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The evolution of eukaryotic life was predicated on the development of organelles such as
mitochondria and plastids. During this complex process of organellogenesis, the host cell
and the engulfed prokaryote became genetically codependent, with the integration of
genes from the endosymbiont into the host nuclear genome and subsequent gene loss
from the endosymbiont. This process required that horizontally transferred genes
become active and properly regulated despite inherent differences in genetic features
between donor (endosymbiont) and recipient (host). Although this genetic reorganiza-
tion is considered critical for early stages of organellogenesis, we have little knowledge
about the mechanisms governing this process. The photosynthetic amoeba Paulinella
micropora offers a unique opportunity to study early evolutionary events associated with
organellogenesis and primary endosymbiosis. This amoeba harbors a “chromatophore,”
a nascent photosynthetic organelle derived from a relatively recent cyanobacterial associa-
tion (∼120 million years ago) that is independent of the evolution of primary plastids in
plants (initiated ∼1.5 billion years ago). Analysis of the genome and transcriptome of
Paulinella revealed that retrotransposition of endosymbiont-derived nuclear genes was
critical for their domestication in the host. These retrocopied genes involved in photo-
protection in cyanobacteria became expanded gene families and were “rewired,” acquir-
ing light-responsive regulatory elements that function in the host. The establishment of
host control of endosymbiont-derived genes likely enabled the cell to withstand photo-
oxidative stress generated by oxygenic photosynthesis in the nascent organelle. These
results provide insights into the genetic mechanisms and evolutionary pressures that
facilitated the metabolic integration of the host–endosymbiont association and sustained
the evolution of a photosynthetic organelle.

primary endosymbiosis j endosymbiotic gene transfer j organellogenesis j high light–inducible j
gene domestication

The evolution of organelles such as plastids and mitochondria had a profound impact
on the history of life on Earth. These events originated through primary endosymbiotic
associations in which a phagotrophic cell engulfed and retained a prokaryote. During
this process, genes are horizontally transferred from the endosymbiont to the host
nuclear genome (1–3). Because of inherent differences between prokaryotic and eukary-
otic gene structure (e.g., presence/absence of introns, differences in cis- and trans-acting
transcriptional elements), horizontally transferred genes usually remain inactive, and
their function and structure erode over time (4). However, some endosymbiont-
derived genes, which can encode functions required for endosymbiont/organelle pro-
cesses, become transcriptionally active and generate proteins that can be routed into
the evolving organelle (5). These “replacement” genes in the host nuclear genome
encode functionally redundant proteins that allow for the loss of the endosymbiont
gene copy. Although the adaptations of these endosymbiont-derived genes to become
functional in their new genomic context of the host nuclear genome are key for the
maintenance of an evolving organelle, the genetic mechanisms and selective pressures
necessary remain largely unknown. This lack of knowledge is primarily a consequence
of the ancient origin of the most well-studied primary organelles, plastids, and mito-
chondria (ca. 1.5 and 2 billion years ago, respectively), which obscures the nature of
the early events in their evolution.
In this work, we analyzed the genome and transcriptome of a genetic model for pri-

mary endosymbiosis, Paulinella micropora KR01 (designated KR01) (6). This amoeba
harbors a nascent photosynthetic organelle (chromatophore) that evolved from an
α-cyanobacterium that was acquired ∼120 million years ago (Mya) through an endo-
symbiotic event. This event was independent of the primary endosymbiosis that led to
the establishment of the canonical Archaeplastida plastid (i.e., in green algae, land
plants, red algae, and glaucophyte algae). Endosymbiont-derived genes involved in pho-
toacclimation and photosynthesis, including those encoding high light (HL)–inducible
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proteins (HLI genes; encoded HLIPs) and photosystem I (PSI)
subunits, were transferred to the host nuclear genome, where
they were duplicated and acquired transcriptional responses to
HL stress that are similar to those in the cyanobacterial donor
(6–8). These genes were lost in the endosymbiont genome but
have likely retained their functions in alleviating the harmful
consequences associated with the absorption of excess light
energy by the photosynthetic apparatus. The light-associated
stress experienced by the host–endosymbiont partnership is
exacerbated by the still incomplete metabolic integration of
their metabolisms, which leads to the production of reactive
oxygen species (ROS) even when the amoeba is exposed to
moderate levels of light (7). This constraint likely resulted in
evolutionary pressure for extensive expansion, reorganization,
and acquisition of light regulatory features associated with the
nuclear established HLI gene family in KR01. The mechanism
of gene expansion and how these genes acquired transcriptional
regulation in response to light stress in the host nuclear genome
is not understood.
Here, we analyzed the features associated with the expansion

of the endosymbiotic gene transfer (EGT)–derived PSAE, PSAI,
and HLI gene families in the nuclear genome of KR01 and the
expression patterns of individual genes in these families (6) to elu-
cidate events required for the establishment and control of their
physiological functions. Our findings show that RNA-mediated
duplications (i.e., retrotransposition) were key for gene family
expansion and the acquisition of transcriptional regulatory ele-
ments that enable these genes to respond to light stress. More-
over, extensive DNA-based duplications of the HLI retrocopied
genes facilitated their domestication in the eukaryotic host and
enabled them to evolve different expression patterns and optimize
their physiological functions, processes critical for the efficient
integration of host-organelle physiologies and energetics.

Results

The assembled genome and RNA sequencing (RNA-seq) data
(6) available for KR01 were analyzed for the presence of
endosymbiont-derived genes in the host genome that were lost
from the genome of the endosymbiont and were regulated by
HL. Of the ∼50 EGT-derived genes (6), we identified three
gene families that met these criteria; these families encode
HLIPs and the PSI subunits PSAE and PSAI. These gene fami-
lies function in photoacclimation and photosynthesis and are
regulated by light conditions in cyanobacteria (9–13). We
hypothesized that these host-controlled genes are likely func-
tional and may be critical for establishing physiological integra-
tion of the photosynthetic ROS-producing endosymbiont with
the host (7). The small size of these proteins (<100 amino acid
residues) likely allows them to enter the chromatophore, where
they perform their function, without the need for a prese-
quence (14, 15). To investigate how these genes were accom-
modated after being transferred to the host nuclear genome, we
analyzed their structure and arrangement on the nuclear
genome and their phylogenetic relationships with orthologous
genes in various cyanobacteria.

