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signalling during plant growth and stress response
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Abstract

Key message Transcription factor MYBS59 is involved in plant growth and stress responses by acting as negative
regulator of Ca signalling and homeostasis.

Abstract The Arabidopsis thaliana transcription factor MYBS59 is induced by cadmium (Cd) and plays a key role in the
regulation of cell cycle progression and root elongation, but its mechanism of action is poorly understood. We investigated
the expression of MYB59 and differences between wild-type plants, the myb59 mutant and MYB59-overexpressing lines
(obtained by transformation in the mutant genotype) during plant growth and in response to various forms of stress. We
also compared the transcriptomes of wild-type and myb59 mutant plants to determine putative MYBS59 targets. The myb59
mutant has longer roots, smaller leaves and smaller cells than wild-type plants and responds differently to stress in germina-
tion assay. Transcriptomic analysis revealed the upregulation in the myb59 mutant of multiple genes involved in calcium
(Ca) homeostasis and signalling, including those encoding calmodulin-like proteins and Ca transporters. Notably, MYB59
was strongly induced by Ca deficiency, and the myb59 mutant was characterized by higher levels of cytosolic Ca in root cells
and showed a modest alteration of Ca transient frequency in guard cells, associated with the absence of Ca-induced stomatal
closure. These results indicate that MYBS59 negatively regulates Ca homeostasis and signalling during Ca deficiency, thus
controlling plant growth and stress responses.

Keywords Arabidopsis thaliana - Ca signalling and homeostasis - Plant growth - MYB transcription factor - Stomata -
Stress response

Introduction

The MYB superfamily of transcription factors is present in
all eukaryotic organisms (Lipsick 1996; Rosinski and Atch-
ley 1998), and is characterized by the presence of 1-5 imper-
fect direct repeats of the R sequence responsible for DNA
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binding (Ogata et al. 1995; Du et al. 2009). In contrast to
the relatively small number of MYB proteins in animals and
fungi (Weston 1998), the MYB superfamily has expanded
massively in plants and is probably the largest group of tran-
scription factors (Riechmann et al. 2000). Plant MYB pro-
teins can be assigned to four classes based on the number of
R repeats (Dubos et al. 2010) with the most common class in
plants being MYB-R2R3 (138 of the 197 MYB transcription
factors in Arabidopsis thaliana; Katiyar et al. 2012).

Since the discovery of maize C1 MYB protein (Paz-Ares
et al. 1987), hundreds of plant MYB genes have been function-
ally characterized revealing diverse roles in processes such
as primary and secondary metabolism, development, lateral
organ polarity, biotic and abiotic stress responses, circadian
clock regulation and hormone signalling (Yanhui et al. 2006;
Dubos et al. 2010). Numerous R2R3-MYB proteins play a role
in the regulation of different branches of the phenylpropanoid
biosynthetic pathway (Nesi et al. 2001; Mehrtens et al. 2005;
Zhou et al. 2009), as well as in stress response (Cominelli et al.
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2005; Liang et al. 2005; Liu et al. 2014; Chezem et al. 2017,
Liao et al. 2017).

The function of A. thaliana MYBS59 (At5g59780) is still
poorly defined. MYB59, together with its close paralogue
MYB48 (At3g46130), has been included in the R2R3 subfam-
ily (Stracke et al. 2001), although the primary RNAs of both
genes undergo alternative splicing to yield four mRNA iso-
forms differing only in the nature of the DNA-binding domain.
Interestingly, both R2R3 and 1R/MYB-like proteins are
encoded by the MYB59 locus: the type-1 and type-2 transcripts
contain only the R3 domain, the type-3 transcript encodes a
classical R2R3-MYB transcription factor, and the type-4
transcript is produced by non-canonical splicing, is present at
minimal levels and possibly does not encode a protein at all (Li
et al. 2006a). MYB59 is expressed at higher levels in the roots
of A. thaliana plants (Mu et al. 2009) and particularly in the
xylem during secondary cell wall growth (Oh et al. 2003). In
leaves, it is induced by exposure to salicylic acid or cadmium
(Cd), the latter similarly to its ortholog BjCdRI2 in Bras-
sica juncea (Yanhui et al. 2006; Fusco et al. 2005). MYB59
expression is also positively modulated in the early phases of
jasmonate treatment, where it participates in association with
MYBA4S in the regulation of defence against pathogens (Hick-
man et al. 2017). In addition, MYB59 is induced during the
light-to-dark transition (Li et al. 2006b) and is regulated by the
circadian cycle with peak expression in the evening, probably
due to its regulation by CIRCADIAN CLOCK ASSOCIATED
1 (CCA1) which is expressed in the morning (Lai et al. 2012).
MYB59 may participate in the regulation of the cell cycle,
mitosis and root growth by controlling the duration of meta-
phase via the induction of the cyclin gene CYCBI;1 (Mu et al.
2009). Recently, potassium (K) deficiency was found to induce
differential alternative splicing of both MYB59 and MYB48,
suggesting a role for this transcription factor in the inhibition
of root growth during K starvation (Nishida et al. 2017).

We investigated the function of MYB59 in more detail,
specifically its participation in abiotic stress responses and
plant growth, by comparing the transcriptomes of wild-type
and myb59 mutant plants. Our initial results indicated that
MYBS359 is involved in calcium (Ca) signalling, so we ana-
lysed the role of MYBS509 in the context of cytosolic Ca levels
and Ca-dependent stress responses. Taken together, our data
indicate a new role for MYB59 in the control of Ca homeo-
stasis and signalling, leading ultimately to the regulation of
plant growth and stress responses.

Results
Expression analysis of MYB59 splicing isoforms

Arabidopsis thaliana MYB59 was previously shown to be
expressed mainly in the roots (Mu et al. 2009) and to be
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upregulated in response to Cd, like its ortholog BjCdR12
in B. juncea (Fusco et al. 2005; Yanhui et al. 2006). There-
fore, the expression of the three main splicing isoforms of
MYB59 was tested in the shoots and roots of plants growing
under hydroponic control conditions. The results confirmed
that MYB59 was transcribed at higher levels in the roots
than the shoots (Mu et al. 2009; Fig. 1a). Furthermore, the
three main isoforms were expressed at comparable levels
in leaves, whereas MYB59.1 and MYB59.3 were domi-
nant in the roots (Online Resource 1a). We also evaluated
MYB59 expression following brief and prolonged exposure
to 10 uM CdSO,, compared to control conditions without
Cd. A moderate induction in leaves was observed after 6 h,
whereas a significant increase in the expression of all three
isoforms in the roots occurred after Cd exposure for four
days (Fig. 1b, Online Resource 1b). MYB59 expression was
also tested following exposure to drought, 250 mM NaCl
or 5 uM abscissic acid (ABA) for 6 h. All three isoforms
were strongly repressed in the roots in response to all treat-
ments, whereas salinity stress and ABA caused a moderate
induction of MYB59 expression in the shoots, and drought
stress produced moderate downregulation (Fig. 1c, Online
Resource 1c¢).

