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Whereas genomes can be rapidly sequenced, the functions of
many genes are incompletely or erroneously annotated because
of a lack of experimental evidence or prior functional knowledge
in sequence databases. To address this weakness, we describe
here a model-enabled gene search (MEGS) approach that (i)
identifies metabolic functions either missing from an org-
anism’s genome annotation or incorrectly assigned to an ORF by
using discrepancies between metabolic model predictions and
experimental culturing data; (ii) designs functional selection
experiments for these specific metabolic functions; and (iii)
selects a candidate gene(s) responsible for these functions from
a genomic library and directly interrogates this gene’s func-
tion experimentally. To discover gene functions, MEGS uses
genomic functional selections instead of relying on correlations
across large experimental datasets or sequence similarity as do
other approaches. When applied to the bioluminescent marine
bacterium Vibrio fischeri, MEGS successfully identified five
genes that are responsible for four metabolic and transport reac-
tions whose absence from a draft metabolic model of V. fischeri
caused inaccurate modeling of high-throughput experimental
data. This work demonstrates that MEGS provides a rapid and
efficient integrated computational and experimental approach
for annotating metabolic genes, including those that have pre-
viously been uncharacterized or misannotated.

The development of next-generation sequencing technolo-
gies has generated thousands of genome sequences. These are
primarily annotated by a combination of bioinformatics meth-
ods that are both fast and can be applied genome-wide. Homol-

ogy-based bioinformatics methods (e.g. BLAST) assume similar
sequences share similar functions. Structure-based methods (1,
2) and genomic context-based methods (e.g. conserved operon,
gene fusions, and gene co-occurrence across genomes (3–5))
can be utilized to infer functions that are difficult to annotate
using BLAST alone. These bioinformatics methods are often
used in conjunction with high-throughput experimental data
(including gene expression, protein-protein interactions, mass
spectrometry, RNAi, and mutant fitness) to suggest gene func-
tions based on connections between genes with known and
unknown functions. For example, recent studies have used cor-
relations in transposon mutant-fitness scores across multiple
experimental conditions to improve genome annotations (6).
Despite the power of these bioinformatics methods, and the
increasing availability of high-throughput data, 40 – 60% of
newly sequenced genes still lack assigned functions (7–9). In
addition, although bioinformatics methods can quickly predict
specific gene functions, biochemical characterization must be
still performed separately to validate those predictions. In fact,
a majority of the gene functions assigned have no experimental
evidence. For example, as of August 2016, only �27% of the
entries in the UniProtKB Swiss-Prot knowledgebase contain
experimental evidence at the protein or transcript level (10).
Direct experimental testing of gene functions that are proposed
bioinformatically or based on high-throughput experiments is
needed to reduce the high rate of incomplete and incorrect
annotations (8, 11, 12). Such assessment is important because
functions incorrectly assigned to gene sequences enter data-
bases that are subsequently used to assign functions to new
sequences. As a result, errors that are hard both to identify and
to correct will propagate.

Consequently, it is crucial to develop approaches that quickly
identify missing and/or erroneously assigned gene functions
and to provide fast and direct experimental validation for the
correct function. Such goals can be achieved by combining
genome-scale metabolic modeling with experimental tech-
niques. Genome-scale metabolic models are developed primar-
ily based on genome annotations obtained from bioinformatics
tools. Current model-based algorithms, including GapFill,
SMILEY, and GrowMatch, can use cell culture data to pinpoint
knowledge gaps caused by missing or incorrectly called gene
functions; however, these algorithms cannot identify candidate
genes for these functions (13–15). More recent algorithms,
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including PHiller-GC, Model SEED, ADOMETA, and MIRAGE,
identify missing metabolic reactions and candidate genes that
might be responsible for catalyzing them (16 –19), but these
algorithms require additional data such as annotated sequences
from other organisms and/or expensive gene-expression data-
sets that might not be available. Importantly, all of these current
model-based approaches still do not provide direct experimen-
tal validation of the function of the candidate gene. Here,
we propose a high-throughput model-enabled gene search
(MEGS)2 method that rapidly identifies functions for unanno-
tated or misannotated genes. The metabolic modeling proce-
dures in MEGS quickly generate a list of missing or erroneous
functions in genome annotations derived from bioinformatics
tools and design functional selection experiments (experiments
where only strains that gain an essential function from a
genomic library are able to grow) to select for genes with these
functions. Subsequent functional selection experiments iden-
tify the responsible gene(s) from a genomic library and provide
fast and direct experimental evidence for the gene’s function. In
contrast to metagenomic functional selections, which have
been used to identify ribulose-bisphosphate carboxylase/
oxygenase, DNA polymerase, and antibiotic-resistance genes

(20 –22), MEGS’ functional selections are based on knowledge
gaps identified by metabolic modeling. By using genomic func-
tional selections, MEGS does not rely on sequence similarity
or genomic context to find gene functions and, as such, can be
used to discover functions for previously uncharacterized
groups of genes. As such, MEGS complements existing bioin-
formatics tools to improve genome annotations. MEGS was
successfully used to identify the enzymatic and transport functions
of five genes in Vibrio fischeri, which were subsequently confirmed
by a combination of experiments involving complementation,
mutant growth phenotyping, qPCR analysis, and enzyme
assays.

Results

Overview of MEGS

MEGS involves three steps that combine metabolic modeling
and experimentation (Fig. 1). First, a genome-scale metabolic
model of an organism of interest is developed, and physiological
experiments are performed to validate the model. Computa-
tional tools (14, 15) are then used to pinpoint metabolic func-
tion(s) that are missing from the model but are needed to
resolve model data discrepancies. The physiological experi-
ments suggest these missing functions occur, but the discrep-
ancies between model predictions and experiments indicate
that the functions are absent from current genome annotations.
For example, the V. fischeri model originally lacked genes
involved in catabolism of both D-xylose and mannitol; however,

2 The abbreviations used are: MEGS, model-enabled gene search; qPCR,
quantitative PCR; DMM, defined minimal medium; FBA, flux-balance
analysis; DC, decarboxylase; PEPC, phosphoenolpyruvate carboxylase;
MDH, malate dehydrogenase; KEGG, Kyoto Encyclopedia of Genes and
Genomes.
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Figure 1. Overview of MEGS. In the first step, a metabolic model for an organism of interest is constructed. Target reactions, which are either missing from the
model or assigned to the wrong genes, are inferred from discrepancies between model predictions and experimental measurements. A recipient strain
(derived from a well-characterized organism, e.g. E. coli) and selective medium are then designed for each target reaction. Such recipient strains can only grow
in the selective medium if they acquire heterologous enzymes that catalyze the target reaction. Finally, a genomic library is created, and the recipient strain is
used to select for genes capable of catalyzing the target reactions, because such genes will enable growth of the recipient strain in the selective medium. The
discovered genes can then be further characterized and added to the model to improve predictions.
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only genes involved in mannitol catabolism were identified by
the model as missing because V. fischeri grew on mannitol (but
not D-xylose) as a sole carbon source. Second, a recipient strain
(derived from a well-characterized organism, e.g. Escherichia
coli) and selective medium (e.g. a minimal medium supple-
mented with a single carbon source) are designed such that the
recipient strain can only grow in the selective medium if the
gene(s) presumptively encoding the missing metabolic function
(from the organism of interest) is transferred to the recipient
strain. Such pairs of recipient strains and selection media can be
computationally designed for a reaction of interest using a
forced coupling algorithm (23). Third, a genomic functional
selection experiment is performed to locate the gene(s) in
the genome that are responsible for the missing metabolic
function and provide direct evidence for the gene’s function.
For this last step, a genomic library of the organism of inter-
est is created by inserting random genomic DNA fragments
into plasmids. This plasmid library is then transformed into
the recipient strain. Gene(s) responsible for the missing met-
abolic function can then be identified by sequencing plas-
mids that complement growth of recipient strains in the
selective medium. The discovered genes can then be further
characterized and added to the model to improve predic-
tions. As more experimental data are generated, any new
model data discrepancies that arise can be used to drive addi-
tional MEGS cycles.

MEGS applied to discover V. fischeri gene functions

In this work, we applied MEGS to discover and characterize
several enzyme- and transporter-encoding genes of V. fischeri
ES114, which is a bioluminescent marine bacterium that forms
a symbiotic relationship in the light-emitting organ of the
Hawaiian bobtail squid, Euprymna scolopes (24). Its metabolic
capabilities are representative of many other marine bacteria,
including both beneficial and pathogenic members of the
Vibrio genus, and are thus of particular interest (25). From the
KEGG (Kyoto Encyclopedia of Genes and Genomes)-anno-
tated genome, we reconstructed a genome-scale metabolic

