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Supplementary Fig. 1. Top panel summarizes how many non-redundant ptMAGs were char-
acterized from each of the 11 large Tara Oceans co-assemblies. Bottom panel shows the strong 
correlation between (1) the number of plastid-affiliated RNApolB genes occurring in each 
Tara Oceans metabin (each metabin contains a subset of contigs from one co-assembly that 
were automatically binned using differential coverage and sequence composition), (2) and the 
number of manually characterized ptMAGs across the same metabins.

658

118

81

110

48

7740

44

57

39



25

50

75

100

References MAGs

C
om

pl
et

en
es

s 
(%

)
Plastid genome completeness based on 44 core genesa

Streptophytes

Leptophytes Ochrophytes Prasinodermophytes Rhodophytes

Dinophytes Euglenophytes Glaucophytes Haptophytes

Chlorarachniophytes Chlorophytes Colpodellids Cryptophytes

25

50

75

100

25

50

75

100

90.0
92.5
95.0
97.5

100.0

84

88

92

96

98.0
98.5
99.0
99.5

100.0

92.5

95.0

97.5

100.0

40

60

80

100

50
60
70
80
90

100

25

50

75

100

60

70

80

90

100

40

60

80

100

40

60

80

100

94

96

98

100

C
om

pl
et

en
es

s 
(%

)

Reference

MAG

Completeness by groupb

Supplementary Fig. 2. Estimated completeness of the reference plastid genomes (n=165, not 
including cyanobacteria and Paulinella) and ptMAGs (n=660). Panel (a) displays an overall 
comparison between references and ptMAGs with dots representing individual genomes, 
while panel (b) presents a comparison between groups with dots representing outlier genomes. 
Completeness was estimated based on the presence of 44 core genes (listed in Supplementary 
Table 6). Source data are provided in Supplementary Data 1.
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Supplementary Fig. 3. Size of the reference plastid genomes (n=165, not including cyano-
bacteria and Paulinella) and ptMAGs (n=660). Panel (a) shows that ptMAGs are smaller than 
reference genomes in general, with dots representing individual genomes, while panel (b) 
presents a comparison between groups with dots representing outlier genomes. Source data 
are provided in Supplementary Data 1.



Streptophytes

Leptophytes Ochrophytes Prasinodermophytes Rhodophytes

Dinophytes Euglenophytes Glaucophytes Haptophytes

Chlorarachniophytes Chlorophytes Colpodellids Cryptophytes

32

34

36

38

30.0

32.5

35.0

37.5

25

30

35

40

39

42

45

48

30

31

32

33

32

34

36

38

25

30

35

40

45

50

27.5

30.0

32.5

35.0

37.5

28

32

36

26

27

28

29

30

32

36

40

33.0

33.5

34.0

34.5

35.0

30

35

40

G
C

 C
on

te
nt

 (%
)

