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Summary

e Two types of tonoplast proton pumps, H*-pyrophosphatase (V-PPase) and the
H*-ATPase (V-ATPase), establish the proton gradient that powers molecular traffic
across tonoplast thereby facilitating turgor regulation and nutrient homeostasis.
However, how proton pumps regulate development remains unclear.

e In this study, we investigated the function of two types of proton pumps in
Arabidopsis embryo development and pattern formation. While disruption of either
V-PPase or V-ATPase had no obvious effect on plant embryo development, knocking
out both resulted in severe defects in embryo pattern formation from the early stage.

e While the first division in wild type zygote was asymmetric, a nearly symmetric
division occurred in the mutant, followed by abnormal pattern formation at all stages
of embryo development. The embryonic defects were accompanied by dramatic
differences in vacuole morphology and distribution, as well as disturbed localization
of PIN1. The development of mutant cotyledons and root, and the auxin response of
mutant seedlings supported the hypothesis that mutant lacking tonoplast proton pumps
were defective in auxin transport and distribution.

e Taking together, we proposed two tonoplast proton pumps are required for
vacuole morphology and PIN1 localization thereby controlling vacuole and auxin

related developmental processes in Arabidopsis embryos and seedlings.

Key words: V-ATPase, V-PPase, vacuole, auxin, cotyledons.
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INTRODUCTION

Vacuoles play a central role in plant growth and development. They are lytic
compartments as well as primary reservoirs for nutrients and metabolites. The central
vacuole in a mature plant cell is held together by a membrane referred to as
“tonoplast”. Arrays of transport proteins reside in the tonoplast to transport ions and
solutes inside and outside of the vacuole to maintain a proper turgor pressure and
nutrient homeostasis of the cell. Molecular fluxes across the tonoplast are mainly
energized by two types of primary proton pumps, the vacuolar H*-ATPase (V-ATPase)
and the vacuolar H'-pyrophosphatase (V-PPase) (Neuhaus and Trentmann, 2014).
These two abundant proteins cooperate to generate the membrane potential and proton
gradient across the tonoplast essential for secondary transport processes. In
Arabidopsis, there are three genes encoding H*-pyrophosphatase, which are divided
into type | (AVP1/ATVHP1;1/FUGU5) and type Il (AVP2;1 and AVP2;2)
(Drozdowicz and Rea, 2001). Among these genes, only type I (AVP1/ATVHPL;
1/FUGUS5, AT1G15690) is located in the tonoplast (Gaxiola et al., 2001; Maeshima,
2001; Segami et al., 2010). Genetic analysis of Arabidopsis avpl mutants suggests
that AVP1 plays a role in several physiological processes, such as seedling growth,
gluconeogenesis and high magnesium tolerance, which may be mainly contributable
to its pyrophosphatase activity but independent of H'-translocation (Ferjani et al.,
2011; Yang et al., 2018). A recent study supports the idea that AVP1 and V-ATPase
both contribute to vacuolar acidification in Arabidopsis (Kriegel et al., 2015).
V-ATPases are multi-subunit proton pumps comprised of the peripheral V; complex
responsible for ATP hydrolysis and the integral membrane V, complex in charge of
proton translocation (Nishi and Forgac, 2002; Sze et al., 2002; Nelson, 2003; Cipriano
et al., 2008). In plant cells, V-ATPases are not only found in the tonoplast but also
present in the trans-Golgi network/early endosome (TGN/EE) (Herman et al., 1994;
Oberbeck et al., 1994). Three distinct isoforms of the V, subunit (including
VHA-al,2,3) are encoded in Arabidopsis genome and two of them, VHA-a2
(AT2G21410) and VHA-a3 (AT4G39080), are exclusively targeted to the tonoplast,
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whereas VHA-al (AT2G28520) only resides in the TGN/EEs and the deletion mutant
of VHA-al is lethal (Dettmer et al., 2006). Therefore, the Arabidopsis vha-a2 vha-a3
double mutant that lacks both of the tonoplast-localized V, isoforms should be null in
tonoplast V-ATPase function (Krebs et al., 2010). Interestingly, in contrast to the
vha-al single mutant that is lethal, vha-a2 vha-a3 double mutant remains viable and
developmentally normal although it is stunted in growth possibly due to defects in
nutrient homeostasis (Krebs et al., 2010). More surprisingly, the triple mutant, vha-a2
vha-a3 avpl lacking both tonoplast V-ATPase and V-PPase activities, is viable and
retains some vacuolar acidification capacity, suggesting that other players may
additively contribute to the pH gradient across the tonoplast (Kriegel et al., 2015).
During the initial phase of functional analysis of AVP1, a study links AVP1
function with auxin-regulated plant development (Li et al., 2005). However, a later
study (Kriegel et al., 2015) demonstrated that the mutant avpl1-1 used in Li et al (2005)
contains a mutation in GNOM (Steinmann et al., 1999; Geldner et al., 2001) gene,
leading to the observed auxin-related phenotypes. During our study on the functional
relationship of AVP1 and V-ATPase, we also confirmed that avpl single mutant
failed to show auxin-related defects. However, we discovered that when both AVP1
and V-ATPase were disrupted, the mutant plants showed severe defects in
auxin-regulated developmental processes. In our study, a series of previously
unreported phenotypes in the vha-a2 vha-a3 avpl triple mutant were identified, which
were clearly connected to vacuole morphology and auxin signaling in the context of
plant embryogenesis and development. Two different alleles lacking both tonoplast
V-ATPase and V-PPase (hereafter, the “vha-a2 vha-a3 avpl” allele was designated as
“vap3” and the “vha-a2 vha-a3 fugu5-1” allele was designated as “fap3”), but not any
single or double mutants, displayed severe growth defects in embryo development and
seedling establishment. The defects in the triple mutants lacking both pumps were
reminiscent of those observed in mutants defective in auxin transport or signaling.
Indeed, further experiments using various transgenic auxin marker lines suggested
that those auxin-related developmental phenotypes were correlated with the