model for V. fischeri ES114, named iVF846 (supplemental Excel
file S1). Reactions and metabolites from an E. coli model,
iJO1366 (26), were transferred into the draft model of iVF846
when orthologs to E. coli metabolic genes were found in V. fis-
cheri. The draft iVF846 model was then curated based on the
following: (i) data and information reported in the literature,
and (ii) new growth-phenotyping experiments using Biolog
plates, a method for individually testing the ability to metabo-
lize 96 different carbon sources using a microtiter dish format.
To facilitate model curation, a modified version of the SMILEY
(14) algorithm (see under “Experimental procedures”) was used
to identify missing enzymatic or transport reactions that, if
added to the model, would resolve discrepancies between
model predictions and experimental growth phenotypes of
V. fischeri ES114 wild type and mutants. This analysis identified
that V. fischeri was missing an annotated aspartate 1-decarbox-
ylase (encoded by panD in E. coli), which caused the draft
model to predict no growth either in LBS or in a V. fischeri
defined minimal medium (DMM) (Fig. 2a). The growth-phe-
notyping experiments were performed to identify sole carbon
sources that support growth of V. fischeri (see under “Experi-
mental procedures”). These results (supplemental Excel file S2)
were compared with model-predicted sole carbon sources
using flux-balance analysis (FBA) (27), and discrepancies were
found for mannitol and N-acetylneuraminate. The modified
SMILEYalgorithmpredictedthatmannitol1-phosphate5-de-
hydrogenase (encoded by mtlD in E. coli) and an N-acetyl-
neuraminate transporter (encoded by nanT in E. coli) were
missing from the draft model (Fig. 2, b and c). Finally, FBA
was used to predict essential V. fischeri genes in LBS
medium, and gene essentiality predictions were compared
with a recent transposon insertion study (supplemental Table
S1) (28). One false-positive prediction was for glutamine
synthase (VF_0098), where the model predicted the gene was
essential but experimentally it was found to be non-essential.
Based on this discrepancy, the modified SMILEY algorithm
predicted the draft model was missing glutamine transport-
er(s) (Fig. 2d).
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Figure 2. Pathways missing reactions and genes in V. fischeri. a, aspartate 1-decarboxylase (panD in E. coli), involved in pantothenate and coenzyme A
biosynthesis, is missing in V. fischeri. b, mannitol 1-phosphate 5-dehydrogenase (mtlD in E. coli), involved in mannitol catabolism, is missing in V. fischeri. c,
transporters for N-acetylneuraminate (nanT in E. coli) (c) and glutamine (glnHPQ in E. coli) (d) are missing in V. fischeri.
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To experimentally identify the V. fischeri genes encoding the
missing aspartate 1-decarboxylase, and mannitol 1-phosphate
5-dehydrogenase, as well as transporters for N-acetylneuram-
inate and glutamine, a specific E. coli recipient strain and selec-
tive medium were designed for each missing metabolic func-
tion (supplemental Table S2). The iJO1366 metabolic model
was used to demonstrate in silico that the growth of each E. coli
recipient strain requires the specified missing metabolic func-
tion in selective medium (Fig. 3, a–d). Here, recipient E. coli
strains were used because their metabolism is well character-
ized, and knock-out mutant collections are available (29, 30).
For clarity, we will refer to the well-characterized E. coli genes
using their gene symbols and V. fischeri genes using their locus
tags. The locus tags of the E. coli genes are listed in supplemen-
tal Table S2. A 53-gigabase pair V. fischeri genomic library with
�12,000-fold genome coverage was created and transformed
into the recipient strains: �panD, �mtlD, �nanT, and �glnP.
After growth selection in each recipient strain’s selection
media, we found that plasmids expressing VF_0892, VF_A0062,
and VF_0668 rescued �panD, �mtlD, and �glnP, respectively,

and plasmids independently expressing either VF_0924 or
VF_1172 rescued �glnP.

Functional complementation in recipient strains

We individually cloned VF_0892, VF_A0062, VF_0668,
VF_0924, and VF_1172 into an empty vector because plasmids
in the genomic library can contain fragments that encode more
than one gene. All transformed single-gene plasmids enabled
growth of recipient strains in the corresponding selective
medium (Fig. 4, a–d). This result demonstrated that these
genes complemented recipient-strain growth and thus are
functionally equivalent to the analogous E. coli genes. In
the experiments with the glutamine transporter, glutamine was
supplied as the sole carbon source. Wild-type E. coli grows
poorly on glutamine as a sole carbon source due to low uptake
rates (31). Overexpression of either VF_0924 or VF_1172 in the
E. coli �glnP resulted in a faster growth rate compared with
the wild-type E. coli strain expressing an empty-vector control
(Fig. 4d).

Figure 3. Growth coupling of a recipient strain to a missing metabolic function in selective medium. Growth dependence for each recipient strain in
selective medium was calculated using iJO1366 (26). Feasible combinations of growth rate and a missing metabolic enzyme are shown in blue. In all cases, cell
growth is not zero only when there is flux through the reaction on the y axis (because no non-trivial solutions exist on the x axis). The flux limits of oxygen and
carbon uptake rates were set at 10 mmol/g dry weight (gDW) per h. a, aspartate 1-decarboxylase activity (associated with panD in iJO1366) is coupled to growth
of a �panD mutant in glucose minimal medium. b, mannitol 1-phosphate 5-dehydrogenase activity (associated with mtlD in iJO1366) is coupled to growth of
a �mtlD mutant in mannitol minimal medium. c, N-acetylneuraminate transport (ACNAMt2pp associated with nanT in iJO1366) is coupled to growth of a �nanT
mutant in N-acetylneuraminate minimal medium. d, glutamine transport (GLNabcpp associated with glnHPQ in iJO1366) is coupled to growth in a double
knock-out �glnP�ansB in glutamine minimal medium. The ansB was not deleted experimentally because it has a low activity with glutamine (66), and �glnP
mutants (67, 68) were previously shown to be unable to grow on glutamine.
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Functional complementation in the organism of interest,
V. fischeri

The �VF_0892, �VF_A0062, or �VF_0668 V. fischeri knock-
out mutants did not grow in minimal medium (similarly to the
selective medium, where DMM instead of MOPS minimal
medium was used); however, the V. fischeri knock-out mutants
were complemented by plasmids expressing wild-type copies of
VF_0892, VF_A0062, or VF_0668, respectively (Fig. 5, a–c). In
addition, the �VF_0892 mutant could grow in glucose minimal
media if supplemented with pantothenate and/or �-alanine
(supplemental Fig. S1). Better growth of this mutant was
observed with addition of 10 mM pantothenate compared with
10 mM �-alanine, possibly due to a slower �-alanine uptake.
However, the transporter(s) in V. fischeri for �-alanine and
pantothenate are, as yet, unknown. The �VF_0924�VF_1172
double mutant still grew in DMM supplemented with gluta-
mine as the sole carbon source, indicating the existence of other
V. fischeri glutamine transporters in the genome. We tested
whether VF_1172 (annotated as a tyrosine-specific transporter)
can also transport leucine, by evaluating growth of E. coli
BW25113 with a plasmid overexpressing VF_1172 in minimal
medium supplemented with glucose and leucine (supplemental
Fig. S2). Overexpression of VF_1172 slowed growth in media
supplemented with leucine, a phenotype that can be attributed

to leucine toxicity that was previously observed in an E. coli
K-12 strain overexpressing branched-chain amino acid trans-
porters (32). Like VF_1172, other amino acid transporters of
V. fischeri might have broad substrate specificity.

Detection of �-alanine using in vitro enzyme assays

To further confirm the enzymatic function of VF_0892, we
purified a His6-tagged VF_0892 protein and tested its function-
ality as an aspartate 1-decarboxylase in vitro. Only the reaction
condition that contained both aspartate and the VF_0892
enzyme was able to produce �-alanine from aspartate (12.7 �
0.8 nmol, where reported error is the standard deviation across
three biological replicates). In contrast, conditions containing
aspartate alone, VF_0892 enzyme alone, aspartate and heat-
inactivated VF_0892 enzyme, or aspartate and proteins purified
from cells containing the empty vector did not produce any
detectable �-alanine (less than 0.125 nmol). Proteins purified
from cells containing the empty vector were used as a control to
provide information of contaminant proteins (supplemental
Fig. S3a). These in vitro enzyme assays further confirmed that
VF_0892 (1644 bp) can catalyze the conversion of aspartate to
�-alanine and thus is functionally equivalent to panD (381 bp)
despite their sequence dissimilarity (i.e. BLAST found no sig-
nificant similarity between the two proteins).

Kinetic characterization of PanD, VF_0892, and VF_1064
enzymes

VF_0892 is currently annotated in NCBI as a glutamate de-
carboxylase (EC 4.1.1.15). To compare the activity and sub-
strate specificity of VF_0892 and E. coli PanD toward the two
potential substrates (aspartate and glutamate), decarboxylase
activities (supplemental Fig. S3b) were evaluated using the DC-
PEPC-MDH-linked assays at pH 8.05. Here, the kinetic param-
eters were determined from three technical replicates and are
reported as an average � S.E. The kcat and Km values of the
VF_0892 enzyme were 0.075 � 0.04 �M CO2/�M enzyme-sec
and 1.44 � 0.35 mM, respectively, at 28 °C, and 0.008 � 0.001
�M CO2/�M enzyme-sec and 1.70 � 0.56 mM, respectively, at
37 °C (Fig. 6a). The VF_0892 enzyme was around 10-fold more
active at 28 °C compared with 37 °C. Precipitation of purified
VF_0892 enzyme was observed over time at 37 °C. Greater
activity at 28 °C is consistent with the optimal growth of V. fis-
cheri at 28 °C and its intolerance to higher temperatures. E. coli
PanD showed a kcat of 0.008 � 0.001 �M CO2/�M enzyme-sec
and Km of 1.44 � 0.33 mM at 37 °C (Fig. 6b). However, it is
possible that not all of the purified PanD was post-translation-
ally processed into its active form, resulting in a low kcat. Both
PanD and the VF_0892 enzyme showed a much higher reaction
rate when aspartate, rather than glutamate, was used as the
substrate (PanD, 10-fold; VF_0892, 5-fold at 37 °C, and 26-fold
at 28 °C, Fig. 6c).

In addition to VF_0892, another V. fischeri gene (VF_1064) is
currently annotated as a glutamate decarboxylase. Based on
BLASTP, VF_1064 has 21% identity to VF_0892 with an E-value
of 0.38 but 58% identity and an E-value of 0.0 to the E. coli
glutamate decarboxylase gadB. We evaluated experimentally
whether VF_1064 decarboxylates glutamate and/or aspartate.
In the DC-PEPC-MDH-linked assays, the purified VF_1064

Figure 4. Plasmids expressing the MEGS-discovered V. fischeri genes
enabled growth of recipient strains. Each panel shows the growth curves
for the recipient strain listed at the top of each panel. Each solid line represents
A600 over time, and the associated colored transparent shade indicates the
range of standard deviations across biological replicates (n � 3). The selective
medium used for each panel was a MOPS minimal medium supplemented
with 20 mM glucose (a), 20 mM mannitol (b), 20 mM N-acetylneuraminate (c),
and 20 mM glutamine and vitamin supplements (0.05 mM thiamine, 0.05 mM

niacinamide, and 20 nM biotin) (d). Blue lines represent growth of the parent
BW25113 with an empty pZE21MCS vector. Green lines represent growth of
the listed recipient strains (�panD, �mtlD, �nanT, or �glnP) with an empty
pZE21MCS vector. Yellow and purple lines represent growth of recipient
strains that contain pZE21MCS plasmids expressing the listed V. fischeri gene.
d, yellow line represents �glnP � pZEVF0924 strain, and the purple line repre-
sents �glnP � pZEVF1172.
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enzyme (supplemental Fig. S3b) showed about a 20-fold higher
reaction rate with 10 mM glutamate than with 10 mM aspartate
(supplemental Fig. S4a). With glutamate at pH 8.05 and 37 °C,
VF_1064 exhibited a kcat of 0.055 � 0.037 �M CO2/�M enzyme-
sec and Km of 61.7 � 46.4 mM (supplemental Fig. S4b). Because
of the solubility of glutamate, we were not able to test the
enzyme kinetics of VF_1064 at glutamate concentrations at or
greater than its Km value, resulting in large standard errors for
kcat and Km. A pH of 8.05 was used to keep CO2 produced by the
decarboxylase primarily as HCO3

�, but this pH might not be
optimal for VF_1064 because E. coli GadB is most active at pH
3.8 (33). Additional experimental evidence suggests that
VF_1064 cannot function as an aspartate 1-decarboxylase; spe-
cifically, only VF_0892, and not VF_1064, is essential in LBS
medium (28). Also, the single gene plasmid expressing VF_1064

did not complement the �panD E. coli mutant in the selective
medium, whereas the plasmid expressing VF_0892 did (supple-
mental Fig. S5 and Fig. 4a).

