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Strigolactones (SLs) were first 
discovered as germination 
stimulators of parasitic weeds 
(1960s) 
 

The discovery of strigolactones 

Later on, a role for SLs was discovered as 
branching elicitors for arbuscular 
mycorrhizal fungi (2005) 

SL�



Branching factors
for AM fungi
(positive role)

Germination stimulants 
for obligate parasites 

(negative role)

SLs mediate biotic interaction in the rhizosphere 



In 2008, reverse genetics studies in mutants of Arabidopsis (max), rice (d/htd), 
pea (rms) and  petunia (dad) demonstrated an endogenous function for SL, 
acting as (mainly) root-produced hormones translocated to the shoot where 
they repress shoot branching 
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SLs: novel plant hormones 



SLs control a suite of 
morphological traits 
that go well beyond 
lateral shoot 
formation 

SLs control shoot and root architecture 



SL are carotenoid-
derived tricyclic 
lactones; a fourth 
ring is connected via 
an enol-ether bridge 

Butenolide	ring	

Tricyclic	lactone	

Enol-ether	bridge	

bioac5phore	

The structure of strigolactones 



The SL biosynthetic pathway 

ortholog of rice D27 has also been identified and shown to
act upstream of MAX1 [36]. Combined, the involvement of
D27, CCD7 and CCD8 solves the pathway up to the level of
carlactone. Just a few reactions, including dioxygenation
followed by dehydrogenation and two ring closure steps,
would be required to convert carlactone into the likely
precursor of all other strigolactones, 5-deoxystrigol [33].
These reactions could perhaps be catalyzed by MAX1, the
only strigolactone biosynthetic enzyme left with an un-
known function (Figure 2). Considering this pathway, it is
surprising that knocking out the P. patens CCD8 homolog
results in a reduction in some but not all of the strigolac-
tones detected in P. patens wild type [18]. Interpretation of
this result is further complicated by the fact that there is no
clear MAX1 ortholog in the P. patens genome sequence,
suggesting that the P. patens strigolactone biosynthetic
pathway downstream of carlactone may differ from that in
higher plants. However, it is also imaginable that the

P. patens MAX1 ortholog has too low sequence similarity
to be recognized as such.

The biosynthesis of strigolactones is likely controlled by
transcriptional regulators but our understanding of this is
still limited. In nitrogen-starved Medicago truncatula, the
expression of D27 as well as of a MAX1 ortholog in roots was
shown to be NODULATION SIGNALING PATHWAY 1
(NSP1) and NSP2 dependent [37]. Phosphate starvation,
which increases D27 expression in wild type plants, did not
increase D27 expression in the nsp1 mutant, and only a mild
increase was observed in the nsp2 mutant. These observa-
tions suggest that NSP1 and NSP2 are transcription factors
directly involved in the expression of the strigolactone bio-
synthetic genes. Interestingly, the M. truncatula D27 pro-
moter region contains several nodulation-responsive
elements. These conserved cis-regulatory binding elements
had previously been identified in the promoter region of the
early nodulin (ENOD) nodulation-responsive ENOD11 and
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Figure 2. Strigolactone biosynthesis from all-trans-b-carotene.
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In rice and Arabidopsis, the SL receptor D14 is a hydrolase that 
cleaves SL upon binding 



D14-like proteins act as receptors of SLs in parasitic plants and 
possibly of unknown SL-like ligands in Arabidopsis 

ShHTLs (D14-like) function as SL 
receptors mediating seed 
germination in Striga 

In fire-succession 
species, D14-like/
KAI2 mediates 
response to 
karrikins, smoke-
borne compounds 
that stimulate seed 
germination and 
share structural 
resemblance to SLs 



SL mediates adaptation of plant architecture to phosphate 
starvation 



Drought induces reduction of SL levels in Lotus roots but not in shoots 

In Lotus japonicus  WT plants, drought does not affect SL levels in shoots but concentration in 
roots decreases and so does the transcript concentration of biosynthetic genes 

Liu 2015, Planta 241:1435 
deficiency than the other two putative paralogues, sug-

gesting that SL changes in root exudates under P starvation

are not due to differential transcription of LjPDR1-295.
Since the decrease in transcript abundance for the

biosynthetic genes LjD27 and LjCCD7 was not significant

in -P ? PEG samples in comparison with ?P samples at
the 6-day time point (Fig. 5a) and the decrease in

5-deoxystrigol levels was already evident around 2 days

after the beginning of osmotic stress treatment between

these two sample sets (Fig. 4a), we attempted to get a
clearer picture of the transcriptional modulation preceding

this time point. To this purpose, we investigated via qRT-

PCR the SL biosynthetic genes LjD27, LjCCD7, LjCCD8
and LjMAX1, along with the putative transporter-encoding

LjPDR1-226, -345 and -295, in a time course within 36 h

from the beginning of treatment. Transcription of the first
three putative biosynthetic genes and of LjPDR1-345 was

significantly down-regulated by osmotic stress within a few
hours (Fig. 5c). LjPDR1-226 and -295a showed slower

down-regulation kinetics, being repressed after 6 days but

not repressed or even slightly induced after 36 h of PEG
treatment (see Fig. 5b vs. d). The transcript of all genes,

except for LjCCD8, was significantly more abundant at

12 h than at the previous and following time points (but
still lower than untreated controls for LjD27 and LjCCD7).

This could be a photoperiodic effect, as this time point

coincides with the end of the light period (i.e. plants had
been exposed to light for already 12–13 h at this time of

harvest).

Taken together, transcript quantification results suggest
that the changes in 5-deoxystrigol levels in root exudates

and tissues under abiotic stress are at least partially due to a

transcriptional modulation of the three genes building the
core SL biosynthetic pathway (LjD27, LjCCD7 and

LjCCD8) and of the putative SL transporter-encoding gene

LjPDR1.

GR24 treatment prevents osmotic stress-induced ABA

surge and transcriptional activation of the biosynthetic
gene LjNCED2 in roots

To understand the physiological meaning of the sudden
decrease in root SLs shortly after initiation of osmotic

stress treatment, we assessed whether an artificially high

SL concentration in the early phases of stress may affect
the subsequent ABA increase in WT roots. We measured

root ABA levels 0, 1 and 2 days after the beginning of

combined stress (-P/?PEG samples) in plants that had
been pre-treated or not for 2 days with the synthetic SL

analogue GR24 (?SL and -SL samples, respectively). To

confirm that roots had taken the GR24 up, we quantified its
amounts within the root. GR24 was present at high con-

centrations in the pre-treated plants, but decreased with

time after the end of the 2 days of pre-treatment, at time 0
(Fig. S4a). This decrease could be due to non-specific

catabolism, to active exudation, and/or to the destruction-

dependent perception of SLs, i.e. to its degradation by D14
(Scaffidi et al. 2012; Smith and Waters 2012). The efficacy

of GR24 treatment was demonstrated by the repression of

the biosynthetic genes LjD27, LjCCD7, LjCCD8 and
LjMAX1 and of LjPDR1-226 by GR24 (Fig. S4b-c). This
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root exudates of plants that had been P-starved and/or subjected to
PEG-induced osmotic stress for 0, 2, 4 or 6 days. b Quantification of
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bars (in b) indicate significantly different means for P\ 0.05
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pattern is in agreement with the negative feedback
regulation of SL biosynthesis demonstrated in Arabidopsis

(Mashiguchi et al. 2009), although in Mashiguchi’s work

AtMAX1 was slightly induced by short-time GR24

treatment. Conversely, transcript of LjPDR1-295a and -345
followed a different trend, being unresponsive to GR24 at

later time points but slightly up-regulated at time 0 (Fig.

S4c), when GR24 levels are still high (Fig. S4a). The
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Fig. 5 qRT-PCR analysis of putative SL-biosynthetic genes and
transporter in WT Lotus plants under different stresses. a Transcript
abundance of putative biosynthetic and b transporter-encoding genes
in roots that had been P starved and/or subjected to PEG-induced
osmotic stress for 6 days. Values are the average of three biological
and three analytical replicates ±SE, normalized to LjUBI transcript
levels. Each biological replicate was the pool of five individual plants.

c Short-term time course of transcript abundance for the core SL
biosynthetic genes LjD27, LjCCD7 and LjCCD8 and d of the three
putative LjPDR1 paralogues in response to osmotic stress. Values are
the average of three biological and two technical replicates ±SE,
normalized to LjUBI transcript levels. Each biological replicate was
the pool of three individual plants. In panels, different letters on top of
clustered bars indicate significantly different means for P\ 0.05
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Ljccd7, a Lotus japonicus CCD7 (MAX3) mutant with reduced SL 
biosynthesis and concentration 

1972 | Liu et al. 

transgenic control plants at this or later stages, in contrast 
to RNAi lines (Supplementary Fig. S3A, B at JXB online). 
RNAi plants also had a significantly reduced main stem 
height (39, 40, and 29% shorter than the transgenic NC line, 
respectively; Fig. 3A). Reduced plant height was not due to 
a reduced number of nodes in the RNAi lines (not shown). 
Rather, internodes were significantly shorter in silenced 
plants compared with the corresponding control, particu-
larly in high-order nodes. In fact, internodes IV–VII of the 
main stems were ~30–40% shorter in line P16 than in the wild 
type (Fig. 3B). The same was observed for most internodes 
above node III in secondary shoot branches (Fig. 3C). SLs 
have been shown to control the thickening of stems and roots 
(Agusti et al., 2011). As expected, RNAi line P16 displayed 
an ~39% reduction of secondary shoot diameter compared 
with the control (Fig. 3D, E).

SLs affect root development, including lateral root forma-
tion, and primary root and root hair development (Koltai, 
2011; Ruyter-Spira et al., 2011). To assess the function of SLs 
in Lotus root development, plants of RNAi line P16 were 
grown either in aeroponic tanks or in pots. Under all condi-
tions, the RNAi line consistently showed more lateral roots 

and longer primary roots (Fig.  4A). Five-week-old plants 
grown in aeroponic tanks were used for quantitative analy-
sis: RNAi plants had a 1.6–2.0 times higher total root length, 
area, and volume than controls (Fig.  4B, C). Notably, the 
primary root of the RNAi line was significantly longer than 
in the corresponding controls grown either in the aeroponic 
system or in pots.

Effect of LjCCD7 silencing on reproduction

Lotus japonicus ecotype ‘Gifu’ flowers profusely and, in sub-
sequent rounds, yields thousands of seeds within months 
after pollination (Handberg and Stougaard, 1992). We 
observed that seed production was severely impaired in 
RNAi plants compared with controls, particularly after two 
rounds of seed settings (representative individuals are shown 
in Supplementary Fig. S4A at JXB online). For a statistical 
assessment, all flowers from the third round on were counted 
and pods were harvested separately. An at least 7-fold reduc-
tion of flower and pod numbers was observed in RNAi lines 
relative to the NC (Fig. 5). After the above-ground part of 
11-month-old plants was lopped off, ~40 times fewer pods 

Fig. 2. Shoot architecture analysis of RNAi lines. (A) Representative comparison of shoot branching appearance of RNAi line P16 and 
negative controls (NCs) transformed with the empty vector, both 10 weeks old and at the T1 generation. (B) Cotyledonary, primary, 
and secondary aerial branches of 8-week-old RNAi plants from lines PG, P9, and P16 (grey bars) and the NC (black bars). Each value 
represents the mean ±SD (n=4 and n=3 T1 plants for control and each RNAi genotype, respectively). The asterisks indicate statistically 
significant differences for *P < 0.05 and **P < 0.01. (C) Total shoot branches of 6-month-old T1 RNAi lines PG, P9, and P16 (grey bars) 
and the NC (black bar). Each value represents the mean ±SD (n=14 for control versus n=3 for each RNAi line). The asterisks indicate 
statistically significant differences for P < 0.01. (This figure is available in colour at JXB online.)
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also detected in stipules, although 13 times less abundantly 
than in roots (Fig. 1A).

Generation and molecular characterization of 
transgenic lines impaired in LjCCD7 expression

To elucidate the biological function of LjCCD7 in planta, 
>40 independent RNAi lines were generated. Three of them 
(PG, P9, and P16) displayed ~70% less LjCCD7 transcript 
in roots relative to corresponding transgenic control plants 
(Fig. 1B), and were selected for further analysis. CCD7 is a 
key biosynthetic gene for SLs, so the presence of all known 
SLs in the root exudates and extracts of wild-type Lotus was 
initially checked (not shown); 5-deoxystrigol was the only 
one detected, in accordance with previous work (Sugimoto 
and Ueyama, 2008). 5-Deoxystrigol was therefore quantified 
in both root exudates and extracts of wild-type L. japonicus 
and transgenic seedlings (line P16). In all samples, one dis-
tinct peak was detected that had the retention time and tran-
sitions corresponding to 5-deoxystrigol. 5-Deoxystrigol levels 
were higher in root exudates than in root extracts, both in 
wild-type seedlings and in the CCD7-silenced line. Metabolite 

abundance in RNAi plants was decreased by 81% and 73% in 
root exudates and extracts, respectively, relative to the non-
silenced control seedlings (Fig. 1C).

Decreased LjCCD7 transcript correlates with changes 
in shoot and root morphology

Since SLs regulate plant architecture, experiments were con-
ducted to assess whether the reduction in LjCCD7 transcript 
and SL content was associated with altered morphology 
in RNAi line P16; lines P9 and PG, in which LjCCD7 was 
silenced comparably, were also evaluated. From 3 weeks after 
germination, the RNAi lines exhibited a clearly stunted and 
bushy phenotype (Fig. 2A). Shoot branches were counted at 
two time points. Eight-week-old transgenic plants were sig-
nificantly more branched than controls transformed with the 
empty vector: RNAi lines displayed 5.3, 2.1, and 4.0 times 
more cotyledonary, primary, and secondary aerial branches, 
respectively (Fig. 2B). When 6 months old, plants of the PG, 
P9, and P16 lines displayed 6.4, 6.6, and 5.7 times more total 
shoot branches relative to the controls, respectively (Fig. 2C). 
No branches of secondary or higher order occurred in the 

Fig. 1. LjCCD7 transcription pattern, and molecular and metabolic characterization of CCD7-silenced lines. (A) LjCCD7 transcript 
abundance in various vegetative tissues relative to root expression level in 8-week-old wild-type L. japonicus. Values are the average of 
n biological and three technical replicates ±SE, normalized to LjUBI transcript levels. n=6 for root and shoot apex, n=5 for expanded or 
developing leaf, n=4 for stipule. (B) Relative LjCCD7 transcript amounts in roots of RNAi lines PG, P9, and P16 (grey bars), compared 
with a line transformed with the empty vector (negative control, NC; black bar). Values are normalized to LjUBI transcript amounts, 
and displayed as means of n biological and three technical replicates ±SE (n=3 for each RNAi line and n=5 for controls, all at the T1 
generation). The asterisks indicate statistically significant differences for P < 0.01. (C) LC-MS/MS analysis of 5-deoxystrigol content in 
root exudates and extracts of 6/7-week-old, aeroponically grown plants of the wild type (black bars) and of the CCD7-knockdown line 
P16 at generation T1 (grey bars). Twenty-four hours before collection of root exudates, the nutrient solution was refreshed for 15 plants. 
In root extracts, three independent samples were used and each consisted of five plants. Error bars represent the SE for three analytical 
replicates. The asterisks indicate a statistically significant difference for P < 0.01.
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also detected in stipules, although 13 times less abundantly 
than in roots (Fig. 1A).

