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SIAMESE-RELATED1 Is Regulated Posttranslationally
and Participates in Repression of Leaf Growth
under Moderate Drought'9"EN]

Marieke Dubois,® Katia Selden,” Alexis Bediée,* Gaélle Rolland, Nicolas Baumberger,” Sandra Noir,*
Lien Bach,’ Geneviéve Lamy,* Christine Granier,® and Pascal Genschik?® b2

“Institut de Biologie Moléculaire des Plantes, Centre National de la Recherche Scientifique, Unité Propre de

Recherche 2357, Conventionné avec 1'Université de Strasbourg, 67084 Strasbourg, France

PBiochimie et Physiologie Moléculaire des Plantes, Université de Montpellier, Centre National de la Recherche
Scientifique, Institut National de la Recherche Agronomique, Montpellier SupAgro, 34060 Montpellier, France
“Laboratoire d’Ecophysiologie des Plantes sous Stress Environnementaux, Université de Montpellier, Institut
National de la Recherche Agronomique, Montpellier SupAgro, 34060 Montpellier, France

ORCID IDs: 0000-0002-5190-2130 (M.D.); 0000-0002-5666-2885 (S.N.); 0000-0002-8853-5370 (G.L.); 0000-0002-4107-5071 (P.G.).

The plant cell cycle is tightly regulated by factors that integrate endogenous cues and environmental signals to adapt plant
growth to changing conditions. Under drought, cell division in young leaves is blocked by an active mechanism, reducing the
evaporative surface and conserving energy resources. The molecular function of cyclin-dependent kinase-inhibitory proteins
(CKIs) in regulating the cell cycle has already been well studied, but little is known about their involvement in cell cycle
regulation under adverse growth conditions. In this study, we show that the transcript of the CKI gene SIAMESE-RELATED]1
(SMR1) is quickly induced under moderate drought in young Arabidopsis (Arabidopsis thaliana) leaves. Functional
characterization further revealed that SMR1 inhibits cell division and affects meristem activity, thereby restricting the growth
of leaves and roots. Moreover, we demonstrate that SMR1 is a short-lived protein that is degraded by the 26S proteasome after
being ubiquitinated by a Cullin-RING E3 ubiquitin ligase. Consequently, overexpression of a more stable variant of the SMR1
protein leads to a much stronger phenotype than overexpression of the native SMR1. Under moderate drought, both the SMR1
transcript and SMR1 protein accumulate. Despite this induction, smr1 mutants do not show overall tolerance to drought stress
but do show less growth inhibition of young leaves under drought. Surprisingly, the growth-repressive hormone ethylene

promotes SMR1 induction, but the classical drought hormone abscisic acid does not.

In plants, organ development occurs postembryoni-
cally and requires accurate orchestration of cell divi-
sions throughout the plant’s life cycle (Gutierrez, 2005;
De Veylder et al., 2007) by integrating endogenous
signals and various cues from the environment (Inagaki
and Umeda, 2011; Kitsios and Doonan, 2011). Whether
cells divide or not is tightly controlled by more than
70 core cell cycle proteins (Van Leene et al.,, 2010).
Cyclin-dependent kinases (CDKs) are key factors in
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triggering the different cell cycle steps (De Veylder
et al., 2007; Harashima et al., 2013). A-type CDKs can
associate with multiple cyclins (CYCs), including A-, B-,
and D-type CYCs, and the CDKA/CYCD complex is
crucial for progression into the S-phase and endo-
replication (Boniotti and Gutierrez, 2001, Nakagami
etal., 2002; Leiva-Neto et al., 2004; Nowack et al., 2012).
The G2-M transition requires the formation of com-
plexes of the plant-specific B-type CDK and CYCB
(Harashima et al., 2013). Besides the binding with CYCs
controlling their activity, plant CDKs are also subjected
to regulation by interaction with CDK activating
kinases and CDK inhibitory proteins (CKls) (Komaki
and Sugimoto, 2012, Kumar et al., 2015; Takatsuka
et al., 2015).

Multiple CKI proteins function at the strictly con-
trolled G1-to-S-phase and G2-to-M-phase transitions,
where they bind to CDKs and block their activity. In
Arabidopsis (Arabidopsis thaliana), the CKI group con-
sists of 21 proteins divided in two subgroups: the KIP-
RELATED PROTEIN group (KRP; 7 proteins) and the
SIAMESE/SIAMESE-RELATED group (SIM/SMR;
14 proteins), which share a conserved CDK-inhibitory
motif (Churchman et al., 2006; Kumar et al., 2015). KRP
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and SMR proteins regulate cell proliferation, organ size,
and the timing of entry into endoreplication, a type of
cell cycle in which the S-phase proceeds without
M-phase, resulting in a doubling of the DNA amount
(Wang et al., 2000; De Veylder et al., 2001; Coelho et al.,
2005; Churchman et al., 2006; Roeder et al., 2010). SMRs
also appear to have functions in specific cell types. For
example, SIAMESE was discovered in a mutant that
exhibited multicellular trichomes, due to a failure in
restraining cell division (Walker et al., 2000). SMR
family members have been found to bind CDKA and
CDKB complexes, and their mode of action likely dif-
fers within the family: SIM, SMR1, and SMR2 would
preferentially inhibit CDKB/CYCB complexes, while
SMR4, SMR5, and SMR7 might block mainly CDKA/
CYCD complexes (Walker et al., 2000; Van Leene et al.,
2010). Intriguingly, SIM, SMR1, and SMR2 also have
been shown to interact with CDKA /CYCD complexes,
an observation that is not yet understood, since these
CKIs do not seem to inhibit the S-phase (Churchman
et al., 2006; Peres et al., 2007; Kumar et al., 2015).

In fungi and metazoans, the regulation of CKIs has
been extensively studied and occurs not only at the
transcriptional level, but also at the posttranslational
level. CKls are recognized and bound by E3 ubiquitin
ligases and targeted for ubiquitin-mediated degrada-
tion by the 265 proteasome (Starostina and Kipreos,
2012; Genschik et al., 2014). In plants, our knowledge
regarding posttranslational regulation of CKIs is li-
mited to two members of the KRP family, KRP1 and
KRP2, which are both targets of the 26S proteasome
(Zhou et al., 2003; Verkest et al., 2005; Jakoby et al.,
2006; Ren et al., 2008). The active domain is situated at
the C terminus in both proteins and their N-terminal
domain is necessary for mediating their degradation
(Schnittger et al., 2003; Zhou et al., 2003; Jakoby et al.,
2006). KRP2 degradation is likely initiated by CDKB1;1
phosphorylation and mediated by F-BOX PROTEIN-
LIKE17 (FBL17) (Verkest et al., 2005; Noir et al., 2015),
while KRP1 degradation might be mediated by other
types of E3 ubiquitin ligases (Ren et al., 2008).

Interestingly, several SMRs were found to be tran-
scriptionally induced in response to changing envi-
ronmental conditions, leading to the hypothesis that
SMRs may be involved in integrating environmental
signals with cell cycle control (Peres et al., 2007; Yietal.,
2014; Kumar and Larkin, 2017). For instance, oxidative
stress, as conferred by reactive oxygen species (ROS) or
hydroxyurea, induces ROS production and SMR4,
SMRb5, and SMRY transcript levels, and smr5 and smr7
mutants are more tolerant to hydroxyurea treatments
(Yi et al., 2014). Conversely, biotic stress imposed by
Pseudomonas syringae infection suppressed SMR1 ex-
pression, and smrl mutants are more susceptible to this
bacterial infection (Hamdoun et al., 2016).

Of the abiotic stress conditions to which plants can
be exposed, drought stress is one of the most deleteri-
ous (Araus et al., 2002). Drought stress is a complex
stress that can occur at multiple levels of severity
and cause specific damage at different stages of plant
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development. Moreover, drought often occurs in com-
bination with other abiotic stresses such as heat. While
severe drought stress affects the plant’s energy metab-
olism by triggering stomatal closure, thereby reducing
gas exchange and photosynthesis, plants responding to
more moderate drought reduce shoot growth as an
active mechanism to save water and energy resources
(Claeys and Inzé, 2013; Verslues, 2017). At the cellular
level, moderate drought stress quickly triggers the re-
pression of cell expansion and cell division following
the decrease in water availability (Harb et al., 2010;
Baerenfaller et al.,, 2012; Bonhomme et al., 2012;
Caldeira et al., 2014).

