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Fan et al. challenge the finding that mitochondria represent a sister group to 20 Alphaproteobacteria1, arguing that support for this position can be explained by 21 unreliable site removal methods and outgroup attraction. The authors chose to reduce 22 compositional heterogeneity by replacing AT-rich Rickettsiales and mitochondria with 23 GC-rich alternatives and attempted to attenuate long branch attraction (LBA) effects by 24 removing all fast-evolving lineages but one. The study suggests that mitochondria form a 25 sister clade to Rickettsiales, within the 'Alpha-II' clade. Here, we show that the association 26 with Alpha-II is an artefact caused by a problematic taxon and that residual support for 27 Rickettsiales-sister can be explained by convergent evolution of the selected 28 mitochondria and Rickettsiales towards high %GC. We further argue that site removal 29 methods are in fact reliable and that outgroup attraction is unlikely to explain the 30 Alphaproteobacteria-sister tree. 31 

 32 The phylogeny key to Fan et al's hypothesis2 was inferred from a phylogenomic dataset 33 in which the AT-rich Rickettsiales and mitochondria were replaced with GC-rich 34 alternatives and all other fast-evolving lineages were removed. Here, mitochondria 35 branched sister to Rickettsiales within the so-called Alpha-II group (comprising 36 MarineAlpha3, -9, -11, -12 and the Rhodospirillaceae) (Fan et al. - Figure 37 3h/Supplementary Figure 35b). When observing that Rickettsiales-sister was preserved 38 after removing the most heterogeneous sites (Fan et al. - Supplementary Figures 37b-39 41b), it was concluded that this topology likely reflected historical signal. We have several 40 major concerns with this conclusion.  41 First, the link between mitochondria and Alpha-II is most likely an artefact 42 (Supplementary Text 1): mitochondria branching within Alpha-II is not recovered in 43 most other analyses that include both groups (Fan et al. - Figure 3b-3f/Supplementary 44 Figures 31b-34b),  and disappears as soon as the top biased sites are removed (Fan et al 45 - Supplementary Figure 37b-40b).  46 Second, the phylogenomics dataset on which these phylogenies were based lacked 47 signal important to resolving the placement of mitochondria. We found it included four 48 paralogs and was missing twenty orthologs (Supplementary Text 2). One marker gene in 49 particular was missing nine orthologs, including all five Rickettsiales representatives 50 (Supplementary Figure 1). After we removed the paralogs and added the missing 51 orthologs, three out of four Bayesian chains and the maximum likelihood inference 52 



recovered markedly different trees in which the artefactual Alpha-II relationship was no 53 longer observed (Supplementary Figure 5-9). The fact that three out of our four chains 54 resolved the artefact, but none of Fan et al's four chains did, strongly suggests that the 55 update of the phylogenomics dataset added critical phylogenetic signal. 56 Third, the dataset includes MarineAlpha9 Bin5, a problematic taxon that attracts 57 mitochondria into Alpha-II (Supplementary Text 3). MarineAlpha9 Bin5 has previously 58 been associated with phylogenetic artefacts1 and we suspected it was responsible for the 59 artificial Alpha-II relationship. Indeed, once we had removed this taxon from the updated 60 dataset all four Bayesian chains converged to the same tree in which mitochondria 61 branched away from Alpha-II as a sister group to Rickettsiales ('Rickettsiales-sister'; 62 Supplementary Figure 10,11).   63 Fourth, the internal branches in Fan et al's key phylogeny (Fan et al. - Figure 64 3h/Supplementary Figure 35b) leading to the mitochondria, Rickettsiales and outgroups 65 were relatively long and possibly make the tree inference more susceptible to LBA 66 artefacts. The branches leading to mitochondria and Rickettsiales are long because of 67 their very narrow phylogenetic scope: only the Embryophyta and Anaplasmataceae were 68 sampled, respectively. The branches leading to the outgroups are long because of the lack 69 of MarineProteo1 and the poor representation of Magnetococcales and 70 Gammaproteobacteria. We also noticed that several deep-branching but "slow-evolving" 71 alphaproteobacteria (see Methods) that may be important were missing. To make the 72 tree inference less susceptible to LBA, add potentially important phylogenetic 73 information and make the dataset as a whole more representative of mitochondria 74 related lineages, we broke the long branches by supplementing the updated dataset with 75 the most GC-rich representatives of other mitochondrial and rickettsial lineages, as well 76 as the aforementioned outgroup lineages and deep-branching alphaproteobacteria. The 77 main relationships and the Rickettsiales-sister topology remained broadly unaffected 78 (Supplementary Figures 20, 21), suggesting that the long internal branches in the original 79 analysis did not contribute to LBA artefacts.  80 Finally, Fan et al do not investigate whether the observed support for the 81 Rickettsiales-sister could be explained by convergent evolution towards high %GC in 82 their selected mitochondria and Rickettsiales. Organelles and endosymbiotic bacteria 83 generally evolve towards more AT-rich genomes3,4 and this is typically true for 84 mitochondria6 and Rickettsiales5 as well. Given that GC-rich Rickettsiales and 85 