impairment in overall auxin level, auxin polar transport, and distribution. In particular,
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the key auxin exporter PIN1 was mis-regulated in the mutants at multiple levels
including protein abundance, exocytosis, and polar localization, which could account
for the severe defects in embryo pattern formation, seedling development, and auxin
responses in the mutants. Taken together, our results had linked the function of

vacuolar proton pumps to auxin-regulated developmental processes.

Materials and Methods

Plant Materials and Growth Conditions

All Arabidopsis plants were grown in soil under greenhouse conditions (22 <C;
16-/8-h light-dark cycle for long day) or on 1/2 MS medium (Murashige and Skoog,
1962) containing 2% sucrose and 0.75% agar in the growth chamber (22 <C/18 <T;
16-/8-h light-dark cycle). The wild type control used in this study was Col-0 ecotype
and all of our plant materials were in Col-0 background. The avpl mutant
corresponded to the T-DNA insertion line GK-596F06-025557 from Luan lab (Yang et
al., 2015). The primers for genotyping are: AVP1-T74T7F,
5’-TGGGATCTACACTAAGGCTGCTG-3° and AVP1-1268R, 5’-
CCAATAATGAGTCCAGCCCAAAG-3’). ¢ primers for genotyping: forward,
5’-CAGGCTGGTGTATCAGAGCAT-3’ and reverse, 5’-
GACTCAACAGCCATGAGCTT-3’). The vha2 mutant was constructed by two
T-DNA insertion lines vha-a2 (SALK 142642) and vha-a3 (SALK_029786) from
Salk Institute for Biological Studies, and identified by genotyping (primers:
VHA-a2-LP, 5-GCAACTCGTTCAAGTCATTG-3> and VHA-a2-RP 5’-
ACCGCTGCAACTTGTCGTTA-3’; VHA-a3-LP
5’-CGATGGATCTGATGCGTTCAG-3° and VHA-a3-RP
5’-AGCATGAATGTACCTGTGCTG-3’). The transgenic lines: pPIN1::PIN1-EYFP
(Xu et al., 2006) and DR5::GUS (Sabatini et al., 1999) were from Ben Scheres lab.
We crossed these two marker line with mutants avpl, vha2 and vap3 and named them
as PIN1-EYFP avpl, PIN1-EYFP vha2, PIN1-EYFP vap3 and DR5::GUS avpl,
DR5::GUS vha2, DR5::GUS vap3.



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

Root Gravitropism Assay

The sterilized seeds were sown on 1/2 MS medium containing 2% sucrose. The
7-DAG (day after germination)-seedlings in similar size (average root length) were
transferred to 1/2MS medium containing 2% (w/v) sucrose and 0.85% agar. The
position of the root apex was marked on the back of the plates, and then the plates
were rotated by 90 °for gravitropism assay. Images were captured every 2 h by digital
camera (Canon D60). Image J was used (http://rsbweb.nih.gov/ij/download.html) to

analyze the tip angle (the angle between root tips and the horizontal direction).

Chemical treatment

The 5-DAG-seedlings were transplanted to the vertical plates with 1/2MS medium
containing 0.1 uM and 0.5 uM 1-naphthylacetic acid (NAA, Sigma 317918) and 10
uM N-(1-Naphthyl)phthalamic acid (NPA, Sigma 399728). The 5-DAG-seedlings
were vacuum fixed (0.5 MPa pressure for 30 minutes) in 4% Polyoxymethylene (PFA,
Sigma 158127) solution. After washing three times with PBS solution (NaCl 8 g, KCI
0.2 g, Na;HPO,4 1.42 g, KH,PO,4 0.27 g, 1 L, pH = 7.4), the seedlings were cleared
into Clearsee solution, which is prepared as described by Kurihara (Kurihara et al.,
2015). BCECF/AM was used as staining agent to visualize vacuole morphology and

to measure vacuolar pH as previously described (Viotti et al., 2013).

Histological and fluorescent staining

The root staining experiment requires applying vacuum for half an hour in 4% PFA
(paraformaldehyde) solution diluted with PBS (containing 1% triton). Fluorescent
Brightener 28 (FB28, Sigma F3543) was used as staining agent for roots’ cell walls,
which was diluted in 2% (w/v) Clearsee solution. After 3 minutes staining, the roots
were washed in Clearsee solution three times and sealed under coverslips.
B-glucuronidase (GUS) activity was detected by histochemical staining of tissues at

