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Abstract

In Arabidopsis, de novo organogenesis of lateral roots is patterned by an oscillatory mechanism
called the root clock, which is dependent on unidentified metabolites. To determine if retinoids
regulate the root clock, we used a chemical reporter for retinaldehyde (retinal) binding proteins.
We found that retinal binding precedes the root clock and predicts sites of lateral root
organogenesis. Application of retinal increased root clock oscillations and promoted lateral root
formation. Expression of an Arabidopsis protein with homology to vertebrate retinoid binding
proteins, TEMPERATURE INDUCED LIPOCALIN (TIL) oscillates in the region of retinal
binding to the reporter, confers retinal binding activity in a heterologous system, and when
mutated, decreases retinal sensitivity. These results demonstrate a role for retinal and its binding
partner in lateral root organogenesis.
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Plants continuously develop post-embryonic lateral roots in order to forage for water and
nutrients. The root clock, a temporal series of oscillating changes in gene expression, pre-
patterns sites for initiation of lateral root primordia (1, 2). Blocking carotenoid metabolism
genetically or with inhibitors is sufficient to dampen root clock oscillations and prevent
lateral root initiation (3, 4). Known apocarotenoid regulators of root development, including
abscisic acid, strigolactone, anchorene, and B-cyclocitral, do not rescue lateral root initiation
in plants with reduced carotenoid metabolism (3, 5-8). In vertebrate development, p-
carotene-derived retinoic acid has important functions in the oscillatory somitogenesis clock
(9), neurogenesis, and vasculature development (10-12). Therefore, we hypothesized that
retinoids may have similar developmental functions across different domains of life, and that
retinal signaling may play a role in the root clock.

To examine the potential for retinal signaling in the root, we deployed merocyanine aldehyde
(MCA), a chemical reporter designed to measure vertebrate retinoid binding protein activity
(13). MCA has a Cyanine-5 (Cy5) head group fused to a retinal-like moiety that fluoresces
when bound to a lysine residue in retinoid binding proteins (Fig. 1A). To test for the
presence of proteins that interact with retinal in the root, we treated Arabidopsis plants

with 10 pM MCA. The majority of the mature root remained non-fluorescent with MCA
treatment. However, MCA-induced fluorescence exhibited spatial and temporal patterns

in developing regions of the root (movie S1 and Fig. 1B). Root meristems, regions of
actively dividing cells, consistently displayed high levels of MCA fluorescence (Fig. 1B

and fig. S1, A to C). In the early differentiation zone, pulses of MCA fluorescence were
observed (Fig. 1B and fig. S1, A and B), which were reminiscent of the root clock. To
determine if MCA fluorescence pulses overlapped spatially or temporally with the root
clock, we simultaneously tracked both processes using MCA treatment in roots expressing
PDR5:L UC, an auxin-responsive reporter. The pDR5:LUC reporter line tracks the root
clock and marks the pre-branch site, the region of primary root tissue where lateral root
organogenesis is initiated (1). MCA fluorescence was measured in the region of the root that
oscillates (exhibits maximal luminescence of DR5 expression) and forms the pre-branch site.
We found that MCA signal preceded the root clock and marked a presumptive pre-branch
site by an average of 5 hours before the DR5 pre-branch site (Fig. 1, C to E). Furthermore,
like DR5 oscillations, MCA presumptive pre-branch sites accurately predict the sites of
lateral root primordia (fig. S2, A and B). These results indicate that Arabidopsis proteins
capable of binding retinal are active in the specific region of the root that undergoes de

novo organogenesis and that this activity precedes the peak of expression of auxin signaling
during the root clock.

To further test the connection between putative retinal binding protein dynamics and lateral
root primordia development, we characterized MCA dynamics in roots in which DR5
oscillations are inhibited. D15 is a chemical inhibitor of carotenoid metabolism that reduces
DR5 clock oscillations, blocks lateral root initiation, and decreases cell elongation (3, 4).
D15 had two effects on MCA spatial and temporal patterning. First, it decreased MCA
fluorescence in the meristem (fig. S3, A and B). Second, it reduced the frequency of

MCA pulses in the differentiation zone (fig. S3C). These results suggest that carotenoid
metabolites are necessary for retinal binding in the root meristem and at sites of lateral root
specification. D15 did not affect the amplitude of rare MCA pulses (fig. S3D), suggesting

Science. Author manuscript; available in PMC 2022 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dickinson et al.