Reference

MAG

GC content of plastid genomes

Supplementary Fig. 4. GC content of the plastid genomes across algal groups including 
references (n=165, not including cyanobacteria and Paulinella) and ptMAGs (n=660). Source 
data are provided in Supplementary Data 1.
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Supplementary Fig. 5. Number of genes encoded in the reference plastid genomes (n=165, 
not including cyanobacteria and Paulinella) and ptMAGs (n=660) included in the Maximum 
Likelihood phylogeny shown in Figure 1. Panel (a) shows that ptMAGs generally encode 
fewer genes due to lower completeness than reference genomes, with dots representing indi-
vidual genomes, while panel (b) presents a comparison between groups with dots representing 
outlier genomes. Source data are provided in Supplementary Data 1.
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Supplementary Fig. 6. Abundance of plastid genomes in the sunlit ocean as estimated by 
mean vertical coverage obtained by mapping 937 Tara Oceans metagenomes to each genome. 
To account for non-specific read recruitment, a genome was only considered to be detected if 
at least 25% of its length was covered by reads. Panel (a) and (b) are based on 60 reference 
genomes (not including cyanobacteria, Paulinella, and non-marine taxa) and 660 ptMAGs. 
ptMAGs represent nearly 85% of the total signal, in part due to the low number of selected 
reference genomes, and in many cases, references still represent the most abundant taxa (e.g., 
ochrophytes, haptophytes, and cryptophytes). Source data are provided in Supplementary Data 
1.
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Supplementary Fig. 7. (On previous page). Maximum-likelihood phylogeny of 179 selected 
reference genomes and 660 ptMAGs based on 93 plastid-encoded genes. The tree was run 
under the LG+F+I+G4 model, and branch support values were calculated with 1000 ultrafast 
bootstrap replicates.  
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Supplementary Fig. 8. Two examples of deep-branching novel diversity in algal groups 
detected by ptMAGs. Panel (a) shows a clade of eight ptMAGs that is related to 
Chloropicophyceae. Panel (b) shows a novel clade of plastid genomes that is related to, but 
distinct from known pelagophyte references. 
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Supplementary Fig. 9. (on previous page) (a) A clade of 13 ptMAGs related to green algal 
endosymbionts of dinoflagellates, showing large variations in size, with the largest genome 
(TARA_CHLORO_00662) being around 600 kbp. This variation in genome size is 
accompanied by an inflation in intergenic regions in the plastid genome. Panel (b) visualises 
the plastome organisation (including large intergenic regions) in the largest ptMAG. Contigs 
are not drawn to scale and size is indicated.  
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Supplementary Fig. 10. Signal of leptophyte plastid genomes in Tara Ocean samples from 
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and the 3-20 µm size fractions, and are barely detected in the 5-20 µm and 20-180 µm size 
fractions, indicating that leptophytes are small algae that are less than 5 µm in size. Source 
data and code provided in linked GitHub repository1. 
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Supplementary Fig. 11. Signal of leptophyte plastid genomes in Tara Ocean samples from 
different depths. Panel (a) depicts all four leptophyte ptMAGs while panel (b) zooms in on 
the most abundant ptMAG (Lepto-01). Data points represent mean coverage values from 
individual samples. Leptophytes are predominantly detected in the surface layer, detected at 
a lesser abundance in the DCM layer, and are barely detected in the mesopelagic layer. 
Source data and code provided in linked GitHub repository1. 
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Supplementary Fig. 12. Distribution of leptophyte plastid genomes as determined by map-
ping of 937 Tara Ocean metagenomes against each genome. Lepto-01 and Lepto-02 display 
an Arctic distribution (panels a and b respectively), while Lepto-03 and Lepto-04 ptMAGs 
have a more tropical and subtropical distribution (panels c and d respectively). The overall 
low mean coverage indicates that leptophytes are rare in general, with the exception of several 
stations where Lepto-01 is abundant. Source data and code provided in linked GitHub reposi-
tory1. 



Supplementary Fig. 13. Pearson correlations between the abundance of leptophyte plastids 
and environmental parameters. SI NO3 and SI Temp represent the seasonality indices of nitrate 
and sea surface temperature respectively. These were defined as the range of the nitrate and 
temperature in one grid cell divided by the total range of that variable across all Tara sampling 
stations. 

Lepto-01

Lepto-02

Lepto-03

Lepto-04

Latitude

Long.

Temp.

Salinity

Si

NO3

PO4

Fe

SI NO3

SI Temp



Ochrophytes

Leptophytes 

Haptophytes

Haptophytes

Cryptophytes

Rhodophytes

Green algae

Glaucophytes

16S rDNA phylogeny

0.05
Guinardia striata

Cyanidioschyzon merolae

Dictyopteris divaricata

Compsopogon caeruleus

Vaucheria litorea

Glaucocystis sp. BBH

Cyanidium caldarium

Synura uvella

Emiliania huxleyi

Baffinella frigidus

Pseudo-nitzschia cuspidata

Chaetoceros laevisporus

Galdieria sulphuraria

Cyanophora paradoxa
Cyanoptyche gloeocystis

Rhizochromulina marina

Isochrysis galbana

Fucus vesiculosus

Cyanidiococcus yangmingshanensis

Nitzschia supralitorea

Gracilaria changii

Phaeocystis globosa

Rhizosolenia setigera
Actinocyclus subtilis

Calliarthron tuberculosum

Pavlova pinguis

Octactis speculum

DPL2 (KX935025)

