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Introduction 

Transitions from microscopic, unicellular life forms to complex multicellular organisms are relatively rare 

events but have occurred in all major lineages of eukaryotes, including animals, fungi, and plants [1-3]. 

Algae, having acquired complex multicellularity several times independently, provided unique insights 

into the underlying mechanisms that facilitate such transitions. In the green lineage, there were several 

independent transitions to multicellularity. Within Streptophyta, the origin of complex land plants from a 

green algal ancestor was preceded by a series of morphological, cytological, and physiological innovations 

that occurred long before the colonization of land [4, 5]. Within the Chlorophyta, the transition from uni- 

to multicellularity has occurred in several clades and has been studied extensively in the volvocine lineage 

[6, 7]. Comparative genomic analyses between unicellular (Chlamydomonas), colonial (Gonium, 

Tetrabaena) and multicellular species (Volvox) revealed protein-coding regions to be very similar [8-10], 

with the notable exceptions of the expansion of gene families involved in extracellular matrix (ECM) 

formation and cell-cycle regulation. 

The Ulvophyceae or green seaweeds represent an independent acquisition of a macroscopic plant-like 

vegetative body known as a thallus. Ulvophyceae display an astounding morphological and cytological 

diversity [11], which includes unicells, filaments, sheet-like thalli, as well as giant-celled coenocytic or 

siphonous seaweeds [12, 13]. Ulva, or sea lettuce, is by far the best-known representative of the 

Ulvophyceae. Ulva is a model organism for studying morphogenesis in green seaweeds [14]. The Ulva 

thallus is relatively simple, with small uninucleate cells and a limited number of cell types. Ulva exists in 

the wild in two forms,  i.e. as flattened blades that are two cells thick or tubes one cell thick (Fig. 1A). Both 

forms co-occur in most clades as well as within single species [15-17]. These morphologies, however, are 

only established in the presence of appropriate bacterial communities [18]. In axenic culture conditions, 

Ulva grows as a loose aggregate of cells with malformed cell walls (Fig. 1B). Only when exposed to certain 

bacterial strains (e.g., Roseovarius and Maribacter), or grown in conditioned medium, is complete 

morphogenesis observed [18, 19]. Thallusin, a chemical cue inducing morphogenesis, has been 

characterized for the related genus Monostroma [20] and additional substances that induce cell division 

(Roseovarius-factor) and cell differentiation (Maribacter-factor) have been partially purified from Ulva-

associated bacteria [18]. The value of Ulva as a model organism for green seaweed morphogenesis is 

enhanced by its tractability for genetic analyses. Under laboratory conditions, individuals readily complete 

the life cycle, which involves an alternation of morphologically identical haploid gametophytes and diploid 
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Results and Discussion 

Genome sequencing and gene family evolution 

The genome size of U. mutabilis was estimated by flow cytometry and k-mer spectral analysis to be 

around 100 Mbp. In total, 6.9 Gbp of PacBio long reads were assembled into 318 scaffolds (98.5 Mbp), 

covering 98.5 % of the estimated nuclear haploid genome (Table 1, Table S1). To increase the accuracy 

of the genome sequence at single-base resolution, the scaffolds were polished using PacBio and Illumina 

paired-end reads. We predicted 12,924 protein-coding genes, of which 91.8 % were supported by RNA-

Seq data. Analyses of genome completeness indicated that the genome assembly captures at least 92% 

of eukaryotic BUSCO [34] and a 0.968 completeness score by pico-PLAZA Core Gene Family [35] of the 

protein coding genes (Table S2). Annotation of repetitive elements resulted in 35% of the genome being 

masked. Among the identified repeats, 74% were classified as known or reported repeat families, with 

long-terminal repeats (LTRs) and long interspersed elements (LINEs) being predominant, representing 

15.3 Mbp and 9.3 Mbp, respectively (Table S3). 

 

Table 1 | Summary statistics for the Ulva mutabilis genome. 