The myb59 mutant has smaller leaves due to smaller
cells and altered cell cycle progression

MYBS59 was previously reported to regulate cell growth and
the cell cycle in the roots (Mu et al. 2009). Therefore, to
determine the role of MYB59 in plant growth, we compared
wild-type plants with the myb59 knockout mutant and trans-
genic plants overexpressing MYB59 in the myb59 mutant
genotype (OE), after confirming the expression of all three
main MYB59 isoforms (Online Resource 2). We found that
the mutant plants have longer roots but smaller leaves than
wild-type control plants, whereas both OE lines were pheno-
typically comparable to wild-type plants (Fig. 2). The analy-
sis of protoplasts from leaves 4 and 11 of 4-week-old plants
indicated that the myb59 mutant has significantly smaller
leaf cells than wild-type plants, whereas the overexpression
of MYB59 in the myb59 genotype restores the normal cell
size (Fig. 3; Online Resource 3). There were no differences
in the auxin content of whole leaves (IAA concentration
of 1.15+0.10 ng/g fresh weight (FW) in wild-type leaves
and 1.09+0.05 ng/g FW in myb59 leaves).

The analysis of PI-marked nuclei by flow cytometry
highlighted the altered cell cycle progression in myb59
mutant plants compared to wild-type controls. Specifically,
although the proportion of apoptotic, S and G2 nuclei was
approximately the same in the leaves of both genotypes
(ca. 3%, 17% and 31%, respectively), the proportion of the
other stages varied greatly. The percentage of GO/G1 nuclei
decreased from 35% in the wild-type leaves to 19.4% in the
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Fig. 1 Semi-quantitative analysis of MYB59 expression by real-time
RT-PCR in response to abiotic stress. a Expression in leaves and roots
of 3-week-old plants of A. thaliana. b Expression after 6 and 24 h and
4 days of treatment with 10 pM CdSO,. ¢ Expression after 6 h under
drought, 250 mM NaCl or 5 uM ABA treatments. Asterisks above the

mutant leaves, whereas polyploid nuclei were more abundant
in the myb59 mutant (29%) than in wild-type leaves (14.1%)
(Fig. 4).

The myb59 mutant tolerates Cd and salinity stress
better than wild-type plants

The MYB59 expression analyses previously presented
in this work indicate that metal, salinity and ABA stress
modulate MYB59 transcription (Fig. 1c); therefore, we
tested the myb59 mutant, wild-type and OE lines for their
ability to tolerate Cd, NaCl and ABA. Cd tolerance was
evaluated under both standard (3 mM CaCl,) and low (0.5
mM CaCl,) Ca concentrations, because Cd enters the plant
via Ca transporters (Hinkle et al. 1987; Perfus-Barbeoch
et al. 2002) and therefore high levels of Ca can alleviate Cd
stress symptoms (Huang et al. 2017). These experiments
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histogram in a indicate statistical significance, evaluated by Student’s
t test: p<0.001. Different letters above the histograms in b, ¢ indicate
statistical significance, evaluated by Welch’s ANOVA followed by a
Games—Howell post-hoc test (p <0.05)

revealed that myb59 tolerates Cd significantly better than
wild-type and OE lines, as evidenced by the germina-
tion rates in low-Ca medium containing 25 uM CdSO,
(Fig. 5a). We found that 10-day old myb59 plants also had
longer roots in the presence of 25 uM CdSO,/3 mM CaCl,
but this difference was also observed under control con-
ditions and is probably not associated with Cd tolerance
(Fig. 5b). No root growth was observed in the presence of
25 uM CdS0O,/0.5 mM CaCl, (data not shown). The myb59
mutant was also moderately more tolerant to NaCl than
the other genotypes, as shown by the germination assay in
50 mM NaCl (Online Resource 4a). There was no differ-
ence between genotypes in terms of root growth at both
NaCl concentrations (Online Resource 4¢). On the other
hand, germination in the presence of ABA was impaired
in the myb59 mutant compared to wild-type and OE lines
(Online Resource 4b).
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Fig.2 Phenotype of myb59 (A) @B
mutants in comparison to wild-
type (wt) and overexpressing
lines (OE1 and OE2). a Three-
week-old plants grown in soil.
b Measurement of the area of
rosette leaves in time. ¢ 10-day-
old plantlets grown in vitro.
d Comparison of root length
10 and 15 days after germina-
tion. Different letters above the
histograms in d indicate statisti-
cal significance, evaluated by
Welch’s ANOVA followed by
a Games—Howell post-hoc test
(p<0.05)
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Transcriptomic comparison of wild-type and myb59
plants

Microarray analysis was used for the transcriptomic
comparison of wild-type and myb59 mutant leaves from
3-week-old plants, when differential shoot growth was
most apparent. The comparison revealed the presence of
45 differentially regulated transcripts, 12 of which were
downregulated and 33 upregulated in the myb59 mutant
(Table 1). Among the genes upregulated in the myb59
mutant, ca. 25% represented Ca-binding proteins and
others involved in Ca homeostasis, transport and signal
transduction. In particular, ACA/ (At1g27770) and CAX1
(At2g38170) encode Ca transporters (localized in the
endoplasmic reticulum (ER) and tonoplast, respectively)
and six encode EF-hand proteins potentially involved in
Ca signalling: KIC (At2g46600) and the calmodulin-like
(CML) genes CML24 (At5g37770), CML35 (At2g41410),
CML36 (At3g10190), CML44 (At1g21550) and CML47
(At3g47480). The involvement in Ca signalling was

@ Springer

B wt

O myb59
O OEl
= OE2

10 15
days after germination

confirmed by DAVID enrichment analysis (Huang et al.
2009), revealing that the first annotation cluster (enrich-
ment score =4.05) included the functional classes of Ca
interaction and Ca** binding. Other annotation clusters
with lower enrichment scores included DNA-templated
regulation of transcription, zinc finger proteins, and inte-
gral membrane components. The differential expression
of several modulated genes was confirmed by real-time
RT-PCR in wild-type, myb59 and OE lines. The compari-
son between wild-type and myb59 confirmed the results
obtained in the microarray, with fold-changes that were
generally more significant than highlighted by microarray
analysis (Fig. 6). For some of the analysed genes (NACO036,
RVE2, BT2, VSPI, PDFI.1 and CAX]I), expression in the
OE lines was comparable to that of the wild-type or had
an opposite modulation than that of myb59 mutant. On the
contrary, for five other genes (CML24, CML35, CML47,
KIC and PILS4), mostly involved in Ca signalling, the
modulation observed in OE lines was of the same sign as
that of the myb59 mutant (Fig. 6).
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Fig. 3 Dimension analysis of
protoplasts from leaf 4 and 11
of 4-week-old plants from the
wild-type (wt), myb59 mutant
and overexpressing (OE1 and
OE2) lines. a Micrographs of
protoplasts from leaf 4. b Mean
diameter of protoplasts. Differ-
ent letters above the histograms
indicate statistical significance,
evaluated by Welch’s ANOVA
followed by a Games—Howell
post-hoc test (p <0.05)

