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ABSTRACT

Stomatal ontogenesis is a key element of plant adaptation aiming to control photosynthetic
efficiency and water management under fluctuating environments™%*. Development of stomata is

guided by endogenous and environmental cues and is tightly coupled to overall plant growth®?2,
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YODA signaling pathway is essential to stomatal lineage specification*>® since it regulates the
activities of transcription factors such as SPEECHLESS (SPCH)"®°*°. Heat-shock proteins 90
(HSP90s) are evolutionarily conserved molecular chaperones implicated in a broad range of
signalling pathways being integrated in interaction networks with client proteins***>*** Herein,
based on genetic, molecular, biochemical, and cell biological evidence we report that heat-stress
conditions affect phosphorylation and deactivation of SPCH and modulate stomatal density. We
show that genetic and physical interactions between HSP90s and YODA control stomatal
patterning, distribution and morphology. We provide solid evidence that HSP90s play a major
role in transducing the heat-stress response since they act upstream and downstream of YODA
signalling, regulate the activity and nucleocytoplasmic distribution of MAPKS, and the activation
of SPCH. Thus, HSPs control the stomatal development both under normal temperature and acute
heat-stress conditions. Our results demonstrate that HSP90s couple stomatal formation and
patterning to environmental cues providing an adaptive mechanism of heat-stress tolerance

response and stomatal formation in Arabidopsis.

Elevated temperatures attributed to global climate changes affect plant development and
have a great economic impact as they directly influence crop yield and productivity. Molecular
mechanisms of plant response to elevated temperatures involve heat shock proteins (HSPs) that
are essential for plant adaptation and survival. Plant thermotolerance depends on the timely
expression and accumulation of HSPs***.

Stomata are small cellular pores in the plant epidermis mediating gas and water exchange through
transpiration™**. Stomatal formation and distribution depend on environmental parameters and
internal cues?®. SPCH is the major transcription factor (TF) controlling stomatal ontogenesis’®
®10 " An intracellular mitogen-activated protein kinase (MAPK) cascade including YODA
(MAPKKK), MKK4/5 (MAPKKSs) and MPK3/6 (MAPKs)**® is required for SPEECHLESS
(SPCH) regulation and stomata formation which is also negatively regulated by brassinosteroids

through BIN2 kinase that phosphorylates and inactivates YODA®'.

Since the documented global warming concerns both increase of the average daily

18,19

temperatures as well as increase of extreme temperatures observed during the day ™~ to simulate

the latter we exposed young Arabidopsis seedlings (2 days post-germination) to 37°C for 2h each
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day for 7 days (Supplementary Fig. 1a) that represents a sub-lethal temperature not influencing
seedling viability®. Interestingly, wild-type plants responded to repetitive heat stress treatments
by decreasing the stomatal density while in yda mutants that overproduce stomata in clusters*>®,
heat stress almost rescued the severe phenotype (Fig. la, ¢). HEAT SHOCK PROTEIN 90
(HSP90), an evolutionary conserved molecular chaperone, interacts with a large repertoire of

11,12,13,14

signaling proteins including kinases and TFs and controls numerous biological processes

including organismal development and stress responses™ 141314212223

To rigorously test whether HSP90s were involved in the heat stress response of stomatal
development we produced double mutants of yda with hsp90.1, a mutant in the heat stress-
induced member, with hsp90.3, a mutant in almost constitutively expressed member, and with
pRAC2::HSP90RNAI line (Fig. 1b and Supplementary Fig. 1b-d). Genetic impairment of HSP90
genes and pharmacological inhibition of HSP90s with specific inhibitors, like GDA and 17-
DMAG?**®, caused stomatal clustering and higher stomatal density (Fig. 1b and Supplementary
Fig. 2). Analysis of the stomatal densities in these double mutants revealed that RNAi-mediated
depletion of HSP90s in the yda mutant attenuates stomata clustering in agreement with the
pharmacological inhibition of HSP90s in the yda mutant (Fig. 1b, ¢, Supplementary Fig. 3a-c and
Supplementary Fig. 4). Dramatic changes in cell division patterns, such as an increase of
asymmetric cell divisions and a decrease of stomatal count, are characteristic for
pPRAC2:HSP90RNAIyda line (Supplementary Fig. 3a-c). Miss-patterned cell divisions and lower
frequency of stomatal clustering were constantly observed in hsp90yda mutants (Fig. 1b, c,
Supplementary Fig. 5, and Supplementary Fig 6). These-results reveal that the environmentally
heat-induced proteins, HSP90s, act upstream of the YODA pathway and HSP90 mutations are

epistatic to yda.