Retrotransposition of Genes Encoding PSI Subunits PSAE and
PSAI. The three nuclear copies of PSAE in KR01 (PSAE1,
PSAE2, and PSAE3) encode proteins that are 53%, 46%, and
72% identical, respectively, to PsaE of Synechococcus sp. WH
5701, the cyanobacterium most closely related to the chromato-
phore donor (SI Appendix, Fig. S1). The PSAE1 and PSAE2
sequences are incomplete (their 30 and 50 termini are missing

from the genome assembly, respectively), and they harbor a dele-
tion of seven amino acid residues relative to the orthologous pro-
teins in Synechococcus sp. WH 5701 and Paulinella chromatophora,
a sister lineage to KR01 (SI Appendix, Fig. S1), which suggests
that these gene copies are not under selection and may be
pseudogenes. In contrast, PSAE3 has a high (72%) sequence
identity with the Synechococcus sp. WH 5701 protein, is full
length, and is identical to its ortholog in P. chromatophora.
PSAE3 lacks introns and is associated with a downstream
poly(A) tract and retrotransposon domains (long terminal
repeat [LTR] reverse transcriptase, ribonuclease [RNase] H,
and integrase). These features, which are characteristic of gene
retrocopies (i.e., genes that were duplicated through retrotrans-
position) (16), are not observed for either PSAE1 or PSAE2
[i.e., they contain introns and lack a downstream poly(A) tract
(SI Appendix, Fig. S1 A and C)]. Our observations strongly
suggest that PSAE3 was retrocopied, possibly from PSAE1/
PSAE2 or another EGT-derived ancestral copy of the gene that
was not retained.

There is a single PSAI gene in the KR01 nuclear genome
with multiple exons. However, the region encoding the con-
served domain of the protein is limited to a single exon. This
gene also has a downstream “degraded” poly(A) tract (53% ade-
nine in a 100-nucleotide region; the KR01 genome is, overall,
28.16% adenine) and a retrotransposon-related domain (non-
LTR reverse transcriptase). Despite our inability to detect a
parental PSAI gene in the genome, these observations suggest
that the KR01 PSAI also originated as a consequence of retro-
transposition. The establishment of this retrocopy could have
had a selective advantage over the parental gene, enabling the
loss of the parental gene. This scenario is in accord with previ-
ous findings that showed that more than 90% of retrogenes in
green algae and dinoflagellates are orphans (i.e., their parental
genes are no longer present in the genome) (17, 18). In sum-
mary, it appears that the light-regulated PSAI and PSAE genes
in KR01, exclusively present in the nuclear genome, originated
via retrotransposition

Three Phylogenetic Clades Dominate the KR01 HLI Repertoire.
In the nuclear genome of photosynthetic Paulinella spp., the
HLI genes comprise a large family with dozens of copies (6–8).
Here, we identified 50 HLI copies in KR01, of which four are
pseudogenes (see SI Appendix for further details). Most HLI
genes formed three clades (Fig. 1 and SI Appendix, Fig. S2). For
each of these major clades, cyanobacterial hli members were
found basal to the Paulinella members, which suggests that each
of the Paulinella clades has a distinct polyphyletic origin (i.e.,
they each evolved from a different cyanobacterial ancestral gene
acquired via independent EGT events). However, clades 2 and 3
show low node support (bootstrap [BS] <95%), likely due to
the high divergence and small size of these proteins—particularly
those included in clade 2 (∼46-aa residues)—and thus, these
results must be interpreted cautiously. Nevertheless, we identified
conserved amino acid motifs that are specific for each of the
three major clades and are also present in cyanobacterial sequen-
ces. This result supports the idea that the KR01 HLIs in clades
1, 2, and 3 originated from distinct hlis (SI Appendix, Fig. S3)
that were all likely derived from a close relative of Synechococcus
sp. WH 5701 (which, among all cyanobacteria, encodes proteins
most similar to those in KR01). Clade 1– and 2–specific motifs
were conserved across various cyanobacterial species and, in
some cases, in phylogenetically distantly related members, includ-
ing Synechocystis sp. PCC 6803 and the HL-adapted ecotypes of
Prochlorococcus marinus MIT 9312 (SI Appendix, Table S1). The
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Fig. 1. (A) Simplified trees for each of the main HLI phylogenetic clades. The number of sequences from each isolate in a collapsed clade is shown in paren-
theses; if sequences are from multiple species, it is shown in brackets. The percent values are the calculated node support (using 2,000 ultrafast BSs; see
SI Appendix, Fig. S2 for full maximum likelihood tree and Materials and Methods for full maximum likelihood tree and further details). (B) Nucleotide identity
matrix of HLI gene family in KR01 calculated using Clustal-Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).
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clade 3–specific motif was only found in two hli copies in
Synechococcus sp. WH 5701. Therefore, HLIP proteins associated
with clades 1 and 2 are widespread and often represented as gene
families in cyanobacteria, whereas clade 3 HLIPs appear to be
much less prevalent and have only been identified in the ancestral
lineage of the chromatophore. It is not known how important
these motifs are to HLIP function or structure; however, they are
in some cases present in significantly diverged sequences, suggest-
ing that they have been subject to selection. For instance, the
four members of Synechocystis sp. PCC 6803 (HliA-D), which are
required for growth in HL (9, 19), are highly diverged from the
KR01 HLIPs, and yet they harbor the clade 1– (HliA/B) and
clade 2– (HliC/D) specific motifs. None of these signatures were
found in any of their eukaryotic analogs (LHC superfamily of
proteins) analyzed, but surprisingly, they are present in the
HLIP-related protein SEPx.2 of the glaucophyte Cyanophora
paradoxa (SI Appendix).
For the three major clades, the HLIP sequences clustered

together independently for the two different Paulinella species
(P. chromatophora and P. micropora KR01 and MYN1), sug-
gesting that the HLI genes underwent duplications after species
divergence. Additionally, multiple HLI members clustered into
a minor clade (clade 4) that shows some evidence of duplica-
tion, but to a lesser extent compared to clades 1 to 3; each
Paulinella isolate has only two or three gene members in this
clade (SI Appendix, Fig. S2). Additional clades composed of
Paulinella and cyanobacterial sequences were identified, but
they do not show evidence of gene duplication.