Navicula veneta

Teleaulax amphioxeia

Fragilariopsis cylindrus
Pseudo-nitzschia americana

Ochromonas sp. CCMP1393

Triparma laevis

Rhizosolenia fallax

Diacronema lutheri

Rhodomonas salina

Psammodictyon constrictum

Cryptomonas curvata

Bulboplastis apyrenoidosa

Thalassionema frauenfeldii

Balbiania investiens

Lepto-01

Chrysochromulina polylepis

Pavlomulina ranunculiformis

Chrysochromulina camella

Pseudopedinella elastica

DPL2 (EF574856)

Thaumatella adunca

Lepto-04

Thalassiosira nordenskioeldii
Roundia cardiophora

Guillardia theta

Mesostigma viride

Fistulifera solaris

Characiopsis acuta

Chroomonas mesostigmatica

Cymbomonas tetramitiformis

Eucampia zodiacus

Porphyra purpurea

Leptocylindrus danicus

Cyanophora biloba

Bangiopsis subsimplex

Aureococcus anophagefferens

Gelidium coulteri

BS = 100%

BS ≥ 75%

BS < 75%
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Cyanidioschyzon merolae)
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Supplementary Fig. 15. (A) Annotated map of the Lepto-01 plastid genome. Genes drawn 
inside the outer circle are transcribed clockwise, while those drawn outside the outer circle are 
transcribed counterclockwise. Genes are colour coded based on functional groups. The dark 
shaded area in the inner circle indicates GC content. The genome map was generated by 
OGDRAW2. (B) Cartoons of possible plastome organisation of leptophytes based on the avail-
able leptophyte plastid genome map.
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Supplementary Fig. 16. Synteny comparisons of the leptophyte ptMAGs. Panel (a) displays all leptophyte ptMAGs, and panel (b) displays the 
three most complete ptMAGs. Genomes were visualized using PyGenomeViz and sequence similarity was calculated using MMSEQs for recip-
rocal best-hit CDS search3. A cartoon phylogeny on the left depicts the relationships between these plastid genomes. Protein coding genes are 
coloured orange and labelled, while tRNA sequences are coloured magenta and not labelled for clarity. Overall, the leptophyte plastid genomes 
are very similar in gene content and synteny with the exception of two differences: (1) The psaD gene is inverted in Lepto-01 compared to the 
rest; and (2) A nearly 10 kbp region spanning from the psaB gene to the groEL gene is inverted in the Lepto-03 and Lepto-04 lineage. 
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Supplementary Fig. 17. Binary heatmap and dendrograms of genes and taxa generated with UPGMA clustering, based on gene presence/ab-
sence of 237 plastid protein-coding genes. Blue/red and grey boxes represent presence and absence respectively. Source data provided in Supple-
mentary Data 5.
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Supplementary Fig. 18. Maximum Likelihood phylogeny inferred with an alignment of 93 
plastid-encoded genes (107 taxa, 20,292 sites). The phylogeny was inferred under the 
cpREV+C60+G4 model along with 1,000 ultrafast bootstraps. 
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Supplementary Fig. 19. Maximum Likelihood phylogeny inferred with an align-
ment excluding the 10 fastest evolving taxa (longest root to tip distances). The input 
alignments included 93 plastid-encoded genes, 97 taxa, and 20,292 sites. The phy-
logeny was inferred under the LG+MEOW80+G4 model along with 1,000 ultrafast 
bootstraps. 
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Supplementary Fig. 20. Bayesian inference of the SR4 recoded alignment with the 
CAT+GTR+G model (107 taxa, 20,292 sites). 