Generation and molecular characterization of 
transgenic lines impaired in LjCCD7 expression

To elucidate the biological function of LjCCD7 in planta, 
>40 independent RNAi lines were generated. Three of them 
(PG, P9, and P16) displayed ~70% less LjCCD7 transcript 
in roots relative to corresponding transgenic control plants 
(Fig. 1B), and were selected for further analysis. CCD7 is a 
key biosynthetic gene for SLs, so the presence of all known 
SLs in the root exudates and extracts of wild-type Lotus was 
initially checked (not shown); 5-deoxystrigol was the only 
one detected, in accordance with previous work (Sugimoto 
and Ueyama, 2008). 5-Deoxystrigol was therefore quantified 
in both root exudates and extracts of wild-type L. japonicus 
and transgenic seedlings (line P16). In all samples, one dis-
tinct peak was detected that had the retention time and tran-
sitions corresponding to 5-deoxystrigol. 5-Deoxystrigol levels 
were higher in root exudates than in root extracts, both in 
wild-type seedlings and in the CCD7-silenced line. Metabolite 

abundance in RNAi plants was decreased by 81% and 73% in 
root exudates and extracts, respectively, relative to the non-
silenced control seedlings (Fig. 1C).

Decreased LjCCD7 transcript correlates with changes 
in shoot and root morphology

Since SLs regulate plant architecture, experiments were con-
ducted to assess whether the reduction in LjCCD7 transcript 
and SL content was associated with altered morphology 
in RNAi line P16; lines P9 and PG, in which LjCCD7 was 
silenced comparably, were also evaluated. From 3 weeks after 
germination, the RNAi lines exhibited a clearly stunted and 
bushy phenotype (Fig. 2A). Shoot branches were counted at 
two time points. Eight-week-old transgenic plants were sig-
nificantly more branched than controls transformed with the 
empty vector: RNAi lines displayed 5.3, 2.1, and 4.0 times 
more cotyledonary, primary, and secondary aerial branches, 
respectively (Fig. 2B). When 6 months old, plants of the PG, 
P9, and P16 lines displayed 6.4, 6.6, and 5.7 times more total 
shoot branches relative to the controls, respectively (Fig. 2C). 
No branches of secondary or higher order occurred in the 

Fig. 1. LjCCD7 transcription pattern, and molecular and metabolic characterization of CCD7-silenced lines. (A) LjCCD7 transcript 
abundance in various vegetative tissues relative to root expression level in 8-week-old wild-type L. japonicus. Values are the average of 
n biological and three technical replicates ±SE, normalized to LjUBI transcript levels. n=6 for root and shoot apex, n=5 for expanded or 
developing leaf, n=4 for stipule. (B) Relative LjCCD7 transcript amounts in roots of RNAi lines PG, P9, and P16 (grey bars), compared 
with a line transformed with the empty vector (negative control, NC; black bar). Values are normalized to LjUBI transcript amounts, 
and displayed as means of n biological and three technical replicates ±SE (n=3 for each RNAi line and n=5 for controls, all at the T1 
generation). The asterisks indicate statistically significant differences for P < 0.01. (C) LC-MS/MS analysis of 5-deoxystrigol content in 
root exudates and extracts of 6/7-week-old, aeroponically grown plants of the wild type (black bars) and of the CCD7-knockdown line 
P16 at generation T1 (grey bars). Twenty-four hours before collection of root exudates, the nutrient solution was refreshed for 15 plants. 
In root extracts, three independent samples were used and each consisted of five plants. Error bars represent the SE for three analytical 
replicates. The asterisks indicate a statistically significant difference for P < 0.01.
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Ljccd7 is hypersensitive to osmotic (drought) stress  

Ljccd7 closes stomata slower than 
WT at any stress level 

The Lotus SL biosynthetic  mutant  
Ljccd7 undergoes higher stress than 
WT when exposed to drought 

LjPDR1-345, were up-regulated upon P starvation and

down-regulated by PEG treatment irrespectively of P
availability (Fig. 4b; splicing variants were not dis-

criminated for these paralogues). These values are in line

with the observed changes in 5-deoxystrigol content of the

root exudates under both single and combined stress. Both
splicing variants LjPDR1-295a (Fig. 5b) and b (data not

shown) instead displayed an opposite pattern under P
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Fig. 3 Physiological responses of WT and SL-depleted (Ljccd7)
plants to drought stress or exogenous ABA treatment. a Root ABA
concentration vs. water potential in soil. b Stomatal conductance vs.
ABA concentration in roots. c Stomatal conductance vs. water
potential in shoots. Data were obtained on pools of five plants per
genotype and point, grown in soil and undergoing progressive
dehydration under greenhouse conditions, and are expressed as
mean ± SE. d Average time of stomatal response to treatment with
ABA at different concentrations in WT and Ljccd7 plants. Detached

leafy twigs were treated by letting them absorb ABA from the dipping
solution through the petiole starting from time 0. The time of response
is defined as the time corresponding to first of a continuously
dropping series of stomatal conductance values in each treated
sample. Data were collected on n = 3 WT and n = 3 individual
Ljccd7 plants ± SE. Asterisks indicate significant differences be-
tween corresponding time points in the two genotypes, with
**P\ 0.01 and *P\ 0.05
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availability can profoundly affect SL production and
exudation (Xie and Yoneyama 2010; Yoneyama et al.

2012). In Lotus, it was previously reported that 5-deoxys-

trigol was significantly induced by P deficit in hydro-
ponically cultivated plants (Akiyama et al. 2005; Sugimoto

and Ueyama 2008). Indeed, there is induction of

5-deoxystrigol accumulation in root exudates of P-starved
Lotus plants grown under aeroponic conditions, with an

increase over time starting to be significant 4 days after the

beginning of P starvation (Fig. 4a). This confirms that our
experimental model reacts in a predictable way to abiotic

stress at the root level.

Conversely, PEG treatment consistently, time depen-
dently and significantly lowered 5-deoxystrigol concen-

tration in Lotus exudates, irrespective of P availability

(Fig. 4a). 5-Deoxystrigol was also quantified after 6 days
of treatment within root tissues under -P and/or PEG-in-

duced osmotic stress and showed a very similar trend to
that of exudates: induction by P starvation and inhibition

under osmotic stress (Fig. 4b, left-hand bars). 5-Deoxys-

trigol levels in shoots were just above the detection limit,
but seemed to be slightly induced as well by P deprivation.

They remained stable under osmotic stress (Fig. 4b, right-

hand bars). These results show that osmotic stress greatly
reduces SL accumulation and exudation at the root level,

but not (or not detectably) in the shoot tissues of L.

japonicus.

Identification of SL-related genes in Lotus

Since when this work was started no SL-related genes had
been characterized in Lotus except LjCCD7 (Liu et al.

2013b), we used the protein sequences of the known

orthologues of biosynthetic and transporter-encoding genes
in other species (Table S1) as BlastP queries against the

EST library and genomic sequence database at the Kazusa

DNA Research Institute. Maximum likelihood phyloge-
netic trees were constructed for the candidate LjD27 and

LjCCD8 genes, to support their identification as bona fide

orthologues of the ones characterized in other plant species
(Fig. S2). MAX1 is presumed to act on a later biosynthetic

step, which has been studied so far in Arabidopsis, petunia

and rice (Booker et al. 2005; Kohlen et al. 2011; Drum-
mond et al. 2012; Abe et al. 2014; Cardoso et al. 2014;

Zhang et al. 2014). Functional redundancy of MAX1 has

been reported in rice, pea, sorghum and several other
species (Gomez-Roldan et al. 2008; Umehara et al. 2010;

Challis et al. 2013), while only one EST from Lotus stands

out for its similarity scores to MAX1 queries (Fig. S2).
Recently, the genes we identified as putative orthologues of

D27, CCD8 and MAX1 were confirmed as such in an in

silico analysis including the L. japonicus genome (Challis
et al. 2013). Finally, using the SL transporter PhPDR1 and

its closest homologues AtPDR12, GmPDR12 and

NpPDR1—in Arabidopsis thaliana, Glycine max and Ni-
cotiana plumbaginifolia, respectively—as BlastP queries,

three putative homologues (LjPDR1-226, LjPDR1-295 and

LjPDR1-345), each with two splicing variants, were iden-
tified and confirmed by phylogenetic analysis (Fig. S3).

These in silico results provided a basis for wet analysis of

SL-related gene expression in our experimental system.

Abiotic stress represses the transcription of SL-related

genes in roots

To understand whether the observed changes in

5-deoxystrigol levels under stress are a result of differential
gene regulation, we quantified the transcript levels of pu-

tative SL biosynthetic and transporter-encoding genes by

qRT-PCR. Transcription of LjD27, LjCCD7 and especially
LjCCD8 was induced in roots upon P starvation (-P vs.

?P samples) and down-regulated under osmotic stress

(?PEG vs. -PEG samples, both under P-sufficient or
P-limiting conditions) (Fig. 5a), with an overall pattern

roughly mirroring that of the 5-deoxystrigol metabolite in

root tissues and exudates. Only transcription of the putative
LjMAX1 followed a different pattern than that of the other

three biosynthetic genes, except for the low but significant
reduction under combined stress (-P/?PEG vs. ?P sam-

ples, Fig. 5a). qRT-PCR results showed that two of the

three putative PDR1 paralogues, LjPDR1-226 and

Ψ WT Ljccd7
(MPa) -0.75 0.071 -0.84 0.068

Fig. 2 Ljccd7 plants cope less well than WT with osmotic stress.
Representative individuals of the WT (left) or Ljccd7 (right)
populations are pictured after 4 days of PEG-infused osmotic stress.
Corresponding leaf water potentials in MPa were measured with a
pressure chamber (Scholander et al. 1965) and are given below the
respective picture. Data are the mean of two measurements on three
individual plants per genotype, ±SE
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Experiments with Lotus mutants confirm results obtained with Arabidopsis 
mutants  

Arabidopsis max3 (ccd7) and max4 (ccd8) 
biosynthetic mutants, and max2 (d14) signaling 
mutants are hypersensitive to drought 

Ha 2013, PNAS 111:251 

present study, various SL-deficient and SL-signaling mutants
were functionally analyzed to determine the involvement of SL
in regulating drought and salt stress responses. Results demon-
strate that SL acts as a positive regulator of stress signaling
networks and diverse ABA signaling pathways by regulating the
expression of many stress and/or ABA-responsive genes involved
in plant development and abiotic stress response. Furthermore,
impaired SL signal transduction also led to the down-regulation
of CK oxidase/dehydrogenase (CKX) encoding genes that are
required for CK degradation (7). Collectively, these results in-
dicate that coordinated cross-talk between SL, ABA, and CK
signaling networks regulates plant adaptation to adverse en-
vironmental conditions.

Results
SL-Deficient and SL-Response max Mutants Exhibit Hypersensitivity
to Drought and Salt Stress. To determine the potential involve-
ment of SL in the response of Arabidopsis to abiotic stress, the
ability of the Arabidopsis max mutant and WT plants to survive
drought and high salinity was examined. Two independent lines
from each of the SL-biosyntheticmax3 andmax4mutants, as well
as the SL-signaling max2 mutant, were subjected to a drought
tolerance assay in which water was withheld from 3-wk-old plants
growing in soil. WT and all max mutant plants displayed similar
plant size and growth rate without the application of drought
stress (Fig. 1 A and C and Fig. S1 A and C). A significantly
lower number of SL-deficient or SL-response max mutant
plants, however, survived the drought stress compared with WT
plants (Fig. 1 B andD and Fig. S1 B andD). For the salt tolerance
test, 3-wk-old plants were irrigated with 200 mM NaCl instead of
water for 6 d. Plants were subsequently supplied with water for
4 d, and the effect of salt stress on plants was then evaluated. A
significantly higher number of SL-deficient and SL-signaling max
mutant plants died compared with WT plants in response to sa-
linity stress (Fig. S2A). A germination assay conducted on ger-
mination medium (GM) agar plates amended with 100 mM NaCl
also resulted in reduced germination rates for the max mutants

compared with WT plants (Fig. S2B). These data indicate that
max mutants are hypersensitive to salt stress at the germination
and vegetative stages of growth, and further establish that a re-
duction in endogenous SL content or impairment in SL signaling
compromises the plant’s ability to tolerate drought and salt stress.
Thus, SL plays an important role in the regulation of plant re-
sponses to abiotic stress.

Exogenous Application of SL Rescues the Drought-Sensitive Phenotype
of SL-Deficient Mutants and Enhances the Drought Tolerance of WT
Plants. To further confirm the role of SL in drought stress, the
effect of exogenous SL on the phenotype of the SL-deficient and
SL-response max mutant and WT plants subjected to drought
stress was determined. A comparison of the max mutants sub-
jected to drought stress with or without exogenous application
of SL revealed that the drought-sensitive phenotype of the SL-
deficient max3 and max4 mutants could be rescued when sprayed
with SL to almost the same level of WT plants (Figs. 1 and 2),
whereas no significant effect of SL application was observed on
SL-response max2 plants (Fig. 2). Furthermore, SL-treated WT
plants were much more tolerant to drought than the untreated
WT plants, as evidenced by their higher survival rate (100%
survived among SL-treated plants vs. ∼29% survived among wa-
ter-treated plants; Fig. 2). These data further support the role of
SL as a positive regulator of plant response to drought stress.

SL-Deficient and SL-Signaling max Mutants Are Less Sensitive to
Exogenous ABA Than WT Plants. Plant responses to ABA and abi-
otic stresses are interrelated. ABA is induced by abiotic stresses
and ABA signaling plays a pivotal role in controlling plant ad-
aptation to many types of abiotic stress (9). To determine if ABA
is involved in SL-mediated plant responses to stress, we analyzed
responsiveness of the max mutants to various concentrations of
ABA during germination and postgermination developmental
stages. We observed that exogenous ABA more severely inhibi-
ted germination and postgermination growth of WT seedlings
compared with that of the max mutants, indicating that the max
mutants have reduced sensitivity to ABA than WT at the stages
examined (Fig. 3 and Fig. S3). These results suggest the existence
of cross-talk between SL and ABA signaling pathways in the
regulation of plants stress responses.