Several studies have pointed toward the possible
functions of various plant hormones in this growth in-
hibition. Genes involved in the biosynthesis and sig-
naling of abscisic acid (ABA), the classical drought
hormone, are upregulated under drought stress in
young, growing leaves, but also in mature leaves
(Baerenfaller et al., 2012; Clauw et al., 2016). Notably, in
actively growing leaves, no clear correlation was ob-
served between the expression levels of these genes and
the degree of growth reduction under drought (Clauw
et al., 2016; Dubois et al., 2017). In contrast, the phyto-
hormones ethylene, gibberellic acid, and jasmonic acid,
which are typically involved in growth and defense
responses, are emerging as possible regulators of
growth under drought (Baerenfaller et al., 2012;
Habben et al., 2014; Shi et al., 2015; Dubois et al., 2017).
While these phytohormones might be implicated in the
control of leaf growth and cell division under drought,
the molecular mechanisms by which drought arrests
the cell cycle currently remain uncharacterized.

In this study, we aimed to characterize how the plant
cell cycle is affected at a molecular level in response to
moderate drought stress. We found that the CKI pro-
tein SMR1 is transcriptionally induced and post-
translationally stabilized under moderate drought. We
further characterized the regulation and function of
SMR1 under both favorable growth conditions and
drought stress using a multiscale approach.

RESULTS

SMR1 and SMR5 Are Transcriptionally Induced by
Moderate Drought

Drought is known to actively block Arabidopsis cell
division, but it is still unclear which of the numerous
CKIs might inhibit the cell cycle under drought. To
identify candidate CKI genes under drought, we ex-
posed Arabidopsis Col-0 plants to a moderate drought
stress treatment using the automated watering plat-
form PHENOPSIS (Granier et al., 2006) and quantified
the transcript levels of all genes of the KRP and SMR
families during leaf development (Fig. 1). Since drought
stress is known to inhibit cell division within days fol-
lowing the watering arrest (Caldeira et al., 2014; Dubois
et al., 2017), we paid particular attention to the genes
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SiIM | 091 094 | 1.04 1.62 1.59
SMR1 |[2.09 2.18 | 2.31 - 1.36
SMR2 | 1.07 164 | 163 1.73 1.08 1.48
SMR3 |[2.09 146 | 1.71 1.94 1.41 1.45
SMR4 | 0.69 0.96 | 0.59 0.68 1.05  0.60

SMR5 - 2.30

SMR6 | 0.62 238 | 1.29 0.78 0.93 | 0.55

SMR7 | 1.04 093 | 163 1.67 0.86 1.04
SMR8 | 1.25 1.66 | 1.51 - 1.49
SMR9 | 092 | 183 | 1.83 1.45 1.71 1.39
SMR10 | 199 | 1.18 | 1.32 | 242 1.64 -
SMR11 - 179 | 1.09 0.77 1.44 1.81
SMR12 | 183 1.36 | 0.87 123 0.93 1.39
SMR13 | 0.74 1.73| 0.89 1.11 119 1.54
KRP1 | 1.07 [ 245 | 224 152 1.14 1.12
KRP2 | 097 125|179 166 151 1.59
KRP3 - 1.38 | 1.18 1 0.64 1.00 0.80
KRP4 | 094 088 139 146 151 1.58
KRP5 | 0.77 121|160 1.09 1.09 0.95
KRP6 | 2.01 1.06| 1.03 1.37 1.16 | 2.08

KRP7 | 0.79 153 | 123 1.00 1.03 1.13

Figure 1. Transcript changes in SMR and KRP family genes under
moderate drought stress. Drought stress was applied at the time of
emergence of the sixth leaf, and expression levels of SMR and KRP
genes were compared between well-watered and drought-stressed
samples at different times during leaf development: proliferation phase
(red box), expansion phase, and mature leaves (see “Materials and
Methods”). Indicated values represent the fold change between drought
and well-watered transcript levels. RD29A was used as a positive
control for the drought stress treatment. Orange = down-regulation;
green = up-regulation.

1
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that responded to drought at the earliest harvested
developmental time points, when the leaves were still
fully in the proliferation phase (Fig. 1). Whereas none of
the KRP gene family members responded clearly and
rapidly to drought, two genes encoding SMR proteins,
SMR1 and SMRS5, showed a pronounced induction by
>2-fold upon moderate drought, which occurred
quickly and was further maintained over time (Fig. 1).
Because SMRS5 had previously been reported as being

2836

transcriptionally induced by a broad range of abiotic
stresses (Peres et al., 2007; Yi et al., 2014), the observed
induction might not necessarily reflect a specific role for
SMRS5 under drought. Moreover, the SMR5 transcript
level reached its highest up-regulation in full-grown
leaves (Fig. 1), pointing toward a function that is most
likely not restricted to the control of cell division under
drought. We thus chose to focus further on SMR1 in this
study and hypothesized that it is potentially involved
in arresting the cell cycle in Arabidopsis seedlings ex-
posed to drought stress.

SMR1 Inhibits Cell Division, Thereby Restricting Growth
of Roots and Leaves

Previous studies have reported a role for SMR1 in the
control of cell divisions in Arabidopsis sepals and in
trichome cells (Walker et al., 2000; Roeder et al., 2010),
whereas its role in leaf growth is much less studied
(Kumar et al., 2015). To investigate the possible func-
tions of SMR1 in root and shoot growth, we first phe-
notypically characterized an smrl loss-of-function
mutant. For root growth analysis, the mutant and the
appropriate wild type were grown in vitro and the
primary root length was measured at 12 d after strati-
fication (DAS). In smr1, the primary root showed a mild
but reproducible increase in length by 9% (P = 2.2E-11;
ANOVAqensp; Fig. 2A). For rosette analysis, we
measured total rosette area and individual leaf size af-
ter 3 weeks of growth in soil, before the plants started
bolting. No difference in total rosette area was
observed between the wild type and smrl mutants
(Supplemental Fig. S1), as previously reported (Kumar
et al., 2015). Notably, a detailed analysis of the area of
each individual leaf of the rosette revealed an increase
in leaf size of the oldest leaves, with a reproducible
increase in area of the second leaf by 21% (P < 1E-10;
ANOVA7 . ysp) in smrl compared with wild-type
plants (Fig. 2B).

Although the effects of SMR1 loss of function at the
whole-plant level are subtle, more pronounced effects
were observed at cellular level. In the root tip, the
length of the cell division zone increased by 30%
(P =9.5E-15, ANOV Ay .y 1isp) in smrl mutants (Fig. 2C;
Supplemental Fig. S2). In a full-grown sixth leaf, we
found a strong increase (by 84%, P = 1.9E-8, Student’s ¢
test) in the number of adaxial epidermal cells in the
smrl mutant (Fig. 2D). This was accompanied by a se-
vere reduction in cell size (—40%, P = 8.6E-9, Student’s ¢
test), which explains the absence of a clear effect at the
level of the leaf. Subsequent cellular analysis over time
during leaf development showed that this cellular
phenotype arises very early during development and
further increases over time (Supplemental Fig. S3).
These cellular results suggest that SMR1 might control
the switch from cell division to cell expansion during
root and leaf growth. To further investigate this possi-
bility, we visualized the SMR1 expression pattern using
the pSMR1::GUS line that was described previously

Plant Physiol. Vol. 176, 2018
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Figure 2. Phenotypic analysis of smr7 mutants and SMR1-GFP overexpression lines. A, Root length of the smr7 mutants after 12 d
of growth in vitro. Mean = sg, n= 3 biological repeats, with 50 plants per line per repeat, ***P < 0.001, ANOVA. B, Area of each
individual leaf (L1-L10) of smrT after 22 d of growth in soil with manual watering. Mean = st, n = 3 biological repeats, with
10 plants per line per repeat, ***P < 0.001, ANOVAy e, 1isp- C, Root meristem length of plants as described in A, measured as the
length between the quiescent center and the last dividing cell of the cortex (Supplemental Fig. S2). Mean = sk, n = 3 biological
repeats, with > 12 plants per line per repeat, ***P < 0.001, ANOVA. D, Cellular analysis of adaxial epidermis cells of smr7 leaves
at maturity. Mean = sg, n =12 leaves, ***P < 0.001, Student’s t test. E, GUS pattern of the pSMR1::GUS promoter-reporter line,
visualized after 9 d of in vitro growth. Scale bar represents (from left to right) 5 mm, 500 um, and 100 um. F, Root tip of SMR1-
GFP® overexpression line and wild-type seedling imaged after 9 d of growth in vitro. Scale bar = 25 um. G, Fifteen-day-old
SMR1-GFP® overexpression line and wild-type seedling. Arrows highlight cup-shaped leaves. Scale bar = 5 mm. For E to G,
representative seedlings are shown. H, Trichome branching patterns in the SMR1-GFP® overexpression line, measured on leaf 2 of
15-d-old seedlings; >25 trichomes per leaf, 8 plants per line, *P < 0.05, Student’s t test.

(Yietal., 2014). SMR1 was predominantly expressed in cells switch from cell cycle to endoreplication and dif-
the transition zone of the root tip where dividing cells ferentiation in a gradient from the tip to the base of the
start to expand (Fig. 2E). In very young leaves, where leaf, SMR1 is mainly expressed in the leaf tip where
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cells stop dividing (Fig. 2E). Notably, we also observed
dots of GUS staining in the leaves, corresponding to
trichome cells (Fig. 2E).

