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ABSTRACT

Calcium ion (Ca?*) is an essential plant nutrient required for cell structure establishment, as well as a counter-cation of an anion
and an intracellular messenger. Calcium is absorbed from soil by roots and delivered to shoots through the xylem. The process
must be finely balanced to avoid excessive accumulation. However, the regulatory mechanisms involved in calcium homeostasis
remain unclear. In this study, we identified a gain-of-function mutant of paa2, a member of the NITRATE TRANSPORTER1/
PEPTIDE TRANSPORTER family (NPF), that acts as a symporter of NO,~ and other cations. Ca** and some other cations were
over-accumulated in the apex of developing panicles in both the gain-of-function mutant paa2 and PAA2 overexpressing plants.
Apical panicle abortion in the paa2 mutant was mainly caused by excessive calcium accumulation. PAA2 was preferentially
expressed in various meristic tissues during panicle development. PAA2 was found in the plasma membrane, endoplasmic re-
ticulum (ER) and prevacuolar compartment, and co-localised with the vesicle-associated membrane protein 727 (VAMP727),
implying that it transported calcium ions into and out of cells. Our study revealed that the tip-orientated calcium gradient in the
panicle is controlled coordinately by the PA A2-UBC45 module. These findings suggest that PAA2 is a key player in maintaining
Ca?* homeostasis during panicle development in rice.

1 | Introduction Jezek and Blatt 2017). To maintain cellular homeostasis of Ca?*,

plant cells have evolved an intricate mechanism that utilises the

The calcium ion (Ca?*) is an essential macronutrient, as well as a
universal second messenger in regulating plant growth and in re-
sponding to extracellular stimuli (Dong et al. 2022; Wang, Chen,
et al. 2023). The concentration of cytoplasm-free Ca?* in plant
cells is usually maintained at about 100-200nM (Helper 2005;

intracellular organelles such as the endoplasmic reticulum (ER)
and vacuole lumen as a regulatory pool to cope with changes
in Ca2* concentration in the external environment (Gilliham
etal. 2011; Wang and Luan 2024). Ca* deficiency can hinder the
formation of cell walls, cause instability of cell membranes and
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increase the permeability of cell membranes, seriously affecting
plant growth (Thor 2019; White and Broadley 2003). Conversely,
excessive intracellular Ca?* concentration has cytotoxicity, typ-
ically leading to cell death and inhibited growth (Hepler and
Wayne 1985; Orrenius et al. 2003; Kamiya et al. 2006; Huang
et al. 2016; Wang et al. 2024; Zhou et al. 2024).

The rice panicle is a limited growth inflorescence that differenti-
ates from the stem apex during the transition from vegetative to
reproductive growth. Panicle development initiates with cell divi-
sion and expansion in the apical inflorescence meristem, followed
by the formation of primary rachis branches, secondary rachis
branches and finally lateral spikelet meristems. After the comple-
tion of panicle differentiation (at less than 4cm in length), subse-
quent developmental stages mainly involve rapid rachis elongation
and maturation of reproductive organs (Ikeda et al. 2004). The
role of calcium in rice panicle development is well documented.
Peng et al. (2018) observed that a mutation in the calcineurin B-
like protein-interacting protein kinase 31 gene (OsCIPK3I) caused
excessive ROS accumulation, eventually leading to the abortion
of florets in the distal part of the inflorescence, the panicle apical
abortion (PAA) phenotype. A mutation in the OsCAX1Ia gene that
encodes a Ca?*/H* exchanger caused apex Ca** deficiency and
spikelet degeneration, indicating a crucial role of Ca?* in main-
taining optimal calcium concentration in panicle development
(Gan et al. 2023). The acropetal (proximal-distal) extension pat-
tern of a developing panicle mimics the polarised growth in single
cells such as root hairs and pollen tubes, where the more active
distal portion in the cell accumulates calcium and results in a tip-
focused gradient of cytosolic Ca?* (Palanivelu and Preuss 2000;
Hepler et al. 2001; Tian et al. 2020). However, it is currently un-
clear whether there is a similar calcium gradient in multicellular
tissues such as rapidly developing young panicles.

The exact mechanism of long-distance acropetal transportation of
Ca?* is unknown; a common viewpoint is that the long-distance
movement of Ca?* in land plants is a process of passive uptake
pulled through the xylem by transpiration (Wang and Luan 2024).
To maintain electroneutrality, land plants adopt a so-called cat-
ion-anion balance mechanism, by which accumulation of cations,
that is, K*, Ca?*, Mg?*, parallels an increase in anion levels (NO,~,
SO 42‘, H,PO,, CI), with NO,~ (nitrate) considered the main fac-
tor stimulating cation uptake (Kirkby and Knight 1977). Nitrate
is the major nitrogen source for most land plants. Several plasma
membrane-localised NPF proteins in Arabidopsis, including
AtNPF7.3/NRT1.5, AtNPF7.2/NRT1.8, AtNPF2.3 and AtNPF2.9/
NRT1.9 (Lin et al. 2008; Li et al. 2010; Taochy et al. 2015; Wang
and Tsay 2011) are considered to be nitrate root-to-shoot trans-
porters and shoot homeostasis of potassium (K). NRT1.5 was char-
acterised as a proton-coupled H*/K* antiporter responsible for
NO,~-dependent K* transportation and K* loading into the xylem
(Drechsler et al. 2015; Li et al. 2017). Its homologue NRT1.8 func-
tioned in mediating low-affinity nitrate uptake, and the mutant
nrt1.8-1 showed a nitrate-dependent Cd?*-sensitive phenotype (Li
et al. 2010). These reports highlight the role of NRT1.5 and NRT1.8
in maintaining cation-anion balance, but whether they are in-
volved in calcium ion homeostasis or long-distance transport re-
mains to be determined.

In a study on the mechanism underlying PAA in a gain-function
mutant paa2, we found that overexpression of PAA2, a rice gene

homologue of both NRT1.5 and NRT1.8, caused tip-focused ac-
cumulation of cations, and that excessive Ca?* was the main
factor responsible for the PAA phenotype. Our results indicated
that PAA2 can transport Ca?* and other cations, but its role is
constrained by E2 ubiquitin conjugating enzyme OsUBC45 in-
teraction with PAA2 to maintain Ca?* homeostasis in panicles.
Moreover, we demonstrated the presence of a Ca?*gradient at
the time of young panicle elongation, suggesting a crucial role of
Ca?* in panicle development.