Root Growth of max and WT Plants Under High Salinity and Osmotic
Stress.One of the successful strategies exhibited by plants to deal
with osmotic stress is to alter root-related traits, particularly root
growth (10, 11). To gain insight into mechanisms that rendermax
mutant plants more sensitive to abiotic stress, we examined root
growth in max and WT plants under salt and osmotic stresses.
In our experimental design, various concentrations of mannitol
were used to induce osmotic stress. Root growth in the max
mutant and WT plants was inhibited to similar extents by treat-
ments with different concentrations of NaCl and mannitol (Fig. S4),
indicating that the stress-sensitive phenotype of max plants is not
associated with a differential effect on root growth or develop-
ment, at least to 11 d of growth.

Comparison of Dehydration-Induced Water Loss Rates, ABA-Mediated
Stomatal Closure, and Stomatal Density in the max Mutant and WT
Plants. It was of interest to determine whether an alteration in
shoot-related traits was the cause of the stress-sensitive pheno-
type observed in max plants. Leaf water status and water loss
rates of WT and max mutant plants exposed to dehydration were
compared. Seventeen-day-old plants were subjected to dehy-
dration by removing them from their growth medium and placing
them on a paper towel. The plants were then periodically weighed
to determine leaf relative water content (RWC) and rate of water
loss. By using this dehydration assay, it was observed that SL-
deficient and SL-signaling max mutant plants lost water faster

Fig. 1. Hypersensitivity of SL-deficient and SL-signalingmax mutant plants to
drought stress. (A) Three-wk-oldWT and SL-deficientmax3-11 andmax4-7 and
SL-signaling max2-3mutant plants before being subjected to a drought stress.
(B) WT and mutant plants subjected to a drought stress and then rewatered
for 3 d. Inflorescences were removed from the surviving plants before pho-
tographing. (C) Unstressed (control) WT andmax plants grown in parallel with
the drought test. (D) Percent survival rates of WT and mutant plants. Data
represent the mean and SE from data pooled from three independent
experiments (n = 30 per genotype per experiment). Asterisks indicate signifi-
cant differences as determined by a Student t test (***P < 0.001).

852 | www.pnas.org/cgi/doi/10.1073/pnas.1322135111 Ha et al.

loss compared with the wild type. However, max1, max3,
and max4 did not display any phenotypic difference
compared with the wild type under these conditions
(Fig. 11). Taken together, these data suggest that ABA-
and drought-hypersensitive phenotypes are restricted to
the max2 mutant, and the strigolactone biosynthetic path-
way controlled by MAX1, MAX3, and MAX4 may not
directly affect the ABA and drought response pathways.

DISCUSSION

Previously, MAX2 has been shown to regulate
diverse biological processes, including plant archi-
tecture, senescence, karrikin signaling, temperature
responses, and photomorphogenesis (Woo et al.,
2001; Stirnberg et al., 2002; Shen et al., 2007; Gomez-
Roldan et al., 2008; Umehara et al., 2008; Nelson et al.,
2011; Toh et al., 2012; Waters et al., 2012; Brewer et al.,
2013). The data presented here show a novel function of
MAX2 in ABA and drought responses, expanding
its roles in the regulation of plant growth and de-
velopment as well as in responding to abiotic stress
conditions.
The physiological, genetic, and molecular data pre-

sented here provide evidence that MAX2 is involved in
ABA and drought responses. First, max2 mutants were
drought sensitive and lost water faster than the wild
type at the adult stage (Fig. 1, A and B). Second, max2
mutants were less sensitive to ABA-induced stomatal
closure and displayed larger stomatal aperture com-
pared with the wild type under drought conditions
(Fig. 1, C and D). Third, max2mutants were impaired in
stress-inducible gene expression (Figs. 3 and 4). Fourth,
max2 mutants showed reduced cuticle thickness result-
ing in increased membrane permeability (Fig. 2). Fifth,
max2 mutants displayed hypersensitivity to ABA, NaCl,
mannitol, and Glc at the seed germination and early
seedling stages (Figs. 5 and 9). These data strongly
suggest that max2 is involved in regulating abiotic stress
responses at both seedling and adult stages.
The plant drought response is a complex process and

regulated by multiple molecular and cellular pathways.
In Arabidopsis, many positive or negative regulators
have been identified and characterized as key compo-
nents in ABA or drought signaling (Shinozaki and
Yamaguchi-Shinozaki, 2007; Hauser et al., 2011). ABA
sensitivity in early seedling stages and drought sensi-
tivity at the adult vegetative stage do not always corre-
late. Some genes only affect the ABA-mediated inhibition
of seed germination and early seedling development
processes but not the ABA-induced closure of stomata
and stress-induced gene expression at the adult stage.
For example, RING-H2 FingerA2a and Supersensitive to
ABA and Drought1 are hypersensitive to ABA at the
early seedling stage (Xiong et al., 2001; Bu et al., 2009).
However, the ABA hypersensitivity at the early stage
was not accompanied by drought tolerance at the adult
stage. In contrast, another F-box protein mutant, dor1,
did not show an ABA-related phenotype during seed
germination and the early seedling development stage

but displayed hypersensitivity to ABA-induced stomatal
closure and drought-resistant phenotypes (Zhang et al.,
2008). Moreover, RING-H2 FingerA2b and ABA-Overly
Sensitive1 displayed ABA hypersensitivity in the early
seedling stage as well as the adult stage (Chen et al.,
2006; Li et al., 2011). Phenotypically, MAX2 appears to
behave similarly to ABA-Overly Sensitive3, a WRKY
family transcription factor, which plays a negative role at
the seed and seedling stages but a positive role at the
adult stage (Ren et al., 2010).

MAX2’s role in ABA signaling appears to be devel-
opmentally regulated. It plays a negative role in ABA- and

Figure 11. Strigolactone is not necessary for the drought response.
A, Strigolactone biosynthetic mutants are not defective in drought
stress. Two-week-old seedlings on soil were subjected to withholding
water for 10 d to induce drought stress. The top panel shows seedlings
before drought treatment, and the bottom panel shows seedlings after
10 d of drought treatment. B, Strigolactone biosynthetic mutants lose
water similar to wild-type controls. Leaves of the same developmental
stages were excised and weighed at various time points after detachment.
Values are means 6 SD of three individual plants per genotype. Experi-
ments were repeated at least three times with similar results. [See online
article for color version of this figure.]
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A second paper confirms drought 
hypersensitivity for max2 but not 
max3-max4 mutants 

BU 2013, Plant Phys 164:424 



Root- and shoot-specific SL control of drought stress sensitivity 
investigated in tomato 

…and produced 
homo-and 
heterografts 

We used the M82 indeterminate tomato genotype 
and its SL-depleted mutant Slccd7… 

Visentin 2016, New 
Phytol 212:954 

branching phenotype (6931) had a higher O. ramosa germi-
nation rate than the other two lines. Only 9% of seeds
germinated in the presence of exudate from lines 6936
or 7170.

Arbuscular mycorrhiza-induced accumulation of C13 and C14

apocarotenoids is inhibited in SlCCD7 antisense lines

Tomato forms symbiotic relationships with AM fungi, pro-
viding an excellent opportunity to study the potential role(s)
of CCD7 in AM root colonization. A first role has been
defined by the ability of strigolactone constituents of root
exudates to act as stimulants of hyphal branching, which are
believed to support early stages of root colonization by these
fungi (Akiyama et al., 2005). Recently, it has been hypothe-
sized that CCD7 action is also required for the production of
structurally different apocarotenoids that accumulate to
high levels in colonized roots of many plants, including
tomato (Floss et al., 2008b). These compounds are gly-
cosylated C13 cyclohexenone and linear C14 mycorradicin
derivatives (Klingner et al., 1995; Maier et al., 1995). They
appear preferentially at later stages of the interaction, and

are likely to be derived from a common carotenoid precursor
via the cleavage of 9,10 and 9¢,10¢ double bonds (Walter
et al., 2000; Floss et al., 2008b).

HPLC was used to monitor cyclohexenone and mycorrad-
icin levels 10 weeks after mycorrhizal colonization in wild-
type and SlCCD7 antisense roots. Line 6931 showed only
marginal alterations in cyclohexenone and mycorradicin
levels (data not shown). However, both compounds were
significantly decreased in lines 6936 (Figure 7) and 7170
(data not shown). Specifically, one abundant cyclohexenone
derivative (compound 1), exhibiting the same UV spectral
properties and retention times as the previously identified
tomato monoglucoside derivative 6-(9-hydroxybutyl)-5-hy-
droxymethyl-1,1-dimethyl-4-cyclohexen-3-one (Maier et al.,
2000; termed compound 3) was reduced by about 90% in
mycorrhizal line 6936 compared with mycorrhizal wild-type
roots (Figure 7a). A second C13 cyclohexenone derivative
(compound 2) with similar properties as the monoglucoside
derivative 6-(9-hydroxybutyl)-1,1-dimethyl-4-cyclohexene-3-
one-5-carboxylic acid (Maier et al., 2000) was also strongly
reduced. Similarly, various C14 mycorradicin derivatives

(a) (b)

(d)(c)

Figure 4. SlCCD7 antisense lines display increased branching.
(a) The number of branches present onM82 (wild type) and three independent transgenic lines expressing a SlCCD7 antisense construct (lines 6931, 6936 and 7170)
were counted. Each bar represents the average branch number from four plants ! SD.
(b) Sixty-day-old glasshouse-grownM82 and antisense line 7170 plants. Plants were then stripped of all their leaves to assist in visualizing the branching phenotype;
(c) M82. (d) Line 7170.
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Grafting reveals that root-specific SL downregulation actually 
reduces sensitivity to drought stress 

While WT and SL- (Slccd7) genotypes and their  homografts 
have the expected stomatal and drought tolerance 
phenotype, the WT/SL- (root SL-depleted) heterograft has 
lower stomatal conductance than WT/WT (as would be 
expected for drought-induced SL repression) 

Visentin 2016, New Phytol 212:954 

not obvious in the normalized data of Fig. 2) of root values at
T0, even in samples collected under very severe stress at T5. This
justifies the fact that we were unable to detect the final metabo-
lites in these shoot samples (data not shown). Relevantly here,
expression of both biosynthetic genes in WT shoots was signifi-
cantly higher when the mutant was used as rootstock (WT/WT
vs WT/SL!, Figs 2c,d, S4c,d). This is a known pattern (Johnson
et al., 2006), consistent with the idea of a general negative feed-
back by the final metabolites on the SL biosynthetic pathway and
supported by the repressive effect of exogenous SL on the same
genes (see, e.g. Liu et al., 2015). Overall, data on transcript of
SL-biosynthetic genes indicated that the response of shoots to SL
deficiency in roots overlaps with the response to osmotic stress.
In fact, both drought stress and depletion of SL in the roots in
the absence of stress induced transcript accumulation of SL
biosynthetic genes in tomato shoots.

As an additional observation, SlCCD7 transcripts in unstressed
SL! (CCD7-silenced) rootstocks were more abundant in grafts
bearing a WT instead of a SL- shoot (WT/SL! vs SL!/SL!; T0
of Fig. 2a). This correlated with a very slight increase of SL
metabolites, especially orobanchol (see T0, Fig. S2a–c) and sug-
gested that a SL-dependent, shoot-to-root signal feeding back on
the transcription/transcript stability of this gene exists in tomato
as in Arabidopsis and pea (Foo et al., 2005; Johnson et al., 2006),
where it was shown to depend on the RMS2 locus. Also, SlCCD8
transcripts were more abundant in SL! than WT roots (as
expected, given the already mentioned negative feedback of SL
on the transcription of their biosynthetic genes; Fig. 2b); and in
SL! roots, SlCCD8 transcripts were more concentrated in the
presence of a SL! than of a WT scion (Fig. 2b). In this sense,
expression of SlCCD7 and SlCCD8 in the root seemed influenced
oppositely by the ability of the shoot to produce SL. We may
hypothesize that not only locally produced, but also shoot-
synthesized SL may participate (directly or indirectly) in the

negative feedback on SlCCD8 expression in the root, and thus
that in SL! roots, the presence of a WT scion may lead to less
pronounced overexpression of SlCCD8 than in the presence of a
SL! scion. Finally, it is noteworthy that the concentration of
SlCCD8 transcript in WT shoots grafted onto SL! roots was as
high as in SL! shoots in the absence of stress (T0, Fig. 2d) but
remained stable along the time-course in the former, whereas it
was further induced in the latter (Fig. S4d). We have no easy
explanation for this pattern, which might, however, be due to the
fact that leaves of WT/SL! plants dehydrate less and produce
less ABA (see further on) along the time-course, than either self-
grafted control line.

The low-transpiration phenotype of hetero-grafted, WT/
SL! plants is not due to increased total free ABA

In order to determine whether the effects of SL depletion on WT
shoots may be due to altered ABA metabolism, we set to quantify
this hormone in roots and shoots of plants in the three grafted
sets. Previous data in Arabidopsis and tomato leaves, and in Lotus
roots and shoots, indicated no changes or slight decreases of ABA
correlated with SL depletion in shoots, especially under stress
(Ha et al., 2014; Liu et al., 2015); ABA content was reported to
be lower than in WT under nonstressful conditions only in
CCD8-silenced tomato shoots (Torres-Vera et al., 2014).

Results showed that under normal conditions, WT roots con-
tain less free ABA than SL! ones (WT/WT vs SL!/SL! and
WT/SL! plants, T0 in Fig. S5a) per gram weight of fresh tissue.
As stress increased, ABA started accumulating in roots of SL!/
SL! and WT/WT plants more quickly than in roots of WT/
SL! plants, where ABA was significantly less concentrated than
in the roots of the other grafts (Fig. S5a). Correlation curves to
leaf water potential values were, however, substantially superim-
posable (Fig. 3a). Transcript quantification for SlNCED1, a key
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In WT/SL- heterografts, drought stress downregulates SL 
biosynthesis in the root but upregulates biosynthesis in the shoot 

Drought decreases CCD7 
expression in the root of both 
WT/WT and WT/SL- plants, while 
in shoot expression increases in 
both graft combinations 

Visentin 2016, New Phytol 212:954 

biosynthetic gene for stress-induced ABA in tomato (Munoz-
Espinoza et al., 2015), showed good correlation with free ABA
content but for a few points and grafting combinations (Figs 3b,
S5b). These discrepancies between SlNCED1 transcript amounts
and ABA concentration may be due to post-transcriptional regu-
lation of biosynthetic enzymes, and/or to the activity of catabolic
genes, for example, or to the release/sequestration of free ABA
from/in conjugated forms (reviewed by Xiong & Zhu, 2003).

