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Rootless plants in the genus Wolffia are some of the fastest growing known plants on Earth. Wolffia have a reduced body plan,

primarily multiplying through a budding type of asexual reproduction. Here, we generated draft reference genomes for

Wolffia australiana (Benth.) Hartog & Plas, which has the smallest genome size in the genus at 357 Mb and has a reduced

set of predicted protein-coding genes at about 15,000. Comparison between multiple high-quality draft genome sequences

from W. australiana clones confirmed loss of several hundred genes that are highly conserved among flowering plants, includ-

ing genes involved in root developmental and light signaling pathways.Wolffia has also lost most of the conserved nucleotide-

binding leucine-rich repeat (NLR) genes that are known to be involved in innate immunity, as well as those involved in ter-

pene biosynthesis, while having a significant overrepresentation of genes in the sphingolipid pathways that may signify an

alternative defense system. Diurnal expression analysis revealed that only 13% ofWolffia genes are expressed in a time-of-day

(TOD) fashion, which is less than the typical ∼40% found in several model plants under the same condition. In contrast to

the model plants Arabidopsis and rice, many of the pathways associated with multicellular and developmental processes are

not under TOD control inW. australiana, where genes that cycle the conditions tested predominantly have carbon processing

and chloroplast-related functions. The Wolffia genome and TOD expression data set thus provide insight into the interplay

between a streamlined plant body plan and optimized growth.

[Supplemental material is available for this article.]

Wolffia has the distinction of being the duckweed genus with the
smallest (Wolffia angusta) as well as the fastest growing (Wolffia
microscopica) species of known flowering plants (Sree et al.
2015b). Plants belonging to this genus are highly reduced in their
morphology and anatomy, lacking roots and containing only the

green floating frond, which is essentially a fused leaf and stem
without any vasculature (Fig. 1).

Wolffia typicallymeasure only a fewmillimeters to less than a
millimeter in size (Landolt 1986) and grow as colonies of two indi-
viduals, one mother frond budding and giving rise to one or more
daughter fronds (Fig. 1A). Anatomically, however, at least four dif-
ferent generations of plants (total of 10–14 individuals) can be
found within one colony, highlighting their adaptive prepared-
ness for fast vegetative multiplication (Fig. 1C; Bernard et al.
1990; Lemon and Posluszny 2000; Sree et al. 2015a;
Supplemental Movie S1).

Wolffia is part of a family of aquatic non-grass monocots
known as duckweeds (Lemnaceae) (Fig. 1B). There are five genera
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of duckweed (Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia),
and their genome sizes span an order of magnitude (Wang et al.
2011; Bog et al. 2015; Hoang et al. 2019). The Greater Duckweed,
Spirodela polyrhiza, which is the most basal with the largest body
size and most complex organization, has the smallest genome at
158Mb, whereas inWolffia, the most derived genus, genome sizes
range from W. australiana at 357 Mb to W. arrhiza at 1881 Mb. S.
polyrhiza (sp7498)was the first duckweed genome to be sequenced,
which revealed a reduced set of protein-coding genes at 19,623
that are conserved across flowering plants (Wang et al. 2014; An
et al. 2019). A chromosome-resolved genome for a second acces-
sion sp9509 revealed that in addition to a reduced gene set, the Spi-
rodela genome has low intraspecific variance, highly reduced
ribosomal arrays, and minimal cytosine methylation, consistent
with the genome being specialized for growth (Michael et al.
2017; Hoang et al. 2018).

Green organisms from algae to higher plants partition their
biology to coincidewith the light–dark cycle,whichenhances their
ability to anticipate changing conditions (Green et al. 2002;
Michael et al. 2003; Dodd et al. 2005; Ferrari et al. 2019). In the
modelplantArabidopsis thaliana, asmuchas90%of its genes are ex-
pressed, or phased, to a specific TOD to optimize growth, and this
global transcriptional regulation is conserved across higher plants
(Michael et al. 2008a,b; Filichkin et al. 2011). Because Wolffia is
the fastest growing angiosperm known to date with a doubling
time of as little as a day, we wanted to understand what special ad-
aptations in the genome enabled this rapid growth.

Results

Wolffia genome

We performed whole-genome sequencing and time-of-day (TOD)
expression profiling of Wolffia australiana, the species with the
smallest reported genome of theWolffia genus, with an estimated

size of 375 Mb for accession wa8730 and 357 Mb for accession
wa7733 (Wang et al. 2011). Both accessions are from Australia
with wa7733 from Mount Lofty Range, Torrens Gorge, in South
Australia (34° S, 138° E); wa8730 is from Singleton, Doughboy
Hollow, New SouthWales (32° S, 151° E). These twoW. australiana
accessions (wa7733 and wa8730) have doubling times of 1.56 and
1.66 d, respectively (Supplemental Table S1; Supplemental Fig. S1),
consistent with the previous measurement of 1.39 d for this spe-
cies (Sree et al. 2015b). We sequenced and de novo assembled
wa7733 and wa8730 using Pacific Biosciences (PacBio) single mol-
ecule real-time sequencing (SMRT). We also generated BioNano
optical maps to correct contigs and help initial scaffolding of the
assemblies (Supplemental Table S2), which resulted in final assem-
blies of 393 and 354 Mb, with longest scaffolds of 5.3 and 1.7 Mb,
and scaffold N50 lengths of 836 and 109 kb for wa7733 and
wa8730, respectively (Table 1). The assembled genome sizes are
consistent with those predicted by k-mer (k=19) frequency analy-
sis (Supplemental Fig. S2), but smaller than predicted by our new
flow cytometry estimates possibly reflecting missing high copy
number repeat sequence (centromeres) in our assemblies
(Supplemental Table S3; Supplemental Materials).

We checked the completeness of these assemblies by map-
ping 1780 high confidence Sanger sequenced W. australiana
cDNA clone sequences deposited at GenBank by the Waksman
Student Scholar Program (WSSP). We found that 100% and
99.7% of the cDNAsmapped to thewa7733 andwa8730 genomes,
respectively. Also, the PacBio reads used for the assembly and the
Illumina reads used for polishing had a >95%mapping rate to their
respective assemblies, consistent with the lack of contamination
(bacterial) in the sequencing data and the completeness of the as-
semblies (Table 1). We were also able to identify megabases of pu-
tative centromere arrays in both assemblies with three prominent
base unit sizes of 126, 167, and 250 bp (Supplemental Fig. S3).