37 <C for 6h and bleaching by 75% alcohol. The GUS stained cotyledons were
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examined under stereomicroscope (Leica S8APQO) and digital images were captured
using Leica DFC450. Brefeldin A (BFA, Sigma 203729) treatment was performed in
conjunction with FM4-64 (Sigma F34653) staining. After incubation in FM4-64
solution (4 uM in 1/2MS liquid medium) for 5 minutes, 5-DAG-seedlings were
carefully washed in 1/2 MS liquid medium with tweezers for three times, the
seedlings were immersed in BFA treatment solution (50 uM in 1/2MS liquid medium)
for 50 minutes before observation. The process of confocal laser scanning microscopy
(CLSM) was to draw on Christensen’s paper (Christensen et al., 1997). We dissected
the pistils by first removing the sepals, petals and stamens from isolated flowers. Then
we cut the stigma of pistils use a needle of a milliliter syringe under the stereoscope
and gently drew two scratches on pistil walls. The pistils were immersed in a solution
of 4% glutaraldehyde and 12.5 mM cocadylate for at least 4 hours after applying
vacuum for 45 min. Then the tissue was dehydrated in 10%, 30%, 50%, 70%, 80%,
90%, 95% ethanol for 10 min each. After immersed in 95% ethanol for 12 h, the
tissue was cleared in a 2:1 mixture of benzyl benzoate: benzyl alcohol for 2 h. Then
we peeled the seeds out of the pistils and soaked them in Leica Immersion oil

11513859 for 2 h and sealed under coverslips.

Confocal Imaging

Embryos for fluorescence observation were separated from siliques in each
developmental stage. The root we observed separated from 5-DAG-seedlings which
vertically growth in 1/2 MS medium with 2% sucrose. Samples were fixed, cleaned
and dyed. Then the images were captured by the confocal microscope (Leica/TCS
SP8 STED 3X) with a 63 x oil objective. For the detection of PIN1-EYFP, the
excitation wavelength was 515 nm and the emission wave length was between 525
nm to 575 nm. For the detection of FB28 staining, the excitation wavelength was 405
nm and the emission wavelength was between 450 nm to 500 nm. For the detection of
CLSM staining, the excitation wavelength was 488 nm and the emission wavelength

was between 525 nm to 555 nm. The intensity of the argon ion laser is 8% and
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Activate STED is 50. Fluorescence intensity statistics used Image J software

(http://rsbweb.nih.gov/ij/ download.html).

Scanning Electron Microscopy (SEM)

For embryo observation, we soaked the dried seeds for twenty minutes and peeled
the seed coats with tweezers carefully. For seedlings’ cotyledons observation, we use
the 6-DAG-seedlings. Samples were fixed in FAA solution (Anhydrous ethanol: 37%
formaldehyde: glacial acetic acid: distilled water = 10: 2: 1: 7, v/ v/ v/ v) by 0.6 MPa
for 20 minutes. The materials were sealed and stored at 4 <C for 7 days before
gradient alcohol dehydration (50%, 60%, 70%, 80%, 90%, 95%, 100% C,HsOH; each
concentration for 15 minutes, the last 100% concentration repeated three times). After
dried by Automated Critical Point Dryer (Leica/CPD 300), the materials were coated
with gold particles for 20 minutes. Coated samples were transferred to an SEM

(Hitachi/S340011) for examination.

Vacuole extraction

We used the rosette leaves of 35-DAG-seedlings as the material for extracting the
vacuoles. Take 1 g fresh rosette leaves and slice them into 2 mm pieces using a razor
blade. Our method of vacuole extraction is same as previous paper (Robert et al.,
2007). We extracted the protoplasts with protoplast enzyme solution and washed them
gently with wash buffer. Then the protoplasts were disrupted by pre-warmed lysis
buffer and the vacuoles could be inspect under Leica DFC450. The solution of
vacuole was overlaid with 3 ml 4% Ficoll solution and 1 ml ice-cold vacuole buffer.
After Spinning for 50 min at 71,000g at 10 °C, vacuoles should be visible between 0
and 4% Ficoll.

Real-Time Quantitative RT-PCR

To detect the transcription levels of AVP1, VHA-a2, VHA-a3 and CUCs genes in
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Col and vap3 seedlings, cotyledons of 5-DAG-seedlings were collected and total RNA
was extracted using Trizol reagent (Invitrogen 10296010), and then
reverse-transcripted by FastKing RT Kit (With gDNase) (KR116). The primers using
in gRT-PCR were followed. AVP1: forward, 5’-CTGTCATTGCTGATAATGTCGG-3’
and reverse, 5 -GATTCCCATTGAACTGATGAGC-3’. VHA-a2: forward, 5’-

GCAACATCTTCATACGACAGTC-3’ and reverse,
5’-ACCTGAAACCTCAGTCATCATT-3". VHA-a3: forward,
5’-CATGCTTAGTCTTGATGTGACG-3’ and reverse,

5-ACTCTTTGGTTCTTAGGACCTG-3’. ACTIN2 gene was used as a positive
internal control with followed primers: forward, 5’>-CCTTCGTCTTGATCTTGCGG-3’
and reverse, 5’-AGCGATGGCTGGAACAGAAC-3’. Quantitative RT-PCR was
conducted by Eppendorf realplex 4s using SYBR® Green Realtime PCR Master Mix
and analyzed by A Athreshold cycle (CT) method.

SDS-PAGE and Immunoblotting

The material was the root of 6-DAG-seedlings, and the root was cut with scissors
along a uniform height. PIN1 protein was analyzed by SDS-PAGE and subsequent
immunoblotting. After gel electrophoresis, the proteins were transferred to a
nitrocellulose membrane (Whatman). The primary antibody against the PIN1 and
TUBULIN A was from Abmart. The secondary antibodies of PIN1 was anti-rabbit
IgG (Abmart) and secondary antibodies of TUBULIN A was anti-mouse 1gG (H+L)
(Abmart). Immunostained bands were analyzed using a CCD camera system

(Bio-rad).

