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1 | INTRODUCTION

The circadian clock is a biological timekeeper that allows organisms to
anticipate predictable daily changes in the environment and regulate

their responses to stimuli depending on the time of day. This helps an

Stacey L. Harmer

Abstract

The functions of closely related Myb-like repressor and Myb-like activator proteins
within the plant circadian oscillator have been well-studied as separate groups, but
the genetic interactions between them are less clear. We hypothesized that these
repressors and activators would interact additively to regulate both circadian and
growth phenotypes. We used CRISPR-Cas9 to generate new mutant alleles and
performed physiological and molecular characterization of plant mutants for five of
these core Myb-like clock factors compared with a repressor mutant and an activator
mutant. We first examined circadian clock function in plants likely null for both the
repressor proteins, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY), and the activator proteins, REVEILLE 4 (RVE4), REVEILLE (RVE®),
and REVEILLE (RVE8). The rve468 triple mutant has a long period and flowers late,
while ccal Ihy rve468 quintuple mutants, similarly to ccal lhy mutants, have poor
circadian rhythms and flower early. This suggests that CCA1 and LHY are epistatic to
RVE4, RVE6, and RVES8 for circadian clock and flowering time function. We next
examined hypocotyl elongation and rosette leaf size in these mutants. The ccal lhy
rve468 mutants have growth phenotypes intermediate between ccal lhy and rve468
mutants, suggesting that CCA1, LHY, RVE4, RVE6, and RVES8 interact additively to
regulate growth. Together, our data suggest that these five Myb-like factors interact
differently in regulation of the circadian clock versus growth. More generally, the
near-norm al seedling phenotypes observed in the largely arrhythmic quintuple
mutant demonstrate that circadian-regulated output processes, like control of

hypocotyl elongation, do not always depend upon rhythmic oscillator function.
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organism synchronize its physiology with its surroundings, providing a
fitness advantage (Dodd et al., 2005; Ouyang et al., 1998; Spoelstra
et al., 2016). The importance of circadian clocks is further supported
by their presence in diverse eukaryotes and some prokaryotes.

Although specific circadian clock components are not conserved
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across higher taxa, clocks in eukaryotes are composed of interlocking
transcriptional-translational feedback loops (Hsu & Harmer, 2014;
Rosbash, 2009).

In plants, a family of Myb-like transcription factors is part of the
core circadian clock and is highly conserved across land plants. Sub-
clades in this family include one group of proteins that act primarily as
repressors and one group of proteins that act primarily as activators.
These factors bind to the same cis-element sequences and act antago-
nistically to each other (Alabadi et al., 2001; Harmer & Kay, 2005; Hsu
et al, 2013; Rawat et al., 2011). In A. thaliana, CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) are
morning-phased Myb-like repressors that repress expression of
TIMING OF CAB EXPRESSION 1 (TOC1), PSEUDO-RESPONSE REGULA-
TOR 5 (PRR5), PSEUDO-RESPONSE REGULATOR 7 (PRR7), and
PSEUDO-RESPONSE REGULATOR 9 (PRR9Y) (Alabadi et al., 2001;
Kamioka et al., 2016). These pseudo-response regulator proteins
then reciprocally repress expression of CCA1 and LHY (Gendron
et al., 2012; Huang et al., 2012; Nakamichi et al., 2010). CCA1 and
LHY also repress expression of the evening complex genes EARLY
FLOWERING 3 (ELF3), EARLY FLOWERING 4 (ELF4), and LUX
ARRHYTHMO (LUX) (Adams et al., 2018; Hazen et al., 2005; Kamioka
et al, 2016; Li et al., 2011; Nagel et al., 2015). REVEILLE 4 (RVE4),
REVEILLE 6 (RVE6), and REVEILLE 8 (RVE8) encode Myb-like transcrip-
tion factors that act in opposition to CCA1 and LHY to activate
expression of these same targets (Farinas & Mas, 2011; Hsu
et al, 2013; Rawat et al, 2011). Considering these two groups of
repressors and activators together, these atypical Myb-like factors are
involved in all main transcription-translation feedback loops that
compose the core clock (Creux & Harmer, 2019; Davis et al., 2022).

Most of the core components of the plant circadian oscillator are
transcription factors, which in addition to controlling each other's
expression regulate genes involved in diverse physiological processes
such as flowering time and growth. CCA1, LHY, PRR5, PRR7, and
PRR9 indirectly regulate CONSTANS (CO) expression (Fornara
et al., 2009; Nakamichi et al., 2012; Niwa et al., 2007), and the CO
protein activates expression of FLOWERING LOCUS T (FT) to promote
flowering (Kardailsky et al., 1999; Kobayashi et al., 1999). The evening
complex (ELF3, ELF4, and LUX) directly represses expression of PHY-
TOCHROME INTERACTING FACTOR 4 (PIF4) and PHYTOCHROME
INTERACTING FACTOR 5 (PIF5) (Nusinow et al., 2011), genes that
encode bHLH transcription factors that promote elongation of multi-
ple plant organs. Adding another layer of regulation by the circadian
clock, the activity of PIF proteins is modulated by their direct binding
to TOC1 and the related proteins PRR5, PRR7, and PRR9 (Martin
et al., 2018; Soy et al., 2016; Zhang et al., 2020). PIF4 and PIF5 pro-
mote hypocotyl elongation at least in part by promoting expression of
auxin biosynthesis genes (Franklin et al., 2011; Hornitschek
et al, 2012; Koini et al, 2009; Kunihiro et al, 2011; Nozue
et al.,, 2011; Sun et al., 2012). As illustrated by these examples, circa-
dian clock factors directly and indirectly regulate expression of genes
that in turn control a wide range of important physiological processes.