Based on the measured substrate preferences for the
VF_0892 and VF_1064 enzymes, we conclude that VF_0892
is associated with the aspartate 1-decarboxylase reaction,
whereas VF_1064 is only associated with the glutamate decar-
boxylase reaction in the V. fischeri model.

Growth and VF_A0062 expression in wild-type V. fischeri using
sole carbon sources

Using MEGS, we identified VF_A0062, a gene currently
annotated as dehydrogenase, as a mannitol 1-phosphate 5-de-
hydrogenase. Here, we provide more evidence that VF_A0062
is involved in mannitol and not L-sorbose utilization.
VF_A0062 has significant similarity to genes annotated as
L-sorbose 1-phosphate reductases in other Vibrio species,
including Vibrio rotiferianus and Vibrio owensii (BLASTP
E-value � 0, amino acid identity �88%). In addition to the
high-throughput growth-phenotyping assays, we confirmed in
shake flasks that L-sorbose does not support growth of wild-
type V. fischeri as a sole carbon source, although mannitol and
glucose do (supplemental Fig. S6). qPCR analysis showed a 6.5-
fold increase in expression of VF_A0062 in the mannitol mini-
mal medium compared with the glucose minimal medium. (A
relative expression ratio of 6.5 � 2.3 was calculated from three
biological replicates. The reported error is the standard devia-
tion). In some other Vibrio species, e.g. Vibrio cholerae and
Vibrio metoecus, which do not contain a gene similar to
VF_A0062, an ortholog of mtlD is present in their genomes
instead. Therefore, Vibrio species apparently contain a manni-
tol 1-phosphate 5-dehydrogenase that is similar to either mtlD
in E. coli or VF_A0062 in V. fischeri.

Squid light-organ colonization phenotypes

We further tested whether V. fischeri knock-out mutants
(�VF_0892, �VF_A0062, �VF_0668, and �VF_0924�VF_
1172) could successfully colonize the squid light organ in com-
petition with a wild-type strain (we excluded VF_0892 due to its
inability to grow in LBS medium without supplementation of
�-alanine or pantothenate). We observed no significant coloni-
zation phenotypes in our knock-out mutants during the initial

Figure 5. Plasmids expressing V. fischeri genes complemented growth of V. fischeri knock-out mutants. Each panel shows the growth curves for a
V. fischeri mutant complemented with an empty vector or vector expressing the deleted gene. The gene listed at the top of each panel indicates the gene
deleted in the mutant and expressed in the complementation plasmid. Each solid line represents A600 over time, and the associated colored transparent shade
indicates the range of standard deviations across biological replicates (n � 3). The medium used in each panel was the DMM minimal medium supplemented
with (a) 20 mM glucose, (b) 20 mM mannitol, or (c) 20 mM N-acetylneuraminate. Blue lines represent growth of V. fischeri ES114 with an empty pVSV105 vector.
Green lines represent growth of the V. fischeri knock-out mutants (�VF_0892, �VF_A0062, and �VF_0668) with an empty pVSV105 vector. Yellow lines represent
growth of V. fischeri knock-out mutants carrying a pVSV105 plasmid expressing the corresponding V. fischeri gene (e.g. �VF_0892 � pVF0892).
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Figure 6. Kinetic characterization and substrate specificity of the E. coli
PanD and the VF_0892 (PanP) enzymes. Average reaction rates (�AU units/
min) are shown for three technical replicates of the DC-PEPC-MDH-linked
assays performed at the specified aspartate or glutamate concentration with
standard deviations shown as the error bars. a, reactions rates with the
VF_0892 enzyme at various concentrations of aspartate at either 28 °C (gray)
or 37 °C (blue). Solid lines show the nonlinear fitting to the Michaelis-Menten
equation using KaleidaGraph. b, reaction rates of PanD at various concentra-
tions of aspartate at 37 °C. c, reaction rates of PanD with a concentration of 8
mM of either glutamate or aspartate and reaction rates of the VF_0892
enzyme with a concentration of 9 mM of either glutamate or aspartate at
either 28 or 37 °C.
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stage of colonization (24 h after inoculation) (supplemental Fig.
S7). However, VF_A0062 and VF_0668 might play a role in
persistence after colonization because transposon insertions in
either VF_A0062 or VF_0668 failed to persist in the squid when
competing with a pool containing other transposon library
mutants and the wild type (after 48 h of colonization) (28).

Discussion

In this work, we developed MEGS to improve gene annota-
tions by combining metabolic modeling with genomic func-
tional selection. Computational models, built from an existing
genome annotation, were used to identify missing or incorrect
annotations in the current genome annotation and to design
selections (using other organisms) for genes responsible for
these missing functions. We successfully identified five genes
responsible for four metabolic functions that were missing
from our draft V. fischeri metabolic model. Using MEGS, we
provided the first experimental evidence that (i) VF_0892 func-
tions as an aspartate 1-decarboxylase; (ii) VF_A0062 functions
as a mannitol 1-phosphate 5-dehydrogenase; (iii) VF_0668
functions as an N-acetylneuraminate transporter, and (iv)
VF_0924 and VF_1172 function as glutamine transporters.
Importantly, none of these genes are orthologous to the E. coli
genes with the same functions. These discoveries improved the
quality of the V. fischeri genome-scale metabolic model,
iVF846, which has been used in studying V. fischeri metabolism
and its symbiotic relationship in the squid light organ, espe-
cially during the habitat transition between seawater and the
symbiotic niche (34).

MEGS leverages both computational and experimental tech-
niques to provide functional annotations for genes encoding
enzymes and transporters. Metabolic genes are responsible for
the physiological and biochemical states of a cell, and knowl-
edge of their functions is critical for understanding and control-
ling cell behavior. By taking advantage of metabolic modeling,
MEGS identifies errors and omissions in existing genome
annotations due to either a lack of experimental evidence or
prior knowledge in databases and designs experiments to cor-
rect these errors. Because MEGS uses genomic functional
selections to find genes instead of sequence similarity or
genomic context, it can discover genes with unique sequences
and/or genes that have not been studied in the laboratory.
MEGS is experimentally and computationally inexpensive and
efficient. A draft genome-scale metabolic model can be pre-
pared automatically using available software platforms in only a
few hours (17, 35–37). Metabolic reactions missing from such a
draft model or associated with the wrong genes, as well as
genomic functional-selection strategies, can also be identified
within a few hours (23). The genomic library used in our
method (which takes 2 days to construct) contains information
from across the entire genome, so that all the genes in the
library go through the selection simultaneously. Once a library
is created, MEGS cycles can be repeated to search for additional
genes associated with different missing reactions. Similarly,
once a recipient strain is constructed, it can be used to select for
genes responsible for a particular metabolic reaction from mul-
tiple genomes (using separate genomic libraries). The time
required to build the recipient strains depends on the number

of gene additions and deletions needed; however, this time can
be significantly reduced by using existing mutant strain collec-
tions (29, 38, 39). Functional selection from the genomic library
via growth complementation of the recipient strain in a selec-
tive medium is fast (1–3 days) and also provides direct experi-
mental evidence of gene functions. One cycle of the entire
MEGS process can be completed within a week using existing
recipient strain collections.

MEGS offers an alternative and complementary approach to
bioinformatics-based methods for predicting gene functions. In
retrospect, some of the genes we identified using MEGS are also
top-scoring candidates that have been or could be derived
bioinformatically using various genomic context-based meth-
ods. VF_0892 was already tentatively suggested to be a member
of the pyridoxal-dependent aspartate 1-decarboxylases
(TIGR03799) by partial phylogenetic profiling (29). This pro-
tein family was given a suggested name of PanP, to distinguish it
from a non-orthologous family of aspartate 1-decarboxylase
(PanD TIGR00223), which is pyruvoyl-dependent and more
widely distributed than PanP. PanP is present in a number of
marine bacteria (a list of all proteins that belong to TIGR03799
are listed in supplemental Table S3); however, no direct exper-
imental evidence was available previously to support its anno-
tation as an aspartate 1-decarboxylase. We found that PanP was
not properly incorporated in six manually curated genome-
scale metabolic models. Five of the models included an aspar-
tate 1-decarboxylase reaction without any associated genes (40,
41) and one associated PanP with L-cysteate, 3-sulfino-L-ala-
nine, glutamate, and aspartate decarboxylase reactions (42).
Similarly, VF_A0062 could have been predicted as a mannitol
1-phosphate 5-dehydrogenase candidate using bioinformatics
methods because it is located in the same operon as yggD
(VF_A0063), and YggD has been characterized as a mannitol
operon repressor in Shigella flexneri (34). VF_0668 is a pre-
dicted member of SiaR regulon (controlling sialic acid degrada-
tion) according to the RegPrecise database (43), and it was
tentatively annotated as a possible sialic acid transporter (per-
mease), NanT. The SiaR regulon in Haemophilus influenzae
includes a different tripartite ATP-independent periplasmic
transporter (44). However, the function of the V. fischeri NanT
has not yet been experimentally characterized.

Similar to operon- and regulon-based bioinformatics meth-
ods, MEGS does not depend on sequence similarity to well-
characterized genes. Annotations based solely on sequence
similarity may lack detailed functions when the unknown
sequence is not similar to a characterized gene (e.g. conserved
hypothetical proteins) or may be incorrect if the gene is similar
to a gene that is incorrectly annotated in sequence databases. In
the case of VF_A0062, we demonstrated that this gene actually
encodes a mannitol 1-phosphate 5-dehydrogenase even though
it shares high sequence similarity with other annotated L-sor-
bose 1-phosphate reductase genes.

