrier.nagahama-i-bio.ac.jp/sosui/),OsALMT7
was fused to the GFP reporter gene driven by the CaMV35S
promoter. The resulting construct together with PIP2-mCherry,
a plasma membrane marker (Lee et al., 2009), was transiently
expressed in rice leaf sheath protoplasts. OsALMT7 was indeed

colocalized with PIP2 on the plasmamembrane in the protoplasts
(Figure 5K). We also generated transgenic plants carrying the
OsALMT7-GFP fusion protein transgene in the wild-type back-
ground. Plasma membrane localization was observed for
OsALMT7-GFP fusion protein in the transgenic root cells (Sup-
plemental Figures 15A to 15C). Notably, the predicted mutant
products of paab1-1 still retained the first five transmembrane
helices (Supplemental Figure 7) and were also localized to the
plasma membrane (Figure 5K). Moreover, OsALMT7-GFP was
localized to the plasma membrane in plasmolyzed onion epi-
dermal cells (Supplemental Figures 15D to 15G). To verify if the
OsALMT7-GFP fusion protein was biologically functional, we
cotransformed the CRISPR-Cas9 construct together with an
OsALMT7ʹ-GFP fusion construct carrying synonymous base
substitutions at the target site into the variety Zhonghua 11
(Supplemental Figure 16A). The knockout plants generated with
the CRISPR-Cas9 construct alone displayed panicle apical
abortion, whereas all the 13 knockout (with frame shift in the internal
OsALMT7) double transformants were normal in panicle devel-
opment, suggesting that plasma membrane-localized OsALMT7ʹ-
GFP fusion protein is biologically functional (Supplemental
Figures 16B to 16D).

OsALMT7 Functions as an Aluminum-Independent
Malate Transporter

Severalmembers of theALMT family havebeen shown to function
as anion channels and mediate malate transport (Barbier-Brygoo
et al., 2011). To examine whether OsALMT7 exerts a similar
biochemical function, an OsALMT7 cDNA fragment was cloned
into the vector pKK223-3 and then heterologously expressed in
the Escherichia coli strain CBT315. CBT315 is a mutant strain
defective in dicarboxylate transporter and is incapable of utilizing
malate as the carbon source (Jeong et al., 2004). Growth of the
transformed strain was partially restored on theM9mediumwhen
malate was used as the sole carbon source, suggesting that
OsALMT7 could mediate malate transport in E. coli (Figures 6A
and 6B).
We further determined the electrophysiological properties of

OsALMT7 by heterologously expressing it in Xenopus laevis
oocytes. The two-electrode voltage clamp method was used
to measure OsALMT7-mediated malate current in oocytes
(Wagner et al., 2000). We observed that larger inward currents
(anion efflux) appeared in the oocytes injected with the wild-
type OsALMT7-cRNA than in the control oocytes injected with
water or either of the two mutant cRNAs corresponding to the
transcripts detected in paab1-1 (paab1-t1 or paab1-t2) and
that the differences were greater when the oocytes were pre-
loadedwithmalate thanwithwater (Figures6C to6E).Moreover,
the degree of enhanced inward currents by preloading ofmalate
was concentration dependent (Figures 6F and6G). In a separate
assay where malate was added in the bathing solution, greater
outward current (anion influx) was detected from the oocytes
expressing OsALMT7 than from those expressing paab1-t1 or
paab1-t2 or from the control cells injected with water only
(Figures 7A and 7B). Reversal potential measurements in oo-
cytes expressing OsALMT7 showed that increasing malate
concentration in bath lead to negative shifts in the reversal
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Figure 6. sALMT7 Mediates Malate Transport in E. coli and X. laevis Oocytes Systems.

(A) and (B)Partial suppression of the growth defect of theE. colidicarboxylate transportermutantCBT315by expression ofOsALMT7.CBT315 transfected
with the empty vector (EV) or theOsALMT7gene (OsALMT7) and itswild type (K12) transfectedwith theEVonlyweregrownonM9agarmediumwith 10mM
malate (pH 6.6) as the sole carbon source. From left to right: transfected cells without dilution (100), diluted by 103 (1021), 1003 (1022), 10003 (1023), or
10,0003 (1024). Pictures were taken 3 d after inoculation. Immunoblot analysis showing the expression of the OsALMT7 protein in CBT315 is in (B).
(C) Current recordings in X. laevis oocytes expressing OsALMT7 and the paab1-1 mutants. Whole-cell currents were recorded in oocytes injected with
different cRNAs:OsALMT7, paab1-t1, paab1-t2, andwithwater as a control. The oocyteswere preloadedwith either water (upper panel) ormalate (bottom
panel). Theholdingpotentialwasset to0mVandvoltageprotocols, aswell as timeandcurrent scalebars for the recordings, areshown.paab1-t1andpaab1-
t2 represent two cDNAs corresponding the two mutant versions of transcripts detected in paab1-1.
(D) and (E) The current-voltage (I-V) relationship of the steady state currents in oocytes preloadedwithwater (D) ormalate (E). The data are derived from the
current recordings as those shown in (C) and presented as mean 6 SE (n = 10 for each cRNA).
(F) OsALMT7-mediated currents recorded from X. laevis oocytes preloaded with a range of malate concentrations. Whole-cell currents were recorded in
oocytes expressingOsALMT7 at different intracellularmalate concentrations (8, 16, and 32mM). The oocytes preloadedwithwater were used as a control.
Theholdingpotentialwasset to0mVandvoltageplusesweresteppedbetween2180mVand0mV in10-mV increments. The timeandcurrent scalebars for
the recordings are shown.
(G) The current-voltage (I-V) relationship of the steady state currents in oocyteswith different intracellularmalate concentrations. The data are derived from
the current recordings as those shown in (F) and presented as mean 6 SE (n = 10 for each malate concentration).



