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  CL2 CL3 CL4 CL5 CL6 Octomitus Internal 
CL1 0.28 0.3 0.27 0.25 0.27 0.27 0.02 
CL2  0.3 0.33 0.3 0.34 0.32 0.01 
CL3   0.3 0.29 0.31 0.32 0.22 
CL4    0.28 0.31 0.31 0.04 
CL5     0.29 0.28 0.1 
CL6      0.32 0.01 
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Energy metabolism       
Pyruvate:ferredoxin oxidoreductase H C * 0 * 0 
[FeFe]-hydrogenase H C 0 0 * * 
Malic enzyme H C 0 0 1 0 
NADH dehydrogenase 51 kDa H - * 0 1 * 
NADH dehydrogenase 24 kDa H - 1 0 * * 
Adenylate kinase H C 0 0 0 0 

 
 

H - * * 0 * 

Succinate CoA synthetase – alpha 
subunit 

 H - 1 2 3(tp) * 

Succinate CoA synthetase – beta 
subunit 

H - 1(tp) 1 0 * 

Acetyl-CoA synthetase - C * * * 0 
Hydrogenase maturase protein F H - * 1 0 * 
Hydrogenase maturase protein E H - 0 * * * 
Hydrogenase maturase protein G H - * * * * 



 
Table 5.1. Continued 
 

      

Amino acid metabolism       
Serine hydroxymethyl transferase H - 2(tp) 0 * * 
T-protein - - 0 0 0 * 
P-protein - - * 2 0 * 
L-protein H - 0 0 0 * 
H-protein H - 0 3(tp) * * 
L-protein (Spirochaete version) - - 0 0 * * 
Alanine transaminase H C * 0 0 1 
Branched chain amino acid 
aminotransferase 

C C * 2 0 0 

Phosphatidylserine decarboxylase C C * 2 * * 
Aspartate aminotransferase 
mitochondrial 

C C * 0 0 1 

Glutamate dehydrogenase C C * 0 1 1 
Ornithine aminotransferase C C * 0 * * 
Ornithine carbamoyltransferase C C * 0 0 1 

Iron-Sulfur cluster synthesis       
Scaffold protein IscU H M 3(tp) 4(tp) 4(tp) 4(tp) 
Cystein desulfurase IscS H M 0 3 * 0 
Ferredoxin H M 1(tp) * 2(tp) 0 
Isa1/Isa2 (only Isa2 known from 
Trichomonas and Giardia) 

H M * * * * 

ISD11 H - * * * * 
Frataxin H - 2 0 * * 
Glutaredoxin - C 0 0 0 0 
DNAJ Jac1 H M * * * * 
Iron-sulfur cluster co-chaperone HscB - M * 2 * * 

Oxygen scavenging system       
Hydroperoxide reductase ruberythrin H - * * * * 
Thioredoxin H C 1(tp) 0 * * 
Thioredoxin peroxidase H C 0 3 0 0 
Thioredoxin reductase H C * 0 * 2 
Superoxide dismutase H C 0 0 0 0 

Import machinery       
Inner membrane translocase 23 
(Tim23) 

H - 2 * * * 

Outer membrane translocase 40 
(Tom40) 

H M * * * * 

Inner membrane translocase Pam18 H M 4(tp) * * 2(tp) 
Mdj11 H - * * * * 
Mge H - * * * * 
Sam50 H - * * * * 



 
Table 5.1. Continued 
 

      

Hydrogenosomal integral membrane 
protein 35 

H - * * * * 

Hydrogenosomal integral membrane 
protein 31 putative ATP/ADP 
translocase 

H - 1 2 * 2 

Mitochondrial carrier protein H - 2 1 1 * 
Mitochondrial folate transporter - - 2 * * * 
Mitochondrial processing peptidase 
beta-subunit 

H M 2 0 * * 

Heat shock protein 70 H M 2 1 0 * 
Heat shock protein CPN10 H M 2 * * * 
Heat shock protein CPN60 H M * 2 * * 

Fatty acid metabolism       
Long chain fatty acid CoA ligase - - 0 2 0 0 
       

α



Carpediemonas_SCS                  MLSNFTAKGSLITQFARN 
Carpediemonas_SHMT                 MLSALTSLNKAASLANSNIGASFAVLSRSFSIG 
Carpediemonas_NifU                 MLSGLISRTSMLTSMPNMVNGLTSAILGS 
Carpediemonas_Ferredoxin           MLSTFFSSHLNITNVLSSAVAISSFPRFAS 
Carpediemonas_Thioredoxin          MLSSLSQSFTFGRLLGVTP 
Carpediemonas_Pam18                MSLLAAAS 
Ergobibamus_GCS-H                  MLPALVSRRL 
Ergobibamus_NifU                   MLPVPLKRSSFRTSLFSLGARF 
Kipferlia_SCS                      MLATSVTSSLTSVLSRSVSSLAK 
Kipferlia_NifU                     MLSLISTIRGAVSTSLTGSAFSGAARAFSLVPDEPT 
Kipferlia_Ferredoxin               MSLSLTSALNNSLRSLAR 
Chilomastix_NifU                   MLSRVFNITSRSKPSFFGVTSRFMS 
Chilomastix_Pam18                  MSQGIHNKIRLLPRPVKVGIAVSTGVVTGLI 

Trichomonas vaginalis  MMMMMMMM   MMMMMLAAVSRSSALNMMKPLGIMMFYHENVNKHFKNPQNTGSLDM40 
Giardia intestinalis   M MMTSLQLSSTSLLQSVARFLTKKTSSDMEVYSELAMQHYRTPVNIGTLDM46 
Carpediemonas membranifera – BICM  MLSGLISRTSMLTSMPNMVNGLTSAILGSMRSYSQDLLDHYEKPRNVGAMDM50 
Ergobibamus cyprinoides – CL MMMMM       MLPVPLKRSSFRTSLFSLGARFMSSYDEAVMDHYNNPRNVGTMDM42 
Kipferlia bialata – Sagami       MLSLISTIRGAVSTSLTGSAFSGAATSYMSGYADIVDEHYSNPRNVGTLDM49 
Chilomastix caulleryi  MMMMM    MLSRVFNITSRSKPSFFGVTSRFMSMYEYDQKVAEHFESPKNVGTLDM45 
Rickettsia prowazekii  MMMMM                              MAYSKKVIDHYENPRNVGSLDM10 
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Appendix C.2. Maximum likelihood (WAG + Γ + I) tree of Fornicata based on HSP90 protein 
sequences. Statistical support is as follows IQPNNI 500 bootstraps / 1000 RELL bootstraps / 
Bayesian posterior probability. * means that branch was not recovered in the majority rule 
consensus tree of the bootstrap analyses. Only statistical support within Fornicata shown. 



 
 

 
 
Appendix C.3. Maximum likelihood (WAG + Γ + I) tree of Fornicata based on tubulin protein 
sequence. Statistical support is as follows IQPNNI 500 bootstraps / 1000 RELL bootstraps / 
Bayesian posterior probability. Only statistical support within Fornicata shown. 



Appendix C.4. Table of all sequences used for the phylogenetic analyses described in chapter 2. 
 





 



11. Appendix D 
 

Supplementary Materials for Chapter 3 
 
 
 
 
 
Appendix D.1. Media formulations used to cultivate Carpediemonas-like organisms 
 

802SW 
Boil 5g of cerophyll in 1l of seawater for 5 min. Filter the medium and 
autoclave. Add 10 - 12 ml per 15 ml tube. 

NM 
In 15 ml tube combine: 1 sterile rice grain, 0.5ml of modified ATCC 
medium 1171 (prepared with heat inactivated horse serum) and 10 ml 
of sterile seawater 

SW1773 
In 15 ml tube mix: 9ml of 802SW and 3ml of sterile ATCC medium 
1171 

T/S 
Mix: 485 ml of sterile seawater, 485 ml of sterile modified TYSGM-9 
medium (prepared without serum – see below) and 30ml of heat 
inactivated horse serum. Add 10-12 ml per 15ml tube 

3%LB In 15ml tube mix: 300ul of LB media and 10 ml of sterile seawater 

802SW/horse 
serum 

Prepare horse serum slant: add 3 ml of horse serum into 15 ml tube. 
Incubate tubes on side at 80°C for 2 hours. The horse serum solidifies 
and forms slanted surface at the bottom of the tube. Repeat twice: 
incubate the horse serum slants overnight in the room temperature 
followed by incubation at 80°C for 2 hours. Add 3-4 ml of 802SW 
media over horse serum slant. 

Modified 
TYSGM-9 

medium 

In 485ml of distilled water dissolve 1g of Tryptone, 0.5g of yeast 
extract, 1.4g of K2HPO4, 0.2g of KH2PO4 and 3.75g of NaCl. 
Autoclave. Add 15 ml of heat inactivated bovine or horse serum. 

Pre-inoculation 
Media for isolates PCE, PCS, NC and GSML were pre-inoculated with 
Klebsiella sp. 

 
 
 
 
 
 
 
 
 
 
 



Appendix D.2 

 

 

 

 

 

 





 
Supplementary Materials for Chapter 4 
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Dataset Bootstrap 
support 

Confidence 
interval 

CLO_rep 63 +/- 5.6 
CLO_rep but no CLOS 60 +/- 5.7 
Jacknifing 1 64 +/- 5.5 
Jacknifing 2 65 +/- 5.5 
Jacknifing 3 74 + /-5 
Jacknifing 4 93 +/- 3 
Jacknifing 5 76 +/- 4.9 
Jacknifing 6 71 +/- 5.2 
Jacknifing 7 75 +/- 5 
Jacknifing 8 66 +/- 5.5 
Jacknifing 9 83 +/- 4.3 
Jacknifing 10 92 +/- 3.1 
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Acanthamoeba 
castellani

1 1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1

Alexandrium 
tamarense

1 1 1 1 1 0 1 1 1 0 0 1 0 1 1 1 0 1 1 0 0 1 1 0 1 1 0 1 0 0

Amphimedon 
queenslandica

1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Andalucia incarcerata 1 1 1 1 1 0 0 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0

Arabidopsis thaliana 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1
Carpediemonas 
membranifera 

0 1 1 1 1 0 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 1

Bigelowiella natans 1 1 1 1 0 1 0 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Blastocystis hominis 0 1 1 1 1 0 0 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1
Blastocladiella 
emersonii

1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

0 1 0 1 0 0 0 0 0 0 1 0 0 1 1 1 0 0 1 0 1 1 1 0 0 1 0 1 0 1

Chilomastix caulleriy 0 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 0 1 0 1 1 1 0 0 1 1 1 0 0

Chlamydomonas 
reinhardtii

1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

Chondrus crispus 1 1 1 1 1 0 1 1 1 0 0 1 0 0 1 1 1 0 1 0 1 1 1 0 0 1 0 0 0 0
Ergobibamus 
cyprinoides

0 1 1 1 1 1 0 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1

Cryptosporidium sp. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 0 0
Cyanidioschizon 
merolae

1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0

Dictyostelium 
discoideum

1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Diplonema papilatum 0 1 0 1 1 0 1 0 1 0 0 1 0 1 1 0 0 1 1 0 0 1 1 1 0 1 0 0 0 0

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Euglena gracilis 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 1 1 0
Giardia intestinalis 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 0 0 1 0 1 0 0
Glaucocystis nostia 1 1 1 1 1 0 0 0 1 0 1 1 1 1 0 1 1 0 1 0 1 1 1 0 0 1 0 1 1 0
Guillardia theta 1 1 1 1 1 0 0 1 1 0 0 0 0 1 0 1 1 1 1 1 1 1 1 0 1 1 0 1 1 0
Histiona aroides 1 1 1 1 0 0 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 1 0 1 0 1 0 1 0 1
Homo sapiens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Isochrysis galbana 1 1 0 1 0 1 0 0 0 1 1 0 0 0 0 1 1 1 0 1 1 0 0 0 0 1 1 1 0 0
Jakoba bahamensis 1 1 1 1 1 1 0 0 1 0 1 1 0 1 1 1 0 0 1 1 1 1 0 0 0 1 1 1 0 0
Jakoba libera 1 1 1 1 1 0 0 0 1 0 0 0 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0 0
Karenia brevis 1 1 1 1 1 0 1 1 1 0 1 0 0 0 0 0 1 0 1 0 1 1 1 0 0 1 1 0 1 0
Leishmania major 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 0 1 1 1 0 0 1 1 1 1 0
Malawimonas 
californiensis

1 1 1 1 1 0 0 0 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 0 0
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Malawimonas 
jakobiformis

1 1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1

Mastigamoeba 
balamuthi

1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1

Micromonas sp. 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 0 0 0
Monocercomonoides 
sp.

0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1

Monosiga brevicollis 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
Naegleria gruberi 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
Nematostella 
vectensis

1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1

Neurospora crassa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 0 1
Nuclearia simplex 1 1 0 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0
Oryza sativa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Oxyrrhis marina 1 1 1 1 1 0 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0
Oxytricha trifallax 0 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 0 1 1 1 0 0 1 0 1 0 0
Paramecium 
caudatum

1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0

Pavlova lutheri 1 1 1 1 1 1 0 1 1 0 0 0 0 1 1 1 1 0 1 1 1 1 1 0 0 1 1 1 1 0
Pentatrichomonas 
hominis

1 0 1 1 0 0 1 1 1 0 0 0 0 0 1 0 1 0 1 1 1 1 1 0 0 1 0 1 1 1

Peranema 
trichophorum

1 1 1 1 0 0 0 1 1 0 1 0 0 0 0 0 0 0 1 1 1 0 1 0 0 1 0 0 1 0

Perkinsus marinus 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 0
Phaeodactylum 
tricornutum

1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1

Physarym 
polycephalum

1 1 1 1 0 0 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 0 1 0 0 1 1 0 1 1

Phytophthora 
infestans

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0

Phytomonas serpens 0 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 0 0 0
Plasmodium 
falciparum

1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 0 1 0 0 1 1 1 0 1

Polytomella parva 1 1 1 1 1 0 1 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 1 0 0
Porphyra yezoensis 1 1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 1 0 0
Proterospongia sp. 1 1 1 1 0 0 0 1 0 0 0 1 1 0 0 1 0 1 0 1 0 1 1 1 0 1 1 1 1 0
Prymnesium parvum 1 1 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0 1 0 1 1 0
Reclinomonas 
americana

1 1 1 1 1 0 1 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Reticulomyxa filosa 1 1 1 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 1 1 1 1
Rhizopus oryzae 0 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 0
Kipferlia bialata 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 0
Sarcocystis sp. 1 1 1 1 1 0 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Sawyeria 
marylandensis

1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1

Spironucleus 
barkhanus

0 1 1 1 1 0 0 1 1 0 0 0 0 1 1 1 1 0 1 0 1 1 1 0 0 1 0 1 0 0

Seculamonas 
ecuadoriensis

1 1 1 1 1 0 0 0 1 0 0 1 1 1 1 0 1 1 1 1 1 1 1 0 0 1 0 1 1 1
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Sphaerophorma 
arctica

1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1

Spironucleus 
salmonicida

1 1 1 1 1 1 0 1 1 0 0 1 1 0 1 1 1 0 1 1 1 1 1 0 0 1 0 1 0 0

Spironucleus vortens 1 0 0 1 1 0 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 0 0 0 1 1 0 0
Spizellomyces 
punctata

1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 0 0 0

Stachyamoeba 
lipophora

1 1 0 1 1 0 0 0 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 0 1 0 0 0 0 0

Telonema subtilis 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1 1 0 1 1 1 1 0 0 0 1 1 1 1 0
Tetrahymena 
termophila

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 0 1

Thalassiosira 
pseudonana

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 1 1 0

Thecamonas trahens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1
Theileria parva 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 0 0
Tsukubomonas 
globosa

1 1 1 1 1 1 0 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Toxoplasma gondii 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1

Trichoplax adhaerens 1 1 1 1 0 0 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 0 1 0 0 1 1 1

Trichomonas 
vaginalis

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Trimastix pyriformis 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 0 1 0 1 1 1 1 1

Tritrichomonas foetus 1 1 1 1 1 0 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0

Trypanosoma brucei 1 1 1 1 1 1 1 0 1 1 0 1 1 0 1 1 1 0 1 1 1 1 0 0 1 1 1 1 1 0
Ustilago maydis 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0
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Acanthamoeba 
castellani

1 1 0 1 1 1 1 1 0 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 0 0 0 1 1 1

Alexandrium 
tamarense

1 1 0 1 1 0 1 1 1 1 0 1 0 1 1 0 0 0 0 1 0 0 1 0 0 1 1 0 0 0

Amphimedon 
queenslandica

1 1 1 1 1 1 1 1 0 0 1 1 0 1 0 1 1 1 0 1 1 1 1 0 1 1 0 1 1 0

Andalucia incarcerata 1 1 0 0 1 0 1 1 1 0 1 1 0 0 1 1 0 1 1 1 1 1 0 0 1 0 1 1 0 1

Arabidopsis thaliana 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 0
Carpediemonas 
membranifera 

0 0 0 0 0 1 0 1 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1

Bigelowiella natans 1 0 1 1 1 0 1 0 1 0 1 0 0 1 0 0 0 1 1 1 1 1 1 0 0 0 0 0 1 0
Blastocystis hominis 0 1 0 1 0 1 1 0 0 1 1 1 0 1 1 1 0 1 0 1 1 1 1 1 0 0 1 0 0 1
Blastocladiella 
emersonii

1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

0 1 0 1 0 1 0 0 0 0 0 1 1 1 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 1
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Chilomastix caulleriy 1 0 1 0 1 0 0 1 1 1 1 1 0 1 0 1 0 1 1 1 1 1 1 1 1 0 0 1 1 1

Chlamydomonas 
reinhardtii

1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1

Chondrus crispus 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 1 1 0 0 0 0 0 0 0 0
Ergobibamus 
cyprinoides

0 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1

Cryptosporidium sp. 1 1 0 0 1 0 0 1 0 0 1 1 0 0 1 1 1 1 0 1 1 0 1 1 0 1 1 1 1 0
Cyanidioschizon 
merolae

1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 1 1 0 1 1 0 1 1 1 1 0

Dictyostelium 
discoideum

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Diplonema papilatum 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 1

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0
Euglena gracilis 0 1 0 1 1 1 1 0 1 0 1 1 0 1 1 1 0 1 0 1 1 0 1 0 1 0 1 1 1 0
Giardia intestinalis 1 1 1 0 1 1 1 0 1 1 0 1 0 1 1 1 1 0 0 1 1 1 1 0 0 0 1 1 1 1
Glaucocystis nostia 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 1 1 1 1 1 0 0 1 0 1 0
Guillardia theta 0 1 0 0 1 0 1 1 1 0 1 0 0 0 1 0 0 1 0 1 1 1 1 1 0 1 1 1 1 0
Histiona aroides 1 0 1 1 1 1 1 1 0 0 1 1 0 0 1 1 0 1 1 1 0 1 0 0 0 0 1 0 1 1
Homo sapiens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Isochrysis galbana 0 0 1 0 0 1 1 1 0 0 0 0 1 0 0 0 0 1 1 0 1 0 1 0 0 1 0 0 1 0
Jakoba bahamensis 1 0 1 0 0 1 0 1 0 0 1 1 1 1 0 1 0 1 1 1 0 1 1 0 0 0 1 1 0 1
Jakoba libera 0 1 0 1 0 1 0 0 0 0 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0 0 1
Karenia brevis 0 0 0 1 1 0 0 0 1 0 1 1 0 1 0 0 0 1 0 0 0 0 1 1 1 1 0 0 1 0
Leishmania major 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1
Malawimonas 
californiensis

0 0 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 1 0 1 0 0 1 0 1 1 0 0 1 0

Malawimonas 
jakobiformis

1 1 0 0 0 0 0 0 0 0 1 1 0 1 0 1 1 1 0 1 0 1 0 0 0 1 1 1 1 0

Mastigamoeba 
balamuthi

1 0 1 1 1 1 1 1 0 0 1 1 0 1 0 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1

Micromonas sp. 1 1 1 1 1 0 0 0 1 0 0 0 0 1 0 1 0 1 0 1 1 0 1 0 1 0 0 0 0 0
Monocercomonoides 
sp.

