
DE-ETIOLATED1 has a role in the circadian clock of the liverwort
Marchantia polymorpha

Ulf Lagercrantz1 , Anja Billhardt1 , Sabine N. Rousku1 , Martina Leso1 , Salim Hossain Reza1 and

D. Magnus Eklund1,2

1Plant Ecology and Evolution, Department of Ecology and Genetics, Evolutionary Biology Centre and the Linnean Centre for Plant Biology in Uppsala, Uppsala University, Norbyv€agen 18D,

SE-75236, Uppsala, Sweden; 2Physiological Botany, Department of Organismal Biology, Linnean Centre for Plant Biology in Uppsala, Uppsala University, Ulls V€ag 24E, SE-756 51, Uppsala,

Sweden

Author for correspondence:
D. Magnus Eklund

Email: magnus.eklund@ebc.uu.se

Received: 5 May 2021

Accepted: 6 July 2021

New Phytologist (2021) 232: 595–609
doi: 10.1111/nph.17653

Key words: circadian clock, circadian
expression, DE-ETIOLATED1, liverwort,
Marchantia polymorpha.

Summary

� Previous studies of plant circadian clock evolution have often relied on clock models and

genes defined in Arabidopsis. These studies identified homologues with seemingly conserved

function, as well as frequent gene loss. In the present study, we aimed to identify candidate

clock genes in the liverwortMarchantia polymorpha using a more unbiased approach.
� To identify genes with circadian rhythm we sequenced the transcriptomes of gemmalings in

a time series in constant light conditions. Subsequently, we performed functional studies using

loss-of-function mutants and gene expression reporters.
� Among the genes displaying circadian rhythm, a homologue to the transcriptional co-

repressor Arabidopsis DE-ETIOLATED1 showed high amplitude and morning phase. Because

AtDET1 is arrhythmic and associated with the morning gene function of AtCCA1/LHY, that

lack a homologue in liverworts, we functionally studied DET1 inM. polymorpha.
� We found that the circadian rhythm of MpDET1 expression is disrupted in loss-of-function

mutants of core clock genes and putative evening-complex genes. MpDET1 knock-down in

turn results in altered circadian rhythm of nyctinastic thallus movement and clock gene

expression. We could not detect any effect of MpDET1 knock-down on circadian response to

light, suggesting that MpDET1 has a yet unknown function in the M. polymorpha circadian

clock.

Introduction

Diurnal rhythms in various biochemical and physiological pro-
cesses are typical for most organisms, as an adaptation to the per-
petual cycle of day and night. Intriguingly, many of these
rhythms persist in a constant environment without a day/night
cycle. The so-called circadian clock, present in organisms from
humans to cyanobacteria, controls these autonomous rhythms.
The circadian clock produces a rhythm of c. 24 h that stems from
transcriptional and translational feedback loops (Harmer, 2009).
Even though these mechanisms are typical for clocks in basically
all organisms, the genes that are involved differ between taxa,
supporting multiple origins of circadian clocks (Dunlap, 1999;
Young & Kay, 2001; McClung, 2013).

The plant circadian clock has been intensely studied in the
flowering plant Arabidopsis thaliana, revealing an intricate net-
work of interlocked transcriptional feedback loops (Pokhilko
et al., 2013; Fogelmark & Troein, 2014; Caluw�e et al., 2016).
The Arabidopsis clock includes several single MYB domain tran-
scription factors. Two of them, CIRCADIAN CLOCK-
ASSOCIATED 1 (CCA1) and LATE ELONGATED

HYPOCOTYL (LHY), are expressed in the morning, and the
encoded proteins repress several day-phased and evening-phased
genes. Related MYB genes in the REVEILLE (RVE) subfamily
conversely function as activators binding to the same evening ele-
ment (EE) as CCA1/LHY (Alabadi et al., 2001; Rawat et al.,
2011; Hsu et al., 2013). Additional positive regulators include
LIGHT-REGULATED WD (LWD) genes, and NIGHT LIGHT-
INDUCIBLE AND CLOCK-REGULATED (LNK) genes
(Rugnone et al., 2013; G. Wu et al., 2016; J-F. Wu et al., 2016).
LNK proteins interact with RVE to activate PSEUDO-
RESPONSE REGULATOR (PRR) genes (Ma et al., 2018), while
LWD1 and LWD2 bind to TEOSINTE BRANCHED 1-
CYCLOIDEA-PCF20 (TCP20) and TCP22 on the CCA1 pro-
moter region and activate CCA1 transcription (G. Wu et al.,
2016; J-F. Wu et al., 2016).

The family of PRR genes comprise five members in Ara-
bidopsis: PRR1 (TIMING OF CAB EXPRESSION 1; TOC1),
PRR3, PRR5, PRR7, and PRR9 (Matsushika et al., 2000;
Alabadi et al., 2001). The expression of PRR genes ranges from
morning to evening (Matsushika et al., 2000). PRR proteins
are thought to be transcriptional repressors of CCA1/LHY,
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RVE8 and other PRR genes (Nakamichi et al., 2010; Fogel-
mark & Troein, 2014).

The evening-phased part includes three proteins that form
the evening complex (EC). The complex contains the MYB
transcription factor LUX ARRHYTHMO (LUX), and the two
proteins EARLY FLOWERING 3 (ELF3), and ELF4 (Hicks
et al., 2001; Doyle et al., 2002; Hazen et al., 2005; Nusinow
et al., 2011). The EC functions as a repressor of at least two
PRR genes as well as LUX itself (Nusinow et al., 2011; Chow
et al., 2012).

Much of our previous work on the liverwort circadian clock
used a candidate gene approach, searching available genome and
transcriptome databases for orthologues to known clock genes in
Arabidopsis and then testing their function in the liverwort clock
(Linde et al., 2017; Lagercrantz et al., 2020). This work resulted
in the identification of homologues with seemingly conserved
function, leading us to suggest a conserved role for MpPRR,
MpRVE and MpTOC1 in a core transcriptional feedback loop
(Linde et al., 2017; Lagercrantz et al., 2020). Additionally, we
have also shown that one hallmark of plant clock evolution is
gene loss, or gene family loss, possibly resulting in loss of parts
of, or whole, regulatory loops in the clock framework (Holm
et al., 2010; Linde et al., 2017). These observations are in line
with the notion that there is no one ‘land plant circadian clock’,
and that there is no streamlined evolution from low complexity
clocks to high complexity clocks in the green lineage (Linde et al.,
2017). By contrast, land plant circadian oscillators appear to be
highly diverse in their structures. Because of this diversity, using
Arabidopsis as the single model will lead to poor understanding
of clock function in specific plant lineages. Importantly, clock
components and functions present in algae or bryophytes could
have been lost in, for example, the tracheophyte, angiosperm or
Brassicaceae lineage. The complex regulatory nature of plant cir-
cadian clocks with multiple interlocked feedback loops, coupled
with high genetic redundancy in flowering plants, makes the
interpretation of data from genetic manipulation in these species
difficult. The low genetic redundancy in M. polymorpha, espe-
cially for regulatory genes (Bowman et al., 2017), ease of genetic
manipulation (Ishizaki et al., 2016), and easily monitored circa-
dian growth rhythm (Lagercrantz et al., 2020) makes it an excel-
lent alternative model to study function and evolution of the
plant circadian clock. Its phylogenetic position also allows com-
parisons spanning a large part of land plant evolution (Puttick
et al., 2018).

