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SHORT COMMUNICATION

Light-sensitive Phytochrome-Interacting Factors
(PIFs) are not required to regulate phytoene
synthase gene expression in the root
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Carotenoids are plastidial isoprenoids essential for the protection of photosynthetic tissues against excess light.
They also serve as precursors of apocarotenoid hormones such as abscisic acid (ABA) and strigolactones. The first
enzyme of the carotenoid pathway, phytoene synthase (PSY), is also the main rate-limiting step. Unlike that observed
in most plants, PSY is encoded by a single gene in Arabidopsis thaliana. Whereas the PSY gene is induced by light in
photosynthetic tissues, a root-specific upregulation of PSY expression by salt stress and ABA has been recently dem-
onstrated. Here we report that transcription factors of the Phytochrome-Interacting Factor (PIF) family, previously
shown to repress PSY expression in etiolated seedlings and mature leaves, do not influence PSY expression in roots.
Together, our results suggest that organ-specific pathways regulate PSY expression and hence carotenoid production

in response to different environmental cues.

Carotenoids are isoprenoid metabolites with a strong inter-
est as natural pigments in the industry. Additionally, they are a
source of retinoids (including vitamin A) and health-promoting
metabolites in the human diet.? Plant carotenoids are synthe-
sized in plastids. In chloroplasts of photosynthetic tissues, carot-
enoids contribute to light harvesting and photoprotection.? In
some plant species, they also accumulate at high levels in chro-
moplasts of flowers and fruits, contributing to their colors.*’
Oxidative cleavage of carotenoids produce apocarotenoids with
roles either as pigments and flavors that attract pollinators or
seed-dispersing animals or as hormones such as abscisic acid
(ABA) and strigolactones that regulate plant development and
the interaction of plants with their environment.*?

The first specific reaction of the carotenoid pathway is the
production of phytoene from 2 geranylgeranyl diphosphate
molecules catalyzed by the phytoene synthase (PSY) enzyme.
The transcriptional regulation of PSY levels is a major factor
controlling the production of carotenoids during deetiolation,
when a burst in carotenoid biosynthesis takes place to protect
the emerging photosynthetic apparatus against excess light.'!?
In deetiolating Arabidopsis thaliana plants, the expression of the
single gene encoding PSY is directly controlled by transcription
factors of the Phytochrome-Interacting Factor (PIF) family."
In particular, PIF1 was shown to bind to the PSY promoter

to downregulate its transcriptional activity in the dark. Other
PIFs (PIF3, PIF4 and PIF5) were also found to contribute to
repress PSY expression and hence carotenoid biosynthesis,
resulting in low carotenoid levels in dark-grown (etiolated)
seedlings.'? Upon illumination, PIFs are degraded following
interaction with the photoactivated form of phytochromes,'*'
eventually resulting in a strong derepression of PSY expression
and hence an increased production of carotenoids in deetiolat-
ing seedlings.'>" PIFs also appear to have a role in regulating
PSY expression and carotenoid accumulation in leaves from
plants grown under different photoperiods.'” However, the role
of these light-sensitive transcription factors in roots (organs that
normally develop in the dark) remain virtually unexplored.

We recently reported that the Arabidopsis PSY gene is differen-
tially regulated in shoot (photosynthetic) and root tissues.'® In the
root, PSY expression is highest in the vascular area and it rapidly
increases in response to salt stress. This induction results in an acti-
vated flux to the carotenoid pathway and an enhanced production
of ABA precursors to fuel a sustained production of the hormone,
in agreement with that proposed in other plants like maize (Zea
mays) and rice (Oryza sativa).”** Also similar to that observed in
other plant species, ABA treatment upregulates PSY gene expres-
sion in Arabidopsis roots.'® These results provide evidence of a con-
served feedback mechanism to ensure the production of carotenoid
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collected by fluorescence-activated cell sorting.?

Figure 1. Electronic fluorescent pictographic (eFP) representations of the levels of transcripts encoding PIFs (PIF1, PIF3, PIF4, and PIF5) in Arabidopsis
roots. Data were obtained from the Arabidopsis eFP browser at www.bar.utoront.ca® and correspond to root material from 5- to 6-d-old seedlings

precursors for ABA synthesis in the root. By contrast, neither salt
nor ABA treatments have any effect on the expression of PSY in
shoot tissues, where carotenoid levels are much higher and hence
ABA synthesis can occur from available precursors.'