The HLI Gene Family Shows Evidence of Retrotransposition in
KR01. To understand how the HLI gene family expanded in
Paulinella, we analyzed their structure and arrangement in the
KR01 genome. Most HLI gene copies contain a single exon
with only 7/50 containing multiple exons (Fig. 2). Addition-
ally, nearly one-half of them (26 genes) are arranged in pairs in
a divergent or “head-to-head” orientation, as confirmed by
both PCR and Sanger sequencing (see Materials and Methods
for further details). In some cases, unpaired genes were
found to be paired head-to-head with pseudogenes (Fig. 2 and
SI Appendix, Fig. S4; mostly genes from clade 3). We also
identified HLI gene pairs in P. micropora MYN1 (8) and
P. chromatophora (20) (SI Appendix); 74 of the HLI genes
in MYN1 (62% of the 119 total) are in head-to-head orienta-
tion (37 HLI pairs), whereas at least eight HLI genes in
P. chromatophora (22.86% of the 35 genome-based gene mod-
els) are in head-to-head orientation (four HLI pairs). The lower
number of HLI genes identified in the latter species is probably
a consequence of the P. chromatophora assembly being
highly fragmented.
Most of the identified head-to-head pairs are flanked by con-

served repeats; the 30- end of each HLI member of a pair is fol-
lowed by a downstream poly(A) (>20 bp; SI Appendix, Table
S2) and long homopyrimidine tract (∼300 to 3,000 bp), result-
ing in homopyrimidine/purine and poly(A/T) tracts flanking
each pair, as depicted in Fig. 2 A–C. These repeats have been
associated with retrotransposition (21). The presence of these
repeats in the genome was strongly supported by aligned short
and long sequence reads that showed no evidence of misassem-
bles and by their presence in ∼46% of the identified pairs in
MYN1. The long homopyrimidine tracts could not be con-
firmed in the genome of P. chromatophora because of the frag-
mented assembly, but flanking poly(A) tracts were found to be
associated with some of the HLI genes.

Curiously, the two HLI genes comprising each of the pairs
that we identified were never from the same phylogenetic clade.
The different pairs included (i) 12 clade 1/clade 2 pairs; (ii) a
single clade 2/clade 4 pair; and (iii) four “pseudo-pairs” con-
taining a clade 3 member and a pseudogenized HLI gene that
most likely originated as a clade 1 member (Fig. 2E and SI
Appendix, Fig. S4). Most pairs (∼81%), including the pseudo-
pairs, were flanked by the full conserved repeat pattern associ-
ated with retrogenes (21) (Fig. 2B). This pattern was also
observed in some instances where both putative HLI genes had
been pseudogenized, although in these cases the flanking
repeats showed evidence of degradation (SI Appendix, Fig.
S5C). In addition, several HLI genes were contiguous on the
genome with downstream transposon and retrotransposon
sequences, including those encoding reverse transcriptase,
RNase H, and integrase domains (SI Appendix, Table S2).
These observations, together with the single-exon nature of
these genes, strongly suggest that these paired HLI genes are
retrocopies. Almost all of the head-to-head pairs in KR01
showed associated homopyrimidine and poly(A) tracts down-
stream of at least one member of the pairs, and this genetic
arrangement seems to be linked to their retrotransposition.
Some of the nonpaired clade 1, 2, and 3 HLI genes share high
sequence similarity with genes located in pairs and contain down-
stream (and sometimes also upstream) conserved repeats. This
suggests that these unpaired genes were most likely retrocopied;
that is, these genes may have originally been in head-to-head
pairs that were later fragmented, resulting in the loss of the part-
ner genes. Thus, all HLI genes belonging to clades 1 to 4 were
likely generated as head-to-head pairs through retrotransposition
(i.e., they are putative retrocopies). In contrast, HLI gene copies
not in head-to-head pairs and lacking downstream poly(A) and
homopyrimidine tracts, which also sometimes contain introns,
are likely nonretrocopies that are potentially parental to the ret-
rocopies. Alternatively, these are old retrocopies in which the
flanking repeats were lost and introns were gained.

Several pairs in KR01, including their repeat patterns, were
highly similar and, in some cases, found on the same scaffold,
suggesting that they were recently duplicated through a DNA-
mediated mechanism. We identified HLI genes from P. chroma-
tophora in all of the major clades, which suggests that these
sequences were acquired before the divergence of the two Pauli-
nella lineages. However, the Paulinella HLI genes in each clade
group with sequences from the same species (i.e., the HLI genes
within each clade from P. micropora KR01 and MYN1 group
together, and the HLI genes from P. chromatophora group
together) (Fig. 1A). This suggests that the HLI pairs expanded
independently after speciation; however, in both lineages the
clade 1/clade 2 pair represents the most expanded grouping, sug-
gesting they are under similar selective pressures. Within these
pairs, the clade 1 partner is more conserved than the clade 2
partner (Fig. 1B) despite the greater length of the former (73-aa
residues versus 46-aa residues). This suggests that the genes in
these pairs are evolving asymmetrically, likely due to more
relaxed selective constraints on one of the partners (in this case,
the clade 2 member).

