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Klebsiella pneumoniae is a Gram-negative bacterium of the family Enterobacteriaceae that possesses diverse
metabolic capabilities: many strains are leading causes of hospital-acquired infections that are often refractory
to multiple antibiotics, yet other strains are metabolically engineered and used for production of commercially
valuable chemicals. To study its metabolism, we constructed a genome-scale metabolic model (iYL1228) for
strain MGH 78578, experimentally determined its biomass composition, experimentally determined its ability
to grow on a broad range of carbon, nitrogen, phosphorus and sulfur sources, and assessed the ability of the
model to accurately simulate growth versus no growth on these substrates. The model contains 1,228 genes
encoding 1,188 enzymes that catalyze 1,970 reactions and accurately simulates growth on 84% of the substrates
tested. Furthermore, quantitative comparison of growth rates between the model and experimental data for
nine of the substrates also showed good agreement. The genome-scale metabolic reconstruction for K. pneu-
moniae presented here thus provides an experimentally validated ir silico platform for further studies of this

important industrial and biomedical organism.

Klebsiella pneumoniae, a Gram-negative bacterium of the
family Enterobacteriaceae, is a microorganism with significance
in both medicine and biotechnology. K. pneumoniae is a com-
mon opportunistic human pathogen, causing pneumonia, uri-
nary tract infections, and bacteremia (25). Most clinical K
pneumoniae isolates are multidrug resistant, and up to 20% of
them are extended-spectrum beta-lactamase-producing strains.
The situation is worsened by the recent spreading of carbap-
enem-resistant NDM-1 strains, which leave very few antibiotics
effective and therefore pose a serious threat to human health
(23). In biotechnology, K. pneumoniae is capable of metabo-
lizing glycerol as a sole source of carbon to produce 1,3-pro-
panediol, a chemical that has many industrial applications (16,
51). Proper functioning of the metabolic network in K. pneu-
moniae underlies its ability both to cause disease and to serve
as a useful platform strain for metabolic engineering.

The study of metabolism in many organisms has greatly
benefitted from in silico genome-scale reconstruction of their
metabolic networks combined with flux balance analysis
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(FBA), a computational technique that incorporates many dif-
ferent components of metabolism and their couplings to pro-
vide insight into steady-state flux distributions among the dif-
ferent pathways. Such system level analyses are critical since
they can reveal emergent, network level properties not readily
apparent from more-focused investigation of individual genes
or pathways.

The metabolic network reconstruction of Escherichia coli
K-12 represents the best-developed genome-scale network to
date because E. coli is arguably the most studied and best
characterized microorganism in terms of genome annotation,
functional characterization, and knowledge of growth behavior
(11). Metabolic network reconstruction is a process through
which the gene-protein reaction associations that participate in
the metabolic activity of a biological system are identified to
form a network. Imposition of constraints on the genome-scale
network and then conversion to a mathematical representation
lead to a genome-scale model that can be analyzed by FBA.
FBA is based on linear programming and is used to determine
the steady-state reaction flux distribution under governing con-
straints by maximizing an objective function, such as growth
rate. Therefore, constraint-based models can help predict cel-
lular phenotypes for particular environmental conditions. Ge-
nome-scale models have been useful in understanding the me-
tabolism of a variety of organisms, e.g., Salmonella spp. (1, 36)
and Staphylococcus aureus (24).

Small network-scale metabolic flux analysis of glycerol me-
tabolism in K. pneumoniae, with application to production of
1,3-propandiol, has been performed (49, 50). Because genome-
scale models have proven useful not only for metabolic engi-
neering applications (6, 31) but also for predicting the out-
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comes of gene deletions (9), identifying potential drug targets
(24), and improving gene annotation (32), a genome-scale met-
abolic reconstruction of K. pneumoniae is needed to fully assess
the metabolic functions of this important organism. The aim of
this work is to build an experimentally verified genome-scale
metabolic network reconstruction of K. pneumoniae MGH
78578.

MATERIALS AND METHODS

Bacterial strains and media. Klebsiella pneumoniae MGH 78578 (ATCC
700721) was purchased from ATCC. It was routinely cultured at 37°C in M9
minimal medium consisting of Na,HPO, (6.9 g/liter), KH,PO, (3 g/liter), NaCl
(0.5 gfliter), NH,Cl (1 g/liter), CaCl, (0.1 mM), MgSO, (2 mM), and a carbon
source. For growth rate measurements, the carbon source concentration was
0.2% (wt/vol). For validation of Biolog results, the carbon source concentration
was 5 mM. Frozen stocks were maintained at —80°C in M9 minimal medium with
25% glycerol.