Phytohormone targeted metabolome analysis

This experiment used UPLC-ESI-MS/MS analysis method to qualitatively detect
auxin in samples. We took 2 g fresh leaves from 21-DAG-seedlings’ rosette leaves

and lyophilized them in Lyophilizer (labconco & Freezone 6PLUS). Then add 500 pL
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treatment solution (Isopropyl alcohol: water: FA = 2: 1: 0.002) in 14 mg lyophilized
sample and grind with 2 steel balls (1 large and 1 small) for 2 min. After incubating in
-20 <C for 20 min, we treated our samples with ultrasound in ice bath for 30min and
add 1 mL chloroform. After another -20 <C incubation for 20 min, we treated our
samples with ultrasound in ice bath for 5 min and centrifuged at 15871 g for 5 min
before vortexing for 1 min. Then we removed 900 pL of the lower layer (divided in
two tubes, each 450 pL) in a 1.5 mL brown LCMS sample vial and dry the samples.
We resuspended the sample with 200 uL treatment solution (methanol: water = 4:1)
with ultrasound treatment in ice bath for 1 min. Samples were stored at -20 <C before
going to the machine (The whole process was under low temperature). The mass
spectrometry system used the API 5500 Triple Quadrupole Mass Spectrometry
System from AB Sciex, USA, with an electrospray (ESI) ion source and an Analyst
1.6.2 workstation. The chromatographic system used Waters' ultra-high performance
liquid chromatography. The Agilent Poroshell 120, EC-C18 (100*3 mm, 2.7 um) LC
column is used according to the nature of auxin. The injection volume is 3 pL. The
default parameters are used in the Analyst software (AB Sciex, USA, version number:
1.6.2) to automatically identify and integrate each MRM transition and assist with

manual inspection.

RESULTS

Tonoplast proton pumps play an essential role in embryogenesis

We constructed triple mutants lacking both V-ATPase (VHA-a2 and VHA-a3) and
V-PPase (AVP1) to investigate functions of tonoplast proton pumps in Arabidopsis.
We first crossed two single mutants of VHA-a2 (SALK _142642) and VHA-a3
(SALK_029786) to generate double mutant vha2 , which has the same genotype as
previously reported mutant (Krebs et al., 2010), but it was rebuilt by us. This double
mutant was further crossed, respectively, with two different alleles of AVP1 gene,
avpl (Yang et al., 2015) and fugu5-1 (Ferjani et al., 2007) to produce two triple
mutants vap3 and fap3 (Fig. S1la-b). The fap3 has the same genotype as the mutant
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described previously (Kriegel et al., 2015) but it was rebuilt by us and vap3 was a
new triple mutant allele. Our triple mutants are confirmed by PCR and gRT-PCR (Fig.
Sic-d).

Phenotypic analysis illustrated vap3 and fap3 had abnormal embryogenesis. We
examined embryo development of Col and vap3 and found that 70% of vap3 ovules
failed to develop to one-cell embryo and the others embryos showed various degree of
abnormal pattern formation (Fig. 1a-u). The embryos of vap3 had abnormal
embryonic body and abnormal suspensor, as well as stunted or arrested development
(Fig. 1v). The embryo development of fap3 had similar defects with vap3 (Fig. 1v)
and Microscopic analysis of vap3 mutant embryos at one-cell stage revealed defects
from the very beginning of embryogenesis. The wild type embryo contained a round
apical cell and a long basal cell after the first horizontal and asymmetrical division.
The apical cell was small with thick cytoplasm and eventually developed to the
embryo and the basal cell was larger and ultimately developed to suspensor (Mayer et
al., 1993). The vap3 and fap3 embryo was defective throughout the development from
one-cell to sixteen-cell stages, and subsequently from globular, heart-shaped, to the
mature stage (Fig. 1a-u). Starting from early stage, the suspensor cells were shorter
and the cell division in some cases was arrested in vap3 embryos (Fig. 1a-u). At
octant stage, the embryo of vap3 displayed multinuclear cells and unequal
cytoplasmic division (Fig. 1g-i). From globular to heart-shaped stage, the symmetrical
primordia and intermediate boundaries of the cotyledons were established in the Col
embryo, setting the foundation for cotyledons pattern formation (Long et al., 1996). In
vap3, the cotyledon primordia became asymmetric with delayed cell division (Fig.
1n-0). We also observed embryogenesis and vacuole morphology of Col, avpl and
vha2 (Fig. S2). The embryo development of wild type and avpl did not have an
abnormal developmental phenotype from one-cell embryo, while a relatively low
proportion of vha2 had abnormal suspensors (Fig. 1v). Very few double mutants
(2/187) had abnormal cell division in the late stage of globular embryos (Fig. S2), and
these will eventually show abnormal cotyledons after germination. We summarized

the abnormal cell division and pattern formation in triple mutants’ embryo (Fig. 1w).
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Vacuole morphology and distribution are several defected during