To further address the role of HSP90s in the stomatal development, we showed that both
HSP90.1 and HSP90.3 are expressed in stomatal cell lineage (SCL) from meristemoids to fully
developed stomata (Fig. 1d, e, and Supplementary Fig. 7a, b) and verified that HSP90s physically
interact with YODA kinase (Supplementary Fig. 7c-f).

The constitutive active YODA in ANyda mutants inhibits stomata formation (Fig. 2a)* *°.

Stomatal precursors were systematically formed in ANyda when HSP90s were pharmacologically
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inhibited partially rescuing the stomata-less ANyda phenotype, while fully developed stomata
were occasionally encountered (Supplementary Fig. 4). pRAC2:HSP90RNAI based genetic
depletion of HSP90s in ANyda exhibited few fully developed stomata, while stomatal precursors
were abundant (Fig. 2a and Supplementary Fig. 3a, b, d). Double mutants of Asp904Nyda showed
stomatal complexes and SCL as in wild-type plants (Fig. 2a and Supplementary Fig. 8).
Although, stomatal precursors were frequently observed in Asp904Nyda, as it was found in GDA-
treated ANyda (Supplementary Fig. 4) stomata were sporadically detected having large guard
cells (GCs) (Fig. 2a and Supplementary Fig. 8). The results show that HSP90s act also
downstream of YODA in the signaling cascade for stomatal ontogenesis. The role of HSP90s in
stomatal formation was further revealed as heat-stressed hsp90.1 and hsp90.3 mutants showed a
counteracting impact on stomatal density (Fig. 2a, b). The counter effect can be explained by the
significant induction of HSP90.1 and HSP90.3 transcripts especially in hsp90.3 or hsp90.1
mutants, respectively, caused by the repetitive cycles of heat stress (Supplementary Fig. 9). The
existence of a feedback loop that enhances stomatal density in heat-shocked hsp90.3 mutant was
verified by the induced expression of YDA (Fig. 2c).

The transcriptionally-relevant function of MPKG6 (e.g. through SPCH) during stomatal
ontogenesis relies on its nuclear accumulation in SCL?. To further examine the role of HSP90s
downstream of YODA, we tested how HSP90s affect the nucleocytoplasmic partitioning of
MPKG® in all types of cells in SCL (Fig. 2d)*’. Both genetic and pharmacological depletion of
HSP90s significantly decreased nuclear pools of MPK6 in MMCs, Ms and especially in GCs
(Fig. 2d, e, and Supplementary Fig. 10) demonstrating that MPK®6 translocation into the nucleus
is affected by HSP90s. Predominant accumulation of MPKG6 in the cytoplasm likely represses
nuclear SPCH inactivation and leads to overproduction of stomatal precursors. In agreement,
treatments with HSP90 inhibitors increased stomatal density and induced stomatal clusters in
mpk3-1 and mpk6-4 mutants (Fig. 3a, b).

The phosphorylation and concurrent activation of MPK3 and MPK6 within the YODA
signaling pathway directly regulate downstream targets relevant to SCL specification, such as
SPCH?® 2°. Wild-type plants and yda mutant treated with HSP90 inhibitors as well as untreated
hsp90 mutants showed reduction of phosphorylated MPK3/6 pools (Fig. 3c, d). This result

verified the role of HSP90s in the regulation of signaling components downstream of YODA. At
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the transcriptional level MPK3 was downregulated, while MPK6 was upregulated in wild type
and hsp90 mutants after heat-stress (Fig. 3e). Moreover, no changes in stomatal density were
observed in mpk3-1 and mpk6-2 mutants after heat stress (Fig. 3f). These data suggest a critical
interplay between MPK3/6 kinases and environment (heat stress) in the control of stomatal

development.

