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ABSTRACT Amoebae are unicellular eukaryotes that consume microbial prey through
phagocytosis, playing a role in shaping microbial food webs. Many amoebal species
can be cultivated axenically in rich media or monoxenically with a single bacterial
prey species. Here, we characterize heterolobosean amoeba LPG3, a recent natural
isolate, which is unable to grow on unicellular cyanobacteria, its primary food
source, in the absence of a heterotrophic bacterium, a Pseudomonas species coiso-
late. To investigate the molecular basis of this requirement for heterotrophic bacte-
ria, we performed a screen using the defined nonredundant transposon library of
Vibrio cholerae, which implicated genes in corrinoid uptake and biosynthesis. Fur-
thermore, cobalamin synthase deletion mutations in V. cholerae and the Pseudomo-
nas species coisolate do not support the growth of amoeba LPG3 on cyanobacteria.
While cyanobacteria are robust producers of a corrinoid variant called pseudocobala-
min, this variant does not support the growth of amoeba LPG3. Instead, we show
that it requires cobalamin that is produced by the Pseudomonas species coisolate.
The diversity of eukaryotes utilizing corrinoids is poorly understood, and this amoe-
bal corrinoid auxotroph serves as a model for examining predator-prey interactions
and micronutrient transfer in bacterivores underpinning microbial food webs.

IMPORTANCE Cyanobacteria are important primary producers in aquatic environ-
ments, where they are grazed upon by a variety of phagotrophic protists and,
hence, have an impact on nutrient flux at the base of microbial food webs. Here, we
characterize amoebal isolate LPG3, which consumes cyanobacteria as its primary
food source but also requires heterotrophic bacteria as a source of corrinoid vita-
mins. Amoeba LPG3 specifically requires the corrinoid variant produced by hetero-
trophic bacteria and cannot grow on cyanobacteria alone, as they produce a dif-
ferent corrinoid variant. This same corrinoid specificity is also exhibited by other
eukaryotes, including humans and algae. This amoebal model system allows us
to dissect predator-prey interactions to uncover factors that may shape microbial
food webs while also providing insight into corrinoid specificity in eukaryotes.
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Unicellular organisms dominate the eukaryotic phylogenetic tree of life. Although
protists make up a significant part of natural microbial communities, they have

been largely overlooked and are understudied as simple model eukaryotes (1, 2). While
culture-independent metagenomic studies provide insight into the abundance and
natural diversity of protists in environmental settings (3), in-depth characterization
requires the isolation and cultivation of individual species. A large range of eukary-
otic microalgal species have been cultivated and studied, particularly as a source of
renewable biofuel compounds in recent years (4, 5); however, besides microalgae, there
are only a few protist microbes developed as model systems. Amoebae are a morpho-
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logically defined group of phylogenetically diverse single-celled eukaryotes that gen-
erally feed by phagocytosis of other microbes. They make up the Amoebozoa super-
group, the Heterolobosea class of the Excavata supergroup, and the Rhizaria of the SAR
(stramenopiles, alveolates, and Rhizaria) supergroup (6). Model amoebal species, in-
cluding Dictyostelium discoideum and various Acanthamoeba species, are contained
within the Amoebozoa supergroup. These model amoebae can be grown axenically in
rich undefined media but can also be cultivated monoxenically with a range of different
bacterial prey species as a food source. Phagotrophic protists play an important role in
shaping microbial communities (7, 8), and insight into their role in nutrient turnover will
facilitate our understanding of microbial food webs.

Prime examples of micronutrient concentration up food webs are B vitamins (9),
which include corrinoids that are only synthesized de novo by certain prokaryotes,
including some archaeal species (10). Corrinoids are a family of related molecules that
include vitamin B12 and are obligatorily or facultatively utilized by many organisms,
including animals, algae, and bacteria (10, 11). Corrinoids comprise a porphyrin ring
that coordinates a central cobalt ion (12) with variable upper and lower axial ligands
(13, 14). The most well-studied corrinoid variants are cobalamins, with dimethylbenz-
imidazole (DMB) as the lower axial ligand, and which include vitamin B12 (or cyanoco-
balamin, Cbl), which has a CN group as the upper axial ligand. Major sites of corrinoid
production are soil and aquatic habitats and within animal gut environments (15).
Heterotrophic bacteria, cyanobacteria, and archaea are major sources of corrinoids in
marine environments (9, 16–18). Certain cyanobacterial strains were recently demon-
strated to produce the corrinoid variant pseudocobalamin de novo (19), with adenine
as the lower axial ligand, while other cyanobacterial strains require corrinoid supple-
mentation for growth (20, 21).