2 | Results
2.1 | Map-Based Cloning of Gene PAA2

The paa2 mutant, a T-DNA insertion mutant, was identified from
a HTF (hybrid transcription factor) library (Zhao et al. 2015).
Compared with its wild-type cv. Kitaake (WT), the paa2 mu-
tant has 58% aborted spikelets, mostly located at the distal end
of the panicle (Figure 1A-D), as well as other changes, including
delayed heading, reduced plant height and tiller number, fewer
grains per panicle, smaller grain size and lower grain weight
(Figure S1). To clone the causative gene, we constructed a map-
ping population by hybridising the paa2 mutant with japonica
cultivar IRAT129. The PAA2 locus was finally narrowed down
to a49.7kb interval containing four open reading frames (ORFs),
viz., LOC_0s02g46420 (ORF1), LOC_0s02g46440 (ORF2), LOC_
0s02g46450 (ORF3) and LOC_0s02g46460 (ORF4). Genomic
sequence comparisons revealed no variation except a T-DNA
insertion 1kb upstream of LOC_0s02g46460 (Figure 1E). The
insertion caused increased expression of the genes in this inter-
val relative to WT, with the highest increment (23-fold in leaves
and 128-fold in panicles) for LOC_0s02g46460 (Figures 1F
and S2). The candidate gene was confirmed by introducing a
LOC_0s02g46460-RNA interference (RNAi) vector into the
paa2 mutant and overexpressing LOC_0s02g46460 driven by
the rice ubiquitin promoter in Japonica cv. Zhonghuall (ZH11)
and Nipponbare (NIP), respectively. RNAi transgenic lines of
the paa2 mutant recovered a normal phenotype (Figure 1G,J),
and the LOC_0s02g46460 overexpression lines had a phenotype
similar to the paa2 mutant (Figures 1H,I,K,L and S3). Hereafter
we designated LOC_0s02g46460 as PAA2 (Panicle Apical
Abortion on Chromosome 2).

2.2 | Overexpression of PAA2 Causes Increased
Nitrogen Concentration and Excessive
Accumulation of Calcium and Other Cations

PA A2 belongs to the rice NPF protein family OsNPF7.9, with
high identity to the Arabidopsis AtNRT1.5/AtNPF7.3 and
AtNRT1.8/AtNPF7.2. Previous research revealed that PAA2 is
a low-affinity nitrate transporter, participating in nitrogen re-
location from roots to shoots (Guan et al. 2022). Given the pos-
sibility of PAA2 transporting N and other cations acropetally,
and to identify substances associated with PAA, we measured
the concentrations of nutrients in transgenic ZH11 plants over-
expressing PAA2 (PAA2-OEZH1Y). Compared with the wild type,
nitrogen accumulated in whole PAA2-OE?H! plants (Figure 2A)
and there were excessive accumulations of several cations (Ca?*,
Mg?*, Mn?+, K*, Nat, Zn?*, Fe?* etc.) in panicles (Figure 2B).
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FIGURE1 | Map-based cloning of PAA2. (A) Wild type (WT) and paa2 mutant plants. (B, C) Immature and mature panicles of WT and paa2
mutant. (D) Spikelet abortion rates in WT and paa2 mutant (n >15). (E) Fine mapping of PAA2. The molecular markers and corresponding numbers
of recombinants are indicated above and below the black line, respectively. The candidate ORF is highlighted with a red arrow. The red triangle
represents the position of inserted T-DNA. (F) Relative expression of ORF4 in different tissues of WT and paa2 mutant (n = 3). (G-L) Confirmation
of PAA2 gene candidate by RNA interference to ORF4 (paa2-RNAI, G, J) and overexpression of ORF4 in Zhonghuall (PAA2-OE?M! H, K) and NIP
(PAA2-OEN'P 1, 1). (G-I) Panicles of transgenic plants. (J-L) Relative expression of PAAZ in different transgenic plants (n=3). Bars, 5cmin (A), 1cm
in B, C and G-I1. All data shown are means + SD. *p <0.05, **p <0.01; Student's ¢-tests.
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FIGURE 2 | High nitrogen accumulation and excessive calcium in plants overexpressing PAA2. (A, B) Nitrogen content and relative concentra-
tions of various cations in panicles, stems and leaves of ZH11 and PAA2-OE?"1! (n=3). (C, E) Phenotypes (C) and corresponding spikelet abortion
rates (E) for paa2 mutant panicles injected with water (control), and 5 and 10mM LaCl,, respectively. (D, F) Representative phenotypes (D) and spike-
let abortion rates (F) for GSHD panicles injected with water (control), 20mM CacCl,, 20mM MnCl,, 20mM MgCl, and 20mM NaCl. Red star symbol
represents apical spikelet abortion. Bars, 1cm in C and D. All data shown are means + SD. Student's t-tests. n>8, *p <0.05, **p <0.01. Different letters
represent significant differences (p <0.05 in Tukey's multiple comparisons tests).
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Given that excessive intracellular Ca?* is cytotoxic, we postu-
lated that dramatically increased calcium in the panicles was
the major cause of apical panicle abortion. For validation, we
injected the calcium channel blocker LaCl, into young paa2
mutant panicles (about 3cm in length) and evaluated the spike-
let abortion. The numbers of aborted spikelets relative to total
spikelets per panicle decreased from 30.92% (water treatment,
CK) to 18.09% with 5mM LaCl,, and further to 10.53% with
10mM LaCl, (Figures 2C,E and S4). Treatment with LaCl, in
combination with EGTA (a calcium chelator) to young panicles
of PAA2-OEZH! plants rescued the abortion rate to a mild level
(Figure S5). To further clarify which cation caused PAA, we in-
jected several kinds of cation (Ca?*, Mn2*, Mg?*, K*, Na*) into
both young panicles of GSHD and ZH11. The results showed
each CaCl, treatment (10 or 20mM) could lead to more panicle
degeneration significantly than other cation treatments; specifi-
cally, distinct PAA phenotype appeared after 20mM CaCl, exog-
enous application (Figures 2D,F and S6). Together, these results
suggested that excessive cations, especially Ca?*, were responsi-
ble for apical panicle abortion in the paa2 mutant.