MEGS and bioinformatics-based approaches have different
strengths and limitations and, as a result, can complement each
other. For example, MEGS can complement bioinformatics-
based approaches when top-scoring candidates do not exist.
Sometimes correlations between genes with unknown function
and genes with known functions may not exist, and such corre-
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lations can still lead to erroneous and/or nonspecific function
assignments using bioinformatics methods alone (8). Another
strength of MEGS compared with the bioinformatics-based
approach is that genes identified from MEGS already have
direct experimental evidence for their functions from the
genomic-library selection experiments, while bioinformatics-
derived gene functions must be tested in subsequent experi-
ments. MEGS can be applied to organisms for which there are
currently no genetic tools, opening up ways to evaluate their
gene functions experimentally in another host. Some limita-
tions of MEGS include the following: (i) it requires heterolo-
gous expression in the recipient strain, which might not be opti-
mal; (ii) the recipient strains might be difficult to construct (e.g.
essential genes cannot be deleted unless growth can be comple-
mented by nutritional supplementation); and (iii) if multiple
genes are responsible for a missing metabolic function, they
must be co-localized on the chromosome. Additionally, MEGS
might identify genes with low promiscuous activities that, when
overexpressed, can complement growth defects associated with
essential metabolic functions. Recent approaches for improv-
ing heterologous gene expression (45) and conditional muta-
tion systems (46) are likely to help overcome some of these
limitations. Ultimately, more detailed biochemical character-
ization of enzymes identified using bioinformatics or MEGS
might be needed to confirm the physiological functions of gene
products. However, these computational and experimental
approaches are useful for identifying which genes to evaluate
biochemically.

As more genome sequences become available, we speculate
that MEGS will be successfully applied to further discover the
roles of uncharacterized genes and improve our understanding
of metabolism in a variety of both familiar and uncharacterized
microorganisms. Newly discovered gene functions will propa-
gate through genome databases as they are used by other exist-
ing approaches to improve annotations of genes in additional
organisms.

Experimental procedures

In silico modeling

A newly constructed genome-scale metabolic model of V. fis-
cheri strain ES114, iVF846, was used in this work (supplemental
Excel file S1). Reactions and metabolites from an E. coli model,
iJO1366 (26), were transferred into the draft model of iVF846
when orthologs to E. coli metabolic genes were found in V. fis-
cheri. By our definition, the orthologous genes shared the
KEGG ortholog identifier and were best reciprocal hits in the
KEGG Sequence Similarity Database. The model contains 846
genes and 1583 reactions. FBA (27) was used to calculate the
growth rate of V. fischeri by maximizing flux through a defined
biomass objective function. In FBA, the minimal or rich
medium was simulated by giving negative values to the lower
limits for the exchange fluxes of the medium components in the
model (supplemental Table S4 lists negative exchanges used for
different simulations). A carbon source was predicted to be a
sole carbon source if the FBA-predicted growth rate was greater
than zero in minimal medium supplemented with this carbon
source. To simulate a knock-out strain, the fluxes of metabolic

reactions associated with the gene were fixed at zero, unless
isozymes were present. A gene was predicted as essential if the
FBA-predicted growth rate of the strain containing a single
gene deletion was zero. A modified version of the mixed integer
linear programming algorithm, SMILEY (14), was used to pre-
dict missing metabolic genes (and their associated reactions)
when the model incorrectly predicted wild-type or mutant
V. fischeri strains cannot grow in a particular medium. The
algorithm was modified from its original implementation by
minimizing the total number of metabolic genes (instead of
reactions) that need to be added from iJO1366 (26) (instead of
KEGG) to the V. fischeri model to enable growth and reconcile
false predictions.

Strain construction

Wild-type E. coli BW25113 and wild-type V. fischeri ES114
were used in this work. E. coli knock-out strains (derived from
BW25113) containing kanamycin resistance genes were
obtained from the Keio collection (Open Biosystems) (29,
30). The temperature-sensitive plasmid pCP20 was used to
remove the kan gene from the mutants as described previ-
ously (47). The resulting kanamycin-sensitive E. coli knock-
out strains were used as recipient strains for the V. fischeri
genomic library. Knock-out mutants of V. fischeri ES114
were constructed using conjugation and homologous recom-
bination as described previously (48 –51). To construct
�VF_0892, 10 mM pantothenate and 10 mM �-alanine were
supplemented in the LBS growth medium. All strains used in
this study are reported in supplemental Table S5.

Plasmid construction for single-gene complementation

For E. coli complementation experiments, a single V. fischeri
gene was cloned into the multiple cloning site of pZE21MCS
(EXPRESSYS) using Gibson cloning. The construct was trans-
formed into the corresponding E. coli knock-out strains, and
colonies were selected on LB agar containing 50 �g of kanamy-
cin per ml. For V. fischeri complementation experiments, a sin-
gle V. fischeri gene was cloned into the multiple cloning site of
pVSV105 (52) using Gibson cloning. These plasmids contain-
ing a V. fischeri gene were introduced into V. fischeri ES114
knock-out strains by conjugation. All plasmids used in this
work are listed in supplemental Table S5.

Growth conditions and complementation experiments

Unless otherwise noted, E. coli strains were grown at 37 °C,
and V. fischeri strains were grown at 28 °C, both with shaking at
225 rpm. E. coli strains were grown in Luria-Bertani (LB) or a
MOPS-buffered minimal medium (53). Because E. coli grows
poorly on glutamine as a sole carbon source, vitamin supple-
ments (0.05 mM thiamine, 0.05 mM niacinamide, and 20 nM

biotin) were added to the minimal medium to shorten the
experiments in which the glutamine transporter is comple-
mented. V. fischeri strains were grown in Luria-Bertani salt
(LBS) (24) or V. fischeri DMM (supplemental Table S6). Over-
night cultures of �VF_0892 were grown in LBS supplemented
with 10 mM pantothenate and 10 mM �-alanine. When appro-
priate, 50 �g of kanamycin or 5 �g of chloramphenicol per ml
was added to the media. For complementation experiments, an
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overnight LB (or LBS) culture of each strain was subcultured by
�1:100 dilution into fresh minimal medium with a starting
absorbance of 0.02 at 600 nm (A600). The A600 of the culture in
a 96-well plate was measured by an Infinite M200 plate reader
(Tecan) every 15 min with 3-mm orbital shaking. In comple-
mentation experiments with a VF_0892 plasmid in �panD or
�VF_0892, an overnight LB (or LBS) culture of each strain was
washed twice in minimal medium and subcultured by 1:100
dilution into fresh minimal medium. Once the subculture grew
to about mid-exponential phase, it was washed twice and sub-
cultured again into fresh minimal medium for the growth curve
measurements. All experiments testing a VF_A0062 plasmid
were performed at 28 °C, because pZEVFA0062 did not com-
plement �mtlD well when grown at 37 °C.

Growth-phenotyping experiments

To test sole carbon sources of V. fischeri, V. fischeri strain
ES114 was grown in inoculating fluid supplemented with 255
mM sodium chloride, on PM1 or PM2A plates containing single
carbon sources (Biolog) according to the manufacturer’s proto-
col. The plates were incubated at 28 °C in an OmniLog incuba-
tor reader (Biolog), and turbidity was measured every 15 min
for 48 h. The increase in turbidity was compared with a negative
control with no added carbon source to determine whether
cells grew. Additional experiments were performed in 17 	
100-mm test tubes to confirm growth of strains on a carbon
source of interest or to detect strains with an intermediate
increase in turbidity.

Genomic library construction

The genomic DNA of V. fischeri ES114 strain was extracted
from LBS culture using the DNeasy Blood and Tissue kit (Qia-
gen). The extracted DNA was then fragmented at 10% ampli-
tude for 5 s using the Sonic Dismembrator Model 500 (Thermo
Fisher Scientific). DNA fragments between �2 and �5 kbp
were size-selected from a 1% agarose gel in Tris acetate/EDTA
buffer and purified with the Zymoclean Gel DNA Recovery kit
(Zymo). The DNA fragments were ligated into the HinCII site
of the multiple cloning site of the pZE21MCS1 vector and
transformed into 50 �l of E. coli MegaX suspension (Invitro-
gen) following the protocol of Forsberg et al. (22). The average
insert size of the library was �2.3 kilobase pairs, and the titer of
the library was 22 million colony forming units (CFUs). Trans-
formed cells were transferred to 10 ml of LB containing 50 �g of
kanamycin per ml and grown overnight. The overnight culture
was used to extract the library of plasmids using the QIAprep
Spin Miniprep kit (Qiagen).

Gene selection from a V. fischeri genomic library

The V. fischeri genomic library was transformed into compe-
tent cells of an E. coli recipient strain and recovered in 1 ml
of Super Optimal broth with Catabolite repression (SOC)
medium for an hour. The recovered cells were then pelleted at
6000 rpm for 3 min and transferred to 50 ml of selective
medium (listed in supplemental Table S2) with 50 �g of kana-
mycin per ml to grow at 37 °C. After the A600 reached 1, the cells
were subcultured into 50 ml of fresh selection medium. After
the A600 of the cells reached 1 again, they were plated on LB plus

kanamycin plates. Single colonies were picked to confirm
growth in selective medium, and the first and last 700 bp of the
plasmid inserts were subsequently sequenced to identify the
V. fischeri gene(s) included in the plasmid.