Ochrophytes

Haptophytes

Cryptophytes

Leptophytes

Rhodophytes (Rhodophytina)

Rhodophytes (Cyanidiophytina)

Green algae

Glaucophytes

0.4

REFM_CHLORO_00002

TARA_CHLORO_00106

Cryptomonas curvata

TARA_CHLORO_00156

Balbiania investiens

Dictyopteris divaricata

Galdieria sulphuraria

Bulboplastis apyrenoidosa

Cyanidium caldarium

TARA_CHLORO_00522

TARA_CHLORO_00376

Synura uvella

Cyanidioschyzon merolae

Glaucocystis sp. BBH

Roundia cardiophora

Nitzschia palea

Thaumatella adunca

Nitzschia supralitorea

TARA_CHLORO_00050

Baffinella frigidus

TARA_CHLORO_00516

Asterionella formosa

Cyanidiococcus yangmingshanensis

TARA_CHLORO_00697

Psammodictyon constrictum

Fragilariopsis cylindrus

TARA_CHLORO_00302

Bangiopsis subsimplex

Cyanophora paradoxa
Cyanoptyche gloeocystis

Coscinodiscus wailesii

Pseudopedinella elastica

Aureococcus anophagefferens

Fistulifera solaris
Eunotia naegelii

Leptocylindrus danicus

TARA_CHLORO_00212

Octactis speculum

TARA_CHLORO_00331

Lepto-03_TARA_CHLORO_00478

Eucampia zodiacus

TARA_CHLORO_00198

TARA_CHLORO_00223

TARA_CHLORO_00037

Rhizosolenia fallax

Lepto-01_REFM_CHLORO_00001

Diacronema lutheri

Calliarthron tuberculosum

Triparma laevis 

Chroomonas mesostigmatica

TARA_CHLORO_00189

Pseudo-nitzschia cuspidata

Characiopsis acuta

Pseudo-nitzschia americana

Thalassiosira nordenskioeldii

TARA_CHLORO_00502

Rhodomonas salina

Gracilaria changii

TARA_CHLORO_00057

Cymbomonas tetramitiformis

Thalassionema frauenfeldii

TARA_CHLORO_00040

Micromonas commoda

Vaucheria litorea

Cyanophora biloba

TARA_CHLORO_00286

TARA_CHLORO_00500

Teleaulax amphioxeia

Chaetoceros laevisporus

Isochrysis galbana

TARA_CHLORO_00242

Pavlomulina ranunculiformis

Phaeocystis globosa

Rhizochromulina marina

Actinocyclus subtilis

TARA_CHLORO_00179

Compsopogon caeruleus

TARA_CHLORO_00059

TARA_CHLORO_00159

TARA_CHLORO_00493

TARA_CHLORO_00490

Fucus vesiculosus

TARA_CHLORO_00535

Mesostigma viride

Eunotogramma sp.

Chaetoceros socialis

Proboscia sp.

