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Comparative Metabolic Systems Analysis of Pathogenic Burkholderia
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Burkholderia cenocepacia and Burkholderia multivorans are opportunistic drug-resistant pathogens that account for the major-
ity of Burkholderia cepacia complex infections in cystic fibrosis patients and also infect other immunocompromised individuals.
While they share similar genetic compositions, B. cenocepacia and B. multivorans exhibit important differences in pathogenesis.
We have developed reconciled genome-scale metabolic network reconstructions of B. cenocepacia J2315 and B. multivorans
ATCC 17616 in parallel (designated iPY1537 and iJB1411, respectively) to compare metabolic abilities and contextualize genetic
differences between species. The reconstructions capture the metabolic functions of the two species and give insight into similar-
ities and differences in their virulence and growth capabilities. The two reconstructions have 1,437 reactions in common, and
iPY1537 and iJB1411 have 67 and 36 metabolic reactions unique to each, respectively. After curating the extensive reservoir of
metabolic genes in Burkholderia, we identified 6 genes essential to growth that are unique to iPY1513 and 13 genes uniquely es-
sential to iJB1411. The reconstructions were refined and validated by comparing in silico growth predictions to in vitro growth
capabilities of B. cenocepacia J2315, B. cenocepacia K56-2, and B. multivorans ATCC 17616 on 104 carbon sources. Overall, we
identified functional pathways that indicate B. cenocepacia can produce a wider array of virulence factors compared to B. multi-
vorans, which supports the clinical observation that B. cenocepacia is more virulent than B. multivorans. The reconciled recon-

structions provide a framework for generating and testing hypotheses on the metabolic and virulence capabilities of these two

related emerging pathogens.

,VI ultidrug-resistant pathogens are a severe health concern and
can cause chronic infections in a variety of patient popula-
tions with limited recourse for treatment. Here, we investigate two
multidrug-resistant species, Burkholderia cenocepacia and Burk-
holderia multivorans, of the Burkholderia cepacia complex (BCC)
which are considered dangerous and difficult to treat in patients
with cystic fibrosis (CF), chronic granulomatous disease, or com-
promised immune systems (1). With larger genomes (8.06 Mbp
and 7.01 Mbp, respectively) than many other multidrug-resistant
pathogens, they also contain an expanded reservoir of genes that
may assist their ability to avoid clinical eradication (2—4). Because
they are nosocomial, transmissible between patients, and also rou-
tinely acquired (and reacquired) from the environment, B. ceno-
cepacia and B. multivorans are the two BCC species most com-
monly isolated from the sputum of CF patients (5-8). In patients
with CF, pulmonary infection with BCC can contribute to the
rapid deterioration of lung function known as cepacia syndrome,
a necrotizing pneumonia that can lead to bacteremia, septicemia,
and increased mortality (9, 10). A combination of high antibiotic
resistance and decreased immune function in patients makes B.
cenocepacia and B. multivorans extremely difficult to eradicate
once lung colonization is established (11, 12). The potential to
cause chronic infection as well as rapid decline in health makes
BCC spp. clinically important emerging human pathogens.
Further complicating treatment is the variability in infection
course and severity in patients infected with B. cenocepacia or B.
multivorans (or occasionally both species). Compared to patients
infected with Pseudomonas aeruginosa, the most common CF lung
pathogen in adults, patients infected with BCC can have a substan-
tially worse prognosis (13, 14). Cepacia syndrome has historically
been associated with B. cenocepacia, but infections with B. multi-
vorans have on occasion also induced this syndrome (8). B. ceno-
cepacia causes greater mortality than B. multivorans and has also
been seen to replace B. multivorans infections (15). However,
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many centers in multiple countries are showing a shift within BCC
infection incidence from predominantly B. cenocepacia to B. mul-
tivorans infections that is not fully understood (8). These differ-
ences between B. cenocepacia and B. multivorans provide motiva-
tion for a comparative systems analysis of these two BCC species.
Comparing and contrasting the metabolic functions of B. cenoce-
pacia and B. multivorans can help elucidate their metabolic adapt-
ability, mechanisms of pathogenicity, and other underlying con-
tributors to differing clinical outcomes, such as cepacia syndrome.

Genome-scale metabolic reconstructions of multiple organ-
isms can be used to study and predict phenotypic differences be-
tween related species or strains based on their genetic content
(16). For example, a recent study used the framework of two pre-
viously published reconstructions of Staphylococcus aureus N315,
the ERGO bioinformatics suite and the KEGG pathway suite, to
assemble a consensus species-level reconstruction of S. aureus.
Strain-specific enzyme annotations were then incorporated to de-
velop 13 reconciled models of S. aureus strains that identified dif-
ferences in common essential enzymes (17). Meaningful biologi-
cal comparison becomes more complex when using species-level
reconstructions. These reconstructions must be intensively cu-
rated in such a way that all artifacts from the model-building pro-
cess are reconciled, as performed in the reconstruction-based
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comparison of two species of Pseudomonas (18). Artifacts that
must be reconciled include differences in naming conventions,
reaction stoichiometries, and, importantly, annotations of gene
functions and their implementation in gene-protein-reaction
(GPR) associations. Proper reconciliation of genome-scale meta-
bolic reconstructions is crucial for studying the genetic and phe-
notypic differences between the organisms.

Here, we present reconciled genome-scale metabolic recon-
structions of B. cenocepacia and B. multivorans, two of the largest
bacterial reconstructions built to date in terms of the numbers of
genes and reactions incorporated, correlating with the large ge-
nomes of the pathogens. A previously published reconstruction of
B. cenocepacia J2315, iKF1028, using the ToBiN reconstruction
platform, accounted for 859 reactions, 834 metabolites, and 1,028
genes and was used as a reference for our curation efforts (19).
However, we chose to begin with draft reconstructions that were
both built using the Model SEED tool (20), currently the most
widely used publicly available reconstruction platform, to aid our
comparative analyses. Our B. cenocepacia reconstruction is sub-
stantially larger than iKF1028, while including much of the knowl-
edge gained from this prior study. The reconstructions for B. ceno-
cepacia]2315and B. multivorans ATCC 17616 were developed and
manually curated in parallel to ensure consistency in all aspects of
the model-building process. In particular, the two reconstructions
were reconciled in the annotation and assignment of orthologous
gene functions, which span 1,437 common metabolic reactions.

The reconstructions of B. cenocepacia J2315 and B. multivorans
ATCC 17616 are denoted formally as iPY1537 and iJB1411, re-
spectively, following established naming conventions (21). How-
ever, for the sake of clarity, iPY1537 and iJB1411 will be referred to
asiBC and iBM throughout this article for “in silico B. cenocepacia”
and “in silico B. multivorans,” respectively. The reconstructions
were validated by comparing growth predictions with substrate
utilization experiments using B. cenocepacia J2315, B. cenocepacia
K56-2, and B. multivorans ATCC 17616. Through the reconstruc-
tion and reconciliation process, we reannotated the functions of a
collection of genes. Predictions of genes essential for growth were
made by simulating in silico growth of iBC and iBM, which has
relevance in drug target identification. Pathogenic characteristics
of the two species were compared by predicting the production
capacity of an array of metabolites involved in virulence. This
study provides a framework for investigating the metabolic archi-
tectures of two clinically important BCC species, emphasizing
metabolic connections to virulence and pathogenicity, as well as a
guide for parallel reconstruction and comparison of genome-scale
metabolic networks of related organisms.

MATERIALS AND METHODS

Metabolic reconstructions of B. cenocepacia and B. multivorans. The
complete sequenced genomes of B. cenocepacia J2315 and B. multivorans
ATCC 17616 were used as the starting points for the metabolic network
reconstruction process shown in Fig. 1. The J2315 strain of B. cenocepacia
was isolated from a cystic fibrosis patient (22), and the ATCC 17616 strain
of B. multivorans was an environmental isolate obtained from the soil
(23). The DNA genomic sequences of B. cenocepacia J2315 (GenBank
accession no. NC_011000 to NC_011003) and B. multivorans ATCC
17616 (GenBank accession no. NC_010084, NC_010086, NC_010087,
and NC_010070) were downloaded from the NCBI GenBank database.
The Model SEED was used to generate draft reconstructions of B.
cenocepacia and B. multivorans (20). The Model SEED requires annotated
genomes as input in order to produce draft reconstructions. While the
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FIG 1 Overview of the reconstruction and reconciliation process. The anno-
tated genomes of B. cenocepacia J2315 and B. multivorans ATCC 17616 were
used to generate automated draft metabolic reconstructions using Model
SEED (20, 70). The gene-protein-reaction associations of the draft reconstruc-
tions were then further manually curated and annotated using information
from online databases and literature references. Curation of the two recon-
structions was done in parallel to ensure the proper assignment of homologous
and orthologous genes. The reconstructions were then functionally curated
through iterative validations of in silico and experimental data. The final rec-
onciled models for B. cenocepacia and B. multivorans are designated iPY1537
and iJB1411, respectively, but are referred to throughout as iBC and iBM for
clarity. Abbreviations: GPR, gene-protein-reaction; BLASTP, Protein Basic
Local Alignment Search Tool; CDD, Conserved Domain Database; KEGG,
Kyoto Encyclopedia of Genes and Genomes.

finished annotation for B. cenocepacia had already been uploaded from
NCBI and converted to the SEED format, the genome of B. multivorans
was not included in the SEED database. The genome of B. multivorans was
downloaded from the NCBI Genome database and was submitted to the
RAST server for annotation (24), and then the Model SEED was used to
produce draft reconstructions of both species. Differences in annotation
quality between these submission methods were evident in the resulting
draft reconstructions and addressed during the manual curation process.
We allowed SEED to gap-fill needed reactions to enable growth on SEED’s
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complex medium formulation (all exchange reactions open) and default
biomass formulation in the draft construction process.

