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            Abstract
Almost all eukaryote life forms have now been placed within one of five to eight supra-kingdom-level groups using molecular phylogenetics1,2,3,4. The â€˜phylumâ€™ Hemimastigophora is probably the most distinctive morphologically defined lineage that still awaits such a phylogenetic assignment. First observed in the nineteenth century, hemimastigotes are free-living predatory protists with two rows of flagella and a unique cell architecture5,6,7; to our knowledge, no molecular sequence data or cultures are currently available for this group. Here we report phylogenomic analyses based on high-coverage, cultivation-independent transcriptomics that place Hemimastigophora outside of all established eukaryote supergroups. They instead comprise an independent supra-kingdom-level lineage that most likely forms a sister clade to the â€˜Diaphoretickesâ€™ half of eukaryote diversity (that is, the â€˜stramenopiles, alveolates and Rhizariaâ€™ supergroup (Sar), Archaeplastida and Cryptista, as well as other major groups). The previous ranking of Hemimastigophora as a phylum understates the evolutionary distinctiveness of this group, which has considerable importance for investigations into the deep-level evolutionary history of eukaryotic lifeâ€”ranging from understanding the origins of fundamental cell systems to placing the root of the tree. We have also established the first culture of a hemimastigote (Hemimastix kukwesjijk sp. nov.), which will facilitate future genomic and cell-biological investigations into eukaryote evolution and the last eukaryotic common ancestor.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Micrographs of studied hemimastigotes.[image: ]


Fig. 2: Environmental SSU rRNA/rDNA reads assigned to Hemimastigophora.[image: ]


Fig. 3: Phylogenetic placement of Hemimastigophora within eukaryotes.[image: ]


Fig. 4: Summary of phylogenomic analyses and distribution of select genes across eukaryotes.[image: ]
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                Data availability

              
              Raw reads of Spironema and Hemimastix transcriptomes are deposited in GenBank under accession codes SRR6032743 and SRR6032744, respectively. The assembled Hemimastix and Spironema transcriptomes, 351 individual-gene alignments (104 taxa), concatenated and trimmed alignments and tree-files for the 104-taxon, 61-taxon, 58-nLB, 58-nDP, 61-SR4 and 61-SFSR datasets, alignments and tree files for non-universal ancient genes, raw light microscopy and scanning electron microscopy images, and the SSU rDNA alignment and tree-files have been deposited in Dryad (https://doi.org/10.5061/dryad.n5g39d7). The partial SSU rDNA gene sequence of H. kukwesjijk strain BW2H is deposited in GenBank, under accession code MF682191. This publication has been registered with the ZooBank database (http://zoobank.org/) with the Life Science Identifier urn:lsid:zoobank.org:pub:4BA2A83C-8363-4EBE-A9C7-097CA470F9FB, and the name Hemimastix kukwesjijk has been deposited in Zoobank with the Life Science Identifier urn:lsid:zoobank.org:act:32E12332-A418-40E2-BF4C-F2BFD94BF4CF.
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Extended data figures and tables

Extended Data Fig. 1 Light micrographs of studied hemimastigotes.
aâ€“m, Spironema cf. multiciliatum (a) and Hemimastix kukwesjijk (bâ€“m) differential interference contrast micrographs of live cells. a, Two views of a Spironema cf. multiciliatum cell, with inset that details the posterior end. Note the nucleus (marked by â€˜nâ€™), the detail of one of the posterior flagella (marked by an arrow, in the inset) and small contractile vacuole (cv, in inset), as well as posterior tail (line in inset). b, c, Optical sections through one H. kukwesjijk cell, detailing the notches from which flagella emerge (arrowheads), a section through the capitulum (marked with a â€˜câ€™) and a conspicuous contractile vacuole in the cell posterior (shown in b). d, Surface view of one of the two thecal plates. eâ€“g, Optical cross-sections of different cells showing the capitulum (e), mid-body region with rotationally symmetrical plate overlap (f) and the posterior (g) with radial arrangement of the posterior-most flagella. hâ€“j, Pseudoseries that illustrates the feeding process, showing the progression of prey-ingestion stages. Note the widening capitulum and beginning of formation of the phagocytic vacuole. k, Same cell as in j, showing the anterior flagella curving forward to surround prey (seen especially in early feeding). l, m, Dividing cells, showing the diagonal symmetry of short new rows (nr) and longer old rows (or) of flagella, as well as the daughter nuclei (n). Scale bar, 10Â Î¼m.