One striking and probably important difference between circa-
dian clocks of angiosperms and liverworts is the supposed lack of
a transcriptional repressor with an early morning expression peak
(i.e. a homologue of CCA1/LHY; Linde et al., 2017). In Ara-
bidopsis the morning expressed CCA1 protein represses target
genes by interacting with DE-ETIOLATED 1 (DET1; Lau et al.,
2011). The circadian function of DET1 relies on rhythmic
expression of CCA1 as DET1 itself lacks a circadian rhythm in
Arabidopsis. The loss of CCA1 suggests that homologues of
DET1 might have a different role in liverwort circadian clocks, or
that another DNA-binding transcription factor serves a similar
role as CCA1/LHY in the liverwort lineage.

In the present study, we sequenced RNA sampled in a time
series from M. polymorpha plants in constant light conditions
(LL), as a more unbiased approach to identify candidate genes
displaying a circadian rhythm in this species. In these data we also
specifically searched for genes expressed in the morning, to inves-
tigate how the loss of a CCA1/LHY homologue in liverworts has
affected their circadian clocks.

Materials and Methods

Plant growth conditions and measurements of nyctinasty

All Marchantia polymorpha subsp. ruderalis mutants and wild-
type accessions Uppsala, (Upp, Swedish) and Takaragaike (Tak,
Japanese) were grown axenically in long day photoperiod (LD;
16 h : 8 h) at a constant temperature of 20°C, on 19 Gamborg’s
B5 medium pH 5.5 (standard medium), for general growth and
subcultivation. We have used Tak-1 and different Upp acces-
sions, for example Upp1 and Upp5, as indicated in the text.
Anthoceros agrestis was cultivated as previously described (Linde
et al., 2017).

For the RNA-sequencing experiment, plantlets (gemmalings)
obtained from asexual propagules (gemmae) of M. polymorpha
accession Tak-1 were grown axenically in neutral day photope-
riod (ND; 12 h : 12 h) at a constant temperature of 20°C, on
standard medium. This sampling has been described before
(Lagercrantz et al., 2020). Growth and four-h-interval sampling
of Tak-1 and the Mpprrko mutant are also described in Lager-
crantz et al. (2020).

For measurements of nyctinastic waving (asymmetric growth of
thalli creating a waving-like circadian movement) gemmalings
were grown for 3 d in LD on standard medium before being trans-
ferred to 59 5 well square plates as described previously (Lager-
crantz et al., 2020). Plants were entrained in ND at a constant
temperature of 20°C before setting the growth chamber to LL,
maintaining a constant temperature of 20°C. For measurements
in constant darkness (DD) plants were entrained in ND, 20°C,
on standard growth medium with 2% sucrose. For these experi-
ments we used a digital camera with the IR-blocking filter replaced
with an IR pass filter (B +W 093 IR) and IR-generating lamps
(Fill light LED-48M, 850 nm, Cdycam). We measured the tem-
perature inside the plates and found a constant temperature of
20°C throughout the day. Period in LL was estimated with the
Spectrum Resampling function (Costa et al., 2013), and tests of
statistically significant differences between lines were performed
with a linear one-way model in R (AOV; R Core Team, 2020).

RNA sequencing

Total RNA was extracted at eight time points, with three repli-
cates per time point, using an RNeasy Plant Mini Kit (Qiagen)
with on-column DNase treatment. We extracted RNA at a stage
of development at which all organs and tissue types of the thallus
are produced, except for gemma cups, and where the thallus apex
displayed nyctinastic movements (Lagercrantz et al., 2020). Sam-
pling was conducted at 6-h intervals without disturbing the light
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regime. These are the same RNA extractions as used for qRT-
PCRs in Lagercrantz et al. (2020). RNA quality and quantity
were analysed using an RNA 6000 Nano kit with a 2100 Bio-
analyser System (Agilent Technologies, Stockholm, Sweden)
before sequencing.

Individual cDNA libraries for sequencing were prepared from
100 ng total RNA using the TruSeq stranded mRNA library
preparation kit including polyA selection (20020594/5; Illumina
Inc., San Diego, CA, USA). The library preparation was accom-
plished according to the manufacturers’ protocol
(#1000000040498). Sequencing was performed using cluster
generation and 50 cycles paired-end sequencing with 50-bp read
length in a two-lane NovaSeq S1 flowcell (v1 sequencing chem-
istry; Illumina Inc.). Sequencing took place at the SNP&SEQ
Technology Platform, Uppsala, Sweden.

Raw libraries had on average 33.4 million reads per sample
with an average read length of 51 bp and a quality score (Q)
above 34. The libraries show an estimated on average coverage
(C) of 179. The reads per sample varied between 18.7 million
and 74.65 million reads for the raw libraries. Quality control was
performed with FASTQC, v.0.11.8 software (Andrews, 2010). For
quality and adapter trimming, data were processed using TRIMGA-

LORE v.0.6.1 software (Krueger, 2015) and CUTADAPT v.2.3 to fil-
ter reads shorter than 20 bp (Martin, 2011). After trimming, the
average library size was decreased to 32.9 million reads per sam-
ple, whereas the GC content and average read length were
unchanged. Here, 91% of the trimmed reads could be mapped to
the reference genome, of which 88% could be uniquely mapped
to a genomic position. The amount of uniquely mapped reads
varied between 76% and 91% over samples.

Mapping of reads and quantification of gene expression

STAR v.2.7.2b software was used for mapping with default set-
tings in two-pass mode (Dobin et al., 2013) using Marchantia
polymorpha genome v.5.1. (Montgomery et al., 2020) as refer-
ence genome. Gene-wise counting of reads was performed with
featureCounts in the SUBREAD package v.1.5.2 (Liao et al.,
2014).

Data in the resulting count matrix were filtered to remove
genes with low expression (genes with on average more than five
reads per sample were retained). This filtering resulted in 14 621
genes for further analysis. The data were then normalised using
the median ratio method in DESEQ2 (Love et al., 2014; Support-
ing Information Table S1). The resulting matrix was analysed for
rhythmic genes using the meta2d function in the R-package
METACYCLE (G. Wu et al., 2016; J-F. Wu et al., 2016), in which
results from JTK-CYCLE (Hughes et al., 2010) and Lomb–Scargle
(Glynn et al., 2006) methods were integrated.

To test for overrepresentation of Gene Ontology (GO) terms
among identified circadian genes, we used the PANTHER (Protein
Analysis Through Evolutionary Relationships) resource (Mi et al.,
2019). As the M. polymorpha genome v.5.1 is not available in the
PANTHER database, we generated a PANTHER Generic Mapping file
using the PANTHER HMM scoring tool, as described by Mi et al.
(2019).