We then used biological databases such as KEGG (25), Metacyc (26),
and the Burkholderia Genome Database (BGD) (27) to evaluate the draft
reconstructions. Specifically, we used the gene and reaction annotations
in KEGG and compared them with those of the draft reconstructions.
Protein BLAST was used to determine genes that likely code for isozymes,
both within each genome as well as between the two genomes. This pro-
cess expanded the size of the models, as well as reduced the number of
non-gene-associated reactions (gap-filled by SEED) needed in rich media
to 15 reactions (11 unique enzymes), as shown in Table S1 in the supple-
mental material. Ten more reactions were used in gap-filling virulence-
related pathways and growth under particular minimal medium condi-
tions. Thirty-seven reactions and 39 reactions were removed from the
original SEED drafts of iBC and iBM, respectively, due to low annotation
evidence, low likelihood of enzyme activity, or infeasible loops formed in
the model. The final curated models iPY1537 and iJB1411 are available as
spreadsheets in the supplemental material and as SBML files on the Papin
lab website (http://www.bme.virginia.edu/csbl/downloads-burkholderia
-cepacia.php).

FBA of iBC and iBM. Flux balance analysis (FBA) was used to assess in
silico growth of iBC and iBM (28). Mathematically, the FBA problem is
formulated as follows: maximize vy;,,,..s such that Sy = 0and v, ;, = v =
Vinax-

In the FBA framework, the reactions of a metabolic network are rep-
resented using a stoichiometric matrix, S, such that the rows of S corre-
spond to the metabolites and the columns correspond to the reactions.
The elements of the matrix are the stoichiometric coefficients such that §;;
is the coefficient for metabolite i in reaction j. At steady state, we have the
relation Sv = 0, where the vector v represents the fluxes of each of the
reactions. The fluxes are conventionally in units of mmol/gDW/h (where
gDW is g dry cell weight), with the exception of vy, ...« Which has units of
h™! (representative of the growth rate). Because Sv = 0 is underdeter-
mined, FBA uses linear programming to optimize the flux through an
objective reaction (typically, the biomass reaction, denoted as Vp;,mass)-
The biomass reaction includes the relative weights of the metabolites re-
quired to form biomass and details of its formulation are described below
and in the supplemental material. v, ;,, and v, ,, are vectors of the upper
and lower bounds of the reaction fluxes, respectively. Consequently, me-
dium conditions are imposed by constraining the bounds of the exchange
reactions, which represent the uptake and secretion of metabolites in the
model (e.g., v, < 0 for a metabolite that is imported and v,,,,, > 0 fora
metabolite that is secreted). The formulations of the different medium
conditions are described in the supplemental material. All FBA simula-
tions were conducted using the COBRA Toolbox in MATLAB (29).

Biomass reaction formulation. Burkholderia-specific biomass reac-
tions were formulated for iBC and iBM. To evaluate the capability of
growth in a variety of environments and genetic backgrounds, the bio-
mass reactions are often set as the objective functions in FBA, and the
numerical value of the flux through the biomass reactions corresponds to
the theoretical maximal growth rates under a given medium condition
(30). The constituents of the biomass reactions represent the molecular
components that are required for growth. These molecular components
are grouped according to the main macromolecular components, which
include protein, DNA, RNA, lipopolysaccharide (LPS), peptidoglycan,
glycogen, lipids, and polyamine pools. Burkholderia species exhibit
unique fatty acid and lipid compositions, such as the presence of fatty
acids containing cyclopropane rings, and these were accounted for in the
formulation of the composition of the biomass reaction (31). The bio-
chemical reactions needed to synthesize many of these unique lipids and
fatty acids have been included in the reconstructions based on work done
previously (19). The stoichiometric coefficients for constituents of the
biomass reactions of iBC and iBM were based on experimental evidence
for Burkholderia and related organisms where possible. Otherwise, values
from the well-annotated biomass reaction of Escherichia coli were used

min

min
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(32). Values specific to the two species were used when possible (e.g.,
RNA, DNA, and protein). Otherwise, for constituents not specific to ei-
ther species, the same value was used for both reconstructions (e.g., lipids,
fatty acids, cell wall, and ATP maintenance). The supplemental material
describes the full process of formulating the Burkholderia-specific bio-
mass reactions based on established methods (33).

Predicting essential genes. Essential genes are defined as genes for
which there is no in silico growth under a given medium condition (max-
imum flux through v, ... = 0) when the reaction or reactions associated
with that gene are removed from the network. To simulate the loss of a
gene in the model, gene-protein-reaction (GPR) associations are evalu-
ated to determine which reactions are not allowed to carry flux when the
gene is removed. GPRs link genetic information, such as isozymes, gene
duplications, and enzyme complexes, to the reactions in the reconstruc-
tions using Boolean logic. Perturbations of the GPRs enable the prediction
of phenotypic changes as a function of genetic changes. For example, the
fluxes for the reactions affected by a gene deletion are constrained by
setting the corresponding v, .. and v,;, to 0, and the model is then opti-
mized for growth to evaluate the effect of the missing gene.

In silico medium conditions. Medium conditions were formulated
for lysogeny broth (LB), M9 minimal medium, and synthetic cystic fibro-
sis medium (SCEM) as in previous publications (34, 35). The medium
conditions were defined by setting the lower and upper bounds of the
exchange reactions to specify metabolites that are available or unavailable.
Full descriptions of the medium conditions are presented in the supple-
mental material. All medium conditions allow for the exchange of typical
salts and water. LB contains amino acids, glucose, and salts. SCFM con-
tains lactate in addition to similar carbon sources to LB; in addition, the
uptake rates of all nutrients present in SCFM are constrained to 10 mmol/
gDW/h to represent the reduced nutrient availability in the cystic fibrosis
lung environment, as done elsewhere (36). In M9 minimal medium, a
single carbon source is enabled for uptake at 10 mmol/gDW/h to repre-
sent tested compounds in in vitro Biolog growth screening (34).

Prediction of virulence factor production capacity. Virulence factor
production capacity was assessed by adding a demand reaction to the
model for each virulence-related compound. Maximizing the flux
through this reaction allows prediction of the maximum theoretical pro-
duction level under a given medium condition, such as with each of the
individual carbon substrates in SCFM. The trade-off between growth and
virulence factor production was assessed by maximizing the flux through
a demand reaction for each factor while constraining the biomass flux to
various percentages of its maximum value when simulated under SCFM
conditions.

Network visualization. MetDraw was used to generate visual repre-
sentations of the metabolic networks (http://www.metdraw.com; P. A.
Jensen and J. A. Papin, submitted for publication). SBML versions of the
models were used as inputs to MetDraw, and the resulting network visu-
alizations were output as SVG files.

Growth phenotype screening. We conducted growth screening using
Biolog PM1 and PM2A microplates (Biolog, Inc., Hayward, CA). Instead
of adding redox dye and measuring oxidation of each carbon source in-
cluded in the screen, we evaluated growth in each well using optical den-
sity measurements at 700 nm (OD,,,) to avoid error due to pigment
production. Bacteria were scraped from an LB plate and resuspended in
Biolog inoculating fluid PM IF-0a GN/GP to reach an OD of 0.07. Biolog
microplate wells were inoculated with 100 pl of this suspension, and
plates were then incubated at 37°C for 48 h. OD,,,, was measured at time
zero and every 12 h thereafter. Experiments with B. cenocepaciaJ2315 were
carried out using two biological replicates each for PM1 and PM2A, while
experiments with B. cenocepacia K56-2 and B. multivorans ATCC 17616
were performed using three biological replicates. Growth was evaluated
based on the resulting growth curves and maximum change in OD for
each carbon source compared to the maximum change in OD of inocu-
lated control wells with no carbon source. Additionally, we evaluated the
ability of each organism to catabolize cysteine and tryptophan, which are
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amino acids present in cystic fibrosis lung sputum but not included in the
Biolog plates (35). These amino acids were each added at concentrations
of 20 mM to M9 salts to create cysteine and tryptophan minimal media.
Colonies of each Burkholderia strain were scraped from LB plates and
resuspended to reach an OD of 0.07 in each respective minimal medium.
Three replicates of 200 pl of each inoculated strain-medium combination
were plated in a 96-well microplate and grown under conditions replicat-
ing the Biolog screen.