2.3 | PAA2 Transports Cations in Oocytes

As OsNPF7.9 is a low-affinity nitrate transporter (Guan
et al. 2022), we investigated whether PAA2 also responds to
and transports cations. We initially found that exogenous CaCl,
significantly upregulated PAA2 expression (Figure S7), hint-
ing at a cation-related function. We then used two-electrode
voltage clamp (TEVC) in Xenopus laevis oocytes to assess cat-
ion permeability. PAA2-cRNA-injected oocytes exhibited sub-
stantially larger inward currents than water-injected controls
(Figure 3A,B). These currents displayed a dose-dependent in-
crease with rising external CaCl, concentrations, indicating
Ca?* permeability (Figure 3C,D). X. laevis oocytes endogenously
express Ca’*-activated chloride channels (CaCCs) (Schroeder
et al. 2008). Therefore, Ca?* influx mediated by PAA?2 could po-
tentially activate CaCCs, leading to Cl~ efflux that contributes to
the observed inward current. Application of the CaCC inhibitor
4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS) at sat-
urating concentrations to dissect the PAA2-mediated current re-
vealed a DIDS-insensitive inward current that was subsequently
abolished by the Ca?* channel blocker LaCl, (Figure 3E,F), thus
confirming direct Ca?* conduction by PAA2.

To further investigate whether PAA2 has cation selectivity, we
tested other divalent and monovalent cations (Ba?*, Mg+, K* or
Na®) that do not activate CaCCs. PAA2-expressing oocytes dis-
played distinct inward currents in the presence of each of these
cations, although with varying amplitudes (Figure 3G,H). These
results demonstrate that PAA2 also conducts Na*, Ba?*, K+ and
Mg?2*+ and establishes that PAA2 functions as a transporter for
Ca?* and a range of other cations, expanding its physiological
role beyond nitrate transport.

2.4 | Overexpression of PAA2 Impairs Indigenous
Calcium Ion Homeostasis Within Panicles

To investigate calcium ion homeostasis in panicles, calcium
ion concentrations were measured longitudinally by dividing

a developing panicle into terminal, middle and base portions
in Japonica cv. GSHD. The highest concentration of cal-
cium was initially in the base portion of the young panicle
(<5cm length), gradually decreased until the heading stage.
Conversely, Ca?* concentration in the terminal portion grad-
ually increased, exceeding the concentration in the middle
and base portions when the panicle length reached 7cm and
beyond. The upper portion retained a high level of calcium
until heading. Calcium concentration in the middle portion
gradually increased until heading, exceeding the concentra-
tion in the base portion when the panicle was about 15cm
in length. Thus, a distinct short-term terminal-focused Ca?*
gradient emerged in panicles from 13cm until heading and
disappeared after heading (Figure 4A).

We investigated the Ca?* concentration gradient at the pre-
heading, heading and grain fill stages in PAA2-OE?H!! plants.
At pre-heading (about 13cm), both wild type and PAA2-
OEZH1! panicles displayed tip-focused calcium ion gradients,
whereas the wild type showed no difference between adjacent
portions. However, a higher concentration of Ca?* appeared in
the upper portion of the PAA2-OEZ"! panicle, indicating that
excessive calcium ion accumulation was already occurring
at this stage. The Ca?* gradient disappeared in the panicle of
the wild type at heading, whereas panicles of PAA2-OE#H11
retained Ca?* gradients until the grain-fill stage (Figure 4B).
As a reliable non-destructive technique for metal elemental
analysis, microfocus X-ray fluorescence (u-XRF) scanning
has been employed in valuating calcium distribution within
rice seeds (Liu et al. 2024). We further investigated calcium
ions distribution on both young panicles of ZH11 and PAA2-
OEZH1! ysing the u-XRF scanning technique. Compared with
ZH11, we found stronger fluorescence intensity appeared at
the top of the PAA2-OEZH!! panicle from PL7 and PL9 rather
than PL5 (Figure 4C,D), suggesting a higher Ca?* accumula-
tion at the top of the panicle from PL7 on, thus forming a tip-
focused calcium concentration gradient.

Transmission electron microscopy (TEM) and terminal de-
oxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) analysis of the time point at which apical panicle abor-
tion started to occur indicated that most of the PAA accumu-
lated at the panicle differentiation stage (< 5cm) (Figure 4E,F),
synchronised with the PAA phenotype at the stage about PL5
(Figure S8A), accompanied by the accumulation of hydrogen
peroxide and programmed cell death (PCD) in terminal panicle
cells (Figure S8B-F).

2.5 | Spatiotemporal Expression Pattern of PAA2
Matches to Its Potential Function in Tip-Focused
Cation Transportation

OsNPF7.9 is expressed mainly in xylem parenchyma cells within
vasculature, and OsNPF7.9 is plasma membrane-localised (Guan
et al. 2022). To explore whether the spatiotemporal expression
pattern of PAA2 aligns with its function in acropetal calcium ion
transportation, we investigated the PAA2 expression pattern in
adult plants. As expected, PAA2 was slightly expressed in young
panicles at 5cm in length and highly expressed in panicles with
developed vasculature (15-19cm in length) (Figures 5A and
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FIGURE 3 | PAA2 mediates Ca?* transport in Xenopus oocytes. (A) TEVC recording from oocytes injected with water (control) or oocytes ex-

pressing PAA?2 in the bath solution containing 20mM CacCl,. (B) Current amplitudes at —140mV from multiple recordings as in (A). (C) TEVC re-

cording from Xenopus oocytes expressing PAA2 in bath solutions containing water, 2, 10 or 50mM CacCl,. (D) Current amplitudes at —140mV from
multiple recordings in (C). (E) Oocytes expressing PAA2 or oocytes injected with water were recorded in the solution containing 10mM CacCl, plus
0.1mM 4,4-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS) or 1mM Ca?* channel blockers GdCl,. (F) Current amplitudes at —140mV from
multiple recordings in (E). (G) TEVC recording from oocytes injected with water (control) or oocytes expressing PAA?2 in bath solutions containing
20mM KCl, NaCl, BaCl, or MgCl,. (H) Current amplitudes at —140mV from multiple recordings in (G). All data are means+SD (n=5). *p <0.05,

*#p <0.01; Student's t-tests.