Finally, to further confirm these observations and
characterize SMR1 at a molecular level, we generated
stable Arabidopsis lines expressing GFP-tagged SMR1
under the control of either the endogenous promoter
(pSMR1::SMR1-GFP) or the CaMV 35S promoter (p35S::
SMRI1-GFP). For the latter, two independent transgenic
lines with strong (S) or weak (W) overexpression levels
wer%\;generated and were called SMR1-GFP® and SMR1-
GFPY, respectively. Introgression of the SMR1-GFP"
constructs in the smrl mutant background rescued the
cellular smrl phenotype, validating the functionality of
the fusion constructs and the specificity of the smrl mu-
tant (Supplemental Fig. S4). For all tested lines, the fusion
protein localized exclusively to the nucleus (Fig. 2F;
Supplemental Fig. S5) as predicted by the PredictNLS
nuclear localization signal detection tool (Rost and Liu,
2003). At the phenotypic level SMR1-GFP" and pSMR1.::
SMR1-GFP plants did not show obvious visible
phenotypes, in terms of rosette and root size, or tri-
chome development. In contrast, plants overexpressing
SMR1-GFP® were smaller and had cup-shaped rosette
leaves (Fig. 2G; Supplemental Fig. 56). Compared to the
wild type, the leaves of SMR1-GFP® plants had trichomes
with an increased number of branches (Fig. 2H). In the
root apical meristem, the meristematic structure was
clearly affected in SMR1-GFP®: the cell division zone was
reduced because root cells close to the quiescent center
sporadically started to expand prematurely, coinciding
with the appearance of the SMR1-GFP fusion protein (Fig.
2F). Together, these results showed that SMR1 reduces
cell division in roots and leaves and pushes dividing cells
toward expansion, which ultimately leads to a mild effect
on root and leaf growth.

SMR1 Interacts with CDKA without Inhibiting the
Transition to S-Phase

In order to further understand the function of SMR1 at
amolecular level, we investigated at which phase(s) of the
cell cycle SMR1 could exert its CDK-inhibitory function.
We first tested which CDK protein could physically in-
teract with SMR1 by performing coimmunoprecipitation
assays on the SMRI-GFP protein in the SMR1-GFP®
Arabidopsis line treated with MLN4924 to stabilize pro-
tein complexes. Upon immunoprecipitation of the SMR1-
GFP complexes, both CDKA and CDKB reproducibly
coimmunoprecipitated (Fig. 3A). While the SMR1/CDKB
complex was expected (Van Leene et al., 2010), the inter-
action with CDKA was more suggsrising. Conversely, by
pulling down CDKA with p9=*' affinity beads (De
Veylder et al., 1997; Dissmeyer and Schnittger, 2011), we
reproducibly coprecipitated SMR1-GFP (Fig. 3B). To fur-
ther confirm this SMR1/CDKA interaction, we tran-
siently expressed SMR1-GFP and CDKA-RFP in Nicotiana
benthamiana leaves and performed fluorescence life-
time imaging-fluorescence resonance energy transfer
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(FLIM-FRET) with SMR1-GFP as the energy donor and
CDKA-RFP as receptor. In the nucleus, where both fusion
proteins localize (Supplemental Fig. S7), we measured
18.3% (P < 1E-7, ANOVAq. sp) energy transfer from
SMRI1-GFP to CDKA-RFP, validating the existence of
SMR1/CDKA complexes (Fig. 3C).

Since CDKA is primarily required for entry into
S-phase (Nowack et al.,, 2012), binding by SMR1 could
point toward an inhibition of the S-phase by SMR1. To
test this possibility, we measured the ploidy levels in
young leaves of smr1 and SMR1-GFP® plants. While smr1
mutants showed overall slightly lower ploidy levels than
the wild type, nuclei of SMR1-GFP® leaves contained
higher DNA amounts (Fig. 3D). This tendency appeared
already very early during leaf development, when cells
are still actively dividing (Fig. 3D, 9DAS), suggesting that
SMRI1 negatively affects the transition to M-phase. To-
gether, these results confirm that SMR1 pushes dividing
cells out of the mitotic cell cycle toward endoreplication,
despite its interaction with CDKA.

We next investigated whether SMR1 itself might be
regulated by the interaction with CDKA. In mammals,
CKIs have been shown to be targeted for posttranslational
degradation upon phosphorylation by CDK2 proteins,
the orthologs of plant CDKA (Sheaff et al., 1997), and
similar mechanisms have been observed for KRP2, which
is phosphorylated by CDKB1;1 prior to degradation
(Verkest et al., 2005). While such posttranslational regu-
latory mechanisms have not been reported for SMR
family proteins so far, an amino acid sequence compari-
son between SIM and SMRI1 highlighted a putative
CDKA phosphorylation site at the SMR1 N terminus
(Churchman et al., 2006). In-depth sequence analysis of all
SMRs revealed a similar domain (S/T-P-X-K/R) in the
SMR5 N terminus, while SMR9, SMR10, and SMR12 also
carry this domain in their C termini as part of the con-
served Motif #1 (Supplemental Fig. S8). We thus asked
whether the putative CDKA phosphorylation site in
SMR1 is important for the stability of the SMR1 protein, as
is the case for KRP2 upon CDKB phosphorylation. We
generated a 355:SMRI*™X.GFP variant of SMR1 in
which the S/T-P-X-K/R-motif for CDKA phosphoryla-
tion was deleted and expressed it in N. benthamiana
leaves, together with SMR1-GFP. Subsequently, further
translation was blocked by addition of the drugs
cycloheximide (CHX) and the SMRI1-GFP and
SMR14T"E_GFP protein levels were monitored. We
observed a decrease in SMR1-GFP levels, and, inter-
estingly, this degradation was slightly but reproducibly
less pronounced for SMR14™.GFpP (Fig. 3E). These re-
sults indicate that the putative CDKA phosphorylation
site likely contributes to SMR1 protein turnover but that
its mutation is not sufficient to abolish SMR1 degradation.

SMR1 Is a Short-Lived Protein Degraded by
the Proteasome

The experiment described above suggested that
SMR1 may be posttranslationally regulated. We
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Figure 3. Molecular and functional interactions between SMR1 and CDKA. A, Immunoprecipitation of GFP- and SMR1-GFP-
bound protein complexes, without and with addition of MLN4924 to stabilize protein complexes, followed by detection of CDKA
and CDKB1. B, Reverse pull-down of CDKA-bound complexes using p9“**! affinity beads followed by detection of GFP and
SMR1-GFP. C, Analysis of SMR1/CDKA interaction by FLIM-FRET in N. benthamiana leaves. The nuclear protein BPM6-RFP was
used as a negative control (Lechner et al., 2011). Mean =* sk, n= 2 biological repeats, with > 30 nuclei per repeat, ***P < 0.001,
ANOVAqey1isp- D, Ploidy levels in the smr mutant, SMR1-GFP® overexpression line, and the wild type. DNA contents were
measured in the second leaf at 9 and 11 DAS. E, Protein degradation assay of SMR1-GFPand SMR12™.GFP, in which the putative
CDKA-phosphorylation site of SMR1 has been deleted. Proteins were expressed transiently in N. benthamiana leaves treated with
100 um CHX. The quantification (bottom panel) represents the mean = st of 2 biological repeats.

intended to further explore this in stable Arabidopsis
lines and therefore treated 1-week-old SMR1-GFP
transgenic plants with CHX. We observed an abrupt
decrease in SMR1-GFP levels, with an average half-life
time of 30 min in both independent transgenic lines
(Fig. 4A; Supplemental Fig. S9). Upon 4 h of treatment,
the pool of SMR1-GFP was mostly degraded (Fig. 4, A
and B). In eukaryotes, selective protein degradation
mainly occurs through ubiquitylation of the target
protein by an E3 ubiquitin ligase, followed by
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degradation through the 26S proteasome (Vierstra,
2009). To further investigate whether SMR1 protein
degradation occurs through this pathway, we per-
formed treatments with MG-132 or MLN4924, drugs
that block the proteasome and inhibit neddylation of
Cullin-RING type E3 ubiquitin-ligases (CRLs), respec-
tively. Both drugs clearly prevented the degradation of
SMR1 (Fig. 4B), suggesting that SMR1 is ubiquitylated
by a CRL-type E3 ubiquitin ligase and subsequently
degraded by the 26S-proteasome.
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In plants, very little is known about E3 ubiquitin li-
gases controlling CKI degradation. We have previously
shown (Noir et al., 2015) that the Arabidopsis FBL17
protein plays an important role in leaf development
and cell division and is involved in the degradation of
the CKI KRP2. Since the fbl17 phenotype resembles that
of seedlings strongly accumulating SMR1-GFP, FBL17
is a candidate F-box protein that may direct SMR1
degradation. To investigate this, we introgressed the
SMR1-GFP® construct in the fbl17 mutant background
and selected 8-d-old fbl17 mutants as explained by Noir
et al. (2015). Surprisingly, the SMR1-GFP protein was
not stabilized in fbl17 but was almost completely de-
graded (Supplemental Fig. S9). Interestingly, we no-
ticed an increase in CDKA protein levels in the fbl17
mutant (Supplemental Fig. S9). These observations thus
show that FBL17 is not the F-box protein directly tar-
geting SMR1 for degradation, but further support the
hypothesis that CDKA could be involved in SMR1-GFP
degradation.

