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Dissimilatory phosphite oxidation (DPO), a microbial metabolism
by which phosphite (HPOs?") is oxidized to phosphate (PO,37), is
the most energetically favorable chemotrophic electron-donating
process known. Only one DPO organism has been described to
date, and little is known about the environmental relevance of this
metabolism. In this study, we used 16S rRNA gene community anal-
ysis and genome-resolved metagenomics to characterize anaerobic
wastewater treatment sludge enrichments performing DPO coupled
to CO, reduction. We identified an uncultivated DPO bacterium,
Candidatus Phosphitivorax (Ca. P.) anaerolimi strain Phox-21, that
belongs to candidate order GW-28 within the Deltaproteobacteria,
which has no known cultured isolates. Genes for phosphite oxida-
tion and for CO, reduction to formate were found in the genome of
Ca. P. anaerolimi, but it appears to lack any of the known natural
carbon fixation pathways. These observations led us to propose a
metabolic model for autotrophic growth by Ca. P. anaerolimi
whereby DPO drives CO, reduction to formate, which is then assim-
ilated into biomass via the reductive glycine pathway.
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reductive glycine pathway

Ithough phosphorus has long been recognized as an essen-

tial nutrient for life, the role of phosphorus redox chemistry
in biology remains poorly understood. Most of the phosphorus
on extant Earth exists as phosphate (PO,>), but recent work has
detected the reduced inorganic phosphorus compound phosphite
(HPO32’) in many environments, including rivers, lakes, swamps,
geothermal pools, and wastewater treatment plants (1-4).
Phosphite appears to be a key intermediate in the phosphorus
redox cycle, accounting for up to 30% of the total dissolved
phosphorus in some ecosystems (1). It can be produced naturally
through geothermal reactions, volcanic eruptions, lightning dis-
charges, and metal corrosion and can also be present in some
industrial products, such as fertilizers and fungicides (3-7). A
variety of microorganisms have evolved the ability to utilize
phosphite as a phosphorus source by oxidizing phosphite to
phosphate, a process known as assimilatory phosphite oxidation
(APO) (8-17).

Phosphite is also the most energetically favorable chemo-
trophic electron donor known due to the extremely low redox
potential of the phosphate/phosphite couple (E° = —650 mV)
(18). This property, together with its high solubility and chemical
stability, allows it to drive cellular growth in a process known as
dissimilatory phosphite oxidation (DPO) since the phosphate
produced is excreted from the cells as an end product of energy
metabolism rather than being incorporated into biomass (13, 19).
However, the only dissimilatory phosphite-oxidizing microor-
ganism (DPOM) described to date is Desulfotignum phosphitox-
idans FiPS-3, which grows by coupling phosphite oxidation to
either sulfate or CO, reduction (19, 20). Its ability to oxidize
phosphite is conferred by the ptx-ptd gene cluster. Two of these
genes (ptxED) can also be found in APO bacteria (13, 14, 17, 21).
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PtxD is a phosphite dehydrogenase that catalyzes the NAD-
dependent oxidation of phosphite to phosphate, and PtE is a
transcriptional regulator. The remaining five genes (ptdFCGHI)
have so far been found only in FiPS-3 (13, 22, 23). PtdC is an inner
membrane transporter that facilitates phosphite uptake, possibly
by functioning as a phosphite/phosphate antiporter (22, 23).
PtdFGHI are likely involved in energy conservation during DPO,
but their functions have yet to be experimentally confirmed (5).
Whether this gene cluster is conserved in all DPOM is uncertain.
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Phosphite (HPO3?") is the most energetically favorable bi-
ological electron donor known, but only one organism capable
of growing by phosphite oxidation has been previously iden-
tified. Here, we describe a phosphite-oxidizing bacterium that
can grow with CO, as its sole electron acceptor, and we pro-
pose a metabolic model in which inorganic carbon is assimi-
lated via the reductive glycine pathway. Although the
reductive glycine pathway has previously been identified as a
"synthetic” carbon fixation pathway, this study provides evi-
dence that it may actually function as a natural autotrophic
pathway. Our results suggest that phosphite may serve as a
driver of microbial growth and carbon fixation in energy-
limited environments, particularly in aphotic environments
lacking alternative terminal electron acceptors.
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Here, we expand our understanding of DPOM through 16S
ribosomal RNA (rRNA) gene community analysis and genome-
resolved metagenomics of phosphite-oxidizing enrichments from
anaerobic wastewater treatment sludge grown with CO, as the
sole electron acceptor. We reveal the presence in our enrich-
ments of an uncultivated DPOM possessing a ptx-ptd gene cluster
and propose a metabolic model for phosphite oxidation coupled
to CO, reduction and carbon fixation in this organism based on
genomic evidence. Our results suggest that inorganic carbon is
assimilated via the reductive glycine pathway. Although this path-
way has been previously proposed as a viable “synthetic” route for
carbon fixation (24), this study provides evidence that it may ac-
tually function in a natural system as an autotrophic pathway.