Sequence retrieval and analysis

Homologues to DET1 were retrieved using the amino acid
sequence of Arabidopsis thaliana DET1 as query in BLASTP

searches against plant BLAST databases at MARPOLBASE (https://ma
rchantia.info), 1 kp (https://db.cngb.org/onekp), ENSEMBLPLANTS

(http://plants.ensembl.org/index.html) and JGI Phytozome 12
(https://phytozome.jgi.doe.gov/pz/portal.html). Amino acid
sequences were aligned using the M-COFFEE algorithm in
T-COFFEE (Notredame et al., 2000; Wallace et al., 2006). Align-
ments were filtered using the Transitive Consistency Score (TCS)
in the T-COFFEE distribution (Chang et al., 2014), and phyloge-
netic reconstructions were done using PHYML v.3.0 (Guindon
et al., 2010).

Construction of plasmids

A 4362-bp MpDET1pro fragment starting 389 bp upstream of
the translational start was amplified using primers ME577 and
ME578 and inserted into the pENTR/D-TOPO vector (Thermo
Fisher, Uppsala, Sweden). All primers are listed in Table S2.
MpDET1pro:LUC was created by cloning MpDET1pro into
pMpGWB431 (Ishizaki et al., 2015), using Gateway LR clonase
II (Thermo Fisher).

Two sgRNAs targeting the coding region 12 to 31 bp down-
stream of the ATG and an intron in MpDET1 were constructed
by annealing oligos CPEP78+CPEP79 and CPEP80+CPEP81,
respectively. Annealed oligos were inserted into the BsaI site of
plasmid pMpGE_En03 (Sugano et al., 2018). The constructs were
subsequently cloned into pMpGE_010 and pMpGW401, respec-
tively, using Gateway LR clonase II enzyme mix (Thermo Fisher).

Artificial miRNA sequences based on MpMIR160 (Flores-
Sandoval et al., 2016; Fig. S1), were ordered fromEurofinsGenomics
(Germany). All amiRs were PCR-amplified using primers
ME537+ME538. PCR products were cloned into pENTR/D-
TOPO and then cloned into destination vector pMpGWB103
(Ishizaki et al., 2015), using Gateway LR clonase II (Thermo Fisher).

Generation of transgenic lines

Marchantia polymorpha (Upp) sporelings were transformed essen-
tially as previously described using Agrobacterium strain GV3101
(Ishizaki et al., 2008). Transformed sporelings were plated on
selective medium: Gamborg’s B5 with 10 lM hygromycin (Hyg)
and/or 10 lM G418. All plates also contained 200 lM timentin
(Phytotechnology Laboratories, Lenexa, KS, USA) to remove
agrobacteria.

All transgenic lines were created by transforming sporelings
with one or two plasmids. These plasmids contain antibiotic
resistance cassettes giving resistance to Hyg or G418. The amiR-
constructs were transformed alone and also co-transformed with
LUC-marker constructs MpDET1pro:LUC or MpPRRpro:LUC, as
indicated in the text. The Mplux CRISPR lines were previously
made using two plasmids with Hyg and G418 selection cassettes
(Lagercrantz et al., 2020). The different transformations are listed
in Table S3.
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50RLM-RACE to verify amiR-dependent degradation of
targeted mRNA

This analysis was performed on one representative line for each
construct, plus wild-type, to test if the mRNA of the targeted
gene was cleaved in an amiR-dependent way. Total RNA from
EF1pro:amiR-MpDET1MpMIR160 MpPRRpro:LUC-3, EF1pro:
amiR-MpLUXMpMIR160-10, EF1pro:amiR-MpEFLMpMIR160-1 and
wild-type (Upp1) were ligated to a single-stranded RNA adaptor
essentially as described previously (Flores-Sandoval et al., 2016).
cDNA was analysed using nested PCR and primers listed in
Table S2. PCR products were extracted using a QIAquick Gel
Extraction Kit (Qiagen) and sequenced.

Genotyping of CRISPR lines

DNA was extracted from G1 gemmalings (plants originating
from gemmae from the primary transformants) using a
DNeasy Plant Mini Kit (Qiagen). PCRs to amplify the tar-
geted regions in MpDET1 were performed using primers
AB16+AB17 and AB18+AB19. PCR products were purified
using a QIAquick PCR Purification Kit (Qiagen) and
sequenced.

Gene expression analysis using qRT-PCR and
bioluminescence

RNA was extracted, using an RNeasy Plant Mini Kit (Qiagen),
from biological and experimental replicates as indicated in the
text. We used biological replicates (independent transgenic lines
or wild-type lines), and experimental replicates (individually
grown plants of the same transgenic line or wild-type line). We
synthesised one cDNA from each RNA sample using SuperScript
III Reverse Transcriptase (Thermo Fisher). qRT-PCR was per-
formed as previously described (Linde et al., 2017), using primers
listed in Table S2. MpELONGATION FACTOR 1-ALPHA
(EF1a), MpACTIN7 (ACT), MpADENINE PHOSPHORIBOSYL
TRANSFERASE 3 (APT) and AaTUBULIN (TUB) were used
for normalisation (Saint-Marcoux et al., 2015; Linde et al.,
2017; abbreviations are the ones used in the referenced publica-
tions). Test of statistically significant expression differences
between lines were performed with a linear model in R (AOV; R
Core Team, 2020). The model included time, genotype and their
interaction.

Luciferase expression analysis was conducted as described by
Linde et al. (2017) using an ImagEM charge-coupled device (CCD)
camera (Hamamatsu Photonics KK, Hamamatsu, Japan) in a light
contained box equipped with blue and red LEDs. For light intensity
experiments, plants, EF1pro:amiR-MpDET1MpMIR160 MpPRRpro:
LUC lines -3 and -5 and a control MpPRRpro:LUC line -1-1, were
first entrained in red and blue light, and then released into 4 or
44 µmolm�2 s�1 of monochrome light. The period in LL was esti-
mated using the Spectrum Resampling function (Costa et al., 2013)
and plotted against light intensity. Tests for statistically significant
differences between lines were performed with a linear one-way
model in R (AOV; R Core Team, 2020).