embryogenesis in the mutants lacking tonoplast proton pumps

Arecent study (Kimata et al., 2019) suggests that vacuole polar distribution plays
an essential role in the first asymmetric division of zygote. Kriegel et al (2015)
reported that lack of two tonoplast proton pumps may have altered vacuole
morphology in the elongation and transition zone of the mutant roots. Taking these
studies together, we hypothesized that early embryonic cells in the fap3 and vap3
mutants may suffer from altered vacuole morphology that leads to abnormal embryo
pattern formation. Using CLSM and Differential Interference Contrast Microscope
(DIC), we observed severe defects in the size, shape, and distribution of vacuoles in
mutant embryo cells as compared to the wild type (Fig. 1a-c, Fig. 2). After the first
division of zygote in the wild type plants, a large vacuole is found in the basal cell
while the apical embryonic cell has very small vacuoles (Kimata et al., 2019) (Fig. 1a,
Fig. 2a). In contrast, at the same stage, the apical cells featured larger vacuoles and the
basal cells featured a lot of smaller vacuoles in triple mutants (Fig. 1b-c, Fig. 2b).
Subsequently, at four- and eight- and sixteen-cell embryo stages, bigger vacuoles
persisted in the embryonic cells whereas smaller vacuoles were found in suspensor
cells in the mutant, accompanied by severe defects in cell division and pattern
formation throughout these stages (Fig. 2c-i). Using a cartoon sketch, we aligned the
vacuole morphology and embryo cell division pattern in Fig. 2j. It becomes clear that
the abnormal vacuole morphology and distribution are tightly linked to defective
embryo cell division and pattern formation. Together with the recent report (Kimata et
al., 2019), our results indicated that the abnormal vacuole morphology is causal to

defects in embryo cell division and pattern formation.

Lacking tonoplast proton pump activity results in severe defects in

plant morphogenesis



341 We compared the phenotypes of Col, avpl, fugu5-1, vha2, vap3 and fap3 plants
342  during the life cycle and found very little difference in the morphology between the
343  single mutants and the wild type. vap3, fap3 and vha2, however, showed strong

344  phenotypic changes as compared to the wild type or single mutant plants. The adult
345  plants of the vha2, vap3 and fap3 mutants showed severely stunted stature and

346  reproductive defects (Fig. S3). Besides, we found new phenotypic defects of the triple
347  mutants during early seedling development that were not reported previously. In

348  particular, almost all (99%) of vap3 seedlings showed different degree of cotyledon
349  abnormality (Fig. 3a-m), including deformed two cotyledons, three cotyledons,

350  partially fused cotyledons, and cup-shaped cotyledons (Fig. 3e-h). Another allele, fap3,
351  had 90% abnormal cotyledons (Fig. 3i-I). Comparing to triple mutants, a small portion
352  (less 1%) of vha2 seedlings after germination had obvious abnormal cotyledons

353  (mainly fused cotyledons) (Fig. 3d). Using scanning electron microscopy (SEM), we
354  also found abnormal development of shoot apical meristem (SAM) in vap3, in

355  addition to cotyledon defects (Fig. 3n-a).

356 Consistent with the description of fap3 in previous report (Kriegel et al., 2015), the
357  vap3 and fap3 seedlings displayed short root phenotype comparing to Col, avpl, and
358  fugub-1 (Fig. 4a-b). We further examined the root tip anatomy of vap3 mutant and

359  found disturbed Quiescent Center region and smaller root cap, indicating altered cell
360  division pattern of root meristem (Fig. 4c-n) and root cap (Fig. 40). We also noted the
361  V-ATPase double mutant vha2 showed reduced root growth, but avpl and fugu5-1 did
362  not show any significant changes in pattern formation. Apparently, the two tonoplast
363  proton pumps, AVP1 and V-ATPase, may have synergistic functions in the regulation
364  of early plant pattern formation.

365 In addition to defects in root growth, the triple mutants vap3 and fap3 showed

366  reduced gravity responses (Fig. S4a-b). Furthermore, vap3/fap3 mutants were

367  apparently less sensitive to exogenous 1-naphthylacetic acid (NAA) (Fig. S4c). When
368 treated with auxin polar transport inhibitor 1-N-naphthylphthalamic acid (NPA), vha2,
369  vap3 and fap3 were less sensitive to NPA as compared to the wild type and single

370  mutants, implying that auxin polar transport may be affected by the disruption of the
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vacuolar proton pumps (Fig. S4d). Together, embryo defects and reduced auxin
responses supported the hypothesis that lack of vacuolar proton pumps may have

altered auxin signaling in the mutant plants.

PIN1 localization and auxin distribution were altered in triple

mutants

Pattern formation during embryogenesis, especially cotyledon initiation and
development, is determined by auxin signaling (G&weiler, 1998). Auxin signaling in
plant development is often determined by the accumulation and transport of this
hormone within plant organs, which is limited by activities of several distinct families
of transporters. In particular, PIN-FORMED (PIN) members play critical roles in
polar auxin transport during embryonic and post-embryonic stages, thus tightly
controlling plant organogenesis and seedling development. Among the PINs, PIN1 is
a major transporter for polar auxin flow during embryogenesis (Vernoux et al., 2000).
Cotyledon morphology at mature stage of the fap3 and vap3 embryos, including fused
cotyledons, multiple cotyledons, and asymmetric cotyledons (Fig. 3a-m and Fig. S5a),
is highly similar to that in pin1-11 mutant (Fig. S5b). We thus crossed the PIN1-EYFP
marker line with our mutants and compared its localization in the wild type and
mutant backgrounds. In the wild type embryos, PIN1-EYFP signal appeared in the
plasma membranes of 16/32-cell embryo cells, and localized in the vascular precursor
cells and epidermal cell layer of cotyledon primordia after late globular stage (Fig.
5a-d, Friml et al., 2003; Xiang et al., 2011). In mutant background, PIN1-EYFP signal
was reduced in intensity in 16/32-cell embryos and heart-shaped embryos, and
showed more diffused distribution in torpedo-shaped embryos and cotyledons (Fig.
5e-h). Furthermore, we found that PIN1 is mainly distributed in the basal side of
plasma membrane in root pericycle cells of wild type plants (Fig. 5i-j). Interestingly,
PIN1 protein level was dramatically reduced in vap3 root (Fig. 5k-1). The
Western-Blot and fluorescence intensity of PIN1 in roots were produced to further

