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1 Wolffia biology 
1.1 The potential of Wolffia as a future high protein crop 

Wolffia is the most derived of all the duckweed with highly reduced morphology 

and anatomy, lacking roots and containing only the green floating frond, which is 

essentially a fused leaf and stem without any vasculature (Figure 1A, B). Wolffia 

microscopica is the fastest known growing angiosperm with a doubling time close to a 

day. Wolffia globosa and Wolffia arrhiza have been traditionally eaten in Southeast 

Asian countries like Thailand, Laos and Cambodia. It is referred to as Khai Nam, which 

means “water eggs.” Not only is the protein content high (~30% dry weight), the level for 

different amino acids is well above the recommendation of the World Health 

Organization (WHO) (Klaus-J Appenroth et al. 2018). Although the fatty acid content is 

low, its composition is suitable for the human diet. Interestingly, the mineral content can 

be modulated as per the desired content (Klaus-J Appenroth et al. 2018). Additionally, it 

was found that the plant extracts did not possess any cytotoxic or anti-proliferative 

effects on tested human cell lines (Sree et al. 2019). Taken together with the high 

growth rate, Wolffia has the added potential to be biofortified and developed as a more 

nutritious food crop for the future. Currently there are several companies bringing 

Wolffia to the market as a high protein crop. 

 

1.2 Wolffia growth rate measurements 
Four W. australiana (Benth.) Hartog & Plas accessions 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 (Supplemental Figure S1). All four W. australiana accessions were pre-

cultivated for four weeks with a subculture interval of 1 week at 25°C and continuous 

white light of an intensity of 100 µmol m-2 s-1. For growth rate measurement, 10 ± 1 

fronds from the pre-cultures were inoculated into 100 ml nutrient medium N contained in 

150 ml beakers (K-J Appenroth, Teller, and Horn 1996). The plants were grown for 1 

week at 25°C and continuous white light of an intensity of 100 µmol m-2 s-1. The final 



Wolffia genome supplemental material 

 4 

frond count was taken on day 7. The experiment was carried out with 6 replicates and 

was repeated at an interval of 1 month (Supplemental Table S1). All values are average 

±SE. Explanation of Relative Growth Rate (RGR), Doubling Time (DT) and Relative 

(weekly) Yield (RY) can be found in Ziegler et al., (Ziegler et al. 2015). For the two draft 

genomes reported in this study, we find that wa7733 and wa8730 have doubling times 

of 1.56 and 1.66 days respectively (Supplemental Table S1), consistent with the 

previous measurement of 1.39 days (Sree, Sudakaran, and Appenroth 2015). 

 

1.3 Ultrastructure of W. australiana and Imaging 
W. australiana was grown on 2% agar (Agar-Agar, danish, Carl Roth GmbH, 

Karlsruhe, Germany) with half-strength MS salts (Murashige and Skoog 1962) under 

sterile conditions with 16 h day (white light of 85 μmol m−2s−1) and 8 h night at 25 ± 1°C. 

Frond proliferation was monitored using a digital microscope Keyence VHX-5000 

(Keyence Deutschland GmbH, Neu-Isenburg) by capturing images at 30 min intervals 

during 45 hours. In order to demonstrate growth dynamic, the video file was converted 

to time-lapse movie MP4 format (Supplemental Movie S1). For histological 

examinations, intact plants were fixed in FAA (Weigel and Glazebrook 2008), infiltrated 

with Spurr Resin (Plano, Wetzlar, Germany) and polymerized at 70°C for 24 h. The 

serial block sectioning was performed using Semimikrotom Leica Ultracut UTC (Leica 

Mikrosysteme GmbH, Vienna, Austria); the semi-thin 1 µm tissue sections were stained 

with Methylenblau-Borax (Waldeck GmbH & Co. KG, Muenster) and the stack of 311 

micro images was obtained using digital microscope Keyence VHX-5000 with 600× lens 

magnification (Keyence Deutschland  GmbH, Neu-Isenburg) and ImageJ software 

(Schindelin et al. 2012). The creation of three-dimensional models from a set of images 

(3D-reconstruction) was performed using Amira-Avizo software 

(ThermoFisherScientific) (Figure 1B). 

 

1.4 Wolffia australiana genome size estimates 
The genome size of W. australiana has been reported to be 375 ± 25 Mb and 

357 ± 8 Mb for accessions wa8730 and wa7733 respectively by flow cytometry (Wenqin 

Wang, Kerstetter, and Michael 2011). More recently the genome size of wa7540 was 
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estimated by flow cytometry to be 432 ± 6 Mb (P. T. N. Hoang et al. 2019). These 

estimates were carried out with different internal standards, which could reflect the 

differences in size, or they could represent real variation between W. australiana 

accessions. We estimated the genome sizes of all three accessions by k-mer frequency 

using Illumina sequencing reads. Using an estimated 68, 80 and 62 fold Illumina 

sequencing coverage (with a 375 Mb genome size) for wa8730, wa7733 and wa7540 

respectively, the k-mer (k=19) count was generated using jellyfish (v2.2.4) using no k-

mer cut off (no -U), which enables counting of up to 10,000 k-mers to capture the high 

copy number repeats (centromere, rDNA and young TEs). The k-mer frequency was 

estimated by analyzing the Jellyfish histo file with GenomeScope (Vurture et al. 2017) 

and verified with an in-house pipeline (Supplemental Figure S2). The k-mer profiles are 

consistent with diploid homozygous plants with one predominant k-mer frequency peak 

and heterozygosity ranging from 0.29-0.60%. The k-mer frequency genome size 

estimates were very similar at 342-345 Mb with 31-33% repeat sequence 

(Supplemental Figure S2). 

The k-mer genome size estimates results are consistent with the 357-375 Mb 

flow cytometry genome size estimate (Wenqin Wang, Kerstetter, and Michael 2011), but 

the consistency (within 3 Mb) in k-mer genome size estimates suggested the past flow 

cytometry estimates may not reflect the true genome size variation between accessions. 

Therefore, we measured all three accessions using the same method as Hoang et al., 

(P. T. N. Hoang et al. 2019), which uses radish (Raphanus sativus) as the reference, 

and found that the genome size estimates were also similar to one another but higher at 

432, 441 and 432 Mb for wa7733, wa8730 and wa7540 respectively (Supplemental 

Figure S3). Since the genome assembly sizes were 395 and 355 Mb for wa7733 and 

wa8730 respectively, and both Illumina and PacBio reads covered greater than 95% of 

the genome assemblies, which confirms that 100 Mb is not missing from the 

assemblies, the flow cytometry results most likely are a high estimate of genome size. 