Guinardia striata

Guillardia theta

Porphyridium sordidum

TARA_CHLORO_00262

TARA_CHLORO_00544

TARA_CHLORO_00259

Rhizosolenia setigera

Porphyra purpurea

Tetradesmus obliquus

TARA_CHLORO_00469

Ochromonas sp. CCMP1393

TARA_CHLORO_00521

Cylindrotheca closterium

TARA_CHLORO_00187

Gelidium coulteri

TARA_CHLORO_00507

Navicula veneta

TARA_CHLORO_00230

Lepto-04_TARA_CHLORO_00158

TARA_CHLORO_00112

PP = 1, UFB = 100
PP ≥ 0.95, UFB ≥ 85
PP < 0.95, UFB < 85

0.99/72

Stationary trimmed alignment

Supplementary Fig. 21. Bayesian inference of the stationary trimmed alignment to 
remove compositionally heterogenous sites (107 taxa, 15,754 sites). Branch support 
values are listed in the following order: posterior probabilities under the CAT+GTR+G 
model, and ultrafast bootstrap support under the LG+MEOW80+G model.
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Supplementary Fig. 22. Abundance correlations between the Lepto-1 ptMAG and all 34 mtMAGs in Figure 4 across Tara Ocean metagenomes. 
Source data and code are provided on the associated GitHub repository1. 
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generated by OGDRAW2.
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Supplementary Fig. 25. Bayesian inference of a preliminary dataset with 107 taxa, 
and 32 genes (7,921 sites). Branch support values indicate posterior probability 
obtained with the CAT+GTR+G model and ultrafast bootstrap values obtained with 
the cpREV+C60+G model.
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Supplementary Fig. 26. Bayesian inference of a preliminary dataset with 107 taxa, 
and 66 genes (16,438 sites). Branch support values indicate posterior probability 
obtained with the CAT+GTR+G model and ultrafast bootstrap values obtained with 
the cpREV+C60+G model.



Region
Size fraction
Depth
Station
Filter ID

Plastid genome Clade Mean coverage % abundance Plastid genome Clade Mean coverage % abundance
TARA_CHLORO_00329 Ochrophyta (Coscinodiscophyceae) 417.3643034 16.05 NC_027589 Cryptophyta (Teleaulax amphioxeia) 514.6636486 25.84
TARA_CHLORO_00704 Chlorophyta (Mammielophyceae) 254.054665 9.77 TARA_CHLORO_00704 Chlorophyta (Mammielophyceae) 306.51312 15.39
TARA_CHLORO_00272 Euglenozoa 186.9111833 7.19 TARA_CHLORO_00237 Chlorophyta (Mammielophyceae) 153.864608 7.72
TARA_CHLORO_00680 Ochrophyta (Coscinodiscophyceae) 154.8617982 5.95 NC_012575 Chlorophyta (Micromonas commoda) 83.05775298 4.17
TARA_CHLORO_00275 Cryptophyta (Cryptophyceae) 153.357879 5.90 TARA_CHLORO_00297 Ochrophyta (Coscinodiscophyceae) 65.48039179 3.29
Lepto-01 Leptophyte 124.151819 4.77 TARA_CHLORO_00473 Haptophyta (Prymnesiophyceae) 62.23567659 3.12
TARA_CHLORO_00327 Ochrophyta (Coscinodiscophyceae) 88.50332919 3.40 TARA_CHLORO_00686 Ochrophyta 53.42210228 2.68
TARA_CHLORO_00297 Ochrophyta (Coscinodiscophyceae) 84.94463191 3.27 TARA_CHLORO_00326 Ochrophyta (Coscinodiscophyceae) 44.74423352 2.25
TARA_CHLORO_00473 Haptophyta (Prymnesiophyceae) 82.07171127 3.16 TARA_CHLORO_00327 Ochrophyta (Coscinodiscophyceae) 43.57903498 2.19
TARA_CHLORO_00240 Haptophyta (Prymnesiophyceae) 75.97484423 2.92 TARA_CHLORO_00240 Haptophyta (Prymnesiophyceae) 42.20396394 2.12
TARA_CHLORO_00328 Ochrophyta (Coscinodiscophyceae) 74.68082057 2.87 TARA_CHLORO_00299 Ochrophyta (Bacillariophyceae) 33.79422825 1.70
TARA_CHLORO_00326 Ochrophyta (Coscinodiscophyceae) 70.60133521 2.71 TARA_CHLORO_00282 Ochrophyta (Bacillariophyceae) 33.1461306 1.66
TARA_CHLORO_00263 Haptophyta (Prymnesiophyceae) 52.65510577 2.02 Lepto-01 Leptophyte 32.3916202 1.63
NC_012575 Chlorophyta (Micromonas commoda) 41.60626851 1.60 TARA_CHLORO_00328 Ochrophyta (Coscinodiscophyceae) 29.42184233 1.48
TARA_CHLORO_00239 Haptophyta (Prymnesiophyceae) 41.37302726 1.59 TARA_CHLORO_00267 Ochrophyta (Dictyochophyceae) 26.61431827 1.34

Arctic
0.8-2000 µm

SUR
194

194SUR1GGZZ11

Arctic
0.8-2000 µm

SUR
193

193SUR1GGZZ11

Supplementary Table 1. Top 15 most abundant plastid genomes in the two Arctic stations where Lepto-01 (in bold text) is most abundant 
(0.8-2000 µm size fraction). Mean coverage was calculated by mapping the two listed metagenomes to each genome, and percentage abun-
dance reflects each genome’s signal as a proportion of the total plastid signal in each sample.



