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Abstract

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is considered to be the most abundant enzyme on
Earth. Despite this, its full diversity and distribution across the domains of life remain to be determined. Here, we
leverage a large set of bacterial, archaeal, and viral genomes recovered from the environment to expand our under-
standing of existing RuBisCO diversity and the evolutionary processes responsible for its distribution. Specifically, we
report a new type of RuBisCO present in Candidate Phyla Radiation (CPR) bacteria that is related to the archaeal
Form Ill enzyme and contains the amino acid residues necessary for carboxylase activity. Genome-level metabolic
analyses supported the inference that these RuBisCO function in a CO,-incorporating pathway that consumes
nucleotides. Importantly, some Gottesmanbacteria (CPR) also encode a phosphoribulokinase that may augment
carbon metabolism through a partial Calvin-Benson-Bassham cycle. Based on the scattered distribution of
RuBisCO and its discordant evolutionary history, we conclude that this enzyme has been extensively laterally trans-
ferred across the CPR bacteria and DPANN archaea. We also report RuBisCO-like proteins in phage genomes from
diverse environments. These sequences cluster with proteins in the Beckwithbacteria (CPR), implicating phage as a
possible mechanism of RuBisCO transfer. Finally, we synthesize our metabolic and evolutionary analyses to suggest
that lateral gene transfer of RuBisCO may have facilitated major shifts in carbon metabolism in several important
bacterial and archaeal lineages.

Key words: Candidate Phyla Radiation, DPANN archaea, carbon metabolism, lateral gene transfer, RuBisCO,
phosphoribulokinase, nucleotide metabolism.

Introduction

Forms | and Il ribulose-1,5-bisphosphate carboxylase/oxy- enzymatic characterization have suggested that the mod-

genase (RuBisCO) are central to carbon fixation via the
Calvin-Benson—Bassham (CBB) cycle in algae, plants, and
some bacteria. Forms Il and II/1ll RuBisCO, discovered in
Archaea, are believed to add CO, to ribulose-1,5-bisphos-
phate (RuBP) in a two-step reaction from nucleotides like
adenosine monophosphate (AMP) (Sato et al. 2007; Aono
et al. 2015). These “bona fide” RuBisCO enzymes were his-
torically considered to be domain specific. In contrast,
RuBisCO-like proteins (RLPs; Form IV) in both Bacteria
and Archaea perform functions distinct from carbon fixa-
tion and may be involved in methionine salvage, sulfur
metabolism, and p-apiose catabolism (Tabita et al. 2008;
Carter et al. 2018). Although the origin of the RuBisCO
superfamily is still unclear (Ashida et al. 2005; Tabita et al.
2007; Erb and Zarzycki 2018), phylogenetic analysis and

ern distribution of “bona fide” RuBisCO can be explained by
vertical and lateral transfer from an archaeal, Form Il an-
cestor (Tabita et al. 2007).

Recently, metagenomic studies of diverse environ-
ments have introduced additional complexity to evolu-
tionary considerations by uncovering new RuBisCO
diversity. First, new genomes from Candidate Phyla
Radiation ~ (CPR)  bacteria and  Diapherotrites,
Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and
Nanohaloarchaeota (DPANN) archaea (a group originally
defined based on the lineages DPANN, but now including
others) contain a hybrid 1l/Ill RuBisCO similar to that
found in the archaeon Methanococcoides burtonii
(Wrighton et al. 2012; Castelle et al. 2015). One version
of this enzyme was shown to complement
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photoautotrophic growth in a bacterial RuBisCO deletion
strain  (Wrighton et al. 2012, 2016). An additional
RuBisCO form related to the archaeal Form lll, called
the “lll-like,” was reported from genomes of other CPR
and some DPANN archaea, further expanding enzyme
diversity in these groups (Castelle et al. 2015; Wrighton
et al. 2016; Castelle and Banfield 2018). The llI-like enzyme
is also predicted to function in the CO,-incorporating
AMP pathway (Wrighton et al. 2016).

The presence of RuBisCO in some CPR bacteria and
DPANN archaea was interesting because these organisms
have small genomes and lack many core metabolic functions.
The common absence of pathways for synthesis of nucleo-
tides, amino acids, and lipids has led to speculation that they
live symbiotic or syntrophic lifestyles (Wrighton et al. 2012;
Brown et al. 2015). Despite this, recent research has shown
that some members have a wide range of fermentative capa-
bilities and the potential to play roles in carbon, nitrogen,
sulfur, and hydrogen cycling (Wrighton et al. 2012; Danczak
et al. 2017). A similar putative ecology has been suggested for
the DPANN archaea (Castelle et al. 2015). The recovery of
RuBisCO, functioning in an AMP pathway, expanded possible
metabolic modes for some of these organisms and suggested
that CPR and DPANN encoding this enzyme could derive
energy and/or resources from ribose produced by other com-
munity members (Wrighton et al. 2016; Castelle and Banfield
2018).

The discovery of the reductive hexulose pathway pro-
vided new insight into the variety of ways that RuBisCO
can be configured for sugar metabolism. The reductive hex-
ulose pathway, differing only in a few steps from the CBB
cycle, also employs RuBisCO along with phosphoribuloki-
nase (PRK) to regenerate RuBP and fix carbon dioxide in
some methanogenic archaea (Kono et al. 2017). In light of
these discoveries, the full diversity, distribution, and possible
functionality of RuBisCO in divergent groups like the CPR/
DPANN remain an open and important question. In the last
few years, additional work has recovered CPR and DPANN
genomes from a much wider array of environmental types,
including additional groundwater locations, the deep sub-
surface, hydrocarbon-impacted environments, and the
ocean (Hernsdorf et al. 2017; Parks et al. 2017; Tully et al.
2018). Here, we examined over 300 genomes from metage-
nomes from these environments to further elucidate diver-
sity, potential functions, and the evolutionary history of
RuBisCO in members of the CPR bacteria and DPANN ar-
chaea. First, we expand the distribution of forms to new
phylogenetic groups and propose a new type that, in
some cases, might act in concert with PRK to augment
carbon metabolism. Additionally, we describe a clade of
putative RLPs encoded by bacteriophage from diverse envi-
ronments. Drawing on these observations and previous
analyses, we suggest that lateral gene transfer may have
been largely responsible for the distribution of this enzyme
among the CPR/DPANN. These lateral transfers could, in
the presence of genes from other pathways, introduce
new RuBisCO-based metabolic capacity to genomically re-
duced lineages.
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Results