An alternate strain-specific network reconstruction of B. cenocepa-
cia K56-2 was created by conducting a genome-scale reciprocal
BLASTP with an E value cutoff of 0.01 with no low-complexity filter
using CLC Main Workbench (CLC bio, Aarhus, Denmark). The ge-
nome sequence of B. cenocepacia K56-2, a strain isolated from a cystic
fibrosis patient, has recently been published (Genbank accession no.
ALJA00000000). Protein sequences were derived from annotated open
reading frames (ORFs) in B. cenocepacia J2315 and B. cenocepacia
K56-2 (83). Results of this BLASTP comparison are included in Table
S2 in the supplemental material. Nearly all genes incorporated in iBC
matched genes present in B. cenocepacia K56-2, and the 7 genes that
did not have significant matches (E value of >107°°) did not affect
predictions in this study.

RESULTS

Metabolic network reconstructions. Here, we present the meta-
bolic networks of B. cenocepacia and B. multivorans as valuable
tools that we use as a framework to perform our comparative
analyses (Fig. 1). Figure 2A provides a quantitative comparison of
the reconstructions in contrast to the previously published B.
cenocepacia J2315 reconstruction (iKF1028) and the reconstruc-
tion of the closely related pathogen Pseudomonas aeruginosa
PAO1 (iMO1086). It also highlights the substantial increase in
scope of the reconciled network reconstructions. iBC accounts for
the functions of 1,537 genes, 1,506 reactions, and 1,280 metabo-
lites. iBM accounts for the functions of 1,411 genes, 1,473 reac-
tions, and 1,245 metabolites. Most of the reactions for each recon-
struction are broadly concentrated in lipid, amino acid, and
carbohydrate metabolism (Fig. 2B), but reactions in over 60 ca-
nonical metabolic pathways (as classified by KEGG) are included
in the reconstructions. Figure 2C shows a map of the reconstruc-
tions that contrasts the shared and unique metabolic reactions of
each species. (A high-resolution version can be found in Fig. S1 in
the supplemental material.) iBC has nearly double the number of
unique reactions compared to iBM as well as a substantially higher
number of incorporated genes (Fig. 2A). There are more unique
reactions in iBC in the amino acid and carbohydrate subsystems;
however, iBM has more unique reactions in the lipid subsystem
(Fig. 2B). The reconstructions enable functional comparative
analysis of these differences through examination of gene essenti-
ality, growth capacity, and virulence factor production capabili-
ties.

Model curation and validation. Substantial manual curation
of the draft Model SEED reconstructions was performed in order
to build an up-to-date knowledgebase of genetic and metabolic
information for B. cenocepacia and B. multivorans and resulted in
the addition of a substantial number of reactions. For example, we
added 13 reactions to iBC involved in tryptophan catabolism and
17 reactions to iBM involved in phenylalanine catabolism that
were missing from the original Model SEED draft reconstructions;
species-specific functionality of the associated pathways had been
investigated in Burkholderia cenocepacia J2315 in the literature
(37, 38). After databases and literature were canvassed as ex-
plained in Materials and Methods, B. cenocepacia J2315 and B.
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multivorans ATCC 17616 were experimentally tested for growth
on Biolog phenotype microplates to generate in vitro data to guide
further curation decisions and enable validation of substrate uti-
lization predictions.

The Biolog screen of B. cenocepacia J2315 showed markedly
limited growth under many of the in vitro minimal medium con-
ditions, ranging from no apparent growth to growth at a substan-
tially lower rate than B. multivorans ATCC 17616 on many sub-
strates. To further investigate this outcome, we also performed
identical Biolog screens on B. cenocepacia K56-2 after noting
nearly identical genomic content with respect to the metabolic
genes incorporated in iBC, as shown in Table S2 in the supple-
mental material. Given the high sequence similarity between the
B. cenocepacia strains, we used iBC to predict B. cenocepacia
growth, which we compared with equivalent B. cenocepacia K56-2
in vitro data (Fig. 3) and B. cenocepacia J2315 in vitro data. The
same analysis was performed with iBM and B. multivorans ATCC
17616. Complete in vitro data and in silico growth comparisons for
all assessed strains are included in Table S3 in the supplemental
material.

When comparing growth between the two B. cenocepacia
strains on the 192 carbon sources, 53 substrates enabled quantifi-
able growth of both J2315 and K56-2. Twenty-eight substrates did
not enable quantifiable growth of J2315, in contrast to successful
utilization by K56-2, while only 4 substrates enabled quantifiable
growth of J2315 but no quantifiable growth of K56-2. Biolog
plates introduce temporal limitations to assessing growth because
of potential effects of evaporation after 48 h of incubation that
complicate the evaluation of a slow-growing strain like J2315. The
limited growth time frame as well as potential unaccounted for
regulatory differences between strains may in combination ex-
plain the difference between in vitro results and in silico predic-
tions that reflect the collected genetic evidence for the catabolic
pathways in iBC. At minimum, this is an opportunity for compar-
ative study in the future, as we found no metabolic evidence for
the growth defects 0fJ2315 compared to K56-2 within the context
of our expansive models. Perhaps certain enzymes integral to basic
metabolic processes are operating at low efficiency due to point
mutations, or there are alterations in transcriptional control that
could be addressed via a future integration of regulatory and met-
abolic reconstructions. In light of this, we chose to use B. cenoce-
pacia K56-2 in vitro data when assessing the accuracy of our
growth predictions as growth versus no growth on a given sub-
strate was possible to assess confidently with the Biolog plates.

Of the 190 Biolog carbon source substrates experimentally
tested, 102 substrates were accounted for in iBC and iBM and
could be tested for in silico growth using FBA. In addition, growth
on the two amino acids cysteine and tryptophan was separately
evaluated given their presence in the CF lung, and discrepancies
were identified during the curation process. After further curation
efforts, iBC and iBM correctly matched the experimental growth
phenotypes of 53 substrates for which transporters were incorpo-
rated in the reconstructions (44 correct growth and 9 correct no-
growth phenotypes each). For the other 31 substrates for which
transporters were incorporated, iBC, iBM, or both failed to match
experimental growth phenotypes. B. cenocepacia and B. multiv-
orans did not exhibit growth in vitro on 14 substrates, and because
iBC and iBM lack transporters for these substrates, they predicted
correct no-growth phenotypes. Finally, 6 substrates did not have
transporters in iBC and iBM; however, B. cenocepacia, B. multiv-
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Organism P. aeruginosa| B. cenocepacia |B. multivorans
9 PAO1 J2315 ATCC17616
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FIG 2 Statistics of metabolic network reconstructions. (A) Statistics of iBC and iBM are shown. For reference, statistics for the previously reconstructed models
iMO1086 (P. aeruginosa PAO1) and iKF1028 (B. cenocepacia J2315) are listed. (B) Distribution of the reactions in iBC and iBM by metabolic pathways are
presented. The light gray, dark gray, and black stacked bars show the reactions that are shared, unique to iBC, and unique to iBM, respectively. Numbers next to
the dark gray and black bars indicate their numerical values. (C) A visualization of iBC and iBM shows the reactions unique to iBC, reactions unique to iBM, and
reactions common to both reconstructions as red, blue, and gray lines, respectively.

214 jb.asm.org

Journal of Bacteriology


http://jb.asm.org

Comparative Metabolic Systems Analysis of Burkholderia

Transported Metabolites Untransported Metabolites
BC BM BC BM BC BM
Adenosine| Propionic Acid 2,3-Butanediol D
Citric Acid Putrescine| 2-Deoxy Adenosine| D
D,L-Carnitine| Pyruvic Acid Citramalic Acid| D| D
D,L-a-Glycerol-Phosphate Succinic Acid m-Hydroxy Phenyl Acetic Acid| D
D-Alanine Thymidine Sucrose| D
D-Arabitol Uridine 8-Amino Valeric Acid D
D-Fructose Xylitol|
D-Fructose-6-Phosphate a-D-Glucose D-Aspartic Acid
D-Galactose a-Keto-Glutaric Acid N-Acetyl-B-D-Mannosamine
D-Glucose-6-Phosphate| B-Hydroxy Butyric Acid| a-D-Lactose
D-Glucuronic Acid Tyramine
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FIG 3 Validation of in silico growth predictions. Gray and white boxes indicate the growth ability of bacteria provided a single carbon source. “D” denotes

discrepancies between experimental and in silico results.

orans, or both grew on the substrates in vitro. Overall, iBC and
iBM predicted the correct growth phenotype with 75% and 76%
accuracy (78 and 79 out of 104 substrates), respectively (see Table
S3 in the supplemental material). Sixty-seven substrates enabled
the same accurate in silico and in vitro phenotypes in both models,
13 substrates showed the same type of discrepancy between in
silico and in vitro phenotypes in both models, and the remaining
24 substrates showed discrepancies in phenotype between B. ceno-
cepacia and B. multivorans. Although the remaining 88 carbon
sources were not incorporated in the reconstructions and thus not
analyzed in silico, B. cenocepacia and B. multivorans were capable
of growing on 24 and 32 additional substrates in vitro, respectively.
These data are provided in Table S3.