potential (Figure7C),which is indicativeofmalatepermeation.Since
inward current was recorded at hyperpolarization membrane po-
tential and outward current was recorded at depolarization mem-
brane potential, inside-out single channel current was recorded in
oocytes to detect the directivity of OsALMT7 in oocytes. As shown
in Supplemental Figure 17, at 180 mV command voltage, which
means 2180 mV membrane potential in the plasma membrane,
inward currents were detected showing the efflux of malate.
Furthermore, at 260 mV command voltage, which means
60 mV membrane potential in the plasma membrane, outward
currents were detected showing the influx of malate. Taken
together, these results confirmed that OsALMT7 functions as
an anion channel capable of mediating transport of malate
across the membrane. As ion channels are well known to form
oligomers to perform transport activity (Middleton et al., 1996;
Xicluna et al., 2007) and the predicted protein product of
paab1-1 is localized to the plasmamembrane like thewild-type

protein, we speculated that the truncated mutant protein may
interfere with the normal function of the wild-type protein, thus
causing a dominant-negative effect at a posttranslational
level.
In addition tomalate, someALMT transporterswere reported to

translocate other organic anions such as fumarate or inorganic
anions such as Cl2, NO3

2, and SO4
22 (Kovermann et al., 2007;

Piñeros et al., 2008a, 2008b). To examine the selectivity of
OsALMT7betweenmalate andother anions,we replacedmalate
with fumarate, chloride, nitrate, or sulfate in the bathing solution
and measured the corresponding outward currents in oocytes.
The oocytes injected with OsALMT7-cRNA were permeable to
fumarate, nitrate, chloride, or sulfate relative to the control in-
jected with water, and the permeability to nitrate and malate
was similar, as indicated by the outward currents (Figure 7D;
Supplemental Figures 18A to 18C). Thus, OsALMT71 may also
transport other anions in addition to malate, at least in X. laevis
oocytes.
Several members of the ALMT family are involved in aluminum

(Al) tolerance by mediating malate exudation from roots to soil
(Sasaki et al., 2004; Hoekenga et al., 2006; Ye et al., 2017). To
test whether OsALMT7 is involved in Al tolerance, we first tested
if Al enhances the OsALMT7-mediated malate transport in the
two-electrode voltage clamp assay. The addition of Al to the
bathing solution had no significant effect on the inward currents
in the oocytes preloaded with malate and injected with different
versions of OsALMT7-cRNAs (Supplemental Figures 19A and
19B). Next, we treated rice seedlings with Al and found that
the paab1-1 plants had similar sensitivity as the wild type
(Supplemental Figure 20A). In addition, our RT-qPCR analysis
indicated that OsALMT7 expression was not induced by Al
(Supplemental Figure 20B). These results together suggest that
OsALMT7 is an aluminum-independent malate transporter and
is not associated with Al tolerance.

paab1-1 Is Defective in Malate Transport in the
Apical Spikelets

Since OsALMT7 functions as a malate transporter, we next
investigated if the apical spikelet abortion in paab1-1 is as-
sociated with any change in malate level. Our malate content
analysis indicated that there was a significant drop in the ma-
late level of the panicle, but not of the root, stem, and leaf blade
of paab1-1, compared with the wild type (Figure 8A). More
detailed analysis revealed that malate content started to de-
crease in the apical portion at the 7-cm stage, and the decrease
became more dramatic and extended to the middle portion
during further panicle development, but no significant differ-
ences were detected in the lower portion of panicle between
paab1-1 and the wild type (Figure 8B). No difference in nitrate
level was detected between paab1-1 and the wild type
(Supplemental Figure 21), suggesting that other transporters
might be responsible for transporting nitrate in the panicle of
paab1-1. To further investigate ifmalate transport is impaired in
other tissues of paab1-1, we grew rice seedlings in a hydro-
ponic solution supplemented with 0.3 mM malate for 24 h and
measured the malate content in the roots and shoots. The
malate content was lower in the shoots but not in the roots of

Figure 7. OsALMT7-Mediated Outward Currents and Anion Selectivity of
OsALMT7 in X. laevis Oocytes.