Expression and purification of decarboxylases

E. coli panD (b0131), V. fischeri panP (VF_0892), and V. fis-
cheri gadA (VF_1064) were amplified from the genomic DNA
using Phusion High-fidelity DNA Polymerase (New England
Biolabs). The PCR fragments containing VF_0892 were
digested with NcoI and XhoI and cloned into pET28 (Novagen).
The resulting plasmid pETVF0892 was transformed into E. coli
X90(DE3) competent cells (54). The PCR fragments containing
b0131 or VF_1064 were inserted into the pET28 vector with an
N-terminal His-tag sequence followed by a tobacco etch virus
site. The resulting plasmids pETb0131 and pETVF1064 were
transformed into E. coli BL21 (DE3) competent cells. For
expression, an inoculum was started in LB medium plus 50 �g
of kanamycin per ml from an overnight culture. The cells were
grown at 28 °C until reaching an A600 of 0.6. Then cells were
induced by 1 mM isopropyl �-D-1-thiogalactopyranoside over-
night at 18 °C. The cell lysate was extracted from the collected
cells by BugBuster Master Mix (EMD Millipore) following the
manufacturer’s protocol. The lysate was incubated with HisPur
nickel-nitrilotriacetic acid resin (Thermo Fisher Scientific) for
1 h at 4 °C and passed through a Pierce Centrifuge Column
(Thermo Fisher Scientific). The column was washed in 50 mM

NaH2PO4, 300 mM NaCl, and 20 mM imidazole (pH 8), and the
VF_0892 protein was eluted in 50 mM NaH2PO4, 300 mM NaCl,
and 250 mM imidazole (pH 8). The eluted protein was dialyzed
against 100 mM Tris-HCl (pH 7.5) and concentrated with an
Amicon Ultra Centrifugal Filter Unit (EMD Millipore). The
final products were analyzed with SDS-polyacrylamide gels,
and their concentrations were determined with a bicinchoninic
acid kit (Sigma). The eluted protein was dialyzed in 20 mM

Tris-HCl to reduce the amount of solutes that went through the
GC-MS column. E. coli X90(DE3) containing the empty
pET28b(�) vector was subjected to the same expression and
purification procedures, and the product was used as a control
in detecting V. fischeri PanP activity using GC-MS.

Detection of �-alanine from in vitro enzyme assays

The V. fischeri PanP activity was detected by measuring the
formation of �-alanine in five different conditions, each with a
200-�l reaction volume. All reaction mixtures contained 20 mM

Tris-HCl, 5 mM MgSO4, and 750 �M pyridoxal 5
-phosphate
(pH 7.5). In addition to the buffer components, the first condi-
tion also contained 36 �g of purified V. fischeri PanP and 50
nmol of aspartate as the substrate. The second condition con-
tained 36 �g of purified V. fischeri PanP but no substrate. The
third condition contained 50 nmol of aspartate but no protein.
The fourth condition contained 36 �g of purified V. fischeri
PanP that had been heat-inactivated at 90 °C for 30 min and 50
nmol of aspartate. The last condition contained 20 �g of pro-
tein obtained from the empty vector lysate and 50 nmol of
aspartate. The reaction mixtures were incubated at 37 °C for
15 h and then stopped by heat inactivation at 90 °C for 30 min.
The second and the fourth conditions were tested in biological
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duplicates, and the other conditions were tested in biological
triplicates. The heat-inactivated reaction mixtures were spun
down at 15,000 rpm for 3 min, and their supernatants were
taken for quantitation. A uniformly labeled, �-[U-13C]alanine
internal standard (Cambridge Isotope Laboratories) was used
for quantification via an isotope-ratio method using GC-MS
(55). Prior to sample quantification, a suitable �-alanine frag-
ment formula was identified. This process includes the follow-
ing: (i) analyzing the mass spectrum of an unlabeled �-alanine
sample to propose a feasible structure for the molecular ion of
interest; (ii) comparing the theoretical and measured isotopic
distributions of said structure; and (iii) verifying that the num-
ber of carbon backbone atoms present on the derivatized struc-
ture matches the base peak mass shift predicted to be seen in
the �-[U-13C]alanine mass spectrum relative to the unlabeled
spectrum (56). Once a fragment for quantification was identi-
fied, the purity (i.e. extent of labeling) of labeled �-alanine was
measured and subsequently used to correct for the unlabeled
portion of the labeled standard in downstream calculations.
Following this step, aliquots of labeled internal standard were
quantified using a known amount of unlabeled standard and
calculating the ratio of 12C/13C after correcting both for natural
abundances of other isotopes present in the derivatized frag-
ment, and for the unlabeled portion of the labeled standard,
using the freely available software, IsoCor (57). Once character-
ized, known amounts of labeled standard were mixed with the
supernatant of the enzymatic assay and dried at 90 °C. This step
was followed by derivatization in a volumetric 1:1 ratio of pyr-
idine with N-tert-butyl-dimethylsilyl-N-methyltrifluoroacet-
amide plus 1% tert-butyl-dimethylchlorosilane at 90 °C for 30
min to confer thermal stability and increased volatility amena-
ble for analysis on the GC-MS instrument. Derivatized samples
were centrifuged at 15,000 rpm for 3 min to sediment insoluble
material, producing a cleaner supernatant for injection onto the
GC-MS. Samples were run on a single quadrupole GC-MS
QP2010S (Shimadzu) in electron ionization mode with an Rtx
of 5 ms (Restek) low-bleed, fused-silica column for separation
with helium as a carrier gas operating under a linear velocity
control mode with a split ratio of 0.50, and a column flow of 1.50
ml/min. The temperature program for separation of �-alanine
began with holding the column oven temperature at 35 °C for
10 min, ramping up at 25 °C/min to 300 °C, and holding for 19.4
min. Operational parameters included an injection tempera-
ture of 240 °C, ion source temperature of 260 °C, interface tem-
perature of 240 °C, and a mass scan range of 100 – 450 m/z. To
test the detection limit of our �-alanine quantification method,
the method was used to measure a known amount of unlabeled
�-alanine. Each sample (n � 3) contained 0.125, 0.25, 0.5, 1, or
2 nmol of unlabeled �-alanine. The method was able to detect
the presence of unlabeled �-alanine in all these samples. There-
fore, the detection limit of the method is below 0.125 nmol.

DC-PEPC-MDH-linked assays

Decarboxylase (DC), phosphoenolpyruvate carboxylase
(PEPC), and malate dehydrogenase (MDH)-linked assays were
performed by mixing 80 �l of freshly prepared mixture A and
120 �l of mixture B. Mixture A contained 100 mM Tris-HCl, 10
mM MgSO4, 1 mM pyridoxal 5
-phosphate (PLP), and various

concentrations of aspartate and glutamate (pH 8.05). Mixture B
contained purified decarboxylase and Infinity Carbon Dioxide
Liquid Stable Reagent (Infinity, Thermo Fisher Scientific). The
final decarboxylase concentrations used were 54 �M PanD, 35
�M VF_1064 enzyme, 28 �M V. fischeri PanP for assays at 37 °C,
and 14 �M V. fischeri PanP for assays at 28 °C. Like similar DC-
PEPC-MDH-linked assays (58 – 62), our assays were carried out
in air. The interference of exogenous CO2 from air and buffer
solution was accounted for using a negative control, in which
no substrate was added. The signal produced by the negative
control was linear during the measurement period and was sub-
tracted from all signals produced by other samples containing
substrates. Values of Km and kcat were determined from nonlin-
ear fitting into the Michaelis-Menten equation using Kaleida-
Graph (Synergy Software). Averages across the three technical
replicates were used as data points, whereas standard devia-
tions for each data point were used as weights during the curve
fitting. The Km and kcat values are reported with standard
errors.

qPCR analysis

Wild-type V. fischeri cells were harvested at an A600 of �0.6
in DMM supplemented with glucose or mannitol as sole carbon
source. Total RNA from the cell pellets was harvested using the
Quick-RNA MicroPrep Kit (Zymo Research) with a 15-min on-
column DNase treatment. RNA concentration and quality were
assessed on a NanoDrop (Thermo Fisher Scientific) spectro-
photometer. Reverse transcription for synthesizing cDNA and
real-time qPCR were performed using the GoTaq Two-step
RT-qPCR System (Promega) and an AriaMx real-time PCR
machine (Agilent). The differential expression of VF_A0062
(forward primer, TGGATATTCCGGGTGGTAAA, and re-
verse primer, ACGGGTCTTGTTCTGCAAGT) in the manni-
tol minimal medium and the glucose minimal medium was
normalized to the control gene (V. fischeri polA, VF_0074, for-
ward primer, CGACAGCAGCAGAAGTGAAG, and reverse
primer, AGCAAGACCAAACGCACTC) using the GED for-
mula (63).

Growth inhibition test with leucine

An overnight LB culture of each E. coli strain was washed
twice in minimal medium and subcultured by 1:100 dilution
into fresh MOPS minimal medium with 20 mM glucose. Once
the subculture grew to about mid-exponential phase, it was
washed twice again and subcultured into fresh minimal
medium with or without 4 mM leucine, and its A600 was mea-
sured on a 96-well plate by an Infinite M200 plate reader
(Tecan).

Squid colonization competitions

Freshly hatched juvenile squid were collected from the rear-
ing facility at the University of Hawaii and placed in filter-ster-
ilized seawater. Squid were exposed to an �1:1 mixed popula-
tion of two strains consisting of V. fischeri ES114 carrying a
chromosomally inserted erythromycin-GFP marker (64) and
the indicated mutant strain, at a total of 3000 –5000 CFU/ml.
Squid were incubated with bacteria for 3 h, then transferred to
individual vials of V. fischeri-free seawater for an additional
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18 –21 h. Colonized squid were subsequently anesthetized on
ice and placed at �80 °C for surface sterilization. Individual
squid were then homogenized and plated on LBS and LBS �
erythromycin agar plates as described previously (65), and the
ratio of strains present in the light organ was determined by
counting the unmarked and erythromycin marked colonies.
The relative competitive index (RCI) of the co-colonizing
strains was calculated as follows: RCI � log(CFU mutant/CFU
wild type)/(inoculum CFU mutant/inoculum CFU wild type).
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Supplementary Figure S1. Auxotrophic growth of ∆VF_0892 for pantothenate and β-alanine. Each 
solid line represents OD600 over time, and the associated colored transparent shade indicates the range of 
standard deviation (n = 3). ∆VF_0892 did not grow in 20 mM glucose minimal medium (green line), but 
grew in 20 mM glucose minimal medium with 10 mM calcium pantothenate (yellow line) or 10 mM β-
alanine (gray line).  Glc: glucose.   
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Supplementary Figure S2. Increased leucine sensitivity by E. coli expressing VF_1172. Each solid 
line represents OD600 over time, and the associated colored transparent shade indicates the range of 
standard deviation (n = 3). The blue, yellow and cyan lines indicate that wild-type E. coli and wild-type E. 
coli with a plasmid expressing VF_0924 or VF_1172 achieved a similar growth phenotype in minimal 
medium with 20 mM glucose. Addition of 4 mM leucine to the medium caused a slower growth of wild-
type E. coli and wild-type E. coli with a plasmid expressing VF_0924 (green and gray lines), and no 
growth of wild-type E. coli with a plasmid expressing VF_1172 (black line). Glc: glucose.   
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Supplementary Figure S3. SDS-Page gel of purified proteins. 

