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Abstract

The trait of oxygenic photosynthesis was acquired by the last common ancestor of
Archaeplastida through endosymbiosis of the cyanobacterial progenitor of modern-day
plastids. Although a single origin of plastids by endosymbiosis is broadly supported,
recent phylogenomic studies report contradictory evidence that plastids branch either
early or late within the cyanobacterial Tree of Life. Here we describe CYANO-MLP, a
general-purpose phyloclassifier of cyanobacterial genomes implemented using a
Multi-Layer Perceptron. CYANO-MLP exploits consistent phylogenetic signals in
bioinformatically estimated structure-function maps of tRNAs. CYANO-MLP
accurately classifies cyanobacterial genomes into one of eight well-supported
cyanobacterial clades in a manner that is robust to missing data, unbalanced data and
variation in model specification. CYANO-MLP supports a late-branching origin of
plastids: we classify 99.32% of 440 plastid genomes into one of two late-branching
cyanobacterial clades with strong statistical support, and confidently assign 98.41% of
plastid genomes to one late-branching clade containing unicellular starch-producing
marine/freshwater diazotrophic Cyanobacteria. CYANO-MLP correctly classifies the
chromatophore of Paulinella chromatophora and rejects a sister relationship between
plastids and the early-branching cyanobacterium Gloeomargarita lithophora. We show
that recently applied phylogenetic models and character recoding strategies fit
cyanobacterial/plastid phylogenomic datasets poorly, because of heterogeneity both in
substitution processes over sites and compositions over lineages.

Introduction 1

The acquisition of a cyanobacterial endosymbiont by the last common ancestor of 2

Archaeplastida [1, 36,38] transferred the trait of oxygenic photosynthesis to eukaryotes 3

over one billion years ago [20]. The diversity of eukaryotic photoautotrophs radiating 4
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from this event profoundly transformed the terrestrial biosphere through changes to 5

primary biomass production, atmospheric oxygenation, and the colonization of new 6

ecosystems [26]. 7

It is widely accepted both that the plastids originated in a single primary 8

endosymbiotic event [37], and that the photosynthetic chromatophore of the freshwater 9

amoeba Paulinella chromatophora evolved later in a second primary endosymbiotic 10

event [25,40]. However, despite substantial progress on a robust cyanobacterial Tree of 11

Life (CyanoToL) [9, 39,45,47], the root of plastids within the CyanoToL remains 12

controversial. Recent phylogenomic studies strongly support contradictory conclusions, 13

with plastids branching either early [12,43,47,52] or late [8, 13,20,39] within the 14

CyanoToL. In contrast, orthogonal evidence from endosymbiotic gene transfers [16] and 15

eukaryotic evolution of glycogen and starch metabolic pathways [6, 15] consistently 16

support a late-branching origin of plastids within the CyanoToL. 17

Phylogenetic inferences concerning plastid origins are complicated by large 18

evolutionary distances accumulated over at least one billion years of vertical descent, by 19

extreme reduction of genomes in plastids [53] and Cyanobacteria [18,44], and by 20

secondary and tertiary endosymbiotic acquisitions of plastids. Furthermore, reductive 21

genome evolution alters the stationary nucleotide composition of genomes and gene 22

products [7], violating the assumptions and applicability of many phylogenetic 23

models [10,17,21,28,42]. 24

Recently, we introduced a machine learning approach to the phyloclassification of 25

genomes based on scoring tRNA gene complements against bioinformatically estimated 26

taxon-specific tRNA functional signatures called tRNA Class-Informative Features 27

(CIFs) [3]. tRNA CIFs, as visualized in function logos [22], contain information [46] 28

about the functional identity of tRNAs for tRNA-interacting proteins. We 29

demonstrated the strong recall and accuracy of a tRNA-CIF-based 30

alpha-proteobacterial phyloclassifier despite convergent non-stationary compositions of 31

alpha-proteobacterial tRNA genes, and likely horizontal transfers of genes for tRNAs 32

and tRNA-interacting proteins [3]. 33

In the present work, we improved our tRNA-based phyloclassifier approach and 34

applied it to investigate the origin of plastids within the CyanoToL. Based on 5,270 35

tRNA gene sequences from 113 cyanobacterial genomes, our CYANO-Multi-Layer 36

Perceptron (CYANO-MLP) phyloclassifier consistently classifies 433 plastid genomes 37

within the B2 and B3 sister clades of Cyanobacteria [47]. These clades include 38

marine/freshwater unicellular diazotrophic species previously noted to share 39

synapomorphic starch metabolic pathway traits with plastids [15, 20]. We reconciled our 40

results with prior work by demonstrating that recently applied phylogenetic models and 41

character recoding strategies fit cyanobacterial/plastid phylogenomic datasets poorly 42

because of heterogeneity of substitution processes over sites and lineage-specific 43

compositional biases. 44

Materials and Methods 45

tRNA Gene Data and Genome Sets 46

From NCBI, we downloaded the set S of 117 cyanobacterial genomes analyzed in [47], 47

the set Gl of one genome of the cyanobacterium Gloeomargarita lithophora, the set Pc 48

of one genome of the chromatophore of the fresh-water amoeba Paulinella 49

chromatophora, and the set P of 440 complete plastid genomes containing 50

representatives from all three lineages of Archaeplastida (Glaucocystophyta, 51

Rhodophyta, and Viridiplantae). Let C ≡ S ∪Gl ∪ Pc. For every genome g ∈ C, we 52

annotated a set Tg of tRNA genes as the union of predictions from tRNAscan-SE 53
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Figure 1. Schematic overview of CYANO-MLP phyloclassification workflow. (A) The
cyanobacterial phylogeny from [47] was used to define cyanobacterial clades for which
we estimated tRNA CIFs. Cyanobacterial clades, indicated by background colors, were
named according to [47], except for clade B2+3, which combines clades B2 and B3.
Clades with grey backgrounds were excluded from analysis because of limited genome
sample sizes. Next, tRNA genes are predicted from cyanobacterial genomes and combined
by clade for function logo estimation [22]. (B) Example function logos, for Uracil, with
background colors corresponding to each cyanobacterial clade. (C) For a genome g to
be classified, tRNA gene complements Tg are predicted and scored against the logos for
each clade, to produce input score vectors for CYANO-MLP training and classifications.
(D) The architecture of the artificial neural network CYANO-MLP, and a classification
probability vector output from CYANO-MLP represented as a stacked bar chart.