Although in the absence of stress SL! shoots contained more
ABA per gram fresh weight than WT ones, as stress proceeded
and leaf water potential started becoming more negative, ABA
levels increased faster in WT than in SL! scions; at the moment
of maximum stress, ABA concentration was minimum in WT
scions grafted onto SL! rootstocks and intermediate in SL!
shoots (Fig. 3c, and T5 in Fig. S5c). The same trend is seen for
transcripts of SlNCED1, which again showed a good correlation
with free ABA content but for a few points and grafting combina-
tions (Figs 3d, S5d). These results confirmed that especially
under stress, SL depletion in the shoot partially compromises the

ability to synthesize ABA. Furthermore, coupled to the physio-
logical data in Fig. 1, they strongly suggested that the low gas
exchange phenotype of hetero-grafted WT/SL! plants was not
due to increased free ABA content, given the comparatively low
ABA concentration in their tissues.

WT scions are hypersensitive to ABA if grafted onto
SL-depleted rootstocks

In order to explore whether altered sensitivity to ABA might
rather underlie the physiological and metabolic results described
earlier, shoot sensitivity to exogenous ABA dependent on the rate
of SL production in the roots was investigated. ABA at different
concentrations was applied to and absorbed by excised petioles of
composite leaves of the three grafted lines, while measuring the
time required for the stomata to start closing. On the one hand,
this assay confirmed in tomato what was already known in Ara-
bidopsis and Lotus, that is, that SL-depleted scions are hyposensi-
tive to ABA (at all three – but more convincingly at the lower –
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SL depletion in roots affects free ABA concentration  

concentrations tested), with respect to WT (SL!/SL! vs WT/
WT; Fig. 4). On the other hand, the same analysis proved also
that WT scions are indeed hypersensitive to ABA if grafted onto
SL- instead of WT rootstocks (WT/SL! vs WT/WT, Fig. 4), as
hypothesized on the basis of the stomatal conductance and shoot
ABA quantification experiments reported earlier (Figs 1a, 3c vs
Figs S3a, S5c). We also tested (at 5 lM ABA, the concentration
for which differences among our lines were more evident) if a
pretreatment with the synthetic SL analogue racGR24 could by
itself increase sensitivity to ABA, in a complementary way to SL
depletion decreasing it. This was indeed the case (WT/WT
plants, GR24-treated vs untreated, Fig. 4).

These data confirmed that the physiological phenotype dis-
played by the WT/SL! plants both under irrigated and drought
conditions was more likely to be due to a higher sensitivity to
endogenous ABA, rather than to its absolute levels. This effect
could be linked to a local increase of SL synthesis, given the
higher transcript concentration for SL biosynthetic genes under

these conditions, and – as a more indirect indication – the fact
that ABA sensitivity increased in stomata treated with exogenous
SL.

Discussion

Low SL in the roots prime shoots for drought stress
avoidance in tomato

In this study, we investigated in tomato the possible systemic
implications of the drop in strigolactone (SL) synthesis happen-
ing in roots under osmotic stress. A parsimonious starting
hypothesis was that SL depletion in roots could directly or indi-
rectly act as a signal of stress for the shoots. On this basis, hetero-
grafted plants with wild-type (WT) scions and SL-depleted root-
stocks were to behave as at least mildly stressed, even in the
absence of stress. Our physiological data are in agreement with
this theory: stomatal conductance values of WT shoots grafted
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In Ljccd7, root and shoot free ABA concentration increases upon 
osmotic stress comparable as in WT 

In tomato, lower endogenous SL induces higher free ABA in the 
root but lower in the shoot  
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petunia SL transporter-encoding gene PhPDR1 is also

slightly induced by GR24 (Kretzschmar et al. 2012).
One and two days after the beginning of osmotic stress,

plants that had not been pre-treated with GR24 showed a

significant increase in ABA relative to time zero, as ex-
pected (Fig. 6a). In contrast, in roots pre-treated with

GR24, ABA levels remained low in spite of the presence of

PEG and the absence of P, with a significant decrease
compared with the corresponding samples that had not

been exposed to GR24 (Fig. 6a). To see whether this was
due to a down-regulation of ABA production at the tran-

scriptional level, we quantified transcripts for the putative

ABA biosynthetic genes NCEDs. NCED1, 2 and 3 were
obvious candidates, since they are known to play a major

role in osmotic stress-induced ABA accumulation (Iuchi

et al. 2001; Qin and Zeevaart 2002; Xiao et al. 2009). We
identified and numbered them in Lotus on the basis of

sequence similarity to known orthologues in pea (Fig. S5).

Under our conditions, LjNCED2 expression increased over
time during PEG treatment (Fig. 6b), while the other

NCED genes tested (NCED1 and 3) were unaffected (data

not shown). GR24 treatment prevented this increase in
transcription, suggesting that GR24 represses PEG-induced

ABA increase through LjNCED2, at least for the 2-day

time point. We also tested other ABA-related genes and,
among the putative orthologues of ABA catabolic genes

and of other biosynthetic genes, we quantified the tran-

scripts of LjCYP707A1, and LjAAO3, LjABA2 and LjABA3
(Nambara and Marion-Poll 2005). The phylogenetic ana-

lysis of the selected orthologues is shown in Fig. S6. The

transcription of all genes was increased by PEG treatment.
However, for none of them significant differences were

detected between ?SL vs. -SL samples, even if a trend for

down-regulation by GR24 was apparent for the LjAAO3
biosynthetic gene (Fig. S7).

As a whole, these results show that if SL levels are kept

artificially high in roots under stress, ABA accumulation is
inhibited. This may happen through transcriptional re-

pression of the biosynthetic gene LjNCED2, even though

under our conditions a significant increase of the transcript
for this gene was only seen at 2 days. Other untested ABA-

related genes must therefore contribute to the rise of ABA

levels at earlier time points.

Discussion

The ABA–SL relationship in L. japonicus under abiotic

stress

Given the common metabolic precursor shared by ABA

and SLs, cross talk between the two pathways was inves-
tigated in tomato and, very recently, in Arabidopsis

(López-Ráez et al. 2010; Torres-Vera et al. 2013; Bu et al.

2014; Ha et al. 2014). These reports point to a positive
correlation between the levels of the two hormones in the
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Endogenous and exogenous  SL levels control stomatal sensitivity  
to ABA 

Ljccd7 closes stomata 
slower than WT in 
presence of exogenous 
ABA 

In Ljccd7, stomatal 
conductance is higher than 
in WT at any level of leaf 
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LjPDR1-345, were up-regulated upon P starvation and

down-regulated by PEG treatment irrespectively of P
availability (Fig. 4b; splicing variants were not dis-

criminated for these paralogues). These values are in line

with the observed changes in 5-deoxystrigol content of the

root exudates under both single and combined stress. Both
splicing variants LjPDR1-295a (Fig. 5b) and b (data not

shown) instead displayed an opposite pattern under P
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Fig. 3 Physiological responses of WT and SL-depleted (Ljccd7)
plants to drought stress or exogenous ABA treatment. a Root ABA
concentration vs. water potential in soil. b Stomatal conductance vs.
ABA concentration in roots. c Stomatal conductance vs. water
potential in shoots. Data were obtained on pools of five plants per
genotype and point, grown in soil and undergoing progressive
dehydration under greenhouse conditions, and are expressed as
mean ± SE. d Average time of stomatal response to treatment with
ABA at different concentrations in WT and Ljccd7 plants. Detached

leafy twigs were treated by letting them absorb ABA from the dipping
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is defined as the time corresponding to first of a continuously
dropping series of stomatal conductance values in each treated
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onto SL-depleted rootstocks are significantly lower than those of
WT shoots self-grafted onto WT rootstocks in irrigated condi-
tions, and are accompanied by less negative leaf water potential
values and, as expected, higher intrinsic water use efficiency (de-
fined as the ratio between net carbon assimilation and stomatal
conductance; Fig. S3d). These data support the idea that SL
depletion in root tissues affects (directly or indirectly) the physio-
logical response in the shoot and leading to better acclimatization
to drought. The ability of shoots to produce SL is needed for this
to happen, because stomatal conductance is increased instead
when the whole plant (and not only the roots) are CCD7-
silenced; indeed, this latter condition rather leads to drought
hypersensitivity, as shown in SL-depleted Arabidopsis, Lotus and,
now, tomato plants (Ha et al., 2014; Liu et al., 2015; present
study).

Low SL in the roots and (high) SL in the shoot render
stomata hypersensitive to ABA

In order o determine whether the effects of root SL depletion on
WT shoots may be due to altered abscisic acid (ABA) levels, this
hormone was quantified in roots and shoots of plants in the three
grafted sets. SL-depleted roots and especially shoots contain sig-
nificantly more ABA per gram fresh weight than WT equivalents
in the absence of stress. Our results in unstressed shoots are in
apparent contradiction to the ones reported on CCD8-silenced
tomato plants, where shoots of SL-depleted lines had lower ABA
content (Torres-Vera et al., 2014); the most likely explanation is
that our data were normalized over fresh and not dry weight as in

Torres-Vera et al. In any case during severe stress, free ABA
increases less in tissues of self-grafted SL! than WT plants, a
trend already observed in Lotus (Liu et al., 2015); such a situa-
tion, coupled to the hyposensitivity to the hormone, will certainly
exacerbate the drought sensitivity of SL-depleted shoots. Instead,
the slower and less pronounced ABA increase in roots and shoots
of WT/SL! plants compared with the other lines is in agreement
with the physiological conditions of these plants (which being
primed for better stress resilience, perform better and thus need
less ABA). It is of course possible that ABA levels in guard cells
may not be reflected by the total levels of free ABA in the whole
leaf tissue, given the strong compartmentalization of the hor-
mone in different cell types and compartments (Hartung &
Slovik, 1991), and, thus, that WT/SL! plants had lower gs
because of locally enhanced ABA accumulation. However, the
results of the ABA-feeding experiment rather supported the
hypothesis that such a phenotype was (at least partly) due to
stomatal hypersensitivity to the hormone. Finally, the same
experiments also highlighted that SL in the shoot are not only
necessary, but also sufficient to increase stomatal sensitivity to
ABA.

Hormonal cross-talk and systemic signalling under drought:
fitting SL in the picture

Because our experimental set-up mimics what normally happens
during drought, we propose that these findings are relevant to
stress resistance, at least in plants such as Lotus and tomato, for
which a drop in SL synthesis is recorded in roots experiencing
osmotic stress or drought. Such a drop might promote a pre-
alerted (primed) status in the shoots, which become more sensi-
tive to ABA at the guard cell level. This message may be conveyed
directly (see later) or indirectly, that is, through a second messen-
ger that ought to be, at least in tomato, different than ABA. It is
to be noted here that SL were proven to cross-talk with other hor-
mones, such as auxins, cytokinins, brassinosteroids and ethylene,
in processes different than drought responses and stomatal clo-
sure (Cheng et al., 2013); and that each of these hormones was
shown to affect stomatal aperture locally (Daszkowska-Golec &
Szarejko, 2013). Root-synthesized cytokinins were even proposed
to act as a systemic signal promoting stomatal opening, in a simi-
lar way to SL (Davies & Zhang, 1991); however, SL! mutants
display reduced cytokinin levels in the shoot, which is the oppo-
site of what one would expect from a mediator of SL effect (be-
cause cytokinins promote stomata aperture and SL! shoots
transpire more than WT) (Foo et al., 2007). Additionally, shoots
were proven to possess powerful homeostatic mechanisms for the
regulation of cytokinin levels, that are largely unlinked from their
concentration in xylem sap (Foo et al., 2007). Resuming, we can-
not exclude that the effect of SL on stomatal closure may be at
least partly indirect – that is, mediated by any of these hormones
or by yet other signals (and, indeed, sensitivity to ABA does play
a role). It would be interesting to quantify other hormones in
leaves of our lines, or even better to visualize their activity in
guard cells; and to measure whether, for example, the xylem sap
pH in hetero-grafted plants is different than in self-grafted

Ti
m

e 
fo

r A
BA

 re
sp

on
se

 (s
)

ABA concentration (µM)

WT/WT
SL–/SL–
WT/SL–
WT/WT + GR24

5 20  50

400

200

0

600

a

a
a

a
a

a

b

bc c

Fig. 4 Dose-response of leaves to treatment with exogenous abscisic acid
(ABA) at different concentrations. Stomatal conductance was measured at
30-s intervals before and during ABA treatments performed on detached
composite leaves from grafted tomato plants (WT/WT, SL!/SL!, WT/
SL!). WT/WT plant pretreated with 5 lM racGR24 were analysed only for
the 5 lMABA treatment (black bars). Values represent the mean and " SE
of at least n = 6 biological replicates from two independent experiments,
and refer to the time (s) needed for the decrease of stomatal conductance
to start, from the time of ABA addition to the dipping solution. Different
letters indicate significant differences between plant lines for the same
treatment, as determined by a two-way ANOVA test (P < 0.05). WT, wild-
type; SL, strigolactones.

New Phytologist (2016) 212: 954–963 ! 2016 The Authors
New Phytologist! 2016 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist960

Stomata of tomato WT/SL- , or WT/WT 
plants treated with exogenous SL, are 
ABA hypersensitive  

Visentin 2016, New Phytol 212:954 



A model for SL modulation under drought stress 

Park 2016 lant Cell 28:2528 

(possibly, more basic as in droughted tomato plants; Wilkinson
et al., 1998). It remains clear that plant hormones, if capable of
travelling over long distances, have a slow propagation velocity in
comparison with hydraulic and/or electrical signals. However,
the fact alone that in our model, stomatal closure is rather
induced by the lack of an inhibitor in the shootward flow is
attractive, because its decrease might be perceived faster than flow
speed would predict for a positive modulator. In fact, the flow is
slowed down by drought, thus adding to the decrease of the
inhibitor itself; additionally, given that SL are degraded upon
perception (Hamiaux et al., 2012), they should be quickly
depleted locally unless de novo synthesis or translocation occurs.
Finally, expression pattern and intracellular location of the SL
transporter(s) might add another regulation level, for mobility
through living tissues.

