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Plastids, the photosynthetic organelles, originated >1 billion y ago
via the endosymbiosis of a cyanobacterium. The resulting proliferation of primary producers fundamentally changed global ecology.
Endosymbiotic gene transfer (EGT) from the intracellular cyanobacterium to the nucleus is widely recognized as a critical factor in the
evolution of photosynthetic eukaryotes. The contribution of horizontal gene transfers (HGTs) from other bacteria to plastid establishment remains more controversial. A novel perspective on this
issue is provided by the amoeba Paulinella chromatophora, which
contains photosynthetic organelles (chromatophores) that are only
60–200 million years old. Chromatophore genome reduction entailed
the loss of many biosynthetic pathways including those for numerous amino acids and cofactors. How the host cell compensates for
these losses remains unknown, because the presence of bacteria in
all available P. chromatophora cultures excluded elucidation of the
full metabolic capacity and occurrence of HGT in this species. Here
we generated a high-quality transcriptome and draft genome assembly from the first bacteria-free P. chromatophora culture to deduce rules that govern organelle integration into cellular metabolism.
Our analyses revealed that nuclear and chromatophore gene inventories provide highly complementary functions. At least 229 nuclear
genes were acquired via HGT from various bacteria, of which only
25% putatively arose through EGT from the chromatophore genome. Many HGT-derived bacterial genes encode proteins that fill
gaps in critical chromatophore pathways/processes. Our results
demonstrate a dominant role for HGT in compensating for organelle genome reduction and suggest that phagotrophy may be a
major driver of HGT.
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horizontal gene transfers (HGTs) from cooccurring intracellular
bacteria also supplied genes that facilitated plastid establishment
(6). However, the extent and sources of HGTs and their importance to organelle evolution remain controversial topics (7, 8).
The chromatophore of the cercozoan amoeba Paulinella
chromatophora (Rhizaria) represents the only known case of
acquisition of a photosynthetic organelle other than the primary
endosymbiosis that gave rise to the Archaeplastida (9). The
chromatophore originated much more recently than plastids
(∼60–200 Ma) via the uptake of an α-cyanobacterial endosymbiont related to Synechococcus/Cyanobium spp. (9, 10). In contrast to heterotrophic Paulinella species that feed on bacteria,
their phototrophic sister, P. chromatophora, lost its phagotrophic
ability and relies primarily on photosynthetic carbon fixation for
survival (11, 12). The chromatophore genome is reduced to
1 Mbp, approximately one-third the size of the ancestral cyanobacterial genome. Genome reduction was accompanied by the
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lastids are photosynthetic organelles in algae and plants that
originated >1 billion y ago in the protistan ancestor of the
Archaeplastida (red, glaucophyte, and green algae plus plants)
via the primary endosymbiosis of a β-cyanobacterium (1, 2).
Subsequently, plastids spread through eukaryote–eukaryote (i.e.,
secondary and tertiary) endosymbioses to other algal groups (3).
The resulting proliferation of primary producers fundamentally
changed our planet’s history, allowing for the establishment of
human populations. Plastid evolution was accompanied by a
massive size reduction of the endosymbiont genome and the
transfer of thousands of endosymbiont genes into the host nuclear
genome, a process known as endosymbiotic gene transfer (EGT)
(4). Proteins encoded by the transferred genes are synthesized in
the cytoplasm and many are posttranslationally translocated into
the plastid through the TIC/TOC protein import complex (5).
EGT is widely recognized as a major contributor to the evolution
of eukaryotes, and in particular the transformation of an endosymbiont into an organelle. More recently, it was proposed that
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generate the transcriptome and genome data discussed here. The
P. chromatophora transcriptome dataset comprises 49.5 Mbp of
assembled sequence with a contig N50 of 1.1 kbp. These contigs
encode homologs of 442/458 (97%) of the core eukaryotic proteins
in the Core Eukaryotic Genes Mapping Approach (CEGMA)
database (16). Preliminary analyses indicate that the nuclear genome has a surprisingly large estimated size of ∼9.6 Gbp (Fig. S1
and Materials and Methods). Thus, despite generating 147.4 Gbp of
data from paired-end and mate-pair libraries (Materials and
Methods), our initial assembly remained highly fragmented (N50 of
711 bp). All contigs >15 kbp in size were chromatophore- or
mitochondrion-derived sequences. A potentially circular contig of
47.4 kbp with an average read coverage of 12,903× (0.82% of total
genomic mapped reads) was identified as the complete, or nearly
complete, P. chromatophora mitochondrial genome (Fig. S2). This
contig contains 22 protein-coding genes, 27 tRNAs, and two (large +
small) ribosomal RNA subunits.