v1.31 [34] in bacterial mode and ARAGORN v1.2.36 [31] with default settings. We 54

annotated tRNA genes in the set P of plastid genomes similarly, except we discarded as 55

false positives gene predictions from ARAGORN that contained introns in tRNA 56

isotypes that have not been previously described to contain introns [35,48,54]. We 57

additionally filtered away tRNA gene predictions for land plant plastid genomes that 58

contained anticodons not previously observed in land plant plastid tRNA genes [2, 50]. 59

We annotated the functional types of tRNA genes either as elongator isotypes by 60

anticodon alone or, for those containing the CAU anticodon, into initiator tRNA Met
61

(”X”), elongator tRNA Met, or tRNA Ile
CAU (”J”) using TFAM v1.4 [4] with the 62

TFAM model used in [3, 5]. We aligned tRNA sequences using COVEA v2.4.4 [19] and 63

the prokaryotic tRNA covariance model from tRNAscan-SE [34]. We edited the 64

alignment by first removing sites containing 99% or more gaps using FAST v1.6 [32], 65

and then removing sequences with unusual secondary structure. Lastly, we mapped sites 66

to Sprinzl coordinates [49] and manually removed the variable arm, CCA tail, and sites 67

not mapping to a Sprinzl coordinate using Seaview v4.6.1 [24]. The alignment is 68

available as supplementary data. 69

We partitioned cyanobacterial tRNA genes into sets Tg for each genome g of origin, 70

and separately into sets TX for each cyanobacterial clade X, with 71

X ∈ CC ≡ {A,B1, B2 + 3, C1, C3, E, F,G} corresponding to clades identified in [47], 72

except for fusion of clades B2 and B3 into their union B2+3 and exclusion of four 73

genomes in two clades, C2 and D, for insufficient data as defined by yielding fewer than 74
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120 tRNA genes (Fig. 1). Let R ⊂ S be the set of all 113 cyanobacterial genomes not 75

excluded. For every genome g ∈ R and each clade X ∈ CC, we also created 76

leave-one-out cross-validation training sets T g
X = TX − Tg. 77

Genome Scoring 78

Following Amrine et al. [3], we produced training input vectors by first calculating 79

clade-dependent Gorodkin heights [3,23] hi
f,X , in function logos [22] for all clade-specific 80

tRNA gene sets TX or T g
X with X ∈ CC, for all features f ∈ F ≡ {A,C,G,U} × SC, 81

where SC is the set of Sprinzl Coordinates [49], and for all functional types 82

i ∈ I ≡ A ∪ {J,X}, where A is the set of short IUPAC amino acid symbols standing for 83

aminoacylation identities of elongators. We computed function logos using custom 84

software TSFM available at https://github.com/tlawrence3/tsfm/tree/v0.9.6. 85

To score the tRNA gene complement Tg of genome g, we calculated a vector of 86

tRNA CIF-based scores Sg = 〈SA
g , S

B1
g , SB2+3

g , SC1
g , SC3

g , SE
g , SF

g , SG
g 〉, in which 87

element SX
g is the average, over all genes t ∈ Tg of any type it ∈ I, where it is the type 88

of gene t, of the sum over all features f ∈ t ⊂ F contained in that gene, of the Gorodkin 89

heights [23] of those features for genes of that type in clade X ∈ CC: 90

SX
g ≡

1

Tg

∑
t∈Tg

∑
f∈t

hit
f,X , (1)

Following recommended practice [11], we standardized score vectors of both training 91

and query data by subtracting the mean score vector of training data and dividing 92

element-wise by the standard deviations of scores by clade. Let S′g be the standardized 93

score vector of Sg. 94

Phyloclassifier Model Training and Optimization 95

We implemented our multilayer neural network phyloclassifier using the MLPClassifier 96

API of scikit-learn v0.18.1 [41] in Python v3.5.2. We trained models for up to 2000 97

training epochs, stopping early if for two consecutive iterations the Cross-Entropy loss 98

function value did not decrease by a minimum of 1× 10−4, and with random shuffling 99

of data between epochs. We used the rectifier activation function for hidden layer 100

neurons, the L-BFGS algorithm for weight optimization, and an alpha value of 0.01 for 101

the L2 regularization penalty parameter. Lastly, we used the soft-max function to 102

calculate classification probability vectors. Using leave-one-out cross-validation 103

(LOOCV), we optimized neural network architecture for accuracy averaged over 104

genomes g ∈ R considering all architectures with from one to four hidden layers and 105

each layer individually containing from eight to sixteen nodes. To test the statistical 106

significance of the average accuracy from LOOCV of the architecture-optimized 107

CYANO-MLP, we permuted clade labels over training data in 100,000 replicates, 108

followed by LOOCV and model retraining for each replicate. 109

Phyloclassification and Bootstrapping 110

For each genomic tRNA gene set Tg, with g ∈ P ∪Pc∪Gl, we computed a standardized 111

score vector S′g, input this to CYANO-MLP, and classified to the clade with largest 112

classification probability. To examine the consistency of phylogenetic signals in our 113

data, we computed 100 bootstrap replicates of sites in our alignment of training and 114

test tRNA gene data, followed by CIF-estimation, model retraining, and genome scoring 115

and classification with each bootstrap replicate of CYANO-MLP. We summarized 116
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bootstrap results for cyanobacterial genomes by the number of replicates in which the 117

most probable classification for a genome was its true clade of origin. 118

Leave-Clade-Out and Balanced Model Variants 119

To examine the sensitivity of CYANO-MLP to missing data and model 120

mis-specification, we re-optimized and re-trained models after leaving out one 121

cyanobacterial clade or using only cyanobacterial clades A, B1, and B2+3. To produce 122

clade-balanced training datasets, we randomly resampled training score vectors so that 123

each cyanobacterial clade had sample sizes equal to the best-sampled clade, and then 124

re-optimized and re-trained models. 125

Evaluation of Phylogenetic Model Adequacy 126

We examined goodness of fits of the phylogenomic datasets of Shih et al. [47], 127