As regards the activity of SL biosynthetic genes, shoots of irri-
gated, hetero-grafted WT/SL! plants behave as if under drought
– that is, they show increased transcripts of CCD7 and CCD8.
These increases in gene activity might be due to the relief of
direct repression of SL synthesis in the shoots by translocated,
root-synthesized SL; a known pattern (e.g. Johnson et al., 2006;
Liu et al., 2013) which might itself trigger SL accumulation at
specific spots in the shoot (undetectable in whole-tissue analyses).
Even if it is at present impossible to overcome the technical limi-
tations that make the quantification of SL unfeasible in shoots,
we propose that hypersensitivity to ABA in stomata of WT/SL!
plants might be causally linked to higher production of SL in
(limited tissue zones of) the shoot, because transcription of SL!
biosynthetic genes is activated in WT shoots during stress, but
also under nonstressful conditions if WT shoots are grafted onto
SL! rootstocks. Sensitivity to ABA converts from higher to lower
than normal, if not only roots but also shoots are SL-depleted,
proving that SL synthesis in the shoots is needed for the effects
on ABA sensitivity; exogenous GR24 treatment is sufficient to
induce stomatal hypersensitivity to ABA. This latter effect is
opposite to the one caused by SL depletion, and would explain
the ability of GR24 to confer drought resistance in WT Ara-
bidopsis (Ha et al., 2014). The importance of SL produced in the
shoot has been proposed also in branching, because micrografting
of WT Arabidopsis scions on SL-defective rootstocks does not
lead to an increased branching phenotype, as expected if SL syn-
thesis is compromised in the whole plant (Foo et al., 2001; Sore-
fan et al., 2003). Whether osmotic/drought stress in the absence
of such a decrease in root-synthesized SL is able to stimulate a
similar shoot response, is still to be determined. A schematic
drawing of our model is represented in Fig. 5. This model obvi-
ously implies that the shoot is able to discriminate between root-
and shoot-produced SL; this ability needs to be proven experi-
mentally, but could rely on differential loading in the upstream
flow, and/or organ-specific production of the structurally differ-
ent SL molecules, which make up species-specific SL blends and
whose ecological and physiological meanings remain largely
unexplored (Kohlen et al., 2011, 2012; Bharti et al., 2015;
Brewer et al., 2016). Alternatively, or in parallel, the uneven/
nonoverlapping distribution of the receptor protein D14 and/or
of SL transporter(s) in the plant might account for discrimination

between locally and distally produced SL (Chevalier et al., 2014;
Sasse et al., 2015).

From a practical point of view, it remains to be assessed how
such graft combinations will perform under other or combined
stress. It is important to note in this regard that they will
undoubtedly be advantageous in soil infested by parasitic weeds,
that not all SL-depleted genotypes are also significantly compro-
mised in mycorrhization (a possible detrimental side effect), and
that with respect to SL synthesis, drought overrules P deficiency
under combined stress (Kohlen et al., 2012; Liu et al., 2015).
Nonetheless, our results highlight once more the importance of
rootstocks in influencing shoot traits, and how they could be
exploited to improve crop performances under stress (Albacete
et al., 2015; Cantero-Navarro et al., 2016).
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Fig. 5 Schematic drawing of the main connections between strigolactones
(SL) and abscisic acid (ABA) in roots and shoots of tomato under drought
stress. In the model, the effects of SL on ABA levels may be negative in the
roots, as proven by racGR24 treatment in Lotus japonicus (Liu et al.,
2015). Thereby, the drop in SL synthesis in this organ under osmotic (PEG-
infused) stress may be needed but not necessarily sufficient to let ABA
levels rise (results untested in other plant species so far; 1). SL synthesis is
inhibited in roots under osmotic/drought stress, so shootward SL flow
decreases (2); in tomato, root-produced ABA is neither translocated nor
needed for appropriate shoot responses to stress (Holbrook et al., 2002).
The effects of shoot-produced or exogenous SL on ABA sensitivity of
stomata are in turn positive (3) (Ha et al., 2014; Liu et al., 2015; this
work). SL flowing shootward inhibit the transcription of SL biosynthetic
genes (thicker line, 4), because reduced quantities in the upstream flow
(or, possibly, a second messenger – different than ABA – produced in the
roots in response to low SL) are sufficient to let transcripts of SL
biosynthetic genes increase (thinner line; (5)) and as a likely consequence,
also sensitivity to ABA (6). It is not known whether osmotic/drought stress
can increase SL gene transcription and ABA sensitivity in the shoots, even
when SL synthesis in the root is not decreased (question mark). Although
SL remain undetectable in whole-shoot analyses of stressed tomato,
localized accumulation may occur, as proposed by Liu et al. (2015) and
suggested by transcript quantification of biosynthetic genes (Ha et al.,
2014; this work). Alternatively, steady-state SL levels may be necessary
and sufficient to ensure wild-type sensitivity to ABA in stressed shoot
tissues; or other, yet unidentified, SL(-like) molecules may be induced.
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miR156: a controller of phase transition in plants  

miR156 controls maintenance of vegetative phase and 
morphology regulation in Arabidopsis through interaction 
within a “miRNA cascade” 

MiR156 genes encode a 
family of conserved miRNAs 
that target SQUAMOSA 
binding-like (SPL) proteins 

production of trichomes on the abaxial surface of the leaf (an
adult trait) (Gandikota et al., 2007; Wu and Poethig, 2006), and
produces changes in cell size and cell number typical of adult
leaves (Usami et al., 2009). Overexpression of SPL9 reduces
the rate of leaf initiation and increases leaf size (Wang et al.,
2008), and a similar phenotype is observed in a gain-of-function
mutant of SPL15 (Usami et al., 2009). Loss-of-function mutations
in either SPL9 or SPL15 have minor effects on development.
Plants doubly mutant for these related genes have a stronger
phenotype than the single mutants, which reveals that they
promote both vegetative phase change and flowering (Schwarz
et al., 2008; Wang et al., 2008). The targets of miR172 have an
opposite effect on phase change. Plants lacking TOE1 and
TOE2 are early flowering, whereas plants overexpressing
TOE1, TOE2, SNZ, or SMZ are late flowering (Aukerman and Sa-
kai, 2003; Jung et al., 2007; Schmid et al., 2003). Although there
is still no evidence that these AP2-like genes contribute to vege-
tative phase change in Arabidopsis, their maize homolog
Glossy15 (Gl15) promotes juvenile epidermal identity (Evans
et al., 1994; Moose and Sisco, 1994, 1996), suggesting that
one or more of the Arabidopsis homologs may do so as well.
Whether these SPL and AP2-like genes operate in the same or
different pathways is unknown.

We undertook a genetic and molecular analysis of miR156,
miR172 and their targets to define their roles in vegetative phase
change. Our results indicate that miR156 is both necessary and

sufficient for the expression of the juvenile phase, and that it
functions as a master regulator of this phase. The targets of
miR156 act in several pathways that control both flowering
time and different aspects of vegetative development. One of
these pathways includes miR172b. We show that miR156 regu-
lates the expression of miR172b via SPL9, which acts as a direct
transcriptional regulator of miR172b. Our results suggest a model
for the temporal coordination of vegetative phase change and
floral induction.

RESULTS

miR156 Is a Master Regulator of the Juvenile Phase
In Arabidopsis, floral induction affects the development of unex-
panded rosette leaves in ways that can make it difficult to
observe the juvenile-to-adult transition. This is particularly prob-
lematic in genotypes that flower very early in long days, which
applies to many of the stocks used in this study. For this reason,
all of the experiments reported here were conducted with plants
grown in short days to delay flowering.

Under short day conditions, plants expressing miR156a under
the regulation of the constitutive 35S promoter produced
approximately 90 leaves that resembled juvenile leaves in size,
shape, and their lack of abaxial trichomes (Figures 1A and 1B).
In contrast, all leaves produced by plants in which the activity
of miR156 was suppressed by constitutively expressing a tran-
script with non-cleavable miR156 target site (a target-site mimic,
MIM156) (Franco-Zorrilla et al., 2007) resembled adult leaves.
The effect of 35S::MIM156 on leaf development was particularly
striking in the case of the first two rosette leaves. In 35S::MIM156
plants, the first two rosette leaves were unusually large and elon-
gated, and possessed serrated leaf margins and abaxial
trichomes–features of adult leaves. Later-formed leaves were
larger, but nearly identical in shape to these first two rosette
leaves. Thus, miR156 promotes the expression of all juvenile
leaf traits, and is both necessary and sufficient for the expression
of these traits.

SPL Genes Have Different Roles in Vegetative
Phase Change
The SPL genes targeted by miR156 can be grouped into four
major clades: SPL3/SPL4/SPL5, SPL2/SPL10/SPL11, SPL9/
SPL15, SPL6/SPL13 (Guo et al., 2008). SPL3, SPL9 and SPL10
are representative members from three of these clades. To inves-
tigate the function of SPL3, SPL9 and SPL10, we first examined
their spatial expression pattern in vegetative shoot apices by
RNA in situ hybridization. SPL3 was present uniformly throughout
the shoot apex and in expanding leaf primordia and increased in
abundance between 15 and 22 days after planting (Figures 2A–
2C). SPL9 was expressed at a much lower level than SPL3, and
was barely visible in young leaf primordia in 22-day-old shoots
(Figures 2D and 2E). To confirm this expression pattern, we
examined plants transformed with pSPL9::rSPL9, a construct
that expresses a miR156-resistant SPL9 transcript under the
control of its native promoter. Consistent with its wild-type
expression pattern, transgenic plants expressed SPL9 in both
pre-emergent and expanding leaf primordia (Figure 2F). These
results are consistent with previous suggestions (Wang et al.,

Figure 1. miR156 Is Necessary and Sufficient for the Juvenile Vege-
tative Phase
(A) 25-day-old wild-type, 35S::miR156a and 35S::MIM156 plants grown in

short days.

(B) The shape and the abaxial trichome phenotypes of fully expanded rosette

leaves of wild-type, 35S::miR156a and 35S::MIM156 plants. 35S::miR156a

prolongs the duration of the juvenile phase and 35S::MIM156 eliminates this

phase.

Asterisks indicate significant difference from wild-type (p < 0.01, n = 18, ± SD).
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and suggest the mechanism by which their expression is tempo-
rally coordinated.

Our results indicate that miR156 is necessary and sufficient for
the expression of the juvenile phase and demonstrate that it op-
erates by repressing the expression of SPL genes that act in
pathways with different developmental functions (Figure 6).
These results are consistent with a recent study indicating that
the precocious phase change phenotype of the squint mutation
in Arabidopsis is attributable to a defect in the activity of miR156
(Smith et al., 2009), and with previous descriptions of the pheno-
type of plants expressing miR156-resistant versions of SPL
genes (Gandikota et al., 2007; Usami et al., 2009; Wang et al.,
2008; Wu and Poethig, 2006). Remarkably, overexpression of
miR156 in maize produces a phenotype similar to that produced
by overexpression of miR156 in Arabidopsis (Chuck et al.,
2007a). Along with the evidence that miR156 is one of the
most highly conserved miRNAs in the plant kingdom (Axtell
and Bowman, 2008), these results suggest that miR156 is a
master regulator of the juvenile phase in plants.

The identity of all the SPL genes that mediate the effect of
miR156 on vegetative phase change is difficult to establish
because of the high degree of functional redundancy within
this family; furthermore, the genomic organization of some of
these genes makes it difficult to generate the combination of
mutations necessary for this analysis. The genes described in
this paper are important components of this mechanism,
however. The loss- and gain-of-function phenotypes of SPL9
demonstrate that it promotes most, if not all, of the traits associ-
ated with the adult phase. SPL10 also regulates all aspects of
vegetative phase change, but appears to have different func-
tions than SPL9 because its overexpression phenotype differs
in several respects from that of SPL9. SPL3, SPL4, and SPL5
have more limited roles in leaf development, acting primarily,
although perhaps not exclusively (Usami et al., 2009; Wu and Po-
ethig, 2006), to promote adult patterns of epidermal differentia-

tion. In addition to their roles in vegetative development, all of
these genes promote flowering under long day conditions (Car-
don et al., 1997; Schwarz et al., 2008; Wu and Poethig, 2006).
Indeed, the early flowering phenotype of plants overexpressing
SPL3, SPL4, and SPL5 raises questions about the previously
reported effects of these genes on leaf shape (Wu and Poethig,
2006) and cell size and number (Usami et al., 2009) because
floral induction has major effects on leaf development and these
previous studies were conducted under floral inductive condi-
tions.

miR172 has been implicated in the regulation of flowering time
and floral organ identity in both maize and Arabidopsis (Auker-
man and Sakai, 2003; Chen, 2004; Chuck et al., 2007b; Zhao
et al., 2007). In maize, miR172 targets Gl15, a gene that promotes
juvenile epidermal identity (Lauter et al., 2005). These genes have
complementary expression patterns, so it is reasonable to
hypothesize that miR172 plays a role in vegetative phase change.
However, there is still no evidence that miR172 is actually impor-
tant for this process. For example, mutations in ts4, which
encodes miR172e, have no effect on vegetative phase change
in maize (Chuck et al., 2007b). Our results indicate that in Arabi-
dopsis miR172 promotes adult epidermal identity, and that this
is its primary function during vegetative development. This func-
tion is mediated by two of its six targets, TOE1 and TOE2, as
demonstrated by the observation that loss-of-function mutations
in these genes actually have a more severe effect on abaxial
trichome production than the 35S::miR172b transgene used in
these studies. The difference in the severity of these phenotypes
can probably be attributed to the relatively small increase of
miR172 in this transgenic line. The observation that miR172 levels
are affected by changes in the level of miR156, as well as the
observation that 35S::miR172b and toe2 nearly completely
correct the epidermal phenotype of 35S::miR156a, provide
convincing evidence that miR172 acts downstream of miR156,
and mediates the effect of miR156 on epidermal identity.

We were intrigued by the possibility that SPL3, SPL4 and SPL5
might mediate the interaction between miR156 and miR172
because overexpression of these SPL genes produces a vegeta-
tive phenotype very similar to that of toe1 toe2 mutants or plants
overexpressing miR172 (Wu and Poethig, 2006). Furthermore, all
of these genotypes are early flowering under long days (Auker-
man and Sakai, 2003; Cardon et al., 1997; Chen, 2004; Gandi-
kota et al., 2007; Wu and Poethig, 2006). However, overexpres-
sion of SPL3, SPL4 or SPL5 had no effect on the abundance of
miR172, indicating that these genes cannot be responsible for
the effect of miR156 on miR172. An alternative possibility is
that these SPL genes act downstream of TOE1 and TOE2.
Although SPL3 transcripts are elevated in toe1 toe2, overex-
pressing TOE1 did not produce a corresponding decrease in
SPL3 mRNA; furthermore, SPL4 and SPL5 were largely unaf-
fected in toe1 toe2. Consequently, we suspect that the effect
of toe1 toe2 on SPL3 expression is indirect. Our results are
more consistent with the hypothesis that SPL3, SPL4, SPL5
regulate the same downstream targets as TOE1 and TOE2, but
operate largely independently of these genes (Figure 6).