Fig.4 Analysis of cell cycle
progression by the analysis of
wild-type and myb59 nuclei in
flow cytometry. a Distribution
of nuclei with different DNA
contents. b Frequency of nuclei
in each phase of cell cycle
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Fig.5 Analysis of Cd tolerance. a Germination in absence and pres-
ence of 25 uM CdSO,. b Root length measurement after 10 days in
absence and presence of 25 uM CdSO,. Different letters above the
histograms indicate statistical significance, evaluated by Welch’s
ANOVA followed by a Games—Howell post-hoc test (p <0.05)

MYBS59 expression in response to Ca deficiency

Microarray analysis suggested that MYBS59 is probably
involved in Ca homeostasis and signalling. We therefore
investigated MYB59 expression in response to low Ca levels
by growing wild-type plants in hydroponic trays in the pres-
ence of either 0.5 mM (low) or 2.5 mM (normal) Ca(NOs),
concentrations, followed by gene expression analysis after
6, 24 and 96 h. The expression of all MYB59 isoforms was
induced in the roots by Ca deficiency at all three time points
(Fig. 7, Online Resource 5). In the leaves, MYB59 was
strongly induced by Ca deficiency after 6 h but returned
to normal expression levels at the subsequent time points
(Fig. 7).

Genotype-specific differences in root growth
do not depend on external Ca availability

To determine the response to Ca excess or deficiency, wild-
type, myb59 and OE seeds were sown in vitro under control
conditions (3 mM CaCl,), Ca excess (20 mM CaCl,) or Ca
deficiency (3 mM CacCl, supplemented with 1 mM or 5 mM
EGTA). Since the low Ca conditions applied in previous
experiments (0.5 mM CaCl,) did not produce appreciable
response in vitro in agarized medium (data not shown), a
different experimental approach was used. The application
of two different EGTA treatments allowed the generation of
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moderately intense and extreme Ca deficiency, respectively.
Germination was approximately 100% for both genotypes
under all four conditions. Root elongation after 10 days was
moderately inhibited by excess Ca and severely inhibited in
the presence of EGTA. The myb59 plantlets had significantly
longer roots than the other genotypes in response to all treat-
ments, as well as under control conditions, whereas MYB59
overexpression in the myb59 genotype restored the wild-type
phenotype (Fig. 8).

The root tips of myb59 plants contain higher levels
of cytosolic Ca

Cytosolic Ca levels were evaluated in the root tips of wild-
type and myb59 mutant plantlets transformed with the
cytosolic Cameleon sensor NES-YC3.6 (Krebs et al. 2012).
Wild-type and myb59 lines expressing the NES-YC3.6 sen-
sor were germinated and grown for 7 days under control con-
ditions and in the presence of 25 pM CdSO,, 50 mM NaCl or
1 mM EGTA. Ca levels in the cytosol of myb59 root tip cells
were slightly, yet significantly, higher than in wild-type root
tips even under control conditions. In response to the three
treatments, both genotypes showed an increase in cytosolic
Ca levels. Interestingly, the myb59 root tips accumulated
significantly higher levels of Ca than wild-type root tips only
in presence of 25 uM CdSO,, whereas there was no signifi-
cant difference between the two genotypes in the NaCl and
EGTA treatments even though all three treatments induced
an increase in the cytosolic Ca content (Fig. 9).

The myb59 mutant is impaired in Ca-induced
stomatal closure

Ca signalling plays an important role in the regulation of
stomatal movement (Kim et al. 2010; Webb and Robertson
2011). Hence, based to the indications that MYB59 might
be involved in the regulation of Ca signalling, we investi-
gated whether the alteration of MYB59 expression has an
impact on stomatal physiology. After stomatal pre-opening
under bright-field light, whole wild-type, myb59 and OE
leaves were either maintained in the pre-opening solu-
tion (control) or treated with 10 uM ABA, 5 mM CaCl, or
1 mM EGTA for 2.5 h. Differences were already apparent
in the control experiment, where OE leaves had partially to
completely closed stomata; in this situation, wild-type and
myb59 stomata showed no significant differences (Fig. 10a,
b). Moreover, whereas the wild-type and OE stomata closed
when exposed to Ca, the stomata in the myb59 mutant
remained significantly more open (Fig. 10a, b). Stomatal
closure and complete opening were observed in the pres-
ence of ABA and EGTA, respectively, with no significant
difference between the genotypes (Fig. 10a, b). The stomatal
closure induced by external Ca depends on defined cytosolic
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Table 1 Differentially regulated genes in leaves of the myb59 knock-out mutant in comparison to wild-type, as resulting by microarray analysis

Gene family MIPS code  Name Annotation Fold change
Down-regulated (12)
Protein biosynthesis, modification and transport At4g17470 Palmitoyl-protein thioesterase —-4.04
At1g22550 Major facilitator superfamily protein —1.80
Response to biotic stress At5g24780  VSPI Vegetative storage protein 1 —3.80
Plant growth and development At3g15270  SPL5 Squamosa promoter-binding-like protein 5 -1.78
Transcription and translation At5g61455 U2.7 snRNA gene U2.7 -1.51
Unknown function At4g04223 Armadillo/beta-catenin-like repeat-containing -4.07
protein
At3g56210 Armadillo/beta-catenin-like repeat-containing —4.06
protein
At2g05995 Unknown gene -1.78
At3g29644 Potential natural antisense gene, locus overlaps —-1.77
with At3g29642
At2g18690 Unknown protein —-1.76
At1g56050 Putative GTP-binding protein —-1.74
At5g38005 Unknown gene —1.54
Up-regulated (33)
Plant growth and development At2g46600* KIC Calcium-binding EF-hand-containing protein 3.25
At2g17040 NACO036 NAC domain containing protein 36 3.23
At2g38180 GDSL esterase/lipase 2.09
At3g48360* BT2 BTB and TAZ domain protein 2 1.94
At5g37260 RVE2 Transcription factor REVEILLE 2 1.86
At5¢37770% CML24 Calmodulin-like calcium-binding protein CML24 1.55
Ageing At3g10985 SAG20 Senescence associated protein 20 1.71
Calcium binding At3g47480% CMLA7 Calmodulin-like calcium-binding protein CML47 3.67
At2g41410% CML35 Calmodulin-like calcium-binding protein CML35 2.84
At2g38170*% CAXI Vacuolar cation/proton exchanger 1 2.28
At1g21550% CMLA44 Calmodulin-like calcium-binding protein CML44 2.18
Atlg27770* ACAI Autoinhibited Ca**-ATPase 1 1.51
Response to biotic and abiotic stress At5g61600 ERF104 Ethylene-responsive transcription factor ERF104 3.01
At3g10190* CML36 Calmodulin-like calcium-binding protein CML36 2.52
At3g44260 CAFIA Putative CCR4-associated factor 1-9 2.51
At1g27730 STZ, ZATIO Zinc finger protein STZ/ZAT10 2.18
Atlg75830 PDFI.1 Defensin-like protein 13 2.08
At3g16720 ATL2 RING-H2 finger protein ATL2 1.99
Atlgl8710 MYB47 MYB domain transcription factor 47 1.75
Hormone metabolism and transport Atlg76530  PILS4 Auxin efflux carrier-like protein 2.16
Transport At3g53980 Bifunctional inhibitor/lipid-transfer protein/seed 2.02
storage 2S albumin-like protein
Response to endogenous stimula At5g50915 bHLHI37  Transcription factor bHLH137 1.91
Unknown function Atlg53480 MRDI mtol responding down 1 protein 4.86
At2g26695 Ran BP2/NZF zinc finger-like protein 295
At5g58570 Hypothetical protein 2.81
At2g16367 Pseudogene, defensin-like (DEFL) family protein 2.79
At3g19030 hypothetical protein 2.35
At3g43060 Pseudogene, hypothetical protein 2.31
At5g03090 Hypothetical protein, homologous to MRD1 2.15
At5g35660 Glycine-rich protein 1.95
At4g36850 PQ-loop repeat family protein/transmembrane 1.64
family protein
At3g28270 Hypothetical protein 1.52
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Table 1 (continued)