However, it does confirm that the genome size variation between the accessions is 

small (1-3 Mb). The differences in assembled genome size (395 vs. 355 Mb) could just 

reflect the amount of high copy number repeats (centromere and rDNA) (Supplemental 

Figure S2,3; Supplemental Table S4) assembled based on their coverage (91x vs. 41x), 
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which would be consistent with the k-mer genome size estimate of 342-345 Mb 

(Supplemental Figure S1). 

 
1.5 Wolffia australiana growth for genome sequencing and time of day (TOD) 
RNA-seq 

Fresh sterile clones for wa8730 and wa7733 from the Rutgers Duckweed Stock 

Cooperative (http://www.ruduckweed.org/) were inoculated into 100 ml half-strength MS 

salts (Murashige and Skoog 1962) in 150 ml beakers. Clones were grown under 12 h 

light (100 µmol m-2 s-1) and 12 h dark at constant 20°C for three weeks to ensure 

enough biomass for genome sequencing and TOD RNA-seq. This growing condition is 

known as light/dark/hot/hot (LDHH) (Michael, Mockler, et al. 2008). For the 2-day time 

course experiment, roughly 600 mg of tissue was sampled every 4 hr over 2 days for a 

total of 13 time points for wa8730 and at 0 hr and 12 hr for a total of 2 time points for 

wa7733 (Supplemental Figure S10). Samples were collected in the dark under a dim 

green light, flash frozen in liquid nitrogen and stored at -80 oC. RNA was extracted using 

the total RNA isolation protocol from mirVana miRNA Isolation Kit (Thermo Scientific, 

Cat. No. AM1560). The RNA quality was validated using gel electrophoresis and the 

Qubit RNA IQ Assay (ThermoFisher, USA). High molecular weight (HMW) genomic 

DNA was isolated for both PacBio and Illumina sequencing. A modified nuclei 

preparation was used to extract HMW gDNA and residual contaminants were removed 

using phenol chloroform purification (Lutz et al. 2011). The DNA sample was run 

overnight on a low concentration agarose gel (<0.5% W/V) to ensure the DNA has 

HMW (>40 kb) with Lambda DNA used as a control. 
 
2. Wolffia genomics 

2.1 Genome and RNA sequencing 

PacBio (Pacific Biosciences, USA) libraries were constructed with HMW DNA 

using the manufacturer’s protocol and were size selected for 30 kb fragments on the 

BluePippin system (Sage Science, USA) followed by subsequent purification using 

AMPure XP beads (Beckman Coulter, USA). The PacBio libraries were sequenced on a 
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PacBio RSII system with P6C4 chemistry. In total, 16 and 36 Gb of filtered PacBio 

reads were generated, which represents 41x and 91x coverage for wa8730 and wa7733 

respectively. The same batch of HMW genomic DNA was used to construct Illumina 

(Illumina, USA) DNA-seq libraries for correcting residual errors in the PacBio assembly. 

Libraries were constructed using the KAPA HyperPrep Kit (Kapa Biosystems, 

Switzerland) followed by sequencing on an Illumina HiSeq2500 with 2x150 bp paired-

ends (wa7733 and wa7540). Wa8730 was sequenced on an Illumina MiSeq with 2x311 

bp paired-ends. Stranded RNA-seq libraries were constructed using 2ug of total RNA 

quantified using the Qubit RNA HS assay kit (Invitrogen, USA) with the Illumina TruSeq 

Stranded Total RNA with Ribo-Zero Plant (Illumina, USA). Multiplexed libraries were 

pooled and sequenced on an Illumina HiSeq2500 under paired-end 150 bp mode. All 

raw sequencing data has been submitted to NCBI (Supplemental Figure S21). 

2.2 Genome assembly 
PacBio data was error corrected and assembled using Canu (v1.5) (Koren et al. 

2017), which has produced accurate and contiguous assembly for homozygous plant 

genomes (VanBuren et al. 2020). The following parameters were modified: 

minReadLength=2000, GenomeSize=375Mb, minOverlapLength=1000. Assembly 

graphs were visualized after each iteration of Canu in Bandage (Wick et al. 2015) to 

assess complexities related to repetitive elements and homoeologous regions. A 

consensus was first generated using the PacBio reads and three rounds of racon 

(v1.3.1) (Vaser et al. 2017). The raw PacBio contigs were polished to remove residual 

errors with Pilon (v1.22) (Walker et al. 2014) using greater than 30x coverage of 

Illumina paired-end data for wa8730 and wa7733 respectively. Illumina reads were 

quality-trimmed using Trimmomatic followed by aligning to the assembly with bowtie 2 

(v2.3.0) (Langmead and Salzberg 2013) under default parameters. Parameters for Pilon 

were modified as follows: --flank 7, --K 49, and --mindepth 15. Pilon was run recursively 

three times using the modified corrected assembly after each round. The statistics for 

the final Canu based PacBio assembly are summarized (Table 1). Completeness of the 

genome was checked by both looking at the mapping of the Illumina reads to the 

genome assemblies, as well as mapping high quality Sanger sequenced cDNA clones. 

The average Illumina read mapping to the genome assembly at each pilon step was 95 
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and 97% for wa8730 and wa7733 respectively (Table 1), consistent with the assemblies 

covering almost all of the genome space. In addition, 1,987 high quality Sanger 

sequenced cDNA clones from the Waksman Student Scholars Program (WSSP) 

(https://www.ncbi.nlm.nih.gov/nuccore/?term=Waksman+Student+Scholars+program+w

olffia+australiana) were mapped to the genome assemblies with 100 and 99.7% of the 

cDNAs mapping to the wa7733 and wa8730 genomes, respectively (Table 1). The 

WSSP cDNA sequences were mapped to the wa8730 and wa7733 genome assemblies 

using minimap2 (v2.17-r941) with default settings (Li 2018). 
 
2.3 BioNano Genomics maps 

Bionano optical maps were prepared as previously described (Kawakatsu et al. 

2016) with minor modifications; HMW DNA was extracted from up to 10 g whole plant 

tissue. Briefly, extracted HMW DNA was nicked with the enzyme Nt.BspQI (NEB, 

Beverly, MA, USA), fluorescently labeled, repaired, and stained overnight according to 

the Bionano Genomics nick-labeling protocol. Nick-labeled DNA was run on a single 

flow cell on the Irys platform (Bionano Genomics, San Diego, CA, USA). The IrysView 

software (Bionano Genomics; version 2.5.1) was used to quality filter the raw data 

(>100 kb length, >2.5 signal/noise ratio) and molecules were assembled into contigs 

using the “small optArguments” parameters. Resulting Bionano cmaps were compared 

against the different assemblies using Bionano RefAlign and collapsed regions or 

artificial expansions were detected as structural variations using the structomeIndel.py 

script (https://github.com/RyanONeil/structome) (Supplemental Table S4). 

