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Abstract

Generating cellular Ca’* signals requires coordinated transport activities from both Ca’* influx and efflux pathways. In
Arabidopsis (Arabidopsis thaliana), multiple efflux pathways exist, some of which involve Ca’*-pumps belonging to the
Autoinhibited Ca”*-ATPase (ACA) family. Here, we show that ACA1, 2, and 7 localize to the endoplasmic reticulum (ER)
and are important for plant growth and pollen fertility. While phenotypes for plants harboring single-gene knockouts
(KOs) were weak or undetected, a triple KO of aca1/2/7 displayed a 2.6-fold decrease in pollen transmission efficiency,
whereas inheritance through female gametes was normal. The triple KO also resulted in smaller rosettes showing a high
frequency of lesions. Both vegetative and reproductive phenotypes were rescued by transgenes encoding either ACA1, 2, or
7, suggesting that all three isoforms are biochemically redundant. Lesions were suppressed by expression of a transgene
encoding NahG, an enzyme that degrades salicylic acid (SA). Triple KO mutants showed elevated mRNA expression for
two SA-inducible marker genes, Pathogenesis-related1 (PR1) and PR2. The aca1/2/7 lesion phenotype was similar but less se-
vere than SA-dependent lesions associated with a double KO of vacuolar pumps aca4 and 11. Imaging of Ca’* dynamics
triggered by blue light or the pathogen elicitor fig22 revealed that aca1/2/7 mutants display Ca’* transients with increased
magnitudes and durations. Together, these results indicate that ER-localized ACAs play important roles in regulating Ca®*
signals, and that the loss of these pumps results in male fertility and vegetative growth deficiencies.

Introduction influx and efflux pathways, with different Ca>* circuits
Ca’" signals participate in nearly all aspects of plant devel-  functioning in various subcellular locations (Tang and Luan,
opment, including responses to biotic and abiotic stresses. 2017 Aldon et al, 2018; Kudla et al, 2018; Johnson et al,

The dynamic changes in cytosolic calcium concentrations ~ 2019; Moeder et al, 2019; Garcia Bossi et al, 2020; Marti
[Ca“]Cyt result from the coordinated regulation of both Ruiz et al, 2020). Potential Ca”*-permeable influx channels
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include Two Pore calcium (TPC) channels, Cyclic Nucleotide
Gated Channels, Glutamate-Like Receptors, Mechano-
Sensitive-Like channels, piezo type channels (Piezo),
“reduced hyperOsmolality-induced [Ca“]cyt increase” chan-
nels (OSCAs), and annexins (Demidchik et al, 2018; Kudla
et al, 2018). On the efflux side, pumps and exchangers
provide energized transport to remove Ca>* from the cyto-
sol and restore basal levels of [Ca“]cyt. These transporters
include Ca’" exchangers (CAXs; i.e. Ca®*-H™ antiporters)
and two classes of P-type ATPases, named endoplasmic re-
ticulum (ER)-type Ca’*-pumping ATPases (ECAs; P2A
ATPases) and Autoinhibited Ca’* ATPases (ACAs; P2B
ATPases; Axelsen and Palmgren, 2001; Baxter et al, 2003;
Pittman and Hirschi, 2016; Hocking et al, 2017, Ma and
Berkowitz, 2017; Garcia Bossi et al,, 2020).

In Arabidopsis (Arabidopsis thaliana), there at least 15
ATP-dependent pumps that transport Ca’*, including 10
ACAs, 4 ECAs, and a heavy metal ATPase (HMAT) that can
also transport Ca>* (Moreno et al,, 2008). With the excep-
tion of ACA12 and 13, ACA-type pumps are activated by
Ca’" /calmodulin binding to an N-terminal regulatory do-
main, which disrupts autoinhibition and thereby activates
the pump (Demidchik et al, 2018; Kudla et al,, 2018; Garcia
Bossi et al, 2020). This creates a feedback mechanism
through which Ca’* influx generates a “transient” (signal)
which then stimulates ACA-efflux pathways to help restore
[Ca“]cyt to resting basal levels. Ca’* pumps and exchang-
ers have been found in multiple membrane systems, includ-
ing the ER, vacuole, and plasma membrane (PM). While
ACAs, ECAs, and CAXs remove Ca’* from the cytosol, their
individual contributions in controlling the magnitude or du-
ration of different stimulus-specific Ca®* signals are not well
understood.

ACAs are important for a variety of physiological pro-
cesses (Garcia Bossi et al, 2020). ACA9 is PM-localized and
expressed primarily in pollen, where it plays critical roles in
pollen tube growth and sperm discharge, with aca9 knock-
out (KO) mutants displaying severe male fertility defects
(Schigtt et al, 2004). Mutants lacking combinations of other
PM-localized ACAs (ACAS, 10, 12, and 13) have been linked
to altered plant morphology (ACA8 and 10 in George et al,,
2008; Zhang et al, 2014), impaired reproduction (ACAS8, 10,
12, and 13 in Ilwano et al, 2014; Yu et al, 2018), and defi-
cient responses to pathogens (ACA8 and 10 in dit Frey
et al, 2012). ACA4 and 11 are targeted to vacuoles (Lee
et al, 2007), and double mutants lacking both pumps
(aca4/11) display a high frequency of salicylic acid (SA)-de-
pendent lesions in leaves, which could be suppressed by dis-
rupting an SA-biosynthesis gene Salicylic acid Induction
Deficient2 (SID2), which encodes Isochorismate Synthasel
(ICS1), or by expression of an SA-degrading NahG (salicylate
hydroxylase) enzyme (Boursiac et al,, 2010). A disruption of
the aca4/11 vacuolar pumps increases the magnitude of
Ca’" signals triggered by a flg22 elicitor (Hilleary et al,
2020). RNA interference (RNAI) silencing of NbCAT in
Nicotiana benthamiana, which shares greatest similarity to
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ACA4 and 11, also results in increases in the magnitude and
duration of cytosolic Ca’* transients following exposure to
a fungal elicitor (cryptogein), and these lines display similar
lesion phenotypes as aca4/11 mutants (Zhu et al, 2010). For
the subgroup of ACA1, 2, and 7 (P2B-1 subfamily in
Arabidopsis (Baxter et al, 2003), the only KO phenotype
reported is for aca’, which displays a high frequency of
aborted pollen grains detected via Alexander staining (Lucca
and Ledn, 2012). However, this aca7 phenotype is not cor-
roborated with genetic transmission assays, and Alexander
staining has been shown to be an unreliable marker for pol-
len viability (Luria et al,, 2019).

In this study, we provide evidence that members in the
ACA1/2/7 subgroup are functionally interchangeable and re-
side primarily in the ER. The loss of all three pumps (aca1/
2/7) resulted in plants with multiple phenotypes, including
pollen transmission deficiencies and SA-dependent lesions in
rosette leaves. Ca’* imaging in leaves indicated that aca1/2/7
mutants display Ca’* transients with increased magnitudes
and duration when stimulated by blue light or flg22. These
results establish the importance of the ER-localized ACA1/2/7
subgroup in attenuating cellular Ca®* dynamics and suggest
that natural or engineered variation in their activities could
impact multiple features of plant growth and responses to
the environment.

Results

Phylogenetic and expression analyses

Four different subgroups of ACA-type Ca’*-ATPases were
previously established in phylogenetic analyses of P-type
ATPases, with these distinct clusters showing conservation
between Arabidopsis and rice (Oryza sativa; Baxter et al,
2003; Pedersen et al, 2012). Figure 1 provides a similarity
tree diagram showing four ACA subgroups and other repre-
sentative P-type ATPases in Arabidopsis. ACAT, 2, and 7 are
members of the same subgroup (P2B-1). Expression profiles
archived in public databases indicate that ACA2 has signifi-
cant mRNA abundance in pollen, root, and leaf tissues
(Figure 1; Supplemental Table S1). In contrast, ACA7 is
primarily expressed in pollen and ACAT in root and leaves.
This suggests that most tissues or cells express at least two
members of this ACA group, providing an expectation
for functional redundancy that could mask KO phenotypes
for individual genes.

ACA1, 2, and 7 have similar endomembrane
localization patterns

While ER localization has been established for ACA2 (Hong
et al, 1999; Dunkley et al, 2006), a side-by-side Fluorescent
Protein (FP)-tagging comparison was not previously done
with ACA1 and 7 to determine if they show similar subcellu-
lar localizations. To make this comparison, transgenes
encoding ACA1, 2, and 7 were engineered with a C-terminal
Green Fluorescent Protein (GFP) or Yellow Fluorescent
Protein (YFP) and stably expressed in vegetative tissues
(Figure 2), or in pollen (Figure 3).


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab021#supplementary-data
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mRNA Expression Proposed
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Figure 1 Similarity tree showing four distinct subfamilies of ACA-type Ca’* P-type ATPases. The similarity tree was obtained from Pollen RCN
(http://arabidopsis-heat-tree.org/) using full-length protein sequences of all 10 members of P2B ATPases with one representative member from
each of the other P-type ATPases (P1, P2A, P3, P4, P5). Bold lines in tree branches indicate boot-strap values of 100. Heat map showing gene
expression profiles in pollen, root, and leaves based on microarray experiments values from (http://arabidopsis-heat-tree.org/). A more complete
expression profile comparison with all P-type ATPases is provided in Supplemental Table S1, along with a comparison with two RNA-seq data

sets. ER, endoplasmic reticulum; Vac, vacuole; PM, plasma membrane.

In guard cells, an ER-like pattern was observed for ACA1-
YFP, ACA2-GFP, and ACA7-YFP (Figure 2). Strong fluores-
cence was observed surrounding the nucleus, consistent
with the nuclear envelope or the ER that often “wraps”
around the nucleus. These patterns were observed even in
cells showing weak GFP or YFP signals near the lower limits
of detection. In contrast to the PM-localized ACAS8, no
definitive signals corresponding with PM-localization were
detected for ACA1, 2, or 7. Importantly, ACA1 did not
appear to colocalize with any autofluorescence from
chloroplasts, suggesting that chloroplasts are not a primary
location for ACAT, in contrast to what was previously pro-
posed by (Huang et al, 1993) based on cell fractionation
and immuno-detection with a putative anti-ACA1 antibody.
The lack of chloroplast co-localization was consistent among
ACA1, 2,and 7.