demonstrate the reduction of total PIN1 protein in vha2 and vap3 (Fig. 5m-o0).
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We further examined auxin distribution and accumulation pattern using transgenic
plants expressing the B-glucuronidase (GUS) reporter gene driven by synthetic
auxin-responsive promoter DR5. The previous reports (Gonzalez, 2010; Li et al.,
2010) show that auxin content is increased in the transgenic lines overexpressing
AVP1, indicating that AVP1 activity is positively correlated with auxin content. We
found that the GUS signal in avpl mutant (Fig. S5c-f) was less intense as compared to
that in the wild type, suggesting a disturbed auxin distribution in avpl. We measured
the auxin content of young rosette leaves in 21-DAG avpl plants and indeed found a
32% drop of auxin level as compared to the wild type (Table S1). In addition, we also
found that distribution of GUS signal was altered in vha2 (Fig. S5e) and the auxin
content was decreased in vha2 as well (Table S1), suggesting that auxin content and
polar transport was affected in vha2. In vap3 triple mutant, the DR5 signal was less
intense, the distribution of DRS5 signal was significantly changed (Fig. S5f), and the
auxin content was decreased (Table S1), suggesting that both auxin content and
distribution were affected in triple mutant.

To investigate the detailed abnormality of mutant root, we further visualized
vacuole morphology in the two developmental zones. The roots were stained with
FB28 (Figure 6a), FM4-64 and BCECF-AM (Figure 6b-¢). In the elongation zone,
wild type root cells start to rapidly expand accompanied by the inflation of vacuoles
(Figure 6b-c). And meristematic root cells of wild type roots contained a complex
tubular vacuolar network surrounding the nucleus (Figure 6d-¢). VVacuole morphology
in mutant roots was severely altered, which appeared as multiple spheres of different
sizes distributed within the cell (Figure 6b-e) in these two zones, similar to reported
phenotypes of fugu5-1 vha-a2 vha-a3 (Kriegels et al., 2015). Based on BCECF-AM
staining, the Ratio 488 /458 indicated the vacuole neutralization (Gao et al., 2015) in
roots of vap3 (Figure S6).We further extracted the vacuole from protoplast (Figure
6f-k) and we found that the diameter of protoplast and vacuole of vap3 was reduced
than Col, indicating the vacuole size and morphology were changed in vap3.

PIN1 localization was reported to be regulated by vesicular trafficking

(Kleine-Vehn and Friml, 2008). We detected the PIN1 localization in WT and mutant
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background after BFA treatment. Consistent with previous finding in wild type
background (Kleine-Vehn et al., 2009), PIN1 aggregated into BFA compartments (Fig.
61-m). But PIN1 protein distribution was largely insensitive to BFA-treatment in the
mutant background (Fig. 6n-0), suggesting that PIN1 vesicular trafficking may be
defective in vap3 background and thereby causing abnormality of PIN1 polar

localization and auxin distribution.

Discussion

Our study suggested that AVP1 and VHA-a2/VHA-a3 function in embryo pattern
formation and subsequent developmental processes, especially seedling
morphogenesis. In our study, null mutants of V-PPase (fugu5-1 and avpl) had
basically normal development process, PIN1 localization and auxin content, which is
consistent with Kriegel’s result. Vacuolar proton pumps may be involved in vacuole
morphology and distribution that have been shown to be associated with early embryo
development. A recent study shows that polar distribution of vacuoles plays a role in
the first asymmetric division of zygote (Kimata et al., 2019). We found that vacuole
morphology in vap3/fap3 embryo from one-cell stage was altered as compared to the
wild type (Fig. 1a-c, Fig. 2a-i), consistent with the possibility that the tonoplast proton
pumps function in vacuole morphology and distribution thereby affecting embryo
development. We noted that about 70% (vap3)-77% (fap3) mutant progenies failed to
develop to one-cell embryo, indicating earlier stage defects in female gametogenesis,
fertilization, and/or first zygote division. This is consistent with the finding by Kimata
(Kimata et al., 2019) that vacuole morphology is important for the first division of the
zygote. In other words, the triple mutants studied here have severe defects in vacuole
morphology, leading to failure of 70-77% zygotes to go through the first division. For
the 20-30% of the zygotes that did manage to divide, the patterns of cell divisions in
subsequent embryogenesis are severely altered thereby resulting in abnormal pattern
formation of the survived embryos. The connection between the tonoplast proton

pumps and vacuole morphology is logical as the pump activities are the major driving
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forces for molecular trafficking in and out of vacuoles, controlling turgor pressure and
biogenesis of vacuoles.