Results

A transcriptomics approach identifies genes with circadian
expression under constant light inMarchantia polymorpha

To obtain information on genes displaying circadian expression
in constant light conditions (LL), we sequenced the transcrip-
tomes of whole wild-type M. polymorpha gemmalings (young
thallus without cups; accession Takaragaike-1, Tak-1) at eight
time points over 2 d (Fig. 1a), using three experimental replicates.
The plants were entrained in ND (12 h : 12 h photoperiod) and
sampling started 24 h after the last shift from darkness to light.
Using a combination of JTK_CYCLE and Lomb–Scargle (LS) meth-
ods in METACYCLE (Hughes et al., 2010; G. Wu et al., 2016; J-F.
Wu et al., 2016) we identified 2122 unique genes displaying sig-
nificant (false discovery rate 0.05) circadian oscillation of mRNA
levels in LL (Fig. 1b; Table S4). This corresponds to 10.9% of
the 19 421 predicted protein coding genes in the M. polymorpha
genome (v.5.1; Montgomery et al., 2020). As only 14 621 genes
showed sufficient expression in the gemmalings, we estimate that
at least 14.5% of the expressed genes show a circadian expression
pattern in constant light conditions and, therefore, appear to be
regulated by the circadian clock. In Arabidopsis, over 30% of
genes with circadian expression have been reported when multi-
ple data sets were integrated (Covington et al., 2008). However,
our estimate for M. polymorpha is similar to those presented in
comparable studies for other plant species for example maize
(10%; Kahn et al., 2010), Arabidopsis (10%; Covington &
Harmer, 2007) rice and poplar (8–13%; Filichkin et al., 2010).

The 2122 genes displaying significant circadian oscillation in
LL showed two major peaks of expression, one around antici-
pated dawn and the other around anticipated dusk (Fig. 1c). For
GO analysis we classified genes into two categories based on
phase prediction in LS (Fig. 1c; Tables S5, S6). Phase I, contain-
ing genes with predicted peak between subjective midnight and
midday with a majority of genes peaking around anticipated
dawn, contained 1154 genes (Table S5). Phase II, harbouring all
genes predicted to peak between subjective midday and midnight
with a majority of genes peaking around anticipated dusk, con-
tained 968 genes (Table S6). We analysed overrepresented GO
terms for these two phases using the PANTHER Classification
System (Mi et al., 2019). Overrepresented biological processes
include photosynthesis, response to light stimulus and carbohy-
drate metabolism, in line with observations from other species
(Table 1; Covington et al., 2008; Romanowski et al., 2020).

Among the genes passing our threshold for circadian rhythm
in LL we identified homologues to several known clock genes
and clock-regulated genes, that is, MpCONSTANS-LIKE 2
(MpCOL2), MpCOL6, MpCYCLIC DOF FACTOR 1
(MpCDF1), MpDET1, MpPRR, MpTOC1, MpGIGANTEA,
MpLNK and MpTRANSPARENT TESTA GLABRA WD-
REPEAT 2 (MpWDR2; a homologue to Arabidopsis LWD genes)
(Table 2). We have previously shown that MpPRR has a strong
circadian rhythm, and that MpELF3 and MpTOC1 have weaker
rhythms, while qRT-PCR data for MpGI, MpRVE, MpLUX,
MpELF4-LIKE (MpEFL) and MpFKF did not reach significance
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Fig. 1 Global analysis of genes displaying circadian oscillations of mRNA levels inMarchantia polymorpha. (a) Sampling scheme for the RNA-seq analysis.
Bar indicates photoperiod during entrainment and sampling. Arrows indicate sampling time points. (b) Heatmap of 2122 genes displaying circadian
expression pattern. Genes are ordered based on phase. Blue and yellow represent low and high expression, respectively. (c) Phase plot showing the
number of predicted genes in each phase (1 h bins) over 1 d (24 h). White and grey indicate subjective day and night, respectively. (d–h) Gene expression
patterns as determined by RNA-seq (black) and qRT-PCR (grey). Triangles and squares indicate wild-type (Tak-1) and Mpprrko mutant, respectively,
sampled with 4-h intervals. Dots indicate wild-type (Tak-1) in the RNA-seq time series sampled at 6-h intervals. Values are the average of three
experimental replicates. (d) MpDET1. (e) MpLNK. (f) MpCOL6. (g) MpPRR. (h) MpCDF1. Two-way ANOVA comparing wild-type with Mpprrko mutant
gave significance for genotype (G) in all qRT-PCRs except for MpDET1 (all significant P < 29 10�16), while all genotype9 time (G9 T) interaction terms
were significant (all P < 3.39 10�4).
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for rhythmic expression in LL (Linde et al., 2017). Probably as a
consequence of these generally weak rhythms in LL combined
with a 6-h sampling scheme, MpELF3 did not reach the signifi-
cance threshold of our RNA-seq screen (Table 2; Hughes et al.,
2017). To verify our transcriptomics data we performed qRT-
PCRs on a subset of the above-mentioned genes using an inde-
pendent time series of wild-type (Tak-1) and the Mpprrko mutant
(Linde et al., 2017), sampled more densely in 4-h intervals over
12 time points in LL conditions. The plants were entrained in
ND and sampling started after 12 h in LL. These two indepen-
dent time series overlapped to a high degree for all tested genes
and, additionally, mRNA levels became arrhythmic in the
Mpprrko mutant (Fig. 1d–h). These qRT-PCRs, therefore, veri-
fied the robustness of the RNA-seq analysis as a tool to identify
clock-regulated genes oscillating in LL, and to characterise their
phase.

Among the 2122 genes displaying significant circadian oscilla-
tion we found 61 genes encoding putative transcription factors
(Table S7), excluding the five significantly oscillating genes from
Table 2 that are likely to encode proteins acting as DNA-binding
transcriptional regulators in the clock or as output from the
clock. Transcription factors, which make up c. 2.1% of all pro-
tein coding genes in the M. polymorpha genome (Bowman et al.,
2017), therefore, corresponds to c. 3.1% of the oscillating genes
in the transcriptome. Among these genes we found several MYB-
like and TRIHELIX genes but also for example MpDELAY OF
GERMINATION1-LIKE (MpDOGL; Zha et al., 2020),
MpELONGATED HYPOCOTYL 5 (MpHY5; Clayton et al.,
2018), MpKANADI (Flores-Sandoval et al., 2018), MpTGAGC-
SEQUENCE-SPECIFIC DNA-BINDING PROTEIN (MpTGA;
Gutsche et al., 2017) and the two homeodomain-leucine zipper

family members MpC1HDZ (Romani et al., 2020) and
MpC2HDZ (Romani et al., 2018).

The transcriptional co-repressor AtDET1 is previously associ-
ated with the morning gene function of CCA1 in Arabidopsis
(Lau et al., 2011). Because MpDET1, unlike AtDET1, showed
significant circadian gene expression, high amplitude and morn-
ing phase (Fig. 1d; Table 2), we decided to investigate the possi-
ble function of MpDET1 in the M. polymorpha clock in more
detail.

Marchantia polymorpha contains a single DET1
homologue with circadian expression pattern

By contrast with several other clock-associated genes or gene fam-
ilies that are absent in various plant lineages (Linde et al., 2017),
DET1 homologues were found in all major land plant lineages as
well as in genomes of chlorophytes, charophytes and rhodophytes
(Figs 2a, S2). In the M. polymorpha genome the only homologue
to Arabidopsis DET1 is Mp8g00970, from now on referred to as
MpDET1 (Fig. 2a). DET1 proteins from bryophytes are all con-
siderably longer than DET1 homologues from vascular plants,
with MpDET1 comprising 976 amino acids compared with the
543 amino acids of AtDET1. The extra amino acids form a cen-
tral region separating highly conserved N-terminal and C-
terminal domains (Fig. S2). The central regions of bryophyte
DET1 proteins are shorter than those of charophyte algae and of
similar length to the region in the chlorophyte alga Chlamy-
domonas reinhardtii, as previously reported (Aihara et al., 2019).
This spacer-region is lost in the chlorophyte Osterococcus and
shows low conservation among bryophytes and algae (Aihara
et al., 2019; Fig. S2). Additionally, it was not present in the

Table 1 Overrepresented GO terms for the two main phases inMarchantia polymorpha.