Ponce-Toledo et al. (chloroplast-marker dataset) [43] and Ochoa de Alda et al. (dataset 128

11) [39] with the substitution models originally used in those studies, namely 129

LG+4Γ [33] and CAT-GTR+4Γ [28,29]. Posterior Predictive Analyses (PPA) were 130

performed to test fits for site-specific constraint biases using PPA-DIV [28] and 131

across-lineage compositional biases using PPA-MAX and PPA-MEAN [10]. Additionally, 132

we assessed model adequacy under three amino acid recoding strategies, Dayhoff-6 133

(Day6) [14], the six-state recoding strategy of Susko and Roger (SR6) [51], and the 134

six-state recoding strategy of Kosiol et al. (KGB6) [27]. PPA results were interpreted 135

using Z-scores under the assumption that the test statistics follow a normal distribution. 136

We used a Z-score threshold of Z ≥ 5 as strong evidence for rejecting the model. We 137

performed phylogenetic analyses using Phylobayes MPI v1.8 [30] with at least 1000 138

replicates and running two MCMC chains in parallel for each analysis. Convergence of 139

chain trajectories was assessed using TRACECOMP and BBCOMP utilities provided 140

with Phylobayes MPI. Convergence was assumed when the discrepancies of model 141

parameters and bipartition frequencies between independent chains was less than 0.18. 142

The number of cycles to discard as burn-in was determined by visually examining the 143

traces of the log-likelihood and other model parameters for stationarity using Tracer 144

v1.6.0. 145

Results 146

tRNA Data and CIF estimation 147

We annotated and extracted 5,476 tRNA genes from the 117 cyanobacterial genomes 148

analyzed in [47], averaging 46.80 tRNA genes per cyanobacterial genome, 14,841 tRNA 149

genes in 440 Archaeplastida plastid genomes averaging 33.73 tRNA genes per plastid 150

genome, 44 tRNA genes from the Cyanobacterium Gloeomargarita lithophora, and 42 151

tRNA genes from the chromatophore genome of the fresh-water amoeba P. 152

chromatophora (Table 1; Supplemental File 1). We excluded four genomes from further 153

analysis (Fig. 1) and estimated function logos for cyanobacterial clades A, B1, B2+3, 154

C1, C3, E, F, and G (Fig. 1, S1-S8; Table S1,S2) using the clade nomenclature of [47]. 155

We fused clades B2 and B3 because they are sister clades and B3 contained only one 156

genome. The C1 clade had the biggest sample with a divergent nucleotide composition, 157

elevated in contents of G and C (Table 1). Interestingly, clade C1 exhibited many gains 158

of Uracil CIFs (Fig. 1B) and also Adenine CIFs (Fig. S4). 159

5/31

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 17, 2018. ; https://doi.org/10.1101/442608doi: bioRxiv preprint 

https://doi.org/10.1101/442608
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. Summary statistics on genomes and tRNA genes of cyanobacterial and plastid
clades and grades.

Clade/Grade Genomes (G) Genes (T) T/G Bases (N) N/T %A %T %G %C

Cyanobacteria

A 11 555 50.45 40,362 72.72 20.1 23.3 31.2 25.4
B1 27 1,395 51.67 101,640 72.86 19.7 23.3 31.6 25.4

B2+3 30 1,314 43.80 95,685 72.82 19.5 23.0 32.0 25.5
C1 29 1,205 41.55 87,856 72.91 18.8 21.8 32.7 26.7
C2 2 90 45.00 6,550 72.78 19.5 21.9 32.2 26.4
C3 3 142 47.33 10,346 72.86 19.1 22.8 32.3 25.7
D 2 116 58.00 8,430 72.67 19.7 23.3 31.7 25.3
E 5 266 53.20 19,378 72.85 19.3 22.8 32.1 25.8
F 4 211 52.75 15,339 72.70 20.1 23.4 31.3 25.2
G 4 182 45.50 13,218 72.63 18.7 21.7 32.8 26.8

G. lithophora 1 44 44 3,194 72.59 18.8 22.7 32.3 26.2

Plastids/Chromatophores

Charophyta 10 352 35.20 25,513 72.48 21.1 24.2 30.1 24.6
Chlorophyta 7 226 32.29 16,436 72.73 21.9 25.4 29.1 23.6
Cryptophyta 4 117 29.25 8,512 72.75 20.9 24.2 29.9 25.0
Heterokonta 33 992 30.06 72,229 72.81 21.2 25.1 29.6 24.1

Eudicots 191 6,593 34.52 478,337 72.55 21.4 25.2 29.7 23.7
Euglenaceae 10 276 27.60 20,070 72.72 22.3 27.1 28.4 22.3
Monilophytes 8 270 33.75 19,641 72.74 21.2 24.5 30.0 24.3

Gymnospermae 26 824 31.69 59,867 72.65 21.9 24.6 29.6 23.9
Haptophyta 4 111 27.75 8,079 72.78 21.0 25.1 29.7 24.2
Monocots 112 3930 35.10 285,302 72.60 21.7 25.2 29.5 23.7
Magnoliids 9 315 35.00 22,856 72.56 21.3 24.9 29.7 24.0

Nymphaeales 2 68 34.00 4,934 72.56 21.4 25.1 29.8 23.7
Rhodophyta 20 624 31.20 45,438 72.82 21.9 25.2 29.1 23.8
Bryophyta 3 108 36.00 7,845 72.64 22.2 25.4 29.0 23.4

