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Strigolactones (SLs) are carotenoid-derived phytohormones
governing a wide range of physiological processes, includ-
ing drought-associated stomatal closure. We have previously
shown in tomato that SLs regulate the so-called after-effect
of drought, whereby stomatal conductance is not completely
restored for some time during recovery after a drought spell,
irrespective of the water potential. To ease the elucidation
of its molecular underpinnings, we investigated whether this
SL effect is conserved in Arabidopsis thaliana by contrast-
ing the physiological performances of the wild-type with
SL-depleted (more axillary growth 4, max4) and insensitive
(dwarf 14, d14) mutants in a drought and recovery proto-
col. Physiological analyses showed that SLs are important to
achieve a complete after-effect in A. thaliana, while transcrip-
tome results suggested that the SL-dependent modulation
of drought responses extends to a large subset (about 4/5)
of genes displaying memory transcription patterns. Among
these, we show that the activation of over 30 genes related
to abscisic acid metabolism and signaling strongly depends
on SL signaling. Furthermore, by using promoter-enrichment
tools, we identified putative cis- and trans-acting factors that
may be important in the SL-dependent and SL-independent
regulation of genes during drought and recovery. Finally, in
order to test the accuracy of our bioinformatic prediction,
we confirmed one of the most promising transcription factor
candidates mediating SL signaling effects on transcriptional
drought memory—BRI-EMS SUPPRESSOR1 (BES1). Our find-
ings reveal that SLs are master regulators of Arabidopsis
transcriptional memory upon drought and that this role is
partially mediated by the BES1 transcription factor.
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Introduction

Plants often face recurring stressful events, of the same or dif-
ferent nature. Building an ‘environmental memory’ can thus

help them to better acclimate to their specific, fluctuating envi-
ronment. So far, a physiological and molecular survey of this
phenomenon in a few model plants has shown that the period
following stress is often accompanied by a ‘recovery’, which can
be partial, complete, compensatory and, in a few cases, over-
compensatory (Lechner et al. 2008, Xu et al. 2010, Ruehr et al.
2019). When plants fail to recover during a first stress period,
the detrimental effects of a new stress spell on these plants are
often amplified (Crisp et al. 2016). However more commonly,
a first period of sub-lethal stress can prepare (prime) the plant
for a subsequent (challenging) stress either similar or dissimilar
in nature, thus triggering a form of plant memory (Kinoshita
and Seki 2014, Baurle 2018). Since priming comes with both
benefits and trade-offs, a fine balance between memory mainte-
nance and dismantling mechanisms is key in setting its duration
(Fleta-Soriano and Munné-Bosch 2016).

From a physiological perspective, plant drought memory
presents itself as the persistence of some molecular, physio-
logical or developmental stress responses, due to (epi)genetic
reprogramming activated by hormonal signals, among which
abscisic acid (ABA) plays a very important role (for an excellent
review on the topic, we recommend Fleta-Soriano and Munné-
Bosch 2016). Among such roles, ABA is important in the so-
called after-effect of drought at the stomatal level, which is often
considered as a facet of drought memory (which, in this case,
is not strictly intended as necessarily extending to subsequent
stresses). The after-effect consists of a hysteresis of stomatal clo-
sure, i.e. a retarded re-opening during recovery from drought, to
avoid further water loss and prepare for a possible reoccurrence
of water shortage (Takahashi and Kinoshita 2015). While this
phenomenon has been known for decades, we have been able
to gain insights into its molecular underpinnings only recently
(Lovisolo et al. 2008, Ding et al. 2013, Virlouvet et al. 2014, 2018,
Virlouvet and Fromm 2015). Shortly, ABA is proposed to regu-
late the after-effect and to be important for the transcriptional
memory of leaf and guard cells in Arabidopsis (Arabidopsis
thaliana) as observed during recurrent dehydration stress
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(Galmés et al. 2007, Ding et al. 2012, Kinoshita and Seki 2014).
The Arabidopsis ABA-depleted mutant aba deficient 2 (aba2)
and the double ABA-signaling mutant sucrose non-fermenting
1 (snf1)-related kinases 2.2 (snrk2.2) and snrk2.3 fail to display
physiological and molecular features of dehydration memory
(Virlouvet and Fromm 2015). Apparently, ABA signaling is nec-
essary to activate some key memory genes, such as RESPON-
SIVE TO DEHYDRATION 29B (RD29B) and RESPONSIVE TO
ABA 18 (RAB18), the transcription of which is enhanced dur-
ing a second stress. However, ABA treatment alone does not
recapitulate the full effects of drought on memory responses,
suggesting that ABA is not the only signal involved in the
process (Virlouvet et al. 2014). Moreover, the main ABA signal-
ing transducers, the transcription factors (TFs) ABRE-BINDING
FACTORS (ABFs) ABF2/3/4, while being ‘memory genes’
(i.e. displaying different transcript patterns in subsequent
stresses), are not involved in transcriptional memory build-
ing. In fact, in the abf2abf3abf4 triple mutant, memory genes
still show their typically ‘trainable’ transcription pattern (Ding
et al. 2012). Although this information relates mainly to recur-
rent dehydration stresses in the Arabidopsis model, it may at
least partly be relevant also to the recovery period and the
after-effect, since several genes related to stomatal closure and
opening were described as memory genes in corn (Zea mays)
(Virlouvet et al. 2018). Moreover, the ABA-related TFs ABF3
and ABF4, which are encoded by memory genes, show higher
accumulation in guard cell nuclei during dehydration stress and
recovery (Virlouvet et al. 2014), suggesting a possible implica-
tion for these TFs in the after-effect.

Along ABA and several other phytohormones, strigolac-
tones (SL) have recently attracted much attention due to
their positive regulatory roles in plant drought responses and
tolerance (Cardinale et al. 2018). In Arabidopsis, SLs are
synthetized through the sequential action of four enzymes
on their carotenoid precursor trans-[(3-carotene: DWARF 27
(D27), MORE AXILLARY GROWTH 3 (MAX3, also called
CAROTENOID CLEAVAGE DIOXYGENASE 7—CCD7—in other
plants), MAX4 (also called CCD8) and MAXT1. The first three
enzymes act in the plastid to produce carlactone, which is
transported to the cytosol where MAX1 and other (mostly
unidentified) enzymes convert it into mature SL. These are
perceived by the only characterized SL receptor, the «-/f3-
hydrolase DWARF 14 (D14). Upon ligand binding, D14 interacts
with MAX2, an F-box protein that takes part into an SKP1,
CULLIN, F-BOX-CONTAINING (SCF) complex (for a review,
see Al-Babili and Bouwmeester 2015). Once in complex with
the SL-bound D14, MAX2 ubiquitinates SL signal repressors,
targeting them to the proteasome for degradation and trig-
gering SL responses. A few targets of MAX2-mediated ubiqui-
tination have been identified so far; among these, the most
studied belong to the SUPPRESSOR OF MAX2 1/SMAX1 LIKE
(SMAX1/SMAXL) and the BRASSINAZOLE RESISTANT/BRI1-
EMS SUPPRESSOR (BES/BZR) protein families, the degradation
of which is needed for the correct regulation of shoot branching
(Wang et al. 2013, Al-Babili and Bouwmeester 2015, Cardinale

et al. 2018). MAX2 action is not exclusive to SL, since it is a
shared component of the sibling pathway initiated by KAR-
RIKIN INSENSITIVE 2 (KAI2) (Al-Babili and Bouwmeester 2015,
Cardinale et al. 2018). First characterized for their role in regulat-
ing plant—(micro)organisms interactions in the rhizosphere, SLs
were later demonstrated to play numerous developmental roles
in plants. Additionally, SL-depleted and insensitive mutants
of different plant species are hypersensitive to drought, and
their stomata are hyposensitive to ABA resulting in major water
losses during stress (Cardinale et al. 2018). We have previously
reported that tomato (Solanum lycopersicum) plants defective
in SL synthesis due to silencing of CCD7 show an impaired
after-effect during recovery from drought (Visentin et al. 2020),
strongly suggesting that SLs play a role in environmental
memory.