(A) Recordings of OsALMT7-mediated outward currents in X. laevis oo-
cytes.Whole-cell currents were recorded in oocytes injectedwith different
cRNAs:OsALMT7, paab1-t1 and paab1-t2, and with H2O as a control. The
outside solution was added with malate at a final concentration of 25 mM.
Theholdingpotential was set to 0mVandvoltageprotocols, aswell as time
and current scale bars for the recordings are shown.
(B) The current-voltage (I-V) relationship of the steady state outward
currents in oocytes. The data are derived from the current recordings as
those shown in (A) and presented as mean 6 SE (n = 15 for each cRNA).
(C) Reversal potential of OsALMT7-expressing oocytes preloaded with
46 nL of 100 mM malate was recorded in bath solutions with 1, 10, 25 or
50 mM malate. The reversal potential was valued through cross points of
the I-V curves and X-axes (I=0). The data are presented as mean6 SE (n =
12 for each concentration).
(D) Anion selectivity of OsALMT7 in X. laevis oocytes. The outside solution
was added with Cl-, NO3

-, SO4
2- or fumarate, and with malate as a control.

The relative current is the D-value from OsALMT7-expressing oocytes
subtracted with that from control oocytes. Current for malate was set to 1.
Calculation was based on currents measured at 80 mV only. The data are
presented as mean 6 SE (n = 10 for each anion).
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paab1-1, compared with the wild type (Figure 8C). This result
implies that transport of malate might be impaired in paab1-1,
thus causing spikelet degeneration in the apical portion of
panicle.

Injection of Malate into Developing Panicles Alleviates
Apical Spikelet Degeneration in paab1-1

To further test the notion that decreased malate might be the
trigger for apical panicle abortion in paab1-1, we first injected
a top site of the wild-type panicle at approximately the 7-cm
stage with water or with 1.5 mM malate and observed that
the injections did not pose any visible injury or phenotypic
change to the subsequent growth of the panicles (Supplemental
Figures 22A to 22C). Then we injected 1.5 mM malate into the
paab1-1 panicles at a similar stage. The paab1-1 plants in-
jected at this stage still developed aborted apical spikelets,
not different from the control injected with water only (Sup-
plemental Figures 22D and 22E). When 3 mM malate was
injected into younger paab1-1 plants with panicles of;5 cm in
length, however, the apical spikelet abortion phenotype was

alleviated significantly (Figures 9A to 9C and 9H). Increase of
malate concentration to 6mM further rescued the apical spikelets
inpaab1-1 (Figures9Dand9H).Asecond injection4dafter thefirst
had a mild improvement in maintaining the panicle growth in
paab1-1 (Figures 9E to 9Gand9I). Together, those results support
the conclusion that malate deficiency is the underlying cause of
spikelet apical degeneration in paab1-1.

DISCUSSION

Panicle Apical Abortion in paab1-1 Reduces Panicle Size
and Is Accompanied by Programmed Cell Death

Panicleabortion isawidespreadphysiological defect that reduces
grain yield in rice and other cereal crops (Sheehy et al., 2001;
Yamagishi et al., 2004). However, the genetic and molecular
mechanisms governing panicle abortion have remained poorly
characterized. In this study, we isolated a new panicle abortion
mutant named paab1-1, which exhibits spikelet degeneration at
the apical portion of panicle, and consequently a severe reduction
in panicle size and grain yield (Figures 1B and 1E). In addition,
growth of spikelets in themiddle portion ofpaab1-1panicle is also
affected, resulting in reduced grain size (Supplemental Figure 1).

Figure 8. Malate Content Is Decreased in the paab1-1 Panicle.

(A)Malate content in the indicated tissues sampled from field plants at the
PL10 cm stage. Whole panicles were used for this analysis.
(B)Malate content in different panicle portions at different developmental
stages. The panicle was divided into basal, middle, and apical portions to
measure gradients in changes of malate content.
(C)Malate transport assay in seedlings grown in hydroponic solution. Five-
day-old rice seedlingswereexposed to thehydroponic solutionaddedwith
0 or 0.3 mM malate for 24 h before sampling.
All data are presented asmeans6 SE (n=3) of three independent biological
replicates. Asterisks above bars indicate significant difference from the
wild type (**P < 0.01) analyzed by the Student’s t test.

Figure 9. Injection of Malate to paab1-1 Plants Alleviates Apical Panicle
Abortion.

(A)A representative tiller, with thepanicle at about the 5-cmstage, used for
malate injection. Arrow indicates an approximate injection site. The dis-
sected panicle is shown in the white box. Bar = 1 cm.
(B) to (D) Representative paab1-1 panicles after injection with 0 (water
control), 3, or 6 mM malate.
(E) to (G) Representative paab1-1 panicles after two sequential injections
with 0, 3, or 6mMmalate. The second injection wasmade 4 d after the first
injection with the same malate concentrations.
(H) and (I) Spikelet abortion rate of paab1-1 panicles injected with malate
for one (H) or two sequential times (I).
Photographs in (B) to (G)were taken after the panicles emerged out of the
flag leaf sheaths. All data shown in (H) and (I) are mean 6 SE (n = 10).
Asterisks indicate significant difference from 0 mMmalate, as determined
by the Student’s t test at P < 0.01.