Glaucocystophyta 1 35 35 2,543 72.66 20.4 23.7 30.9 25.0
P. chromatophora 1 42 42 3,060 72.86 19.1 21.7 32.7 26.5

Training and Validation of a tRNA-Based Cyanobacterial 160

Phyloclassifier 161

We trained CYANO-MLP on input vectors generated by scoring cyanobacterial genomic 162

tRNA gene complements against clade-specific cyanobacterial CIFs as described in 163

Methods. We systematically optimized the parameters and architecture of 164

CYANO-MLP on the training data, settling on a single hidden layer of 13 nodes (Fig. 165

1), which achieved an average accuracy of 0.8673 (permutation test; p = 0.0001), 166

calculated using Leave-One-Out Cross-Validation (LOOCV; Fig. S9, S10; Table S3). To 167

examine the effects of unbalanced training data on the performance of CYANO-MLP, 168

we created a separate clade-balanced version of the model (CYANO-MLP-BAL) by 169

resampling data from under-represented clades. CYANO-MLP-BAL achieved a LOOCV 170

average accuracy of 0.9875 with improvements in precision and recall for all clades (fig. 171

S19; Table S3), suggesting that biased sampling is an important and addressable 172

limitation to the accuracy of CYANO-MLP. In addition, cyanobacterial reclassifications 173

were correct in at least 97 of 100 bootstrap replicates of CYANO-MLP, showing that 174

phylogenetic signals are consistent across tRNA CIFs (Supplemental File 1). 175

A desirable attribute of a phyloclassifier is an ability to signal “none-of-the-above” 176

when the true clade of a query is unrepresented in the model. To address robustness to 177

model specification and investigate the ability of CYANO-MLP to signal 178

“none-of-the-above”, we trained additional versions of CYANO-MLP that leave out the 179

largest-sampled clades, namely A (CYANO-MLP[!A]), B1 (CYANO-MLP[!B1]), B2+3 180

(CYANO-MLP[!B2+3]), or C1 (CYANO-MLP[!C1]). For each model variant, we then 181

reclassified all genomes, including from the clade that had been left out. Overall, 182

average LOOCV accuracies were similar to CYANO-MLP for each classifier variant 183
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(Figs S14-S18; Table S3) with CYANO-MLP[!A] having the largest gain in accuracy 184

(LOOCV: 0.9216; Figs S16; Table S3) over CYANO-MLP. This was not unexpected, 185

given that clade A had the lowest precision (Figs S15-S18) and the smallest sample size 186

among left-out clades (Table 1). Furthermore, the recall of clade A was most improved 187

in CYANO-MLP-BAL. Generally with CYANO-MLP, classifications of cyanobacterial 188

genomes from excluded clades were more equivocal than those of genomes from 189

represented clades (Table S9-S12; Supplemental File 1). We claim that equivocal 190

classifications with CYANO-MLP signal “none-of-the-above.” 191

The Paulinella chromatophora Chromatophore Phyloclassifies 192

to the Marine C1 Prochlorococcus/Synechococcus Clade 193

The phylogenetic origin of the P. chromatophora chromatophore from marine 194

Prochlorococcus/Synechococcus clade (clade C1; Fig. 1) is well-supported by several 195

phylogenomic analyses [39,47,52]. CYANO-MLP classified the P. chromatophora 196

chromatophore to clade C1 concordantly with a 99.98% probability and 100% bootstrap 197

support (Fig. 2; Table S5). Additionally, this phyloclassification was robust to model 198

specification and obtained also with CYANO-MLP-BAL, CYANO-MLP[!A]), 199

CYANO-MLP[!B1], and CYANO-MLP[!B2+3]. Finally, the P. chromatophora 200

chromatophore classified similarly to other C1 genomes when using CYANO-MLP[!C1] 201

(Table S11,S13). 202

CYANO-MLP Robustly Phyloclassifies Plastid Genomes to 203

Late-Branching Cyanobacterial Clades 204

Using CYANO-MLP, we phyloclassified 437/440 (99.32%) plastid genomes to 205

late-branching clades of Cyanobacteria, with 433 plastid genomes classifying to the 206

B2+3 clade and four plastid genomes classifying to the A clade with high probabilities 207

(Fig. 2; Table S5). Plastid genomes from all three Archaeplastida lineages 208

phyloclassified to the late-branching cyanobacterial B2+3 clade. The majority of plastid 209

bootstrap replicates classified to late-branching clades A, B1, and B2+3 with the 210

median bootstrap frequency of all plastid groups against clade B2+3 at or above 70, 211

except for the Glaucocystophyta genome (Fig. 2, S11-S14). Three remaining plastid 212

genomes classified to early-diverging cyanobacterial clades; two to clade F and one to 213

clade G (Fig 2, Table S5). With CYANO-MLP-BAL, 18 and 384 plastid genomes 214

classified to clades A and B2+3 respectively (Tables S8). 215

Plastid genome classifications were mostly robust to model specifications. 216

Classifications of clade-represented genomes were mostly unchanged in the 217

CYANO-MLP[!A]) and CYANO-MLP[!C1] leave-clade-out models (Fig S21; Table 218

S10,S11). Distinctly, plastid classifications with CYANO-MLP[!B1] were ambiguous 219

with equal probabilities between clades A and B2+3 (Table S12). However, after 220

retraining CYANO-MLP[!B1] using balanced training data (CYANO-MLP-BAL[!B]) 221

phyloclassifications were restored to be similar to those with CYANO-MLP and 222

CYANO-MLP-BAL (Table S12,S13). We then developed two phyloclassifers including 223

training data only from late-branching clades A, B1, and B2+3, one with balanced 224

training data (CYANO-MLP-BAL[AB1B2+3]) and one without 225

(CYANO-MLP[AB1B2+3]). CYANO-MLP[AB1B2+3] classified plastids equivocally 226

between clades A and B2+3, similarly to CYANO-MLP[!B1], though slightly favoring 227

clade B2+3 (Table S13,S14). After balancing data by resampling, 228

CYANO-MLP-BAL[AB1B2+3] more decisively phyloclassified 331 plastid genomes to 229

clade B2+3 and only 106 genomes to clade A (Table S8,S13,S14). Remarkably, 230

phyloclassifications of both plastid and B2+3-cyanobacterial genomes with the 231
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CYANO-MLP[!B2+3] leave-clade-out model were equivocal and similar to one another 232