1 1 1 1 1 1 1 1 0 1 0 1 0 1 1 1 0 1 0 1 1 1 1 1 0 1 1 1 1 1

Monosiga brevicollis 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Naegleria gruberi 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Nematostella 
vectensis

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Neurospora crassa 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 0
Nuclearia simplex 0 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
Oryza sativa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Oxyrrhis marina 1 1 1 1 0 0 1 1 0 1 1 0 0 1 0 1 0 1 0 1 0 0 1 0 0 1 1 0 1 0
Oxytricha trifallax 0 0 0 0 0 0 1 0 0 0 1 1 1 0 0 1 0 1 0 1 1 1 0 0 0 0 0 0 0 0
Paramecium 
caudatum

1 1 1 1 1 1 1 1 0 1 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 1 1 0

Pavlova lutheri 0 1 0 1 1 0 1 1 0 1 0 0 0 1 0 1 0 1 0 1 1 1 1 0 0 0 1 0 0 0
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Pentatrichomonas 
hominis

0 1 0 0 0 0 1 0 1 0 1 1 0 0 0 0 0 1 1 1 1 0 0 0 1 0 0 0 0 0

Peranema 
trichophorum

1 0 0 1 0 1 1 0 0 0 1 1 0 0 0 1 0 1 0 0 0 0 1 1 0 0 0 1 0 0

Perkinsus marinus 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1
Phaeodactylum 
tricornutum

1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 0

Physarym 
polycephalum

1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 0 1 1 1 1 0 1

Phytophthora 
infestans

1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1

Phytomonas serpens 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 1 1 0 1 0 0 0 0 1 0
Plasmodium 
falciparum

1 1 1 1 1 1 0 1 1 1 1 1 0 1 0 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1

Polytomella parva 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0
Porphyra yezoensis 1 0 1 1 1 0 1 1 1 1 0 1 0 0 0 0 0 1 0 1 1 1 1 0 1 0 1 1 1 1
Proterospongia sp. 1 0 0 0 0 0 0 0 1 0 1 0 1 1 0 0 0 1 0 1 1 1 1 0 0 0 0 0 0 0
Prymnesium parvum 1 1 1 1 0 0 0 0 1 0 1 1 0 0 0 1 0 1 0 1 1 0 1 0 1 1 0 0 1 1
Reclinomonas 
americana

1 0 0 1 0 0 1 1 1 0 1 1 0 1 0 1 0 1 1 1 1 1 0 1 0 1 1 1 1 1

Reticulomyxa filosa 0 1 0 0 0 0 0 0 0 0 1 0 1 1 0 1 0 1 1 1 1 0 0 1 0 1 1 0 1 1
Rhizopus oryzae 1 1 1 0 1 1 1 1 0 0 0 1 0 0 1 1 1 0 1 1 0 0 1 0 0 0 1 0 1 0
Kipferlia bialata 1 0 1 1 1 1 0 1 1 0 1 1 0 1 0 1 1 1 0 1 1 0 1 0 1 1 0 1 1 0
Sarcocystis sp. 0 0 1 1 1 1 0 0 0 1 0 1 0 1 0 0 0 1 0 1 1 0 1 0 0 1 1 0 1 0
Sawyeria 
marylandensis

1 1 1 0 1 0 0 1 0 1 1 1 0 1 0 1 0 1 1 1 1 1 1 0 1 0 1 0 1 1

Spironucleus 
barkhanus

0 1 1 1 1 0 1 1 1 0 0 1 0 1 0 1 0 0 0 1 1 1 0 0 0 0 0 1 1 0

Seculamonas 
ecuadoriensis

1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 1 0 0 1 1 1 1 1 0 1 1

Sphaerophorma 
arctica

0 1 1 1 0 1 0 1 1 0 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0

Spironucleus 
salmonicida

0 1 1 0 0 1 1 1 0 0 0 1 0 0 0 1 1 0 0 1 1 1 1 0 0 0 1 1 1 0

Spironucleus vortens 0 1 1 1 1 1 1 1 1 0 0 1 0 1 0 1 0 0 1 1 1 0 1 0 0 0 0 0 0 0
Spizellomyces 
punctata

1 1 1 0 0 1 1 1 0 1 0 0 1 1 0 1 0 1 1 1 1 0 1 0 0 0 1 1 0 0

Stachyamoeba 
lipophora

0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 1 1 0 0 0 1 0 0 0 0 0 0

Telonema subtilis 1 1 1 0 0 1 0 1 0 1 1 0 1 1 1 1 0 1 1 1 1 1 1 0 0 0 1 0 1 1
Tetrahymena 
termophila

1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0

Thalassiosira 
pseudonana

1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1

Thecamonas trahens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
Theileria parva 1 1 1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 0 1 1 0 1 1 0 1 1 1 1 0
Tsukubomonas 
globosa

1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

Toxoplasma gondii 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 0 1 1 1 0 1 1 1 1 1 1 0
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Trichoplax adhaerens 0 1 0 0 0 0 1 0 1 0 1 1 0 0 0 0 0 1 1 1 1 0 0 1 0 0 0 0 0 0

Trichomonas 
vaginalis

1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1

Trimastix pyriformis 1 1 1 0 1 1 1 1 0 0 1 1 0 1 0 1 0 1 1 1 0 0 1 1 0 0 0 0 1 1

Tritrichomonas foetus 1 1 1 0 1 0 1 1 1 0 1 1 1 0 0 1 1 1 0 1 1 1 1 1 0 0 0 1 0 1

Trypanosoma brucei 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1
Ustilago maydis 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Acanthamoeba 
castellani

1 1 0 0 0 0 0 0 1 0 1 1 0 1 1 0 0 0 0 1 1 0 1 0 1 1 1 1 1 1

Alexandrium 
tamarense

1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1

Amphimedon 
queenslandica

1 1 1 0 0 0 1 0 1 1 1 1 0 0 0 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1

Andalucia incarcerata 1 1 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 1 0 0

Arabidopsis thaliana 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Carpediemonas 
membranifera 

1 1 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 1 1 1 1 1 1 1

Bigelowiella natans 1 1 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1
Blastocystis hominis 1 1 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0 1
Blastocladiella 
emersonii

1 1 0 1 1 1 1 0 1 1 0 0 1 0 1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

1 1 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1

Chilomastix caulleriy 1 1 1 0 0 0 1 1 0 1 0 1 0 0 0 1 0 1 0 1 1 1 0 1 0 1 0 1 1 0

Chlamydomonas 
reinhardtii

1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1

Chondrus crispus 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 1 0 0 1 0 0
Ergobibamus 
cyprinoides

1 1 0 1 0 1 1 0 0 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1

Cryptosporidium sp. 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Cyanidioschizon 
merolae

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

Dictyostelium 
discoideum

1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Diplonema papilatum 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1
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Trichoplax adhaerens 0 1 0 0 0 0 1 0 1 0 1 1 0 0 0 0 0 1 1 1 1 0 0 1 0 0 0 0 0 0

Trichomonas 
vaginalis

1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1

Trimastix pyriformis 1 1 1 0 1 1 1 1 0 0 1 1 0 1 0 1 0 1 1 1 0 0 1 1 0 0 0 0 1 1

Tritrichomonas foetus 1 1 1 0 1 0 1 1 1 0 1 1 1 0 0 1 1 1 0 1 1 1 1 1 0 0 0 1 0 1

Trypanosoma brucei 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1
Ustilago maydis 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Acanthamoeba 
castellani

1 1 0 0 0 0 0 0 1 0 1 1 0 1 1 0 0 0 0 1 1 0 1 0 1 1 1 1 1 1

Alexandrium 
tamarense

1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1

Amphimedon 
queenslandica

1 1 1 0 0 0 1 0 1 1 1 1 0 0 0 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1

Andalucia incarcerata 1 1 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 1 0 0

Arabidopsis thaliana 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Carpediemonas 
membranifera 

1 1 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 1 1 1 1 1 1 1

Bigelowiella natans 1 1 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1
Blastocystis hominis 1 1 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 0 1 0 1
Blastocladiella 
emersonii

1 1 0 1 1 1 1 0 1 1 0 0 1 0 1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

1 1 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1

Chilomastix caulleriy 1 1 1 0 0 0 1 1 0 1 0 1 0 0 0 1 0 1 0 1 1 1 0 1 0 1 0 1 1 0

Chlamydomonas 
reinhardtii

1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1

Chondrus crispus 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 1 0 0 1 0 0
Ergobibamus 
cyprinoides

1 1 0 1 0 1 1 0 0 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1

Cryptosporidium sp. 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Cyanidioschizon 
merolae

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

Dictyostelium 
discoideum

1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Diplonema papilatum 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1
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Euglena gracilis 1 0 0 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 0 1 1
Giardia intestinalis 1 1 1 0 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1
Glaucocystis nostia 1 1 0 0 0 0 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 1 1 0 1 0 1
Guillardia theta 1 0 1 0 0 1 0 1 0 1 0 1 1 0 1 1 0 1 0 0 0 1 0 1 1 1 0 1 1 1
Histiona aroides 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0
Homo sapiens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Isochrysis galbana 0 0 1 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 1 1 0 0 0 0 1 0 1 0 0 1
Jakoba bahamensis 1 0 0 1 0 0 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 1 0 0 0 0 1 1 0 0
Jakoba libera 1 1 0 1 1 0 1 0 1 0 1 0 1 1 1 1 0 1 1 0 0 0 0 0 0 0 1 1 1 1
Karenia brevis 0 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 0
Leishmania major 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
Malawimonas 
californiensis

1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 1 0 1 0 1

Malawimonas 
jakobiformis

1 1 0 0 0 0 0 1 0 0 0 1 0 1 1 1 1 0 0 0 1 1 0 1 1 1 1 1 0 1

Mastigamoeba 
balamuthi

1 1 0 0 0 0 1 0 0 0 0 1 1 1 0 1 1 1 0 0 0 0 0 0 0 1 0 1 1 1

Micromonas sp. 1 1 0 0 0 0 0 1 1 0 1 1 1 0 1 1 0 0 0 0 1 0 0 0 0 1 1 1 1 0
Monocercomonoides 
sp.

1 1 0 0 1 0 1 1 0 0 0 1 0 1 1 1 1 1 0 1 0 1 0 1 1 1 1 1 1 1

Monosiga brevicollis 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Naegleria gruberi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
Nematostella 
vectensis

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1

Neurospora crassa 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Nuclearia simplex 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0
Oryza sativa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1
Oxyrrhis marina 0 1 1 0 1 0 1 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 1 1 1 0 1
Oxytricha trifallax 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0
Paramecium 
caudatum

0 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 0 1 0

Pavlova lutheri 1 0 1 0 0 0 1 1 1 0 1 0 1 0 1 0 1 1 0 0 0 0 0 0 0 1 1 0 0 0
Pentatrichomonas 
hominis

1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 0 0 1 1 0 1 1

Peranema 
trichophorum

0 1 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0

Perkinsus marinus 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
Phaeodactylum 
tricornutum

0 1 0 0 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Physarym 
polycephalum

1 1 1 0 1 0 1 0 1 0 1 0 0 0 0 0 1 1 1 0 0 1 0 0 1 0 0 0 0 0

Phytophthora 
infestans

1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 0 1 1 1 1 1

Phytomonas serpens 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0
Plasmodium 
falciparum

0 1 1 0 0 1 1 0 0 0 0 1 1 1 0 0 1 1 1 1 1 0 1 1 0 0 1 0 0 1

Polytomella parva 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0
Porphyra yezoensis 1 1 0 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1
Proterospongia sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0 1 0 1
Prymnesium parvum 1 1 0 1 0 0 0 0 1 0 1 1 1 0 0 0 0 1 0 0 0 0 0 0 1 1 0 1 1 0
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Reclinomonas 
americana

1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 0 0 1 0 0 1 0 0 1 1 1 1 1 1 1

Reticulomyxa filosa 1 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 1 0 1 0 0 1 0 0 0 0 0
Rhizopus oryzae 0 1 0 0 0 0 1 0 1 1 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 1 0 1 1
Kipferlia bialata 1 1 0 0 0 0 1 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0
Sarcocystis sp. 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 1 1 1 1 0
Sawyeria 
marylandensis

1 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 1 1 0 0 1 1 0 0 0 0 0 1 0 1

Spironucleus 
barkhanus

1 1 0 0 0 1 1 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 1 0 0 1 1 0

Seculamonas 
ecuadoriensis

1 1 0 0 0 1 1 0 1 0 1 1 1 0 0 1 0 1 1 0 0 0 0 0 0 1 0 0 1 1

Sphaerophorma 
arctica

1 1 0 0 0 0 1 0 1 0 0 0 1 1 0 1 0 1 0 0 0 0 0 0 1 1 1 0 1 0

Spironucleus 
salmonicida

1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0

Spironucleus vortens 1 1 0 1 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1 0 0 0 0 0
Spizellomyces 
punctata

0 1 0 0 0 0 1 0 1 0 1 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 1 1 1 1

Stachyamoeba 
lipophora

1 1 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Telonema subtilis 1 1 0 0 0 0 1 0 1 0 0 0 0 1 0 1 0 1 1 1 0 1 0 0 1 0 1 0 1 1
Tetrahymena 
termophila

1 1 0 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1

Thalassiosira 
pseudonana

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Thecamonas trahens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1
Theileria parva 0 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Tsukubomonas 
globosa

1 1 0 0 0 0 1 1 0 1 0 1 1 0 0 1 1 1 0 1 1 0 0 1 0 1 1 1 1 1

Toxoplasma gondii 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0 1 0 0 1 1 1 1 1

Trichoplax adhaerens 1 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1

Trichomonas 
vaginalis

1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

Trimastix pyriformis 1 1 0 0 0 0 1 1 0 1 0 1 1 0 0 0 0 0 0 1 0 1 0 1 1 1 1 1 0 1

Tritrichomonas foetus 1 1 0 0 0 0 1 0 1 0 0 0 0 1 1 0 0 1 0 0 0 0 0 1 0 1 0 1 0 1

Trypanosoma brucei 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
Ustilago maydis 0 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
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Acanthamoeba 
castellani

1 1 1 1 1 1 0 0 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Alexandrium 
tamarense

0 0 1 0 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Amphimedon 
queenslandica

0 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Andalucia incarcerata 1 0 0 0 1 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Arabidopsis thaliana 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Carpediemonas 
membranifera 

1 1 1 1 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Bigelowiella natans 0 1 0 0 1 0 0 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1
Blastocystis hominis 0 0 0 0 0 0 0 0 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Blastocladiella 
emersonii

1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

0 0 1 0 0 0 1 0 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 0 1 1 0 0 1 1

Chilomastix caulleriy 1 1 1 1 1 0 1 0 1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1

Chlamydomonas 
reinhardtii

1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Chondrus crispus 0 0 0 1 1 1 1 1 1 0 0 1 0 0 1 0 1 1 1 0 1 1 0 1 1 1 0 0 0 1
Ergobibamus 
cyprinoides

1 1 1 1 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Cryptosporidium sp. 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cyanidioschizon 
merolae

1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dictyostelium 
discoideum

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Diplonema papilatum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 0

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0
Euglena gracilis 0 1 1 1 1 1 0 0 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
Giardia intestinalis 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 0
Glaucocystis nostia 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
Guillardia theta 1 1 1 0 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1
Histiona aroides 0 0 0 1 0 1 0 0 1 0 0 1 0 0 0 1 0 0 1 1 1 0 0 0 1 0 1 0 1 1
Homo sapiens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1
Isochrysis galbana 0 1 1 1 1 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Jakoba bahamensis 0 0 1 1 1 0 0 1 1 0 0 1 0 0 1 1 1 0 1 1 0 0 0 1 1 0 1 1 0 1
Jakoba libera 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 0 0 0 0
Karenia brevis 1 0 0 1 0 0 1 0 0 1 0 1 0 0 1 0 0 0 0 1 1 1 0 0 0 1 0 1 1 0
Leishmania major 0 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Malawimonas 
californiensis

0 0 0 0 1 0 1 1 0 0 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 1 1

Malawimonas 
jakobiformis

1 0 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Mastigamoeba 
balamuthi

0 0 0 0 1 1 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Micromonas sp. 1 1 0 1 0 1 0 0 0 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1
Monocercomonoides 
sp.

0 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1
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Monosiga brevicollis 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1
Naegleria gruberi 1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1
Nematostella 
vectensis

1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Neurospora crassa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nuclearia simplex 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Oryza sativa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Oxyrrhis marina 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Oxytricha trifallax 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1
Paramecium 
caudatum

1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Pavlova lutheri 1 0 0 1 1 1 1 1 0 0 0 1 0 1 1 0 1 1 1 0 0 1 1 1 1 1 0 0 1 1
Pentatrichomonas 
hominis

0 0 0 0 0 0 1 1 1 0 0 0 1 1 0 1 0 1 1 1 1 1 0 0 0 0 1 0 0 1

Peranema 
trichophorum

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Perkinsus marinus 1 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Phaeodactylum 
tricornutum

1 1 1 1 1 1 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Physarym 
polycephalum

0 0 0 0 0 0 0 0 0 1 1 1 0 0 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 0

Phytophthora 
infestans

1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Phytomonas serpens 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Plasmodium 
falciparum

1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1 1 1 1 1

Polytomella parva 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Porphyra yezoensis 1 1 1 1 1 0 1 1 0 0 1 1 0 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Proterospongia sp. 0 0 1 0 0 0 1 0 0 0 0 0 0 1 1 1 1 1 0 0 1 1 0 1 0 0 0 1 1 1
Prymnesium parvum 1 1 1 0 1 0 1 0 0 1 1 0 0 1 0 0 0 1 0 1 0 1 1 0 0 1 0 0 1 1
Reclinomonas 
americana

1 1 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Reticulomyxa filosa 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Rhizopus oryzae 1 1 1 1 1 1 0 1 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Kipferlia bialata 0 1 1 0 0 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1
Sarcocystis sp. 1 0 1 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sawyeria 
marylandensis

1 0 0 1 1 1 0 0 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1

Spironucleus 
barkhanus

0 1 1 1 0 1 1 0 1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 0 1 1 0 1 0 0

Seculamonas 
ecuadoriensis

1 0 0 0 0 0 1 1 1 0 1 0 0 0 1 0 0 0 0 1 1 0 0 1 1 1 0 1 1 1

Sphaerophorma 
arctica

1 1 0 0 0 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Spironucleus 
salmonicida

0 0 1 0 0 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 0

Spironucleus vortens 0 0 1 0 0 0 1 0 1 0 1 1 1 1 1 1 1 1 1 0 0 1 1 0 1 1 0 0 1 1
Spizellomyces 
punctata

0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Stachyamoeba 
lipophora

0 0 0 1 0 0 0 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 1 1

Telonema subtilis 0 0 0 1 0 1 0 1 0 0 1 1 0 0 0 1 1 1 1 1 1 1 0 0 1 0 0 0 0 0
Tetrahymena 
termophila

1 1 1 1 1 1 1 1 1 0 1 0 0 0 1 0 0 1 1 1 1 1 0 1 1 1 1 1 1 1

Thalassiosira 
pseudonana

1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Thecamonas trahens 0 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Theileria parva 0 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tsukubomonas 
globosa

1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1

Toxoplasma gondii 1 1 1 1 1 1 1 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Trichoplax adhaerens 1 0 0 0 1 0 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1

Trichomonas 
vaginalis

1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 1 1 0

Trimastix pyriformis 1 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Tritrichomonas foetus 1 1 0 0 1 0 1 1 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1

Trypanosoma brucei 0 1 1 1 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1
Ustilago maydis 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Acanthamoeba 
castellani

1 0 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1

Alexandrium 
tamarense

1 0 0 0 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 0 0 1 0

Amphimedon 
queenslandica

1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

Andalucia incarcerata 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 0 1 1

Arabidopsis thaliana 0 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 1 1 1
Carpediemonas 
membranifera 

1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1

Bigelowiella natans 0 0 0 0 1 0 1 0 1 1 1 1 1 1 0 1 0 1 1 1 0 0 1 1 1 1 0 0 0 1
Blastocystis hominis 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1
Blastocladiella 
emersonii

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

0 0 0 0 0 0 1 1 0 1 1 0 1 0 1 1 0 1 0 1 1 0 0 1 1 0 1 0 0 0

Chilomastix caulleriy 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

Chlamydomonas 
reinhardtii

1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Chondrus crispus 0 0 0 0 0 1 0 1 0 0 0 1 0 0 1 0 1 1 1 1 0 1 1 0 1 0 1 1 0 0
Ergobibamus 
cyprinoides

1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Cryptosporidium sp. 0 0 1 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 1 1 0
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Cyanidioschizon 
merolae

0 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 0 1 1 0 0 1 1 1 1 1

Dictyostelium 
discoideum

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Diplonema papilatum 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Euglena gracilis 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1
Giardia intestinalis 1 0 0 1 1 0 1 0 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0
Glaucocystis nostia 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0
Guillardia theta 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1
Histiona aroides 0 0 0 0 1 0 1 0 1 1 1 1 0 1 1 0 0 0 1 0 0 1 1 0 0 1 0 1 1 0
Homo sapiens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Isochrysis galbana 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0
Jakoba bahamensis 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 1 1 1 0 0 1 0 1 1 1 0
Jakoba libera 0 0 0 0 1 0 0 1 1 1 1 1 0 1 0 1 1 0 1 1 1 1 0 0 1 1 0 0 1 0
Karenia brevis 1 1 1 1 1 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0
Leishmania major 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Malawimonas 
californiensis

1 0 0 1 0 0 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 1 1 1 1 0 1 1 1

Malawimonas 
jakobiformis

1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1

Mastigamoeba 
balamuthi

1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0

Micromonas sp. 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0
Monocercomonoides 
sp.