OsALMT7 Maintains Panicle Size 899

http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1


Notably, the defects in both the apical and middle portions are
observed after the panicles have already formed, suggesting that
OsALMT7 is required for maintaining the development of dif-
ferentiated panicles. Detailed observation revealed that panicle
abortion becomes visible at the stage of 10 cm in length (Figures
2F and 2M). Furthermore, we found that there is aH2O2 burst and
increased MDA levels in the aborted spikelets, accompanied
by organelle degeneration, DNA degradation, and enhanced
PCD-related gene expression (Figure 3). Together, these results
indicate that the phenotype of paab1-1 is accompanied by
programmed cell death in the apical spikelets.

OsALMT7 Encodes an ALMT Transporter Independent of
Aluminum Activation

The family of aluminum-activated malate transporters has been
shown to perform a range of physiological functions related to
guard cell regulation, mineral nutrition transport, grain metab-
olism, and malate accumulation during tomato fruit ripening,
besides being involved in aluminum tolerance (Hoekenga et al.,
2006; Piñeros et al., 2008b;Sasaki et al., 2010; Xu et al., 2015; Ye
et al., 2017). For example, The Arabidopsis thaliana members
AtALMT6 and AtALMT9 mediate malate currents across the
vacuole and regulate stomata movement (Meyer et al., 2011; De
Angeli et al., 2013). TaALMT1 and AtALMT1 have been reported
to mediate malate excretion from the plasma membrane of root
cells into rhizosphere to form nontoxic complexes and detoxify
Al3+ accumulation in soil (Sasaki et al., 2004; Hoekenga et al.,
2006). In this study, we show that OsALMT7 encodes an alu-
minum-activated malate transporter. The rice genome contains
nine members of the ALMT family (Delhaize et al., 2007) and
functional analysis hasbeen reported for onlyoneof thesegenes
(Liu et al., 2017). Our phylogenetic analysis revealed that
OsALMT7 belongs to the same clade as TaALMT1, AtALMT1,
and ZmALMT1 (Supplemental Figure 13). However, in contrast with
TaALMT1 and AtALMT1, we found that OsALMT7 can mediate
transport of malate across the plasma membrane independent
of Al3+ activation (Figures 6 and 7; Supplemental Figure 19). As
most anion channels mediate anion transport depending on the
membrane potential and anion concentration on both sides of
theplasmamembrane, and themembranepotential ofmostplant
cells is negative (hyperpolarized potential) under normal physi-
ological conditions, anion channels generally favor the function
of anion efflux from the cytosol. However, some cells such as
xylem cells show depolarized membrane potential in plants
(Wegner and Zimmermann, 2004;Wegner et al., 2011). Given that
OsALMT7 mediates large inward/outward currents in oocytes
(Figures 6C to 6E, 7A and 7B), we speculate that OsALMT7 may
mediate influx or efflux in spikelet cells on the panicle, depending
on themembrane potential and cytosolic and extracellular malate
concentration.

OsALMT7 Is Required for Malate Supply and Sustained
Growth of the Panicle during Late Development Stages

Panicle outgrowth in rice is a rapid elongation process, ac-
companied by maturation of reproductive organs that must be
supported by higher rates of nutrient and energy supply. As

such, abortion of spikelets is often seen, particularly under
unfavorable environmental conditions (Yao et al., 2000; Itoh
et al., 2005; Smith and Stitt, 2007; Kato et al., 2008). In support
of this notion, nitrogen nutrition has also been shown to be
required for spikelet development on the panicle (Fu et al.,
2011). In addition, the maize (Zea mays) tassel-less1 mutant,
which has a defect in boron transport and thus insufficient
boron supply to the rapidly growing reproductive tissue and
developing organs, shows a small and tip-barren ear pheno-
type (Durbak et al., 2014).
In this study, we demonstrated that malate is a key metabolite

required to support sustained growth of the panicle during late
development and that this process requiresOsALMT7 based on
the following observations. First, we found that the accumula-
tion of malate is reduced in the aborted portions of paab1-1
panicles, compared with the apical portions of the wild type
(Figure 8B). Second, we showed that injection of malate can
effectively alleviate the aborted spikelets phenotype in paab1-1
(Figure 9). Third, we found that OsALMT7 canmediate transport
of malate across the plasma membrane independent of Al3+

activation (Figures 6 and 7; Supplemental Figure 19). As malate
is a central metabolite in the plant cell, involved in the mito-
chondrial tricarboxylic acid (TCA) and glyoxylate cycles in plant
species (Martinoia and Rentsch, 1994; Fernie and Martinoia,
2009; Sweetman et al., 2009), one possibility might be that
a deficiency of malate exerts a negative influence on energy
generation and storage, biosynthesis of intermediates in TCA
and glyoxylate cycle, or cellular pH status, which in turn impair
other cellular activities such as import of sucrose and other
nutrients, nitrogen reduction, and photorespiration. Therefore,
further investigation of paab1-1 on expression level of TCA
enzyme genes, content of TCA intermediates, nitrogen and
sucrose level, and photorespiration activity may provide useful
clues to understanding the link between low malate and PCD.
Alternatively, the charge movement caused by uptake of anion
uptake (in this case, malate) and the associated changes in
electroneutrality or pH cannot be excluded. Moreover, it has
been shown that malate protects plants from aluminum toxicity
by its efflux from root cells to rhizosphere (Hoekenga et al., 2006)
and that malate plays an important role in regulating guard cell
aperture by maintaining cellular osmotic pressure in guard cells
(Mathieu et al., 1986; Meyer et al., 2010). A recent study showed
that altered expression of OsALMT4 in rice disrupted the dis-
tribution of certain minerals including Mn and B nutrition (Liu
et al., 2017). OsALMT7 might also play a role in regulating
mineral nutrition balance in rice. Furthermore, as OsALMT7 is
also permeable to nitrate and defects in nitrate transport have
been shown to cause a small-panicle phenotype (Li et al., 2009),
possible effects of OsALMT7 on these cellular processes and
their relationship with panicle development remain to be in-
vestigated in future studies.