While defects in early embryo development in the mutant may be a result of altered
vacuole morphology and cell division pattern, later defects in seedling development
may have been caused by changes in the distribution of PIN1. Vacuole morphology
and PIN1 localization may be linked through cellular pH regulation that controls
protein trafficking in the cells (Geldner et al., 2001). Indeed, vacuole morphology and
PIN1-EYFP signal in vap3 root cells were both altered as compared to the wild type
(Fig. 5i-1, Fig. 6b-e), suggesting a possible connection between vacuole morphology
and PIN1 localization. Lack of proton pump activities directly alters cellular pH
homeostasis, leading to higher pH value of vacuole and lower pH value of the
cytoplasm, which has been proposed to cause abnormal PIN1 localization (Geldner et
al., 2001). As a result, auxin distribution will change and cause further defects in later
embryos and seedling morphology. Indeed, defects in the vap3 and fap3 cotyledons
lacking both pumps were similar to those in pinl1-11, RPSS5A>PID (Friml et al., 2004)
and cucl cuc2 (Aida et al., 2002), suggesting that these mutants may have severe
defects in auxin transport and signaling possibly as a result of changes in PIN1
localization (Fig. S5b). As a major efflux carrier of auxin, PIN1 plays a critical
function in polar auxin transport (Friml et al., 2004; Kleine-Vehn and Friml, 2008).
PIN1 protein has been shown to recycle between intracellular compartments and
plasma membrane through vesicular trafficking. The processes that govern
endocytosis and exocytosis therefore determine the distribution of PIN1 protein and
consequently auxin transport. Our results illustrated that the abundance and
exocytosis of PIN1 was disturbed in vap3 (Fig. 7), and subsequently lead to reduced
PIN1 abundance in plasma membrane, suggesting that tonoplast proton pumps may
function in PIN1 localization that in turn controls auxin distribution and
embryo/cotyledon development. This is consistent with an earlier study on the
function of cytosolic subunit C (VHA-C) of the V-ATPase (also called
DEETIOLATEDS, or DET3) (Lamix et al., 2008), which suggested that DET3 plays a

role in trafficking plasma membrane proteins, such as PIN2 and BRI1 (Luo et al.,
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2015). Because loss of DET3 increases the pH in the TGN/EEs, but not vacuole,
authors concluded that DET3 activity controls pH in TGN/EEs, which in turn
regulates vesicular trafficking (Lamix et al., 2008). In contrast, loss-of-function of
both VHA- and AVP1-type tonoplast proton pumps leads to raised pH of vacuole
(Krebs et al., 2010; Kriegel et al., 2015). Together with our results here, these
findings suggested that vacuolar pH may also be important for intracellular trafficking
of plasma membrane proteins such as PIN1, to control auxin transportation and
distribution.

In conclusion, tonoplast proton pumps play essential roles in vacuole morphology
and distribution during embryo cell division and embryo pattern formation. At and
after 16/32-cell embryo stages, PIN1 protein polar localization becomes a key
determinant for further embryo development. The cellular pH (controlled by vacuolar
proton pumps) is a key factor for correct trafficking of plasma membrane proteins
including PIN1. As Kriegel’s research mentioned, a null mutant of VV-PPase (fugu5-1)
exhibited no change in developmental processes and vacuole pH. In our opinion, we
considered that there are two types of proton pumps at tonoplast and they both play
the role of transporting H* into vacuole. If one of them is missing, the other one will
also exercise this function (in partial level). In both null mutant of VV-PPase (avpl or
fugu5-1) and null mutant of V-ATPases (vha2), they have the ability of transporting
H* into vacuole relying on another functional enzyme. But for vap3 or fap3, they lost
the function of both two types of proton pumps. It is very reasonable that triple mutant
has severe phenotypes. Our hypothesis seemed to be similar to “share work model”
raised in Kriegel’s paper (Kriegel et al., 2015).

Lacking tonoplast proton pumps thus would cause severe defects in embryo

patterning due to altered vacuolar morphogenesis and pH control (Fig. 7).
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Fig. S1 Identification of triple mutant vap3 and fap3.

Fig. S2 Embryogenesis of avpl and vha2.

Fig. S3 Defected growth and development in vap3.

Fig. S4 vap3/fap3 has disturbed auxin responses.

Fig. S5 Auxin related phenotypes in vap3/fap3 and pinl1-11.

Fig. S6 Relative vacuole pH measurement of meristem zone and elongation zone
in Col and vap3 6-DAG-seedlings roots.

Table S1 Detection of auxin content of 21-DAG-seedlings of Col, avpl, vha2,

vap3.
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Fig. 1 Abnormal embryogenesis of Arabidopsis mutant vap3.

(a-k) One-cell, four-cell, eight-cell, and sixteen-cell embryos of Col (a, d, g, j) and
vap3 (b-c, e-f, h-i, k) (bar = 10 um). The blue lines indicate embryos, the white lines
indicate suspensors, the red lines indicate nuclei of embryo cells, and the orange lines
indicate vacuoles. (I-q) Globular, heart-shaped, and torpedo-shaped embryos of Col (I,
n, p) and vap3 (m, o, q) (bar = 50 um). (r-u) Cotyledon embryos of Col (r) and vap3
(s-u) (bar = 50 um). Graphs represent the typical phenotype of all samples (n=100 in
each developmental stage of each line). (v) Phenotypic analysis of abnormal pattern
formations in embryos of Col, avpl, fugu5-1, vha2, vap3, fap3. Sample numbers are
labeled in each column. (w) The illustration of abnormal pattern formation of vap3
embryos. Schematic diagrams of one-cell to heart-shaped embryos showed the

abnormal embryonic body and suspensor, which could be traced to (a-0).
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Fig. 2 Abnormal vacuole morphology and distribution of Arabidopsis mutant
fap3.