Page 3

that the effect of D15 on MCA pulses is binary — pulses either occur at full amplitude or they
do not occur at all. These findings are consistent with a model in which retinal biosynthesis
is critical for retinal-binding protein activity. Previous work demonstrates that apocarotenoid
synthesis is necessary for initiating DR5 oscillations (3, 4), further suggesting that retinal
signaling precedes the root clock. These data are consistent with the hypothesis that retinal
binding proteins are involved in lateral root formation.

The correlation between MCA dynamics and lateral root development suggests a role for
retinal in lateral root organogenesis (Fig. 2A and fig. S4A). To determine if retinoids
naturally occur in Arabidopsis and are affected by D15 treatment, we analyzed extracts from
plants treated with D15 or a mock control using HPLC-MS. We found four compounds
present in Arabidopsisthat are decreased in D15-treated plants: retinal (apol6), 14’-apo-p-
carotenal (apol4), 12’-apo-B-carotenal (apol2), and 10’-apo-B-carotenal (apol0) (fig. S4,
A and B). To determine if retinal, apo14, apo12, or apo10 could rescue D15 inhibition of
the lateral root clock, we treated D15-inhibited roots with these compounds and quantified
resulting changes in DR5 oscillations. We found that retinal, apo12, and apo14 significantly
increased the amplitude of DR5 oscillations in D15-inhibited roots (fig. S4C). 1 uM of
retinal added to D15-treated roots was sufficient to fully rescue the amplitude of root clock
oscillations within 24 hours (Fig. 2, B and C, and movie S2). At this concentration, retinal
also rescued cell elongation in D15 inhibited roots (fig. S4D). We next monitored the
ability of retinal, apo12, and apol4 to rescue D15 inhibition of lateral root development.
Only retinal and apo14 fully rescued D15 inhibition of primary root growth and lateral

root capacity, which is defined as the ability of plants to form lateral roots after the tip

of the primary root has been excised (Fig. 2, D and E). Retinal and apo14 significantly
increased the number of lateral root primordia in untreated plants (Fig. 2F), indicating

that exogenous application of either retinal or apo14 is sufficient to induce ectopic
organogenesis. Exogenous retinal treatment increased lateral root density (fig. S4E) as well
as the total number of root primordia. These findings reveal that retinal and apol14 are
sufficient to induce lateral root organogenesis. Enzymatic or non-enzymatic oxidation of the
terminal double bond in apo14 would generate retinal. Therefore, it is possible that retinal is
the active signaling molecule during apol4 treatments.

To test whether retinal rescues D15 inhibition of MCA signal intensity, we examined MCA
fluorescence in roots treated with D15 and retinal. Retinal rescued the MCA signal intensity
in the meristem (fig. S5A), One interpretation is that retinal regulates activity of retinoid
binding proteins. An alternative hypothesis is that retinal induces the expression of a retinal
binding protein. To determine whether retinal biosynthesis occurs locally in the root, lateral
root capacity was measured in roots where the entire plant was grown on D15 media except
for the root tip (fig. S5B). Isolating the root tip from D15 treatment was sufficient to

restore lateral root branching (fig. S5C), indicating that retinal synthesis in immature root
tissue regulates organogenesis. These data are consistent with the hypothesis that retinal
biosynthesis, protein binding, and function in lateral root development are localized to the
tip of the root.

To further understand the role of retinal in lateral root formation, we searched for
Avrabidopsis proteins with sequence homology to retinal binding proteins in algae and
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vertebrates. We did not find significant homology between algae opsins and Arabidopsis
proteins. However, we did identify homology between vertebrate and plant lipocalins, cross-
kingdom protein transporters of small, hydrophobic molecules (14, 15). TIL (AT5G58070),
the primary lipocalin expressed in the Arabidopsis root, has sequence homology (E-value

= 9e-04, % identity = 25%) and predicted structural homology (TM-score = 0.72) to
RETINOL BINDING PROTEIN 4 (RBP4), a vertebrate lipocalin (Fig. 3A and fig. S6).

