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Abstract

In contrast to vastly studied hypocotyl growth, little is known about diel regulation of
leaf growth and its coordination with movements such as changes in leaf elevation
angle (hyponasty). We developed a 3D live leaf growth analysis system enabling
simultaneous monitoring of growth and movements. Leaf growth is maximal several
hours after dawn, requires light and is controlled by day length suggesting coupling
between growth and metabolism. We identify both, blade and petiole positioning as
important components of leaf movements and reveal a tempora delay between
growth and movements. In hypocotyls the combination of circadian expression of
PHYTOCHROME INTERACTING FACTORS 4 and 5 (PIF4 and PIF5) and their
light-regulated protein stability drives rhythmic hypocotyl elongation with peak
growth at dawn. We find that PIF4 and PIF5 are not essential to sustain rhythmic leaf
growth but control their amplitude. Furthermore, EARLY FLOWERING 3 (ELF3), a
member of the evening complex (EC), is required to maintain the correct phase
between growth and movement. Our study shows that the mechanism underlying
rhythmic hypocotyl and leaf growth differ. Moreover, we reveal the temporal
relationship between leaf elongation and movements and demonstrate the importance

of the EC for the coordination of these phenotypic traits.



I ntroduction

The survival of most organisms on earth depends on plants using solar energy, water,
nutrients and CO, to fuel their own growth. The conversion of solar into chemical
energy happens primarily in leaves, but surprisingly little is known about the
regulation of growth of leaves themselves. It has been shown that growth of leaves
and other plant structures occurs with a diel (24 hour) rhythm (Nozue et al., 2007,
Wiese et al., 2007; Yazdanbakhsh et al., 2011; Farre, 2012; Ruts et al., 2012a), which
IS not entirely surprising given that the ever-occurring day-night alternations
profoundly affect plant metabolic reactions. The circadian clock and leaf starch
metabolism regulate the growth patterns of roots and leaves (Wiese et a., 2007;
Y azdanbakhsh et al., 2011; Ruts et al., 2012b). However, detailed kinetics of diel leaf
growth rhythms - a prerequisite to understand the molecular mechanisms underlying
growth control - remain scarce (Wiese et al., 2007; Ruts et al., 2012b). This
presumably results from leaf movements accompanying leaf growth and thereby

complicating growth analysisin living plants (Wiese et a., 2007).

Growth rhythms are best understood in hypocotyls (one-dimensional) where they
depend on a coordinated control by light, the availability of carbon and the circadian
clock (Nozue et al., 2007; Nusinow et al., 2011; Stewart et al., 2011). In the presence
of sufficient resources rhythmic hypocotyl growth peaks at the dark-light transition
(dawn). This rhythm depends on an external coincidence mechanism whereby
circadian expression of PHYTOCHROME INTERACTING FACTOR 4 and 5 (PIF4
and PIF5) and light-regulated degradation of these bHLH factors leads to their
maximal activity around dawn (Nozue et a., 2007). Repression of PIF4 and PIF5
expression earlier in the night depends on the evening complex, which is composed of
EARLY FLOWERING 3 and 4 (ELF3, ELF4) and LUX ARRHY THMO (LUX) and

prevents excessive growth earlier in the night (Nusinow et al., 2011).

Different types of movements accompany rhythmic leaf growth (Wiese et al., 2007,
Whippo and Hangarter, 2009; Dornbusch et al., 2012). Diel leaf movements are a
well-characterized output of the circadian clock (Farre, 2012). In addition, movements

with much shorter periods known as circumnutations occur in many plant structures



including growing leaves (Stolarz, 2009; Whippo and Hangarter, 2009). All these
movements are known to be associated with growth and/or reversible cell
enlargement at the level of the petiole (the structure connecting the leaf blade to the
stem). In some plant species such as Mimosa pudica specialized cells at the base of
the petiole form the pulvinus that allows for rapid reversible changes in leaf position
(Whippo and Hangarter, 2009). Plants like Arabidopsis thaliana, which do not
possess such pulvini, aso undergo leaf movements that at least partially depend on
differential growth of the adaxial and abaxial sides of the petiole (Polko et al., 2012;
Rauf et al., 2013). However, the coordination and relationship between |leaf

movements and growth remain largely unknown.

The movements accompanying rhythmic leaf growth render kinetic growth-analyses
challenging prompting some authors to prevent leaf movements to measure growth
(Wiese et al., 2007). Moreover, simultaneous analyses of leaf growth and movements
have not been reported previously thereby making it difficult to understand the
relationship between these phenomena. We used near infrared laser scanning and
developed novel imaging agorithms allowing us to follow growth, nutations and
movements of the same leaves with high spatial and temporal resolution. We found
that leaves accelerate elongation growth several hours prior to upward movements of
the leaves (leaf hyponasty). Proper phasing between elongation and hyponasty
depends on ELF3 a member of the evening complex. As in hypocotyls, leaf growth
rhythms in day-night conditions are coordinately regulated by the interplay between
light and circadian signals. However, our results in leaves show that the underlying
molecular mechanism differs from the one that was previously uncovered in the

control of hypocotyl growth.



Results

Development of a method allowing simultaneous analysis of leaf growth and
movements.

To analyze the relationship between leaf growth and movements, we developed an
image analysis agorithm to measure single leaves using a previously described laser
scanning method (Dornbusch et al., 2012). Arabidopsis plants were imaged at
intervals of 10 or 60 minutes and time-lapse images were analyzed to track a point at
the base (Py), at the petiole-blade-junction (Pp) and at the tip (Pr) of each individual
leaf (Figures 1A, B, Supplemental Figure 1; Supplemental Movie 1). The vector PoPy
defines length I, and elevation angle ®, of each leaf while the same traits for the
petiole vector and blade vector are lpe, ®per and lpi, i, respectively (Supplemental
Figure 2A). The leaf-tracking algorithm was validated comparing data from the laser
scanning system with measurements on simultaneously photographed plants
(Supplemental Movie 2). This analysis demonstrated the precision of our system
(Figures 1C, D). Although lyp is somewhat shorter than the precise leaf length (lje,
Supplemental Figure 2A), we showed that diel leaf elongation rate (integrated over
24h) and the growth rhythms were highly similar for both s, and | (Supplemental
Figure 2B). Therefore, in the following we primarily used leaf elongation rate
computed from lyip, to discuss the diurnal pattern of growth. For simplicity we refer to
elongation rates as growth and changes in elevation angles as movements. When
imaged at 10-minute intervals we can also measure ultradian circumnutations
(nutations) that are distinct from the diurnal leaf movements (Supplemental Figure
2C).