Results

Enrichment for Dissimilatory Phosphite-Oxidizing Microorganisms
from Wastewater Treatment Sludge. To enrich for DPOM, phos-
phite and CO, were added as the sole electron donor and electron
acceptor, respectively, to defined anaerobic media inoculated with
wastewater treatment sludge. Killed controls (autoclaved in-
oculum with phosphite added) and no-phosphite controls (live
inoculum with no phosphite added) were also prepared. The live
phosphite-fed enrichment cultures completely oxidized 10 mM
phosphite after 29 wk of incubation (Fig. S1). The rate of phos-
phite oxidation was 50 + 1 pM/d and was accompanied by a
stoichiometric increase in the phosphate concentration in the
media. No phosphite oxidation or phosphate accumulation was
seen in the killed controls over the same time period (Fig. S1).
DNA samples were collected at 0, 20, and 29 wk after inoculation
from both the live phosphite-fed cultures and the no-phosphite
controls for microbial community composition analysis. Three
operational taxonomic units (OTUs) were prevalent (>1% of the
community) only in the phosphite-fed cultures: OTU 21 (Pro-
teobacteria, 4.4 + 2.4%), OTU 28 (Thermovirga, 1.3 + 0.7%), and
OTU 33 (Desulfomonile, 1.0 + 1.0%) (Fig. S2).

Given the slow overall rate of phosphite oxidation in our en-
richments and the presence of an OTU belonging to the Desul-
fomonile (OTU 33) among phosphite-enriched taxa, we decided
to test variables known to enhance or inhibit growth of this or-
ganism in pure culture. The first of these was the addition of cow
rumen fluid (RF) to determine if RF would stimulate the growth
and rate of phosphite oxidation in our cultures. RF is a complex
substrate containing various cofactors and nutrients and has
been previously shown to stimulate growth of some fastidious
anaerobic microbes, including Desulfomonile tiedjei DCB-1 (25—
27). When we added 5% sterilized RF to the media, a substantial
increase in phosphite oxidation rates was observed after several
transfers. Cultures containing RF oxidized phosphite at a sig-
nificantly higher rate of 480 + 10 pM/d compared with 79 +
36 pM/d in cultures without RF (Fig. 14) (¢ test, P < 0.0001).

In contrast to testing phosphite oxidation enhancement by RF
addition, we also investigated the potential for phosphite oxi-
dation inhibition by molybdate. Previous studies have shown that
growth of D. tiedjei is inhibited by molybdate concentrations as
low as 2 mM (27). When 5 mM molybdate was added to our
enrichment cultures containing RF, the average phosphite oxi-
dation rate dropped to 35 + 12 pM/d (Fig. 14), indicating a
significant inhibitory effect compared with the cultures with no
molybdate (¢ test, P < 0.0001). Stable RF-amended enrichments
were maintained for the rest of the study. Furthermore, because
CO, was the sole potential electron acceptor in the growth
media, we surmised that phosphite oxidation was coupled to
CO; reduction. Indeed, cultures grown in the presence of CO,
oxidized 8.33 + 0.84 mM phosphite within 21 d whereas no
phosphite oxidation was observed during the same period in
cultures without CO, (Fig. S3). We also confirmed that phos-
phite oxidation was driving growth in our enrichments; signifi-
cantly higher growth rates were observed in cultures containing
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Fig. 1. (A) Phosphite oxidation by cultures derived from enrichments
amended with rumen fluid. Phosphite (closed symbols with solid lines) and
phosphate (open symbols with dashed lines) concentrations in cultures
containing 9 mM phosphite and 5% rumen fluid (blue circles); 5% rumen
fluid only (red squares); 9 mM phosphite only (green triangles); 9 mM
phosphite, 5% rumen fluid, and 5 mM molybdate (orange inverted trian-
gles). Data points represent the average of triplicate cultures, with error bars
denoting one SD. DNA samples for community analysis were obtained for all
data points. (B—E) Taxonomic composition of microbial communities in cul-
tures containing 9 mM phosphite and 5% rumen fluid (B); 5% rumen fluid
only (C); 9 mM phosphite only (D); 9 mM phosphite, 5% rumen fluid, and
5 mM molybdate (E). Each OTU with an average normalized abundance
of >1% of the community under any treatment is labeled according to the
lowest taxonomic rank assigned to it: ¢, class; d, domain; f, family; g, genus;
p, phylum. Each dataset represents the average of independently sequenced
triplicate cultures.

phosphite (0.0093 + 0.0012 ODU/d) compared with control
cultures with no phosphite (0.0030 + 0.0015 ODU/d) (¢ test, P =
0.0012) (Fig. S4).
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RF-amended enrichments were characterized by 16S rRNA
gene community analysis of DNA samples collected at 0, 5, 11,
16, and 19 d. Just 11 OTUs accounted for 96% to 98% of the
total community under all treatments (Fig. 1 B-E). Un-
expectedly, OTUs 33 and 28 were not detected in any of the RF-
amended cultures even though these taxa had been enriched on
phosphite in the original cultures. Instead, the cultures at day
0 were dominated by two taxa: OTU 21 (Proteobacteria, 39.1 +
2.5%) and OTU 38 (Tepidanaerobacter, 33.7 + 2.2%) (Fig. 1 B—
E). OTU 21, which was enriched on phosphite in the original
cultures, was the taxon with the largest positive fold difference in
final abundance (4.29 =+ 0.53) on phosphite and RF compared
with RF only (Fig. 1 B and C and Fig. S5). In contrast, OTU 38
had a lower relative abundance in the presence of phosphite than
in the RF-only cultures.