Repeat sequence is a dominant driver of genome size differ-
ences in plants (Michael and VanBuren 2020). We looked at
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B

Figure 1. Wolffia is a simple plant with a limited number of cells and structures. (A) Brightfield image of wa8730. A videowith time tracking of the asexual
propagation of wa7733 in culture can be found in the Supplemental Material. (B) Phylogenetic relationship between representative species from the five
genera of duckweed. Each color represents a distinct genus. Modified from Borisjuk et al. (2015). (C ) Cross section (1-µm-thick section) of W. australiana
stained with methylene blue: (mf) Mother frond; (df) daughter frond; (gdf) grand-daughter frond; (ep) epidermal cells; (ch) chlorenchyma cells; (pa) pa-
renchyma cells; asterisks indicate some of the stomata; (st) stipe tissue.
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ribosomal DNA (rDNA) and long terminal repeat retrotransposon
(LTR-RT) content in the W. australiana genomes to understand
whether, as in Spirodela, the smallest genome in this genus
(Wang et al. 2011; Hoang et al. 2019), Wolffia has also purged re-
petitive sequences. We found approximately 200 copies of the
rDNA array in the W. australiana genomes, double that of
Spirodela but still half the number found in Arabidopsis
(Supplemental Table S4). Next, we identified full-length, intact
LTR-RT across both genomes and found 2510 and 1892 for
wa7733 and wa8730, respectively, which was three times more
than Spirodela (Table 1). Retroelements (solo + intact) made up
>50% of both of the Wolffia genomes, which is twice the repeat

content found in Spirodela (Michael et al. 2017). It has been shown
that the ratio between intact LTR-RTs and solo LTRs (solo:intact),
which are left over after illegitimate recombination, is a proxy
for how actively the genome is purging proliferating LTR-RTs
(Devos et al. 2002). Although Spirodela has a high solo:intact ratio
of 8 (Michael et al. 2017),Wolffiahas an even higher ratio at 11–14
in wa7733 and wa8730, respectively (Table 1), consistent with it
more actively purging its TEs leading to a much smaller sized ge-
nome than other Wolffia species (Wang et al. 2011).

The two draft Wolffia genomes are highly collinear with one
another at the gene level, but there are examples of structural
changes and gene loss and gain (Fig. 2A; Supplemental Fig. S4).

Table 1. Genome assembly statistics

wa7733 wa8730 sp9509 sp7498

Genome size estimate flow cytometry (Mb) 441 432 157 157
Genome size estimate k-mer (Mb) 343 342 164 185
Genome final assembly (bp) 393,842,592 354,558,446 138,592,155 145,274,398
Contig (#) 2578 5250 20 21
Genome contig assembly size (bp) 359,766,217 337,899,876 NA NA
Longest contig (bp) 1,664,978 679,034 NA NA
N50 contig length (bp) 256,298 102,418 NA NA
L50 contig (#) 404 1000 NA NA
Longest scaffold (bp) 5,333,369 1,714,878 11,560,055 12,728,324
N50 scaffold length (bp) 836,551 109,493 7,949,387 8,107,549
L50 scaffold (#) 122 753 8 8
BUSCO complete scaffolds (%) 69 70 79 78
Full-length LTRs (#) 2510 1892 801 567
Masked (%) 50 50 26 25
Solo:intact LTR ratio 11 14 8 NA
Protein-coding genes (#) 15,312 14,324 17,510 17,057
cDNA mapping (%) 100 99.7 NA NA
Coverage PacBio (fold) 91 45 NA NA
Coverage Ilumina (fold) 80 68 NA NA
Mapping PacBio (%) 98 96 NA NA
Mapping Illumina (%) 98 95 NA NA

(NA) Not available.

A C

B D

Figure 2. The Wolffia genome is collinear with Spirodela with bloating and loss of genes owing to transposable elements (TEs). (A) wa8730 scaffold 1
(scf1) is collinear with wa7733 scf8. (B) Conserved core circadian clock genes PRR37 (red ribbon) and LHY (gold ribbon) on sp9509 Chromosome 20
(Chr 20) are collinear in wa8730 scf200 and wa7733 scf432. (C) WOX5 is lost in Wolffia compared to Spirodela owing to TE insertions (yellow boxes).
(D) DOT3/NPH3 loci in Spirodela lost in Wolffia owing to LTR-RT insertions. Gray lines represent syntenic connections. Green and blue boxes are forward
and reverse representation for genes, respectively. Orange boxes are TEs.
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Most of the structural variations are associatedwith insertion/dele-
tions (indels) between 50 and 500 bp (Supplemental Fig. S5). In ad-
dition, both Wolffia genomes are largely collinear with Spirodela
(Fig. 2B–D; Supplemental Fig. S6). One specific example is in the
evolutionarily conserved linkage between core circadian clock
genes LATE ELONGATED HYPOCOTYL (LHY) and PSEUDO
RESPONSE REGULATOR 37 (PRR37) on Chr 20 of the sp9509 ge-
nome that is found as far back as bryophytes and shared across oth-
er dicots and non-grass monocots (Fig. 2B). Although the genic
regions of the Wolffia genomes are mostly collinear with those
of the Spirodela genomes, the intergenic and repeat sequences are
expanded in the Wolffia genomes, explaining its larger genome
sizes (Fig. 2C,D; Supplemental Fig. S6).

Comparative BUSCO analysis reveals genes missing in Wolffia

As an additional check of genome assembly completeness, we le-
veraged Benchmarking Universal Single-Copy Orthologs
(BUSCO) (Simão et al. 2015), which searches the genome for
near-universal single-copy orthologs to establish how much of
the gene space has been properly assembled. We found that
wa7733 and wa8730 contained 69% and 70% complete
BUSCOs, respectively (Table 1; Supplemental Table S5). The
BUSCO scores for percent complete were lower than we had ex-
pected based on the contiguity (N50 length and longest contigs)
as well as the cDNA and read mapping results (Table 1).
Therefore, we compared the missing BUSCO genes between the
two Wolffia assemblies and the two previously published high-
quality Spirodela genomes, sp9509 and sp7498 (Wang et al. 2014;
Michael et al. 2017; Hoang et al. 2018) and found that most of
these “missing genes” were significantly shared across the four
duckweed assemblies (Supplemental Fig. S7).