2.4 BUSCO (Benchmarking Universal Single-Copy Orthologs) analysis 
BUSCO is typically used to assess the quality of a draft genome assembly by 

determining the number of highly conserved single-copy orthologs found in the 

assembly (Simão et al. 2015). We benchmarked each Wolffia draft assembly (wa8730 

and wa7733), as well as the complete chromosome resolved Spirodela genomes ( 

sp9509 and sp7498) using the BUSCO (v3) liliopsida odb10 database (Simão et al. 

2015). This produced a list of BUSCO genes found to be complete, missing, duplicated 

or partially found in each genome and forms the basis of a contingency table 
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represented by an upset plot (Table 1; Supplemental Table S5; Supplemental Figure 

S7). Despite the high-quality draft genomes for Wolffia and Spirodela, the complete 

BUSCO scores were between 66-74%, which is low compared to other high quality 

plant genome assemblies. Therefore, we hypothesized that the BUSCO genes 

(liliopsida odb10) were not conserved in duckweed due to its reduced body plan and 

basal position in the plant kingdom. A chi-square test found that the missing genes in 

the duckweeds were not independent. Subsequent post hoc tests showed that genes 

found to be missing in any duckweed were at increased chance of being found missing 

in the other duckweeds. Further, genes found to be missing in either Wolffia were at 

increased chance of being found missing in the other. (Supplemental Figure S7). In 

order to get more information about the missing BUSCO genes, the representative 

ancestral proteins were BLAST against Arabidopsis protein models to identify the 

Arabidopsis locus and annotation (Supplemental Table S6). 

2.5 Ribosomal (rDNA) prediction and copy number 
We found that Spirodela has a surprisingly small number of ribosomal DNA 

(rDNA) arrays compared to other plants; sp9509 has ~80 arrays whereas Arabidopsis 

has ~400 with the same size genome (Michael et al. 2017). We hypothesized that 

Spirodela may not require as many rDNA arrays due to its rapid growth and short life 

cycle. Similarly, we would expect the Wolffia genome to have fewer rDNA arrays since it 

also grows rapidly and has a short life cycle. Wolffia rDNA was identified with the 

Spirodela 18S, 5.8S, 26S and 5S sequence (Michael et al. 2017) using BLAST against 

the genome wa8730 and wa7733 genome assemblies (Supplemental Table S4). The 

Wolffia consensus rDNA sequence was used to search the genomes to determine how 

many repeats were in each assembly, and consistent with the contiguity statistics for the 

two genomes wa7733 has about double the number of assembled rDNA as compared 

to wa8730 (Supplemental Table S4). To estimate the number of rDNA repeats in the 

two Wolffia accessions we performed a coverage analysis with the Illumina short reads 

(P. N. T. Hoang et al. 2018). We created a library with one full length rDNA array, one 

5S array, and the single copy gene GIGANTEA (GI), and mapped the Illumina reads 

using minimap2 v2.17-r941) (Li 2018). The number of rDNA repeats was estimated by 

dividing the coverage across the rDNA arrays by the coverage over the single copy 
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gene (GI). We found that both Wolffia genomes had a reduced repeat content with ~200 

copies, double that of Spirodela but still half of the number found in Arabidopsis 

(Supplemental Table S4).  

 

2.6 Centromere and telomere identification 
We have found that with PacBio long read-based assemblies another measure of 

completeness is the identification of high copy repeats such as centromeres and 

telomeres sequences (VanBuren et al. 2015). We employed a searching strategy to 

identify the centromeres that leverages the idea that the highest copy number tandem 

repeat (TR) will be the centromere in most genomes (Melters et al. 2013). We searched 

the genomes using tandem repeat finder (TRF; v4.09) using modified settings (1 1 2 80 

5 200 2000 -d -h) (Benson 1999). TRF results were reformatted, summed and plotted to 

find the highest copy number TR per our previous methods (VanBuren et al. 2015). In 

contrast to Spirodela where there is either a dispersed (holocentric) centromere or no 

centromere array (Michael et al. 2017; Harkess et al. 2020), we identified that both 

Wolffia genomes contain the same three distinct putative centromeric repeats with base 

repeat units of 126, 167 and 250 bp (Supplemental Figure S2). All three putative 

centromere repeats had higher order repeats (HOR) consistent with them being part of 

centromere arrays that are currently active or active in the past. The fact that there are 

at least three putative centromere arrays could reflect a history in Wolffia of a changing 

centromere, or that W. australiana is a hybrid of several species; more Wolffia genomes 

should resolve this evolutionary history. Also, from the TRF output we identified 

telomeric arrays (AAACCCT). Like most plants both Wolffia genomes have the 

archetypal sequence, yet they are longer than other long read plant genomes. The 

Arabidopsis and Spirodela genome assemblies based on Oxford Nanopore 

Technologies (ONT) long reads have centromeres that are ~5 kb (Harkess et al. 2020; 

Michael et al. 2018; P. N. T. Hoang et al. 2018). In contrast, the Wolffia telomere 

sequences are as long as 20 kb, which considering its rapid growth is an interesting 

finding to be followed up. 

 
2.7 Repeat annotation 
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 Several different types of repeats were identified in the Wolffia genomes 

including long terminal repeat retrotransposons (LTR-RTs) and ribosomal DNA (rDNA) 

arrays. Custom repeat libraries were constructed for each species following the 

MAKER-P basic protocol (Campbell et al. 2014). RepeatModeler 1.0.8 was run against 

the genome assembly to produce an initial de novo library (Arian F. A. Smit and Hubley 

2008-2015). Specifically, LTRharvest (GenomeTools v1.5.10) with the specific settings 

(-xdrop 37 -motif tgca -motifmis 1 -minlenltr 100 -maxlenltr 3000 -mintsd 2) were used to 

find full length LTR-RTs (Ellinghaus, Kurtz, and Willhoeft 2008). We identified 2,510 and 

1,892 full length LTR-RTs in wa7733 and wa8730 respectively (Table 2). Called repeats 

with blastx hits (e-value 1 x 10-10) to a UniProt database of plant protein coding genes 

were removed along with 50 bp flanking sequences. The resulting custom library was 

used with RepeatMasker (v4.0.7) with default settings (A. F. A. Smit, Hubley, and Green 

2015) to produce hard- and soft-masked versions of the genome assemblies. 