Genome size (Mbp) 98.5 

Scaffold N50 (Mbp) 0.6 

% G and C 57.2 

Number of protein coding genes 12,924 

Gene density (genes/Mb) 131.2 

Average intron per gene 3.9 

Average exon length (bp)  
 

303.1 

Average intron length (bp) 368.6 

% of genes with introns 85.0 

 

The Ulva genome size is intermediate between sequenced genomes of Chlorophyceae and 

Trebouxiophyceae (Fig. 2). The number of predicted genes and gene families are markedly lower 

compared to most Chlorophyceae, including the volvocine algae (Chlamydomonas, Gonium, Tetrabaena 

and Volvox), but higher than the Trebouxiophyceae and prasinophytes (Fig. 2, 3). The relative gene family 

sizes, however, are roughly equal between Ulva and volvocine algae (Fig. S2). 
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dependent on any of these genes, similarly to yeast. As no homologues of Cln 2/3, SBF and Whi5, which 

mediate G1-S transition in yeast [40], are found in Ulva, we hypothesise that either a functionally 

analogous set of genes or an entirely different mechanism regulates Ulva S-phase entry. Both 

retinoblastoma (RB) and E2F were found in the transcriptome of the siphonous ulvophyte Caulerpa [32], 

making it unclear at present to which extent the absence of the retinoblastoma/E2F pathway is a feature 

unique to the Ulva lineage. Other aspects of the cell cycle are more in line with other green algae 

(Suppl.Data1), be it that the single CDKA homolog (UM001_0289) contains a modified cyclin-binding 

motif, PSTALRE, instead of the evolutionarily conserved PSTAIRE motif. While not uncommon in 

eukaryotes Ulva is the first member of the green lineage with variation in the PSTAIRE motif [40].  

Contrary to the expectation for a multicellular organism [39, 41], few TF families are expanded in Ulva 

(Fig. 4A). A notable exception is CONSTANS-LIKE transcription factors (CO-like) of which Ulva has five 

genes, whereas all other analysed algae encode between zero and two (Fig. 4A,B). These CONSTANS-LIKE 

transcription factors are characterised by one or two (Group II or III) Zinc finger B-boxes and a CCT protein 

domain. Both protein domains are involved in protein-protein interactions and the CCT domain mediates 

DNA-binding in a complex with HEME ACTIVATOR PROTEIN (HAP)-type transcription factors in Arabidopsis 

[39, 42-44]. Ulva CO-like proteins form a single clade within other algal lineages (Fig. 4B). In addition to 

the five CO-like transcription factors, functionally related proteins containing only a B-Box domain, similar 

to Group V Zinc Fingers B-Box [43, 45] or only a CCT domain, belonging to the CCT MOTIF FAMILY [46], are 

also expanded in Ulva. B-box Zinc Fingers and CMF proteins in angiosperms have been implicated in 

developmental processes such as photoperiodic flowering [47], regulation of circadian rhythm [48], light 

signalling [49] and abiotic stress [50]. The control of light and photoperiod signalling is conserved in the 

moss Physcomitrella patens [51], and the green algae Chlamydomonas reinhardtii and Ostreococcus tauri 

[52, 53]. Moreover, the CO-like TFs are one of the families potentially involved in the establishment of 

complex multicellularity in green algae and land plants [54]. Genome-wide mapping of Ulva CO-like genes 

and functionally related genes indicates that the majority (60%) originated through tandem duplication in 

Ulva (Fig. 4C). Although the functions of these proteins will need to be confirmed experimentally, the CO-

like and CMF genes in Ulva could be involved in the integration of a multitude of environmental signals in 

a highly dynamic intertidal environment. 