The aim of this study was to investigate and, possibly,
find candidate mediators of the roles of SLs in drought stress
memory through a combination of physiological, transcrip-
tomics and bioinformatics approaches applied to the Arabidop-
sis model.

Results and Discussion

SLs are needed for a full drought after-effect of
stomata in Arabidopsis

To test the effect of SLs on drought memory, we designed a
4-day experimental protocol of stress and recovery suitable to
measure stomatal conductance (g;) in Arabidopsis (Fig. 1A)
and used it to contrast wild-type (WT) with d14-2 and max4-
7 plants. Relative water content (RWC) and g, were measured
before stress start (0 h), during stress (24 and 28 h) and during
recovery (48, 52 and 72 h) (Fig. 1A, C).

All stressed plants reached comparably low g, values 24 h
after the beginning of stress. These values remained stable
up to 28h of water withholding, showing no g differences
between genotypes at such severe stress levels (Fig. 1A, 0-
28 h). Plants at peak stress were slightly wilting at visual assess-
ment. During recovery, the g; of stressed plants started ris-
ing, while the g, of WT plants never reached levels above the
60% of control plants (about 100 mmol m™2s™") throughout
the experiment, d14-2 mutants exceeded this value 20 h after
re-watering (Fig. 1A, 48 h) and approached the values of the
irrigated control groups at the end of the experiment (Fig. 1A,
72 h). This difference suggests that the after-effect is impaired
in this mutant, as it is in CCD7-silenced tomato plants (Visentin
et al. 2020). Interestingly, max4-7 showed an intermediate phe-
notype between WT and d14-2 plants, indicating that the after-
effectisimpaired in this mutant as well, but seemingly to a lesser
extent than in d14-2 plants. An explanation for the weaker phe-
notype in the max4-7 mutant could be some residual SL synthe-
sis regardless of the max4-7 mutation, possibly through other
uncharacterized pathways. Another possibility is that other sig-
nal molecules produced independently of MAX4 may activate
the D14 receptor and contribute to the after-effect.
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Fig. 1 SLs promote the after-effect of drought and leaf water retention during recovery. (A) Stomatal conductance (g;) values (mmolm™s™")
of WT plants (solid lines), d14-2 (dashed lines) and max4-7 mutants (dotted lines) in a time-course experiment (0 h: pre-stress, 24—28 h: stress,
48-52 h: recovery). Both well-watered (WW) controls and stressed plants (STR) that were later recovered are shown. (B) Per cent RSWC (%RSWC)
of WT plants (solid lines), d14-2 (dashed lines) and max4-7 mutants (dotted lines) during the same experiment as in (A). Both WW controls (blue)
and stressed and recovered plants (STR) are shown. (C) Per cent RWC (%RWC) of WT (solid bars), d14-2 (dotted bars) and max4-7 (dashed bars)
plants during the same experiment as in (A). In all panels, data represents the means of 10 biological replicates & SE. In (A), two-way analysis
of variance (ANOVA) followed by Tukey’s Honestly Significant Difference (HSD) post hoc test was performed on each time point separately. In
(C), one-way ANOVA followed by Tukey’s HSD post hoc test was performed on each time point separately. Different letters represent significant

statistical differences for P < 0.05.

At the latest stress point (28 h), RWC in all stressed plant
groups was significantly lower than in irrigated controls and
recovered to pre-stress levels 52 h from the beginning of the
experiment, showing that these plants correctly underwent
drought and full recovery (Fig. 1C). Interestingly, WT plants
tended to display higher mean RWC values than mutant plants.
While this difference was only significant during the recovery
phase at 72 h, it suggests that water loss in d14-2 and max4-7
mutants is higher than in WT plants (Fig. 1C). Thanks to con-
tinuous adjustments, water levels in soil (Fig. 1B) were similar
throughout the whole experiment for plant groups receiving
similar treatments, supporting the notion that differences in
gs and RWC among genotypes were not due to different water
availability and that lower RWC values of mutants during recov-
ery were due to higher water loss through stomata than WT
plants. The fact that RWC values for both mutants were simi-
lar, and equally different from the WT in spite of the apparent
differences in g values reported above, also raises the interest-
ing possibility that stomatal conductance values for the two
mutants may be less different, e.g. if taken at different time
points during the day.

Both the SL mutants d14 and max4-7 have been reported
to keep their stomata more open than WT plants under nor-
mal water availability (Ha et al. 2014, Lv et al. 2018, Li et al.
2020). Throughout our analysis, the g, levels of max4-7 and
d14-2 plants tended to be higher than WT plants under irri-
gated conditions, but this difference passed the threshold for
statistical significance (P <0.05) only at 0 h, when the higher

gs of d14-2 and max4-7 was evident (Fig. 1A). This apparent
inconsistency with published data may be related to the fact
that most previous studies in Arabidopsis assessed stomatal
opening rather than gg; the two parameters are linked, but
their relative amplitude may vary (e.g. stomata may be wider
or more open, but less dense or with higher patchiness on the
leaf surface) and/or the two approaches may not have the same
statistical resolution (e.g. for the number of measures that can
be taken) or sensitivity. Indeed, while no differences have been
detected in the d714-2 mutant, higher stomata density than the
WT on both leaf surfaces has been reported for max4-7 plants
(Ha et al. 2014, Li et al. 2020). However, it is also possible these
two parameters may vary in plants grown in different envi-
ronmental conditions—such as, in our vs previously published
experiments.

RNAseq analysis reveals D14-dependent and
D14-independent transcriptional memory patterns
in A. thaliana

To understand key differences in gene expression during
drought and recovery between d14-2 mutants and WT plants,
we deep-sequenced the transcriptome of leaves collected at
TO (0 h, pre-stress time point), STR (stress time point, 28 h
from the beginning of the stress) and REC (recovery time point,
52 h from the beginning of the stress); since the preliminary
analysis of a few candidate genes suggested (as expected) that
transcriptional memory responses were stronger at 52 than
72 h (data not shown), the latter time point was not selected
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for transcriptomics. Sample-to-sample distance was analyzed
through principal component analysis (PCA, Supplementary
Fig. S1, File S1). The PCA plot showed reasonably clustered
biological replicates at TO divided into two groups represent-
ing WT and d14-2 plants. While still grouping according to
either genotype, STR and REC samples clustered rather close
to each other. This suggested that the transcriptional profile of
plants during recovery is more similar to that of stressed than
unstressed plants and that stress itself increased the variability
among replicates. Based on a generalized linear model analysis
via the R package DESeaq2 (Love et al. 2014), 5,282 differentially
expressed genes (DEGs; Supplementary File S2) were identi-
fied (genes were considered differentially expressed when they
had a log;FC > 1 or < -1 and a Padj < 0.01). RNA sequencing
(RNAseq) was checked through reverse transcription followed
by quantitative PCR (RT-qPCR) of selected genes. RT-qPCR
results were contrasted with RNAseq ones through Spearman’s
rank correlation, and a high correlation value was achieved
(Supplementary Fig. S2, File S1). All DEGs were grouped into
clusters with similar expression profiles via K-means cluster-
ing. We decided to exclude DEGs between genotypes at TO to
simplify the analyses and focus on genes with differential expres-
sion due to stress only. Three different methods were used to
determine the optimal number of clusters: the Akaike informa-
tion criteria (AIC), the Bayesian information criteria (BIC) and
the sum of squared error (SSE). Based on their outcomes, nine
clusters were considered optimal (Fig. 2; for the gene list of
each cluster, see Supplementary File S3), since this was the
highest number possible that still allowed a high correlation
between gene vectors and cluster means without generating
overly redundant clusters (Supplementary Figs. S3-4, File S1).
For each cluster, gene ontology (GO) enrichment was per-
formed using the R package ‘clusterProfiler’: eight clusters out
of nine were significantly enriched (Fig. 3; for the complete GO
enrichment analysis, see Supplementary File S4). Several such
clusters (nos. 2, 3, 5, 6, 8 and 9) contain genes differentially
activated during drought, the differential expression of which
persists during the recovery phase (4,005 genes in total). This is
consistent with recent work in Arabidopsis, rice (Oryza sativa)
and potato (Solanum tuberosum) comparing recovery to pre-
stress conditions (Virlouvet et al. 2014, Chen et al. 2019, Li et al.
2019). Two such clusters, nos. 2 and 3 (Fig. 2), collect genes
responding similarly in the WT and d74-2 genotypes. While
no. 2 groups 436 genes downregulated in stress and recovery
and is enriched for terms related to chlorophyll and tetrapyr-
role metabolism, no. 3 contains 303 upregulated genes and is
enriched for circadian rhythmic processes (Fig. 3). This shows
that only a minor part of the ‘memory genes’ identified by our
analysis (~20%, i.e. 793 out of 4,005) are not under the control
of SL. It also shows that ~75% of the total DEGs (i.e. 4,005 out
of 5,282) can be considered memory genes in the comparison
between the recovery and pre-stress phase.