Cyanobacteria are significant primary producers in marine and freshwater ecosys-
tems. As such, grazing on cyanobacteria is a major process at the base of food webs in
these environments, and amoebae are among the natural grazers of cyanobacteria
(22–24). As part of our efforts to understand the grazing process, we recently isolated
a diverse set of amoebae that can be propagated using cyanobacterial species as prey
(25). Characterization of one of these isolates showed that cyanobacterial surface
properties affected amoebal grazing (26). While most of these amoebal isolates can be
grown monoxenically on cyanobacteria (Synechococcus elongatus or Leptolyngbya sp.
strain BL0902), an exception was the heterolobosean amoeba LPG3. It is phylogeneti-
cally distant from model amoebal species and is placed within the Heterolobosea class
of the Excavata supergroup, which also includes Naegleria pathogens. Despite attempts
to establish monoxenic growth with only cyanobacteria, heterotrophic bacteria were
always present on stock plates of amoeba LPG3. Here, we show that amoeba LPG3
requires both the heterotrophic bacterial coisolate and cyanobacteria for growth. Using
bacterial genetics and supplementation studies, we demonstrate the requirement of
amoeba LPG3 for the corrinoid variant cobalamin produced by heterotrophic bacterial
prey and, furthermore, that the pseudocobalamin variant produced by the cyanobac-
terial prey cannot support growth of amoeba LPG3. This description of a corrinoid
requirement by an amoeba reflects the intricate nature of protist grazing in complex
multispecies environments and contributes to our understanding of micronutrient
transfer in food webs.

RESULTS
Amoeba LPG3 requires cyanobacteria and heterotrophic bacteria for growth.

Amoeba LPG3 was isolated using unicellular Synechococcus elongatus PCC 7942 as a
food source (Fig. 1A), and cultures harbored a persistent heterotrophic bacterial
coisolate that was required for the propagation of LPG3 on S. elongatus lawns. This
bacterium was isolated by streaking to obtain a single colony and was grown in pure
culture. To further characterize the bacterial coisolate, the genome was sequenced. The
bacterial coisolate was determined to be a Pseudomonas species, closely related to
Pseudomonas mendocina and Pseudomonas pseudoalcaligenes (see Fig. S1 in the sup-
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plemental material). This Pseudomonas isolate was named LPH1 for lily pond hetero-
troph 1. To determine whether Pseudomonas isolate LPH1 was sufficient to support the
growth of amoeba LPG3 on S. elongatus lawns, it was transformed with a plasmid
conferring resistance to the antibiotics streptomycin and spectinomycin (aadA). Upon
spotting amoeba LPG3 with Pseudomonas isolate LPH1 expressing aadA onto S. elon-
gatus lawns (Fig. 1B, spot 2), amoebal plaque formation occurred on solid media with
and without supplemented antibiotics, and the presence of amoebal cells was con-
firmed by microscopy. However, when amoeba LPG3 alone was spotted on cyanobac-
terial lawns or with wild-type (wt) Pseudomonas isolate LPH1 (Fig. 1B, spots 1 and 3),
plaque formation occurred only on the medium without antibiotics. Wild-type Pseu-
domonas isolate LPH1 and Pseudomonas isolate LPH1 expressing aadA spotted alone
did not cause plaque formation (Fig. 1B, spots 4 and 5), although there was initially a
slight growth inhibition of S. elongatus. This demonstrates that the bacterial coisolate
carried over with LPG3 cells is required for amoebal replication on cyanobacterial lawns
and that, in the presence of antibiotics, the addition of the Pseudomonas coisolate
expressing aadA was sufficient for supporting LPG3 growth.

This requirement of amoeba LPG3 for Pseudomonas isolate LPH1 was also examined
in liquid culture growth experiments, where the Pseudomonas cells carried over with
the LPG3 cells can survive and support amoebal growth only in the absence of
antibiotics (Fig. 1C and D). Wild-type LPH1 that was added to the wells could not
survive antibiotic treatment and failed to support amoebal growth in the presence of
antibiotics (Fig. 1E and F), while LPH1 expressing aadA survived antibiotic treatment
and supported amoebal growth in the presence and absence of antibiotics (Fig. 1G and
H). While the cyanobacterial culture had a noticeable decrease in density in the wells
with growing LPG3 cells compared to wells without amoebal growth (Fig. 1I and J), the
concentration of surviving Pseudomonas isolate LPH1 was steady over the course of the
experiment. This suggests that the major food source of amoeba LPG3 is the S.

FIG 1 Natural amoebal isolate LPG3 requires both cyanobacterial and heterotrophic bacterial prey for optimal growth. (A)
Fluorescence images of LPG3 cells showing ingested S. elongatus (Syn) cells, visible by chlorophyll autofluorescence. Scale bar,
10 �m. (B) Amoebal plaque formation on Syn lawns without antibiotics (left, BG11) and with antibiotics streptomycin and
spectinomycin (right, SpSm) spotted with (1) LPG3 only, (2) LPG3 and Pseudomonas isolate LPH1 expressing aadA (Ps aadA),
(3) LPG3 and wild-type Pseudomonas isolate LPH1 (wt Ps), (4) wt Ps only, and (5) Ps aadA only. (C to H) Amoebal growth curves
and Pseudomonas CFU with Syn in BG11 medium with and without supplemented antibiotics (SpSm), with no added
Pseudomonas (C, D), the addition of wild-type Pseudomonas (E, F), or Ps aadA (G, H). Values are averages of triplicate wells plus
or minus standard errors of the mean (SEM). (I, J) Images showing Syn density at day 7 in BG11 (I) or BG11 with SpSm (J).
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elongatus cyanobacterium and not the Pseudomonas heterotroph. Indeed, by altering
cyanobacterial concentrations with fixed Pseudomonas isolate LPH1 concentrations,
amoebal growth varied (Fig. 2A and B). Various Pseudomonas isolate LPH1 concentra-
tions with fixed S. elongatus concentrations did not affect amoebal growth rates (Fig.
2C); however, this result is confounded by the rapid growth of Pseudomonas isolate
LPH1 to steady-state concentrations (Fig. 2D).