All gel pictures were taken by a Nikon D3200 camera. (a) SDS-PAGE gel of purified VF_0892 protein and 
proteins from the empty vector control. These purification products were used in the detection of β-alanine 
using GC-MS. (Adobe Lightroom auto-adjust: exposure + 0.65, contrast + 100, whites + 69, blacks -73) (b) 
SDS-PAGE gel of purified b0131 protein, (Adobe Lightroom auto-adjust: exposure + 0.05, contrast + 25, 
whites + 53, blacks -49), VF_0892 protein, and VF_1064 protein (Adobe Lightroom auto-adjust: exposure + 
0.30, contrast  -22, whites + 73, blacks -56). These purification products were used in the DC-PEPC-MDH-
linked assays. 

 

Supplementary Figure S4. Substrate specificity of the VF_1064 enzyme. Average reaction rates 
(∆AU/min) are shown for three technical replicates of the DC-PEPC-MDH-linked assays performed at 
the specified aspartate or glutamate concentration with standard deviation shown as the error bars. (a) 
Reaction rates of the VF_1064 enzyme with a concentration of 10 mM of either glutamate or aspartate at 
37°C. (b) Reactions rates of the VF_1064 enzyme with various concentrations of glutamate at 37°C.  
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Supplementary Figure S5. A plasmid expressing VF_1064 failed to support growth of the E. coli 
∆panD mutant.  Each solid line represents OD600 over time, and the associated colored transparent shade 
indicates the range of standard deviation (n = 3). ∆panD with an empty vector (green line) or a plasmid 
expressing VF_1064 (gray line) did not grow in 20 mM glucose minimal medium.  Wild-type E. coli 
(blue line) and ∆panD with a plasmid expressing VF_0892 (yellow line) grew in 20 mM glucose minimal 
medium. Glc: glucose.   

 

 

Supplementary Figure S6. L-sorbose failed to support growth of wild-type V. fischeri as a sole 
carbon source. Growth of wild-type V. fischeri on sole carbon sources was tested in 17 by 100 mm test 
tubes (n = 3, SD plotted as error bars). An overnight culture of wild-type V. fischeri in LBS medium was 
subcultured by 1:100 dilution into fresh minimal medium with a sole carbon source (20 mM of the 
indicated sugar) or without a carbon source. OD600 was measured by a spectrophotometer (Biomate 3) at 0, 
15.5, and 24 hours post inoculation. Wild-type V. fischeri was unable to grow in minimal medium with L-
sorbose as the sole source of carbon.  
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Supplementary Figure. S7. Squid light-organ colonization phenotypes of the MEGS-discovered V. 
fischeri genes. V. fischeri knockout mutants (∆VF_A0062, ∆VF_0668, and ∆VF_0924∆VF_1172) were 
tested for their efficiency colonizing juvenile E. scolopes in competition with wild-type strain ES114 (WT) 
carrying a chromosomally-inserted erythromycin-GFP marker (1). Results of three independent trials, 
each consisting of n >= 10 co-colonized squid, were plotted as the mean competitive index +/- SE. 
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Supplementary Table S1. Essential genes in LBS medium predicted by insertion sequencing study (2) 
and comparisons with model predictions. 

Essential (Insertion Sequencing Study): Essential (Model Prediction) 

VF_0015, VF_0016, VF_0028, VF_0046, VF_0053, VF_0065, VF_0066, VF_0106, VF_0125, VF_0132, 
VF_0138, VF_0139, VF_0277, VF_0284, VF_0302, VF_0388, VF_0389, VF_0390, VF_0401, VF_0411, 
VF_0414, VF_0415, VF_0439, VF_0453, VF_0465, VF_0466, VF_0467, VF_0470, VF_0471, VF_0481, 
VF_0536, VF_0576, VF_0617, VF_0618, VF_0619, VF_0629, VF_0630, VF_0682, VF_0687, VF_0705, 
VF_0711, VF_0712, VF_0742, VF_0743, VF_0753, VF_0764, VF_0765, VF_0767, VF_0793, VF_0794, 
VF_0809, VF_0812, VF_0839, VF_0888, VF_0892, VF_0908, VF_0949, VF_0965, VF_1159, VF_1214, 
VF_1235, VF_1236, VF_1292, VF_1600, VF_1625, VF_1695, VF_1700, VF_1727, VF_1735, VF_1739, 
VF_1740, VF_1741, VF_1754, VF_1887, VF_1914, VF_1918, VF_1946, VF_1956, VF_1957, VF_1958, 
VF_1960, VF_1997, VF_2072, VF_2073, VF_2094, VF_2128, VF_2135, VF_2170, VF_2184, VF_2189, 
VF_2200, VF_2201, VF_2203, VF_2204, VF_2205, VF_2206, VF_2234, VF_2286, VF_2331, VF_2348, 
VF_2372, VF_2385, VF_2386, VF_2387, VF_2402, VF_2424, VF_2426, VF_2428, VF_2433, VF_2544, 
VF_2562, VF_A0421, VF_A0424, VF_A0570, VF_A0601, VF_A0602 
Essential (Insertion Sequencing Study): Not Essential (Model Prediction) 
VF_0067, VF_0104, VF_0202, VF_0391, VF_0392, VF_0402, VF_0442, VF_0443, VF_0460, VF_0480, 
VF_0706, VF_0748, VF_0823, VF_0824, VF_0901, VF_0913, VF_0943, VF_0953, VF_0954, VF_1201, 
VF_1202, VF_1414, VF_1602, VF_1607, VF_1694, VF_1742, VF_1760, VF_1786, VF_1894, VF_1949, 
VF_1950, VF_1951, VF_1952, VF_2075, VF_2076, VF_2083, VF_2084, VF_2105, VF_2168, VF_2178, 
VF_2195, VF_2207, VF_2347, VF_2569, VF_A0425 
Not Essential (Insertion Sequencing Study): Not Essential (Model Prediction) 
VF_0014, VF_0017, VF_0023, VF_0024, VF_0025, VF_0027, VF_0031, VF_0032, VF_0033, VF_0034, 
VF_0035, VF_0036, VF_0037, VF_0048, VF_0054, VF_0057, VF_0060, VF_0062, VF_0064, VF_0072, 
VF_0080, VF_0090, VF_0093, VF_0112, VF_0116, VF_0118, VF_0137, VF_0166, VF_0167, VF_0168, 
VF_0169, VF_0176, VF_0177, VF_0178, VF_0179, VF_0180, VF_0182, VF_0183, VF_0185, VF_0186, 
VF_0193, VF_0201, VF_0206, VF_0207, VF_0209, VF_0220, VF_0264, VF_0265, VF_0266, VF_0267, 
VF_0268, VF_0269, VF_0276, VF_0285, VF_0287, VF_0292, VF_0293, VF_0294, VF_0295, VF_0310, 
VF_0311, VF_0312, VF_0319, VF_0320, VF_0321, VF_0323, VF_0331, VF_0337, VF_0338, VF_0339, 
VF_0403, VF_0405, VF_0406, VF_0407, VF_0408, VF_0413, VF_0418, VF_0420, VF_0423, VF_0425, 
VF_0429, VF_0435, VF_0440, VF_0441, VF_0446, VF_0447, VF_0449, VF_0472, VF_0473, VF_0474, 
VF_0504, VF_0505, VF_0506, VF_0507, VF_0509, VF_0531, VF_0532, VF_0533, VF_0537, VF_0539, 
VF_0540, VF_0543, VF_0553, VF_0554, VF_0558, VF_0561, VF_0585, VF_0587, VF_0590, VF_0598, 
VF_0603, VF_0604, VF_0605, VF_0606, VF_0607, VF_0614, VF_0624, VF_0625, VF_0637, VF_0638, 
VF_0644, VF_0645, VF_0648, VF_0651, VF_0652, VF_0657, VF_0663, VF_0665, VF_0666, VF_0667, 
VF_0668, VF_0684, VF_0685, VF_0686, VF_0695, VF_0700, VF_0701, VF_0702, VF_0703, VF_0716, 
VF_0718, VF_0720, VF_0736, VF_0737, VF_0738, VF_0740, VF_0741, VF_0745, VF_0760, VF_0772, 
VF_0773, VF_0775, VF_0776, VF_0778, VF_0781, VF_0785, VF_0786, VF_0787, VF_0804, VF_0807, 
VF_0808, VF_0816, VF_0818, VF_0819, VF_0820, VF_0821, VF_0822, VF_0825, VF_0826, VF_0828, 
VF_0829, VF_0830, VF_0834, VF_0836, VF_0837, VF_0887, VF_0890, VF_0899, VF_0900, VF_0902, 
VF_0903, VF_0909, VF_0911, VF_0914, VF_0918, VF_0922, VF_0924, VF_0928, VF_0940, VF_0941, 
VF_0942, VF_0973, VF_0976, VF_1012, VF_1013, VF_1014, VF_1015, VF_1016, VF_1017, VF_1018, 
VF_1019, VF_1026, VF_1027, VF_1028, VF_1029, VF_1031, VF_1032, VF_1033, VF_1055, VF_1056, 
VF_1064, VF_1084, VF_1114, VF_1115, VF_1121, VF_1124, VF_1141, VF_1143, VF_1160, VF_1171, 
VF_1172, VF_1176, VF_1177, VF_1179, VF_1180, VF_1186, VF_1188, VF_1189, VF_1197, VF_1203, 
VF_1212, VF_1223, VF_1224, VF_1225, VF_1238, VF_1241, VF_1242, VF_1248, VF_1252, VF_1253, 
VF_1270, VF_1282, VF_1284, VF_1285, VF_1299, VF_1300, VF_1301, VF_1302, VF_1304, VF_1315, 
VF_1316, VF_1317, VF_1319, VF_1337, VF_1341, VF_1352, VF_1358, VF_1359, VF_1360, VF_1366, 
VF_1387, VF_1405, VF_1408, VF_1444, VF_1445, VF_1446, VF_1447, VF_1448, VF_1458, VF_1479, 
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VF_1485, VF_1487, VF_1488, VF_1498, VF_1502, VF_1511, VF_1521, VF_1522, VF_1527, VF_1531, 
VF_1543, VF_1544, VF_1551, VF_1552, VF_1553, VF_1554, VF_1556, VF_1558, VF_1577, VF_1579, 
VF_1580, VF_1584, VF_1585, VF_1586, VF_1587, VF_1588, VF_1590, VF_1591, VF_1593, VF_1594, 
VF_1595, VF_1596, VF_1597, VF_1599, VF_1606, VF_1608, VF_1609, VF_1610, VF_1611, VF_1612, 
VF_1613, VF_1621, VF_1630, VF_1634, VF_1635, VF_1644, VF_1645, VF_1651, VF_1665, VF_1673, 
VF_1682, VF_1688, VF_1691, VF_1698, VF_1699, VF_1702, VF_1708, VF_1714, VF_1718, VF_1719, 
VF_1721, VF_1724, VF_1732, VF_1737, VF_1738, VF_1743, VF_1750, VF_1752, VF_1755, VF_1770, 
VF_1775, VF_1781, VF_1782, VF_1793, VF_1798, VF_1799, VF_1803, VF_1810, VF_1811, VF_1820, 
VF_1821, VF_1822, VF_1823, VF_1824, VF_1893, VF_1895, VF_1897, VF_1903, VF_1904, VF_1905, 
VF_1920, VF_1926, VF_1927, VF_1928, VF_1929, VF_1932, VF_1938, VF_1972, VF_1973, VF_1983, 
VF_1984, VF_1985, VF_1986, VF_2043, VF_2044, VF_2045, VF_2046, VF_2049, VF_2056, VF_2057, 
VF_2058, VF_2063, VF_2064, VF_2065, VF_2070, VF_2078, VF_2080, VF_2101, VF_2104, VF_2106, 
VF_2110, VF_2115, VF_2116, VF_2117, VF_2118, VF_2124, VF_2125, VF_2139, VF_2140, VF_2141, 
VF_2142, VF_2143, VF_2145, VF_2146, VF_2147, VF_2148, VF_2149, VF_2150, VF_2151, VF_2152, 
VF_2157, VF_2158, VF_2162, VF_2169, VF_2173, VF_2174, VF_2176, VF_2179, VF_2181, VF_2183, 
VF_2192, VF_2218, VF_2220, VF_2232, VF_2233, VF_2237, VF_2238, VF_2239, VF_2240, VF_2245, 
VF_2246, VF_2247, VF_2248, VF_2256, VF_2258, VF_2262, VF_2263, VF_2264, VF_2266, VF_2267, 
VF_2272, VF_2282, VF_2283, VF_2285, VF_2287, VF_2288, VF_2298, VF_2301, VF_2303, VF_2304, 
VF_2305, VF_2306, VF_2307, VF_2308, VF_2316, VF_2318, VF_2326, VF_2334, VF_2335, VF_2336, 
VF_2337, VF_2340, VF_2341, VF_2353, VF_2354, VF_2356, VF_2357, VF_2360, VF_2364, VF_2366, 
VF_2367, VF_2368, VF_2380, VF_2383, VF_2394, VF_2395, VF_2400, VF_2403, VF_2435, VF_2439, 
VF_2443, VF_2444, VF_2445, VF_2448, VF_2462, VF_2463, VF_2478, VF_2481, VF_2482, VF_2485, 
VF_2489, VF_2508, VF_2510, VF_2515, VF_2516, VF_2517, VF_2518, VF_2519, VF_2528, VF_2537, 
VF_2538, VF_2546, VF_2547, VF_2553, VF_2556, VF_2557, VF_2558, VF_2559, VF_2560, VF_2563, 
VF_2564, VF_2565, VF_2566, VF_2567, VF_2568, VF_2570, VF_2571, VF_2576, VF_A0005, 
VF_A0019, VF_A0042, VF_A0062, VF_A0080, VF_A0082, VF_A0083, VF_A0086, VF_A0100, 
VF_A0113, VF_A0119, VF_A0123, VF_A0124, VF_A0125, VF_A0128, VF_A0129, VF_A0142, 
VF_A0158, VF_A0159, VF_A0160, VF_A0173, VF_A0188, VF_A0189, VF_A0235, VF_A0236, 
VF_A0239, VF_A0248, VF_A0249, VF_A0250, VF_A0251, VF_A0281, VF_A0282, VF_A0283, 
VF_A0290, VF_A0291, VF_A0292, VF_A0298, VF_A0299, VF_A0306, VF_A0316, VF_A0321, 
VF_A0322, VF_A0351, VF_A0352, VF_A0353, VF_A0355, VF_A0356, VF_A0366, VF_A0385, 
VF_A0394, VF_A0412, VF_A0417, VF_A0418, VF_A0427, VF_A0438, VF_A0450, VF_A0451, 
VF_A0452, VF_A0453, VF_A0468, VF_A0469, VF_A0470, VF_A0492, VF_A0493, VF_A0494, 
VF_A0497, VF_A0507, VF_A0529, VF_A0530, VF_A0558, VF_A0565, VF_A0585, VF_A0586, 
VF_A0628, VF_A0640, VF_A0685, VF_A0686, VF_A0695, VF_A0696, VF_A0700, VF_A0702, 
VF_A0703, VF_A0709, VF_A0710, VF_A0745, VF_A0746, VF_A0747, VF_A0748, VF_A0760, 
VF_A0784, VF_A0786, VF_A0789, VF_A0794, VF_A0797, VF_A0798, VF_A0799, VF_A0800, 
VF_A0801, VF_A0803, VF_A0808, VF_A0809, VF_A0810, VF_A0813, VF_A0829, VF_A0830, 
VF_A0832, VF_A0839, VF_A0840, VF_A0847, VF_A0917, VF_A0918, VF_A0919, VF_A0920, 
VF_A0921, VF_A0922, VF_A0923, VF_A0940, VF_A0941, VF_A0942, VF_A0958, VF_A0966, 
VF_A0969, VF_A0987, VF_A0988, VF_A0989, VF_A0999, VF_A1000, VF_A1001, VF_A1002, 
VF_A1003, VF_A1004, VF_A1005, VF_A1008, VF_A1010, VF_A1044, VF_A1100, VF_A1123, 
VF_A1146, VF_A1161, VF_A1189, VF_0098 (only after adding VF_0924 and VF_1172) 