(Fig S21; Table S6-S9), consistent with “none-of-the-above” classification and providing 233

compelling additional support that plastids belong to clade B2+3. 234

Phyloclassification of G. lithophora is Consistent with its Early 235

Divergence within Cyanobacteria 236

Recent phylogenomic analyses support a sister relationship between plastids and an 237

early-diverging lineage containing G. lithophora as its only member [43,52]. With only 238

one genome, there was insufficient tRNA sequence data to estimate CIFs for this 239

lineage. Instead, we classified the G. lithophora genome using CYANO-MLP to 240

determine if it classified similarly to plastids, which would be consistent with a sister 241

relationship of G. lithophora and plastids. We found that the G. lithophora genome 242

obtained greater than 75% total classification probability against three early-diverging 243

clades, classifying to clade F with probability 57.3%, to clade G with probability 18.4%, 244

and to clade E with probability 3.2%. In addition, G. lithophora classified to the 245

late-diverging clade A with probability 20.3% (Fig. 2). We interpreted the results as 246

consistent with a “none-of-the-above” classification, yet, favoring an early-branching of 247

G. lithophora, in agreement with recent phylogenomic analyses [43,52]. Notably, the 248

incongruity of our results for G. lithophora and plastids rejects their sister relationship. 249

Inadequate modeling of systematic biases can explain 250

discrepancies with prior work 251

We examined goodness of fit of various evolutionary models to published combined 252

cyanobacterial/plastid phylogenomic datasets by posterior predictive analysis [10,28]. 253

We found evidence that site-specific amino acid constraints are critical to fitting all 254

three cyanobacterial/plastid phylogenomic datasets (Figure 3A; Table S15). The 255

empirical matrix model LG+4Γ [33], with site-rate heterogeneity, fails to model 256

site-specific substitution processes [28,29] in all three phylogenomic datasets and fits 257

them poorly (Fig. 3A, Table S15). The inadequacy of empirical matrix models to fit 258

data with site-specific constraints was previously reported [29]; their use to fit such data 259

results in long-branch attraction artifacts caused by underestimation of homoplasy [28]. 260

In contrast, the CAT model [28,29] specifically accommodates site-specific constraints, 261

fitting all three datasets adequately (Fig. 3A; Table S15). However, even in combination 262

with CAT, none of the amino acid recoding methods adequately mitigate 263

lineage-specific compositional biases (Z ≥ 5, Fig. 3B; Table S15). When lineage-specific 264

compositional biases are not adequately modeled, unrelated sequences with similar 265

compositions may artifactually cluster during phylogenetic tree reconstruction [10]. 266

Discussion 267

We recovered strong support for a late-branching origin of plastids within or closely 268

related to the B2+3 clade of the CyanoToL (Figs 1-2; Table S5). Furthermore, our 269

result of a late-branching clade B2+3 origin of plastids is robust to bootstrap 270

resampling of tRNA structural positions (Fig 2; Supplemental file 1), missing data (Fig 271

S15-S18,S21; Table S7-S12), and unbalanced training data (Fig S19-S21; Table 272

S7,S8,S12,S13). Additionally, we were able to reject recent hypotheses supporting the 273

early-branching G. lithophora as sister to plastids [43,52] (Fig. 2). Our results conform 274

to independent metabolic evidence that plastids originated from a unicellular 275

starch-producing diazotrophic cyanobacterial species [6, 15], and independent 276
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comparative evidence that photosynthetic eukaryotes originated and diversified rapidly 277

in a low-salinity habitat [8, 52]. 278

Importantly, the significantly lower classification accuracy of CYANO-MLP on 279

class-permuted training datasets (Fig. S9) support that CYANO-MLP 280

phyloclassifications depend on learned phylogenetic signals in cyanobacterial tRNA 281

CIFs. Furthermore, we argue against the interpretation that plastid genomes have 282

experienced distinctive selection pressures yielding idiosyncratic score vectors and 283

artifactual results, because of the consistency with which plastids classified in the 284

various re-specifications of CYANO-MLP, and consistent classifications of C1 clade 285

Cyanobacteria with reduced genomes and the P. chromatophora chromatophore genome, 286

presumably under similar selection pressures as plastid genomes, to the C1 clade (Fig. 287

2) in concert with previous work [39,47,52]. 288

To reconcile recent studies with our results, we reexamined the fits of recently used 289

models and recoding strategies to three published cyanobacterial/plastid phylogenomic 290

datasets (Fig. 3; Table S15). We found that the CAT model [28,29] accommodated 291

site-specific constraints (Fig. 3A; Table S15), however, amino acid recoding strategies 292

were unable to mitigate lineage-specific compositional biases (Fig. 3B; Table S15). Only 293

one prior phylogenomic study took into account both sources of bias [39], in which 16S 294

rDNA nucleotide data was modeled using CAT-GTR while removing compositionally 295

divergent taxa to achieve compositional homogeneity. Notably, the findings of [39] are 296

consistent with ours in supporting a late-branching origin of plastids within 297