complete loss of many biosynthetic pathways, including those for
various amino acids and cofactors. In other pathways, genes for
single metabolic enzymes were lost (13). How the host compensates for the loss of metabolic functions from the chromatophore remains unknown. Previous studies identified >30
nuclear genes of α-cyanobacterial origin that were likely acquired
via EGT from the chromatophore (14–16). However, most of these
genes encoded functions related to photosynthesis and light adaptation and do not seem to complement gaps in chromatophore-encoded
metabolic pathways. Three EGT-derived genes that encode the
photosystem I (PSI) subunits PsaE, PsaK1, and PsaK2 were shown to
be synthesized on cytoplasmic ribosomes and traffic (likely via
the Golgi) into the chromatophore, where they assemble with
chromatophore-encoded PSI subunits (17). Even though details of the
protein translocation mechanism remain to be elucidated, these findings demonstrate that cytoplasmically synthesized proteins can be
imported into chromatophores. Owing to the large number of bacteria
associated with P. chromatophora in all available laboratory cultures,
the full metabolic capacity of P. chromatophora is unknown and the
occurrence of HGTs remains uncertain because of the inability to
distinguish genes from contaminating bacteria from true HGT.

Chromatophore and Host Genomes Encode Complementary Functions.

Metabolic reconstruction of the amoeba gene inventory revealed
the presence of genes for many metabolic pathways on the nuclear
genome that were originally also present on, but then lost from, the
chromatophore genome (e.g., Met, Ser, Gly, and purine biosynthesis; Fig. 1A and Figs. S3 and S4). In other instances, gaps in
chromatophore-encoded pathways are filled by proteins encoded on
the nuclear genome (e.g., Arg, His, and aromatic amino acid biosynthesis; Fig. 1B and Fig. S3). Interestingly, chromatophore genome
reduction also involved the loss of genes essential for bacteria-specific
functions that cannot be replaced by eukaryotic genes. One such
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Fig. 1. Metabolic pathways and DNA replication in P. chromatophora. The distribution of chromatophore-encoded (within green rectangles) and nuclearencoded genes is shown, although the subcellular localization of the gene products is unknown. Numbers associated with chromatophore-encoded enzymes
are locus tags for the respective genes (e.g., 1234 represents PCC_1234). Pale lettering/arrows indicate that the gene is missing from the chromatophore
genome or absent in nuclear transcriptome data. Circles and rectangles adjacent to the enzymes indicate their phylogenetic origin and targeting prediction
(TargetP prediction; mTP and SP predictions with a reliability class <3 are shown), respectively; they are defined immediately below the figure. Multiples of
the individual symbols represent the presence of multiple protein versions encoded by the transcript dataset. 3-PGA, 3-phosphoglycerate; PII, the PII nitrogensensing protein (see text); PEP, phosphoenolpyruvate; SSB, single-strand binding protein. The pathways shown are for the synthesis of serine and methionine (Ser,
Met, A), arginine (Arg, B), peptidoglycan (C) and the precursor of aromatic amino acids (chorismate) and cysteine (Cys, E) as well as for DNA replication (D).
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EVOLUTION

To deduce the rules that govern organelle integration into cellular metabolism, we focused on exploring the extent of HGT in
P. chromatophora and the putative functions of proteins derived
from HGT. For this purpose, we established a bacteria-free (i.e.,
axenic) culture of P. chromatophora. These cells were used to
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Results and Discussion
Transcriptome and Genome Datasets from Axenic P. chromatophora.