Conversely, clusters 5 and 8 contain a total of 1,746 genes
downregulated in stress and recovery compared to pre-stress

levels in WT plants, but barely changing in d14-2 mutants
over time (Fig. 2); both are enriched for GO terms related to
photosynthesis (Fig. 3). Similarly, cluster 9 (Fig. 2), which is
enriched for terms related to water transport and hormone
metabolism (Fig. 3), contains 577 genes downregulated in the
WT. Differently from previous clusters, however, cluster 9 had
lower expression in the d14-2 mutant compared to the WT,
already in well-watered conditions. Two clusters, nos. 4 and 6
(Fig. 2), group genes upregulated only in WT plants: no. 4 con-
tains 707 genes slightly downregulated in recovery, while in no.
6 gene expression in recovering WT plants remains as high as
in the stress time point (925 genes). Both clusters are similarly
enriched for GO terms related to water stress responses and
ABA signaling (Fig. 3).

Lastly, clusters 1 and 7 (Fig. 2) contain genes differentially
expressed only in the d14-2 mutant, respectively, downregu-
lated and upregulated in stress and recovery. Cluster 7 (398
genes) was enriched for the very generic term RNA modifica-
tion, but cluster 1 did not show significant GO term enrich-
ment (172 genes, Fig. 3). It should be noted here also that,
while K-means clustering generally grouped genes highly cor-
related with the cluster centroid, cluster 1 is an exception
(Supplementary Fig. S4, File S1). Consistently, the correspond-
ing heatmap shows two clearly distinct dendrogram branches,
with rather different expression profiles (Fig. 2). Since increas-
ing K number could not split these gene sets without generating
several other overly redundant clusters, we decided to split
the cluster manually and generate two subclusters (hereafter
referred to as subclusters 1 and 2, Supplementary Fig. S5, File
S1) with improved gene vector correlations with the centroid.
While this move did not improve GO enrichment analysis, it
greatly improved TF enrichment analysis (see below) and was
maintained in the following investigations.

The most interesting clusters resulting from this analysis are
surely nos. 4 and 6, which share a few major similarities. In fact,
while the expression profile of their DEGs differs slightly at the
recovery time point (Fig. 2), both contain genes switched on by
SLs during stress and are similarly enriched for terms related to
water stress and ABA signaling (Fig. 3); thus, they will be dis-
sected in more detail while only touching upon the rest of the
transcriptome.

The activation of ‘memory’ and ‘non-memory’
transcription patterns in key responses to ABA is
partly lost in the SL-insensitive d14-2 mutant

Just like SL, ABA is a carotenoid-derived phytohormone, the
synthesis of which starts in plastids and ends in the cytosol
(Dong et al. 2015). Many enzymes take part in converting
the precursor compound zeaxanthin into ABA: among these,
the most studied belong to the NINE-CIS-EPOXYCAROTENOID
DIOXYGENASE (NCED) family, which cleave 9’-cis-neoxanthin
and 9'-cis-violaxanthin to produce xanthoxin, a rate-limiting
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Fig. 2 K-means cluster analysis of DEGs. The heatmaps show z-score-transformed means of normalized gene counts (TMM) for each sample
(TO = pre-stress; STR = stressed, 28 h; REC = recovering samples, 52 h). The hierarchical clusters show gene vectors similarity calculated as 1
minus Pearson’s correlation criteria. Line plots represent cluster centroids for WT (full line) and d14-2 plants (dashed line). For the gene lists of
each cluster, see Supplementary File S3.

step in ABA biosynthesis. Xanthoxin is then transferred to the =~ REDUCTASE-LIKE (SDR) enzymes and finally into ABA, thanks
cytosol where it is further converted into abscisic aldehyde to the activity of ABA ALDEHYDE OXIDASE (AAQ) enzymes
through the action of SHORT-CHAIN DEHYDROGENASE/  with help from sulfurases such as ABA DEFICIENT 3 (ABA3)
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Fig. 3 GO enrichment analysis. Dot plot showing the main GO-enriched terms results for each cluster of DEGs between WT and d14-2 plants.
X-axis: analyzed cluster, Y-axis: enriched GO biological process term names and GO id. Dot colors represent statistical significance (—Logso False
Discovery Rate) as in the legend, while dot size correlates with the number of genes belonging to the enriched term. The results were pruned and
selected to avoid over-redundant terms. For the complete GO enrichment analysis, see Supplementary File S4.

(Dong et al. 2015). ABA catabolism is pursued by the thetic genes (ABA3, AAO3 and NCED3) and two catabolic
cytochrome P450 enzymes of the CYP707A family, which cleave  genes (CYP707A1 and CYP707A3) are found in clusters 4 and
ABA into 8'-hydroxy ABA (Dong et al. 2015). Three biosyn- 6 (Table 1) and, thus, show SL-dependent expression not only
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Table 1 ABA-responsive, D14-dependent memory genes.

Gene Cluster Reference

ABA metabolism

NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3 (NCED3) 6 Li et al. (2020)
CYP707A1 4 Li et al. (2020)
ABSCISIC ALDEHYDE OXIDASE 3 (AAO3) 6 Li et al. (2020)
CYP707A3 6 Li et al. (2020)

ABA DEFICIENT 3 (ABA3) 6 Li et al. (2020)

ABA signaling components

ABA-HYPERSENSITIVE GERMINATION 3 (AHG3) 6 Fuchs et al. (2013)
ABRE BINDING FACTOR 4 (ABF4) 6 Singh and Laxmi (2015)
ABSCISIC ACID INSENSITIVE 2 (ABI2) 6 Fuchs et al. (2013)
ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 2 (ABF2) 6 Singh and Laxmi (2015)
HIGHLY ABA-INDUCED PP2C GENE 1 (HAI1) 6 Fuchs et al. (2013)
HIGHLY ABA-INDUCED PP2C GENE 2 (HAI2) 6 Fuchs et al. (2013)

MYB DOMAIN PROTEIN 2 (MYB2) 4 Wang et al. (2021)

MYB DOMAIN PROTEIN 52 (MYB52) 6 Wang et al. (2021)

MYB DOMAIN PROTEIN 94 (MYB94) 6 Wang et al. (2021)
NUCLEAR FACTOR Y A5 (NF-YAS) 6 Singh and Laxmi (2015)
NUCLEAR FACTOR Y C3 (NF-YC3) 6 Singh and Laxmi (2015)
OPEN STOMATA 1 (0ST1) 6 Fujii et al. (2011)
RESPONSIVE TO DESICCATION 22 (RD22) 6 Wang et al. (2021)
SUBFAMILY 2 SUCROSE NON-FERMENTING 1-RELATED KINASE 2.7 (SnRK2.7) 6 Fujii et al. (2011)
WRKY DNA BINDING PROTEIN 18 (WRKY18) 4 Wang et al. (2021)
Guard cell membrane transport

DETOXIFICATION EFFLUX CARRIER 50 (DTX50) 4 Jezek and Blatt (2017)
GATED OUTWARDLY-RECTIFYING K+ CHANNEL (GORK) 4 Jezek and Blatt (2017)
POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA 2 (KAT2) 6 Jezek and Blatt (2017)
SLACT HOMOLOGUE 3 (SLAH3) 4 Jezek and Blatt (2017)
Other ABA-responsive genes

COLD REGULATED 47 (COR47) 6 Bu et al. (2014)

KINASE 1 (KINT) 6 Bu et al. (2014)

RAB GTPASE HOMOLOG B18 (RAB18) 6 Bu et al. (2014)
RESPONSIVE TO DESICCATION 29B (RD29B) 6 Bu et al. (2014)

The table contains selected ABA-responsive genes in clusters 4 and 6. Genes are divided based on their roles in ABA biosynthesis and signaling. For each gene, a reference is

provided.

under drought stress—as proven previously (Li et al. 2020)—but
also under recovery.