(a-b) One-cell embryo of Col (a) and fap3 (b). Bar = 10 um. (c-i) four-cell, eight-cell,
and sixteen-cell embryos of Col (c, e, g) and fap3 (d, f, h-i) (bar = 10 um). Graphs
represent the typical phenotype of all samples (n=20 in each developmental stage of
Col and fap3). (j) The illustration of abnormal vacuole morphology and distribution of
fap3 embryos. (a-i) The blue lines indicate embryo cells, the white lines indicate
suspensor cells, the red lines indicate nuclei of embryo cells, and the orange lines
indicate vacuoles. Schematic diagrams of one-cell to sixteen-cell embryos showed the

abnormal embryonic body and suspensor, which could be traced to (a-i).
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Fig. 3 Abnormal cotyledons morphology in Arabidopsis mutants vap3/fap3.
Cotyledons in 6-DAG-seedling of (a) Col, (b) avpl, (c) fugu5-1, (d) vha2, (e-h) vap3,
(i-1) fap3 (bar = 500 um). (m) Phenotypic analysis of different cotyledon phenotypes
of vap3 and fap3. 2 Cot represent abnormal 2 cotyledons, 3 Cot represent abnormal 3
cotyledons, fused represent partially fused cotyledon, cup represent cup-shaped
cotyledon. Sample numbers are labeled in each column. Shoot Apical Meristems in (n)
Col, (0) avpl, (p) fugu5-1, (q) vha2, (r-v) vap3, (w-o) fap3 (bar = 500 um). Arrows
mark the SAM of seedlings. Graphs represent the typical phenotype of all samples
(n=100 for each line).
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Fig. 4 Abnormal root development in Arabidopsis mutants vap3/fap3.

() Root length of Col, avpl, fugu5s-1, vha2, vap3 and fap3. For a more obvious
comparison, the picture shows the 9-DAG-seedling. Graphs represent the typical
phenotype of all samples (n=100 for each line). (b) Statistical analysis of root length.
Bars represent the means =SD of three biological replicates (n = 30). Asterisks
indicate the significant difference (Student’s two tailed t test, *P < 0.05; **P < 0.01).
QC region of Col (c-d), avpl (e-f), fugu5-1 (g-h), vha2 (i-j), vap3 (k-1) and fap3 (m-n)
(bar =30 um for ¢, e, g, i, k, m, and 10 um for d, f, h, j, I, n). Graphs represent the
typical phenotype of all samples (n=15 for each line). (0) Statistical analysis of
relative square of root cap. Bars represent the means £SD of three biological
replicates (n = 10). Asterisks indicate the significant difference (Student’s two tailed t

test, *P < 0.05; **P < 0.01).
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Fig. 5 Arabidopsis mutant vap3 has disturbed auxin polar transportation and
distribution.

(a-h) PIN1 level and localization in Col (a-d) and vap3 (e-h) during embryogenesis
(bar = 50 um). Graphs represent the average intensity of fluorescence of PIN1 protein
in embryos. (i-1) PIN1 level and localization in Col (i, j) and vap3 (k, I) of
5-DAG-seedlings (bar = 30 um for i and k; and 10 um for j and 1). Arrows mark the
localization of PIN1 protein. (m) PIN1 protein level in roots of Col, avpl, vha2 and
vap3. (n) A quantitative analysis of PIN1 protein levels is shown below and each bar
corresponds with the PIN1 band in the blot. Values correspond to the arithmetic
means x£SD of three biological replicates (n = 3). Asterisks indicate the significant
difference (Student’s two-tailed t test, *P < 0.05; **P < 0.01). (o) Relative PIN1-YFP
signal intensity in Col, avpl, vha2 and vap3. The data are extracted from normalized
mean grey levels of PIN1-YFP in Col, avpl, vha2 and vap3. Values correspond to the
arithmetic means £SD of three biological replicates (n = 20). Asterisks indicate the

significant difference (Student’s two tailed t test, *P < 0.05; **P < 0.01).
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Fig. 6 Arabidopsis mutant vap3 has abnormal cell division, vacuole morphology
and vesicular trafficking of PIN1 in roots.

(a) The root pattern of Col and vap3 (bar = 100 um). Roots were stained with FB28
(blue). The shape of vacuoles was monitored in the root elongation zone (b-c), and
meristematic zone (d-e) of 5-DAG-seedlings of (b, d) Col and (c, e) vap3. Roots were
stained with BCECF (green) and FM4-64 (red). Arrows mark the different vacuoles.
Graphs represent the typical phenotype of all samples (n=15 for each line). Isolated
protoplasts of Col (f) and vap3 (g). Crude vacuoles of Col (h) and vap3 (i, j) stained
with Neutral Red. (k) Statistical analysis of protoplast and vacuole diameters of Col
and vap3. Bars represent the means =SD of three biological replicates (n = 30).
Asterisks indicate the significant difference (Student’s two tailed t test, *P < 0.05; **P
<0.01). PIN1 level and localization in Col (I, m) and vap3 (n, o) root after BFA

treatment (bar = 30 um for I, n; and 10 um for m and o). Arrows mark the BFA
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755  Fig. 7 The hypothesis model of proton pumps at tonoplast regulating embryo
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