Besides the putative CDKA phosphorylation do-
main, SMR1 contains four well-conserved domains,
some of which have unknown functions (Kumar et al.,
2015; Supplemental Fig. S8). To get further insights in
SMRI1 protein turnover, we tested whether one of these
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domains was important for SMR1 stability. We first
generated truncated SMR1 proteins for GFP-fusions:
the N-terminal region carrying Motif #1, an extended
N-terminal region containing Motifs #1 and #2, and the
C-terminal region containing Motifs #3 and #4 (Fig. 4C).
Subsequently, protein decay was assayed in N. ben-
thamiana leaves as described above. For all truncated
proteins, we observed a reproducible overall increase in
protein level as compared to the full-length SMR1
(Fig. 4C). Both truncated proteins containing only the
N-terminal region of SMR1 were stable even in the
presence of CHX. In contrast, the C-terminal region of
SMR1 could be degraded, though less efficiently than
the full-length protein (Fig. 4C). Interestingly, the SMR1
C-terminal domain could still interact with CDKA in
the FLIM-FRET assay (Supplemental Fig. S10A). At the
cellular level, we observed altered localization of the
truncated protein containing the N-terminal region,
which localized mainly to the cytosol (Supplemental
Fig. S10B). The C-terminal region of SMR1 localized
exclusively in the nucleus, as did the full-length SMR1.
Together, these results show that the C terminus of
SMR1 interacts with CDKA4, is crucial for the nuclear
localization, and is mostly, but not solely, responsible
for SMR1 turnover. Therefore, it is likely that additional
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elements are present in the N terminus of SMR1, such as
the CDKA phosphorylation site described above,
which might also participate in SMR1 degradation.

The Lys-Less SMR1 Protein Is More Stable and
Still Functional

Next, we investigated the physiological importance of
SMR1 protein degradation and aimed to generate trans-
genic Arabidopsis lines expressing nondegradable SMR1
alleles. Since ubiquitylation of proteins generally occurs on
Lys (K) residues, the SMR1 protein sequence was modified
by replacing all lysines with arginines (R). The Lys-less
SMR*"®-GFP variants were expressed under the control of
the CaMV 355 promoter and we selected two independent
transgenic lines, SMR*"®-GFP! and SMR*"®-GFP?, for
which the homozygous plants had a transcript level
similar to the SMR1-GFP® line (Fig. 5A). Despite the
comparable SMR1 transcript levels in SMR1-GFP® and
SMR1*“R-GFP lines, the SMR1*"*-GFP transgenic lines
accumulated between two and four times more fusion
protein (Fig. 5A; Supplemental Fig. S9). When the
translation of new proteins was inhibited with CHX, the
half-life of SMR1*“®-GFP proteins was 75 min on aver-
age, compared to 30 min for the SMR1-GFP (Fig. 5B).
This decrease in SMR1 IProtein turnover rate could ex-
plain why the SMR1“"*-GFP proteins are more abun-
dant in the transgenic lines than their nonmutated
homologs (Supplemental Fig. S9). The SMR1*"®-GFP
degradation was fully blocked in the presence of
MLN4924 and MG-132, indicating that additional resi-
dues beside Lys can serve as acceptors of ubiquitin
(Supplemental Fig. S11).

When propagating the SMR1“"®-GFP transgenic
plants, we did not succeed in obtaining a homozygous T3
population. Plants homozygous for SMR1*"*-GFP were
extremely dwarfed and failed to reach the reproductive
growth stage (Fig. 5C). Similarly, root length was severely
reduced by 70% (Fig. 5D), and the root apical meristem
was completely unstructured (Fig. 5E). Plants heterozy-
gous for the construct, which were viable and fertile, also
showed a clear reduction in root length and leaf size, as
well as pronounced leaf serrations (Fig. 5, C and D). In
addition, the adaxial trichomes of SMR1*"®-GFP plants
possessed more branches than wild-type or SMR1-GFP®
plants, with trichomes developing up to five branches
(Fig. 5F; Supplemental Fig. S12A). Finally, SMR1“"®-GFP
leaves showed even higher endoreplication levels than
SMR1-GFP® leaves (Supplemental Fig. S12B). Together,
these results show that the Lys-less variants of SMR1 are
functional proteins, which exacerbate the defects from
SMR1 overexpression due to their increased stability.

smrl Mutants Show Less Growth Inhibition under
Moderate Drought

A prompt decrease in leaf growth is among the first
reactions to drought stress in plants (Caldeira et al.,
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2014), and notably, CDKA activity has previously been
shown to decrease in the presence of osmotic stress
(Skirycz et al., 2011a). Based on the interaction between
SMR1 and CDKA, the possible involvement of the
CDKA kinase in SMR1 protein stability, and the ob-
servation that SMR1 is transcriptionally responsive to
drought, we investigated whether SMR1 would inhibit
growth under water-limited conditions. We developed
a moderate drought stress assay focusing on the second
leaf, which showed the most pronounced phenotypic
difference in smr1 under control conditions (Fig. 2B). In
the drought setup, water was first withheld when the
second leaf emerged from the shoot apical meristem,
then expression, protein abundance, and leaf area
measurements were performed within a time frame of
days upon water withholding to increase the proba-
bility of observing direct effects rather than long-term
acclimatization mechanisms. We first confirmed that
with this setup SMR1 was transcriptionally induced in
the shoot, and particularly in young leaves (Fig. 6A).
Because SMR1 is also regulated at the posttranslational
level (see above), we verified that SMR1-GFP protein
accumulates upon drought. In the second leaf, SMR1-
GEFP protein levels increased upon drought treatment,
which was most pronounced at the earliest measured
time point after drought onset (Fig. 6B). These obser-
vations show that SMR1 is transcriptionally induced
and that SMR1 remains stable under short-term
drought stress.

Next, smrl mutants were exposed to moderate
drought treatment. In the first attempt, we applied a
long-term drought treatment and measured rosette size
at maturity. Under these conditions, the smr]l mutant
was equally sensitive to drought as the wild type, with
drought-induced size reductions of 51% and 56%, re-
spectively (Fig. 6C). Reasoning that a potential differ-
ence in cell division arrest might be masked by
compensatory mechanisms when the drought treat-
ment persists for weeks, we subsequently scored short-
term drought sensitivity by measuring the area of the
actively growing second leaf after 8 d of water limita-
tion. In these assays, the leaf area of wild-type plants
was reduced by an average of 41.2%. In contrast, smr1
mutants showed a less pronounced drought-induced
growth inhibition, with relative reductions in leaf area
of 23.8% (P enmmnricenone = 3-1E-15; ANOVA; Fig. 6D).
Together, these data show that SMRI1 participates in
leaf growth inhibition of plants exposed to short-term
moderate drought stress. This tendency is specific for
young, actively growing leaves and disappears when
leaves get older, when the applied drought stress was
more long-term.

Upstream, Ethylene Induces SMR1 Expression, But ABA
Does Not

To further explore SMR1 transcriptional induction and
posttranslational accumulation under drought, we first
investigated whether the classical drought-hormone
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Figure 5. Molecular and phenotypic analysis of the Lys-less SMR1**®-GFP overexpression lines. A, SMR1 transcript (log, fold
change) and protein levels in SMR1*“®-GFP lines compared to the SMR1-GFP® line with similar expression level. Values represent
mean = sk of 2 biological repeats. B, SMR1*“®-GFP protein levels in the SMR1**R-GFP' transgenic line over time upon treatment
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the SMR1%~ R-GFP plants were heterozygous.

