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Abstract

Several closely related Myb-like activator proteins are known to have partially redun-
dant functions within the plant circadian clock, but their specific roles are not well
understood. To clarify the function of the REVEILLE 4, REVEILLE 6, and REVEILLE 8
transcriptional activators, we characterized the growth and clock phenotypes of
CRISPR-Cas9-generated single, double, and triple rve mutants. We found that these
genes act synergistically to regulate flowering time, redundantly to regulate leaf
growth, and antagonistically to regulate hypocotyl elongation. We previously
reported that increasing intensities of monochromatic blue and red light have oppo-
site effects on the period of triple rve468 mutants. Here, we further examined light
quality-specific phenotypes of rve mutants and report that rve468 mutants lack the
blue light-specific increase in expression of some circadian clock genes observed in
wild type. To investigate the basis of these blue light-specific circadian phenotypes,
we examined RVE protein abundances and degradation rates in blue and red light
and found no significant differences between these conditions. We next examined
genetic interactions between RVE genes and ZEITLUPE and ELONGATED HYPO-
COTYL5, two factors with blue light-specific functions in the clock. We found that
the RVEs interact additively with both ZEITLUPE and ELONGATED HYPOCOTYL5 to
regulate circadian period, which suggests that neither of these factors are required
for the blue light-specific differences that we observed. Overall, our results suggest
that the RVEs have separable functions in plant growth and circadian regulation and

that they are involved in blue light-specific circadian signaling via a novel mechanism.
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well-adapted to its environment (Dodd et al, 2005; Ouyang
et al., 1998; Spoelstra et al., 2016). These biological rhythms have a

The circadian clock provides a time-keeping mechanism to predict
daily and seasonal changes. Circadian components also regulate physi-
ological outputs, such as plant growth and photoperiodic regulation of
flowering (Maeda & Nakamichi, 2022; Seluzicki et al., 2017; Song

et al., 2015), and help increase an organism'’s fitness by ensuring it is

period of approximately 24 h and persist in a constant environment
(Creux & Harmer, 2019).

While circadian rhythms continue in the absence of environmen-
tal signals, the circadian system is sensitive to a variety of environ-

mental cues. Abrupt changes in light and temperature can reset clock
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phase, and in addition, changes in light intensity and temperature can
affect the free-running pace of the circadian oscillator (Creux &
Harmer, 2019). In plants, as in most diurnal organisms, increased light
intensity shortens circadian period, while in most nocturnal organisms,
increased light intensity causes period lengthening (Aschoff, 1979).
This general relationship is termed “Aschoff's rule” and is speculated
to underlie appropriate entrainment, which matches circadian phase
with the environment (Oakenfull & Davis, 2017; Sanchez et al., 2020).

In eukaryotes, the circadian system is made up of multiple inter-
acting transcriptional feedback loops. Most plant circadian clock com-
ponents are repressors of transcription (Hsu & Harmer, 2014).
However, several transcriptional activators have been identified. REV-
EILLE 4 (RVE4), REVEILLE 6 (RVE6), and REVEILLE 8 (RVES8) are the pri-
mary known transcriptional activators within the plant circadian clock
and act partially redundantly with each other. These RVEs are respon-
sible for activating expression of afternoon and evening-phased
genes, including TIMING OF CAB EXPRESSION 1 (TOC1), the related
PSEUDO-RESPONSE REGULATOR genes (PRR5, PRR7, and PRR9), and
the evening complex genes EARLY FLOWERING 3 (ELF3), EARLY
FLOWERING 4 (ELF4), and LUX ARRHYTHMO (LUX) (Farinas &
Mas, 2011; Hsu et al., 2013; Rawat et al., 2011). Acting in opposition
to the RVEs are the related Myb-like transcription factors CIRCADIAN
CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL
(LHY), which repress these same targets (Adams et al., 2018; Alabadi
et al., 2001; Hazen et al., 2005; Kamioka et al., 2016; Li et al., 2011;
Nagel et al., 2015). Together, CCA1, LHY, RVE4, RVE6, and RVES8
increase robustness of circadian rhythms and regulate clock pace
(Shalit-Kaneh et al., 2018).

Studies conducted over the past 20 years have led to consider-
able insight into how light signaling components interact with the cir-
cadian machinery. Phytochromes, which are red light photoreceptors,
can affect circadian period and are known to physically interact with
the ELF3 protein (Oakenfull & Davis, 2017). Multiple blue light photo-
receptors influence the clock, including cryptochromes and the F-box
protein ZEITLUPE (ZTL). CRYPTOCHROME?2 (CRY2) physically inter-
acts with PRR9 to repress its activity (He et al., 2022). ZTL also
inhibits the function of PRR proteins by promoting the degradation of
TOC1 and PRR5 in a blue light-dependent manner (Fujiwara
et al, 2008; Mas et al.,, 2003). In addition to the photoreceptors,
downstream light signaling components connect light inputs to the
circadian clock. For example, ELONGATED HYPOCOTYL 5 (HY5) is a
transcription factor that acts downstream of multiple types of photo-
receptors and also affects circadian clock function (Gangappa &
Botto, 2016; Xiao et al., 2022). Binding of HY5 to its targets, including
clock gene promoters, is promoted by blue light (Hajdu et al., 2018).
This leads to an enhanced short-period phenotype of hy5 mutants in
blue light compared with red light (Hajdu et al., 2018).