It is possible that some of themissing BUSCO genes represent
important genes for land plants that are lost in theWolffia genome
owing to its minimal body plan and life cycle. Of the 762 and 731
missing BUSCO genes in wa7733 and wa8730, respectively, 574
(76%–79%) genes were shared between them (Supplemental Fig.
S7; Supplemental Table S6). Two specific groups of genes emerged
from this list of 574 genes: first, genes that are involved with root
initiation and development, and second, genes associatedwith cell
fate and gravitropism. Of particular interest was the loss of
WUSCHELRELATEDHOMEOBOX5 (WOX5), which is a homeodo-
main transcription factor responsible for root stem cell mainte-
nance in the meristem (Sarkar et al. 2007). Because Spirodela has
roots, we indeed found a likely ortholog of WOX5, but the
Wolffia version of this gene has been lost and in its expected geno-
mic location are LTR-RT, suggesting a mechanism by which this
gene may have been lost (Fig. 2C). Moreover, Wolffia is also miss-
ing TOPLESS RELATED 2 (TPL2), which through chromatin-medi-
ated repression specifies where stem cell daughters will exit stem
cell fate in Arabidopsis (Pi et al. 2015). Wolffia is missing other
genes associated with stem cell fate (BLISTER, FEZ) (Willemsen
et al. 2008; Schatlowski et al. 2010), mediator complex (MED3,
MED9, MED33) (Mathur et al. 2011), and gravitropism (LAZY1)
(Yoshihara and Spalding 2017), which together are consistent
withmodified signaling and transcriptional cascades for a rootless,
organless plant.

Wolffia has a reduced set of core plant genes

We predicted protein-coding gene structures and performed gene
family analysis on the twoWolffia genomes and the two published
Spirodela genomes using a standardized pipeline to ensure consis-

tency (Supplemental Material). Similar to Spirodela, we found
that Wolffia also had reduced gene sets in spite of their larger ge-
nome sizes. The wa7733 and wa8730 genome assemblies contain
15,312 and 14,324 predicted protein-coding genes, respectively
(Table 1), which is several thousand genes less than that found
in the Spirodela genome (Wang et al. 2014; Michael et al. 2017).
We compared predicted proteomes from the four duckweed ge-
nomes to 28 proteomes from complete genomes spanning algae,
non-seed plants, monocots, and dicots (PLAZA v4 monocots)
(Van Bel et al. 2018). A multidimensional scaling (MDS) plot of
the orthogroups (OGs) placed Wolffia and Spirodela next to the
non-grass monocots and close to the grasses consistent with their
evolutionary position (Supplemental Fig. S8; One Thousand Plant
Transcriptomes Initiative 2019). Duckweeds were nested between
dicot crops, basal plants, and a tree, and distant from non-seed
plants and algae, consistent with having a core set of higher plant
proteins (Wang et al. 2014).

Almost all of the Spirodela andWolffia proteins were found in
OGs (93%–98) (Supplemental Table S7), with the majority (33%–

41%) having only one protein per OG (Supplemental Fig. S9),
which means that duckweed has a core set of proteins with few re-
tained paralogs (expanded families). In contrast, species like
Arabidopsis, rice, Brachypodium, and maize have almost 20% of
their proteins in OGs with more than 10 paralogs (Supplemental
Fig. S9). There were 408 and 635 Wolffia and Spirodela specific
OGs, respectively (as compared to rice,Arabidopsis, Zostera, and ba-
nana), and 77 OGs exclusive to both (Fig. 3A). The OGs unique to
Wolffia can be summarized into the significant Gene Ontology
(GO) categories (FDR<0.05) of sphingolipid biosynthesis, photo-
morphogenesis, wax biosynthetic, and cysteine-type endopepti-
dase (Fig. 3B; Supplemental Table S8); we found an overlapping
set of duckweed-specific significant GO terms (Fig. 3D). We took
a look at the genes that made up these Wolffia unique OGs using
our annotation and found that they are associatedwith cell wall ar-
chitecture (Fasciclin-like arabinogalactan proteins) (Johnson et al.
2011), environment-specific expression orchestration (nuclear
transcription factor Y) (Zhao et al. 2016), flowering time (Casein ki-
nase 1-like HD16) (Hori et al. 2013), and sphingolipids (Fig. 3B;
Supplemental Table S9; Huby et al. 2020).

In contrast, the significant OGs (FDR>0.05) missing in
Wolffia included cell wall, flavonoid biosynthesis, protein phos-
phorylation, immune response, and terpene biosynthesis (Fig.
3C; Supplemental Table S10). Looking at specific genes with
known function suggests there is a loss of OGs involved in meri-
stem development (FAF, BON1, SCL3/11, POLAR, PSD, SZ1), chro-
matin (MED4, POLD3), and light signaling (BBX12, DOT3/NPH3,
GBF4) (Supplemental Table S10). Another OG that is completely
missing in Wolffia but has a large family in Arabidopsis (n=11),
rice (n =9) and most other land plants, is the CASPARIAN STRIP
MEMBRANE DOMAIN PROTEIN (CASPs) family (Roppolo et al.
2014).

Some of the most significant missing GO terms were in the
terpene biosynthesis pathway, whereas the most significant
Wolffia-specific as well as duckweed-specific GOs were in the
sphingolipid-related pathways (Fig. 3B,D). Because both terpenes
and sphingolipids may play a predominant role in plant defense
(Singh and Sharma 2015; Huby et al. 2020), it is possible that
Wolffia has traded the terpene pathway for sphingolipids or that
the aquatic environment favors the latter. Related to genes in-
volved in defense, one of the most conserved gene families in
plants is the nucleotide-binding leucine-rich repeat (NLR) super-
family encoding hundreds of disease resistance (R) genes that
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provide innate immunity to pathogen-associated molecular pat-
terns or effector triggered resistance responses that are associated
with systemic activation of broad spectrum immunity (Jones and
Dangl 2006). Members of this family of proteins are known to be
themost rapidly evolving genes in plants, and they are likely under
strong selection pressure (vanWersch and Li 2019). In the sp9509
genome, we have previously annotated only 58 NLR genes in con-
trast to the 178 NLRs that are known in Arabidopsis and 387 in
Brachypodium (Michael et al. 2017). In the wa7733 and wa8730 ge-
nomes, we found only a single canonical NLR gene. Although it
has conserved homologs in the Spirodela genomes, it is very diver-
gent from NLR genes of other species. Additionally, two NLR-like
genes that contained incomplete NB-ARCdomainswere identified
in theWolffia genome assemblies, and these genes are highly con-
served across duckweeds, Arabidopsis, and rice.