Cyanobacteria. 298
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Figure 2. CYANO-MLP classification results for genomes of plastids, the chromatophore
of P. chromatophora, and the cyanobacterium G. lithophora. Row label colors denote
Archeaplastid clades with Rhodophyta in red, Chloroplastida in green, and Glaucocysto-
phyta in blue, or non-Archaeplastida in black. Heatmap lower half-cells show average
probabilities of classifications of genomes to clades with text labels denoting percentages
of genomes classifying to cyanobacterial clades. Asterisks (*) denote single genomes.
Heatmap upper half-cell colors (and text labels) show median bootstrap classification
frequencies (as percentages). Absence of labels denotes zero frequencies.
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Figure 3. Results of posterior predictive analyses of phylogenomic datasets of Shih [47],
Ponce-Toledo [43], and Ochoa de Alda [39]. Rows within each panel correspond to
phylogenomic datasets. Observed values calculated for each test statistic are represented
by vertical lines. Color and patterns of vertical lines indicate amino acid recoding
strategies, respectively NR: No recoding, DAY6: six-state Dayhoff recoding, SR6: the
six-state recoding strategy of [51], and KGB6: the six-state recoding strategy of [27].
Symbols show average values for two posterior predictive test statistics calculated from
simulated datasets, with error bars showing ± five standard deviations. Symbol shapes
correspond to phylogenetic models (LG: LG+4Γ, CAT: CAT-GTR+4Γ) and symbol
colors show recoding strategies for simulated data. If similarly colored error bars contain
vertical lines, the given phylogenetic model adequately describes systematic biases of
the given datas. (A) Results with the PPA-VAR statistic [28] assessing fit of models to
site-specific constraints in the data. (B) Results with the PPA-MAX statistic, measured
as squared standard deviation (SSD) of amino acid composition [10], showing generally
poor fit of models against the lineage-specific compositional biases in the data.
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Figure S1. Function Logos for Cyanobacterial Clade A
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Figure S2. Function Logos for Cyanobacterial Clade B1
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Figure S3. Function Logos for Cyanobacterial Clade B2+3
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Figure S4. Function Logos for Cyanobacterial Clade C1
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Figure S5. Function Logos for Cyanobacterial Clade C3
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Figure S6. Function Logos for Cyanobacterial Clade E
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Figure S7. Function Logos for Cyanobacterial Clade F
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Figure S8. Function Logos for Cyanobacterial Clade G

Table S1. Descriptive statistics of Cyanobacterial clade function logos. (Stack
Height/Symbol) Average of information content for each site divided by the num-
ber of symbols for that site, (Symbols) Average number of symbols per site, and (Stack
Height) the average information content in bits of each site. Sites with zero information
were excluded from calculations.

Clade Stack Height/Symbol Symbols Stack Height

A 0.22± 0.42 12.07± 6.12 1.02± 0.69
B1 0.17± 0.25 13.14± 6.24 1.12± 0.77
B2+3 0.21± 0.38 13.00± 6.18 1.25± 0.89
C1 0.51± 0.79 8.93± 5.67 1.63± 1.04
C3 0.26± 0.44 8.60± 5.09 0.85± 0.57
E 0.22± 0.33 9.53± 5.55 0.92± 0.59
F 0.17± 0.27 10.73± 5.69 0.78± 0.58
G 0.28± 0.49 8.99± 5.34 0.92± 0.62

16/31

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 17, 2018. ; https://doi.org/10.1101/442608doi: bioRxiv preprint 

https://doi.org/10.1101/442608
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table S2. Information content per nucleotide for each Cyanobacterial clade. Number
in parenthesis is percent of total information.

Clade A C G U Total Info

A 71.53(28.16) 55.13(21.70) 60.05(23.64) 67.32(26.50) 254.03
B1 87.85(29.77) 63.22(21.42) 65.98(22.36) 78.05(26.45) 295.10
B2+3 91.68(29.67) 67.92(21.98) 68.61(22.20) 80.84(26.16) 309.06
C1 114.57(29.20) 85.39(21.76) 78.72(20.06) 113.74(28.98) 392.42
C3 51.45(28.75) 35.27(19.71) 43.86(24.51) 48.37(27.03) 178.95
E 65.78(29.57) 46.40(20.85) 51.12(22.98) 59.18(26.60) 222.48
F 49.28(28.27) 35.91(20.60) 40.58(23.28) 48.53(27.84) 174.31
G 63.09(30.75) 39.22(19.12) 45.42(22.14) 57.43(27.99) 205.17
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Figure S9. Null distribution of average accuracy using LOOCV estimated by 100,000
label swapping permutation datasets. Black dotted line is the expected average accuracy
if cyanobacteria genomes were randomly classified. Green dotted line is the average
accuracy using our single hidden layer phyloclassifier.
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Figure S10. Normalized Confusion Matrix for CYANO-MLP
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Figure S11. Classification results of 100 bootstrap replicates of each Rhodophyta
derived plastid genome. Results are summarized by Red plastid group with boxes
spanning from the 25th percentile (bottom) to the 75th percentile (top) of bootstrap
replicates classifying to the indicated Cyanobacterial clade per genome with the bisecting
line marking the median value. Error bars indicate the shorter of either± the interquartile
range or the span of bootstrap replicates per genome. Dots show bootstrap replicates for
individual genomes. Cyanobacterial clades C1, C3, E, F, and G were omitted because a
limited number of bootstrap replicates per genome classified to these clades (see Fig.
S13).
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Figure S12. Classification results of 100 bootstrap replicates of each Chloroplastida
derived plastid genome. Cyanobacterial clades C3 and E were omitted because a limited
number of bootstrap replicates per genome classified to these clades (see Fig. S14).
Results are summarized identically to Fig. S11.

C1 C3 E F G
Cyanobacterial clades

0

1

2

#
b

oo
ts

tr
ap

re
pl

ic
at

es

Rhodophyta

Haptophyte

Heterokonta

Cryptophyta

Figure S13. Classification results of 100 bootstrap replicates of each RED plastid
genome for cyanobacterial clades C1, C3, E, F, and G. Results are summarized identically
to Figure S11.