1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0

Monosiga brevicollis 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1
Naegleria gruberi 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Nematostella 
vectensis

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Neurospora crassa 0 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 0 1 1 0 0 1 1 1 1 0
Nuclearia simplex 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 0 0 0 1
Oryza sativa 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Oxyrrhis marina 0 0 1 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 0 1 1 1
Oxytricha trifallax 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1
Paramecium 
caudatum

0 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 0 1 1 1 1

Pavlova lutheri 1 0 0 0 0 1 0 1 1 1 1 0 0 1 1 1 1 0 1 1 1 1 1 0 1 0 0 0 1 0
Pentatrichomonas 
hominis

1 0 0 0 1 0 0 1 1 0 1 0 1 1 0 0 1 1 0 1 1 0 0 0 1 1 0 0 0 1

Peranema 
trichophorum

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 1 0 1 1

Perkinsus marinus 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Phaeodactylum 
tricornutum

0 0 1 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 1 1 1

Physarym 
polycephalum

1 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1
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Phytophthora 
infestans

1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Phytomonas serpens 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1
Plasmodium 
falciparum

1 0 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Polytomella parva 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 0 0 0 1
Porphyra yezoensis 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 0
Proterospongia sp. 1 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 0
Prymnesium parvum 1 0 0 0 1 1 0 0 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 0 1
Reclinomonas 
americana

1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Reticulomyxa filosa 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Rhizopus oryzae 0 1 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 0 0 0 0 0 0 1 0
Kipferlia bialata 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1
Sarcocystis sp. 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 0 0 1 1 0 1 1
Sawyeria 
marylandensis

1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1

Spironucleus 
barkhanus

1 1 0 0 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0

Seculamonas 
ecuadoriensis

1 0 0 0 1 0 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 0 1 0 1 1 1

Sphaerophorma 
arctica

1 0 0 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1

Spironucleus 
salmonicida

1 0 0 0 1 0 1 1 1 0 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 0 0 1 0

Spironucleus vortens 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0
Spizellomyces 
punctata

0 1 0 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 0 1 0 1

Stachyamoeba 
lipophora

1 0 0 0 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0

Telonema subtilis 1 0 0 0 0 1 0 1 1 1 1 0 1 1 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1 1
Tetrahymena 
termophila

1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1

Thalassiosira 
pseudonana

1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Thecamonas trahens 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Theileria parva 0 1 1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 0 0 1 1 1 1 1
Tsukubomonas 
globosa

1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Toxoplasma gondii 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1

Trichoplax adhaerens 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1

Trichomonas 
vaginalis

1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1

Trimastix pyriformis 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0

Tritrichomonas foetus 1 0 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1

Trypanosoma brucei 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ustilago maydis 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Acanthamoeba 
castellani

0 1 1 0 1 1 1 1 0 1 1

Alexandrium 
tamarense

0 0 0 1 1 0 0 1 0 1 0

Amphimedon 
queenslandica

0 1 0 1 1 1 1 1 1 1 1

Andalucia incarcerata 1 0 1 1 1 1 0 1 1 0 0

Arabidopsis thaliana 1 1 1 0 1 1 1 1 1 1 1
Carpediemonas 
membranifera 

0 0 0 1 1 1 0 0 1 0 0

Bigelowiella natans 0 0 1 0 1 0 0 1 1 0 0
Blastocystis hominis 0 0 1 0 1 1 0 1 0 1 1
Blastocladiella 
emersonii

1 0 1 1 1 1 1 0 0 1 1

Capsaspora 
owczarzaki

1 1 1 1 1 1 1 1 1 1 1

Cercomonas 
longicauda

0 1 0 1 0 0 1 0 0 0 0

Chilomastix caulleriy 0 1 1 1 1 1 0 0 0 1 0

Chlamydomonas 
reinhardtii

1 0 1 1 1 1 1 1 0 1 0

Chondrus crispus 0 1 0 1 0 0 0 0 0 0 0
Ergobibamus 
cyprinoides

1 1 1 1 1 1 1 1 1 1 1

Cryptosporidium sp. 1 1 1 1 1 1 1 1 0 1 1
Cyanidioschizon 
merolae

1 1 1 1 1 1 1 1 0 0 1

Dictyostelium 
discoideum

1 1 1 1 1 1 1 1 1 1 1

Diplonema papilatum 0 0 0 1 0 0 1 0 0 0 0

Drosophila 
melanogaster

1 1 1 1 1 1 1 1 1 1 1

Emilliania huxleyi 0 1 1 1 1 1 1 0 1 1 1
Euglena gracilis 0 1 1 1 1 1 1 1 1 0 0
Giardia intestinalis 0 0 1 1 1 1 0 0 1 1 1
Glaucocystis nostia 0 1 1 1 0 1 1 1 0 0 0
Guillardia theta 1 0 0 1 1 1 0 1 0 0 1
Histiona aroides 0 1 0 0 1 1 1 1 0 1 0
Homo sapiens 1 1 1 1 1 1 1 1 1 1 1
Isochrysis galbana 1 0 0 0 1 1 1 0 1 0 0
Jakoba bahamensis 0 0 1 1 0 0 1 1 1 0 0
Jakoba libera 0 0 1 1 1 1 1 1 1 1 0
Karenia brevis 0 0 1 1 1 1 0 1 0 1 1
Leishmania major 0 1 1 1 1 1 1 1 0 1 1
Malawimonas 
californiensis

0 0 1 1 0 1 0 1 0 1 0

Malawimonas 
jakobiformis

1 1 0 1 1 1 1 1 1 0 0
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Mastigamoeba 
balamuthi

0 0 1 1 1 1 1 1 1 1 1

Micromonas sp. 0 0 1 0 0 1 0 0 0 0 0
Monocercomonoides 
sp.

1 1 1 1 1 1 1 1 0 1 0

Monosiga brevicollis 1 1 1 1 1 1 1 1 1 1 1
Naegleria gruberi 1 1 1 1 1 1 1 1 1 1 1
Nematostella 
vectensis

1 1 1 1 1 1 1 1 1 1 1

Neurospora crassa 1 1 1 0 1 1 1 1 0 1 1
Nuclearia simplex 0 0 0 1 0 1 0 1 1 0 0
Oryza sativa 1 1 1 1 1 1 1 1 1 1 1
Oxyrrhis marina 0 0 0 1 1 1 1 1 0 0 0
Oxytricha trifallax 0 0 0 1 0 1 0 0 0 0 0
Paramecium 
caudatum

1 1 1 0 1 1 1 1 0 1 1

Pavlova lutheri 0 1 0 1 1 1 1 1 1 1 0
Pentatrichomonas 
hominis

0 0 1 0 1 0 0 1 0 0 0

Peranema 
trichophorum

0 0 1 1 1 1 0 0 0 0 1

Perkinsus marinus 1 1 1 1 1 1 1 1 1 1 1
Phaeodactylum 
tricornutum

1 1 1 1 1 1 1 1 1 1 1

Physarym 
polycephalum

0 0 0 0 1 1 1 0 0 1 0

Phytophthora 
infestans

1 1 1 1 1 1 1 1 0 1 1

Phytomonas serpens 0 0 0 0 0 0 0 0 0 0 0
Plasmodium 
falciparum

0 1 1 1 1 1 1 0 1 0 1

Polytomella parva 0 0 0 1 1 1 1 0 0 0 0
Porphyra yezoensis 0 1 1 1 1 1 1 1 0 1 1
Proterospongia sp. 0 0 0 0 1 0 0 0 0 0 0
Prymnesium parvum 0 0 0 1 1 1 1 1 1 0 0
Reclinomonas 
americana

0 0 1 1 1 0 0 1 1 1 0

Reticulomyxa filosa 0 0 0 1 1 1 0 0 1 0 0
Rhizopus oryzae 1 0 0 1 1 1 1 1 0 0 0
Kipferlia bialata 1 1 1 1 1 1 0 1 0 1 0
Sarcocystis sp. 1 0 1 1 1 0 0 0 0 0 0
Sawyeria 
marylandensis

0 0 1 1 1 1 0 0 0 1 0

Spironucleus 
barkhanus

0 0 1 1 1 1 0 0 0 1 0

Seculamonas 
ecuadoriensis

1 1 1 1 1 1 1 0 0 0 0

Sphaerophorma 
arctica

0 0 0 1 1 1 1 1 0 0 0
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Spironucleus 
salmonicida

0 0 0 0 1 1 0 0 0 1 0

Spironucleus vortens 0 0 1 1 1 1 0 0 1 1 1
Spizellomyces 
punctata

0 0 0 1 0 0 0 0 0 0 1

Stachyamoeba 
lipophora

0 0 1 0 1 1 1 0 0 0 0

Telonema subtilis 0 0 1 1 1 1 0 0 0 0 0
Tetrahymena 
termophila

1 1 1 1 1 1 1 1 1 1 1

Thalassiosira 
pseudonana

1 1 1 1 1 1 1 1 0 1 1

Thecamonas trahens 1 1 1 1 1 1 1 1 1 1 1
Theileria parva 1 1 1 1 1 1 1 1 1 1 1
Tsukubomonas 
globosa

1 0 1 1 1 1 1 1 1 1 0

Toxoplasma gondii 1 0 1 0 1 1 0 1 0 1 1

Trichoplax adhaerens 0 1 0 1 1 1 1 0 0 0 0

Trichomonas 
vaginalis

1 0 1 1 1 1 1 1 1 1 1

Trimastix pyriformis 1 0 1 1 1 1 1 1 0 0 0

Tritrichomonas foetus 0 0 1 1 1 1 0 1 0 0 1

Trypanosoma brucei 1 1 1 1 1 1 1 1 0 1 1
Ustilago maydis 1 1 1 1 1 1 1 1 0 1 1



Organism 
Source of 

Data Comment 
Amphimedon queenslandica NCBI   

Blastocladiella emerosnii NCBI   

Capsaspora owczarzaki 
Broad 

institute 

Origins of Multicellularity Sequencing 
Project, Broad Institute of Harvard and MIT 

(http://www.broadinstitute.org/) 
Cyanidioschizon merolae NCBI   

Diplonema papilatum TBestDB   

Emilliania huxleyi JGI 

These sequence data were produced by the 
US Department of Energy Joint Genome 

Institute http://www.jgi.doe.gov/ in 
collaboration with the user community 

Guallardia theta TBestDB   
Karenia brevis NCBI   

Leishmania major TriTrypDB   
Monosiga brevicollis JGI King et al. 2008. Nature 451: 783-788 
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Light Microscopic Observations, Ultrastructure, and Molecular Phylogeny of
Hicanonectes teleskopos n. g., n. sp., a Deep-Branching Relative of Diplomonads

JONG SOO PARK, MARTIN KOLISKO, AARON A. HEISS and ALASTAIR G.B. SIMPSON

Canadian Institute for Advanced Research, Program in Integrated Microbial Diversity, and Department of Biology, Dalhousie University,

Halifax, B3H 4J1 Canada

ABSTRACT. We describe Hicanonectes teleskopos n. g., n. sp., a heterotrophic flagellate isolated from low-oxygen marine sediment.
Hicanonectes teleskopos has a ventral groove and two unequal flagella, and rapidly rotates during swimming. At the ultrastructural level
H. teleskopos is a ‘‘typical excavate’’: it displays flagellar vanes, a split right microtubular root, ‘‘I,’’ ‘‘B,’’ and ‘‘C’’ fibres, a singlet
microtubular root, and a possible composite fibre. Small subunit rRNA (SSU rRNA) gene phylogenies and an ‘‘arched’’ B fibre dem-
onstrate that H. teleskopos belongs to Fornicata (i.e. diplomonads, retortamonads, and relatives). It forms a clade with the deep-branching
fornicate Carpediemonas, with moderate-to-strong bootstrap support, although their SSU rRNA gene sequences are quite dissimilar.
Hicanonectes differs from Carpediemonas in cell shape, swimming behaviour, number of basal bodies (i.e. 4 vs. 3), number of flagellar
vanes (i.e. 2 vs. 3), anterior root organization, and by having a cytopharynx. Like Carpediemonas and Dysnectes, Hicanonectes has
conspicuous mitochondrion-like organelles that lack cristae and superficially resemble the hydrogenosomes of parabasalids, rather than
the mitosomes of their closer relatives the diplomonads (e.g. Giardia).

Key Words. Anaerobe, basal eukaryote, excavate, Giardia, hydrogenosome, metamonad, microaerophile, protist, Protozoa.

FORNICATA is a recently established taxon within Excavata
that houses diplomonads, retortamonads, Carpediemonas,

and the newly described Dysnectes (Simpson 2003; Yubuki
et al. 2007). Diplomonads are by far the best known of these groups,
and include free-living, commensal, and parasitic species, for ex-
ample, the well-studied human parasite Giardia intestinalis, also
known as Giardia lamblia (Kulda and Nohýnková 1978). With
one exception retortamonads are commensals or parasites, but
have not been definitively connected to any human or livestock
diseases (Kulda and Nohýnková 1978). Carpediemonas and Dys-
nectes are small, free-living, and slowly swimming biflagellated
cells that inhabit oxygen-poor marine sediments (Ekebom, Pat-
terson, and V�rs 1996; Lee and Patterson 2000; Simpson and Pat-
terson 1999; Yubuki et al. 2007). There are just two nominal
species of Carpediemonas, while Dysnectes is monospecific. Re-
tortamonads, Carpediemonas, and Dysnectes have a ‘‘typical ex-
cavate’’ morphology, meaning that they possess a longitudinal
feeding groove supported by a particular organization of cyto-
skeletal elements, and associated with a vane-bearing posterior
flagellum (Simpson 2003; Yubuki et al. 2007). These three groups
also display a unique organization of one cytoskeletal element, the
B fibre/arched fibre, and this organization is the defining synapo-
morphy of Fornicata (Simpson 2003; Yubuki et al. 2007). The
monophyly of Fornicata is well supported by small subunit ribo-
somal RNA (SSU rRNA) gene phylogenies (Keeling and Bruge-
rolle 2006; Kolisko et al. 2008; Simpson 2003; Simpson et al.
2002b; Yubuki et al. 2007), and a Carpediemonas1diplomonads
clade is recovered in protein phylogenies, in the absence of data
from retortamonads and Dysnectes (Simpson, Inagaki, and Roger
2006; Simpson, MacQuarrie, and Roger 2002a; Simpson et al.
2002b). Small subunit rRNA gene trees indicate that diplomonads
and retortamonads are specifically related, although a recent study
recovers retortamonads as a paraphyletic group (Cepicka et al.
2008). Carpediemonas and Dysnectes are recovered as successive
basal branches within Fornicata (Yubuki et al. 2007).

Fornicata is of great importance to researchers interested in
eukaryotic cell evolution, for two main reasons: Firstly, molecular
phylogenies that include diplomonads have tended to place them
at or near the base of the eukaryotic tree (Ciccarelli et al. 2006;
Hashimoto et al. 1994, 1995; Sogin et al. 1989); consequently

diplomonads have often been considered to be relatively unde-
rived representatives of the first eukaryotic cell (e.g. Cavalier-
Smith 1995). Secondly, these organisms do not possess classical
mitochondria and were for a long time considered to be a-
mitochondrial. However, genes of mitochondrial origin have been
discovered in diplomonad nuclear genomes (Horner and Embley
2001; Roger et al. 1998; Tachezy, Sánchez, and Müller 2001) and
extremely small ( � 50 nm across) remnant mitochondrial organ-
elles, called mitosomes, have been identified in G. intestinalis
(Tovar et al. 2003). The only known function of the Giardia mi-
tosomes is iron–sulfur cluster assembly. In contrast to Giardia,
Carpediemonas membranifera and Dysnectes brevis both possess
rather large double membrane-bounded organelles with no cristae
(Simpson and Patterson 1999; Yubuki et al. 2007). The larger
biovolume of these organelles hints that they might be involved in
more metabolic processes than the mitosomes of Giardia.

From a sample of low-oxygen marine sediment we encountered
and cultured a biflagellated protist with a relatively inconspicuous
longitudinal groove, which rotated during swimming and did not
closely resemble any described organism that we were aware of.
Surprisingly, ultrastructural study indicated that this organism is a
‘‘typical excavate,’’ and that it bears conspicuous mitochondrion-
like organelles that lack cristae. Phylogenetic analyses of its SSU
rRNA genes, and the presence of the proposed structural synapo-
morphy, demonstrate that the organism is a member of Fornicata.
It is sufficiently distinct in ultrastructure and at the sequence level
to merit description as a new taxon, Hicanonectes teleskopos n. g.,
n. sp.

MATERIALS AND METHODS

Isolation and culture. Hicanonectes teleskopos was isolated
from anoxic marine intertidal sediments from a sheltered embay-
ment on Salt Spring Island, BC, Canada (481460N, 1231280W;
sampled October 2007). Crude cultures were established by dis-
persing a sediment sample in TYSGM media (Diamond 1982),
prepared without bovine serum, diluted 1:1 with sterile seawater,
and supplemented with 30ml horse serum/L. A xenic mono-
eukaryotic culture was established through one round of single
cell isolation and several rapid transfers of the culture to fresh
media. Cultures were maintained in this medium in 15ml polyp-
ropylene tubes with 10–12ml of media per tube. Cultures were
grown at 21 1C and subculturing was performed every 4 d.

Light microscopy. Live H. teleskopos cells were observed
with phase contrast microscopy using a Zeiss Axiovert 200M mi-
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croscope equipped with an Axiocam HR digital camera. Lengths
and widths of live H. teleskopos cells (n5 17) were determined
from digital micrographs using the camera software (Axiovision
4.6).

Electron microscopy. For freeze substitution, approximately
1.5ml of cell culture was pelleted at 1,000 g for 30min in a mi-
crocentrifuge tube. The supernatant was aspirated and material
from the pellet loaded into hexadecene-coated 200 mm-deep
gold-plated planchettes for high-pressure freezing using liquid
nitrogen. The frozen specimens were transferred, under liquid
nitrogen, to sample tubes containing an anhydrous solution of 2.0%
(w/v) OsO4 and 0.1% (v/v) glutaraldehyde in HPLC-grade acetone.
The temperature was raised from � 160 1C at a rate of 1 1C/h, hold-
ing the temperature steady for � 24h at � 90 1C and for � 12h at
� 60 1C. During the � 60 1C period, the specimens were removed
from the fixation cocktail and placed in pure acetone. Subsequently,
the temperature was raised by 2 1C/h, with a 24-h holding period
at � 30 1C, until the specimens were at � 20 1C. They were then
transferred to � 20 1C for � 24h, and then to 4 1C for � 12 h,
before being allowed to warm to room temperature. Specimens were
suspended in pure acetone and agitated to remove them from the
planchettes; all subsequent handling was done using 1,000ml mi-
cropipettes with cut-off tips. Specimens were transferred through a
series of Spurr’s resin mixtures (one-third resin, two-thirds resin,
and three changes of full resin), before final embedding.

For conventional chemical fixation, cells were centrifuged at
8,000 g for 3min and fixed for 30min at room temperature in a
cocktail containing 1% (v/v) glutaraldehyde, 5% (w/v) sucrose,
and 0.1M cacodylate buffer (pH 7.4). After rinsing the cells 3
times in 0.1M cacodylate buffer with 5% (w/v) sucrose, cells
were post-fixed for 1 h in 0.8% (w/v) OsO4 and 5% (w/v) sucrose
in 0.1M cacodylate. After being rinsed free of post-fixative, cells
were concentrated by centrifugation and trapped in 1.5% (w/v)
agarose. Agarose blocks were dehydrated by applying a graded
series of ethanols, and then embedded in Spurr’s resin.

Serial sections ( � 70 nm) were cut with a diamond knife on a
Leica UC6 ultramicrotome (Leica, Knowlhill, Wetzlar, Germany)
and were subsequently stained with saturated uranyl acetate in
50% ethanol and with lead citrate. Sections were observed using a
Tecnai 12 transmission electron microscope (FEI, Hillsboro, OR,
Philips) fitted with a goniometer stage.

SSU rRNA gene sequencing. DNA was isolated using a hex-
adecyltrimethyl ammonium bromide (CTAB) protocol (Clark
1992). The SSU rRNA gene was amplified using universal
eukaryotic primers (Medlin et al. 1988). A fragment of expected
size was then purified from the gel and subcloned into pCR4
TOPO vector (Invitrogen, Carlsbad, CA). Four clones were par-
tially sequenced and identity of the sequences was confirmed us-
ing BLAST (Altschul et al. 1990). Subsequently, two identical
clones were fully bidirectionally sequenced by primer walking.
This sequence has been deposited in GenBank as Accession num-
ber FJ628363.

Phylogenetic analyses. The master alignment used for this
study was constructed using CLUSTALX 1.83 (Thompson et al.
1997). Some sequences were realigned to the main alignment us-
ing the program MAFFT (Katoh et al. 2005) with the EINSII al-
gorithm. The alignment was then edited manually in BioEdit
7.0.5.3 (Hall 1999). Ambiguously aligned regions were excluded
from analysis; the final trimmed dataset was 827-bp long. The
alignment is available upon request.

The main dataset included a wide taxon sampling of diplomon-
ads, representatives of the retortamonad genera Retortamonas and
Chilomastix, plus C. membranifera, D. brevis, and some uncul-
tured eukaryote sequences similar to Fornicata, including CPS-
GM-5 and its relatives (see Takishita et al. 2007). A variety of
other eukaryotes was used as an outgroup, including representa-

tives of all other major groups of excavates. We also analysed a
second dataset, identical to the first except that the genus Chi-
lomastix was excluded. The reason for this was the placement of
Chilomastix in SSU rRNA gene trees: Chilomastix SSU rRNA
gene sequences do not form a clade with those from Retortamo-
nas, the other member of Retortamonadida, but instead fall at the
base of the diplomonad1retortamonad clade (Cepicka et al.
2008). While this pattern could represent the true phylogeny it
is also consistent with the Chilomastix lineage being more rapidly
evolving than Retortamonas, and erroneously placed towards the
base of the tree as a long-branch attraction artifact. The exact
placement of Chilomastix within the basal part of the tree is also
relatively unstable (Cepicka et al. 2008), which is consistent with
this possibility.