Not Essential (Insertion Sequencing Study): Essential (Model Prediction) 
VF_0152, VF_0212, VF_0304, VF_0342, VF_0393, VF_0545, VF_0957, VF_1666, VF_1667, VF_1669, 
VF_1670, VF_1671, VF_1672, VF_1761, VF_1780, VF_1805, VF_1931, VF_2284, VF_2291, VF_2292, 
VF_2309, VF_2484, VF_2486, VF_2535, VF_A0805, VF_A0806 
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Supplementary Table S2. Recipient strain and selective medium design.  

  

Draft model and experiment discrepancies E. coli genes 
(bnums) 

missing V. 
fischeri 
ortholog 

Recipient 
strain Selective medium  

Category Model 
prediction 

Experimental 
data 

Growth 
phenotype 

No growth in 
minimal 
medium  

Growth in 
minimal 
medium  

panD 
(b0131) ∆panD MOPS minimal medium 

+ 20 mM glucose 

Mannitol is not 
a sole carbon 

source 

Mannitol is a 
sole carbon 

source 

mtlD 
(b3600) ∆mtlD MOPS minimal medium 

+ 20 mM mannitol 

N-acetyl-
neuraminate is 

not a sole 
carbon source 

N-acetyl-
neuraminate is 
a sole carbon 

source 

nanT 
(b3224) ∆nanT 

MOPS minimal medium 
+ 20 mM N-

acetylneuraminate 

Gene 
essentiality 

Glutamine 
synthase 

(VF_0098) is 
essential in 

LBS medium 

Glutamine 
synthase 

(VF_0098) is 
non-essential 

in LBS 
medium 

glnH 
(b0811) 

glnP 
(b0810) 

glnQ 
(b0809) 

∆glnP 

MOPS minimal medium 
+ 20 mM glutamine +  
vitamin supplement 

(0.05 mM thiamine, 0.05 
mM niacinamide, and 20 

nM biotin) 
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Supplementary Table S3. List of all species that contain a NOD_panD_pyr domain protein. 

Aliivibrio logei Pseudoalteromonas flavipulchra Vibrio coralliilyticus 
Aliivibrio salmonicida Pseudoalteromonas haloplanktis Vibrio crassostreae 
Aliivibrio wodanis Pseudoalteromonas issachenkonii Vibrio cyclitrophicus 
Alishewanella aestuarii Pseudoalteromonas lipolytica Vibrio diabolicus 
Alishewanella agri Pseudoalteromonas luteoviolacea Vibrio diazotrophicus 
Alishewanella jeotgali Pseudoalteromonas marina Vibrio ezurae 
Arsukibacterium ikkense Pseudoalteromonas phenolica Vibrio fischeri 
Colwellia piezophila Pseudoalteromonas piscicida Vibrio fluvialis 
Colwellia psychrerythraea Pseudoalteromonas porphyrae Vibrio fortis 
Enterovibrio calviensis Pseudoalteromonas rubra Vibrio furnissii 
Enterovibrio norvegicus Pseudoalteromonas ruthenica Vibrio genomosp. 
Grimontia hollisae Pseudoalteromonas spongiae Vibrio halioticoli 
Grimontia indica Pseudoalteromonas tetraodonis Vibrio harveyi 
Idiomarina abyssalis Pseudoalteromonas translucida Vibrio hepatarius 
Idiomarina loihiensis Pseudoalteromonas tunicata Vibrio hyugaensis 
Idiomarina salinarum Pseudoalteromonas undina Vibrio ichthyoenteri 
Idiomarina woesei Rheinheimera nanhaiensis Vibrio kanaloae 
Idiomarina xiamenensis Rheinheimera perlucida Vibrio lentus 
Idiomarina zobellii Rheinheimera texasensis Vibrio litoralis 
Marinobacter adhaerens Salinivibrio costicola Vibrio maritimus 
Marinobacter algicola Shewanella algae Vibrio metoecus 
Marinobacter daepoensis Shewanella baltica Vibrio metschnikovii 
Marinobacter excellens Shewanella benthica Vibrio mimicus 
Marinobacter 
hydrocarbonoclasticus 