Gene family MIPS code  Name Annotation Fold change

At1g01390 UDP-glycosyltransferase superfamily protein 1.51

Asterisks near the MIPS code mark proteins involved in calcium homeostasis and signal transduction
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Fig.6 Validation of microarray data. Real-time RT-PCR to confirm conditions. Different letters above the histograms indicate statistical
modulation of genes resulting by the comparative transcriptomic significance, evaluated by Welch’s ANOVA followed by a Games—
analysis performed between wild-type, myb59 mutant and overex- Howell post-hoc test (p <0.05)

pressing (OEI and OE2) plants grown for 3 weeks in soil in control
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(OE1 and OE2) plants to different Ca availability: 20 mM (excess),
3 mM (control) and 3 mM CaCl, supplemented with 1 mM and
5 mM EGTA (moderate and extreme deficiency). Root length was
measured after 10 days in presence of different Ca availability. Dif-
ferent letters above the histograms indicate statistical significance,
evaluated by Welch’s ANOVA followed by a Games—Howell post-hoc
test (p<0.05)

Ca increases in guard cells (Allen et al. 2000, 2001). To
explain the different stomatal behaviour in the presence of
high external Ca, the guard cells of wild-type and myb59
plants, expressing the Cameleon NES-YC3.6 sensor, were
exposed to variation of external Ca concentration in order
to monitor the cytosolic Ca oscillation. The stomata of epi-
dermal strips were pre-opened under bright-field light for 2 h
and then perfused with incubation buffer for 10 min and Ca-
inducing buffer (10 mM CaCl,) for 20 min while measuring
the fluorescence. No marked alteration was observed in the
profile of cytosolic Ca, with a very low Ca peak frequency
in the open stomata in incubation buffer, and a significantly
higher frequency after Ca induction with the high Ca buffer
(Fig. 10c). Following the administration of external Ca, the
peak frequency was moderately, yet significantly, lower in
the myb59 guard cells than in wild-type controls (Fig. 10d).
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Fig.9 Cameleon analysis of wild-type and myb59 root tips in
response to Cd, NaCl and EGTA. a Mean cpVenus/CFP fluores-
cence ratio in root tips of wild-type (wt) and myb59 plantlets. b False
color microscopic images of wild-type and myb59 root tips. Green-
encircled areas represent the Region of Interest (ROI) considered for
the quantitative analysis. Asterisks above the histograms in a indi-
cate statistical significance, evaluated by Student’s ¢ test: *p <0.05;
**p<0.01

Discussion

The MYB superfamily is involved in diverse physiological
processes, including cell differentiation, secondary metab-
olism, plant development, responses to hormones and to
environmental stimuli (reviewed by Dubos et al. 2010).
Regarding MYBS59, a clear functional characterization has
not been reached so far, since experimental evidences are
relatively few and lead to a variety of apparently unrelated
processes. It is proposed to participate in the development
of secondary cell walls and vasculature in A. thaliana
stems (Oh et al. 2003), in jasmonate signalling (Hickman
et al. 2017) and in the response to K deficiency (Nishida
et al. 2017), as well as to regulate growth and the cell cycle
in roots (Mu et al. 2009). In addition, MYB59 expression
is induced by Cd and salicylic acid in A. thaliana (Yanhui
et al. 2006) and its B. juncea ortholog BjCdR12 is also
upregulated following 6 h exposure to Cd (Fusco et al.
2005). However, the precise function of MYB59 remains
unclear and the alternative splicing of the MYB59 gene
adds to the complexity (Li et al. 2006a).
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Fig. 10 Analysis of stomata aperture and Ca oscillation. a Measure-
ment of stomatal opening (expressed as width/length ratio) of wild-
type (wt), myb59 and overexpressing lines (OE1 and OE2) in entire
leaves treated with 10 uM ABA, 5 mM CaCl, or 1 mM EGTA. Dif-
ferent letters above the histograms indicate statistical significance,
evaluated by Welch’s ANOVA followed by a Games—Howell post-hoc
test (p <0.05). b Micrographs of stomata in control and 5 mM CaCl,
conditions. ¢ Cameleon analysis of wild-type and myb59 guard cells.

Based on the functions suggested in previous studies
(Fusco et al. 2005; Yanhui et al. 2006), we first investigated
MYB59 expression under Cd stress. For all MYB59 transcript
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Stomata were pre-opened in bright-field light for 2 h in the incubation
buffer. From measurement start, stomata were kept under perfusion in
the incubation buffer for 10 min, then in Ca-inducing buffer (10 mM
CaCl,) for 20 min. Examples of Ca profile are reported for wild-type
and myb59 guard cells; the black arrow indicates the change to Ca-
inducing buffer. d Frequency of Ca oscillation before and after the
Ca-inducing buffer. Asterisks above the histograms indicate statistical
significance, evaluated by Student’s ¢ test: *p <0.05