This complexity makes it difficult to determine whether the

phenotypes of plants mutant for core clock genes are due to alter-
ations in circadian rhythmicity per se or due to mis-regulation of
downstream target genes.

As might be expected of factors with antagonistic effects on gene
expression, ccal lhy and rve468 mutants have several opposite mutant
phenotypes. Plants mutant for the repressors CCA1 and LHY have
short-period circadian rhythms, shorter hypocotyls and smaller leaves,
and flower earlier than wild type (Alabadi et al., 2002; Hall
et al., 2003; Locke et al., 2005; Mas et al, 2003; Mizoguchi
et al., 2002; Niwa et al., 2007). Plants mutant for the RVE4, RVEé, and
RVE8 activators have
hypocotyls and larger leaves, and flower later than wild type (Gray
et al,, 2017; Hsu et al,, 2013; Rawat et al., 2011). PIF4 and PIF5 are
required for the large rosette phenotype observed in rve468 mutants
(Gray et al., 2017).

Although CCA1, LHY, RVE4, RVE6, and RVE8 mutants have been
extensively characterized, the relationship between these repressors

long-period circadian rhythms, longer

and activators both in the circadian clock and in regulation of plant
growth remains unclear. The partial loss-of-function ccal-1 lhy-20
rve4-1 rve6-1 rve8-1 mutants are highly rhythmic with an approximate
24-h period in optimal growth conditions and are more phenotypically
similar to wild-type plants than ccal lhy or rve4 rveé rve8 mutants
(Shalit-Kaneh et al., 2018). This is surprising given that CCA1, LHY,
RVE4, RVE6, and RVES are integral for normal clock function (Alabadi
et al, 2002; Farinas & Mas, 2011; Green & Tobin, 1999; Hsu
et al., 2013; Mizoguchi et al., 2002; Rawat et al, 2011; Wang &
Tobin, 1998). However, rhythmicity is greatly reduced in quintuple
ccal lhy rve468 mutants maintained at non-optimal temperatures
(Shalit-Kaneh et al., 2018), suggesting that collectively the Myb-like
factors act to increase circadian robustness and enhance adaptation
to challenging growth conditions.

Because the previously studied ccal lhy rve468 mutant was not a
null mutant (Shalit-Kaneh et al., 2018), we wanted to determine if the
clock remains robustly rhythmic in the complete absence of these five
core factors. Here, we report the characterization of CRISPR-
Cas9-generated alleles of RVE4, RVE6, and RVES8 and their phenotypes
alone and in combination with mutations in CCA1 and LHY. We find
that even in optimal growth conditions, these new quintuple mutants
are only marginally rhythmic, with very low-amplitude rhythms. How-
ever, these plants have hypocotyl and rosette growth phenotypes
comparable with wild-type plants, similar to the previously described
phenotypes of the partial loss-of-function quintuple mutants (Shalit-
Kaneh et al., 2018). We also used the new quintuple mutant to ana-
lyze epistasis because partial loss-of-function alleles are unreliable
when assessing epistatic interactions (Avery & Wasserman, 1992).
We suggest that these activating and repressing core clock Myb-like
factors interact epistatically in the control of circadian rhythms and
flowering time, but additively in the control of several growth pheno-
types. Our results emphasize that phenotypes observed in plants
mutant for core circadian clock genes are not always due to changes
in rhythmicity per se but may be due to altered regulation of down-

stream processes by core clock transcription factors.
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2 | RESULTS

21 | CCA1 and LHY are epistatic to RVE4, RVES,
and RVES for circadian clock and flowering time
function

We generated a new ccal lhy rve468 mutant containing lhy-100
(Martin-Tryon et al, 2007), a nonsense mutation, rather than the
hypomorphic lhy-20 allele (Michael et al., 2003). We also used
CRISPR-Cas9 to create new frameshift mutations in RVE4, RVE6, and
RVES, all of which are predicted to cause premature stop codons
and loss of function (Figure 1a, Figure S1). In RVE4, this frameshift
occurred in the first exon, upstream of the Myb-like DNA-binding
domain (Figures 1a and S1). In RVES, this frameshift occurred in the
third exon, within the conserved proline-rich region just downstream
of the Myb-like domain (Figures 1a and S1). In RVES, this frameshift
occurred in the fourth exon, upstream of the conserved C-terminal
domain (Figures 1a and S1). The Cas9-negative ccal-1 Ihy-100

(@) rve4-12
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rve4- 12 rveé-12 rve8-12 (hereafter referred to as ccal lhy rve468-12)
line generated from these new alleles is likely a null mutant.