ABA affects SMR1 levels. Seedlings from the pSMR1::
GUS line were grown under control conditions and
transferred to ABA-containing growth medium at 9 d, for
24 h. In our experiments, no changes in GUS staining
intensities or GUS pattern could be observed between
ABA-treated and untreated seedlings, indicating
that ABA does not transcriptionally induce SMRI
(Fig. 7A; Supplemental Fig. S13). Using the same
setup with the SMR1-GFP® line, we also investigated
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whether ABA could trigger SMR1 protein accumulation,
but it did not. More surprisingly, we even observed a
clear and reproducible decrease in SMR1-GFP protein
abundance after 4.5 and 24 h of treatment with ABA
(Fig. 7, B and C; Supplemental Fig. S13). This decrease
in SMR1 protein level could however be blocked by
inhibiting the proteasome, indicating that ABA
stimulates SMR1 protein turnover (Fig. 7B). From
these data we conclude that, at least at the molecular
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Figure 6. SMR1 expression, protein level, and
mutant phenotype under moderate drought. A,
SMR1 expression pattern in the pSMR1::GUS
line subjected to well-watered (WW) or moder-
ate drought (MDr) treatment (see “Materials and
Methods”). B, SMR1-GFP protein levels in the
SMR1-GFP® line subjected to WW and MDr
treatment during 6 (T6) or 8 (T8) days. Mean = s,
n = 3 independent biological repeats, ***P <
0.001, Student’s t test. C, Projected rosette area
of full rosettes of smri1 and wild-type controls
subjected to long-term moderate drought con-
ditions. Mean = sk, n =2 independent biological
repeats, with 12 plants per line, per treatment,
and per repeat. D, Area measurements of the
second leaf of smr1 mutants and wild-type con-
trols subjected to a short-term moderate drought
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treatment, per repeat. ***P < 0.001; ANOV-
Afukeyisp compared to the wild type in the same
condition. Three diamonds, P < 0.001, ANOA-

TREATMENT*GENOTYPE*

~ 201 (Rosettes) _ 25 -
E N
o £
~ £
8 ~
[
© o
_.q_a ©
- L
©
? o
5 S
o
I5) o
o ]
o >
> <
<

level, ABA does not mimic drought stress with regard to
SMR1 regulation.

We subsequently tested whether other phytohor-
mones, including ethylene (l-aminocyclopropane-1-
carboxylic acid, ACC, the precursor of ethylene), auxin
(1-Naphthaleneacetic acid, NAA), cytokinin (kinetin),
jasmonate (methyl jasmonate), gibberellins (GA), and
the GA antagonist paclobutrazol had the capacity to
induce SMR1 expression and protein accumulation.
The defense hormone salicylic acid was not included in
this analysis, but it was recently shown to negatively
affect SMR1 levels (Hamdoun et al., 2016). As with
ABA, we first exposed the pPSMR1::GUS transgenic line
to each of these hormones for 24 h and visualized GUS
intensities and patterns in root tips (Fig. 7A;
Supplemental Fig. S13A). In the mock treatment, GUS
staining in pPSMR1::GUS plants was only observed in
the transition zone of the root tip. Interestingly, the area
of GUS staining was enlarged in the presence of ACC
and, to a lesser extent, cytokinin, resulting in pSMR1::

Plant Physiol. Vol. 176, 2018

GUS expression closer to the quiescent center (Fig. 7A;
Supplemental Fig. S13). This suggests that these hor-
mones stimulate pSMR1::GUS expression in the divi-
sion zone or trigger a premature exit of cell division,
thereby increasing the pSMR1::GUS expression closer
to the root meristem.

We further explored whether these hormones could
also affect SMR1-GFP protein levels (Fig. 7C). Among the
tested hormones, only ACC could reproducibly increase
SMRI1-GFP protein levels at each measured time point
(Fig. 7, C and D; Supplemental Fig. S13B). Similar to ABA,
jasmonate and auxin had negative effects on SMR1-GFP
protein levels, particularly at the later time points (Fig. 7C;
Supplemental Fig. S13B). In conclusion, treatment of
young seedlings with ACC had a positive effect on SMR1
transcript levels and on SMR1 protein stability, which is
similar to the effects observed under moderate drought
stress. This similarity suggests that ethylene could be a
candidate hormone acting upstream of SMR1 regulation
under drought.
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Figure 7. SMR1 expression and protein level A

following hormonal treatments. A, SMR1 ex-
pression pattern in pSMR1::GUS plants grown
on MS and subsequently transferred to MS or
MS supplemented with ABA or the ethylene
precursor ACC for 24 h. Arrows point to qui-
escent centers (black) and the GUS-staining .’f‘
front (blue). The graph on the right shows the

quantification of the GUS intensity along the
first 0.8 mm of the roots, measured from the > >
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n = 12 plants per treatment. B, SMR1-GFP
protein levels in SMR1-GFP® and SMR1**®

-GFP' seedlings upon 50 um ABA or ABA+MG-

132 (proteasome inhibitor) treatment in liquid B
cultures for 4.5 h. C, SMR1-GFP protein 3
levels in SMR1-GFP® seedlings grown on MS (23
and subsequently transferred to MS or MS
supplemented with each phytohormone. The
corresponding western blot is shown in
Supplemental Figure S13B. Mean = s,
n = 3 biological repeats. *P < 0.05; Student’s ¢
test compared to the level in MS (red dotted
line) at the same time point. D, SMR1-GFP
protein levels in SMR1-GFP® seedlings exposed
to 5 um ACC for 1 h, as described in C. An
extended version of this blot is shown in D
Supplemental Figure S13B.
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DISCUSSION

Being exposed to variable environmental conditions,
plants constantly reprogram their transcriptome and
proteome to adapt to these conditions. Multiple abiotic
and biotic stresses have been shown to induce a defense
response and, in parallel, growth arrest of young de-
veloping organs (Claeys and Inzé, 2013; Yang and Li,
2017; Ziist and Agrawal, 2017). In particular, drought
stress is a very complex trait inducing specific re-
sponses depending on the organ and its developmental
stage, as well as on the time of day and the severity of
the drought treatment (Wilkins et al., 2010; Tardieu,
2012; Caldeira et al., 2014; Ma et al., 2014; Verslues,
2017). During the last decade, automated phenotyping
with controlled watering has greatly contributed to our
knowledge of physiological aspects of defense and
growth arrest under drought. Several studies have
demonstrated that growth inhibition and activation of
defenses against stress are two distinct responses and
that plants with improved tolerance to severe drought
will not necessarily perform better in terms of growth
when exposed to milder drought stress (Skirycz et al.,
2011b; Tardieu, 2012). As a consequence, the experi-
mental setup should be adequate for studying the
growth response, with a particular focus on actively
growing plant organs and a well-chosen timing at the
moment of growth inhibition. At the molecular level, it
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has become clear that the growth reduction is not just a
consequence of the activation of general tolerance
mechanisms but that specific genes that are related to
growth and induced by certain phytohormones are af-
fected in actively growing plant organs (Baerenfaller
et al., 2012; Avramova et al., 2015; Clauw et al., 2016;
Dubois et al., 2017). Despite these efforts, the causal
relation between altered transcriptome responses to
drought and growth inhibition, particularly at the level
of cell division arrest, largely remain unclear. In this
study, we have provided experimental evidence that
supports a role for SMR1 as one of the possible inhibi-
tors of the cell cycle and growth under drought.

SMR1-Mediated Cell Cycle Inhibition Might Be Effective
in Restricting Growth under Drought

Previous work showed that when growing leaves are
exposed to drought stress, cell division arrest is the
main contributor to leaf growth reduction (Avramova
et al, 2015). However, molecular links between
drought and its effects on the cell cycle have only begun
to emerge. For instance, Arabidopsis plants deficient in
CYCLIN-DEPENDENT KINASE C;2 (CDKC;2), a
negative regulator of cell division, show enhanced tol-
erance to drought stress (Zhao et al., 2017). In maize
(Zea mays), a search for cell cycle inhibitory genes
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induced by drought stress pointed toward orthologs of
the CDK-activating phosphatase CDC25, and KRP2,
but the downstream molecular mechanisms were not
investigated further (Avramova et al, 2015). In our
study, none of the KRP family genes were responsive to
drought. In contrast, a pronounced transcriptional re-
sponse was observed for members of the SMR gene
family, supporting the idea that SMRs are more re-
sponsive to external signals (Peres et al., 2007), while
KRPs are more involved in endogenous development.

Our study focuses on SMR1 since this CKI shows a
rapid and clear transcriptional induction in young
leaves exposed to moderate drought. This observation
is in accordance with a study in rice (Oryza sativa), in
which an ortholog of SMR1, EL2 (Os3g01740), was also
quickly induced by drought (Peres et al., 2007). Nev-
ertheless, as correctly pointed out by Baerenfaller et al.
(2012), drought responses at the transcriptome level do
not necessarily reflect changes at the protein level. In
the case of SMRI1, both transcript and protein levels
increased under drought. Besides SMR1, several other
CKIs, such as SIM, SMR8, and SMR10, were also re-
sponsive to drought stress, but later during leaf devel-
opment, when leaf growth is mainly driven by cell
expansion. In contrast, the expression of SMR5 showed
both early induction and a gradual increase in tran-
script levels during leaf development under drought,
reaching its maximum in full-grown leaves. Notably,
SMR5 has previously been shown to be responsive to
ROS and involved in DNA repair (Yi et al., 2014). It is
likely that in our experiment, the prolonged drought, as
perceived by the older leaves, triggers the accumulation
of ROS, which could explain the induction of SMR5.
Although the function of this gene has not been inves-
tigated in this study, we do not exclude its involvement
in cell division inhibition under drought and this may
deserve further investigation.