A total of 441 protein kinases was identified in the Ulva genome, representing ca. 3-4% of all protein 

coding genes, a smaller proportion than in Arabidopsis (4% [55]), but more than in Chlamydomonas (2.3% 

[56, 57]) and the brown seaweed Ectocarpus (1.6% [58]). The largest subfamily of Ulva kinases has 
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The gametolysin/MEROPS peptidase family M11 of VMPs (Volvox matrix metalloproteases) (IPR008752), 

similar to mammalian collagenases and crucial to ECM remodeling (Hallman et al. 2001), is enriched in 

Volvox relative to Chlamydomonas [9]. While the M11 class of peptidases is absent in Ulva, the related 

MEROPS M8/leishmanolysin peptidase domain (IPR001577) is 23-fold enriched compared to 

Chlamydomonas. Also, 28 collagen triple helix repeat (IPR008160) proteins with a predicted extracellular 

location have been detected with a G-N/D-E pattern, suggesting the presence of collagen-like innovations 

in the ECM of Ulva.  

 

Phytohormones 

Growth and development in land plants are modulated by plant hormones. Morphogenesis of Ulva into a 

blade- or tube-like thallus may therefore also require specific plant hormones as suggested by previous 

experimental studies [68]. However, because bacteria can produce plant hormones, it has not previously 

been clarified whether hormones detected in Ulva arise from the alga or its associated bacteria. 

Furthermore, because the Roseovarius-factor resembles a cytokinin and the Maribacter-factor acts similar 

to auxin, bacteria-derived compounds may contribute to the development of the multicellular Ulva thallus 

[18]. We, therefore, investigated if biosynthesis pathways of phytohormones are present in Ulva and/or 

the associated bacteria and tested whether hormones can replace the bacterial morphogenetic factors. 

However, none of the identified hormones triggers growth or development of gametes and young 

propagules in standardized bioassays (Fig. S3). Homologs of plant hormone biosynthesis genes provided 

strong evidence for biosynthesis of abscisic acid (ABA), ethylene (ET) and salicylic acid (SA) in Ulva (Fig. 6, 

Suppl. Data1). Corroborating these results, we found that both xenic and axenic Ulva produce ABA, ET and 

SA, but also auxin (IAA) and gibberellin (GA3) (Table S4). Measurements of IAA in axenic cultures are more 

difficult to reconcile with the Ulva gene content, as little or no evidence was found for indole-3-pyruvic 

acid (IPA), tryptamine (TAM), and indole-3-acetamide (IAM) pathways. Biosynthesis of IAA seems most 

likely to involve the conversion of indole-3-acetaldoxime and indole-3-acetaldehyde by AMI1 and AAO1, 

respectively. The presence of GA3 remains equivocal. In line with earlier results of Gupta et al. [69], traces 

of GA3 could be detected in both axenic and xenic slender cultures, but not in wildtype. At present, it is 

unclear how traces of GA3 can be reconciled with the gene content of Ulva since enzymes mediating ent-

kaurene biosynthesis in the plastid (CPP SYNTHASE, ENT-KAURENE SYNTHASE) are missing from the 

genome. We found that the associated bacteria Roseovarius sp. MS2 and Maribacter sp. MS6 produce, 

IAA, GA3, ET, SA and the cytokinins (iP) (Table S4).  In contrast to the evidence of biosynthesis of several 
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De novo repeat finding and repeat masking 

A de novo repeat identification was performed with RepeatModeler (1.0.8) [29]. Unknown elements were 

screened with BlastX (e-value < 1e-5) against UniRef90 database [30] (subset Viridiplantae) and removed 

from the repeat library if necessary. The filtered Ulva repeat library was used by RepeatMasker (4.0.7) 

[31] to mask the repetitive elements in the assembly, which resulted in 34.7 Mbp (35.28%) of the genome 

masked.  

Gene prediction 

We applied EVidenceModeler [32] to predict gene models. The consensus gene models were reconciled 

using the models from ab initio and orthology-aided predictions, transcripts reconstructed from RNA-Seq, 

and homologous models derived from the protein alignments of the available public resource (Fig. S4A). 