 

2.8 Solo:intact (S:I) ratio analysis 

When LTR-RTs proliferate via copy and paste, they either cause the genome to 

"bloat," which has been seen in most large plant genomes, or they are "purged" through 

mechanisms like illegitimate recombination (Michael 2014). Illegitimate LTR-RTs 

recombination results in solo LTRs, one terminal repeat without its pair or internal 

sequence (Ma, Devos, and Bennetzen 2004; Devos, Brown, and Bennetzen 2002). In 

general, genomes that are bloated have Solo:Intact (S:I) LTR ratios <1, while genomes 

that are purging LTR-RTs have S:I ratios >1. Spirodela has an S:I ratio of 8.52, the 

highest reported in plants to date, with some families of LTRs having more than 200 

solo LTR per intact LTR-RT (Michael et al. 2017). As in Spirodela, we only called solo 

LTRs for the families that had at least one full length LTR-RT. We found that Wolffia has 

an even higher ratio of 11 to 14 in wa7733 and wa8730 respectively, consistent with W. 

australiana more actively purging its TEs leading to a much smaller sized genome 

compared to other Wolffia species that span an order of magnitude (Wenqin Wang, 

Kerstetter, and Michael 2011). 

 

2.9 Gene prediction and annotation 
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Protein coding genes were annotated for all four duckweed genomes (sp7498, 

sp9509, wa7733 and wa8730) with the MAKER-P pipeline (v3.01.02) (Holt and Yandell 

2011). For both sp9509 and wa8730, Illumina RNA-seq reads were trimmed with 

skewer (v0.2.2) (Jiang et al. 2014), aligned to the genome assembly with HISAT2 

(v2.1.0) (Kim, Langmead, and Salzberg 2015), and assembled with Trinity (v2.6.6) 

(Grabherr et al. 2011; Haas et al. 2013) in genome-guided mode. Trinity was run 

independently in de novo mode, and all transcripts from the Trinity runs were aligned to 

the genome and reassembled with PASA (Haas et al. 2003) to form a comprehensive 

transcriptome assembly for each species. EST sequences from sp7498 (W. Wang et al. 

2014) were downloaded from SRA (SRR497624) and assembled with Newbler (v3.0) 

(Margulies et al. 2005). All available assembled duckweed transcripts were passed to 

MAKER-P as evidence. Protein homology evidence consisted of all UniProtKB/Swiss-

Prot (Schneider et al. 2009; UniProt Consortium 2019) plant proteins and the following 

proteomes: Arabidopsis thaliana, Elaeis guineensis, 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 

alignments along with the soft-masked assembly were passed to BRAKER (v2.1.0) to 

train species-specific parameters for AUGUSTUS (v3.3.3) and produce the first set of 

coding gene predictions (Stanke et al. 2008, 2006; Hoff et al. 2016, 2019). A second set 

of predictions was produced by generating a whole-genome multiple 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 AUGUSTUS within the MAKER-P pipeline, using the BREAKER-

generated species parameters along with protein and assembled RNA-seq alignments 

passed as evidence. Finally, MAKER was run and allowed to select the gene models 

most concordant with the evidence among these three prediction datasets. 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).  

 

2.10 Synteny and variation analysis 
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 The draft Wolffia genomes were compared at both the DNA and protein level to 

determine collinearity between wa8730 and wa7733, as well as with the chromosome 

resolved Spirodela genomes. First the genomes were compared at the DNA level by 

them against themselves or the Spirodela genomes using both minimap2 (minimap2 -x 

asm5) or mummer (nucmer -maxmatch -l 100 -c 500). The minimap2 alignments were 

compared using dotplotly (https://github.com/tpoorten/dotPlotly) to make dotplots, which 

was consistent with collinearity of the assemblies and the genera (data not shown). The 

DNA mummer alignments were analyzed for variation using Assemblytics 

(http://assemblytics.com/), which enabled the identification of insertions, deletions, 

repeat expansions/contractions and tandem expansions/contractions (Supplemental 

Figure S5). Protein alignments were generated with both SynMap on the CoGe platform 

(https://genomevolution.org/coge/) and MCscan 

(https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)). Both wa8730 and 

wa7733 were highly collinear with the chromosome resolved sp9509 genome 

(Supplemental Figure S4). The MCscan jcvi.graphics.synteny module was used to 

visualize the syntenic blocks between the genomes (Figure 2; Supplemental Figure S6). 

 

2 .11 Gene family analysis 
Orthogroups (OGs) were identified across 29 proteomes from the PLAZA (v4) 

Monocots database (Van Bel et al. 2018) and the duckweed MAKER-P standard build 

proteomes with alternate transcripts removed. The 29 species included are: 

cre,Chlamydomonas reinhardtii; mco,Micromonas commoda; smo,Selaginella 

moellendorffii; atr,Amborella trichopoda; sly,Solanum lycopersicum; vvi,Vitis vinifera; 

ptr,Populus trichocarpa; ath,Arabidopsis thaliana; pab,Picea abies; mpo,Marchantia 

polymorpha; sp9509,Spirodela polyrhiza; sp7498,Spirodela polyrhiza; wa7733,Wolffia 

australiana; wa8730,Wolffia australiana; bdi,Brachypodium distachyon; hvu,Hordeum 

vulgare; obr,Oryza brachyantha; osaj,Oryza sativa japonica; osai,Oryza sativa indica; 

oth,Oropetium thomaeum; sbi,Sorghum bicolor; sit,Setaria italica; tae,Triticum aestivum; 

zma,Zea mays; zjn,Zoysia japonica ssp. nagirizaki; aco,Ananas comosus; egu,Elaeis 

guineensis; mac,Musa acuminata; ped,Phyllostachys edulis; peq,Phalaenopsis 

equestris; zoma,Zostera marina; ppa,Physcomitrella patens. OrthoFinder (v2.2.7) 
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(Emms and Kelly 2019, 2015) was run against all-vs-all proteome alignments computed 

with DIAMOND blastp using the standard workflow (Buchfink, Xie, and Huson 2015). 

The OG summary table for the 32 species is presented (Supplemental Table 7).  

Leveraging the OGs, we clustered the proteomes using multidimensional scaling 

(MDS) and found that the Duckweed genomes clustered with the non-grass monocots 

(Supplemental Figure S8). 33-41% of Wolffia wa7733 and wa8730) and Spirodela 

(sp9509 and sp7498) genes are found in OGs with only one gene, whereas 

Arabidopsis, rice, brachy (Brachypodium distachyon) and maize have between 12-18% 

and over 20% in OGs with more than 10 genes. In contrast, less than 10% of duckweed 

genes are found in OGs with more than 10 genes (Supplemental Figure S9). We also 

identified OGs that are specific to Wolffia (must have wa8730 and wa7733) and no 

other species in that OG, as well as duckweed specific, and missing in Wolffia (Figure 

3). Then we associated these species specific OGs with their Gene Ontology (GO) 

terms using EggNOG-mapper (Huerta-Cepas et al. 2017) (Supplemental Table S8). The 

GO categories unique to Wolffia (versus all species) revealed sphingolipid biosynthesis, 

photomorphogenesis, wax metabolism and cofactor catabolism (Figure 3; Supplemental 

Table S9). The GO categories missing in Wolffia (versus all species) revealed 

immobilization stress, lithium-ion transport, fatty alcohol metabolism, thermal 

perception, cell wall thickening, and phloem development (Figure 3; Supplemental 

Table S9). Since Arabidopsis has the highest quality annotation and number of 

functionally defined genes, we looked at the Arabidopsis genes in the OG missing in 

Wolffia (Supplemental Table S10). 

