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Abstract

Many organisms have formed symbiotic relationships with nitrogen (N)-fixing bacteria to overcome N limitation. Diatoms in the
family Rhopalodiaceae host unicellular, N-fixing cyanobacterial endosymbionts called spheroid bodies (SBs). Although this relationship
is relatively young, SBs share many key features with older endosymbionts, including coordinated cell division and genome reduction.
Unlike free-living relatives that fix N exclusively at night, SBs fix N largely during the day; however, how SB metabolism is regulated
and coordinated with the host is not yet understood. We compared four SB genomes, including those from two new host species
(Rhopalodia gibba and Epithemia adnata), to build a genome-wide phylogeny which provides a better understanding of SB evolutionary
origins. Contrary to models of endosymbiotic genome reduction, the SB chromosome is unusually stable for an endosymbiont genome,
likely due to the early loss of all mobile elements. Transcriptomic data for the R. gibba SB and host organelles addressed whether and
how the allocation of transcriptional resources depends on light and nitrogen availability. Although allocation to the SB was high
under all conditions, relative expression of chloroplast photosynthesis genes increased in the absence of nitrate, but this pattern
was suppressed by nitrate addition. SB expression of catabolism genes was generally greater during daytime rather than at night,
although the magnitude of diurnal changes in expression was modest compared to free-living Cyanobacteria. We conclude that SB
daytime catabolism likely supports N-fixation by linking the process to host photosynthetic carbon fixation.
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Introduction
Diatoms are unicellular stramenopile algae with enormous
impact on both marine and freshwater ecosystems that are
responsible for at least 20% of global primary production [1].
In many environments, obtaining sufficient nitrogen (N) is a
challenge, and diatoms use different mechanisms to do so. For
example, some taxa vertically migrate through the water column
to obtain nitrate at depth [2]. Moreover, multiple diatom genera
have independently established close relationships with nitrogen
(N)-fixing Cyanobacteria, broadly called diatom-diazotroph asso-
ciations. Examples include endosymbioses with heterocystous
Cyanobacteria (Hemiaulus—Richelia intracellularis, Rhizosolenia—
Calothrix rhizosolenia) and between the centric diatom Climacodium
frauenfeldianum and a unicellular cyanobacterium related to
Crocosphaera watsonii [3].

Diatom-diazotroph associations have long been recognized as
important for global carbon and nitrogen cycles, particularly in
nutrient-poor marine environments [3]. These associations con-
tribute a significant input of N into otherwise N-poor systems,
such as the North Pacific gyre and the tropical North Atlantic [3–
5]. These organisms make up a significant portion of the annual
summer peaks in carbon sinking in the North Pacific Ocean [6].
Large river outputs, such as the Amazon River, also stimulate
growth of these organisms, providing a source of new N and

increasing carbon sequestration [7]. However, this research has
primarily been focused on heterocystous symbionts in marine
environments, particularly R. intracellularis and C. rhizosolenia [7–9].
Additionally, although these relationships are old (66–100 million
years), they are typically not required for the host’s survival [4, 9,
10].

One of the closest diatom-diazotroph associations is in the
family Rhopalodiaceae—primarily the genera Epithemia and Rhopalo-
dia—which host unicellular cyanobacterial endosymbionts called
spheroid bodies (SBs). These partners are already tightly associ-
ated, even though it is apparently more recent (at least 34 million
years old based on the fossil record [11]). As a consequence of this
relationship, Rhopalodia and Epithemia species are able to thrive
in freshwater environments with a low nitrogen to phosphorus
ratio around the world, and they can have major impacts on local
food web structure [12–14]. Recently, members of Rhopalodiaceae
containing SBs have also been shown to be widely distributed
in marine environments [15]. Given their widespread distribution
across freshwater and marine environments, the Rhopalodiaceae-
SB association may be a more important contributor to global N-
fixation than previously recognized.

