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complex algae

Euglenophyceae

Euglenophyceae

Rhodophyta

Pleurochrysis carterae MMETSP1136 Transcript 46615

Arabidopsis thaliana Q67ZM7

Ochromonas sp. MMETSP0005 Transcript 32709

Nephroselmis pyriformis MMETSP0034 Transcript 34660

Selaginella moellendorffii XP 002966017

Thalassiosira pseudonana Thaps3a 22177

Tetraselmis astigmatica MMETSP0804 Transcript 13690

Exanthemachrysis gayraliae MMETSP1464 Transcript 12746

Physcomitrella patens XP 001764046

Picocystis salinarum MMETSP0807 Transcript 9097

Dinobryon sp. MMETSP0812 Transcript 2964

Timspurckia oligopyrenoides MMETSP1172 Transcript 4926

Bathycoccus prasinos Bathy02g05240

Fragilariopsis kerguelensis MMETSP0906 Transcript 58126

Synchroma pusillum MMETSP1452 Transcript 14015

Oryza sativa Japonica NP 001054214

Guillardia theta MMETSP0046 Gene.32570-Transcript 13632

Rhodosorus marinus MMETSP0011 Transcript 13532

Isochrysis galbana MMETSP0595 Transcript 2016

Odontella aurita MMETSP0015 Gene.123008-Transcript 58823

Arabidopsis thaliana Q9LZ76

Chroomonas cf. mesostigmatica MMETSP0047 Transcript 16583

Oryza sativa Japonica NP 001044703

Eutreptiella gymnastica NIES-381 Transcript 128587
Picochlorum sp. MMETSP1330 Transcript 8954

Physcomitrella patens XP 001780576

Rhodomonas lens MMETSP0484 Gene.30913-Transcript 19425

Extubocellulus spinifer MMETSP0699 Gene.38743-Transcript 28770

Solanum lycopersicum Solyc03g071720.2.1

Volvox carteri f. nagariensis XP 002955247

Physcomitrella patens XP 001766222

Euglena gracilis GDJR01014951.1

Amborella trichopoda ERN09016

Gloeochaete wittrockiana MMETSP1089 Transcript 48072

Oryza sativa Japonica NP 001065534

Cyanidioschyzon merolae XP 005538511

Prasinococcus capsulatus MMETSP0941 Gene.26609-Transcript 10207

Mallomonas sp. MMETSP1167 Transcript 36098

Selaginella moellendorffii XP 002968111

Dunaliella tertiolecta MMETSP1128 Transcript 5973

Euglena longa GGOE01004182.1

Cylindrotheca closterium MMETSP0017 Transcript 3211

Amborella trichopoda ERN01309

Pinguiococcus pyrenoidosus MMETSP1160 Transcript 189

Cyanoptyche gloeocystis SAG4.97 CAMPEP 0196653334

Imantonia sp. MMETSP1474 Transcript 2814

Bolidomonas pacifica MMETSP1319 Transcript 23789

Solanum lycopersicum Solyc09g018510.2.1

Porphyridium aerugineum MMETSP0313 Transcript 1321

Pyramimonas parkeae CCMP726 CAMPEP 0191477372

Emiliania huxleyi XP 005777419

Eutreptiella gymnastica-like CCMP1594 MMETSP0809 Transcript 17610

Ostreococcus mediterraneus MMETSP0929 Transcript 8386

Rhodosorus marinus MMETSP0011 Transcript 13540

Chlamydomonas leiostraca MMETSP1391 Gene.62819-Transcript 37279

Galdieria sulphuraria XP 005706670

Tetraselmis striata MMETSP0817 Transcript 12188
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Cyanidioschyzon merolae XP 005538716