Supplementary Table 2. (On following page). Companion table for Figure 3c in the main text comparing six alternate topologies. Panel a shows 
the different topologies tested, focusing on three possible positions for leptophytes (HC-sister, H-sister, C-sister) under scenarios where complex 
plastids are monophyletic (as recovered in 4) or non-monophyletic (as recovered in 5). The table extends Figure 3c which displayed results only 
for the topologies where complex plastids are monophyletic for the sake of clarity. Panel b presents maximum likelihood estimates under different 
models for alternate positions of leptophytes within the CHL clade. The highest scoring topology is highlighted in bold. Blue bars show the 
difference in log-likelihood scores between each topology and the best-scoring one. A single asterisk (*) indicates topologies rejected by the 
Bonferroni-corrected chi-squared test, while two asterisks (**) indicate topologies also rejected by an Approximately Unbiased (AU) test. P-values 
are shown in Supplementary Data 2.  
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Supplementary Table 3. The 44 plastid encoded genes used to estimate completeness and 
redundancy (results shown in Supplementary Figure 2 and Supplementary Data 1). 
 

Gene Protein name 
atpA ATP synthase CF1 alpha chain 
atpB ATP synthase CF1 beta chain 
atpE ATP synthase epsilon chain 
atpF ATP synthase subunit b 
atpH ATP synthase CF0 C chain subunit III 
petB cytochrome b6 
petG cytochrome b6-f complex subunit V 
psaA photosystem I P700 apoprotein A1 
psaB photosystem I P700 apoprotein A2 
psaC photosystem I iron-sulfur center 
psaJ photosystem II protein J 
psbA photosystem II reaction center protein D1 
psbB photosystem II chlorophyll A core antenna apoprotein 
psbC photosystem II chlorophyll A core antenna 
psbD photosystem II reaction center protein D2 
psbE cytochrome b559 alpha chain 
psbF cytochrome b559 beta chain 
psbH photosystem II protein H 
psbJ photosystem II protein J 
psbK photosystem II protein K 
psbL photosystem II protein L 
psbN photosystem II protein N 
psbT photosystem II protein T 
rbcL ribulose bisphosphate carboxylase large chain 
rpl14 50S ribosomal protein L14 
rpl16 50S ribosomal protein L16 
rpl2 50S ribosomal protein L2 
rpl20 50S ribosomal protein L20 
rpl36 50S ribosomal protein L36 
rpoA DNA-directed RNA polymerase alpha chain 
rpoB DNA-directed RNA polymerase beta chain 
rpoC1 DNA-directed RNA polymerase beta' chain 
rpoC2 DNA-directed RNA polymerase beta' chain 
rps11 30S ribosomal protein S11 
rps12 30S ribosomal protein S12 
rps14 30S ribosomal protein S14 
rps18 30S ribosomal protein S18 
rps19 30S ribosomal protein S19 
rps2 30S ribosomal protein S2 
rps3 30S ribosomal protein S3 
rps4 30S ribosomal protein S4 
rps7 30S ribosomal protein S7 
rps8 30S ribosomal protein S8 
ycf4 photosystem I assembly protein ycf4 

 
 
 
 



Supplementary Table 4. The 25 canonical mitochondrial genes used to check for 
mitochondrial contamination in the plastid MAGs. 