How does miR156 regulate the expression of miR172? Our
results indicate that SPL9 is a direct transcriptional activator of
miR172b, and probably acts redundantly in this process with

Figure 6. A Model for the Regulation of Vegetative Phase Change by
miR156 and miR172
Temporal changes in the level of miR156 and SPL proteins are illustrated by

the shaded bars; time increases from left to right. We propose that miR156

coordinates the expression of several pathways by repressing the expression

of SPL genes that act in these pathways. Each of these pathways controls

different phase-specific traits, but have components in common (e.g., SPL9,

SPL10) and may also share downstream targets. The relationship between

TOE1 and TOE2 and SPL3, SPL4, SPL5 is unclear.
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miR156 also controls responses to drought stress 

miR156 is induced by drought and is needed for tolerance to osmotic and 
salt stress in Arabidopsis (Cui et al. 2014 Plant J 80:1108)  

ANTHOCYANIN PIGMENT 1 (PAP1), encoding a putative
MYB domain-containing transcription factor involved in
anthocyanin metabolism and radical scavenging, in salt-
and drought-treated seedlings. These genes were induced
in the stress-treated seedlings (Figure 5c), whereas their
expression was reduced after recovery from stress treat-
ments (Figure 5d). Anthocyanin levels are also responsive
to many other types of stress, such as UV-B, cold and bio-
tic stress, which could protect plants from damage (Chal-
ker-Scott, 1999; Azuma et al., 2008; Oh et al., 2011). Thus,
we examined the effect of salt and drought stress on plants
including Ler and tt3 (a DFR mutant with reduced anthocy-
anin levels in the Ler background). The results show that
tt3 was sensitive to salt and drought treatment (Figures 5e,
f and S6b). SPL9 interacts with PAP1 and negatively influ-
ences anthocyanin biosynthesis by directly regulating the
expression of DFR (Gou et al., 2011). At the same time,
SPL10 may also negatively affect anthocyanin biosynthesis
by influencing the expression of DFR (Figure S7). Thus,
anthocyanin may help protect plants from stress. Taken

together, these results demonstrate that the miR156-SPLs-
DFR pathway responds to stressful environmental condi-
tions by affecting anthocyanin metabolism, suggesting
that this pathway functions as a core regulatory module
that mediates coordinated development and abiotic stress
tolerance processes.

Functional and evolutionary conservation of miR156-

dependent environmental adaption in plants

We analyzed the miR156 gene family in several genome-
sequenced species, representing algae, monocots and eu-
dicots. We found that miR156 is present in lower and
higher plants, whereas in general species considered to be
less evolutionarily advanced have fewer copies of pri-
miR156 (Figure 6a; Table S1). To investigate the functional
conservation of miR156 in different species, we examined
its accumulation level in Oryza sativa (rice) plants sub-
jected to stress treatment. As observed in Arabidopsis,
stress treatment also delayed flowering in rice, and
miR156 abundance also increased (Figures 6b, S8 and
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Figure 3. miR156 contributes to salt and
mannitol tolerance. (a) Col-0, 35S::MIR156 and
35S::MIM156 plants grown on MS (left) and MS
plus 120 mM NaCl (right) for 12 days. (b) Col-0,
35S::MIR156 and 35S::MIM156 plants grown on
MS (left) and MS plus 150 mM mannitol (right)
for 15 days. (c) Five-day-old Col-0, 35S::MIR156
and 35S::MIM156 plants grown on MS were
transferred to MS plus 100 mM NaCl and grown
in culture bottles for 32 days. (d) After NaCl
treatment for 32 days, seedlings were trans-
ferred to MS and grown for 22 days. (e) Five-
day-old seedlings grown on MS were trans-
ferred to MS plus 150 mM mannitol and grown
for 38 days. (f) After mannitol treatment for
38 days, plants were transferred to MS for
32 days. (g) Survival rates of Col-0, 35S::MIR156
and 35S::MIM156 plants after NaCl treatment
(n = 3 groups, each group contained approxi-
mately 12 plants). Data represent means ! SDs
(n = 3). Significant differences were determined
by Student’s t-test (**P < 0.01). (h) Survival
rates of Col-0, 35S::MIR156 and 35S::MIM156
plants after mannitol treatment (n = 3 groups,
each group contained approximately 12 plants).
Data represent means ! SDs (n = 3). Signifi-
cant differences were determined by Student’s
t-test (**P < 0.01). Scale bars: 1 cm.
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environmental conditions, we transferred seedlings treated
for 6 days with 140 mM NaCl or 180 mM mannitol to MS
medium and grew them for an additional 3 days. The
abundance of miR156 was lower than that of 9-day-old
plants grown on MS under stress treatment, but still a bit
higher than that in Col-0 grown on MS (Figure 1i).

There are eight miR156 family members in Arabidopsis,
but the individual contributions are still unknown. There-
fore, it is reasonable to hypothesize that these pri-miRNAs
have undergone a history of expansion in conjunction
with the evolution of plants. During this time, plants have
experienced numerous environmental conditions. Thus,
we examined whether each member plays a particular
function in responses to changes in environmental condi-
tions (Figures 2a and S2a). The results show that
MIR156A and MIR156C play dominant roles within the
miR156 gene family in response to salt and drought
stress. Although MIR156D, MIR156E and MIR156H were
also induced, their expression levels were much lower
than those of MIR156A and MIR156C (Figure S2b). To

determine whether miR156 is directly induced by stress
signals, we analyzed the promoter region of the miR156C
gene. We found that there are several potential stress-
response transcription factor binding sites, such as MYC
and AP2/ERF binding sites, as well as a W-box, within
approximately 2 kb upstream of the miR156C gene. To
determine whether the miR156C promoter is responsive
to stress stimulation, we cloned the 2-kb promoter region
into a construct harboring the luciferase reporter gene
(Figure 2b). The reporter construct was transformed into
Col-0 protoplasts, and after transformation, the protop-
lasts were cultured overnight in medium with or without
NaCl. The ratio of firefly luciferase to Renilla luciferase
represents the activity of the miR156C promoter under
various conditions. As shown in Figure 2(b), the 2-kb pro-
moter was responsive to NaCl stimulation in a dose-
dependent manner, which is consistent with the delayed
flowering phenotype (Figure S1h). The miR156A promoter
exhibited a similar response under stress treatment
(Figure S2c).
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Figure 1. NaCl and mannitol treatment delay
flowering initiation and influence miR156
expression. (a, b) Col-0 plants cultured on MS
with 40 mM NaCl (a) or 150 mM mannitol (b)
exhibit delayed flowering compared with Col-0
plants cultured on MS. (c–e) The rosette leaf
number increased from nine in plants cultured
on MS (c) to 11 in plants cultured on MS plus
NaCl (d) and to 13 in plants cultured on MS
plus mannitol (e). Scale bars: 1 cm. (f) The
rosette leaf number of Col-0 on MS (CK) and
MS plus 100 mM NaCl. Data represent
means ! SDs (CK, n = 24, NaCl, n = 24). Signif-
icant differences were determined by Student’s
t-test (**P < 0.01). (g) The rosette leaf number
of Col-0 on MS (CK) and MS plus 150 mM man-
nitol. Data represent means ! SDs (CK, n = 24,
mannitol, n = 23). Significant differences were
determined by Student’s t-test (**P < 0.01). (h)
The miR156 abundance increased in Col-0 on
MS plus 100 mM NaCl or 150 mM mannitol,
compared with Col-0 on MS. Data represent
means ! SDs (n = 3). Significant differences
were determined by Student’s t-test
(**P < 0.01). (i) The miR156 abundance
decreased in Col-0 after 3 days of recovery from
a 6-day treatment with NaCl or mannitol
(Recovery). Nine-day-old Col-0 on MS plus
140 mM NaCl or 180 mM mannitol (Stress) were
used as controls, respectively. CK, 9-day-old
Col-0 on MS. Data represent means ! SDs
(n = 3). Significant differences were determined
by Student’s t-test (**P < 0.01).
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Overexpression of miR156 in tomato (var. MicroTom) causes 
stomatal closure 

In tomato, stomatal conductance of miR156-oe plants is 
lower than in WT plants  



miR156 is induced by drought only when endogenous SL is 
available 

In SL- tomato mutants, miR156 is not accumulated under stress in shoot or 
root 
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Exogenous SL is sufficient to increase miR156 in the absence of stress 

Treatment with the GR24 artificial SL increases miR156 concentration in 
non-stressed plants 
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SL are needed for drought-induced MIR156 transcription in shoots 

miR156 transcript (pri-miRNAs) are detected in shoot only; mature miRNA 
accumulation is controlled not only by expression, but also by maturation 
and transport processes 
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SL are needed for drought-induced MIR156 transcription in shoots 

miR156 transcript (pri-miRNAs) are detected in shoot only; mature miRNA 
accumulation is controlled not only by expression, but also by maturation 
and transport processes 
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The ABCG25 ABA membrane transporter  

ABCG25 is an ABA 
membrane transporter 
expressed in the 
vasculature  

from the RNA of every tissue (Fig. 2A). For further analysis of
tissue-specific expression, ≈2 kb of the AtABCG25 promoter
(pAtABCG25) region was used to drive expression of the GUS
reporter. In pAtABCG25::GUS transgenic plants, the GUS
activity of the transformants was expressed mainly in the hypo-
cotyls, roots, and vascular veins of leaves (Fig. 2 B–G). To check
the ABA inducibility of AtABCG25, pAtABCG25::GUS trans-
genic plants were treated with ABA solution before GUS
staining. The expression levels of the GUS reporter in the
transformants increased with ABA treatment (Fig. 2 B–G).
Additionally, we stained atabcg25-2 mutants, which contained
the GUS reporter gene in the Ds element as an enhancer trap
system (26). GUS signals in atabcg25-2 were also observed in
vascular tissues (Fig. 2H) and were detected along the vascular
bundles in the center of roots (Fig. 2I). By cross-sectioning the
stained leaves, we determined that the signals were accumulated
in an area close to the vascular veins (Fig. 2J). Interestingly,
enzymes that biosynthesize ABA are expressed in vascular
parenchyma cells, and gene expression is increased under stress
conditions in Arabidopsis (9–11). These results suggest that
AtABCG25 plays an important role in ABA responses at the site
of its biosynthesis.

Subcellular Localization of AtABCG25 Protein. To study the sub-
cellular localization of AtABCG25, we made a construct that
produced yellow fluorescent protein (YFP) fused to AtABCG25
protein under the control of the cauliflower mosaic virus (CaMV)
35S promoter. The AtABCG25 ORF was placed downstream of
35S::YFP. The 35S::YFP-AtABCG25 recombinant gene was tran-
siently expressed in onion epidermal cells by particle bombard-
ment. Subcellular localization of the fusion protein was visualized

by confocal imaging of the yellow fluorescence signals in the onion
cells. The yellow fluorescence of YFP-AtABCG25 recombinant
protein was present around the cell surface and outside of the
nucleus in these cells (Fig. 3A). Next, the 35S::YFP-AtABCG25
recombinant vector was transformed into Arabidopsis wild-type
plants, andfluorescence signalswere observedon the cell surface of
root tips in transgenic plants expressingYFP-AtABCG25(Fig. 3B).
As root tip cells do not contain a large central vacuole, the yellow
fluorescence reflects YFP-AtABCG25 localization in the plasma
membrane but not in the tonoplast or cytoplasm (27). To exclude
the possibility of cell wall association of YFP-AtABCG25, the root
tip cells were observed after plasmolysis under highly osmotic
conditions. After plasmolysis, the fluorescence in the root tip cells
was internalized, apart from the cell wall (Fig. 3C). These results
suggest that AtABCG25 is a plasma membrane-localized protein.

Functional Analysis of the AtABCG25 Gene Product. To pursue the
possibility that AtABCG25 can transport ABA through the cel-
lular membrane, we performed a vesicle transport assay. Vesicle
membranes were generated from Sf9 insect cells (Spodoptera
frugiperda) transfected with the virus vector integrated with
AtABCG25 cDNA. The expression of AtABCG25 was confirmed
by western blotting using anti-AtABCG25 antibodies (Fig. 4A).
The efflux activity in plant cells can be detected as ABA uptake of
the regenerated membrane vesicles upon the addition of exoge-
nous ATP, because the regenerated membrane includes inside-
out vesicles. The uptake of isotope-labeled ABA into the vesicles
was significantly facilitated by exogenous ATP (Fig. 4B). The
ATP-dependent uptake of ABA exhibited saturation kinetics with
apparent Km and Vmax values of 260 nM and 6.9 pmol·min−1·mg−1
protein, respectively (Fig. 4C). In contrast, neither ADP nor AMP
facilitated uptake (Fig. 4D). Furthermore, ADP inhibited ATP-
dependent ABA uptake, whereas AMP did not show an inhibitory
effect (Fig. 4D). Vanadate, an effective inhibitor of ABC trans-

Fig. 1. Identification of theAtABCG25 gene and atabcg25mutant alleles. (A)
IsolationofABA-sensitivemutants by 96-wellmultititer plate assay. Compared
with wild-types (Nos, Ler), the mutants (atabcg25-1, atabcg25-2) were more
sensitive to 1.0 μM ABA solution. The titer plate was incubated in a growth
chamber under long-day conditions for 7 days. (B) AtABCG25 gene structure
and insertionalmutation sites of two atabcg25 alleles. Square boxes represent
exons, and black bars represent introns. Transposon insertions in atabcg25-1
and atabcg25-2 are shown as triangles. (C) AtABCG25 transcripts in wild-type
plants and mutants identified by RT-PCR analysis. Total RNAs were prepared
from twowild types (WT) and two atabcg25mutants (atabcg25): Nossen (Nos)
and Landsberg (Ler), and atabcg25-1 (-1) and atabcg25-2 (-2), respectively.
Actin2 (ACT2)wasusedas a reference. (D–F) ABA-hypersensitive phenotypeof
atabcg25-1. Seed germination (D) and postgerminative growth (E) were
scored for the wild type (WT) and atabcg25-1 mutant (25-1) in different con-
centrations ofABAat day2 (D) andday 4 (E). Values are shownasmean± SDof
50 seeds (obtained from three independent experiments). Photographs were
taken of seedlings of wild type (WT) (F, Left) and atabcg25-1 (atabcg25-1) (F,
Right) germinated in thepresence of 1.0 μMABA. Fifty seeds of each typewere
sown and incubated for 18 days.