Due to geometric constraints from the measuring device the entire leaf can be scanned
with most precision in plants with relatively horizontal leaves. This dictated our
choice to start our analysis in plants grown in long days (L/D, 16/8h) released into
continuous days (L/L) where the leaf positions remain relatively horizontal. Both
growth and movements followed a rhythmically oscillating pattern consistent with a
circadian control of growth and movement (Figure 2, Supplemental Figure 2C, see
below). By ssimultaneously analyzing growth rates and movements we observed that
the phase of both peaks was distinct (Figure 2, Supplemental Figure 2C). Growth was



minimal during the subjective night around Zeitgeber Time 20 (ZT20) and peaked in
the subjective morning around ZT3-4. Leaf elevation angle @y was minimal around
ZT2 and reached a maximum in the subjective evening at ZT14 (Figure 2,
Supplemental Figure 2C). In order to better compare the growth rate with movement,
we also plotted the rate of change of leaf position (in °h™) (Figure 2C, 3A). This
method allows comparing acceleration of growth (slope in Fig. 2A) with acceleration
of up- and downward movement (slope in Fig. 2C). It confirms a phase difference of
~3h between acceleration of growth and movement (Figure 3A). Finaly, we noticed
that upward movement of leaves largely coincided with a phase of nutations that
faded out around ZT16 when leaves started to move down (Supplemental Figure 2C).

Both petiole and blade contribute to the patterns of leaf growth and hyponasty

By anayzing leaf growth and movement we identified the temporal relationship
between the phases of upwards movement and acceleration of growth (Figures 2, 3A).
In order to uncover how blade and petiole contribute to these patterns we measured
them separately. Our measurements revealed that at ZT20 the leaf blade started to
elongate severa hours before the petiole (Figure 3B, see arrows). This initial blade
growth phase occurred at a time when both the petiole and the blade still moved down
explaining why the leaf tip moved downwards around subjective dawn (Figure 2B).
The leaf blade accelerated its movement around ZTO (Fig. 3C) and moved upwards
when it reached its maximal elongation rate (approximately ZT2), a time that also
corresponded to an increase in petiole growth rate (Figure 3B). Petioles moved with
similar amplitude as blades and accelerated their movement shortly after blades, but at
a slower rate (Figure 3C). Similarly to the blades they started to move upwards when
reaching their maximal growth rate (Figures 3B-D). Finally, we noticed that while
blade growth showed one growth peak shortly after subjective dawn, the petiole
showed a morning growth peak and a second one before subjective dusk (Figure 3B).
These experiments indicate that around subjective dawn both growth and movement
first start in the blade and then in the petiole. Moreover, in both parts of the leaf rapid

upward movement starts significantly later than acceleration of growth (Figures 2, 3).

To determine whether leaf blade position also contributes to leaf hyponasty in other
growth conditions we analyzed blade and petiole position in L/D-grown plants and in
plants transferred into simulated shade which is known to enhance leaf hyponasty



(Moreno et a., 2009; Dornbusch et al., 2012). In both conditions blade movement
clearly contributed to overal leaf hyponasty (Supplemental Figure 3 and 4).
Moreover, both in L/D conditions and in response to simulated shade the blade started
to move upwards prior to the petiole (Supplemental Figure 3 and 4, see arrows).
Collectively these experiments identify the movement of the blade as an important
contributor of leaf hyponasty and show that blade movement precedes petiole

movements.

Changesin the light environment differentially affect leaf growth and movements.

Earlier studies in Arabidopsis have identified a differential growth response between
the adaxial and abaxial sides of the petiole as a mechanism underlying leaf hyponasty
(Polko et a., 2012; Rauf et al., 2013). This suggests that Arabidopsis leaf hyponasty
is primarily a growth driven process. Our work shows that there is a temporal shift
between growth and movement (Figures 2, 3, Supplementa Figure 3 and 4),
suggesting a more complex relationship between these two processes. In order to test
this further we analyzed growth and movement in plants grown in different light
regimes and plotted diel (24h) growth rates and diel leaf movements (Figure 4). This
comparison showed that a decrease in PAR (Photosynthetically Active Radiation) and
a decrease in daylength alter the relationship between growth and movements. In
short-day conditions (S/D) diel leaf growth rate was decreased, whereas the
magnitude of diel movements was similar in S/D compared to L/L or L/D (Figure 4).
Low PAR-grown plants also showed decreased growth, but increased diel |leaf
movements compared to L/L or L/D (Figure 4) consistent with other finding of low-
PAR-induced hyponasty (Keller et a., 2011). These experiments suggest a partial

uncoupling between the magnitude of growth and movement.

Light isrequired to initiate leaf growth at dawn

Rhythmic growth of hypocotyls is controlled by a combination of circadian and light
cues (Nozue et al., 2007); we thus compared leaf growth and movements between
plants maintained in day-night and plants released into constant light (L/L). In L/D,
growth was minimal at dawn severa hours later than in LL (ZT20 in L/L, ZTO in
L/D) (Figure 5A, see arrows). In long-day-grown plants the increase of the growth
rate coincided with lights on but the timing of the morning peak was similar in L/D
and L/L (Figure 5A). In L/D the second growth peak preceding dusk at ZT16 was



more pronounced in L/D than L/L (Figure 5A). The diurnal pattern of leaf elevation
anglewas similar in L/D and L/L. Minimum values for @y, were observed at the time
of the morning growth peak at ZT3 and maximum values around ZT13-14 (Figure
5B). Hence, similar phasing between growth and movements was maintained in both
conditions (Figure 5B). In our growth chamber light-dark transitions are abrupt. At
dusk this coincided with a transient upward movement (strong acceleration of
movement) (Figure 5B, C). Downward movement accelerates in the second half of
the night followed by a brief reacceleration of first downward then upwards
movement at dawn (Figure 5C). Our data thus show that the circadian clock controls
both movement and growth rhythms and that day-night transitions influence these

patterns.

When grown in day-night conditions, the leaf growth rate was at its minimum at the
end of the night (ZT0) and rapidly increased after dawn (Figure 5). In order to test
whether light is essential to induce growth in the morning, we entrained plantsin L/D
(16/8h) and imaged them prolonging the night for 3 hours before dusk (L/.3D) or after
dawn (L/D.3). At L/D.s, leaves did not start growing at ZTO but at actual dawn ZT3
(Figure 6A). At L/.3D, the first growth peak remained a ZTO, but the second growth
peak was shifted to ZT13 (Figure 6B). These experiments show that in sharp contrast
to the situation hypocotyls where light inhibits growth at dawn (Nozue et al., 2007),
the induction of leaf growth at dawn requires light (Figures 5, 6). The growth pattern
in L/L suggests that the effect of light to trigger growth is gated by the circadian clock
(Figure 5). In order to test this further we switched on the light 3 hours earlier in L/D-
grown plants (L/D.3). Our experiment showed that in those conditions light was not
sufficient to trigger rapid leaf elongation, which did not start much before ZTO
(Supplemental Figure 5C). Collectively, these experiments show that both the
circadian clock and light shape leaf growth rhythms and show that light is essential at
dawn toinitiate growth (Figures 5, 6).

The need for light at dawn to initiate leaf growth could result from the need for
photosynthates. We decided to indirectly test this idea by growing plants in different
light regimes. Plants partition more resources into starch when grown in short days
(S/D) than in long days suggesting that they may have more resources available to
fuel growth early in the morning when grown in L/D (Stitt and Zeeman, 2012; Sulpice



et a., 2013). We therefore compared growth and movements in S/D and L/D-grown
plants and found that in both conditions growth in the morning required light and that
the morning growth-peak was reduced in D compared to L/D (Supplemental Figure
6). In contrast to L/D conditions, we could not detect a second growth peak preceding
dusk (ZT8), but rather a peak during the night at ZT12 (Supplemental Figure 6).
Overall growth was reduced in S/D-grown plants but more growth (in relative terms)
occurred at night in §D-grown plants than in L/D plants (Supplementa Figure 6). As
S/D-grown plants invest more resources into starch this finding is compatible with a
metabolic role of light in the control of growth patterns (Stitt and Zeeman, 2012;
Sulpice et al., 2013). In contrast to diel growth rates, day length moderately affected
the pattern and the magnitude of diel leaf movements, except that dusk atered leaf
positionin L/D but not in S/D (Figure 4, Supplemental Figure 6).