S9). mRNA in situ hybridisation to explore whether PAA?Z is ex-
pressed at the initial stage of panicle differentiation showed that
PAAZ2 transcripts started to appear in the shoot apical meristem.
Transcripts then became abundant and moved to the branch
meristem, followed by the spikelet meristem, and finally disap-
peared after completion of panicle differentiation (about 1 cm in
length, Figure 5B), indicating that besides expressing in vascu-
lar bundle tissue, PAA2 can also express briefly in the apical part
of the young panicle. Mutant paa2 has a higher expression level
in the panicle (Figure 1F). To survey whether the higher expres-
sion level caused higher calcium accumulation, we detected its
calcium ion concentration using a cell-permeable calcium ion
indicator Fluo-4/AM (Qiu et al. 2020). As expected, a strong

fluorescence in the paa2 mutant revealed that a higher PAA2
expression level facilitates the upward transport of calcium ions
from the stem to the young panicle, even without visibly devel-
oped vascular tissue (Figure 5C).

When expressed in transient assays in N. benthamiana and rice
protoplasts, PAA2-GFP co-localised with the plasma membrane
(PM) marker PIP2-mCherry, (ER) marker HDEL-mCherry,
prevacuolar compartment (PVC) marker VSR2, and even with
vesicle-associated membrane protein VAMP727 (Figures 5D
and S10). We also found that PAA?2 interacted with VAMP727 in
yeast two-hybrid (Y2H) assays, in vivo fluorescence luciferase
(LUC) complementary imaging and co-immunoprecipitation
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in panicles at pre-heading (13cm), heading and grain fill stages of ZH11 and PAA2-OE?H!! plants, respectively. (C) X-ray fluorescence (XRF) scan
of panicles of ZH11 and PAA2-OE?H!! at PL5, 7 and 9 development stages, respectively. The red and blue colours represent high and low Ca concen-
trations, respectively. The panicles were divided into apical, middle and base portions marked by red dashed lines. (D) Quantification of the fluo-

rescence intensity of XRF images in (C). (E, F) Microscopic images and TUNEL assay in distal parts of panicles (5-7cm) in ZH11 and PAA2-OEZH11

plants. Nu, nucleus; Mt., mitochondrion; Ch, chloroplast. Bars, 10 mm in (C), 2um in (E) (a, c and d), 1 um in (E) (b, e and f), 100 um in (F). Data are

means + SD (n =3). Different letters represent significant differences (p <0.05 in Tukey's multiple comparisons tests).

(Co-IP) experiments using N. benthamiana (Figure 5E-G). As
a member of soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors (SNARESs), VAMP727 is involved in traf-
ficking cargo proteins to their final destinations, including the
plasmamembrane. In Arabidopsis, there isa VAMP727-mediated

secretory pathway for the delivery of secondary cell wall compo-
nents to maintain the tubular morphology of root hairs (Hirano
et al. 2023). Co-localisation and interaction of PAA2 with
VAMP727 suggest that PAA2 transports calcium to extracellu-
lar spaces.
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2.6 | PAA2 Interacts With OsUBC45 to Regulate
Ca?* Homeostasis

Excessive intracellular Ca?* accumulation is cytotoxic. To ex-
plore the possibility that rice has a mechanism to regulate PAA
activity, we performed Y2H screening and identified an inter-
acting counterpart, OsUBC45 (Figure 6A). LUC complemen-
tary imaging (Figure 6B), Co-IP experiments (Figure 6C) and

BIFC assays (Figure S11) in N. benthamiana confirmed the
authenticity of the interaction. Further investigation showed
that OsUBC45 was expressed throughout the entire period of
panicle development (Figure S12A). In situ hybridisation at the
initial stage of panicle differentiation indicated that OsUBC45
expression overlapped with PAA?2 (Figure S12B). To understand
their genetic relationship, we created PAA2¢" and OsUBC45¢"
mutants, and the double PAA2¢/OsUBC45 mutant in cv.
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FIGURE 6 | PAA2 interacts with OsUBC45 to maintain Ca?* homeostasis. (A) Split-ubiquitin yeast two-hybrid assay showing the interaction
of PAA2 and OsUBC45. pXGY17-HSP70cp-2 and pXGY18-HSP101 were used as a positive control. (B) Firefly LCI assay showing the interaction
in N. benthamiana leaf cells. (C) Co-IP assay showing that PAA2-FLAG co-precipitates with OsUBC45-GFP in N. benthamiana leaf cells. (D-H)
Plant phenotypes (D), panicle phenotypes (E), spikelet abortion rates (F) and Ca?* concentrations in different panicle parts at booting (G) and pan-
icle emergence (H) in ZH11, PAA2°, OsUBC45 and PAA2°"1/OsUBC45°" mutants, respectively. Bars, 5cm in D, 1¢cm in E. Data are means =+ SD.
Different lowercase letters above bars indicate significant differences (p <0.05 determined by Tukey's multiple comparison test). (I) A proposed
PAA2-OsUBC45 module that stabilises Ca?* homeostasis. At differentiation of the panicle, PAA2 expresses around various meristems of the panicle,
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cium accumulation, resulting in apical panicle abortion occurrence. Blue dots represent calcium ions.