To investigate the rhythmicity of ccal lhy rve468-12, we moni-
tored circadian regulation of expression of a clock-regulated reporter
gene, CCR2::LUC2, in a range of light qualities, light intensities, and
temperatures. Rhythmicity of ccal lhy rve468-12 was compared with
wild-type Col-0, rve4-11 rveé-11 rve8-11 (Figure S1) and ccal-1
lhy-100 (hereafter referred to as ccal lhy). The rve4-11 rveé-11
rve8-11 alleles (hereafter referred to as rve468-11) were generated
using the same guide RNAs as the rve4-12 rve6-12 rve8-12 alleles and
have frameshift mutations in nearly identical locations. These are also
predicted to cause premature stop codons and loss of function
(Figure S1, Data S1). In constant darkness and the standard growth
temperature of 22°C, both Col-0 and rve468-11 are robustly rhythmic
while ccal lhy and ccal lhy rve468-12 have generally poor rhythms
with less than 25% of plants defined as rhythmic (Figure 1b). Across a
range of light intensities (from 1 to 200 pmol m~2 s%) of constant red
plus blue, monochromatic red, or monochromatic blue light, Col-0 and

a ITGA

rveb6-12
_——

rve8-12
[

TGA
+1

RAE [} rAE <056

D\/ﬂ\/IP\/F\/-\/-\/I\/-:
+14 TGA

RAE > 0.6 . none

(b) Dark (d) Red 22C, Red + Blue
100
75
[} 50
5 2 i
o
g Red + Blue Blue 30C, Red + Blue
8 100
@
o 75
) I
= i ' i I
Col rve468-11 cca1 cca1 Col rve468-11 cca1 cca1 Col rve468-11 cca1 cca1
lhy lhy lhy
rve468-12 rve468-12 rve468-12

FIGURE 1

ccal lhy rve468-12 mutants have poor rhythms in all conditions tested. (a) Gene models of CRISPR-Cas9-generated rve4-12,

rve6-12, and rve8-12 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-g) Rhythmicity as measured by relative amplitude error (RAE) across light qualities and
temperatures, where RAE < 0.6 is defined as rhythmic and RAE > 0.6 defined as arrhythmic. Seedlings with luciferase activity that could not be fit
to any cosine curve did not return an RAE. (b) After entrainment at 22°C, seedlings were transferred to constant darkness at 22°C. Data from

2 -1

three biological replicates, n = 33-106 per replicate. (c-e) After entrainment at 22°C, seedlings were transferred to constant 10 umol m™“s
light of the specified quality at 22°C. Data from three biological replicates, n = 11-36 per replicate. (f, g) After entrainment at 22°C, seedlings

were transferred to 35 pmol m2s~*

n = 34-71 per replicate.

red plus 35 pumol m~2 s~? blue light at the specified temperature. Data from two biological replicates,
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rve468-11 are similarly and highly rhythmic while ccal lhy and ccal
lhy rve468-12 both exhibit dampened rhythms (Figures 1c-f and S2).
This pattern is also observed at 30°C, where ccal lhy and ccal lhy
rve468-12 have similarly dampened rhythms while Col-0 and
rve468-11 exhibit robust rhythms (Figure 1g). In all tested conditions

~2 571 monochromatic red and 100 pmol m—2 s~ *

except 100 umol m
red plus blue light, the proportion of rhythmic plants in ccal lhy and
ccal lhy rve468-12 was not significantly different from each other but
was significantly different from Col-O (Figure S2; Pearson’s chi-
squared and pairwise proportion test with Benjamin-Hochberg cor-
rection; p < 0.05). These data indicate that ccal lhy and ccal lhy
rve468-12 have similarly poor rhythmicity across a range of growth
conditions.

To further compare the circadian phenotypes of ccal lhy and
ccal lhy rve468-12, we examined the circadian periods of the small
fraction of plants of these genotypes considered rhythmic (relative
amplitude error (RAE) < 0.6) in different light qualities. In constant

~2 57 red plus blue, and 10 pmol m~2 s~ mono-

darkness, 10 umol m
chromatic blue light, the periods of ccal lhy and ccal lhy rve468-12
seedlings are significantly different from those of rve468-11 seedlings
but not significantly different from each other (Figure S3). In
10 pumol m~2 s~ monochromatic red light, ccal lhy rve468-12 has a
significantly longer period than ccal lhy but is still considerably
shorter than rve468-11 (Figure S3). Together, these data indicate that
ccal lhy rve468-12 has similar circadian phenotypes to ccal lhy.