Amoeba LPG3 was evaluated for survival on single bacterial species. When provided
with S. elongatus or Pseudomonas isolate LPH1 alone, it could only grow up to or survive
at densities of up to 104 per milliliter (Fig. 2E), and attempts at long-term culturing on
either strain alone failed. LPG3 cells maintained their size when grown on S. elongatus
alone, which is comparable to cells grown with both S. elongatus and Pseudomonas
isolate LPH1, and there was an increase in the number of small bright vacuoles (Fig. 2F).
Despite being able to ingest Pseudomonas isolate LPH1 (Fig. 2G), LPG3 cells became
smaller when grown on Pseudomonas isolate LPH1 alone (Fig. 2F), which is comparable
to cells that were cultured in only BG11 medium. Additionally, formaldehyde-fixed
Pseudomonas isolate LPH1 could not support amoebal growth, while formaldehyde-
fixed S. elongatus cells could (Fig. 2H), suggesting that Pseudomonas isolate LPH1
provides amoeba LPG3 with a critical factor that is sensitive to fixation or that must be
synthesized continuously.

To determine whether the requirement of amoeba LPG3 for both cyanobacteria and
heterotrophic bacteria was due to a particular deficiency in S. elongatus or a unique trait
in Pseudomonas isolate LPH1, additional cyanobacterial and heterotrophic bacterial
species were tested. Synechocystis sp. PCC 6803 is another unicellular freshwater
cyanobacterial species that is a widely used model organism. Amoeba LPG3 can ingest
PCC 6803 cells (Fig. 3A) and grow on PCC 6803 as a food source, and this also required
the presence of Pseudomonas isolate LPH1 (Fig. 3B). Examination of other heterotrophic
bacterial species showed that Pseudomonas fluorescens and Vibrio cholerae can also
support LPG3 growth on S. elongatus lawns and in liquid culture (Fig. 3C and D). Similar

FIG 2 S. elongatus is the primary food source for amoeba LPG3. Amoebal growth curves and Pseudomonas isolate LPH1 aadA (Ps) cell density in CFU in BG11
containing SpSm, with various S. elongatus (Syn) concentrations and a fixed Ps concentration (A, B) and various Ps concentrations with a fixed Syn concentration
(C, D). (E) LPG3 growth with the addition of Syn only, Ps aadA only, both, or BG11 control. (F) LPG3 cells cultured on Syn only, Ps aadA only, both (Syn � Ps),
or none (BG11) and imaged on day 2 and 6. In BG11 samples, no LPG3 cells were recovered on day 6. Scale bar, 10 �m. (G) Amoeba LPG3 was coincubated
with GFPmut2-expressing Pseudomonas in the absence of Syn, and images were acquired using an imaging flow cytometer. Images in the chlorophyll channel
are also shown to ensure that the GFPmut2 signal is not due to cyanobacterial autofluorescence. Scale bar, 10 �m. (H) Amoebal growth with the addition of
formaldehyde-fixed Syn or formaldehyde-fixed Ps aadA. Values are averages of triplicate wells plus or minus SEM.
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to Pseudomonas isolate LPH1, concentrations of P. fluorescens and V. cholerae remained
relatively steady over the course of the experiment (Fig. 3E).

Genetic screen identifies requirement of corrinoid biosynthesis in hetero-
trophic bacteria to support amoebal growth. To investigate the molecular basis for
the requirement of amoeba LPG3 for heterotrophic bacteria, a screen was performed
using a defined nonredundant transposon library of V. cholerae (27). Mutants that could
not support amoebal growth on solid medium and in liquid culture were identified (Fig.
4A and B). Transposon insertions clustered to corrinoid uptake and biosynthesis genes.
A transposon mutant with a disrupted corrinoid receptor gene btuB was unable to

FIG 3 Amoeba LPG3 growth supported by other cyanobacterial and heterotrophic bacterial species. (A, B) Synechocystis sp. PCC 6803 supported the growth
of amoeba LPG3. (A) Amoeba LPG3 fluorescence images showing chlorophyll autofluorescence from ingested PCC 6803 cells. Scale bar, 10 �m. (B) LPG3 growth
curves with Synechocystis PCC 6803 and S. elongatus PCC 7942 controls with and without the addition of Pseudomonas isolate LPH1 aadA (Ps). (C to E) P.
fluorescens and V. cholerae also support LPG3 growth. (C) S. elongatus lawns on BG11 streptomycin plates were spotted with (1) LPG3 only, (2) LPG3 with
streptomycin-resistant P. fluorescens (Pf smR, top) or streptomycin-resistant V. cholerae (Vc smR, bottom), (3) BG11 medium only, and (4) Pf smR only (top) or
Vc smR only (bottom). (D) Amoebal growth with S. elongatus in liquid culture with the addition of Pf smR, Vc smR, or Ps smR controls with (E) corresponding
CFU of heterotrophic bacteria. Values are averages of triplicate wells plus or minus SEM.