Candidatus Phosphitivorax Anaerolimi Phox-21 Is a DPOM from an
Uncultivated Deltaproteobacteria Lineage. The community dynam-
ics discussed above strongly suggested that OTU 21 (henceforth
referred to as Candidatus Phosphitivorax (Ca. P.) anaerolimi
strain Phox-21) was the taxon responsible for phosphite oxidation
in our enrichments, so we focused our efforts on characterizing
this organism. We obtained its full 16S rRNA gene sequence via a
clone library and performed qPCR using species-specific 16S ri-
bosomal DNA (rDNA) primers to assess the absolute abundance
of this organism during phosphite-dependent growth. Significantly
higher growth rates were observed in the presence of phosphite
(1.21 + 0.13 x 10° 16S rDNA copies per milliliter per day)
compared with the no-phosphite controls (7.26 + 2.64 x 10> 16S
rDNA copies per milliliter per day) (¢ test, P = 0.0008), and
growth was concurrent with phosphite oxidation (Fig. 2). A
maximum likelihood phylogenetic tree based on the full 16S
rRNA gene sequence placed Ca. P. anaerolimi Phox-21 within
the candidate Deltaproteobacteria order GW-28, an unculti-
vated clade most closely related to the Desulfovibrionales (Fig. 3).
Phox-21 shares only 83% sequence identity to the DPOM
D. phosphitoxidans FiPS-3. The closest relatives to Ca. P. anae-
rolimi Phox-21 are uncultured clones from anaerobic wastewater
and food waste digesters, estuarine sediments, peat wetlands, and
sinkhole biomats (Fig. 3).

Phox-21

(16S rDNA copies / mL)
(Ww) .fodH

I ] L]
0 2 4 6 8 10 12 14 16

Time (days)

Fig. 2. Growth of Ca. Phosphitivorax anaerolimi Phox-21 in enrichment
cultures containing either 8 mM phosphite and 5% rumen fluid (blue circles
with solid lines) or 5% rumen fluid only (red squares with solid lines). Blue
circles with dashed lines indicate phosphite concentrations in phosphite-
containing cultures. Phox-21 16S rDNA copy numbers were determined by
gPCR using taxon-specific primers and normalized by the total volume of
culture sampled for DNA extraction. Data points for 16S rDNA copy numbers
represent the geometric mean of triplicate cultures, with error bars denoting
one geometric SD. Data points for phosphite concentrations represent the
average of triplicate cultures, with error bars denoting one SD.
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All attempts to isolate Ca. P. anaerolimi proved unsuccessful.
As such, we obtained its genome directly from the enriched
community using genome-resolved metagenomics. Two samples
were taken at days 11 and 19 from a culture grown on 10 mM
phosphite and 5% RF that displayed a high rate of phosphite
oxidation (470 pM/d). Another two samples were taken at days
5 and 19 from a culture grown on 10 mM phosphite, 5% RF, and
5 mM molybdate that exhibited a very low rate of phosphite
oxidation (28 pM/d) due to molybdate inhibition. Sequencing
reads from all four samples were combined and assembled,
yielding 50.95 Mbp of sequence data in 20,733 contigs, with an
average contig size of 2,458 bp and an N50 of 16,833 bp (Table
S1). More than 98% of reads from each of the samples mapped
back to the assembled contigs (Table S1). Contigs <1,000 bp long
were removed from the dataset, and only the remaining
5,997 contigs (43.85 Mbp) were included in the binning step. A
total of 2,531 contigs (42.2% of the contigs analyzed) repre-
senting 76.8% (33.66 Mbp) of the total sequence data in the
analysis were binned into 13 high-quality genome bins (Table
S2). Nine of the genome bins recovered were previously identi-
fied as prevalent OTUs based on 16S rRNA gene analysis, in-
cluding bin 2 (Deltaproteobacteria) (Table S2). The remaining
four bins did not correspond to any of the prevalent OTUs
previously identified. The correspondence between bin 2 and Ca.
P. anaerolimi Phox-21 was confirmed by aligning a partial 16S
rRNA gene from bin 2 to the full Phox-21 gene from the clone
library. In accordance with the abundance patterns revealed by
16S rRNA gene analysis, bin 2 had the highest sequencing depth
(581x) of any genome bin in the highly phosphite-oxidizing
sample at day 19 (Fig. S6).

The Ca. P. anaerolimi genome encodes the entire ptx-ptd gene
cluster for dissimilatory phosphite oxidation, with the exception
of ptdG (Fig. 44). The key gene for phosphite oxidation, phos-
phite dehydrogenase (ptxD), was not found in any other binned
or assembled sequences. No genes for hypophosphite oxidation
or phosphonate degradation were found in Phox-21 or in any
other binned or assembled sequences (Table S3). All of the pix-
ptd genes of Phox-21 are most closely related to those of
D. phosphitoxidans FiPS-3. The Phox-21 PtxD has 55% amino
acid identity to that of FiPS-3, and together they form a separate
clade from PtxD proteins involved in APO (Fig. 4B). However,
in contrast to the FiPS-3 ptx-ptd cluster, which is flanked by
transposases, there is no genomic evidence that the Phox-21 gene
cluster was horizontally acquired.