Based on the dampened rhythms of ccal lhy rve468-12 mutants,
we hypothesized that rhythmic oscillator function would be quickly
lost in free-running conditions. To assess the expression patterns of
core clock genes in these mutants, we next extracted RNA from plants
grown in constant white light and carried out quantitative reverse-
transcriptase polymerase chain reaction (qQRT-PCR) assays. Expression
of PRR5, TOC1, ELF4, and LUX is rhythmic in Col-0 and rve468-11, but

—o— Col —e— rve468-11 —a— ccatllhy —-—

the amplitude of rhythmic expression is severely reduced in ccal lhy
and ccal lhy rve468-12 (Figure 2), as expected based on our luciferase
data (Figures 1 and S2). Mean expression of LUX and PRR5 over the
entire time course is significantly higher in both ccal lhy and ccal lhy
rve468-12 compared with wild type (one-way ANOVA and Tukey'’s
post hoc test, p < 1e3). While mean expression of TOC1 and ELF4
across the time course is not significantly different in ccal lhy and
ccal lhy rve468-12 compared with Col-0, in both cases these tran-
scripts are dampening towards the peak levels of expression in wild
type (Figure 2). For all clock genes examined, mean expression values
are not significantly different between ccal lhy and ccal Ihy
rve468-12 across the examined time points (one-way ANOVA and
Tukey's post hoc test, p > 0.05). These data suggest that in constant
conditions the loss of the repressive activity of CCA1 and LHY is epi-
static to the loss of the activating function of the RVE proteins for
these central clock genes.

We next examined expression of a clock-regulated reporter gene,
CCR2::LUC2, in ccal Ihy rve468-12 and the parental mutants main-
tained in light-dark cycles to determine expression patterns in the
presence of environmental cues. In seedlings subjected to long day
(LD) photoperiods (16 h light, 8 h dark), the waveforms of ccal lhy
rve468-12 are very similar to those of ccal Ihy but different from
Col-0 and rve468-11 (Figures 3 and S4). Notably, both ccal lhy and
ccal lhy rve468-12 exhibit a sharp increase in luciferase activity
shortly after dawn, suggesting decreased circadian regulation and
increased responsiveness to environmental cues in these genotypes.
In short day (SD) photoperiods (8 h light, 16 h dark), a similar pattern
was observed in both ccal lhy and ccal lhy rve468-12 (Figures 3 and
S4). This suggests that circadian function is similarly disrupted in ccal
lhy and ccal Ihy rve468-12 mutants.

To further investigate the relationship between CCA1, LHY, RVE4,
RVE6, and RVES8, we next examined the photoperiodic regulation of

ccat lhy rve468-12

PRR5 TOC1
1.51
S 1.0-
‘»
B 0.5-
S
Ll>j 0.0- FIGURE 2 Rhythmicity of core
o) ELF4 LUX clock gene expression is severely
,0\‘-) reduced in ccal lhy and ccal lhy
% 1.51 rve468-12 mutants. After
£ entrainment, seedlings were
B 1.0 transferred at ZTO to constant 50-
Z 60 pmol m~2 s~ white light at 22°C.
0.5 Expression of the specified genes was
determined by gRT-PCR and
0.0 normalized to reference genes PP2A

and IPP2. Ribbon indicates + SEM for
four biological replicates.
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FIGURE 3 Diel waveforms of gene expression in ccal lhy and
ccal lhy rve468-12 mutants are similar to each other. Average traces
of luminescence from CCR2::LUC2 transgene in the indicated
genotypes. Gray boxes show periods of darkness. Seedlings were
entrained in 12:12 light-dark cycles, then transferred at time O to
12:12 light-dark cycles with 35 umol m~2 s~ red plus

35 umol m~2 s~ blue light at 22°C. At time 48, light-dark cycles
were changed to either 16:8 (LD) or 8:16 (SD) under the same light
intensities. N = 16-18, experiment was conducted twice with similar
results. The full time course is presented in Figure S4.

the transition from vegetative to reproductive growth as this
response depends upon a functional circadian system (Maeda &
Nakamichi, 2022; Song et al., 2015). In long days, rve468-11 flowers
significantly later than Col-O when measured either by leaf number or
days (Figure 4), as previously observed (Gray et al., 2017). In contrast,
both ccal lhy and ccal lhy rve468-12 flower significantly earlier than
Col-0 in long days when measured by leaf number (Figure 4). In short
days, rve468-11 flowers significantly later than Col-O when measured
by days but not when measured by leaf number (Figure 4). As in long
days, ccal lhy and ccal lhy rve468-12 both flower significantly earlier
than Col-0 in short days when measured either by leaf number or
days. While ccal lhy rve468-12 flowers significantly later than ccal
lhy in short days, the flowering time is much closer to that of ccal lhy
than to rve468-11 (Figure 4). Overall, in both long and short days,
flowering time for the ccal lhy rve468-12 mutant is similarly early as
for ccal lhy. Together, the gene expression and flowering time data
suggest that CCA1 and LHY are epistatic to RVE4, RVE6, and RVES in

circadian clock function and its coordination of flowering time.