We used BRAKER1 v1.9 [34] to predict the gene models incorporating the RNA -Seq mapping results 

generated using HISAT2 v2.0.5 [33]. We further used Augustus v3.2.3 with the trained data from BRAKER1 

and the protein profile extension to re-predict the gene models [35]. Protein profiles were generated by 

processing the missing family identified after gene family assignment using OrthoFinder v2.1.2 [36] with 

the following reference sequence from Phytozome v12.1: Chlamydomonas reinhardtii v5.5 [37], 

Coccomyxa subellipsoidea C-169 v2.0 [38], Dunaliella salina v1.0 [39], and Volvox carteri v2.1 [40]. The 

reference sequence of Gonium pectorale [41] was from NCBI (assembly ASM158458v1). In addition to the 

ab initio prediction, the RNA-Seq data were also used to reconstruct the transcripts, which consisted of 

consensus transcripts predicted by Scallop v0.10.2 [43] and predicted coding regions of Trinity v2.4.0 [44] 

assemblies (both de novo and genome-guided) using PASA [32]. Spliced alignments of proteins from 

UniRef90 (with taxonomy ID 33090) and the FrameDP-corrected [47] and predicted proteins sequence of 

green algal transcriptomes in the oneKP project [48] were generated using Exonerate [49] seeded by 

Diamond [50]. We combined the aforementioned gene models with the alignments of proteins, 

annotation of repetitive elements to produce a consensus gene set using EVidenceModeler. Non-coding 

RNA and tRNA were identified using infernal v1.1rc [51] and tRNAscan-SE v1.31 [26], respectively. All gene 

models were functionally annotated using InterProScan 5.27-66 [52] and uploaded to the ORCAE platform 

[53], enabling members of the consortium to curate and manually annotate. 

Genome completeness 

Completeness of the predicted Ulva gene space was evaluated using BUSCO [54] and the coreGF analysis 

[55]. Core gene families were defined as gene families shared among all Chlorophyta present in pico-
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 9 
Figure S2. Distribution of gene family sizes in the green algal classes  10 
A. actual numbers. B. percentages of total number of gene families. Abbreviations, see Table 11 
S8. 12 
 13 

  14 
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 15 
Figure S3. Morphogenetic bioassays of gametes inoculated with phytohormones. 16 
Representative algae of 2-weeks old germlings are shown. Protrusions of malformed cell walls 17 
are visible. Axenic gametes were inoculated with phytohormones (final concentration 10-9 18 
mol/l). Phenotypes did not change at higher concentrations (10-6 mol/l). Top line: 19 
phytohormones IAA, Zea, SA, bars = 100 µm, middle line: phytohormones ABA, GA3, JA, 20 
bars = 50 µm, bottom line: controls are shown under axenic conditions and inoculated with 21 
Maribacter sp. MS6 (bars = 50 µm). Growth and development of axenic cultures recovered 22 
upon inoculation with Maribacter sp. and Roseovarius sp. (bar = 500 µm). The combined 23 
application of all tested phytohormones did not recover the morphogenesis of Ulva either. 24 

 25 

 26 

 27 

 28 

  29 
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 30 

A 

 
B 

 
 31 
Figure S4. Gene prediction for the Ulva mutabilis genome. 32 
A. Workflow of the gene prediction. B. Contributions of the different approaches to the final 33 
gene models. PASA.PE: predicted coding regions of PASA alignments using assembled 34 
RNA-Seq data from paired-end stranded data; PASA.SE: predicted coding regions of PASA 35 
alignments using assembled RNA-Seq data from single-end stranded data. The top 20 36 
intersects are shown. 37 
  38 
 39 
  40 
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 41 
 42 

Figure S5. Phylogenetic analyses of cell cycle related genes in Ulva mutabilis and volvocine 43 
algae. 44 
A. Cyclin Dependent Kinases (CDKs); B. Cyclins. Amino acid alignments were analysed 45 
using an automatically selected LG+GAMMA model under the Maximum Likelihood 46 
optimality criterion in RAxML. Bootstrap values result from fast bootstrapping algorithm 47 
implemented in RAxML. Assignment to different classes of CDK and cylin genes follows 48 
Hanschen et al. (2016). Abbreviations: Chlamydomonas reinhardtii, CR; Gonium pectoral, 49 
GPECTOR; Volvox carteri, VC. 50 
 51 
 52 
 53 
  54 
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Table S1. Assembly metrics of the Ulva genome. 55 
 56 