EGT-Derived Retrogenes Are Light Responsive. Generally, ret-
rotransposed genes acquire new regulatory elements from
sequences adjacent to the genomic insertion site (22). This pro-
cess provides additional opportunities for gene adaptation
through reshaping of their regulatory responses (23). To deter-
mine the relationship between the EGT-derived retrocopies
identified here and their transcriptional regulation, we analyzed
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Fig. 2. The structure and arrangements of HLI genes in the KR01 genome. (A) Organization of a cluster of HLI genes arranged as three pairs in head-to-
head orientations and flanked by poly(A) (>20 bp) and homopyrimidine tracts (∼300 to 3,000 bp). (B and C) A closeup view of one of the head-to-head pairs
(B) showing the size and orientation of the genes and repeat regions along with the (C) bases that compose the poly(A) and homopyrimidine tracts. (D) A dia-
gram depicting the structure of the different putative HLI retrocopies: The head-to-head pairs are composed of genes from (i) clade 1 and clade 2 (11 pairs
identified in KR01), (ii) clade 2 and clade 4 (one pair), and (iii) clade 3 with a putative pseudogenized HLI gene (four pseudo-pairs). (E) Representation of KR01
scaffolds that contain HLI genes. Discontinuous arrows (in the tracks at the bottom of the panel) indicate the presence of introns (the lighter shaded parts of
the arrows). The gene colors correspond to their phylogenetic clade (shown in the legend in the bottom left corner); poly(A) tails and homopyrimidine tracts
are shown as green and yellow boxes, respectively. The images were generated using Geneious Prime 2020.1.1 (https://www.geneious.com) and then
assembled using Keynote (11.0.1).
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available RNA-seq data for the responses of KR01 to light stress
(6). In KR01, the putative pseudogenes PSAE1-2 are not regu-
lated by HL stress, whereas the identified retrogenes PSAE3
and PSAI respond to HL stress. This suggests that there might
be a link between retrotransposition and transcriptional regula-
tion (e.g., selective advantage) of these retrocopied genes in
response to light-induced stress.
In KR01, 40/50 of the HLI genes are putative retrocopies;

there is no evidence of retrotransposition associated with 10
remaining copies (Fig. 2E). Of the 40 putative HLI retrocopies,
28 (70%) are regulated by HL (Fig. 3 and SI Appendix, Fig.
S6). In contrast, 9 of the 10 putative nonretrocopies are tran-
scriptionally active, with only one that shows differential regu-
lation in response to HL stress (HLI_45) (Fig. 3 and SI
Appendix, Fig. S6). These observations suggest that HLI genes
acquired the capacity for differential transcription in response
to HL stress through retrotransposition. Moreover, the ratio of
substitution rates at nonsynonymous and synonymous sites
(dN/dS ratios) of the two major clades of HLI genes (clade 1
and 2) are lower for the putative retrocopies than for nonretro-
copies, suggesting that the retrocopies are under stronger puri-
fying selection (SI Appendix, Fig. S7). This hypothesis is also
supported by branch lengths in the phylogenetic trees built
from the HLIPs.
Among the HL stress-regulated HLI genes, we identified

three different patterns of transcriptional regulation based on
differential accumulation of the transcripts as the cells transi-
tion from dark to HL relative to their transition from dark to
control/low light (6) (Fig. 3). HLI genes with the “early”
expression pattern show a peak after ∼0.5 h of HL exposure,
which decreases after 6 h; those with the “early-persistent” pat-
tern peak after ∼0.5 h of HL and maintain this expression level

for at least 6 h; those with the “late” pattern peak after ∼6 h of
HL with little or no increase after 0.5 h. Whereas none of the
expression patterns are restricted to a specific HLI clade, early-
persistent is the most prevalent across the four clades. This is
the only pattern present for members in all HLI clades and, in
some cases, for both members of the pair (Fig. 3). These results
suggest that this expression reflects the acquisition of a bidirec-
tional promoter that may be ancestral to the two additional
patterns. We identified two adjacent, nearly identical quasi-
palindromic sequences in the intergenic region of the clade
1/clade 2 HLI gene pairs that may act as a bidirectional pro-
moter (SI Appendix, Fig. S8). Differences in the DNA sequence
near this putative bidirectional promoter were observed that
could explain the distinct expression patterns identified; how-
ever, the impact of these differences will require further experi-
mental confirmation. Notably, the HLI genes that exhibit an
early expression pattern are primarily paired with members of
the family that show a late expression pattern, which might be
caused by transcriptional interference that potentially disrupts
the simultaneous expression of both HLI copies within these
pairs.

Discussion

Establishment of a novel organelle is critically dependent on
the early steps of host–endosymbiont integration, yet we have
little knowledge about the mechanisms that govern this process.
Analyzing chromatophore and nuclear genes in P. micropora,
we provide key insights into the paths and mechanisms by
which endosymbiont/chromatophore genes that have been
transferred to the host nuclear genome are rearranged and
expressed to enable the evolution of an organelle. Here, we

Fig. 3. Expression patterns of HLI genes in KR01 as the cells transitioned from dark to HL conditions, compared to their transition from dark to control light
conditions; patterns based on RNA-seq data from Lhee et al. (6). The transcription categories are Early, peaks at 0.5 h of HL exposure but decreases after
6 h in the light; Early-Persistent, peaks at 0.5 h of and maintains this transcript level for at least an additional 6 h in HL; Late, little or no increase after 0.5 h
of HL with high levels of transcript by 6 h of HL; and Other, no differential expression between HL and control light (or no expression).
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posit that retrotransposition is a major facilitator of these pro-
cesses, contributing to the expansion, reorganization, and
acquisition of light regulation by the endosymbiont-derived
genes in the host.
Phylogenetic analyses revealed that the HLI gene family in

Paulinella has polyphyletic origins. In the common ancestor of
photosynthetic Paulinella spp., multiple hli genes were likely
transferred from the endosymbiont genome to the nuclear
genome of the host (Fig. 4A). Most HLI genes in KR01 are ret-
rocopies and are arranged in pairs positioned in a head-to-head
orientation. The HLI genes in each head-to-head retrogene
pair, despite being homologs, never belong to the same clade
(i.e., they are not recent duplicates of each other), which raises
the question of how the clusters were formed. This head-to-
head gene configuration is uncommon for HLI genes in cyano-
bacteria and cyanophage genomes, where they are often found

in tandem head-to-tail arrangements (24, 25). Therefore, it
seems unlikely that they were transferred to the host in this
arrangement; rather, they were transferred separately and later
rearranged as head-to-head pairs in the host nuclear genome. In
other eukaryotic genomes, retrogenes are sometimes found in a
head-to-head orientation, possibly because inherently bidirec-
tional promoters that are transcriptionally active facilitate the
insertion of transposable elements flanking these active pro-
moters (26, 27). Thus, it is plausible that the HLI gene pairs in
Paulinella were generated through their retrotransposition into
the same genomic position in a divergent orientation, either
simultaneously or stepwise (i.e., the insertion of one gene might
have facilitated the insertion of the other). Alternatively, the
conserved repeats (homopyrimidine tracts) that flank these gene
pairs may have promoted recombination events that led to this
genomic arrangement (28). Regardless of the mechanism