2.2 | CCA1,LHY,RVE4, RVE6, and RVES are
additive for growth

Given the similar circadian phenotypes of ccal lhy and ccal lhy
rve468-12, we next wanted to compare the growth phenotypes of
ccal lhy rve468-12 and ccal lhy. As hypocotyl elongation is regulated
by the circadian clock (Dowson-Day & Millar, 1999), we hypothesized

X . 50of 14
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that ccal lhy rve468-12 mutants would have short hypocotyls like
ccal lhy mutants. We grew seedlings in constant darkness or in con-

2571 for

stant light with intensities ranging from 0.1 to 30 umol m™
6 days and then measured their hypocotyl lengths. In all constant light
conditions (monochromatic red, monochromatic blue, and red plus
blue), ccal lhy hypocotyls are shorter and rve468-11 hypocotyls are
longer than Col-0 (Figure 5), consistent with previous reports (Gray
et al,, 2017; Hall et al., 2003; Mas et al., 2003). Interestingly, ccal lhy
rve468-12 has an intermediate hypocotyl length that is not signifi-
cantly different from Col-0 in most light conditions (one-way ANOVA
and Tukey’s post hoc test, p > 0.05) (Figure 5). These data suggest
that CCA1, LHY, RVE4, RVE6, and RVES interact additively to regulate
hypocotyl length in constant light conditions.

We next examined genetic interactions between CCA1, LHY,
RVE4, RVEé6, and RVES8 on phenotypes of adult plants, measuring the
petiole length and blade area of the fully expanded fifth rosette leaf
of plants grown in long or short photoperiods. The overall appearance
of ccal Ihy rve468-12 plants is intermediate between that of the ccal
lhy and rve468-11 mutants in both LD and SD conditions
(Figure 6a,b). In short days, rve468-11 has a significantly longer
median petiole length than Col-O, and ccal lhy has a significantly
shorter median petiole length than Col-0 (Figure 6c), consistent with
previous observations (Gray et al., 2017). However, the median peti-
ole length of ccal lhy rve468-12 is intermediate between that of ccal
lhy and Col-0 in both photoperiods (Figure 6c), suggesting an additive
genetic interaction between the positive and negative-acting Myb-like
factors. The median blade area of ccal lhy is significantly smaller than
Col-0 in both long days and short days. Surprisingly, rve468-11 has a
significantly larger median blade area than Col-0 in long days, consis-
tent with previous observations (Gray et al., 2017), but a significantly
smaller median blade area than Col-0 in short days (Figure 6c). The
median blade area of ccal lhy rve468-12 is larger than ccal lhy in both
photoperiods, although this does not reach statistical significance in
long days, likely due to a high degree of variation in this condition
(Figure 6c¢). Together, these data suggest that CCA1, LHY, RVE4, RVE6,
and RVES interact additively to regulate elongation of hypocotyls in
constant light and growth of leaves in long and short days.

2.3 | Loss of the RVEs does not rescue PIF4 and
PIF5 expression in ccal lhy mutants

PIF4 and PIF5 are required for the large rosette size of rve468
mutants and their expression is significantly increased in rve468 (Gray
et al., 2017). We therefore hypothesized that expression of these
genes might be elevated in ccal lhy rve468-12 compared with ccal
lhy and that this might contribute to their differences in size. We
therefore examined PIF expression under constant white light using
gRT-PCR. As expected based on the expression patterns of the core
clock genes (Figure 2), PIF4 and PIF5 expression is poorly rhythmic in
both ccal lhy and in ccal lhy rve468-12 (Figure 7). To our surprise,
however, we found that expression levels of PIF4 and PIF5 in the dou-

ble ccal lhy and the quintuple ccal lhy rve468-12 plants are similarly
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FIGURE 5 CCA1, LHY, RVE4, RVE6, and RVES8 interact additively to regulate hypocotyl length. Hypocotyl length of the indicated genotypes
was determined in different light qualities and intensities. Seedlings were grown at 22°C under constant darkness or monochromatic red,
monochromatic blue, or red plus blue light of the specified intensity (0.1-30 pumol m~2 s~%). Mean hypocotyl length is shown, error bars indicate
+ SEM. Significant differences between genotypes in each light quality and fluence rate determined by one-way ANOVA followed by Tukey’s
post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). Only comparisons between each genotype and Col-0 are shown. In constant light conditions,
data from three biological replicates (n = 15-22 per replicate). In constant darkness, data from six biological replicates (n = 7-21 per replicate).
Mean values and results of all statistical comparisons may be found in Data S4.

low and not significantly different between these two genotypes
(one-way ANOVA and Tukey’s post hoc test, p > 0.05). Because other
clock proteins are known to modulate PIF transcriptional regulatory
activity (Martin et al., 2018; Soy et al., 2016; Zhang et al., 2020), we
next hypothesized that there might be differences in PIF4 and/or
PIF5 activity in ccal lhy and ccal lhy rve468-12 mutants. We
therefore examined expression levels of known PIF4 and PIF5 targets