Another gene loss was associated with light signaling and the
circadian clock in Wolffia. We reasoned that because Wolffia has
apparently optimized for fast growth through rapidmultiplication

that it may have expanded light signaling and circadian gene fam-
ilies to better fine-tune its physiological response to the environ-
ment. However, we observed the opposite with Wolffia, which
only had one-third of light signaling and circadian clock genes
compared to that in other land plants (30 vs.∼90) and half of those
found in Spirodela and Zostera (Supplemental Table S11). Of the
conserved single-copy BUSCO genes that are also light and circadi-
an-related, Wolffia is missing WITH NO LYSINE (K) KINASE 1
(WNK1) (Murakami-Kojima et al. 2002), TANDEM ZINC
KNUCKLE (TZP) (Loudet et al. 2008), FAR1-RELATED FACTOR1
(FRF1) (Ma and Li 2018), and several of the light harvesting com-
plex genes. In addition, Wolffia is missing the core clock compo-
nent TIMING OF CAB EXPRESSION 1 (TOC1/PRR1), which is also
missing in Spirodela and Zostera, yet present in all other non-grass
monocots. TOC1/PRR1 specifically binds the promoter of CELL
DIVISIONCONTROL 6 (CDC6) to regulate the time of DNA replica-
tion licensing and growth in Arabidopsis (Fung-Uceda et al. 2018).
In contrast, Wolffia had similar numbers of proteins for flowering

A

B C D

Figure 3. Wolffia orthogroups (OGs) analysis reveals significant GeneOntology (GO) terms relating to growth and defense. (A) An upset plot showing the
orthogroups (OGs) present (black circles) or missing (gray circle) across the four duckweed genomes (sp9509, sp7498, wa7733, and wa8730), model
species (Arabidopsis thaliana, Oryza sativa ssp. Japonica), and two non-grass monocots (Musa acuminata, Zostera marina). Boxes indicate Wolffia-specific,
Wolffia-missing, and duckweed-specific genes. (B) Significant (FDR<0.05) GO terms derived fromWolffia-specific OGs (A) were plotted in two-dimensional
semantic space by multidimensional scaling (MDS) with the color reflecting significance (P-value) and circle size reflecting GO frequency. (C ) GO terms
from Wolffia missing OGs. (D) GO terms from duckweed-specific OGs. All GO terms were summarized using semantic similarity (SimRel), and P-values
from overrepresentation with REVIGO.
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time (FLOWERING LOCUS T [FT] and CONSTANS [CO]) and tem-
perature response (HEAT SHOCK PROTEINS [HSP] and C-repeat/
DRE-Binding Factor [CBF]) (Supplemental Table S11).

Time-of-day expression networks

W. australiana doubles in just over a day (Supplemental Table S1),
and because growth is controlled through TOD expression net-
works, we set out to produce a temporally resolved transcriptome
data set for one of the two Wolffia accessions. Wa8730 was grown
under standard diurnal conditions of photocycles and constant
temperature, which is 12 h of light (L) at 20°C and 12 h of dark
(D) at 20°C (referred to as LDHH, light/dark/hot/hot) for 3 wk after
transfer. Fronds were then sampled every 4 h over 2 d for a total of
13 time points (Supplemental Fig. S10). We found that 83%
(11,870) of the predicted genes were expressed significantly under
the LDHH condition (Supplemental Fig. S11; Supplemental Table
S12).We estimated the number of genes showing cycling behavior
using HAYSTACK (R>0.8) and found that 13% (1638) of the ex-
pressed genes displayed a TOD expression pattern under the
LDHH condition (Supplemental Fig. S11; Supplemental Table
S13). We also predicted cycling genes using another popular tool
called JTK_CYCLE and found slightly fewer cycling genes
(11.5%) with significant overlap with the HAYSTACK results (Sup-
plemental Fig. S12; Supplemental Table S14); all subsequent anal-
yses were conducted with the HAYSTACK results. Wa8730 genes
displayed peak expression, or phase, every hour over the day, sim-

ilar to TOD time courses under the LDHH condition in other
plants, with more genes peaking at morning- or evening-specific
phases (Fig. 4E; Supplemental Fig. S13). A possible contributing
factor for the reduced number of TOD-controlled genes in Wolffia
under the LDHHcondition is the lower percentage of transcription
factors (TFs) that cycle (11%) compared to other species like Arabi-
dopsis and rice (Supplemental Table S17).

The phase of expression of core clock genes is conserved
across species (Filichkin et al. 2011). Therefore, we looked at the ex-
pression of the core clock-related proteins to both validate the time
course and establish if their expression is also conserved inWolffia.
At the core of the clock is a family of single MYB (sMYB) domain
transcription factors LHY and CIRCADIAN CLOCK ASSOCIATED
1 (CCA1), along with a related family called REVEILLE (RVE)
(McClung 2019). Although Arabidopsis has 12 sMYB genes similar
to CCA1/LHY/RVE, Wolffia has four and only two cycle with a
dawn phase; one is the likely CCA1/LHY ortholog and the other
is orthologous to RVE7 (Fig. 4A). The other half of the core circadi-
an clock negative feedback loop is the evening expressed TOC1,
which is missing in Wolffia. TOC1 is part of a five-member gene
family of PRRs, which display “waves” of expression across the
day (PRR9, dawn; PRR7, midday; PRR5, dusk; PRR3, evening;
TOC1/PRR1, evening) (Michael and McClung 2003). Wolffia only
had three PRRs (plus three and four ARR for wa7733 and
wa8730, respectively): WaPRR9, WaPRR7/3, and WaPRR5, which
are phased to dawn, dusk, and evening, respectively (Fig. 4B).
Other core circadian proteins such as GIGANTEA (GI), EARLY
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Figure 4. Core circadian and light genes cycle in Wolffia with global expression over the day. (A–D) Circadian clock and light signaling TOD gene ex-
pression in wa8730 is similar to that found in other plants. (A) sMYB (blue) and LHY (red) cycle with dawn specific expression. (B) PRR5 (blue), PRR9
(red), and PRR73 (green) showwaves of expression similar to other species. (C)GI (blue), ZTL (red), and ELF3 (green) cycle with evening-specific expression.
(D) Light signaling genes CRY (blue), SPA1 (red), and PIL3 (green) cycle over the day. (E) Heatmap of the cycling genes with red indicating high expression
and blue indicating low expression. Genes are on the y-axis and time is on the x-axis.
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FLOWERING 3 (ELF3), and FLAVIN-BINDING, KELCH REPEAT, F-
BOX (FKF1) have evening expression as in other plants (Fig. 4C),
as well as circadian-regulated light signaling genes (Fig. 4D).
Despite having a reduced set of circadian and light signaling genes
(Supplemental Table S11), TOD expression is conserved across the
core circadian clock proteins.