Our results suggest that light-induced metabolism is required to promote leaf growth.
To test this further we compared growth of L/D-grown plants in either in high or low
PAR and found that in low PAR the magnitude of leaf growth was reduced (Figure 4).
We aso transferred L/D-grown plants into D/D, which lead to a decrease in the diel
growth rate (Figure 4). Consistent with our night extension experiment (Figure 6A),
there was no growth induction shortly after subjective dawn in D/D (Supplemental
Figure 6B), however there was a transient growth peak around ZT6-8 (Supplemental
Figure 6B). Upon return into the light the leaf growth rate increased rapidly
(Supplemental Figure 6B, black arrow). Taken together our results are consistent with
a metabolic role of light to initiate leaf growth at dawn (Figures 4, 5, 6, Supplemental
Figures5, 6).

The phase relationship between leaf growth and movements requires a functional
evening complex.

Our results show that day-night cycles interplaying with the circadian clock
orchestrate the diurnal patterns of growth and movement. Rhythmic hypocotyl growth
is also coordinately controlled by the circadian clock and light cues that converge on
the regulation of PIF4 and PIF5 (Nozue et al., 2007). We thus analyzed leaf growth
and movements of pif4pifS double mutants and found that, when grown in long days,
this mutant displayed low amplitude growth and movement rhythms that were

otherwise similar to those of the wild type (Figure 7A). Over-expression of PIF4 or



PIF5 and photoreceptor mutants cause a reduction of the amplitude in hypocotyl
growth rhythms (Nozue et al., 2007). The situation was different for leaf growth as
PIF4 over-expression and phyB mutants maintained robust leaf growth rhythms
although in these mutant backgrounds there was more leaf growth towards the end of
the day (Supplemental Figure 7). High PIF4 and PIF5 activity is prevented early in
the night by the evening complex that restricts the expression of PIF4 and PIF5 and
hypocotyl growth during the night (Nozue et al., 2007; Nusinow et al., 2011). To
investigate the role of the evening complex in rhythmic leaf growth we analyzed the
elf3 mutant. When grown in long days, €lf3 displayed its major growth pesk at the end
of the night indicating that the evening complex prevents leaf growth at night (Figure
7B, see arrows) (Nozue et a., 2007). In addition, maximal growth rates in the elf3
mutant coincided with maximal leaf angles, showing that ELF3 is needed to maintain
the normal phase relationship between leaf growth and movement (Figure 7B, see
arrows). Analysis of elf3 and pif4pif5 grown in constant light confirmed the
importance of the circadian clock for rhythmic growth and movements and revealed a
moderate phase phenotype in pif4pif5 (Figures 7C, D). Collectively, our data show
that the mechanism controlling rhythmic growth in leaves and hypocotyls differ and

reveal that ELF3 is required for normal phasing between leaf growth and movements.
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Discussion

Live measurements of leaf growth and/or leaf movements have been reported before
(Wiese et a., 2007; Walter et al., 2009; Bours et al., 2012), however our method is
unique in that it simultaneously but separately reports on both growth and movements
(Figure 2, Supplemental Figure 2). By imaging at sufficient frequency (every ten
minutes rather than hourly) we reduce the number of plants that we can
simultaneously analyze but this enables us to characterize circumnutations
(Supplemental Figure 2C). Future work should allow us to better understand the
mechanisms underlying this well-known form of “rapid” plant movements that has
been discussed since the times of Charles Darwin but remain poorly understood
(Whippo and Hangarter, 2009). The geometry of the laser scanning system is well
suited for relatively flat and horizontally oriented objects like an Arabidopsis rosette.
Imaging the entire leaf, in particular the blade-petiole junction becomes difficult when
leaves are erect which is why we use lyip rather than lies (Supplemental Figure 2A).
Importantly, our data show that I, is an excellent proxy to determine leaf elongation
rates (Supplemental Figure 2B). Moreover, our data correlates well with relative leaf
surface growth rhythms (our own observations) and with previous publications
(Wiese et a., 2007; Walter et al., 2009; Ruts et al., 2012b). Although in these
previous reports Arabidopsis rosettes where grown in 12/12 cycles, they aso
identified growth peaks early in the morning and towards the end of the day similar to
our datain long days (16/8) (Figure 5) (Wiese et al., 2007; Ruts et al., 2012b).

By simultaneously tracking leaf movements and growth we determined that
elongation growth precedes upward movement of the leaf (Figures 2, 3, 5,
Supplemental Figures 5, 6). This is true when analyzed at the level of the entire leaf,
the blade and the petiole (Figure 3). We thus conclude that a change in leaf hyponasty
is the result of differential petiole growth as determined before (Polko et a., 2012;
Rauf et al., 2013), but in addition blade growth and elevation angle (relative to the
petiole) also contributes to the overal leaf position (Figure 3). We demonstrate the
importance of leaf blade position in leaf hyponasty in several growth conditions (L/L,
L/D and simulated shade) suggesting that this is a genera feature of the leaf
hyponasty response (Figure 3, Supplemental Figures 3, 4). In al cases anayzed
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upward movements were initiated as the leaf (or part of it) reached its maximal
elongation rate (Figures 3, 5, Supplemental Figures 5, 6), demonstrating a correlation
between both processes (although with temporal delays). This finding is consistent
with the fact that as leaves age both growth and movements decline (Mullen et al.,
2006). However, our work also reveals that coupling between growth and movements
is a regulated process as environmental stimuli differentially affect growth and
movements (Figure 4). For example, when PAR is diminished, the leaf growth rate
declines but the leaf movements increase (Figure 4). Moreover, in the elf3 mutant, the
phase relationship between the peak of growth and elevation angle was strongly
altered (Figure 7B). Growth of different parts of the blade and petiole may contribute
differentially to overall growth and changes in elevation angle and thereby explain the
complex relationship between growth and movement reported here (Figure 3) (Wiese
et al., 2007; Andriankaja et a., 2012; Polko et al., 2012; Remmler and Rolland-Lagan,
2012). In addition, reversible turgor pressure driven changes in cell size may aso
contribute to changes in leaf hyponasty (Mullen et al., 2006; Barillot et al., 2010).

By separately analyzing growth and movement of blades and petioles we observed
that blades started to grow and move upwards 2-3 hours before the petiole (Figure 3).
One possibility is that this is regulated by the combined action of auxin and
carbohydrates (Lilley et al., 2012). Interestingly, rhythms in auxin responsiveness and
soluble carbohydrates correlate quite well (Covington and Harmer, 2007). As the leaf
blade is considered as a magjor source of auxin production (Tao et a., 2008), we
propose that blade growth occurs before petiole growth because auxin first needs to
be transported to the petiole. Interestingly, in L/L conditions a second growth peak
occurred in petioles that we did not observe in the blade (Figure 3) indicating that the
growth pattern is more complex in the petiole than the blade. Based on the analysis of
overal leaf growth we can also conclude that these patterns are environmentally
controlled (Figure 4). To fully understand the relationship between growth and
movements our organ-level analysis needs to be combined with the determination of
growth patterns with cellular resolution, which is very challenging at the level of
expanded leaves (Ichihashi et al., 2011; Andriankgjaet a., 2012; Polko et d., 2012).