Cyanobacterial endosymbiont/
chromatophore

EGTs

Retro-
transpositions

Paulinella chromatophora

Paulinella micropora

Duplications

Duplications

Clade 1

Clade 2

Clade 3

Pseudogenized

HLI genes

Clade 4

nuclear genome

endosymbiont/chromatophore 
 genome

Heterotrophic
Paulinella

d b / h h

Present

~13 hli genes

~50 HLI genes

50 HLI genes

0 hli genes

Pseudogenization

< 124 Mya 124-60 Mya 60 Mya-Present

EGTs Retro-
transpositions

Duplications

Bidirectional 
promoter  

(host origin)

Degenerated 
bidirectional promoter

"early"

Tr
an

sc
ri

pt
 

ac
cu

m
ul

at
io

n

Max

0.
Time (h)

6 12

Tr
an

sc
ri

pt
 

ac
cu

m
ul

at
io

n

0

Max

Tr
an

sc
ri

pt
 

ac
cu

m
ul

at
io

n

0

Max

constitutiveTr
an

sc
ri

pt
 

ac
cu

m
ul

at
io

n

0

Max

0

A

B

Native promoter 
(endosymbiont origin)

4 HLI pairs

5 HLI genes

Fig. 4. Hypothetical model for the evolution of the HLI gene family in Paulinella. (A) At the early stages of primary endosymbiosis, before the divergence of
P. chromatophora and P. micropora species, different HLI genes were transferred from the cyanobacterial endosymbiont/chromatophore into the host
nuclear genome via independent EGT events. These genes were duplicated and retrotransposed, forming at least three kinds of head-to-head gene pairs
with different HLI gene compositions. After P. chromatophora and P. micropora diverged, the HLI gene pairs were highly duplicated, independently in the two
species (via a DNA-mediated mechanism), resulting in expansion of this gene family. Genes were also lost after transfer to the nuclear genome as a conse-
quence of pseudogenization because they were not effectively expressed and/or not functionally effective. (B) The ancestral EGT-derived HLI genes were
most likely associated with their original promoter and not regulated by stress in the host’s nuclear genome. Different HLI paired retrocopies may have asso-
ciated with or acquired a bidirectional promoter that is inducible by stress, leading to an early-persistent expression pattern through retrotransposition.
Extensive duplications of the HLI pairs and degeneration of this ancestral promoter could have resulted in the evolution of two new expression patterns
that are complementary, partitioning the early-persistent pattern into the more specialized early and late expression patterns.
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underlying the generation of the gene pairs, the finding that the
conserved retrotransposon domains located contiguous to the
retrocopied genes are of eukaryotic origin suggests that the organi-
zation and fixation of these genes were driven by the host.
Furthermore, because this HLI arrangement is found in both
P. micropora and P. chromatophora, it most likely evolved during
the early stages of primary endosymbiosis, predating the diver-
gence of these species (∼60 Mya) and generated at least three dif-
ferent HLI pairs that contain genes from four different HLI clades
(clades 1 to 4) (Fig. 4A). In addition, we found that most of these
retrogenes are differentially regulated in response to HL, whereas
the nonretrogenes are mostly not HL responsive, despite being
transcriptionally active. This observation leads us to hypothesize
that the HLI genes acquired HL-responsive regulatory elements
through retrotransposition. We also found that these HLI retro-
gene pairs were later expanded through DNA-mediated duplica-
tions, independently in the genomes of these two Paulinella
species. This demonstrates a convergent evolutionary path in
which the HL-regulated retrocopies are preferentially retained.
In addition to the HLI retrogenes, we identified active retro-

copies of the EGT-derived PSAE and PSAI genes, supporting our
hypothesis that retrotransposition has facilitated adaptation of the
endosymbiont-derived genes in the amoeba genome. Gene dupli-
cations facilitate adaptation by providing new genetic material for
mutation, drift, and selection to act upon (29). Moreover, the
“copy-paste” mechanism of retrotransposition provides additional
opportunities for the acquisition of host gene promoters with
adaptive regulatory features (30). Thus, we hypothesize that retro-
transposition plays a key role in “rewiring” the expression of pro-
karyotic genes transferred to eukaryotic genomes by replacing
their original promoters, which may not be suitable for expression
in the eukaryotic host, with those of host origin, which may con-
fer appropriate regulatory features. Indeed, we found that most of
the HL-induced HLI genes were generated through retrotranspo-
sition, with most of the nonretrocopies being transcriptionally
active but not HL regulated. Furthermore, the HL-regulated cop-
ies of PSAE3 and PSAI are retrocopies. Consistent with and
broadening this hypothesis are the findings that genes transferred
from bacteria to worm and insect eukaryotic genomes are embed-
ded in a region of DNA enriched in transposon/retrotransposon
elements that may mediate gene duplication events in the host
(4, 31, 32). Moreover, retrotransposition played a role in the
expansion of genes involved in acclimation to stress, which
included bacteria-derived genes, in the cold-adapted green micro-
alga Chlamydomonas antarctica (33). Overall, our data strongly
suggest that retrotransposition of Paulinella genes can generate
multiple gene copies that enable the rewiring of genes and their
regulatory features to sustain host–endosymbiont interactions.
This process provides the foundation for the evolution of addi-
tional molecular changes that favor a more efficient and resilient
primary endosymbiotic association.
Because of its potential to generate deleterious effects, retro-

transposition is suppressed under normal conditions. However,
when organisms face extreme stress, this mechanism can
become active and induce extensive genetic rearrangements that
can lead to more “adaptive” functions and/or the evolution of
novel functions that enhance cell survival (23). For instance,
large-scale retrotransposition events appear to be triggered by
dramatic changes in climate/conditions, resulting in expanded
gene families that facilitate stress acclimation. This process is
also associated with photosynthesis and the establishment of
the symbiosis between cnidarians and their Symbiodiniaceae
endosymbionts (18, 34). Similarly, retrotransposition has been
associated with the adaptation of C. antarctica to cold