“lost” gene encodes UDP-N-acetylmuramoyl-tripeptide:D-Ala-D-Ala
ligase (MurF), which ligates the dipeptide D-Ala-D-Ala to the growing
peptide side chain of peptidoglycan monomers (Fig. 1C). All
remaining steps of peptidoglycan biosynthesis are encoded on the
chromatophore genome. Intriguingly, analysis of the P. chromatophora
transcriptome dataset revealed the presence of a nuclear-encoded
MurF of β-proteobacterial origin (Figs. 1C and 2A).
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DCRGFNITIPHKE WLGTNTDVEGFINSL VILGCGGSARA DLIYTPRPTVLLKKSAERG-FICIDGLEMLVEQGA P. chromatophora chromatophore
GGVGLNVTSPFKE LKGCNTDGVGLVNDL LLVGAGGAAKG DMTYSVVPTSFMRQAQQDGATHVSDGLGMLVGQAA P. chromatophora nuclear
GGQGLNVTVPFKQ LQGCNTDGVGLVNDL LLVGAGGAARG DMVYGARPTPFMRQARADGAALTADGLGMLVGQAA Bordetella avium
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Fig. 2. Phylogeny of HGT-derived genes in P. chromatophora. Maximum likelihood phylogenetic trees from amino acid alignments of (A) MurF, (B) PolA, (C)
LigA, and (D) AroE. Numbers at the branches represent bootstrap values. Color code: purple, α-; black, β-; and gray, γ-proteobacteria; blue, α-; and green,
β-cyanobacteria; orange, thermodesulfobacteria; pink, Eukarya; and red, P. chromatophora. (E) Portion of amino acid alignment of nuclear and chromatophore-encoded copies of P. chromatophora AroE with proteobacterial and cyanobacterial sequences. The tree (left) represents “species” phylogeny
based on the ribosomal operon. The lineages are marked as follows: green, S. elongatus; pink, marine Synechococcus clade; blue, Prochlorococcus clade;
orange, Cyanobium clade; red, P. chromatophora (nuclear and chromatophore genes); black, β-; and gray, γ-proteobacteria.
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Spliced Leader Sequences and Introns Confirm Nuclear Origin of HGT
Genes. Validation of the nuclear origin of P. chromatophora HGT

candidates is provided by the presence of a conserved 20-nt
transspliced leader (SL) sequence on many of these transcripts.
The biological function of SLs is not well understood but they
are found at the 5′ terminus of mature mRNAs in a phylogenetically diverse group of organisms including euglenozoans,
cnidarians, chordates, nematodes, and dinoflagellates (20), but
to our knowledge they have not previously been reported from
Rhizaria. Of the 17,801 unique nuclear transcripts with an assigned
function, 4,649 (26.1%) contained the SL sequence CGGATAWTCCKGCTTTTCTG or a 5′-truncated version of this sequence
(but at least CTTTTCTG) within the first 40 nt and usually at the
5′ terminus (Fig. S6). Because RNA sequencing generally results
in poor assembly at the 5′ends of transcripts, we expect that the
actual fraction of transcripts carrying a SL at their 5′ end is much
higher. As expected, SLs were absent from all chromatophoreand mitochondrion-derived transcripts. Of the presumed HGTderived cDNA contigs, 32% contained an SL (Dataset S1). For
the other presumed HGT-derived transcripts, we searched for
spliceosomal introns in the corresponding genomic contigs. Using both of these approaches we were able to confirm the nuclear
origin for 162 of the 171 genes derived via HGT (Dataset S1).
Chromatophore-Related Functions of HGT Genes. Adaptive HGTs
from bacteria have been reported from diverse eukaryotic lineages (e.g., refs. 21–25). Thus, it is likely that some HGT candidates represent ancient transfers to the nuclear genome that are
not related to chromatophore function. However, none of the
P. chromatophora HGTs was present in the partial P. ovalis dataset,
and many encode proteins that fill specific gaps in chromatophoreencoded metabolic pathways [e.g., D-Ala-D-Ala ligase MurF (Figs.
1C and 2A), a DNA polymerase I (PolA) responsible for removal
of RNA primers and filling in the resulting gaps during DNA
replication, a DNA ligase (LigA) that seals DNA nicks (Figs. 1D
and 2 B and C), and a serine O-acetyltransferase CysE (Fig. 1E)].
Nowack et al.