 
Gene Protein name 
nad1 NADH dehydrogenase subunit 1 
nad2 NADH dehydrogenase subunit 2 
nad3 NADH dehydrogenase subunit 3 
nad4 NADH dehydrogenase subunit 4 
nad4L NADH dehydrogenase subunit 4L 
nad5 NADH dehydrogenase subunit 5 
nad6 NADH dehydrogenase subunit 6 
nad7 NADH dehydrogenase subunit 7 
nad8 NADH dehydrogenase subunit 8 
nad9 NADH dehydrogenase subunit 9 
nad10 NADH dehydrogenase subunit 10 
nad11 NADH dehydrogenase subunit 11 
sdh2 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 
sdh3 Succinate dehydrogenase cytochrome b560 subunit 
sdh4 Succinate dehydrogenase subunit 4 
cob Cytochrome b 
cox1 Cytochrome c oxidase subunit 1 
cox2 Cytochrome c oxidase subunit 2 
cox3 Cytochrome c oxidase subunit 3 
atp1 ATP synthase subunit alpha 
atp3 ATP synthase subunit gamma 
atp4 ATP synthase subunit 4 
atp6 ATP synthase F(0) complex subunit a 
atp8 ATP synthase F(0) complex subunit 8 
atp9 ATP synthase subunit 9 

 



Supplementary Table 5. Convergence of Phylobayes GTR+CAT+G4 analyses for the 107 
taxon, 93 gene dataset with a fixed input tree for the CAT-PMSF approach6. Two Markov 
chains were run, and burn-in for tracecomp was set to 1,800.  
 

Parameter  E!ective sample size  Relative di!erence  

loglik 35 1.6552 
length 113 0.0624932 
alpha 330 0.525332 
Nmode 146 0.227368 
statent 118 3.53681 
statalpha 110 0.210322 
rrent 104 0.979222 
rrmean 3525 0.0110885 

 
 
 



Supplementary Table 6. The 28 genes used for mitochondrial phylogenetic analyses (Figure 
4). 
 
Gene Protein name 
atp1 ATP synthase subunit alpha 
atp4 ATP synthase subunit 4 
atp6 ATP synthase F(0) complex subunit a 
atp8 ATP synthase F(0) complex subunit 8 
cob Cytochrome b 
cox1 Cytochrome c oxidase subunit 1 
cox2 Cytochrome c oxidase subunit 2 
cox3 Cytochrome c oxidase subunit 3 
nad1 NADH dehydrogenase subunit I 
nad2 NADH dehydrogenase subunit 2 
nad3 NADH dehydrogenase subunit 3 
nad4 NADH dehydrogenase subunit 4 
nad4L NADH dehydrogenase subunit 4L 
nad5 NADH dehydrogenase subunit 5 
nad6 NADH dehydrogenase subunit 6 
nad7 NADH dehydrogenase subunit 7 
nad9 NADH dehydrogenase subunit 9 
nad10 NADH dehydrogenase subunit 10 
nad11 NADH dehydrogenase subunit 11 
rpl2 50S ribosomal protein L2 
rpl6 50S ribosomal protein L6 
rpl16 50S ribosomal protein L16 
rps2 30S ribosomal protein S2 
rps4 30S ribosomal protein S4 
rps8 30S ribosomal protein S8 
rps14 30S ribosomal protein S14 
rps19 30S ribosomal protein S19 
tatC Sec-independent protein translocase component TatC 

 



Supplementary Note 1.  
Evaluating the position of leptophytes in the plastid phylogeny  
 

Our phylogenomic analyses based on 107 taxa, 93 plastid-encoded genes and a range of 
sophisticated phylogenetic models confirmed that leptophytes are related to haptophytes and 
cryptophytes. However, the position of leptophytes within the CHL group (Cryptophytes-
Haptophytes-Leptophytes) could not be confidently resolved and two topologies remained 
credible: the HC-sister toplogy (leptophytes sister to both hatophytes and cryptophytes), and 
the H-sister topology (leptophytes sister to haptophytes).  
 
The uncertainty of the position of leptophytes could be caused by lack of phylogenetic signal 
(as indicated by the small branch lengths separating the groups within the CHL clade), and 
could also be caused by potential biases and phylogenetic artefacts, such as potential 
compositional heterogeneity across taxa7, and heterotachy8. 
 
The LG+MEOW80+GHOST model with 8 linked site classes supported the HC-sister 
topology, which was also recovered by the CAT-GTR+G model with strong support (Fig. 3 
in main text). However, the GFmix7 model which accounts for compositional heterogeneity 
across sites and branches strongly favoured the H-sister topology (maximum likelihood 
values for the H-sister and HC-sister topology differed by 34 points).  
 