Phylogenetic trees were reconstructed using maximum likeli-
hood (ML) and Bayesian methods. For both datasets, the model of
sequence evolution (GTR1G1I) was selected using the Akaike
information criterion, as implemented in the program Modeltest
(Posada and Crandall 1998). The ML trees were estimated using
PAUP� 4b10 with 10 random taxon additions followed by tree-
bisection-reconnection (Swofford 2003), and subsequently boot-
strapped with 500 replicates using the program IQPNNI 3.2 (Vinh
and von Haeseler 2004). The Bayesian analysis was carried out in
MrBayes 3.2 (Huelsenbeck 2000) with two independent runs,
each with four independent chains running for 1.4 � 107 gener-
ations (a burn-in of 2.5 � 105 generations was used), with default
heating parameter (0.2) and sampling frequency (0.01).

RESULTS

Light microscopy. Cells are biflagellated and broadly oval
shaped with a longitudinal groove (Fig. 1–4). The groove is diffi-
cult to see while the cell is swimming. Cells are 6.5–10.0 mm long
(average � SD 8.5 � 0.9 mm, n5 17) and 4.5–8.0 mm wide
(5.8 � 0.9 mm). The posterior flagellum is 2.5–3.5 times the length
of the cell body. It runs through the groove and then trails freely
behind the cell (Fig. 1, 2). The second flagellum is directed left-
wards and slightly anteriorly, and is approximately 1–1.5 times
the cell length (Fig. 3). In phase contrast microscopy the nucleus
can be observed in the anterior end of the cell (Fig. 1). Most cells
contain vacuoles with prokaryotic contents (Fig. 1, 4). The groove
runs along the whole length of the cell body. In the anterior third
of the cell the right wall of the groove is sharply defined, and
contains a thick cytoskeletal element (presumably, the right root
[RR] and B fibre—see ‘‘ultrastructure’’ below) that can be ob-
served readily using phase contrast (Fig. 1, 2). The margin then
undergoes a bend, causing the groove gradually to narrow poste-
riorly, and the cytoskeletal element becomes less conspicuous. At
the posterior end of the cell, the groove deflects to the left where it
continues into the cell as a narrow, difficult-to-observe cytophar-
ynx (Fig. 1, 2). When moving, the cell swims in more or less
straight lines, with a rapid rotation about its longitudinal axis.

Ultrastructure. Terms for ultrastructural components are as
used by Simpson and Patterson (1999) and Yubuki et al. (2007),
except that we identified the flagella and basal bodies numerically,
as per O’Kelly (1993) and Simpson (2003). The general appear-
ance of the cells under light microscopy was also observed by
transmission electron microscopy. The nucleus and flagellar ap-
paratus are in the anterior part of the cell, with the flagellar ap-
paratus located subapically (Fig. 5, 8). Posterior to the flagellar
apparatus is the ventral groove. The edges of the groove are sup-
ported by microtubules originating from basal body 1 (Fig. 6–8).
The most sharply defined part of the groove is immediately next to
its right margin (Fig. 8). We observed one encysted cell in our
chemical fixation (Fig. 9). This was approximately rounded with

374 J. EUKARYOT. MICROBIOL., 56, NO. 4, JULY–AUGUST 2009



internalized flagellar axonemes and a loose-fitting, relatively thin
cyst wall without scales or fibrous materials.

In trophic cells the nucleus is very closely associated with the
basal bodies. It is rounded and lacks a central nucleolus; instead,
densely staining material is seen concentrated at one end (Fig. 5).
No Golgi apparatus was observed. Rounded mitochondrion-like
organelles up to 300 nm in diameter were observed throughout the
cells (Fig. 5, 8). These lack cristae. However, the organelles were
not well preserved, and we could not visualize clearly the bound-
ing membranes (Fig. 10, 11). Some mitochondrion-like organelles
appeared to be undergoing division (Fig. 11). Faint parallel stri-
ations were sometimes observed in grazing sections of the surface
of these organelles (Fig. 12). Food vacuoles with prokaryotic
contents were seen in the middle and posterior of the cell (Fig. 5,
8). In some cells we observed small prokaryotes coated with nu-
merous filaments (� 300 nm diameter, excepting the filaments),
which were free within the cytoplasm and might be endo-
symbionts (Fig. 13). These prokaryotes were not associated
closely with the mitochondrion-like organelles.

Flagellum 1 (i.e. the posterior flagellum) and flagellum 2 (i.e. the
anterior flagellum) each have a normal 912 axoneme (Fig. 14, 29).
The transition between the 912 structure and the basal body typ-
ically occurs within the cytoplasm, 200–300 nm below the level of
insertion (Fig. 17, 19, 20). Flagellum 1 has two vanes, each sup-
ported by a fine paraxonemal lamellum (Fig. 14). One vane is very
conspicuous and broad (maximum breadth � 600 nm), and is

located on the ventral side of the axoneme, while the second vane
is much smaller and is located on the dorsal side (Fig. 14, 15). The
ventral vane originates near the flagellar insertion (Fig. 15). The
dorsal vane originates more distally. The outer edge of the ventral
vane has a striated appearance in grazing section, with the striations
arranged perpendicular to the axoneme (Fig. 16). There are nor-
mally four basal bodies in the flagellar apparatus (Fig. 17, 39), each
with a normal triplet structure (Fig. 18, 25, 33). Basal bodies 1 and
2 give rise to flagellum 1 and 2, respectively, and are about 330 nm
in length (Fig. 17, 19, 20). Basal bodies 3 and 4 are normally non-
flagellated, and they are sometimes shorter than the flagellated
basal bodies. All basal bodies have a short ( � 70 nm) cartwheel
structure (e.g. Fig. 33). The flagellated basal bodies 1 and 2 are
arranged at a slightly obtuse angle (Fig. 19, 39) and are separated by
� 50nm at their closest (Fig. 18). Basal body 2 is directed left-
wards and somewhat anteriorly. Non-flagellated basal body 3 is
situated close and nearly parallel to basal body 2, but is located
more ventrally (Fig. 18, 39). Non-flagellated basal body 4 lies to the
left of basal body 1 and is directed leftwards (Fig. 17, 39).

There is one microtubular root, the anterior root (AR), associ-
ated specifically with basal body 2. The AR originates adjacent to
the right/anterior side of basal body 2, in association with fibrous
and dense material on its interior side (Fig. 18, 21, 39). Additional
fibrous material also connects basal body 2 to basal body 1 (Fig.
21). The AR extends to the left-dorsal side of basal body 2 to-
gether with the dense material (Fig. 21, 39). The number of mi-
crotubules in the AR gradually increases at a rate of roughly one
per transverse section ( � 70 nm), up to nine microtubules (Fig.
22). There is a dorsal fan of individual microtubules associated
with the AR (Fig. 19, 20, 39). These appear to originate alongside
and parallel to the AR, and support the cell membrane outside the
confines of the groove. Two clusters of individual internal micro-
tubules (IMt), IMt1 and IMt2, originate from different microtu-
bular organizing centres (MTOCs), which are closely associated
with the proximal ends of basal bodies 3 and 4, respectively (Fig.
23, 27, 28, 39).

Basal body 1 is linked to two major microtubular roots, the
left root (LR) and the right root (RR), as well as a singlet micro-
tubular root, and some non-microtubular fibres (e.g. B, I, A, and C
fibres; Fig. 24, 25, 39). The RR originates aligned to the right side
of basal body 1 (Fig. 24–26, 39), although its proximal (anterior)
end is also closely associated with basal body 2 and the proximal
end of the AR (Fig. 19). It expands rapidly to include about 20
microtubules in a single curved row (Fig. 24). Slightly posterior to
the opening of the groove, the RR splits into an inner portion of
seven microtubules (IRR) and an outer portion of 13 microtubules
(ORR, Fig. 29, 30, 39). The ORR curves around to form part of the
support for the right wall of the groove, while the IRR remains
associated with the floor of the groove (Fig. 29, 31, 39). More
distal sections of the right wall of the groove show up to 24 mi-
crotubules, representing a combination of ORR-derived microtu-
bules, IMt1, and possibly some dorsal fan microtubules (Fig. 32).
The material that we identify as the A fibre is closely associated
with the dorsal side of the RR, was seen only at the proximal end
of the RR, and is quite indistinct (Fig. 25). The I fibre is closely
associated with the ventral side of the RR (Fig. 24–27, 39). It is
composed of a double-leaved sheet connected to the ventral face
of the RR by a latticework structure, and has a total thickness of
� 40 nm (Fig. 24). Posterior to the split of the RR, the I fibre
continues only with the outer portion of the ORR (Fig. 28–31).
The B fibre material has two distinct elements. The first element
has a laminate appearance in transverse section. This element
originates from the right side of the LR, then arches across the
ventral side of basal body 1 to become closely associated with the
RR (Fig. 24, 26, 39). The second element appears as a dense
amorphous sheet with a relatively lucent field associated with its

Fig. 1–4. Phase contrast light micrographs of living cells of Hi-
canonectes teleskopos n. g., n. sp. Note the delicate curving cytopharynx
at the posterior end of the groove (1), and the flagellar insertion and flag-
ellar lengths (2, 3). AF, anterior flagellum; G, groove; N, nucleus; PF,
posterior flagellum. Scale bar5 10 mm.
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ventral face (Fig. 28–31, 39). This second element projects or-
thogonally from the ventral face of the laminate element (Fig. 33,
39). The laminate element ends near the opening of the groove,
while the dense element runs posteriorly immediately under the
cell membrane of the right margin of the groove (Fig. 27–29, 31).
Initially the dense element of the B fibre runs parallel to the RR
and the I fibre (Fig. 27, 28). The subsequent curvature of the RR
means that the RR and the I fibre end up arranged perpendicular to
the B fibre (Fig. 31). The singlet microtubular root (S) originates
close to basal body 1 and the dorsal side of the RR (Fig. 24, 26, 34,
39). It continues posteriorly, close to but separate from the left
side of the RR (Fig. 27–29).

The LR is composed of a single row of 10 microtubules that are
closely linked to the non-microtubular C fibre (Fig. 27–29, 39).
The C fibre adheres to the dorsal side of the LR (Fig. 24, 25, 27,

39). It appears as one dense and one fine sheet in transverse sec-
tion, and is about 40 nm thick (Fig. 27). The C fibre ends at the
level of the opening of the groove. Slightly posterior to this, an
additional microtubule originates close to the dorsal side of the
LR, and runs parallel to the main LR microtubules (Fig. 28).

As the groove broadens, its right margin is supported primarily
by the B fibre and the ORR (Fig. 7, 8, 29, 39). The outer side of
this groove wall is also supported by IMt1 microtubules (Fig. 37).
The left wall of the groove is supported by the LR (Fig. 7, 39). The
right half of the floor of the groove is supported by the singlet root,
the IRR, and a few microtubules that originate from the ORR (Fig.
6, 29). The left half of the groove is supported by sparse micro-
tubules derived from the LR and IMt2. Farther down the groove,
the I fibre and B fibre are reduced and then lost (Fig. 32). Halfway
down the groove, there is a bend in the right wall (Fig. 6–8).

Fig. 5–13. Transmission electron micrographs of Hicanonectes teleskopos n. g., n. sp., ultra-thin sections. 5–8. Cells in longitudinal sections. 5.
Lateral view; 6–8. Ventral view. 9. Cyst showing flagellar axonemes (arrows) within the cytoplasm (chemical fixation). 10–12. Mitochondrion-like
organelles (10, 11: chemical fixation). Arrowheads in 12 indicate faint parallel striations in the surface of the organelles. 13. Intracytoplasmic prokaryote
surrounded by numerous filaments. 1, flagellum/basal body 1 (5 posterior flagellum/basal body); 2, flagellum/basal body 2 (5 anterior flagellum/basal
body); B, B fibre, cyt: cytopharynx; FV, food vacuole; IRR, inner portion of right root; LR, left root; MO, mitochondrion-like organelle; N, nucleus; RR,
right root; S, singlet microtubular root. Scale bars for 5–95 1mm; for 10–135 100 nm.
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Fig. 14–23. Transmission electron micrographs of Hicanonectes teleskopos n. g., n. sp., ultra-thin sections. 14. Posterior flagellum in transverse
section showing normal 912 axoneme structure and two flagellar vanes (ventral much larger than dorsal). 15, 16. Posterior flagellum in longitudinal
section, showing the origin of the ventral vane shortly after emergence (15), and the striated appearance of the outer portion of the ventral vane (16). 17.
Longitudinal section through the anterior portion of the cell, showing four basal bodies (i.e. 1–4). 18. Section showing triplet structure of basal bodies 2
and 3. Note the anterior root (AR) and electron-dense material originating adjacent to basal body 2. 19, 20. Near-consecutive sections showing the AR
associated with the dorsal fan. Note the anterior end of the right root (RR) located close to basal body 2 and the AR. 21, 22. Near-consecutive transverse
sections of AR, showing origin of the root and number of microtubules, and electron-dense material around the basal bodies. 23. IMt2 originating from an
MTOC near basal body 4. 1, flagellum/basal body 1 (5 posterior flagellum/basal body); 2, flagellum/basal body 2 (5 anterior flagellum/basal body); 3,
non-flagellated basal body 3; 4, non-flagellated basal body 4; DF, dorsal fan; IMt 2, radiation of internal microtubules; LR, left root; ORR, outer portion of
right root; MTOC, microtubular organising centre. Scale bars for 14, 18, 21, 22, and 235 200 nm; for 15, 16, 19, and for 205 500 nm; for 175 1mm.
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Fig. 24–34. Transmission electron micrographs of Hicanonectes teleskopos n. g., n. sp., ultra-thin sections. 24. Transverse section of basal body 1
showing RR and LR, singlet microtubule, and associated non-microtubular fibres. Note the origin of the lamellate element of the B fibre against the LR.
25, 26. Non-consecutive serial sections showing basal body 1 and associated fibres. Note the A fibre (in 25), indistinct by the level of the transition zone
(26). 27–29. Non-consecutive serial sections showing the LR in transverse section, as well as the outer portion of the RR and anterior end of the groove.
The RR separates into outer and inner portions near the opening of the groove. Arrow in 28 indicates an additional single microtubule parallel to dorsal
side of the left root, posterior to the termination of the C fibre. 30. Transverse section of the IRR and ORR, showing the maximal number of microtubules.
31. Section showing the angle between the IRR and ORR, and the normal position of the amorphous element of the B fibre. 32. Transverse section
showing right side of the groove, after the termination of the B fibre. The groove wall is supported by microtubules originating from the ORR, as well as
IMt1. 33. Section showing the relationship between the two distinct elements of the B fibre (i.e. one with laminate appearance and the other including
electron-dense sheet and amorphous material). Note also the cartwheel structures in basal bodies 2 and 3. 34. Section showing the origin of the singlet
microtubular root. 1, flagellum/basal body 1 (5 posterior flagellum/basal body); 2, basal body 2 (5 anterior basal body); 3, non-flagellated basal body 3;
4, non-flagellated basal body 4; A, A fibre; AR, anterior root; B, B fibre; C, C fibre; I, I fibre; IMt1, radiation of internal microtubules; IRR, inner portion
of right root; LR, left root; ORR, outer portion of right root; RR, right root; S, singlet microtubular root. Scale bars (in 24)5 200 nm for all figures except
33, for in 335 200 nm.
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Posterior to this point, the right wall includes a small non-micro-
tubular fibre, which we interpret to be the composite fibre (Fig. 35,
36). The cytopharynx is located in the posterior portion of the cell,
and is supported by several microtubules originating ultimately
from the RR (Fig. 8, 38).

Molecular phylogeny. In our analyses we included 36 se-
quences from Fornicata (including seven environmental se-
quences) and an outgroup of 32 other eukaryotes (Fig. 40a). The
overall topology of Fornicata is mostly consistent with recently
published results (e.g. Cepicka et al. 2008; Keeling and Brugerolle
2006; Kolisko et al. 2005, 2008; Yubuki et al. 2007). The mono-
phyly of Fornicata, including our new isolate, was highly sup-
ported, with 96% bootstrap support (BS) and posterior probability
(PP) of 1. Within Fornicata a major clade was recovered that in-
cluded all diplomonads and the retortamonad Retortamonas, but
not the retortamonad Chilomastix. The monophyly of diplomon-
ads1Retortamonas was highly supported (99% BS; 1 PP), as was
the monophyly of hexamitine diplomonads, including enteromon-
ads (100% BS; 1 PP). The genus Retortamonas branches weakly
with the giardiine diplomonads Giardia and Octomitus (46% BS;
0.77 PP).

The other fornicates, including our new isolate, formed a series
of branches attached to the base of the diplomonads1Retortamo-
nas clade. In order, these were (i) Chilomastix spp., (ii) D. brevis,
(iii) a clade comprising C. membranifera, our new isolate, and
uncultured eukaryote D4P08A09, and (iv) a tight clade consisting
of several sequences from uncultured eukaryotes, including CPS-
GM5, whose close relative was identified as a Carpediemonas/

Dysnectes-like excavate using light microscopy (Takishita et al.
2007). The branching pattern among these clades, however, re-
ceived low or very low BS.

Our new isolate formed a highly supported clade with uncul-
tured eukaryote sequence D4P08A09 (100% BP: 1 PP). These two
sequences in turn formed a clade with C. membranifera that re-
ceived moderate BS (70%), and PP 1. It is noteworthy that se-
quence D4P08A09 was obtained from anoxic intertidal marine
sediments, a similar environment to that from which both our new
isolate and C. membranifera were originally isolated.

We repeated the analysis without the sequences from the re-
tortamonad Chilomastix (Fig. 40b). A similar ML topology was
recovered, and most important nodes received similar statistical
support, with two exceptions. Firstly, the BS for the monophyly of
Carpediemonas, our new isolate, and uncultured eukaryote
D4P08A09 increased to 86% (PP remained at 1). Secondly, sup-
port for the placement of D. brevis as the sister group to diplo-
monads1retortamonads increased to 80% BS (up from 46%), and
PP 1 (up from 0.94).

DISCUSSION

The affinities and assignment of Hicanonectes. Simpson
(2003) recognized an assemblage of flagellates called ‘‘typical
excavates’’ that share eight distinctive morphological characters
(see also O’Kelly 1993, 1997; O’Kelly and Nerad 1999; Simpson
and Patterson 1999; Yubuki et al. 2007). These features are (1) a
ventral groove used for suspension feeding, (2) flagellar vanes, (3)
a splitting of the RR, (4) an I fibre, (5) a B fibre, (6) a singlet
microtubular root associated with basal body 1, (7) a C fibre, and
(8) a composite fibre. Our new isolate displays at least seven of
these characters (Table 1). The sole uncertainty concerns the
composite fibre: we identified a delicate non-microtubular ele-
ment in the same position as the composite fibre of typical exca-
vates, but did not determine its substructure. There are also no
data as to whether the typical excavate Malawimonas has a com-
posite fibre (O’Kelly and Nerad 1999; Simpson 2003). Other as-
pects of the ultrastructure of our new isolate are similar to
previously studied typical excavates: for example, the arrange-
ment of the left, right, and singlet roots in their support of the
feeding groove, and the presence of a detectable A fibre (Simpson
2003; Simpson and Patterson 1999). Based on morphology we
consider our new isolate to be a typical excavate, along with jako-
bids, retortamonads, Trimastix, Malawimonas, Carpediemonas,
and Dysnectes (Simpson 2003; Yubuki et al. 2007). However, as-
signation of an organism as a typical excavate does not resolve its
phylogenetic position, because molecular phylogenies demon-
strate clearly that typical excavates are not a monophyletic group
(Dacks et al. 2001; Rodriguez-Ezpeleta et al. 2007; Simpson et al.
2002b, 2006).

Our SSU rRNA gene phylogenies place our new isolate in the
clade Fornicata, which includes the typical excavates Retortamo-
nadida, Carpediemonas, and Dysnectes, as well as the non-typical
excavate group Diplomonadida (Cepicka et al. 2008; Simpson
et al. 2002b, 2006; Yubuki et al. 2007). Statistical support for this
position is strong irrespective of phylogenetic method, and with-
stands minor changes in taxon sampling. Furthermore the B fibre
complex in our new isolate originates against the LR and then
arches across the ventral face of basal body 1 to associate with the
RR. This arrangement is characteristic of Carpediemonas, Dys-
nectes, and retortamonads, and is the proposed synapomorphy that
defines the taxon Fornicata (Simpson 2003; Simpson and Patter-
son 1999; Yubuki et al. 2007).