Metagenomics Expands the Diversity of RuBisCO
Forms and Reveals Putative New Enzyme Types in CPR
and Phage

The large majority of CPR and DPANN RuBisCO sequences
analyzed fell into clearly defined phylogenetic groups (fig. 1a),
four of which (lI/lll, 11, lll-like, and IV) correspond to the
“Forms” defined in previous literature. A small number of
sequences from both the CPR and DPANN (including the
generically labeled branches in fig. 1a) resolved in ambiguous
phylogenetic positions, largely due to low support for internal
nodes. Among the clearly defined groups, we observed the
following results:

11/111. Our analysis recovered new sequences of the Form I/
Il RuBisCO, originally thought to be exclusively found in
Archaea (Alonso et al. 2009). Here, we broaden the
phylum-level distribution of the group with additional repre-
sentatives from the DPANN groups Woesearchaeaota and
Micrarchaeota (fig. 2). Form I/l RuBisCO of CPR and
DPANN partition into two subgroups based on the presence
or absence of a 29 amino acid (or longer) insertion, the bio-
chemical implications of which are currently unknown
(Wrighton et al. 2016). All but one of the full-length
Micrarchaeota and Woesearchaeota sequences recovered in
this study contained insertions in the expected region.

lll. We identified archaeal Form Il RuBisCO sequences in a
variety of DPANN, and, potentially, CPR genomes. We refer to
this as Form llI-b to distinguish it from Form lll-a, a divergent
group described by Kono et al. (2017), and the Form lll-like
proteins (Wrighton et al. 2016). Most of the newly reported
Form lll-b sequences not only contained the critical substrate
binding and catalytic residues for RuBisCO function but also
largely shared residue identity with canonical archaeal ver-
sions (fig. 1c). Notably, we found this enzyme form in three
DPANN groups—the Diapherotrites, the Micrarchaeota, and
the Woesearchaeota—previously not known to harbor Form
lll-b RuBisCO, extending the presence of these enzymes be-
yond Pacearchaeota and Aenigmarchaeota (Castelle et al.
2015), two major groups in the DPANN (fig. 2).
Approximately, 70 DPANN sequences fell outside the clade
containing characterized Form Ill-b but were assigned to this
type given low support for separating branches and overall
closer relatedness to lll-b than lll-like sequences (DPANN
[Form IlI-b], fig. 1a).

We identified several previously published sequences
assigned to genomes from the Levybacteria and
Amesbacteria phyla (CPR superphylum Microgenomates)
deeply nested within the archaeal Form Ill-b sequences. In
addition, we recovered a set of unbinned sequences with
highest similarity to these same binned Levybacteria and
Amesbacteria genomes. The Levybacteria sequences group
loosely with sequences from Aenigmarchaeota and a refer-
ence sequence from the archaeon Methanoperedens nitrore-
ducens (~80% identity). In contrast, the Amesbacteria
sequences grouped most closely to those from a clade from
Pacearchaeota. To verify the binning of these genome frag-
ments, we examined the top Basic Local Alignment Search
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Fic. 1. Known RuBisCO diversity is expanded by metagenomics. (a) Maximum-likelihood tree for dereplicated RuBisCO large-chain sequences,
delineated by “Form.” (A), (B), and (C) show the phylogenetic position of protein sequences modeled in (b). Scale bar represents the number of
substitutions per site. Closed black circles indicate bootstrap support values >70%, whereas open circles represent those >50%. For simplicity,
bootstrap support below form level is not shown. (c) Aggregate sequence logos for CPR, DPANN, and phage protein sequences in each phylo-
genetic “Form,” describing key catalytic activity (CA) and substrate binding (SB) residues in RuBisCO sequences. Logo colors represent residues

with similar chemical properties.

Tool (BLAST) hits to well-annotated genes on each genome
fragment bearing a RuBisCO gene. For the fragment puta-
tively assigned to Amesbacteria, BLAST affiliation of nonhy-
pothetical genes was inconclusive—some genes had only low
identity with archaeal genes, others had identity to both bac-
terial and archaeal genes, whereas one gene encoding a serine
acetyltransferase had ~70% bacterial identity. In addition to
RuBisCO, the ~34-kb putative Levybacteria genome frag-
ment encoded a large CRISPR-Cas locus, a novel transposase,
and a phage/plasmid primase, all of which may indicate mo-
bile genetic material. BLAST affiliation of well-annotated
genes was also inconclusive for this fragment—if not of bac-
terial origin, the genome fragment could be phage or plasmid.
We additionally recovered one small genomic fragment, pos-
sibly related to the Moisslbacteria, that also included the llI-b
enzyme. Ultimately, further research is needed to confirm
that Form lll-b RuBisCO is encoded in genomes of some
CPR bacteria.

lll-like. Many RuBisCO sequences fell into a deep-
branching, monophyletic clade that is divergent from the ar-
chaeal Form Il and referred to as “lll-like” (Wrighton et al.
2016) (fig. 1a). Here, we added five Dojkabacteria (WS6, a
group within the CPR) sequences from hydrocarbon-
impacted environments and nearly 40 DPANN sequences
from Woesearchaeota and Pacearchaeota from multiple