variants, moderate upregulation was observed in leaves after
6 h and strong upregulation was observed after four days in
roots. Moreover, similar results were observed when MYB59
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expression in leaves was tested following exposure to salinity
and drought stress for 6 h, suggesting that MYB59 responds
to general stress rather than specifically to Cd. Other MYB
transcription factors also mediate stress responses (Yanhui
et al. 2006). For example, the ABA-responsive A. thaliana
proteins MYB2 (Abe et al. 2003) and MYB96 (Seo et al.
2011) regulate gene expression under drought stress, with
the latter also involved in salinity and freezing tolerance
(Guo et al. 2013). The hypothesis of a marginal involve-
ment of MYB59 in stress response is also supported by the
results achieved in the germination experiments in the pres-
ence of Cd and NaCl. In particular, the higher germination
rate observed in the presence of Cd at low Ca for the myb59
mutant in comparison to the wild-type and OE lines possibly
correlates with the higher levels of CAX/ observed in control
conditions. Indeed, the CAX] gene seems to correlate with
Cd tolerance in the Cd hyperaccumulator species Arabidop-
sis halleri and the loss-of-function cax/ mutant in A. thali-
ana is more sensitive to Cd under Ca-deficiency conditions
(Baliardini et al. 2015). Additionally, several other genes
involved in biotic and abiotic stress responses are modulated
in the myb59 mutant already in control conditions, support-
ing the hypothesis that MYBS59 has a role in stress response.
Both positive and negative expression modulation was
observed for them: for example, among the genes involved
in biotic stress responses, PDF1.1 (Plant Defensin 1.1) was
strongly upregulated in myb59, whereas VSPI (Vegetative
Storage Protein 1) was significantly downregulated. Consist-
ently, recent experimental evidences suggest that MYB59
may play a dual role of activator and repressor of differ-
ent defence pathways (Hickman et al. 2017). In any case,
both the higher stress tolerance and the upregulation in the
myb59 mutant of genes involved in stress seem to point to a
role in the negative control of stress responses, as proposed
for other transcription factors (Novillo et al. 2004; Agarwal
et al. 2006; Journot-Catalino et al. 2006).

In addition to the Ca transporter CAX1, the group of
genes that are identified as upregulated in the myb59 mutant
compared to wild-type plants in the microarray analysis was
found to be highly enriched for the functional classes Ca
interaction and Ca?* binding, including five CMLs (CML24,
CML35, CML36, CML44 and CM147), anon-CML EF-hand
protein (KIC), another Ca transporter (ACAI) and the Ca-
binding transcription factor BT2 (At3g48360). The signifi-
cant number of Ca-related upregulated genes strongly sug-
gests that MYBS59 plays a role in the negative regulation of
Ca signalling. The role of MYBS59 as a negative regulator
of transcription is apparently in contrast to what observed
in previous work, where MYBS59 was proposed to activate
transcription of the CYCBI; I gene in roots (Mu et al. 2009).
However, as reported above, MYBS59 has been suggested to
work both as an activator and as a repressor of different
pathways (Hickman et al. 2017).

Similarly to MYB59, MYB30 was recently found to
control cytosolic Ca levels in response to stress (Liao et al.
2017). In particular, this transcription factor was proposed
to confer oxidative and heat stress tolerance by moderating
Ca levels via the repression of the annexin genes ANNI and
ANN4, which may link the regulation of reactive oxygen
species and Ca signalling pathways (Liao et al. 2017). How-
ever, the expression analysis of Ca-related genes in the OE
lines highlighted a modulation of EF-hand and P/LS4 genes
that is of the same sign of that measured in myb59 mutant.
This result suggests that MYBS59 does not directly regulate
CML genes. Although it is still not clear if CML genes are
transcriptionally regulated by cellular Ca changes, this is a
likely occurrence due to their role in Ca signal transduction.
In this light, the altered MYB59 expression (overexpression
in OE lines and abolition in the knock-out mutant) possi-
bly disrupts endogenous Ca homeostasis, with a subsequent
alteration of CML expression.

In addition to the above-discussed involvement of
MYB5S9 in stress response, the genes emerging from the
microarray analysis link MYBS59 also to cell growth and
cell cycle progression. For example, EF-hand proteins as
CML24 and KIC are involved in cytoskeletal control (Reddy
et al. 2004; Tsai et al. 2013). Consistently with this, myb59
mutant displays longer roots, as previously reported (Mu
et al. 2009), together with reduced leaf area and protoplast
size and altered proportion of leaf cell nuclei at different
stages of the cell cycle, supporting the hypothesis that
MYBS59 participates in the regulation of cell cycle progres-
sion in shoots. In addition, CAX] and BT2, upregulated in
the myb59 mutant and repressed in the OE lines, are involved
in the regulation of plant growth and development through
Ca homeostasis/signalling. For example, cax/ mutants
have shorter primary roots than wild-type plants, which
is consistent with our results (Cheng et al. 2003). By ana-
lysing both root elongation and stomatal opening, CAX1
was linked with auxin signalling (Cheng et al. 2003; Cho
et al. 2012) and cell wall extensibility (Conn et al. 2011).
Ca signalling, mediated by the EF-hand proteins CML12/
TOUCH3 (TCH3) and PID-BINDING PROTEIN 1 (PBP1),
is strictly interconnected with auxin signalling (Benjamins
et al. 2003). Furthermore, this link probably includes the
calmodulin-binding protein BT2 (Du and Poovaiah 2004;
Ren et al. 2007; Mandadi et al. 2009). BT2 also regulates
telomerase activity in vegetative organs (Ren et al. 2007)
and controls seed germination in response to ABA (Mandadi
et al. 2009), a process that we found to be impaired in the
myb59 mutant. The potential role of MYBS59 in auxin signal-
ling is supported by the alteration of PILS4 expression in the
myb59 mutant and OE lines. PILS proteins are ER-localized
transporters involved in subcellular auxin trafficking and
compartmentalization (Barbez et al. 2012). However, we
observed no difference in the IAA content of wild-type and
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myb59 leaves, although this is compatible with the lack of a
severe developmental phenotype in the myb59 mutant. Nev-
ertheless, this result does not exclude changes in the intracel-
lular distribution of auxins, as suggested by the modulation
of the PILS4 transcript.

The role of MYBS59 as negative regulator of Ca homeo-
stasis and signalling is likely dependent on the perception
of and response to specific nutritional conditions. Indeed,
MYB59 expression responds promptly to Ca deficiency, with
strong upregulation in shoots 6 h after the onset of treatment
and at all time points in the roots. A recent work suggests
an involvement of this transcription factor in the response
to K deficiency: although no definite modulation of MYB59
transcription was observed, differential alternative splicing
occurred, leading to an increase in the level of those iso-
forms containing both R2/R3 motifs (Nishida et al. 2017).
Moreover, as indicated by the Cameleon analysis in the root
tips, basal cytosolic Ca levels in myb59 root cells are slightly
higher than in wild-type plants, confirming the role in Ca
homeostasis and storage. Upon Cd exposure, the cytosolic
Ca levels increased in both genotypes, with the myb59 con-
tent higher than the wild type. Considering this result and
the fact that in Saccharomyces cerevisiae the response to Cd
is dependent on specific cytosolic Ca perturbations (Ruta
et al. 2014), it would be possible to hypothesize that the
higher basal levels of cytosolic Ca in myb59 mutants con-
tribute to the partial Cd tolerance observed in this genotype.