implicated in auxin signaling and hypocotyl elongation, including

TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1),
INDOLE-3-ACETIC ACID INDUCIBLE 29 (IAA29), YUCCA 8 (YUCS8), and
ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB2) (Franklin
et al, 2011; Koini et al., 2009; Kunihiro et al, 2011; Nozue
et al., 2011; Steindler et al., 1999; Sun et al., 2012; Tao et al., 2008).
Like the expression of PIF4 and PIF5 themselves, the overall expres-
sion patterns and mean levels of these genes are similar between ccal
lhy and ccal lhy rve468-12, although mean expression levels of TAA1
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FIGURE 6 CCA1,LHY,RVE4, RVE6, and RVES interact additively
to regulate leaf growth. (a) Representative images of plants grown for
35 days in 16:8 light-dark cycles (LD) at 22°C. (b) Representative
images of plants grown for 35 days in 8:16 light-dark cycles (SD) at
22°C. (c) Petiole length and blade area of rosette leaf 5 of the
indicated genotypes were assessed after 30 days of growth in the
specified photoperiods. Different letters denote significant
differences between genotypes within each condition (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. N = 17-18, experiment
was conducted twice with similar results. Plants were grown at 22°C
under 150-200 pmol m~2 s~ white light (a-c). Mean values and
results of all statistical comparisons may be found in Data S4.
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and ATHB2 over the entire time course are slightly but significantly
higher in ccal lhy than in ccal lhy rve468-12 (one-way ANOVA and
Tukey's post hoc test, p < 0.05) (Figure 7). These data suggest that
expression differences of PIF4, PIF5, and at least several of their tar-
gets involved in auxin biosynthesis or signaling are likely not responsi-
ble for observed differences in growth between ccal lhy and ccal lhy
rve468-12.

3 | DISCUSSION

Here, we present a likely null ccal lhy rve468 quintuple mutant and
examine its clock and growth phenotypes compared with ccal lhy and
rve468 mutants. We find that CCA1 and LHY are epistatic to RVE4,
RVE6, and RVES in the regulation of the circadian clock and flowering
time. However, CCA1 and LHY are additive to RVE4, RVE6, and
RVES in the regulation of growth phenotypes. Interestingly, ccal lhy
rve468-12 quintuple mutants grow similarly to wild-type plants
despite being largely arrhythmic, suggesting that a functional oscillator
is not required for near-normal phenotypes of circadian-regulated

outputs.

3.1 | Mutants with T-DNAs integrated into introns
can be unstable

There are conflicting reports in the literature regarding the overall
rhythmicity of ccal Ihy mutants. In the Col-O background, the ccal-1
and lhy-20 alleles are both T-DNA insertion mutants (Green &
Tobin, 1999; Michael et al., 2003), and the double mutant has been
described as either arrhythmic or rhythmic with a short-period pheno-
type (Marshall et al, 2016; Shalit-Kaneh et al, 2018; Yakir
et al.,, 2009; Yuan et al., 2021; Zhang et al., 2013). A similar trend is
observed with the ccal-11 |hy-21 mutant in the Wassilewskija
(WSs) background, which has been reported to be either arrhythmic or
rhythmic with a short-period phenotype (Hall et al., 2003; Locke
et al.,, 2005; Lu et al., 2009). Some of these differences in reported
rhythmicity may well be attributed to differences in growth conditions
and the types of assays used to assess rhythmicity. However, we pro-
pose that some of these reported phenotypic differences may be due
to instability of mutant alleles in which a T-DNA insertion has
occurred within a non-coding portion of the gene (as is true for
ccal-1, ccal-11, and lhy-20).

There are multiple reports of T-DNA suppression of the pheno-
types of mutants with a T-DNA insertion within an intron (Gao &
Zhao, 2013; Osabe et al., 2017; Sandhu et al., 2013; Xue et al., 2012).
This phenomenon is analogous to paramutation in that introduction of
a second T-DNA locus induces the genetically stable upregulated
expression of a previously silenced locus. The mechanism depends
upon the RNA-dependent DNA methylation pathway and hyper-
methylation of intronic T-DNA sequences in the suppressed allele
(Osabe et al., 2017; Sandhu et al., 2013; Xue et al., 2012). This process
may have caused partial suppression of the lhy-20 allele in the ccal-1
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FIGURE 7 Expression of PIF4,
PIF5, and PIF target genes is low and
arrhythmic in ccal Ihy and ccal lhy
rve468-12 mutants. After
entrainment, seedlings were
transferred at ZTO to constant 50-
60 pmol m~2 s~ ! white light at 22°C.
Expression of the specified genes was
determined by gRT-PCR and
normalized to reference genes PP2A
and IPP2. Ribbon indicates + SEM for
four biological replicates.

PIF5

lhy-20 double mutant as we observe considerable LHY expression in
these plants (Shalit-Kaneh et al., 2018).

In the ccal-1 lhy-20 rve4-1 rveé-1 rve8-1 mutant, all alleles con-
tain homologous T-DNA sequences inserted within introns that could
potentially allow T-DNA suppression to occur. This possibility is sup-
ported by our observation that although we did not detect RVE4 or
RVE8 expression when we first isolated the rve4-1 rveé-1 rve8-1
mutants (Hsu et al., 2013; Shalit-Kaneh et al., 2018), after further gen-
erations of propagation, we now detect considerable expression of
RVE4 and RVES in these plants (Figure S5). We therefore expect that
the new CRISPR-edited frameshift mutants of RVE4, RVE6, and RVE8
that we report in this paper will, as stable alleles, prove very useful to

the plant science community.