As another check of the time course, we looked to see if TOD
cis-elements thatwehave found to be conserved in other plant spe-
cies are also found in Wolffia (Michael et al. 2008b). We searched
promoters (500 bp upstream) of genes predicted to be expressed
at the same time of day and found the same cis-elements that we
have identified across all other plants tested to date (Zdepski
et al. 2008;Michael et al. 2008b; Filichkin et al. 2011). For instance,
the Evening Element (EE: AAATATCT), whichwas identified in ear-
ly microarray experiments and promoter bashing (Harmer et al.
2000; Michael and McClung 2002), is highly overrepresented in
the promoters of evening expressed genes (Fig. 5A,D), whereas
theGbox (CACGTG) and its derivatives are highly overrepresented
at dawn (Fig. 5C), and the Protein Box (PBX: GTGGGCCCC) is
overrepresented late in the night (Fig. 5E; Supplemental Tables
S15, S16). In contrast, the TeloBox (TBX: AAACCCT), which is usu-
ally overrepresented in genes expressed aroundmidnight, was not
significant inWolffia (Fig. 5B). The lack of the TBX could partly ex-
plain the decreased number of cycling genes or it could mean that
Wolffia geneswith the TBXdonot cycle like they do inArabidopsis,
rice, and poplar (Filichkin et al. 2011). To test these options, we le-
veraged our empirically proven informatic method to assign cy-
cling and phase information from Arabidopsis to its Wolffia
reciprocal best blast (RBB) ortholog (Michael et al. 2008b;
Zdepski et al. 2008; Filichkin et al. 2011). We found that the
TBXwas overrepresented in the promoters ofWolffia orthologs as-
signed the phase from Arabidopsis, consistent with Wolffia TBX-
containing genes not cycling under the conditions tested
(Supplemental Fig. S14). In Arabidopsis, genes associated with pro-
tein synthesis and other activities that occur in the middle of the

night contain the TBX cis-element, suggesting Wolffia may have
lost the TOD coordination for these pathways.

Wolffia cycling genes are focused on core energy acquisition

pathways

BecauseWolffia has fewer TOD controlled genes under LDHH, we
wanted to know if this was caused by fewer pathways cycling or
just a result of Wolffia having fewer genes per family
(orthogroups). If the later were true, then we would expect
Wolffia to have a similar number of cyclingOGs compared to other
plants that have expanded gene families. Therefore, we compared
the Wolffia cycling genes against two high-quality time courses
from Arabidopsis and rice generated under the same LDHH condi-
tions (Michael et al. 2008b; Filichkin et al. 2011). Of the OGs that
had at least one gene cycling in Arabidopsis, rice, and Wolffia, we
found that 49% (4293/8724), 74% (6025/8063), and 18% (1442/
7844) were cycling, respectively, which are similar numbers to
overall cycling for each species and consistent with larger gene
families not playing a significant role in percent cycling in any
of the species (Fig. 6B; Supplemental Fig. S15). Eighty-one percent
of cyclingWolffia OGs were shared with Arabidopsis and rice, sug-
gesting the cycling pathways inWolffia are a subset of those found
in other plants. In addition, the OGs that did cycle inWolffiawere
more likely to share the same mean phase of expression with
Arabidopsis and rice, consistent with the conservation of TOD ex-
pression that has been found in other studies (Filichkin et al.
2011; de los Reyes et al. 2017; Supplemental Fig. S16).

We next looked to see which Wolffia pathways were cycling,
and by proxy through comparison with data from Arabidopsis and
rice for those pathways that are not cycling in Wolffia, by looking
at the GO terms that were significantly overrepresented at specific
times over the day. Wolffia had 92 significant GO terms that are
TOD specific, whereas Arabidopsis and rice had 238 and 253, re-
spectively (Fig. 6A; Supplemental Fig. S17; Supplemental Tables
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Figure 5. Wolffia has conserved TOD cis-elements but lacks others. (A) The Evening Element (EE:AAATATCT) is overrepresented in genes with evening-
specific expression. (B) The Telobox (TBX:AAACCCT) is not significantly overrepresented in Wolffia promoters of cycling genes. (C ) Sequence logo of the
significantly overrepresented Gbox (CACGTG) inWolffia. (D) Sequence logo of the EE overrepresented cis-elements. (E) Sequence logo of the Protein box
(PBX: TGGGCCC) overrepresented cis-elements.
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S18–S20). The 20 significant GO terms shared across all three spe-
cies were summarized into sulfate assimilation, response to abiotic
stimulus, ribosomal small subunit biogenesis, photosynthesis,
photosystem I, starch catabolism, and chlorophyll biosynthesis
(Fig. 6C,E). The remaining 72 Wolffia-specific TOD GO terms
also are focused on carbon metabolism and summarized into
monocarboxylic acid catabolism, cellular response to sulfate star-
vation, fructose 1,6-bisphosphate metabolism, and UDP-galactose
transmembrane transport (Fig. 6F). Both the shared and species-
specific significant TOD GO terms are focused on energy acquisi-
tion in Wolffia. In contrast, the 421 significant GO TOD terms in
Arabidopsis or rice are summarized into 15 biological processes
consistent with plants that have more complex structure (Fig.
6D) (Michael et al. 2008b; Filichkin et al. 2011). In addition, sever-
al of the summarized GO terms that are missing in Wolffia, but
found in Arabidopsis and rice, are related to protein biosynthesis
pathways, which is consistent with the loss of the TBX cis-element
inWolffia (Fig. 5B; Supplemental Fig. S14). These results show that
Wolffia has retained a core set of cycling genes focused on energy
acquisition and utilization, but other pathways common inmodel
plants have been released from TOD control. Because the primary
role of the circadian clock is to gate processes to coincide with spe-
cific times of day (Michael et al. 2003), and the circadian clock is

dispensable in plants, the reduced TOD control inWolffia could re-
flect its less orchestrated continuous growth pattern.

Discussion

Here, we present two draft genomes for different accessions of W.
australiana, which has a relatively small genome and contains a
minimal set of about 15,000 genes. A key finding of our work is
that Wolffia has a reduced number of TOD-regulated genes
(13%) compared to other plants under the same assay conditions,
and the genes that remain regulated are specific to photosynthesis
and carbon metabolism. Because Wolffia is small (∼1 mm in size),
fast growing (DT∼1 d), has a minimal set of core plant genes, and
grows in direct contact with the media, it offers advantages analo-
gous to the yeast system, which opens up new research opportuni-
ties in plants.