Some other conspicuous ultrastructural features are consistent
with, although not diagnostic of, placement with Fornicata. Our
new isolate has two opposed vanes, dorsal and ventral, on its

Fig. 35–38. Transmission electron micrographs of Hicanonectes tel-
eskopos n. g., n. sp., ultra-thin sections. 35. Longitudinal section showing
the right wall of the groove. Note the position of the possible composite
fibre. 36. Higher magnification view of the possible composite fibre. 37.
Section showing elements of IMt1 and IMt2. 38. Posterior end of the cell,
showing the cytopharynx. 1, basal body 1 (5 posterior basal body); 2,
flagellum/basal body 2 (5 anterior flagellum/basal body); B, B fibre; CF,
composite fibre; cyt, cytopharynx; IMt1 and IMt2, radiations of internal
microtubules; N, nucleus; ORR, outer portion of right root; RR, right root.
Scale bars for 355 1mm; for 36–385 500 nm.
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posterior flagellum, although the dorsal vane is poorly developed.
This is similar to all typical excavate groups except jakobids and
Malawimonas jakobiformis, which each have only one of the
vanes (Lara, Chatzinotas, and Simpson 2006; O’Kelly 1997;
O’Kelly and Nerad 1999; Simpson and Patterson 2001). In place
of classical-looking mitochondria, our new isolate has rounded
organelles that lack cristae. This is similar to other Fornicata, but
also to Preaxostyla and Parabasala, none of which have classical
crista-bearing mitochondrial organelles (Brugerolle and Patterson
1997; Carpenter, Waller, and Keeling 2008; Hampl and Simpson
2008; O’Kelly, Farmer, and Nerad 1999; Simpson and Patterson
1999; Yubuki et al. 2007). In summary, both molecular phyloge-
nies and easy-to-interpret morphological characters indicate that
our new isolate belongs to the taxon Fornicata.

Of the previously described groups within Fornicata, our new
isolate is most similar at the ultrastructural level to Carpediemo-
nas and Dysnectes. It shares with C. membranifera 11 of the 13
ultrastructural features highlighted in Table 1 (see also Fig. 41).
Like C. membranifera our new isolate has an I fibre that includes a
double-leaved sheet, while the A fibre is indistinct. However,
there are several differences. Our new isolate has four basal bod-
ies, two flagellar vanes, and conspicuous radiations of IMt,
whereas C. membranifera has three basal bodies, three vanes,

and few IMt (Simpson and Patterson 1999). The AR of C. me-
mbranifera is more delicate, and has a different orientation and
relationship to the dorsal fan. The RR and LR of C. membranifera
consist of 16 and six microtubules, respectively, while those of
our new isolate comprise 20 and 10 microtubules, respectively. In
C. membranifera, most of the width of the groove is supported by
microtubules derived ultimately from the RR, whereas microtu-
bules from the RR support only about half the width of the groove
in our new isolate. Carpediemonas membranifera does not have a
distinct cytopharnyx at the posterior end of the groove, while our
new isolate has no observable dictyosome.

Our new isolate and D. brevis share 10 of the 13 ultrastructural
features of excavates (Table 1, see also Fig. 41). The number of
microtubules in the RR is similar (18 vs. 20), as is the proportion
of the groove supported by microtubules derived from the RR
(about half). Both species have two flagellar vanes, while dictyo-
somes have not been found in either. As with both our new isolate
and C. membranifera, the A fibre of D. brevis is indistinct at best
(Yubuki et al. 2007 report it as absent). However, D. brevis has
two basal bodies in interphase, not four as in our new isolate. The
LR of D. brevis is more strongly developed, with more microtu-
bules (17 vs. 10), and a thicker C fibre, as well as an extension of
the B fibre down its ventral face. Dysnectes brevis lacks a distinct
cytopharynx. Furthermore, D. brevis has a much less substantial
AR, and apparently no dorsal fan at all (Yubuki et al. 2007).

As indicated by our SSU rRNA gene phylogenies, our new
isolate is markedly dissimilar at the sequence level to other de-
scribed fornicate taxa. Our ML and Bayesian trees place it as the
sister group of C. membranifera, along with a related though dis-
tinct environmental sequence. Bootstrap support is moderate or
strong, depending on taxon sampling. Tentatively, we consider it
most likely that C. membranifera is the closest formally described
relative of our new isolate. Nonetheless, in light of the consider-
able morphological differences and SSU rRNA gene sequence
dissimilarity between our new isolate and C. membranifera, we
propose that it represents a distinct genus from Carpediemonas
(and Dysnectes). Because we are not aware of any previously de-
scribed organism with which our isolate can be identified, we here
introduce the new genus and new species H. teleskopos n. g., n. sp.
Formal diagnoses are given at the end of the discussion.

The anterior root and dorsal fan. The AR of H. teleskopos n.
g., n. sp. is well developed, with nine microtubules attached to a
supporting non-microtubular fibre. This root travels anteriorly,
and the dorsal fan appears to originate alongside it, in parallel.
This organization differs markedly from that in most typical ex-
cavates including other fornicates. In Carpediemonas and Dys-
nectes, as well as in Malawimonas and Trimastix pyriformis, the
AR curves to run posteriorly down the left side of the cell, con-
tains only one to four microtubules, and is, at most, lightly rein-
forced with non-microtubular material (Brugerolle and Patterson
1997; O’Kelly and Nerad 1999; O’Kelly et al. 1999; Simpson and
Patterson 1999; Yubuki et al. 2007). The dorsal fan, where pres-
ent, originates along the length of the AR in these taxa. In re-
tortamonads and jakobids, there is no true AR. The dorsal fan
originates in close association with basal body 2 in jakobids (Lara
et al. 2006; O’Kelly 1997; Patterson 1990), and with the sheet-like
non-microtubular ‘‘lapel’’ in retortamonads (Bernard, Simpson,
and Patterson 1997; Brugerolle 1973). There are some parallels
between H. teleskopos and Trimastix marina. In T. marina the AR
is also large (15–16 microtubules), is directed anteriorly, and is
associated with non-microtubular material (Simpson, Bernard,
and Patterson 2000). However, the non-microtubular material is
associated with the exterior-most face of the AR, rather than the
interior-most face as in H. teleskopos, and the dorsal fan is most
closely associated with the face of the AR, and not the edge of the
root as in H. teleskopos. Most likely the AR of ancestral typical

Fig. 39. Diagrammatic representation of the proximal flagellar appa-
ratus of Hicanonectes teleskopos n. g., n. sp., viewed from the ventral side.
Basal bodies are depicted as large cylinders and the flagella themselves are
not shown. The lucent field associated with the ventral side of the amor-
phous element of the B fibre has been omitted. All major microtubular
roots continue beyond the confines of the diagram. 1, basal body 1 (5 pos-
terior basal body); 2, basal body 2 (5 anterior basal body); 3, non-flagel-
lated basal body 3; 4, non-flagellated basal body 4; AR, anterior root; B, B
fibre; C, C fibre; DF, dorsal fan; I, I fibre; IMt1 and IMt 2, radiations of
internal microtubules; IRR, inner portion of right root; LR, left root; ORR,
outer portion of right root; RR, right root; S, singlet microtubular root.
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excavates was small and directed leftwards and posteriorly, with
H. teleskopos and T. marina representing two independent lin-
eages in which the AR convergently expanded in size, become
more anteriorly directed, and associated differently with the dor-
sal fan.

The B fibre. In H. teleskopos n. g., n. sp., there are two distinct
components to the B fibre complex: a laminate sheet-like element,

which might be considered the B fibre sensu stricto, and a second,
more diffuse element consisting of a dense non-laminate sheet and
a relatively lucent zone. It is this second element that extends
further posteriorly and associates most closely with the right mar-
gin of the groove. The B fibre of D. brevis appears also to com-
prise two distinct elements (fig. 16, 17, 24, and 25 in Yubuki et al.
2007). Although not explicitly identified previously, the second
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Fig. 40. Molecular phylogeny of Fornicata showing the position of Hicanonectes teleskopos n. g., n. sp. a. Maximum likelihood (ML) tree based on
the full dataset of SSU rRNA gene sequences (GTR1G1I model). b. Maximum likelihood topology within Fornicata when Chilomastix was excluded
from the analysis. Numbers along branches show ML IQPNNI bootstrap percentages and Bayesian posterior probabilities. Support values for nodes
outside Fornicata are not shown. Statistical support is not shown for nodes within diplomonads or the CPSGM5 clade when bootstrap support is o50%
and posterior probability is o0.8. Black circles indicate bootstrap support of 100% and posterior probability of 1.

381PARK ET AL.—HICANONECTES N. G.: A NEW DIPLOMONAD RELATIVE



element may also be present in C. membranifera (fig. 3f, g and
4b–f in Simpson and Patterson 1999). The precise appearance of
this element differs in all three species, although some of this
variation might be due to different fixation protocols. The pre-
sumed homologue of the B fibre in retortamonads is the structure
originally referred to as the arched fibre (Simpson 2003; Simpson
and Patterson 1999). This fibre has a second discrete element of
amorphous material that is associated with its ventral face, and
which lies within the right margin of the anterior part of the
groove (Bernard et al. 1997; Brugerolle 1977). This extra material
might be homologous to the second element of the B fibre com-
plex of Hicanonectes, Carpediemonas, and Dysnectes. We have
not identified a positionally equivalent element in other typical
excavates. There is an amorphous element associated with the B
fibre in the jakobid Andalucia incarcerata, but this is sandwiched

between the I fibre and B fibre, rather than being at the right mar-
gin of the groove wall (Simpson and Patterson 2001), and is un-
likely to be homologous.

Mitochondrion-like organelles. The mitochondrion-like or-
ganelles of H. teleskopos n. g., n. sp., are rounded and of moderate
size, � 300 nm across, and they are common within the cell. This
is similar to the mitochondrion-like organelles of D. brevis
(Yubuki et al. 2007). In C. membranifera the mitochondrion-like
organelles are elongate rather than rounded, and may be con-
nected as a network, but are otherwise similar (Simpson and Pat-
terson 1999). The organelles in all three taxa are much larger than
the mitosomes of the diplomonad G. intestinalis, which are ap-
parently not involved in ATP generation (Tovar et al. 2003).
In biovolume, the organelles of H. teleskopos, D. brevis, and
C. membranifera are more similar to the hydrogenosomes of

Fig. 41. Diagrams of the flagellar apparatus of basal fornicates, using the system of Sleigh (1988), as per Simpson (2003). Each basal body is
represented in tip-to-base orientation, and its associated microtubules and non-microtubular structures are aligned with it. Not all non-microtubular
structures are shown (e.g. possible A fibres are omitted). Note that not all structures shown are present at the same level of sectioning; microtubular roots
are shown at their fullest extent, although they frequently gain or lose microtubules along their length. Note also that non-microtubular elements, es-
pecially the B fibre, may not be present in the shape indicated in all planes of section; in Dysnectes it runs along the outermost six or so microtubules of
LR as that root increases from 1 to 17, and is not present at all along more-inward microtubules. Dysnectes is depicted from information in Yubuki et al.
2007; Carpediemonas after Simpson 2003, with reference to original micrographs (Simpson and Patterson 1999). 1, basal body 1 (5 posterior basal
body); 2, basal body 2 (5 anterior basal body); 3, non-flagellated basal body 3; 4, non-flagellated basal body 4; B, B fibre; C, C fibre; DF, dorsal fan; I, I
fibre; LR, left root; RR, right root; S, singlet microtubular root.

Table 1. Summary of the structural features of Hicanonectes teleskopos n. g., n. sp. and other excavates.

Taxon Ventral
groove

Flagellar
vanes (#)

Split
RR

I fibre B fibre
(origin)

SR C fibre
(# sheets)

CF A fibre Number of
basal bodies

AR Dorsal
fan

Mitochondrial
organelle

Hicanonectes 1 1 (2) 1 1 1 (LR) 1 1 (2) 1 1 4 1 1 NC
Carpediemonas 1 1 (3) 1 1 1 (LR) 1 1 (2) 1 1 3 1 1 NC
Dysnectes 1 1 (2) 1 1 1 (LR) 1 1 (3) 1 ?a 2 1 � NC
Retortamonads 1 1 (2/3) 1 1 1 (LR) 1 1 (2) 1 1 4 � 1 NC
Trimastix 1 1 (2) 1 1 1 (RR) 1 1 (2) 1 1 4 1 1 NC
Malawimonas 1 1 (1) 1 1 1 (BB) 1 1 (4) 1 1 2 1 1 C
Jakobids 1 1 (1) 1 1 1 (BB) 1 1 (1) 1 1 2 � 1 C (1 NC)
Diplomonads 1 � b 1 1 � ? � � ? 4 1 � NC
Parabasalids � � � � � � ? � ? Varies � 1 NC
Oxymonadsc � � � 1 1 (RR) 1 1 (2) � ? 4 1 1 NC
Euglenozoa � � � � � � � � ? 2 1 1 C (mostly)
Heterolobosea � � b 1 1 � � � � ? 2/4 ? 1 C (mostly)

‘‘Typical excavates’’ are shaded grey.
aRecorded as absent by Yubuki et al. (2007), but see Figure 16 in Yubuki et al. (2007) for a possible delicate A fibre.
bProbably non-homologous flagellar vanes in one isolated subgroup – see O’Kelly (1997), Simpson (2003).
cBased on the underived oxymonad Monocercomonoides—see Simpson et al. (2002b).
1, present; � , absent; ?, uncertain; AR, anterior root; BB, basal body; C, cristae in mitochondrion-like organelles; CF, composite fibre; LR, left root;

NC, no cristae in mitochondrion-like organelles; RR, right root; SR, singlet root.
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parabasalids, but are somewhat smaller than the typical � 500 nm
diameter (e.g. see Benchimol 2008). They also resemble the mi-
tochondrion-related organelles of the preaxostylan excavate
T. pyriformis (Brugerolle and Patterson 1997; O’Kelly et al.
1999), which might also perform hydrogenosomal ATP genera-
tion (based on the presence of transcripts for PFO (pyruvate:
ferredoxin oxidoreductase and [FeFe]-hydrogenase, Hampl et al.
2008). Overall, this study confirms that Fornicata is a lineage
in which classical mitochondria are universally absent, yet con-
tains a series of organisms with mitochondrion-like organelles
that differ in appearance from the mitosomes of Giardia. Further
studies of these organisms may help clarify how the Giardia
mitosome evolved from presumably less-reduced mitochondrion-
like organelles.

The relationships among Fornicata. A well-sampled and
well-resolved phylogenetic tree of Fornicata is required for un-
derstanding important aspects of the evolution of this group (e.g.
possible transitions between different types of mitochondrion-like
organelles), and developing a rational higher taxonomy of its
more recently discovered major lineages. The deep portions of the
Fornicata tree are presently not well-resolved using SSU rRNA
gene data. We recovered a Hicanonectes1Carpediemonas clade
with reasonable statistical support, but found mostly poor support
for the relationships among (i) the Hicanonectes1Carpediemonas
clade, (ii) Dysnectes, (iii) the clade including CPSGM-5, (iv) a
diplomonad1Retortamonas clade, and (v) Chilomastix, where in-
cluded. We did recover a Dysnectes1diplomonad1retortamonad
clade with high PP, and with reasonably strong BS when Chi-
lomastix was excluded. We suggest that an unstable position of
Chilomastix was masking otherwise moderate-to-strong support
for the Dysnectes1diplomonad1retortamonad clade. However,
our tree topology conflicts with the analysis of Yubuki et al.
(2007) where Dysnectes was recovered as the deepest branch
within Fornicata (i.e. Carpediemonas was more closely related to
diplomonads and retortamonads). The poor resolution of the tree
of Fornicata based on SSU rRNA gene sequence might be an
effect of poor taxon sampling in deep lineages, and/or variable
rates of sequence evolution for this gene in these taxa. We antic-
ipate that analyses that include additional deeply branching for-
nicates and examine multi-gene datasets will be required to
resolve the deep relationships among Fornicata.

Taxonomic Summary
Assignment: Eukaryota; Excavata; Fornicata

Hicanonectes n. g.
Diagnosis. Free-living, biflagellated, and colourless cells bear-

ing a longitudinal groove with a sharply defined right wall. The
posterior flagellum beats within the groove, and bears vanes. The
posterior end of the groove forms a curved cytopharynx. Mi-
tochondrion-like organelles lack cristae. The anterior microtubu-
lar root is well developed and directed laterally and anteriorly
(rather than curving to be directed leftwards and posteriorly). The
cell rotates rapidly while swimming.

Type species. Hicanonectes teleskopos Park, Kolisko, Heiss &
Simpson

Etymology. Hicanonectes5 ‘‘adequate swimmer’’ (Greek;
masculine). This organism is a more conventional and effective
swimmer than its most similar relatives, Carpediemonas and
Dysnectes (the latter name meaning ‘‘bad swimmer’’—Yubuki
et al. 2007). It is, however, of only moderate abilities when com-
pared with many flagellates from other taxonomic groups.

Hicanonectes teleskopos n. sp.
Diagnosis. Cells oval-shaped and 6.5–10.0 mm long. The pos-

terior flagellum is 2.5–3.5 times as long as the cell; the anterior

flagellum is directed sharply leftwards and is 1.0–1.5 times as long
as the cell.

Type material. Block of resin-embedded cells for electron
microscopy deposited with the Protist Type Specimen Slide Col-
lection, U.S. Natural History Museum, Washington, DC, as
USNM 1122785. This material constitutes the name-bearing ha-
pantotype for the species.

Type locality. Anoxic layer of intertidal sediment, Salt Spring
Island, BC, Canada (481460N and 1231280W).

Etymology. teleskopos5 ‘‘Far see-er’’ (Greek), recognizes
the Canadian Institute for Advanced Research (CIfAR, pro-
nounced ‘‘see-far’’) for long-standing support of microbial evo-
lution research in Canada, and commemorates the isolation of this
species immediately after the first full meeting of the CIfAR Pro-
gram in Integrated Microbial Biodiversity, in October 2007.
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Cell Morphology and Formal Description of Ergobibamus cyprinoides
n. g., n. sp., Another Carpediemonas-Like Relative of Diplomonads

JONG SOO PARK, MARTIN KOLISKO and ALASTAIR G.B. SIMPSON

Department of Biology, Canadian Institute for Advanced Research, Program in Integrated Microbial Diversity, Dalhousie University,

Oxford Street, Halifax, Nova Scotia, Canada B3H 4J1

ABSTRACT. About 20 new isolates of Carpediemonas-like organisms (CLOs) have been reported since 2006. Small subunit rRNA gene
phylogenies divide CLOs into six major clades: four contain described exemplars (i.e. Carpediemonas, Dysnectes, Hicanonectes, and
Kipferlia), but two include only undescribed organisms. Here we describe a representative of one of these latter clades as Ergobibamus
cyprinoides n. g., n. sp., and catalogue its ultrastructure. Ergobibamus cyprinoides is a bean-shaped biflagellated cell, 7–11.5 mm long, with
a conspicuous groove. Instead of classical mitochondria there are cristae-lacking rounded organelles 300–400 nm in diameter. The pos-
terior flagellum has a broad ventral vane and small dorsal vane. There are normally four basal bodies, two non-flagellated. There is one
anterior root (AR), containing six microtubules. The posterior flagellar apparatus follows the ‘‘typical excavate’’ pattern of a splitting right
root supported by fibres ‘‘I,’’ ‘‘B,’’ and ‘‘A,’’ a ‘‘composite’’ fibre, a singlet root, and a left root (LR) with a ‘‘C’’ fibre. The B fibre
originates against the LR—a synapomorphy of the taxon Fornicata—supporting the assignation of Ergobibamus to Fornicata, along with
diplomonads, retortamonads, and other CLOs. Distinctive features of E. cyprinoides include the complexity of the AR, which is inter-
mediate between Hicanonectes, and Carpediemonas and Dysnectes, and a dorsal extension of the C fibre.

Key Words. Anaerobe, basal eukaryote, diplomonad, excavate, Giardia, hydrogenosome, microaerophile, protist, protozoa, ultrastructure.

DIPLOMONADS and retortamonads are mostly parasitic/
commensal protozoa that are well known for their peculiar

cell biology, especially the diminutive, biochemically reduced
‘‘mitosomes’’ that diplomonads possess instead of classical
mitochondria (Morrison et al. 2007; Nohýnková, Tůmová, and
Kulda 2006; Tovar et al. 2003). These protists are also notable
because of the very deep-branching position of diplomonads in
most molecular phylogenies of eukaryotes that are rooted with
prokaryote outgroups (Ciccarelli et al. 2006; Hashimoto et al.
1994, 1995; Morrison et al. 2007; Sogin et al. 1989), although
there is strong evidence that these results are due to a long branch
attraction artefact rather than reflecting historical signal (Embley
and Martin 2006; Hampl et al. 2009; Philippe et al. 2005).

For a long time it was unclear which protists, if any, were
closely related to diplomonads and retortamonads. A little under a
decade ago, however, small subunit (SSU) rRNA and protein-
coding gene phylogenies established that Carpediemonas me-
mbranifera was a specific relative (Simpson, MacQuarrie, and
Roger 2002a; Simpson et al. 2002b). Carpediemonas membranif-
era is a small free-living flagellate observed in preparations from
marine sediments under suboxic conditions (Bernard, Simpson,
and Patterson 2000; Ekebom, Patterson, and V�rs 1996; Kolisko
et al. 2010; Larsen and Patterson 1990; Lee and Patterson 2000).
Its gross morphology and cytoskeleton closely resemble those of
mitochondrial excavate taxa, especiallyMalawimonas, and it pos-
sesses cristae-lacking mitochondrial-like organelles that are much
larger and more conspicuous than the mitosomes of diplomonads
(Simpson and Patterson 1999).