 
2.12 Circadian clock, flowering time and temperature gene orthogroups 

We constructed a list of 55 Arabidopsis genes with functional roles in the 

circadian clock, flowering time and temperature responses (Lou et al. 2012). We 

searched OGs for these genes and then summarized the number of genes per OG, 

manually checking when numbers didn’t match expectations or were different between 

accessions of the same species (Supplemental Table S11). Overall Wolffia and 

Spirodela have fewer clock, flowering temperature genes consistent with fewer total 

proteins. Specifically, the number of core circadian clock genes is about a third of that 
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found in Arabidopsis, with TOC1/PRR1, SIC/WARP and TZP missing. In contrast, 

flowering time genes such as FT and CO/COL have similar numbers to other monocots, 

consistent with the flowering pathway being conserved in Wolffia. Wolffia has the same 

number of FT paralogs as rice, and double that of Spirodela. While flowering has not 

been recorded for Spirodela, Wolffia readily flowers, suggesting that the flowering time 

pathway is intact in Wolffia. 

Wolffia is continuously in the water, and therefore could experience fewer daily 

environmental changes associated with temperature. For instance, one of the GO 

overrepresented terms for genes missing in Wolffia was thermal adaptation. Therefore, 

we looked at several classes of proteins thought to play a role in temperature regulation 

such as the C-repeat/DRE-Binding Factor (CBF) and Heat Shock Proteins (HSP). CBFs 

have been shown to play a cold sensing and PHYB-dependent temperature-regulated 

growth (Dong et al. 2020; Kidokoro et al. 2017), while HSPs play a role in 

thermotolerance during heat stress (Sharma et al. 2019). Both CBFs and HSPs have 

similar numbers of genes as compared to other monocots consistent with the 

conservation of these pathways in Wolffia. 

 

3 Wolffia Time of day (TOD) analysis  
3.1 Time of day (TOD) expression analysis 

TOD time course data was analyzed with similar methods that have been 

described with some modifications (Michael, Mockler, et al. 2008; Wai et al. 2019; 

MacKinnon et al. 2019; Filichkin et al. 2011). HISAT2 (v2.1.0) (Kim, Langmead, and 

Salzberg 2015) was used to align RNA-seq reads to the wa8730 assembly. The 

resultant alignments were processed by Cuffquant and CuffNorm (v2.2.1) (Trapnell et 

al. 2012) to generate normalized expression counts for each gene for each time point. 

Genes with mean expression across the 13 timepoints below 1 FPKM were filtered as 

“not expressed” prior to being processed by HAYSTACK (Michael, Mockler, et al. 2008) 

to identify genes that show cycling expression behavior (Supplemental Figure S11; 

Supplemental Table S12). HAYSTACK operates by correlating the observed expression 

levels of each gene with a variety of user specified models that represent archetypal 

cycling behavior. We used a model file containing sinusoid, spiking traces, and various 
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rough linear interpolations of sinusoids with periods ranging from 20 hours to 28 hours 

in one-hour increments and phases ranging from 0-23 hours in one-hour increments. 

Genes that correlated with their best fit model (R > 0.8) were classified as cyclers with 

phase and period defined by the best fit model (Figure 4; Supplemental Figure S13). 

The threshold for calling cycling genes is based on previous validated observations 

(Michael, Mockler, et al. 2008; Wai et al. 2019; MacKinnon et al. 2019; Filichkin et al. 

2011), although in some cases it is too stringent as evidenced by the exclusion of one of 

the core circadian clock genes LATE ELONGATED HYPOCOTYL (LHY) that clearly 

cycles (Figure 4A) but has an R (0.78) just below the threshold. 

 

3.2 HAYSTACK versus JTKcycle cycling predictions 

There are several methods for identification of cycling genes, and we have 

leveraged HAYSTACK for the majority of our studies due to its ability to identify cycling 

genes with non-sinusoidal patterns (Michael, Mockler, et al. 2008; Wai et al. 2019; 

MacKinnon et al. 2019; Filichkin et al. 2011). However, we usually check the 

HAYSTACK results against another popular method for predicting cycling genes, 

JTKcycle (Hughes, Hogenesch, and Kornacker 2010). Allowing periods 20, 24 and 28 

hrs, and using a significance cutoff of an adjusted P-value (<0.05) we found 11.5% 

(1,370/11,870) of expressed genes were predicted to cycle (Supplemental Table 14). 

There was significant overlap of genes (964) that were predicted as cycling between 

JTKcycle and HAYSTACK, yet some differences (Supplemental Figure 12). For 

instance, LHY was predicted as cycling by JTKcycle (adjusted P < 0.01) with a period of 

28 h. Therefore, the difference may reflect period estimations used by the two 

programs. We also restricted JTKcycle to 24 h and 1,124 genes were predicted to cycle 

(P<0.05); LHY was not predicted to cycle using these settings. Since the HAYSTACK 

cycling classifications were robust in our previous studies, they formed the basis of our 

promoter analysis of wa8730 and our GO term analysis of wa8730. 

 

3.3 TOD cis-element identification with ELEMENT 
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 
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upstream of genes, were extracted for each gene in wa8730 and processed by 

ELEMENT (Michael, Breton, et al. 2008; Michael, Mockler, et al. 2008; Mockler et al. 

2007). ELEMENT generates an exhaustive background model of all 3-7 k-mer using all 

of the promoters in the genome, and then identifies overrepresented k-mers (3-7 bp) 

from the promoters for a specified gene list. Promoters for cycling genes were split 

according to their predicted peak time of expression into “phase” gene lists and k-mers 

that were overrepresented in any of these 24 promoter sets were identified by 

ELEMENT. By splitting up cycling genes according to their associated phase, we gained 

the power to identify k-mers associated with TOD-specific cycling behavior at every 

hour over the day (Supplemental Table S15). Our threshold for identifying a k-mer as 

being associated with cycling was an FDR < 0.05 in at least one of the comparisons. 