Rhodosorus marinus MMETSP0011 Transcript 36012

Glycine max GLYMA12G36250

Bathycoccus prasinos Bathy07g02230

Solanum lycopersicum Solyc07g062180.2.1

Phaeomonas parva MMETSP1163 Transcript 704

Dunaliella tertiolecta MMETSP1128 Transcript 26967

Compsopogon caeruleus MMETSP0312 Transcript 14742

Eutreptiella gymnastica-like CCMP1594 MMETSP0809 Transcript 58209

Chroomonas cf. mesostigmatica MMETSP0047 Transcript 1903

Timspurckia oligopyrenoides MMETSP1172 Transcript 10985

Ostreococcus mediterraneus MMETSP0938 Gene.1142-Transcript 522

Tetraselmis astigmatica MMETSP0804 Transcript 36318

Ochromonas sp. MMETSP0005 Transcript 20560

Planktothrix rubescens WP 026787144

Euglena longa GGOE01053790.1

Thalassiosira pseudonana Thaps3a 23879

Kamptonema sp. WP 019486972

Vaucheria litorea MMETSP0945 Gene.6421-Transcript 6419

Bolidomonas pacifica MMETSP1319 Transcript 14617

Chamaesiphon minutus WP 015159888

Heterosigma akashiwo MMETSP0292 Transcript 14144

Vitrella brassicaformis Vbra 3633.t1

Calcidiscus leptoporus MMETSP1334 Transcript 18819

Arabidopsis thaliana Q9SYM0

Aureococcus anophagefferens XP 009034559

Anabaena cylindrica WP 015216574

Dinobryon sp. MMETSP0812 Transcript 7427

Emiliania huxleyi MMETSP1156 Gene.114416-Transcript 47689

Cryptomonas paramecium MMETSP0038 Transcript 14025

Ditylum brightwellii MMETSP1062 Transcript 39266

Porphyridium aerugineum MMETSP0313 Transcript 16450

Prasinococcus capsulatus MMETSP0941 Gene.21140-Transcript 8102

Chlamydomonas leiostraca MMETSP1391 Gene.49253-Transcript 28809

Rhodomonas lens MMETSP0484 Gene.83692-Transcript 53156

Fragilariopsis kerguelensis MMETSP0906 Transcript 4376

Cryptomonas paramecium MMETSP0038 Transcript 28504

Aureoumbra lagunensis MMETSP0891 Transcript 8712

Physcomitrella patens XP 001773115
Oryza sativa Japonica NP 001044132

Rhodosorus marinus MMETSP0011 Transcript 19340

Pinguiococcus pyrenoidosus MMETSP1160 Transcript 3165

Bolidomonas sp. MMETSP1321 Transcript 18162

Dictyocha speculum MMETSP1174 Gene.45456-Transcript 52404

Cylindrotheca closterium MMETSP0017 Transcript 9589

Cyanothece sp. WP 009545867

Amborella trichopoda ERN09345

Euglena gracilis GEFR01014375.1

Pelagomonas calceolata MMETSP1328 Transcript 4754

Microcoleus vaginatus WP 006632255

Pyramimonas parkeae CCMP726 CAMPEP 0191473548

Cyanophora paradoxa ConsensusfromContig14037 cds5062 1387-1400

Mallomonas sp. MMETSP1167 Transcript 33887

Isochrysis galbana MMETSP0943 Gene.42369-Transcript 18541

Eutreptiella gymnastica NIES-381 Transcript 19640

Volvox carteri f. nagariensis XP 002956224

Nephroselmis pyriformis MMETSP0034 Transcript 11783

Ochromonas sp. MMETSP1105 Transcript 20964

Odontella aurita MMETSP0015 Gene.22717-Transcript 10988

Thalassionema nitzschioides MMETSP0158 Transcript 17770

Galdieria sulphuraria XP 005703755

Chattonella subsalsa MMETSP0948 Transcript 28134

Guillardia theta EKX50469 Cryptophyta

Scyphosphaera apsteinii MMETSP1333 Transcript 30935

Chromera velia Cvel 15094.t1

Physcomitrella patens XP 001768883

Gloeochaete wittrockiana MMETSP0308 Transcript 26186

Chrysoreinhardia sp. MMETSP1164 Gene.13904-Transcript 4455

Heterosigma akashiwo MMETSP0416 Transcript 18526

Micromonas pusilla CCMP1545 269 wlab.202886.1

Selaginella moellendorffii XP 002987963

Pleurochrysis carterae MMETSP1136 Transcript 782

Picocystis salinarum MMETSP0807 Transcript 6928

Picochlorum sp. MMETSP1330 Transcript 14589

Snowella sp. PZV27587

Rhizochromulina marina MMETSP1173 Gene.40931-Transcript 20608
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0.2 substitution/site

VTE5

VTE6

Chloroplastida

Figure S1: Inferred phylogeny of phytol kinase VTE 5 
and phytyl-phosphate kinase VTE6. The maximum-likeli-
hood tree was inferred with IQ-TREE using the LG+F+G4 
substitution model and ultra-fast bootstrapping. The 
UFboot support values are indicated at branches when 
higher than 75%. Colour of the Euglenophyceae clade 
reflects possible origin in Chloroplastida (green) or 
Rhodophyta-derived complex algae (ochre). 
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Figure S2: Experimental detection of tocopherols in E. longa and E. gracilis. A: Overview of tocopherol 
biosynthesis (enzymes indicated by their EC numbers). B-D: Extracted chromatograms of exact mass of α-tocoph-
erol (m/z 430.3805; inset) and recorded spectra from a particular peak in an α-tocopherol standard (B), raw lipid 
extracts of heterotrophic E. gracilis (C) and E. longa (D). E-G: Comparison of simulation of α- (E), β- and γ- (F), 
and δ-tocopherol (G) chemical formula spectrum and experimentally gained data from the E. longa sample. The 
chemical structure of the particular tocopherol is shown as inset. H: Comparison of tocopherols' monoisotopic 
mass simulated and obtained high-resolution data in examined euglenophyte samples. 