In pollen, ER-like patterns were also observed for ACA1-
YFP, ACA2-GFP, and ACA7-YFP (Figure 3). In contrast to
PM-localized ACA9 (Figure 3B), ACAT1, 2, or 7 did not show
any significant enrichment at the PM (Figure 3, C-E).
Because ACA7 was previously proposed to localize to the
PM (Lucca and Ledn, 2012), additional transgenic lines were
engineered with ACA7-YFP under the control of an ACA7
promoter. Regardless of the promoter, or variations in ex-
pression levels, we did not observe any significant PM accu-
mulation for ACA7 (Figure 3E Supplemental Figure S1). For
ACAT1-YFP expressed in pollen, a higher resolution image
obtained from a spinning disc confocal microscope is shown
in Supplemental Figure S1, with a movie (Supplemental
Movie S1) that captured cytoplasmic streaming of ACA1-

labeled membranes in a pattern consistent with expecta-
tions for ER-strands. Together, these results confirm similar
ER-localization patterns for the ACA1/2/7 subgroup in both
vegetative and reproductive cell types.

ACAT1, 2, and 7 fail to functionally replace the
PM-localized ACA9

Despite the lack of PM-localization evidence for any of the
ACA1/2/7 pumps, we used a genetic approach to indepen-
dently determine whether any member of the ACA1/2/7
subgroup might still provide some Ca”*-pumping activity at
the PM. We tested whether the pollen-specific expression of
ACAT-YFP or ACA7-YFP (same transgenes used in Figure 3)
could partially rescue the pollen deficiencies associated with
an aca9 KO mutant, which lacks the most abundant PM-
localized ACA in pollen. The aca9 KO plants have siliques
with reduced seed set due to male fertility defects, which is
caused by pollen tubes that are short, slow-growing, and de-
ficient in their ability to discharge sperm (Schiott et al,
2004). Both ACA1-YFP and ACA7-YFP transgenes were stably
expressed in aca9 (-/-) KO plants and displayed expression
levels equivalent or better than ACA9-YFP controls, as
determined by YFP fluorescence in pollen grains
(Supplemental Figure S2).

Two assays were performed to test whether ACA
transgenes could rescue the fertility defects of an aca9 KO.
The first was to test for restoration of normal seed set
(Figure 4A). This bioassay was previously used to corrobo-
rate a PM function for ACA12 (Limonta et al, 2014), and
provided a control demonstrating that ER-localized ACA2
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Figure 2 Confocal fluorescence microscopy of guard cells showing FP-tagged ACA1 and 7 with subcellular localizations similar to ER-localized
ACA2. The positions of chloroplast were visualized by chlorophyll red autofluorescence and overlaid with GFP or YFP images. White arrows point
to ER surrounding the nucleus. A, GFP control showing the pattern of accumulation in the cytosol and nucleus. B, ACA8-GFP showing PM locali-
zation. C, ACA2-GFP showing ER localization. D and E, ACA1-YFP and ACA7-YFP showing an endomembrane pattern similar to ACA2-GFP.
At least two independent lines were analyzed for each ACA-FP fusion. The expression of all fusion constructs were under the control of a 355
promoter except ACA7-YFP, which was under the control of a UBQ10 promoter. Corresponding seed stock (ss) numbers and plasmid stocks (ps)
are GFP only (ss1811, ps346), ACA8-GFP (ss248, ps396), ACA2-GFP (ss2214-2216, ps660), ACA1-YFP (ss2211-2213, ps1294), and ACA7-YFP

(ss2401, ps2628). Scale bar is 10 um.

was unable to provide a functional rescue. In agreement
with prior results for ACA2, neither ACA1 nor 7 showed
any detectable restoration of seed set in the aca9 KO back-
ground (Figure 4A).

As a second approach, a more sensitive genetic segrega-
tion analysis was conducted to determine whether hemizy-
gous transgenes could provide a detectable rescue of the
aca9 KO pollen transmission deficiency (Figure 4B). This res-
cue test was done by comparing the transmission efficiencies
of different ACA transgenes through outcrosses or selfing.
The segregation of transgenes to F1 progeny was scored by a
hygromycin resistance (Hyg") marker associated with each
transgene. A transmission efficiency ratio (TE,) was

calculated as the ratio of resistant to sensitive seedlings. In
these assays, if a transgene provides a rescue in a mutant
aca9 KO background, then the TE, would show an increase
above that expected for a normal Mendelian segregation.
As a control, a transgene encoding PM-localized ACA9 in-
creased TE;s through a pollen outcross (69-fold) and selfing
(2.5-fold), while still showing normal transmission through
female gametes (Figure 4B-2). In contrast, we failed to
observe any increase in TEs (i.e. no rescue) for transgenes
encoding ACA1-YFP or ACA7-YFP in selfing (Figure 4B-3), or
for ACA7-YFP in pollen outcrosses (Figure 4B-4).

Together, the observed ER localization patterns (Figures 2
and 3) combined with genetic evidence that ACA1, ACA2,
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Figure 3 Confocal fluorescence microscopy of pollen tubes showing FP-tagged ACA1 and 7 with subcellular localizations similar to ER-localized
ACA2. Pollen tubes were grown in vitro and imaged using confocal microscopy. Bright field (DIC) and fluorescence are shown. A, YFP shows a pos-
itive control for cytosolic localization. B, ACA9-YFP shows a control for PM localization (Schigtt et al., 2004). C, ACA2-GFP shows a comparison
for ER localization (Hong et al, 1999). D and E, ACAT-YFP and ACA7-YFP showing an endomembrane pattern similar to ACA2-GFP. At least
two independent lines were analyzed for each ACA-FP fusion. The expression of all fusion constructs were under the control of an ACA9 pro-
moter (Schigtt et al., 2004). Corresponding ss numbers and ps are YFP only (ss2228 and ss2232, ps532), ACA9-YFP (ss2229-2231, ps580), ACA2-
GFP (s5s2253-2255, ps585), ACAT-YFP (ss2220-2222, ps1295), and ACA7-YFP (ss2249-2252, ps1960). Scale bar is 10 um.

and ACA7 are unable to functionally substitute for PM-
localized ACA9 (Figure 4) suggest that the ACA1/2/7 sub-
group functions primarily at the ER.

Triple KO mutants lacking ACA1, 2, and 7 display
impaired pollen fitness

To investigate the biological functions associated with
ACA1/2/7, we obtained T-DNA disruption alleles from pub-
lic collections (Krysan et al, 1996; Sessions et al, 2002
Alonso et al, 2003; Woody et al, 2007; Rosso et al., 2003).
Gene models and insertion locations for mutations used
here and other studies are shown in Figure 5A and
Supplemental Figure S3. Two sets of acal/2/7 triple KOs
were created by combining independent sets of mutant
alleles. The combination of aca1-2/2-2/7-9 has a mixed pa-
rental background comprised of both Columbia-0 (Col-0;
aca2-2) and Wassilewskija (WS; acal-2, aca7-9). However, all
alleles in the aca1-7/2-3/7-5 combination were created in a
Col-0 parental background. All insertions were in coding-
sequence locations predicted to disrupt a functional pump
(e.g. missing essential transmembrane domains), except for
aca7-5. The aca7-5 insertion occurred in an intron location,
which increases the potential for a splicing event to remove

the T-DNA insertion during mRNA processing. However, a
qualitative PCR analysis failed to detect transcripts for any
of the alleles used in either set of triple mutants (Figure 5B).
Thus, both aca1/2/7 triple mutants have the expectation of
being complete loss-of-function KOs.

To test whether single KOs for acal, 2, or 7 by themselves
showed any segregation distortion phenotypes, heterozygous
plants were subjected to reciprocal outcrosses and selfing
(Figure 6, A-1-5). For all individual KOs, reciprocal out-
crosses showed no evidence for any transmission deficiencies
through either pollen or female gametes. Similarly, there was
no distortion observed in selfing of acal or 2. However,
aca7 was a possible exception showing a weak distortion for
two different alleles.

In the case of aca7, selfing with aca7-8 and 7-9 alleles
revealed that TEs were slightly lower than expected (2.3
and 2.7, respectively, compared to an expected TE, of 3,
P < 0.001; Figure 6, A-4 and 5). However, because reciprocal
crosses failed to show any significant transmission deficiency
through either male or female gametes (combined across
alleles, n=1061, P =093 and, n=1324, P =041, respec-
tively), the small 0.91- to 0.76-fold decrease in selfing TE,s is
most likely related to a zygotic deficiency.
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Figure 4 Seed set and genetic segregation analyses showing the inability of transgenes encoding ACA1 and 7 to rescue the KO phenotype for the
aca9 PM Ca>* pump. A, Comparison of the average seed set per silique for selected plants lines expressing a specific transgene (TG) or without
(D). Values represent means + sp. At least three independent plant lines were quantified with equivalent results for each potential aca9-8 (-/-)
rescue line expressing TGs encoding ACA9-YFP, YFP, ACA1-YFP, or ACA7-YFP. All plant lines were compared to aca9-8 (-/-) mutant. Statistical sig-
nificance was determined by the Student’s t test (*** P < 0.0001). Not significant denoted as (ns). B, Segregation analyses in an aca9-8 (-/-) back-
ground and scoring for the transmission of the Hyg® marker associated with TGs encoding: (1) YFP, (2) ACA9-YFP, (3) ACA1-YFP, and (4) ACA7-
YFP. TE, were calculated by scoring F1 progeny (# Hyg® over # sensitive) from self-fertilization (Self) or out-crosses. Number of F1 progeny scored
denoted by (n). The X-fold difference between observed (OBS) and expected (EXP) TE,s are shown. Statistical significance was determined by the
Pearson’s x° with a minimum threshold set at P < 0.05. Supplemental Figure S2 shows the relative TG expression levels in pollen grains as mea-
sured by their YFP fluorescence under the microscope. The ACA9 promoter was used to drive the expression of all constructs. Corresponding ss
numbers and ps are ACA9-YFP (ss2229-2231, ps580), YFP vector (ss2232-2234, ps532), ACAT-YFP (ss2241-2244, ps1295), and ACA7-YFP

(ss2235-2240, ps1960).