METHODS

Plant Materials and Growing Conditions

The paab1-1mutant was isolated from a tissue culture-derived population
of the japonica cultivar Kitaake. The F2 mapping population was derived

900 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00998/DC1


from a cross between paab1-1 and the japonica cultivar IRAT129. At the
heading stage, F2 plants with the paab1-1 phenotype were used for gene
mapping. Rice (Oryza sativa) plants were grown in the experimental field at
the Chinese Academy of Agricultural Sciences during the natural growing
season. Transgenic plants were grown in pots in a greenhouse under
standard growth conditions.

For aluminum treatment experiment, the wild-type and paab1-1 seeds
were soaked in water overnight at 30°C in the dark and then germinated
on wet filter paper at 30°C for 2 d. The germinating seeds were
transferred to a net floating on a 0.5 mM CaCl2 solution (pH 4.5). After
3 d, the seedlingswere exposed to the same solution but supplemented
with 0, 50, or 100 mM AlCl3 for 3 d. Sensitivity of the plants to Al was
determined by measuring their root length. To examine whether Al has
an effect on the expression level of OsALMT7, 6-d-old seedlings of the
wild type and paab1-1 were exposed to 0 or 50 mM AlCl3 for 6 h. The
roots and shoots treated with or without Al were harvested for RNA
extraction.

TUNEL Assay

Apical spikelet hulls of the wild type and paab1-1 at different de-
velopmental stageswere collected and fixed in the FAA fixation solution
(containing an 18:1:1[v/v] mixture of formalin, 70% ethanol, and acetic
acid) for 24 h. The hulls were then dehydrated through an ethanol series
(90, 70, and 50%) and embedded in paraffin (Sigma-Aldrich). Tissue
cross sections (10 mm in thickness) were cut with a rotary microtome
and hydrated through an ethanol series (100, 85, 70, and 50%) and
treated with proteinase K in phosphate buffer (pH 7.4). The TUNEL
assay was performed with a Dead End Fluorometric TUNEL Kit
(Promega) according to the manufacturer’s instructions. The green
fluorescence of fluorescein (TUNEL signal) and red fluorescence of
propidium iodide were analyzed at 488 nm (excitation) and 520 nm
(detection), and 488 nm (excitation) and 610 nm (detection), re-
spectively, under a confocal laser scanningmicroscope (LSM 700; Carl
Zeiss).

Scanning Electron Microscopy and TEM

For scanning electron microscopy, flowers at different developmental
stages were fixed in 2.5% glutaraldehyde and 0.1 M phosphate buffer at
4°C overnight. Following ethanol dehydration, samples were critical
point dried, sputter coatedwith gold in an E-100 ion sputter, and observed
using a scanning electron microscope (S3400N; Hitachi).

For TEM, apical spikelets of the wild type and paab1-1 at different
developmental stages (7, 10, and 13 cm in panicle length) were collected
and fixed with 2.5% glutaraldehyde in a 0.1 M phosphate buffer at 4°C
overnight. After being rinsed with 0.1 M phosphate buffer, they were
incubated in a solution containing 1% (w/v) osmium tetraoxide for 4 h at
room temperature. The sampleswere subsequently dehydrated through
a graded series of ethanol and then embedded in acrylic resin (London
ResinCompany). Ultrathin sections (50–70 nm)were double stainedwith
2% (w/v) uranyl acetate and 2.6% (w/v) lead citrate aqueous solutions
and observed with a JEM-1230 transmission electron microscope
(JEOL) at 80 kV.

DNA Laddering Analysis

Apical spikelets of the wild type and paab1-1 at different developmental
stages (7, 10, and 13 cm) were collected and ground in liquid nitrogen. The
DNAwasexactedby theCTABmethodaspreviouslydescribed (Dellaporta
et al., 1983). Then, the DNA concentration was estimated using NanoDrop
(ND-1000). For each sample, 2 mgDNAwas loaded per lane and separated
on a 2% (w/v) agarose gel by electrophoresis. Fragmented DNA was
captured under UV light with a GEL Doc XR Imager.

Quantitative Measurement of H2O2 Content

H2O2 was extracted from panicles of different developmental stages
according to the previously described method (Rao et al., 2000).
Reactions for quantifying H2O2 content were performed using
a hydrogen peroxide assay kit (Beyotime) according to the manu-
facturer’s instructions. The H2O2 content was measured instantly with
a spectrometer (SpectraMax Plus384) at a wavelength of 560 nm. The
measurements were performed in triplicate and the data were analyzed
by the variance (ANOVA), and means were compared using a Student’s
t test.