In agreement with the stomatal phenotypic analysis, pharmacological depletion of
HSP90s in the yda mutant decreased SPCH protein levels, while in the 4Nyda it resulted in an
increase of SPCH protein abundance (Fig. 4a, b). Further, heat-stress treatment of wild-type
plants reduced the SPCH protein abundance, while it showed no statistically significant impact
on SPCH protein levels in the pRAC2:HSP90RNAI, hsp90.1 and hsp90.3 mutants (Fig. 4c, d),
thus corroborating results of the phenotypical analyses (Fig. 2a, b). To further elucidate the
molecular mechanism underlying heat-stress response we tested the protein levels of MPKS3,
MPK6, HSP90, SPCH and the activation of MAPKSs. Immunoblot analysis revealed that the
phosphorylation of MPK3 slightly increased (Fig. 4e, f), while MPK6 was strongly activated (15-
fold increase) within 20 min of heat stress (Fig. 4e, f). Importantly, the pattern of MPK6
phosphorylation was also accompanied by increased SPCH phosphorylation showing a nearly 12-
fold increase of phosphorylated to non-phosphorylated SPCH ratio (Fig. 4e, f). This suggests that
activation of MPKG® is tightly coupled to SPCH phosphorylation during heat stress. Phosphatase
treatments showed that the differential mobility of SPCH protein observed on immunoblots was
due to the phosphorylation (Supplementary Fig. 12a). Next, we performed gPCR analysis for the
major transcription factors controlling stomatal ontogenesis®. Our results showed a moderate
increase of SPCH transcript level in the hsp90.1 mutant, while MUTE expression was almost
unaffected and FAMA transcript level was upregulated under heat-stress conditions (Fig. 4g),
suggesting an active interplay between acute heat-stress conditions and HSP90s. Taken together
these results clearly show that HSP90s and MAPKSs have a prominent role in the suppression of

SPCH transcription factor that leads to the repression of stomatal development.

This study reveals an intertwine relationship of acute environmental heat-stress conditions
and HSP90s to regulate YODA signaling pathway during stomatal ontogenesis. We show that
HSP90s act as upstream and downstream modulators of YODA, while MPK6 and SPCH

phosphorylation is controlled by heat stress. Genetic and pharmacological inhibition of HSP90s
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decreased the phosphorylation of MAPKs and enhanced stomatal density under normal
conditions. On the other hand, induction of HSP90s by heat stress suppresses stomatal formation
due to the over-phosphorylation of MAPKs and SPCH (Fig. 4h). Considering the multi-
parametric and complicated nature of heat stress response as a physiological process the
contribution of additional signaling pathways cannot be excluded*. In this report we demonstrate
that HSP90s are crucial molecular determinants regulating the process of early SCL specification
controlled by YODA, MAPKSs and SPCH under regular and heat stress conditions.
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Figure 1. HSP90s are expressed in stomatal lineage cells and interact physically and
genetically with YODA. a and b, Differential interference contrast (DIC) images of abaxial
epidermis in 9 days post germination (dpg) cotyledons of indicated plant lines under control
conditions or after heat stress. a, Col-0 and Ler represent wild types. ¢, Quantification of stomatal
density in cotyledons of 9 dpg plant lines. Ten cotyledons of three independent biological
repetitions were used each time. Brackets indicate clustered stomata and blue-marked pavement
cells visualize big undivided cells. d, pHSP90.1::GUS expression in mature stomata and stomata
precursors of 7 dpg cotyledons. e, Confocal microscope images of HSP90.1 localization using
pHSP90.1::HSP90.1-GFP construct in cotyledons of 3 dpg seedlings showing predominant
plasma membrane (PM) localization (arrows) in epidermal and stomatal lineage cells. S; stomata,
M; meristemoids. f, Co-immunoprecipitation (IP) assays of the HSP90.1-HA and HSP90.3-HA
with YODA-c-myc fusion protein. Protein extracts from N. benthamiana leaves co-transformed
with the appropriate constructs were immunoprecipitated with anti-HA antibody and the
immunoblots were probed with anti-c-myc antibody. The experiment was performed three times.
Black arrows indicate meristemoids. Stomata and pavement cells in Figure la and 1b were

artificially coloured for better visibility. Scale bars, 20 um.