Recent studies have shown that Carpediemonas is not phylo-
genetically isolated, as a substantial novel diversity of Carpedie-
monas-like organisms (CLOs) it has been cultured from marine/
saline sediment material from diverse locations around the world
(Kolisko et al. 2010; Park et al. 2009; Yubuki et al. 2007). The
CLOs cultured to date represent at least six very distinct clades
referred to as CL1–CL6 by Kolisko et al. (2010), with C. mem-
branifera itself representing CL4 (Fig. 1). In SSU rRNA gene
trees these six clades form a poorly resolved cloud at the base of
diplomonads and retortamonads (Kolisko et al. 2010). By virtue of

their phylogenetic position CLOs are important organisms for un-
derstanding the evolutionary origins of diplomonads and retorta-
monads, and their mitochondria-related organelles. Because of the
continued interest in diplomonads as possible primitive and/or
early diverging eukaryotes, the study of CLOs also contributes to
our understanding of early eukaryote cell evolution.

Representatives of clades CL1 and CL3 have recently been
characterized by transmission electron microscopy (TEM), and
described formally as Dysnectes brevis and Hicanonectes tel-
eskopos (Park et al. 2009; Yubuki et al. 2007). Both broadly re-
semble Carpediemonas in their cytoskeletal organization, and
also have relatively large, cristae-lacking mitochondrial organ-
elles (Park et al. 2009; Yubuki et al. 2007). A third organism,
which represents CL6, was studied previously under the name
Carpediemonas bialata (Lee and Patterson 2000) but has been
assigned a new generic vehicle mainly on phylogenetic grounds
and is now called Kipferlia bialata (Kolisko et al. 2010). As yet
there are few TEM data for Kipferlia (Kolisko et al. 2010). To
date there are neither TEM data nor formal descriptions of any
organisms belonging to clades CL2 or CL5.

In this work we characterize a representative of clade CL5
using TEM, and formally describe it as a new genus, Ergobibamus
n. g., with Ergobibamus cyprinoides n. sp. as its type.

MATERIALS AND METHODS

Isolation and culturing. The organism studied here Isolate CL
was cultured from intertidal anoxic sediments sampled near
Mahone Bay, Nova Scotia, Canada (441260N, 641210W). Approx-
imately 1ml of the sample was inoculated into 15-ml conical
tubes containing 12ml of modified Tryptone-yeast extract-serum-
gastric mucin media (Diamond 1982), prepared without bovine
serum or mucin, diluted 1:1 with sterile seawater, and supple-
mented with 30ml/L of horse serum (Sigma, St. Louis, MO). The
xenic, monoeukaryotic culture was established via filtering
through a 5-mm filter, followed by a sequence of rapid serial
transfers. Low oxygen conditions were maintained in the sealed
culture tubes by the metabolic activity of the accompanying
prokaryotes.

Light microscopy. Live cells were observed using phase con-
trast on a Zeiss Axiovert 200M microscope (Carl Zeiss, Jena,
Germany) equipped with an Axiocam HR digital camera. Cell
sizes (n5 30) were determined using microphotographs and the
camera software (Axiovision 4.6).

Corresponding Author: A. Simpson, Department of Biology, Cana-
dian Institute for Advanced Research, Program in Integrated Microbial
Diversity, Dalhousie University, 1355 Oxford Street, Halifax, Nova
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Electron microscopy. For freeze substitution, specimens were
treated according to the protocol described in Park et al. (2009).
Briefly, approximately 1.5ml of cell culture were pelleted at
1,000 g for 30min in a microcentrifuge tube. The supernatant
was aspirated, and pellet material was loaded into hexadecene-
coated 200-mm-deep gold-plated planchettes for high-pressure
freezing using liquid nitrogen. The frozen specimens were trans-
ferred, under liquid nitrogen, into an anhydrous solution of
2.0% (w/v) OsO4 and 0.1% (v/v) glutaraldehyde in HPLC-grade
acetone. The temperature was raised from � 160 1C at a rate
of 1 1C/h, holding the temperature steady for � 24 h at � 90 1C
and for � 12 h at � 60 1C. During the � 60 1C period, the
specimens were transferred to pure acetone. Subsequently,
the temperature was raised by 2 1C/h, with a 24-h holding period
at � 30 1C until the specimens were at � 20 1C. They were then
transferred to � 20 1C for � 24 h, then to 4 1C for � 12 h, then
to room temperature. After removal from the planchettes, speci-
mens were transferred through a series of Spurr’s resin mixtures,
before final embedding.

For standard ‘‘chemical’’ fixation for TEM, cells were centri-
fuged at 8,000 g for 3min and fixed for 30min at room temper-
ature in a cocktail containing 1% (v/v) glutaraldehyde and 5%
(w/v) sucrose in 0.1M cacodylate buffer (pH 7.4). After rinsing
the cells 3 times in 0.1M cacodylate buffer with 5% (w/v)
sucrose, cells were post-fixed for 1 h in 0.8% (w/v) OsO4 and
5% (w/v) sucrose in 0.1M cacodylate. After being rinsed free of
post-fixative, cells were concentrated by centrifugation and
trapped in 1.5% (w/v) agarose. Agarose blocks were dehydrated
by applying a graded series of ethanols, and then embedded in
Spurr’s resin.

Serial sections ( � 70 nm) were cut with a diamond knife on a
Leica UC6 ultramicrotome (Leica, Wetzlar, Germany), then
stained with saturated uranyl acetate in 50% ethanol and with
lead citrate. Sections were observed using a Tecnai 12 TEM
(FEITM Company, Hillsboro, OR) fitted with a goniometer stage
and a 1-megapixel digital camera. In general, the freeze-substitu-
tion fixation gave better results, however usable material was
sparse, and some structures were more difficult to visualize in this
material.

RESULTS

Light microscopy. Cells of Isolate CL are bean-shaped, more-
or-less inflexible, biflagellated, and possess a large, easily visible
longitudinal groove (Fig. 2–4). The cells are 7–11.5 mm long
(mean5 9 mm, SD � 1 mm, n5 30) and 3.5–6.5 mm wide
(5 � 0.7 mm). The posterior flagellum is � 2–2.5 cell lengths
long, runs through the groove, and continues behind the cell (Fig.
2–4). The portion of the flagellum within the groove beats with
high amplitude waves (Fig. 4), while the distal half of the flagel-
lum is relatively passive. The anterior flagellum is about the same
length as the cell body, inserts almost apically, and beats ahead of
the cell as well as dorsally and ventrally (Fig. 2–4). A small bulge
appears between the points of insertion of the two flagella (Fig. 2, 4).
The ovate nucleus is located in the anterior part of the cell (Fig. 2),
and vacuoles containing prokaryotic food contents are usually vis-
ible within the cell (Fig. 2–4). The phagocytosis of bacteria occurs at
the posterior end of the groove. The cells swim slowly in relatively
straight lines with occasional slow wobbling.
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TEM. The nucleus is located in the anterior region of the cell,
close to the basal bodies and has an ovoid shape (Fig. 5, 6). It lacks
a central nucleolus, although small dense condensations were ob-
served around the periphery (Fig. 5). Mitochondrion-like organ-
elles, several per cell, are concentrated in the general vicinity of
the nucleus (Fig. 6). These are rounded, usually between 300 and
400 nm in diameter, and have two very closely adpressed bound-
ing membranes, which are difficult to distinguish clearly in our
preparations (Fig. 6–10). The matrix appears homogeneous except
for a small diffuse region of increased density (Fig. 7, 8). No
cristae-like structures were observed inside the organelles (Fig. 7–
10). Stacked endoplasmic reticulum was sometimes observed in
the cytoplasm (Fig. 11), but no discrete Golgi apparatus was ob-
served. Cells include vacuoles containing presumed remnants of
digested prey, and sometimes apparently empty vacuoles as well
(Fig. 5).

There are normally four basal bodies per cell (Fig. 12). Basal
body 1 gives rise to the posterior flagellum (Fig. 13, 14), and basal
body 2 to the anterior flagellum, while basal bodies 3 and 4 are
non-flagellated. In one cell microtubular elements of an additional
flagellar organelle were observed (Fig. 15, asterisk). Basal bodies
1 and 2 are about 350 nm long (Fig. 5, 12). Basal bodies 3 and 4
are somewhat shorter (Fig. 12). Basal bodies 1 and 2 are arranged
at a slightly obtuse angle, and are separated by � 100 nm at their
closest (Fig. 12, 15, 17). Basal body 2 originates to the right side
of basal body 1, and is directed leftwards (Fig. 15, 18). Basal
bodies 3 and 4 lie to the right and left sides of basal body 1,
respectively (Fig. 12, 15, 19, 20).

The posterior flagellum (1) and the anterior flagellum (2) each
have a normal 912 axoneme (Fig. 13, 14, 17). The transition zone
between the 912 structure and the basal body is slightly below the
actual level of insertion into the cell membrane (Fig. 5, 15). The
posterior flagellum (1) has two vanes, one ventral and one dorsal
(Fig. 13). The vane on the ventral side of the axoneme is broader
than the axoneme (Fig. 13). It originates within 500 nm of flagellar
emergence (Fig. 6), in association with a circular reinforcing
structure that is connected to its inner edge (Fig. 14, arrow).
The dorsal vane is much narrower (Fig. 13), originates after the
ventral vane, and terminates sooner.

Basal body 2 connects to a single anterior root (AR) of about six
microtubules, which is supported on the anterior side by thin dense

material, and runs close to the cell membrane (Fig. 17, 18). The
AR is closely associated with microtubules of a dorsal fan (Fig. 17,
18), which presumably support the dorsal cell membrane. Some of
the dorsal fan microtubules run between the AR and the cell mem-
brane, roughly parallel to the AR microtubules, and may originate
there (Fig. 17, 18). The AR curves over the anterior of the cell and
then begins to travel down the left side of the cell (Fig. 15, 18).

Basal body 1 is associated with the major structures that sup-
port the ventral groove, namely the right root (RR), the left root
(LR), and four non-microtubular fibres (i.e. B, I, A, and C fibres),
as well as the singlet microtubular root. The RR and its associated
B, I, and A fibres, and the singlet microtubular root support the
right side and margin of the groove, while the LR and C fibre
support the left side of the groove, with its less well-defined mar-
gin (Fig. 15, 16, 19, 21, 22). The RR originates on the right side of
basal body 1 (Fig. 19, 20), but is also very close to the base of
basal body 2, though not aligned with it (Fig. 18). The RR rapidly
grows to � 18 microtubules that form a single curved row, and
almost immediately splits into an inner portion of six microtu-
bules (IRR) and an outer portion of � 12 microtubules (ORR,
Fig. 19–21). Close to the opening of the groove, the number of
microtubules of the ORR increases, with 430 microtubules seen
in some sections, but the IRR remains as about six microtubules
(Fig. 25). The A fibre is a very thin element closely associated
with the dorsal side of the RR, in particular connected to the IRR
(Fig. 21). The I fibre is closely associated with the ventral side of
the RR. It has a total thickness of � 65 nm and has a fine lattice-
work appearance, though with a more dense outer sheet that may
appear double leaved (Fig. 20–22). After the splitting of the RR
into IRR and ORR, the I fibre is associated only with the outer
portion of the ORR (Fig. 19–21). The B fibre is a complex of
elements that originates against the ventral side of the LR
(Fig. 19–21). The B fibre runs across the ventral side of basal
body 1, left to right (Fig. 21, 22), then descends down the right
side of the groove (Fig. 23). Near its origin it is up to � 150 nm
wide, appearing indistinct but with more dense margins, at least in
our freeze-substitution fixes (Fig 20, 21). Longitudinal sections
show that the B-fibre complex includes an element with conspic-
uous lateral striations every � 25 nm (Fig. 16). The singlet
microtubular root originates near basal body 1 and the dorsal
side of the RR, and runs parallel to, and to the left of, the IRR
(Fig. 19–21). As the groove opens and broadens ventrally the B
fibre supports the right margin of the groove, with the ORR ini-
tially lying closer to the base of the right margin, while the IRR
and singlet microtubule associate with the floor of the groove,
with the singlet near the midline of the groove (Fig. 23). The
groove floor between the IRR and ORR is supported by microtu-
bules that diverge individually from the left side of the ORR.

The LR originates near the left side of basal body 1 (Fig. 19–
21) and expands rapidly to be composed of six microtubules in a
single row (Fig. 24). It is supported on its dorsal side by a complex
C fibre (Fig. 22, 24) and on its ventral side by multilayered ma-
terial that we regard as part of the B fibre, in other words the
B-fibre complex extends distally to support at least the anterior
portion of the LR (Fig. 20–22, 24). The C fibre is about 150 nm
thick in total, and consists of two main components—first a series
of vanes connecting to each microtubule and projecting dorsally,
and second, dorsal to that, a more dense multilayered structure that
is narrow left to right (Fig. 22, 24). The C fibre continues to support
the LR as the groove opens and appears to support the origins of
additional microtubules to the outer edge of the LR (Fig. 15). We
infer that microtubules are lost from the inner edge of the LR at
the same time, with at least some of them becoming individual
microtubules that support the left half of the floor of the groove.
The LR and C fibre continue to support the left margin of the
groove, which is less well marked than the right margin (Fig. 23).

Fig. 2–4. Phase-contrast light microphotographs of cells of Ergo-
bibamus cyprinoides n. g., n. sp. Arrows in Fig. 2 and 3 denote nucleus.
Double-headed arrows in Fig. 3 and 4 indicate food vacuoles. Scale bar:
5 mm.
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Fig. 5–14. Transmission electron micrographs of Ergobibamus cyprinoides n. g., n. sp., ultrathin sections. 5–6. Cells in oblique sections showing the
anterior portion of the cell. 7–9.Mitochondrion-like organelles (MO). 10. High magnification view of the two closely adpressed bounding membranes of
an MO. 11. Stacked endoplasmic reticulum in the cytoplasm. 12. Section showing the four basal bodies. 13. Transverse section of the anterior portion of
the groove showing the posterior flagellum with two flagellar vanes, ventral much broader than dorsal. 14. Posterior flagellum in transverse section
showing the origin of the ventral vane in association with a circular structure (arrow). 1, flagellum/basal body 1 (5 posterior flagellum/basal body); 2,
flagellum/basal body 2 (5 anterior flagellum/basal body); 3 and 4, non-flagellated basal bodies; B, B fibre; LR, left root; N, nucleus; RR, right root. Scale
bars for Fig. 5, 6, 12: 500 nm; scale bars for Fig. 7–9, 11 and 13–14: 200 nm; scale bar for Fig. 10: 100 nm. Figures 6–10, 12, and 14 show material fixed
by freeze-substitution fixation; all other micrographs are of material fixed using conventional chemical fixation.

523PARK ET AL.—ERGOBIBAMUS N. G., A NEW DIPLOMONAD RELATIVE



Fig. 15–24. Transmission electron micrographs of Ergobibamus cyprinoides n. g., n. sp., ultrathin sections. 15–16. Ventral view of the cell. Asterisk:
partial elements of another non-flagellated basal body. 17. Transverse section of the anterior root (AR), showing proximity to the dorsal fan (DF).
18. Near-longitudinal section of the AR. 19–21. Non-consecutive serial sections of basal body 1, right root (RR), and left root (LR), singlet microtubular
root (S), and the several non-microtubular fibres associated mainly with the right root, namely the A fibre (A), B fibre (B), and I fibre (I).
22. Extreme anterior end of the groove (i.e. just below the insertion of flagellum 1), showing location of the LR and the inner and outer portions of
the right root (IRR, ORR), as well as the associated non-microtubular fibres. 23. Transverse section of the anterior end of the groove. 24. Transverse
section of the LR and associated C fibre (C). Note also the material associated with the ventral side of the LR 1, flagellum/basal body 1 (5 posterior
flagellum/basal body); 2, flagellum/basal body 2 (5 anterior flagellum/basal body); 3 and 4, non-flagellated basal bodies; N, nucleus. Scale bars for Fig.
15–18: 500 nm; scale bars for Fig. 19–24: 200 nm. Fig. 19–21, 23, and 24 show material fixed by freeze-substitution fixation; other micrographs are of
material fixed using conventional chemical fixation.
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Further down the cell the LR is greatly reduced or lost altogether,
although its precise termination was not observed in this study,
while the ORR and B fibre become more closely associated under
the right margin of the groove, and the B fibre is gradually reduced
(Fig. 26). In the posterior portion of the groove, the B fibre ter-
minates, but a composite fibre (CF) originates against the cyto-
plasmic side of the ORR microtubules (Fig. 27). The CF is

indistinct in transverse section, at least with freeze substitution
fixation (Fig. 27). Transverse striations with a period of � 35 nm
can be observed in longitudinal section (Fig. 28).

A diagrammatic representation of the proximal flagellar appa-
ratus is shown in Fig. 29.

DISCUSSION

At present the genera Carpediemonas, Dysnectes, Hi-
canonectes, and Kipferlia are each monospecific. For brevity, this
discussion will often use the genus name alone when describing
the characteristics of the sole species in that genus.

At the level of light microscopy Isolate CL is very similar to
C. membranifera, D. brevis, and K. bialata, which are all bean-
shaped cells with conspicuous grooves and which usually swim
slowly with little or no rotation (Table 1; Kolisko et al. 2010;
Yubuki et al. 2007). Isolate CL is readily distinguished from
H. teleskopos, which is more ovoid, has a more subtle groove
terminating in a cytopharynx visible by light microscopy, and
swims with rapid rotation (Park et al. 2009). Recent SSU rRNA
gene data show that Isolate CL and the similar Isolate NC form a
clade that is very distinct from all other clades of CLOs (o75%
sequence similarity; Kolisko et al. 2010). In addition, this lineage
appears distinct in comparative analyses of nuclear protein-coding
genes (Kolisko, unpubl. data). Phylogenies of SSU rRNA genes
do not support a specific relationship with any one other lineage in
particular (Fig. 1; Kolisko et al. 2010). Therefore, assigning our
new isolate to any existing genus would unite organisms that are
quite dissimilar genetically, and would almost certainly result in a
paraphyletic or polyphyletic taxon. As discussed below, Isolate

Fig. 29. Diagram illustrating the proximal flagellar apparatus of Ergo-
bibamus cyprinoides n. g., n. sp., as seen from the ventral side. 1–4, Basal
bodies 1–4; A, A fibre; AR, anterior root; B, B-fibre complex; C, C fibre;
DF, dorsal fan; I, I fibre; IRR, inner portion of the right root; LR, left root;
RR, right root; S, singlet root.

Fig. 25–28. Transmission electron micrographs of Ergobibamus
cyprinoides n. g., n. sp., ultrathin sections. 25. Transverse section of the
outer portion of the right root (ORR) relatively close to the anterior end of
the groove, showing � 30 microtubules. 26. Right margin of the groove
more posteriorly, showing the ORR closely associated with the B fibre (B).
27. Transverse section of the right margin of the groove in the posterior
portion of the cell. Note the absence of the B fibre, but presence of a
difficult-to-see composite fibre (CF). 28. Longitudinal section of CF show-
ing the striations about 35 nm apart. 1, flagellum 1 (5 posterior fla-
gellum); FV, food vacuole; IRR, inner portion of the right root; MO,
mitochondrion-like organelle. Scale bars: 500 nm. Fig. 25 shows material
fixed by freeze-substitution fixation.
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CL differs somewhat at the level of ultrastructure from Dysnectes
and Carpediemonas. There are few ultrastructural data yet from
Kipferlia, but Isolate CL lacks the features held to be diagnostic
for this taxon (Kolisko et al. 2010). Bearing in mind the level of
sequence and ultrastructural dissimilarity from these other taxa,
and especially, the risk of creating paraphyletic or polyphyletic
taxa, the most appropriate course of action is to assign Isolate CL
to a new genus as well as a new species. We here propose the name
E. cyprinoides n. g. n. sp. (formal description below).

The sub-cellular morphology of E. cyprinoides Isolate CL is
broadly similar to that of Carpediemonas, Dysnectes, and Hi-
canonectes (Park et al. 2009; Simpson and Patterson 1999;
Yubuki et al. 2007). Like these other taxa our new isolate has
the full suite of ‘‘typical excavate’’ characters: a ventral suspen-
sion-feeding groove, flagellar vanes on the posterior flagellum
(flagellum 1), a split RR, a ‘‘singlet’’ root, non-microtubular
‘‘B,’’ ‘‘C,’’ and ‘‘I’’ fibres, and a conspicuous CF (see Simpson
2003, noting that the identification of CF of Hicanonectes is ten-
tative; Park et al. 2009).

Like Carpediemonas, Dysnectes, and Hicanonectes, our new
isolate has relatively large, cristae-lacking organelles in place of
classical mitochondria, has both dorsal and ventral flagellar vanes,
and has a B-fibre complex that connects to the LR. An origin of
the B-fibre complex against the LR is the proposed synapomorphy
for the taxon Fornicata, to which Carpediemonas, Dysnectes, and
Hicanonectes are assigned, along with retortamonads and diplo-
monads (Park et al. 2009; Simpson 2003; Simpson and Patterson
1999; Yubuki et al. 2007). Its presence therefore supports the
molecular phylogenetic evidence that Ergobibamus belongs to
Fornicata (Fig. 1; Kolisko et al. 2010). The first two features are
probably plesiomorphic for Fornicata: both are present also in the
preaxostylan Trimastix (Brugerolle and Patterson 1997; Simpson,
Bernard, and Patterson 2000) while parabasalids also have cristae-
lacking hydrogenosomes but lack typical excavate flagellar vanes.
Preaxostyla and parabasalids are likely to be the closest relatives
of Fornicata, and the three clades together may descend from a
common ancestor that lacked classical mitochondria (Cavalier-
Smith 2003; Hampl et al. 2005, 2009; Simpson and Roger 2004).