3.2 | Improper circadian regulation does not
guarantee altered growth phenotypes

Mutant circadian phenotypes are often correlated with abnormal
growth phenotypes, such as rve468 mutants having a long period
(Hsu et al., 2013) as well as long hypocotyls and large rosettes
(Gray et al., 2017). Often such phenotypes are attributed to the
malfunctioning of the circadian clockwork. However, most clock
components are connected to many other pathways, such as the
regulation of growth through control of PIF4 and PIF5 expression by
the evening complex (Nusinow et al., 2011). Many clock proteins

are not only components of the circadian clock itself but also

transcription factors that can directly control expression of hundreds
of clock-controlled genes. This makes it difficult to determine if
mutant phenotypes are due to disrupted clock function or due to
altered expression levels of clock output genes. Here, we show that
ccal lhy rve468-12 is a mutant with highly reduced clock function
but with similar hypocotyl (Figure 5) and rosette growth phenotypes
(Figure 6) as wild-type plants. Especially in the constant-light
conditions frequently used to assess hypocotyl elongation, these
data show that robust rhythmicity per se is not required for
near-normal growth responses.

3.3 | Plants mutant for all five Myb-like factors are
photoperiodic

Although rhythmicity of free-running gene expression is greatly
reduced in ccal lhy rve468-12 mutants (Figures 1 and 2), these plants
retain photoperiodic responsiveness. The quintuple mutants flower
later in short days than in long days as measured either by days to
flowering or number of leaves produced before flowering (one-way
ANOVA, p < 1e719 for both comparisons) (Figure 4; Data S1). This
suggests that some clock function is retained even in these quintuple
mutants. This is supported by our detection of some rhythmic ccal
lhy rve468-12 plants in luciferase assays (Figures 1 and S2). This is
most noticeable in constant red plus blue light conditions, where up
to half of the ccal Ihy rve468-12 seedlings had an RAE < 0.6 in at least
one experiment (Figure S2). gRT-PCR analysis also suggested some
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genes, like LUX, may have low-amplitude rhythms of gene expression
in the quintuple mutant in constant conditions (Figure 2).

It is surprising that ccal lhy rve468-12 retains some level of clock
function given that these five core clock genes are involved in the main
feedback loops within the core circadian clock (Creux & Harmer, 2019;
Davis et al., 2022). However, two homologous Myb-like proteins,
RVE3 and RVE5, have been previously shown to play a very modest
role in the circadian system (Gray et al., 2017). It is therefore possible
that these factors may partially compensate for the five genes mutated
in ccal lhy rve468-12 plants. It is also possible that the transcriptional
feedback loops involving the Myb-like factors are not essential for all
circadian function. For example, it known that the evening complex
can regulate itself, with LUX binding to its own promoter (Helfer
et al, 2011) and that the evening complex and PRRs reciprocally
repress each other’s expression (Dixon et al., 2011; Helfer et al., 2011;
Huang et al., 2012). It may be that these feedback loops are sufficient
on their own to sustain the slight circadian function observed in plants
mutant for the five Myb-like proteins. In this scenario, additional
feedback loops involving the Myb-like proteins would allow the clock
to better synchronize with the environment and cycle more robustly

but would not be necessary for a low level of basal rhythmicity.

4 | MATERIALS AND METHODS

4.1 | Plant materials

All plants used are in the Columbia (Col-0) wild-type background.
The ccal-1 allele originally in the Wassilewskija (Ws) background
(Green & Tobin, 1999) was backcrossed to Col-O for six generations,
then crossed to lhy-100%¢ to generate ccal-1 lhy-100. This mutant
was then transformed via floral dip (Clough & Bent, 1998) with the
pC2L2 construct containing CCR2:LUC2 to generate the ccal-1
lhy-100 CCR2::LUC2 line used here. Col CCR2::.LUC2 was generated
by crossing ccal-1 lhy-100 CCR2:LUC2 to Col-0 and isolating plants
without mutations in ccal or lhy. The rve4-11 rve6-11 rve8-11
CCR2::LUC2 mutant was generated by transforming Col CCR2::LUC2
with the 8X-RVE_pMR333 Cas9-containing construct via floral dip
(Clough & Bent, 1998). The ccal-1 lhy-100 rve4-12 rve6-12 rve8-12
CCR2::LUC2 mutant was generated by transforming ccal-1 lhy-100
CCR2::LUC2 with the 8X-RVE_pMR333 Cas?-containing construct
via floral dip (Clough & Bent, 1998). Transgenic plants were initially
selected on media containing 30 mg/L Basta and Cas%-negative
lines were later selected for study. For Figure S5, Col CCR2::LUC+,
rve4-1 CCR2:LUC+, rve8-1 CCR2:LUC+,
rve8-1 CCR2:LUC+ are as previously described (Hsu et al., 2013;
Rawat et al., 2011).