The study of light responses in controlled environmental condi-
tions has revealed both inhibitory and synergistic interactions
between light signaling pathways (Guo et al., 1998; Mas et al., 2000;
Oakenfull & Davis, 2017). Many circadian assays are performed in
constant white or red plus blue light conditions, but separately exam-

ining the effects of monochromatic red and monochromatic blue light

may uncover more detailed interactions between the clock and light
input pathways. The rve4-1 rve6-1 rve8-1 triple mutant was initially
characterized as having a long period in constant red plus blue light
conditions, a proxy for natural white light (Hsu et al., 2013). Subse-
quent experiments found that the period of rve4-1 rveé-1 rve8-1 is
consistently longer than wild type in both monochromatic red and
monochromatic blue light but that the response of period to light
intensity differs from wild type specifically in blue light (Gray
et al, 2017). In red light, the period of both wild type and rve4-1
rve6-1 rve8-1 shortens as the fluence rate increases. However, while
the period of wild-type plants also decreases under increasing intensi-
ties of blue light, the period of rve4-1 rveé-1 rve8-1 mutants lengthens
(Gray et al., 2017). This change in responsiveness between monochro-
matic red and monochromatic blue light suggests that RVE4, RVEé,
and RVE8 may be involved in light quality-specific circadian
regulation.

We wanted to further investigate light quality-specific roles of
RVE4, RVE6, and RVES8 within the plant circadian system. However,
we found that previously generated T-DNA alleles within the rve4-1
rveé6-1 rve8-1 triple mutant have regained significant RVE gene expres-
sion (Shalit-Kaneh et al., 2018). To circumvent this problem, we gener-
ated new rve alleles using CRISPR-Cas9 (Hughes & Harmer, 2023).
Here, we report the characterization of single, double, and triple
mutants containing CRISPR-Cas9-generated alleles of RVE4, RVE§,
and RVES8. We assessed the phenotypes of these new mutants in
monochromatic red and monochromatic blue light and found blue
light-specific phenotypes similar to those observed in the T-DNA
rve468 mutant. We then investigated whether differences in RVE pro-
tein abundance or interactions with light quality-specific factors could
account for the observed light quality-specific differences in rve468
mutants. We find that RVE protein abundance and degradation rates
are not different between monochromatic red and monochromatic
blue light. We also find that interactions between RVE4, RVE6, RVES,
and ZTL or HY5 are likely not responsible for the blue-specific pheno-
types of rve468 mutants. These data suggest that the RVEs interact
with novel blue-specific signaling factors to influence circadian clock
function in a light quality-specific manner.

2 | RESULTS

21 | Synergistic, additive, and epistatic
interactions between rve genes in control of plant
growth

We used CRISPR-Cas9 technology with multiple guide RNAs to gen-
erate a novel rve4 rveé rve8 triple mutant (Hughes & Harmer, 2023). A
line with frameshift mutations predicted to cause premature stop
codons in all three genes was selected and named rve4-11 rveé-11
rve8-11 (Figure 1a). The premature stop codon is upstream of the
Myb-like DNA-binding domain in RVE4, downstream of the Myb-like
DNA-binding domain but within the adjacent conserved proline-rich

region in RVEé, and upstream of the conserved C-terminal domain in
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FIGURE 1 CRISPR-
Cas9-generated rve mutants have
phenotypes consistent with
previously studied T-DNA rve
mutants. (a) Gene models of rve4-11,
rve6-11, and rve8-11 alleles. Positions
of insertions or deletions are shown
by blue circles, and positions of
resulting premature stop codons are
shown by red circles. Light blue
represents untranslated regions, while
dark blue represents coding regions.
Gray shading represents the coding
regions of the Myb-like DNA-binding
domains. (b) Period estimates of
rhythmic seedlings (RAE < .6) for the
indicated genotypes were determined
by monitoring CCR2::LUC2
expression. After entrainment,
seedlings were transferred to
constant 50 pmol m™2 s~ red plus
50 umol m~2 s~ blue light. Different
letters denote significant differences
between genotypes (p < 0.05),
determined by one-way ANOVA
followed by Tukey's post hoc test.
The lines within the boxes are the
medians, and the lower and upper
hinges represent the first and third
quartiles. Data plotted are from three
independent biological replicates

(n = 10-25 per replicate).
Representative images of plants
grown for 35 days in (c) 16:8 light-
dark cycles (long day [LD]) and

(d) 8:16 light-dark cycles (short

day [SD]).
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RVE8 (Figure 1a). We then isolated all possible single and double rve468. We first determined the free-running circadian period of

mutant combinations and assessed growth and circadian clock pheno- seedlings by monitoring expression of a clock-regulated reporter gene,

types in these lines and the original triple mutant. These mutants will CCR2::LUC2, in each genotype. In constant red plus blue light, the rve8

hereafter be referred to as rve4, rveé, rve8, rve4é, rve48, rveé8, and single, all three double, and the triple mutants have a significantly
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longer period than Col-0 (Figure 1b). We also examined the growth of
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these rve mutants in long and short photoperiods (Figure 1c,d) and
saw that rve468 appears larger than Col-0 in long day conditions.
These results are consistent with previous observations of rve triple
mutants containing rve4-1, rveé-1, and rve8-1 T-DNA alleles (Hsu
et al,, 2013).

An important trait governed by the circadian clock is the photope-
riodic control of the transition from vegetative to reproductive growth
(Maeda & Nakamichi, 2022; Song et al., 2015). It has previously been
shown that rve4-1 rveé-1 rve8-1 triple mutant plants flower signifi-
cantly later than Col-0 in long day photoperiods (Gray et al., 2017), so
we hypothesized that other long-period rve mutants would also flower
late. However, only rve4é, rveé8, and rve468 flower significantly later
than Col-0 in long days when measured by leaf number at flowering
(Figure S1A). The rved, rveé, rve8, and rve48 mutants do not flower
later than Col-O (Figures 2a and S1A), even though rve8 and rve48
have long circadian periods quite similar to those of rve46 and rveé8,
respectively (Figure 1b). In short day photoperiods, none of the rve
mutants have a significantly different flowering time from Col-O when
measured by leaf number at flowering (Figures 2a and S1A), although
rve468 flowers significantly later when measured by days to flowering
(Figure 2b). Overall, the delayed flowering time of rve468 triple
mutants compared with the single and double mutants in long days
suggests that RVE4, RVEé, and RVES act synergistically but not equally
in regulation of flowering time.