FIG 4 Corrinoid uptake and remodeling genes are required for V. cholerae support of amoebal growth. (A) V. cholerae genes required (filled arrows), partially
required (striped arrows), and not required (open arrows) for supporting amoebal growth on S. elongatus. Cobalamin biosynthesis gene names are assigned
using Salmonella nomenclature. vc1241 and vc1243 (flanking astE, not depicted) are not required, and the predicted riboswitch is indicated (rs). (B) Amoeba LPG3
liquid culture screen with V. cholerae transposon mutant library. Cyanobacterial autofluorescence was measured, and LPG3 cell density was scored as follows:
�, few or no LPG3 cells; �/�, intermediate number of LPG3 cells; and �, many LPG3 cells. Wells with fluorescence values above 55 did not support amoebal
growth (green), wells with fluorescence values below 40 fully supported amoebal growth (red), and wells with intermediate values were scored based on the
density of LPG3 cells. Data for two replicates (each) are shown for BG11 and C6706. (C to E) Rescue of V. cholerae cobalamin synthase deletion mutant (vc1238,
ΔcobS) for supporting amoebal growth on S. elongatus by genetic complementation (C) and supplementation with cyanocobalamin (Cbl) (D), with
corresponding CFU of V. cholerae strains (E). Gray indicates the same growth curve controls. (F) Amoebal growth curves with S. elongatus and V. cholerae mutants
of B12-dependent methionine synthase (ΔmetH) and B12-independent methionine synthase (ΔmetE) with corresponding CFU from assay wells (G). Values are
averages of triplicate wells plus or minus SEM.
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support amoebal growth as were transposon insertion mutants in associated inner
membrane importer genes btuCD. BtuBCD requires TonB to provide energy to import
molecules, and transposon insertion mutants in tonB2 and associated genes exbBD
were also impaired. Also identified in the screen were corrinoid biosynthesis genes
cobCUST, with partial phenotypes for cobC and cobU. Cobalamin synthase catalyzes the
last step of corrinoid biosynthesis through addition of the lower ligand to the amino-
propanol arm of the corrin ring. We constructed a V. cholerae deletion mutant of
cobalamin synthase (cobS in Salmonella nomenclature), and this mutant was deficient
for supporting amoebal growth. The mutation could be complemented genetically, and
examination of bacterial CFU showed concentrations comparable to the wild type
(Fig. 4C and E). Amoebal growth with the ΔcobS strain could also be rescued through
supplementation of the medium with the corrinoid compound cyanocobalamin (Cbl,
vitamin B12) with no effects on the growth of the ΔcobS mutant, but supplementation
with cyanocobalamin alone did not rescue amoebal growth (Fig. 4D and E). V. cholerae
carries metH and metE, corrinoid-dependent and corrinoid-independent methionine
synthases, respectively. To determine whether MetH activity is required to support
amoebal growth, ΔmetH and ΔmetE strains of V. cholerae were constructed. Analysis of
these mutants showed that they both fully support amoebal growth in the presence of
S. elongatus (Fig. 4F and G).

Amoebal growth is supported by cobalamin but not pseudocobalamin. In
contrast to V. cholerae, the genome of Pseudomonas isolate LPH1 contains all of the
genes necessary for de novo corrinoid biosynthesis (Fig. 5A). We constructed a deletion
mutant of the cobalamin synthase gene (cobV in the Pseudomonas denitrificans no-
menclature) in Pseudomonas isolate LPH1, and this strain was deficient in supporting
amoebal growth. This mutant can be complemented genetically (Fig. 5B and D), and
amoebal growth was rescued through supplementation with cyanocobalamin (Fig. 5C).
As was the case for the V. cholerae ΔcobS strain, supplementation with cyanocobala-
min alone was not sufficient to support LPG3 growth on S. elongatus. To determine
whether additional factors from Pseudomonas isolate LPH1 were required, amoebal
growth curves were performed in the presence of S. elongatus, supplemented cyano-
cobalamin, and fixed Pseudomonas isolate LPH1. However, the addition of fixed Pseu-

FIG 5 Pseudomonas isolate LPH1 corrinoid biosynthesis gene is required for support of amoebal growth. (A) Pseudomonas isolate LPH1 (Ps) cobalamin
biosynthesis genes using Pseudomonas denitrificans nomenclature with predicted riboswitches indicated. cobC*, cbiG*, and cbiW* refer to homologs of
Salmonella enterica. For clarity, ps4553 (flanked by a predicted riboswitch and cobL) is not depicted. (B to D) Rescue of Pseudomonas isolate LPH1 cobalamin
synthase deletion mutant (ps2662::aacC1, ΔcobV) for supporting amoebal growth on S. elongatus by genetic complementation (B) and supplementation with
cyanocobalamin (Cbl) (C), with corresponding CFU from assay wells (D). Gray indicates the same growth curve controls. (E) Amoebal growth curves with S.
elongatus, with the addition of supplemented cyanocobalamin (�Cbl) and fixed Pseudomonas isolate LPH1. Values are averages of triplicate wells plus
or minus SEM.
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domonas isolate LPH1 was not sufficient to rescue amoebal growth on S. elongatus with
supplemented cyanocobalamin (Fig. 5E).

Analysis of lysates of Pseudomonas isolate LPH1 by ultra-high-performance liquid
chromatography mass spectrometry (UPLC-MS) showed that it produces cobalamin,
with DMB as the lower axial ligand (Fig. 6A and E), which is consistent with the
purchased standard (Fig. 6B). In contrast to Pseudomonas isolate LPH1, analysis of
lysates by UPLC-MS showed that S. elongatus PCC 7942 (Fig. 6C and F) and Synechocystis
sp. PCC 6803 (Fig. 6D) produce pseudocobalamin, with adenine as the lower axial
ligand as has been previously observed (19).