With curation efforts guided by the in vitro data, iBC and iBM
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both underpredict growth on lysine, and iBM underpredicts
growth on tryptophan (Fig. 3). Genomic evidence to support the
addition of reactions that would fix these inconsistencies could
not be found. For example, no evidence for several key reactions in
lysine degradation could be found in iBC (glutarate-coenzyme A
[CoA] ligase [EC 6.2.1.6], 3-hydroxyacyl-CoA dehydrogenase
[EC 1.1.1.35]). The difference in branched-chain amino acid ca-
tabolism between reconstructions is due to the identification of
three B. cenocepacia genes that appear to have high sequence sim-
ilarity with the bkd operon of other bacteria, which enables catab-
olism of isoleucine, leucine, and valine (39). These genes were not
present in B. multivorans. However, neither species is capable of in
vitro growth on valine or leucine, and B. multivorans is unexpect-
edly capable of in vitro growth on isoleucine (Fig. 3).
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These differences in experimental and in silico growth are po-
tentially due to incomplete and/or incorrect annotations of genes
in the databases. For example, while we explored homology of
current hypothetical proteins with known enzymes in lysine ca-
tabolism, the homology may be below the thresholds we used, or
novel lysine degradation reactions may exist. Another possible
reason for the discrepancy is control by regulatory systems not
accounted for in our current metabolic network reconstruction.
These differences present opportunities for further study of me-
tabolism of the BCC.

Through our curation of the models from the SEED drafts to
the presented final versions, iBC gained 269 reactions and lost 116
reactions, and GPRs were substantively altered in a further 324
reactions. iBM gained 297 reactions, lost 106 reactions, and had a
further 352 reactions subjected to GPR alterations. In summary,
more than a third of each model’s individual content is different
from the original draft reconstructions due to major additions and
improvements to both reactions and GPR formulations during
the curation and reconciliation process, resulting in the identifi-
cation of 1,437 reactions common to both iBC and iBM. The
scope of these changes emphasizes the value of manual curation
after automated network reconstruction, and the functional im-
plications of these differences are presented below.

Refinement of genome annotation. Manual curation of iBC
and iBM aided in the identification of many proposed genome
annotation refinements of B. cenocepacia and B. multivorans. A
subset of our changes and additions to GPRs were based on the
assignment of novel function to genes previously annotated as
coding for hypothetical or putative proteins. Many of the annota-
tion refinements were the identification of potential isozymes and
duplicated genes for a given reaction, but refinements also in-
cluded genes that fill in gaps in model pathways and putative func-
tional assignment of 10 hypothetical proteins. Table 1 summarizes
these annotation refinements and a selection of other high-confi-
dence refinements of interest. A table of moderate confidence an-
notations and list of reactions that are missing gene associations
are included in Table S1 in the supplemental material. Examples
of genome annotation refinements are presented below.

(i) Ornibactin synthesis. During our refinement process, we
added pathways enabling the synthesis of ornibactin, a key Burk-
holderia-specific siderophore that the literature indicates is asso-
ciated with increased virulence of some clinical isolates (48). A
model of ornibactin synthesis has been proposed based on a study
of B. cenocepacia 715j transposon mutants identifying nonribo-
somal peptide synthases and associated enzymes grouped into an
operon (the orb operon) that enables ornibactin production (49).
This operon of 14 genes involved in ornibactin synthesis, export,
and uptake was annotated in the BGD for B. cenocepacia J2315.
However, despite identification of a likely orb operon induced by
iron-responsive regulator Fur in B. multivorans ATCC 17616 (42),
most of the B. multivorans genes are annotated as putative en-
zymes or hypothetical proteins in the BGD. We have incorporated
the proposed synthesis pathways in both reconstructions and in-
clude the associated annotation updates in Table S1 in the supple-
mental material.

(ii) Ectoine degradation. As another example of a refinement
that involves novel assignment of gene function, Fig. 4A shows our
proposed annotation of orthologous hypothetical proteins en-
coded by BCAS0031 and Bmul_6140 as an essential enzyme in
ectoine degradation. Ectoine, produced by many prokaryotes as a
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solute that assists in maintaining an osmotic equilibrium, can be
used as a growth substrate by environmental bacteria, including
some halophilic and soil bacteria (40). Ectoine production has
been shown to be upregulated under stress conditions and, inter-
estingly, in mutant strains of soil bacteria that are resistant to
antibiotics targeting the cell envelope (e.g., Streptomyces coeli-
color) and protein synthesis (e.g., Nocardiopsis sp. strain FU40)
(50, 51). These studies theorize that ectoine upregulation may be
part of a broad secondary metabolism response to changes in reg-
ulation due to resistance-related mutations. Through literature
mining and similarity searches via BLASTP, we determined that
BCAS0031 and Bmul_6140 have high similarities to Helo_3661 in
Halomonas elongata DSM 2581 (E values of 10~ '** and 107>,
respectively) (40). Through mutational studies, Helo_3661 was
found to be an 1-2,4-diaminobutyric acid transaminase (DoeD)
and BCAS0031 and Bmul 6140 and the associated reactions in
iBC and iBM were subsequently included. These genes are also
part of apparent operons that also contain doeABC, lending cre-
dence to this reannotation (40). A search for sequences similar to
BCAS0031 and Bmul_6140 across all bacteria via BLASTP showed
that many of the orthologous genes were annotated as encoding
hypothetical proteins or generic class III aminotransferases. This
refinement enabled a fully functional ectoine degradation path-
way in the models that had not been previously identified in B.
cenocepacia and B. multivorans genome databases or the literature.

(iii) Cepacian synthesis. Another type of model refinement is
the gap-filling of metabolic pathways that are known to be present
in Burkholderia. For example, as part of our effort to include path-
ways for the biosynthesis of virulence-related compounds, reac-
tions required for the production of the Burkholderia exopolysac-
charide cepacian were added. Literature evidence suggests that the
production of GDP-p-rhamnose, one of the sugar residues of ce-
pacian, is catalyzed by a GDP-D-mannose reductase (RMD) (41).
In Burkholderia vietnamiensis G4, the RMD protein is encoded by
Bcep1808_4471, also known as bceM (52). A similarity search of
Bcep1808_4471 via BLASTP shows that bceM in B. cenocepacia
and B. multivorans is carried by BCAM1003 and Bmul 4613
(E values of 107'*" and 10™'*, respectively). Although the
BCAM1003 and Bmul_4613 products are currently listed as a pu-
tative epimerase and an NAD-dependent epimerase/dehydratase
in the BGD, respectively, they have been assigned as RMDs in iBC
and iBM, and we suggest a consistent update to the database an-
notations.

(iv) Tryptophan catabolism. The in vitro carbon source
growth screens further aided in identifying gaps in iBC and iBM.
In our growth screens, B. cenocepacia and B. multivorans were
observed to grow on M9 minimal medium supplemented with
tryptophan as the sole carbon source. However, the draft recon-
structions initially could not grow in silico under these conditions.
Literature mining revealed that kynurenine-3-monooxygenase
(Kmo) catalyzes an essential reaction in the tryptophan degrada-
tion pathway (Fig. 4B). A study identified orthologs of a cluster of
tryptophan catabolic genes similar to those in Bacillus cereus
10897 in B. cenocepacia J2315, with the exception of the gene en-
coding Kmo, which suggests the existence of a nonorthologous
form of Kmo in Burkholderia (37). The reaction catalyzed by Kmo
was then added to iBC and iBM without a gene assignment. This
model refinement identifies a current gap in our genomic knowl-
edge of Burkholderia, even though there is evidence for the enzy-
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TABLE 1 Proposed reannotations of gene functions resulting from the curation and reconciliation process