Eight bacterial genes of non-α-cyanobacterial provenance function
in bacterial cell wall biosynthesis or division, whereas 25 are associated with the processing of genetic information. Twelve HGTs
encode transporters that might facilitate metabolite or ion exchange between the chromatophore and the P. chromatophora
cytoplasm (Fig. S5 C and D and Dataset S1). For example, a gene
encoding a putative Gly/Ala Na+ symporter may be involved in
shuttling cytoplasmically synthesized Gly and Ala into the chromatophore, which lacks genes encoding the pathways for Gly and
Ala biosynthesis (Fig. S3).
A lack of biochemical data makes it impossible to predict the
subcellular localization of nuclear-encoded, and in particular,
HGT-derived proteins. However, the functional complementarity of nuclear and chromatophore-encoded proteins provides a
reasonable basis for our speculation that, similar to the case of
the EGT-derived photosynthesis polypeptides PsaE and PsaK,
nuclear-encoded HGT-derived proteins are imported into the
chromatophore to rescue lost gene functions. In this context it is
interesting that a highly conserved glnB gene is present on the
chromatophore genome (Fig. 1B and Fig. S7). This gene encodes
the PII nitrogen-sensing protein that regulates arginine biosynthesis through interactions with the N-acetyl glutamate kinase
(ArgB) (26), which is encoded on the nuclear genome and derived via HGT from a planctomycete donor. For transcripts that
included the full-length N terminus of the encoded protein, as
indicated by either the presence of an SL sequence or an inframe stop codon upstream of the presumable start methionine,
the occurrence of potential N-terminal targeting sequences was
analyzed using TargetP 1.1 in nonplant mode (27) (Fig. 1 and
Figs. S3 and S4). For the enzymes that catalyze the first steps in
the arginine biosynthetic pathway (ArgJ, ArgB, and ArgC), as for
PsaE and PsaK (17), no N-terminal presequences were predicted. For the last two enzymes of the arginine biosynthetic
pathway, ArgG and ArgH, a mitochondrial targeting peptide
(mTP) was predicted. TargetP predictions of mTPs and signal
peptides (SPs) seem accurate for P. chromatophora based on the
finding that most enzymes of the TCA cycle and typical ER
proteins yield high confidence mTP or SP predictions, respectively (Table S1). Thus, it is likely that some HGT-derived proteins not predicted to contain an mTP or SP are targeted to the
chromatophores where they replace lost functions, or play a role
in host/chromatophore metabolic integration. However, in other
cases the proteins for a given metabolic pathway may be partitioned
between the cytoplasm and chromatophore and the connectivity
of the pathway established by metabolite exchange between the
two compartments.
Presymbiotic Interbacterial HGT vs. Postsymbiotic Bacteria to
Eukaryote HGT. Eukaryotic genomes are widely known to con-

tain many genes of bacterial origin (28) that are usually attributed to mitochondrion and plastid endosymbiosis. The diverse
phylogenetic origins of these bacterial genes is explained by the
fluid genome composition of prokaryotes (8) that resulted in
chimeric (presymbiotic) genomes in the donor lineages (29, 30).
The observed bursts in HGT frequency that coincide with organelle
acquisition in eukaryotes support this interpretation (8). Is this the
case in P. chromatophora? Do the many bacterial gene transfers we
observed have their origins in a highly chimeric α-cyanobacterial
genome of the endosymbiont? Alternatively, did these foreign genes
arise via EGT from the existing mitochondrial endosymbiont? The
second explanation can be largely excluded on two counts: (i) The
P. chromatophora HGT candidates are not found in other eukaryotes, all of which share the same mitochondrion, and (ii) many of
these HGTs seem to specifically fill gaps in chromatophore pathways.
Therefore, it is not reasonable to assume that a mitochondrionderived murF gene was maintained over hundreds of millions of
years even though there was no need for peptidoglycan synthesis.
PNAS | October 25, 2016 | vol. 113 | no. 43 | 12217
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in at least 229 bacterium-derived genes (Materials and Methods
and Dataset S1). Only 58 (or 25%) of these genes are of α-cyanobacterial origin, and thus potentially chromatophore-derived,
although we cannot exclude the possibility that some may also
have arisen via HGT from related cyanobacterial lineages. Most of
the remaining 171 HGTs are affiliated with other bacteria, with 64
being confidently assigned to a specific donor bacterial lineage and
two for which an HGT or EGT origin could not be unambiguously
determined (Fig. S5 A and B and Dataset S1). For 52 other genes
there was not sufficient bootstrap support (i.e., ≥80%) to establish
affiliation with a particular bacterial clade, or the sequences
originated at the base of a particular lineage, indicating a likely
donor group, but with lower confidence. The remaining 53 bacterial genes could not be assigned to a specific clade due to frequent HGTs among these taxa. Nonetheless, these latter genes
likely arose via HGT because similar genes are absent in other
eukaryotes or α-cyanobacteria (Fig. S5 A and B and Dataset S1).
Therefore, our results suggest a predominance of HGT over EGT
in the evolution of the P. chromatophora photosynthetic lineage.
We hypothesize that this result is explained by the fact that
P. chromatophora has a phagotrophic ancestry that facilitated the
HGT ratchet. Analysis of a partial nuclear genome sequence from
wild-caught cells of Paulinella ovalis, a phagotrophic sister lineage
of P. chromatophora, revealed the presence of various bacterial
DNA sequences that were likely derived from food vacuoles (18).
This partial genome dataset also revealed nuclear genes of
α-cyanobacterial origin (e.g., a diaminopimelate epimerase gene),
suggesting that in addition to EGT phagotrophy can lead to HGT
in the Paulinella lineage, as previously hypothesized (19). These
results can also be the consequence of the uptake of DNA from
the environment by transformation or by viral transduction.