environments (fig. 2). As reported previously (Wrighton
et al. 2016), the “lll-like” sequences recovered in this analysis
appear to have insertions mostly 11 amino acids in length.
lll-c. We report here an additional deep-branching clade of
RuBisCO sequences with overall sequence similarity closest to
Form 1lI-b RuBisCO (~50%) (fig. 1a). Although support was
low for internal branches separating this clade from Ill-b
sequences, best maximum-likelihood trees suggested a dis-
tinct phylogenetic status. This group, which we term “Form
lll-¢,” contained nearly 50 sequences from the Dojkabacteria
and several groups in the Microgenomates and Parcubacteria
superphyla. Form lll-c was particularly abundant in the
Gottesmanbacteria and Kuenenbacteria, the latter of which
appears to harbor this form exclusively (fig. 2). We identified
organisms bearing this enzyme type in almost every environ-
ment included in our study, indicating that it may compose
an important and previously unrecognized aspect of RuBisCO
diversity. To predict the biochemical potential of this type, we
examined 12 residues known to be important for carboxylase
activity and 7 important for substrate binding from each se-
quence (Tabita et al. 2008; Saito et al. 2009). This analysis
indicated that Form Ill-c RuBisCO sequences contain critical
residues largely identical to those reported for Form lll-b
enzymes; however, a minority of sequences encoded modifi-
cations to the conserved aspartic acid in catalytic site #6
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Fic. 2. RuBisCO diversity among the CPR bacteria and DPANN archaea. Boxes represent counts of dereplicated protein sequences used in the
phylogenetic analysis (Unbinned and Binned Sequences) as well as the number of those sequences that fell into described RuBisCO forms and
environments. Fraction of nonredundant genomes (N.R.G.) with RuBisCO describes the proportion of genomes per phylum encoding RuBisCO
after dereplication at 99% Average Nucleotide Identity (see Materials and Methods).

(CA6) that could alter its chemical properties (fig. 1c).
Additionally, modeling through I-TASSER revealed that sec-
ondary structure of an lll-c sequence was consistent with that
of existing Form lll-b templates (fig. 1b).

IV and IV-like. Form IV (RLP) proteins are a clade of highly
divergent RuBisCO with low sequence similarity (~30%) to
“bona fide” RuBisCO enzymes and divergent functions
(Hanson and Tabita 2001; Tabita et al. 2008). Our phyloge-
netic analyses identified eight Form IV (RLP) RuBisCOs in CPR
genomes, all in the genomes of bacteria from the
Parcubacteria superphylum (fig. 2). The Parcubacteria Form
IV sequences made up of a monophyletic clade nesting within
the previously described IV-Photo type RLP. However, the key
catalytic/substrate binding residues were only partially con-
served (fig. 1c). We recovered only one RLP from a
Micrarchaeota (DPANN) genome (fig. 2), despite the fact
that archaeal sequences appear to be at the root the
RuBisCO/RLP superfamily (Tabita et al. 2007).

Using manually curated Hidden Markov Models (HMM:s)
constructed from recovered CPR and DPANN RuBisCO
sequences, we also identified approximately 80 nonredun-
dant sequences related to Form IV RuBisCO on putative
phage as well one unusually large, curated phage genome
(~200 kb) (supplementary fig. S1a, Supplementary Material
online). The phage sequences appeared highly divergent from
other RLPs, but most shared some key residues found in
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canonical Form IV RuBisCOs (fig. 1c) and scored highly on
HMMs constructed from verified Form IV RuBisCO (score >
200, e-val < 0.05). Additionally, modeling of one sequence
revealed a secondary structure consistent with large-chain
templates but missing several conserved residues, as expected
for Form IV enzymes (fig. 1b). Analysis of coencoded phage
terminase proteins indicated that at least some of the viral
sequences were from members of the Myoviridae. Two other
RLP-related sequences attributed to Beckwithbacteria
grouped with those from putative/confirmed phage and to-
gether appeared as an outgroup to all other RLPs (fig. 1a).
Analysis of the genes encoded on the manually curated
Beckwithbacteria fragment with IV-like RuBisCO supported
its bacterial origin (supplementary fig. S1b, Supplementary
Material online).

Form llI-c RuBisCO Is Encoded in Close Proximity to
Genes of the CO,-Incorporating AMP Pathway

To test the hypothesis that the Form Ill-c RuBisCO partici-
pates in the previously described AMP pathway, we narrowed
our focus on the binned genomes containing this form of the
enzyme. The AMP pathway employs AMP phosphorylase
(deoA) and ribose-1,5-bisphosphate (R15P) isomerase (e2b2)
to provide RuBisCO with RuBP substrate, incorporating CO,
to produce two 3-phosphoglyceric acid molecules (3-PGA)
which are fed into glycolysis (Sato et al. 2007; Aono et al.
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2015). Thirty-nine genomes encoding Form lll-c RuBisCO
(67%) also contained homologs for e2b2 and deoA. Most
Gottesmanbacteria (OP11) contained homologs to deoA
at a threshold lower than originally used in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis, as
these sequences generally had a conserved deletion of ~80
amino acids at the start of the protein compared with other
CPR proteins. Despite this, we predict that these proteins
are divergent deoA homologs based on phylogenetic place-
ment and realignment with reference sequences. Among
Gottesmanbacteria genomes, the percentage containing all
three genes associated with AMP metabolism was higher
(~91%). Thus, the new Form Ill-c RuBisCO, especially
among Gottesmanbacteria, is consistently associated with
deoA and e2b2 homologs, as reported previously for CPR
genomes with other forms of the enzyme (Wrighton et al.
2016) (supplementary fig. S2a, Supplementary Material
online).

To analyze possible function of the newly recovered
RuBisCOs, we examined the genomic proximity of deoA
and e2b2 homologs with RuBisCO in all genomes containing
Form llI-b, lll-c, lli-like, and 11/l enzymes. Forty-four genomes
contained fragments encoding all three genes on the same
stretch of assembled DNA (supplementary fig. S2b,
Supplementary Material online). Most fragments encoded
RuBisCO between the other genes, although a minority of
genomes appeared to contain rearrangements (supplemen-
tary fig. S2¢, Supplementary Material online), as previously
reported for a Form II/lll-bearing PER-1 genome (Wrighton
et al. 2016). Next, for cases where all three genes occurred on
the same contig we defined a metric called “pathway
proximity” (sum of the genomic distance between the three
genes, see Materials and Methods). This analysis suggested
that genes involved in AMP metabolism are more frequently
and more proximally colocated in the genomes of organisms
bearing the Form Ill-c RuBisCO than in genomes with other
forms, even though these RuBisCO were present on assem-
bled fragments of similar length (fig. 3a). Two outlier Form Ill-
¢ genomes from a previous study (Parks et al. 2017) encoded
extremely distant deoA genes on long fragments, possibly the
result of genetic rearrangement or errors in genome assembly.
Interestingly, some genomes bearing Form Ill-c RuBisCO
encoded the three genes consecutively, where in other cases
the RuBisCO gene was fused to the isomerase (fig. 3b and
supplementary fig. S3, Supplementary Material online). The
close proximity and fusion support the conclusion that this
RuBisCO form participates in the CO,-incorporating AMP
pathway.