ABA perception and signaling have also been deeply charac-
terized. Shortly, ABA is perceived by a family of 14 co-receptors
called PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-like 1-13
(PYL1-13). Upon binding of their ligand, PYR/PYL proteins
undergo a conformational change that allows the interaction
with serine/threonine phosphatases named PROTEIN PHOS-
PHATASE 2C (PP2Cs). The formation of these complexes
inhibits PP2C phosphatase activity toward a subset of the
SnRK2s (Raghavendra et al. 2010). The end of dephospho-
rylation by PP2Cs allows SnRK2s to phosphorylate and acti-
vate ABA signaling effectors (Raghavendra et al. 2010). ABA
transcriptional responses are mediated by a wide variety of
TFs, the best characterized being the ABA RESPONSIVE ELE-
MENT (ABREs) binding proteins/ABRE BINDING FACTORS
(ABFs). These belong to a family of basic leucine zippers (bZIPs)
that consists of nine members in Arabidopsis; upon SnRK2s-
mediated phosphorylation, they regulate the core ABA signal
responses. Other less characterized ABA-activated TFs belong
to different families such as NAM, AFAF and CUC (NACs); MYB
DOMAIN PROTEINS (MYBs); MYELOCYTOMATOSIS (MYCs);

WRKY DNA BINDING PROTEINS (WRKYs) and NUCLEAR FAC-
TOR SUBUNIT Y (NF-Ys) (Singh and Laxmi 2015). All these
TF families fine-tune Arabidopsis stress responses allowing it to
cope with drought. Interestingly, we found several genes encod-
ing representatives of the ABA signaling cascade in clusters
4 and 6. Five genes encoding PP2Cs involved in ABA signal-
ing are in cluster 6: HIGHLY ABA INDUCED 1 (HAIT), HAIL2,
ABA-HYPERSENSITIVE GERMINATION 3 (AHG3), ABA INSENSI-
TIVE 1 (ABI1) and ABI2 (Table 1) (Fuchs et al. 2013). Further-
more, cluster 6 includes two genes coding for SnRK2s: OPEN
STOMATA 1 (0OST1) and SnRK2.7 (Table 1) (Fujii et al. 2011).
Among ABREs/ABFs, we found ABF2 and ABF4, two of the core
TFs mediating ABA stress responses (Singh and Laxmi 2015).
We also found three genes coding for ABA-dependent MYB
TFs: MYB2 (cluster 4), which regulates the expression of the
RESPONSIVE TO DESSICATION 22 (RD22) NAC-encoding gene
found in cluster 6 (Wang et al. 2021); MYB52 (cluster 6), which
regulates NCED3 and RD29B, also found in the same cluster,
and confers drought tolerance (Park et al. 2011, Wang et al.
2021); and MYB94 (cluster 6), a regulator of wax biosynthesis
(Wang et al. 2021). Other TF-coding genes found in clusters
4 and 6 are, for instance, NF-YA5 and NFYC3, both involved
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in regulating drought tolerance in Arabidopsis, and WRKY18
(cluster 4), which acts as a positive regulator of ABA signaling
in stress responses (Singh and Laxmi 2015).

Finally, this general downregulation of ABA signaling com-
ponents in SL-insensitive plants was reflected in an impaired
activation of ABA transcriptional responses, which could be
observed again in clusters 4 and 6 with several genes related to
stomatal functioning (Table 1) such as OST1, previously found
to be downregulated in the d14-1 mutant compared to WT
plants in well-watered conditions (Li et al. 2020). Other genes
related to stomatal membrane transport were identified as
DEGs, encoding the guard-cell ABA exporter DETOXIFICATION
EFFLUX CARRIER 50 (DTX50, cluster 6); the Kt carrier GATED
OUTWARDLY-RECTIFYING KT CHANNEL (GORK, cluster 4);
the Kt channel POTASSIUM CHANNEL IN ARABIDOPSIS
THALIANA 2 (KAT2); and the ion channel SLAC1 HOMO-
LOGUE 1 (SLAH3) (Jezek and Blatt 2017). ABA-responsive genes
unrelated to stomatal movements were found as well, such as
KINASE 1 (KINT), COLD REGULATED 47 (COR47), RD29B and
RAB GTPASE HOMOLOG B18 (RAB18), the expression of which
has been previously found to be MAX2-dependent (Bu et al.
2014).

Summing up, the d14-2 mutant showed broad defects in
the regulation of genes related to ABA biosynthesis and signal-
ing, a trait that is not novel per se (Li et al. 2020), but that
was found here associated with the recovery phase, and may
indeed justify the weaker after-effect in this genotype. However,
the molecular reasons behind this dysregulation are far from
clear, as is the effect of SLs on ABA levels. Indeed, ABA quan-
tification in SL-related mutants in both Arabidopsis and other
species has led to contrasting results (Cardinale et al. 2018):
for instance, Arabidopsis d14-1 mutants accumulate more ABA
than WT plants when exposed to prolonged drought (Li et al.
2020), but leaves of max2 mutants do not when dehydrated
(Bu et al. 2014). Similarly, lotus (Lotus japonicus) CCD7-silenced
plants exposed to osmotic stress (Liu et al. 2015) and bar-
ley (Hordeum vulgare) hvd14 mutants during severe drought
stress (Marzec et al. 2020) have similar ABA content as the
WT. Nonetheless, we have previously shown that SL-depleted
tomato plants accumulate less ABA in shoots than WT plants
during drought (Visentin et al. 2016) and that in lotus this hap-
pens when a combined osmotic-nutritional stress is imposed
(Liu et al. 2015). Therefore, the effect of SLs on ABA biosynthe-
sis appears to be somehow mutant and/or species-specific and
also to depend on plant growth conditions and/or experimen-
tal procedures. In spite of these differences, all of these plants
and mutants show stomatal hyposensitivity to ABA regard-
less of ABA concentration in shoots, suggesting fine-tuning of
ABA sensitivity by SLs across species (reviewed by Cardinale
et al. 2018). Therefore, the broad dysregulation of genes coding
for members of the ABA signaling cascade reported here may
indeed both lead to failed activation of ABA-responsive genes
on one hand and/or be the result of lower ABA synthesis on the
other.

ABA-independent water stress ‘memory’ responses
are impaired in the d14-2 mutant as well

Interestingly, and in line with the conclusions by Ha et al.
(2014), our analysis revealed that also ABA-independent, stress-
responsive pathways are altered during and after drought in
lack of SL perception, but seemingly to a lesser extent than
ABA-dependent ones. Among others, we detected two genes
encoding DEHYDRATION RESPONSIVE ELEMENT BINDING
(DREB)-type TFs in clusters 4 and 6: ERF/AP2 RAP2.1 (cluster 4)
and DREB2A (cluster 6), both responsive to ethylene signaling
(Dong and Liu 2010, Morimoto et al. 2013). Through our anal-
ysis, we also isolated another cluster (cluster 9, Fig. 2) enriched
in GO terms both for water transport and hormone biosyn-
thetic process. It contains genes downregulated in WT plants
following stress, the expression of which is lower in d14-2 than
WT plants in well-watered conditions, and is also less down-
regulated by stress in the mutant. It is noteworthy that this
cluster contains four different PLASMA MEMBRANE INTRINSIC
PROTEIN (PIP) genes, i.e. aquaporin-encoding PIP2;1/2/3 and
SIP1;2. These may help to regulate cellular water homeostasis
in drought conditions (Zargar et al. 2017). While a connec-
tion between SLs and aquaporins has never been tested directly,
they are regulated in stress by both ABA-dependent and ABA-
independent signaling, which are altered in the d74-2 mutant. A
dysregulation of aquaporins is reported in the transcriptome of
max2 under drought (Ha et al. 2014).