Assembly metrics Scaffolds Contigs 

Number of sequences (>= 1k bp)  318  381 
Number of sequences (>= 5k bp)  315  378 
Number of sequences (>= 10k bp)  312  372 
Number of sequences (>= 25k bp)  276  322 
Number of sequences (>= 50k bp)  243  274 
Total length (>= 1k bp)  98,484,689  98,388,870 
Total length (>= 5k bp)  98,477,802  98,381,983 
Total length (>= 10k bp)  98,460,404  98,340,275 
Total length (>= 25k bp)  97,848,084  97,481,650 
Total length (>= 50k bp)  96,687,287  95,752,299 
Largest sequence  3,623,364  2,868,306 
Total length  98,484,689  98,388,870 
GC (%)  57.2  57.2 
N50  600,008  527,412 
NG50  591,658  514,066 
N75  340,001  289,826 
NG75  330,723  267,228 
L50  46  54 
LG50  47  56 
L75  100  117 
LG75  103  122 
Number of N's per 100 kbp  98  0 

 57 
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Table S2. Gene space completeness revealed by eukaryotic BUSCO and Core Gene Family 58 
analysis 59 

Species 
Number of  
protein 
sequences 

BUSCO Core gene families 

  Single-copy      Complete     
Duplicated Fragmented Missing Number GFscore 

C. reinhardtii 17,741 285 6 7 5 1,812 0.999 

C. subellipsoidea C169 9,629 265 5 14 19 1,787 0.991 

D. salina 16,697 232 3 51 17 1,754 0.978 

G. pectorale 16,290 243 4 39 17 1,779 0.991 

M. pusilla ccmp1545 10,660 259 6 11 27 1,810 0.999 

Micromonas RCC299 10,103 267 5 10 21 1,815 1.000 

O. lucimarinus 7,796 230 26 11 36 1,815 1.000 

U. mutabilis 12,924 264 2 14 23 1,717 0.968 

V. carteri 14,247 281 6 6 10 1,795 0.994 

 60 

 61 

 62 

  63 
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Table S3. Summary of repetitive elements annotated in Ulva mutabilis. 64 

Class Family  Total bases   % 
masked  

LTR Copia  13,323,328  13.53 

Gypsy  1,607,922  1.63 

Pao  141,541  0.14 

LTR  102,691  0.10 

DIRS  72,745  0.07 

Ngaro  49,613  0.05 

ERVL  46,795  0.05 

LINE LINE  3,433,947  3.49 

CRE-II  2,753,584  2.80 

CRE-Cnl1  1,408,967  1.43 

R1  720,404  0.73 

I  483,199  0.49 

Penelope  269,147  0.27 

L1-Tx1  223,981  0.23 

RTE-X  75,371  0.08 

CR1  35,377  0.04 

DNA hAT-Ac  39,812  0.04 

Dada  30,836  0.03 

DNA  29,444  0.03 

hAT-Tag1  25,903  0.03 

hAT-Charlie  25,772  0.03 

CMC-EnSpm  7,698  0.01 

SINE Alu  90,465  0.09 

RC Helitron  46,685  0.05 

Reported 

 

RS280 
(EU256376.1) 

 575,835  0.58 

RS360 
(EU263359.1) 

 123,676  0.13 

Unknown Unknown  8,994,613  9.13 

 65 

  66 
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Table S5. Horizontal gene transfer candidates in Ulva mutabilis 74 
 75 

No. Gene models Annotation Functional 
Category Notes Exon (nr) GC (%) Transcription 

(FPKM value) 

1 UM005_0173  deacylase YbaK-like Translation Ensures translation fidelity 8 67.28 50.1 

2 UM107_0008  50S ribosomal protein L18 Translation 

Ribosome structural component. 
Mediates the attachment of the 
5S RNA into the large 
ribosomal subunit in bacteria. 

5 62.11 98.1 

3 
UM033_0031  ATP-dependent DNA helicase 

PcrA DNA repair 
DNA unwinding in bacteria. 
Belongs to UvrD/Rep helicase 
family.  