We continued to examine the phenotypes of adult rve mutants in
long and short photoperiods by measuring the petiole length and
blade area of the fully expanded fifth rosette leaf. In long and short
days, the median petiole length of the rve single mutants is not signifi-
cantly different from that of Col-O, but rveé68 and rve468 have
significantly longer petioles in short days (Figures 2c and S1C). The
median blade area of all rve mutants trends larger than Col-0 in long
days, although this only reaches statistical significance for rve468
(Figures 2d and S1D). This is consistent with our previous findings
that rve468 T-DNA mutants have larger leaf blades than Col-O when
grown in long days (Gray et al., 2017). Surprisingly, in short days, the
median blade area of rve mutants trends smaller than Col-0, although
again, this is only statistically significant for rve468 (Figures 2d and
S1D). Although there are not many significant differences in leaf
growth between the rve mutants and Col-0, together, these data sug-
gest that these three RVE proteins act redundantly in control of leaf
growth and that their roles differ depending on day length.

We next investigated the roles for RVE proteins in photomorpho-
genesis. Seedlings were grown in constant darkness or in a range of
fluence rates of constant monochromatic red, monochromatic blue, or
red plus blue light, and hypocotyl lengths were measured. In constant
darkness, all rve mutants except rve48 have significantly longer hypo-
cotyls than Col-O (Figures 3 and S2), suggesting a role in light-
independent regulation of development. To test whether the RVEs
also function in photoreceptor signaling pathways, we assessed inhibi-
tion of hypocotyl elongation at a range of fluence rates of red, blue,
and red plus blue light (Figures 3 and S2). The responsiveness of the
rve468 triple mutant is significantly different from wild type in red and

in red plus blue light in this assay (Table S1). This suggests that these
transcription factors have both light-dependent and red light-specific
roles in growth regulation.

We next examined hypocotyl elongation phenotypes in the single
and double mutants. In all three light qualities tested, all rve
single mutants have significantly longer hypocotyls than wild type at
one or more light intensities (Figure S2), with loss of RVE6 giving the
strongest phenotype. Intriguingly, hypocotyl elongation in rve48 dou-
ble mutants is not significantly different from wild type in the dark or
at lower light intensities, despite the significantly long hypocotyls of
both rve4 and rve8 single mutants in these conditions (Figure 3). These
data suggest a light-independent, antagonistic relationship between
RVE4 and RVES in the control of hypocotyl elongation.

The stronger hypocotyl phenotypes seen for rveé than for rve4
and rve8 suggest that RVE6 is more important than these other Myb-
like factors in the regulation of photomorphogenesis. Indeed, the
slope of rveé, but not the other single mutants, is significantly differ-
ent from wild type in monochromatic blue light and in red plus blue
light (Table S1). Also consistent with a major role for RVE6, while the
rve46 and rve68 double mutants both have significantly elongated
hypocotyls at most fluence rates in all three conditions, the rveé8 phe-
notypes are generally quite similar to the long hypocotyl phenotypes
of the triple rve468 mutant seedlings (Figure S2). Together, these data
suggest that all three RVE genes contribute to regulation of photo-
morphogenesis in response to both red and blue light but that RVE6

plays a predominant role.

2.2 | rved468 mutants follow Aschoff’s rule in
monochromatic red but not monochromatic blue light

We next examined the circadian phenotypes of the rve single, dou-
ble, and triple mutants in a variety of light conditions (constant
darkness, monochromatic red, monochromatic blue, and constant
red plus blue light) and across a range of light intensities (from 1 to
200 pmol m~2 s~1). We previously reported that the T-DNA alleles
of rve4 and rveé did not have period phenotypes (Hsu et al., 2013).
While the new CRISPR allele of rve4 does not have a period signifi-
cantly different from wild type in any of the conditions tested, the
new rveé allele has a significantly long-period phenotype in red light,
and both rveé and rve8 single mutants trend long period in red plus
blue but not monochromatic blue light (Figure 4). This suggests
RVE6 and RVES8 play more important roles in clock function than
RVE4. Indeed, while all three double mutant combinations have
long-period phenotypes, the rve68 mutant has a consistently longer
period than the other two double mutants (Figure S3). However,
because free-running period is the longest in the triple rve468
mutant (Figure S3), all three RVE genes contribute to period short-
ening in all light conditions tested.

We previously noted that increasing intensities of monochromatic
red and monochromatic blue light have opposite effects on rve4-1
rve6-1 rve8-1 period (Gray et al., 2017). We therefore wanted to

determine if other rve mutants have similar differences in circadian
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responsiveness to light. To investigate this, we assessed the slopes of
free-running period relative to fluence rate in red, blue, and red plus
blue light. In red light, the period of all single, double, and triple rve
mutants decreases as light intensity increases (Figures 4 and S3), with

slopes not significantly different from Col-O (two-way ANOVA and
Tukey's post hoc test, p > 0.05; Table S1). Thus, in red light, the rve
mutants and wild type show similar sensitivity to light input to the

clock and obey Aschoff’s (1979) rule for diurnal organisms.
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FIGURE 3 RVE4 and RVES have epistatic effects on hypocotyl elongation. Hypocotyl lengths of the indicated genotypes were determined in
constant darkness or monochromatic red, monochromatic blue, or red plus blue light of the specified intensities (0.1-30 umol m~—2 s 1. Points
indicate mean hypocotyl lengths; error bars indicate +SEM. Significant differences between genotypes determined by one-way ANOVA followed
by Tukey's post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Data plotted are from three (light conditions) or six (constant darkness) biological
replicates (n = 7-24 per replicate).
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FIGURE 4 Increasing intensities of blue and red light have opposite effects on circadian period in rve468 mutants. Period estimates of

rhythmic seedlings (RAE < .6) for the indicated genotypes were determined in constant darkness or constant monochromatic red, monochromatic
blue, or red plus blue light of the specified intensities (1-200 umol m~2 s~2) by monitoring CCR2::LUC2 expression. Points indicate mean periods;

error bars indicate +SEM. Significant differences between genotypes determined by one-way ANOVA followed by Tukey's post hoc test
(*p < 0.05, **p < 0.01, ***p < 0.001). Data plotted are from three independent biological replicates (n = 6-81 per replicate).