Because aca7 KO mutants were previously reported to
show large numbers of aborted pollen grains (Lucca and
Ledn, 2012), we further examined the aca7-1 allele used in
that study (Lucca and Ledn, 2012). In our analysis, the same
T-DNA source line was backcrossed multiple times and
renamed aca7-10. Despite using the same T-DNA source
line, we failed to detect any transmission decrease in pollen
outcrosses, as quantified by PCR genotyping of F1 progeny
(TE, = 1.13 vs an expected of 1, n = 111, P = 0.51).

In contrast to the weak or non-detectable phenotypes for
single KO alleles, the aca1-2/2-2/7-9 triple KO combination
showed a more than two-fold decrease in TE, for both self-
ing (n =622, P < 9E-22) and pollen outcrosses (n = 1296,
P < 1E-59), but still showed normal transmission through
female gametes (Figure 6A-6). In this assay, the segregation
analysis was done by scoring the transmission of a glufosi-
nate herbicide resistance marker (Basta") associated with
the aca2-2 allele, which was segregating in a parental back-
ground homozygous for acail-2 and aca7-9.

To confirm that the acal/2/7 pollen transmission deficien-
cies were caused by the combined loss of a redundant ACA
activity, hemizygous transgenes encoding ACA1-YFP, ACA2-
GFP, and ACA7-YFP (same pollen-specific transgenes used for
imaging subcellular localization in Figure 3) were tested for
their ability to rescue the male transmission defect of a ho-
mozygous acal/2/7 triple KO mutant (Figure 6B). This segre-
gation analysis was done by scoring F1 progeny for the
transmission of a hygromycin resistance (Hyg") marker linked

to the transgenes. In these assays, if a transgene provides a
rescue in the aca1/2/7 KO background, then its TE, will show
an increase above an expected TE, of 1. In these pollen out-
crosses, a TE, of 2.6 represents an approximate threshold
expected for a complete rescue, as estimated from the inverse
of the transmission deficiency observed for the segregating
aca2-2 allele (Figure 6A-6). Consistent with evidence for a
near or complete rescue, we observed TE,s ranging from 2.2
to 2.6 for each of the ACA transgenes (Figure 6B), whereas a
vector-only transgene showed a normal TE,.

Triple KO mutants for ACA1, 2, and 7 display SA-
dependent rosette size reductions and leaf lesions
Whereas no obvious vegetative growth phenotypes were ob-
served for each of the single KOs, both combinations of aca1/
2/7 triple KOs resulted in smaller rosette sizes, as measured by
leaf length (1.2-fold decrease; Figures 7 and 8). These growth
reductions were accompanied by an increased frequency of
necrotic lesions in leaves (often referred to as a “lesion-mimic
phenotype”). To confirm that the observed phenotypes were
specifically caused by the acal/2/7 mutations, mutant plants
were stably transformed with transgenes encoding ACA1-YFP,
ACA2-GFP, or ACA7-YFP, with expression under the control
of a Caulifower mosaic virus-35S promoter (35S promoter).
All of these transgenes were able to reverse the aca1/2/7 leaf
size reductions (Figure 7C). In addition, these transgenes sup-
pressed the increased frequency of leaf lesions, as observed by
visual inspection of plants (Figure 7A).
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Figure 5 Positions of T-DNA disruptions in gene models for ACA1, 2, and 7. A, Gene diagrams for ACAT (At1g27770), ACA2 (At4g37640), and ACA7
(At2g22950) are shown. The allele name, source, and position of T-DNA insertions are shown. Exons and introns are depicted by boxes and lines, re-
spectively. *aca7-10 is derived from the same source plant as aca7-1 in (Lucca and Ledn, 2012). B and C, Qualitative PCR showing the presence or ab-
sence of detectable mRNA for ACA1, 2, and 7 in WT or KO mutants. Two biological replicates (Bio-Reps) are shown for mRNA from WT background
controls, WS (control ¢1 and c2), and Col (c3 and c4). For each KO, 3 biological replicates all show a failure to amplify each ACA mRNAs in KO
mutants acal-2/2-2/7-9 (“Mixed Background”) Bio-Reps 1, 2, and 3 (Panel B) and aca1-7/2-3/7-5 (Col Background) Bio-Reps 4, 5, 6 (Panel C). PCR am-
plification of Actin 7 (At5g09810) was used as a normalization control (650 bp fragment generated with primers 2297a + 2297br). For ACAs, primers
with expected amplicon sizes (PCR size in bp) were ACAT (630 bp) primers 2308a + 2308br, ACA2 (610 bp) primers 2304a + 2304br or (350 bp) pri-
mers 2307a + 2306br, ACA7 (930 bp) primers 875e + 2292 or (470 bp) primers 875g + 2292. The cDNA used was made from equivalent mixtures
of mRNA from leaf and pollen tissue. Primer positions and sequences used for genotyping and qualitative PCR analyses are provided in Supplemental
Figure S3 and Supplemental Table S2, respectively.

The high frequency of lesions in aca1/2/7 leaves was ac-  Pathogenesis-related1 (PR1), AT2G14610; Figures 7, D and 8,
companied by increases in the expression of transcriptional B) and PR2 (AT3G57260; Supplemental Figure S4).
markers for an SA response (Palmer et al, 2019), including  Additionally, triple KOs showed an increase in the
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A. oBS/
EXP
OBS EXP X-fold
Male X Female n TEr TEr P-value Diff
1. aca1-7 (+/-) single KO transmission (Sulff)
acat-7 (+/-) X Self 263 353 3 0.27 ns
WT X acat-7 (+/-) 1023 092 1 0.20 ns
acat-7 (+/-) X WT 852 0.85 1 0.02 ns

2. aca2-2 (+/-) single KO transmission (Basta®)
acaz2-2 (+/-) X Self 1160 3.33 3 0.14 ns

WT X aca2-2 (+/-) 242 089 1 0.37 ns
aca2-2 (+/-) X WT 1230 1.05 1 0.42 ns
3. aca2-5 (+/-) single KO transmission (Sulff)
aca2-5 (+/-) X Self 696 259 3 0.08 ns
WT X aca2-5 (+/-) 252 1.05 1 0.71 ns
acaz-5 (+/-) X WT 160 095 1 0.75 ns
4. aca7-8 (+I-) single KO transmission (Sulf?)
aca7-8 (+/-) X Self 682 229 3 0.001 0.76
WT X aca7-8 (+/-) 592 1.04 1 0.62 ns
aca7-8 (+/-) X WT 855 1.01 1 0.92 ns
5. aca7-9 (+/-) single KO transmission (Kan®)
aca7-9 (+/-) X Self 5938 2.72 3 7E-04 0.91
WT X aca7-9 (+/-) 732 089 1 0.12 ns
aca7-9 (+/-) X WT 206 1.00 1 1 ns
6. Triple KO aca1-2(-/-)/7-9(-/-)/2-2(+/-) transmission (Basta®)
acal/7(-/-) ; 2-2(+/-) X Self 622 140 3 9E-22 047
WT X aca1/7(-/-) ; 2-2(+/-) 186 088 1 0.38 ns

acal/7(-/-) ; 2-2(+/-) XWT 1296 038 1 1E-59 0.38

B. P < 3 E-06
r 1
3 1 <] 3xKO
2.6 2.6 Col Bkg
] —<
2.2 2.3
oo « 3xKO
s Col/WS
5 ns Bkg
o - 08 TE, q|
n= 404
1 P=06
] Expected
TE,
S WT' acar AcA2 aca7
§ ACA2in
1/7(-1-) Rescue TGs
2-2(+1-) in 3x KO

Figure 6 Transmission genetics showing that a triple KO of aca1/2/7
has a pollen deficiency that can be rescued through pollen-specific ex-
pression of transgenes encoding ACA1, 2, or 7. All crosses were con-
ducted using transgenic lines harboring a single hemizygous
transgene. All significance testing was done with a Pearson’s 5° with a
minimum threshold set at P < 0.05. Not significant denoted as (ns).
TE,s were scored in F1 progeny as # of resistant/# of sensitive seedlings
for selection markers associated with T-DNA insertions as indicated
(Basta®, Kan®, Sulf®). A, Parts 1-5 show segregation analyses of single
KO alleles for aca1-7 (1), aca2-2 (2), aca2-5 (3), aca7-8 (4), aca7-9 (5).
Part 6 shows segregation analyses for aca1-2(-/-)/7-9(-/-)/2-2( + /-)
in which the segregation of the hemizygous aca2-2 allele was scored
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expression of diagnostic markers for a pathogen response in-
volving Ca’* signals, including FRK1 (FLG22-induced
receptor-like kinase 1, AT2G19190) and Phosphate-inducible
1 (PHI1, AT1G35140), consistent with a potential mis-
regulation of Ca>* signals in the triple KO mutant.

To determine if the observed plant growth deficits and le-
sion phenotypes were due to over-activation of a SA-
dependent pathway, as observed in aca4/11 mutants
(Boursiac et al, 2010), we introgressed a transgene encoding
NahG (Molina et al, 1998) into the acal-2/2-2/7-9 mutant.
NahG is an SA-degrading enzyme used by bacterial patho-
gens to suppress plant defense responses (You et al, 1991;
Gaffney et al, 1993; Delaney et al, 1994). NahG expressing
lines restored growth and attenuated the lesion phenotype
of an aca1/2/7 KO mutant (Figure 8A). For comparison,
phenotypes associated with aca4/11 KO plants with and
without NahG expression are shown in Figure 8, A and B.
While the aca4/11 KO appears to cause a more severe re-
duction in plant size and lesion frequency, the lesion pheno-
types in both aca4/11 and acal/2/7 mutants were equally
rescued by the NahG transgene. These results confirm that
the lesion-associated growth deficits observed in aca1/2/7
plants are SA-dependent.