DISCUSSION

This work describes an amoebal model system that requires cyanobacterial and
heterotrophic bacterial prey species to sustain the growth of the amoebal grazer, with
corrinoids playing a major role. Corrinoids act as cofactors in specific enzymatic
reactions (28) and regulate gene expression through a variety of mechanisms, including
modulating translation in human cells (29), transcriptional repression via a photore-

FIG 6 Pseudomonas isolate LPH1 and cyanobacteria produce different corrinoid variants. (A to D) UPLC-MS analysis
of Pseudomonas isolate LPH1 (A), cyanocobalamin standard (B), S. elongatus (C), and Synechocystis sp. PCC 6803 (D).
UPLC traces corresponding to cyanocobalamin (CNCbl, top) or cyanopseudocobalamin (CNpsCbl, middle), with
respective mass spectra (bottom). Structures of cyanocobalamin (E) and cyanopseudocobalamin (F) with predicted
molecular weights of associated fragments. For cyanocobalamin mass spectra, the 678.29 peak corresponds to
doubly charged intact cyanocobalamin (678.29 � 2 � 2 � 1,354.58), the 147.09 peak corresponds to a protonated
DMB base fragment (147.09 � 2 � 145.09), and the 359.10 peak corresponds to a protonated DMB base and linker
(359.10 � 3 � 356.10). For cyanopseudocobalamin, the 672.78 peak corresponds to doubly charged intact
cyanopseudocobalamin (672.78 � 2 � 2 � 1,343.56), the 136.06 peak corresponds to a protonated adenine
base fragment (136.06 � 2 � 134.06), and the 348.07 peak corresponds to a protonated adenine base and
linker (348.07 � 3 � 345.07). These observed m/z values have been reported (19, 43).
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ceptor (30), and riboswitches in bacteria (31). Approximately half of all cultured
eukaryotic algal species from marine and freshwater environments are corrinoid auxo-
trophs (11). Many algal species from diverse lineages, including green algae, diatoms,
and alveolates, are associated with bacteria that supply corrinoids to them (32, 33).
Analysis of sequenced algal genomes showed a strong correlation between corrinoid
auxotrophy and loss of corrinoid-independent methionine synthase METE, such that
these algae require corrinoids to support the essential activity of corrinoid-dependent
methionine synthase METH (34). While it is unknown if the coisolation of Pseudomonas
isolate LPH1 with amoeba LPG3 is simply incidental, it has been proposed in the
“foraging-to-farming” hypothesis that grazers may evolve mutualistic relationships with
their prey, resulting in an obligate association (33). Indeed, farming behavior of some
natural D. discoideum isolates has been described (35).

Critical to our work was the identification of corrinoid biosynthesis genes through
the screening of a V. cholerae transposon library. Although V. cholerae does not contain
a complete de novo corrinoid biosynthesis pathway, the cob genes that it does carry are
associated with corrinoid salvaging and remodeling, in which incomplete or complete
corrinoids are imported and modified through the addition of the lower axial ligand. It
appears that V. cholerae can import mature corrinoids or their precursors produced by
cyanobacteria and remodel them, thereby supporting amoebal growth. Methionine
synthesis via B12-dependent MetH is a widely conserved corrinoid-dependent process.
As with many organisms, the only corrinoid-dependent enzyme identified in V. cholerae
and Pseudomonas isolate LPH1 is MetH. Inactivation of metH in a V. cholerae deletion
mutant still supported amoebal growth, suggesting that amoeba LPG3 requires cobal-
amin itself and not products of corrinoid-dependent processes within the heterotrophic
bacteria. While supplementation with cyanocobalamin in the absence of the hetero-
trophic bacteria was not sufficient to relieve the corrinoid auxotrophy of amoeba LPG3,
additional factors produced by the heterotrophic bacteria may be required by amoeba
LPG3. The addition of fixed Pseudomonas isolate LPH1 to cobalamin supplementation
studies did not rescue amoebal growth, although the putative additional factors may
be sensitive to fixation or may require continuous synthesis. Alternatively, the failure of
cobalamin supplementation in rescuing the growth of amoeba LPG3 may be due to the
bacterivorous strategy of nutrient acquisition in amoebae.

After ingestion of bacterial prey by amoebal cells, the phagocytic vacuoles mature
into digestive food vacuoles, and nutrients must be extracted through the vacuolar
membrane to the amoebal cell cytosol. This is reminiscent of cobalamin trafficking
within humans, in which circulating cobalamin bound to transcobalamin II is recog-
nized by cellular receptors and gets endocytosed and released within the lysosome,
followed by transport across the lyso-endosomal membrane (36, 37). In amoebae,
however, nutrients like cobalamin may not be transported directly from the external
medium due to the lack of specific cellular receptors. Indeed, the axenic growth of the
well-studied amoebal model D. discoideum is facilitated by mutations that promote
macropinocytosis, while the parental strain was unable to grow in the absence of
bacterial prey (38). Because the recently isolated LPG3 requires heterotrophic bacte-
rial prey for growth in addition to cyanobacterial prey, it may require other factors
produced by Pseudomonas isolate LPH1 and V. cholerae in addition to cobalamin.
However, the requirement for heterotrophic bacteria in the cobalamin supplementa-
tion assays is likely due to the amoebal nutrient trafficking pathway in which bacteria
that can produce or import cobalamin must be ingested through phagocytosis in order
for amoeba LPG3 to gain access to the required cobalamin.