In plants, TIL has been implicated in preventing lipid peroxidation, particularly during
light and heat stress (16). Analysis of an RNA-seq expression map of the root during DR5
oscillations revealed that there is spatiotemporal overlap in TIL expression and the root
clock (17) (fig. S7). To investigate the TIL expression pattern dynamics more precisely, we
generated p7/L-LUC lines and monitored expression in the root. We found that the TIL
promoter confers expression that overlaps with the MCA fluorescence signal intensity (Fig.
3B). TIL expression is strongest in the meristem and oscillates in the early differentiation
zone (Fig. 3, C and D, and movie S4). Together, these data suggest that TIL is a good
candidate for a plant retinal binding protein.

To test if TIL binds retinal, we heterologously expressed TIL in £. coli and measured

the effect on MCA fluorescence. As a control, we expressed PATL3, a plant lipid

binding protein with a cellular retinaldehyde binding protein (CRAL)-TRIO domain. PATL3
expression did not change MCA fluorescence, indicating that the ability to bind lipids and
homology to retinal binding protein domains are not sufficient to induce MCA fluorescence
(Fig. 3, E and F). In contrast, TIL significantly increased MCA fluorescence, indicating

that it interacts with MCA (Fig. 3, E and F). Next, we hypothesized that if TIL binds to
retinal, application of retinal should disrupt TIL-induced MCA fluorescence. Application of
retinal to TIL-expressing E. coli significantly reduced MCA fluorescence, indicating that
retinal and MCA compete for TIL binding (Fig. 3, G and H). In contrast, cells treated

with anchorene or B-cyclocitral, carotenoid-derivatives with chemical similarities to retinal
(fig. S8), did not diminish MCA fluorescence. These results suggest that TIL interacts with
retinal but not to structurally-similar apocarotenoids.

To determine the role of TIL in organogenesis, we examined root development in previously
characterized TIL mutant alleles (16). Because both #/-1 and /-2 mutant alleles had similar
significant reductions in lateral root branching (Fig. 4, A and B), we focused further
experimentation on the #//-1 allele. To determine if TIL was important for establishing

the root clock or for later stages of primordia development, we examined the expression

of DR5 in #/-1. We found that root clock amplitude is significantly inhibited in the #/-1
mutant, suggesting that TIL regulates the root clock (Fig. 4, C and D). In #/-1 mutants
treated with MCA, fluorescence was significantly decreased (Fig. 4, E and F), indicating that
meristematic and differentiation zone retinal-binding is decreased in #/-1 roots. Furthermore,
the #//-1 mutant has a defect in primary root growth due to a reduction in cell elongation,
which phenocopies inhibition of carotenoid biosynthesis with D15 (Fig. 4G). Additionally,
til-1 mutants are slower to initiate lateral root primordia after the peak of the DR5 oscillation
(Fig. 4H, fig. S9, and movie S3). This indicates that TIL contributes to the MCA signal in
plants. These results support a model in which TIL regulates retinal signaling, root clock
oscillations, and pre-branch site formation.
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Previous work identified TIL as being involved in heat stress tolerance (15). To test whether
lateral root organogenesis is temperature dependent, we quantified the root clock oscillation
before and after heat shock. The amplitude of the root clock significantly decreased after
heat shock stress, indicating that organogenesis is a temperature-dependent process. To
determine if TIL has a role in this temperature dependency, root clock amplitude was
measured in #/-1 pDR5:LUC plants. Temperature sensitivity of the root clock is suppressed
in the #/mutant (Two-way ANOVA genotype by environment interaction p value = 0.008),
suggesting that TIL is important for proper response to heat stress during lateral root
organogenesis (fig. S10).

To further explore the relationship between the plant lipocalins and the retinal response,

we treated #/-1 roots with both retinal and D15 and quantified the effects on lateral root
development. We found that #/-1 roots had significantly decreased sensitivity to retinal
(Two-way ANOVA genotype by treatment interaction p value < 0.0001), indicating that TIL
is a key player in retinal-induced root organogenesis (Fig. 41). In contrast, D15 treatment
caused an increase in inhibition of lateral root capacity in #/-1 mutants (Fig. 41). Mutants
were significantly more sensitive to D15 than WT plants (Two-way ANOVA genotype by
treatment interaction p < 0.0001), suggesting that #/-1 is more sensitive to D15-induced
retinal reduction compared to WT. This suggests that additional retinal perception pathways
are still functional in #/-1 mutants. Overall, the changes in sensitivity in #/-1 provide genetic
evidence that TIL is involved in retinal-mediated effects on lateral root development.