MDA Content Analysis

MDA accumulation has been considered an indicator of lipid perox-
idation and cell death (Hodges et al., 1999). For determination of MDA
content, panicle samples (0.2 g freshweight)were homogenized in 5mL
of phosphate buffer (pH 7.8) and centrifuged at 3,000g for 10 min. The
supernatantwasmixedwith anequal volumeof 5% (w/v) trichloroacetic
acid containing 0.5% (w/v) thiobarbituric acid. The mixture was in-
cubated at 95°C for 15 min and then immediately cooled in an ice bath.
After centrifugation at 3,000g for 10 min, the absorbance of the su-
pernatant wasmeasured at 450, 532, and 600 nm, respectively. Finally,
the MDA content was calculated according to the equation 6.45 3

(OD532 2 OD600) 2 0.56 3 OD450 (Lin et al., 2012). The MDA content
analysiswas performedwith three independent replicates onwhich five
different plants were used.

Map-Based Cloning of paab1-1

Map-based cloning was performed using more than 1300 mutant
individuals selected from the F2 mapping population. We first de-
veloped molecular markers according to sequence polymorphisms
between Kitaake and IRAT129 including SSR, InDel, CAPS, and
dCAPS. Primers used for generating those markers are listed in
Supplemental Table 1. The paab1-1 locus was mapped to an interval
between themarkersH-2 andRM525on the longarmof chromosome2.
Fine mapping anchored the mutation site to an 82-kb genomic region
between the markers C1 and H-4. This region spans the BAC clones
OJ1493-H11, OJ1197-E09, and P0657H12. The primers used for
amplifying the candidate geneLOC_Os02g45160 are listed inSupplemental
Table 1.

Constructs for Complementation Test, RNAi, and CRISPR

For the genetic complementation test, a 6-kb genomic fragment covering
the entire coding region of LOC_Os02g45160, plus 1705 bp upstream
sequence and 997 bp downstream sequence, was amplified by PCR
from paab1-1 with the primer pair p2300-OsALMT7-F and p2300-
OsALMT7-R and inserted into the binary vector pCAMBIA2300 using the
restriction endonucleasesSacI andSalI. To generate theOsALMT7RNAi
construct, two inverted repeats of 325 bp were amplified from the wild
type with the primer pair RNAi-F and RNAi-R. The PCR fragments were
sequentially cloned into the pCUbi1390-DFAD2 vector in the sense and
antisense orientations using the XhoI/KpnI and BamHI/XbaI sites to
create the RNAi construct pUbi-dsRNAi OsALMT7. To create OsALMT7
CRISPR lines, an 18-bp sgRNA targeting the first exon ofOsALMT7was
cloned into the CRISPR-Cas9 expression vector according to the
method previously described (Miao et al., 2013). The resulting construct
was introduced into the Kitaake (wild type) by Agrobacterium tumefa-
ciens-mediated transformation as described (Hiei and Komari, 2008).
The primers for creating the above constructs are listed in Supplemental
Table 2. The CRISPR transgenic plants were genotyped by PCR am-
plification and DNA sequencing.
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RNA Extraction and RT-qPCR Analysis

Total rice RNA was extracted using a RNA prep pure kit (Zymo Research)
and treated with DNaseI according to themanufacturer’s instructions. The
first-strand cDNAwas synthesized from2mg of total RNAwith oligo(dT) as
the primer, using a reverse transcription kit (TaKaRa). Subsequently, the
first-strand cDNA was used for PCR amplification with the primer pair cF1
and cR1 to detect unusual splicing caused by the base pair substitution
mutation (Supplemental Table 2).

RT-qPCRwas performed using ABI7500HT Fast real-time PCR system
with the SYBR Premix Ex Taq (TaKaRa; RR041A), following the manu-
facturer’s instructions. The rice UBIQUITIN gene was used as an internal
control. Gene expression level was determined from three independent
replicates, each consisting of five plants for tissue samples, and three
technical replicates per tissue sample were analyzed. Gene-specific pri-
mers are shown in Supplemental Table 2.

GUS Staining Assay

For promoter activity analysis, a 2614-bp genomic fragment upstream of
the ATGstart codonwasPCR-amplified fromwild-type genomicDNAwith
the primer pair promoter-F and promoter-R (Supplemental Table 2) and
fused to the GUS reporter gene in the binary vector pCAMBIA1305. The
resultingconstructpOsALMT7promoter-GUSwas introduced into thewild
type by the Agrobacterium-mediated transformation method. Histo-
chemical stainingofGUSactivity in the transgenicplantswasperformedas
previously described (Jefferson, 1987). Images were captured using Leica
Application Suite 3.3.0 software.