8 59.42 73.4 
UM033_0032 (tandem 
dup.) 2 57.74 18.4 

4 
UM042_0001  DNA-3-methyladenine 

glycosylase DNA repair DNA alkylation repair 
6 56.62   

UM084_0052 5 52.05 24.6 

5 

UM013_0142  

glucuronyl hydrolase Carbohydrate 
metabolism 

Glycosyl Hydrolase Family 88; 
Unsaturated glucuronyl 
hydrolase catalyzes the 
hydrolytic release of unsaturated 
glucuronic acids from 
oligosaccharides (EC:3.2.1.-) 
produced by the reactions of 
polysaccharide lyases.  

7 64.01 17.7 

UM034_0033 5 66.36 32.5 

6 UM035_0080  
UDP-N-acetylmuramoyl-
tripeptide--D-alanyl-D-alanine 
ligase 

Cell wall 
metabolism 

MurF. Involved in cell wall 
formation. Catalyzes the final 
step in the synthesis of UDP-N-
acetylmuramoyl-pentapeptide, 
the precursor of murein.  

3 53.31 18.2 

7 

UM016_0037  

Haem peroxidase Response to 
stress Reduces hydrogen peroxide 

8 61.45 31.1 
UM001_0001 4 62.89 0.5 
UM001_0017 4 60.94 0 
UM001_0023 5 61.36 1.9 
UM001_0025 5 60.99 36.7 
UM001_0027 3 54.85 0.2 
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UM001_0028 3 61.55 7 
UM001_0030 1 61.43 0 
UM001_0033 4 61.38 0 
UM017_0003 5 61.21 0.3 
UM017_0004 5 61.19 0 
UM017_0005 5 62.63 0 
UM018_0064 5 63.54 4.3 
UM018_0067 7 67.09 210.6 
UM024_0048 4 62.83 3.1 
UM024_0060 6 59.73 32.6 
UM049_0004 5 60.16 0.1 
UM049_0029 6 64.81 56.5 
UM061_0028 8 60.06 86.4 
UM077_0050 5 64.65 1 
UM104_0025 4 62.96 26.4 
UM104_0027 5 59.9 1.9 
UM104_0028 4 62.48 0.5 
UM104_0029 3 62.19 1 
UM104_0030 2 63.98 0.0 
UM154_0005 4 61.3 0.9 
UM160_0003 6 60.89 0.8 
UM169_0003 7 63.88 1.1 
UM180_0001 4 59.59 0.1 
UM180_0002 2 58.5 2.4 
UM180_0003 4 61.2 1.3 
UM180_0006 5 62.04 0.5 
UM180_0007 2 60.7 0.0 
UM199_0002 2 62.17 0.0 
UM290_0001 4 62.06 0.0 
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Table S6. DNA and RNA sequencing libraries. 77 
 78 

Sequencing Platform Source and Type Strain Read Number Total bases 
(Gbp) 

PacBio RSII 
  (P6 chemistry) 

DNA 
  (>8 kb) 

WT 770,598 6.91 

Illumina MiSeq 
  (2x250 bp paired-end) 

DNA 
(insert size 350, 550 bp) 

WT 16,398,654 2.92 

Illumina HiSeq 2500 
  (2x125 bp paired-end) 

DNA 
(insert size 2kb) 

WT 170,149,048 17.75 

Illumina HiSeq 2500 
  (2x125 bp paired-end) 

DNA 
(insert size 5kb) 

WT 166,928,626 17.50 

Illumina HiSeq 2500 
  (2x125 bp paired-end) 

DNA 
(insert size 10kb) 

WT 126,821,228 13.13 

Illumina HiSeq 2500 
  (2x125 bp paired-end) 

RNA 
(FR-second strand) 

WT, SL 397,961,040 44.67 

NextSeq 550 
  (150 bp single-end) 

RNA 
(reverse strand) 

SL 164,378,893 22.56 

WT: wild-type strain; SL: slender strain 79 
 80 
  81 