Compositional heterogeneity 
Compositional heterogeneity across taxa may be an artefact of our dataset, particularly due to 
the inclusion of extremophile red algae (Cyanidiophytina). Additionally, recent studies have 
suggested that ribosomal protein genes, which are highly represented in our dataset, tend to 
exhibit greater compositional bias due to strong co-evolution among these proteins9,10. A 
principal component analysis (PCA) revealed the amino acid preferences across different 
groups (Supplementary Fig. 27).   
 

 
 
Supplementary Figure 27. PCA analysis showing compositional biases among clades based on the 
alignment used for phylogenomic analyses. 



We accounted for the compositional bias in three ways: (1) evaluating the likelihood of 
alternative topologies under the GFmix model, (2) removing compositionally heterogenous 
sites, and (3) recoding the dataset using the SR4 recoding scheme11.  
 

1. GFmix model 
The GFmix model adjusts the vector of amino acid frequencies in a branch-specific manner 
to account for shifts in the relative frequencies of amino acids in different branches of the 
tree. To identify which amino acids are enriched or depleted in specific lineages, we analyzed 
our concatenated alignment using a custom R script (courtesy of Charley McCarthey, 
Dalhousie University; available on the GitHub repository1. This script divided the taxa into 
two groups and identified amino acid groups enriched or depleted in each lineage. The two 
taxa groups compared were Cyanidiococcus yangmingshanensis (accession NC_051883) and 
Cyanidioschyzon merolae (accession NC_004799) versus all other taxa.  
 
The groups of amino acids enriched or depleted in these lineages are as follows: 
G-class: I, N, F, K, T, D, S, E    
F-class: R, C, V, W, H, M, A, Q 
 
The GFmix program utilized the enriched and depleted amino acid classes to calculate the 
log-likelihoods for the six alternative topologies listed in Supplementary Table 2a. Among 
these, the H-sister topology with complex plastids forming a monophyletic grouping, was 
strongly favoured by the LG+MEOW80+GFmix model (Supplementary Table 2a). All other 
topologies were statistically rejected based on the Bonferroni-corrected chi-squared test.  
 

2. Removing compositionally heterogenous sites 
We generated a compositionally homogenized dataset by removing heterogenous sites from 
the concatenated alignment using Stuart's test of marginal homogeneity as implemented in 
BMGE12. This dataset was then analysed with the conventional site-heterogenous model 
LG+MEOW80+G, recovering the HC-sister topology (Fig. 3c, Supplementary Table 2). All 
alternative topologies were rejected by the Bonferroni-corrected chi-squared test, but not by 
the AU topology test. The HC-sister topology was also strongly supported when analysing 
the dataset under the CAT+GTR+G model (PP = 0.99). 
 

3. SR4 recoding 
We recoded the concatenated alignment using the SR4 recoding scheme and inferred a 
phylogeny under the CAT+GTR+G model in PhyloBayes. This phylogeny also supported the 
H-sister topology, consistent with the results of the GFmix model, albeit with low support  
(PP = 0.75). The limited support may stem from the low phylogenetic signal in the dataset, 
further eroded by amino acid recoding. Additionally, we caution that this result should be 
interpreted cautiously as recoding datasets has been shown to generate incorrect trees due to 
the associated of phylogenetic signal13,14.  
 
 
Altogether, the GFmix model, which explicitly models both site- and branch-heterogeneity, 
supports the H-sister topology. However, compositionally homogenized datasets analysed 
with conventional site-heterogenous models recapitulate the results of the GFmix model in 
only one out of two cases. While H-sister topology is more likely as it invokes a simpler 
scenario of plastid transfer and gene content evolution (Fig. 5, Supplementary Fig. 24), we 
cannot confidently rule out the HC-sister topology based on our current analyses. More data 



in the form of cell morphology and nuclear DNA from leptophytes will be required to decide 
between these scenarios.  
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