RuBisCO Phylogeny Is Incongruent with That of e2b2
and deoA

The discovery of Form lll-like, and now llI-c, RuBisCO in the
CPR bacteria suggested that lateral gene transfer may have
played a role in shaping the distribution of Form llI-related
enzymes across the tree of life (Wrighton et al. 2016; Erb and
Zarzycki 2018). To evaluate the extent of lateral gene transfer
involving the genes of the AMP pathway, we compared the
phylogeny of RuBisCO with that of the other pathway

components (Wrighton et al. 2016). With the possible excep-
tion of the Peregrinibacteria, we found that the trees for CPR
and DPANN AMP phosphorylase (deoA) and R15P isomer-
ase (e2b2) recapitulate organism phylogeny and so were
largely incongruent with that of RuBisCO (supplementary
fig. S4, Supplementary Material online). Among the mono-
phyletic Gottesmanbacteria, genomes with the same
RuBisCO Form (lll-c and lll-like) appeared to cluster to-
gether, as would be expected if lateral gene transfer of var-
ious RuBisCO followed vertical inheritance of deoA and
e2b2 by different subphylum-level lineages. Although still
undersampled, there is some indication that RuBisCO-
correlated phylogenetic clustering will emerge for
Parcubacteria (OD1) and Dojkabacteria (WS6), which at
the phylum level contain high RuBisCO diversity.

CPR Bacteria Bearing Form llI-c RuBisCO Also Encode
Phosphoribulokinase

We examined whether recovered CPR RuBisCO, including the
Form lll-c, might participate in a form of the CBB pathway by
searching all binned genomes for homologs of PRK. PRK is a
key CBB marker gene that is critical for regenerating RuBP
substrate. Our analysis recovered 31 genomes encoding PRK
homologs among the  Gottesmanbacteria  and
Peregrinibacteria, the first PRK homologs reported in the
CPR. PRK sequences were encoded by Gottesmanbacteria
harboring Form lll-like and Ill-c RuBisCO, whereas
Peregrinibacteria PRK were associated with the typical Form
I/l enzyme. Phylogenetic analysis revealed that
Gottesmanbacteria PRK sequences comprised a well-
supported monophyletic clade nesting within a group of
sequences from recently isolated cyanobacterial genomes
and, more broadly, a larger clade of archaeal PRK homologs
(fig. 4 and supplementary fig. S5, Supplementary Material
online). These putative archaeal and cyanobacterial sequen-
ces appeared to be distinct from classical versions and have
not yet been assayed for functional activity. Similarly, two
recovered Peregrinibacteria PRK formed a monophyletic
clade sister to additional divergent cyanobacterial sequences
(fig. 4 and supplementary fig. S5, Supplementary Material
online). To test whether CPR genomes containing PRK
have the full genomic repertoire for the CBB cycle, we
searched genomic bins for nine other genes involved in this
pathway (supplementary table S2, Supplementary Material
online). Several Gottesmanbacteria bins contained near-
complete CBB pathways, lacking only the gene for sedohep-
tulose-1,7-bisphosphatase (SBPase, 08 in fig. 4). Additionally,
instead of separate genes for fructose-1,6-bisphosphate aldol-
ase (FBA) and fructose-1,6-bisphosphatase (FBPase), most
Gottesmanbacteria genomes encoded an enzyme most sim-
ilar to a bifunctional version found in some thermophilic,
chemoautotrophic bacteria and archaea (Say and Fuchs
2010) (fig. 4 and supplementary fig S7, Supplementary
Material online). One Peregrinibacteria genome contained
all genes involved in the CBB cycle with the exception of
FBPase (06), although additional genome sampling/recon-
struction is necessary to definitively designate this enzyme
as missing.
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Discussion

New Diversity in the RuBisCO Superfamily and Its
Implications for Phylogenetic Distribution and
Metabolic Function among the CPR and DPANN

Through increased metagenomic sampling of diverse envi-
ronments, we provide new information about the distribu-
tion of RuBisCO in major bacterial and archaeal groups and
expand RuBisCO superfamily diversity. Our results also allow
a quantitative assessment of RuBisCO diversity, revealing that
the Pacearchaeota and Dojkabacteria in particular frequently
encode various forms of the enzyme across many environ-
mental types (fig. 2). This suggests that RuBisCO may be an
important metabolic enzyme for these groups, which appear
to have the most minimal metabolic and biosynthetic capac-
ities among the DPANN and CPR radiations (Castelle and
Banfield 2018).