By moving plants into constant darkness and performing night extension experiments
we showed the requirement for light to initiate growth at dawn (Fig. 2, 3, 5). The light

12



effect around subjective dawn is gated by the circadian clock as shown by growing
plants in L/L and by shortening the night in L/D plants (Figures 5, 6 and
Supplemental Figure 5). Importantly, when the night is extended by 3 hours before
the dark phase, the timing of the morning growth-peak was unaffected (Figure 6B). In
contrast, extending the night by 3 hours in the morning delayed the acceleration of
growth until the actual onset of light (Figure 6A). Plants precisely control starch
degradation during the night and almost completely exhaust their reserves by dawn
(Stitt and Zeeman, 2012). Starch metabolism is immediately adjusted if the night is
extended due to an early onset but not if the night is extended beyond the subjective
dawn. Moreover, exhaustion of starch resources at the end of the night limits
Arabidopsis growth (Graf et a., 2010). These data together with our results suggest
that light at dawn fuels leaf growth if growth repression by the circadian clock is
released (Figures 5, 6, Supplemental Figure 5). Short-day grown plants accumulate
more starch during the day in order to have enough resources at night. In such
conditions, fewer resources will be immediately available for growth in the morning
(Stitt and Zeeman, 2012). Consistent with this idea, our data show that the morning
growth peak in short-day grown plants is reduced compared to long-day grown plants
(Supplemental Figure 6A). Also consistent with this metabolic model is the relatively
enhanced growth at night in short-day plants (Supplemental Figure 6A) (Sulpice et al.,
2013), reduced growth in low PAR conditions (Figure 4) and the fact that starchless
mutants invest more resources in growth during the day when solar energy is present
(Wiese et al., 2007). It was recently reported that a long-term consequence of sugar
starvation is a reduction of gibberellin synthesis that limits growth (Paparelli et al.,
2013). However, it is unlikely that this gibberellin response can explain the immediate
effect of light on growth in the morning reported here (Figures 5, 6). Finally, we wish
to point out that when wild-type plants are kept in darkness for extended periods of
time a short pulse of growth occurs about 6-8 hours after subjective dawn
(Supplemental Figure 6B). This experiment indicates that alternative metabolic
pathways (e.g. induction of autophagy) can be activated to fuel growth under
exceptional circumstances (Usadel et al., 2008; Suttangkakul et al., 2011; Izumi et al.,
2013).

ELF3 controls rhythmic growth of leaves, hypocotyls and roots (Figure 7) (Nozue et
a., 2007; Nusinow et al., 2011; Yazdanbakhsh et a., 2011). Our work identifies

13



similarities and differences for ELF3 function in these different organs. In al organs,
growth at night is restricted by ELF3 (Figure 7B, D) (Nozue et al., 2007; Nusinow et
al., 2011; Yazdanbakhsh et al., 2011). The leaf growth peak towards the end of the
night in ef3 is surprising given that in the wild type light in the morning is essential to
trigger growth (Figure 5A). A possible explanation for this observation is the
incomplete starch degradation during the night in ef3 (Yazdanbakhsh et al., 2011).
This may explain how this mutant has sufficient resources at the end of the night to
enhance leaf growth without the need for light (Figure 7). Interestingly long-day
grown elf3 mutants have reduced leaf growth, contrasting with enhanced rates of root
and hypocotyl growth in this mutant (Figure 7) (Nozue et al., 2007; Nusinow et al.,
2011; Y azdanbakhsh et al., 2011). These organ-specific effects on growth might be
due to different partitioning of resources in elf3 (Y azdanbakhsh et al., 2011).

In hypocotyls, the circadian expression of PIF4 and PIF5 in conjunction with light-
induced PIF4 and PIF5 protein degradation explains a rhythmic growth pattern with a
major peak at dawn (Nozue et a., 2007). The analysis of leaf growth in the wild type
and pif mutants suggests that in leaves light does not shape growth rhythms primarily
by controlling PIF4 and PIF5 abundance. First, the leaf growth peak occurs several
hours after dawn, which is not consistent with light-induced degradation of growth
promoting PIFs explaining this pattern (Figure 5). Second, in leaves the pifdpif5
mutant maintains a growth rhythm similar to the wild type but with a reduced
amplitude (Figure 7). Third, PIF4 over-expressing plants and phyB mutants which
show reduced PIF4 degradation (de Lucas et a., 2008) maintain leaf growth rhythms
with a robust amplitude in contrast to hypocotyls where this leads to dampened
growth rhythms (Supplemental Figure 7) (Nozue et al., 2007). Our night extension
and day-length experiments suggest that the light control of leaf growth has a strong
metabolic component (Figures 5, 6, Supplemental Figure 5, 6). However, leaf growth
patterns in constant light and reduced growth in pif4pif5 clearly show the importance
of PIF4, PIF5 and the circadian clock in regulating this process (Figures 5, 7,
Supplemental Figure 7). Thus rhythmic leaf and hypocotyl growth are controlled by
distinct mechanisms with a different role of light in shaping growth rhythms in both
organs. It will be interesting to further contrast these growth rhythms in young leaves
that largely rely on their own resources with those of roots or hypocotyls that depend

on photosynthates exported from the leaves.
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Finally, we would like to briefly speculate on the biological significance of diel
rhythms of leaf growth rates and movements. A maximal peak of growth during the
first few hours of the day matches with favorable conditions in terms of energetic
requirements, water availability and auxin responsiveness (Covington and Harmer,
2007; Nozue et a., 2007; Sttt and Zeeman, 2012). Availability of resources also
explains why more growth is observed at night in short-day-grown plants than in
long-day-grown plants and the larger growth peak at dawn when Arabidopsis is
grown in long days (Figure 5, Supplemental Figure 6) (Sulpice et al., 2013). The
temperature cycles that accompany day-night transitions also contribute to the growth
pattern (Sidaway-Lee et al., 2010; Bours et al., 2013). We note that the maximal
growth rate identified in our conditions corresponds to the early morning when
temperature is typically relatively low (Figure 5). Interestingly leaf elevation follows
the typical daily temperature fluctuations with a peak in the late afternoon. Elevating
leaves with this pattern is favorable to cool leaves during the warm hours of the day
and diminishes the radiation load at times when it anyway surpasses photosynthetic
capacity (Bridge et al., 2013).