Despite the comparatively recent origin of the Rhopalodiaceae-
SB association, SBs already exhibit traits thought to be essen-
tial for long-lasting endosymbiotic relationships [16, 17], such
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as those between bacteria and sap-feeding insects [18]. SBs are
uniparentally inherited during host sexual reproduction [19]. SB
genome size has been reduced by nearly half compared to its
closest free-living relative [16]. SBs have also lost key genes in
metabolic pathways necessary for an independent phototrophic
lifestyle, including nearly all those required for photosynthesis
[20]. SBs have retained N-fixation genes, but unlike their free-
living relatives, SBs fix N during the day alongside host photo-
synthesis and into the night [15, 16]. As nitrogenase is extremely
sensitive to oxygen, daytime N-fixation is unexpected for single-
celled Cyanobacteria, whereas heterocystous N-fixing Cyanobacteria
(such as Richelia and Calothrix endosymbionts) enable daytime N-
fixation through the spatial separation of N-fixation and oxygenic
photosynthesis. The reasons for the shift in SB N-fixation are
unknown, as are the mechanisms that make concurrent host
photosynthesis and SB N-fixation possible.

Although endosymbioses are widespread and common in uni-
cellular hosts, most investigations of endosymbiont evolution to
date have focused on associations with animals or plants [21].
From those studies, there are many well-understood examples
of older, highly integrated symbionts with extremely reduced
genomes [18]. By contrast, there are few well-described examples
of symbionts early in the host-integration process, before cellular
processes are highly coordinated and endosymbiont genomes are
highly reduced (mostly from insect hosts [22]). The Rhopalodiaceae-
SB system therefore provides a remarkable opportunity to under-
stand the early stages of endosymbiosis in a unicellular host,
with respect to both the genome reduction process and how gene
expression changes during the process of host integration.

In this study, we sequenced SB genomes from two new host
species and used these, together with two publicly available SB
genomes, to investigate how the SB has evolved over time. By
comparing SB genomes to those of closely related, free-living
Cyanobacteria, we were able to better determine where SBs are on
the trajectory of endosymbiotic genome reduction and to predict
their core metabolic capacity. Next, we obtained transcriptomic
data for an SB and host organelles to address how transcriptional
resources allocated among the SB and organelles, identify links
to available N in the environment, and identify changes in SB
expression of canonically diurnally regulated genes in concert
with SB N-fixation.

Materials and methods
Cell isolation and culturing
Rhopalodia gibba and Epithemia adnata were isolated from Cladophora
glomerata streamer mat samples collected from the Clark Fork
River, Montana, USA, near Bonita Station Road in August 2017 (R.
gibba) and August 2019 (E. adnata). Environmental samples were
enriched in CSi-N liquid media, isolated by further dilutions and
grown on 1% agar CSi-N plates. CSi-N is a modified CSi medium
[17], lacking combined N (nitrate) and supplemented with 10 mM
HEPES pH 8.0. Once isolated, cells were grown in 250 ml flasks
with 125 ml media, maintained at 20◦C on a 12:12-h light:dark
cycle, and transferred every 6 weeks. Cultures are unialgal and
uni-eukaryotic, but not axenic, as we have not been able to remove
all bacterial contaminants.

DNA extraction and sequencing
Cells were pelleted and resuspended in 900 μL TE and 100 μL
of 1% Triton-X (in TE) to wash away the majority of exogenous
bacteria before DNA extraction. DNA was extracted using the
Qiagen DNeasy PowerBiofilm kit according to the manufacturer

instructions. Libraries for short reads were prepared using a Nex-
tera Flex DNA Library kit. Paired end short-read sequencing was
performed with MiSeq500 v2 (Illumina). For R. gibba, high molec-
ular weight DNA was also extracted using the protocol described
elsewhere [23], prepped using a MinION Ligation Sequencing Kit,
and sequenced using a FLO-MIN106 flow cell (Oxford Nanopore).
All library preparations and sequencing were performed at the
University of Montana Genomics Core.