A small subcluster of SL-dependent DEGs embedded in clus-
ter 6 and enriched for terms related to heat stress responses was
associated with recovery only, but their role is still to be inves-
tigated in this phase. Among them, HEAT SHOCK FACTOR A2
(HSFA2), coding for a TF involved in heat stress memory and the
relative H3K4 methylation (Lamke et al. 2016), may be a promis-
ing candidate regulator of SL-dependent drought memory. This
is not the first time that SLs and HSFs and HEAT SHOCK PRO-
TEINS (HSPs) have been linked to each other. In fact, transcrip-
tome data have previously shown that max2 mutants subjected
to drought fail in activating the expression of HSP107 (Ha et al.
2014) and that exogenous SLs promote the transcription of
HSFA6B in WT plants (Wang et al. 2020).

The drought-induced transcriptional
downregulation of photosynthesis-related genes is
partly lost in the absence of SL perception

During drought stress, high photosynthetic rates can be dam-
aging for plant survival (Osakabe et al. 2014). Water stress
reduces stomatal conductance and CO, uptake, leading to a
decrease of photosynthetic activity; in these conditions, excess
light harvesting can result in reactive oxygen species produc-
tion with detrimental effects on plant survival (Osakabe et al.
2014). Thus, downsizing the photosynthetic process and appa-
ratuses is important to overcome stress; indeed, a decrease in
chlorophyll content is commonly observed in plants under-
going drought, and Arabidopsis included (Chen et al. 2016)
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and may attenuate light harvesting thus protecting photosys-
tems. As discussed above and detailed in the next section,
some photosynthesis-related DEGs could be found in mem-
ory cluster 2, which is not altered in SL-insensitive plants.
However, several others were also found in clusters 5 and
8, collecting DEGs downregulated during stress and recov-
ery in WT plants (i.e. they are ‘memory genes’) but not in
d14-2 mutants. Similar results were previously obtained in
the transcriptomic comparison between WT and max2 plants
during an extended drought time course (Ha et al. 2014). In
total, our analysis revealed 55 DEGs corresponding to the
GO term photosynthesis in these two clusters, mostly related
to light-harvesting complexes of photosystems and thylakoid
functioning, among which NDH-DEPENDENT CYCLIC ELEC-
TRON FLOW 1 (NDF1), NDF4, NDF5, NDF6; PHOTOSYSTEM |
LIGHT HARVESTING COMPLEX GENE 6 (LHCAG); CHLORORES-
PIRATORY REDUCTION 3 (CRR3); PHOTOSYSTEM Il SUBUNIT
Q (PSBQ); PHOTOSYNTHETIC NDH SUBCOMPLEX L2 (PnsL2)
(Oh et al. 2018); RIBULOSE BISPHOSPHATE CARBOXYLASE
SMALL CHAIN 1A (RBCS1A) and RBCS3B, encoding RuBisCO
subunits; and other genes coding for Calvin cycle enzymes
such as GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A
SUBUNIT (GAPA), GAPB, ARABIDOPSIS THALIANA CYTOSO-
LIC FRUCTOSE-1,6-BISPHOSPHATASE (ATCFBP), PHOSPHOGLYC-
ERATE KINASE 1 (PGK1), SEDOHEPTULOSE-BISPHOSPHATASE
(SBPASE) and ARABIDOPSIS THALIANA TRANSKETOLASE 1
(ATTKLT) (Stitt et al. 2010). This confirms that SLs contribute
to the prolonged transcriptional downregulation of photosyn-
thesis initiated by drought stress (Ha et al. 2014).

SL-independent memory genes

As mentioned above, our analysis also identified two clusters
collecting DEGs that can be defined as ‘memory genes’ and dis-
play similar patterns in WT and d14-2 plants. Cluster 2 (Fig. 2)
groups 437 DEGs that are downregulated to the same extent in
both genotypes during stress and recovery and is enriched for
terms related to chlorophyll, pigment and tetrapyrrole biosyn-
thesis (Fig. 3). These results highlight how the dismantling of
the photosynthetic process during and after drought, which
is part of Arabidopsis memory responses, is not exclusively
under SL control. Cluster 3 (Fig. 2) groups 303 DEGs that are
upregulated in response to stress and remain highly expressed
during recovery in both genotypes; top-enriched GO terms
relate to circadian rhythm processes and cell wall biogenesis
(Fig. 3). The GO terms ‘Circadian clock’ and ‘Stress responses’
are proposed to be tightly connected to each other, but the
molecular linkers are not clear: on the one side, stress responses
vary through the day to fine-tune gene responses to a possible
stressor and, on the other, stress signaling modulates circa-
dian clock activity, in a feedback loop partly independent of
SL action and probably important to maximize plant growth
and stress responses in fluctuating conditions (Seo and Mas
2015). Also, during drought, severe water loss may seriously
compromise cell wall integrity (Moore et al. 2008). Moreover,

cell wall biosynthesis is tightly linked to cell turgor, a physio-
logical parameter strongly influenced by water status (Le Gall
etal. 2015). Here, we report an increase in expression for several
genes that are related to hemicellulose and pectin biosynthe-
sis, such as CELLULOSE SYNTHASE 4 (CESA4) (Kim et al. 2013),
COBRA-LIKE 4 (COBL4) (Roudier et al. 2002) and GALACTUR-
ONOSYLTRANSFERASE 12 (GAUT12) (Caffall et al. 2008), which
may improve cell wall elasticity in response to water scarcity,
but again in an SL-independent fashion.

Promoter-enrichment analysis reveals putative TFs
mediating SL-dependent and SL-independent
signaling during drought stress and recovery

To gain insights into the possible upstream regulatory layers of
DEGs found through cluster analysis, we performed a promoter-
enrichment analysis for each cluster, considering the promoter
region as 1,000 bp before the transcription start site. To increase
the reliability of our predictive in silico analysis, we combined
the outputs of three different tools: PSCAN (Zambelli et al.
2009), PLANTREGMAP (Tian et al. 2020) and ShinyGO (Ge et al.
2020). In this analysis, we considered only TFs and cis-acting
motifs shared by the outputs of at least two tools and merged
the results in one consensus list per cluster (for the complete
results, see Supplementary File S5). Finally, we compared the
lists from each cluster to look for shared TFs and motifs enriched
in clusters with similar trends (Fig. 4, Table 2).

Before looking at the candidate mediators of SLs in the tran-
scriptional memory of drought, we will quickly touch upon
those putatively involved in SL-independent regulation. Clus-
ter 2, containing genes downregulated in both genotypes and
enriched for DEGs in chlorophyll biosynthesis (Figs. 2, 3), is
enriched in G-box motifs for the bHLH PIF5 (Table 2). Interest-
ingly, the gene encoding this TF was found among DEGs in clus-
ter 2 itself. While not characterized in drought stress responses,
PIF5 appears to act as a negative regulator of mechanisms that
optimize light harvesting in dark and far-red light conditions
(Martinez et al. 2018). Cluster 3, containing stress-upregulated
genes related to the fine-tuning of the circadian clock and seem-
ingly unaffected by SLs (Figs. 2, 3), is enriched instead in motifs
for the binding with One Zinc Finger (DOF)-type TF CDF2
(CYCLING DOF FACTOR 2) (Corrales et al. 2014). While not
characterized yet in Arabidopsis drought stress responses, CDF
genes are upregulated in response to drought and salinity in
tomato, and the overexpression of SICDF1 and SICDF3 in Ara-
bidopsis gives higher drought and salt tolerance (Nakamichi
etal. 2016).