B. cenocepacia

B. multivorans

Gene
Locus tag Current annotation Locus tag Current annotation Proposed annotation name  Protein ID Evidence
BCAS0031 Hypothetical protein ~ Bmul_6140 Hypothetical protein 1-2,4-Diaminobutyric acid doeD EC2.6.1.- E values of IE—154 and 1E—155, respectively, to Helo_3661 in H. elongata (40)
transaminase
BCAM1003 Putative epimerase Bmul_4613 NAD-dependent GDP-p-mannose reductase bceM  EC1.1.1.187  Evalues of 1IE—141 and 1E—129, respectively, to Bcep1808_4471 in B.
epimerase/dehydratase vietnamiensis (41)
BCAS0105 Hypothetical protein =~ — — dTDP-4-dehydrorhamnose rfoD EC1.1.1.133  E value of 1IE—139 to Bmul_6045, which is annotated as a dTDP-4-
reductase dehydrorhamnose reductase
BCAM2148 Hypothetical protein ~ Bmul_3704 Hypothetical protein Malate dehydrogenase mdh EC1.1.1.37 E values of 7E—30 and 3E—27 to BCAM1263 and Bmul_4451, respectively,
which are annotated as malate/L-lactate dehydrogenases
BCAS0285 Hypothetical protein =~ — — Argininosuccinate lyase argH  EC4.3.2.1 CDD E value of 3E—27 to argininosuccinate lyase; E value of 9E-17 to
Bcep1808_5167, which is annotated as an argininosuccinate lyase in B.
vietnamiensis
— — Bmul_6038 Hypothetical protein 4-Carboxy-4-hydroxy-2-oxoadipate  galC EC4.1.3.17 CDD E value of 1IE—95 to CHA aldolase; E value of 2E—80 and 95% coverage
(CHA) aldolase to PP_2514 in Pseudomonas putida (81); no ortholog in B. cenocepacia
BCAMO0581 Enoyl-CoA Bmul_5121 Enoyl-CoA hydratase 3-Hydroxydodecanoyl-ACP In vitro characterization of BCAM0581 showed bifunctional product (40);
hydratase hydratase/cis-2-dodecenoyl-ACP Bmul_5121 has E value of IE—162 to BCAM0581
thioesterase
— — Bmul_3969 Autoinducer synthesis N-Acylhomoserine lactone synthase  cepl EC2.3.1.184  Evalue of 8E—81 to BCAM1870, which is annotated as cepl
rotein
BCAL2418 Hypothetical protein ~ Bmul_0955 m.wﬂomw:om_:no:o_mnﬁobmwm Gluconolactonase ppgL EC3.1.1.17 E values of 2E—84 and 2E—83 to PA4204 in P. aeruginosa, which codes for a
characterized periplasmic gluconolactonase (43)
BCAL1668 Putative amino acid Bmul_1621 Extracellular solute-binding ~ Cysteine ABC transporter cjaA CjaA E values of 1IE—25 and 1E—25 to Cj0982 in Campylobacter jejuni, which was
transport system protein shown to be a high-affinity cysteine transporter (44)
BCAS0145, BCAL1224, Metallo peptidase, Bmul_5349, Bmul_4490, Allantoate amidohydrolase B-Ureidopropionase EC3.5.1.6 All genes have E values of <1E—100 to PP_0614 in P. putida, which was shown
BCAS0735, allantoate Bmul_2063, to be a B-ureidopropionase (82)
BCAMI1221, amidohydrolase Bmul_5235
BCAMO361
BCAL1428 Putative amine Bmul_1894 Xylose isomerase domain- myo-Inosose-2 dehydratase iolE EC4.2.1.44 E values of 2E—56 and 4E—58 to SMc00433 in Sinorhizobium meliloti (46)
catabolism- containing protein
related protein
BCAL1429 Putative TPP- Bmul_1893 Thiamine pyrophosphate 3p-(3,5/4)-Trihydroxycyclohexane-  iolD E values of 1IE—168 and 1E—166 to SMc01166 in S. meliloti (46)
binding protein 1,2-dione hydrolase
acetolactate
synthase
BCAL1427 myo-Inositol Bmul_1895 myo-Inositol catabolism 5-Deoxy-D-glucuronate isomerase iolB EC5.3.1.- E values of 3E—71 and 2E—71 to SMc00432 in S. meliloti (46)
catabolism IolB domain-containing
protein protein
BCAL1430 Putative Bmul_1892 Ribokinase-like domain- 5-Dehydro-2-deoxygluconokinase iolC EC2.7.1.92 E values of IE—147 and 1E—143 to SMc01165 in S. meliloti (46)
carbohydrate containing protein
kinase
BCAL2435 Na™/solute Bmul_0940 Na*/solute symporter Monocarboxylate permease mctP MctP E values of IE—161 and 1E—155 to mctP in Rhizobium leguminosarum, which
symporter family was shown to code for a pyruvate transporter (47)
protein

¢ Dashes indicate the absence of a corresponding reannotation in one of the genomes.
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FIG 4 Examples of network refinements and reannotations. (A) Both B. cenocepacia (BC) and B. multivorans (BM) genomes include genes that allow for the
degradation of ectoine. BCAS0031 and Bmul_6140, the products of which are currently annotated as hypothetical proteins, were identified as orthologs of
Helo_3661 in H. elongata, which encodes DoeD. (B) Curation of the tryptophan degradation pathway identified a gap for the essential reaction catalyzed by Kmo,
which led to the addition of Kmo to both iBC and iBM without an assigned gene. The gene for HaaO was present only in B. cenocepacia and allows for the synthesis
of quinolinate. (C) B. cenocepacia has the rhIABC genes necessary for rhamnolipid synthesis, while B. multivorans does not. Abbreviations: DoeA, ectoine
hydrolase; DoeB, N-a-acetyl-L-2,4-diaminobutyric acid deacetylase; DoeC, aspartate-semialdehyde dehydrogenase; DoeD, diaminobutyric acid transaminase;
KynA, tryptophan 2,3-dioxygenase (EC 1.13.11.11); KynB, kynurenine formamidase (EC 3.5.1.9); KynU, kynureninase (EC 3.7.1.3); Kmo, kynurenine 3-mono-
oxygenase (EC 1.14.13.9); HaaO, 3-hydroxyanthranilate-3,4-dioxygenase (EC 1.13.11.6); RhlA, rhamnosyltransferase chain A; RhlB, rhamnosyltransferase chain

B; RhIC, rhamnosyltransferase chain 2.

matic reaction (Fig. 4B) and the experimental screen provides
evidence of its assumed function.

Further curation of the tryptophan degradation pathway led to
refinements that showed species-specific differences. Literature
evidence has shown that hydroxyanthranilate-3,4-dioxygenase
(HaaO) also catalyzes an essential step required for the degrada-
tion of tryptophan in B. cenocepacia (37). BCAM2130 encodes
HaaO in B. cenocepacia; however, an ortholog could not be found
via a BLASTP search in B. multivorans (Fig. 4B). In this case, the
reaction was included in iBC but not in iBM. Lack of HaaO and its
reaction contributes to the inability of iBM to grow in silico with
tryptophan as the sole carbon source. However, artificial inclusion
of the reaction in iBM still did not allow for in silico growth, sug-
gesting that other reactions needed for the catabolism of trypto-
phan are missing in iBM. This was one of the inconsistencies be-
tween the in vitro and in silico growth screens that we were unable
to rectify through model refinement. This inconsistency demon-
strates how the capability of the entire metabolic network is as-
sessed when testing for growth; network gaps are not always direct
or trivial and provide hypotheses for further experimentation.

(v) Rhamnolipid synthesis. Species-specific differences are
also exemplified within the rhamnolipid synthesis pathway. Rh-
amnolipid production has been linked to enhanced P. aeruginosa
virulence in the cystic fibrosis lung by enabling invasion of host
epithelial cells and affecting biofilm assembly, structural mainte-
nance, and dispersion (53, 54). We located genes in B. cenocepacia
that were previously unidentified as the rhamnolipid synthesis
operon rhIABC but could not find genes encoding enzymes in this
operon in B. multivorans (Fig. 4C). The rhIABC genes in B. ceno-
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cepacia are BCAM2340, BCAM2338, and BCAM2336, which have
BLASTP E values of 7 X 107, 5 X 10 *%, and 4 X 10~ * to the
orthologous genes in P. aeruginosa PAO1 (PA3479, PA3478, and
PA1130, respectively). Our additions resulted in a functional rh-
amnolipid synthesis pathway in iBC, while iBM was unable to
produce rhamnolipids. Currently we are unaware of literature
supporting rhamnolipid production in B. cenocepacia or B. mul-
tivorans, but nonpathogenic Burkholderia thailandensis and Burk-
holderia plantarii as well as pathogenic Burkholderia pseudomallei
can produce rhamnolipids under specific conditions (55-57).
However, a transcriptomic screening study by Sass et al. showed
significant upregulation of the genes we identified as the rhl
operon in B. cenocepacia during stationary-phase growth in min-
imal medium (58). These studies support the likelihood of the
ability of B. cenocepacia to produce rhamnolipids, which may con-
tribute to the enhanced virulence of B. cenocepacia over B. multi-
vorans during chronic lung infections.