Our analysis of corrinoid variant production in Pseudomonas isolate LPH1 and cyano-
bacteria reveals molecular specificity of amoeba LPG3 for cobalamin over pseudocobala-
min. Differences in corrinoid biosynthesis in Pseudomonas isolate LPH1 and freshwater
cyanobacteria provide insight into the amoebal growth phenotypes observed. The
canonical pathway for aerobic production of cobalamins, with DMB as the lower axial
ligand, is based on the Pseudomonas denitrificans pathway (39) that includes the bluB
(40) and cobU genes (homologous to Salmonella cobT) (41), which produce and activate

Ma et al. Applied and Environmental Microbiology

May 2017 Volume 83 Issue 10 e00035-17 aem.asm.org 8

http://aem.asm.org


DMB substrates, respectively, for addition as the lower axial ligand in cobalamin
production. While S. elongatus contains most of the same corrinoid biosynthesis genes
as Pseudomonas isolate LPH1, many of which are essential to the cyanobacterium (42),
it critically lacks bluB and cobU, suggesting that it is does not produce cobalamins.
Indeed, it has recently been shown that marine and freshwater cyanobacteria produce
a corrinoid variant called pseudocobalamin, with adenine as the lower axial ligand (19).
Although LPG3 grazes on these cyanobacterial species that robustly produce pseudo-
cobalamin, its requirement for heterotrophic bacteria that produce cobalamin suggests
that it has specificity for cobalamin and cannot utilize pseudocobalamin. While pseudo-
cobalamin is produced by many bacterial species, including cyanobacteria (19), Lacto-
bacillus reuteri (43), and Clostridium cochlearium (44), other eukaryotes that utilize
corrinoids also have specificity for cobalamin over pseudocobalamin. The human
intrinsic factor protein binds cobalamin and facilitates absorption across the small
intestine and has specificity for cobalamin over pseudocobalamin (45). While most
supplementation studies are performed with cobalamin, recent analyses were per-
formed with pseudocobalamin supplementation to eukaryotic algae (18, 19). Pseudo-
cobalamin generally supported growth poorly compared to cobalamin, although the
difference was slight for some organisms. Bacterial specificity for different corrinoid
variants is also likely to occur and may be satisfied through corrinoid remodeling
pathways for lower ligand exchange (46). Remarkably, corrinoid remodeling of pseudo-
cobalamin to cobalamin was also observed in certain eukaryotic algal species when
supplied with DMB (19). There are likely many more examples of corrinoid specificity in
a variety of organisms in a range of biological settings, and these molecular details can
be elucidated through the high-precision analysis of corrinoid variants of organisms
grown in well-defined culturing conditions.

This work contributes to our understanding of the breadth of eukaryotic organisms
that require corrinoids and further indicates that the isolation and cultivation of
amoebal species using single bacterial prey species may obscure complex multispecies
interactions, preventing cultivation of amoebal strains with certain auxotrophies.
Amoeba LPG3 consumes primary producing cyanobacteria as its main food source and
heterotrophic bacteria to provide corrinoid micronutrients. While vitamin B12 (cyano-
cobalamin) is typically included in vitamin supplements for axenic cultivation of
amoebae in defined medium preparations (47), it is often not required by the amoebae
(48, 49). Additionally, model amoebal species D. discoideum and Acanthamoeba castel-
lanii can be cultivated monoxenically with bacterial strains that do not produce
cobalamins de novo (50, 51), although trace amounts of cobalamins may be present.
While there are likely many uncultured organisms with corrinoid auxotrophies, the
facultative utilization of corrinoids is beginning to be appreciated in model eukaryotic
organisms. Facultative corrinoid utilization may occur in D. discoideum because it carries
all three known eukaryotic vitamin B12-dependent enzymes: methionine synthase
METH, methylmalonyl coenzyme A (CoA) mutase, and a class II ribonucleotide reduc-
tase (52). Corrinoid utilization was only recently discovered in the well-studied model
organism Caenorhabditis elegans, in which the vitamin accelerates development al-
though at the cost of decreased fertility (53). Because corrinoids are known to be
synthesized de novo by only some prokaryotic species, they are excellent compounds
for examining the cross-feeding of mature and incomplete vitamin cofactors in bacte-
rial interspecies (54) and microbial interactions. The identification of an amoeba that is
auxotrophic for corrinoids adds to our understanding of the breadth of corrinoid usage
and specificity in eukaryotes, and future work identifying corrinoid-dependent enzymes
in LPG3 will provide insight into its usage of cobalamin.