Genome assembly and annotations
We first assembled metagenomes in SPAdes version 3.12.0 [24]
with auto-selected kmers of 21, 33, 55, 77, 99, and 127. For
the E. adnata 19Bon2 assembly, we only used short-read data
from a single sequencing run, resulting in 15 451 526 paired
reads (SRR25945676). For the R. gibba 17Bon1 assembly, we used
short-read data from three separate short-read sequencing
runs for a total of 16 489 549 paired reads (SRR26035200,
SRR26035201) and long-read sequences from a single long-read
run (SRR26035202). SB, mitochondrion, and chloroplast scaffolds
were then identified by BLAST sequence similarity to previously
published SB and diatom sequences, further manually refined,
and binned individually for downstream analyses. The E. adnata
SB chromosome was assembled into a single closed scaffold with
three internal gaps spanning complex tandem repeats that were
unresolved by SPAdes. The R. gibba SB chromosome and both SB
plasmids were assembled into single closed circles. Assemblies
for both genomes were confirmed for correct circularization and
consistent coverage by aligning raw reads to the assemblies using
Bowtie [25]. We annotated SB genomes with the NCBI Prokaryotic
Genome Annotation Pipeline (PGAP) [26]. Mitochondrion and
chloroplast genomes were annotated using RAST (https://rast.
nmpdr.org/). Mitochondria annotation for R. gibba 17Bon1 was
further refined manually for downstream analyses. Additionally,
the more recent PGAP annotations of E. turgida SB and Rhopalodia
gibberula SB were used for all analyses.

Phylogenetic reconstructions
We used OrthoFinder [27] to identify, align, and concatenate 885
single copy ortholog protein sequences (433 454 amino acid sites)
shared by all taxa. A maximum likelihood phylogeny with 1000
ultrafast bootstrap replicates was constructed in IQTree version
1.7-beta9 using the cpREV+F + I + G4 model of evolution selected
by ModelFinder [28–30]. Tree branches were tested by SH-like aLRT
with 1000 replicates. Phylogeny figures were created in iTOL [31].

Genome comparisons
SB genome synteny was assessed with Mauve version 20150226
build 10 using progressiveMauve [32]. Pan and core genomes were
determined with Roary version 3.12.0 using a minimum BLASTp
identity of 75% [33]. The minimum BLASTp identity for establish-
ing the core genome was determined by making a histogram of the
percent identity of best BLASTp hit comparisons between RulaSB
and EadnSB to determine where percent identity was drastically
reduced between the pair. The core genome was quality checked
by manually inspecting genes that were (1) between 75%–80%
percent similar, (2) shorter than 200 bp, or (3) where the shortest
gene length was <80% of maximum gene length. For the core
genome, we used eggNOG to assign Clusters of Orthologous Genes
categories and KO (Kyoto Encyclopedia of Genes and Genomes
[KEGG] Orthology) IDs to annotated SB genes with default settings
[34]. A total of 976 of the 1515 core genes were assigned at least
one KO ID. Complete pathways were identified using the KEGG
Mapper [35].
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Transcriptome experiment
Eight 1 L flasks of R. gibba 17Bon1 were grown in 400 ml of CSi-N
media in 12-h light:dark cycles. Seventy-two hours after inocula-
tion, 10 mg/ml KNO3 was added to four of the flasks. Twenty-four
hours after the addition of nitrate, 30 ml of culture was taken from
each flask for the first mid-day RNA extraction and again 12 h
later for mid-dark RNA. Two days later, 30 ml of culture was again
extracted at mid-light and mid-dark for RNA extraction. At each
time point, cells were pelleted and immediately frozen in liquid
nitrogen and stored at −80◦C until extraction. RNA was extracted
using the Omega EZNA Plant RNA extraction kit, and libraries
were prepped using Zymo-Seq RiboFree Total RNA Library Kit.
Extracted reads were then sequenced using NovaSeq 6000 S4
(Illumina).

Raw reads were trimmed with trimmomatic v0.36 [36] to
remove any low-quality reads using default settings. Paired reads
were then combined when possible using flash version 1.2.11 [37].
Sortmerna version 4.3.4 [38] was used to remove any rRNA reads.
Remaining reads were then aligned to the R. gibba 17Bon1 SB,
mitochondrial, and chloroplast genomes using bowtie2 version
2.3.4.3 [25]. Reads were counted for protein coding sequence
(CDS), transfer RNA (tRNA), and pseudogene features using htseq-
count version 2.0.2 [39]. Final read counts were then analyzed to
identify differentially expressed genes using DESeq2 [40] in R
version 4.2.1. A summary of models used in data comparisons
made in DESeq2 can be found in Supplementary Table 3.