Comparison of gene content. Our model curation efforts re-
sulted in a high number of genes associated with each reaction in
the reconstructions compared to other large, well-curated recon-
structions. We counted the unique genes in the GPR of each reac-
tion in each model, finding an average of 3.24 genes per reaction in
iBC, 3.01 genes per reaction in iBM, and 1.9 genes per reaction in
the P. aeruginosa reconstruction iMO1086. This increase in genes
per reaction in the BCC reconstructions appears to be due to
higher numbers of isozymes and gene duplications as imple-
mented in GPRs and may be evidenced by the larger genomes of
the BCC species compared to P. aeruginosa. By dividing the total
number of genes associated with the reactions in each subsystem
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FIG 5 Distribution of the number of genes per reaction in iBC and iBM by subsystem. The average number of genes per reaction per subsystem was calculated
by dividing the total number of genes in the GPRs of the reactions (rxns) in each subsystem by the number of reactions in each subsystem. Solid diamonds and
X’s show the average number of genes per reaction for iBC and iBM, respectively. For reference, the average number of genes per reaction for iMO1086 (P.
aeruginosa PAO1) is shown as open circles. For each subsystem, the three values in brackets denote the number of reactions for iBC, iBM, and iMO1086.

by the number of reactions in each subsystem, the average number
of genes per reaction per subsystem was calculated (Fig. 5). For
context, the average numbers of genes associated with each reac-
tion grouped by subsystems in iBC, iBM, and iMO1086 are com-
pared.
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While iMO1086 shows a higher number of average genes per
reaction in a subset of amino acid metabolism pathways and a few
other subsystems, overall, iBC has the most genes per reaction
across all subsystems, followed by iBM and iMO1086. The most
notable increases in the average number of genes associated with
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TABLE 2 Comparison of essential gene predictions

Locus tag:
Gene
Gene category B. cenocepacia B. multivorans abbreviation(s) Enzyme name EC no.
iBC unique essential genes BCAL0800 prs Ribose-phosphate pyrophosphokinase 2.7.6.1
BCAL0902 p,b-Heptose 1,7-bisphosphate phosphatase
BCAL2356 Phosphatidylserine decarboxylase 4.1.1.65
BCAL3389 tktA Transketolase 2.2.1.1
BCAL3428 nrdB Ribonucleotide-diphosphate reductase subunit 3 1.17.4.1
BCAL3429 Ribonucleotide-diphosphate reductase subunit o 1.17.4.1
Common essential genes BCALO162 Bmul_0198 gmhA Phosphoheptose isomerase 5.3.1.28
BCAL0508 Bmul_3079 Lipid A biosynthesis lauroyl acyltransferase 2.3.1.-
BCAL0509 Bmul_3078 metK S-Adenosylmethionine synthetase 2.5.1.6
BCAL0612 Bmul_2976 glmU UDP-N-acetylglucosamine pyrophosphorylase 2.7.7.23
BCAL0743 Bmul_0450 gpsA NAD(P)H-dependent glycerol-3-phosphate dehydrogenase 1.1.1.94
BCAL0817 Bmul_0528 kdsC Putative 3-deoxy-p-manno-octulosonate 8-phosphate phosphatase 3.1.3.45
BCAL0818 Bmul_0529 Putative arabinose 5-phosphate isomerase 5.3.1.13
BCAL1269 Bmul_2021 gimM Phosphoglucosamine mutase 5.4.2.10
BCAL1281 Bmul_1997 Hypothetical protein (ornithine-acyl-ACP N-acyltransferase in Burkholderia sp. strain 383)
BCAL1556 Bmul_1683 rpiA Ribose-5-phosphate isomerase A 5.3.1.6
BCALI1887 Bmul_1460 ndk Nucleoside diphosphate kinase 2.7.4.6
BCAL1987 Bmul_1360 purL Phosphoribosylformylglycinamidine synthase 6.3.5.3
BCAL2061 Bmul_1287 gquaA GMP synthase 6.3.5.2
BCAL2078 Bmul_1270 IpxB Lipid A disaccharide synthase 2.4.1.182
BCAL2079 Bmul_1269 IpxA UDP-N-acetylglucosamine acyltransferase 2.3.1.129
BCAL2080 Bmul_1268 fabZ (3R)-Hydroxymyristoyl-ACP dehydratase 4.2.1.-
BCAL2081 Bmul_1267 IpxD UDP-3-0-(3-hydroxymyristoyl) glucosamine N-acyltransferase 2.3.1.191
BCAL2089 Bmul_1259 pyrH Uridylate kinase 2.7.4.-
BCAL2101 Bmul_1247 dapD 2,3,4,5-Tetrahydropyridine-2,6-carboxylate N-succinyltransferase 2.3.1.117
BCAL2103 Bmul_1245 dapE Succinyl-diaminopimelate desuccinylase 3.5.1.18
BCAL2146 Bmul_1207 ask Aspartate kinase 2.7.2.4
BCAL2154 Bmul_1199 UDP-2,3-diacylglucosamine hydrolase 3.6.1.54
BCAL2180 Bmul_1162 2-Dehydro-3-deoxyphosphooctonate aldolase 2.5.1.55
BCAL2181 Bmul_1161 pyrG CTP synthetase 6.3.4.2
BCAL2289 Bmul_1080 Glutamate racemase
BCAL2355 Bmul_1017 Putative phosphatidyltransferase 2.7.8.8
BCAL2388 Bmul_0984 Hypothetical protein (glucose-1-phosphate adenylyltransferase in iKF1028)
BCAL2389 Bmul_0983 purD Phosphoribosylamine-glycine ligase 6.3.4.13
BCAL2403 Bmul_0965 Putative LPS core biosynthesis protein 24.-.-
BCAL2759 Bmul_0751 Tetraacyldisaccharide 4'-kinase 2.7.1.130
BCAL2761 Bmul_0749 kdsB 3-Deoxy-manno-octulosonate cytidylyltransferase 2.7.7.38
BCAL2770 Bmul_0740 Putative glycerol-3-phosphate acyltransferase PlsY 2.3.1.15
BCAL2836 Bmul_0675 purk Phosphoribosylaminoimidazole carboxylase ATPase subunit 4.1.1.21
BCAL2837 Bmul_0674 purE Phosphoribosylaminoimidazole carboxylase catalytic subunit 4.1.1.21
BCAL2838 Bmul_0673 purC Phosphoribosylaminoimidazole-succinocarboxamide synthase 6.3.2.6
BCAL2912 Bmul_2218 thyA Thymidylate synthase 2.1.1.45
BCAL2944 Bmul_2251 hldD ADP-I-glycero-p-manno-heptose-6-epimerase 5.1.3.20
BCAL2951 Bmul_2258 cmk Cytidylate kinase 2.7.4.14
BCAL3012 Bmul_2401 gmk Guanylate kinase 2.7.4.8
BCAL3110 Bmul_2494 waaA 3-Deoxy-p-manno-octulosonic-acid transferase 2.4.99.12
BCAL3113 Bmul_2497 manB Phosphomannomutase 5.4.2.2
BCAL3133 Bmul_2598 rmlC dTDP-4-keto-6-deoxy-p-glucose 3,5-epimerase 5.1.3.13
BCAL3134 Bmul_2597 rmlA Glucose-1-phosphate thymidylyltransferase 2.7.7.24
BCAL3239 Bmul_4484 Glucosyltransferase
BCAL3261 Bmul_2624 purM Phosphoribosylaminoimidazole synthetase 6.3.3.1
BCAL3336 Bmul_2693 purH Phosphoribosylaminoimidazolecarboxamide formyltransferase 2.1.2.3
BCAL3361 Bmul_2717 purB Adenylosuccinate lyase 4322
BCAL3397 Bmul_2756 Putative phosphatidylglycerophosphatase 3.1.3.27
BCAL3460 Bmul_2834 ddl p-Alanine-p-alanine ligase 6.3.2.4
BCAL3461 Bmul_2835 murC UDP-N-acetylmuramate-1-alanine ligase 6.3.2.8
BCAL3462 Bmul_2836 murG Undecaprenyldiphospho-muramoylpentapeptide (3-N-acetylglucosaminyltransferase 2.4.1.227
BCAL3464 Bmul_2838 murD UDP-N-acetylmuramoyl-L-alanyl-p-glutamate synthetase 6.3.2.9
BCAL3465 Bmul_2839 mraY Phospho-N-acetylmuramoyl-pentapeptide-transferase 2.7.8.13
BCAL3466 Bmul_2840 murF UDP-N-acetylmuramoylalanyl-p-glutamyl-2,6-diaminopimelate-p-alanyl-p-alanyl ligase 6.3.2.10
BCAL3467 Bmul_2841 murE UDP-N-acetylmuramoylalanyl-p-glutamate-2,6-diaminopimelate ligase 6.3.2.13
BCAMO0683 Bmul_3371 ceoR LysR family regulatory protein
BCAMO0986 Bmul_4626 asd Aspartate-semialdehyde dehydrogenase 1.2.1.11
BCAMO0998 Bmul_4615 purF Amidophosphoribosyltransferase 2.4.2.14
BCAM1337 Bmul_4402 Glycosyltransferase
BCAM2044 Bmul_3751 Putative asparagine synthetase 6.3.5.4
iBM unique essential genes Bmul_0742 murB UDP-N-acetylenolpyruvoylglucosamine reductase 1.1.1.158
Bmul_1262 Phosphatidate cytidylyltransferase 2.7.7.41
Bmul_2179 3-Oxoacyl-(acyl carrier protein) synthase IT 2.3.1.179
Bmul_2182 fabD1, fabD2 UDP-3-0-(3-hydroxymyristoyl) N-acetylglucosamine deacetylase 3.5.1.108
Bmul_2183 fabH1, fabH2 3-Oxoacyl-ACP synthase 2.3.1.41
Bmul_2184 plsX Putative glycerol-3-phosphate acyltransferase 2.3.1.15
Bmul_2221 Dihydrofolate reductase 1.5.1.3
Bmul_2735 dapB Dihydrodipicolinate reductase 1.3.1.26
Bmul_2829 IpxC UDP-3-0-(3-hydroxymyristoyl) N-acetylglucosamine deacetylase 3.5.1.108
Bmul_3080 dapF Diaminopimelate epimerase 5.1.1.7
Bmul_3287 prpB 2-Methylisocitrate lyase 4.1.3.30
Bmul_3288 Methylcitrate synthase 2.3.3.5
Bmul_4654 prpD 2-Methylcitrate dehydratase 4.2.1.79
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reactions in iBC over the other reconstructions are incorporated
in lipid metabolism. However, iBM may have higher metabolic
capacity in certain energy and carbohydrate metabolic pathways
as it has a higher gene-per-reaction average in these pathways.
Pathways where iBC and iBM have similar numbers of genes as-
sociated with a reaction include metabolism of amino acids as well
as terpenoid and polyketide metabolism. The reconstructions of-
fer a method of probing specific subsystems to identify gene du-
plications or isozymes that may indicate concentrated genetic re-
dundancy.