At the molecular level, we speculate that SMR1 pro-
tein accumulation under drought stress might contrib-
ute to cell division inhibition, possibly by binding to
CDKs. In particular, the SMR1 interaction with CDKB1
complexes might inhibit its kinase activity, which is
required to enter mitosis, in a way similar to the in-
hibitory action of KRPs on CDKBs that also block mi-
tosis when overexpressed (Verkest et al., 2005; Weinl
et al., 2005). This assumption is supported by the in-
teraction between SMR1 and CDKBI, the flow cyto-
metry data pointing toward M-phase inhibition, and
the decrease in growth and cell division of SMR1-
overexpressing plants. Such a scenario is also in line
with our phenotypic data, which show that plants
lacking SMR1 show a slightly less pronounced short-
term growth inhibition under drought as compared to
wild-type plants. This growth advantage is neverthe-
less not sustained when the stress holds for longer, most
likely because of a decrease in cell expansion that is
actively controlled by the plant and regulates the
growth at organ level in order to limit unnecessary
evaporation and avoid detrimental consequences of
maintaining growth under drought. Importantly, it is
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clear that the proposed model for SMR1 is a simplifi-
cation of the complex growth-inhibitory pathway and
that additional factors are certainly also involved in this
process, which could explain the considerable growth
reduction (24%) observed in smrl mutants exposed to
drought (Fig. 6D).

Ethylene Signaling Upstream of SMR1 in the
Drought Response

A large majority of plant responses to drought are
attributed to the phytohormone ABA, which is re-
sponsible for stomatal closure as well as the accumu-
lation of compounds and proteins protecting the plant
from dehydration mainly in mature tissues (Seki et al.,
2007). Our study, however, does not provide evidence
that ABA induces SMRI transcription. Instead, the
SMR1 expression appeared to be slightly decreased
when seedlings are exposed to ABA. Similar observa-
tions were made in rice, where the SMR1 homolog EL2
(Os03g01740) is transcriptionally induced by drought,
but through an ABA-independent pathway (Peres et al.,
2007). Even more intriguing is the finding that ABA
triggers proteasome-mediated degradation of SMRI,
making the involvement of ABA in the cell division
arrest in young leaves exposed to drought stress un-
likely. Notably, previous work already revealed that
the transcript levels of ABA-related genes did not vary
along with the dynamics of growth inhibition of young
leaves (Dubois et al., 2017). Moreover, in a large-scale
expression analysis performed on proliferative leaf tis-
sue, a set of differentially expressed genes enriched for
ABA-related genes is common to a broad range of
Arabidopsis accessions regardless of whether they
block growth under drought or instead show less
growth inhibition (Clauw et al., 2016).

Based on our data, we propose that the growth-
inhibitory hormone ethylene acts upstream of SMR1
induction. Ethylene is already known to inhibit plant
growth and several connections between ethylene sig-
naling and cell cycle inhibition exist. For instance, eth-
ylene inhibits cell proliferation of the Arabidopsis root
meristem (Thomann et al.,, 2009; Street et al., 2015).
Also, in young proliferating Arabidopsis leaves sub-
jected to osmotic stress, ethylene negatively balances
cell cycle progression via inhibition of CDKA activity
(Skirycz et al, 2011b). In poplar (Populus spp.),
ethylene-induced dwarfism has also been proposed to
result in the down-regulation of multiple cell cycle
genes, including CYCLINs (Plett et al., 2014). Interest-
ingly, more recent studies performed in the field have
proven the involvement of ethylene in regulating maize
growth under drought (Habben et al., 2014; Shi et al.,
2017). Together, these studies demonstrated that mu-
tations in the genes involved in ethylene biosynthesis
and response affect growth of different plant species
under drought stress (Beltrano et al., 1999; Habben
et al., 2014; Shi et al., 2015; Dubois et al., 2017). How-
ever, the precise molecular pathway connecting
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ethylene to cell cycle inhibition under drought
remained unclear. Based on our data, we propose that
ethylene induces SMR1 expression and protein accu-
mulation under drought. We speculate that SMR1 is a
direct target of EIN3, the central primary transcription
factor downstream of the ethylene-signaling pathway,
since its promoter contains an EIN3-binding site
(ATGTAT) 136 bp upstream of the start codon (Song
et al., 2015). The subsequent accumulation of SMR1
protein is most likely a result of the decreased CDKA
activity observed in young leaves of plants exposed to
ethylene (Skirycz et al., 2011a). In our hypothetical
model, reduced CDKA activity would reduce SMR1
phosphorylation, which may at least in part stabilize
the protein.

Proteasome-Mediated Degradation of SMR1 Is Crucial to
Enable Plant Growth

Plant growth is controlled by at least six cellular
mechanisms, including cell division rate and duration
(Gonzalez et al., 2012). As illustrated by the higher-
order krp mutants and the smr2 mutant with larger
shoots (Cheng et al.,, 2013; Kumar et al., 2015), CKI
proteins restrict cell proliferation during leaf growth
even under nonstress conditions. SMRI is also
expressed under nonstress conditions and participates
in the regulation of leaf and root growth, since smrl
mutants show a slight increase in leaf area and root
length, which is most pronounced at the cellular level.
Although plants overexpressing SMRI at a moderate
level had no drastic growth phenotypes, over-
expression of nondegradable SMR1 severely affected
plant growth, in both the shoot and roots. These phe-
notypes are similar to those of seedlings overexpressing
other CKIs such as SIM or KRP1, -2, -3, or -6 (Wang
et al., 2000; De Veylder et al., 2001; Weinl et al., 2005;
Churchman et al., 2006; Liu et al., 2008; Jun et al., 2013;
Noir et al., 2015). An even stronger growth inhibitory
phenotype is observed when plants express a more
stable form of SMRI1. This also entails that under
growth-favorable conditions, active degradation of
SMR1 is absolutely crucial to allow plant growth.

In plants and animals, a widespread mechanism for
protein degradation is the ubiquitin 26S-proteasome
system (UPS; Ciechanover et al., 2000; Vierstra, 2009).
Many proteins targeted by this pathway are recognized
by F-box proteins, often upon phosphorylation, which
trigger their ubiquitylation and subsequent degrada-
tion. In metazoans, the CKI protein p27*""! becomes
unstable when cells enter S-phase and its degradation
requires phosphorylation by the CYCE/CDK2 complex
in order to be recognized by SCF*" (SKP2 being a
LRR-type F-box protein; Starostina and Kipreos, 2012).
This phosphorylation causes CKI protein degradation
in the nucleus, while degradation that is independent of
its phosphorylation occurs in the cytosol (Kamura et al.,
2004). While our experiments have provided evidence
that SMR1 is degraded via the UPS, the molecular
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players involved in its phosphorylation and subsequent
recognition by a CRL-type E3 ubiquitin-ligase still remain
to be elucidated. We believe that CDKA is a good can-
didate for phosphorylating SMR1 prior to its degradation
since SMR1 and CDKA interact, and so does the most
unstable C-terminal part of the protein. Moreover, mu-
tation of the TPIK site rendered the SMR1 protein slightly
more stable, though this phosphorylation site is located at
the N terminus, the most stable half of SMR1. This sug-
gests that additional motif(s) necessary for SMR1 degra-
dation are also present in the C-terminal part of the
protein. Finally, based on the resemblance in phenotype
between the mutant of FBL17 (the F-box targeting KRP2
protein for degradation; Noir et al., 2015) and the SMR1-
stabilizing plants, we speculated that FBL17 would be a
suitable candidate F-box protein to target SMR1 for deg-
radation, but this was not the case. Another candidate
CRL-type E3 ubiquitin-ligase is SCF*™, which is in-
volved in KRP1 degradation (Ren et al., 2008). However,
the lack of an impaired leaf growth phenotype in SKP2b
RNAI lines raises doubts about its involvement in SMR1
degradation. Thus, it will be compelling to identify the E3
ubiquitin ligase involved in SMR1 protein decay and to
study its activity under drought and other stress condi-
tions.

CONCLUSION

We studied the molecular mechanisms and physio-
logical importance of posttranslational control of
SMR1. Our results suggest that CDKA may be involved
in the regulation of SMRI stability, and we speculate
that CDKA might phosphorylate SMR1 prior to deg-
radation. Subsequently, SMR1 is recognized by a yet
unknown CRL-type E3 ligase complex, targeting SMR1
for ubiquitin-mediated proteasomal degradation.
Degradation of SMRI is absolutely crucial to enabling
plant growth, since accumulation of more stable SMR1
proteins causes severe dwarfism. Thus, under growth-
favorable environmental conditions, SMR1 turnover is
fast, while under unfavorable conditions, the SMR1
protein is stabilized to block cell cycle progression.
Here, we observed a quick transcriptional induction
and protein accumulation of SMR1 under moderate
drought stress conditions. We propose that ethylene
may act upstream of SMR1. Ethylene and osmotic stress
are known to reduce the activity of the CDKA protein,
which could decrease SMR1 protein decay. As a result,
the SMR1 protein is more abundant and may act as a
negative regulator of cell division of leaves and roots,
possibly through the inhibition of CDKBI1, and by
pushing dividing cells toward differentiation.