Metabolic Overview of Ca. Phosphitivorax Anaerolimi Phox-21. Ca. P.
anaerolimi has an incomplete TCA cycle and appears to com-
pletely lack an electron transport chain as genes for complexes I
to IV are absent from its genome (Fig. 5 and Table S3). It does
have genes for glucose, pyruvate, and ethanol metabolism, as
well as for a sodium-translocating ferredoxin:NADH oxidore-
ductase (Rnf) complex (rmfABCDEG). The genome also encodes
a NAD-dependent ferredoxin:NADPH oxidoreductase (nfiiAB),
an electron-bifurcating complex that catalyzes the reduction of
two NADP molecules coupled to the oxidation of reduced fer-
redoxin and NADH in a reversible manner (28). Both an F-type
and V-type ATP synthase are present in the genome, with the
F-type ATPase likely functioning as a sodium-translocating com-
plex and the V-type ATPase as a proton-translocating complex,
based on the identity of key residues in the ¢ subunits of both
complexes (29). Additionally, the genome encodes a quinone-
dependent, molybdate-binding formate dehydrogenase (fdoGHI),
which is a membrane-bound periplasmic complex typically in-
volved in formate oxidation coupled to nitrate or nitrite reduction
and an ammonifying periplasmic nitrite reductase (nrfAH) (30). No
genes for hydrogenases, dissimilatory sulfate reduction, dissimila-
tory nitrate reduction, denitrifying nitrite reduction, or anaero-
bic ammonium oxidation were identified (Table S3). Phox-21 is
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Fig. 3. Phylogenetic tree showing the placement of Ca. Phosphitivorax anaerolimi Phox-21 within the Deltaproteobacteria. Selected 16S rRNA sequences
were aligned using the Silva aligner, and a maximum likelihood phylogenetic tree was constructed with 1,000 bootstrap resamplings using RAXML-HPC.
Members of the Acidobacteria were included as an outgroup. Taxa represented in the Silva reference database were assigned to known orders within the
Deltaproteobacteria based on their Greengenes taxonomic assignments. GenBank accession numbers are provided in parentheses. Taxa for which there is
experimental evidence of DPO activity are indicated in bold. Internal nodes with bootstrap support of >70% are indicated by closed circles and those with

support of >50% by open diamonds. (Scale bar: 0.1 change per nucleotide.)

predicted to be incapable of synthesizing the amino acids alanine,
histidine, and threonine, as well as the cofactors tetrahydrofolate
(THF), pyridoxal 5’-phosphate (PLP), and Vitamin B12.

Acetyl-CoA synthase (acsB), a key gene in the autotrophic
Wood-Ljungdahl pathway, is present in the Ca. P. anaerolimi
genome while key genes for all other known carbon fixation
pathways (Calvin—-Benson-Bassham cycle, reverse TCA cycle,
3-hydroxypropionate bi-cycle, dicarboxylate/4-hydroxybutyrate cy-
cle, and 3-hydroxypropionate/4-hydroxybutyrate cycle) are absent
(Fig. 5 and Table S3). Surprisingly, however, it is missing all of the
genes in the carbonyl branch of the Wood-Ljungdahl pathway
other than acsB (Fig. S7). These genes are absent from all unbinned
sequences as well. On the other hand, Phox-21 does have genes for
both the catalytic subunit (fdhA) and the NADP-binding subunit
(fdhB) of the CO,-reducing formate dehydrogenase, which cata-
lyzes the first step in the methyl branch of the Wood-Ljungdahl
pathway in bacteria (31) (Fig. S7). It also possesses genes for for-
mate:THF ligase (fhis), methenyl-THF cyclohydrolase/methylene-
THF dehydrogenase (folD), and methylene-THF reductase
(metF), which together constitute the rest of the methyl branch
of the Wood-Ljungdahl pathway. Nonetheless, given the absence
of key carbonyl branch genes, Phox-21 appears to be incapable of
assimilating CO, via the Wood-Ljungdahl pathway.

Figueroa et al.

We explored the possibility that Phox-21 could reduce CO, to
formate using FdhAB and then assimilate formate using an al-
ternate pathway. The only known formate assimilation pathways
are the Wood-Ljungdahl pathway, the serine pathway, and the
reductive glycine pathway (32, 33). All three pathways use the
enzymes Fhs and FolD (present in Phox-21) to initially reduce
formate to methylene-THF, but they have distinct downstream
routes for the subsequent conversion of methylene-THF to bio-
mass precursors (32, 33). In addition to having an incomplete
Wood-Ljungdahl pathway, Phox-21 lacks genes for the key serine
pathway enzymes serine-glyoxylate transaminase and malyl-CoA
lyase. However, all of the genes for the reductive glycine pathway
(gevP, glycine dehydrogenase; gevT, aminomethyltransferase;
gevH, lipoate-binding protein; /pd, dihydrolipoyl dehydrogenase;
glyA, serine hydroxymethyltransferase; and sdaA, serine de-
aminase) are present in the genome of Phox-21, indicating that
this is likely a functional route for formate assimilation.

Metabolic Overview of Other Enrichment Community Members. Like
Ca. P. anaerolimi, most of the other enrichment community mem-
bers have incomplete TCA cycles and lack genes involved in electron
transport and respiratory processes (Fig. 5). Only Proteiniphilum
sp. EBM-41 (bin 6) has a complete TCA cycle and genes for oxy-
gen respiration (cydAB). There are two methanogens present,
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Fig. 4. (A) Ptx-ptd gene clusters of Ca. Phosphitivorax anaerolimi Phox-21 and Desulfotignum phosphitoxidans FiPS-3. IMG gene annotations: ptdC, major
facilitator superfamily transporter; ptdF, nucleoside-diphosphate-sugar epimerase; ptdG, nucleotide-binding universal stress protein; ptdH, radical SAM super-
family enzyme; ptdl, hypothetical protein; ptxD, phosphite dehydrogenase; ptxE, transcriptional regulator. Genes highlighted in blue are present in APO or-
ganisms, genes highlighted in green are present only in FiPS-3 and Phox-21, and genes highlighted in gray are present only in FiPS-3. (B) Phylogenetic tree of the
phosphite dehydrogenase PtxD. Protein sequences from selected organisms were aligned using Clustal Omega, and a maximum likelihood tree was constructed
with 1,000 bootstrap resamplings using RAXML-HPC. Black branches indicate PtxD sequences while gray branches indicate related outgroup sequences belonging
to the p-hydroxyacid dehydrogenase protein family (GDH, glycerate dehydrogenase; LDH, lactate dehydrogenase; PGDH, 3-phosphoglycerate dehydrogenase).
Organisms for which there is experimental evidence of DPO are highlighted in green while those for which there is experimental evidence of APO are high-
lighted in blue. Colored circles indicate the taxonomic affiliations of the organisms harboring each PtxD sequence. Internal nodes with bootstrap support
of >70% are indicated by closed circles and those with support of >50% by open diamonds. (Scale bar: 0.1 change per amino acid residue.)