15



Methods

Plant material and growth conditions

The Arabidopsis thaliana ecotype Col-0, the pif4pif5 mutant (Nozue et al., 2007) and
the elf3-1 mutant (Liu et al., 2001) were grown on soil saturated with deionized water
in a Percival CU-36L4 incubator (Percival Scientific, Inc., Perry, USA) at T=21°C,
RH=85% relative humidity and EPAR=180 pmol m-2 s-1 for 13 days at long day
(16/8h) or 17 days at short day (8/16h). Plants were transferred to the ScanAlyzer
HTS (Lemnatec GmbH, Aachen, Germany) 24h before scanning for adaptation
maintaining the growth conditions in the incubator. The light intensity in the
measurement chamber was Epar=165 pmol m? s* and reduced to Epag=35 pmol m™>
s for the low PAR treatment. The red/far-red ratio (R/FR) was decreased from R/FR
= 5.59 to R/FR=0.49 using FR-emitting diodes. Further experimental details, spectral
composition of light, computation of R/FR ratio and technical specification of the
phenotyping device are described in more detail by (Dornbusch et al., 2012) and are
available on our website (http://plantgrowth.vital-it.ch).

Analysis of leaf growth rates and elevation angles
A detailed description of the geometric definition of leaf length and elevation angle,

image and data processing is presented in the supplemental information.

Supplemental Data
Supplemental Figure 1. Image analysis algorithm to compute Pp and Pr_from time-

lapse images.
Supplemental Figure 2. Definition of measured traits and principal output.

Supplemental Figure 3. In response to a low R/FR treatment the blade upward

movement precedes the petiole upward movement.

Supplemental Figure 4. In L/D conditions the blade upward movement precedes the

petiole upward movement.

Supplemental Figure 5: Light is required at dawn to trigger |eaf growth.
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Supplemental Figure 6. Growth and movements are altered by shortening day length

or in continuous darkness.

Supplemental Figure 7: Plants with elevated levels of PIF4 maintain robust amplitude
leaf growth rhythms.

Supplemental Movie 1 online. Semi-automated |eaf-tracking on time-lapse 3D images

of growing Arabidopsis plant

Supplemental Movie 2 online. Comparing leaf tracking on 3D images with manual

leaf-selection on simultaneously photographed growing Arabidopsis plant.
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Figurelegends

Figure 1. Development and validation of a method for live measurements of |eaf

growth and leaf movements.

(A) Silhouette image taken with an infra-red sensitive camera from the side and top-
down (indent); three characteristic points define dimension and orientation of each
leaf and were manually selected: P, —shoot apical meristem, Pr —blade-petiole
junction and Pr —eaf tip.

(B) The laser scanner renders the plant surface as 3D point cloud. The points Py, Pe
and Pr are computed for each leaf using a semi-automated image analysis algorithm.
We simultaneously photographed and scanned 27 individual leaves over 48 h and
compared values for Py, Pr and Py determined with each method.

(C) Length of petiole (brown dots) and leaf length (green dots) measured from
silhouette images (x-axis) plotted against corresponding values computed with our
algorithm (y-axis).

(D) Petiole elevation angle (blue dots) and leaf elevation angle (orange dots)
measured from silhouette images (x-axis) plotted against corresponding values
computed with our algorithm (y-axis). Solid black line is the 1:1 line, n = number of

data points, R? = coefficient of determination, MAE = mean absolute error.

Figure 2: The pattern of leaf growth and movements in constant light.
(A) Leaf elongation rate, (B) leaf elevation angle and (C) leaf movements (angular

rate of change) of leaf 1, 2 in continuous day (L/L; niex=43). Curves highlighted in
red represent phases of upward and curves in blue phases of downward movement.
Cal-0 plants were grown for 14 days in L/D conditions and imaged in L/L. Vertica
gray bars represent subjective night periods. Leaf elongation rate is computed as mean
moving average (3h) of individual curves. Leaf elevation angle and movement rates
are mean values. The opagque band around the mean lines is the 95% confidence

interval of mean estimate and njes = Nnumber of |eaves.
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Figure 3: Blade and petiole movements contribute to the |eaf hyponastic response.

(A) Leaf elongation rate and leaf movements (angular rate of change) of leaf 1, 2 in
continuous day were replotted from Figure 2A and 2C for better direct comparison
(B) Leaf elongation rate, (C) leaf elevation angle and (D) leaf movements (angular
rate of change) of petioles (in red) and blades (in blue) of leaf 1, 2 in continuous day
(L/L; miex=32). Col-0 plants were grown for 14 days in L/D conditions and imaged in
L/L. Vertical gray bars represent subjective night periods. Leaf elongation rate is
computed as mean moving average (3h) of individual curves. Leaf elevation angle
and movement rates are mean values. The opague band around the mean lines is the
95% confidence interval of mean estimate. Arrows indicate acceleration of growth,

Niest = NUMber of leaves.

Figure 4. The magnitude of growth and movements are differentialy affected by

decreasing light intensity and day length.
Diel leaf elongation rate and leaf movement of leaf 1,2 (24h period). Diel elongation

rates and leaf movements (absolute changes in leaf elevation angle) were computed
summing up hourly rates over a period of 24h starting from ZT2.25. Col-0 plants
were grown for 14 days under long day (16/8h) and imaged for 24h in constant light
(L/L; nier=43), in day-night cycles (L/D, nie=27), in low light intensity (low PAR,;
Niew=57) Maintaining L/D (PAR=35 umol m? s™) and in continuous darkness (D/D;
Near=41). For the short-day experiment Col-0 was grown for 18 days in S/D (8/16h)
before imaging under the same conditions (Niex=47). Niesr = NUMber of leaves.

Figure 5. Day-night transitions alter rhythmic growth and movements. (A) Leaf

elongation rate, (B) leaf elevation angle and (C) leaf movements (angular rate of
change) of leaf 1, 2 in continuous day (L/L; blue line, ne»=43) and long day
conditions (L/D; 16/8; black line, ne=27); Col-0 plants were grown for 14 days in
L/D conditions. Plants were imaged either in L/L or in L/D. Vertical gray bars
represent subjective or true night periods. Leaf elongation rate is computed as mean
moving average (3h) of individual curves. Leaf elevation angle and movement rates

are mean vaues. The opague band around the mean lines is the 95% confidence
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interval of mean estimate. Arrows indicate acceleration of growth, nie = number of

|eaves.

Figure 6: Light isrequired at dawn to trigger leaf growth.

(A) Leaf elongation rate of leaf 1, 2 in long day (L/D, black line, nex=27) and in +3h
prolonged night period after dawn (L/D.3; red line nier=27), (B) Leaf elongation rate
in L/D (black line) and in +3h prolonged night period before dusk (L/+3D; blue line,
Net=54). Col-0 plants were grown for 14 days under L/D (16/8) conditions before

measurement; vertical gray bars represent true night periods; vertical red/blue bars
indicate prolonged night periods. Leaf elongation rate is computed as mean moving
average (3h) of individual curves. The opague band around the mean lines is the 95%

confidence interval of mean estimate, nier = NUMber of leaves.

Figure 7: The role of PIF4, PIF5 and ELF3 in establishing rhythmic leaf growth and
movement. Leaf elongation rate and leaf elevation angle of leaf 1, 2. Col-0, ef3-1 and

pifdpif5 plants were grown for 14 days in L/D conditions prior to imaging in the
indicated conditions. Leaf elongation rate is computed as mean moving average (3h)
of individual curves. Leaf elevation angle are mean values. Vertical gray bars
represent subjective or true night periods. The opaque band around the mean lines is
the 95% confidence interval of mean estimate. nie = NUuMber of leaves.

(A) In the pif4pif5 double mutant grown in long-day conditions ne;=48.