At present, Form lll-c sequences occur only in several CPR
lineages, contrasting with other Form lll-related enzymes with
archaeal representatives. Specifically, Form lll-a is only known
in methanogens, Form Ill-b is known to occur in archaea and
possibly several CPR lineages, as well as another bacterium
(Ammonifex degensii) (Berg et al. 2010), and Form lll-like
enzymes appear to be widely (but sparsely) distributed in
both DPANN archaea and CPR bacteria. However, like the
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other Form lll-related enzymes, the association of Form lll-c
RuBisCO with e2b2 and deoA suggests this enzyme may also
function in an AMP metabolism pathway. This pathway, orig-
inally described for the Form lll-b enzyme in Thermococcus
kodakarensis, relies on two proteins to provide RuBisCO with
its substrate molecule, ribose-1,5-bisphosphate (Sato et al.
2007; Aono et al. 2015). First, an AMP phosphorylase encoded
by the deoA gene catalyzes the release of ribose-1,5-bisphos-
phate (R15P) which is then subsequently converted to RuBP
by a R15P isomerase encoded by e2b2 (Sato et al. 2007; Aono
et al. 2015). Next, the RuBisCO incorporates H,O and CO,
with this substrate to create two molecules of 3-phospho-
glycerate (3-PGA), which in turn can be diverted into central
carbon metabolism (Sato et al. 2007; Aono et al. 2015).
Among the CPR, this pathway is thought to provide a simple
mechanism for ribose salvage that may facilitate the syntro-
phic ecology of these organisms (Wrighton et al. 2016;
Castelle and Banfield 2018). Contig-level analyses revealed a
notable spatial association and occasional fusion of genes
involved in AMP metabolism in genomes bearing the Form
lll-c RuBisCO, supporting the association of the enzyme with
this pathway. However, it is critical that future studies char-
acterize the specific biochemistry of this new form and its
possible function in CPR bacteria. Although residue analysis of
the Form Ill-c RuBisCO suggests that these enzymes encoded
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Fic. 4. Some CPR bacteria encode a putative PRK. (a) Maximum-likelihood tree showing phylogenetic position of putative PRK in CPR phyla. Scale
bar represents the number of substitutions per site. Closed black circles indicate bootstrap support values >70%, whereas open circles represent
those >50%. See supplementary fig. S5, Supplementary Material online, for fully labeled tree. (b) Example protein model of putative PRK in the CPR
phylum Gottesmanbacteria. (c) Schematic of the CBB cycle. Squares represent molecular intermediates, whereas arrows represent enzymatic
steps. Abbreviations: PGK, phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TIM, triosephosphate isomerase; FBA,
fructose-bisphosphate aldolase; FPBase, fructose-1,6-bisphosphatase; TKL, transketolase; SBPase, sedoheptulose-bisphosphatase; RPI, ribose-5-
phosphate isomerase; RPE, ribulose 5-phosphate 3-epimerase. (d) Genomic repertoires of CPR bacteria encoding PRK. Numbers refer to enzymatic
steps in (c). Asterisks indicate genomes that harbor an enzyme with highest homology to a bifunctional FBA/FBPase instead of separate FBA and

FBPase.

the minimum set of catalytic and substrate binding sites nec-
essary for carboxylase activity, the associated metal cation and
the impact of nonactive site catalysis remain unknown.
Form | and Form Il RuBisCO function in the CBB cycle,
which relies on PRK to regenerate RuBP before carbon fixa-
tion by RuBisCO (fig 4). The presence of PRK in
Gottesmanbacteria raises the possibility that a CBB-like path-
way may operate in carbon assimilation in these organisms.
Lacking from their genomic repertoires, however, is SBPase
(fig. 4). In plants, SBPase catalyzes the dephosphorylation of
sedoheptulose-1,7-bisphosphate and is important for regula-
tion of intermediate molecules in the CBB cycle (Harrison
et al. 1997). Among Cyanobacteria, it has been shown that
a single enzyme often functions as both an SBPase and an
FBPase, catalyzing a similar reaction on fructose bisphos-
phate in the second branch of the cycle (fig. 4) (Gerbling
et al. 1986; Feng et al. 2014). Similarly, bifunctional activity
has been demonstrated for other bacterial FBPase enzymes
in both the CBB (Ralstonia eutropha) and a ribulose
monophosphate cycle (Bacillus methanolicus) (Yoo and
Bowien 1995; Stolzenberger et al. 2013). Complicating the
possibility of a bifunctional FBPase/SBPase in the
Gottesmanbacteria is the observation that most of these
genomes encode a single enzyme most similar to a bifunc-
tional FBA/FBPase, instead of separate FBPase and FBA. In
the archaeal and bacterial lineages in which bifunctional
FBA/FBPases have been characterized, these enzymes are

thought to play a role in gluconeogenesis instead of the CBB
pathway (Say and Fuchs 2010). Thus, the association of this
gene in the classical CBB in Gottesmanbacteria would re-
quire tripartite function as a FBPase, FBA, and SBPase. As
such, the functioning of a CBB-like pathway in CPR remains
uncertain.

An alternative inference is that PRK contributes to carbon
metabolism in Gottesmanbacteria by providing additional
RuBP as substrate for RuBisCO functioning in the AMP path-
way. The same may be true of the two Peregrinibacteria
genomes encoding the PRK but missing FBPase (fig. 4). In
this scenario, components of the oxidative pentose phos-
phate pathway could convert glucose-6P into ribulose-5-P,
which could then be converted to RuBP by the PRK (supple-
mentary fig. S6, Supplementary Material online). Going for-
ward, it is critical that the PRK from both lineages, as well as
the Gottesmanbacteria FBPase/FBA, be characterized bio-
chemically, especially given that these sequences are diver-
gent from well-studied enzymes (supplementary fig. S7,
Supplementary Material online). In any case, the presence
of PRK, RuBisCO, and a putative bifunctional FBPase/FBA in
CPR genomes suggests that these organisms may have ac-
quired fundamental components of carbon metabolism by
lateral transfer. This extends the prior observations of transfer
of the bifunctional FBA/FBPase to bacteria (Say and Fuchs
2010) as well as the general occurrence of transfer among CPR
bacteria (Jaffe et al. 2016).
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Finally, we report Form IV RLPs in the genomes of several
CPR bacteria and a DPANN archaeon. Previously described
RLPs fall into six clades and have distinct patterns of active
site substitutions that likely affect their functionality (Tabita
et al. 2007). Sequences from Parcubacteria and Micrarchaeota
were mostly closely related to a known RLP clade called the
IV-Photo, which is implicated in sulfur metabolism/stress re-
sponse in green sulfur bacteria like Chlorobium tepidum
(Hanson and Tabita 2001). Although active site residue diver-
gence complicates the inference of function based on phylo-
genetic placement, it is possible that Form IV sequences
found in CPR bacteria also function in oxidative stress re-
sponse. Our analysis also revealed the presence of a large,
highly divergent clade of RuBisCO sequences related to
Form IV/RLP in the genomes of bacteriophage (fig 1a),
some of which were classified as Myoviridae. That these
sequences were recovered from various environments sug-
gests that these phage proteins may be a widespread and to
date underappreciated reservoir of diversity in the RuBisCO
superfamily. Sequence analysis revealed that these putative
RLPs encoded key residues divergent from known type IVs,
leaving possible functionality unclear. However, future work
may uncover “bona fide” RLPs on phage genomes, supporting
the inference that these enzymes are widely laterally trans-
ferred across lineages. Previous work has shown that marine
phage can impact host carbon metabolism through auxiliary
expression of other photosynthetic genes (Thompson et al.
2011; Crummett et al. 2016). Regardless of type, phage-
associated proteins with homology to RuBisCO should be
assessed functionally to evaluate whether they have to the
potential to augment host metabolism during infection.