Biological process In reference list1 Observed2 Expected3 Fold enrichment4 P-value5 FDR6 Phase7

Glucose metabolic process 22 7 1.79 3.92 2.44E-03 3.78E-02 Midnight to midday
Glucan biosynthetic process 35 10 2.84 3.52 7.23E-04 1.54E-02 Midnight to midday
Sterol biosynthetic process 36 10 2.92 3.42 8.92E-04 1.69E-02 Midnight to midday
Oxidation–reduction process 200 29 16.24 1.79 2.50E-03 3.80E-02 Midnight to midday
Photosynthesis 35 14 2.38 5.87 2.25E-07 1.15E-04 Midday to midnight
Response to light stimulus 46 13 3.13 4.15 2.40E-05 3.06E-03 Midday to midnight
Regulation of hydrolase activity 36 9 2.45 3.67 9.78E-04 4.06E-02 Midday to midnight
Glycolytic process 19 9 2.84 3.17 2.63E-03 2.53E-02 All
Photosynthesis 35 16 5.23 3.06 1.11E-04 2.04E-03 All
Regulation of hydrolase activity 36 13 5.37 2.42 3.64E-03 3.33E-02 All
Sterol biosynthetic process 36 13 5.37 2.42 3.64E-03 3.31E-02 All
Response to light stimulus 46 16 6.87 2.33 1.96E-03 2.12E-02 All
Cellular glucan metabolic process 47 15 7.02 2.14 5.75E-03 4.69E-02 All
Cellular lipid metabolic process 177 43 26.4 1.63 1.74E-03 1.95E-02 All
Oxidation–reduction process 200 48 29.9 1.61 1.25E-03 1.46E-02 All
Small molecule biosynthetic process 185 42 27.6 1.52 6.13E-03 4.95E-02 All

1Number of genes in the reference set of 14 621 genes searched for rhythmic expression.
2Number of genes detected as rhythmic.
3Expected number of genes based on chance.
4Observed over expected.
5Unadjusted P-value from statistical test.
6Adjusted P-value (false discovery rate).
7Main phase of rhythmic genes.
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analysed rhodophytes (Fig. S2), suggesting that it was initially
gained in Viridiplantae and subsequently lost after the split
between bryophytes and vascular plants. Because of the low con-
servation between major plant lineages it is possible that this
spacer has been gained and lost multiple times during plant evo-
lution.

When analysing global circadian gene expression in M. poly-
morpha, we found that MpDET1 had a clear rhythm in the Tak-
1 accession in LL conditions (Q-value = 3.13E-07; Table 2). This
rhythm was first verified using qRT-PCR in our Tak-1 time
series with 4-h sampling in LL (Fig. 1d), and subsequently in the
Uppsala accession (Upp; Fig. 2b). In ND conditions the rhythm
peaked just before dawn and was maintained in LL, as well as in
constant darkness (DD; Fig. 2b). This pattern is in sharp contrast
with DET1 mRNA and protein levels in Arabidopsis that are
arrhythmic (Lau et al., 2011). It is noteworthy that of the homo-
logues to several clock-associated genes: MpPRR, MpTOC1,
MpRVE, MpELF3, MpELF4, MpLUX, MpWDR1-3, MpLNK,
MpGI and MpFKF, only MpPRR and MpLNK displayed a simi-
larly high amplitude of mRNA levels in LL conditions as that of
MpDET1 (Linde et al., 2017; Lagercrantz et al., 2020; Figs 1d–h,
2b). It has previously been reported that two paralogous CCA1
genes oscillate with a morning phase in ND and DD conditions
in the moss Physcomitrium patens (Okada et al., 2009), but to our
knowledge nothing is known regarding the expression of DET1
homologues in any moss species. In the hornwort Anthoceros
agrestis, which does have a CCA1 homologue with rhythmic
expression and an early morning phase (Linde et al., 2017), a

single DET1 homologue was also rhythmic with an early morn-
ing phase (Fig. 2a,c).

Marchantia polymorpha DET1 expression is modulated in
mutants of core clock genes

Because MpDET1 expression is rhythmic under ND, LL and
DD conditions, we asked if core circadian clock components
described by Linde et al. (2017) and Lagercrantz et al. (2020)
could modulate the expression of MpDET1. As seen in Fig. 1d,
MpDET1 mRNA levels in the Mpprrko knock-out mutant in LL
were arrhythmic. Additionally, we used qRT-PCR to analyse the
temporal mRNA levels of MpDET1 in knock-out mutants of the
core clock genes MpRVE and MpTOC1 (Linde et al., 2017). The
RNA samples were obtained from the same experiment as the
wild-type samples used in the RNA-seq experiment. These data
revealed that rhythmic expression of MpDET1 in LL was abol-
ished in Mptoc1ko, but elevated with attenuated amplitude in
Mprveko (Fig. 3a,b). These data fits with a model in which
MpPRR and MpTOC1 regulates the oscillation of MpDET1
transcripts, and in which MpRVE indirectly represses MpDET1.

To further study the interaction between MpDET1 and the
core clock we analysed expression levels in loss-of-function lines
of the putative EC genes MpLUX and MpEFL. In knock-out
mutants of MpLUX (Lagercrantz et al., 2020), expression of
MpDET1 was elevated with attenuated amplitude (Fig. 3c). For
both MpLUX and MpEFL we generated knock-down lines using
artificial miRNAs (EF1pro:amiR-MpLUXMpMIR160 and EF1pro:
amiR-MpEFLMpMIR160, respectively; Fig. S1) regulated by the
ELONGATION FACTOR1 (EF1) promoter (Althoff et al., 2014;
Flores-Sandoval et al., 2016). Both knock-down approaches were
successful, with mRNA levels reduced by more than 60% and
more than 90% for amiR-MpLUXMpMIR160 and amiR-
MpEFLMpMIR160, respectively, relative to controls (Fig. S1). First,
we co-transformed sporelings with EF1pro:amiR-MpEFLMpMIR160

and a bioluminescence reporter for the MpPRR promoter
(MpPRRpro:LUC; Linde et al., 2017) to complement previous
studies on MpLUX by testing the role of MpEFL in regulation of
the circadian clock. We observed fast damping of nyctinastic
movements and MpPRRpro:LUC signals, as well as elevated
MpPRR expression with attenuated amplitude, in the amiR-
MpEFLMpMIR160 MpPRRpro:LUC lines in LL, similar to previous
observations for Mpluxge (Figs S3, 3c; Lagercrantz et al., 2020).
Subsequently we used a bioluminescence approach to study the
activity of a 4.4-kb MpDET1 promoter fragment in knock-down
plants of MpLUX and MpEFL. For this we produced several
independent lines of MpDET1pro:LUC EF1pro:amiR-
MpLUXMpMIR160 and MpDET1pro:LUC EF1pro:amiR-
MpEFLMpMIR160 using co-transformation. MpDET1pro:LUC in
the EF1pro:amiR-MpEFLMpMIR160 background showed a signifi-
cantly shorter period (one-way ANOVA for equal period means
gave P = 7.8 9 10�8) and damped amplitude in LL compared
with single MpDET1pro:LUC transformants (Fig. 3d,e), suggest-
ing that the reduced MpEFL levels in transformants of EF1pro:
amiR-MpEFLMpMIR160 affected the rhythm of MpDET1 tran-
scription. An equally convincing but milder effect on the