Simulation C31 H47 O3

467.5 468.0 468.5 469.0 469.5 470.0 470.5 471.0 471.5 472.0 472.5 473.0 473.5 474.0 474.5 475.0 475.5
m/z

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100

R
el

at
iv

e 
A

b
u

n
d

an
ce

467.35197

468.35533

469.35868

470.36204 471.36539 472.36628 473.36964 474.37299 475.37635

RT: 8.62-8.82 AV: 20 NL: 3.02E6

467.0 467.5 468.0 468.5 469.0 469.5 470.0 470.5 471.0
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100 467.35201

468.35568

Experimental 

CH3

O

O

CH3

CH3

CH3 CH3CH3OH

RT: 5.24 - 14.67 SM: 7B

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5

Time (min)

0

10

20

30

40

50

60

70

80

90

100
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

0

10

20

30

40

50

60

70

80

90

100

8.87

11.62
7.00

8.86
6.99 11.50 11.60

13.4013.35
7.95

13.34
11.3211.038.82 11.60 13.51

B

C

D

5 - hydroxyphylloquinone  [M+H]+ [Da]  [M+H]+[Da] 
simulation  467.35197  
E. gracilis autotrophic  467.35191 0.00006 
E. gracilis heterotrophic 467.35196 0.00001 
E. longa 467.35202 -0.00005 

A

E

Figure S3. Experimental confirmation of 5-hydroxyphylloquinone (OH-PhQ) in E. longa and E. gracilis. A: Comparison of simulation of OH-PhQ chemical 
formula spectrum and experimentally gained data from autotrophic E. gracilis sample. The chemical structure of OH-PhQ is shown as inset. B-D: Extracted 
chromatograms of exact mass of protonated OH-PhQ (m/z 467.35) of raw lipid extracts. The red arrow points to a peak of OH-PhQ determined by high-resolution 
and fragmentation pattern in autotrophic E. gracilis (B), heterotrophic E. gracilis (C), and E. longa (D). E: Comparison of OH-PhQ monoisotopic mass 
simulated and obtained high-resolution data in examined euglenophyte samples.
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Figure S4: Plastid-linked amino acid metabolism in E. longa and E. gracilis. Schematic comparison of the localization 
of enzymes of plastid serine, formylmethionine, cysteine and polyamine synthesis. Abbreviations, CysK – cysteine syntha-
se A; FolD – bifunctional methylenetetrahydrofolate dehydrogenase (NADP+) / cyclohydrolase; G5K – glutamate 5-kinase; 
GSD – glutamate semialdehyde dehydrogenase; MTA – 5'-methylthioadenosine; MTFMT – Met-tRNA formyltransferase; 
OAT – ornithine--oxo-acid transaminase; ODC – ornithine decarboxylase; PSAT – phosphoserine aminotransferase; PSP – 
phosphoserine phosphatase; (dc)SAM – (decarboxy-)S-adenosylmethionine; SAMD – SAM decarboxylase; SHMT – serine 
hydroxymethyltransferase; SpS – spermidine/spermin synthase; (f-/m-)THF – (10-formyl-/5,10-methylene-)tetrahydrofolate.