(B) In the clock mutant elf3-1 in long-day conditions ni=45. Note that in €f3-1 the
peak of elevation angle and maximal growth coincide (blue arrows) while in the WT
thereis alarge phase shift (black arrows).

(C) In the pif4pif5 double mutant grown in continuous light ne=46.

(D) In the clock mutant elf3-1 grown in continuous light nex=23.
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Figure 1. Development of a method for live measurements of leaf growth and leaf
movements.

(A) Silhouette image taken with an infra-red sensitive camera from the side and top-
down (indent); three characteristic points define dimension and orientation of each
leaf and were manually selected: P, —shoot apical meristem, P, —blade-petiole
junction and P; —leaf tip.

(B) The laser scanner renders the plant surface as 3D point cloud. The points Py, P,
and P; are computed for each leaf using a semi-automated image analysis algorithm.
We simultaneously photographed and scanned 27 individual leaves over 48 h and
compared values for P,, P, and P; determined with each method.

(C) Length of petiole (brown dots) and leaf length (green dots) measured from
silhouette images (x-axis) plotted against corresponding values computed with our
algorithm (y-axis).

(D) Petiole elevation angle (blue dots) and leaf elevation angle (orange dots)
measured from silhouette images (x-axis) plotted against corresponding values
computed with our algorithm (y-axis). Solid black line is the 1:1 line, n = number of
data points, R? = coefficient of determination, MAE = mean absolute error.
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Figure 2: The pattern of leaf growth and movements in constant light.

(A) Leaf elongation rate, (B) leaf elevation angle and (C) leaf movements (angular
rate of change) of leaf 1, 2 in continuous day (L/L; n,.,=43). Curves highlighted in
red represent phases of upward and curves in blue phases of downward
movement. Col-0 plants were grown for 14 days in L/D conditions and imaged in
L/L. Vertical gray bars represent subjective night periods. Leaf elongation rate is
computed as mean moving average (3h) of individual curves. Leaf elevation angle
and movement rates are mean values. The opaque band around the mean lines is
the 95% confidence interval of mean estimate and n_;= number of leaves.




Figure 3

i A phase shift — elongation rate
c 13,“ = = |eaf movement &
EO P 4 2
Py 3
T 2
2° 02
il @
w0 Lo 4 2
2 phase shift -
2 ~8h >
0 10 20 30 40 50 60 70 =
time (h)
= B — petiole
co2f = blade
1S
E
o]
©o0.1
S \ Y
S y
g 3
0] \P
C .2 \®or
a0f
o~
> ,’ ~\~ ’,—'~~ 7 mpel
® - s\ s \\ S——
= - ~
> 20 S’ S
& ~-
c
il
g Of
2 -
(0] = - ~
° ,l s\ ,’——-~~ ”f ~~~_
-20p ,’ D ’ T —
- S
= 4D
[ /%« N,
= 77 4 SN =~
= 0__-_:__?\\‘ _______ . N y 1,_.:?'_'_3‘\“ _____ .y
£ L "—v—“ ‘I‘C" =nle "
3 [~
4
€
§ L
= 0 10 20 30 40 50 60 70
time (h)

Figure 3: Blade and petiole movements contribute to the leaf hyponastic
response.

(A) Leaf elongation rate and leaf movements (angular rate of change) of leaf 1,
2 in continuous day were replotted from Figure 2A and 2C for better direct
comparison (B) Leaf elongation rate, (C) leaf elevation angle and (D) leaf
movements (angular rate of change) of petioles (in red) and blades (in blue) of
leaf 1, 2 in continuous day (L/L; n,~32). Col-0 plants were grown for 14 days in
L/D conditions and imaged in L/L. Vertical gray bars represent subjective night
periods. Leaf elongation rate is computed as mean moving average (3h) of
individual curves. Leaf elevation angle and movement rates are mean values.
The opaque band around the mean lines is the 95% confidence interval of mean
estimate. Arrows indicate acceleration of growth, n,.,;= number of leaves.
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Figure 4. The magnitude of growth and movements are differentially affected by
decreasing light intensity and day length.

Diel leaf elongation rate and leaf movement of leaf 1,2 (24h period). Diel
elongation rates and leaf movements (absolute changes in leaf elevation angle)
were computed summing up hourly rates over a period of 24h starting from
ZT2.25. Col-0 plants were grown for 14 days under long day (16/8h) and imaged
for 24h in constant light (L/L; n,.,~=43), in day-night cycles (L/D, n,.,~27), in low
light intensity (low PAR; n,~=57) maintaining L/D (PAR=35 pmol m2s?) and in
continuous darkness (D/D; n,=41). For the short-day experiment Col-0 was
grown for 18 days in S/D (8/16h) before imaging under the same conditions
(Niea=47). Ny = NUMber of leaves.
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Figure 5. Day-night transitions alter rhythmic growth and movements. (A) Leaf

elongation rate, (B) leaf elevation angle and (C) leaf movements (angular rate of
change) of leaf 1, 2 in continuous day (L/L; blue line; n,.,~=43) and long day
conditions (L/D; 16/8; black line, n,.,~=27); Col-0 plants were grown for 14 days in L/
D conditions. Plants were imaged either in L/L or in L/D. Vertical gray bars
represent subjective or true night periods. Leaf elongation rate is computed as
mean moving average (3h) of individual curves. Leaf elevation angle and movement
rates are mean values. The opaque band around the mean lines is the 95%
confidence interval of mean estimate. Arrows indicate acceleration of growth, n

= number of leaves.
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Figure 6: Light is required at dawn to trigger leaf growth.

(A) Leaf elongation rate of leaf 1, 2 in long day (L/D, black line, n,_,~27) and in +3h
prolonged night period after dawn (L/D,;; red line n,=27), (B) Leaf elongation rate in
L/D (black line) and in +3h prolonged night period before dusk (L/+3D; blue line,
Niear=54). Col-0 plants were grown for 14 days under L/D (16/8) conditions before
measurement; vertical gray bars represent true night periods; vertical red/blue bars
indicate prolonged night periods. Leaf elongation rate is computed as mean moving
average (3h) of individual curves. The opaque band around the mean lines is the 95%
confidence interval of mean estimate, n,.,; = number of leaves.
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Figure 7: The role of PIF4, PIF5 and ELF3 in establishing rhythmic leaf growth and
movement. Diurnal pattern of leaf elongation rate and leaf elevation angle of leaf
1, 2. Col-0, elf3-1 and pifdpif5 plants were grown for 14 days in L/D conditions
prior to imaging in the indicated conditions. Vertical gray bars represent subjective
or true night periods. The opaque band around the mean lines is the 95%
confidence interval of mean estimate. n,.,; = number of leaves.

(A) In the pif4pif5 double mutant grown in long-day conditions n,,~48.

(B) In the clock mutant elf3-1 in long-day conditions n,~=45. Note that in elf3-1
the peak of elevation angle and maximal growth coincide (blue arrows) while in
the WT there is a large phase shift (black arrows).

(C) In the pif4pif5 double mutant grown in continuous light n,,~=46.

(D) In the clock mutant elf3-1 grown in continuous light n . ~=23.
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Supplemental Figure 1. Image analysis algorithm to compute P, and P, from time-lapse images.