Nutritional supplements can suppress lesion
formation in an aca1/2/7 triple KO

Several nutritional supplements were previously found to
suppress the lesion formation in the aca4/11 KO (Boursiac
et al, 2010). To determine whether the same supplements
would suppress the lesion phenotype of acal/2/7 mutants,
young seedlings were grown in a standard hydroponic solu-
tion supplemented with 15 mM NH,NOs, 15 mM KCl, or
15 mM KH,PO,. As previously observed for aca4/11, each of
the above supplements suppressed any visible lesion forma-
tion in acal/2/7 mutants and restored rosette growth to
that of wild-type controls (Supplemental Figure S5).

by a Basta" marker. B, Bar graph showing TE,s associated with pollen
transmission of hemizygous rescue constructs. For rescue constructs,
TE,s were calculated based on the transmission of the Hyg® marker as-
sociated with each transgene. For the “WT” ACA2, the TE, shown rep-
resents the endogenous wild-type ACA2 segregating in competition
with the aca2-2 allele, as quantified in part A-6 (inverse of the 0.38 TE,
calculated for aca2-2). A dotted line shows the expected TE, of 1 for
normal Mendelian transmission. The average TE, is shown for the best
rescue lines for each of the two triple KO combinations, with open tri-
angles representing rescues in acal-7(-/-)/2-3(-/-)/7-5(-/-) (Col
background), and closed triangles representing rescues in acal-2(—/-)/
2-2(=/-)/7-9(-/-) (Col/WS mixed background). Corresponding ss num-
bers and ps are ACA9:YFP (552497, ps532 for Col background, ss2224 for
Col/WS mixed background), ACAT (ss2220-2221, ps1295 for Col back-
ground, ss2222 for Col/WS mixed background), ACA2 (ss2253 and 2255,
ps585 for Col background, ss2498-2500 for Col/WS background), and
ACA7 (ss2501, ps1960 for Col background, ss2249-2252 for Col/WS
mixed background).
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Figure 7 An aca1/2/7 triple KO results in smaller plants with lesions
and increased expression of the PRT pathogen response gene. A,
Representative rosettes at the time of bolting showing aca1/2/7 KO
plants with smaller leaves, and an aca1/2/7 mutant rescued by expres-
sion of 35S:ACA7-YFP (ACA7-YFP rescue). Red arrows point to
lesions. Scale bar is 1 cm. B, An aca1/2/7 KO plant showing an enlarge-
ment of a leaf with lesions. C, Leaf length measurements showing re-
duced leaf size for an aca1/2/7 KO compared to WT, and
representative examples of mutant plants rescued by transgenes
encoding ACAT-YFP, ACA2-GFP, and ACA7-YFP. The three largest ro-
sette leaves were measured at the time of bolting from each plant.
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Cotyledons in a triple KO mutant of ACA1, 2, and 7
display altered Ca’* signatures when stimulated by
blue light or flg22 peptide
To determine if the loss of ACA1/2/7 could impact cytosolic
Ca’" signaling a transgene encoding a Ca’* sensor (YC-
Nano65; Choi et al,, 2014) was stably transformed into acal-
7/2-3/7-5 and a control wild-type background. [Ca”]Cyt
transients were triggered in 7-d-old seedlings by exposing
cotyledons (pre-adapted to low light) to a continuous blue-
light stimulus (Figure 9; Supplemental Movie S2). The initia-
tion of the blue-light exposure resulted in a [Ca“]Cyt tran-
sient that peaked within 2 min. In comparison to wild-type,
the magnitude and duration of the [Ca“]Cyt transients in
acal/2/7 cotyledons were increased nearly two-fold to a
Fluorescence Resonance Energy Transfer (FRET) ratio around
7.5. Interestingly, mutant lines showed a resting level of
[Ca“]Cyt that appeared to be higher at the initiation of the
transient and remained higher than wild-type controls for
>90 min after initiating the stimulus (Figure 9C).
YC-Nano65 is a FRET-based reporter that involves an en-
ergy transfer from a blue-light excitation of the CFP domain
to the neighboring YFP domain (Choi et al, 2014). The mag-
nitude of FRET is increased when Ca’* induces a conforma-
tional change that brings the CFP and YFP domains into
closer proximity. Two controls were done to ensure that the
apparent FRET changes actually represented a Ca’*-depen-
dent event and not an artifact from a direct blue-light exci-
tation of the reporter itself. First, we expressed YC-Nano65
in Escherichia coli and exposed bacteria to a blue-light stim-
ulus as done for plants. In contrast to plants, the bacterial
YC-Nano65 failed to show any increase in FRET
(Supplemental Figure S6), indicating that the YC-Nano65
does not produce an artifact signal under the applied imag-
ing conditions. A second control utilized an alternative
[Ca“]Cyt reporter, GCaMP6f (Badura et al, 2014
Supplemental Figure S7). Unlike YC-Nano65, GCaMPé6f does
not utilize a CFP domain for FRET but instead directly

Values shown are mean =+ se for measurements from two independent
experiments with at least three biological replicates in each experi-
ment. Significance was determined by the Student’s t test (* P < 0.05
and ** < 0.01) in comparison to the un-rescued acal/2/7 mutant
(TG = @). D, RT-gPCR showing expression of a SA-dependent molec-
ular marker gene, PR1 (AT2G14610). PCR analyses were conducted us-
ing 1-week-old seedlings grown on agar plates containing 15x MS
media plus 0.5% (w/v) sucrose. Seedlings did not show visible lesions
at the time of analysis. Mean values are shown + SE from two inde-
pendent experiments with at least three biological replicates in each
experiment. EF1-alpha (AT5G60390) was used as reference gene for
normalization. Significance was determined by the Student’s t test
(* P < 005 and ** <0.0001) with all genotypes compared to aca1/2/7.
The triple mutant aca1-7/2-3/7-5 background was used for (A-D). All
fusion constructs were expressed under the control of a 35S promoter.
At least two independent lines were analyzed for each rescue with
equivalent results. Corresponding ss numbers and ps are ACA2-GFP
(ss2214-2216, ps660), ACAT-YFP (ss2211-2213, ps1294), and ACA7-
YFP (ss2217 and 2218, ps2091).
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Figure 8 Expression of a SA degrading enzyme, NahG, attenuates le-
sion phenotypes in aca KOs. A, Pictures of rosettes at time of bolting
showing an aca1/2/7 triple KO plant in parallel with wild type (WT)
and aca4-3/11-5 KO mutant with and without expression of a NahG
transgene. Plants were grown in parallel under same greenhouse con-
ditions. Yellow arrows mark examples of lesions. Inset shows a magni-
fied leaf with lesions. Scale bar is 1 cm. B, RT-qPCR showing PR17
transcript abundance. Mean values are shown + st from three inde-
pendent experiments with three biological replicates in each experi-
ment. Student’s t test was performed to compare the relative
expression of PR1 in WT and rescue lines of aca1-2/2-2/7-9 and aca4-
3/11-5 mutants, P < 0.05 (*). The NahG transgene is in wild-type WS
parental background while ACA1/2/7 rescue lines are in a mixed back-
ground resulting from combining insertions identified in WS and Col-
0 parental backgrounds. All fusion constructs were expressed under
the control of a 35S promoter. At least two independent lines were
analyzed for each ACA transgene with equivalent results.
Corresponding ss numbers and ps are aca4-3/11-5 (ss316), WT +
NahG (ss506), aca4-3/11-5+ NahG (ss811), acal-2/2-2/7-9 + NahG
(ss2144), ACA2-GFP (ss2214-2216, ps660), ACAT-YFP (ss2211-2213,
ps1294), and ACA7-YFP (ss2502-2503, ps2091).

couples a change in GFP fluorescence to a Ca’*-dependent
conformational change in a calmodulin domain. Consistent
with the YC-Nano65 reporter, the GCaMP6f reporter con-
firmed a similar blue-light triggered Ca”>* transient in wild-
type cotyledons.

Additional controls provided evidence that the aca1/2/7-
dependent amplification of blue-light Ca®* responses was
not a secondary artifact related to increases in SA signaling.
Because SA has been implicated in multiple stress responses
(Klessig et al, 2018), there is a possibility that aca1/2/7-trig-
gered changes in SA signaling might indirectly impact some

PLANT PHYSIOLOGY 2021: 185; 1966-1985 1975

>

0 min 4 min 12 min

24 min

50 min

Wild type

acal/2/7

B C dkkk
WT
T, 11.3 min 4
= e T Basal 3
aca1/2/7 wm [Ca\z*]cyt2
@© Ty 24.6 min
| 1

v

v

[Ca?*],,,as FRET-YFP/CFP

0 10 20 30 40 50

T (min)

60 70 80 90

Figure 9 FRET imaging of YC-Nano65 showing that WT and aca1/2/7
seedlings differ in the Ca’* dynamics triggered by blue-light stimulus.
Blue-light-triggered [Ca“]cyt changes were monitored using a YC-
Nano65 reporter stably expressed in WT and an acal/2/7 mutant.
Analyses shown were conducted using 7-d-old cotyledons. Plants were
allowed to adapt to dim light for at least 1 h prior to initiating
a continuous blue-light stimulus at time zero (ex440/40 nm with
24 umol m™%s™" intensity). Images were captured every 2 s for 90 min.
A, Representative images showing a time series of FRET-YFP/CFP
ratios in leaves from WT and aca1/2/7. Scale bar is 0.5 mm. B, Graph
showing quantitative measurements of blue-light-triggered [Ca“]Cyt
transients in leaves from WT (blue) and aca1/2/7 (red). The gray line
represents the changes observed with a WT plant without any YC-
Nano65. Ratiometric data from FRET-YFP/CFP signals were extracted
from the entire leaf surface. Error bars (shading around lines) repre-
sent sem of n = 5 plants (WT) or 4 plants (aca1/2/7). T,;, arrows mark
the time required to restore [Caz)']cyt to half the peak intensity. C,
Average basal [Ca’ " Jeye levels are shown from 60 to 70 min, with error
bars showing SEM from total of n = 1,500 measurements for WT or
1200 measurements for aca1/2/7 plants based on five (WT) or four
(aca1/2/7) independent seedlings. Statistical analyses were done using
Student’s t test. **** indicates P < 0.0001. Equivalent results were seen
for two independently generated YC-Nano65 reporter lines for both
the aca1/2/7 mutant and WT control. Corresponding ss numbers for
plants expressing the transgene 35S:YC-Nano65 (ps2151) are ss2444—
2445 for WT Col, and ss2446-2447 for aca1-7/2-3/7-5.