We identified retinal as an endogenous metabolite that is sufficient to induce post-embryonic
root organogenesis. Reduction of retinal biosynthesis leads to inhibition of the root clock,
the first known stage of lateral root organogenesis. Oscillations of activity of a chemical
retinal binding protein reporter predicted sites of lateral root organogenesis. We identified
TIL, a plant lipocalin able to bind retinal and discovered that it is essential for retinal
perception and modulation of root clock oscillations. To date, at least three pathways have
been identified that play a role in regulating the root clock. In addition to apocarotenals,
these are pectin modification (17) and auxin (18). Whether these pathways act independently
or in interlocking processes remains unknown. Our results show the convergent use of
retinal related compounds in the regulation of developmental clocks across the plant and
animal kingdoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A reporter for retinal binding proteins predicts sites of lateral root organogenesisin
Arabidopsis.

(A) The chemical structure and fluorescence properties of merocyanine aldehyde (MCA)

in the absence and presence of a lysine residue from a retinal binding protein. (B) Time
course of MCA fluorescence dynamics in Arabidopsis roots. * and ** indicate the site of
fluorescent oscillations in the early differentiation zone of the root. (C) Representative
images showing the spatial and temporal dynamics of MCA oscillations and the root

clock (pDR5:LUC) in a growing root. (D) The pulse of MCA fluorescence indicates the
presumptive pre-branch site (PBS) before pDR5:LUC (time is measured from the start of the
pDR5:LUC root clock oscillation). (E) A representative example of the temporal signal from
MCA and pDR5:LUC in the region of the root that becomes the PBS (this graph was derived
from the root shown in panel C).
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Fig. 2. Retinal rescues D15 inhibition of theroot clock and lateral root organogenesis.
(A) Chemical structures of retinal and its precursor, p-carotene. (B) Luminescent images of

the maximum root clock oscillation in pDR5:LUC roots with the following treatments:
vehicle control, D15, and D15 in combination with retinal. (C) Quantification of the
maximum root clock oscillation intensity in pDR5:LUC roots. (D) Quantification of the
capacity of plants to form lateral roots in D15 inhibited roots (normalized to the vehicle
control). (E) Root length in plants exposed to D15 (normalized to the vehicle control). (F)
The number of lateral root pre-branch sites in pDR5:LUC roots treated with apol14 or retinal
(normalized to the vehicle control).
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homology/analogy recognition engine V 2.0 (PHYREZ2) (19). (B) The TIL expression
pattern in a representative pTIL:LUC root. The asterisk indicates the spatial region analyzed
in panel D. (C) A 3D surface plot showing the spatial profile of the pTIL:LUC root shown
in panel B. (D) The luminescence intensity over time in the region of root highlighted by the
asterisk in panel B. (E) Representative images of £. Coli cells transformed with Arabidopsis
genes. (F) Fluorescence intensity of MCA-treated £. Colitransformed with genes from
Avrabidopsis. The control cells were not transformed. (G) Representative images of £. Coli
cells expressing TIL that were pre-treated with DMSO, p-cyclocitral (Bcc), anchorene,

or retinal. (H) Fluorescence intensity of MCA treated £. Colitransformed with TIL and
pre-treated with DMSO, B-cyclocitral (Bcc), anchorene, or retinal.
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Fig. 4. TIL isessential for proper lateral root development.
(A) Images of WT and #/-1 mutant seedlings. (B) Lateral root capacity (LRC) in WT and &/

mutants (normalized to WT roots). (C) Images showing the root clock oscillation maxima in
WT and #/-1 mutant roots. (D) Quantification of the root clock oscillation amplitude in WT
and fi/-1 mutant roots. (E) Fluorescence images showing MCA signal intensity in WT and
til-1 mutant roots. (F) Quantification of the MCA fluorescence in the root tip (1 mm region)
in WT and #/-1. (G) Average length of mature cortex cells in WT and #/-1 plants. (H) The
time between the root clock maxima and the formation of a lateral root pre-branch site,
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measured in pDR5:LUC roots. (1) Quantification of lateral root (LR) capacity in response to
retinal and D15. Values are normalized with respect to the untreated roots for each genotype.
Genotype by treatment interactions were significant for both treatments (p < 0.0001). For
each sample, n > 64.
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