W. australiana has the smallest genome across the 11 species
in the genus tested, which have an average size of 1136Mb, and is
half the size of the next smallest species ofW. brasiliensis at 776Mb
(Wang et al. 2011). Despite the range in genome sizes, all Wolffia
species have a reduced body plan of a frond with just several thou-
sand cells and no roots (Fig. 1). They also have a similar fast growth
rate of around a day (Supplemental Table S1) with no obvious
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Figure 6. Wolffia cycling genes are focused on energy acquisition. (A) GO term overrepresentation by TOD for Wolffia with GO term summaries for 6-h
bins. (B) Venn diagram of cycling orthogroups (OGs) with at least one gene fromWolffia, Arabidopsis, and rice. (C ) Venn diagram of cycling GO terms from
Wolffia, Arabidopsis, and rice. (D) GO term summary for the 421 Arabidopsis and rice cycling GO terms. (E) GO term summary for the 20 cycling GO terms
shared across all three species. (F) GO term summary for the 72Wolffia-specific cycling GO terms. All GO terms were summarized using semantic similarity
(SimRel), and P-values from overrepresentation with REVIGO.
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relationship to genome size (Sree et al. 2015b). Wolffia contains
the most derived species of all the duckweeds (Fig. 1C), with
body plan reductions compared to the most basal Spirodela genus.
The results that several key genes associated with root and light-
specific development were disrupted by LTR-RT in W. australiana
versus Spirodela suggests that at some level the changes in mor-
phology are the result of TE activity. Like Spirodela, which also
has a small genome, the LTR-RT solo::intact ratio is high inW. aus-
traliana consistent with LTR-RT being purged through illegitimate
recombination (Devos et al. 2002). Therefore, it is probable thatW.
australiana has a relatively small genome compared to other
Wolffia species owing to the active purging of LTR-RT that in the
past has helped to shape its unique gene repertoire and body plan.

Wolffia, and the Lemnaceae family in general, represent ex-
treme examples of plant morphologyminimization, and these ad-
aptations are reflected in their reduced yet representative gene sets.
Multiple independently assembled genomes of both Spirodela and
Wolffia share a common set of missing BUSCO genes (Supplemen-
tal Fig. S7), and many of these genes inWolffia represent genes as-
sociated with its morphological innovations (Fig. 3; Supplemental
Table S6). Low BUSCO scores have also been noted in other plants
with morphological innovations like the parasitic dodder plant
(Cuscuta) and carnivorous bladderwort (Utricularia) that both
also lack roots and leaf structures like Wolffia (Ibarra-Laclette
et al. 2013; Sun et al. 2018; Vogel et al. 2018). Cuscuta australis
shares many of the same gene losses as Wolffia such as WOX5
(root apical stem cell maintenance), LOP1 (leaf patterning and
root development), and the entire CASP family (casparian strip)
(Sun et al. 2018). Wolffia is also missing several families of the
small signaling peptide CLAVATA3/ESR-RELATED (CLE) that regu-
late various aspects of cell fate and meristem size (Jun et al. 2010).
Loss ofCLE3 peptide known to play key roles in orchestratingmer-
istem size in plants is correlated with the unconventional mode of
organogenesis in duckweed in which the stipe tissue functions as
the site where new meristems are continuously initiated and
develop sequentially (Fig. 1C; Lemon and Posluszny 2000). De-
spite the extensive gene loss, Wolffia still maintains a core set of
gene families (OGs) common to flowering plants that have mini-
mal expansions (Supplemental Table S7; Supplemental Fig. S9).

Wolffia has lost a host of genes associated with the intersec-
tion between light signaling, phytohormones, circadian clock,
growth, immunity, and development that may provide insight
into its floating ball-shapedmorphology. It is critical for amultior-
gan plant to position itself relative to the Earth (gravitropism) and
the sun (phototropism) for proper development, as well as the
means to communicate between the different parts of the organ-
ism through systemic signaling (Vandenbrink et al. 2014).
Wolffia has lost many genes of the NPH3/RPT2-Like family
(NRL), which are required for several auxin-mediated growth pro-
cesses, including phototropism (root and shoot), petiole position-
ing, leaf expansion, chloroplast accumulation, stomatal opening,
and circadian control of PSII photosynthetic efficiency (Christie
et al. 2018). NPH3 is the founding member of the NRL family
with a close paralog DOT3, mutants of which fail to show photot-
ropism and have aberrant venation patterning in Arabidopsis, re-
spectively (Liscum and Briggs 1995; Motchoulski and Liscum
1999; Petricka et al. 2008). Compared to Arabidopsis, Spirodela
has only one NPH3/DOT3, which is lost in Wolffia through an
LTR-RT disruption (Fig. 2D). In addition, Wolffia is missing the
family of LAZY proteins that act as central integrators of gravity
sensing with the formation of auxin gradients to control plant ar-
chitecture (Yoshihara and Spalding 2017). The loss of these two

key phototropic and gravitropic pathways provide clues as to
how Wolffia has streamlined its body plan.

Lastly, the attrition of the highly conserved NLR family that
are known to contain many R genes in plants required to mediate
defense signaling and systemic resistance indicates that these
genes are largely dispensable for a fast-growing and structurally
simple plant. Elucidating how the stipe tissue continually func-
tions to generate new meristematic centers that are orchestrated
to produce new daughters and the mechanism that provides
Wolffia with robust defense to pathogens in an R-gene indepen-
dent manner will reveal much new plant biology. For the latter,
the emphasis of the sphingolipid-related pathways observed in
our work here may suggest their importance for defense signaling
inWolffiawhile there is also some evidence for an amplification of
the antimicrobial peptide pathways in Spirodela (An et al. 2019).
These suggestions remain to be examined in greater detail and test-
ed in the future.

One of the best described plant growth processes at the mo-
lecular level is that of hypocotyl elongation in Arabidopsis (Creux
and Harmer 2019). The circadian clock restricts or “gates” the
growth during the night hours (dark) through the core clock pro-
tein TOC1 binding to the PHYTOCHROME INTERACTING
FACTORS (PIF) transcription factors and interaction with one of
the core feedback loops mediated by the Evening Complex (EC:
ELF3/ELF4/LUX) (Seluzicki et al. 2017). Wolffia, Spirodela, and
Zostera all are missing TOC1 while having several other PRRs, sug-
gesting that they may replace TOC1 function in aquatic non-grass
monocots. In addition,Wolffia is missing the orthologs for PIF3/4
while having the other factors of the EC. Also, light-regulated
growth is controlled at some level by two distinct types of nuclear
photobodies, one of which is defined by TZP (Huang et al. 2016).
Loss of TZP in Arabidopsis results in smaller plants, whereas over-
expression results in large plants that do not stop growing, consis-
tentwith it being a central integrator of light (PHYA) signaling into
plant growth (Loudet et al. 2008; Huang et al. 2016; Zhang et al.
2018). Overall, the loss of growth gating pathways in Wolffia is
consistent with the significant decrease in circadian, light, and
flowering time genes (Supplemental Table S11), which is in con-
trast to someCrassulacean acidmetabolism (CAM) and crop plants
that display expansion of circadian genes (Lou et al. 2012; Wai
et al. 2019). These results suggest that the genome innovations re-
sponsible for the change in body plan in Wolffia may be closely
linked to the loss of specific light-gated growth.