stimulus-specific Ca’* responses. To evaluate this potential,
we compared the Ca’* transients in KO plants with and
without a transgene encoding NahG, an SA-degrading en-
zyme (You et al, 1991; Gaffney et al, 1993; Delaney et al,
1994). This same NahG transgene attenuated the SA-
dependent lesion formation shown in Figure 8. Regardless of
the presence or absence of NahG, FRET imaging showed a
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similar amplification of blue-light triggered Ca’* transients
as well as a baseline [Ca“]Cyt that was about two-fold
higher than wild-type (Supplemental Figure S8). While this
result does not rule out the potential for SA-dependent
modifications of Ca”>* signals in the context of other tissues
or stimuli, it provides strong evidence that the acal/2/7-de-
pendent amplification of a blue-light triggered Ca’* response
in cotyledons is a direct consequence of disruptions in the
ER-localized Ca®>* pumps and not an indirect effect of SA.
To determine if the aca1/2/7 KO amplified other types
of stimulus-dependent Ca”* signals, young seedlings were
tested for changes in their response to flg22, a peptide
corresponding to a conserved domain in bacterial flagel-
lins that is known to elicit pathogen responses (Sun et al.,
2006; Miché et al, 2018; Tena, 2019). To facilitate the
rapid infusion of flg22 into leaves, a wound site was cre-
ated the day before elicitor application. Before adding
flg22, plants were pre-adapted for at least 1 h to the blue-
light excitation conditions required for FRET imaging with
YC-Nano65, allowing the [Ca“]cy[ to return to a baseline
after initial blue-light stimulation. This pre-adaptation
was needed to separate an initial blue-light triggered re-
sponse from a secondary elicitor response. In a compari-
son to a mock control, flg22 triggered a Ca’* transient
that rose two-fold above basal levels to a peak (FRET ratio
~ 4) after about 10 min (Figure 10; Supplemental Figure
S9). In contrast, the magnitude of the elicitor triggered
[Ca“]Cyt transients in acal/2/7 leaves increased more
than two-fold to a FRET ratio of 10 (Figure 10), which
was more dramatic than the blue-light triggered
responses shown in Figure 9 (peak FRET ratio ~7.5).
Similar to the imaging of blue-light Ca’* responses, the
mutant showed a resting level of [Ca”]Cyt that appeared
to be higher at both the initiation and completion of the
Ca’* influx/efflux cycle (Figure 10C), suggesting a persis-
tent increase in the average resting levels of [Ca“]cyt.
Thus, two independent sets of stimuli demonstrate the
importance of the ACA1/2/7 subgroup of ER-localized
Ca’* pumps in the attenuation of [Ca’ "], transients.

Discussion

The Arabidopsis genome encodes 10 ACA-type Ca”>* pumps
that cluster into four phylogenetically conserved groups
(P2B-1, -2, -3, -4; Baxter et al, 2003; Pedersen et al, 2012).
Genetic and subcellular localization results here provide evi-
dence that members of the P2B-1 subgroup, ACA1, 2, and 7,
are all functionally interchangeable and reside primarily in
the ER. This information expands an analysis of representa-
tive ACAs to support a classification in which members of
the P2B-1 subgroup (e.g. ACA1/2/7) share a primary subcel-
lular location corresponding to the ER, whereas the P2B-2
subgroup (e.g. ACA4/11) localize to the vacuole, and the
P2B-3 and P2B-4 groups reside primarily at the PM (see
Figure 1).

While KO phenotypes have now been documented for
different subgroups of ACAs, it is important to note that
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Figure 10 FRET imaging of YC-Nano65 showing WT and aca1/2/7
seedlings differ in Ca>* dynamics triggered by a pathogen elicitor.
Flg22 pathogen elicitor-triggered [Caz*]Cyt changes were monitored
using a YC-Nano65 reporter stably expressed in WT and an aca1/2/7
mutant. Analyses shown were conducted using the first true leaves
from 2-week-old seedlings. On the day before imaging, a wound site
(white arrows, Panel A) was created with a tweezer tip. The wound site
was created to permit the direct infiltration of an elicitor solution into
surrounding cells. Immediately prior to imaging, seedlings were allowed
to adapt to a continuous blue-light exposure (ex440/40 nm with
24 pmol m™%s™" intensity) for at least 1 h. After application of 500 nM
fig22 elicitor (in 2 pL), images were captured every 2 s for 100 min. A,
Representative images showing a time series of FRET-YFP/CFP ratios in
leaves from WT and aca1/2/7 after exposure to fig22. Indicated time
(min) correspond to points graphed in panel “B” to show the time
course of [Ca“]cyt changes. Scale bar is 0.5 mm. B, Graph showing
quantitative ratio of [Ca“]cyt changes for WT (blue) and aca1/2/7 (red)
in response to flg22 applied at time zero. Ratiometric data from the
FRET-YFP/CFP signals were extracted from the entire leaf surface. Error
bars are sem from n = 8 independent seedlings. Dashed lines with arrows
mark the half time of [Ca“]cyt decay from the peak to basal levels. C,
Average basal [Caz*]cyt levels after a recovery from a fig22 elicitor-
triggered [Ca® "] signature. The basal levels were calculated by averaging
ratio data from the 90-100 min time period (blue dashed line box, to-
tal 300 time points each) in “B”. Error bars are sem from n = 2400
measurements each for aca1/2/7 or WT based on an analysis on eight
independent seedlings. Statistical analysis was done using Student’s
t test. ***indicates P < 0.0001. Plant lines used and corresponding
ss numbers are the same as identified in Figure 9.

there are different potential mechanistic explanations: The
first is through pump deficiencies changing the local efflux
dynamics of Ca>* transients, and the second by changing
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the steady-state levels of [Ca®*] in a specific compartment
(ie. a Ca>* nutrition function; Spalding and Harper, 2011).
Results here support an important role for ER ACAs in shap-
ing the dynamics of multiple Ca>* signals but do not rule
out a potential role in Ca>* homeostasis in the ER or secre-
tory pathway (Himschoot et al, 2017).

ACA1, 2, and 7 show ER-like subcellular locations

Four lines of evidence support the contention that ACAT, 2,
and 7 share an ER-like subcellular localization. First, an ER
location for ACA2 was previously established based on im-
munocytochemistry, subcellular fractionation, and corrobo-
ration through confocal imaging of an ACA2—GFP fusion in
root cells (Hong et al, 1999). Second, ACA1 and 2 were
both shown in a proteomics analysis to be enriched in an
ER subcellular fraction in which proteins were identified and
quantified by mass spectrometry (Dunkley et al, 2006).
ACA7 was not detected in this proteome analysis, most
likely because of its low abundance in the vegetative tissues
used for cellular fractionation. Third, confocal microscopy
here corroborates that each FP-tagged ACA shows a similar
ER-like localization in both vegetative cells and pollen
(Figures 2 and 3). Lastly, the ability of each ACA to rescue
phenotypes associated with the aca1/2/7 triple KO in both
pollen and vegetative cells (Figures 6-8) provides strong evi-
dence that each isoform has the ability to accumulate and
interchangeably function in an ER-location similar to ACA2.

The assignment of an ER location for ACA1 and 7 differs
from previously suggested locations for ACA1 in the chloro-
plast (Huang et al, 1993) and ACA7 in the PM (Lucca and
Ledn, 2012). In the case of ACA1, a previous assignment was
determined by probing cell fractions with a polyclonal anti-
body that might have recognized multiple P-type ATPase
proteins (Huang et al, 1993). Nevertheless, to address a chlo-
roplast targeting potential, we examined the localization of
ACAT-YFP in guard cells where chloroplast autofluorescence
can be used as a co-visualization marker. In difference to
(Huang et al, 1993), we failed to find any evidence for coloc-
alization of ACA1-YFP with chloroplasts (Figure 2). Instead, a
different P-type ATPase, HMAT, has since been shown to tar-
get to the chloroplast envelope and appears to function as
both a heavy metal and Ca’* pump (Seigneurin-Berny et al,
2006; Moreno et al, 2008; Kim et al., 2009).

In the case of ACA7, a previous PM-localization assign-
ment was based on confocal imaging of a GFP-ACA7 fusion
transiently over-expressed using a 35S promoter in N. ben-
thamiana leaf epidermal cells (Lucca and Ledn, 2012). This
transient expression study differed from experiments here in
several important ways: (1) The ACA7 FP-tags were located
at opposite ends of the protein, with an N-terminal
location used by (Lucca and Ledn, 2012) and a C-terminal
location used here. While it is not clear if a difference in
tag location might alter targeting, the N-terminal end of
ACA7 harbors a regulatory autoinhibitory domain that could
be compromised by fusion to a FP-tag. (2) The ACA7-YFP
used here was stably transformed into plants and function-
ally rescued aca1/2/7 KO phenotypes (Figures 6-8) to the

PLANT PHYSIOLOGY 2021: 185; 1966-1985 | 1977

same extent as an established ER-localized ACA2. In con-
trast, the transient expression analyses done by (Lucca and
Le6n, 2012) were not corroborated with any functional
assays. (3) To test for a potential secondary PM function for
ACA7, we also examined whether an ACA7-YFP transgene
could rescue a KO of an established PM-targeted ACA9
pump. However, we failed to obtain any evidence for even a
partial rescue (Figure 4). It is noteworthy that the retarget-
ing of a PM ACAS8 to the vacuole functionally rescued a vac-
uolar aca4/11 KO, providing an expectation that different
ACAs are interchangeable in different subcellular locations
(Hilleary et al, 2020). Given the artifact potentials that
might arise from using transient over-expression of fusion
proteins (Moore and Murphy, 2009), we favor evidence here
that supports an ER localization based on stable expression
of fusion proteins that were all able to functionally rescue a
triple aca1/2/7 KO. Nevertheless, it is possible that any given
ACA pump might still function in additional locations or
show alternative targeting under different environmental or
experimental conditions.