Zhonghuall using CRISPR/Cas9 technology (Figure S13A).
Plant height, panicle length and grain number per panicle were
slightly reduced in the PAA2¢" mutant, and greatly reduced in
the OsUBC45" and PAA2°!/OsUBC45" mutants compared

with the WT (Figure S13B-H). Although all three mutants
showed PAA phenotypes, the symptoms for the OsUBC45°"
and PAA2/OsUBC45"t mutants were more severe, suggesting
that UBC45 plays a more important role (Figure 6D-F). Assays
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of calcium ion concentration in panicles at the pre-heading
stage indicated significant reductions in all three mutants
(Figure 6G). At 1 week post heading, the tip-focused calcium ion
gradient was absent in the WT and weakened in the PAA2¢" and
PAA2 /0sUBC45°" mutants, whereas there was excessive cal-
cium ion accumulation in the upper position of OsUBC45 mu-
tant panicles, similar to that in PAA2-OE?H!! lines (Figure 6H).
These results suggest that OsUBC45 functions in a balancing
role with PAA2 in maintaining Ca?* homeostasis during panicle
development.

3 | Discussion

Although PAA is an undesirable trait causing grain yield loss,
it is still an interesting trait for studying panicle development
(Cheng et al. 2011; Heng et al. 2018). Several studies showed
that PAA affects multiple biological processes, including Ca?*
signal and transportation (Bai et al. 2015; Heng et al. 2018;
Wang et al. 2018; Zafar et al. 2019; Ali et al. 2022; Peng
et al. 2018; Gan et al. 2023). However, these documentations
are fragmentary and insufficient to construct a systematic
genetic network, and the molecular mechanisms underlying
PAA remain elusive. In the present study, we characterised
NO,~/Ca?* symporter, PAA2, a member of the NPF transporter
family that is homologous to Arabidopsis NRT1.5/AtNPF7.3
(Guan et al. 2022). The PAAZ2 protein is localised in the PM,
ER and PVC, co-localises with VAMP727 and has the capacity
for intercellular transportation of Ca?*. Our investigation re-
vealed that Ca?* homeostasis during panicle development was
maintained by the PAA2-OsUBC45 module. Overexpression
of PAA2 caused excessive accumulation of Ca?* and disrupted
homeostasis leading to apical panicle abortion. Interestingly,
ym48 mutants decreased Ca* transport to the apical panicle,
and Ca?* deficiency also appeared as a degeneration pheno-
type (Gan et al. 2023). All these results suggest that calcium
homeostasis within the rice panicle is essential for its normal
development and provides a potential genetic modulating
pathway for improving panicle type.

3.1 | PAA2Is a Key Participant for Cation-Anion
Balance

Irrespective of the form of nutrition, a very close balance was
found in tomato between total cations (Ca?*, Mg?*, K* and Na*)
and total anions (NO,~, H,PO,~, SO 42‘, Cl7), namely, a cation—
anion balance (Kirkby and Mengel 1966) that is attributed to
the need for plants to maintain electroneutrality, although the
underlying mechanism is still unclear. In this study, PAA2 was
identified as a symporter of NO, ™~ and other cations such as Ca?*,
Na*, Ba?*, K* and Mg?*. These cations were excessively accu-
mulated in panicles either overexpressing PAA2 or carrying an
OsUBC45 knock-out mutation, indicating that PAA2 is a partic-
ipant in cation-anion balance. Although our results established
that PAA in paa2 mutant and PAA2-OE?H!! lines was caused
mainly by excessive Ca?* accumulation, we also identified
symptoms of excessive Mn?* characterised by dark brown ne-
crotic spots (Shrestha et al. 2018). Investigation of the dynamics
of cation concentration showed that Mn?* and Ca?* shared sim-
ilar tip-focused concentration gradients (Figure S14), suggesting

the existence of Mn?* homeostasis. We still lack knowledge of
how PAA2 selects ions and allocates transportation capacity or
whether the transportation is simply driven by transpiration.

3.2 | PAA2 Participates in Establishing a
Tip-Focused Ca?* Gradient in Young Panicles

Ca?* gradients appear to be essential for polarised growth of
both pollen tubes and root hairs (Hepler et al. 2001). In the pres-
ent study, we show that calcium accumulation in rice panicle
starts from the stage of differentiation of meristematic panicle
tissue until the completion of meiosis (about 13cm in length).
Thereafter, a short-term tip-focused Ca?* gradient emerges and
remains until panicle emergence. From a morphological point
of view, the acropetal pattern in young rice panicles is similar
to that in pollen tube and root hairs growth. The panicle de-
velopment is led by cell division and expansion in apical inflo-
rescence meristems. After reaching 4cm, young rice panicles
have completed differentiation of primary branches, secondary
branches and spikelets. The rachis and branches then elongate
exponentially until heading and flowering (Ikeda et al. 2004).
At 5-13cm, rice panicles are at the most rapid elongation pe-
riod with an average daily elongation of 2-3cm. We infer from
the present results that at the initial stage, PAA2 drives the tip-
focused calcium ion accumulation until the completion of pan-
icle differentiation. Considering that PAA2 also expresses in
vascular bundles (Guan et al. 2022), increasing the expression
level in >11cm panicles may be attributed to the generation
of new vascular bundles. However, the low expression level of
PAA2 detected in panicles at 5-11cm is inconsistent with dra-
matic tip-focused calcium accumulation, suggesting the partici-
pation of other unidentified calcium gradient-related factors. The
viewpoint is supported by the calcium ion gradient in PAA2°T,
at booting stage, a clear calcium ion gradient remains despite
less calcium ions accumulation; however, a failure on calcium
ion gradient disappearance at heading stage thus provides extra
evidence of PAA2 as a crucial factor on Ca?* homeostasis.

3.3 | APAA2-OsUBC45 Module Participates in
Maintaining Ca?* Homeostasis

We identified OsUBC45 as an interacting protein with PAA2
in regulating calcium homeostasis in rice panicles. As a homo-
logue of the ERAD-related E2 ubiquitin conjugating enzyme
32 in Arabidopsis possibly involved in the degradation of mis-
folded or incompletely folded proteins in the ER (Strasser 2018),
OsUBCA45 is involved in various biological processes. It regulates
grain size and weight by interacting with RING-type E3 ubig-
uitin ligase DGS1 (decreased grain number 1) (Li et al. 2023)
or combining glycogen synthase kinase 3 (OsGSK3) as well as
plasma membrane-localised aquaporin OsPIP2;1 to promote
their degradation (Wang, Yue, et al. 2023). Interaction between
PAA2 and OsUBC45 suggests that OsUBC45 may target PAA2
for ubiquitination-mediated degradation. A similar in situ hy-
bridisation signal as PAA2 in young panicle (<5cm in length)
suggests their overlapped expression pattern. Moreover, as in
PAA2°" mutants, the Ca?* gradient in the OsUBC45" mutant
was disturbed. However, 1week after heading, obviously exces-
sive calcium accumulation in OsUBC45¢" mutants paralleled
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that in PAA2-OE?H! mutants, suggesting that OsUBC45 acts as
a balancer of PAA2 and both are essential for maintaining Ca?*
homeostasis during panicle development (Figure 6I).