Ergobibamus shares various other similarities with some, but
not all other CLOs, as well as displaying a few unique features.
Overall Ergobibamus is perhaps most similar to Hicanonectes, in
spite of their differing appearance by light microscopy, and
least similar to Carpediemonas (Table 1). Ergobibamus, like
Hicanonectes and Dysnectes, has rounded mitochondrion-like
organelles, whereas C. membranifera has elongate organelle pro-
files. Our inability to locate a Golgi body in Ergobibamus is typ-
ical for Fornicata as a whole, but one was observed in
Carpediemonas (Simpson and Patterson 1999). The routine pres-
ence of two additional non-flagellated basal bodies in interphase
was reported previously in Hicanonectes (Park et al. 2009), but
not in Dysnectes (Yubuki et al. 2007), while Carpediemonas has a
single non-flagellated basal body during interphase (Simpson and
Patterson 1999). The relative narrowness of the dorsal flagellar
vane of Ergobibamus is similar to that of Hicanonectes and
Dysnectes (Park et al. 2009; Yubuki et al. 2007) and contrasts
with Carpediemonas and retortamonads in which both dorsal and
ventral vanes are broad (Simpson and Patterson 1999). A dorsal
vane might be altogether absent in K. bialata (Kolisko et al. 2010),
but more data are required to confirm this. A third, lateral vane is
present in Carpediemonas and in the retortamonad Retortamonas
(Brugerolle 1977; Simpson and Patterson 1999) but appears to be
absent in all other Fornicata, including Ergobibamus. The marked
extension of the B-fibre complex down the LR is shared by
Ergobibamus and Dysnectes but not Carpediemonas or
Hicanonectes. Note that a similar extension of the arched fibre
is seen in some retortamonads (see Brugerolle 1973, 1977). The
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outer portion of the RR in Ergobibamus contains a large number of
microtubules at its maximum ( � 30), more similar to Dysnectes
(23) and Hicanonectes (at least 13, perhaps � 20) than to Carpe-
diemonas (11). Ergobibamus is broadly similar toHicanonectes and
Dysnectes in that there is a substantial number of microtubules in, or
derived from, the LR, and only about half of the width of the groove
is supported by microtubules derived from the RR (Park et al. 2009;
Yubuki et al. 2007). This contrasts withCarpediemonaswhere there
are only six LR microtubules in total, and almost all of the width of
the groove is supported by microtubules derived from the RR
(Simpson and Patterson 1999). The narrow-but-deep multilayered
‘‘extension’’ of the C fibre on its dorsal side is not found in other
CLOs studied to date, although a broader multilayered C fibre is
present in Dysnectes, as well as in retortamonads (Bernard, Simp-
son, and Patterson 1997; Yubuki et al. 2007). The general location
and path of the AR in Ergobibamus is most similar toDysnectes and
Carpediemonas (Simpson and Patterson 1999; Yubuki et al. 2007).
The AR is larger than inDysnectes and Carpediemonas with � six
microtubules vs. one to two, but less extensive than the AR of
� nine reinforced microtubules seen in Hicanonectes (Park et al.
2009; Simpson and Patterson 1999; Yubuki et al. 2007). Ergo-
bibamus differs from Dysnectes in that the latter has little or no
dorsal fan (Yubuki et al. 2007). Kipferlia bialata has a distinctive
membrane-like extension of the right wall of the groove (Kolisko et
al. 2010), which is absent from Ergobibamus, as well as from
Carpediemonas, Dysnectes, and Hicanonectes.

The cristae-lacking mitochondrion-like organelles of E.
cyprinoides resemble closely the organelles of Dysnectes and Hi-
canonectes in being rounded, relatively large, and present in
numbers of several per cell (Park et al. 2009; Yubuki et al.
2007). The organelles of C. membranifera are narrower, but more
elongate, and perhaps ramifying (Simpson and Patterson 1999). In
size and proportion of cell volume the organelles of all of these
CLOs differ markedly from the mitosomes of their relatives, the
diplomonads (Tovar et al. 2003). The small size of diplomonad
mitosomes (i.e. � 150 nm spherical equivalent in Giardia intes-
tinalis) mirrors their relatively limited functionality—those of
Giardia appear to have no role in ATP synthesis and their only
known function is iron–sulfur cluster synthesis (Hjort et al.
2010; Tachezy and Smid 2008; Tovar et al. 2003). Although
somewhat smaller in general, the organelles of CLOs more closely
resemble the hydrogenosomes of parabasalids, which are anaero-
bic and fermentative energy-generating organelles (Benchimol
2008; Hrdý et al. 2004; Hrdý, Tachezý, and Müller 2008). The
organelles of CLOs might be more similar biochemically to par-
abasalid hydrogenosomes than to mitosomes, and for example,
have a role in ATP synthesis. Information on inferred and actual
biochemistry of a range of CLOs is eagerly awaited.

The comparative biology of CLOs promises to shed much light
on the evolutionary origin of diplomonads. However, such data
will be much more useful in the light of phylogenies that accu-
rately describe the relationships among the several main lineages
of CLOs, diplomonads, and retortamonads, which might them-
selves constitute more than one clade (Cepicka et al. 2008). At
present the only phylogenies available encompassing all of these
organisms are based on SSU rRNA genes and do not clearly
resolve these relationships (Kolisko et al. 2010). It is hoped that
well-sampled multigene phylogenies will provide a better esti-
mate of this phylogenetic framework.

Taxonomic Summary
Assignment: Eukaryota; Excavata; Fornicata

Ergobibamus n. g.
Diagnosis. Free-living, biflagellated, colourless cells bearing a

longitudinal groove. The posterior flagellum beats within the

groove, and bears vanes—a broader vane on the ventral side and
narrower vane on the dorsal side. With a substantial anterior mi-
crotubular root ( � six microtubules), and a narrow multilayered
element in the ‘‘C’’ fibre. Mitochondrion-like organelles lack
cristae.

Type species. Ergobibamus cyprinoides Park, Kolisko, and
Simpson

Etymology
‘‘Ergo bibamus’’—‘‘therefore, let us drink’’ (Latin, mascu-

line.). The title of a poem by Goethe. This poem expresses sen-
timents consistent with those of Horace’s Ode I.11, the original
source of the phrase ‘‘Carpe diem’’—seize the day.

Ergobibamus cyprinoides n. sp.
Diagnosis. Ergobibamus cells, bean-shaped and 7–11.5 um

long, with a posterior flagellum � 2–2.5 times the length of the
cell body.

Type material. Block of resin-embedded cells for electron
microscopy deposited with the Protist Type Specimen Slide Col-
lection, US Natural History Museum, Washington, DC as
2054434. This material constitutes the name-bearing hapantotype
for the species.

Type locality. Anoxic layer of marine intertidal sediment,
Mahone Bay, Nova Scotia, Canada (441260N, 641210W).

Etymology. cyprinoides, ‘‘Carp-like’’ (Latin). When first iso-
lated, the type strain was referred to as ‘‘Carp-like’’ (CL), owing
to its similarity to Carpediemonas when viewed by light micros-
copy.

Gene sequence. The SSU rRNA gene sequence from E.
cyprinoides, Isolate CL, was reported by Kolisko et al. (2010)
and has the GenBank Accession Number GU827592.
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Hrdý, I., Hirt, P. R., Dolezal, P., Bardonová, L., Foster, P. G., Tachezy, J.
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Abstract 
Diplomonads, retortamonads, and “Carpediemonas-like” organisms (CLOs) are a 
monophyletic group of protists that are microaerophilic/anaerobic and lack typical 
mitochondria. Most diplomonads and retortamonads are parasites, and the 
pathogen Giardia intestinalis is known to possess reduced mitochondrion-related 
organelles (mitosomes) that do not synthesize ATP. By contrast, free-living CLOs 
have larger organelles that superficially resemble some hydrogenosomes, organelles 
that in other protists are known to synthesize ATP anaerobically. This group 
represents an excellent system for studying the evolution of parasitism and 
anaerobic, mitochondrion-related organelles. Understanding these evolutionary 
transitions requires a well-resolved phylogeny of diplomonads, retortamonads and 
CLOs. Unfortunately, until now the deep relationships amongst these taxa were 
unresolved due to limited data for almost all of the CLO lineages. To address this, 
we assembled a dataset of up to six protein-coding genes that includes 
representatives from all six CLO lineages, and complements existing rRNA datasets. 
Multigene phylogenetic analyses place CLOs as well as the retortamonad 
Chilomastix as a paraphyletic basal assemblage to the lineage comprising 
diplomonads and the retortamonad Retortamonas. In particular, the CLO Dysnectes 
was shown to be the closest relative of the diplomonads + Retortamonas clade with 
strong support. This phylogeny is consistent with a drastic degeneration of 
mitochondrion-related organelles during the evolution from a free-living organism 
resembling extant CLOs to a probable parasite/commensal common ancestor of 
diplomonads and Retortamonas. 
 
Key words: Carpediemonas-like organisms; diplomonads; Excavata; hydrogenosomes; 
mitochondria; mitosomes. 



Introduction 
Diplomonads (e.g., the human pathogen Giardia intestinalis) and their close relatives 
retortamonads are a collection of heterotrophic flagellates that includes many commensal 
and parasitic species, and some free-living forms (Brugerolle and Lee 2000). They are 
microaerophiles that lack typical mitochondria, and which tend to branch at very deep 
positions among eukaryotes in molecular phylogenetic analyses rooted with prokaryotic 
outgroups (Ciccarelli et al. 2006; Hashimoto et al. 1994, 1995; Leipe et al. 1993; Sogin 
1989; Sogin et al. 1989). It was once proposed that these protists were primitive 
eukaryotes that had diverged before the acquisition of the mitochondrion (Cavalier-Smith 
1983; Sogin et al. 1989). However, it is now widely believed that the ‘long-branch 
attraction artifact’ is responsible for the basal position of diplomonads, as they tend to 
form extremely long branches in phylogenetic trees (e.g., Philippe et al. 2000; Philippe 
and Germot 2000). Further, extremely reduced and tiny (~50-150 nm across) 
mitochondrion-related organelles, called mitosomes, have been identified in Giardia 
(Tovar et al. 2003). The mitosomes of Giardia do not synthesise ATP and their only 
known function is in iron-sulfur cluster synthesis (Hjort et al. 2010; Tovar et al. 2003). 
The characteristics of mitosomes contrast sharply with those of classical mitochondria, 
and also with the mitochondrion-related organelles of the best-studied relatives of 
diplomonads, the parabasalids (e.g., the human pathogen Trichomonas vaginalis). The 
hydrogenosomes of parabasalids are much larger (~500 nm across - Benchimol 2001; 
Clemens and Johnson 2000), and they produce ATP by substrate-level phosphorylation 
through an anaerobic pathway that yields hydrogen as a waste product (Lindmark and 
Müller 1973; Müller 1993; Steinbüchel and Müller 1986). 

A specific relationship between diplomonads and parabasalids is supported by 
various molecular phylogenetic data (e.g., Andersson et al. 2005; Arisue et al. 2005; 
Hampl et al. 2005, 2009; Henze et al. 2001), however the split between these lineages is 
likely ancient. A decade ago it was shown that diplomonads and retortamonads are 
actually more closely related to an obscure free-living microaerophilic heterotrophic 
flagellate called Carpediemonas membranifera (Simpson et al. 2002, 2006; Simpson and 
Patterson 1999), with the diplomonad + retortamonad + Carpediemonas clade becoming 
known as ‘Fornicata’ (Simpson 2003). Recently, some five additional major lineages of 
“Carpediemonas-like” organisms (CLOs) have been discovered, four represented by the 
species Dysnectes brevis, Hicanonectes teleskopos, Kipferlia bialata, and Ergobibamus 
cyprinoides (Kolisko et al. 2010; Park et al. 2009, 2010; Takishita et al. 2007; Yubuki et 
al. 2007) and one lineage with no described members, which was labeled ‘CL2’ by 
Kolisko et al. (2010). Small subunit rRNA (SSU rRNA) gene phylogenies suggest that 
CLOs (including Carpediemonas) form a series of branches at the base of the diplomonad 
+ retortamonad lineage. Interestingly, all CLOs studied in detail by transmission electron 
microscopy (TEM) harbor mitochondrion-like organelles that are much larger than the 
mitosomes of Giardia and superficially resemble parabasalid hydrogenosomes (Park et al. 
2009, 2010; Simpson and Patterson 1999; Yubuki et al. 2007). These findings make 
CLOs key to understanding the evolutionary origins of diplomonad cells, especially the 
extreme reductive evolution of mitochondrion-related organelles that occurred in the 
diplomonad lineage. 

In order to correctly describe the evolutionary history within Fornicata it is 
necessary to have an accurate picture of the phylogenetic relationships among 
diplomonads, retortamonads, and the major CLO lineages. These relationships are poorly 



resolved by SSU rRNA gene phylogenies, with differing results in different analyses, and 
generally low support for most deep nodes within Fornicata (Kolisko et al. 2010). Such 
lack of phylogenetic resolution in SSU rRNA gene trees may be attributed to limited 
informative phylogenetic signal. To date, however, multigene analyses of Fornicata have 
included at most one CLO and/or one retortamonad, and therefore say nothing about 
interrelationships amongst the major CLO clades (Kolisko et al. 2008; Simpson et al. 
2002, 2006). 

In the present study we conducted phylogenetic analyses based on up to seven 
genes that include representatives of all six major CLO lineages known to date. Several 
deep branches within the taxon Fornicata were resolved with strong statistical support, 
with CLOs representing a paraphyletic assemblage at the base of Fornicata, and 
retortamonads not recovered as a monophyletic group. In particular, we found strong 
evidence that Dysnectes is a close relative of diplomonads (and Retortamonas).  
 
Results 
Single gene phylogenies 
Global eukaryotic phylogenies for the single gene datasets of SSU rRNA, α-tubulin, β-
tubulin, the cytosolic isoforms of the 70 kDa and 90 kDa heat shock proteins (HSP70 and 
HSP90), and translation elongation factors 1α and 2 (EF-1α and EF2) were estimated with 
maximum likelihood (ML) and Bayesian methods (supplementary materials: Figs. S1-
S7). Diplomonads, retortamonads and CLOs (i.e., the taxon Fornicata) formed a 
monophyletic lineage in the phylogenetic trees of SSU rRNA genes, α-tubulin, HSP90, 
HSP70, and EF-1α. This grouping received moderate-to-strong statistical support - 79%-
93% bootstrap proportion (BP) and 0.99-1.00 Bayesian posterior probabilities (PP) - in 
the case of SSU rRNA, HSP90, and α-tubulin, respectively, and low statistical support in 
the case of HSP70 and EF-1α. In the ML and Bayesian trees of EF2, members of the 
Fornicata other than Carpediemonas were weakly clustered, and Carpediemonas 
branched with the heterolobosean Naegleria gruberi with low statistical support. In the 
ML and Bayesian trees of β-tubulin, the parabasalid clade was positioned cladistically 
within Fornicata. On face value this might suggest a possible lateral gene transfer, 
however the exact position of the parabasalid lineage within the Fornicata radiation is 
poorly supported, and a sister relationship between parabasalids and Fornicata cannot be 
ruled out. 

As in the case of previous well-sampled SSU rRNA gene phylogenies (Kolisko 
et al. 2010), all single gene phylogenies weakly resolved many of the relationships 
amongst diplomonads, retortamonads, and major clades of CLOs. Nonetheless, the 
phylogenies of α-tubulin, EF-1α, EF2, and HSP90 all strongly suggested an evolutionary 
affinity between Dysnectes and diplomonads, or diplomonads plus the retortamonad 
taxon Retortamonas (86-100% BP and 0.99-1.00 PP). 
 
Multiple gene phylogenies 
In order to more robustly resolve the deep relationships within the taxon Fornicata we 
assembled several multigene datasets: These consisted of 4-5 genes (HSP70, HSP90, EF-
1a and EF2, with or without SSU rRNA) and a diverse outgroup, or 6-7 genes (all six 
protein coding genes, with or without SSU rRNA) and a limited outgroup. These sets of 
protein-coding genes were assessed as potentially congruent when using these particular 
outgroups according to an analysis with the program Concaterpillar (see methods). 



The analyses of the multigene datasets resolved the taxon Fornicata as a 
monophyletic lineage.  This clade received 99% ML bootstrap support in the 4-gene and 
5-gene analyses, and a posterior probability of 1.00, estimated using the CAT  model 
implemented in PhyloBayes, in the Bayesian analysis of the 4-gene dataset 
(supplementary materials Figs. S8 and S9).  Unsurprisingly, the Fornicata clade was also 
strongly supported in 6-gene and 7-gene analyses, with a small outgroup. 

With respect to the ingroup, analyses of the 6-gene dataset and 7-gene dataset 
both yielded overall topologies that were essentially identical (Fig. 1 & 2). The 
diplomonad lineage and Retortamonas formed a strongly supported clade (100% BP with 
6-gene and 7-gene ML analyses, and 1.00 PP with 6-gene Bayesian analysis). The other 
Fornicata members formed a series of branches attached sequentially to the base of the 
diplomonads + Retortamonas clade. In order, these were (i) Dysnectes (CL1), (ii) 
Kipferlia (CL6), (iii) Chilomastix (retortamonad), (iv) a clade comprising Ergobibamus 
(CL5), Hicanonectes (CL3) and the unnamed clade CL2, and (v) Carpediemonas (CL4). 
Statistical support measures for two nodes - one uniting Dysnectes and the 
diplomonads+Retortamonas clade and the other uniting Dysnectes, Kipferlia, Chilomastix 
and the diplomonads+Retortamonas clade - were 100% BP in the 6-gene and 7-gene ML 
analyses and 1.00 PP in the 6-gene Bayesian analysis (these strongly supported nodes are 
designated as nodes A and B in Figs. 1 & 2), while other deep branching points received 
low or very low support. Hicanonectes and CL2 were clustered with each other with 
100% BP in the 6-gene and 7-gene ML analyses and 1.00 PP in the 6-gene Bayesian 
analysis.  This grouping was also recovered with 100% BP if the relatively data-poor CL2 
isolate PCE was excluded from the 6-gene dataset (tree not shown; no Bayesian analysis 
performed).  The clade of CL2 and CL3 with CL5 received low ML bootstrap support, 
but had a high posterior probability in the Bayesian analysis (6-gene dataset; Fig. 2).  The 
results for the AU tests were in good agreement with bootstrap analyses: All topologies 
that were not rejected at the 5% level contained nodes A and B (data not shown). 
 The results of the 4-gene and 5-gene analyses (Figs S8, S9) are congruent with the 
6-gene and 7-gene analyses with the exception of the position of Hicanonectes. Instead of 
Hicanonectes forming a clade with CL2, Hicanonectes branched as the sister taxon to the 
Ergobibamus clade (CL5) with 75% BP and 1.00 PP in the 4-gene analyses, and with less 
than 50% BP in the 5-gene analyses. This incongruent result may reflect two factors, 
firstly the absence of α-tubulin and β-tubulin data from the 4-5 genes analyses (both 
genes individually provide strong support for a Hicanonectes-CL2 clade - supplementary 
materials Figs. S2 and S3), and secondly, a positive phylogenetic signal in the HSP90 
dataset: Phylogenies for HSP90 support a clade of Hicanonectes with CL5, and statistical 
support is high (91% BP) when a large outgroup is used (supplementary material Fig. S5). 
Interestingly, however, support is lower (63% BP) when the small outgroup is used, as 
per the 6-gene and 7-gene analysis (not shown). On balance we tentatively favor the 
topology shown in the 6-gene and 7-gene analyses - Hicanonectes specifically related to 
CL2 - since it reflects strong support from two different gene partitions, and the 
conflicting signal in the HSP90 data is somewhat sensitive to taxon sampling. 
 
Discussion 
CLOs and Chilomastix are a basal grade within Fornicata; Dysnectes is the CLO 
closest to diplomonads 



Several previously published SSU rRNA gene phylogenies have shown that the 
diplomonads, retortamonads, and CLOs form a robust monophyletic grouping among 
excavates or eukaryotes (Keeling and Brugerolle 2006; Kolisko et al. 2008, 2010; 
Simpson et al. 2002; Yubuki et al. 2007), but the deep relationships within this Fornicata 
lineage remained unclear. This poor and/or inconsistent resolution of relationships 
amongst CLO lineages left open the possibility that CLOs were actually a clade. Our 
results instead strongly indicate that CLOs are not a monophyletic group. 

Most strikingly, clade CL1, represented by Dysnectes, was found to be the 
closest relative of the diplomonads + Retortamonas clade among the CLOs examined 
here. This position was strongly supported in all multigene analyses. Interestingly, it is 
mostly or entirely consistent with some previous SSU rRNA gene phylogenies (Kolisko 
et al. 2010; Park et al. 2009), although the most taxon-rich analysis published to date 
actually placed both Dysnectes and unnamed clade CL2 as the sistergroup to diplomonads 
and retortamonads (Retortamonas and Chilomastix), with poor support (Kolisko et al. 
2010).  Despite the availability of a detailed ultrastructural study of Dysnectes brevis 
(Yubuki et al. 2007), we are unable, however, to nominate any obvious potential 
apomorphies shared by Dysnectes and diplomonads to the exclusion of other CLOs.  It 
would be interesting to compare to the cell structure of Dysnectes to that of the 
Retortamonas isolates for which there are SSU rRNA gene sequences, once these data are 
available (see below). 