It has previously been reported that in Arabidopsis, circadian
period is less responsive to changes in blue light intensity compared
with red light intensity (Covington et al., 2001). This may be related to
the fact that both the cryptochrome and ZTL families of photorecep-
tors mediate blue light signaling whereas phytochromes are the pri-
mary mediators of red light signaling to the circadian system (Sanchez
et al., 2020). Consistent with relative insensitivity of the Arabidopsis
circadian system to blue light intensity, we observed little change in

period for wild type, the rve single mutants, and the rve46 and rve68

double mutants over the fluence rates of blue light tested (Table S1).
In contrast, the period of rve468 and rve48 increases as light intensity
increases with slopes that are not significantly different from each
other but that are significantly different from wild type (Figure S3 and
Table S1). This pattern of period lengthening at higher light intensities
is reminiscent of responses seen in many nocturnal organisms. This
difference in response of circadian period to red and blue light in
rve468 and rve48 mutants suggests that RVE4 and RVES8 regulation or
function is altered between these two light qualities.
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2.3 | Blue light-mediated enhancement of
expression of some clock genes is lost in rve468
mutants

Given the different effects of red and blue light on circadian period in
rve468 mutants, we hypothesized that expression of clock genes
might be altered in rve468 in a light quality-specific manner. To assess
this, we grew Col-0 and rve468 seedlings in monochromatic blue or
monochromatic red light, collected samples over a 24 h period,
extracted RNA, and carried out quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR) assays. In wild-type plants, the
amplitude of the evening-phased clock gene ELF4 is significantly
higher in blue than in red light (Figures 5 and S4A). A similar trend is
seen for the other evening-phased genes TOC1 and PRR5, although
the differences in these values do not reach statistical significance
(Figure S4). In the case of PRR5, this may be because its expression
pattern in blue light poorly matches a cosine curve, leading to an
underestimate of its amplitude. A previous study found a significant
increase in peak levels of PRR5 expression in blue light compared with
red (Hajdu et al., 2018), suggesting that its levels are indeed induced
by blue light. However, we found that blue light did not cause a signif-
icant increase in peak levels of CCA1, LUX, and BOA when compared
with red light treatments (Figures 5 and S4A). These data show that
blue light enhances expression of a subset of evening-phased clock

genes in wild type.
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We next compared expression patterns of these genes in rve468

mutants maintained in constant red or blue light. Unlike in wild type,
blue light does not cause an increase in amplitude of ELF4, TOC1, or
PRR5 expression in rve468 (Figures 5 and S4A). We observed similar
patterns when this experiment was conducted using the rve4-1 rveé-1
rve8-1 T-DNA mutant (Figures S4B and S5). These data show that
RVE function is required for the blue-light mediated enhancement of
expression of a subset of clock genes, which may help explain the
stronger period phenotype observed in rve468 maintained in high-
intensity blue compared with high-intensity red light (Figure 4).
Intriguingly, ELF4, TOC1, and PRR5 are all direct targets of RVES8 trans-
activation activity (Hsu et al., 2013).

24 | Blue-specific rve mutant phenotypes are not
due to differences in RVE protein abundance or
degradation rate

We hypothesized that the blue light-specific phenotypes observed in
rve mutants might be due to higher RVE transcript levels in this condi-
tion. However, we did not observe any differences in RVE4, RVE6, or
RVES8 transcript abundance in plants maintained in constant red or
blue light (Figure S6). We next assessed protein levels in the two con-
ditions, making use of plants expressing epitope-tagged RVE4 or

RVES8 under control of their native promoters. We focused on these
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FIGURE 5 Blue-mediated enhancement of clock gene expression is reduced in rve468 mutants. After entrainment, Col-0 and rve4-11 rveé-11

rve8-11 seedlings were transferred at ZTO to constant 60 pmol m™2 s~ 1

monochromatic blue or monochromatic red light. Expression of the

specified genes was determined by qRT-PCR and normalized to reference genes PP2A and IPP2. Ribbon indicates +SEM for three biological

replicates.
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two proteins because of the blue light-specific period responses in
rve48 and rve468 mutants (Figure S3). The RVES8::RVE8-HA transgene
has previously been reported to rescue rve8-1 phenotypes (Rawat
et al, 2011), and we similarly found that RVE4::RVE4-FLAG rescues
RVE4 function in the rve4-1 and rve4-1 rve8-1 mutant backgrounds
(Figure S7). Seedlings were grown in various light conditions (mono-
chromatic blue, monochromatic red, constant white light, 12:12 light-
dark cycles, or constant darkness), samples were collected at 4 h inter-

vals, and proteins were extracted and detected by western blotting.

(a)

We found that the pattern of both RVE4-FLAG and RVE8-HA abun-
dance is similar across light conditions (Figure 6a) but that abundance
of both proteins decreases rapidly in constant darkness (Figures 6a and
S8). However, RVE4-FLAG and RVE8-HA abundance is similar between
monochromatic blue and monochromatic red light (Figures 6a and S8),
indicating that the stronger rve phenotypes in blue light compared with
red are not due to a difference in RVE protein levels.

For many activators of transcription, activity is tightly coupled to

their proteasome-mediated degradation (Geng & Tansey, 2012;
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FIGURE 6 RVE4-FLAG and RVE8-HA protein abundance and degradation rates are similar in monochromatic red and monochromatic blue

light. (a) After entrainment, seedlings were kept in 12:12 light-dark cycles under 50-60 umol m

constant darkness, constant 50-60 pmol m~2 s~* white, 60 pmol m=2 s~ *

=2 51 white light or transferred at Time O to

monochromatic blue, or 60 pmol m~2 s~* monochromatic red light.