Sparse Distribution of the RuBisCO Superfamily
Suggests That Lateral Gene Transfer Shapes the
Distribution of Multiple Forms among CPR, DPANN,
and Bacteriophage

Regardless of the ancestral function of RuBisCO superfamily
(Ashida et al. 2005; Tabita et al. 2007; Erb and Zarzycki 2018),
ancient lateral gene transfer is likely an important process
underlying the current distribution of RuBisCO in bacteria
and archaea. Transfers probably drove the evolution of
Form IV as well as Forms | and Il from the ancestral Form
Il (Tabita et al. 2007, 2008), ultimately resulting in diverse
RuBisCO types that now occur in Archaea, Bacteria, and
Eukaryotes. Results of the current study support this inference
and extend it, suggesting that lateral gene transfer has also
played a role in distributing recently recognized RuBisCO
forms across Archaea and Bacteria. First, the discovery of
Form lll-c RuBisCO in CPR bacteria suggests gene transfer
between CPR bacteria and archaea, as this new form is
most closely related to the archaeal Form llI-b. The recovery
of canonical archaeal Form lll-b proteins within previously
published Amesbacteria and Levybacteria bins (both CPR),
if verified, would support this conclusion. Additionally, previ-
ous findings of a Dojkabacteria (WS6) genome harboring
both Form lll-like and Form II/lll RuBisCO and a divergent
Form lll-b RuBisCO enzyme in the Firmicute A. degensii are
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best explained by gene acquisition via lateral transfer (Berg
et al. 2010; Hernsdorf et al. 2017).

Broader evolutionary patterning supports the idea that
lateral gene transfer has played an underappreciated role in
the shaping the evolution of RuBisCO among CPR and
DPANN. Our results reveal a relatively wide but sparse distri-
bution of RuBisCO across CPR/DPANN lineages, with most
lineages containing very low frequencies of the enzyme
(fig. 2). The noncongruency of RuBisCO phylogeny with those
of deoA and e2b2, which appear to have been largely vertically
transmitted in CPR lineages (supplementary fig. S4,
Supplementary Material online), suggests divergent evolu-
tionary histories of these functionally related genes. Thus,
we conclude that the distribution of RuBisCO diversity in
the CPR/DPANN is more likely to be explained by lateral
transfer than extensive gene loss.

The results presented in this study give new insights on the
evolution of the RuBisCO superfamily as a whole. Figure 5 is a
schematic diagram that integrates ideas of Tabita et al. (2007)
with inferences arising from our results, detailing one of at
least several possible scenarios by which RuBisCO was distrib-
uted across the tree of life. Previous work has suggested that
an archaeon, possibly an ancestor of the Methanomicrobia,
laterally transferred a Form Il enzyme to a bacterial ancestor
(Step 1 in fig. 5) where it subsequently evolved to generate
both the Form | and Form Il enzymes (Step 2) (Tabita et al.
2007; Schonheit et al. 2016). The findings of the current and
prior studies (Tabita et al. 2007; Wrighton et al. 2016) indicate
that an ancestral Form Il sequence may then have diverged
from a common ancestor into at least three Form lll-related
types, including the Form lll-b (traditional archaeal form).
Specifically, an additional transfer of an ancestral Form Il or
ll-b enzyme from Archaea to a CPR bacterium may have led
to the evolution of the lll-like and newly reported Ill-c Forms
(Steps 3 and 4), as previously hypothesized (Erb and Zarzycki
2018). Subsequent transfers of both forms to the
Dojkabacteria (Step 5), Parcubacteria (Step 6), and of Form
lll-like to the common ancestor of Pacearchaeota and
Woesearchaeota (Step 7) would recapitulate the current dis-
tribution of these enzymes across the tree of life. However,
with the current evidence, we cannot rule out the possibility
that the lll-like RuBisCO evolved within DPANN archaea and
was transferred in the reverse direction to the CPR.
Interestingly, Form llI-like enzymes occur only in some CPR
lineages and DPANN archaea, without any known represen-
tatives outside these radiations. Many DPANN lineages also
encode the classical archaeal Form IlI-b, currently thought
to have originated in the Methanomicrobia (Tabita et al.
2007). Recent phylogenomic studies of the Archaea have in-
ferred a root in between DPANN and all other groups
(Williams et al. 2017), requiring a transfer of Form lll-b to
DPANN from another lineage to explain this form'’s extant
distribution (Step 8).

Our results also suggest the importance of lateral transfer
processes in shaping the distribution of Form IV RuBisCO. For
example, the Parcubacteria and Micrarchaeota Form IV
enzymes are similar to those in characterized green sulfur
bacteria and may indicate transfer from this source (Steps 9
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Fic. 5. Conceptual diagram illustrating the role of lateral gene transfer in the evolution of RuBisCO and PRK (K). Distinct RuBisCO forms are
represented by boxes of different colors, and form subtypes are indicated by a letter within the box if applicable. Asterisks indicate multiple
subtypes. Form Il enzymes are expanded for additional clarity and are abbreviated as follows: a, Form lll-a; b, Form llI-b; ¢, Form Ill-c; L, Form IlI-like.
Form IV abbreviations are as follows: D, DeepYkr; N, NonPhoto; P, Photo (see Tabita et al., 2007); L, Form IV-like (this study). Ancestral sequences
are represented by black dots inside boxes. Dotted arrows represent possible lateral gene transfers, solid colored arrows represent evolution of
RuBisCO within a lineage. Step numbers are referenced in the Discussion section. Note.—This tree does not convey time-calibrated information
and is arranged to optimize conceptual understanding over accurate evolutionary relationships.