The finding thatWolffia has fewer cycling genes under LDHH
conditions presents an unexpected paradox when compared with
other minimalist organisms that have been studied. Ostreococcus
tauri is a single-cell alga that is the smallest eukaryote (picoeukar-
yote) with a 13-Mb genome but a functional circadian clock
made up of the core negative feedback loop of CCA1-PPR1 and al-
most all of the genes cycling in a TOD fashion (Monnier et al.
2010). Similarly, the model microalga Chlamydomonas reinhardtii
has a core circadian clock and 80% of its genes cycle in a TOD fash-
ion (Zones et al. 2015). In contrast, multicellular, multiorgan
plants tested under the LDHH condition have a higher number
of cycling genes, such as Arabidopsis (45%), rice (41%), poplar
(30%), douglas-fir (29%), and Brachypodium (27%) (Michael et al.
2008b; Filichkin et al. 2011; Cronn et al. 2017; MacKinnon et al.
2020). Therefore, it would seem that a simplified (i.e., fewer celled)
plant like Wolffia would have almost all of its transcriptome TOD
regulated and multiorgan plants would have some processes that
would not require TOD expression. The fact that only the core
photosynthetic and carbon pathways remain under TOD control
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under LDHH suggests that most processes in Wolffia are un-
coupled from the environment.

However, it has been noted that a reduced number of genes
(∼5.2%) cycle in Norway spruce seedings (Picea abies), which could
be species-specific or reflect the age of the plants sampled, because
other gymnosperms, under normal spring–summer conditions,
have a similar number of cycling genes as other model plants
(Cronn et al. 2017; Ferrari et al. 2019). In gymnosperms the hy-
pothesis is that in overwintering needles that are not growing,
only core photosynthesis is required for coupling to the environ-
ment. In both cases, perhaps the common driving force to mini-
mize TOD control of genes is to economize on energy
expenditure to survive harsh winters for gymnosperms and rapid,
continuous growth for Wolffia. This would be consistent with
the retention of TOD control for genes involved in energy acquisi-
tion and storage for both cases. In a similar way, it is formally pos-
sible thatWolffia just has fewer genes cycling under the condition
tested (LDHH), although it has been shown that there is a high
level of overlap of cycling genes across environmental conditions
(Michael et al. 2008b; Filichkin et al. 2011).

Because Wolffia is in direct contact with the environment
(water) where temperature and nutrients are most likely in a rela-
tively constant state over the course of the day, it is possible that
Wolffia has uncoupled these processes from TOD expression re-
quired in an environment on land. Although most conserved
TOD cis-elements are found (Fig. 5; Michael et al. 2008b), the
loss of TOD overrepresentation of the TBX in Wolffia, but yet the
identification of it through cycling-orthologs with Arabidopsis
(Supplemental Fig. S14), suggest that TOD regulation of the highly
conserved TBX-controlled pathways (such as protein synthesis)
have been lost in Wolffia (Filichkin et al. 2011). The absence of
TBX regulation could reflect a general loss of key regulatory switch-
es (fewer TFs) associated with the circadian clock and light signal-
ing (Supplemental Tables S11, S16, S17). Becausemany of the gene
losses inWolffia link development with light signaling, it is possi-
ble that the evolutionary path to a highly reduced plant with sim-
ple architecture and continuous growth also resulted in the loss of
light-specific gated growth.

Wolffia is like the yeast of flowering plants with a core set of
angiosperm genes, small size, rapid unrestricted growth, and grow-
ing in direct contact with its environment. Before Arabidopsis,
duckweed was widely used as a model plant in plant biology
(Lam et al. 2014). In fact, duckweeds were central in elucidating
photoperiodic flowering (Lemna perpusilla) and auxin biosynthetic
pathways by radioisotope labeling (Lemna gibba) (Hillman 1976;
Rapparini et al. 1999). Wolffia still has the genes for flowering
and could be developed as a genetic system that is distinct from
that of Arabidopsis, where crosses may be made by mixing flower-
ing strains and collecting the seeds that sink to the bottom of the
growth medium. The limited number of cells and cell types in
Wolffia could provide a simplifiedmodel to dissect cell-specific reg-
ulation and how plant cells directly respond to specific chemicals
at the organismal level.

Methods

Growth

W. australiana (Benth.) Hartog & Plas clones 7211 (Australia,
Victoria), 7540 (New Zealand), 7733 (Australia, South Australia),
and 8730 (Australia, New South Wales) were maintained at the
Rutgers Duckweed Stock Cooperative (http://www.ruduckweed

.org/) or at the stock collection at the University of Jena,
Germany. The specific growth conditions for growth assays, imag-
ing, and the TOD time course are detailed in the Supplemental
Materials and in Appenroth et al. (1996). Explanation of relative
growth rate (RGR), doubling time (DT) and relative (weekly)
yield (RY) have been previously described (Ziegler et al. 2015).
The stack of 311 Wolffia microimages was obtained using digital
microscope Keyence VHX-5000 with 600× lens magnification
(Keyence Deutschland GmbH) and ImageJ software (Schindelin
et al. 2012).

Genome sequencing and assembly

HMW genomic DNA was isolated from young teff leaf tissue for
both PacBio and Illumina sequencing. A modified nuclei prepara-
tion was used to extract HMW gDNA, and residual contaminants
were removed using phenol–chloroform purification (Lutz et al.
2011). Genome size was estimated by k-mer frequency with
Jellyfish and GenomeScope (Vurture et al. 2017), as well as by
flow cytometry as previously described (Hoang et al. 2019).
PacBio data was error corrected and assembled using Canu (v1.5)
(Koren et al. 2017), and assembly graphs were visualized after
each iteration of Canu in Bandage (Wick et al. 2015). A consensus
was first generated using the PacBio reads and three rounds of ra-
con (v1.3.1) (Vaser et al. 2017). The raw PacBio contigs were pol-
ished to remove residual errors with Pilon (v1.22) (Walker et al.
2014) using Illumina paired-end sequence. Illumina reads were
quality-trimmed using Trimmomatic followed by aligning to the
assembly with Bowtie 2 (v2.3.0) (Langmead and Salzberg 2012)
under default parameters. To test completeness, the Waksman
Student Scholars Program (WSSP) (https://www.ncbi.nlm.nih
.gov/nuccore/?term=Waksman±Student±Scholars±program±wolf
fia±australiana) cDNA sequences were mapped to the wa8730 and
wa7733 genome assemblies using minimap2 (v2.17-r941) (Li
2018). Bionanoopticalmapswere prepared as previously described
(Kawakatsu et al. 2016) with minor modifications (Supplemental
Materials). Assemblies (wa8730, wa7733, sp9509, sp7498) were
benchmarked using the BUSCO (v3) liliopsida odb10 database
(Simão et al. 2015). Identification of high copy number repeats
such as rDNA and centromere arrays in the two Wolffia acces-
sions were performed as previously described (Hoang et al. 2018).