temperatures (33). Our results show that the HLI, PSAE, and
PSAI retrogene copies acquired the ability to respond to
HL-induced stress in KR01 during the period in which the endo-
symbiont was transitioning from a free-living organism to a
nascent organelle inside the Paulinella host. Because the photo-
synthetic endosymbiont in Paulinella produces ROS even under
relatively low-light conditions (7) and retrotransposons are
induced by oxidative stress in plants, fungi, and mammals
(35–38), we hypothesize that during the early stages of the inte-
gration of host–endosymbiont metabolisms, the discord between
the metabolisms of two organisms elicited high and sustained lev-
els of ROS production that induced retrotransposon-dependent
gene duplications. These events could have elevated Paulinella
resilience by increasing gene copy number and facilitating altered
regulation of endosymbiont-derived genes critical for acclimation
of the cyanobacterial ancestor of the chromatophore to oxidative
stress.

The finding that HLI gene pairs generated through retro-
transposition in the common Paulinella ancestor were later
expanded independently in each of the two Paulinella species
suggests that the retrocopies conferred an advantage to the host
and were subject to selection. For the evolution of the photo-
synthetic Paulinella spp., an increase in HLI gene dosage could
lessen the potential damaging impact caused by the absorption
of excessive excitation energy/light stress. An increase in copy
number could have also allowed mutations in these genes that
enhance or optimize transcriptional regulation in the host
genome to become fixed, tuning HLI levels to the physiological
conditions. Here, we identified three HLI expression patterns in
response to HL stress: early, late, and early-persistent. Because
all clades of HLI retrocopies show the early-persistent pattern,
this expression pattern was likely ancestral to the other two that
may have evolved later. Interestingly, the combined expression
features of the two putative newly evolved patterns are comple-
mentary to the putative ancestral pattern (i.e., early + late =
early-persistent). The duplication, degeneration, and comple-
mentation model for the preservation of gene duplicates predicts
that mutations in regulatory elements can increase the probabil-
ity of gene preservation, usually by creating more specific gene
functions and patterns of expression by partitioning ancestral
functions rather than evolving new ones (39). Partitioning of
gene expression has been shown in humans and yeast, where it
leads to tissue- or subcellular localization–specific expression
(40–42). Here, we hypothesize that the two newly evolved
expression patterns in KR01 resulted from modification of the
ancestral promoter to allow the “subfunctionalization” of differ-
ent HLI genes—not in space, but in time—allowing the organ-
ism to more effectively cope with different features of light stress
(e.g., photosystem damage during initial light stress versus ROS
accumulation after prolonged HL exposure) (Fig. 4B). These opti-
mization steps could reduce the oxidative stress generated by the
nascent organelle and accelerate host–endosymbiont integration.

By uncovering the genetic mechanisms necessary for domestica-
tion of endosymbiont-derived genes in the host nuclear genome
of Paulinella spp., we provide insights into primary endosymbio-
sis. The optimization of transcriptional control of these genes by
the host via extensive retrotransposition (potentially promoted by
light stress) has allowed the loss of the ancestral gene copies in the
endosymbiont genome. This led to a genetic dependency on the
host that was likely key for stabilizing the integration of the part-
ner organisms and enabling the evolution of a new photosynthetic
organelle. Finally, even though this study reveals a major role for
retrotransposition in facilitating the evolution of a photosynthetic
organelle in Paulinella spp., this duplication mechanism is
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ubiquitous in many eukaryotes. Thus, the role of retrotransposi-
tion in gene domestication might extend to other eukaryotic
genomes, with horizontally transferred genes that become estab-
lished and functionally active to evolve adaptive or novel functions
in their recipient organisms (Fig. 5).

Materials and Methods

Processing of Sequencing Reads. DNA and RNA sequences from P. micropora
KR01 [hereinafter KR01; BioProject PRJNA568118 from (6); SI Appendix, Table
S3], P. micropora MYN1 [hereinafter MYN1; BioProject DRA003106 from (8);
SI Appendix, Table S4], and P. chromatophora CCAC0185 [hereinafter
P. chromatophora; BioProject PRJNA311736 from (20); SI Appendix, Table S5]
were retrieved from the National Center for Biotechnology Information Sequenc-
ing Read Archive. The genome assemblies and associated predicted genes (or
transcriptome assembly in the case of P. chromatophora) for the three isolates
were retrieved from their respective repositories (6, 8, 20). Illumina short read
sequencing data from both DNA and RNA were trimmed using Trimmomatic v0.38
(43) (ILLUMINACLIP:adapters.fa:2:30:10 SLIDINGWINDOW:4:5 LEADING:5 TRAIL-
ING:5 MINLEN:25); only reads from pairs where both mates survived trimming
were used in downstream analysis. The trimmed Illumina RNA-seq libraries from
KR01 and MYN1 were independently mapped against their associated reference
genomes using HISAT2 (v2.1.0; -q –phred33 –no-unal –dta –rf) (44), and tran-
scripts were constructed for each library using StringTie2 (v2.0.6; –rf) (45). The
resulting transcript gtf files for each of the isolates were merged into a combined
set using StringTie2 (–merge), and transcript sequences were extracted using
gffread (v0.11.6) (46). The trimmed Illumina DNA sequence libraries from the
three isolates were aligned against their respective reference genomes using
Bowtie2 (v2.3.5.1; –very-sensitive –no-unal) (47), and the resulting bam files
(one from each aligned library) were combined using samtools merge (v1.8).
Minimap2 (v2.17-r941) (48) was used to align the PacBio RNA (–secondary =
no -ax splice) and DNA (–secondary=no -ax map-pb) sequence reads against
their respective reference genomes.
Identification of repeat regions. The reference genomes of all three species
were searched for four types of simple or low-complexity repeats [poly(A), poly(T)
(thymine), poly(T/C) (thymine or cytosine), and poly(A/G) (adenine or guanine)]
using a sliding window (size 20 bp, step size 1 bp) and a composition threshold
of≥80%. For example, if ≥80% of the bases within a given window are thymine
or cytosine residues, then it is classified as a poly(T/C) repeat region. Overlapping
windows of the same repeat type were merged into larger regions using bed-
tools merge (v2.25.0) (49). This method does not require a specific ratio
between two residues when identifying poly(T/C) or poly(A/G) repeat regions,
only that both residues combined pass the filtering threshold; thus, the regions
identified as poly(T/C) or poly(A/G) will overlap with the poly(T) and poly(A)
regions, respectively. Because these regions were used to focus our visualization
and manual analysis, this is not viewed as a problem.