4 | Materials and Methods
4.1 | Plant Materials and Growing Conditions

The rice paa2 mutant was identified from a HTF (hybrid
transcription factors) library (Zhao et al. 2015). All parents,
mapping populations and transgenic plants were grown in ex-
perimental fields at Beijing (116°130’ E, 39°54’ N) and Hainan
(109°10'E, 18°21'N). N. benthamiana plants were grown in
an artificial climate chamber (24°C, 16h light/8h darkness).
Seedlings employed for gene expression assays were grown in
hydropic nutrient solution (pH 5.5) modified from the solution
of Yoshida et al. (1976). Prior to the RNA extraction, seedlings
were pretreated with different concentrations of CaCl, for
24h.

4.2 | TEM and TUNEL Analysis

For TEM, apical spikelets of the WT and PAA2-OEZH1! lines at
different developmental stages (panicle lengths, 5, 7 and 9 cm)
were fixed in 2.5% glutaraldehyde fixation solution, pumped
with a vacuum pump for 30min, centrifuged at 12000rpm
for 5min and placed at room temperature for more than 24 h.
All samples were rinsed three times with 0.1 M phosphate
buffer (pH 7.0) for 10 min each time and fixed in a 1% osmic
acid solution for 4h. The fixed samples were dehydrated by
ethanol gradient (30%, 50%, 70%, 90% and 100%) for 10 min
each time. After dehydration, being coated and polymerised,
the samples were sliced and stained with uranyl acetate and
lead citrate prior to transmission electron microscopy (H7500
TEM; Japan).

For TUNEL analysis, apical spikelet hulls of WT and PAA2-
OEZHM1 panicles at 5, 7 and 9 cm were fixed in FAA fixation solu-
tion, pumped by vacuum pump and placed at 4°C for more than
24h. The sample was embedded in paraffin, sliced and baked for
4days. Thiswas followed by dewaxing and rehydrating, washing,
treatment with protease K and soaking in phosphate-buffered
saline (PBS). The TUNEL assay was performed with a DeadEnd
Fluorometric TUNEL kit (G3250; Promega) according to the
manufacturer's instructions. Samples were observed with a con-
focal laser-scanning microscope (LSM980; ZEISS). Fluorescein
and propidium iodide were detected using excitation/emission
spectrum at 488/520 and 535/620 nm, respectively.

4.3 | DNA Laddering Analysis

Apical spikelets at different developmental stages (3, 5, 7,
9, 11 and 13cm panicle length) were ground into powder.
Fragmented 100-200bp DNA molecules were extracted
using an Apoptotic DNA Ladder Extraction Kit (C0008;
BIYUNTIAN Biotechnology). The fragmented DNA was sep-
arated by 2% agarose gel electrophoresis and captured under
UV light.

4.4 | H,O0, Content and CAT Activity

The H,0, content and CAT activity in panicles were determined
using an H,0, assay kit (S0038; Beyotime) and CAT assay kit
(BC0200; Solarbio), respectively.

4.5 | Map-Based Cloning of PAA2

For map-based cloning of PAA2, an F, mapping population
was generated from a cross of the paa2 mutant and japonica
cv. IRAT129. New SSR and InDel molecular markers for fine
mapping were developed by comparing the genomic sequences
of the fine-mapped region between cv. Kitaake and IRAT129.
To identify the candidate gene, annotation information provided
by RGAP (http://rice.plantbiology.msu.edu/index.shtml) and
Gramene (http://www.gramene.org) was used to predict genes
within the fine-mapped interval. Primers listed in Table S1 were
designed using primer design software Primer 3.0 (http://prime
r3.ut.ee/).

4.6 | Subcellular Localisation of PAA2

The full-length CDS of PAA2 was cloned into pANS580 to gen-
erate the pAN580-PA A2-GFP vector for subcellular localisation
analysis. The CDS was inserted into pPCAMBIA1305-GFP and
further introduced into the Agrobacterium tumefaciens strain
EHAI105. The constructs were then transiently co-expressed in
rice protoplasts or N. benthamiana leaves with the marker con-
structs in accordance with the methods described previously
(Zhang et al. 2011; Li 2011). Images were captured using a con-
focal laser scanning microscope (LSM980; ZEISS). Primers are
listed in Table S1.

4.7 | In Situ RNA Hybridisation of Rice Young
Panicles

Young panicles were fixed in RNase-free FAA, dehydrated
through a series of xylene and ethanol, embedded in paraffin
and then longitudinally sectioned at 10 um thickness using a mi-
crotome (RM2245, Leica). A gene-specific fragment of the tar-
get gene coding region was cloned into the pGEM-T Easy vector
(Promega) using primer pair ISH-PAA2 and ISH-OsUBC45, re-
spectively. The amplified fragments were utilised to synthesise
sense and antisense RNA probes. Probe labelling was performed
using the DIG Northern Starter kit (cat. no. 2039672; Roche).
In situ hybridisation was performed following Zong et al. (2022).

4.8 | RNA Isolation and RT-qPCR Analysis

Total rice RNA was extracted from tissues using a Quick-RNA
Plant Miniprep Kit (cat. no. R2024; Zymo Research), in accor-
dance with the manufacturer's instructions. First-strand cDNA
was synthesised using a FastKing RT Kit (KR116; Tiangen). RT-
gPCR was performed using TB Green Premix Ex Taq II FAST
gqPCR (cat. CN830A; TaKaRa) on an ABI PRISM 7900HT sys-
tem (Applied Biosystems), using ubiquitin (Os03g0234200) as an
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internal reference gene. Relative expression levels were calcu-
lated using the 2724 method (Livak and Schmittgen 2001). The
primers are listed in Table S1.

