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Strigolactones (SLs) have been recently identified as a new
group of plant hormones or their derivatives thereof, shown
to play a role in plant development. Evolutionary forces
have driven the development of mechanisms in plants that
allow adaptive adjustments to a variety of different habitats
by employing plasticity in shoot and root growth and
development. The ability of SLs to regulate both shoot and
root development suggests a role in the plant’s response to its
growth environment. To play this role, SL pathways need to be
responsive to plant growth conditions, and affect plant growth
toward increased adaptive adjustment. Here, the effects of SLs
on shoot and root development are presented, and possible
feedback loops between SLs and two environmental cues, light
and nutrient status, are discussed; these might suggest a role
for SLs in plants’ adaptive adjustment to growth conditions.

Strigolactones (SLs) are carotenoid-derived terpenoid lactones
suggested to stem from the carotenoid pathway' via the activity
of various oxygenases.”? SLs production has been demonstrated
in both monocotyledons and eudicotyledons (reviewed in ref. 4),
suggesting their presence in many plant species.’ SLs are synthe-
sized mainly in the roots and in some parts of the stem and then
move towards the shoot apex (reviewed ref. 7).%%?

SLs were first characterized more than 40 years ago as germi-
nation stimulants of the parasitic plants Striga and Orobanche
and later, as stimulants of arbuscular mycorrhiza hyphal branch-
ing as well (reviewed in ref. 4, 10~13). Recently, SLs or derivatives
thereof, have been identified as a new group of plant hormones,
2389 thereby
affecting shoot architecture; more recently they have also been

shown to play a role in inhibition of shoot branching,

shown to affect root growth by affecting auxin efflux."

Plants have developed mechanisms that allow adaptive adjust-
ments to a variety of different habitats by employing plasticity in
their growth and development.” Shoot architecture is affected by
environmental cues, such as light quality and quantity and nutri-
ent status.'*" Root-system architecture and development are
affected by environmental conditions such as nutrient availabil-
ity (reviewed in ref. 20, 21). At the same time, plant hormones
are known to be involved in the regulation of plant growth,
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development and architecture (reviewed in ref. 22-24) and to
be mediators of the effects of environmental cues on plant devel-
opment; one classic example is auxin’s role in the plant’s shade-
avoidance response (reviewed in ref. 25).

The ability of SLs to regulate shoot and root development
suggests that these phytohormones also have a role in the plant’s
growth response to its environment. To play this putative role, SL
pathways need to be responsive to plant growth conditions, and
affect plant growth toward enhancing its adaptive adjustment.
The present review examines the SLs” possible role in adaptive
adjustment of the plant’s response to growth conditions, by dis-
cussing their effect on plant development and the possible asso-
ciations and feedback loops between SLs and two environmental
cues: light and nutrient status.

Strigolactones Affect Shoot Development

SLs or derivatives thereof are newly identified phytohormones
that play a role in suppressing the growth of pre-formed axillary
buds, acting as long-distance branching inhibitors.>* SL path-
ways have so far been identified in several plant species, includ-
ing Arabidopsis thaliana, rice (Oryza sativa), petunia (Petunia
hybrid), pea (Pisum sativum), tomato (Solanum lycopersicum) and
chrysanthemum (Dendranthema grandiflorum)***** (reviewed
in ref. 7 and 29). Based on mutant analysis, within the SL path-
ways, both SL synthesis and SL signaling components have been
identified (reviewed in ref. 7 and 29).

Among the SLs synthesis components two CAROTENOID
CLEAVAGE DIOXYGENASEs (CCD) enzymes, CCD7 and
CCD8 were identified (reviewed in ref. 3, 7, 26-29), and were
suggested to sequentially catalyze carotenoid cleavage reac-
tions.?>*" Also, a cytochrome P450 monooxygenase, MAX1, was
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suggested to be involved in a later biosynthetic step,
additional steps in SL synthesis are anticipated yet unknown.!
As for the SLs signaling components, although the SLs recep-
tor was not identified yet, MAX2, an F-box protein, was suggested
to be a component of SL signaling and function in a ubiquitine-
mediated degradation of yet unknown protein targets.**
However, other plant hormones also play a role in shoot
branching (such as auxin and cytokinin, reviewed in ref. 22).
Accordingly, cross-talks between SLs and other regulators of
shoot branching were discovered (reviewed in ref. 7 and 29).
Cytokinin biosynthesis was suggested to be involved in bud out-