Subcellular Localization of OsALMT7

To investigate the subcellular localization of OsALMT7, the coding se-
quence ofOsALMT7was amplifiedwith the primer pair pAN580-P1F and
pAN580-P1R from the wild-type plant and then cloned into the pAN580
vector to generate an N-terminal fusion with GFP under control of the
CaMV35Spromoter, resulting in the pAN580-OsALMT7-GFP construct.
cDNAs corresponding to the two mutant versions of transcripts were
amplifiedwith theprimer pairs (pAN580-P2F/pAN580-P2RandpAN580-
P3F/pAN580-P3R; Supplemental Table 2) from paab1-1 and cloned into
pAN580, generating pAN580-paab1-t1-GFP and pAN580-paab1-t2-
GFP, respectively. Each of those constructs was then transiently
coexpressed with PIP2-mCherry, a plasma membrane marker, in rice
protoplasts according to the protocol described previously (Bart et al.,
2006; Lee et al., 2009). Stable transgenic plants carrying the OsALMT7-
GFP fusionwas also produced by the Agrobacterium-mediatedmethod.
OsALMT7ʹ-GFP fusion construct was created with three synonymous
base substitutions at the sgRNA targeted site and then was co-
transformed into the variety Zhonghua 11 together with the OsALMT7
CRISPR-Cas9 construct. GFP fluorescence in the rice protoplasts and
roots of transgenic plants was visualized with a confocal laser scanning
microscope (LSM 700).

In addition, the construct pAN580-OsALMT7-GFP and the membrane
markerwereheterologouslyexpressed inonionepidermalcellsbytheparticle
bombardment method (Bio-Rad PDS-1000) according to the protocol pre-
viously described (Von Arnim, 2007). To induce plasmolysis, cells were
treatedwith1Mmannitol for15min.TheGFPsignal in theepidermalcellswas
visualized with a confocal laser scanning microscope (LSM 700).

Phylogenetic Analysis of ALMT Proteins

Amino acid sequences homologous to OsALMT7 were downloaded from
the National Center for Biotechnology Information website (http://blast.
ncbi.nlm.nih.gov/). Multiple sequence alignments of these homologs

(Supplemental Data Set 1) were performed using ClustalX 2.0 and the
phylogenetic tree was constructed using the neighbor-joining method
(MEGA5 software).

Complementation Test of OsALMT7 in Escherichia coli

Functional complementation test of OsALMT7 in E. coli was conducted
according to the method described previously (Lee et al., 2008). The
wild-type strain K12 (CGSC4401) and its dicarboxylate transport mutant
strain CBT315 (CGSC5269) were obtained from The E. coli Genetic
Resources Center at Yale University (http://cgsc.biology.yale.edu). The
OsALMT7 cDNA fragment was cloned into the EcoRI site of the
pKK223-3 vectorwith the primer pair pkk223-OsALMT7-F and pkk223-
OsALMT7-R (Supplemental Table 2) under the control of the tac pro-
moter, forming the construct pKK223-OsALMT7.Then, the mutant stain
CBT315 was transformed with the construct pKK223-OsALMT7. The
empty vector (pKK223-3) was transformed into CBT315 as a negative
control and into K-12 as a positive control. All strains were grown on M9
medium supplemented with 10mM L-malic acid as the sole carbon source
(pH adjusted to 6.6 with NaOH) at 37°C for 3 d. To confirm OsALMT7
expression in the CBT315 strain, immunoblotting was performed using
standard protocols with anti- OsALMT7 antisera (Abmart; 15222), and the
signal was detected by an enhanced HRP-DAB substrate kit (PA110;
Tiangen).

In Vitro Transcription and Expression in Xenopus laevis Oocytes

For functional analysis in oocytes, the coding sequences of OsALMT7,
paab1-t1, and paab1-t2 were cloned into the pGEMHE vector (Liman
et al., 1992). The cRNAs were prepared in vitro using the T7 RiboMAX
large-scale production system (Promega). Oocytes were isolated and
maintained in theND96 solution prior to the injections. The oocyteswere
injected with or without (control) 25 ng of cRNA in 50 nL water and in-
cubated at 17°C in a modified Barth’s solution containing 88 mM NaCl,
1.0 mM KCl, 0.91 mM CaCl2, 0.33 mM Ca(NO3)2, 0.82 mM MgSO4,
2.4 mM NaHCO3, and 10 mM HEPES-NaOH (pH 7.5). Electrophysio-
logical experiments were performed 2 d after cRNA injection, as de-
scribed previously (Xu et al., 2006).