C3 E
Cyanobacterial clades

0

2

4

#
b

o
ot

st
ra

p
re

pl
ic

at
es

Euglenaceae

Chlorophyta

Charophyta

Bryophyte

Monilophytes

Gymnospermae

Nymphaeales

Magnoliids

Monocots

Eudicots

Figure S14. Classification results of 100 bootstrap replicates of each GREEN plastid
genome for cyanobacterial clades C3 and E. Results are summarized identically to Figure
S11.
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Figure S15. Normalized Confusion Matrix for CYANO-MLP[!B2+3]
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Figure S16. Normalized Confusion Matrix for CYANO-MLP[!A]
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Figure S18. Normalized Confusion Matrix for CYANO-MLP[!B1]
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Figure S19. Normalized Confusion Matrix for CYANO-MLP-BAL
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Figure S20. Normalized Confusion Matrix for CYANO-MLP-BAL[!B1]
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Table S3. Network architecture and average accuracy using Leave-One-Out Cross-
Validation for CYANO-MLP, .

Network Classifier LOOCV

(13) CYANO-MLP 0.8673
(13, 15, 11, 13) CYANO-MLP[!A] 0.9216

(13,15,13) CYANO-MLP[!B1] 0.8721
(9, 13, 16, 10) CYANO-MLP-BAL[!B1] 0.9952
(11, 12, 7, 10) CYANO-MLP[!B2+3] 0.8795

(11, 9) CYANO-MLP[!C1] 0.8214
(11, 14) CYANO-MLP-BAL 0.9875

(3, 10, 11) CYANO-MLP[AB1B2+3] 0.9559
(8, 8, 9, 11) CYANO-MLP-BAL[AB1B2+3] 0.9889

Table S4. Precision and Recall for CYANO-MLP for each Cyanobacterial clade.

Clade Precision Recall

A 0.6000 0.5455
B1 0.8966 0.9630

B2+3 0.8000 0.9333
C1 1.0000 1.0000
C3 1.0000 0.6667
E 1.0000 0.4000
F 1.0000 0.5000
G 0.7500 0.7500

Table S5. Classification results for plastid genomes and the chromatophore of P.
chromatophora using CYANO-MLP. Results are summarized by plastid groups. Number
of genomes classifying to each Cyanobacterial clade and percent are shown.

Plastid Clade A B1 B2+3 C1 C3 E F G

Chlorophyta 0 (0%) 0 (0%) 7 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Charophyta 1 (10%) 0 (0%) 8 (80%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (10%)
Cryptophyta 0 (0%) 0 (0%) 4 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Heterokonta 0 (0%) 0 (0%) 33 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Eudicots 1 (0.52%) 0 (0%) 189 (98.95%) 0 (0%) 0 (0%) 0 (0%) 1 (0.52%) 0 (0%)
Euglenaceae 0 (0%) 0 (0%) 10 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Monilophytes 0 (0%) 0 (0%) 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Gymnospermae 0 (0%) 0 (0%) 26 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Haptophyte 0 (0%) 0 (0%) 4 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Monocots 0 (0%) 0 (0%) 112 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Magnoliids 0 (0%) 0 (0%) 9 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Nymphaeales 0 (0%) 0 (0%) 2 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Rhodophyta 2 (10%) 0 (0%) 17 (85%) 0 (0%) 0 (0%) 0 (0%) 1 (5%) 0 (0%)
Bryophyte 0 (0%) 0 (0%) 3 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Glaucocystophyta 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Plastid total 4(0.91%) 0 (0%) 433 (98.41%) 0 (0%) 0 (0%) 0 (0%) 2 (0.45%) 1 (0.23%)

P. chromatophora 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Table S6. Mean probability plus and minus one standard deviation of classification of
clade B2+3 and plastids to each Cyanobacterial clade using CYANO-MLP
Clade A B1 B2+3 C1 C3 E F G

B2+3 0.0007± 0.0017 0.0003± 0.0005 0.9981± 0.0027 0.0000± 0.0000 0.0000± 0.0001 0.0002± 0.0007 0.0004± 0.0012 0.0001± 0.0003
Plastids 0.0137± 0.0717 0.0007± 0.0102 0.9616± 0.1172 0.0000± 0.0010 0.0005± 0.0014 0.0132± 0.0275 0.0044± 0.0524 0.0058± 0.0395
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Table S7. Number of plastid genomes with indicated max classification probability
with the indicated version of CYANO-MLP

Max Classification Prob CYANO-MLP [!B2+3] [!A] [!C1] [!B1] BAL BAL[!B1] [AB1B2+3] BAL[AB1B2+3]

>= 0.99 251 98 395 405 275 200 347 193 204
< 0.99.. >= 0.95 121 166 24 15 75 136 37 82 93
< 0.95.. >= 0.90 42 39 4 5 31 35 12 51 13
< 0.90.. >= 0.85 8 19 1 4 9 19 6 35 15
< 0.85.. >= 0.80 2 29 2 3 7 6 10 19 18
< 0.80.. >= 0.75 4 14 1 3 11 9 8 16 9
< 0.75.. >= 0.70 2 18 1 1 6 5 1 22 14
< 0.70.. >= 0.65 3 13 3 1 8 4 3 4 35
< 0.65.. >= 0.60 1 21 4 0 7 7 6 8 24
< 0.60.. >= 0.55 2 8 0 1 2 4 4 7 7
< 0.55.. >= 0.50 3 14 5 1 4 5 4 3 7

< 0.50 1 1 0 1 5 10 2 0 2

Table S8. Number of plastid genomes and left-out cyanobacterial clade genomes
classifying to each cyanobacterial clade for the indicated version of CYANO-MLP. The
number outside of parentheses indicated number of plastid genomes and the number
within parentheses is the left-out cyanobacterial clade genomes. Dashes indicate N/A
values.