MATERIALS AND METHODS
Plant Material

The smrl mutant (SALK_033905), previously described by Kumar et al.
(2015), was a kind gift from Prof. John Larkin (LA State University). The making
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of the fbl17-1 (GABI-170E02) mutant was described previously (Gusti et al.,
2009). The pSMR1::GUS line, previously described by Yi et al. (2014), was a kind
gift from Prof. Lieven De Veylder (VIB Ghent, Belgium). The pSMR1::SMR1-
GFP and 355:SMR*"R-GFP lines were generated by Gateway cloning using the
pK7m34GW and pB7FWG2 vectors, respectively (Supplemental Table S2). The
SMR¥*R Lys-less sequence was obtained by DNA synthesis. All lines are ho-
mozygous, with the exception of the 355:SMR1*“®-GFP lines that are the
segregating T2, and the fbI17-1 X SMR1-GFP cross that is the segregating F2. All
lines are in a Col-0 background and were upscaled and grown with the corre-
sponding Col-0 wild type.

In Soil Plant Growth Conditions on the
PHENOPSIS Platform

Seeds were kept in the dark at 4°C before sowing. Four to six seeds were
sown per pot filled with a 1:1 (v:v) mixture of loamy soil and organic compost
(Neuhaus N2, 0.75 g1,0/ 8.1)- The pots were placed in the PHENOPSIS growth
chamber and kept in darkness for 48 h (20°C, 68% air relative humidity). Af-
terward, they received a daily cycle of 12 h light, 175 umol m > s™" photo-
synthetic photon flux density, 0.75 kPa water vapor pressure deficit and air
temperature set to 20°C. Pots were sprayed with water three times per day until
the sixth true leaf emerged from the shoot apical meristem. Then, soil water
content was automatically adjusted individually in every pot by daily watering:
soil water content was maintained at 0.35 g;;,,/ 8. for half of the pots (well-
watered treatment corresponding to 45% of the field water capacity [FWC]) and
watering was withheld for the other half of the pots until a soil water content of
0.22g11,0/ 8011 Was reached (moderate water deficit treatment corresponding to
28% of the FWC). During the first experiment (Fig. 1), samples of the sixth leaf of
Col-0 plants were harvested at different developmental stages, ranging from
young leaves in the proliferation stage to mature leaf tissue, and expression
analysis was performed to measure the transcript levels of all genes from the
KRP and SMR gene families. During two other experiments (Fig. 2D), Col-0 and
smr]l were grown together for leaf measurements and cellular analyses on
leaves 6 and 22.

In Vitro Plant Growth Conditions

For in vitro cultures, Arabidopsis (Arabidopsis thaliana) seeds were surface-
sterilized with 70% ethanol and 0.05% Tween 20 for 10 min, followed by two
washes with 96% ethanol. Sterile seeds were sown on 0.5X Murashige and
Skoog (MS) medium supplemented with 1% Suc (Sigma-Aldrich). For the ex-
periments involving treatments with chemicals or phytohormones (Figs. 3, A
and B, 4, A and B, 5B, and 7), 0.68% agar (Sigma-Aldrich) was added to the
medium, and the medium was overlaid with a nylon mesh (40 um; Sefar Fyltis)
prior to sowing. Agar (1.2%) was added for the experiments requiring growth
in the vertical orientation for root analysis (Figs. 1, A, C, E, and F, and 5, D and
E), and 0.8% agar was used for all other experiments, requiring growth on
horizontal petri dishes without nylon mesh. A stratification period of 48 h was
included. All plants were grown in a 16-h-light (21°C) and 8-h-dark (18°C) re-
gime.

For the experiments involving treatments with CHX, MG-132, or MLN on
Arabidopsis lines (Fig. 4, A and B, 5B, and 7B), 8-d-old seedlings were trans-
ferred from the petri dishes to liquid medium containing either 100 um CHX
(Sigma-Aldrich), 100 um MG-132 (Sigma-Aldrich), 25 um MLN4924 (Active
Biochem), 50 um ABA (Sigma-Aldrich; for Fig. 7B), or mock (water). Vacuum
infiltration was performed for two times for 5 min at 500 mmHg. Upon infil-
tration, the seedlings were placed back in the growth room.

For the hormone treatments (Fig. 7, A, C, and D), 8-d-old seedlings were
transferred to a fresh petri dish with 0.5X MS medium supplemented with
hormones, by transferring the mesh in sterile conditions from one plate to the
other. The new medium (0.68% agar) was supplemented with either 5 um ACC
(Sigma-Aldrich), 1 um paclobutrazol (Duchefa), 10 um GA (Duschefa), 0.5 um
kinetin (Serva), 10 um methyl jasmonate (Duschefa), 50 um ABA (Sigma-
Aldrich), or 0.5 um NAA (Duschefa). Upon transfer, the plates were placed
back in the growth room.

In Soil Plant Growth Conditions with Manual Watering
The seeds were stratified in water and darkness for 48 h. For growth mea-

surements under control conditions (as in Fig. 2B), plastic pots (7 X 7 X 7 cm)
were filled with 62 g of soil (Hawita Standard-T, 50% relative water content
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[RWC], 4.6 81150/ 8son FWC) and watered with 35 mL of tap water to reach a
relative humidity of 2.2 gy10/ 8.1 (RWC 69%). Three seeds were sown in the
middle of the pot. The pots were covered with a plastic foil to maintain the
humidity level and placed in a 16-h-light (21°C) and 8-h-dark (18°C) regime. At
4 DAS, the plastic film was removed, and at 5 DAS plants were thinned out to
keep one plant per pot. The pots were watered every 2 to 3 d and maintained at
a relative soil humidity of 2.2 gy1,0/ 8.0

For the experiments requiring drought stress treatments as described in
Figure 6, seeds and pots were prepared as described above, but pots were
watered to a soil relative humidity level of 1.7 gy,0/g.; (RWC 63%). This
reduced RWC enabled proper seed germination while ensuring that the
drought-stressed pots reached moderate drought levels quickly upon water
withholding. Per pot, 4X three seedlings were grown until 5 DAS as described
above, and seedlings were thinned out to keep four plants per pot. At 6 DAS, the
drought treatment started (T1). Half of the pots were watered until 2.2 g1,/ g,
for well-watered controls. These pots were weighted and watered daily to keep
the soil relative humidity at 2.2 g;1,)/ g..;- The other half of the pots were left to
dry out, weighed daily, and reached the moderate drought level (1.2 1,0/ 8.oit
or RWC 55%) at T7. Leaf samples for expression and protein level analysis were
harvested at T6 and T8. Leaf samples for leaf area measurements were har-
vested at T8 for the short-term drought (Fig. 6D) and at 22 DAS for the long-
term drought (Fig. 6C).

Leaf Measurements and Cellular Analysis

For the detailed rosette area measurements that are shown in Figure 2B, plant
size at 22 DAS was determined by dissecting every leaf and placing it from
oldest to youngest on a petri dish with 1% agar. For Figure 6C, the rosettes were
directly placed on a petri dish with agar without dissecting the leaves. The
plates were photographed and the rosette and leaf areas were measured with
Image] v1.45 (NIH; https://rsb.info.nih.gov/ij/). Three biological replicates
were performed with 10 plants per line, per replicate, and per treatment.

For measurements of the second leaf, as shown in Figure 6D, the second leaf
of each plant was harvested at T8 (13 DAS), placed on a petri dish with 1% agar,
photographed, and measured in Image]J v1.45. Six biological replicates were
performed with at least 45 plants per line, per treatment, and per replicate.

For cellular analysis of leaf 6 and leaf 22 (Fig. 2D; Supplemental Fig. S3), the leaves
were harvested 2 and 4 d after their respective emergence (length between 1.5 and
2.5 mm) and at maturity. Three to four leaves per date per genotype were consid-
ered, except for the data shown in Figure 2D, where 12 leaves were considered. As
soon as the leaf was harvested, it was placed on a sheet of paper and scanned, and its
area was defined in Image]. A negative imprint of the adaxial epidermis was
obtained after evaporation of a varnish spread on its surface. These epidermal im-
prints were analyzed using a microscope (Leitz DM RB; Leica) supported with
Image] v1.48 (NIH; https://rsb.info.nih.gov/ij/). Mean epidermal cell densities
(cells mm2) were estimated by counting the number of epidermal cells in four zones
on each leaf. Total epidermal cell numbers in each leaf were estimated from epi-
dermal cell density and leaf area. Mean epidermal cell area (wm?) was calculated as
the reciprocal of epidermal cell density.