0.3 substitution/site

Euglenophyceae

Chloroplastida

Euglenophyceae

Chromera velia AEQ18821

Aspergillus fumigatus Af293 XP 751158

Vitrella brassicaformis CCMP3155 CEM25869

Alexandrium tamarense MMETSP0382 Gene.218554-Transcript 105458

Ostreococcus lucimarinus CCE9901 XP 001420605

Scyphosphaera apsteinii MMETSP1333 Transcript 7164-m.7578

Coccomyxa subellipsoidea C-169 XP 005644693

Geobacillus sp. WP 008881102

Aureococcus anophagefferens XP 009037030

Rhodothermaceae bacterium WP 112327151

Cryptococcus neoformans var. neoformans B-3501A XP 772730

Guillardia theta CCMP2712 XP 005833990

Arabidopsis thaliana NP 565625

Galdieria sulphuraria XP 005707895

Pyrobaculum islandicum WP 011761876

Phaeodactylum tricornutum CCAP 1055 1 XP 002178352

Rhodobacter sphaeroides WP 011911180

Raphidocelis subcapitata GBF89716

Shewanella baltica WP 012197716

Eutreptiella gymnastica NIES-381 Transcript 140069-m.149699

Schistosoma mansoni Smp 079840-1

Streptomyces sp. WP 003975519

Volvox carteri f. nagariensis XP 002959865

Chlamydomonas eustigma GAX79037

Helobdella robusta HelroP164780

Tetrahymena thermophila SB210 XP 001030629

Vibrio vulnificus YJ016 BAC92844

Nitrobacter hamburgensis WP 011509157

Gracilariopsis chorda PXF47863

Chlamydomonas leiostraca MMETSP1391 Gene.49982-Transcript 29197

Burkholderia cenocepacia WP 011545946

Amborella trichopoda XP 006849857

Aplanochytrium MMETSP0955 Transcript 17073-m.15056

Tetraselmis striata MMETSP0819 Transcript 34133-m.59431

'Porphyridium aerugineum MMETSP0313 Transcript 12392-m.13923'

Euglena longa 3 GGOE01050681.1

Prochlorococcus marinus WP 011131331

Chlamydomonas reinhardtii XP 001696681

Drosophila melanogaster NP 572507

Micromonas pusilla CCMP1545 XP 003054970

Aphanomyces invadans ETW05138

Durinskia baltica MMETSP0116 Gene.216074-Transcript 108798

Pleurochrysis carterae MMETSP1136 Transcript 43779-m.62411

Nodularia spumigena WP 006195989
Acaryochloris marina WP 012164929

Laccaria bicolor S238N-H82 XP 001879966

Homo sapiens 1JR2 A

Trachelomonas ellipsoidalis APF46070

Selaginella moellendorffii XP 002961862

Gonium pectorale KXZ55554

Cupriavidus pinatubonensis WP 011296888

Phytophthora sojae XP 009524324

Lottia gigantea LotgiP231769

Physcomitrella patens XP 024384978

Dinophysis acuminata CAMPEP 0179295544

Lyngbya sp. PCC 8106 EAW37966

Euglena longa 1 GGOE01014236.1

Saprolegnia diclina EQC30742

Dunaliella tertiolecta MMETSP1127 Gene.13115-Transcript 8049

Thalassiosira pseudonana CCMP1335 XP 002287550

Euglena clara APF46060

Euglena gracilis 2 GDJR01020054.1

Crypthecodinium cohnii MMETSP0325 Transcript 34748-m.48354

Plasmodium vivax XP 001614001

Chroomonas cf. mesostigmatica MMETSP0047 Transcript 21786-m.36264

Mycobacterium tuberculosis SUMu006 EFP32159
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Figure S5: Inferred phylogeny of uroporphyrinogen III synthase. 
The maximum-likelihood tree was inferred with IQ-TREE using the 
best-fitting substitution model and ultra-fast bootstrapping. The 
UFboot support values are indicated at branches when higher than 
75%. Colour of the Euglenophyceae clade reflects possible Chloro-
plastida (green) or ancestral eukaryotic (deep pink) origin. 
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Figure S6: Inferred phylogeny of the putative plastid UDP-glucose epimerase. The maximum-likelihood tree was inferred with IQ-TREE 
using the best-fitting substitution model and ultra-fast bootstrapping. The UFboot support values are indicated at branches when higher than 
75%. Colour of the Euglenophyceae clade reflects possible ancestral eukaryotic origin (deep pink). 
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Figure S7: Inferred phylogeny of plastid 
phosphate translocators. The maximum-likelihood 
tree was inferred with RAxML using the best-fitting 
substitution model as determined by the IQ-TREE 
software. The UFboot support values are indicated at 
branches when higher than 75%. Plant translocator 
families with determined substrate specificity are 
marked. Dataset taken from Moog et al. (2015). 
Guillardia theta and Toxoplasma gondii TPT (red) 
substrate specificities were determined previously to 
be DHAP and triose-phosphate/3-phosphoglycerate 
/phosphoenolpyruvate, respectively (Haferkamp et al. 
2006; Brooks et al. 2010). However, none of these 
translocators clusters closely with E. longa contigs 
(blue) or E. gracilis (green). Putative plastid localiza-
tions of these sequences is marked by green circles; 
sequences with high plastid and mitochondrial scores 
are marked by green and blue circle, indicating 
possible dual targeting. Colour of the Euglenophy-
ceae clade reflects possible origin in Rhodophyta-de-
rived complex algae (ochre). 
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Figure S8: Conserved cysteine motifs in ferredoxin/thioredoxin system and their target proteins of Calvin-Benson 
cycle. Shown are alignments of E. longa and E. gracilis plastid-localized homologs with reference sequences from Spinacia 
oleracea. Connected blue boxes - catalytic residues; red boxes - iron/sulfur cluster binding site; green boxes - redox active 
cysteine bonds.
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