4.9 | Vector Constructs and Plant Transformation

A PAA2-RNAI construct was produced by cloning a 250bp PAA2
fragment into pCUbi1390-AFAD2. To create the overexpression
vector pUbi-PAA2, the full-length PAA2 CDS was inserted into
binary vector pCUBi1390. To create CRISPR-Cas9 knockout
vectors, 20bp gene-specific spacers of target genes were sepa-
rately cloned into the CRISPR-Cas9 to construct pCAS9-PAA2,
pCAS9-OsUBC45 and pCAS9-PAA2/OsUBC45 vectors accord-
ing to the method previously described (Miao et al. 2013). The
resulting constructs were introduced into Agrobacterium tume-
faciens strain EHA105 and transformed into the paa2 mutant
(PAA2-RNAI), cv. Kitaake (pUbi-PAA2) and cv. ZH11 (pUbi-
PAA2, pCAS9-PAA2, pCAS9-OsUBC45, pCAS9-PAA2/OsUBC45),
respectively, according to a published procedure (Hiei and
Komari 2008). The primers are listed in Table S1.

4.10 | Elemental Assay and Microfocus X-Ray
Fluorescence (1-XRF) Scanning

Rice leaves, stems and different lengths of young panicles were
collected, dried at 65°C, ground into fine powder and digested
into solution by a Hanon SH230N heavy metal digester. The
heavy metal concentrations were determined using induc-
tively coupled plasma optical emission (ICP-OES) (Agilent ICP-
OES 5110).

To determine the panicle Ca concentration, panicles of ZH11
and PAA2-OE?H1 at 5,7 and 9 cm stage were collected and dried
at 60°C for 3days. Dried panicles were attached to double-sided
carbon conductive tape and then scanned on an X-ray fluores-
cence (U-XRF) spectrometer (M4 TORNADO PLUS, Bruker).
The relative fluorescence intensities of u-XRF images were
quantified using ImageJ (https://imagej.net/ij/Download).

4.11 | Calcium Ion Fluorescence Staining

Young panicles of WT and paa2 were, respectively, fixed with
4% paraformaldehyde fix solution and then embedded in paraf-
fin, sliced and baked for 4 days. The tissue sections were rinsed
three times with PBS solution, then treated with 1uM Fluo-4/
AM (S1060, Beyotime) solution containing 20% pluronic F-127
(ST501, Beyotime) and incubated in the dark at 37°C for 1h
for loading fluorescent dye. After loading, the dye was washed
three times with PBS solution to remove excess fluorescent dye
and incubated at 37°C for 30 min, and observed with a confocal
laser scanning microscope (STELLARIS 5, Leica).

4.12 | Calcium Channel Blocker Injections Into
Developing Panicles

WT and paa2 mutant panicles at 1-3cm were injected at the
base with 1mL of calcium channel blocker LaCl, (5 and 10mM)

and repeated 4days later. Different concentrations of cation
solutions (containing Ca?*, Mg?*, Mn?*, K*, Na*t) were, respec-
tively, injected into the young panicles of GSHD and ZH11, and
repeated after 4days. Double distilled water was used as a con-
trol. The apical spikelet degradation rate was investigated after
panicle emergence.

413 | Functional Characterisation of PAA2 in
Xenopus laevis Oocytes

The full-length PAA2 CDS was cloned into EcoRI and BamHI
restriction sites in Xenopus laevis oocyte expression vector
pGEMHE (Liman et al. 1992). After linearising the pPGEMHE
plasmid with BamHI, the linearised DNA template was tran-
scribed into capped cRNA using the T7 RiboMAX large-scale
production system (Promega), and its purity and concentration
were assessed for injection. Demembraned oocytes were iso-
lated and injected with PAA2 cRNA or diethyl pyrocarbonate-
treated water using a microinjector and then incubated in ND96
bath solution at 16°C for 2-5days. The ND96 solution was
changed daily to maintain oocyte health. Electrical currents
were recorded using the TEVC recording method. Oocytes were
injected with diethyl pyrocarbonate-treated water as a negative
control. Electrophysiological data were analysed with Clampfit
software.

4.14 | Protein Interaction Assays

Y2H experiments were conducted according to Xu et al. (2017).
The full-length CDS of PAA2 was cloned into the Nub fragment
in the pXGY18 vector, and the full-length CDS of OsUBC45 was
cloned into the Cub fragment in the pXGY17 vector.

For LUC complementation imaging (LCI) assays, the full-length
CDS of PAA2 and OsUBC45 was cloned into pPCAMBIA-Nluc or
pCAMBIA-Cluc vectors, respectively. The resulting constructs
were transformed into Agrobacterium strain EHA105 and tran-
siently expressed in N. benthamiana leaves. LCI assays were per-
formed as described (Chen et al. 2008).

For Bimolecular fluorescence complementation (BIFC) assays,
the CDS of PAA2 and OsUBC45 were fused to p2YC or p2YN to
generate PAA2-p2YC and OsUBC45-p2YN vectors, respectively.
The plasmids were transformed into Agrobacterium strain
EHA105 and transiently expressed in N.benthamiana leaves.
BIFC assays were performed as described (He et al. 2023). YFP
fluorescence signals were observed by confocal laser scanning
microscope (LSM980; ZEISS).