Shewanella colwelliana Vibrio mytili 
Marinobacter lipolyticus Shewanella decolorationis Vibrio natriegens 
Marinobacter manganoxydans Shewanella denitrificans Vibrio navarrensis 
Marinobacter nanhaiticus Shewanella fidelis Vibrio neptunius 
Marinobacter psychrophilus Shewanella frigidimarina Vibrio nereis 
Marinobacter santoriniensis Shewanella haliotis Vibrio nigripulchritudo 
Marinobacter subterrani Shewanella loihica Vibrio ordalii 
Photobacterium angustum Shewanella oneidensis Vibrio orientalis 
Photobacterium aphoticum Shewanella pealeana Vibrio owensii 
Photobacterium aquae Shewanella piezotolerans Vibrio pacinii 
Photobacterium damselae Shewanella putrefaciens Vibrio parahaemolyticus 
Photobacterium gaetbulicola Shewanella sediminis Vibrio ponticus 
Photobacterium galatheae Shewanella violacea Vibrio proteolyticus 
Photobacterium ganghwense Shewanella woodyi Vibrio rotiferianus 
Photobacterium halotolerans Thalassomonas actiniarum Vibrio rumoiensis 
Photobacterium iliopiscarium Thalassomonas viridans Vibrio sagamiensis 
Photobacterium kishitanii Vibrio albensis Vibrio scophthalmi 
Photobacterium leiognathi Vibrio alginolyticus Vibrio shilonii 
Photobacterium marinum Vibrio anguillarum Vibrio sinaloensis 
Photobacterium phosphoreum Vibrio antiquarius Vibrio splendidus 
Photobacterium profundum Vibrio azureus Vibrio tasmaniensis 
Photobacterium swingsii Vibrio bivalvicida Vibrio toranzoniae 
Pseudoalteromonas agarivorans Vibrio brasiliensis Vibrio tubiashii 
Pseudoalteromonas arctica Vibrio breoganii Vibrio variabilis 
Pseudoalteromonas atlantica Vibrio campbellii Vibrio vulnificus 
Pseudoalteromonas citrea Vibrio caribbeanicus Vibrio xuii 
Pseudoalteromonas distincta Vibrio cholera  
Pseudoalteromonas elyakovii Vibrio cholerae  
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Supplementary Table S4. Exchange reactions with negative lower limits. 

Reactions for simulating V. fischeri defined minimal medium 
Reaction Abbreviation Reaction Name 
EX_k(e) K+ exchange 
EX_ca2(e) Calcium exchange 
EX_cbl1(e) Cob(I)alamin exchange 
EX_cl(e) Chloride exchange 
EX_co2(e) CO2 exchange 
EX_cobalt2(e) Co2+ exchange 
EX_cu2(e) Cu2+ exchange 
EX_fe2(e) Fe2+ exchange 
EX_fe3(e) Fe3+ exchange 
EX_h(e) H+ exchange 
EX_h2o(e) H2O exchange 
EX_mg2(e) Mg exchange 
EX_mn2(e) Mn2+ exchange 
EX_mobd(e) Molybdate exchange 
EX_na1(e) Sodium exchange 
EX_nh4(e) Ammonia exchange 
EX_ni2(e) Ni2+ exchange 
EX_o2(e) O2 exchange 
EX_pi(e) Phosphate exchange 
EX_sel(e) Selenate exchange 
EX_slnt(e) Selenite exchange 
EX_so4(e) Sulfate exchange 
EX_tungs(e) tungstate exchange 
EX_zn2(e) Zinc exchange 
Additional exchange reactions for simulating LBS medium 
EX_adn(e) Adenosine exchange 
EX_ala-L(e) L-Alanine exchange 
EX_amp(e) AMP exchange 
EX_arg-L(e) L-Arginine exchange 
EX_asn-L(e) L-Asparagine exchange 
EX_aso3(e) Arsenite exchange 
EX_asp-L(e) L-Aspartate exchange 
Ex_btn(e) Biotin exchange 
EX_cd2(e) Cadmium exchange 
EX_cmp(e) CMP exchange 
EX_cys-L(e) L-Cysteine exchange 
EX_dad-2(e) Deoxyadenosine exchange 
EX_dcyt(e) Deoxycytidine exchange 
EX_fol(e) Folate exchange 
EX_gln-L(e) L-Glutamine exchange 
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EX_glu-L(e) L-Glutamate exchange 
EX_gly(e) Glycine exchange 
EX_gmp(e) GMP exchange 
EX_gsn(e) Guanosine exchange 
EX_h2s(e) Hydrogen sulfide exchange 
EX_hg2(e) Hg2+ exchange 
EX_his-L(e) L-Histidine exchange 
EX_hxan(e) Hypoxanthine exchange 
EX_ile-L(e) L-Isoleucine exchange 
EX_ins(e) Inosine exchange 
EX_leu-L(e) L-Leucine exchange 
EX_lipoate(e) Lipoate exchange 
EX_lys-L(e) L-Lysine exchange 
EX_met-L(e) L-Methionine exchange 
EX_nac(e) Nicotinate exchange 
EX_phe-L(e) L-Phenylalanine exchange 
EX_pheme(e) Protoheme exchange 
EX_pnto-R(e) (R)-Pantothenate exchange 
EX_pro-L(e) L-Proline exchange 
EX_pydx(e) Pyridoxal exchange 
EX_ribflv(e) Riboflavin exchange 
EX_ser-L(e) L-Serine exchange 
EX_skm(e) Shikimate exchange 
EX_thm(e) Thiamin exchange 
EX_thr-L(e) L-Threonine exchange 
EX_thymd(e) Thymidine exchange 
EX_trp-L(e) L-Tryptophan exchange 
EX_tyr-L(e) L-Tyrosine exchange 
EX_ump(e) UMP exchange 
EX_ura(e) Uracil exchange 
EX_uri(e) Uridine exchange 
EX_val-L(e) L-Valine exchange 
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Supplementary Table S5. Strains and plasmids used in this work.  

Strain or plasmid Description Source 

V. fischeri Strains   

ES114 Wild-type E. scolopes light-organ isolate (3) 

ES114 GFP-erm Tn7 
ES114 carrying a chromosomally inserted erythromycin-GFP 

marker 
(1) 

∆VF_0892 ES114 ∆VF_0892  This work 

∆VF_A062 ES114 ∆VF_A0062 This work 

∆VF_0668 ES114 ∆VF_0668 This work 

∆VF_0924 ES114 ∆VF_0924  This work 

∆VF_1172 ES114 ∆VF_1172  This work 

∆VF_0924 ∆VF_1172 ES114 ∆VF_0924 ∆VF_1172 This work 

E. coli Strains   

BW25113 E. coli K-12 BW25113 

Coli Genetic 

Stock Center 

(strain 7636) 

panD::kan  BW25113 panD::kan   (4) 

ΔpanD Derived from panD::kan by removing kan using pCP20.  This work 

mtlD:: kan  BW25113 mtlD:: kan   (4) 

ΔmtlD Derived from mtlD::kan by removing kan using pCP20.  This work 

nanT:: kan  BW25113 nanT:: kan (4) 

ΔnanT Derived from nanT::kan by removing kan using pCP20.  This work 

glnP:: kan BW25113 glnP:: kan (4) 

ΔglnP Derived from glnP::kan by removing kan using pCP20.  This work 

DH5α λpir 
F− φ80lacZΔM15 Δ(lacZYFargF)U169  supE44 deoR hsdR17 

recA1 endA1 gyrA96 thi-1 relA1, lysogenized with λpir 
(5) 

β3914 
F− RP4-2-Tc::Mu ∆dapA::(erm-pir) 

gyrA462 zei-298::Tn10 (Kanr Ermr Tecr) 
(6) 

X90(DE3) Expression strain  (7) 

Plasmids   

pCP20 
pSC101 based vector expressing the yeast Flp recombinase, 

Ampr, Camr 
(8) 



	
  

S-­‐13	
  
	
  

pZE21MCS Vector for E. coli complementation. Kanr, colE1 ori EXPRESSYS 

pZEVF0892 pZE21MCS:: VF_0892 This work 

pZEVF1064 pZE21MCS:: VF_1064 This work 

pZEVFA0062 pZE21MCS:: VF_A0062 This work 

pZEVF0668 pZE21MCS:: VF_0668 This work 

pZEVF0924 pZE21MCS:: VF_0924 This work 

pZEVF1172 pZE21MCS:: VF_1172 This work 

pEVS104 Conjugative helper plasmid. Kanr (9) 

pKV363 
Mobilizable suicide vector for V. fischeri chromosomal 

deletion. Camr 
(10) 

pKV363VF0892 pKV363:: ΔVF_0892 This work 

pKV363VFA0062 pKV363:: ΔVF_A0062 This work 

pKV363VF0668 pKV363:: ΔVF_0668 This work 

pKV363VF0924 pKV363:: ΔVF_0924 This work 

pKV363VF1172 pKV363:: ΔVF_1172 This work 

pKV363VF0924VF1172 pKV363:: ΔVF_0924 ΔVF_1172 This work 

pVSV105 pES213-based vector for V. fischeri complementation. Camr (11) 

pVF0892 pVSV105:: VF_0892 This work 

pVFA0062 pVSV105:: VF_A0062 This work 

pVF0668 pVSV105:: VF_0668 This work 

pVF0924 pVSV105:: VF_0924 This work 

pVF1172 pVSV105:: VF_1172 This work 

pET28 
Expression vector carrying an N-terminal and a C-terminal 

His-tag sequence 
Novagen 

pETVF0892 pET28:: VF_0892 with a C-terminal His-tag sequence This work 

pETVF1064 
pET28:: VF_1064 with an N-terminal His-tag sequence 

followed by a TEV site 
This work 

pETb0131 
pET28:: b0131 with an N-terminal His-tag sequence 

followed by a TEV site 
This work 
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Supplementary Table S6. V. fischeri Defined Minimal Medium (DMM) recipe  

(1 L, buffered at pH 7.5 with either MOPS/Tricine or PIPES disodium salt)  

Chemical or Stock solution Amount (g or mL) 

1 M Na2HPO4 0.287 

1 M NaH2PO4 0.0527 

MgSO4-7H2O 12.32 

CaCl2-2H2O 1.47 

NaCl 17.52 

KCl 0.75 

Sistroms trace elements 0.1 

Sistroms vitamins 0.1 

5.8% K2HPO4 1 

NH4Cl 0.59 

MOPS 8.372 

Tricine 0.717 

PIPES disodium salt 

(to substitute MOPS/Tricine) 
17.3 

Carbon source (as indicated)  
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