The role of MYBS59 in Ca signalling is confirmed by
our analysis of stomatal behaviour, given that the myb59
mutant lacks the ability to close its stomata in response to
Ca, whereas the overexpression of MYB59 in the mutant
genotype complements the mutant phenotype. Interest-
ingly, the Cameleon analysis of cytosolic Ca levels in guard
cells indicated that the frequency of Ca pulses in high-Ca
buffer is moderately lower in the myb59 mutant compared
to wild-type plants. The frequency, number and duration
of Ca pulses in guard cells are known to affect stomatal
opening in a specific manner (Allen et al. 2000, 2001), with
lower frequencies generally correlating with more open sto-
mata (Allen et al. 2000). For example, in the cpk6 mutant
which lacks a Ca-dependent protein kinase, the stomata are
unresponsive to methyl jasmonate, and this phenotype was
associated with a reduction in the frequency of cytosolic
Ca pulses in guard cells and with the reduced activation of
non-selective Ca>*-permeable cation channels in response to
the specific stimulus (Munemasa et al. 2011). In the myb59
mutant, the abnormal expression of CAX/ and ACAI, both
involved in subcellular Ca storage (Huang et al. 1993; Cheng
et al. 2003), and the higher basal levels of cytosolic Ca in
root cells, indicate that MYBS59 is involved in the regulation
of Ca fluxes and therefore in stomata closure and opening.
However, the difference in the frequency of stomatal Ca
pulses has an high impact on stomatal closure despite being
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comparatively small. It is possible that MYBS59 acts down-
stream of the Ca transient signals, as proposed for AtGLR3.1
(Cho et al. 2009) and MPK9 and MPK12 (Khokon et al.
2015), whose altered expression induced a similar situation.

It is important to notice that in control condition stomata
are closed in OE lines and open in wild-type and myb59
mutant. This evidence suggests that MYB59 overexpres-
sion provides a constant signal for stomatal closure. Fur-
thermore, the inhibition of stomatal closure in the presence
of EGTA for all genotypes supports the hypothesis that the
closure signal given by MYBS59 is mediated by Ca: there-
fore, MYB59 constitutive expression alters Ca transients,
thus leading to an increased stomatal closure already under
control conditions.

In conclusion, our results concerning the functions of
MYB59 can be summarized in the model shown in Fig. 11.
Our data suggest that MYBS59 functions in the negative con-
trol of Ca homeostasis, signalling and subcellular compart-
mentalization in response to Ca deficiency and various forms
of stress, contributing to the maintenance of steady cytosolic
Ca levels, as well as in the modulation of Ca-mediated phys-
iological processes, such as cell and plant growth, stomatal
opening and stress responses.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana accession Columbia (Col0) and the
knock-out mutant myb59-1 (GK-627C09, from now on indi-
cated as myb59) were obtained from NASC (http://arabi
dopsis.info; Scholl et al. 2000). The second mutant line,
myb59-2, reported by Mu and co-workers was not consid-
ered in this work as it is a knock-down mutant displaying
hardly any phenotype (Mu et al. 2009). The mutation was
confirmed by PCR using the primers listed in Table 2, and
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Fig. 11 Proposed model of MYBS59 activity, as emerging from this
work
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the homozygous mutant was used for transformation (see
next section) and further analysis.

For standard growth conditions, the plants were culti-
vated in the glasshouse in soil or in hydroponic trays at
23 °C with a 16-h photoperiod. For in vitro cultivation,
seeds were sterilized with 70% ethanol for 1 min, then

Table 2 Primers used for PCR and real-time RT-PCR analysis

with 10% sodium hypochlorite containing 0.03% Triton
X-100 for 15 min, and rinsed three times with sterile water.
Sterile seeds were sown on solid MS medium (Murashige
and Skoog 1962) supplemented, when necessary, with 3%
sucrose, and vernalized for two days at 4 °C. The plants
were maintained in vitro with a 16-h photoperiod at 23 °C.

Function Gene Primer sequences 5'— 3’
myb59 mutant confirmation MYB59 (At5g59780) MYB59 fw: ATGAAACTTGTGCAAGAAGAATACC
MYB59 rev: CTAAAGGCGACCACTACCATG
LB-Gk: GCGTGGACCGCTTGCTGCAACTC
MYB59 cloning MYB59 (At5g59780) Fw: TCTAGATAAATATTGGTAAGAGGATTGCC
Rev: CTCGAGCTAAAGGCGACCACTACCATG
Real-time RT-PCR P-actin (At5g09810) Fw: GAACTACGAGCTACCTGATG
Rev: CTTCCATTCCGATGAGCGAT
UBQI0 (At4g05320) Fw: AGGACAAGGAAGGTATTCCTC
Rev: CTCCTTCTGGATGTTGTAGTC
MYB59 (At5g59780) Fw: ATTTCCCTCCTCTGGCTTCT

MYB59.1 (At5g59780)

MYB59.2 (At5g59780)

MYB59.3 (At5g59780)

CAXI (A12g38170)

PDFI.1 (At1g75830)

CML24 (At537770)

CML35 (At2g41410)

CMLA44 (At1g21550)

CMLA7 (At3g47480)

KIC (At2g46600)

RVE2 (At5g37260)

PILS4 (At1g76530)

NACO036 (At2g17040)

BT2
(At3248360)

Rev: TAGAGGAAACTGATCAATAGCA
Fw: ATAGGTATAGGTTTGTTTTGGAA
Rev: AACCTACAACCAAAACCAGGT
Fw: GAAACATAAGAATAGGTTTAAACA
Rev: TGGAGTCATCTTACCACGTTT
Fw: ACTTGTGCAAGAAGAATACCG
Rev: CTGTTCTGTTTAAACCTGAAAC
Fw: CATAATCATCACAGCGTTCAC
Rev: CGACGAAGAAACAGATGGCA
Fw: TCTACCAAGAGCTCTTAATGC
Rev: CAAAGCAACATAACATATCTGG
Fw: GGTGATGATTCGTATTAGCAG
Rev: AGCAGAAGATATAGAAACAACC
Fw: TCATGTTTGATTGATGATGGTG
Rev: TGCTTGCCGTCACAATAACC
Fw: GATACACATGTGACATGTGTG
Rev: AGTTTATACATCAACACATCGG
Fw: CGATGAGTGTACAAAGATGGA
Rev: GCTCTTCTCTATAAGCTTCAC
Fw: GCTCTTAACCAAACCGAATTC
Rev: ATTACATAGTTCTTGGGTGAGT
Fw: TGTGATGATTCTGAAGATGGC
Rev: TCCGACACTACCACTTCTGT
Fw: ATCGGCGTCTTGGTAGCTC

Rev: TGGTACAAGGGTTCTGAGGT
Fw: TCACTGAAGCTACCGTTTGG
Rev: GTAAGATTCTGGAGCCATGG
Fw: TGAAGACACCAAGTGGAAGC
Rev: AACCCCTTGTGCTTGTTCAC

Underlined nucleotides indicate restriction sites introduced for cloning
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Overexpression of MYB59 in the myb59 mutant

The genomic sequence of MYB59 (1042 bp, comprising
the coding regions of the three MYB59 isoforms plus the
5" untranslated region and a 35 bp promoter region includ-
ing the TATA box) was amplified and cloned in the pMD1
vector (Das et al. 2001) under the control of the 35S CaMV
promoter, between the restriction sites Xbal and Xhol. The
primers for MYB59 cloning are listed in Table 2. The con-
struct was used for the Agrobacterium tumefaciens-mediated
transformation of the myb59 knock-out mutant by floral dip
(Clough and Bent 1998). Transformed plants were analysed
by real-time RT-PCR to confirm MYB59 expression using
the primers for MYB59 isoforms listed in Table 2. T3 plants
representing two independent transgenic lines, OE1 and
OE2, were used for further analysis.