Flow chart illustrating one time step i of the image analysis algorithm to compute the leaf tip point P;
and the petiole-blade intersection point P,. I: Height-scaled image of a plant obtained with the laser
scanner; ll: point cloud representing the plant surface after 3D transformation; P, is manually
selected each 24h at zeitgeber time (ZT) ZT3 or linearly interpolated for intermediate j; if i=1, the
approximate leaf tip point P;’(1) is manually selected; if i > 1 the leaf tip point of the previous time
step is used to enter the calculation: P{(i) = P(i-1); lll: filtering of points (in green) within a defined
area around P;’; IV: computation of P; as the median of 10-20 leaf points with the largest distance to
Po; using P, and Py, points are related to a leaf as highlighted by the dashed rectangle; V: selected
points are rotated to the x-y plane and normalized such than P,=(0,0,0) and P;=(0,1,0);
approximated leaf width is computed using the highlighted points (in yellow) close to P;; VI:
highlighted points (in yellow) are filtered using the previously computed value for leaf width; VII: leaf
width as a function of normalized axis position; the maximum of the first-order derivative is the
approximate the position of P, highlighted with a dashed rectangle; VIII: computation of P, as is the
centroid of selected points inside the dashed rectangle; in the subsequent iteration step i+1 the
image of the same plant taken at the subsequent time step is processed and P; and P, computed for
each leaf; the algorithm is automated and only needs user input at the first iteration step i=1.
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Supplemental Figure 2. Definition of measured traits and principal output.

(A) Geometric definition of leaf length and elevation angle. Arabidopsis plant as a measured 3D point
cloud (red dots) viewed from top down (right). The points P, (position of meristem), P, (position
petiole-blade junction) and P (position of leaf tip) define length (/) and elevation angle (®) of the

whole leaf (/;,, ®y,), of the petiole (/

figures.
(B) Comparison of diel (24h) elongation rate using /;, and elongation rate using /,.,cof leaf 1 and 2. n
= number of data points, R? = coefficient of determination, MAE = mean absolute error. Col-0 plants
were grown for 14 days in long day (L/D, 16/8) conditions before measurement in L/D; the indent
figure shows time courses of elongation rate as moving average over 3h using /., (black line) and
elongation rate using I, (red line); vertical gray bars represent true night periods. The colored
opaque band (same color as mean line) is the 95% confidence interval of mean estimate.

(C) Leaf elongation rate, leaf elevation angle and circumnutations of leaf 1, 2 in continuous day (L/L).
Col-0 plants were grown for 14 days in L/D (16/8) conditions before measurement in L/L; vertical
gray bars represent subjective night periods. Opaque green lines represent data of 53 individual
leaves. The solid blue line of leaf elongation rate is mean moving average (3h) of individual curves
and the blue line of leaf elevation angle represent mean value of data points sampled each 60 min
(conversely to individual data sampled each 10 min). The blue opaque band around the mean lines is
the 95% confidence interval of mean estimate. Circumnutations are computed by detrending
individual curves of leaf elevation angle using piecewise linear regression.

pet’

®,.) and of the blade (/,;, ®) as illustrated in the indent
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Supplemental Figure 3. In response to a low R/FR treatment the blade upward movement precedes the

petiole upward movement.

Elevation angle of petioles (in red) and blades (in blue) of leaf 1, 2 in continuous day (n,.,~=28); Col-0
under long day (16/8) followed by 2 days continuous light (L/L) before
measurement in L/L (subjective nights are darkened); after 36 hours the R/FR ratio was decreased to

the red rectangle). Leaf elevation angle are mean values. The opaque
band around the mean lines is the 95% confidence interval of mean estimate. Arrows indicate the

plants were grown for 14 days

simulate shade (highlighted by

beginning of rapid upward movement, n ;= number of leaves.
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Supplemental Figure 4. In L/D conditions the blade upward movement precedes the

petiole upward movement.

Elevation angle of petioles (in red; leaf scale) and blades (in blue, right scale) of leaf 1, 2
in long day conditions (L/D; 16/8; black line, n,=19); Col-0 plants were grown for 14
days in L/D conditions and imaged at L/D. Vertical gray bars represent true night
periods. Leaf elevation angle are mean values. The opaque band around the mean lines
is the 95% confidence interval of mean estimate. Arrows indicate the beginning of rapid

upward movement, n,. = number of leaves.
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Supplemental Figure 5: Light is required at dawn to trigger leaf growth.

(A) This is the same growth data as plotted on Figure 6A, in addition we included leaf movement for those
plants, night was prolonged after dawn by +3h (L/D,;; red line n,=27), (B) This is the same growth data as
plotted on Figure 6B, in addition we included leaf movement for those plants, night was prolonged before
dusk by +3h(L/,;D; blue line, n,.,~=54). (C) Leaf elongation rate and leaf elevation angle of leaf 1, 2 where
night was shortened before dawn by -3h (L/ ;D; green line, n,,~=60).

Col-0 plants were grown for 14 days under L/D (16/8) conditions before measurement; vertical gray bars
represent true night periods; vertical red/blue bars indicate prolonged night periods (A,B) and vertical
hatched green bar shortened night period (C). Solid lines of leaf elongation rate are the mean moving
average (3h) of individual curves. Leaf elevation angle are mean values. The opaque band around the
mean lines is the 95% confidence interval of mean estimate, n,._; = number of leaves.
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Supplemental Figure 6. Growth and movements are altered by shortening day length or in

continuous darkness.

(A) Leaf elongation rate and leaf elevation angle of leaf 1, 2 in long day (black line, n,.,~=27) and
short day (green line, n,.,~=47). Col-0 plants were grown for 14 days under long day (16/8h) or 18
days under short day (8/16h) condition before measurement under the same conditions

(B) Leaf elongation rate and leaf elevation angle of leaf 1, 2 in prolonged darkness (D/D, n.,=41).
Col-0 plants were grown for 14 days under L/D (16/8) conditions before measurement and

4h of light; vertical gray bars represent subjective night
periods and the hatched part the subjective day; The arrow marks the time when light was

n rate are the mean moving average (3h) of individual
curves. Solid lines of leaf elevation angle are mean values. The opaque band around the mean

imaged in 48h of darkness followed by 2
switched on. Solid lines of leaf elongatio

lines is the 95% confidence interval of m

ean estimate. n,,; = number of leaves.
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Supplemental Figure 7: Plants with elevated levels of PIF4 maintain robust amplitude leaf growth

rhythms.
(A) Leaf elongation rate and leaf elevation angle of leaf 1, 2 in the phyB mutant (n,=29) and

Col-0 (n,.,~=30) grown in long-day conditions. (B) Leaf elongation rate and leaf elevation angle of
leaf 1, 2 in the PIF4 overexpressor line (n,~=30) and Col-0 (n,.,~=30) grown in long-day conditions.
Col-0, phyB and PIF4 OX plants were grown for 14 days in L/D conditions prior to imaging in the
same conditions. Vertical gray bars representnight periods. Solid lines of leaf elongation rate are
the mean moving average (3h) of individual curves. Leaf elevation angle are mean values. The
opaque band around the mean lines is the 95% confidence interval of mean estimate. n,¢ =
number of leaves.
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Supplemental Figure 1. Image analysis algorithm to compute P, and P, from time-lapse images.