The significant k-mers were clustered according to sequence similarity identifying the 

Morning Element (ME), Gbox, and Evening Element (EE) motifs (Figure 5; 

Supplemental Table S16). Interestingly, the TeloBox (TBX) motif was not identified as 

significant (Figure 5). We also asked how often these four cis-elements are found in the 

promoters of genes that are not called TOD expressed. These four conserved TOD cis-

elements are found in non-TOD regulated genes at a similar rate as the background 

model (5-10%), whereas they are found in cycling genes >15% of the time and >20% at 

specific times over the day. Since a limited number of non-TOD expressed genes 

contain these cis-elements in their promoters, this could mean that up to 5-10% of 

genes could cycle under different conditions then tested here. In fact, we have shown in 

Arabidopsis, rice, and poplar that despite having significant overlap between different 

TOD conditions (LDHH vs. LDHC vs. LLHC), there can be a 10-20% difference between 

conditions (Michael, Mockler, et al. 2008; Filichkin et al. 2011). 

In order to identify the potential transcription factors (TFs) that target the 

identified cis-elements, we added an additional tool to the ELEMENT pipeline. Recently, 

the in vitro genomic binding sites for many TFs (~500) have been elucidated in 

Arabidopsis using the DNA affinity purification sequencing (DAP-seq) assay (O’Malley 

et al. 2016). Leveraging the position weight matrices (PWM) of TF binding sites from 

DAP-seq, we searched for the TFs that target our TOD cis-elements using TOMTOM 

(Gupta et al. 2007). This resulted in 168 matches to TFs that potentially bind our TOD 
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cis-elements, representing potential cycling regulators (Supplemental Table 16). Of 

course, these are Arabidopsis binding sites and TFs, so they only serve as a guide to 

look at the orthologs in Wolffia. 

 

3.4 TOD cis-element evolutionary analysis 

Due to the conserved nature of TOD expression networks across plants, the 

orthologues across species have similar expression patterns and underlying cis-elemnts 

in their promoters. We have leveraged the conserved nature of TOD expression 

networks to predict cycling behavior and cis-elements across phylogenetically diverse 

plants (Michael, Mockler, et al. 2008; Zdepski et al. 2008), and validated these 

predictions with empirical TOD expression data (Filichkin et al. 2011). These predictive 

tools also enable us to evaluate why genes are not cycling or cis-elements are not 

significant, such as the case in Wolffia with the conserved TBX cis-element. Therefore, 

we leveraged a high-quality Arabidopsis LDHH dataset (Michael, Mockler, et al. 2008) 

to assign the phase of expression to reciprocal best blast (RBB) matches of wa8730 

and the green alga Micromonas commoda (Mco). We used the green alga to generate 

as much diversity in this comparison as possible and also since it is a single-celled 

organism we reasoned it might have similar cycling pathways as Wolffia. The phase of 

TOD gene expression from Arabidopsis was assigned to the RBB gene matches of both 

wa8730 and Mco, and the wa8730 and Mco promoters were analyzed using ELEMENT 

as above. The significant k-mers were evaluated for known elements and TBX was 

significant across all three species as well as other known elements such as the EE and 

GATA (Supplemental Figure 14). These results demonstrate that TOD expression 

networks are conserved as far back as single cell algae. However, the fact that the 

conserved TBX is not overrepresented in the Wolffia cycling dataset, yet 

overrepresented when the RBB genes are tested with Arabidopsis phases, suggests 

that the control of the TBX-related pathways are no longer TOD regulated in Wolffia. In 

Arabidopsis and rice, the TBX controls pathways related to protein regulation, which 

could mean that Wolffia has released protein-related activities from TOD control. Note, 

from this analysis we do not know whether the TBX-related pathways are also regulated 

in the green algae lineage; this would need to be tested directly. What we do know is 
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that like all plants tested to date, the TBX is overrepresented in RBB matches of cycling 

genes. 

 

3.5 Transcription factors annotation 
Transcription factors (TFs) are the key regulators of gene expression, often the 

regulatory hubs associated with key pathways by binding cis-elements. We predicted 

TFs and organized them by family for the Wolffia genomes, as well as the Spirodela 

(sp9509), Arabidopsis and rice genomes, using PlantTFcat 

(http://plantgrn.noble.org/PlantTFcat/) (Dai et al. 2013). In 103 different TF families, 

Arabidopsis and rice had two times the number of TFs (~3,500) compared to Wolffia 

and Spirodela (~1,500), which is consistent with the higher gene counts in Arabidopsis 

and rice; they had a similar percentage of TFs per genome (10-13%) (Supplemental 

Table S17). 53 of the TF families represented a higher percentage in Wolffia (wa8730) 

versus either Arabidopsis and rice; WD40 TFs were almost double the overall 

percentage in duckweeds compared to rice and Arabidopsis. Next, we looked at what 

percentage of the predicted TFs cycle to see if we can better understand the number of 

cycling genes. 172 of the wa8730 TFs are predicted to cycle, which is 1.3% of the 

expressed genes and 11.6% of the TFs. Overall, the percentage of cycling TFs for 

Wolffia, Arabidopsis and rice reflected the global cycling percentages at 11.6%, 26.7% 

and 68.6% respectively under the LDHH condition. Of the cycling Wolffia TFs, there 

were 47 families represented with WD40, C2H2, AP2-EREBP and MYB having 23, 16, 

12 and 12 members respectively. The TFs we identified using our identified TOD cis-

elements with the DAP-seq database resulted in 168 potential TOD TFs (Supplemental 

Table S16), which is close to the number of TFs we found to cycle. The DAP-seq TFs 

spanned 30 families with AP2-EREBP, bZIP and bHLH having 68, 21 and 11 

respectively. 

 

3.6 Gene Ontology (GO) analysis of cycling genes 
We used GO annotations to identify cellular functions associated with cycling 

genes. EggNOG-mapper (Huerta-Cepas et al. 2017) was used to provide annotations 

for each gene establishing a mapping between GO terms and sets of genes associated 
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with those terms. In total, 6,874 genes in wa8730 could be associated with one or more 

GO terms from a population of 6,945 GO terms. Cycling calls from HAYSTACK were 

used to separate genes into 25 categories, one for each phase and non-rhythmic. The 

elim (eliminating genes) method was used to identify GO terms that were 

overrepresented among cycling categories. This allows us to associate GO terms with 

specific cycling behavior (Figure 6; Supplemental Figure S17; Supplemental Table S18-

20).  

 

3.7 Orthogroup cycling across Wolffia, Arabidopsis and rice 
The fact that W. australiana has fewer genes compared to other species, in 

addition to smaller gene families, led us to wonder if the reduced number of cycling 

genes could just reflect fewer paralogs. For instance, maybe Arabidopsis and rice have 

more cycling genes because they have more paralogs that cycle; in other words, the 

fact that they have larger gene families leads to more cycling genes. We reasoned that 

if the reduced number of cycling genes in Wolffia was due to its smaller gene families 

(paralogs), then the number of cycling orthogroups should be similar to other species. 