Abundance of the specified proteins was determined by western blot and normalized to abundance of actin. Ribbon indicates +SEM for two

biological replicates. (b) After entrainment, seedlings were transferred at ZTO to constant darkness, 60 umol m—~ s

60 pmol m™2s71

~2 51 monochromatic blue, or

monochromatic red light. Seedlings were treated with cycloheximide (CHX) during the day (at ZT5 or ZT7) or during the

subjective night (at ZT17 or ZT19). Abundance of the specified proteins was determined by western blot and normalized to abundance of actin.
For RVE4-FLAG, ribbon indicates +SEM for three biological replicates. For RVE8-HA, ribbon indicates +SEM for seven biological replicates in
blue, four biological replicates in red, and five biological replicates in the dark.
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Lipford & Deshaies, 2003; Muratani & Tansey, 2003; Zhai
et al, 2013). Because RVES8 is a direct transcriptional activator of
genes such as PRR5, ELF4, and TOC1 (Hsu et al., 2013), which have
enhanced peak levels in blue light compared with red (Figures 5 and
S5), we speculated that higher RVE activity in blue light might be
accompanied by an increase in RVE protein degradation in this condi-
tion. To test this, we exposed seedlings expressing RVE4-FLAG or
RVES8-HA to various light conditions (monochromatic blue, monochro-
matic red light, or constant darkness), applied cycloheximide during
the day or subjective night to inhibit translation of new proteins, and
assessed RVE protein abundance over time by western blotting.
RVE4-FLAG is relatively stable during both the day (ZT5) and subjec-
tive night (ZT17), and its degradation rate is not significantly different
in plants maintained in monochromatic blue or red light at either time
(Figure 6b; exponential decay model, Bayesian posterior probability of
equal degradation rates in red and blue: .90 and .96 for ZT5 and
ZT17, respectively). For RVE8-HA, there is no significant difference in
RVE8-HA protein degradation rate between monochromatic blue and
monochromatic red light during the day (Figure 6b; exponential decay
model, Bayesian posterior probability of equal degradation rates in
red and blue: .93 at ZT7). Surprisingly, however, RVE8-HA is degraded
more quickly in blue than in red during the subjective night (Figure 6b;
exponential decay model, Bayesian posterior probability of degrada-
tion rate in blue > red = 1). But given that RVES8 is active around mid-
day and not during the night (Hsu et al., 2013), these data suggest
that the observed differences in rve circadian phenotypes in plants
maintained in red and blue light (Figures 4 and 5) are not due to a dif-
ference in RVE4 or RVE8 protein degradation rates in these

conditions.

2.5 | Blue-specific rve mutant phenotypes do not
require ZTL or HY5

We next hypothesized that the rve468 blue-light specific phenotypes
might be caused by interactions between the RVEs and a blue light-
specific factor. Two such factors known to influence the circadian sys-
tem are the blue light photoreceptor ZTL and the blue light-stabilized
transcription factor HY5. We first tested for a genetic interaction
between RVES8 and ZTL by assessing free-running circadian period in
rve8-1 ztl-103 double mutants and rve8-1 and ztl-103 single mutants
in a range of fluence rates of monochromatic blue light. Both rve8-1
and ztl-103 have long-period phenotypes, and the period of rve8-1-
ztl-103 is additively longer than the single mutants (Figure S9A). We
also examined the stability of RVE8-HA protein in a ztl mutant back-
ground and found no significant difference in protein degradation
rates between monochromatic blue and monochromatic red light
during the subjective night (Figure S9B, exponential decay model,
Bayesian posterior probability of rates being equal: .79). Bayesian
analysis reveals that during the day, the RVE8-HA protein degradation
rate is slower in ztl mutants in blue light than in red light (posterior
probability for rate in red > rate in blue = 1). Finally, the degradation
rates of RVE8-HA in blue light are similar in wild type and in ztl

X . 9 of 15
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mutants in both the subjective day and night (Figure S9B, exponential
decay model, Bayesian posterior probability for equivalent rates in zt/
and wild type = .96 at ZT7 and .95 at ZT19). This, along with the addi-
tive effects of the rve8 and ztl mutations on circadian period
(Figure S9A), suggests that the ZTL and RVES8 proteins affect the cir-
cadian system via different mechanisms. Overall, these data suggest
that an interaction between RVE8 and ZTL is not responsible for the
blue light-specific phenotypes of rve mutants.

We next tested for a genetic interaction between RVE4, RVE6,
RVES8, and HY5 by examining the circadian and growth phenotypes of
rve468 hy5 mutants compared with rve468 and hy5. In constant red
light, hy5 single mutants do not have a period phenotype and rve468
hy5 and rve468 mutants do not have a difference in free-running
period (Figure 7a). However, in constant monochromatic blue light of
moderate intensity, hy5 has a significantly shorter period and rve468
has a significantly longer period than Col-0 (Figure 7a), consistent with

previous observations (Gray et al., 2017; Hajdu et al, 2018).
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FIGURE 7 RVE4,RVE6, RVES8, and HY5 interact additively to
control clock function but epistatically to control hypocotyl
elongation. (a) Period estimates of rhythmic seedlings (RAE < .6) for
the indicated genotypes were determined by monitoring CCR2::LUC2
expression. After entrainment, seedlings were transferred to constant
15 pmol m~2 s~* monochromatic red or blue light. Different letters
denote significant differences between genotypes (p < 0.01),
determined by one-way ANOVA followed by Tukey’s post hoc test.
The lines within the boxes are the medians, and the lower and upper
hinges represent the first and third quartiles. Data plotted are from
two independent biological replicates (n = 42-77 per replicate).