Results and discussion
SB genome characteristics and phylogeny
We obtained genome sequence data using both Illumina and
Nanopore platforms for the SBs of R. gibba 17Bon1 (Fig. 1A) and
E. adnata 19Bon2 (Fig. 1B), two recently isolated laboratory strains
from the Clark Fork River, MT. Both the R. gibba SB (RgibSB)
and the E. adnata SB (EadnSB) assembled into closed circular
chromosomes (Supplementary Fig. 1) that are similar in size and
guanine-cytosine (GC) content (Table 1) to two previously pub-
lished SB genomes from E. turgida (EturSB; [20]) and R. gibberula
(RulaSB; [41]). We also assembled a small circular plasmid in
each SB. Previous studies [20, 41] described similarly sized contig
sequences in two SB assemblies but did not examine them further.
All four plasmids encode the same five genes, including feoAB
genes (for the uptake of ferrous iron) and an annotated aquaporin
Z gene (aqpZ). All SBs also have similar numbers of predicted genes
and pseudogenes and are identical in rRNA operon copy number
and tRNA content. Summary statistics for the four SB genomes
and that of a close, free-living relative (Rippkaea orientalis PCC
8801, previously Cyanothece sp. PCC 8801 [42]) are given in Table 1.
In addition to the SB genomes, we were also able to assemble
and annotate nearly complete chloroplast and mitochondrion
genomes for both host strains (Supplementary Table 1).

We used maximum likelihood to construct a genome-wide
amino acid phylogeny of the SBs, along with three closely related
free-living Cyanobacteria and Candidatus Atelocyanobacterium
thalassa isolate ALOHA (UCYN-A), the single-celled, N-fixing sym-
biont of a unicellular marine haptophyte [43]. As expected, the SBs
formed a clade (Fig. 1C). The closest known relatives of the SBs are
the unicellular, N-fixing strain SU2, isolated from coastal Zanz-
ibar, Tanzania (GenBank accession number: GCA_002110465.1),
and R. orientalis PCC 8801 (Fig. 1C). For further comparative
analyses, we focused on R. orientalis PCC 8801, because it is a
well-studied strain with a complete and closed genome [44]. Ta
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Figure 1. Light microscopy images of R. gibba 17Bon1 (A) and E. adnata 19Bon2 (B) with arrows indicating SBs; scale bars represent 10 μm; (C) maximum
likelihood amino acid phylogeny reconstructed from a concatenated alignment of 885 single copy orthologs shared by all taxa using the
cpREV+F+I+G4 model of evolution and was manually rooted based on the relationships in Shih et al. [59]; all nodes have 100% bootstrap support;
scale bar is 0.05 expected amino acid substitutions per site; (D) synteny of SB chromosomes; homologous blocks of aligned sequence share the same
color, and traces within a block indicate sequence similarity; blocks below the center line for each genome represent inversions compared to the
reference strain (R. gibberula SB).

This phylogeny differs from previously published SB trees
reconstructed from limited data (i.e. single genes) [15–17], which
placed SBs as sister to either Crocosphaera subtropica ATCC 51142
or Ca. Atelocyanobacterium thalassa isolate ALOHA (UCYN-A).
Consequently, our phylogeny provides an improved hypothesis of
SB origin and evolutionary history.

SB genome reduction
The genomes of endosymbionts are predicted to follow a common
evolutionary trajectory as they transition from a free-living to an
obligate intracellular lifestyle [18]. Due to the stability of the host
environment, selection is relaxed on many genes (such as those
for sensing and responding to environmental changes), which are
subsequently lost through deletional bias [45]. Single-celled pho-
tosynthetic hosts may have a more dynamic intracellular environ-
ment due to daily cycles in photosynthesis. However, endosym-
bionts are still buffered from changes in the external environ-
ment such as nutrient availability. Selection to maintain genes
is also weaker due to low endosymbiont population sizes, which
increases the influence of genetic drift on genome evolution [18].
Consequently, endosymbiont genomes get smaller over time. Cur-
rent models predict that recently host-restricted endosymbiont
genomes rapidly shrink, have significantly increased mobile ele-
ments and pseudogenes, and are subject to frequent chromosome
rearrangements [18]. By contrast, long-term obligate endosym-
bionts have very few pseudogenes, no mobile elements, and typ-
ically more stable chromosomes (but this is not a universal trait,
see Campbell et al.[46]). It is hypothesized that early proliferation
of insertion sequences (ISs) provides substrates for large-scale
deletions through recombination, driving rapid genome reduc-
tion early in the endosymbiosis [18]. From this, we would also
predict that endosymbiont genomes would be highly reduced
prior to IS element loss. Analysis of SB genomes can further our

understanding of the early dynamics and drivers of endosymbiont
genome reduction.