Table 2 Predicted phase ofMarchantia polymorpha homologues to
Arabidopsis core clock genes and clock input and output genes.

Name ID number1 Phase (hmin)2 Q-value3

MpDET1 Mp8g00970 05.08 3.13E-07
MpCOL6 Mp5g05940 11.30 6.69E-07
MpLNK Mp1g10620 11.04 9.35E-07
MpPRR Mp2g16560 14.00 9.27E-06
MpCDF1 Mp1g18540 08.56 5.20E-05
MpCOL2 Mp2g16350 18.32 6.52E-05
MpWDR2 Mp5g01830 15.19 9.83E-04
MpTOC1 Mp3g09460 18.41 1.57E-02
MpGI Mp1g13750 12.04 1.74E-02
MpRVE Mp2g14310 – 6.13E-02
MpWDR1 Mp5g03900 – 3.23E-01
MpCOL3 Mp3g19670 – 3.86E-01
MpCOL4 Mp3g20050 – 7.35E-01
MpCDF2 Mp2g20790 – 7.56E-01
MpLUX Mp4g21220 – 9.95E-01
MpELF3 Mp1g10870 – 1
MpEFL Mp1g16510 – 1
MpFKF Mp3g14360 – 1
MpWDR3 Mp5g06230 – 1
MpCOL5 Mp8g01190 – 1
MpCOL1 Mp8g13470 – 1

1Gene ID fromM. polymorpha genome v.5.1 (Montgomery et al., 2020).
2Phases adjusted with their predicted period length (light 06-18, during
entrainment).
3Q-value. BHQ for significant circadian rhythm in LL as calculated using
METACYCLE.
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circadian rhythm of MpDET1 under LL conditions was seen in
MpDET1pro:LUC EF1pro:amiR-MpLUXMpMIR160 double trans-
formants compared with single MpDET1pro:LUC lines (Fig. 3f,g;
one-way ANOVA for equal period means gave P = 0.0017).

Although the shorter period for MpDET1 in LL in Mpluxge

did not necessarily indicate that MpLUX acts as a repressor, the
elevated expression of MpDET1 in Mpluxge lines at subjective
evening/night, when MpLUX normally would peak in expression
(Linde et al., 2017), suggests MpLUX independently, or in a
complex, represses the expression of MpDET1. As shown by
Linde et al. (2017), all LUC signals in M. polymorpha quickly die
out under DD conditions and, therefore, bioluminescence in
DD was not tested. Taken together, the results presented here
strongly support the hypothesis that the circadian clock regulates
the expression of MpDET1.

DET1 knock-down affects rhythmic gene expression
patterns and nyctinasty inMarchantia polymorpha

We created MpDET1 loss-of-function lines to further analyse the
putative function of MpDET1 in the circadian clock. Initially,
we attempted to create knock-out mutants using CRISPR-
mediated genome editing in sporelings (Sugano et al., 2014),
using co-transformation of two sgRNAs in an attempt to delete
the region between the two gRNA target sites. Using this
approach we obtained six mutants. Two were in the first gRNA
target site, with in-frame deletions of three and nine nucleotides,
respectively, in a nonconserved protein coding part in the 50 end
of exon one (Fig. S4). Both these in-frame mutants had wild-
type-like development and growth. The remaining four mutants
were in the second gRNA target site but, as this site was located
in the first intron, no effect on phenotype was observed. No lines
with mutations in both sites were found. Because MpDET1 is
expressed in the wild-type throughout sporeling development
(Bowman et al., 2017), and because we were only able to find a
small number of in-frame deletion mutants among the surviving
primary transformants, our failed attempts to produce knock-out
mutants in sporelings suggested that MpDET1 could be an essen-
tial gene during this developmental stage. Similar conclusions
have been made in previous studies of seed plants (Mis�era et al.,
1994; Pepper et al., 1994; Davuluri et al., 2004), as well as in ani-
mals (Berloco et al., 2001; Wertz et al., 2004).

det1 knock-down mutants have previously been used to study
the function of DET1 in flowering plants (Chory et al., 1989;
Pepper et al., 1994; Davuluri et al., 2004). To create DET1 loss-
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Fig. 2 DET1 homologues in the liverwortMarchantia polymorpha and the
hornwort Anthoceros agrestis show circadian expression patterns. (a)
Inferred phylogeny of plant homologues to Arabidopsis DET1. The tree
was constructed using PHYML on an amino acid alignment of proteins
retrieved from Amborella trichopoda (Atr), Anthoceros agrestis (Aa),
Arabidopsis thaliana (At), Chlamydomonas reinhartii (Cr), Klebsormidium

nitens (Kn),Marchantia polymorpha (Mp),Ostreococcus lucimarinus
(Ol),Ostreococcus tauri (Ot), Physomitrium patens (Pp), Picea abies (Pa),
Selaginella moellendorffii (Sm), and Sphagnum fallax (Sf). Branch support
was calculated using Shimodaira–Hasegawa approximate likelihood
branch statistics. (b, c) qRT-PCR showing temporal relative expression of
MpDET1 (b) and AaDET1 (c) under ND (neutral days), LL (constant light)
and DD (constant darkness) conditions. Wild-type (Upp14)Marchantia