Gene essentiality. An important consequence of the presence
of increased genes per reaction in iBC and iBM compared to re-
constructions of other bacteria was the reduction in the number of
genes predicted to be essential for growth. During in silico growth
in LB medium, our models predicted 66 essential genes in iBC and
73 essential genes in iBM (Table 2). Sixty of these genes were
orthologs between iBC and iBM, 6 genes were uniquely essential
in iBC, and 13 genes were uniquely essential in iBM. In compari-
son, iMO1086 required 150 genes to grow in silico on LB (with an
accuracy of 83.9%) (18). Because iBM and iBC are not currently
reconciled with iMO1086, we compared our predicted essential
genes with a list of potentially essential P. aeruginosa PAO1 genes
identified experimentally; these PAO1 genes had no recorded
transposon mutants as identified in the Pseudomonas Genome
Database based on genome-scale transposon mutagenesis librar-
ies (59). As shown in Table S4 in the supplemental material, 35 out
of 78 predicted essential Burkholderia genes matched P. aeruginosa
PAOL1 probable essential genes using a BLAST comparison. An-
other 12 predicted essential Burkholderia genes matched PAO1
genes with likely isozymes or duplications. Two predicted essen-
tial Burkholderia genes had no match to any PAO1 gene locus. The
low number of potential essential Burkholderia genes compared to
other species corresponds with a recent study that created pro-
moter-based conditional mutants to identify essential Burkhold-
eria cenocepacia K56-2 genes (60). However, the authors saw un-
expectedly low essential operon hit rates during their mutant
library screening.

The difference between the overall number of essential genes in
iBC and iBM compared to P. aeruginosa is likely due to the high
number of isozymes and duplicate genes included in our GPRs as
well as the comprehensive GPR curation, which added robustness
to the performance of particular functions. Many of the predicted
essential genes were located in expected pathways, such as nucle-
otide metabolism, energy metabolism, and lipid metabolism. The
common essential genes represent opportunities to target both
species with the same treatment. The high number of unique es-
sential genes predicted for each species offers new hypotheses re-
garding species-specific targets in developing novel treatments for
B. cenocepacia versus B. multivorans infections.

When the unique essential genes predicted for each model
were compared, a gene associated with dihydrofolate reductase
(DHFR) was only present in iBM. DHFR, coded for by
Bmul_2221, is the target of trimethoprim, an antibiotic com-
monly effective against pathogens such as E. coli and Haemophilus
influenzae (61). However, trimethoprim has shown variable effec-
tiveness against different strains of the BCC (62), and our essen-
tiality analysis indicates no apparent matching essential gene in
iBC. Instead, two genes were associated with this reaction in iBC
by the Model SEED tool. One gene, BCAL2915, is annotated as
dfrA, a trimethoprim-resistant variant of the DHFR gene (63), and
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has high similarity to Bmul_2221. The other gene, BCAL1859, is
annotated on the BGD as a hypothetical protein. When conduct-
ing a BLASTP search with BCAL1859, the most similar function-
ally annotated matches were to DHER genes in Deinococcus and
Aeromonas species (E values of ~107°° and ~10~*°, respectively)
with no other highly similar matches. Interestingly, a study of in
vitro antimicrobial susceptibility determined that B. multivorans
ATCC 17616 is notably more susceptible to trimethoprim than B.
cenocepacia J2315, with a MIC of 2 mg/liter compared to 64 mg/
liter (62). Determination of whether this apparently rare variant of
DHEFR (BCAL1859) is connected with the elevated trimethoprim
resistance of B. cenocepacia J2315 would require further experi-
mental study, but the identification of a previously unannotated
DHER isozyme in the more virulent of our two BCC species of
interest is an important consequence of our comparative study of
essential genes.

Virulence factor production capacity. Our models enable in
silico investigation of how the nutritional environment of the cys-
tic fibrosis lung contributes to production of important factors in
initial colonization and chronic infection by Burkholderia. iBC
and iBM were used to predict the ability of each species to produce
an array of virulence-related molecules while under varied growth
demands or when presented with limited nutritional resources.
We include prototypical virulence factors, such as biofilm-related
exopolysaccharide cepacian, immune response triggering, phago-
cytosis-resistant lipopolysaccharide (LPS), and quorum sensing
signals that enable communication with other bacteria (64). We
also include the production of rhamnolipids due to their role in
biofilm formation and regulation, as previously mentioned. Intra-
cellular signaling molecules such as the polyamines putrescine and
spermidine are not essential for growth in many environments,
but their loss induces significant phenotypic changes in various
bacteria and they are considered important in the regulation of
biofilm production and other virulence pathways (65). Ornibac-
tin enables iron acquisition, and salicylate potentially acts as a
siderophore and is also required for production of other sidero-
phores; both compounds have been connected with enhanced vir-
ulence both clinically and in animal models (48). Homogentisate
is a precursor of the melanin-like pigment produced by some
Burkholderia species that provides protection from reactive oxy-
gen and nitrogen species (66, 67).

We evaluated the in silico production capacities of each of these
compounds under different growth and medium constraints, as
explained in Materials and Methods (Fig. 6). We analyzed the
trade-off between virulence factors and biomass by predicting the
maximum production of each virulence factor under a given re-
quirement for biomass flux in SCFM (Fig. 6A). For the majority of
the virulence factors that iBC and iBM can produce, production
capacity decreases approximately linearly as the percentage of
maximum biomass flux constraint is increased (Fig. 6A). How-
ever, both models predict that ornibactin and homogentisate can
be produced at a sustained level over a wide range of growth rates
until constrained by the demand for resources necessary for near-
optimal levels of biomass production. Also, both models predict
that maximum cepacian production occurs at non-zero biomass
production requirements. This dependency between cepacian
production and growth is a result of complex interrelationships
between cofactors and by-products upstream of the cepacian bio-
synthesis pathway. Additionally, while iBC is capable of de novo
synthesis of all of the tested virulence factors, iBM contains in-
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FIG 6 iBC and iBM virulence factor production capacities. (A) Trade-off between virulence factor production and growth (biomass production) was predicted
by optimizing the production of an array of virulence factors while constraining the flux of the biomass reaction to various percentages of its maximum value
under SCFM conditions. Presented values were normalized from 0 to 100% for each virulence factor across all biomass flux constraint conditions. While iBC is
capable of producing all tested virulence factors, iBM contains incomplete biosynthetic pathways for the production of spermidine, salicylate, and di-rhamno-
lipid. (B) The contribution of the carbon source components of SCFM to the production of the virulence factors was predicted. For each virulence factor,
production was maximized under minimal medium conditions supplemented with each SCFM carbon source individually. Presented values were normalized
from 0 to 100% for each virulence factor across all single-substrate conditions. (C) Each column of production capacities was averaged along all virulence factors
to calculate an average production capacity on each substrate for each model, as shown in the heat map via text and shading. Capacity averages below 50 are in
white text for contrast. Colors are consistent with the color bars of panels A and B. For both iBC and iBM, on average, L-tyrosine supports the highest average
production capacity for both models.
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complete biosynthetic pathways for the production of spermi-
dine, salicylate, and di-rhamnolipid, resulting in the inability to
produce these molecules. The models enable the identification of
both the missing genes that entirely prevent production and al-
tered upstream pathways that limit final production levels of a
given virulence factor in iBM.