Methanoculleus sp. EBM-46 (bin 7) and Methanococcoides sp. EBM-  to be capable of growth on acetate and formate, and EBM-47 has
47 (bin 9), and both have the full Wood-Ljungdahl pathway, although  genes for growth on methanol as well. Both Tepidanaerobacter sp.
only EBM-46 has the uptake hydrogenase necessary for autotrophic  strains, EBM-38 (bin 1) and EBM-49 (bin 13), have all of the genes
growth on Hy/CO, (Fig. 5). Nonetheless, both methanogens appear  for the carbonyl branch of the Wood-Ljungdahl pathway but have no
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Functional overview of high-quality binned genomes. Filled boxes indicate the presence of the metabolic process or bioenergetic complex in the cor-

responding genome while empty boxes indicate its absence. Only metabolisms and complexes that are present in at least one high-quality binned genome are
depicted here. See Table S3 for a list of the key functional genes used to indicate the presence of a metabolism or complex. A metabolism was considered present
only if all of the genes encoding at least one full enzymatic pathway capable of carrying out that metabolic process were found in the genome. A bioenergetic
complex was considered present only if all of the genes encoding the necessary subunits for a functional protein complex were found in the genome.

COyreducing formate dehydrogenase (fdhAB) or uptake hydroge-
nase, which is consistent with previous genomic analysis of Tepid-
anaerobacter acetatoxydans and indicates that these organisms are
capable of syntrophic acetate oxidation but not of autotrophic growth
(34). The remaining seven organisms lack any autotrophic or syntro-
phic acetate-oxidation pathways and are therefore likely to be obligate
fermenters involved in the degradation of RF components (Fig. 5).

Discussion

DPO was discovered over a decade ago in the marine sediment
isolate D. phosphitoxidans FiPS-3, but there have been no addi-

Figueroa et al.

tional reports of this metabolism in other environments. This
study, therefore, represents only the second observation of DPO
and provides a description of the community structure and
metagenomic context related to this metabolism. Phosphite ox-
idation in our wastewater sludge enrichments occurred only in
the presence of live cells whereas killed controls showed no
decrease in phosphite even after 29 wk, consistent with previous
reports of phosphite’s chemical stability under anaerobic condi-
tions (6). Moreover, phosphite-oxidizing cultures accumulated
phosphate in the media and had significantly higher growth rates
than controls lacking phosphite, which points to a dissimilatory
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process involved in energy metabolism rather than a purely as-
similatory process. Genomic analysis of the uncultured bacte-
rium Ca. Phosphitivorax anaerolimi Phox-21, whose abundance
was strongly correlated with phosphite oxidation in our enrich-
ments, confirmed the presence of a ptx-ptd gene cluster in its
genome. This gene cluster, known to be involved in phosphite
oxidation in D. phosphitoxidans, is not present in any other mi-
crobial isolate genome currently available in the Integrated Mi-
crobial Genomes (IMG) database. Multiple lines of evidence
thus indicate that Ca. P. anaerolimi is the organism responsible
for DPO in our enrichments.

The CO, dependence of phosphite oxidation in our enrich-
ments, together with the lack of alternative electron acceptors,
implies that Ca. P. anaerolimi couples phosphite oxidation to
CO,; reduction, and the presence of a CO,-reducing formate
dehydrogenase complex (FdhAB) in its genome provides the
putative means by which this metabolism could occur. However,
the absence of any of the six known autotrophic pathways in
Phox-21 complicates the question of how inorganic carbon might
be assimilated by this organism. Phox-21 also appears to lack an
electron transport chain, meaning it should be incapable of en-
ergy conservation through oxidative phosphorylation.

In light of these observations, we propose that Phox-21 cou-
ples phosphite oxidation to CO, reduction to formate and uses
the energy generated by this reaction to assimilate formate via
the reductive glycine pathway (Fig. 6). Phosphite can enter the
cell via the PtdC transporter, and this process could potentially
be coupled to phosphate export, allowing Phox-21 to uptake
phosphite in an energy-neutral manner (22, 23). Once inside the
cell, phosphite could be oxidized to produce NADH and ATP
(Fig. 6). Based on thermodynamic calculations and physiological
evidence, Schink et al. (19) have previously proposed that
D. phosphitoxidans is able to conserve energy during DPO by di-
rectly generating ATP from the oxidation of phosphite. This pu-
tative substrate-level phosphorylation step during DPO could
potentially be mediated by PtdFHI and would allow for energy
conservation in the absence of membrane-associated electron

Dissimilatory Phosphite Oxidation lon Motive Force & Reducing Equivalents

transport, although this has not yet been experimentally confirmed
(5). ATP produced in this manner could be used to run proton
and sodium translocating ATP synthases in reverse to establish an
ion motive force across the cell membrane (Fig. 6). The resulting
sodium ion gradient could then drive the Rnf complex to reduce
ferredoxin, which could serve as an electron donor for NADPH
production by the NfnAB complex (Fig. 6). In this way, it would
be possible for Phox-21 to generate all of the energy and reducing
equivalents needed for cellular growth. Phox-21 could then reduce
CO; to formate using FdhAB and convert the formate to pyruvate
via the reductive glycine pathway (Fig. 6). All of the necessary
biomass precursors (acetyl-CoA, oxaloacetate, 2-oxoglutarate, and
succinyl-CoA) could be subsequently generated from pyruvate via
the partial TCA cycle.