We expect SB genomes to closely resemble recently host-
restricted endosymbionts based on their comparatively recent
origin and large genomes. In agreement with this model, SB
genomes have a very low coding density compared with free-
living relatives (Table 1). This can partly be attributed to enriched
pseudogene content, which is more than twice that of R. orientalis
PCC 8801 (Table 1). Non-coding regions likely contain highly
degraded gene remnants that are not easily identifiable. Elevated
pseudogene content and idiosyncratic differences in retained
genes among SB genomes (see below) suggest that SBs are still in
the active genome reduction phase.

In contrast to what is expected of young endosymbionts, SB
chromosomes appear highly stable and have no mobile elements.
A multiple genome-wide alignment shows SBs have a high degree
of synteny and minimal genomic rearrangements (Fig. 1D). We
propose that this unexpected stability is due to the early loss of
all IS elements in SBs. Both the R. orientalis PCC 8801 genome and
the unicellular cyanobacterium SU2 assembly contain at least
75 and 61 transposases respectively, whereas only fragments of
transposases are present in SB genomes (Supplementary Table 2).
The largest identifiable element in SBs is a truncated copy (∼100
AA) of an ancestral IS3 family element that is retained as a single
copy in all SB genomes and does not appear to be active. This indi-
cates that the genome of the SB ancestor contained IS elements
that were lost early during SB genome reduction. Recombination
and repair genes are also mostly present in SB genomes
(Supplementary Fig. 2); this is uncommon in the genomes of
host-beneficial endosymbionts [21] and likely further promotes
chromosome stability. Consequently, we predict that SB genomes
will continue to shrink at a much slower pace than would
otherwise be expected. The unique gene content among SB
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Figure 2. (A) Shared and unique gene content of SB genomes; (B) presence and absence of genes in the B12 biosynthetic pathway in SBs; grey and white
indicate presence and absence, respectively.

genomes suggests that there is still idiosyncratic, stochastic gene
loss occurring in each SB genome (Fig. 2A; discussed below).

SB metabolic capacity is mostly conserved across
lineages
We analyzed SB gene content to better understand which core
functions SBs have retained. Previous studies compared RulaSB
and EturSB and found few differences between core metabolic
pathways [41]. Our addition of two new SB genomes to this analy-
sis strengthens this viewpoint. All SBs share a core of 1515 genes
(including the five genes from the conserved plasmid), which is
80%–90% of the gene content of any individual SB (Fig. 2A). All
functionally annotated genes present in SBs are also present in
at least one of R. orientalis PCC 8801 or SU2, and usually both,
with a single exception. This agrees with the expectation that
endosymbionts do not gain new genes through horizontal gene
transfer [18, 47]. The exception was a cyclophilin, cypA (annotated
as peptidylprolyl isomerase), which is found in all SB genomes
and therefore was likely present in the SB ancestor prior to
establishment of the symbiosis. cypA is not possessed by any close
relatives, is generally rare in Cyanobacteria, and is more closely
related to eukaryotic than other bacterial cypA sequences [48].
Although its function in SBs is not known, cypA of intracellular

bacterial pathogens can influence host signal transduction and
may be involved in iron regulation [48]. Additionally, all SBs have
retained all genes necessary for nitrogen fixation, including iron-
molybdenum cofactor (FeMo-co) synthesis and molybdate uptake
and iron (II) transporters. SBs have also lost genes for acquiring
and using other forms of N, including those for assimilatory
nitrate uptake and reduction, and the genes for molybdenum
cofactor, which is required for nitrate reductase. Consequently,
FeMo-co represents the only Mo requirement in SBs. Additionally,
SBs have lost nearly all other transporter genes. We summarize
other notable gene presence and absence in Supplementary Fig. 2.