and 12 in fig. 5). Previous work has suggested that the IV-
Photo enzyme is mobile and may have been transferred
from Chlorobi to both Gammaproteobacteria and
Alphaproteobacteria (Steps 10 and 11) (Tabita et al. 2007).
Our results extend the breadth of Form IV-Photo RuBisCO
distribution to new branches of the tree of life and add to the
possible instances of its gene transfer, including one across
domains. However, it is still unclear which lineage of bacteria
among those that are known to bear this version of the en-
zyme is likely to have been the original source for the transfers
to the CPR and DPANN. Similarly, we recovered RuBisCO
enzymes related to the Form IV encoded in the genome of
at least one Beckwithbacteria and many scaffolds of bacteri-
ophage origin, including one unusually large, manually cu-
rated phage genome. One possibility is that a phage
acquired a copy of the ancestral Form IV enzyme, termed
the DeepYkr (Tabita et al. 2007), from a bacterial ancestor
(Step 13), ultimately evolving into a divergent clade. One of
these divergent sequences may then have been transferred to
Beckwithbacteria (Step 14). The reverse scenario is also pos-
sible, in which members of the Myoviridae acquired this en-
zyme from Beckwithbacteria, possibly as prophages. However,
to date, we know of no cases of >200-kb phage genomes
integrating into small (generally <1 Mb) CPR genomes. The
discovery of RuBisCO homologs in phage also provides a

possible mechanism for the widespread lateral gene transfer
of this enzyme observable across the tree of life (fig. 5)
(Canchaya et al. 2003). However, as of yet, phage encoding
“bona fide” RuBisCO forms have not been identified.

The Form I/l enzymes are presently distributed among
the CPR, DPANN, and at least one methanogenic archaeal
lineage (Alonso et al. 2009; Wrighton et al. 2012). Given that
this form is most closely related to Form Il (fig. 1a), we spec-
ulate here that the Form I/1ll enzyme evolved in a CPR lineage
(possibly the Dojkabacteria) after transfer of a Form Il se-
quence (Step 15). Form II/Ill could then be transferred to
several other CPR lineages and one or more archaeal lineages
(Step 16). Notably, no CPR with Form Il enzymes have been
reported to date.

Finally, there are two possible explanations for the appar-
ent discordance between the phylogenetic pattern showing
Forms Il and II/1Il branching together and separate from Form
| (fig. 1a) and the pathway association of these Forms (I and I
in CBB vs. II/1ll in the AMP pathway). If Form II/I1l preserves its
ancestral function in the AMP pathway then the CBB path-
way function in Forms | and Il must have arisen by convergent
evolution. Alternatively, the CBB pathway function in Forms |
and Il shared a common ancestor and Form I/l reverted
back to function in the AMP pathway, possibly due to loss of
the other CBB pathway enzymes. We suggest that convergent
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evolution of the more complex CBB pathway (which also
requires PRK and transketolase, as well as various glycolysis
enzymes) is less likely than reversion due to gene loss, espe-
cially given that gene loss is likely to have been widespread in
the CPR. DPANN archaea, which generally do not have PRK,
and methanogens could then have acquired the Form II/Ill
RuBisCO by lateral transfer (fig. 5).

Conclusion

In conclusion, we show that CPR bacteria, DPANN archaea,
and bacteriophage harbor RuBisCO diversity that broadens
our understanding of the distribution of this enzyme across
the tree of life. The wide but sparse distribution of RuBisCO
within the CPR and DPANN may be the consequence of
extensive lateral gene transfer as well as gene loss. Further,
some transfers may have catalyzed major shifts in carbon
metabolism in bacterial lineages with limited metabolic rep-
ertoires. Specifically, lateral transfer of RuBisCO could have
conferred a “missing puzzle piece” for organisms already bear-
ing AMP phosphorylase and R15P isomerase, completing the
genomic repertoire for the CO,-incorporating AMP metabo-
lism present in extant lineages. Likewise, Gottesmanbacteria
may have evolved a partial CBB cycle or augmentation to the
AMP pathway by linking laterally acquired RuBisCO and PRK
to genes in the oxidative pentose phosphate pathway (fig. 4
and supplementary fig. S6, Supplementary Material online).
Clearly, metagenomic studies of diverse environments can
help to shed light on phylogenetic distribution and also to
extend models of evolution for even well-studied enzymes.

Materials and Methods

Genome Collection and Annotation

We gathered a set of ~4,000 CPR/DPANN genomes from
metagenomes from several previous studies of groundwater,
soil, ocean, and subsurface environments. Additionally, we
binned several new genomes from a sediment from Rifle,
CO (Anantharaman et al. 2016) and the water column in
the Baltic Sea (Asplund-Samuelsson et al. 2016). Binning
methods and taxonomic assignments followed those de-
scribed in Anantharaman et al. (2016). Several genome frag-
ments were manually curated, making use of unplaced paired
reads to increase their length. This was necessary to test for
bacterial affiliation based on comparison of the encoded
genes with genes in known CPR genomes.

Proteins were predicted for each genome using Prodigal
(“meta” mode) (Hyatt et al. 2010). Preliminary functional
predictions were established using a pipeline based on
KEGG Orthology (Kanehisa and Goto 2000). All versus all
global search of proteins in each KO from the KEGG data-
base was performed using usearch (Edgar 2010), and pro-
tein percent identity was used as input to Markov Cluster
Algorithm clustering (Van Dongen 2008) with inflation pa-
rameter of 1.1. For each resulting cluster, the proteins were
aligned using Multiple Alignment using Fast Fourier
Transform (MAFFT) version 7 (Katoh and Standley 2013),
and HMMs were constructed using the HMMER suite (Finn
et al. 2011). Predicted proteins from each CPR/DPANN
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genome in this study were scanned using hmmsearch
(Finn et al. 2011), and annotation was assigned according
to the best HMM hit, providing it was above a predefined
KEGG Orthology noise cutoff.