growth following decapitation.** However, the best described
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cross-talk is that between SLs and auxin. It was suggested that
SLs serve as auxin-promoted secondary messengers that move up
into the buds to repress their outgrowth (reviewed in ref. 7, 8 and
34), and that both auxin and SLs can change each other’s levels
and distribution in a dynamic feedback loop that is required for
the coordinated control of axillary branching.® Alternatively, it
was suggested that SLs inhibit polar auxin transport from the
buds by reducing the capacity for such transport from the apical
meristem, resulting in restrained bud outgrowth (reviewed in ref.
29, 36-38). However, to support this last notion it still remains
to be demonstrated that the timing of auxin transport out of a
bud is causal to the bud outgrowth, rather than its result.” This is
especially important since SLs application to growing buds were
shown to reduced their growth, with no effect on auxin transport

from the bud.®
Strigolactones may Affect Root Development

The effect of SLs on root development is only now being revealed,
and more research is needed for its full characterization. Based on
analyses of mutants flawed in SL biosynthesis or signaling and
the treatment of seedlings with GR24 (a bioactive, synthetic
SL¥), evidence has emerged for the involvement of SLs in root
development. These results suggested that SLs repress lateral root
initiation. In addition, GR24 treatment led to an increase in root-
hair length, which might be mediated via the MAX2 F-box.*

Similar involvement in root-hair elongation was recorded for
the compound D’orenone, mediated via an increase in auxin
transport caused by an increment in PIN2 protein abundance
and alterations in its localization;* D’orenone is suggested to be
structurally identical to the proposed precursor of SL synthesis.!
Accordingly, in tomato roots, SLs were suggested to interfere
with the inhibitory effect of exogenously applied auxin on root
elongation via an increase in root-cell length. Auxin-efflux carri-
ers were involved in this SL effect on root growth and root-hair
elongation.' Together, these results point to possible cross-talk
junctures between SLs and auxin for the control of root devel-
opment, which operate through SLs” interference with an auxin
efflux carrier.

Strigolactones and Environmental Cues

Light. Light quality and intensity were shown to affect multiple
processes in plants, including determination of shoot architec-

ture!®®

and shade-avoidance response; the latter is comprised
of enhanced elongation of hypocotyls petioles and stems,
leaves movement to a vertical position and enhanced apical
dominance.?*

Several lines of evidence suggest a connection between SL
pathways and light (reviewed in ref. 44). max2 mutant seedlings
(pps) were found to be hyposensitive to red (R) and far red (FR)
light. Moreover, several genes, including Rubisco small subunit
and chlorophyll a/b-binding protein precursors, were found to

exhibit a slower rate of induction upon R light exposure in max2
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mutants relative to the WT.* Since light quality, i.e., a low R:FR
ratio, has been found to suppress shoot branching as part of the
shade-avoidance response (reviewed in ref. 25, 29 and 46), it
might be that SLs, which have been identified as shoot-branching
inhibitors, are one of the mediators of that response. However, SL
mutants in pea retained or even enhanced their sensitivity to day
length in terms of their pattern of shoot branching, in compari-
son to the WT.¥

SLs have also been suggested to be positive regulators of light-
associated processes. Mashiguchi and co-workers found that
light-signaling-related genes are induced in Arabidopsis seedlings
shortly (90 min) following exposure to GR24.% Analysis of roots
and shoots of WT tomato plants and of the SLs-deficient tomato
mutant S/-ORTT¥> suggested that SLs are positive regulators of
plant light harvesting. This was deduced from the list of genes
induced by GR24, following 24 to 48 h of GR24 treatment,
which was enriched in genes putatively associated with light
harvesting. It was also deduced from the fact that light-induced
genes in the SL-deficient mutant were transcriptionally downreg-
ulated in comparison to the WT, and from the fact that the level
of chlorophyll was reduced in leaves of S/-ORT1 relative to the
WT5! In the shoots, therefore, SLs may regulate shoot branching
in response to light quality on the one hand and light harvesting
on the one.

Interestingly, direct illumination on roots was suggested to
markedly inhibitlateral rootinitiation in pea.’* Moreover, light was
shown to positively regulate root-hair formation in Arabidopsis.”
SLs are suggested to be associated with both inhibition of lateral
root initiation and root hair elongation.?’ Therefore, it might be
that SLs are mediators of root-light responses. However, more
research is needed to confer or rebut this hypothesis, since in
many cases similar developmental responses may be triggered by
different signaling mechanisms.*

To conclude, further studies are clearly needed to determine
the junction points of the co-regulation of SLs and light in light-
regulated processes, in both shoots and roots. Moreover, the
cross-talk between SLs and light-associated pathways might fol-
low a feedback loop, because carotenoid biosynthesis has been
shown to be light-dependent (reviewed in ref. 54) and SLs are
thought to be derived from this pathway.! This feedback loop
may be required for the plant’s coordinated growth and develop-
ment under different light conditions.

Nutrient status. Nutrient status has been shown to affect shoot
branching. For example, boron (B) deficiency in pea reduced
shoot apical dominance.” Nitrogen (N) availability in peach trees
affected shoot architecture: secondary axes responded to N limita-
tion by decreasing their growth according to their position along
the main axis.” However, nutrient supply to pea did not prevent
the outgrowth of buds, although it did affect branch length.’