The most substantial difference among SB genomes is the
pathway for vitamin B12 synthesis, which is complete in RulaSB
and RgibSB but almost entirely missing in EturSB and EadnSB
(Fig. 2B). It is possible that SBs with an intact pathway provide B12

to their hosts along with N. Cyanobacteria make a different form
of B12 (pseudocobalamin) than that typically used by eukaryotic
algae (cobalamin); at least some diatoms can use pseudocobal-
amin, but it is less bioavailable than cobalamin [49]. The pathway
for B12 synthesis is long (17 genes), so the complete maintenance
of the pathway in only some SBs is intriguing. All SB genomes
still have the B12-dependent methionine synthase metH and lack
the B12-independent alternative. This means that SBs without a
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complete B12 pathway must either get B12 or methionine from the
host.

It is likely that the remaining B12 genes will be lost in EturSB
and EadnSB. The loss of cobU in EturSB but not EadnSB is con-
sistent with ongoing stochastic loss (Fig. 2B). A second possibility
is that the host provides SBs with intermediate products. We
consider this is an unlikely, as diatoms are not known to produce
pseudocobalamin or cobalamin [49] and would require success-
ful transfer of these genes into the host nuclear genome and
integration into expression networks. These possibilities could be
clarified further with comparative analysis of more SB genomes,
host nuclear genome sequencing, and the determination of B12

requirements of SB-containing diatoms. This distinct difference in
SB genome content across recently diverged host lineages is worth
exploring further and may explain differences in host species
distributions.

Transcriptional allocation between host
organelles and SB
Given that SBs depend on host photosynthate for N-fixation,
we hypothesized that relative chloroplast transcriptional effort
would be greater in the absence of a preferred N source. To
address this, we investigated how transcriptional effort is allo-
cated between host organelles and SBs dependent on photoperiod
(light versus dark) and environmental N source (N2 versus nitrate).
We inoculated eight flasks of N-deplete media with R. gibba
17Bon1 for growth on a 12-h light:dark cycle. After 72 h of growing
in N-deplete media, we added nitrate to four of the flasks to a final
concentration of 1 mM. Twenty-four hours postnitrate addition,
we harvested cells for RNA at mid-light period (24 h-L) and then
12 h later at mid-dark period (36 h-D), as many cyanobacterial
genes (including nif genes in a close free-living relative) exhibit
peak expression at either mid-light or mid-dark [50, 51]. We took
a second set of light and dark samples beginning 48 h after the
first sampling (72 h-L; 84 h-D). A schematic of the experimental
design is available in Supplementary Fig. 3.

At all timepoints and in both +N and −N conditions, SB tran-
scripts constitute a significant proportion of reads compared with
mitochondrial and chloroplast transcripts (Fig. 3A), suggesting
that SBs are a substantial metabolic cost to the host. However,
the proportion of SB reads was lower during the day under−N,
decreasing the most at 72 h-L. This was due to a massive increase
in the relative proportion of chloroplast reads. The increase in
chloroplast transcription was largely attributed to increased psbA
expression (Fig. 3B), a reliable indicator of photosynthetic effort
[52]. The addition of nitrate suppressed this effect (Fig. 3A). Our
observation of a boost of mid-day N fixation (estimated as acety-
lene reduction) in the −N treatment is consistent with this inter-
pretation (Supplementary Fig. 4). It is further supported by recent
experiments showing that N-fixation rate in SBs is reduced when
photosystem (PS) II is suppressed in Epithemia clementina [53]. Mito-
chondrial expression was consistently similar and low through-
out. We hypothesize that the upregulation of photosynthesis sup-
ports daytime N-fixation in the absence of a preferred N source,
demonstrating the high level of metabolic integration between
hosts and SBs.