The relationship between changing in vivo nutrient resources,
colonization, and infection has been highlighted as an understud-
ied potential target of novel therapies in an array of host-pathogen
relationships (68). To better understand the role of the individual
components of SCEM in the production of the various virulence
factors, we assessed in silico virulence factor production capacities
on each carbon source present in SCEM without any biomass flux
constraints (Fig. 6B). The production capacities for each virulence
factor were normalized by the maximum possible value across the
different individual carbon sources for that molecule. For both
models, on average, tyrosine and glucose were the carbon sources
that contributed the most toward the production of the virulence
factors. An example of an exception is that tyrosine contributes
greatly to cepacian production in iBC but not in iBM (Fig. 6B).
Homogentisate is produced at high levels on L-phenylalanine for
both iBC and iBM, but other factors are only produced at average
levels on the same substrate. The models also predict that each
virulence factor can be produced at some level on any single
carbon source that also enables growth in that model, as shown in
Fig. 3. These results suggest variabilities in virulence factor pro-
duction given changing substrate availability and predict potential
pathways to target for therapeutic virulence inhibition.

To evaluate the potential production advantage imparted by
each analyzed substrate to the full set of virulence factors, we av-
eraged the virulence factor production capacity for all compounds
by each substrate in Fig. 6C. The results suggest that general viru-
lence factor production is well supported by catabolism of L-ty-
rosine, D-glucose, L-arginine, and L-ornithine and poorly sup-
ported by glycine, D-lactate, and L-serine. B. cenocepacia has
higher-capacity averages on all substrates capable of supporting
virulence compound production. The difference in averages of
substrates supporting any virulence factor production in both
models highlights a potential species-specific substrate preference
for L-proline by B. cenocepacia. Ultimately, these analyses offers an
interesting set of hypotheses regarding substrates that may be im-
portant for maximal virulence activity during infection of cystic
fibrosis patients, identify potential variations in substrate prefer-
ences between each Burkholderia species, and emphasize the en-
hanced pathogenic abilities of B. cenocepacia in comparison to B.
multivorans.

DISCUSSION

This study involved the parallel generation and comparison of two
new genome-scale metabolic reconstructions for the multidrug-
resistant pathogens B. cenocepacia and B. multivorans. The recon-
structions share 1,437 reactions, with 68 additional reactions
unique to iBC and 36 additional reactions unique to iBM. iBC
accounts for the function of 1,537 genes, while iBM accounts for
the function of 1,411 genes. The reconstructions incorporated
pathways necessary for growth on an array of substrates, species-
specific biomass formulations, and virulence factor synthesis
pathways common to related bacteria as well as specific to BCC
pathogens. Models were validated using experimental growth
screens on over 100 carbon sources, including substrates abun-
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dant in the cystic fibrosis lung environment. This process enabled
us to refine the genome annotations of each species by reannotat-
ing an array of hypothetical and putative proteins, evaluate the
consequences of the large genomes of B. cenocepacia and B. mul-
tivorans via GPR comparisons, make predictions regarding
unique and shared essential genes for each pathogen, and evaluate
the enhanced virulence factor production capacity of B. cenocepa-
cia in comparison to B. multivorans.

The reconstructions provide a framework for contextualizing
the genes of B. cenocepacia and B. multivoransin relation to growth
and virulence factor production capacities. iBC and iBM are new
tools that can enable the interrogation of interdependent func-
tions of the large BCC genomes. The reconstruction process
guided our evaluation of the current genome annotations and in
several cases led us to propose annotation refinements. Addition-
ally, our comparison of in silico predictions with in vitro growth
screening identified pathways that were clearly functional in vitro,
such as lysine degradation and tryptophan degradation, that we
could not make function in silico by addition of any known en-
zymes/genes. Thus, this analysis highlighted potentially uncharac-
terized enzymes that enable the function of certain pathways in
Burkholderia and may also be active in other organisms. Our ge-
nome annotation refinements also generated model-driven hy-
potheses that can be followed up experimentally, such as the spe-
cies-specific production of rhamnolipids and spermidine and the
degradation of ectoine.

Tools for semiautomatic generation of genome-scale meta-
bolic models have proved useful for expediting the reconstruction
process (69—71). In this study, using the Model SEED pipeline to
concurrently generate the two reconstructions aided the manual
curation and reconciliation phases since the differences in content
and function between the two reconstructions could more easily
be tracked and evaluated in parallel. The parallel curation process
also ensured that the two reconstructions were of higher detail and
quality than if the two reconstructions were developed in isola-
tion, since genetic evidence for reactions were exhaustively cross-
checked between the two species. It is unlikely that our recon-
structions have incorporated every metabolic function of each
species, and further curation will be required as the BCC knowl-
edgebase grows. Growth prediction discrepancies on lysine, tryp-
tophan, and branched-chain amino acids have highlighted areas
to be investigated further experimentally.

The size and scope of the reconstructions in addition to high
average gene count per reaction likely contributed to the reduced
number of predicted essential genes in comparison to other re-
constructions. To date, while there are emerging computational
efforts to predict essential genes (72), no complete transposon
mutagenesis library of B. cenocepacia or B. multivorans is available,
and our network-driven in silico gene essentiality predictions serve
as hypotheses for future work. The essential genes predicted to be
unique to each species also offer interesting opportunities for tar-
geted therapeutics. Given the general similarity of the network
architectures in terms of the common incorporated reactions, the
unique essential gene sets are a novel outcome of our comprehen-
sive formulation and comparison of the GPR associations.

Our comparative analysis enabled system-wide evaluations as
well as the evaluation of a single reaction or gene functionality that
could be tied to a particular model prediction, which is a strength
of genome-scale metabolic modeling. Modeling reaction activity
using the reconstructions and constraint-based analysis allowed
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us to evaluate altered production capacity between models due to
specific reaction differences in upstream pathways that limited
final production levels. These analyses provide specific, testable
hypotheses regarding important metabolic functions that are less
intuitive than hypotheses generated through gene essentiality
analysis alone.

Ultimately, each comparative analysis performed in this study
supports the conclusion that B. cenocepacia has enhanced meta-
bolic capacity over B. multivorans. The predicted growth rate on
most in silico media of iBC was equal to or higher than that of iBM
and notably higher on SCFM, a medium designed to replicate the
environment of the cystic fibrosis lung (see Table S3 in the sup-
plemental material). iBC also showed higher capacity for viru-
lence factor production over iBM on a range of substrates found in
CF lung sputum. Our reconstruction process enabled the organi-
zation and functional evaluation of the increased genetic redun-
dancy (e.g., isozymes and gene duplications) across a range of
pathways that were available to potentially supplement any dis-
rupted gene function in iBC compared to iBM. This added genetic
redundancy resulted in both metabolic robustness and increased
opportunity for the evolutionary divergence of duplicated genes
to perform new functions (73). We have shown that these recon-
ciled metabolic reconstructions offer a way to develop and inves-
tigate intriguing hypotheses for the enhanced virulence of B. ceno-
cepacia—a higher capacity for genetic adaptation in the CFlung in
addition to the flexibility provided by a large number of distinct
catabolic pathways.

In summary, our reconciled metabolic models of the emerging
multidrug-resistant pathogens B. cenocepacia and B. multivorans
are valuable tools that can aid in comparative analysis of metabolic
capacity, identification of novel therapeutic targets and strategies,
and prediction of key phenotypes of pathogenesis. Here, we have
thoroughly characterized the metabolism of the type strains of B.
cenocepacia and B. multivorans. Our network reconstructions can
be used to contextualize high-throughput transcriptomic and
proteomic data (58, 74-77) to provide further insight into gene
regulation and downstream phenotypes. Additionally, our recon-
structions can be used as established starting points to analyze
pathogenesis and physiology of the growing list of sequenced
Burkholderia strains, including both clinical and environmental
isolates (78). The other members of the BCC are also human
pathogens, while related species Burkholderia mallei and Burk-
holderia pseudomallei are dangerous bioterror agents that would
be ideal candidates for in silico study. Other nonpathogenic Burk-
holderia species are of great interest to metabolic engineering proj-
ects in bioremediation and agricultural biotechnology as soil
pathogens that excel in catabolism of certain pollutants as well as
the production of antimicrobials that protect plant health (79, 80).
Given their notably large genomes and capacity for metabolic ad-
aptation as a key factor in pathogenesis, the reconstructions of B.
cenocepacia and B. multivorans offer tremendous potential for fu-
ture development of treatment strategies to combat chronic infec-
tions and a model for the metabolic analysis and comparison of
similar dangerous pathogens.
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