To evaluate the first, more intriguing, scenario we used
phylogenomics to determine how many of the 867 protein-coding
genes still retained on the chromatophore genome had an HGT
(i.e., non-α-cyanobacterial) origin. This analysis demonstrated
that 848/867 (97.8%) of the chromatophore-encoded genes
are placed unambiguously as sister to, or nested within, the
α-cyanobacteria group and therefore are not the result of interphylum HGT. There is a single gene (PCC_0175, a YGGT family
membrane protein) for which a noncyanobacterial origin is supported by a bootstrap value ≥80%. This implies that if lineagespecific HGT-derived genes were present in the chromatophore
ancestor, they primarily had nonessential functions that did not
survive endosymbiosis. Consistent with these findings is the observation that although cyanobacterial genomes are well known to undergo
frequent HGTs (29, 31) (i) HGT rates in the Prochlorococcus/
Synechococcus clade are the lowest among cyanobacteria (29) and
(ii) a detailed comparative genomic study of Prochlorococcus spp.
and marine Synechococcus spp. revealed a core set of 1,273 genes
present in 12 Prochlorococcus species (32). Genes in the core
genome encode essential functions including enzymes involved in
central carbon metabolism and amino acid and chlorophyll biosynthesis. The larger, less widely distributed component of this
pan-genome encodes functions that may relate to niche specificity
and that are nonessential under optimal growth conditions.
Genes such as argB, murF, polA, cysE, and aroE (discussed here;
Fig. 1) are part of the core genome and are present in all 12
Prochlorococcus and 4 Synechococcus strains analyzed (32). In
addition, the first β-cyanobacterium branching outside of the
α-cyanobacteria, Synechococcus elongatus, contains the cyanobacterial
version of these genes (Fig. 2E and Fig. S8), suggesting that the ancestor of the chromatophore also encoded cyanobacterial homologs of these genes. These results support our hypothesis that the
P. chromatophora host cell acquired the many bacterial genes that we
identified primarily through postendosymbiotic HGT, and not EGT
from a highly chimeric endosymbiont genome. Finally, we note
that insects such as mealybugs that harbor nutritional, bacterial
endosymbionts with highly reduced genomes have also gained
bacterial genes through HGT. Similar to the situation observed for
P. chromatophora, the insect HGT-derived genes seem to complement functions lost from the symbiont genome (33).

(LepA) (Dataset S1). This potential intermediate replacement
state was also identified for EGT-derived genes (15). Once the
introduced nuclear gene attains targeting capabilities, the copy
of the gene fixed or lost in each case of “gene duplication” via
HGT or EGT cannot be predicted with confidence. However,
the gene transfer ratchet model described by Doolittle (19) (and
our data) predicts that over evolutionary time an increasing
number of organelle genes will be lost in favor of nuclear copies.
Additional genome data from phagotrophic Paulinella species
will provide insights into which HGT-derived genes predate
endosymbiosis and which may be associated with organelle
evolution.
Conclusion
Whereas most eukaryotic genes are vertically inherited, data are
accumulating of widespread HGT in eukaryotes that is tied to
adaptation (28). The uptake of a bacterial endosymbiont represents a profound change in lifestyle that requires recalibration of
the host genetic repertoire, a need that can be partially met via
HGT. In addition, the impact of Muller’s ratchet that leads to
endosymbiont genome reduction seems to drive the fixation of
horizontally acquired “compensatory” bacterial genes in the host
genome. Thus, similar to EGT, HGT-derived genes may facilitate integration of the endosymbiont by providing the host
with transcriptional/translational control over chromatophore
metabolic functions, metabolite fluxes between the cytoplasm
and chromatophore, and the processing of genetic information.
Therefore, like EGT, HGT establishes key connections that
enable the host to coordinate host–chromatophore metabolism,
growth, and proliferation. We hypothesize that in P. chromatophora phagotrophy was initially maintained during chromatophore integration (Fig. 3), with the mixotrophic lifestyle setting
the stage for a gene transfer ratchet that facilitated organelle
integration by enabling replacement of chromatophore genes
with genes derived from either EGT or HGT, in addition to the
repurposing of host-derived genes. This is consistent with the
observed bursts in HGT frequencies coincident with plastid and
mitochondrion acquisition (8).
Materials and Methods
Cultivation of P. chromatophora and Generation of Axenic Culture. P. chromatophora CCAC0185 was grown as described previously (17). To generate
an axenic culture P. chromatophora cells were sprayed onto nutrient agar
plates. The axenic culture was obtained from a single bacteria-free
P. chromatophora cell recovered from these plates (for details see SI Materials and Methods).