Besides directly repressing Arabidopsis PSY expression,"?
PIF1 (also referred to as PIL5) has been shown to regulate the
expression of genes involved in ABA synthesis and signaling
during seed germination.?** We therefore reasoned that PIF1
and perhaps other light-sensitive PIFs might also act in the root
to regulate PSY gene expression in response to salt stress and/or
ABA signals. Based on the data available from the eFP browser,
genes encoding PIF1, PIF3, PIF4, and PIF5 are expressed in the
root stele (Fig. 1), similar to that observed for PSY'® Because
PIF protein stability is also a key determinant of their biological
function, we next aimed to determine whether the accumula-
tion of PIF proteins (and hence their putative impact on PSY
expression) was light-dependent. For this experiment, we used
available transgenic plants constitutively expressing a fusion of
PIF3 to B-glucuronidase (GUS) previously shown to be use-
ful as a reporter of PIF3 protein levels.” These 355:GUS-PIF3
plants, together with control 35S:GUS-GFP plants,! were
grown under long day (LD) conditions for 6 d and, in the sub-
jective morning of day 7 (Sh after the lights went on in the LD
chamber), they were either transferred to constant dark or left
under LD (Fig. 2A). Root samples were taken 24h later in the
dark or in the light and stained for GUS activity. As expected,
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roots from control 355:GUS-GFP plants showed similar GUS
staining in all the tissues and light conditions (Fig. 2B). By
contrast, roots from 355: GUS-PIF3 plants collected in the light
showed very little GUS staining, whereas those from dark-grown
samples displayed a strong activity of the GUS-PIF3 protein in
the vasculature (Fig. 2B). These results indicate that PIF3 (and,
most likely, other PIFs) might accumulate under physiologically
normal conditions (i.e., in roots growing underground in the
dark). They also demonstrate that light prevents the accumu-
lation of PIF3 in the root stele, suggesting that PIF stability
in roots is regulated by light signals as previously reported for
whole plants.”*™ The preferential accumulation of the GUS-
PIF3 protein in the vascular tissue of dark-incubated 35S:GUS-
PIF3 roots might suggest that this protein is not stable in other
tissues of the root (since the 358 promoter is expected to produce
the fusion protein in all the cell types, as observed in 355:GUS-
GFP roots). However, analysis of additional reporter lines would
be necessary to draw any conclusion on this matter.

With this information in hand, we next evaluated whether PIFs
contributed to the control of PSY gene expression in roots under
normal conditions and in response to an abiotic (salt) stress. A qua-
druple mutant defective in PIF1, PIF3, PIF4, and PIF5, referred
to as pifQ,* and wild-type plants were grown together under LD
and then either moved to the dark or left under LD conditions as
described above (Fig. 2A). After 24h, the seedlings were transferred
in the dark or in the light to fresh medium either supplemented or
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Figure 2. Analysis of PIF protein levels and their effect on PSY gene
expression in roots. (A) Experimental setup. Seeds were germinated
and grown on a mesh on top of solid Murashige and Skoog (MS)
medium under long day (LD) photoperiod (8h of darkness and 16h
under fluorescent white light at a photosynthetic photon flux density
of 60 pmol m?s™) at 22 °C. In the subjective morning of day 7 (5h after
the lights went on in the LD chamber), the plates were either transferred
to constant dark or left under LD for 24h. Then, samples were collected
for GUS staining (B) or transferred to new plates containing solid MS
medium either supplemented or not with 200 mM NacCl (C). Times and
treatments were selected to compare conditions in which PIF proteins
were either present (in the dark) or absent (after 5h of light) at the same
moment of the day, hence preventing any possible circadian effect on
PSY expression. (B) Representative images of roots from transgenic
355:GUS-GFP and 35S5:GUS-PIF3 seedlings grown as described in (A) and
collected in the light or in the dark. Roots were separated from shoots
and stained for GUS activity as described.!! The images correspond to
the differentiation zone of the root. (C) Wild-type (WT) and mutant pifQ
lines were grown and exposed for 2h to salt (+NaCl) or mock (-NaCl)
treatments as described in (A). Then, root samples were collected for
RNA extraction and qPCR analysis of PSY transcript levels using the UBC
gene for normalization as described.!® Values are represented relative
to those in mock-treated WT plants. Mean and standard deviation of n
= 4 independent samples are shown. No statistically significant differ-
ences were found between WT and pifQ samples.

not with 200 mM NaCl and incubated for 2h (Fig. 2C). Analysis
of PSY transcript levels showed no major differences between geno-
types (wild-type vs. pifQ) or light conditions (dark vs. light). In
response to salt treatment, the induction of PSY expression was
also similar in wild-type and mutant roots, both in darkness and in
the light (Fig. 2C). We therefore conclude that PIFs do not signifi-
cantly contribute to regulate PSY expression in Arabidopsis roots.
In most plants, PSY is encoded by small gene families with
members that show different expression profiles. In part due
to the spatial distribution of gene expression, some isoforms
are involved in the biosynthesis of carotenoids in chloroplast-
containing photosynthetic tissues, whereas others participate in
the production of carotenoids in the chromoplasts of the fruit,
the amyloplasts of the seed, or the leucoplasts of the root.” The
genes encoding chloroplast PSY enzymes involved in photosyn-
thesis are light-regulated, whereas those preferentially found in
the root (such as maize and rice PSY3 isoforms) are not respon-
sive to light but to salt, osmotic, or water stress, and specifi-
cally to ABA.?° The existence of a single gene encoding PSY in
Arabidopsis implies that the same promoter must be able to dif-
ferentially respond to signals coming from organs with distinct
carotenoid requirements. This is particularly challenging when
different signaling pathways converge in the same transcription
factors. For example, PIFs modulate Arabidopsis gene expression
in response to both light and hormone (including ABA) sig-
nals."*'*?” However, we found that the Arabidopsis PSY gene is
regulated by PIFs only in response to light signals in the shoot.
Like other transcription factors of the bHLH type, PIFs prefer-
entially bind to G-box sequences (CACGTG) in the promoter
of target genes. Although both PSY and PIF-encoding genes are
expressed in the same tissues of the root stele, it is possible that
the G-box motifs of the PSY promoter are not available for PIF
binding in the root. Strikingly, the G-box bound by PIF1 in the
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PSY promoter overlaps with other motifs recognized by tran-
scription factors involved in ABA signaling.?®% It is therefore
possible that such transcription factors and PIFs might compete
for a binding site on the PSY promoter in different plant tissues,
including those of the root vascular system. This possibility,
however, awaits experimental validation.
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