RgibSB diurnal gene expression is dampened
compared with free-living Cyanobacteria
How transcription evolves in endosymbionts as they become
integrated with their hosts is not well understood. Nutritional
endosymbionts of cicadas have an overall weakened ability to

regulate gene expression [54], but it remains unclear how per-
vasive this is across host-endosymbiont systems, or how quickly
transcriptional control is lost. To address this, we next examined
RgibSB transcription in more detail to determine the extent to
which it has diverged from free-living Cyanobacteria with respect
to diurnal regulation of gene expression. Generally, free-living
Cyanobacteria strongly regulate their metabolism over day–night
cycles, with anabolic processes occurring during the day and
catabolic processes at night [55, 56]. During the day, cells photo-
synthesize, fix carbon, and synthesize glycogen to build up energy
stores. At night, glycogen is degraded, and cells primarily use the
oxidative pentose phosphate pathway (OPPP) instead of glycoly-
sis for sugar catabolism. This generates NADPH as an electron
donor both for anabolic pathways, including N-fixation and for
protection from reactive oxygen species via glutathione reduc-
tase [55]. Single-celled N-fixing Cyanobacteria also fix N at night
to temporally separate N-fixation from photosynthesis because
they are biochemically incompatible processes, as nitrogenase is
extremely sensitive to oxygen [56].

Regarding this canonical day–night metabolic regulation, SBs
have two key differences compared to free-living relatives. First,
because SBs do not have complete PS I or II, they are reliant on
their hosts for fixed C, which is produced by the host chloro-
plast during the day. Second, SBs from R. gibba and two marine
strains (Epithemia pelagica and Epithemia catenata) have been shown
to fix N during the day, concurrent with host photosynthesis,
as well as into the night [15, 16]. Based on these N-fixation
experiments in other Rhopalodiaceae-SB systems [15, 16] and our
own results (Supplementary Fig. 4), we expected that N-fixation
genes would be expressed in both light and dark conditions.
This altered temporal regulation of N-fixation may be indicative
of a broader change in gene regulation of metabolic pathways
in SBs, particularly those that are typically regulated over day–
night cycles in related free-living Cyanobacteria. Alternatively, this
pattern could be limited to only N-fixing pathways. Additionally,
by adding nitrate to some samples, we were also able to measure
how SBs respond to a pulse of preferred N from the environment.

We tested the differences in expression between both light
timepoints and both dark timepoints separately for +N and
−N (Supplementary Table 3, models t01–t04). In +N, we found
no major differences between 24 h-L versus 72 h-L or 36 h-
D versus 84 h-D. However, in −N, there were many significant
differences in gene expression between the 24 h-L and 72 h-L
(Supplementary Table 3), possibly due to continuing growth in
N-deplete media. To constrain our results to differences in N and
light conditions, we focused further analyses and discussion on
expression data from 72 h-L and 84 h-D.

The relationship between gene expression levels in the light
versus the dark was markedly linear for both −N (Fig. 4) and + N
(Supplementary Fig. 5) conditions compared to the typical diur-
nal expression patterns of unicellular Cyanobacteria at mid-dark
and mid-light. In −N, 216 genes were expressed significantly
higher in the light, and 55 genes in the dark (adjusted P value
<.05; Supplementary Table 3, model t08). In +N, 265 genes were
expressed significantly higher in the light and 123 genes in the
dark (adjusted P value <.05; Supplementary Table 3, model t07).
No gene had an expression fold change greater than 3.61 or 6.28
for −N and + N, respectively. These differences are very small in
magnitude compared with the typical diurnal expression pat-
terns of free-living Cyanobacteria, which often have maximum fold
changes well above 100 between mid-dark and mid-light periods
[50, 51]. When combining both +N and −N data in our model (∼ N
condition + light), 371 genes had significantly higher expression
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Figure 3. (A) Proportion of reads assigned to chloroplast, mitochondrion, and SB protein-coding genes in −N (left) and + N (right) for all recorded
timepoints. mt = mitochondrion; cp = chloroplast (B) chloroplast gene expression in the absence and presence of added nitrate; inset bars represent
only psbA reads and wider bars represent total transcription for the chloroplast reported as transcript per million (TPM); vertical lines show standard
error for both psbA transcription and total transcription; for both panels, columns with a white background are light timepoints and a shaded
background are dark timepoints.

during the light and 268 genes in the dark (adjusted P value <.05;
Supplementary Table 3, model t09). Only 43 of these genes were
expressed at least 2-fold higher during mid-light, and only three
genes had 2-fold higher expression in mid-dark.