Intermediates in the Replacement Process. To further test the hy-

pothesis that HGT into the nuclear genome can replace chromatophore genes, we searched for potential intermediates in the
replacement process and found full-length chromatophoreencoded genes with bacterial homologs present in the nuclear
genome (both copies transcribed). Examples are the shikimate
dehydrogenase AroE (Figs. 1E and 2 D and E), an inositol
monophosphatase, and the elongation factor leader peptidase A

heterotrophy

HGT

mixotrophy
bacterial
prey

Generation of Sequencing Libraries and Assemblies. Genomic DNA (gDNA) and
cDNA derived from axenic P. chromatophora cultures were subjected
to Illumina and Nextera library generation and sequencing, resulting in
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EGT

EGT
2

a
1

nucleus

phagotrophic
vacuole

HGT

cyanobacterial
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Paulinella species
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Fig. 3. Evolution of phototrophy from a phagotrophic ancestor in the Paulinella clade. In step 1a a mixotrophic cell evolved by maintaining a α-cyanobacterial endosymbiont and exploiting its photosynthetic ability. Over time, the host targeted proteins to the symbiont and inserted membrane transporters
to gain control over symbiont growth and division, leading to vertical inheritance of the nascent organelle. Step 1b indicates heterotrophic Paulinella species
that did not acquire permanent endosymbionts. In step 2 efficient metabolite exchange led to loss of phagotrophy and relaxed functional constraint on many
chromatophore genes, leading to massive chromatophore genome reduction. Colored sections represent HGT (multicolor) and EGT (green) components of
the nuclear genome; arrow thickness represents prevalence of the particular gene transfer type during different evolutionary stages.
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Estimation of Genome Size. Mapping the Illumina HiSeq data against gDNA
contigs that encode a complete or partial CEGMA core eukaryote protein (n =
78) resulted in an average coverage of 10.05×. With a total amount of 96.2
Gbp of HiSeq data, we arrived at a genome size estimation of 9.57 Gbp.
Mapping the MiSeq data separately (1.81× average coverage of contigs; 17.4
Gbp of data) yields an extremely close estimate of 9.61 Gbp. Estimation of
the genome size through k-mer counts arrived at a similar result (11.45 Gbp).
A histogram of k-mer frequency (number of times a particular 31-mer was
observed) vs. probability approaches an exponential distribution (Fig. S1), as
opposed to an expected normal distribution. This pattern indicates that
despite generating 113.6 Gbp of genome data, our sequence coverage was
derived predominantly from unique or nonoverlapping DNA amplicons and
evidences low-coverage sequencing of an extremely large genome. For more
detail see SI Materials and Methods.

queried via BLASTp (e-value ≤ 1 × 10−5) (34) against a local protein database.
A maximum of 12 species from each taxonomic phylum was selected in
descending order of blast bitscore from the results to a maximum of 150
total species, and the respective sequences were aligned. Maximum-likelihood phylogenies were generated using RAxML v. 8.2 (35) with 100 bootstrap replicates under the LG+G model. The resulting trees were screened
for P. chromatophora + prokaryote monophyly with bootstrap support of
≥70% or for trees containing, besides the P. chromatophora sequence, sequences solely from prokaryotes. After this initial screening, contigs of potential bacterial origin were manually curated. Curated alignments were
then subjected to a second phylogenetic analysis using IQTREE (36) with
2,000 ultrafast bootstrap replicates and automatic model selection. Phylogenetic trees and protein alignments are available at cyanophora.rutgers.
edu/paulinella. For more detail see SI Materials and Methods.

Phylogenomic Pipeline and Screening for HGT from Bacteria. In brief, an initial
phylogenomic analysis was performed as follows. Predicted proteins were
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EVOLUTION

147.4 Gbp gDNA and 4.9 Gbp cDNA raw sequence data. Genome and
transcriptome assemblies were generated as detailed in SI Materials and
Methods. All sequence and assembly data generated in this project can be
accessed via NCBI BioProject PRJNA311736.