CYANO-MLP Version A B1 B2+3 C1 C3 E F G

[!B2+3] 263 (15) 165(8) -(-) 0(0) 3(0) 3(0) 2(3) 4(4)
[!A] -(-) 0(1) 412(5) 0(0) 0(0) 8(3) 14(0) 6(2)
[!C1] 19(0) 0(1) 417(0) -(-) 0(0) 0(2) 2(2) 2(24)
[!B1] 354(11) -(-) 67(5) 0(0) 0(0) 17(2) 1(9) 1(0)
BAL 18(-) 0(-) 384(-) 0(-) 0(-) 2(-) 1(-) 35(-)
BAL[!B1] 36(9) -(-) 382(13) 0(0) 0(0) 1(3) 17(2) 4(3)
[AB1B2+3] 197(-) 1(-) 242(-) -(-) -(-) -(-) -(-) -(-)
BAL[AB1B2+3] 108(-) 4(-) 331(-) -(-) -(-) -(-) -(-) -(-)

Table S9. Mean probability and ± one standard deviation of classification for clade
B2+3 and plastid genomes using CYANO-MLP[!B2+3].
Clade A B1 C1 C3 E F G

Clade B2+3 0.4786± 0.4250 0.2831± 0.3924 0.0017± 0.0046 0.0002± 0.0002 0.0120± 0.0537 0.1097± 0.2544 0.1147± 0.2695
Plastid 0.5709± 0.4259 0.3743± 0.4194 0.0023± 0.0115 0.0174± 0.0774 0.0140± 0.0853 0.0078± 0.0584 0.0134± 0.0876

Table S10. Mean probability and ± one standard deviation of classification for clade
A and plastid genomes using CYANO-MLP[!A].
Clade B1 B2+3 C1 C3 E F G

Clade A 0.0915± 0.3009 0.4663± 0.4526 0.0006± 0.0019 0.0001± 0.0003 0.1654± 0.2724 0.0166± 0.0301 0.2596± 0.3886
Plastid 0.0009± 0.0180 0.9335± 0.2379 0.0000± 0.0000 0.0000± 0.0005 0.0195± 0.1119 0.0293± 0.1563 0.0169± 0.1093

Table S11. Mean probability and ± one standard deviation of classification for clade
C1, plastid, and P. chromatophora chromatophore genome(s) using CYANO-MLP[!C1].
Clade A B1 B2+3 C3 E F G

Clade C1 0.0160± 0.0558 0.0229± 0.1193 0.0002± 0.0005 0.0259± 0.0350 0.0813± 0.1950 0.0916± 0.2202 0.7620± 0.3115
Plastid 0.0474± 0.1969 0.0001± 0.0012 0.9431± 0.2190 0.0004± 0.0039 0.0005± 0.0072 0.0034± 0.0453 0.0051± 0.0653
P. chromatophora 0.1244 0.0729 0.0001 0.2040 0.0027 0.1101 0.4858

Table S12. Mean probability ± one standard deviation of classification for B1 and
plastid genomes using CYANO-MLP[!B1] and CYANO-MLP-BAL[!B1].

CYANO-MLP Version A B2+3 C1 C3 E F G

Clade B1 Genomes

CYANO-MLP[!B1] 0.3918± 0.4577 0.2015± 0.3671 0.0000± 0.0000 0.0008± 0.0020 0.0650± 0.2088 0.3379± 0.4463 0.0030± 0.0058
CYANO-MLP-BAL[!B1] 0.3085± 0.4256 0.4386± 0.4759 0.0000± 0.0000 0.0000± 0.0001 0.0646± 0.2011 0.0635± 0.2357 0.1249/pm0.3062

Plastid Genomes

CYANO-MLP[!B1] 0.7925± 0.3663 0.1612± 0.3312 0.0009± 0.0128 0.0000± 0.0002 0.0377± 0.1611 0.0027± 0.0349 0.0049± 0.0368
CYANO-MLP-BAL[!B1] 0.0770± 0.2439 0.8622± 0.3159 0.0000± 0.0000 0.0000± 0.0002 0.0034± 0.0502 0.0465± 0.1742 0.0108± 0.0968
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Table S13. Mean probability of classification for plastid genomes and probability of
classification for P. chromatophora using CYANO-MLP-BAL.
Group A B1 B2+3 C1 C3 E F G

Plastids 0.0536± 0.1873 0.0038± 0.0179 0.8383± 0.3133 0.0005± 0.0014 0.0009± 0.0017 0.0192± 0.0605 0.0032± 0.0457 0.0804± 0.2320
P. chromatophora 0.0000 0.0000 0.0000 .9999 0.0000 0.0000 0.0000 0.0000

Table S14. Mean probability ± one standard deviation of classification for plastid
genomes using CYANO-MLP[AB1B2+3] and CYANO-MLP-BAL[AB1B2+3].

CYANO-MLP Version A B1 B2+3

CYANO-MLP[AB1B2+3] 0.4624± 0.4404 0.0021± 0.0362 0.5355± 0.4413
CYANO-MLP-BAL[AB1B2+3] 0.2767± 0.3687 0.0153± 0.0873 0.7080± 0.3767
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Figure S21. Box plot of maximum classification probability of each plastid genome.
Error bars are the lesser of 1.5 IQR or full range of data.
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Table S15. Results of the posterior predictive analyses presented as z-scores.

Data Model Recoding PPA-Div PPA-MAX PPA-Mean

Shih LG+4G None 64.3264 308.247 112.4
CAT-GTR+4G None 3.48296 199.277 125.469
CAT-GTR+4G Dayhoff6 -2.41113 276.471 76.2146
CAT-GTR+4G KGB6 -1.54966 183.227 75.4934
CAT-GTR+4G SR6 -3.4146 272.776 75.4335

Ponce LG+4G None 102.301 57.7857 178.858
CAT-GTR+4G None 4.10787 41.3374 142.932
CAT-GTR+4G Dayhoff6 -2.18521 16.1799 25.4514
CAT-GTR+4G KGB6 -1.01998 8.22212 29.0685
CAT-GTR+4G SR6 -1.86252 11.4145 27.5351

Ochoa D11 LG+4G None 27.8436 56.6042 49.6017
CAT-GTR+4G None 1.78031 56.2285 55.5332
CAT-GTR+4G Dayhoff6 -0.391998 14.0614 13.6587
CAT-GTR+4G KGB6 -0.242077 32.7976 20.3679
CAT-GTR+4G SR6 -0.449035 27.7049 16.1347
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