RuBisCO Analysis
We extracted above-threshold hits for RuBisCO large chain
(K01601), yielding a final set of genomes encoding the en-
zyme. To analyze the number of nonredundant genomes
containing RuBisCO, we repeated the above analysis with a
set of ~3,000 high quality genomes from various environ-
ments. These genomes were dereplicated at 99% secondary
Average Nucleotide Identity (ANI) using dRep (-comp 20)
(Olm et al. 2017) and then analyzed for presence of RuBisCO.
To expand the breadth of our main RuBisCO set, we iden-
tified RuBisCO sequences (many of which were unbinned)
from sediment and groundwater metagenomes (e.g,
Anantharaman et al. 2016; Hernsdorf et al. 2017; Probst
et al. 2017). We excluded sequences shorter than 200 amino
acids in length to remove fragmented proteins. Phylum-level
taxonomy for these sequences was assigned based on the
closest affiliation of the encoded sequences. These sequences
were added to those from genomes and the entire set was
dereplicated (USEARCH, -id 0.99 -sort length) (Edgar 2010).
Sourcing for dereplicated sequences can be found in supple-
mentary table S1, Supplementary Material online. Next, we
combined the full set with reference RuBisCO from NCBI and
aligned it using MAFFT (default parameters) (Katoh and
Standley 2013). Alignments were trimmed by removing col-
umns with >95% gaps. The unmasked alignment file of der-
eplicated RuBisCO sequences with metadata is attached as
supplementary file 1, Supplementary Material online. We
next constructed a maximume-likelihood tree with RAXML-
HPC BlackBox (v. 8.2.10) as implemented on cipres.org (de-
fault parameters with rapid bootstrapping) (Stamatakis et al.
2008) and subsequently assigned each RuBisCO sequence to
previously identified Forms based on phylogenetic clustering
with reference sequences. Binned sequences excluded from
the dereplicated set were reinserted into the tree and classi-
fied for downstream analyses. Sequences in ambiguous phy-
logenetic positions were annotated as “unknown.” Custom
HMMs were constructed using recovered sequences for each
RuBisCO form with the HMMER suite (Finn et al. 2011) and
were subsequently self-tested and manually refined to ex-
clude low-scoring sequences.

Collection and Analysis of Viral Sequences

To explore the possibility that phage encode RuBisCO, we
generated a database of putative phage genome fragments
using sequences from IMG/VR (imgjgi.doe.gov/vr/; last
accessed November 30, 2018) and several previous metage-
nomic studies of groundwater and subsurface environments
(Anantharaman et al. 2016; Probst et al. 2017). Contigs from
the latter metagenomes were assigned a putative phage origin
if the majority of encoded genes had no identifiable sequence
similarity to genes in bacterial (or archaea). Only sequences
>10 kb in length were included to improve the confidence of
phage assignments. Predicted proteins from putative phage
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contigs were interrogated using the above RuBisCO HMM:s,
and those with significant HMM hits at or above a score of
100 and e < 0.05 were retained for further analysis. Genome
fragments with RuBisCO-related sequences were further eval-
uated to confirm the presence of additional (e.g, structural)
genes indicative of phage classification. Once manually veri-
fied, the putative RuBisCO proteins of phage origin were
dereplicated at 99% identity and incorporated into the phy-
logenetic analysis. Phage terminase proteins were extracted
using existing annotations (in the case of IMG/VR fragments)
or BLAST-based annotations (in the case of groundwater/
subsurface fragments). To establish putative identity, we
then aligned recovered phage terminases with reference pro-
teins and created a tree with RaxML. Finally, several additional
phage genome fragments encoding RuBisCO-related sequen-
ces were manually curated to increase their length.

Residue Analysis and Protein Modeling

To analyze the biochemically relevant characteristics of the
RuBisCO sequences included in the dereplicated set, includ-
ing those in the putative phage category, we extracted 12
residues known to be important for catalytic activity and 7
important for substrate binding from each sequence (Tabita
et al. 2008; Saito et al. 2009). A sequence logo of these 19 sites
for each Form was constructed using WebLogo (Crooks et al.
2004). Additionally, we modeled exemplary Form Ill, Form IlI-
¢, Form IV-like, and PRK proteins using the I-TASSER suite
(zhanglab.ccmb.med.umich.edu/I-TASSER/;  last  accessed
June 21, 2018) (Yang et al. 2015).

Pathway and Contig-Level Analyses

Finally, we identified two sets of proteins involved in
RuBisCO-mediated carbon metabolism (supplementary table
S2, Supplementary Material online) within the binned
genomes using the KEGG annotation results. Of particular
interest were AMP phosphorylase (deoA) and R15P isomerase
(e2b2), thought to be involved in AMP metabolism
(Wrighton et al. 2016), and PRK, a marker gene for the CBB
pathway. We examined the distribution of these genes, plus
others associated with the CBB pathway, across genomes as
well as their genomic context. Specifically, for the three genes
likely involved in AMP metabolism, the proximity of the
genes on the same contig was calculated by taking the sum
the lengths of the intervals between the genes. Gene fusions
were identified by noting abnormally long RuBisCO sequen-
ces and examination of the domain structure through NCBI
BlastP  (blast.ncbi.nlm.nih.gov/Blast.cgi;  last  accessed
November 30, 2018). As with RuBisCO, recovered protein
sequences for PRK, AMP phosphorylase (deoA), R15P isom-
erase (e2b2), and CBB enzymes were aligned with MAFFT and
trimmed as described above. Corresponding trees were then
inferred with RAXML-HPC BlackBox (v. 82.10) as imple-
mented on cipres.org (default parameters with rapid boot-
strapping) (Stamatakis et al. 2008) and visualized using iTOL
(Letunic and Bork 2016). For PRK, NCBI reference sequences,
close BLAST hits to identified CPR PRK homologs, and
sequences from the close homolog uridine kinase (udk)
were gathered and added to the protein set before alignment.

Data and Software Availability

The unmasked alignment file of dereplicated RuBisCO
sequences with metadata is attached as supplementary file
1, Supplementary Material online. Newly reported sequences
from this study, including those from the pathway analyses,
are available at the European Nucleotide Archive at the fol-
lowing accession number: PRJEB29721. Intermediate data
files, including sequence files, and custom code used for the
described analyses are available in interactive Jupyter
Notebook format at https://github.com/alexanderjaffe/cpr_
dpann_rubisco/; last accessed November 30, 2018.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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