(b) Hypocotyl lengths of the indicated genotypes were determined in
constant monochromatic red or blue light of the specified intensities
(0.1-30 pmol m2 s1). Points indicate mean hypocotyl length; error
bars indicate +SEM. Significant differences between genotypes
determined by one-way ANOVA followed by Tukey’s post hoc test
(*p < 0.05, **p < 0.01, ***p < 0.001). Data plotted are from two
biological replicates (n = 16-24 per replicate).
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Interestingly, rve468 hy5 has a significantly longer period than Col-0
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but a significantly shorter period than rve468 (Figure 7a), which sug-
gests that the RVEs and HY5 interact additively to regulate circadian
period in monochromatic blue light. Similar to our findings for RVES8
and ZTL, the additive interaction between RVE4, RVE6, RVES, and HY5
in this assay suggests that an interaction between the RVEs and HY5
is not responsible for the observed blue light-specific circadian pheno-
type of rve mutants.

We next assessed light-mediated inhibition of hypocotyl elonga-
tion in these mutants. We found that rve468 hy5 hypocotyls are con-
siderably longer than rve468 hypocotyls in both red and blue light at
almost all light intensities tested (Figure 7b). Moreover, in both colors
of light, the rve468 hy5 fluence-response slope is significantly differ-
ent than that of Col-0 and rve468 (Table S1). In red light, the respon-
siveness of rve468 hy5 is also different from that of the hy5 single
mutant. These data indicate that these quadruple mutant seedlings
have altered sensitivity to light when compared with both the wild
type and the parental rve468 and hy5 mutants. Thus, in contrast to
their blue-specific and additive effects on clock function, HY5 and the
RVEs play synergistic roles in the regulation of hypocotyl elongation
in both blue and red light.

3 | DISCUSSION

Here, we present new mutant alleles of RVE4, RVE6, and RVES in vari-
ous combinations and show that they have similar clock and growth
phenotypes to the previously studied T-DNA alleles (Gray et al., 2017;
Hsu et al., 2013). However, we find that the rveé truncation mutant has
a circadian clock phenotype not seen for the rve6 T-DNA allele and that
the new, likely null, rve468 mutant characterized here has a stronger cir-
cadian phenotype than the rve4-1 rveé-1 rve8-1 T-DNA line we origi-
nally characterized (Hsu et al., 2013). These results are likely because
the original rveé-1 allele reduced rather than abolished RVE6 expres-
sion. We believe that the single, double, and triple mutant CRISPR-
Cas9-generated alleles we have generated will be extremely useful in
future studies, especially given that after generations of propagation,
the original rve4-1 rveé-1 rve8-1 mutants have also regained moderate
expression of RVE4 and RVE8 (Hughes & Harmer, 2023).

3.1 | Severity of rve growth and clock phenotypes
depends on light quality and intensity

Our detailed characterization of rve single, double, and triple mutants
has allowed us to assess their relative importance for regulation of
plant growth and the circadian clock (Figure $S10). When examining
phenotypes in monochromatic red and monochromatic blue light, we
found it surprising that the severity of growth and clock phenotypes
does not always match based on the light conditions. For example, all
rve single mutants have a long-hypocotyl phenotype in lower levels of
monochromatic blue light, particularly at .1 pmol m~2 s~ (Figure S2),
but none of these mutants have a period phenotype in any of the
tested fluence rates of blue light (Figure 4). Similarly, all rve single

mutants have significantly long hypocotyls in constant darkness
(Figure S2), but only rveé has a significantly long period in constant
darkness (Figure 4). With the double mutants, rve46 has significantly

long hypocotyls in .1 and 1 umol m=2 s~*

monochromatic blue light
(Figure S2) but no period phenotype in those same light conditions
(Figure S3). These phenotypic differences suggest that the RVE pro-
teins have separate functions in regulation of growth and the clock.

We also noted differences in the effects of loss of the RVEs on
the sensitivity of photomorphogenesis and the circadian system to
light. As noted above, the circadian period of both rve48 and rve468
increases with higher fluence rates of monochromatic blue light while
that of wild type does not significantly change (Figures 4 and S3 and
Table S1). In contrast, in hypocotyl fluence rate response curves,
rve468 displays an altered sensitivity to red but not blue light when
compared with wild type (Figures 3 and S2 and Table S1). These
results suggest that in addition to playing separable roles in control of
photomorphogenesis and circadian clock function, RVE4, RVEé, and
RVES are also separately involved in different photoreceptor signaling
pathways to the clock.

3.2 | Possible mechanisms underlying light quality-
dependent regulation of RVE function

Our initial hypothesis that the enhanced circadian period phenotype
of rve48 and rve468 mutants in response to blue light (Figure S3)
might be due to increased RVE4 or RVES8 protein abundance in this
condition proved incorrect (Figures 6 and S8). However, there may be
a light quality-specific difference in RVE transcript instead of RVE pro-
tein. While the overall abundance of RVE4, RVEé, and RVES8 transcript
in Col-0 is similar in monochromatic blue and monochromatic red light
(Figure S6), alternative splicing of these transcripts could differ
between light qualities. Alternative splicing of RVE8 has been
observed to be regulated in response to white light (Mancini
et al.,, 2016), and increased abundance of a particular RVE8 isoform
has been associated with increased amplitude of RVE8 target gene
expression (Yan et al., 2022). Perhaps alternative splicing generating
an isoform with distinct activity is increased in monochromatic blue
light compared with monochromatic red light, leading to the observed
amplitude difference in some evening-phased clock genes between
these two light conditions (Figure 5).

Another possibility is that the localization of RVE proteins could
differ in blue and in red light. The nuclear localization of both RVE4
and RVES8 has been shown to increase in seedlings moved from 22°C
to 4°C and subsequently decrease when the seedlings were moved
back to 22°C (Kidokoro et al., 2021). RVE proteins might be primarily
localized in the nucleus when exposed to monochromatic blue light
but primarily localized in the cytoplasm under monochromatic red
light. Increased nuclear localization in blue light conditions would
allow for increased activation of RVE targets, which could account for
the enhanced expression of RVES target genes in blue compared with
red light seen in wild type but not in rve468 (Figure 5).