polymorpha and Anthoceros agrestis plants were sampled every 4 h during
2 d. Values with SE are based on two experimental replicates.
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Fig. 3 Circadian expression ofMarchantia polymorpha DET1 is affected in mutants of known and putative clock genes. (a–c) qRT-PCRs showing average
relative expression of MpDET1 at eight time points in wild-type (Tak-1) andMprveko (a), Tak-1 and Mptoc1ko (b) and Mpluxge-9,19 and wild-type (Upp1,5) at
12 time points (c) sampled in LL (constant light). Sampling was conducted every 6 h with three experimental replicates (a, b) or every 4 h using two biological
replicates with two experimental replicates each (c), starting 24 h (a, b) or 12 h (c) after switch to LL. Significantly different expression between wild-type and
mutant was observed in (a–c). P-values for genotype (G) and the interaction between genotype and time (G9 T) were both significant in ANOVA for all
mutants: G (P = 1.3 9 10�10), G 9 T (P = 4.0 9 10�3 ) for Mprveko in (a), G (P = 0.021), G9 T (P = 1.99 10�6 ) for Mptoc1ko in (b), and G (P = 2.69 10�10),
G9 T (P = 3.5 9 10�5) for Mpluxge in (c). (d, e)M. polymorpha lines with reduced expression of MpEFL show a shortened period of MpDET1pro:LUC
bioluminescence. (d) Bioluminescence averages of three control lines (MpDET1pro:LUC-1,2,8) and four independent EF1pro:amiR-MpEFLMpMIR160 MpDET1pro:
LUC lines (-1,6,7,11) with reduced expression of MpDET1 are plotted with SE. Each line was represented by two experimental replicates. (e) Amplitude plotted
against period for individual lines/replicates shown in (d). (f, g)Marchantia polymorpha lines with reduced expression of MpLUX show a shortened period of
MpDET1pro:LUC bioluminescence. (f) Bioluminescence averages of three control lines (MpDET1pro:LUC-1,2,8) and two EF1pro:amiR-MpLUXMpMIR160

MpDET1pro:LUC lines (-8,9) with reduced expression of MpLUX are plotted with SE. Each line was represented by two (MpDET1pro:LUC lines) or four
experimental replicates (EF1pro:amiR-MpLUXMpMIR160 MpDET1pro:LUC lines). (g) Amplitude plotted against period for individual lines/replicates shown in (f).
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of-function mutants inM. polymorpha we used the EF1 promoter
to constitutively express an amiR targeting MpDET1. This con-
struct was co-transformed with MpPRRpro:LUC (Linde et al.,
2017). Several independent EF1pro:amiR-MpDET1MpMIR160

MpPRRpro:LUC double transformants, expressing the amiR and
the reporter, were obtained. However, few lines displayed a
knock-down of MpDET1 (Fig. S1). Nevertheless, two indepen-
dent lines that exhibited mild, but significant, downregulation of
MpDET1 displayed a longer period of circadian MpPRRpro:LUC
expression in LL, suggesting that MpDET1 has a role as a regula-
tor of the M. polymorpha circadian clock (Fig. 4a,b; one-way
ANOVA testing equal period means gave P = 2.89 10�4). We
also analysed clock output in the form of nyctinastic growth
movement of thalli in young gemmalings of EF1pro:amiR-
MpDET1MpMIR160 MpPRRpro:LUC-5 and wild-type (Upp5).
Under LL conditions, EF1pro:amiR-MpDET1MpMIR160

MpPRRpro:LUC-5 showed a longer period of nyctinastic move-
ments of thalli compared with the wild-type (Fig. 4c,d; one-way
ANOVA testing equal period means gave P = 0.030).

This change of the rhythmic growth pattern and MpPRRpro:
LUC expression was consistent with a change in gene expres-
sion rhythm for clock-associated genes in EF1pro:amiR-
MpDET1MpMIR160 compared with the wild-type. Two indepen-
dent lines that exhibited mild, but significant, downregulation of
MpDET1 displayed a significantly increased expression, and a
significant genotype 9 time (G 9 T) interaction of MpPRR in
temporal qRT-PCR experiments under LL conditions (Fig. 4e;
genotype (G) and (G 9 T) terms in ANOVA P < 0.001 and
P = 0.012, respectively). This pattern was consistent with a longer
period for MpPRR expression.

In all lines tested, growth of thalli in young gemmalings
appeared to stop in DD, leading to quick damping and arrest of
growth-related nyctinasty (Videos S1,S2). Therefore we could
not verify the prolonged period of gene expression rhythm in
DD using nyctinasty or using LUC reporters (Linde et al., 2017).
Instead we performed qRT-PCR experiments under DD condi-
tions. In DD, no significant difference in MpPRR expression was
obtained comparing EF1pro:amiR-MpDET1MpMIR160 MpPRRpro:
LUC lines with MpPRRpro:LUC (Fig. 4f; ANOVA (G) and (G 9

T) P = 0.52 and P = 0.325, respectively). However, the expres-
sion pattern for MpPRR in DD was very similar to the one under
LL, although under DD we could not observe the increase in
MpPRR expression that we observed under LL. Under DD, we
also observed a very rapid damping of MpPRR rhythms (Fig. 4f),
supporting our previous suggestion that the M. polymorpha clock
damps faster under DD than under LL (Linde et al., 2017).

To further test for a prolonged period of the clock in DD we
also analysed three other clock genes with high amplitude. For
MpCDF1 and MpCOL6, increased periods were indicated by a
significant G 9 T interaction term in ANOVA (Fig. 4g,h;
P = 0.048 and 0.018, respectively). A similar but nonsignificant
delayed expression was indicated for MpLNK (G 9 T interaction
term in ANOVA; P = 0.392). The damping of rhythms seemed
less severe for these genes that are likely to function downstream
of the M. polymorpha circadian clock, compared with that for the
core clock gene MpPRR.

Although we could not formally verify a prolonged period of
gene expression rhythm in DD, our data using presumably weak
MpDET1 loss-of-function alleles suggested that MpDET1 might
affect the clock independently of light. A similar inference was
made for DET1 in Arabidopsis, in which evidence for light sig-
nals modulating the circadian clock through DET1 is yet to be
found (Millar et al., 1995; Lau et al., 2011).

DET1 knock-down has no or a limited effect on light input
to theMarchantia polymorpha clock

In an attempt to distinguish between effects of MpDET1 knock-
down on either the core oscillator or light input to the clock, we
estimated the period of MpPRRpro:LUC expression for EF1pro:
amiR-MpDET1MpMIR160 MpPRRpro:LUC lines -3 and -5 and the
corresponding control line MpPRRpro:LUC-1-1 under different
light conditions. In the four light conditions tested, MpDET1
knock-down lines always displayed a longer period compared
with the control genotype, in line with our other data (Fig. 5).
The highly similar slopes observed for knock-down and control
lines in both blue and red light (Fig. 5) further suggested that the
knock-down lines had similar circadian period responses to the
tested light conditions as found for wild-type.

No shortening of the circadian period for any of the M. poly-
morpha genotypes was observed with increased red light as
observed in, for example, Arabidopsis (Fig. 5; Somers et al.,
1998). This observation fits with our previously reported data
using additional light intensity levels (Linde et al., 2017). How-
ever, in the present study we observed a significant decrease in
period with increased intensity of blue light (Fig. 5). Further-
more, periods were considerably longer in blue light compared
with red light for the intensities tested.