We chose to look at Arabidopsis and rice since they both have high quality genomes 

and parallel cycling datasets in the same LDHH condition, and larger gene families than 

Wolffia (Supplemental Figure S9, 15) (Filichkin et al. 2011; Michael, Mockler, et al. 

2008).  

First, we confirmed that the Wolffia time course and resulting cycling predictions 

were similar to Arabidopsis and rice. The Wolffia, Arabidopsis and rice time courses had 

the expected morning and evening abundance of predicted cycling genes 

(Supplemental Figure S13). For each orthogroup (OG), for each species, we computed 

a circular mean of the phases of the cycling genes belonging to that OG in that species. 

This allows us to use the OGs to map from some cycling gene in wa8730 to a 'cycling 

behavior' in orthologous genes in Arabidopsis and rice. We used this mapping to create 

a KDE histogram plot representing the density of these pairs: phase of cycling gene, 

orthologous 'cycling behavior.' This plot represents how cycling behavior in wa8730 

genes related to cycling behavior in Arabidopsis and rice orthologues. For example, 
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genes that cycle and peak at dusk (11-14h) in wa8730 are associated more with dusk 

genes in Arabidopsis and rice than with morning genes (Supplemental Figure S16). 

Next, we asked if Wolffia had more or less cycling OGs to determine if the 

reduced number of cycling genes was a result of gene family size. There are 11,506 

OGs that have at least one expressed gene for Arabidopsis, rice or Wolffia with 8724, 

8063 and 7844 for each respectively (Supplemental Figure S15A-C). Taking the 

orthogroups that are shared across Arabidopsis, rice and Wolffia (must have at least 

one gene in an orthogroup), we found that 49% (4,293/8,724), 74% (6,025/8,063) and 

18% (1,442/7,844) of shared orthogroups cycle (Figure 6B; Supplemental Figure 15D). 

Not only do more genes cycle in Arabidopsis and rice, more shared orthogroups cycle, 

consistent with fewer gene families cycling in Wolffia. There are 658 Wolffia-specific 

(not in Arabidopsis and rice) orthogroups with one or more genes, and only 12 of them 

cycle (1.8%). Therefore, we conclude that the fewer cycling genes in Wolffia is not due 

to smaller gene families. Further analysis of GO terms associated with the cycling OGs 

is consistent with Wolffia having a subset of pathways controlled in a TOD fashion 

compared to Arabidopsis and rice where processes associated with more complex plant 

architecture (cell types, tissues and life history) cycle (Figure 6; Supplemental Figure 

S16). 
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Supplemental Figures 

 
Supplemental Figure S1. Wolffia australiana under growth assay. W. australiana 

was pre-cultivated for four weeks with a subculture interval of 1 week at 25°C and 

continuous white light of an intensity of 100 µmol m-2 s-1. For growth rate measurement, 

10 ± 1 fronds from the pre-cultures were inoculated into 100 ml nutrient medium N 

contained in 150 ml beakers. The plants were grown for 1 week at 25°C and continuous 

white light of an intensity of 100 µmol m-2 s-1.  
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Supplemental Figure S2. Genome size estimated by K-mer (k=19) frequency. A) 

wa7733, B) wa8740, and C) wa7540. K-mers (19 bp) were counted with jellyfish and the 

resulting ”histo” file was plotted using GenomeScope. D) Table of GenomeScope 

results. All three genomes are estimated to be ~340 Mb with 0.3-0.4% heterozygosity 

and 100 Mb (30%) repeat content. 
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Supplemental Figure S3. Wolffia putative centromere base and higher order 
repeats. A) wa7733 and B) wa8730 assemblies were analyzed with Tandem Repeat 

Finder (TRF) to identify abundant repeats. The identified repeats were summed by 

repeat length and plotted as a function of repeat number to reveal the potential 

centromere arrays that are usually the highest repeats in genome assemblies. W. 

australiana has three distinct centromere repeats with the base array size of 126, 167 

and 250 bp. 

  



Wolffia genome supplemental material 

 25 

 
Supplemental Figure S4. Wolffia is collinear with sp9509. A) wa7733 vs. sp9509 

and B) wa8730 vs. sp9509. C) Summary of the gene level syntenic blocks. Genomes 

were aligned using the last and syntenic regions based on proteins were identified and 

plotted using SynMap on CoGe (https://genomevolution.org/coge/). 
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Supplemental Figure S5. Wolffia genomes differ mostly by small INDELs. Wa8730 

and wa7733 were compared using mummer and alignments were analyzed for variation 

using Assemblytics (http://assemblytics.com/). 
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Supplemental Figure S6. Wolffia genome is collinear with sp9509. Proteins were 

aligned between sp9509 and wa8730 to identify syntenic regions. Grey bars are 

syntenic regions, green boxes are forward genes and blue boxes are reverse genes. 

The regions are to scale, highlighting the expansion in size of the wa8730 genome due 

to repeats (orange boxes). 

  

sp9509 Chr13
0.47-0.68Mb

wa8730 Scf1
0.18-0.90Mb
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Supplemental Figure S7. Wolffia and Spirodela missing a similar set of BUSCO 
genes. An upset plot showing the number of BUSCO (Benchmarking Universal Single-

Copy Orthologs) genes missing across the four duckweed genome assemblies: sp9509, 

sp7498, wa8730, and wa7733. There are 2174 BUSCO genes that are found in all four 

duckweed genomes. There are missing 263 BUSCO genes shared across the 

duckweed.  
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Supplemental Figure S8. Multi-dimensional scaling (MDS) based on orthogroups 
(OGs) reveals relationships between the grass monocots, non-grass monocots 
and duckweeds. Circles highlight the grass, non-grass and duckweed groupings. 