Genome annotation

Custom repeat libraries were constructed for each species follow-
ing the MAKER-P basic protocol (Campbell et al. 2014).
RepeatModeler (v1.0.8) was run against the genome assembly to
produce an initial de novo library (Smit and Hubley 2008–2015).
Sequences with BLASTX hits (E-value 1×10−10) to a UniProt data-
base of plant protein-coding genes were removed alongwith 50-bp
flanking sequences. The resulting custom library was used with
RepeatMasker (v4.0.7) with default settings (Smit et al. 2015).
Protein-coding genes were annotated for all four duckweed ge-
nomes with the MAKER 3.01.02 pipeline (Holt and Yandell
2011). For protein-coding gene predictions, a comprehensive tran-
scriptome assembly for each species was developed using PASA
(Haas et al. 2003). Illumina RNA-seq reads for both sp9509 and
wa8730 were trimmed with skewer (v0.2.2) (Jiang et al. 2014),
aligned to the genome assembly with HISAT2 (v2.1.0) (Kim et al.
2015), and assembled with Trinity (v2.6.6) (Grabherr et al. 2011;
Haas et al. 2013). EST sequences from sp7498 (Wang et al. 2014)
were downloaded from the NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra) (SRR497624) and assembled
withNewbler (v3.0) (Margulies et al. 2005). All available assembled
duckweed transcripts were passed to MAKER as evidence. Protein
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homology evidence consisted of all UniProtKB/Swiss-Prot
(Schneider et al. 2009; UniProt Consortium 2019) plant proteins
and the following proteomes: Arabidopsis thaliana, Elaeis guineen-
sis, Musa acuminata, Oryza sativa, Spirodela polyrhiza, and Zostera
marina (Goodstein et al. 2012; Singh et al. 2013). Three different
approaches were used for ab initio gene prediction. RNA-seq align-
ments along with the soft-masked assembly were passed to
BRAKER 2.1.0 to train species-specific parameters for AUGUSTUS
(v3.3.3) and produce the first set of coding gene predictions
(Stanke et al. 2006, 2008; Hoff et al. 2016, 2019). A second set of
predictions was produced by generating a whole-genomemultiple
sequence alignment of all duckweed species with Cactus (Paten
et al. 2011) and running AUGUSTUS in CGP mode (König et al.
2016). The final set of predictions was produced by running
AUGUSTUSwithin theMAKER pipeline, using the BRAKER-gener-
ated species parameters along with protein and assembled RNA-
seq alignments passed as evidence. MAKER was run and allowed
to select the gene models most concordant with the evidence
among these three prediction data sets. MAKER-P (Campbell
et al. 2014) standard gene builds were generated by running
InterProScan (v5.30–69) (Jones et al. 2014) and retaining only
those predictions with a Pfam domain or having evidence support
(AED score < 1.0). Orthogroups and orthologs were identified
across 29 proteomes from the Plaza 4.0 Monocots database (Van
Bel et al. 2018) and the duckweed MAKER-P standard build prote-
omes with alternate transcripts removed. OrthoFinder (v2.2.7)
(Emms and Kelly 2015, 2019) was run against all-versus-all prote-
ome alignments computed with DIAMOND (Buchfink et al. 2015)
using the standard workflow. To create a consistent set of GO term
classifications for every protein in each species in the data set, the
28 Plaza monocot (v4) proteomes and the four duckweed prote-
omes were processed by eggNOG-mapper (Huerta-Cepas et al.
2017). The significant GO terms (FDR<0.05) were summarized
and visualized using REVIGO (Supek et al. 2011). The nucleo-
tide-binding leucine-rich repeat proteins (NLRs) were predicted us-
ing NLR-Annotator (Steuernagel et al. 2020) that scans genomic
sequences for MEME-based sequence motifs (Bailey et al. 2009).
In addition, the proteomes were queried for the presence of the
NB-ARC domain (PF00931) (Sarris et al. 2016). Genomic and pro-
teomic NLR predictions were combined to create a nonredundant
list of putative NLRs, each putative NLR with an available gene
model was then run through interpro-scan (Jones et al. 2014) for
further domain prediction. The set of NLRs from either accession
and species were then aligned by MAFFT (Katoh and Standley
2016) to identify orthologs.

Time-of-day time course analysis

TOD time course data was analyzed with similar methods that
have been described with some modifications described below
(Michael et al. 2008b; Filichkin et al. 2011; Wai et al. 2019;
MacKinnon et al. 2020). HISAT2 (Kim et al. 2015) was used to align
RNA-seq reads to the wa8730 assembly. The resultant alignments
were processed by Cuffquant and CuffNorm (Trapnell et al.
2012) to generate normalized expression counts for each gene
for each time point. Genes with mean expression across the 13
time points below 1 FPKM were filtered before being processed
by HAYSTACK (Michael et al. 2008b). As a check, cycling genes
were also predicted cycling genes using JTK_CYCLE (Hughes
et al. 2010). Once cycling genes in wa8730 were identified, we
were able to find putative cis-acting elements associated with
TOD expression. Promoters, defined as 500 bp upstream of genes,
were extracted for each gene in wa8730 and processed by
ELEMENT (Mockler et al. 2007; Michael et al. 2008a,b). Our

threshold for identifying a k-mer as being associated with cycling
was an FDR<0.05 in at least one of the comparisons.

Data access

The raw PacBio data, Illumina resequencing, and RNA-seq reads
generated in this study were deposited to the NCBI BioProject da-
tabase (https://www.ncbi.nlm.nih.gov/bioproject/) under acces-
sion number PRJNA615235 (for individual SRA accession
numbers, see Supplemental Table S21). The genome assemblies
wa8730 and wa7733 are available from CoGe (https
://genomevolution.org/) under Genome ID 56605 and 56606,
respectively.
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