ACA1/2/7 are important for pollen fitness

Results here revealed that a triple aca1/2/7 KO displays a
pollen transmission deficiency (Figure 6). In a genetic segre-
gation analysis, the pollen transmission of an aca1/2/7 triple
KO showed a 2.6-fold decrease in transmission efficiency
(Figure 6). This deficiency appeared to be specific to pollen,
as normal Mendelian segregation was observed through fe-
male gametes. While it is not yet clear which aspects of pol-
len development or fertilization specifically require these
pumps, pollen tubes are one of the most rapidly growing
cells (Stone et al, 2004), with a high demand on ER/secre-
tory systems and a dependence upon multiple Ca®* signal-
ing systems to coordinate growth processes that allow a
pollen grain to germinate on the stigma and undergo tip
growth to reach an ovule and discharge sperm cells
(Obermeyer and Feijo, 2017; Johnson et al, 2019). As an in-
dication of the complexity of this journey, there are at least
39 putative Ca’" permeable channels expressed in pollen
that could lead to Ca”>* transients that require the efflux ac-
tivities of Ca’* pumps and CAXs at multiple subcellular
locations (Johnson et al,, 2019).

In the context of single KO phenotypes, we failed to find
any evidence to support a pollen lethality phenotype previ-
ously predicted from an analysis of aca7-1 and 7-2 alleles by
(Lucca and Ledn, 2012). In this previous study, Alexander
staining detected a pollen abortion frequency as high as
65% in anthers from aca7-1 or aca7-2 homozygous mutants,
in contrast to a near 0% abortion for wild-type controls. If
this pollen lethality were due to a pollen autonomous de-
fect, the expectation is that it should result in a severe TE,
deficiency in pollen outcrosses. However, we failed to see
any pollen transmission distortion for the two null-alleles
assayed here, aca7-8 and aca7-9, as well as the aca7-1 allele
analyzed by (Lucca and Ledn, 2012; combined n = 1172,
P =093, Figure 6A-4 and 5 and aca7-1 results in text).
Nevertheless, an analysis of selfing for aca7-8 and aca7-9
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revealed a small 1.1- and 1.3-fold decrease in TE;s, respec-
tively (P < 0.001; Figure 6A-6). However, because the recip-
rocal crosses failed to show any transmission deficiencies
through male or female gametes, this small selfing distortion
most likely represents a zygotic defect, supporting a poten-
tial for additional ACA7-related phenotypes in cell types
other than pollen.

ACAT1, 2, and 7 are important for vegetative
development

In addition to a pollen reproductive phenotype, the triple
KO resulted in smaller plants displaying leaves with an in-
creased frequency of lesions, as well as a molecular pheno-
type characterized by the induction of PRT and PR2 mRNAs,
which are transcriptional markers for an SA signaling re-
sponse (Figures 7 and 8; Supplemental Figure S4). Both
smaller leaves and lesion phenotypes were suppressed by
the introduction of a NahG transgene (Figure 8), which enc-
odes an enzyme that degrades SA into the relatively inert
catechol (You et al, 1991; Gaffney et al, 1993; Delaney et al,
1994). This suggests that a reduction in the capacity for ER
Ca’" pump activity somehow potentiates the production of
SA, which can inhibit plant growth and trigger programmed
cell death.

A similar lesion phenotype was also reported for a double
KO of two vacuolar Ca’* pumps, ACA4 and 11 (Boursiac
et al, 2010). While aca4/11 lesions appear more severe than
acal/2/7, growth defects in both mutant sets were fully res-
cued by the addition of a NahG transgene (Figure 8), sug-
gesting both mutants display growth reductions dependent
on elevations in SA signaling. Lesion phenotypes associated
with both aca4/11 (Boursiac et al, 2010) and acal/2/7
mutants (Supplemental Figure S5) appear to be fully rescued
under hydroponic growth conditions that increase the con-
centrations for a subset of inorganic nutrients (NH;NO;,
KCl, or KH,PO,). While the mechanism of this nutrient sup-
pression is not clear, it suggests an important feedback in-
teraction between ion homeostasis mechanisms and Ca’*
signaling systems.

Another similar lesion phenotype was reported for N. ben-
thamiana lines that silenced NbCA1 using RNAi (Zhu et al,
2010). While an ER localization was proposed for NbCA1
based on transient expression of an NbCA1-citrine-tagged
fusion, the overall protein sequence identity of NbCA1 is
more closely related to the vacuole-localized AtACA4 and
11, raising a question of whether the lesion phenotype
resulted from specifically silencing an ER or vacuolar pump
or a combination of multiple pumps. Regardless, it appears
that disrupting the ACA Ca” " -efflux machinery at either the
vacuole or ER potentiates cellular perturbations that can
trigger an SA-dependent cell death pathway.

ACA1, 2, and 7 are interchangeable in rescuing
vegetative and pollen transmission phenotypes
The creation of an aca1/2/7 triple KO provided an opportu-
nity to genetically demonstrate that ACA1, 2, and 7 all have
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interchangeable activities that can rescue both vegetative
and reproductive phenotypes (Figures 6-8). In contrast,
members of this subgroup were unable to suppress pheno-
types associated with the loss of the PM-localized ACA9.
This indicates that ACA1, 2, and 7 (from the P2B-1 sub-
group) all share biochemical activities with high levels of re-
dundancy. Nevertheless, this does not exclude the possibility
that one or more of these ACAs has unique features impor-
tant to specific cellular processes not evaluated in this
study.

ACAT1, 2, and 7 are important for regulating the
magnitude and duration of a Ca’* transient

Ca’" imaging indicated that a triple aca1/2/7 KO can in-
crease the magnitude and duration of [Ca“]Cyt transients
in leaf cells, as shown with two stimulus-specific triggers,
blue light (Figure 9) and a flg22 pathogen elicitor
(Figure 10). These analyses were done using a stably
expressed genetically encoded Ca>* sensor, YC-Nano65. In
responses to both blue light and flg22 elicitor, the magni-
tude and duration of the [Ca“]cyt transients in the triple
KO were amplified by as much as two- to three-fold. As
such, this study establishes the importance of the ER-
localized ACA1/2/7 subgroup in shaping the dynamics of
Ca’" signals in plants.

Recently, a similar phenomenon was reported for mutants
deficient in the vacuole-localized ACA4 and 11, which
showed similar increases in the magnitude and duration of
[Ca“]Cyt transients in response to flg22 (Hilleary et al,
2020). Additionally, the RNAI silencing experiment targeting
the N. benthamiana Ca”* pump NbCAT1, which is most simi-
lar to ACA4 and 11, was also reported to amplify [Ca“]cyt
transients triggered by a cryptogein elicitor (Zhu et al,
2010). Thus, both ER and vacuolar ACAs appear to contrib-
ute to Ca’" signaling dynamics related to a pathogen elici-
tor response.

While results here demonstrate that an aca1/2/7 KO can
cause a more than two-fold increase in the magnitude of a
flg22-triggered [Ca“]cyt transient, it was not initially appar-
ent that such a large change would be observed. The reason
is that plant cells have multiple Ca®* efflux systems, includ-
ing ECAs, CAXs, and other ACAs in different membrane
locations, including the vacuole and PM (Demidchik et al,
2018; Kudla et al, 2018). In addition, ACAs that traffic to
the PM and vacuole are initially inserted into the ER. Thus,
the ability to visualize a [Ca“],:yt change suggests that the
resident ACA1/2/7 pumps either account for a large fraction
of the total Ca’* efflux capacity in the cell or that each of
the multiple efflux pathways is at least partially limited to
controlling different micro-environments of [Ca“]Cyt
(Lopreiato et al, 2014). For example, it is possible that Ca®*
released around the ER is slow to diffuse to other parts of
the cell and is therefore highly dependent on local efflux sys-
tems to restore [Ca“]Cyt to lower resting levels in this spe-
cific micro-environment. In this scenario, a local rise in
[Ca“]Cyt might be sufficiently insulated from alternative
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efflux pathways to allow a sustained local activation of a
YC-Nano65 Ca’* reporter. While questions related to
micro-environments await further investigation, the aca1/2/
7-dependent increases in [Ca“]Cyt clearly support an impor-
tant role for ER-localized ACAs in regulating cellular Ca®*
dynamics in plants.

A potential mechanism for aca1/2/7-dependent
lesion formation

It is not yet clear why a loss of aca1/2/7 ER pumps, or the
aca4/11 vacuolar pumps, result in an increased frequency of
SA-dependent lesions in leaves. However, evidence here indi-
cates that a reduction in ER Ca”*-pump efflux capacity can
result in stimulus-specific [Ca“]Cyt transients with greater
magnitudes and durations (Figures 9 and 10). Similar over-
amplification of a flg22-triggered Ca>* signal was reported
for a double KO of the vacuolar pumps aca4/11 (Hilleary
et al, 2020). A simple speculation is that a chronic over-
amplification of Ca’* transients in response to normal de-
velopmental and environmental signals (such as changes in
light) eventually trigger cells to respond as if they are under
stress.

Consistent with this chronic-stress-signaling hypothesis,
acal/2/7 seedlings showed elevated expression for two
marker genes, FRK1 and PHI1, which represent diagnostic
markers for a Ca’*-dependent pathogen defense response
(Boudsocq et al., 2010; Supplemental Figure S4). However, a
study on a vacuolar aca4/11 mutant failed to observe a simi-
lar induction of these markers, suggesting that a specific ac-
tivation of this pathway might not be obligatory to lesion
development (Hilleary et al, 2020). Nevertheless, a mis-
regulation of Ca’>* signals might alter transcription factors
that are proposed to be inhibited or activated by Ca®*/cal-
modulin, such as Calmodulin-binding  Transcription
Activators or Calmodulin-binding protein60s (Du et al,
2009; Wang et al,, 2009; Poovaiah et al,, 2013; Truman et al,
2013; Seyfferth and Tsuda, 2014). These transcription factors
are involved in regulating transcription of genes involved in
SA biosynthesis. While a question has been raised as to
whether Ca’* signals actually change the activities of these
transcription factors (Fromm and Finkler, 2015), the chronic
mis-regulation of Ca”* signals is likely to disrupt many cellu-
lar processes, some of which could mimic stress-signals that
normally trigger SA biosynthesis. The over-production of SA
can then induce programmed cell death, which results in a
lesion-phenotype similar to what occurs in some pathogen
defense responses (i.e. hypersensitive response; Bruggeman
et al, 2015; Radojici¢ et al, 2018).