Electrophysiological Measurements in X. laevis Oocytes

Whole-cell recordings from oocytes were performed under constant
perfusion at room temperature (22°C) with a Gene-Clamp 500B amplifier
(Axon Instruments) using the conventional two-electrode voltage-clamp
technique. The recording electrodes were filledwith 3MKCl. The inward
currents were recorded in oocytes that were preloaded with 50 nL water
or 200mMNa-malate. For the recording involved in different intracellular
Na-malate concentrations, oocyteswere injectedwith 50 nL of 100, 200,
and 400mMNa-malate to have intracellular Na-malate concentration of
8, 16, and 32 mM, respectively. The main bath solution consisted of
96 mM NaCl, 1.8 mM KCl, 1.8 mM CaCl2, and 0.1 mM LaCl3, with or
without 0.1 mMAlCl3 (pH 4.5). The holding potential was set to 0mV and
voltage test pluses were stepped between 2180 and 0 mV (in 10 mV
increments). The bath solutions used for outward current recording and
anion selectivity experiment contained 25 mM NaCl, 25 mM NaNO3,
25 mM Na2SO4, 25 mM Na-malate, or Na-fumarate, added to the same
solution (100 mM Na-gluconate, 100 mM Ca-gluconate, 100 mM
Mg-gluconate, 100 mM K-gluconate, and 10 mM MES, pH 4.5). The
voltage test pluses were stepped between 0 and 100 mV (in 10-mV
increments). The current-voltage (I/V) relationships were constructed by
measuring the current amplitude at the end of test pulses. Reversal
potential of oocytes expressing OsALMT7 was measured in bath sol-
utions with 1, 10, 25, or 50 mM malate, after preloading with 46 nL of
100mMmalate in oocytes. Reversal potential was valued through cross
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points of the I-V curves and x axes (I = 0). In addition, inside-out single-
channel recording in oocytes was performed following the method
(Maksaev and Haswell, 2015). The pipette solution contains 25 mM
malate, 5 mM Mg-gluconate, 0.5 MgCl2, 10 mM MES/Tris (pH 7.2), and
D-mannitol (P = 220 mosmol kg21). The bath solution contains 35 mM
malate, 5 mM Mg-gluconate, 0.5 MgCl2, 10 mM MES/Tris (pH 7.2), and
D -mannitol (P = 220 mosmol kg21).

Malate Content Analysis

For malate transport assay, 5-d-old seedlings were transferred into a hy-
droponic solution containing 0 or 0.3 mMmalate and treated for 24 h. The
roots and shoots were collected and rinsed three times with deionized
water. Malate content was measured according to a previously described
enzymatic method (Delhaize et al., 1993). Briefly, samples (0.2 g fresh
weight) obtained from seedlings after malate treatment and panicles at
differentelongationstageswerehomogenized in3mLwater and incubated
at75°C for15min.After centrifugation, 0.2mLof thesupernatantwas taken
and mixed with 2.4 mL buffer (0.1 M glycine, 0.1 M glutamate, 2 mMNAD,
and 2mL of 1KUGOT). Then, themixwas preincubated for 10min to obtain
a stable absorbance reading at 340 nm, followed by addition of 5 mL 5KU
malate dehydrogenase to activate the reaction for 10min. The absorbance
readings before and after the addition of malate dehydrogenase were
recordedandused for calculationofNADHproduction andmalate content.
The malate content analysis was performed with three independent rep-
licates and each sample included five plants.

Nitrate Content Analysis

Nitrate contents in different portions of panicles were determined
according to the salicylic acid method (Vendrell and Zupancic, 1990).
Specifically, samples (0.1 g fresh weight) were frozen with liquid ni-
trogen, ground to powder, and then suspended in 1 mL of deionized
water, followed by boiling at 100°C for 20 min. After centrifugation at
15,000g for 10 min, 0.1 mL supernatant was transferred into a new
tube. Then, 0.4 mL of salicylic acid-sulfate acid (5 g salicylic acid in
100 mL sulfate acid) was added into the tube. After thorough mixing,
the reactionswere incubated at room temperature for 30min, and then
9.5 mL of 8% NaOH solution was added. The reaction was cooled
down to room temperature before the absorbance was measured at
410 nm. Nitrate concentration was determined according to a stan-
dard curve made with KNO3 at concentrations between 10 and
100 mg/L. Finally, the nitrate content in samples was calculated using
the following equation: Y = CV/W (Y, nitrate content; C, nitrate con-
centration; V, total volume of extracted sample; W, weight of sample).
The nitrate content analysis was performed with three independent
replicates and each sample included five plants.

Malate Injections to Developing Panicles

Field-grown wild-type and paab1-1 plants were used for the malate
injection experiments. First, tillers of the wild-type plants with panicles
at approximately the 7-cm stage were tested by injecting either
distilled water or 1.5 mM malate (pH 5.2) to examine if the injection
methodandexogenoussupplyofmalate haveanyeffect ongrowthof the
young panicles. Injection to tillers was performed with a 1-mL plas-
tic syringe at a site slightly above the top of a panicle. A volume of 0.5mL
was injected to each of the chosen tillers. Subsequently, the paab1-1
tillers with panicles at either the 7- or 5-cm stage were injected with
0.5 mL of water or 3 and 6 mM malate, respectively, in the same way.
In addition, sequential injections (4 d after the first injection) were
applied to some of the tillers. Ten tillers were used for each treatment.
When the treated panicles emerged out of the flag leaf sheaths,

the spikelet abortion rate was calculated and then analyzed by the
Student’s t test.

Accession Numbers

Sequence data from this article can be found in the GenBank/
EMBL databases under the following accession numbers: OsALMT7,
AK108963; OsVPE2, AK067597; OsVPE3,AK070079; and UBIQUITIN,
AK059011.
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Supplemental Table 2. Primers Used for Plasmid Construction and
Functional Analysis

Supplemental Data Set 1. Text File of the Alignment Used for the
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