Fig. 2. AtABCG25 gene expression patterns in plant organs. (A) RT-PCR
analysis of AtABCG25 expression patterns in different organs. Total RNAs
were prepared from seedlings (Se), roots (R), leaves (L), stems (S), flowers (F),
and fruits (Fr) of wild-type plants. Actin2 (ACT2) was used as a reference. (B–
G) Twelve-day-old plants (B–D) and 5-week-old leaves (E–G) were stained
without ABA treatment (B and E), after water treatment (C and F), and after
10 μM ABA treatment (D and G). (H–J) atabcg25-2 was used in the GUS
staining of 2-week-old plants (H), the roots of 3-week-old stained plants (I),
and a longitudinal section of a rosette leaf (J). Xy, Xylem. [Scale bars, (B–G) 2
mm; (H) 1 mm; (I and J) 50 μm.]

2362 | www.pnas.org/cgi/doi/10.1073/pnas.0912516107 Kuromori et al.

was washed with 6 mL of ice-cold transport medium. The radioactivity
retained on the filter was determined using a liquid scintillation counter (Tri-
Carb2800TRs; PerkinElmer). Membrane vesicles from empty vector-containing
Sf9 cells were used for basal controls.

Overexpressing Arabidopsis Plants and Thermal Imaging. To produce the 35S::
AtABCG25 plasmid, a clone (pENTR-AtABCG25) containing full-length
AtABCG25 cDNA was integrated into the overexpression vector pGWB2,
which contained the 35S promoter of pBE2113N at the HindIII-XbaI sites (32).
The 35S::AtABCG25 plasmid was electroporated into Agrobacterium GV3101
to generate transgenic plants by floral dipping. From among the T2 plants,
lines overexpressing the transgene were selected by examination using RT-
PCR. After self-pollination, T3 seeds were used for subsequent experiments.

Thermal images were obtained using an infrared camera (Neo Thermo TVS-
700; Nippon Avionics) and subsequently analyzed by PE Professional soft-
ware (Nippon Avionics). Plants were grown on soil under well-watered
conditions (22 °C, 60–70% relative humidity, 16-h photoperiod).
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Fig. 5. Characterization of AtABCG25-overexpressing plants. (A) RT-PCR analysis of AtABCG25 expression in AtABCG25-overexpressing plants. Total RNAs
were prepared from two wild-type plants (Cont-1, -2) and three 35S::AtABCG25 transgenic lines (OE-04, OE-14, and OE-41). Actin2 (ACT2) was used as a
reference. (B and C) ABA sensitivity of postgerminative growth of AtABCG25-overexpressing plants. Seedlings of controls (Cont-1 and Cont-2) and three
transgenic lines (OE-04, OE-14, and OE-41) expressing the 35S::AtABCG25 transgene were grown for 7 days in different concentrations of ABA (B). Values are
shown as mean ± SD for 50 seeds (obtained from three independent experiments). The photographs show seedlings that germinated in the presence of 1.0
μM ABA. Fifty seeds of each type were sown and incubated for 15 days (C). (D) Thermal images of 4-week-old AtABCG25-overexpressing plants (OE-04-1, OE-
04-2, OE-14-1, OE-14-2, OE-41-1, and OE-41-2) and control plants (Cont-1-1 and Cont-1-2), captured by an infrared thermography device (air temperature, 22 ±
2 °C; relative humidity, 60–70%).
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ABCG25 localizes to the plasma membrane upon ABA treatment 
and is internalized upon stress  

ABA treatment induces 
increased localization to the 
PM of GFP:ABCG25 
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in ABA-containing medium than in DMSO-containing medium
(Figure4E). In addition,weexamined thekineticsof theeffect ofABA
on recycling of sGFP:ABCG25. Disappearance of sGFP:ABCG25
from the BFA bodies in the presence of ABA was faster than in the

presence of DMSO (control) (Supplemental Figure 3). To further
confirm that ABA levels are important for the recycling of ABCG25,
we introduced sGFP:ABCG25 into aba2-1 mutant plants. ABA2 is
a key enzyme involved in de novo ABA biosynthesis (González-

Figure 4. Application of Exogenous ABA Enhances Recycling of sGFP:ABCG25 from Endosomes to the PM.

(A) and (B) Effect of exogenous ABA on the levels of sGFP:ABCG25.
(A) sGFP:ABCG25 plants (5 d old) were incubated in DMSO- or ABA (10mM)-containing 0.53MSmedia for 4 h, and the sGFP:ABCG25 signal intensity was
examined.
(B) Five-day-old sGFP:ABCG25 seedlings that had been incubated in DMSO- or 10 mMABA-containing 0.53MSmedia were treated with 50 mMBFA for
30 min. The PM and cytosolic areas are indicated by dotted lines. B, BFA body. Bar = 10 mm.
(C)Quantification of the relative GFP signal intensity between the cytosol andPM.GFP signalsmarked as thePMandcytosol in (B)weremeasured separately
andused tocalculate the ratioof the signal intensitybetweencytosolic andPM-localizedsGFP:ABCG25proteins.Errorbars indicateSD; thecell number (n) =20.
(D) and (F) Effect of exogenously applied ABA on recycling of sGFP:ABCG25 from the BFA body to the PM.
(D)Plants that had been treatedwith 50 mMBFA for 1 hwere transferred to 0.53MS liquidmedia containingDMSOor 10 mMABA. The localization of sGFP:
ABCG25 was examined at 1 or 2 h. Bar = 10 mm.
(E) The relative GFP signal intensity between the cytosol and PM in (D)was quantified as in (C). Asterisks mark significant differences (Student’s t test, P <
0.05). Error bars indicate SD; the number of cells (n) = 17.
(F) and (G) The effect of exogenously applied ABA on the recycling of sGFP:ABCG25 in aba2 plants.
(F) Five-day-old seedlings that had been treated with 50 mMBFA for 1 h were transferred to 0.53MS liquid medium containing DMSO or 10 mMABA. The
disappearance of sGFP:ABCG25 from theBFAbodywasmeasured at the indicated time points. An enlarged image of single root cells is shown on the right
side. B, BFA body; V, vacuole. Bars = 10 mm.
(G)The relativeGFPsignal intensity between the cytosol andPM in (F)wasquantifiedat the 2-h timepoint as in (C). Asterisks indicate significant differences
(Student’s t test, P < 0.05). Error bars indicate SD; the number of cells (n) = 24.
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this condition, internalized proteins accumulate at the BFA body
and cannot be transported to the vacuole for degradation. In both
samples, sGFP:ABCG25 accumulated at the BFA body at similar
levels (Figure 4B). Indeed, the ratios of GFP signals between the
cytosol andPMwere nearly the same in both samples (Figure 4C),
indicating that endocytosis of sGFP:ABCG25 occurs at the same
rate in DMSO- and ABA-containing media.

To further examine howplant cellsmaintain high levels of sGFP:
ABCG25 at the PM in ABA-containing medium, we examined the
rate of recycling from endosomes to the PM. At endosomes,
endocytosed proteins can be either targeted to the vacuole for
degradation or recycled back to the PM. To measure the rate of

recycling from endosomes to the PM, we measured the rate of
GFP signal disappearance from the BFA body after washing out
BFA from the cell in a time-dependent manner (Figure 4D). sGFP:
ABCG25 seedlings treated with BFA for 1 h were transferred to
ABA- or DMSO-containing liquid media, and GFP signals were
observed at 1 or 2 h after transfer. At 1 h after transfer toDMSO- or
ABA-containing media, GFP signals were diminished at the BFA
body inbothcases. The rateof disappearanceofGFPsignals from
the BFA body was more rapid in ABA-containing medium than in
DMSO-containingmedium; concomitantly, GFPsignals at thePM
were stronger in ABA-containing medium than in DMSO-
containingmedium. Finally, at 2 h after transfer to ABA-containing

Figure 2. sGFP:ABCG25-Positive Endosomes Are Transported to the Lytic Vacuole via the PVC in Normal Growth Conditions.

(A) to (D)Colocalization of sGFP:ABCG25with ARA7:RFP, but not with VHA-a1:RFP, in root tip cells. Transgenic plants harboring sGFP:ABCG25 together
withVHA-a1:RFP (A)orARA7:RFP (C)were examined for colocalization of sGFP:ABCG25withVHA-a1orARA7usingaCLSM.Green, sGFP:ABCG25; red,
ARA7:RFP or VHA-a1:RFP. Bars = 10 mm.
(B) and (D) The extent of the colocalization of green and red fluorescent signals was analyzed by ImageJ to obtain Pearson-Spearman correlation co-
efficients. The resulting scatterplots are shown along with rp and rs values. The level of colocalization ranged from +1 (complete colocalization) to21 (no
correlation). Analysis of the colocalization between sGFP:ABCG25 and VHA-a1, or between sGFP:ABCG25 and ARA7, was undertaken using 51 and
44 cells, respectively.
(E) Enlargement of sGFP:ABCG25-positive endosomes byWortmannin treatment. sGFP:ABCG25 plants were treated with Wortmannin (33 mM) for 1.5 h.
Bars = 10 mm.
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compartment 



Exogenously applied ABA and GR24 increase ABCG25 expression and PM 
localization of sGFP:ABCG25 
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SLs affect reproductive development 

		

Impossibile visualizzare l'immagine. La 
memoria del computer potrebbe essere 
insufficiente per aprire l'immagine oppure 
l'immagine potrebbe essere danneggiata. 
Riavviare il computer e aprire di nuovo il 
file. Se viene visualizzata di nuovo la x 
rossa, potrebbe essere necessario eliminare 
l'immagine e inserirla di nuovo.

Petunia CCD8 mutants show 
delayed flowering and smaller 
flowers than WT  

Snowden 2005 Plant Cell 17:746 



Fruit ripening processes are controlled by ABA 

		

In grapevine, ripening and 
anthocyanin accumulation are 
activated by exogenous ABA in 
whole berries and berry cells 
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Fig. III.15 Immagini   relative   alla   varietà   Raboso   Veronese   all’ultima   data   di  
campionamento, il 19/08/2011. La figura A rappresenta gli acini conservati nel terreno 
agarizzato di controllo; la figura B gli acini a contatto con il terreno trattato a cui è stato 
inoculato ABA. 
 

Per quanto riguarda la varietà Merlot, le misure sono state effettuate solo 

sul  campione  prelevato  in  data  03/08/2011  (13  giorni  dall’inizio del trattamento 

con ABA), disponendo di due trattamenti: assenza di ABA (controllo) e 

presenza di ABA (ABA). Anche in questo caso la concentrazione degli 

antociani è bassa, ma in quelli trattati con ABA si osserva un aumento 

significativo rispetto al controllo negativo (2.28 mg/Kg contro 0.0 mg/Kg). 

Dalle analisi HPLC sulle bucce di Merlot, nei campioni non trattati non si 

riscontrano tracce di antociani; mentre in quelli trattati, tra le antocianine acilate 

sono esclusivamente riscontrabili le forme acetate (Fig. III.16). 
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Fig. III.1 Part icolari delle sospensioni cellulari derivanti da uve di cv. Pinot Noir non 
trattate e trattate con diverse concentrazioni d i ABA. O = campione trattato con una 
concentrazione 100µM di ABA; P = campione trattato con 80 µM di ABA; Q = 
campione trattato con 60 µM d i ABA; R = controllo, trattato con metanolo. 

 0 h 96 h

 
Fig. III.2 Particolare delle sospensioni cellulari ottenute da uve di cv. Chardonnay a 
inizio (0 ore) e fine trattamento (96 ore). F = campione trattao con metanolo; E = 
campione trattato con 100 µM d i ABA. 
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Exploring ABA-SL interactions in ripening grape berries 
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while GR24 administered together with ABA delayed colour 
accumulation compared with the samples treated with ABA 
alone (Fig 1C, D).

Anthocyanin accumulation

Colour changes were reflected in anthocyanin concentrations, 
which increased above those of untreated control following 
ABA treatment from the first sampling time onwards in both 
experiments. When berries were treated with GR24 only, 
the anthocyanin concentration was in some cases slightly 
lower, but never differed significantly from that measured in 
untreated control samples. When combined ABA and GR24 
were supplied to the medium, anthocyanin accumulation was 
significantly lower than in the case of berries treated with 
ABA alone; this trend was observed in both experiments, 
and was particularly evident at the end of the time course 
(Fig. 2A, B).

The transcript concentrations of VvMybA1 (Fig 2B, C) 
and VvUFGT (Fig 2E, F) followed the pattern of anthocya-
nin accumulation well. In untreated controls, transcripts pro-
gressively accumulated to reach significantly higher amounts 
at the end of the experiment. In berries treated with GR24, 
transcript levels of these genes showed no difference from 

untreated controls at the same sampling times. In ABA-
treated berries, the concentration of VvMybA1 and VvUFGT 
transcripts underwent a significant increase above that of the 
untreated control from 48 h (in vitro) or 72 h after treatment 
(in intact berries), confirming that expression of these genes 
is induced by exogenous ABA. The combined application of 
ABA and GR24 negatively affected the expression of both 
genes compared with treatment with ABA alone, in most 
cases limiting transcript accumulation to the level observed 
in untreated berries.

ABA concentration and biosynthesis

We explored whether GR24 could act on the anthocya-
nin concentration by modulating ABA concentrations. 
ABA levels showed no significant changes over time in the 
untreated control samples; average concentrations across all 
sampling times were significantly higher in attached than in 
in vitro incubated berries (391 pmol g FW versus 125 pmol 
g−1 FW), consistent with ABA phloematic transport to the 
berry (Fig. 3A, B). No significant effects of  treatment with 
GR24 alone were detected. As expected, in ABA-treated 
berry skins, ABA concentration drastically increased at the 
first sampling time and remained stable in incubated berries 

Fig. 1. Accumulation of soluble solids (A, B) and colour turning (C, D) in V. vinifera berries (A, C) severed from the vine and incubated at véraison in the 
presence of different hormones, or (B, D) attached to the vine and sprayed at véraison with the same hormone combinations. UT, untreated control (no 
hormones); GR24, rac-GR24 10−5 M; ABA, ±ABA 200 µM; ABA+GR24, rac-GR24 10−5 M and ABA 200 µM. (C and D) Pictures were taken 6 d after 
treatment; treatments are displayed clockwise starting from the upper left panel. Values marked by the same letter do not significantly differ at P=0.05; 
bars are SEs.

Downloaded from https://academic.oup.com/jxb/advance-article-abstract/doi/10.1093/jxb/ery033/4833190
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We treated grape berries (incubated or in clusters) as follows: no 
treatment, GR24, ABA, GR24+ABA (clockwise) – SL treatment reduced 
ABA-induced anthocyanin accumulation 



GR24 negatively affects ABA concentration in ABA-treated grape 
berries  
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Discussion
Exogenous SL negatively interacts with ABA-induced 
anthocyanin accumulation in grape berries

Accumulation of soluble sugars and, in coloured varieties, of 
anthocyanins are main facets of grape berry ripening. Grape 
berries contain glucose and fructose as soluble sugars, and 
glucosides of cyanidin, delphinidin, peonidin, petunidin, and 
malvidin, the latter predominant in the majority of coloured 
cultivars, such as Barbera (Ferrandino et al., 2012). Total sol-
uble sugar content increases from about 5°Brix at véraison 
(start of ripening) to well above 20°Brix at the end of ripen-
ing; anthocyanins accumulate from véraison during 20–40 d 
(Hrazdina et al., 1984) to reach final concentrations >1.2 mg 
g−1 in skin tissue in Barbera (Ferrandino et al., 2012).