Full-length CDS of PAA2 and OsUBC45 for Co-IP assays were
cloned into pCAMBIA1300-FLAG or pPCAMBIA1305-GFP vec-
tors, respectively. All constructs were transiently expressed in
N. benthamiana leaves, and subsequent experiments were con-
ducted as previously reported (Zhang et al. 2024). Briefly, total
protein from transformed leaves was extracted with lysis buffer
(50mM Tris-MES, pH8.0, 1mM MgClz, 0.5M sucrose, 10mM
EDTA, 5mM DTT and 1 X proteinase inhibitor cocktail, 0.4%
Triton-X 100) and incubated with GFP-Trap magnetic beads
(ChromoTek) at 4°C for 2h. Western blots were conducted with
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https://imagej.net/ij/Download

anti-GFP (11814460001, Roche, dilution 1:5000) and anti-FLAG
(M185-7, MBL, dilution 1:5000) antibodies.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Statistical analysis of agro-
nomic traits of the paa2 mutant. (A) Days to flowering (n =10); (B) plant
height (n>15); (C) tiller number (n>15); (D) panicle length (n>15);
(E) grains per panicle (n>10); (F) grain length (n>10); (G) grain width
(n>10); (H) 1000-grain weight (n =3). Data are means + SD. **p <0.01,
Student's t-tests. Figure S2: Functional prediction and gene expres-
sion levels of open reading frames identified in the delimited region.
(A) Genes within the region delimited by Indel markers of L56 and L9
and their putative functions. (B) Structure of LOC_0s02g46460. The
white and black rectangles indicate untranslated regions and exons,
respectively, and black lines represent introns. Black triangle indicates
the T-DNA insertion position. PF, PR1 and PR2 are primers designed to
identify the T-DNA insertion. (C) Agarose electrophoresis confirmation
of T-DNA insertions. DNA fragments amplified using PF and PR1 or PF
and PR2 primer pairs are indicated in (B). (D and E) Relative expression
of ORF2 and ORF3 in different tissues of WT and paa2 mutant, respec-
tively. Data are means + SD (n = 3). *p <0.05; **p <0.01, Student's t-tests.
Figure S3: Plant phenotypes of overexpressing PAA2 in Zhonghuall
(A) and Nipponbare (B) backgrounds, respectively. Bars, 10cm in A
and B. Figure S4: Plant phenotypes of paa2 after injection of calcium
channel blockers. Red stars represent injected panicles. Two insets show
the enlarged area on the uninjected (left) and injected (right) panicle
indicated by white arrows. Bars, 5cm. Figure S5: Injection of calcium
channel blocker into PAA2-OE%H1! plants alleviates apical panicle abor-
tion. (A) Plant phenotypes of PAA2-OEZH! after injection of calcium
channel blockers. Red star symbol represents injected panicles. White
dotted arrow indicates the enlargement of area. (B) Representative
PAA2-OE?M panicles after injection with water (control), and paired
water and 5 and 10mM LaCl,+EGTA. (C) Spikelet abortion rates
in PAA2-OE?H! panicles following injection. Data are means + SD
(n>10). *p<0.05, Student's t-test. Bars, 10cm in A, 1cm in (B). Figure
S6: Injection CaCl, into wild-type ZH11 and GSHD plants leads signif-
icant panicle abortion. (A) and (C) Representative GSHD (A) and ZH11
(C) panicles after injection with water (control), 10mM CaCl,, 10mM
MnCl,, 10mM MgCl,, 10mM KCI, 10mM NaCl. Bars, 1cm. (B) and (D)
Degeneration rate in GSHD (B) and ZH11 (D) panicles with different
solutions injection. Data are means = SD (n>8). Different letters rep-
resent significant differences (p <0.05 in Tukey's multiple comparisons
tests). Figure S7: PAA2 expression induced after CaCl, application to
leaves. Data are means + SD (n=3). Figure S8: (A) Representative pan-
icle of ZH11 (left) and PAA2-OEZH!! (right) at the development stages of
PL3 (a), 5(b), 7(c), 9 (d), 11 (e), 13 (f) and 15 (g), respectively. Bars, 1 cm.
(B-F) Programed cell death in distal regions of PAA2-OE?M!! panicles
was is confirmed by DNA laddering analysis (B), H,O, contents (C), CAT
activity (D) and expression levels of representative genes OsVPE2 (E)
and OsVPE3 (F). The DNA for laddering was sampled from apical pani-
cles at panicle lengths (PL) 3, 5, 7,9, 11 and 13cm. Data are means + SD
(n=3), *p<0.05, **p <0.01, Student's t-tests. Figure S9: The expression
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levels of PAA2 in different panicle portions at different developmental
stages. Data are means+SD (n =3). Figure S10: Subcellular localisation
of PAA2in N. benthamiana. Co-localisation of PAA2 with plasma mem-
brane marker PIP2-mCherry, endoplasmic reticulum marker HDEL-
mCherry and PVC marker VSR2-mCherry were transiently expressed in
leavesof N. benthamiana. Bars, 20 pum in (A-D), 5um in (E-L). Figure
S11: Interaction of PAA2 with UBC45 in an N. benthamiana BiFC assay.
The N-terminal (nYFP) or C-terminal YFP (cYFP) were infused with
UBC45 and PAA2, respectively, and were co-expressed in N. benthami-
ana leaf cells. PAA2-YFPC/YFPN, UBC45-YFPN/YFPC was used as neg-
ative control. Bars, 50 um. Figure S12: Expression patterns of OsUBC45
in adult plant tissues and developing panicles. (A) Relative expression
levels of OsUBC45 in panicles of varying lengths and tissues of adult
plants (n=3). (B) RNA in situ hybridisation of OsUBC45 in a differenti-
ating panicle. Arrows indicate OsUBC45 expression sites with OsUBC45
sense probe as negative control. Bars, 250 um. Data are shown as means
+ SD. Figure S13: Statistical analysis of agronomic traits in ZH11 and
PAA2", OsUBC45" and PAA2°/OsUBC45" mutants. (A) Deletion
sites in PAA2 and OsUBC45 in respective knockout lines. sgRNA target
sequence and the PAM sequence are highlighted in blue and orange,
respectively. Red dotted line indicates nucleotide deletions related to
ZH11. (B) Plant height (n>10); (C) tiller number (n>10); (D) panicle
length (n>10); (E) grain number per panicle (n>10); (F) grain length
(n=30); (G) grain width (n=30); and (H) 1000-grain weight (n=5) in
the WT and mutants. Data are means + SD. Different lowercase letters
above the bars indicate significant differences (p <0.05) determined by
Tukey's multiple comparisons test. Figure S14: Mineral concentration
profiles at various panicles lengths in cv. GSHD: Mn (A), Zn (B), Mg (C),
K (D), Na (E) and Fe (F), respectively. Data are shown as means = SD
(n=3). Table S1: Primers used in this study.
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