Finally, another possibility is that RVE4 and RVES8 interact with a
blue-light specific signaling component that helps control clock period.
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Our genetic analysis suggests that the RVEs are not specifically work-
ing with ZTL or HY5 in control of clock pace in blue light (Figures S9
and 7). However, a recent report has revealed roles for the clock pro-
tein PRRY and the blue light photoreceptor CRY2 in circadian clock
sensitivity to blue light (He et al., 2022). It is possible that the RVEs
act with these or other, yet unidentified factors, in the transduction of
blue light signals to the circadian system.

4 | MATERIALS AND METHODS

4.1 | Plant materials

All plants used are in the Columbia (Col-0) wild-type background. Col
CCR2::LUC2 and rve4-11 rve6-11 rve8-11 CCR2::LUC2 were generated
as previously described (Hughes & Harmer, 2023). The rve4-11
rve6-11 rve8-11 CCR2:LUC2 mutant was then backcrossed to Col
CCR2::LUC2 to generate rve4-11 CCR2:LUC2, rve6-11 CCR2:LUC2,
rve8-11 CCR2:LUC2, rve4-11 rve6-11 CCR2:LUC2, rve4-11 rve8-11
CCR2::LUC2, and rve6-11 rve8-11 CCR2:LUC2 mutants. RVE4:
RVE4-FLAG rve4-1 CCR2:LUC+ and RVE4::RVE4-FLAG rve4-1 rve8-1
CCR2::LUC+ were generated by transforming rve4-1 CCR2::LUC+ and
rve4-1 rve8-1 CCR2::LUC+, respectively, with RVE4::RVE4-FLAG via
floral dip (Clough & Bent, 1998). RVE8::RVE8-HA rve8-1 was previ-
ously described (Rawat et al., 2011). Col CCR2::LUC2 was crossed to
hy5 (SALK_096651) (Chen et al., 2008) to generate hy5 CCR2::LUC2.
rve4-11 rve6-11 rve8-11 hy5 CCR2:LUC+ was crossed to rve4-11
rve6-11 rve8-11 CCR2::LUC2 to generate rve4-11 rveé-11 rve8-11 hy5
CCR2::LUC2. For Figure S4, Col CCR2::.LUC+ and rve4-1 rveé6-1 rve8-1
CCR2::LUC+ are as previously described (Hsu et al., 2013; Rawat
et al., 2011). For Figure S9, Col CCR2::LUC+, rve8-1 CCR2::LUC+, and
ztl-103 CCR2:LUCH are as previously described (Martin-Tryon
et al, 2007; Rawat et al, 2011). The rve8-1 ztl-103 CCR2:LUC+
mutant was generated by crossing rve8-1 CCR2:LUC+ to ztl-103
CCR2::LUC+. RVES8::RVE8-HA rve8-1 ztl-103 was generated by cross-
ing RVE8::RVE8-HA rve8-1 to ztl-103 CCR2::LUC+.

4.2 | Plasmids

RVE4::RVE4-FLAG was created by first amplifying the RVE4 genomic
region using primers 5-CGGCAAGTATCTCCATTAGAT-3' and 5'-
AGAGCTTAAGTGTTCATGACC-3'. The amplified region, including
approximately 2 kb upstream of the transcriptional start site, was
cloned into pCR8 (Invitrogen, Carlsbad, CA), which was then recom-
bined with pEarleyGate302 by Gateway cloning (Hartley et al., 2000).

43 | Genotyping

CRISPR-Cas9 alleles were identified through PCR amplification fol-

lowed by Sanger sequencing, as previously described (Hughes &
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Harmer, 2023). Mutant lines without Cas9 were selected for use in
experiments. Homozygous mutants of all alleles used in this research
were identified through PCR amplification of genomic DNA. Primers

used for genotyping are included in Table S2.

44 | Growth conditions

Seeds were surface sterilized with chlorine gas and stratified in the
dark for 2-4 days at 4°C. For luciferase imaging, qRT-PCR, and west-
ern blotting, seeds were plated on 1X Murashige and Skoog, .7% agar,
and 3% sucrose. Seedlings were entrained in light-dark cycles (12 h
light, 12 h dark) under 50-60 umol m~2 s~ white light at 22°C for
6 days. For hypocotyl length assays, seeds were plated on .5X
Murashige and Skoog and .7% agar and exposed to a 4 h pulse of 50-
60 pmol m~2 s~ white light at 22°C to induce germination. Seedlings
were then grown in the specified light conditions using monochro-
matic red and/or blue LEDs (XtremeLUX, Santa Clara, CA) at 22°C for
6 days. For flowering time and rosette growth assays, seeds were
sown directly on soil and grown in light-dark cycles of the specified
photoperiod under 150-200 pmol m~2 s~* white light at 22°C.

45 |
imaging

CCR2::LUC2 and CCR2::LUC+ luciferase

Seedlings were sprayed with 3 mM D-luciferin, moved to the specified
light conditions using red and/or blue LEDs (XtremeLUX, Santa Clara,
CA), and imaged for 5-6 days under a cooled CCD camera
(DU434-BV, Andor Technology, or iKon M-934, Andor Technology, or
ORCA Il ER CCD, Hamamatsu Photonics). Neutral density filters
(Rosco Laboratories or LEE Filters) were used to generate the speci-
fied light intensities of monochromatic red, monochromatic blue, or
red plus blue light (Figures 4 and S3). Quantification of biolumines-
cence was performed using MetaMorph software (Molecular Devices),
and circadian rhythms were analyzed with Biological Rhythm Analysis
Software System (Locke et al., 2005).