Looking instead at SL-dependent ‘memory’ DEGs, the most
represented motifs enriched in our analysis across all clusters
belong to the so-called G-box family. G-boxes are divided into
two subgroups: perfect G-boxes contain the conserved 5'-
CACGTG-3' motif, while imperfect G-boxes diverge at one or
two positions. TFs binding these motifs belong mainly to the
bZIP and basic HELIX LOOP HELIX (bHLH) families, but other
types of TFs are also represented, such as BZR1and its homologs
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Fig. 4 Enrichment analysis for TF-binding motifs in the promoter regions of DEGs. Upset plot summarizing the results of the enrichment analysis.
The enriched-candidate list was achieved by combining the output of three software packages for each cluster gene list: PlantRegMap, ShinyGO
and PSCAN. Enriched TF binding sites were considered reliable when significant for at least two of these packages. The resulting lists were inter-
sected to understand which TFs may regulate more than one cluster. The upper panel summarizes the number (numbers above columns) and
type of enriched TFs in percentage (colored bars) shared by multiple clusters (‘Shared TFs’) or not (‘Unique TFs’). The bottom panel indicates
which clusters share TFs (dots connected by lines) and non-connected clusters (dots). The bar graph at the bottom left represents the number
of TFs for which binding motifs are enriched in each cluster. For the complete motif-enrichment analysis, see Supplementary File S5.

BES1and BESTHOMOLOG 1-4 (BEH1-4) (Ezer et al. 2017). They
will be described in the following sections.

Part of the SL-mediated regulation of drought
memory genes may be mediated by TFs of the
TEOSINTE BRANCHED 1 CYCLOIDEA PCF (TCP)
family

The binding motifs 5'-GGNCCCAC-3’ and 5'-GTGGNCCC-3’ for
TCP domain TFs were widely overrepresented among DEGs in
D14-dependent clusters 1 (subcluster 2), 2, 5, 8 and 9, with
cluster 8 being the most enriched (Supplementary File S4).
All these clusters, except for cluster 1, subcluster 2, grouping
DEGs downregulated only in d14-2 plants, include genes down-
regulated in stress and recovery in WT plants. SLs and TCPs
are tightly connected, since three of the few confirmed SL-
responsive genes encode for TFs that belong to the same class:
BRANCHED1 (BRCT1), TCP1 and TCP3 (Wang et al. 2020). TCPs
have very broad roles: e.g. they govern auxin and brassinos-
teroid (BR) biosynthesis and regulate the morpho-development
of shoots and leaves (Bresso et al. 2018, Wang et al. 2020).
While in our analysis the binding motifs for several TCPs
were widespread across different clusters, some of them were
observed exclusively in SL-dependent ones. Clusters 8 (enriched
in photosynthesis-related GO terms) and 9 (containing genes
related to water transport and hormone metabolism) (Fig. 3)
were found to be enriched for the TCP1-binding motif, whereas
the TCP3-binding motif was retrieved in cluster 8 only. TCP1
itself belongs to cluster 2 and TCP3 to cluster 7, which con-
tain, respectively, genes downregulated in both genotypes and

genes upregulated only in d74-2 mutants. Several hints confirm
the reliability of our analysis: e.g. the fact that targets to these
two SL-related TCPs are found exclusively in SL-dependent clus-
ters or that TCP3 is known to inhibit auxin biosynthesis (Nicolas
and Cubas 2016) and its binding motifs are enriched in cluster 8
which, indeed, contains genes related to the biosynthesis of this
hormone (Supplementary File S4). This, in turn, suggests TCP1
and TCP3 to be needed for the correct regulation of expression
patterns during drought stress and recovery. In summary, the
connection between SLs and TCPs has been previously reported
only in relation to plant development (Wang et al. 2020) and
not drought stress responses. Therefore, our analysis—coupled
with previous information—suggests that the role of these TFs
in water shortage acclimation mechanisms would be worth
testing, especially regarding photosynthesis modulation and
hormonal crosstalk.

BR signaling components might contribute to the
SL-dependent regulation of ABA signaling

The target sequence for MYC2, a bHLH, G-box-binding TF, is
enriched in cluster 4 (Table 2), which contains DEGs modulated
by SLs and related to ABA-dependent and ABA-independent
drought stress responses. MYC2 is mostly known for its role
in jasmonic acid (JA) synthesis in response to biotic stress,
but it is also regulated by abiotic stress and mediates the
crosstalk between JA and other phytohormones (Singh and
Laxmi 2015). In fact, MYC2 is expressed in response to ABA,
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Table 2 Promoter enrichment analysis for DEGs in the SL-dependent memory clusters.

TF Name TF type Matrix Clusters References
BES1 BZR 1 subcluster 2 Ezer et al. (2017)
4
6
CA ¢
BIM1 myc - . 4 Sun et al. (2010)
T 6
BZR1 BZR . o 6 Ezer et al. (2017)
- AC L&
CDF2 DOF . . - 3 Corrales et al. (2014)
: A&AAA S pL
MYC2 MYC ’ 4 Singh and Laxmi (2015)
:6QAQAT.¢
PIF4 bHLH ’ 4 Martinez et al. (2018)
CAC T 6
PIF5 bHLH ’ CAC T 2 Martinez et al. (2018)
: I A | VS
TCP1 TCP ’ 8 Wang et al. (2020)
TCP3 TCP ’ " o 8 Wang et al. (2020); Bresso et al. (2018)

(.

The table shows selected TFs, the target sequences for which the DEGs promoters are highly enriched; for each TF, the type, cluster, matrix (according to Jaspar) and references

are listed. For the complete TF enrichment results, see Supplementary File S5.

and its product binds to the promoter of RD22 inducing its
expression. MYC2-overexpressing plants are resistant to osmotic
stress and hypersensitive to ABA during the germination phase;
consistently, transcriptomics shows a signature for an over-
active ABA response (Singh and Laxmi 2015). MYC2 is involved
in BR responses, too: the BR-responsive factor BES1 antago-
nizes MYC2 induction of downstream genes in response to
insect herbivory and pathogen infection in Arabidopsis, possi-
bly by physical interaction (Liao et al. 2020). While the BES1-
MYC2 antagonism was seen only in response to biotic stress,
it is possible and worth testing that this interaction is impor-
tant in abiotic stress as well and—according to our in silico
prediction—that SLs may modulate plant water relations by
affecting this node. In this regard, it is noticeable that two
clusters (4 and 6) grouping upregulated, D14-dependent DEGs
linked to water stress and ABA responses (Figs 2, 3), and sub-
cluster 2 in cluster 1, which contains genes downregulated only
in the absence of D14, are enriched also for the BES1 G-box bind-
ing motif. Cluster 6 was also enriched for the binding motif of
the BES1 homolog BZR1 (Table 2). The TFs in the BZR family

play prominent roles in BR signaling and govern shoot branch-
ing, among other typical BR responses (Sun et al. 2010). These
TFs do not bind only to G-boxes but also recognize BRASSI-
NOSTEROID RESPONSIVE ELEMENTS (BRRE) and E-boxes with
differential effects on gene transcription. Indeed, while looking
at promoters of BZR1 target genes, Sun et al. (2010) noticed that
BZR1-repressed genes are more enriched in G-boxes and BRRE,
whereas activated genes tend to be enriched for the E-box motif
5'-CATGTG-3'.

Interestingly, it has been shown that MAX2 binds BES1 lead-
ing to its degradation; additionally, all members of the family,
BEH1 excluded, bind MAX2 in vitro and are probably tar-
geted for proteasome degradation by the latter. Consistently,
the bes1 mutant is highly branched, similar to SL-depleted or
insensitive mutants, and its shoot branching is not inhibited
by GR24 treatment (Wang et al. 2013). It is noteworthy that
BZR1/BES1 (and possibly their homologs) physically interact
with other TFs to differentially regulate the transcription of
downstream genes; our analysis revealed that the binding motifs
for two of them, PHYTOCROME BINDING FACTOR4 (PIF4)
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27 AAC method (reference sample: WT WW,

housekeeper gene: UBQ10); statistical differences were analyzed through two-way analysis of variance followed by Tukey’s HSD test for P < 0.05.