Identification of HLI Genes in P. micropora KR01. Genes of Synechococcus
sp. WH5701 (ASM15304v1) annotated as HL-inducible were extracted, and their
protein sequences were used to identify putative HLI genes in the three analyzed
Paulinella isolates. The Hli proteins from Synechococcus sp. WH5701 were used
as the query for tBLASTn, BLASTp, and exonerate searches in all cases below.
Putative HLI gene models were predicted in the KR01 genome using a strategy
that combined five sources of evidence: 1) existing KR01 proteins annotated as
HL-inducible [annotations from Lhee et al. (6), Supplementary Data]; 2) existing
KR01 proteins with BLASTp hits (e-value <1e�5 and query coverage >50%)
from Synechococcus sp. WH5701 Hli proteins; 3) regions of the KR01 genome
with tBLASTn hits (e-value <1e�5 and query coverage >50%) from Synechococ-
cus sp. WH5701 Hli proteins; 4) regions of the KR01 genome with exonerate
alignments (v2.2.0; –showquerygff –showtargetgff –model protein2genome)
(50) with Synechococcus sp. WH5701 Hli proteins; and 5) StringTie2 constructed
transcripts with tBLASTn hits (e-value <1e�5 and query coverage >50%) from
Synechococcus sp. WH5701 Hli proteins. The genome coordinates of all features
from the aforementioned evidence sources were visualized using Integrative
Genomics Viewer (IGV) v2.8.2 (51) and a final set of KR01 HLI genes constructed
via manual annotation (SI Appendix, Table S6) with, where possible, open read-
ing frames that extend to in-frame start and stop codons. Multiexon HLI gene

models were only constructed if they were strongly supported by the RNA-seq
reads aligned against the genome using HISAT2. If no appropriate stop or start
codons could be identified, because they were not in the correct reading frame
as the putative HLI protein, they were not covered by aligned RNA-seq reads, or
they would require overextending the protein compared to its current length,
then the protein was left partial, including only the positions that were covered
by alignments to the query HLI proteins. This approach was adopted to prevent
overextending the short HLI proteins into part of the genome that are not tran-
scribed or are part of the untranslated regions (UTRs) of the gene. The identified
HLI genes were considered pseudogenes if they had stop codons within the con-
served region of the gene (i.e., the region with homology to Synechococcus sp.
WH5701 Hli proteins), were missing the conserved “NGR” amino acid motif that
is common to all Synechococcus sp. WH5701 Hli proteins, or had apparent
frameshift mutations that would prevent the proper translation of the protein.
Genes missing start or stop codons were not considered pseudogenes, even if an
upstream stop codon prevented the formation of a complete protein. The protein
sequences of the new KR01 HLI gene models were extracted and compared
against the Hli proteins from Synechococcus sp. WH5701 using BLASTp (e-value
<1e�5 and query coverage >50%), and proteins without hits to the Synechococ-
cus sp. WH5701 Hli proteins were considered pseudogenes. HLI gene UTRs were
identified by visualizing and manually examining the RNA-seq reads mapped
using HISAT against the genome. If no clear translation start or stop codon could
be identified from the mapped reads or if no reads were found to have mapped
to a putative HLI gene, then the UTRs were assumed to extend 100 bp up and
downstream of the encoded HLI protein. Full messenger RNA sequences (includ-
ing UTRs) were extracted for each HLI gene and used for downstream analysis.

Identification of HLI Genes in P. micropora MYN1. Putative HLI gene mod-
els were predicted in the MYN1 genome using a strategy that combines four
sources of evidence: 1) existing MYN1 Coding DNA Sequence with tBLASTn hits
(e-value <1e�5 and query coverage >50%) from Synechococcus sp. WH5701
Hli proteins; 2) regions of the MYN1 genome with tBLASTn hits (e-value <1e�5

and query coverage >50%) from Synechococcus sp. WH5701 Hli proteins; 3)
regions of the MYN1 genome with exonerate alignments (v2.2.0; –showquerygff
–showtargetgff –model protein2genome) from Synechococcus sp. WH5701 Hli
proteins; and 4) StringTie2-constructed transcripts with tBLASTn hits (e-value
<1e�5 and query coverage >50%) from Synechococcus sp. WH5701 Hli pro-
teins. The genome coordinates of all features detected in the aforementioned
analyses were manually scrutinized and extracted as described for KR01
(SI Appendix, Table S7).

Identification of HLI Genes in P. chromatophora. Putative HLI gene models
were predicted in P. chromatophora using the available genome and transcrip-
tome assemblies. First, assembled transcripts with tBLASTn hits (e-value <1e�5

and query coverage >50%) from Synechococcus sp. WH5701 Hli proteins were
extracted. These transcripts were manually examined using IGV, and putative
coding regions were identified using an approach similar to that used for KR01
but without the need to consider multiexon genes, flanking repeats, or UTRs.
The identified coding regions of these transcripts were extracted and aligned
against the P. chromatophora genome assembly using exonerate (v2.2.0; –show-
querygff –showtargetgff –model coding2genome –percent 95), retaining only
those alignments that covered >90% of the query sequence; these aligned tran-
scripts were used as evidence for the construction of genome-based HLI gene
models. HLI transcripts that were not found to be represented in the genome
assembly (i.e., those that did not have exonerate alignments above the specified
thresholds) were extracted and used for downstream analysis. HLI genes were
identified in the P. chromatophora genome using information from 1) the exon-
erate aligned P. chromatophora HLI transcripts; 2) tBLASTn hits (e-value <1e�5