Evaluation of plant growth

To study the effect of MYB59 gene expression on vegeta-
tive growth, seeds of wild-type and myb59 mutant and OE
lines were grown in soil under standard conditions. Rosetta
leaves were photographed every three days starting from the
four-leaf stage until the floral stem emerged. Leaf areas were
measured using the Fiji platform (Schindelin et al. 2012).
About 20 plants representing each line were analysed in
three biological replicates. Roots of wild-type, myb59 and
OE plants were compared by growing seedlings vertically
in vitro in MS medium supplemented with 1% sucrose and
measuring root length after 10 and 15 days.

Plant treatments and real-time RT-PCR

Fifteen-day-old wild-type plantlets germinated in vitro were
transferred to hydroponic trays in half-strength Hoagland
solution (Hoagland and Arnon 1950) and grown for a fur-
ther 2 weeks. Five plants were then selected for each stress
treatment, i.e. exposure to 5 uM ABA, 250 mM NaCl, or
left to dry on paper for 6 h. To analyse Cd response, plants
were treated with 10 uM CdSO, and sampled after 6, 24 and
96 h. To analyse the response to Ca deficiency, plants were
grown in half-strength modified Hoagland’s solution con-
taining 0.5 mM Ca(NOj;), and sampled after 6, 24 and 96 h;
complete Ca deficiency was not applied since it was proved
to be excessively stressful for the plant, as already observed
(Nishida et al. 2017). For each analysis, untreated plants
in standard half-strength Hoagland’s solution (2.5 mM
Ca(NO;),) were used as a control for each time point to
account for circadian regulation. Roots and shoots were sam-
pled and analysed separately.

Total RNA from roots and shoots was extracted with
TRIzol® Reagent (Thermo Fisher Scientific, Waltham,
MA, USA). After DNase treatment, first-strand cDNA
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was synthesized using the Superscript® III Reverse Tran-
scriptase Kit (Thermo Fisher Scientific). Real-time RT-
PCR was carried out using a StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Foster City, CA,
USA) and the KAPA SYBR® FAST ABI Prism® 2X
gPCR Master Mix (Kapa Biosystems, Wilmington, MA,
USA). Each reaction (40 amplification cycles) was carried
out in triplicate and melting curve analysis was used to
confirm the amplification of specific targets. The prim-
ers were designed to either discriminate between MYB59
splicing isoforms or include all of them, and are listed
in Table 2. Data were normalized using the two endog-
enous reference genes f-actin (At5g09810) and ubiquitin
10 (At4g05320) and assessed using the 2722€T method
(Livak and Schmittgen 2001). The amplification efficiency
of each primer pair (c. 2) was calculated using LinRegPCR
v7.5 software (Ramakers et al. 2003). MYB59 gene expres-
sion under control conditions was used as the standard to
exclude the contribution of circadian regulation.

Analysis of cell dimensions

Protoplasts were produced from leaves 4 and 11 sourced
from 4-week-old wild-type, myb59 and OE plants grown in
soil. Cell walls were digested overnight at 24 °C in the dark
in MMC solution (10 mM MES, 0.5 M mannitol, 20 mM
CaCl,, pH 5.8) supplemented with Cellulase R-10 and Mac-
erozyme R-10 (Duchefa Biochemie, Haarlem, The Nether-
lands) to a final concentration of 5 mg/ml each (Dovzhenko
et al. 2003). Protoplasts were observed using a Leica DM
RB microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many). The diameter of 250 protoplasts for each genotype
and leaf type was measured using the Fiji platform (Schin-
delin et al. 2012).

Extraction of nuclei and flow cytometry

Nuclei were extracted from the extended leaves of 3-week-
old wild-type and myb59 plants grown in soil. Tissues
were dissected in chopping buffer (45 mM MgCl,, 30 mM
sodium citrate, 20 mM MOPS, pH 7.0) and filtered through
Miracloth (Merck KGaA, Darmstadt, Germany) (Galbraith
2014). Isolated nuclei were stained with 50 pg/ml propidium
iodide (PI; Sigma—Aldrich, Milan, Italy) at 4 °C for 30 min
and analysed by flow cytometry on a FACSCanto cytom-
eter (Becton Dickinson, Franklin Lakes, NJ, USA). Flow
cytometry and cell cycle data were analysed using FlowJo
v10 (TreeStar, Ashland, OR, USA). Debris was excluded
on the basis of side-scatter and FL-1 signals. Doublets were
excluded by plotting the height against the area of the PI
signal, and the cell cycle was analysed in PI-marked nuclei.
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Measurement of indole-3-acetic acid (IAA) levels

IAA levels were measured in the leaves of 3-week-old wild-
type and myb59 plants grown in soil under control condi-
tions. Plant material was harvested and immediately frozen
in liquid nitrogen. Ground tissues were processed and IAA
levels determined as previously described (Glauser et al.
2014).

Germination and root growth assays

Germination and root growth were tested in vitro under
different conditions. Wild-type, myb59 and OE seeds were
sown in solid MS medium with 1% sucrose, containing
alternatively ABA (20 uM and 50 pM) or NaCl (50 and
100 mM). For the analysis of germination in the presence of
25 uM CdSO,, MS was supplemented with standard (3 mM
CaCl,) or low (0.5 mM CaCl,) concentrations of Ca. For the
analysis of the response to Ca, wild-type and myb59 seeds
were germinated in solid MS medium containing standard
(3 mM CaCl,) or high (20 mM CacCl,) concentrations of Ca,
and in the presence of 1 or 5 mM of the Ca-chelating agent
ethylene glycol bis(B-aminoethylether)-N,N,N',N'-tetraacetic
acid (EGTA), to induce moderate and extreme Ca deficiency,
respectively. The percentage germination was assessed after
two days. Each treatment was tested in triplicate. For the
analysis of root length, 20 plants were evaluated for each
genotype 10 days after germination.