Further, a clade of diplomonads, Retortamonas, Dysnectes, Chilomastix and 
Kipferlia (CL6) also obtained maximal statistical support in our multigene phylogenies, 
even though the precise positions of Chilomastix and Kipferlia within this clade were not 
resolved. Meanwhile, the remaining CLO lineages were not monophyletic either, usually 
forming two distinct clades attached sequentially to the base of Fornicata. In particular, 
the CL4 clade, represented by Carpediemonas, branched in the deepest position within 
the Fornicata lineage, albeit with low statistical support.  In all, our analysis strongly 
suggests that CLOs (and retortamonads) collectively represent several lineages - each at 
least as phylogenetically distinct as diplomonads - that connect as a series to the stem of 
the diplomonads. 
 
The evolution of diplomonads and their mitosomes 
The now-strong inference that CLOs represent several successive branches at the base of 
the diplomonad + Retortamonas lineage suggests that CLOs are paraphyletic, in other 
words, that diplomonads are descended from organisms similar to extant CLOs.  
Widespread features of extant CLOs were probably also features of these direct 
diplomonad ancestors; For example, they are likely to have been small free-living 
biflagellated cells with a typical excavate feeding groove. Further, since all extant CLOs 
discovered to date live in saline habitats it is possible that saline water represents the 
ancestral habitat for diplomonads and retortamonads. Concerted searches for CLOs in 
freshwater habitats should be performed to test this hypothesis.  

This phylogenetic scheme is helpful in understanding the evolution of the 
mitochondrion-related organelles in the Fornicata lineage. Giardia has extremely small 
and functionally reduced mitochondrion-derived organelles, mitosomes, that do not 
produce ATP (Tovar et al. 2003), and to date there is little evidence of large and/or ATP-
generating mitochondrial organelles in other diplomonads. Very little at all is known 
about the organelles in retortamonads. By contrast, all CLOs examined to date by TEM 



unambiguously possess double-membrane bounded mitochondrion-like organelles that 
are substantially larger than Giardia mitosomes, and relatively abundant (Park et al. 2009, 
2010; Simpson and Patterson 1999; Yubuki et al. 2007; see Fig. 3). This includes 
Dysnectes, which is most closely related to diplomonads, as well as Hicanonectes, 
Ergobibamus and Carpediemonas, which appear to represent at least two more distantly 
related lineages in our analyses (see previous section). The metabolic capacity of 
mitochondrion-related organelles in CLOs remains unknown, but the larger size of these 
organelles suggests that they might be involved in more diverse metabolic processes than 
the mitosomes of Giardia. Their presence in all studied CLO lineages suggests that 
ancestors of diplomonads had larger mitochondrion-derived organelles, and that much of 
the reductive evolution experienced by the mitochondrion-related organelles in 
diplomonads might have happened only after the divergence of the Dysnectes lineage. 
Given that most known diplomonads and retortamonads are parasites or commensals of 
vertebrates or invertebrates (Brugerolle and Lee 2000), the last common ancestor of all 
diplomonads and Retortamonas is likely to have been parasitic or commensal. It is 
possible that the shift from a free-living lifestyle to parasitism/commenism is somehow 
associated with the reductive evolution of mitosomes. 
 
A possible “free-swimmer” clade  
Our most gene-rich analyses recover a strongly supported relationship between CL2, 
represented by strains NY0171 and PCE, and CL3 represented by Hicanonectes. This 
phylogenetic affinity has not been recovered by previous SSU rRNA gene analyses, in 
which both CL2 and CL3 have unstable phylogenetic positions (Kolisko et al. 2010). 
These organisms differ morphologically from other CLOs studied to date. Studied CLOs 
from clades CL1, CL4, CL5, and CL6 are bean-shaped cells that rotate little or slowly 
while swimming, often swim quite slowly, and tend to associate with surfaces (Kolisko et 
al. 2010; Yubuki et al. 2007). Isolates NY0171 and PCE (CL2) and Hicanonectes (CL3) 
by contrast are oval-shaped cells that rapidly rotate during swimming, and tend not to 
associate specifically with surfaces (Park et al. 2009; Kolisko et al. 2010; see Fig. 3). The 
feeding groove is less conspicuous than in other CLOs, but terminates in a curving 
cytopharynx that can be visualized readily by light microscopy. These members of clades 
CL2 and CL3 could be adapted to a more free-swimming niche than other CLOs, and 
they may well share these adaptations due to descent from a common ancestor. There are 
detailed electron microscopical data from Hicanonectes (Park et al. 2009), but not yet for 
any strain from clade CL2. It will be important to compare the cytoskeletal organization 
of a CL2 representative to that of Hicanonectes to test the possibility of special 
homology. 
 In addition to Hicanonectes, clade CL3 contains isolate PCS, which differs from 
all other CLOs, being an elongate cell with a single flagellum (not two), and with a very 
reduced groove (Kolisko et al. 2010). Given the similarity between Hicanonectes and 
CL2, we infer tentatively that the PCS lineage evolved by descent from a free-swimming 
Hicanonectes-like ancestor, but further data on isolate PCS would be valuable. 
 
Uncertain phylogenetic position of Chilomastix 
All our analyses recovered retortamonads as a non-monophyletic group, with Chilomastix 
caulleryi always branching in a deeper position than Retortamonas, with two strongly 
supported nodes separating them. Previous SSU rRNA gene analyses placed Chilomastix 



(represented by different species, namely C. mesnili and C. wenrichi) as sister to the 
diplomomad + Retortamonas clade to the exclusion of Carpediemonas and Dysnectes, 
suggesting that retortamonads were paraphyletic (Cepicka et al. 2008). Our analyses of a 
multigene dataset with comprehensive CLO sampling are more consistent with 
retortamonad polyphyly than with paraphyly. The apparent non-monophyly of 
retortamonads, especially polyphyly, would seem to conflict with previous TEM studies 
that show considerable morphological similarity between Retortamonas agilis and 
Chilomastix spp. (Bernard et al. 1997; Brugerolle 1973, 1977; see Simpson and Patterson 
1999 for possible synapomorphies).  At present, however, there is no overlap in the 
retortamonad species for which there are published TEM data, and those studied by 
molecular methods (Cepicka et al. 2008; Silberman et al. 2002).  This might explain some 
of the discrepancy if either Retortamonas or Chilomastix were not monophyletic. Once 
the required morphological/sequence data are available, it is very likely that the taxonomy 
of retortamonads will have to be reconsidered. 
 
Perspectives 
The availability of a diversity of CLOs in culture will allow more direct examinations of 
the evolution of mitochondrion-related organelles in the Fornicata lineage. As a next step, 
the biochemical functions of the mitochondrion-related organelles in several CLOs should 
be examined, with Dysnectes being of particular interest. One powerful strategy to begin 
such a program is large-scale expressed sequence tags (EST) analyses. In fact, it has been 
inferred that the reduced mitochondrion-like organelles in the free-living preaxostylan 
excavate Trimastix and the parasitic stramenopile Blastocystis may perform 
hydrogenosome-like anaerobic ATP generation based on the presence of transcripts for 
pyruvate: ferredoxin oxidoreductase and [FeFe]-hydrogenase in EST data (Hampl et al. 
2008; Stechmann et al. 2008). If the acquisition, retention and loss of various biochemical 
functions of organelles can be traced through the deepest branches within Fornicata, we 
will have a much better understanding of when and how the Giardia intestinalis 
mitosome came to be so simple, and exactly what sort of organelle it evolved from. 
 
Methods 
Total RNA/DNA extractions and cDNA synthesis 
In this study we obtained new sequence data from organisms from all six clades of 
Carpediemonas-like organisms (CLOs) (labeled CL1-CL6 by Kolisko et al. 2010), plus 
the retortamonad Chilomastix caulleryi. 

Genomic DNA was isolated from all CLO cultures investigated in this study as 
reported by Kolisko et al. (2010).  Chilomastix caulleryi was isolated from a frog Kassina 
senegalensis, which was kept at the Department of Parasitology, University of Veterinary 
Sciences, Brno, Czech Republic. The frog was sacrificed and dissected, and 0.25 ml of 
the intestinal contents was pipetted into Dobell and Leidlaw’s biphasic medium (Dobell 
and Leidlaw 1926). The original culture (KAS5) contained Trichomitus batrachorum 
(Parabasalia), Chilomastix caulleryi and unidentified bacteria.  It was maintained at room 
temperature in Dobell and Leidlaw’s medium, and transferred once a week. Later, the 
monoeukaryotic strain CHILO1 of Chilomastix caulleryi was created from KAS5 by 
dilution. Originally, it was cultured as per KAS5; later on it was transferred into TYSGM-
9 medium (Diamond 1982) without mucin and Tween 80. It was maintained at room 
temperature and was transferred once a week. The strains KAS5 and CHILO1 have been 



deposited in the collection of the Department of Parasitology, Charles University in 
Prague, Prague, Czech Republic.  Genomic DNA was extracted from C. caulleryi as 
reported by Cepicka et al. (2008) for other Chilomastix species. 

Total RNA was isolated from Dysnectes brevis (strain NY0165), Kipferlia 
bialata (strain NY0173), and unnamed strain NY0171 with the RNeasy Plant Mini Kit 
(Qiagen, USA), and synthesis of cDNA from total RNA was performed using the 3' 
RACE System (Invitrogen, USA). In addition, total RNA was also isolated from 
Carpediemonas membranifera (strain BICM), Kipferlia bialata (strain NY0173), 
Chilomastix caulleryi, and Ergobibamus cyprinoides (strain CL) using Trizol (Invitrogen, 
USA) for expressed sequence tags (EST) analysis (see below). 
 
Gene/transcript amplification, cloning, and sequencing 
Some fragments of genes encoding the nucleus-encoded proteins α-tubulin, β-tubulin, 
HSP70, HSP90, EF-1α, and EF2 as well as the SSU rRNA gene were amplified from 
genomic DNA or cDNA by PCR with various combinations of degenerate primers 
(supplementary material Table S1). A referenced list of the broad-range primers used, 
including newly designed primers, is presented in supplementary material Table S2. 
HSP90 transcripts from Kipferlia bialata (strain NY0173) and unnamed strain NY0171, 
and EF-1α transcripts from Dysnectes brevis (NY0165) and strain NY0171 were 
amplified using the 3' RACE System (Invitrogen) with exact-match primers designed on 
the initially amplified DNA fragments, following the manufacturer’s instruction. 
Thermocycling was run for 35-40 cycles in all cases, with annealing temperatures of 48-
55°C (except for the SSU rRNA gene of Chilomastix caulleryi, where an annealing 
temperature of 58°C was used). The amplified products were visualized by agarose gel 
electrophoresis. Amplicons of expected sizes were cloned using the pCR2.1 vector with 
the TOPO TA Cloning Kit (Invitrogen) or the pGem T-easy vector cloning kit (Promega, 
USA). The plasmid DNA was extracted from several positive clones grown overnight in 
liquid LB medium using the Nucleospin Plasmid Kit (Macherey-Nagel, Germany) or 
QIAprep Miniprep Kit (Qiagen), and inserts were bidirectionally sequenced. Other gene 
sequences were retrieved from EST data from Carpediemonas membranifera (BICM), 
Kipferlia bialata (NY0173), Chilomastix caulleryi, and Ergobibamus cyprinoides (CL) 
generated by 454 sequencing (see supplementary material Table S1). The transcripts were 
assembled into contigs with MIRA 3 (Chevreux et al. 1999) and Newbler (454 Life 
Sciences, USA), and the corresponding amino acid sequences were then deduced from the 
contig sequences. The sequences were analyzed using Sequencher version 4.2 (Gene 
Codes Corporation, USA), Genetyx-Mac version 14 (Software Development, Japan), or 
Geneious 4.8 (Biomatters Limited, New Zealand). New sequences obtained in the present 
study were deposited in GenBank (AB600279-AB600326). 
 
Phylogenetic analyses 
The nucleotide sequences of SSU rRNA genes and the deduced amino acid sequences of 
α-tubulin, β-tubulin, HSP70, HSP90, EF-1α, and EF2 from diplomonads, retortamonads, 
and CLOs were separately aligned with the corresponding sequences from various 
eukaryotic groups using ClustalX version 2.0 (Thompson et al. 1997). While β-tubulin 
gene sequences were obtained from all CLOs as well as Chilomastix, the datasets for the 
other five genes contained missing data (see supplementary material Table S1). The 
alignments were inspected by eye and manually edited, and ambiguously aligned sites 



were removed from the datasets prior to the phylogenetic analyses. The analyzed datasets 
had the following dimensions: SSU rRNA gene: 77 taxa, 875 sites; α-tubulin: 76 taxa, 
381sites; β-tubulin: 72 taxa, 400 sites; HSP70: 184 taxa, 508 sites; HSP90: 154 taxa, 559 
sites; EF-1α: 88 taxa, 406 sites; EF2: 54 taxa, 778 sites. We also analyzed an HSP90 
dataset with only a small outgroup (19 taxa total, 588 sites). The alignment data are 
deposited in Treebase. 

For each single-gene dataset the maximum-likelihood (ML) phylogenetic tree 
and corresponding bootstrap support values (100 replicates) were calculated using 
RAxML 7.2.1 (Stamatakis 2006) under the GTRGAMMA model (for the SSU rRNA 
dataset) or PROTGAMMALGF model (for the protein datasets), with 4 categories of rate 
variation. PhyloBayes 2.3 (Lartillot and Philippe 2004) was also run on each single gene 
dataset. PhyloBayes analyses were run for 1,000 or greater generations with the LG + Γ + 
F model (for the protein datasets) and the GTR + Γ model (for the SSU rRNA gene 
dataset). 

Two different outgroups were selected for the multigene analyses.  The first 
was a small outgroup consisting only of taxa that were both relatively short-branching 
and thought to be closely related to Fornicata, for which two Trimastix species and 
Malawimonas jakobiformis were selected.  The second was a larger and phylogenetically 
broad sample of relatively short-branching eukaryotes (47 outgroup taxa).  Neither set 
included parabasalids, because they formed relatively long branches in the single gene 
phylogenies, and actually branched within the ingroup in the β-tubulin phylogeny (see 
results).  The program Concaterpillar (Leigh et al. 2008) was used to test the topological 
congruence of the six protein coding genes considered for both taxon sets.  When two 
Trimastix species and Malawimonas were used as outgroup taxa, the null hypothesis that 
the phylogenetic signals among the six genes are concordant was not rejected at the 5% 
level. Thus, the alignment including the six protein coding genes (“6 gene dataset”), as 
well as that including the six protein coding genes and the SSU rRNA gene (“7 gene 
dataset”), were phylogenetically analyzed along with this small outgroup sampling. With 
the larger outgroup, the Concaterpillar analysis rejected the null hypothesis at the 5% 
level, but suggested at least that the signals in EF-1α, EF2, HSP70, and HSP90 genes 
were not significantly incongruent to each other. Thus, we excluded both α- and β-
tubulins from a concatenated dataset with the large outgroup sampling, resulting in “4-
gene dataset” composed of EF-1α, EF2, HSP70, and HSP90 and “5-gene dataset” 
composed of EF-1α, EF2, HSP70, HSP90, and the SSU rRNA gene. In the 4-7 gene 
datasets some protein coding genes from Fornicata taxa were missing, because their 
sequences are not available (see supplementary material Table S1). 

For each concatenated alignment the ML tree was estimated and bootstrapping 
with 500 replicates was performed using the program RAxML 7.2.6 with the LG + Γ 
model (for amino acid sequences) and the GTR + Γ model (for nucleotide sequences). For 
Bayesian analyses the program PhyloBayes 2.3 was run on the 4-gene and 6-gene 
datasets. PhyloBayes analyses were run with the CAT + Γ model, for 55,000 generations 
for the 4-gene dataset, and 20,000 generations for the 6-gene dataset. In both RAxML and 
PhyloBayes analyses, the model parameters and branch lengths were optimized separately 
for each gene partition as suggested by the Concaterpillar analyses (data not shown).  To 
test for the possibility of missing data from isolate PCE influencing the analyses of the 6-
gene dataset (see results), the ML analysis of this dataset was repeated with PCE 
excluded,  



The 6-gene dataset was used for the approximately unbiased (AU) test 
(Shimodaira 2002). We tested the topologies describing all possible combinations of 
relationships between the following major clades of Fornicata: the diplomonads + 
Retortamonas clade, Dysnectes (CL1), a clade of CL2 + CL3 (which receives 100% 
bootstrap support (BP) in the original 6-gene sequence analysis), Carpediemonas (CL4), 
Ergobibamus (CL5), and Kipferlia (CL6) (the CLO lineages CL1-6 were labeled as per 
Kolisko et al. 2010). The relationships within each of these clades and within the 
outgroup were constrained to those seen in the ML tree. This resulted in 10395 possible 
topologies that were tested by AU test. The log-likelihoods at sites were computed in 
RAxML with the LG + Γ model, and used as the input for CONSEL (Shimodaira and 
Hasegawa 2001). 
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Figure legends 
Figure 1. Maximum-likelihood phylogeny of Fornicata based on concatenated SSU 

rRNA gene and six proteins (α-tubulin, β-tubulin, HSP70, HSP90, EF-1α, and EF2). 
Three excavate species, Trimastix pyriformis, Trimastix marina, and Malawimonas 
jakobiformis, were used to root the tree. Bootstrap probabilities are shown for nodes 
with support over 50%. 

 
Figure 2. Maximum-likelihood phylogeny of Fornicata based on concatenated six 

proteins (α-tubulin, β-tubulin, HSP70, HSP90, EF-1α, and EF2). Three excavate 
species, Trimastix pyriformis, Trimastix marina, and Malawimonas jakobiformis, were 
used to root the tree. Bootstrap probabilities are shown for nodes with support over 
50%. Thick branches represent relationships with over 0.90 Bayesian posterior 
probabilities. 

 
Figure 3. Diagram summarizing the well-supported phylogenetic relationships within 

Fornicata, showing the general appearance of representative cells, and the relative 
sizes of the mitochondria-related organelles.  Note that the representative diplomonad 
depicted is Hexamita, but the size of the mitochondrial organelle is based on Giardia 
(Tovar et al. 2003). The length of the long axis of the Carpediemonas organelle is 
arbitrary.  Kipferlia organelle size from N, Yubuki, pers. comm.).  Scale bar represents 
10 μm for all organisms, except 15 μm for Chilomastix (caulleryi), and represents 
approximately 500 nm for the diagrams of mitochondria-related organelles.  

 
Figure S1. Maximum-likelihood phylogeny of SSU rRNA gene sequences, including a 

broad range of eukaryotes. The Fornicata members are shaded. Bootstrap probabilities 
are shown for nodes with support over 50%. Thick branches represent relationships 
with over 0.90 Bayesian posterior probabilities. 

 
Figure S2. Maximum-likelihood phylogeny of α-tubulin, including a broad range of 

eukaryotes. The Fornicata members are shaded. Bootstrap probabilities are shown for 
nodes with support over 50%. Thick branches represent relationships with over 0.90 
Bayesian posterior probabilities. 

 
Figure S3. Maximum-likelihood phylogeny of β-tubulin, including a broad range of 

eukaryotes. The Fornicata members are shaded. Bootstrap probabilities are shown for 
nodes with support over 50%. Thick branches represent relationships with over 0.90 
Bayesian posterior probabilities. 

 
Figure S4. Maximum-likelihood phylogeny of HSP70, including a broad range of 

eukaryotes, rooted with the endoplasmic reticulum isoform. The Fornicata members 
are shaded. Bootstrap probabilities are shown for nodes with support over 50%. Thick 
branches represent relationships with over 0.90 Bayesian posterior probabilities. 

 
Figure S5. Maximum-likelihood phylogeny of HSP90, including a broad range of 

eukaryotes. The Fornicata members are shaded. Bootstrap probabilities are shown for 
nodes with support over 50%. Thick branches represent relationships with over 0.90 
Bayesian posterior probabilities. 



 
Figure S6. Maximum-likelihood phylogeny of EF-1α, including a broad range of 

eukaryotes. The Fornicata members are shaded. Bootstrap probabilities are shown for 
nodes with support over 50%. Thick branches represent relationships with over 0.90 
Bayesian posterior probabilities. 

 
Figure S7. Maximum-likelihood phylogeny of EF2, including a broad range of 

eukaryotes. The Fornicata members are shaded. Bootstrap probabilities are shown for 
nodes with support over 50%. Thick branches represent relationships with over 0.90 
Bayesian posterior probabilities. 

 
Figure S8. Maximum-likelihood phylogeny of Fornicata estimated from four 

concatenated proteins (EF-1α, EF2, HSP70, and HSP90), with a large outgroup of 
relatively short-branching eukaryotes. The Fornicata members are shaded. Bootstrap 
probabilities are shown for nodes with support over 50%. Thick branches represent 
relationships with over 0.90 Bayesian posterior probabilities. 

 
Figure S9. Maximum-likelihood phylogeny of Fornicata with a large outgroup of 

relatively short-branching eukaryotes, based on concatenation of the SSU rRNA gene 
and four proteins (EF1, EF2, HSP70, and HSP90). The Fornicata members are shaded. 
Bootstrap probabilities are shown for nodes with support over 50%. 
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