Role of ACA1, 2, and 7 in a blue-light response

Blue-light signals are important for plant development and
responses to the environment. There are at least three types
of blue-light receptors in flowering plants: phototropins
(PHOTs), cryptochromes (CRYs), and the zeitlupe (ZTL)
family of E3-Ubiquitin ligases (Sanchez et al., 2020). Of these,
only PHOTs have been shown to trigger a cytosolic Ca**
transient (Harada and Shimazaki, 2007). Importantly, PHOT-
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dependent Ca®* signals are followed by an extended period
of desensitization (refractory period >2 h; lino, 1988;
Janoudi and Poff, 1991, 1993; Baum et al, 1999). Arabidopsis
contains two PHOTs that together mediate responses to
both low and high-fluence blue light. While PHOTSs likely
have multiple functions in different cellular locations, phar-
macological evidence suggests that the dominant Ca’* re-
lease event occurs through a Ca’*-induced Ca’"-release
(CICR) mechanism (Harada and Shimazaki, 2007). This CICR
process involves an initial activation of PM-localized Ca®*
channels by PHOT1 and 2, but also a PHOT2-specific trig-
gering of phospholipase C (PLC)-derived signals (e.g. diacyl-
glycerol and/or inositol 1, 4, 5-trisphosphate (IPs)), that are
then relayed to other organelles (e.g. vacuole, ER) to further
induce intracellular Ca®* release.

Evidence here is consistent with a role of PHOTSs in trig-
gering the observed blue-light Ca’* signals. The blue-light
intensity used to image the YC-Nano65 reporter (24 pmol
m~%s"") falls within the midrange of PHOT stimulation (0.1-
250 pmol m™%s™"; Harada et al, 2003; Harada and Shimazaki,
2007; Zhao et al, 2013). We also observed a single Ca’*
transient followed by a desensitization period lasting for
more than 3 h (Figure 9), similar to the refractory periods
associated with PHOT signaling (Harada and Shimazaki,
2007). However, this refractory period did not prevent a sep-
arate stimulus-specific signal being triggered by the addition
of flg22 (Figure 10). This indicates that the refractory period
observed in our experiments was specific to the blue light-
stimulated Ca’* signals, and not a general interruption of
all Ca’*-signaling circuits. While PHOTs are the primary
mechanism behind rapid blue-light responses, the absence
of PHOTs does not fully eliminate the blue-light Ca’* sig-
nals in Arabidopsis (Harada et al, 2003), suggesting other
blue light-sensitive receptors contribute at least partially to
these pathways.

Regardless of which blue-light receptors are responsible
for the stimulation of Ca>* signals in this study, the obser-
vation that a deficiency in ER-localized Ca’* pumps (acal/
2/7) amplifies blue-light-stimulated Ca>* signals supports a
model in which the proposed CICR pathway involves the
ER, either as the source of Ca’* or location of Ca>* pump
activity that shapes the information content of the signal. It
is not yet clear if a disruption of the vacuolar aca4/11
pumps has a similar impact on blue-light signaling.

Efflux—the ending shapes the message

While both Ca>* influx and efflux pathways are required to
create Ca’* signals, determining the extent to which ACA
activities impact different Ca”*-dependent processes is a
challenge. In the case of ER-localized ACAs from the P2B-1
subgroup, evidence here indicates that a complete KO
reduces the Ca’*-efflux capacity and results in an over-
amplification of blue-light and flg22-triggered Ca”>* signals.
However, the biological consequences of over-amplifying
these specific signals remain to be elucidated. It is possible
that a two- to three-fold signal amplification will not always
change the information encoded by a Ca’* transient. By
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analogy, a human voice can deliver the same message with
a loud yell or a quiet whisper. Nevertheless, KOs of either
the ER or vacuolar pumps show an SA-dependent lesion
phenotype, providing strong support that at least some
Ca’ " -dependent signaling processes in plants require modu-
lation by ACA:s.

Whether more subtle changes in ACA activities will alter
Ca’ " -signaling have yet to be established. However, it is
noteworthy that most ACAs contain an N-terminal autoin-
hibitory domain that enables these pumps to be turned on
or off. The exceptions are ACAs from the P2B-3 subgroup,
which appear to have a truncated N-terminal domain
(Boursiac and Harper, 2007). A speculation is that these
exceptions are regulated at the level of transcription or pro-
tein stability or have evolved alternative regulatory mecha-
nisms. For the ACAs with intact autoinhibitors, there is a
growing list of potential mechanisms for regulating their
activities, including activation by Ca’*/calmodulin
(Malmstrom et al., 1997; Harper et al,, 1998) or calmodulin-
like proteins (Astegno et al, 2017), activation or inhibition
by Ca’*-dependent protein kinases (Hwang et al, 2000;
Giacometti et al, 2012; Costa et al, 2017), or activation by
other regulatory proteins, such as BONs 1, 2 and 3 (Yang
et al, 2017 Li et al, 2018), members of the copine family
characterized by two Ca”*-dependent phospholipid-binding
C2 domains (Wang et al, 2020). Interestingly, all of these
regulatory components are associated with pathways linked
to Ca’*, highlighting ACAs a primary target of regulation by
the very Ca’" signals they help to create. These potential
feedback mechanisms emphasize the importance of ACAs as
dynamic partners alongside Ca>* channels in shaping the
magnitude and duration of Ca’* signals in plants.

Materials and methods

Plant growth conditions

Arabidopsis (Arabidopsis thaliana) seeds were surface steril-
ized for 3 h with chlorine gas (Clough and Bent, 1998) and
germinated on 1/x Murashige and Skoog (MS) medium con-
taining 0.5% (w/v) sucrose, 0.05% (w/v) 4-morpholineetha-
nesulfonic acid (MES), and 1% (w/v) agar. After 48 h
vernalization at 4°C, the seeds were exposed to 130-150
pmol m™ s™' constant light at room temperature (22°C-—
23°C). After 10 d, the resulting seedlings were transferred to
soil (Sunshine SMB-238; SunGro Horticulture), supple-
mented with pesticide (Marathon; OHP) and a Turf and
Ornamental Systemic Fungicide (Cleary). The plants were
grown in growth chambers with temperature and light in-
tensity of 22°C and 130-150 pumol m™> s™", respectively, for
16-h light and 8-h dark period.

For growing plants under hydroponic conditions, 9-d-old
seedlings grown on 1/5x Murashige and Skoog (MS) agar
plates were transferred to a foam raft in magenta boxes
filled with a standard hydroponic solution of 125 mM
KNO;, 075 mM MgSO, 15 mM Ca(NOs), 05 mM
KH,PO,, 50 tM FeEDTA, 50 uM H3BOs, 12 uM MnSO,, 0.7
UM CuSO41 pM ZnSO, 024 pM MoO4Na,, and 100 pM
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Na,SiO; with pH 5.7 (as described in Boursiac et al, 2010).
Hydroponic solutions were changed once every week. For
suppression conditions, the standard hydroponic solution
was supplemented with an additional nutrient, as men-
tioned in the figure legend (Supplemental Figure S5).

T-DNA insertion alleles

The following T-DNA insertion alleles were used for disrup-
tion in ACA1 (At1g27770): acal-7 (GABI_095C01; seed stock
$s2202, sulfadizine resistant (Sulf®)) and aca1-2 (Wis_J789 al-
pha; ss28, kanamycin resistant (Kan"));, ACA2 (At4g37640):
aca2-2 (SAIL_873_F03; ss123, glufosinate resistant (Basta®)),
aca2-3  (SALK_082624  ss493, Kan"), and aca2-5
(GABI_458B03; 52257, Sulf®); ACA7 (At2g22950): aca7-5
(SALK_132552; ss627, Kan®), aca7-8 (GABI_452E05; $s2207,
Sulf®), aca7-9 (Wis_J3281 alpha; ss49, Kan®), and aca7-10
(SALK_014124; ss157, Kan®). All T-DNA insertion alleles were
in the wild-type Col-0 ecotype except for acal-2 and aca7-9,
which were in the WS ecotype (Krysan et al,, 1996). The po-
sition of T-DNA insertions and primers used for genotyping
PCR are shown in Supplemental Figure S3. Primer sequences
are shown in Supplemental Table S2. The two triple KO
combinations created were acal-7/2-3/7-5 (ss1854) and
acal-2/2-2/7-9 (ss1853).

Plasmid construction

For plant expression, all clones were constructed using stan-
dard molecular techniques using a pGreenll vector system
(Hellens et al., 2000) with a Kan® selection marker for bacte-
ria, and a hygromycin resistance (Hyg") selection marker for
plants, except where noted for ps396, which has a Kan® for
plant expression. ACAs were PCR amplified and cloned as
full-length cDNA or genomic DNAs. All PCR products were
sequenced to verify the absence of errors. Promoters used
included a broadly expressed 35S promoter from Cauliflower
mosaic virus (Benfey and Chua, 1990), a pollen-preferred
promoter upstream from ACA9 (Schigtt et al, 2004), a na-
tive ACA7 promoter sequence, and a Ubiquitin 10 promoter
(UBQ10; Norris et al,, 1993).

The plasmid sequences are provided in Supplemental File
S1 for plasmid stocks (ps) 35S:GFP (ps346), 35S:ACA8-GFP
(ps396, with Kan®), 35S:ACA2-GFP (ps660), 35S:ACA1-YFP
(ps1294), 35S:ACAZ-YFP (ps2091), UBQ10:ACA7-YFP-Halo
(ps2682), 35S:YC-Nano65 (ps2151), ACA9:ACAT-YFP (ps1295),
ACA9:ACA2-GFP  (ps585), ACA9:ACAZ-YFP  (ps1960),
ACA9:ACA9-YFP  (ps580),  ACA9:YFP  (ps532), and
ACA7:ACA7-YFP (ps2049).

For expression of YC-Nano65 in E. coli, the YC-nano65 in-
sert was subcloned from a plant expression vector (ps2151)
to a pET28-Novagen vector (Sigma-Aldrich) and named
ps2966,  pET28-YC-Nano65  (sequence  provided in
Supplemental File S1).