We obtained evidence for an interaction between light environ-
ment and N availability for a small number of genes (N = 11 with
adjusted P value <.05; Supplementary Table 3, model t11). Seven
of the top 25 genes with a detectable interaction are involved in
the maturation of the nitrogenase enzyme (Supplementary Fig. 6).
For all seven of these genes, light and dark expression were the
same in the absence of nitrate; in +N, however, dark expression
was lower. This pattern suggests a shift in nitrogenase regulation
in response to nitrate addition that is potentially related to the
differences in N-fixation activity that we observed between −N
and + N cells (Supplementary Fig. 4). Together, these data suggest
that SBs are less responsive to light–dark cycles or have a much
weaker ability to regulate gene expression over day–night cycles
than their free-living counterparts. Whether this dampening is
due to a lack of environmental cues, or a disruption of circadian
regulation remains to be determined.

We identified the most highly expressed genes in RgibSB and
examined the expression patterns of those typically expected
to cycle diurnally. Molecular chaperones including groES, groEL,
and dnaK were constitutively among the most highly expressed
genes. This pattern is expected in endosymbionts, because their
genomes are subject to relatively strong genetic drift and the
fixation of slightly deleterious nonsynonymous mutations; con-
sequently, proteins encoded by endosymbionts are often highly
susceptible to misfolding [18]. N-fixation genes were also highly
expressed compared to most other genes in both light and dark
conditions, as expected given that SBs fix N during both day and
night (Supplementary Fig. 4; [15, 16]). However, most nif genes
were still expressed significantly more highly at mid-light than
at mid-dark, with the core nitrogenase genes nifHDK exhibiting
some of the highest fold-changes in gene expression (3–4x) in both
+N and −N. However, these changes are modest compared with
what has been reported for closely related free-living Cyanobacteria
(from 20 to >100 fold [50, 51]; Supplementary Fig. 7).

The most highly expressed gene in all time points and all
conditions is annotated as a hypothetical protein (Supplementary
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Figure 4. Gene expression of RgibSB 17Bon1 as log2 normalized
expression in −N at noon day 3 (72 h-L) and midnight day 3 (84 h-D).

Table 4). This gene is present in all four SB genomes and is homol-
ogous to a circadian-oscillating polypeptide 23 (COP23) domain-
containing protein in R. orientalis PCC8801, but its function is
unknown. COP23 was first described for its “beautiful circadian
oscillating pattern” in transcript, synthesis, and protein abun-
dance [57]. The fact that the COP23 homolog in RgibSB has no
detectable difference in expression further supports that SBs
have overall weakened diurnal control of gene expression. For
many other genes canonically expressed more highly at mid-
dark in free-living relatives, these genes were instead more highly
expressed at mid-light timepoints in Rgib 17Bon1 SB (Fig. 4). This
includes genes involved in both OPPP (2 of 4 genes) and oxidative
phosphorylation (12 of 13 genes). Increased daytime expression
of canonically dark expressed genes and increased daytime N-
fixation suggest that SB N-fixation is tied directly to host pho-
tosynthesis during the day and relies on host-stored carbohy-
drates to power N-fixation at night. The cyanobacterium UCYN-
A, a related but independently evolved, single-celled, N-fixing
obligate endosymbiont of some marine haptophytes (Fig. 1C), has
also shifted to daytime N-fixation [58]. UCYN-A also couples
catabolism to the energy produced by photosynthesis in its host
[58]. This study also proposed that it may be beneficial to directly
link N-fixation and photosynthesis in the oligotrophic ocean, as
this is also seen in non-heterocystous, free-living cyanobacterium
Trichodesmium species [58]. It is possible that a similar mechanism
has convergently evolved in SBs and their hosts.

Conclusion
Our results show that SB metabolism has been significantly
altered since transitioning to an endosymbiotic lifestyle. First,
SBs appear to have weaker diurnal control over gene expression
compared with free-living relatives. Second, observed cases
of differential expression indicate a shift to greater daytime
catabolism concurrent with N-fixation, likely to support the
SB’s central role of providing its host with usable N. This
study highlights that endosymbionts can become remarkably
integrated with their hosts at the metabolic level over short
evolutionary periods as illustrated by their coordination with host
photosynthesis. The convergent evolution of daytime N-fixation
in SBs and UCYN-A, linking the process to host photosynthesis,
suggests that this may be a relatively simple way for hosts

to regulate N-fixing endosymbiont metabolism early in the
relationship by controlling the cellular energy status of the
endosymbiont.
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