Extended Data Fig. 2 Scanning electron microscopy images of H. kukwesjijk.
a, Feeding cell, general view (anterior to left; note the prey item attached to capitulum). b, Close-up of anterior end showing ingestion in progress at the capitulum. c, Discharged extrusomes (ex; triggered by the fixation process) along margin of the capitulum (compare to undischarged extrusomes in Fig.Â 1d). d, Dividing cells, with the left-most cell clearly showing the old row of full-length flagella (or) and the new row with short flagella (nr). Scale bars, 5Â Î¼m (a, d), 2Â Î¼m (b, c).


Extended Data Fig. 3 SSU rDNA phylogeny of eukaryotes.
Phylogeny inferred from 111 taxa and 1,252 sites under the GTRÂ +Â Î“Â model in RAxML. Hemimastigophoraâ€”including H. kukwesjijk and Spironema cf. multiciliatum from this studyâ€”are shown in red. Colours of other sequence names correspond to the same taxonomic groupings as in Fig.Â 3. The sequence of Spumella sp. strain BW2S, the prey for H. kukwesjijk, is included and marked with an asterisk. The numbers on branches show bootstrap percentages (1,000 replicates; values below 50% not shown). Branches in grey are half their original length. This tree was the reference phylogeny for pplacer analyses shown in Fig.Â 2. Scale bar denotes 0.1 expected substitutions per site.


Extended Data Fig. 4 Unrooted phylogeny of eukaryotes, 104 taxa dataset.
Phylogeny inferred from 351 genes, using maximum likelihood under the LGÂ +Â C60Â +Â FÂ +Â Î“ model. The numbers on branches show ultrafast bootstrap approximation percentages, with filled circles denoting 100% support. The Carpediemonas branch is shown reduced by 1/3 of the original length for display purposes. Scale bar denotes 0.1 expected substitutions per site.


Extended Data Fig. 5 Unrooted phylogeny using 58-nLB dataset.
Phylogeny inferred from 351 genes, using maximum likelihood under the LGÂ +Â C60Â +Â FÂ +Â Î“ model. The numbers on branches show PMSF bootstrap percentages (bootstrap support PMSF; 200 true bootstrap replicates), then ultrafast bootstrap approximation percentages (1,000 replicates). Filled circles denote 100% support with both methods. Scale bar denotes 0.1 expected substitutions per site.


Extended Data Fig. 6 Unrooted phylogeny using 58-nDP dataset.
Phylogeny inferred from 351 genes, using maximum likelihood under the LGÂ +Â C60Â +Â FÂ +Â Î“ model. The numbers on branches show PMSF bootstrap percentages (bootstrap support PMSF; 100 true bootstrap replicates), then ultrafast bootstrap approximation percentages (1,000 replicates). Filled circles denote 100% support with both methods. The branches leading to Bodo, Diplonema and Tetrahymena are shown reduced by 1/3. Scale bar denotes 0.1 expected substitutions per site.


Extended Data Fig. 7 Unrooted phylogeny using 61-SR4 dataset of 61 taxa.
Phylogeny inferred from 351 genes, with amino acids recoded as four states, using maximum likelihood under the GTRÂ +Â R6Â +Â F model. The numbers on branches show bootstrap percentages (500 true bootstrap replicates). Filled circles represent 100% support. The branches leading to Bodo, Diplonema and Tetrahymena are shown reduced by 1/3. Scale bar denotes 0.1 expected substitutions per site.


Extended Data Fig. 8 Summary of 61-SFSR analysis.
Chart follows the support for several important bipartitions with the sequential removal of the fastest-evolving sites from the 61-taxon, 351-gene dataset. The support values are ultra-fast bootstrap approximation percentages (1,000 replicates) inferred using maximum likelihood under the LGÂ +Â C60Â +Â FÂ +Â Î“-derived PSMF model using a guide tree pruned of hemimastigotes (PMSF-nHEMI, seeÂ Methods); these values are not directly comparable to those from the other illustrated analyses.
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