Exogenous ABA supplemented via the severed pedicel or 
sprayed on intact grape berries enhances sugar content and 
anthocyanin accumulation (Pirie and Mullins, 1976; Wheeler 
et al., 2009; Sandhu et al., 2011). In both our experiments, 
ABA-treated berries followed this pattern, and reacted to 
exogenous ABA with an increase in soluble sugars and 
anthocyanins. Some molecular markers of anthocyanin 
accumulation are well known in grape berries: expression 
of the MYB transcription factor VvMybA1, encoding a 
transcriptional regulator that activates anthocyanin biosyn-
thesis (Walker et al., 2007), and of the UDP-glucose:flavonoid 
3-O-glucosyltransferase (VvUFGT) gene, encoding the last 
step of the anthocyanin biosynthetic pathway (Ford et  al., 
1998), closely follows the pattern of anthocyanin accumu-
lation, and they are correspondingly activated by exogenous 
ABA (Jeong et al., 2004), as confirmed in our experiments.

The main finding of this study is that GR24 modi-
fied this pattern as it markedly inhibited the ABA-induced 

accumulation of both sugars and anthocyanins, and the tran-
scriptional increase of VvMybA1 and VvUFGT. GR24 is a 
synthetic SL analogue widely used to simulate the action of 
natural compounds, also due to its ability to permeate plant 
tissues, as shown by the fact that it efficiently reverts the effects 
of genetic SL depletion (Ruyter-Spira et al., 2011; Visentin 
et al., 2016; Ito et al., 2017), and that it can be detected within 
treated tissues (Liu et al., 2015). We thus assume that GR24 
concentration increased in GR24-treated berries, as was the 
case for ABA following ABA treatment.

The effects of GR24 were accompanied by a significant 
reduction of ABA concentration in ABA-treated berries, com-
pared with those treated with ABA only, suggesting that the 
effects of GR24 were mediated by changes in the ABA signal. 
Bi-directional hormone interactions involving ABA and SL have 
been reported in other experimental systems. In tomato, chem-
ically or genetically induced reduction of ABA concentration 
inhibits SL biosynthesis (López-Ráez et al., 2010). Conversely, 
changes in SL levels or sensitivity affect ABA concentration 
and responses: SL-depleted or SL-insensitive Arabidopsis 
mutants in the adult stage are drought stress hypersensitive 
and lack correct physiological and molecular responses to 
ABA (Ha et al., 2014), while max2 (SL-insensitive) mutants are 
hypersensitive to ABA at the seedling stage (Bu et al., 2014). 
The SL–ABA relationship seems to be organ dependent: Lotus 
japonicus and tomato SL biosynthetic mutants show a decrease 
in the drought stress-induced ABA surge in leaves, suggesting 
a positive interaction (Liu et al., 2015). In contrast, in Lotus 
roots, treatment with GR24 inhibits the osmotic stress-trig-
gered increase of ABA concentration (Liu et al., 2015), and 
drought stress decreases SL and increases ABA concentration 
in non-mycorrhizal roots of Lotus, tomato, and lettuce (Liu 
et al., 2015; Ruiz-Lozano et al., 2016), as would be the case 

Fig. 3. ABA concentration (A, B) and transcript accumulation of the ABA biosynthetic gene VvNCED1 (C, D) in V. vinifera berry skins (A, C) incubated 
at véraison in the presence of different hormones, or (B, D) attached to the vine and sprayed at véraison with the same hormone combinations. For 
treatment labels and significance of differences, see legend to Fig. 1.

Downloaded from https://academic.oup.com/jxb/advance-article-abstract/doi/10.1093/jxb/ery033/4833190
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for a negative interaction. Clearly, the interactions at the bio-
synthetic, catabolic, membrane transport, and signalling levels 
may be intricate and diverse in the different plant organs.

Although our results strongly suggest that GR24 affected 
sugar and anthocyanin accumulation through modulation of 
ABA concentration, other possibilities exist. Lv et al. (2018) 
recently showed that in Arabidopsis leaves GR24 induces sto-
matal closure also in ABA-depleted mutants, and that this 
ABA-independent effect could be triggered by an oxidative 
burst. A  transcriptomic study suggested that an oxidative 

burst takes place at véraison in grape berries (Pilati et  al., 
2007), and this could represent an additional mechanism of 
action of GR24 in grape berries.

GR24 controls the expression of ABA metabolic but 
not of biosynthetic genes

We observed that the GR24 treatment significantly reduced 
ABA concentration in ABA-treated berries, compared with 
those treated with ABA only. The concentration of ABA is 

Fig. 4. Transcript accumulation of genes involved in ABA metabolism. Relative expression of VvHYD1 (A, B), VvHYD2 (C, D), VvGT1 (E, F), and VvBG1 
(G, H) in V. vinifera berry skins (A, C, E, G) incubated at véraison in the presence of different hormones, or (B, D, F, H) attached to the vine and sprayed at 
véraison with the same hormone combinations. For treatment labels and significance of differences, see legend to Fig. 1.
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In Phelipanche seeds, a decrease in 
ABA was reported following 
application of exogenous SL 
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an ABA 8'-hydroxylase (Table 1). Interestingly, an AtCYP707A 
gene has been already shown to be up-regulated in Arabidopsis 
seedlings treated with GR24 (Mashiguchi et al., 2009). 
Based on both TDF sequences, a search in the Parasitic Plant 
Genome Project databank uncovered three distinct CYP707A 
sequences in P. aegyptiaca and S. hermonthica. RACE-PCR 
strategies revealed two CYP707A full-length cDNAs, named 
PrCYP707A1 and PrCYP707A2.

ABA is known to play a major role in seed dormancy and germi-
nation (Koornneef et al., 2002). Its hormonal action is controlled 
by a fine-tuned balance between biosynthesis and catabolism 
(Nambara and Marion-Poll, 2005). Seed dormancy maintenance 
involves ABA synthesis (Finkelstein et al., 2008) whereas a 

decrease in ABA content triggered by after-ripening, stratifica-
tion, and other dormancy-releasing mechanisms promote the 
germination process in dormant seeds (Gubler et al., 2005). 
Thus, dormancy release relies mainly on ABA catabolism by 
specific ABA 8'-hydroxylases encoded by the cytochrome 
P450 CYP707A family (Kushiro et al., 2004; Saito et al., 2004; 
Okamoto et al., 2006). ABA 8'-hydrolases catalyse ABA hydrox-
ylation and produce 8'-hydroxy ABA which is then spontane-
ously isomerized to phaseic acid (Nambara and Marion-Poll, 
2005). CYP707A-related sequences have been character-
ized in many plant species. For instance, four genes encoding 
CYP707A activity have been identified in Arabidopsis (Kushiro 
et al., 2004; Saito et al., 2004) and two in barley (Millar et al., 
2006). Among the four Arabidopsis sequences, AtCYP707A2 is 
up-regulated in association with a rapid decrease in ABA con-
tent during seed imbibition. Seeds of a cyp707a2 mutant were 
hyperdormant and accumulated 6-fold higher ABA levels than 
the wild type (Kushiro et al., 2004; Millar et al., 2006), whereas 
constitutive expression of AtCYP707A1 in Arabidopsis results in 
decreased ABA levels in seeds along with dramatically reduced 
dormancy (Millar et al., 2006). Similarly, ABA content in bar-
ley is higher in embryos of after-ripened dormant seeds than 
of non-dormant seeds in association with higher HvCYP707A1 
expression levels in non-dormant compared to dormant seeds 
(Millar et al., 2006). Altogether, these results highlight the major 
role of CYP707A genes in regulating the ABA level during seed 
dormancy and release.

In root parasitic plants, the control of ABA levels is also 
thought to be involved in the seed germination process (Zehhar 
et al., 2002; Chae et al., 2004). In the present study, a strong 
decrease in ABA levels in P. ramosa seeds occurred during the 
first day of conditioning (Fig. 5). This decrease was maintained 
to a lesser extent for the next 6 d of conditioning. Interestingly, 
neither gene, PrCYP707A1 nor PrCYP707A2, exhibited any 
change in their expression levels during the 7 d conditioning 
period (data not shown). Based on these results, the decrease in 
ABA levels in conditioned P. ramosa seeds does not seem to be 

Fig. 4. In situ localization of PrCYP707A1 transcripts in longitudinal sections of P. ramosa seeds. (A) Section stained with toluidine blue 
for visualization of seed anatomy: M, micropyle; Em, embryo; En, endosperm; P, perisperm; SC, seed coat (Joel et al., 2011). Seeds 
were conditioned for 7 d (A, B, C) and treated for 6 h with 1 nM GR24 (D). Sections were hybridized with the sense probe as a negative 
control (B) and with the antisense probe (C, D). Positive hybridization signals are indicated by brown-violet staining (arrows) using a 
digoxigenin-labelled RNA immunodetection system. Bars, 50 µm.

Fig. 5. Change in ABA levels during seed conditioning and 
GR24-triggered germination over time. Seeds without GR24 
treatment (black bars) and with 1 nM GR24 added on day 7 of 
conditioning (white bars). Means are values ± SE. Means denoted 
by the same letter do not differ significantly at P <0.05 (SNK test).

In grape berries, GR24 activates the 
ABA-oxidase HYD1 



Control of ABA transport maybe a recurrent SL-dependent 
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regulated by its biosynthesis, controlled by NCED genes, and 
by catabolism, which can follow both oxidation and conjuga-
tion pathways (Nambara and Marion-Poll, 2005). Oxidation 
reactions are catalysed by cytochrome P450 monooxygenases 
such as ABA 8'-hydroxylase (CYP707A gene family; Kushiro 
et al., 2004; Saito et al., 2004). In grapevine, three members 
of this gene family are described, among which VvHYD1 and 
VvHYD2 are most expressed in root and leaf (Speirs et al., 
2013). ABA oxidation to inactive compounds controls the 
drop in ABA concentration observed in leaves upon rehy-
dration (Okamoto et al., 2009) and in seeds upon imbibition 
(Okamoto et  al., 2006). ABA conjugation to ABA-glucose 
ester is performed by ABA-GlucosylTransferase (AGT) (Xu 
et al., 2002). The grapevine homologue VvGT1 is down-regu-
lated after véraison (Sun et al., 2015). In Arabidopsis, ABA-
glucose ester is hydrolysed by a β-glucosidase (BG1) (Lee 
et al., 2006). The grapevine homologue of this gene (VvBG1) 
was biochemically characterized and is up-regulated in ber-
ries at véraison (Sun et al., 2015).

A straightforward hypothesis to explain the lower ABA 
concentration following GR24 co-treatment of ABA-treated 
berries is the activation of ABA catabolism. CYP707A genes 
are transcriptionally up-regulated following ABA treatment, 
suggesting an active contribution to homeostasis of free ABA 
levels (Cutler and Krochko, 1999; Saito et  al., 2004). We 
correspondingly observed a marked peak of VvHYD1 and 
VvHYD2 expression following ABA treatment. In the in vitro 
experiment, this peak, observed 72 h after treatment, did not 
cause a significant reduction of ABA concentration there-
after, probably due either to the high ABA levels induced 
by the treatment or to a relatively low amount of cytosolic 

ABA, the potential substrate of the cytosolic CYP707A 
gene products. Most interestingly, co-treatment with GR24 
induced a further, significant expression increase of both 
hydroxylases, which could have elevated the enzyme activity 
to levels sufficient to observe the decrease of ABA at later 
sampling times. This finding, considering that GR24 appli-
cation activates CYP707A1 expression and enhances germin-
ation of Phelipanche ramosa seeds (Lechat et al., 2012), while 
Arabidopsis CYP707A3 is up-regulated by gibberellin and 
brassinolide (Saito et al., 2004), suggests that this gene family 
may mediate several hormone interactions in plants.

The effect of GR24 treatment on ABA conjugation is less 
clear: we observed no significant changes in expression of 
VvGT1 (encoding a conjugating enzyme), and an activation of 
VvBG1 (encoding a de-conjugating enzyme) transcript concen-
tration, which could represent a homeostatic control of free 
ABA levels induced by the increase of ABA hydroxylation 
observed upon GR24 treatment. However, as VvBG1 is two 
orders of magnitude less expressed than VvGT1, the contribu-
tion of de-conjugation to free ABA levels might be negligible.

Members of  the NCED gene family are considered to be 
the main control point of  ABA biosynthesis in Arabidopsis 
(Nambara and Marion-Poll, 2005) and are activated by 
ABA in some ecotypes (Cheng et  al., 2002). A  second 
possible mechanism underlying the effect of  GR24 on 
ABA-treated berries could thus be due to changes in ABA-
induced ABA biosynthesis rate, which could contribute to 
the rise in ABA concentration, particularly in the cytosolic 
compartment. Two NCED genes were cloned from grape-
vine, NCED1 being the most expressed in berries (Deluc 
et  al., 2007; Wheeler et  al., 2009; Zhang et  al., 2009). 

Fig. 5. Transcript accumulation of genes involved in ABA transport. Relative expression of VvABC25 (A, B) and of VvABCG40 (C, D) in V. vinifera berry 
skins (A, C) incubated at véraison in the presence of different hormones, or (B, D) attached to the vine and sprayed at véraison with the same hormone 
combinations. For treatment labels and significance of differences, see legend to Fig. 1.
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GR24 reduces the ABA-induced 
activation of ABCG25 



Conclusions: a complex control of drought stress responses and 
reproductive development by SL  

o  Besides controlling shoot and root branching, SLs have pervasive effects on plant 
physiology, including tolerance to stress and flower/fruit development 

o  An increase in shoot SL levels are required for plants to develop full responses to 
drought stress 

o  In fruit, SLs can induce ABA degradation quenching responses to ABA 

o  miR156 is part of the SL- signal transduction pathway 

o  ABA relocalization due to activity of ABA transporters may be a common pattern 
of SL modulation of ABA effects 



Application of SLs in agriculture 

o  SLs activate seed germination in parasitic plants and can synchronize fgermination 
in crop plants 

o  SL application to the shoot increases tolerance to drought stress 

o  SL application accelerates flowering in tomato and could affect ripening processes  

o  SL-enriched biostimulants have effects similar as exogenous SL (GR24) 
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