Discussion

Because M. polymorpha lacks homologues to the morning phase
component CCA1/LHY (Linde et al., 2017) and most theoretical
models of plant circadian clocks include such a component
(Pokhilko et al., 2012; Fogelmark & Troein, 2014), we searched for
rhythmic genes with a morning peak under LL. Intriguingly, we
identified MpDET1 as a gene with a strong circadian expression pat-
tern and an early morning peak of expression. We could verify that,
as expected, the expression of MpDET1 was under the control of
the core clock genes MpPRR, MpRVE and MpTOC1. In addition,
both MpEFL and MpLUX had a role in regulating the rhythm of
MpDET1. Our current data furthermore suggested that MpDET1
has a function within the M. polymorpha clock. First, knock-down
lines of MpDET1 showed longer periods than wild-type for both
MpPRRpro:LUC bioluminescence and nyctinastic movements of
thalli in LL. Second, we could not observe a circadian period effect
of MpDET1 knock-down in response to light intensity or light
quality. Further studies are required to determine the exact role of
MpDET1 within theM. polymorpha circadian clock.

In Arabidopsis DET1 lack a transcriptional rhythm suggesting
that rhythmic expression of CCA1/LHY is crucial for its function
in control of circadian rhythm (Lau et al., 2011). It is tempting
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to speculate that the loss of CCA1/LHY homologues in liverworts
has resulted in the acquisition of a circadian rhythm of DET1
homologues in that clade to retain the original function. How-
ever, as the orthologues of both DET1 and CCA1/LHY in Ostre-
ococcus tauri showed a circadian expression pattern (Corellou
et al., 2009; Monnier et al., 2010), it is more likely that DET1
and CCA1/LHY are ancient components of plant circadian
clocks and that DET1 lost its circadian rhythm during co-
evolution with CCA1/LHY genes in vascular plants.

OtCCA1 promoter activity displayed a morning phase under
ND and LL conditions (Corellou et al., 2009), while OtDET1
mRNA levels peaked in the afternoon under ND (Monnier et al.,
2010). Therefore, our data suggest the co-expression profile of
CCA1 and DET1 was established sometime during the evolution
from algae to land plants, but could also have evolved in the
ancestor of bryophytes, as recent data place all three lineages of
bryophytes in a monophyletic group with hornworts at the base
(Harris et al., 2020; Li et al., 2020). Functional studies of DET1
and CCA1 in hornworts and charophyte algae, including their
potential protein interaction, should shed further light on this
aspect of plant circadian clock evolution.

In Arabidopsis, DET1 represses CCA1/LHY target genes, and
det1 knock-down mutants shorten their circadian period (Millar
et al., 1995; Lau et al., 2011), while we observed a lengthened
period in MpDET1 knock-down mutants. This result suggest a
different role for MpDET1 in the M. polymorpha circadian clock
than in Arabidopsis. DET1 can regulate transcription factors
through at least three different pathways. In addition to the
repression of transcriptional activity (Lau et al., 2011), DET1
can stabilise proteins through inhibition of their ubiquitination
or other unknown pathways (Park et al., 2010; Dong et al.,
2014). The mechanism behind MpDET1 function in the M.
polymorpha circadian clock remains unclear.

Recent studies have identified transcriptional activators as
important parts of the Arabidopsis circadian clock. These include
RVE8, LNK1, LNK2, LWD1 and LWD2 (Wang et al., 2011;
Hsu et al., 2013; Xie et al., 2014; G. Wu et al., 2016; J-F. Wu
et al., 2016). In addition to the previously identified RVE8
homologue MpRVE (Linde et al., 2017), our RNA-seq data
could identify homologues to both LNK and LWD genes that
showed a circadian expression pattern. Airoldi et al. (2019) exam-
ined the evolutionary conservation of the TRANSPARENT
TESTA GLABRA 1 (TTG1) WD-repeat (WDR) subfamily that
included LWD1, LWD2 and TTG1. They showed that the M.
polymorpha homologues MpWDR1 and MpWDR2, but not
MpWDR3, could restore the rhythm of AtCCA1pro:LUC under
LL conditions in the arrhythmic Arabidopsis lwd1 lwd2 ttg1
triple mutant, when constitutively expressed from the CaMV35S
promoter (Airoldi et al., 2019). These results suggested that
MpWDR1 and MpWDR2 could function as LWD transcrip-
tional co-activators in the M. polymorpha circadian clock.
MpWDR1 and MpWDR2 both oscillated with low amplitude
under LL, consistent with a role as co-activators working in con-
cert with a rhythmic transcription factor.

MpLNK, conversely, displayed a very strong circadian rhythm
with high amplitude (Table 2; Fig. 1e). As MpLNK expression is
predicted to peak 3 h before MpPRR (Table 2; Fig. 1e,g), it is
possible that MpPRR directly or indirectly represses MpLNK, in
a similar way as that described in Arabidopsis (Xie et al., 2014).
In Arabidopsis, LNK1 and LNK2 function as transcriptional co-
activators that are recruited to PRR-family target genes through
the DNA-binding proteins RVE4 and RVE8 (Xie et al., 2014).
The expression of both MpRVE and MpLNK peak in the middle
of the day, and MpLNK contains the two conserved regions iden-
tified by Xie et al. (2014) as important for interaction with RVE4
(Fig. S5). Therefore, MpLNK could be an important component
of the M. polymorpha circadian clock, especially considering its
strong expression amplitude compared with MpRVE (Fig. 1e;
Lagercrantz et al., 2020).

Diurnal organisms such as Arabidopsis generally show an
inverse relationship between circadian period length and light
intensity (Aschoff’s rule; Aschoff, 1960). The original explana-
tion for this phenomenon suggested by Aschoff involves paramet-
ric or continuous entrainment. According to Aschoff,
entrainment is a continuous process in which the clock constantly
accelerates or slows down in response to, for example, light. In
our experiments with red light (Linde et al., 2017; Fig. 5), we
could not detect such an expected effect, despite examining a
wide range of light intensities. We suggested that the role of light
in entrainment of the M. polymorpha clock is different from that
of Arabidopsis, possibly as an effect of absence of early phased,
light-inducible genes, that is homologues to CCA1/LHY and
PRR9 (Linde et al., 2017). From this perspective, the strong
response of circadian period to the intensity of blue light was sur-
prising (Fig. 5). Perhaps even more surprising was the observa-
tion that the period was considerably longer even in strong blue
light compared with weak red light (Fig. 5; Linde et al., 2017).
We can reconcile this apparent paradox assuming that even
extremely low levels of red light saturate the period response to
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red light, and that response to blue light requires much higher
intensities. However, we cannot implicate MpDET1, being an
early phased gene, in this response as MpDET1 knock-down did
not result in any detectable difference in the light response. One
possible candidate for conveying light signals that affect the circa-
dian period is MpLNK. In Arabidopsis, LNK1 and LNK2 are
strongly induced by light (especially red light during the dark
period; Rugnone et al., 2013), and involved in the control of cir-
cadian period in response to, in particular, red light (Xie et al.,
2014).

Our previous work showed that the plant circadian clock has
evolved through gene duplication, but also through loss of central
clock genes (Linde et al., 2017). The present study further high-
lights that functional changes in genes that have been conserved
during evolution are important for functional diversification of
plant circadian clocks.
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