Flow chart illustrating one time step i of the image analysis algorithm to compute the leaf tip point P;
and the petiole-blade intersection point P,. I: Height-scaled image of a plant obtained with the laser
scanner; ll: point cloud representing the plant surface after 3D transformation; P, is manually
selected each 24h at zeitgeber time (ZT) ZT3 or linearly interpolated for intermediate j; if i=1, the
approximate leaf tip point P;’(1) is manually selected; if i > 1 the leaf tip point of the previous time
step is used to enter the calculation: P{(i) = P(i-1); lll: filtering of points (in green) within a defined
area around P;’; IV: computation of P; as the median of 10-20 leaf points with the largest distance to
Po; using P, and Py, points are related to a leaf as highlighted by the dashed rectangle; V: selected
points are rotated to the x-y plane and normalized such than P,=(0,0,0) and P;=(0,1,0);
approximated leaf width is computed using the highlighted points (in yellow) close to P;; VI:
highlighted points (in yellow) are filtered using the previously computed value for leaf width; VII: leaf
width as a function of normalized axis position; the maximum of the first-order derivative is the
approximate the position of P, highlighted with a dashed rectangle; VIII: computation of P, as is the
centroid of selected points inside the dashed rectangle; in the subsequent iteration step i+1 the
image of the same plant taken at the subsequent time step is processed and P; and P, computed for
each leaf; the algorithm is automated and only needs user input at the first iteration step i=1.
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Supplemental Figure 2. Definition of measured traits and principal output.

(A) Geometric definition of leaf length and elevation angle. Arabidopsis plant as a measured 3D point
cloud (red dots) viewed from top down (right). The points P, (position of meristem), P, (position
petiole-blade junction) and P (position of leaf tip) define length (/) and elevation angle (®) of the

whole leaf (/;,, ®y,), of the petiole (/

figures.
(B) Comparison of diel (24h) elongation rate using /;, and elongation rate using /,.,cof leaf 1 and 2. n
= number of data points, R? = coefficient of determination, MAE = mean absolute error. Col-0 plants
were grown for 14 days in long day (L/D, 16/8) conditions before measurement in L/D; the indent
figure shows time courses of elongation rate as moving average over 3h using /., (black line) and
elongation rate using I, (red line); vertical gray bars represent true night periods. The colored
opaque band (same color as mean line) is the 95% confidence interval of mean estimate.

(C) Leaf elongation rate, leaf elevation angle and circumnutations of leaf 1, 2 in continuous day (L/L).
Col-0 plants were grown for 14 days in L/D (16/8) conditions before measurement in L/L; vertical
gray bars represent subjective night periods. Opaque green lines represent data of 53 individual
leaves. The solid blue line of leaf elongation rate is mean moving average (3h) of individual curves
and the blue line of leaf elevation angle represent mean value of data points sampled each 60 min
(conversely to individual data sampled each 10 min). The blue opaque band around the mean lines is
the 95% confidence interval of mean estimate. Circumnutations are computed by detrending
individual curves of leaf elevation angle using piecewise linear regression.

pet’

®,.) and of the blade (/,;, ®) as illustrated in the indent
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Supplemental Figure 3. In response to a low R/FR treatment the blade upward movement precedes the

petiole upward movement.

Elevation angle of petioles (in red) and blades (in blue) of leaf 1, 2 in continuous day (n,.,~=28); Col-0
under long day (16/8) followed by 2 days continuous light (L/L) before
measurement in L/L (subjective nights are darkened); after 36 hours the R/FR ratio was decreased to

the red rectangle). Leaf elevation angle are mean values. The opaque
band around the mean lines is the 95% confidence interval of mean estimate. Arrows indicate the

plants were grown for 14 days

simulate shade (highlighted by

beginning of rapid upward movement, n ;= number of leaves.
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Supplemental Figure 4. In L/D conditions the blade upward movement precedes the

petiole upward movement.

Elevation angle of petioles (in red; leaf scale) and blades (in blue, right scale) of leaf 1, 2
in long day conditions (L/D; 16/8; black line, n,=19); Col-0 plants were grown for 14
days in L/D conditions and imaged at L/D. Vertical gray bars represent true night
periods. Leaf elevation angle are mean values. The opaque band around the mean lines
is the 95% confidence interval of mean estimate. Arrows indicate the beginning of rapid

upward movement, n,. = number of leaves.
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Supplemental Figure 5: Light is required at dawn to trigger leaf growth.

(A) This is the same growth data as plotted on Figure 6A, in addition we included leaf movement for those
plants, night was prolonged after dawn by +3h (L/D,;; red line n,=27), (B) This is the same growth data as
plotted on Figure 6B, in addition we included leaf movement for those plants, night was prolonged before
dusk by +3h(L/,;D; blue line, n,.,~=54). (C) Leaf elongation rate and leaf elevation angle of leaf 1, 2 where
night was shortened before dawn by -3h (L/ ;D; green line, n,,~=60).

Col-0 plants were grown for 14 days under L/D (16/8) conditions before measurement; vertical gray bars
represent true night periods; vertical red/blue bars indicate prolonged night periods (A,B) and vertical
hatched green bar shortened night period (C). Solid lines of leaf elongation rate are the mean moving
average (3h) of individual curves. Leaf elevation angle are mean values. The opaque band around the
mean lines is the 95% confidence interval of mean estimate, n,._; = number of leaves.
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Supplemental Figure 6. Growth and movements are altered by shortening day length or in

continuous darkness.

(A) Leaf elongation rate and leaf elevation angle of leaf 1, 2 in long day (black line, n,.,~=27) and
short day (green line, n,.,~=47). Col-0 plants were grown for 14 days under long day (16/8h) or 18
days under short day (8/16h) condition before measurement under the same conditions

(B) Leaf elongation rate and leaf elevation angle of leaf 1, 2 in prolonged darkness (D/D, n.,=41).
Col-0 plants were grown for 14 days under L/D (16/8) conditions before measurement and

4h of light; vertical gray bars represent subjective night
periods and the hatched part the subjective day; The arrow marks the time when light was

n rate are the mean moving average (3h) of individual
curves. Solid lines of leaf elevation angle are mean values. The opaque band around the mean

imaged in 48h of darkness followed by 2
switched on. Solid lines of leaf elongatio

lines is the 95% confidence interval of m

ean estimate. n,,; = number of leaves.
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Supplemental Figure 7: Plants with elevated levels of PIF4 maintain robust amplitude leaf growth

rhythms.
(A) Leaf elongation rate and leaf elevation angle of leaf 1, 2 in the phyB mutant (n,=29) and

Col-0 (n,.,~=30) grown in long-day conditions. (B) Leaf elongation rate and leaf elevation angle of
leaf 1, 2 in the PIF4 overexpressor line (n,~=30) and Col-0 (n,.,~=30) grown in long-day conditions.
Col-0, phyB and PIF4 OX plants were grown for 14 days in L/D conditions prior to imaging in the
same conditions. Vertical gray bars representnight periods. Solid lines of leaf elongation rate are
the mean moving average (3h) of individual curves. Leaf elevation angle are mean values. The
opaque band around the mean lines is the 95% confidence interval of mean estimate. n,¢ =
number of leaves.
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