Figure 2. HSP90s act upstream of YODA and genetic depletions of HSP90s impact the
subcellular distribution of MPK®6 in the stomatal lineage cells. a, DIC images of abaxial
epidermis in 9 dpg cotyledons of indicated plant lines grown under control conditions or after
heat stress. b, Quantification of stomatal density in cotyledons of 9 dpg plant lines. Ten
cotyledons of three independent biological repetitions were used each time. Brackets indicate
clustered stomata and blue-marked pavement cells visualize big undivided cells. Data are means
and error bars represent standard deviations *P<0.05, **P<0.01, n.s.-not statistically significant
(one-tailed Student’s t-test). ¢, RT-qPCR analysis of YDA expression in heat stress-treated and
non-treated wild-type (Col-0) and hsp90.1 and hsp90.3 mutants. d, pMKP6::GFP-MPKG6
localization in meristemoid mother cells (MMC), meristemoids (M), guard mother cells (GMC)
and guard cells (GC) in the indicated genetic backgrounds. e, Quantification of the nucleo-
cytoplasmic fluorescence intensity ratio of GFP-tagged MPKG6 protein in control, hsp90.1,

hsp90.3 and hsp90RNAI genetic backgrounds. At least 15 cells per cell type were used for the
9
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fluorescence signal quantification in each case. Stomata cells in Figure 2a were artificially

coloured for better visibility. Scale bars, 20um for (a) and 10um for ().

Figure 3. HSP90s depletion decreases the activation of MPK3/6 and induces stomatal
formation. HSP90 pharmacological inhibition in mpk6-4 and mpk3-1. a, DIC microscopy images
of abaxial cotyledon epidermis of 9 dpg seedlings grown on plain MS medium or MS
supplemented with GDA (5 uM), or 17-DMAG (5 uM). b, Stomatal density in 9 dpg wild type
Col-0, mpk6-4 and mpk3-1 mutants under control conditions and after treatment with GDA and
17-DMAG (mean +S.D; *P<0.05, **P<0.01; one-way analysis of variance (ANOVA) followed
by Tukey HSD test). Only statistical differences between the wild type plants grown under
normal conditions against the rest are shown. c, Western blots of MPK3, MPK6 and
phosphorylated MPK3/6 from protein extracts of 9 dpg plants. Full blots are available in
Supplementary Fig. 12. d, Quantitative analysis of the MPK3/6 phosphorylation status in
untreated and GDA or 17-DMAG-treated control and mutant lines. e, RT-gPCR analysis of
MPK3 and MPKG6 expression in heat stress-treated and non-treated wild-type (Col-0) and hsp90.1
and hsp90.3 mutants. f, Stomatal densities of heat shock treated and non-treated Col-0, mpk3-1
and mpk6-2 mutants. Data are means and error bars represent standard deviations ***P<0.001,
(one-tailed Student’s t-test). Brackets indicate stomatal clusters. Stomata cells in Figure 3a were
artificially coloured for better visibility. Scale bars, 50 um.

Figure 4. HSP90-dependent activation of MPK3/6 induces phosphorylation and
destabilization of SPCH. a, Western blot of SPCH levels in designated 9 dpg seedlings grown in
plain or 5 uM GDA-supplemented MS. b, SPCH protein levels in designated9 dpg seedlings
grown in plain or 5 uM GDA-supplemented MS. ¢, Western blot analysis of SPCH and HSP90 in
9 dpg heat stress-treated and non—treated designated seedlings. d, Quantification of SPCH levels
in heat stress-treated and non-treated plants e, Time course Western blot analysis of MPKS,
MPK®6, SPCH, HSP90 protein and phosphorylated MPK3/6. f, Relative phosphorylated MPK3/6
levels in the second day of heat shock. Relative fold changes of MPK3/6 protein levels were