Reductive glycine pathways without the final deamination to
pyruvate have been previously shown to exist in a variety of
bacteria (35). However, due to the presence of known carbon
fixation pathways in these organisms, Braakman and Smith (35)
concluded that the reductive glycine pathway functions as a
route for glycine and serine synthesis and not as a primary au-
totrophic pathway. Furthermore, studies by Bar-Even et al. (32,
33) used computational modeling of known metabolic pathways
to identify the full reductive glycine pathway (including de-
amination to pyruvate) as a potentially efficient and oxygen-
tolerant pathway for formatotrophic growth. A subsequent
study proposed that the reductive glycine pathway could also
function as an autotrophic pathway if a CO,-reducing formate
dehydrogenase was present (as it is in Phox-21) (24). Never-
theless, the authors consider this to be a “synthetic” pathway,
even though it is composed of natural enzymes, because there
has so far been no report of a native reductive glycine pathway
capable of supporting formatotrophic or autotrophic growth
(30, 31, 34). Given that CO; is required for DPO in our system
and that Phox-21 lacks any of the six known carbon fixation
pathways, it appears that Phox-21 is in fact using the reductive
glycine pathway as its sole carbon fixation pathway. Further
experimental evidence is needed to ascertain the validity of this

Inorganic Carbon Assimilation (Reductive Glycine Pathway)

om
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B NADH
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Fig. 6. Genomics-based metabolic model of dissimilatory phosphite oxidation coupled to CO, reduction in Ca. Phosphitivorax anaerolimi Phox-21. Dotted
lines denote putative mechanisms based on physiological and genomic observations that have yet to be confirmed by direct biochemical evidence. Dissim-
ilatory phosphite oxidation proteins: PtdC, phosphite transporter; PtdF, nucleoside-diphosphate-sugar epimerase; PtdH, radical SAM superfamily enzyme;
Ptdl, hypothetical protein; PtxD, phosphite dehydrogenase. lon motive force and reducing equivalents proteins: ATPase, ATP synthase complex; NfnAB, NAD-
dependent ferredoxin:NADP oxidoreductase; Rnf, sodium-translocating ferredoxin:NAD oxidoreductase complex. Inorganic carbon assimilation (reductive
glycine pathway) proteins: FdhAB, NADP-dependent formate dehydrogenase; Fhs, formate:THF ligase; FolD, methenyl-THF cyclohydrolase/methylene-THF
dehydrogenase; GCV, glycine cleavage system (GcvH, lipoate-binding protein; GevP, glycine dehydrogenase; GevT, aminomethyltransferase; Lpd, dihy-
drolipoyl dehydrogenase); GlyA, serine hydroxymethyltransferase; SdaA, serine deaminase.
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hypothesis, but, if true, it would mean that the reductive glycine
pathway constitutes a seventh natural carbon fixation pathway
for autotrophic growth.

It remains unclear why RF stimulated the growth of Phox-
21 to such an extent. Its effect could be due to Phox-21’s inability
to synthesize certain essential cofactors (e.g., THF and PLP) and
amino acids (e.g., alanine, histidine, and threonine), all of which
were absent from our original growth media but may be present
in RF (25). However, subsequent attempts to grow our enrich-
ments in media lacking RF, but supplemented with THF, PLP,
and amino acids, still resulted in substantially lower phosphite
oxidation rates than in RF-amended media, suggesting that ad-
ditional compounds present in RF are needed for robust growth
of Phox-21. It is also not clear why molybdate, which is known to
be an inhibitor of sulfate reduction, had such a strong inhibitory
effect on phosphite oxidation since Phox-21 lacks any sulfate
reduction genes. It is possible that molybdate directly targets the
phosphite oxidation pathway, but further work is needed to
elucidate this point. The presence of other organisms (fermen-
ters, acetate oxidizers, and methanogens) in our enrichment
cultures complicates analysis of the physiology of Phox-21 due to
the activity of additional metabolic pathways and the possibility of
symbiotic interactions between community members. Obtaining a
pure culture of Ca. P. anaerolimi would, therefore, greatly facili-
tate any further investigation of its physiology.

The environmental prevalence and phylogenetic diversity of
DPOM s still unclear. Like D. phosphitoxidans FiPS-3, Ca. P.
anaerolimi Phox-21 belongs to the Deltaproteobacteria, but the
sample size of known DPOM is still far too small to allow us to
determine whether this metabolism is restricted to a specific
phylogenetic group. There is evidence that the ptx-ptd genes in
FiPS-3 were acquired by lateral gene transfer (22), but we do not
know how common it is for these genes to be horizontally prop-
agated in the environment or what the phylogenetic range of these
events might be. Phox-21 belongs to the GW-28 candidate order, a
poorly studied clade with no known cultured representatives. Its
closest relatives are all uncultured clones from anaerobic waste
sites throughout the world. Other related taxa include uncultured
clones from hydrothermal vent environments that could poten-
tially be exposed to phosphite generated by geothermal processes
(5). Whether or not the capacity for DPO is a conserved feature of
the GW-28 clade remains to be determined.