Root Length Analysis and Confocal Imaging

After 12 d of growth in vitro in the vertical orientation, the plates were
scanned and the root length was measured with Image]. For root meristem
measurements (Fig. 2C) and the imaging of the root tip (Figs. 2F and 5E), the
roots were mounted on a microscopic slide in a 75 ug/mL propidium iodide
solution. Root tips were imaged under the confocal microscope (Leica TCS SP8)
in the plane of the quiescent center. The meristem size was measured in Image]J
as the distance between the quiescent center and the last dividing cell of the
cortex (see Supplemental Fig. S2).

Expression of (Parts of) SMR1-GFP and CDKA-RFP in
Nicotiana benthamiana Leaves

For protein expression in N. benthamiana leaves (Figs. 3E and 4C), Agro-
bacterium tumefaciens GV3101 cultures containing the construct of interest (full-
length SMR1 fused to GFP, or parts of SMR1 fused to GFP, and CDKA;1 fused
to RFP; Supplemental Table S2) were grown for 24 h in liquid cultures. A culture
with the silencing suppressor p19 was included. The pelleted bacteria were
subsequently diluted and mixed with the p19 strain, each to an OD ; in a 10 mm
MgCl, solution. Young leaves of 3-week-old plants were infiltrated with the
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mixtures in such a way that the different constructs were always infiltrated side-
by-side on the same leaf to avoid differences in expression. The plants were
placed back in the growth room for 72 h. Subsequently, half of the leaves were
infiltrated directly with a 100 um CHX (Sigma-Aldrich) solution and the other
half with the mock solution. At least three leaves per construct per treatment
were infiltrated. Nine patches of equal size were harvested from each infiltrated
spot per construct, per treatment. The whole experiment was repeated twice.

GUS Staining

For GUS expression analysis in the pSMR1::GUS line, seedlings were first
incubated in 80% acetone for 20 min. The acetone was washed away with GUS
buffer (50 mm Na,PO,, pH7.2, 2 mm K,[Fe(CN),]*3H,0, 2 mm K;[Fe(CN);], and
0.2% Triton) and replaced by a 2 mm X-Gluc (Euromedex) solution in GUS
bulffer. The staining was performed by a 3-h incubation at 37°C. The seedlings
were washed in ethanol, destained overnight in 96% ethanol, and mounted on
microscope slides in lactic acid.

Expression Analysis by RT-qPCR

For expression analysis by RT-qPCR, individual leaves (Fig. 1, Leaf #6 at growth
stages L6-1, L6-2, L6-3, L6-4, L6-5, and L6-6, with 6 to 10 leaves per sample) or whole
7-d-old seedlings (Fig. 5A; Supplemental Fig. S9C) were collected. Plant tissue was
flash-frozen in liquid nitrogen and ground with the Silamat S6 (Ivoclar Vivadent).
Total RNA was extracted with the Nucleospin RNA XS kit (Macherey Nagel; Fig. 1)
or with Trizol (Invitrogen) followed by precipitation with isopropanol and a wash
with 70% ethanol (Fig. 5A; Supplemental Fig. S9C). For each sample, cDNA was
synthesized from 1 ug of RNA. RT-qPCR was performed with the LightCycler480
(Bio-Rad) using the primers listed in Supplemental Table S1, and the data were
analyzed as previously reported (Dubois et al., 2017). In brief, three technical rep-
licates were performed, their cycle threshold values (Ct-value) were averaged, and
differences in unequal cDNA amounts were corrected for by normalizing to two
housekeeping genes (EXP, AT4G26410; TIP4.1, AT4G34270). The fold change was
calculated by comparing the normalized Ct values between both conditions
(drought versus well-watered; Fig. 1) or between the different genotypes (transgenic
lines versus the wild type; Fig. 5A; Supplemental Fig. S9C). For each experiment,
two independent biological replicates were performed, and both experiments had
similar results. The presented data show one biological replicate.

Protein Analysis and Western Blotting

Arabidopsis seedlings or N. benthamiana leaf patches were flash-frozen in
liquid nitrogen and ground with the Silamat S6 (Ivoclar Vivadent). Protein
extraction and western blotting were performed as described previously
(Derrien et al., 2012) with Bio-Rad 4 to 15% precast gradient gels. The SMR1-
GFP protein was detected with the anti-GFP JL8 antibody (Clontech), CDKA
with the anti-PSTAIRE antibody (Santa Cruz Biotechnology), and CDKB with
an anti-CDKB1 antibody (described in Verkest et al., 2005) kindly provided by
Lieven de Veylder (VIB Ghent, Belgium). Antibodies were diluted at 1:2,000,
1:10,000, and 1:2,000, respectively, in 5% milk in TBS-T.

Immunoprecipitation

Plant tissues were homogenized and the powder was resuspended in ice-cold
protein extraction buffer (10 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.5 mm EDTA,
0.5% Nonidet P-40, and 1X protease inhibitor tablet [Roche]) for 1 h at 4°C on a
rotating wheel. The insoluble fraction was removed by centrifugation and the
supernatant was incubated with 30 uL of anti-GFP-coated magnetic beads
(GFP-Trap_M; Chromotek) for 2 h and further treated according to the manu-
facturer’s instructions. Proteins were eluted in denaturing 1X Laemmli buffer
(95°C) with 50 mm DTT. Bead-bound proteins were visualized by western
blotting as described above.

FLIM-FRET Analysis

N. benthamiana leaves were infiltrated with various constructs (GFP-fusion as
donor, RFP-fusion as acceptor, and p19) as described above. Plants were placed back
in the growth room for 48 h, and the expression of both constructs in each infiltrated
leaf was carefully viewed with the confocal microscope. When >80% of the cells
showed coexpression, FLIM-FRET was performed with the Nikon Eclipse TE
2000-U microscope. The fluorescence decay rate of GFP(fusion) was measured with
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the LIFA frequency domain fluorescence lifetime imaging system (Lambert In-
struments) in 50 nuclei per sample, per biological replicate. The GFP half-life in
nuclei of the interaction samples (SMR1-GFP/CDKA-RFP and SMR1-GFP/BPM6-
RFP) was compared to the GFP half-life in nuclei of control samples, in which only
SMR1-GFP was transformed. The donor-FRET efficiency was estimated as %FRET =
1-(t(donor-acceptor)/t(donor)).

Flow Cytometry

The second leaves of >12 plants per line were harvested and flow cytometry
was performed as described previously (Noir et al., 2015). At least two biological
replicates were performed.

Accession Numbers

The accession numbers of the main genes mentioned in this study are as
follows: AT5G04470 (SIM), AT3G10525 (SMR1/LGO), AT1G08180 (SMR2),
AT5G02420 (SMR3), AT5G02220 (SMR4), AT1G07500 (SMR5), AT5G40460
(SMR6), AT3G27630 (SMR7), AT1G10690 (SMRS), AT1G51355 (SMRY),
AT2G28870 (SMR10), AT2G28330 (SMR11), AT2G37610 (SMR12), AT3G20898
(SMR13), AT2G23430 (KRPI), AT3G50630 (KRP2), AT5G48820 (KRP3),
AT2G32710 (KRP4), AT3G24810 (KRP5), AT3G19150 (KRP6), AT1G49620
(KRP7), and AT3G48750 (CDKA;1/CDC2),

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Rosette size measurements of smrl mutants com-
pared to the wild type.

Supplemental Figure S2. Root meristems of smrl mutants compared to the

wild type.

Supplemental Figure S3. Cellular analysis of smrl epidermal leaf cells
during leaf development.

Supplemental Figure S4. Complementation of the cellular defects of the
smrl mutant by introgression of the SMR1-GFP" construct.

Supplemental Figure S5. Expression pattern of pPSMR1::SMR1-GFP.

Supplemental Figure S6. Rosette area measurements of SMR1-GFP® seedlings
compared to the wild type.

Supplemental Figure S7. Cellular localization of the SMRI-GFP and
CDKA-RFP proteins used for FLIM-FRET.

Supplemental Figure S8. Presence of a putative CDKA phosphorylation
site and conserved motifs in SMR family genes.

Supplemental Figure S9. SMR1-GFP protein dynamics and protein stabil-
ity in the fbl17 mutant.

Supplemental Figure S10. Characterization of truncated variants of SMR1.

Supplemental Figure S11. SMR1¥"*-GFP level upon 4 h treatment with
cycloheximide alone or in combination with MG-132 or MLN4924.

Supplemental Figure S12. Trichome branching and leaf ploidy level in the
SMR1¥*R-GFP overexpression line.

Supplemental Figure S13. SMR1 expression and protein level upon hor-
monal treatments.

Supplemental Table S1. Primers used for RT-qPCR.

Supplemental Table S2. Primers used for cloning SMR1 (parts) and
CDKA.
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