It is possible that SLs are involved in regulation of shoot
branching in response to nutrient status. This is since, (1) SLs
inhibit shoot branching, (2) they are suggested to modulate auxin
transport (auxin transport is involved in the shoot’s response to
B deficiency®) and (3) their biosynthesis is responsive to nutrient
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(Phosphate [Pi] and N) levels.”?® Hence, it is possible that SLs
provide a way for the plant to coordinate shoot development with
nutritional conditions.

The effects of nutrition level on root development are well
documented. Lateral root initiation, primary root elongation
and root-hair formation are largely affected by the levels of
several nutrients, including N, Pi, iron (Fe), aluminum (Al),
calcium (Ca) and sulfur (S). For example, lateral root forma-
tion is induced under low Pi and S conditions; primary root
elongation is inhibited under low Pi conditions (reviewed in ref.
20 and 59). Root-hair formation is induced by, for example, low
Pi, low Fe and low N conditions (reviewed in refs. 59 and 60).

Root hairs development was suggested to be affected by SLs

144041 9nd low Pi and low

55-58

and their putative precursor, D’orenone,
N conditions have been shown to induce SLs production.
Hence, it is tempting to speculate that SLs are mediators of the
root response to low nutrient conditions, but this still remains to
be demonstrated.

Other Phytohormones and Plant Responses
to Environmental Cues

Numerous studies have suggested a connection between phyto-
hormones and plant growth plasticity in response to environmen-
tal cues. For example, with respect to the light response, auxin
has been shown in a large number of studies to be responsible
for the plant’s shade-avoidance response (reviewed in ref. 25).
Cytokinin has been shown to co-regulate, along with light, many
plant processes (reviewed in ref. 61), whereas both gibberellins
and brassinosteroids have been shown to be involved in dark-light
transition and photomorphogenesis (i.e., influence of light on
plant morphogenesis), demonstrated for hypocotyl growth and
elongation.®*%

With respect to nutrient response, auxin, cytokinin, ethyl-
ene, gibberellins and abscisic acid have been shown to affect
root and shoot development in response to nutrient condi-
tions; conversely, mineral nutrient conditions have been shown
to influence hormone biosynthesis, transport and signaling
(reviewed in ref. 20, 24 and 64). For example, under low Pi
conditions, the changes in root-system architecture and root-
hair formation in Arabidopsis were suggested to be a result of
increased auxin sensitivity.® Nitrate application was also shown
to increase cytokinin biosynthesis and expression of its sig-
naling components, leading to morphological effects on both
roots and shoots (reviewed in ref. 24), whereas the reduction in
shoot apical dominance in pea was suggested to be a result of
reduced auxin transport out of the apex under conditions of B
deficiency.”

Notably, many of the phytohormones are coordinated with
other phytohormones in their effects on plant development, and
have multiple cross-talk junctions between them, forming a com-
plex network of coordinated effects (reviewed in ref. 66).
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Figure 1. Strigolactones (SLs) may have a role in plant developmental
plasticity in both roots and shoots, in response to environmental cues
such as light and nutrient status. SLs have been shown to inhibit shoot
branching, mediated by either auxin transport or auxin signaling,
whereas both auxin and SLs have the ability to change each other’s
levels and distribution. SLs have been shown to increase plant light-
harvesting capability, but the effects of light harvesting on SL produc-
tion or sensitivity are not clear (dashed arrow). Low levels of nutrients
(e.g., Pi, N) might increase SL production in roots, whereas SLs or their
putative precursor may lead to alteration of root development, which

may be mediated via auxin transport.

Conclusions and Perspectives

SLs may play a role in plant development plasticity in both roots and
shoots in response to environmental cues, such as light and nutri-
ent status (Fig. 1). On the one hand, SLs are suggested to increase
the plant’s light-harvesting ability; on the other, they inhibit shoot
branching. It is tempting to speculate that the SL-induced increase
in light-harvesting capability compensates for the reduction in
total leaf area resulting from reduced shoot branching,

Low levels of nutrients (Pi and N) increase root SLs produc-
tion, and there are evidences suggesting that levels of SLs and its
putative precursor lead to alterations in root-hair length; the lat-
ter is thought to be directly associated with enhancement of the
plant’s ability to absorb nutrients (reviewed in ref. 67 and 68). It
might be that SLs affect root-hair elongation, resulting in modu-
lation of nutrient uptake by the plant.

To conclude, although more research is needed on the sub-
ject, it might be that SLs are players in a carefully controlled net-
work that coordinates shoot and root development in response to
environmental conditions. SLs’ effects are probably coordinated
with those of other phytohormones, conferring plasticity on
plant growth and development for adaptive responses to growth
conditions.
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