Our analysis of the Ca. P. anaerolimi genome suggests that it
may be possible for organisms to exploit the unique energetic
properties of phosphite to grow autotrophically via the reductive
glycine pathway with CO, as the sole electron acceptor. Due to its
extremely low redox potential, phosphite is the only known bi-
ological electron donor that could theoretically drive chemo-
trophic CO, fixation via the reductive glycine pathway (a net
consumer of ATP) in the absence of an additional energy source
or electron acceptor. Previous work in D. phosphitoxidans has
demonstrated that phosphite oxidation can also be coupled to
CO, fixation via the Wood-Ljungdahl pathway (19). Together,
these findings suggest that phosphite may be a driver of growth
and carbon fixation under energy-limited conditions, like those
found in aphotic environments lacking high-potential electron
acceptors. As such, it may be advisable to search for DPOM in
poorly studied, energy-limited environments, such as deep
freshwater and marine sediments, subsurface terrestrial aqui-
fers, and subseafloor basalts. We hope that future research will
continue to elucidate the role of dissimilatory phosphite oxi-
dation in microbial systems and its potential impact on global
primary production.

Etymology and Description. We propose the provisional name
Candidatus Phosphitivorax anaerolimi for the dissimilatory
phosphite-oxidizing bacterium described in this study. The ety-
mology of the genus (nov.) is as follows: Phosphitivorax (“vora-

Figueroa et al.

cious phosphite consumer”); phosphitis (N.L. n.), phosphite;
vorax (L. adj.), voracious. The etymology of the species (nov.) is
as follows: anaerolimi (“from sludge with no air”); an (Gr. pref.),
not; aer (Gr. n.), air; limus (L. n., limi gen. n.), sludge. To sum-
marize, we have Phosphitivorax anaerolimi: phosphite-consuming
bacterium from anaerobic sludge.

Description. The description is as follows: an uncultivated bacte-
rium enriched from anaerobic wastewater treatment sludge at
37 °C and pH ~7 to 8; belongs to the GW-28 candidate order of
the Deltaproteobacteria; capable of growth by dissimilatory phos-
phite oxidation, leading to phosphate accumulation in the media;
genomic evidence suggests that it can grow autotrophically;
growth is stimulated by rumen fluid and inhibited by molybdate.

Methods

Sampling, Media Composition, and Growth Conditions. Sludge samples were
obtained from an anaerobic digester operating at 37 °C at the East Bay Mu-
nicipal Utility District wastewater treatment facility in Oakland, CA. Anaerobic
bottles (Bellco) containing 45 mL of basal media were each inoculated with
5 mL of sludge and incubated at 37 °C. The composition of the basal medium
(pH = 7) was as follows (per 1 L of distilled water): 5 g/L NaHCO3, 12 g/L Hepes
buffer, 1 g/L NH,4Cl, 0.5 g/L KCl, 0.5 g/L L-cysteine HCl, 0.001 g/L resazurin, and
10 mL each of vitamins and trace minerals (36). No phosphorus source was
added to the basal media. The media were prepared and dispensed into in-
dividual bottles under an N,/CO, (80:20, vol/vol) headspace, sealed with butyl
rubber stoppers, and autoclaved. Bicarbonate-free controls were prepared by
omitting NaHCOs from the basal media and degassing it with 100% N,.
Na,HPO3 (5 H,0) and Na,MoO, (2 H,O) (Sigma Aldrich) were added from
sterile, anaerobic stocks to the basal media as needed. Rumen fluid from fis-
tulated cows fed a high forage diet was obtained from the University of
California (UC), Davis Department of Animal Science (37). Rumen fluid stocks
were prepared anaerobically, autoclaved at 121 °C for 20 min, and added to
the basal media as needed. Killed controls were autoclaved at 121 °C for 1 h.
Samples for ion chromatography (IC) analysis were filtered and stored at 4 °C
while samples for DNA extraction were stored at —80 °C.

Measurement of Cell Growth and lonic Metabolites. Cell growth was measured
as optical density at 600 nm (ODggp) Using a Cary 50 UV-Vis Spectropho-
tometer (Agilent Technologies), and growth measurements are given in
optical density units (ODUs). Phosphite and phosphate concentrations were
measured via ion chromatography (IC) using a Dionex ICS 2100 instrument with
an electrical conductivity detector and a Dionex lonPac AS 16 (4 x 250-mm)
column (Thermo Fisher Scientific) maintained at 30 °C. Background con-
ductivity was suppressed with a Dionex ASRS 300 suppressor set at 100 mA
and operating in recycle mode (38). To improve the separation of the
phosphite and phosphate peaks, a gradient elution program was developed
in which the mobile phase concentration increased from 12 mM to 35 mM
NaOH after 10 min. The total run time of the program was 20 min, with a
constant mobile phase flow rate of 1.2 mL/min and a sample injection vol-
ume of 25 pL. All growth and metabolite analyses were carried out in trip-
licate cultures, and the statistical significance of pairwise comparisons was
assessed using Student’s t test with an alpha level of 0.05.

16S rRNA Gene Community Analysis. DNA was isolated from triplicate cultures
using the DNeasy PowerSoil Kit (Qiagen). The archaeal and bacterial primer
set MiSeq 16S Forward (F) (5 TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGCAGCMGCCGCGGTAA 3') and MiSeq 16S Reverse (R) (5" GTCTCGTGGG-
CTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3’) was used
to amplify a 287-bp segment of the 165 rRNA gene that spans HV region
four. These primers were based on primers S-D-Arch-0519-a-S-15 (A519F) and
S-D-Bact-0785-a-A-21 (Bakt_805R) (39) but include the necessary Illumina
adapters. PCR amplification and library preparation were carried out as de-
scribed previously (38). Samples were sent to the UC Davis Genome Center for
sequencing on an lllumina MiSeq using the MiSeq V2 reagent kit (2 x 250 bp)
and software version MiSeq 2.4.1. lllumina amplicon reads were analyzed as
described previously (38). Briefly, Mothur v. 1.3.3 (40) was used to cluster reads
into OTUs based on a 3% dissimilarity threshold and then generate a table of
relative abundances and taxonomic identities for each OTU.