and rve4-1 rveé-1

4.2 | Plasmids

The pC2L2 plasmid was created through traditional cloning methods
by replacing LUC+ within the previously described CCR2:LUC+
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plasmid (Strayer et al., 2000) with LUC2 from pGL4.10 (Promega,
Madison, WI). The 8X-RVE_pMR333 plasmid was created through
Gateway cloning (Hartley et al., 2000) between 8X-RVE_pEn-Chimera
and pMR333 (generously donated by Dr. Mily Ron). CRISPR-Cas9
guides targeting RVE3, RVE4, RVE6, and RVE8 were designed using
the CRISPOR algorithm (Concordet & Haeussler, 2018; Haeussler
et al,, 2016), multiplexed by interspersing tRNA and gRNA sequences
as previously described (Xie et al., 2015), and synthesized by Genewiz
(Genewiz, South Plainfield, NJ). Guide sequences are included in
Data S2. The synthesized guide fragment was incorporated into
pEn-Chimera (Fauser et al., 2014) through traditional cloning methods
to create 8X-RVE_pEn-Chimera.

43 | Genotyping

New CRISPR-Cas9 alleles were identified through PCR amplification
followed by Sanger sequencing, mutant sequences included in Data
S1. Homozygous mutants of all alleles used in this research were iden-
tified through PCR amplification of genomic DNA. Primers used for
genotyping are included in Data S3.

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 and gRT-PCR, seeds
were plated on 1x Murashige and Skoog, .7% agar, 3% sucrose. Seed-
lings were entrained in light-dark cycles (12 h light, 12 h dark) under
50-60 umol m~2 s~1 white light at 22°C for 6 days. For hypocotyl
length assays, seeds were plated on 0.5X Murashige and Skoog, .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 speci-
fied light conditions using monochromatic 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 | CCR2:LUC2 luciferase imaging

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).
Neutral density filters (Rosco Laboratories or LEE Filters) were used
to generate the specified light intensities of monochromatic red,
monochromatic blue, or red plus blue light (Figures 1c-e, S2, and S3).
Quantification of bioluminescence was performed using MetaMorph
software (Molecular Devices), and circadian rhythms were
analyzed with Biological Rhythm Analysis Software System (BRASS)

(Locke et al., 2005).
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4.6 | Calculating scaled luminescence

For Figures 3 and S4, luminescence values of all individual plants were
averaged for each genotype at each time point. Background lumines-
cence was then removed across the experiment so that trough values
were close to 0. Finally, these luminescence values were scaled so
that maximum luminescence across the time series was set to 1 for

each genotype.

4.7 | gRT-PCR analysis

After entrainment, seedlings were moved to constant 50-
60 pmol m~2 s~1 white light at 22°C at dawn (ZTO) and collected
every 4 h from ZT36 to ZT72. Sample preparation and gRT-PCR were
performed as previously described (Shalit-Kaneh et al., 2018) using a
BioRad CFX96 thermocycler (Bio-Rad Laboratories, Hercules, CA).
Relative expression and SEM values were obtained from the BioRad
CFX96 software package. Primers used for qRT-PCR are included in
Data S3.

48 | Hypocotyl length assays
After 6 days of growth, seedlings were transferred to transparent
sheets and scanned at 600 dpi. Hypocotyls were individually mea-

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

49 | 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.

4.10 | 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).

4.11 | Statistical analysis and data visualization

All statistical analyses and data visualization were performed using R
(R Core Team, 2023). Figures were generated using the tidyverse
(Wickham et al., 2019), RColorBrewer (Neuwirth, 2022), cowplot
(Wilke, 2020), gridExtra (Auguie, 2017), glue (Hester & Bryan, 2022),
and ggtext (Wilke, 2022) packages. Gene models were created using

the genemodel package (Monroe, 2017). Statistical differences in

fractions of rhythmic plants between genotypes were determined by
Pearson’s chi-squared test, followed by pairwise proportion tests with
Benjamin-Hochberg correction for multiple testing using the rstatix
package (Kassambara, 2021). Linear mixed-effect models were used in
one-way ANOVA and Tukey's post hoc tests to compare mean
expression level between genotypes for qRT-PCR analysis, period
phenotype differences between genotypes, flowering time and
rosette growth differences between genotypes within each condition
(LD or SD), and hypocotyl length differences between genotypes at
each fluence rate. 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, 2023), and emmeans (Lenth, 2021) packages. Results were
visualized with the multcomp (Hothorn et al., 2008) and multcomp-

View (Graves et al., 2019) packages.

4.12 | Accession numbers

Accession numbers for A. thaliana genes referenced here:
ATHB2 - AT4G16780.
CCA1 - AT4G16780.
CO - AT5G15840.
ELF3 - AT2G25930.
ELF4 - AT2G40080.
FT - AT1G65480.
IAA29 - AT1G65480.
LHY - AT1G01060.
LUX - AT3G46640.
PIF4 - AT2G43010.
PIF5 - AT3G59060.
PRR5 - AT3G59060.
PRR7 - AT5G02810.
PRRY - AT2G46790.
RVE4 - AT5G02840.
RVE6 - AT5G52660.
RVES8 - AT3G09600.
TAA1 - AT1G70560.
TOC1 - AT5G61380.
YUCS8 - AT4G28720.
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