(Martinez et al. 2018) and BEST-INTERACTING MYC LIKE1
(BIM1) (Sun et al. 2010), are enriched in DEGs belonging to
both clusters 4 and 6 (Table 2). All these observations, including
our own in silico predictions, reinforce the hypothesis that SLs
and BR may crosstalk to orchestrate drought stress responses
and recovery, possibly at the level of BES1/BZR1. Since BEST,
BZR1 and MYC2 were not found as DEGs in our dataset, their
regulation may occur at the post-translational level.

BES1 degradation is needed for the activation of
Arabidopsis transcriptional drought stress memory
genes

Since our analysis of promoter enrichment remains a power-
ful but rather predictive endeavor by nature, we selected BES1
as one of our most promising candidate TFs for further stud-
ies. The bes1-d mutation produces a BES1 protein resistant to
SL-mediated proteasome degradation (Wang et al. 2013). We
therefore tested the bes1-d mutant through our drought and
recovery protocol, and to assess the patterns of expression of
some genes both known to be BES1 targets, carrying the BES1-
binding sites and included in clusters 4 and 6. The rationale was
thatif SL-dependent BES1 degradation is needed for these genes
to display their ‘memory’ pattern, as predicted, then the latter

should fail to appear in the bes1-d mutant, and their expression
profile should resemble one of the d14-2 mutants in the same
conditions.

Four candidate DEGs were selected: HAI2, ABI2, NCED3 and
CYP707A1 (Yu et al. 2010). The transcriptional regulation of
ABI2 and NCED3, both belonging to cluster 6, followed a trend
comparable to the one observed via deep sequencing in WT
plants, with significant upregulation during stress and recovery,
but no induction in d14-2 (Fig. 5A, B). In the bes1-d mutant,
NCED3 transcript levels were comparable to those observed
in the d714-2 mutant, i.e. they stayed low as predicted by our
model (Fig. 5B). Interestingly, ABI2 was upregulated during
stress in bes1-d similarly to what observed in WT controls, but
it dropped to pre-stress levels during recovery (Fig. 5A). The
transcriptional pattern of HAI2 followed the one observed for
ABI2 (Fig. 5C), but, due to high variance among biological repli-
cates, a significant difference was observed only during recovery,
where HAI2 mRNA levels were higher in WT plants compared
to both d14-2 and bes1-d mutants. Finally, the transcriptional
profile of CYP707A1 (cluster 4) showed an even stronger mem-
ory pattern than in the RNAseq experiment (Fig. 5D) and was
further upregulated during recovery. At all time points ana-
lyzed, CYP707A1 expression levels in the bes1-d mutants were
undistinguishable from d14-2, having lost all responsiveness to
stress.
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So, summarizing, we observed two different levels of regula-
tion. While the bes1-d mutants failed to activate both NCED3
and CYP707A1 during stress, the transcription of ABI2 and, pos-
sibly, HAI2 was activated but failed to be sustained later during
recovery. It is therefore possible that other TFs take part in the
early activation of ABI2 and HAI2 but, in the end, the suppres-
sor effect of bes1-d (which fails to be degraded in response to SL)
prevailed during recovery. Our results indeed confirm that the
bes1-d mutant phenocopies the molecular deviation of d14-2
during drought recovery, i.e. MAX2-dependent BES1 degrada-
tion is needed, just like D14-dependent SL perception, for the
sustained upregulation of ABI2, NCED3, HAI2 and CYP707A1
during drought stress recovery. This, coupled with the body of
literature regarding BES1 roles in abiotic stress responses and
in SL signaling in plant development, provides strong evidence
for a role of this TF in D14-dependent transcriptional patterns
activated by drought. Until now, the MAX2/BZR module has
not been tested in drought stress responses, but our analy-
sis suggests that the BZR family of TFs plays a role also in the
crosstalk among SL, ABA and BR. These TFs may act as switches
between stress responses and plant growth through the mod-
ulation of ABA signaling according to different environmental
stimuli.

The bes1-d mutant displays altered stomatal
conductance patterns

We reasoned that these molecular deviations may, or may not,
be enough to make the bes1-d mutant display a more or less
subtle defect in stomatal regulation; thus, the physiological phe-
notype of the bes1-d mutant was tested during the drought
and recovery trial reported in Supplementary Fig. S6. The g
levels of the bes1-d mutants were significantly lower than WT
controls under well-watered conditions during the whole exper-
imental time course, while absolute g values reached by either
stressed genotypes were comparable at all time points during
droughtand recovery from drought (Supplementary Fig. S6A).
Normalized values clearly showed that this equates to a lower
loss of stomatal conductance in the mutant under drought and
recovery (Supplementary Fig. S6B) in spite of the fact that soil
water availability to the two genotypes was perfectly compa-
rable (Supplementary Fig. S6C). Indeed, it should be noted
that the bes1-d leaves entered the drought spell with signifi-
cantly higher RWC but gradually lost this advantage during the
time course (Supplementary Fig. S6D). This, in fact, points
to a higher relative loss of water content in the drought and
recovery phase for the mutant, which is not at odds with the
posited role for the SL-BEST module in the control of these
steps. Additionally, while some hints to the BR-ABA crosstalk
in the regulation of stomatal activity were previously reported
(Ha et al. 2016, Otani et al. 2020), the rather large effect of
the bes1-d mutation on g, values under irrigated conditions
calls for further investigations also on the role of SLs on the
control of the steady-state levels of stomatal conductance, via
BES1. In this sense, a thorough investigation of the promoter
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Fig. 6 Model for SLs involvement in drought stress memory. Drought
stress triggers an increase in SLs and ABA levels in leaves, which leads
to the activation of different memory mechanisms. SLs enhance ABA-
dependent drought stress responses, at least in part by relieving BES1
inhibitory effects on ABA signaling and metabolism. Independently
of ABA signaling, SLs activate other drought stress responses such as
the modulation of water transport and other stress-responsive TFs
(e.g. HSFs and DREBs). Moreover, SL perception seems to be necessary
for the regulation of the photosynthetic apparatus following drought
stress and recovery. These and other, SL-independent drought memory
mechanisms concur to building drought memory.

enrichment for BES1-binding motifs in DEGs between d14-2 and
the WT revealed that the BES1 binding motif is also very signif-
icantly enriched in DEGs at TO (Supplementary File S5). It is
also possible that the bes1-d mutation indeed leads to changes
in stomatal development or functioning, e.g., due to lower den-
sity or smaller size, but further phenotypical analyses are needed
to sort this point out.

Conclusions

While a clear understanding of the full molecular underpin-
nings of the after-effect is still missing, our analysis revealed
that SL perception and biosynthesis are crucial for full guard-cell
memory during recovery in Arabidopsis, as they are in tomato.
Transcriptomic analysis showed that expression levels reached
in the WT at peak stress remain sustained during recovery for
a substantial subset (about two-thirds) of DEGs. Only less than
one-fourth of these genes appear not to be dependent on SL
perception.

The most straightforward way to explain the role of SLs in the
after-effect of drought is through an increase in ABA respon-
siveness. ABA has been implicated in the lingering stomatal
closure after a drought spell (Lovisolo et al. 2008, Virlouvet
and Fromm 2015), and it is now ascertained that SLs are
able to increase ABA sensitivity and/or mobility in leaves
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(Cardinale et al. 2018). Consistently, our analysis confirms
that SLs affect components of ABA signaling under and after
stress, along with ABA-dependent genes that are fundamen-
tal in water stress acclimation. It also offers insights into the
possible role of this dysregulation in the after-effect phase of
drought, which has not been investigated previously, highlight-
ing that the SL-ABA crosstalk affects the plant physiological and
transcriptomic status also during recovery. It should be noted
that SLs may affect ABA metabolism and signaling differently
in different tissues and/or cells: in fact, it has been previously
shown that memory genes related to ABA metabolism (i.e.
NCED3, AAO3, CYP707A1 and CYP707A3) are differentially reg-
ulated during repeated dehydration stress in guard cells with
respect to total leaves (Virlouvet and Fromm 2015). There-
fore, it may be interesting to look at the effect of SLs on the
transcriptome of individual cell types, such as, crucially, guard
cells.