4.6 | gRT-PCR analysis

After entrainment, constant

60 umol m=2 st
(XtremelLUX, Santa Clara, CA) at 22°C. Seedlings were moved at dawn
(ZTO) and collected every 3 h from ZT21 to ZT48 (Figures 5 and S6)

or every 3 h from ZT24 to ZT48 (Figure S4). Sample preparation and

seedlings were exposed to

monochromatic blue or red light under LEDs

gRT-PCR were performed as previously described (Shalit-Kaneh
et al., 2018) using a BioRad CFX96 thermocycler (Bio-Rad Laborato-
ries, Hercules, CA). Relative expression and SEM values were obtained
from the BioRad CFX96 software package, and amplitudes were cal-
culated using BioDare2 (Zielinski et al., 2014). Primers used for qRT-
PCR are included in Table S2.
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4.7 | Hypocotyl length assays
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After 6 days of growth, seedlings were transferred to transparent
sheets and scanned at 600 dpi. Hypocotyls were individually mea-

sured using ImagelJ (Schneider et al., 2012).

48 | Flowering time analysis

Date of flowering was recorded as the day the inflorescence stem
reached 1 cm long. At that time, rosette leaves were counted to deter-
mine flowering time by leaf number. Cauline leaves were not
included.

49 | Rosette leaf measurements

After 30 days of growth, rosette leaf 5 was transferred to transparent
sheets and scanned at 600 dpi. Blade area and petiole length were
measured using LeafJ (Maloof et al., 2013).

410 | Protein abundance assays

After entrainment, seedlings were exposed to constant darkness, con-
stant 60 pmol m™2 s~ monochromatic blue or red light under LEDs
(XtremeLUX, Santa Clara, CA), or 50-60 pumol m~2 s~ white light at
22°C. Seedlings were moved at dawn (Time 0) and collected every 4 h
from Times O to 48 (RVE4-FLAG) or every 3 h from 3 h before dawn
to Time 33 (RVE8-HA). Samples were prepared and quantified as pre-
viously described (Shalit-Kaneh et al., 2018). Total protein was ana-
lyzed by western blotting using mouse monoclonal anti-FLAG
M2-HRP antibody (Sigma-Aldrich, St. Louis, MO) for RVE4-FLAG and
rat monoclonal anti-HA-HRP antibody (Roche, Basel, Switzerland) for
RVES8-HA. Prometheus ProSignal Dura (Genesee Scientific, Rochester,
NY) was used to generate peroxidase activity and a Chemidoc ana-
lyzer (Bio-Rad Laboratories, Hercules, CA) was used for detection.
Membranes were reprobed with mouse anti-actin antibody and anti-
mouse-HRP antibody to normalize between samples. Protein abun-
dance was quantified using Image Lab software (Bio-Rad Laboratories,
Hercules, CA).

4.11 | Protein degradation assays

After entrainment, seedlings were moved at dawn (ZTO) to constant
darkness or constant 60 pmol m~2 s~ monochromatic blue or red light
under LEDs (XtremeLUX, Santa Clara, CA) at 22°C. During the day (ZT5
or ZT7) or subjective night (ZT17 or ZT19), seedlings were treated with
cycloheximide by submerging them in liquid 1X Murashige and Skoog,
3% sucrose, and 200 uM cycloheximide on a shaker and collected 0, 1,
2, or 4 h later. Samples were prepared and quantified as previously
described (Shalit-Kaneh et al., 2018), and western blotting and protein

quantification were performed as described above.

4.12 | Statistical analysis and data visualization
All statistical analyses and data visualization were performed using R
(R Core Team, 2021). Figures were generated using the tidyverse
(Wickham et al, 2019), RColorBrewer (Neuwirth, 2014), cowplot
(Wilke, 2020a), gridExtra (Auguie, 2017), glue (Hester & Bryan, 2022),
and ggtext (Wilke, 2020b) packages. Gene models were created using
the genemodel package (Monroe, 2017). Linear mixed-effect models
were used in one-way ANOVA and Tukey’s post hoc tests. To com-
pare flowering time and rosette growth differences between geno-
types within each condition (long day or short day), we used model
“growth phenotype ~ genotype + (1|rep) + (1|flat).” To compare
hypocotyl length differences between genotypes at each fluence rate,
we used model “length ~ genotype + (1|rep).” To compare period
phenotype differences between genotypes at each fluence rate, we
used model “period ~ genotype + (1|rep).” Linear mixed-effect
models were also used in two-way ANOVA and Tukey's post hoc
tests. To compare the effect of fluence rate on circadian period
between genotypes, we used model “period ~ genotype * fluence
rate + (1|rep).” To compare the effect of fluence rate on hypocotyl
length between genotypes, we used model “length ~ genotype * flu-
ence rate + (1jrep).” Modeling was done with the Ime4 (Bates
et al., 2015) and ImerTest (Kuznetsova et al., 2017) packages; tests
were performed using the lattice (Sarkar, 2008), broom (Robinson
et al.,, 2021), and emmeans (Lenth, 2022) packages. Results were visu-
alized with the multcomp (Hothorn et al., 2008) and multcompView
(Graves et al., 2019) packages.

For protein degradation analysis, nonlinear Bayesian regressions
were performed using the brms (Birkner, 2017) package. We used an
exponential decay model:

y ~No * e—k*t1

where y = protein concentration at time t, No = protein concentration
at time O, k =the protein degradation rate, and t =time. Depending
on the analysis, coefficients for k and Ng were fit to correspond to
genotype, ZT, and their interaction, or to light color, ZT, and their
interaction. We also evaluated models where random effects of
experiment and replicate were included for k and N,. Leave-one-out
analysis was used for model selection, and the simplest model that
was not significantly different from the best fit model was selected.
Generally, the selected models did not retain any random effect terms.
For details of this analysis, see scripts online (https://github.com/
MaloofLab/Hughes-RVE-2023).

413 | Accession numbers
Accession numbers for Arabidopsis thaliana genes are referenced here:
CCA1 - AT4G16780
CRY2 - AT1G04400
ELF3 - AT2G25930
ELF4 - AT2G40080
HY5 - AT5G11260
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LHY - AT1G01060

LUX - AT3G46640

PRR5 - AT3G59060
PRR7 - AT5G02810
PRRY - AT2G46790
RVE4 - AT5G02840
RVEé6 - AT5G52660
RVES - AT3G09600
TOC1 - AT5G61380
ZTL - AT5G57360
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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