Plant transformation and the resulting transgenic
lines

Plasmid constructs were transformed into Agrobacterium
tumefaciens GV3101 with a pSOUP helper plasmid (Hellens
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et al, 2000). Plant transformations were conducted using
the floral dip method (Clough and Bent, 1998). Transgenic
plants were selected for Hyg® (25 mg/L), or Kan® (50 mg/L).
Transgenic lines with seed stock identification numbers are
indicated in Figure legends.

Qualitative-PCR and RT-qPCR

Total RNA was isolated from Arabidopsis seedlings, rosette
leaves, or mature pollen using the RNeasy Plant Mini Kit
(Qiagen). RNA samples were cleaned at least twice using
RNase-free DNase (Qiagen) to remove genomic DNA con-
tamination. One microgram samples of total RNA were
used for a reverse transcriptase reaction using iScript cDNA
Synthesis Kit (Catalog #170-8891; Bio-Rad).

For qualitative PCR comparisons of ACAT, 2, and 7 expres-
sions in homozygous T-DNA mutants, a sample of 0.15 pug
of cDNA was used in a PCR reaction using DNA Taq poly-
merase (Catalog #M0273L; New England Biology) following
the manufacturer’s instructions. ACA1, 2, and 7 were ampli-
fied using primers indicated in Supplemental Table S2. Actin
7 (At5g09810) was used as a housekeeping gene. The PCR
products were analyzed on 2% (w/v) agarose gels and
stained with ethidium bromide.

For real-time quantitative PCR (RT-qPCR), 0.15 pg of
cDNA was used in the real-time PCR reaction. For Tagman
assays, SsoFast Probes Supermix (Catalog #172-5231; Bio-
Rad) was used following the manufacturer’s instructions.
Tagman assays used in this study included EF1-o (ef1-alpha,
AT5G60390), PRT (AT2G14610), FRK1 (AT2G19190), and
PHIT (AT1G35140) with assay ID numbers At02337969_g1,
At02170748_s1, At02177526_g1, and At02193814_s]1, respec-
tively, from Applied Biosystems. For PR2 (AT3G57260),
SsoAdvanced Universal SYBR Green Supermix (Catalog #
172-5271; Bio-Rad) was used according to manufacturer’s
instructions. The list of oligo sequences used in SYBR Green
assays is shown in Supplemental Table S2. Primers for PR2
were based on (Kaurilind and Brosché, 2017), and EF71-o was
used for normalization in both methods (Lilly et al, 2011).
Gene expression levels were quantified by RT-qPCR using a
thermocycler CFX96 (Bio-Rad). The PCR conditions were as
follows: 2 min at 95°C, 39 cycles of 95°C for 15 s and 1 min
at 60°C. The AACt method was used for data normalization
(Livak and Schmittgen, 2001).

In vitro pollen germination

Pollen from the open flowers (stages 13 and 14) were trans-
ferred to glass slides with a layer of pollen germination me-
dia consisting of 0.8 mM MES, 1T mM KCl, 9 mM CaCl,,
1 mM Ca(NOs),, 0.8 MM MgSO,, 1.5 mM H;BO;, 16.6% (w/v)
sucrose (Fan et al, 2001), and 1% (w/v) low melting agar.
The slides were then placed in square plates containing a
wet Kim Wipe to maintain humidity. Pollen tubes were
grown at room temperature in the dark for 3 h.

Seed set analyses
For seed set analyses, 10 consecutive siliques were harvested
from the primary bolt. Siliques were decolorized by
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incubating in 70% ethanol for 24 h at 22°C. Four individual
plants were used for each genotype. The cleared siliques
were then scanned into images used for seed counting.

Confocal microscopy

Confocal microscopy images were taken using an Olympus
IX81 FV1000 confocal microscope equipped with the
Olympus FluoView 1.07.03.00 software package (Olympus,
Center Valley, PA, USA). For all images, a 60 x objective
(numerical aperture 1.42) was used. Excitation (ex) at wave-
lengths of 488 nm (GFP), 515 nm (YFP), and 543 nm (chlo-
rophyll autofluorescence) were provided using an argon-ion
or HeNe laser. A spectral emission (em) range of 500-545
nm for GFP, 530-570 nm for YFP, and 687-787 nm for chlo-
rophyll autofluorescence was used.

Calcium imaging

For FRET-YFP/CFP ratio imaging, wild-type or aca1/2/7 seed-
lings expressing YC-Nano65 were germinated and grown in
petri dishes with 15x Epstein growth medium containing
0.1% (w/v) sucrose, 0.5% (w/v) Phytagel (pH 5.7; Lim et al,
2019) for 7 d in the growth chamber under long day photo-
period (16-h light/8-h dark) at 23°C/21°C (day/night) under
cool white fluorescent lights (120 pumol m™ s™'). Images
were collected using an AxioZoom V16 fluorescent micro-
scope with a PlanNeoFluar Z 1.0x/0.25x objective (Carl Zeiss,
Inc, Thornwood, NY, USA) and ORCA-Flash4.0 V2 Plus
sCMOS digital camera (Hamamatsu Photonics Inc, San Jose,
CA, USA). YC-Nano65 signals were acquired by excitation
with ex440/40 nm, 24 umol m™>s™" intensity light and emis-
sion detected using a 495 nm long pass (LP) dichroic mirror
and filters for exCFP (475/20 nm) and cpVenus (FRET,
em540/30 nm). For a blue-light response, plants were pre-
adapted to dim light and imaging was initiated at the start
of a continuous blue-light stimulus (ex440/40 nm, 24 pmol
m~%~' intensity). For flg22 elicitor-triggered responses,
plants were pre-adapted to a continuous blue-light illumina-
tion condition for at least 1 h until the
establishment of stable baseline FRET-YFP/CFP ratio. Flg22
peptide (QRLSTGSRINSAKDDAAGLQIA) was obtained from
Phytotechnology Laboratories (Shawnee Mission, KS) and
dissolved in water according to manufacturer’s recommen-
dation. To test for flg22 response, a 2-uL aliquot of a
500 nM flg22 solution, or a mock water control, was
pipetted into a 24-h-old pre-established wound site (see
Figure 10). Ratio images of FRET-YFP/CFP were acquired ev-
ery 2 s for the duration of the experiments.

For FRET-YFP/CFP ratio imaging of YC-Nano65 in E. coli,
T7 Express cells (New England Biolabs) were transformed
with ps2966, pET28-YC-Nano65, and selected for Kan®. Cells
were grown with 2xYT media (Sigma-Aldrich) and imaged
as described in Supplemental Figure S6 on solid media solid-
ified with 1% agar, or in suspension in liquid 2xYT.

Quantitative analysis of [Ca“]cyt response was performed
using Image) software (http://imagej.nih.gov/ij/) for the cal-
culation of FRET-YFP/CFP ratio for YC-Nano65. Briefly, two
channel images were first split into single YFP (FRET signal)
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and CFP (background signal) channel images. Using the im-
age process function in Image) software, ratio images were
generated by dividing YFP channel images by CFP channel
images. The extracted quantitative ratio numerical data
from the time course images were displayed as a line graph
using GraphPad Prism 6 software (GraphPad, Inc, La Jolla,
CA, USA).

Accession numbers

T-DNA insertion mutant lines used in the study are as fol-
lows: for ACAT (At1g27770) T-DNA mutants: acal-2
(Wis_J789 alpha) and acal-7 (GABI_095C01); for ACA2
(At4g37640) T-DNA mutants: aca2-2 (SAIL_873_F03), aca2-3
(SALK_082624), and aca2-5 (GABI_458B03); For ACA7
(At2g22950) T-DNA mutants: aca7-5 (SALK_132552), aca7-8
(GABI_452E05), aca7-9 (Wis_J3281 alpha), and aca7-10 *
(SALK_014124). *aca7-10 is equal to aca7-1 in (Lucca and
Ledn, 2012). Sequence data from this manuscript are avail-
able at the Arabidopsis Genome Initiative database under
the following accession numbers: ACA1 (At1g27770), ACA2
(At4g37640), ACA7 (At2g22950).

Supplemental data

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

Supplemental Figure S1. Imaging showing subcellular lo-
calization for ACA1 and ACA7.

Supplemental Figure S2. Relative protein expression lev-
els for ACA1-YFP and ACA7-YFP in independent transgenic
lines used to test for a rescue of a PM aca9 fertility defect.

Supplemental Figure S3. Gene models with primer loca-
tions used for genotyping and qualitative PCR analyses of
mRNAs.

Supplemental Figure S4. Seedlings harboring an aca1/2/7
triple KO show increased mRNA expression for markers as-
sociated with Ca’*-dependent (FRK1, PHI1) and SA-
dependent (PR2) defense responses.

Supplemental Figure S5. Nutritional supplements inhibit
lesion formation in acal/2/7 triple KO plants grown in
hydroponics.

Supplemental Figure S6. FRET Imaging of YC-Nano65
expressed in E. coli fails to show a blue-light triggered
[Ca®* ]y response.

Supplemental Figure S7. Imaging of GCaMP6f fluores-
cence showing a blue-light-triggered [Caz*]Cyt response in
wild-type cotyledons similar to those observed by FRET-
imaging of the YC-Nano65 reporter.

Supplemental Figure S8. FRET imaging of YC-Nano65
showing Ca”* dynamics triggered by blue light are similar in
cotyledons from aca1/2/7 seedlings with or without a NahG
transgene.

Supplemental Figure S9. FRET imaging of YC-Nano65 in
wild-type leaves showing Ca’* transients are triggered by a
flg22 pathogen elicitor but not a mock control.

Supplemental File S1. DNA sequences of plasmid
constructs.
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Supplemental Table S1. Comparison of published expres-
sion profiles for P-type ATPases in selected tissues.

Supplemental Table S2. List of primer sequences used
for genotyping, cloning, qualitative PCR, and RT-qPCR.

Supplemental Movie S1. Imaging of ACA1-YFP in pollen
showing streaming of ER-like strands.

Supplemental Movie S2. Imaging of blue light-triggered
Ca’" transients in wild-type and aca1/2/7 KO plants.
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