included in the calculations. g, gPCR analysis of SPCH, MUTE and FAMA in heat shock-treated
10
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and non-treated Col-0, hsp90.1 and hsp90.3 mutants. Data are means and error bars represent
standard deviations *P<0.05, **P<0.01, n.s. - not statistically significant (one-tailed Student’s t-
test). h, Proposed model for the modulation of YDA signaling cascade under depletion of HSP90
proteins and heat stress conditions that induce HSP90 activity. HSP90 integrate environmental
stimuli and by regulating YDA cascade control the abundance and activity of SPCH, the master

transcription factor fine-tuning leaf epidermis development.
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Figure 1. HSP90s are expressed in stomatal lineage cells and interact physically and genetically with YODA. a and b Differential interference
contrast (DIC) images of abaxial epidermis in 9 days post germination (dpg) cotyledons of indicated plant lines under control conditions or after heat
stress a, Col-0 and Ler represent wild types. ¢, Quantification of stomatal density in cotyledons of 9 dpg plant lines. Ten cotyledons of three
independent biological repetitions were used each time. Brackets indicate clustered stomata and blue-marked pavement cells visualize big undivided
cells. d, pHSP90.1::GUS expression in mature stomata and stomata precursors of 7 dpg cotyledons. e, Confocal microscope images of HSP90.1
localization using pHSP90.1::HSP90.1-GFP construct in cotyledons of 3 dpg seedlings showing predominant plasma membrane (PM) localization
(arrows) in epidermal and stomatal lineage cells. S; stomata, M; meristemoids. f, Co-immunoprecipitation (IP) assays of the HSP90.1-HA and
HSP90.3-HA with YODA-c-myc fusion protein. Protein extracts from N. benthamiana leaves co-transformed with the appropriate constructs were
immunoprecipitated with anti-HA antibody and the immunoblots were probed with anti-c-myc antibody. The experiment was performed three times
with similar results. Black arrows indicate meristemoids. Stomata and pavement cells in Figure la and 1b were artficially coloured for better visibility.

Extended data are available in Supplementary Figures 1-7. Scale bars, 20 pm.


https://doi.org/10.1101/426684

bioRxiv preprint doi: https://doi.org/10.1101/426684; this version posted September 25, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

b
A PRac Z@PQORNAIANyda st 01Xh 4,’% 3ANyda 500 1 mcontrol mheat shock
- 7/ ns
3 \ ' ) ~ —
< o 4 :, / C /I" 1 1{ :y ) € 400
SYaL L6 A r'f’"— ‘ )\ ‘{ ﬁq % *%k
] i QQ//ﬁﬂﬂ"”{I) '4) > s0{ T4
: ; S RANA ( 2
, o 7 il @ RS @ i -
/ / (]
) - © 200
8
T ]
il § 100
»n
0 4
& o o
o K X
(0] © AN
Co
5 2]
— { 5 3 YDA
Col-0 S -
37c Q‘ £3g"®
gL
B § § 1 4
-
O + i
1F Xy 5 ©05
. .'{}I- (¥ 2<
0 V“:l? E 0 4
el 2 SRS
Q
o \(\CR 5@
d «§
_ Relative ratio of nucleo/cytoplasmic fluorescence intensity of MPK6-GFP
o
2
s 5 Meristemoid Mother Cell (MMC) 25 Meristemoid Cell (MC)
o i)
2 2 |
1,5 = 1,5 1
, = 51 =
3 11 é F = = 1T =T 2= ¢
Oé- 0,5 0,5
< 0 0
& N .
Y S & & & ¥ @VO & & N ng
,\,Q \(@Q &K P < ‘(@Q K N
X A N A &
™
g Guard Mother Cell (GMC) 25 Guard Cell (GMC)
% ,
1]
< 2 4 2 1
15 1 % 15{F I % ; %
1{= £ T = 11
I 0,5 0,5
< k ,
E 0 T T T 0
S © O & N o ¥ O X
2 N\ ¥ & ng $ ézg NS &\v & Qqe @Q QQ_@
2 & eSS W& E