MATERIALS AND METHODS
Strain cultivation. Pseudomonas isolate LPH1, Vibrio cholerae C6706, Pseudomonas fluorescens

NCIMB 10586, and Escherichia coli strains DH5� �pir and SM10 �pir were grown in LB medium at 37°C.
Antibiotics were supplemented to LB as necessary at the following concentrations: ampicillin at 100
�g/ml, streptomycin at 100 �g/ml, streptomycin and spectinomycin at 20 �g of each per ml, and
gentamicin at 25 �g/ml. Cyanobacterial strains Synechococcus elongatus PCC 7942 and Synechocystis sp.
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PCC 6803 were grown in BG11 medium (55) at 30°C under continuous illumination at 50 to 100 �mol
photons m�2 s�1. Cyanobacterial stocks were routinely plated to BG11 Omni plates (BG11 with 0.04%
glucose and 5% LB) and tested negative for contamination. Amoeba LPG3 was isolated and maintained
on S. elongatus PCC 7942 lawns in the absence of antibiotics as described previously (25).

Strain construction. The V. cholerae in-frame deletion mutants of cobalamin synthase (cobS, vc1238),
corrinoid-dependent methionine synthase (metH, vc0390), and corrinoid-independent methionine syn-
thase (metE, vc1704) were constructed through allelic exchange (56) using suicide plasmid pWM91. A
complementation plasmid was constructed in the pBAD24 vector. The Pseudomonas isolate LPH1
cobalamin synthase (cobV) deletion mutant was constructed through gene replacement with an aacC1
cassette (57). A complementation plasmid was constructed in an RSF1010 vector bearing an aadA
cassette (conferring resistance to streptomycin and spectinomycin) and a PconII promoter with transla-
tional regulation via theophylline riboswitch variant E (58). Both complementing plasmids have baseline
expression under noninducing conditions, and this expression was sufficient for complementation of
cobalamin synthase mutations. All plasmids were constructed using Seamless (Thermo Fisher) or HiFi
(New England BioLabs) DNA assembly kits.

Amoebal growth assays. For amoebal growth assays, LPG3 cells were harvested directly from stocks
maintained on S. elongatus lawns by scraping cells at the plaque interface, or LPG3 cells were first
pregrown in liquid culture in 6-well microtiter dishes containing BG11 and wild-type S. elongatus. BG11
medium was supplemented with 5 �g/ml streptomycin and spectinomycin or 5 �g/ml streptomycin
alone. Agar plates or microtiter dishes were incubated at 30°C under continuous illumination at 2 to 3
�mol photons m�2 s�1. For assays on solid media, cyanobacterial lawns were plated on 10-cm BG11 agar
plates supplemented with antibiotics or control plates lacking antibiotics. One hundred microliters of S.
elongatus expressing aadA concentrated to an optical density at 750 nm (OD750) of 5 was spread per
plate. LPG3 cells were added at 900 to 2,000 per spot, and 5 �l of heterotrophic bacteria (Pseudomonas
isolate LPH1 with and without aadA expression, streptomycin-resistant V. cholerae C6706, or strepto-
mycin-resistant P. fluorescens NCIMB 10586) normalized to an OD600 of 0.01 was spotted. After 10 to 14
days, plates were imaged over a white light box using a Sony Cyber-shot camera. LPG3 growth
experiments were performed in liquid culture in 24-well flat-bottom plates with a 2-ml volume per well
of BG11 supplemented with antibiotics or control experiments lacking antibiotics. S. elongatus PCC 7942
expressing aadA or Synechocystis sp. PCC 6803 expressing aadA were normalized to an OD750 of 0.2 in
BG11 medium. LPG3 cells were inoculated at 1 � 103 to 2 � 103 cells per ml for growth curves or 1 �
104 to 2 � 104 cells per ml for survival curves. Heterotrophic bacteria were added to wells to a final OD600

of 0.002 unless otherwise noted. Positive control wells with Pseudomonas strain LPH1 expressing aadA
and negative-control wells without added heterotrophic bacteria were included for all experiments. For
fixation studies, S. elongatus and Pseudomonas isolate LPH1 were fixed with 10% neutral buffered
formalin for 30 min at room temperature and washed with BG11 three times. Fixed cells were plated to
BG11 or LB agar plates to confirm fixation. Supplementation with cyanocobalamin (Sigma-Aldrich) was
performed at a 50 �M final concentration. Wells were resuspended and sampled daily to enumerate the
CFU of heterotrophic bacteria on LB plates and to assay LPG3 growth. CFU plots are on log scale and all
zero counts were set at the limit of detection. Amoebal cells were counted using a Hausser 3200 counting
chamber (Hausser Scientific). A total volume of 3 � 3 � 0.1 mm was counted per sample to increase the
limit of detection. Growth curves were plotted on log scale and all zero counts were set at the limit of
detection. All experimental groups were assayed in triplicate, and all experiments were repeated at least
twice. All experiments were subject to statistical analysis by one-way analysis of variance (ANOVA) tests
with Tukey posttesting (GraphPad Prism version 5.0b) using day 6 values. All groups that did not support
amoebal growth were significantly different than groups that did support growth, with a P value of
�0.05 for Fig. 2H, a P value of �0.01 for Fig. 4C and D, and a P value of �0.001 for all remaining growth
curves.