Microarray hybridization and analysis

Gene expression in wild-type and myb59 plants was com-
pared by microarray analysis. Total RNA from both lines
was extracted from the leaves of 3-week-old plants grown in
soil in the greenhouse. Three biological replicates were col-
lected for each genotype. RNA was purified using TRIzol®
reagent (Thermo Fisher Scientific) in association with the
PureLink RNA Mini Kit (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions. RNA concentration
and purity were measured using a NanoDrop 1000 spectro-
photometer (Thermo Fisher Scientific), and RNA integrity
was assessed using the RNA 6000 Nano Kit (Agilent Tech-
nologies, Santa Clara, CA, USA) and the 2100 Bioanalyzer
(Agilent Technologies).

The extracted RNA was converted to cDNA, transcribed
to cRNA and labelled with cyanine 3 (Cy3) by Cy3-CTP
incorporation using the LowInput Quick Amp Labeling One-
Color kit (Agilent Technologies) according to the manufac-
turer’s instructions. Cy3-labelled cRNA was purified using
the RNeasy® Mini Kit (Qiagen, Redwood City, CA, USA)
and quantified using a NanoDrop 1000 spectrophotometer.
Samples were hybridized to a 4 X 44K A. thaliana expression
microarray, design V4 (Agilent Technologies), following the

manufacturer’s recommended procedure. After hybridiza-
tion, the chips were scanned using a G2565B microarray
scanner (Agilent Technologies) and the data were extracted
using Feature Extraction v11.5 (Agilent Technologies).
The data were analysed using TMeV v4.8 (mev.tm4.org/):
raw data were normalized based on the median centre, and
differentially expressed genes were statistically validated
using Student’s #-test (p <0.01). Genes with a fold change
in expression higher than 1.5 were considered.

Microarray data were analysed to evaluate enrichment in
specific biological functions (expressed as GO terms) using
the Functional Annotation tool in DAVID (https://david
.nciferf.gov; Huang et al. 2009). A medium classification
stringency was applied, with a p-value threshold of 0.5 (the
highest value provided in the analysis performed using the
default setting).

To confirm the microarray data, real-time RT-PCR analy-
sis was carried out using cDNA from the leaves of wild-type,
myb59 and OE plants as previously described. The differen-
tially expressed genes tested and the corresponding primers
are listed in Table 2.

Analysis of stomatal opening

Entire rosette leaves from 4-week-old wild-type, myb59 and
OE plants were harvested in darkness at the end of the night
and then floated in a buffer containing 50 mM KCl, 10 mM
MES-KOH (pH 6.15), and 100 uM CaCl, at 22 °C. Stomata
were pre-opened under bright-field light (100 uE m=2 s~ 1)
for 2.5 h and then incubated for 2.5 h with or without the
inclusion of 10 pM ABA, 5 mM CaCl, or 1 mM EGTA
in the incubation medium. Following these treatments, the
leaves were fixed overnight (0.1% glutaraldehyde, 4% para-
formaldehyde, 0.1 M sodium phosphate buffer, pH 7.2) and
decoloured in an ethanol gradient. Stomata were observed
directly using a Leica DM RB microscope (Leica Microsys-
tems GmbH). At least 60 stomata were measured for each
genotype and condition. The stomatal aperture was meas-
ured using the Fiji platform (Schindelin et al. 2012) and
indicated as a width/length ratio.

Plant preparation for the analysis of cytosolic
calcium content

Cytosolic Ca was imaged in plants transformed to stably
express Yellow Cameleon YC3.6 with cytoplasmic locali-
zation (NES-YC3.6: Krebs et al. 2012). A. thaliana wild-
type and myb59 plants were stably transformed by floral dip
(Clough and Bent 1998) with A. tumefaciens strain GV3101
carrying the construct NES-YC3.6. Transformed lines were
selected by visualizing YC3.6 fluorescence under a Leica
MZ16 F stereomicroscope (Leica Microsystems GmbH).
For each genotype, two lines displaying approximately the
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same basal levels of fluorescence were considered for further
analysis.

For the analysis of root tips, T2 plantlets were sown on
MS medium with 1% sucrose containing 25 pM CdSO,,
50 mM NaCl or 1 mM EGTA, and MS medium without
supplements was used as a control. The meristematic zone
of root tips from seven-day-old seedlings grown under the
different experimental conditions was selected for imaging.

For the analysis of guard cells, small leaf pieces from
4-week-old T2 plants grown under standard conditions were
attached to a coverslip using medical adhesive (Hollister
Incorporated, Libertyville, IL, USA). The upper cell lay-
ers were gently removed with a razor blade. For the first
experiment, epidermal strips were incubated in the incuba-
tion buffer (5 mM KCI, 10 mM MES, 50 uM CacCl,, pH
6.15 adjusted with Tris-base) for 2 h under bright-field light
(100 uE m~2 s7!) to induce stomatal opening, then mounted
in an open-top chamber and perfused first with the same
buffer for 10 min and then with 10 mM of external calcium
(6 mM KCI, 10 mM MES, and 10 mM CaCl,, pH 6.15
adjusted with Tris-base) for 20 min.

Fluorescence microscopy

The NES-YC3.6 reporter lines were analysed using a Nikon
Ti-E inverted fluorescence microscope (Nikon, Tokyo,
Japan) fitted with a CFI PLAN Fluor 4x numerical aperture
0.13 dry objective for roots and a CFI PLAN APO 20x VC
dry objective for guard cells. Excitation light was produced
by a Prior Lumen 200 PRO fluorescent lamp (Prior Scientific
Inc., Rockland, MA, USA) at 440 nm (436/20 nm) set to
50%. Images were collected using a Hamamatsu Dual CCD
Camera ORCA-D2 (Hamamatsu Photonics, Hamamatsu
City, Japan). The FRET CFP/YFP optical block A11400-03
(emission 1 483/32 nm for CFP and emission 2 542/27 nm
for FRET) with a dichroic 510-nm mirror (Hamamatsu Pho-
tonics) was used for simultaneous CFP and cpVenus acquisi-
tions. Exposure times were 300 ms for roots and 200 ms for
guard cells, with 4 x4 CCD binning. Images were acquired
every 5 s for 1 min (root tips) and 30 min (guard cells).
Filters and dichroic mirrors were purchased from Chroma
Technology (Bellows Falls, VT, USA). The NIS-Element
(Nikon) was used as a platform to control the microscope,
illuminator, camera, and post-acquisition analysis.

Time lapses were analysed using the Fiji platform (Schin-
delin et al. 2012). Fluorescence intensity was determined
over regions of interest (ROI) corresponding to the mer-
istematic zone of root tips and to single guard cells. The
cpVenus and CFP emissions of each ROI were used for the
ratio calculation (cpVenus/CFP) and plotted versus time.
Background signals were subtracted independently for both
channels before calculating the ratio. At least 20 root tips
and 50 guard cells were considered for each analysis.

@ Springer

Statistical analysis

In figures, data are represented as mean + standard error.
When two data sets (e.g. wild-type versus myb59 mutant)
were compared, the statistical significance was assessed
using Student’s ¢ test. When more data sets were consid-
ered, the statistical significance of the data was evaluated
by Welch’s ANOVA, followed by a Games—Howell post hoc
test, according to McDonald (2014).
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