Monocots (blue): non-grass (circle), Musa acuminate, Phalaenopsis equestris, Ananas 

comosus, Elaeis guineensis; grass (diamond), Phyllostachys edulis, Brachypodium 

distachyon, Hordeum vulgare, Oryza brachyantha, Oryza sativa japonica, Oryza sativa 

indica, Oropetium thomaeum, Sorghum bicolor, Setaria italica, Triticum aestivum, Zea 

mays, Zoysia japonica ssp. nagirizakizoma; Duckweed (square), wa8730, wa7733, 

sp9509, sp7498; seagrass (x) Zostera marina. Dicot (red): weed (plus), Arabidopsis 

thaliana; basal plant (circle) Amborella trichopoda; tree (diamond), Populus trichocarpa; 

crop (square) Solanum lycopersicum, Vitis vinifera. Algae (green, x), Micromonas 

commode, Chlamydomonas reinhardtii. Non-seed plants, Liverwart (purple, plus), 

Marchantia polymorpha; moss (blue, cross), Physcomitrella patens; bryophytes (red, 

plus), Selaginella moellendorffii. Gymnosperms (orange, diamond), Picea abies. 
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Supplemental Figure S9. Wolffia and Spirodela genes found in small gene 
families (orthogroups). 33-41% of Wolffia (wa7733 and wa8730) and Spirodela 

(sp9509 and sp7498) genes are found in orthogroups (OGs) with only one gene, 

whereas Arabidopsis, rice, brachy (Brachypodium distachyon) and maize have between 

12-18% and over 20% in OGs with more than 10 genes. In contrast, less than 10% of 

duckweed genes are found in OGs with more than 10 genes. 
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Supplemental Figure S10. Wolffia time course design. Two chambers were set to 12 

hrs or light and 12 hrs of dark and 20oC but 12 hrs apart opposite phases so plants 

could be collected over a 12 hr period without collecting during “actual night.” Samples 

were collected every four (4) hours over two days for a total of 13 time points. Zeitgeber 

time (ZT) is the time relative to the light dark cycle where ZT0 equals lights on. 
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Supplemental Figure S11. Break down of expressed and cycling genes in wa8730. 
Total number of genes reflects the predicted protein coding genes in wa8730. 
Genes with mean expression across the 13 timepoints below 1 FPKM were considered 

“not expressed” (2,343, orange). Genes that correlated with their best fit model at a 

threshold of R > 0.8 were classified as “cycling” with phase and period defined by the 

best fit model (1,638; 13%). The rest were classified as “expressed not cycling” 

(10,232). 
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Supplemental Figure S12. Comparison of Wolffia cycling genes predicted using 
two different software tools. Wolffia genes that were not expressed were removed 

from the cycling prediction and JTKcycle was run using two different settings: all periods 

(20, 24 and 28 hrs; “JTK cycle all”) and only 24 hrs (“JTK cycle 24h”) A) Venn diagram 

of overlapping predicted genes between “JTKcycle all” (P<0.05) versus HAYSTACK 

(R>0.8). B) Venn diagram of overlapping predicted genes between “JTKcycle 24h” 

(P<0.05) versus HAYSTACK (R>0.8). Both methods produced similar number of cycling 

genes while JTKcycle consistently called fewer cycling genes. 
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Supplemental Figure S13. Distribution of cycling genes over the day. A) wa8730, 

B) Oryza (rice; Oryza sativa), C) Arabidopsis (Arabidopsis thaliana). Genes that 

correlated with their best fit model at a threshold of R > 0.8 were classified as “cycling” 

with phase and period defined by the best fit model. 
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Supplemental Figure S14. Conserved TOD cis-elements from Algae to 
Arabidopsis. A-C) The EE is overrepresented across all three species. D-F) The TBX 

is overrepresented across all three species. G-I) The GATA cis-element is 

overrepresented across all three species. Arabidopsis cycling genes under LDHH were 

used to find Wolffia and Micromonas commode (Mco) orthologs, and the phase was 

assigned to those genes. Promoters were then searched for overrepresented cis-

elements. 
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Supplemental Figure S15. Wolffia cycling orthogroups (OGs). Weighted histogram 

of the number of genes per OGs that have at least one expressed gene for A) Wolffia 

(wa8730), B) Arabidopsis (ath) and C) rice (osa). As seen in Supplemental Figure 9 for 

all genes regardless of expression, Wolffia has fewer genes per OG compared to 

Arabidopsis and rice that have some families with many genes per OG. D) Venn 

diagram of OGs with at least one expressed gene for Arabidopsis (At), Wolffia (Wa) and 

rice (Os). E) Venn diagram of cycling OGs with at least one expressed gene for 

Arabidopsis (At), Wolffia (Wa) and rice (Os); separated version of Figure 6B. 
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Supplemental Figure S16. Comparison of cycling genes between Wolffia 
(wa8730), Arabidopsis (ath) and rice (osa). Predicted phases were compared 

between wa8730 and osa (A), as well as wa8730 and ath (B). Density (darker blue) 

represents the number of genes with an associated phase. Using the wa8730 cycling 

genes, the ath or osa orthologues were identified and then the predicted phase was 

compared. While most genes are on the diagonal, which is consistent with similar 

phases across the species, there are some genes with different phases which could 

reflect that ath and osa have multiple wa8730 orthologues.  
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Supplemental Figure S17. Time of day (TOD) overrepresentation of Gene 
Ontology (GO) terms in Wolffia, rice and Arabidopsis. A) Arabidopsis (ath), B) rice 

(osa) and C) Wolffia significantly overrepresented TOD GO terms (y-axis) by TOD (x-

axis). Dark color is less significant and light color is more significant. 
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Supplemental Tables 
Supplemental Table S1. Wolffia australiana growth rates. 

Supplemental Table S2. BioNano Genomics optical map summary. 

Supplemental Table S3. Wolffia australiana genome size estimates by flow cytometry. 

Supplemental Table S4. Ribosomal DNA content of the Wolffia genomes. 

Supplemental Table S5. BUSCO scores across Wolffia and Spirodela genomes. 

Supplemental Table S6. Missing BUSCO genes in wa8730 with Arabidopsis 

representative and annotation. 

Supplemental Table S7. Orthogroup summary (OG) comparing Wolffia, Spirodela and 

PLAZA monocot proteomes. 

Supplemental Table S8. Wolffia unique orthogroup (OG) Gene Ontology (GO) terms. 

Supplemental Table S9. Gene in Wolffia unique orthogroups (OGs). 

Supplemental Table S10. Arabidopsis gene IDs, annotation and orthogroups (OGs) for 

genes missing in Wolffia. 

Supplemental Table S11. Circadian, light flowering time and temperature related gene 

numbers across species. 

Supplemental Table S12. Expression across all Wolffia genes. 

Supplemental Table S13.  Significant cycling wa8730 genes as estimated by 

HAYSTACK. 

Supplemental Table S14.  Significant cycling wa8730 genes as estimated by JTKcycle. 

Supplemental Table S15.  All potential cis-elements in cycling promoters in wa8730 

using ELEMENT. 

Supplemental Table S16. Summary of significant TOD cis-elements and their DAP-seq 

transcription factor (TF) family matches. 

Supplemental Table S17. Numbers of transcription factors in Wolffia, Spirodela, rice and 

Arabidopsis. 

Supplemental Table S18.  Wolffia TOD significant Gene Ontology (GO) terms. 

Supplemental Table S19. Arabidopsis (ath) TOD significant Gene Ontology (GO) terms. 

Supplemental Table S20.  Rice (osa) TOD significant Gene Ontology (GO) terms. 

Supplemental Table S21. NCBI SRA datasets for Wolffia. 
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