V. cholerae screen. The library was first screened using spotting assays on 15-cm BG11 agar plates
supplemented with 5 �g/ml streptomycin. Five microliters of master mix containing amoebal cells and
cyanobacteria was first spotted to plates at densities of 4 � 105 LPG3 cells per ml and S. elongatus
expressing aadA at an OD750 of 0.5. The V. cholerae transposon mutant library was grown in 96-well plates
containing LB supplemented with 25 �g/ml streptomycin, and 3 �l of overnight culture was spotted on
top of amoebal and cyanobacterial spots. All plates included C6706-positive controls and BG11 medium-
negative controls. The library was also spotted in the absence of LPG3 and cyanobacteria to verify the
growth of the library on BG11 agar. Plates were incubated at 30°C under continuous illumination at 2 to
3 �mol photons m�2 s�1 for 10 to 14 days. Spots with cyanobacterial growth corresponded to V. cholerae
transposon mutant insertion strains that could not support amoebal growth. Hits identified in the
primary screen and transposon insertion strains that were part of the same operons were streaked for a
single colony and retested by spotting assay on BG11 agar plates. These strains were additionally tested
for supporting amoebal growth in liquid culture as described above, and 100 �l was sampled on day 6
for assays. LPG3 cell density was qualitatively determined by examination under an inverted microscope,
and chlorophyll fluorescence was measured in a black-walled 96-well plate using a SpectraMax fluores-
cence plate reader (excitation, 425 nm; emission, 680 nm).

Pseudomonas isolate LPH1 genome sequencing and analysis. To characterize the heterotrophic
bacterial coisolate and to facilitate strain construction, the genome was sequenced. DNA was extracted
from Pseudomonas isolate LPH1 through phenol-chloroform extraction and purified using the DNeasy
blood and tissue kit (Qiagen). Genome sequencing was conducted at the Institute for Genomic Medicine
(IGM) Genomics Center at the University of California, San Diego (UCSD). Eight micrograms of DNA was
sheared to an average size of 15 kb using a Covaris g-Tube. Sequencing libraries were generated using
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SMRTbell template preparation reagent kits (Pacific Biosciences). Size selection with a 10-kb cutoff was
performed using a BluePippin (Sage Science). Libraries were sequenced via 240-min movies on two SMRT
cells using P6/C5 sequencing chemistry on a PacBio RS II sequencer. Following removal of adaptor
sequences, de novo genome assembly was performed using Celera Assembler 8.3rc1. The genome was
annotated using rapid annotation using the Subsystem Technology server version 2.0 (59), and ribo-
switch motifs were identified (60).

Corrinoid analysis. Four-hundred-milliliter cultures of cyanobacteria grown in BG11 and 200-ml
cultures of Pseudomonas isolate LPH1 grown in LB were harvested for corrinoid analysis by UPLC-MS as
described previously (46, 61, 62). For exchange of the corrinoid upper ligand, cell pellets were resus-
pended in 1 mg/ml KCN in methanol and incubated at 60°C for 1.5 h. Dried samples were resuspended
in water, purified using C18 Sep-Pak columns (Waters), and eluted with methanol. Cyanocobalamin
(Sigma-Aldrich) was used as a standard. Corrinoids were analyzed on a Thermo Scientific Dionex UltiMate
3000 quaternary UHPLC coupled to a Thermo Scientific Q Exactive Plus Quadrupole-Orbitrap mass
spectrometer in positive ion mode with a heated electrospray ionization source in an Ion Max source
housing. Liquid chromatography separation was performed on a Waters XBridge C18 2.1- by 100-mm,
3.5-�m column maintained at 60°C. Solvent A was aqueous 0.1% acetic acid, and solvent B was 0.1%
acetic acid in acetonitrile. Corrinoids were separated using a 0.4 ml/min solvent gradient (A/B) as follows:
0 to 2 min, 95/5; 2 to 3 min, 80/20; 3 to 5 min, linear ramp to 0/100; 5 to 7 min, 0/100; and subsequent
reconditioning of the column. On the Q Exactive Plus, a full scan was performed from 500 to 2,000 m/z
at 70,000 resolution and tandem mass spectrometry (MS-MS) at 50 to 2,000 m/z at 17,500 resolution. Data
were processed in Xcalibur (Thermo). The UPLC plots were normalized to 4 � 106 for experimental
samples and 1 � 107 for the standard.

Image acquisition. Transmitted light and fluorescence microscopy images of LPG3 cells were
acquired using an Axioplan microscope (Zeiss) through a 100� oil immersion objective and a Spot
Pursuit camera and Spot Advanced software version 5.1 (Spot Imaging Solutions) as described previously
(25). For imaging ingestion of Pseudomonas isolate LPH1, washed LPG3 cells were seeded to a 24-well
plate and incubated for 1 day with Pseudomonas at an OD600 of 0.2 harboring pCV0001 (57), an RSF1010
plasmid for constitutive expression of GFPmut2. LPG3 cells were washed and harvested for acquisition
of bright-field and fluorescence images using an ImageStream imaging flow cytometer (Amnis). For
fluorescence images, a 488-nm laser was used with imaging in channel 2 for GFPmut2 (505- to 560-nm
emission) and in channel 5 for chlorophyll (660- to 745-nm emission). Images were analyzed using IDEAS
Software version 6.1 (Amnis).

Accession number(s). The genome of Pseudomonas isolate LPH1 was deposited into GenBank under
accession number CP017290. ps2671 to ps2662 correspond to locus tags BHQ29_13485 to BHQ29_13440,
ps4525 to ps4534 correspond to locus tags BHQ29_22625 to BHQ29_22670, and ps4549 to ps4560
correspond to locus tags BHQ29_22745 to BHQ29_22795.
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