Figure 2. HSP90s act upstream of YODA and genetic depletions of HSP90s impact the subcellular distribution of MPK6 in the stomatal lineage
cells. (a) DIC images of abaxial epidermis in 9 dpg cotyledons of indicated plant lines grown under control conditions or after heat stress. (b)
Quantification of stomatal density in cotyledons of 9 dpg plant lines. Ten cotyledons of three independent biological repetitions were used each time.
Brackets indicate clustered stomata and blue-marked pavement cells visualize big undivided cells. Data are means and error bars represent standard
deviations *P<0.05, **P<0.01, n.s.-not statistically significant (one-tailed Student’s t-test). (¢) RT-qPCR analysis of YDA expression in heat stress-treated
and non-treated wild-type (Col-0) and Asp90.1 and hsp90.3 mutants. (d) pMKP6.::GFP-MPK6 localization in meristemoid mother cells (MMC),
meristemoids (M), guard mother cells (GMC) and guard cells (GC) in the indicated genetic backgrounds. (e) Quantification of the nucleo-cytoplasmic
fluorescence intensity ratio of GFP-tagged MPK6 protein in control, Asp90. 1, hsp90.3 and hsp90RNAI genetic backgrounds. At least 15 cells per cell type
were used for the fluorescence signal quantification in each case. Stomata cells in Figure 2a were artficially coloured for better visibility. Extended data

are available in Supplementary Figures 3, 4, 8, 9, 10. Scale bars, 20um for (a) and 10um for (c).
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Figure 3. HSP90s depletion decreases the activation of MPK3/6 and induces stomatal formation. HSP90 pharmacological inhibition in mpk6-4 and
mpk3-1. a, DIC microscopy images of abaxial cotyledon epidermis of 9 dpg seedlings grown on plain MS medium or MS supplemented with GDA (5 uM), or
17-DMAG (5 uM). b, Stomatal density in 9 dpg wild type Col-0, mpk6-4 and mpk3-1 mutants under control conditions and after treatment with GDA and 17-
DMAG (mean £S.D; *P<0.05, **P<0.01; one-way analysis of variance (ANOVA) followed by Tukey HSD test). Only statistical differences between the wild
type plants grown under normal conditions against the rest are shown. ¢, Western blots of MPK3, MPK6 and phosphorylated MPK3/6 from protein extracts of
9 dpg plants. Full blots are available in Supplementary Fig. 12. d, Quantitative analysis of the MPK3/6 phosphorylation status in untreated and GDA or 17-
DMAG-treated control and mutant lines. e, RT-qPCR analysis of MPK3 and MPKG6 expression in heat stress-treated and non-treated wild-type (Col-0) and
hsp90.1 and hsp90.3 mutants. f, Stomatal densities of heat shock treated and non-treated Col-0, mpk3-1 and mpk6-2 mutants. Data are means and error bars
represent standard deviations ***P<0.001, (one-tailed Student’s t-test). Brackets indicate stomatal clusters. Stomata cells in Figure 3a were artficially coloured

for better visibility. Extended data are available in Supplementary Figure 11. Scale bars, 50 um.
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Figure 4. HSP90-dependent activation of MPK3/6 induces phosphorylation and destabilization of SPCH. a, Western blot of SPCH levels in

designated 9 dpg seedlings grown in plain or 5 uM GDA-supplemented MS. b, SPCH protein levels in designated 9 dpg seedlings grown in plain or 5

uM GDA-supplemented MS. ¢, Western blot analysis of SPCH and HSP90 in 9 dpg heat stress-treated and non-treated designated seedlings. d,

Quantification of SPCH levels in heat stress-treated and non-treated plants (e) Time course Western blot analysis of MPK3, MPK6, SPCH, HSP90

protein and phosphorylated MPK3/6. f, Relative phosphorylated MPK3/6 levels in the second day of heat shock. Relative fold changes of MPK3/6

protein levels were included in the calculations. g, qPCR analysis of SPCH, MUTE and FAMA in heat shock-treated and non-treated Col-0, Asp90.1 and

hsp90.3 mutants. Data are means and error bars represent standard deviations *P<0.05, **P<0.01, n.s. - not statistically significant (one-tailed Student’s

t-test). . Extended data are available in Supplementary Figures 11, 12. h, Proposed model for the modulation of YDA signaling cascade under depletion

of HSP90 proteins and heat stress conditions that induce HSP90 activity. HSP90 integrate environmental stimuli and by regulating YDA cascade control

the abundance and activity of SPCH, the master transcription factor fine-tuning leaf epidermis development.
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