and query coverage >50%) from Synechococcus sp. WH5701 Hli proteins
against the genome; and 3) exonerate alignments (v2.2.0; –showquerygff
–showtargetgff –model protein2genome) from Synechococcus sp. WH5701
Hli proteins against the genome. The genome coordinates of all features
detected in the aforementioned analyses were manually scrutinized and
extracted as described for KR01 (SI Appendix, Table S8). The combined set of
P. chromatophora genome-based HLI gene models and unaligned HLI transcripts
was used for downstream analysis.
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Fig. 5. Hypothetical role of retrotransposition in the domestication of prokaryotic genes in eukaryotic genomes based on the Paulinella model. Genome
fragments containing genes are transferred from the endosymbiont into the host nuclear genome (A). The recently transferred endosymbiont genes of pro-
karyotic origin are likely not optimally expressed in the eukaryotic genome (B). Retrotransposition events cause duplication and relocation of the genes in
different locations in the nuclear genome (C) that allow the acquisition of new promoters (D). These new promoters, in addition to optimization over time,
improve transcription of the EGT-derived gene retrocopies. Additional DNA-based duplications allow further optimization of transcription and subfunctional-
ization of some of the retrocopies, while the suboptimally regulated copies become pseudogenized (E). The optimized transcriptional control of the
endosymbiont-derived genes in the host nucleus relaxes selective pressure on the endosymbiont copies, resulting in their pseudogenization and loss over
time. Consequently, endosymbiont genes become under host control in the nucleus while the endosymbiont genome is reduced. mRNA, messenger RNA.
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Differential Expressed Genes. Expression of the KR01 HLI genes not on
duplicated scaffolds (SI Appendix) over time under HL and control light condi-
tions was quantified using RSEM v1.3.3 (52) (–paired-end –bowtie2 –stranded-
ness reverse –estimate-rspd –sort-bam-by-coordinate; using bowtie2 v2.3.5.1).
Expression values were normalized using the “median-of-ratios” method (imple-
mented in DESeq2 v1.30.1) (53).

Phylogenetic Analysis of HLIPs. All updated HLI proteins from the three Pau-
linella isolates, excluding those that are putative pseudogenes, were extracted
and combined with Hli proteins from six P. marinus species, seven Synechococ-
cus species (including WH5701), three Synechocystis species, and one Gloeomar-
garita lithophora species (SI Appendix, Table S9). The combined set of all HLI/Hli
sequences was aligned using MAFFT (v7.453; –localpair –maxiterate 1000), and
a maximum-likelihood phylogenetic tree was inferred using IQ-TREE (v1.6.12;
-m MFP -bb 2000 -alrt 2000 -bnni) (54), allowing the program to choose the
best evolutionary model for the alignment (55). Node support was calculated for
the inferred consensus tree using 2,000 ultrafast BSs (56). The 20 KR01 HLI pro-
teins encoded on duplicate scaffolds were pruned from the final tree shown in
SI Appendix, Fig. S2.

Calculation of dN/dS Ratios for HLIPs. Proteins from KR01 clade 1 HLI
genes were aligned with the clade 1 Hli from Synechococcus sp. WH 5701 and
HliA and HliB from Synechocystis sp. PCC 6803 using MAFFT (v7.453; –localpair
–maxiterate 1000), and a maximum-likelihood tree was inferred from the align-
ment using IQ-TREE (v1.6.12; -m MFP -bb 2000 -alrt 2000 -bnni) (54). Proteins
from the KR01 clade 2 HLI genes were aligned with the clade 2 Hli from Syne-
chococcus sp. WH 5701 and HliC from Synechocystis sp. PCC 6803 using MAFFT
(v7.453; –localpair –maxiterate 1000), and a maximum-likelihood phylogenetic
tree was inferred from the alignment using IQ-TREE (v1.6.12; -m MFP -bb 2000
-alrt 2000 -bnni). The pal2nal.pl script (v14; -output paml -nogap) (57) was used
to prepare a codon-based alignment from the clade 1 and clade 2 protein align-
ments using the nucleotide sequences of the HLI genes. Codeml (runmode =
�2) from the PAML package (v4.9j) (58) was used to calculate the dS, dN, and
dS/dN values for each pair of sequences in the alignments. The trees were visual-
ized using iTOL (https://itol.embl.de/upload.cgi) and rooted by the Synechocystis
sp. PCC 6803 sequences in each.

DNA Amplification of KR01 HLI Gene Pairs. P. micropora KR01 cells (59)
were grown in DYV medium (Bigelow National Center for Marine Algae and
Microbiota) at 23 °C for 3 wk under light/dark cycles (12 h/12 h) (∼50 μmol
photons m2 s�1). Cells were harvested by centrifugation, and DNA was extracted
using the PowerSoil(R) Kit (Cat. #12888–100) (Mo Bio Laboratories, Inc., Qia-
gen). Primers flanking the HLI gene pairs were designed using Primer-BLAST
tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ and SI Appendix, Table
S10) and used for PCR with GoTaq Green Master Mix (Cat. #M7122) (Promega)
as follows: 94 °C for 5 min; 35 cycles of 94 °C for 30 s, 60 °C for 30 s, and
72 °C for 90 s; and a final extension at 72 °C for 2 min. The amplified DNA prod-
ucts were run into 1% agarose gels, and the resulting bands with the expected
sizes were extracted from the gel using GeneJET Gel Extraction Kit #K0692
(Thermo Fisher Scientific Baltics UAB) and sequenced by ELIM Biopharmaceuticals
(https://www.elimbio.com/).

Data Availability. The phylogenetic tree shown in SI Appendix, Fig. S2 and its
associated alignment are available from https://doi.org/10.5281/zenodo.5684911
(60); the Paulinella HLI genes reported in this study are available from https://doi.
org/10.5281/zenodo.5684817 (61). Previously published sequencing data were
used in this work and are available from the Sequence Read Archive (Accession
Nos. PRJNA568118, DRA003106, and PRJNA311736); the genomes and pre-
dicted genes are available from http://cyanophora.rutgers.edu/P_micropora/,
http://cyanophora.rutgers.edu/paulinella/, and the DNA Data Bank of Japan
(BJOX01000001–BJOX01008276). All other study data are included in the article
and/or supporting information.
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