16S rRNA Gene qPCR of Ca. Phosphitivorax Anaerolimi Phox-21. Full-length 16S

rRNA gene sequences were PCR-amplified from genomic DNA extracted from
enrichments grown on phosphite and rumen fluid using the universal primers

PNAS | Published online November 28, 2017 | E99

PNAS PLUS

>
0
<
=
=
w
=
=
(=]
o
w
[}
n

MICROBIOLOGY



27F and 1525R (41). A clone library of these sequences was prepared using
the TOPO TA Cloning Kit (Thermo Fisher Scientific), and 165 rRNA gene in-
serts from 20 clones were PCR-amplified using primers M13 F and M13 R. The
inserts were Sanger-sequenced at the UC Berkeley DNA Sequencing Facility
and compared with the partial 165 rRNA gene of Phox-21 using BLAST to
identify a matching full sequence. The full Phox-21 16S rRNA gene was then
used to design 16S rDNA gPCR primers specific to Phox-21 using the selective
primer design software tool PRISE2 (42). The primer set F4 (5 ACG-
TAGGCGGATTGGTAAGT 3’) and R2 (5" TACTCATCGTTACGGCGTG 3’) was
experimentally validated by running a conventional PCR using genomic DNA
from phosphite-oxidizing enrichments. Sanger sequencing of PCR products
from this test reaction confirmed that only the Phox-21 16S rRNA gene was
amplified. Real-time PCR assays were then performed using the Maxima SYBR
Green/ROX gPCR kit (Thermo Fisher Scientific). Template DNA (5 pL) was used
in a reaction mixture containing 12.5 uL of 2x Master Mix, 0.6 uL of each
forward and reverse Phox-21 16S primer, and water to a final volume of 25 pL.
Reaction conditions were 95 °C, 15 min; 35 cycles of 95 °C, 155; 60 °C, 30's; and
72 °C, 30 s; and a final extension of 72 °C, 10 min. Standard curves were
generated using purified plasmids containing the Phox-21 165 rDNA sequence
serially diluted to cover a range of DNA concentrations from 4.5 x 10° copies
to 4.5 x 10% copies. All samples and standards were run in duplicate.

Phylogenetic Analysis of Ca. Phosphitivorax Anaerolimi Phox-21. The full Phox-
21 16S rRNA gene sequence from the clone library described above was
compared with the National Center for Biotechnology Information (NCBI)
nucleotide database using BLAST to identify the top 100 hits among cultured
isolates, as well as uncultured clones. Representative sequences from top
BLAST hits, as well as other taxa of interest, were chosen for phylogenetic
analysis. The Silva aligner (43) was used to align selected 16S rRNA se-
quences, and taxa represented in the Silva reference database were classi-
fied based on their Greengenes taxonomic assignments (44). Selected
protein sequences of interest were aligned using Clustal Omega (45). Max-
imum likelihood phylogenetic trees were constructed from 16S rRNA
alignments and protein alignments using RAXML-HPC with 1,000 bootstrap
resamplings, and trees were visualized using Dendroscope v3.5.7 (46, 47).

Metagenomic Assembly, Binning, and Annotation. Metagenomic DNA samples
were sent to the QB3 Vincent J. Coates Genomics Sequencing Laboratory at
UC Berkeley for sequencing on an Illumina HiSeq 2000 (100-bp paired-end
reads). Illumina sequencing reads were trimmed for quality and filtered
using Sickle v1.33, with a quality threshold value of 28, and then merged
using IDBA-UD v1.0 (48, 49). Merged reads from all samples were combined
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and assembled using MEGAHIT v1.0.2 with default parameters (50, 51).
MEGAMHIT is an assembler developed specifically for metagenomic reads that
uses succinct de Bruijn graphs and an iterative multiple k-mer size strategy.
To assess sequencing depth, reads from each sample were then mapped
backed to the combined assembly using BWA-MEM v0.7.10, with default
parameters (52). Contigs from the combined assembly were binned into
individual genomes using the Anvi‘o v1.1.0 platform (53). Contigs were au-
tomatically clustered using tetranucleotide frequency and sequencing depth
profiles across samples. Bins were then manually refined using the Anvi‘o
interactive graphical interface, which allows the user to visualize bins and to
add or remove contigs based on patterns of sequencing depth, GC content,
and taxonomic identity. Taxonomic identities were assigned to contigs based
on the most commonly occurring taxonomy assigned to genes within that
contig using Rapid Annotations using Subsystems Technology (RAST) (54).
Taxonomic classification of bins was determined based on the most abun-
dant taxonomic assignment occurring in at least 25% of the contigs in the
bin. Genome bins were assessed for completeness and contamination based
on the presence of lineage-specific, conserved, single-copy marker genes
using the automated bin evaluation tool CheckM v1.0.1 (55). CheckM cal-
culates “completeness” based on the number of expected marker genes
present in a given bin and “contamination” based on the number of marker
genes present in multiple copies with less than 90% amino acid identity to
each other. High-quality genome bins (>80% completeness and <5% con-
tamination) were submitted to the Integrated Microbial Genomes (IMG)
database for gene calling and annotation (56). IMG utilizes Prodigal
v2.50 for identification of protein-coding genes, which are then functionally
annotated using a custom manually curated pipeline based on BLAST and
HMMER searches against multiple protein databases (COG, KEGG, MetaCyc,
Pfam, and TIGRfam) (57, 58).
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