mitochondria are rare and phylogenetically flanked by AT-rich close relatives, it is highly 86 plausible that the chosen taxa did not retain the GC-rich composition of their free-living 87 ancestors as was assumed by Fan et al (Figure 1a) but rather had an independent AT-rich 88 past (Figure 1b). If so, convergent evolution towards GC-rich compositions may have 89 induced false support for a Rickettsiales-sister relationship.  To test whether this is the 90 case, we would need to remove all those sites that have been affected by this convergent 91 evolution (biased sites) but keep all sites that have not (unbiased sites). If support for 92 Rickettsiales-sister falls or is replaced by another strongly supported topology, support 93 for Rickettsiales-sister can be attributed to convergent evolution. Fan et al use the χ2-94 score strategy to estimate which sites are biased. When using AT-rich mitochondria and 95 Rickettsiales alongside generally more GC-rich alphaproteobacteria, this is a sound 96 strategy (see also Supplementary Text 5). Sites biased by convergent evolution towards 97 AT-richness contribute much to the overall compositional heterogeneity of the data and 98 are easily recognized (Figure 1c). When using GC-rich mitochondria and Rickettsiales, 99 however, sites biased by a secondary shift to GC-richness contribute relatively little to 100 overall heterogeneity and will be less efficiently recognized. As a result, many biased sites 101 remain and lend false support to a Rickettsiales-sister tree. To better estimate the sites 102 biased by an AT-rich past, we applied the χ2-score strategy on the supplemented dataset 103 in which the GC-rich mitochondria and Rickettsiales were replaced with gene-rich and 104 AT-rich alternatives (see Methods). As explained above, sites biased by the ancestral shift 105 towards AT-richness will be among the most heterogeneous. Because the GC-rich and AT-106 rich mitochondria and Rickettsiales share this ancestral shift in their respective histories 107 (Figure 1b), we can infer that sites of the original "GC-rich" dataset homologous to the 108 most heterogeneous sites of the "AT-rich" dataset are more likely to be biased by an AT-109 rich past. When removing up to 10% of these sites, ML and Bayesian inferences yielded 110 Rickettsiales-sister trees with significant support (Supplementary Figures 32-35). Yet, 111 from 20% removal onwards, support for Rickettsiales-sister dropped substantially and 112 was exceeded by (albeit not significant) support for Alphaproteobacteria-sister 113 (Supplementary Figures 36-41; Supplementary Table 2). Importantly, the support 114 dropped substantially more compared to the previous site removal assays despite 115 removing the same number of sites. This result cannot be explained under a Rickettsiales-116 sister tree in which the mitochondria and Rickettsiales retained the ancestral %GC. In 117 that case, all sites are expected to be unbiased (Figure 1c) and removing the same number 118 



of sites, regardless of which they are, should yield approximately the same support for 119 the Rickettsiales-sister tree. This strongly suggests that at least some of the support for 120 Rickettsiales-sister that we observed in trees of the supplemented dataset can be 121 explained by convergent evolution in the selected mitochondria and Rickettsiales. 122 We conclude that support for a mitochondrial sister relationship with 123 Rickettsiales within the Alpha-II group can be explained by the combination of a 124 suboptimal phylogenomics dataset, a long branch attraction induced by MarineAlpha9 125 Bin5, and convergent evolution towards high %GC. After accounting for these issues, the 126 dataset harbors too little signal to confidently resolve the origin of mitochondria.  127 
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Figure legends 130  131 

Figure 1 | The position of mitochondria and evolution of sequence compositions according to Fan et 132 
al's hypothesis (a) and the alternative hypothesis considered here (b). Selection of either GC-rich or 133 
AT-rich mitochondria and Rickettsiales affects site removal and tree inferences in different ways 134 
depending on the underlying tree (c). Under Fan et al's hypothesis, if AT-rich mitochondria and 135 
Rickettsiales are selected, then sites biased by an AT-rich past would be efficiently identified by the χ2-136 
score site removal strategy and the remaining unbiased sites are expected to support a Rickettsiales-137 
tree. If GC-rich representatives are selected instead, then there would be little-to-no biased sites as no 138 
compositional shifts occurred in their evolutionary history. Thus, sites remaining after site removal are 139 
expected to always support a Rickettsiales-sister tree. Under the alternative hypothesis, if AT-rich 140 
mitochondria and Rickettsiales are selected, then sites biased by an AT-rich past would be efficiently 141 
identified by the χ2-score site removal strategy and the remaining unbiased sites are expected to 142 
support an Alphaproteobacteria-sister tree. If GC-rich representatives are selected instead, then sites 143 
biased by an AT-rich past would be less efficiently identified by the χ2-score site removal strategy and 144 
biased sites that support a false Rickettsiales-sister tree remain. GC-rich taxa and lineages are 145 
indicated in red, AT-rich taxa and lineages in blue. Hypothetical ancestral compositional shifts are 146 
indicated with a black arrow. 147 
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