Our promoter-enrichment analysis further showed that
DEGs related to water stress responses and dysregulated in the
d14-2 mutant are highly enriched for G-box-binding motifs rec-
ognized by different TFs. Among them, binding motifs for mem-
bers of the BZR family were found widespread in SL-dependent
memory genes. Interestingly, the BZR family had been suggested
to regulate stomatal closure in concert with ABA signaling in
Arabidopsis (Ha et al. 2016), and indeed, our in silico predic-
tions were confirmed experimentally. Thus, we propose that
BES1 acts at the crossroad between ABA and SL signaling in
regulating drought memory (see the summarizing model in
Fig. 6). Whether BR themselves contribute to the after-effect of
drought is a hypothesis worth testing, as it would be interesting
to further dissect the role of the SL-BES1 module in the main-
tenance of the basal transpiration rates in Arabidopsis under
irrigated conditions.

Materials and Methods

Plant material and stress protocol

WT Col-0, d14-2 (Till et al. 2003), max4-7 (SALK_072708; Alonso et al. 2003)
and bes1-d (Yin et al. 2002) plants in the same background were grown for
4 weeks (until maturity) on peat pellets (Jiffy-7, Jiffy™, Jiffy Group, Zwijndrecht,
Netherlands; about 5.6 g each) in a growth chamber under short-day conditions
(8h light/16 h dark), 50% relative humidity, 200 mol m=2 s~ light intensity,
22°C during the day and 21°C at night. Block randomization, regular water-
ing and pellet weighing were deployed to level plant development conditions.
Stress was achieved by water withholding for 24 h (when soil water content was
about 0.70 mlg™" of pellet) and maintained for 4 h (28 h from the beginning of
stress); leveling up to the pellet that had lost water most slowly was achieved
by adding the exact amount of missing water to the pellets that had lost water
faster, while controls were kept well-watered throughout the whole time course.
Subsequently, all plants were re-watered to reach and maintain pre-stress levels
of soil water content (about 3.5mlg™" of soil) for about 2 d (44 h of recovery).
In total, the experiments lasted 72 h, as this was the time needed to see a sig-
nificant difference in stomatal conductance between SL-related mutants and
WT plants at recovery. At selected time points (0, 28 and 52 h), samples were
collected for molecular analyses.

Physiological analyses

Stomatal conductance (gs) was measured at selected time points after the
beginning of stress (0, 24, 28, 48, 52 and 72 h) using a Leaf Porometer (Decagon
Devices INC, Meter Group, Munich, Germany). For each plant, two leaves were
measured, and their mean values were considered representative for the whole
plant. For each genotype and condition, a total of 10 plants were used as bio-
logical replicates. Leaf RWC was measured as reported (Ding et al. 2013). Briefly,
one leaf per plant was collected at each time point and fresh weight (FW) mea-
sured. Detached leaves were left overnight in distilled water to measure turgid
weight (TW) and then dried for 24 h at 70° C to measure their dry weight (DW).
Leaf RWC was measured according to the formula: [(TW - FW)/(TW - DW)]
x 100. Water content in soil was measured daily and calculated by subtracting
the pellet DW from the pellet FW at selected time points (0, 24, 28, 48, 52 and
72 h), and relative soil water content (RSWC) was calculated by normalizing soil
water content of stressed plants to soil water content of control plants. Control
and recovered plants were watered daily 1 h before the end of the light cycle to
avoid soil dehydration, while plants to be stressed were not watered at the end
of the first day in order to achieve severe stress the following day.

RNAseq and RT-qPCR

Total RNA was extracted from pooled leaf samples (three leaves per sample,
three samples per time point) using the QIAGEN RNeasy Plant Kit (QIAGEN,
Venlo, Netherlands) according to the manufacturer’s instructions. RNA qual-
ity and quantity were assessed with the Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific Inc.,, Waltham, MA, USA) and the Bioanalyzer (Agilent
Inc, Santa Clara, CA, USA), using the Agilent RNA 6000 Pico card and plant-
specific bioassay software option and retaining samples with RNA INTEGRITY
NUMBER (RIN) > 7. One microgram of total RNA was sent to Novogene Europe
(Cambridge, UK) for library preparation and sequencing. There, a total of 18
complementary DNA (cDNA) libraries were prepared using NEBnext Ultra TM
RNA Library Prep Kit for lllumina (New England Biolabs, Ipswich, MA, USA)
following the manufacturer’s recommendations and quantified using a Qubit
2.9 fluorometer (Life Technologies, Thermo Fisher Scientific Inc,, Waltham, MA,
USA). Paired-end sequencing on an lllumina 500 platform was performed at
20 million reads depth. Raw reads in FASTQ format were processed through
in-house scripts, and clean reads were obtained by removing reads contain-
ing adapter and poly-N sequences and low-quality reads. Cleaned reads were
returned by Novogene for the bioinformatic analysis (see below).

RT-gPCR was performed on the same RNA extracted for RNAseq analyses.
First-strand cDNA was synthesized from 3 pg of purified total RNA using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA) according to the manufacturer’s instructions. RT-qPCR was carried
out in a StepOnePlus machine (Applied Biosystems, Waltham, MA, USA) using
the SYBR method (Luna Universal One-Step RT-gPCR Kit, New England Bio-
labs, Ipswich, MA, USA); for loci and primers, see Supplementary Table S1,
File S1. Transcript concentrations were normalized on AtUBQ10 transcripts as
endogenous controls. Three independent biological replicates were analyzed as
a minimum, and each RT-qPCR reaction was run in technical triplicates. Tran-
script amounts were quantified through the 2= 22Ct method. For RNAseq val-
idation, RT-qPCR results were contrasted with RNAseq log, FC values through
Spearman’s rank correlation (Supplementary Fig. S2, File S1).

Bioinformatic analyses

Cleaned RNA sequences were aligned to the TAIR11 genome assembly using the
CLC Genomic Workbench software (https://digitalinsights.qiagen.com). DEG
tables from pairwise comparisons between genotypes and conditions (irrigated,
stressed and recovered) were produced based on a generalized linear mixed
model using the R package DESeag2 on normalized gene counts (Love et al.
2014); adjusted P-values were calculated using the Bonferroni correction for
multiple tests. Genes were considered differentially expressed when they had
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alog,FC > 1 or <-1 and a Padj < 0.01; from all comparison charts, a total of
5,282 DEGs was extracted and used for further analysis.

K-mean-+- clustering was performed using the R package ‘cluster’ (Mach-
ler et al. 2021) on z-score-transformed, normalized gene counts (TMM). The
optimal K number was determined using the AIC, BIC and SSE methods cal-
culated with the package ‘ClusterR’; the outputs of the three methods were
compared, and the best result was selected through a posteriori cluster cor-
relation analysis (Supplementary Fig. S3, File S1). Heatmaps and graphs were
produced using the R package ‘ggplot2’ (Wickham). Cluster 1, which contained
several gene vectors with low correlation scores, was manually cut to improve
correlation values thus creating two subclusters (Supplementary Fig. S5, File
S1).

The GO enrichment was performed using the package ‘clusterProfiler’
(Yu et al. 2012); the dot plot was realized using the R package ‘ggplot2’ (Wick-
ham).

The promoter-enrichment analysis was performed combining the outputs
of PSCAN (Zambelli et al. 2009), PlantRegMap TF enrichment tool (Tian et al.
2020) and ShinyGO (Ge et al. 2020); enriched TF-binding sites were consid-
ered reliable when found significant (Bonferroni’s Padj < 0.05) by at least two
enrichment tools. Resulting TF lists were intersected to understand which TFs
were shared among clusters. The upset plot was realized thanks to the package
ComplexUpset (Krassowski 2020) and manually modified for better clarity.

Supplementary Data

Supplementary data are available at PCP online.
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