Macromolecular composition analysis. The frozen stock of K. pneumoniae
MGH 78578 was inoculated into 50 ml M9 minimal medium with 0.2% glucose
and was shaken at 37°C overnight in a 250-ml Erlenmeyer flask. The culture was
diluted into three batch cultures, which contained 250 ml prewarmed M9 glucose
medium, to an initial optical density at 600 nm (ODg,) of approximately 0.02.
Cells were harvested when the ODy, reached 0.6 to measure DNA, RNA,
protein, lipid, and carbohydrate content and dry cell weight. For the dry cell
weight, a cell pellet from a 50-ml culture sample was resuspended in water and
carefully transferred into a preweighed Eppendorf microcentrifuge tube, then
dried at 85°C. The dry weight was measured on a balance with 0.1-mg accuracy
(Mettler Toledo; AG285). For the macromolecular composition analysis, the
amounts of DNA, protein, and carbohydrate were determined by the Burton
method, Robinson-Hogden biuret method, and phenol method, respectively
(14). The amount of RNA was determined by the KOH-UV method (3). The
lipid content was determined by the sulfo-phospho-vanillin method (19). The
amount of each macromolecule was converted to grams per liter for calculating
the percentage of dry cell weight for each macromolecule.

Phenotypic microarray. Phenotypic microarray analysis of K. pneumoniae
MGH 78578 was performed as a service by Biolog (Hayward, CA) (4). In total,
190 carbon, 95 nitrogen, 35 sulfur, and 59 phosphor sources were tested. To
validate the Biolog results, overnight K. pneumoniae MGH 78578 precultures
grown in LB medium at 37°C were harvested by centrifugation and resuspended
to an ODgyq of 0.2 in M9 minimal medium lacking any carbohydrates. Ten-
microliter suspensions were added to 200 ml M9 minimal medium containing a
5 mM concentration of the carbohydrate to be tested in a 96-well plate. The plate
was incubated at 37°C in a VERSAmax microplate reader (Molecular Devices)
with shaking for 24 h, after which the ODg, was measured for each well. Each
carbohydrate was tested in duplicate.

Adaptive evolution. The frozen stock of K. pneumoniae MGH 78578 was
streaked onto M9 minimal agar with 0.2% myo-inositol and cultured overnight at
37°C. A single colony was suspended in 100 wl sterile water. Three aliquots from
this suspension were transferred into three separate 500-ml Erlenmeyer flasks
containing 200 ml prewarmed M9 myo-inositol medium. The batch cultures were
incubated at 37°C with shaking until the cell growth reached exponential phase.
An aliquot from each flask was passed to three new 500-ml Erlenmeyer flasks
containing 200 ml fresh prewarmed M9 myo-inositol medium twice a day. The
volume transferred at each passage decreased as the growth rate increased in
order to maintain the cells in exponential phase. We serially passaged the three
cultures in this manner for 15 days, at which time their growth rates stabilized.
An aliquot from each of the three endpoint evolved cultures was streaked out on
M9 minimal agar with 0.2% myo-inositol and cultured overnight at 37°C. Final
growth rate and substrate uptake measurements were made on a single colony
from each evolved culture.

Growth rate and substrate uptake rate. A K. pneumoniae MGH 78578 pre-
culture was made from a frozen stock by inoculating it into 250-ml Erlenmeyer
flasks containing 50 ml M9 minimal medium with 0.2% glucose. Each flask was
incubated overnight at 37°C with stirring. The preculture was diluted into three
batch cultures which contained 250 ml prewarmed M9 glucose medium in a
500-ml Erlenmeyer flask to an initial ODgg, of around 0.02. The ODgq, was
measured periodically over the next several hours to calculate the growth rate. At
the same time, the supernatant from each flask was collected by sterile filtration
of it through 0.22-pm membrane filters (Millipore). The supernatant was then
analyzed by high-performance liquid chromatography (HPLC) using an Aminex
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HPX-87H ion exchange carbohydrate-organic acid column (Bio-Rad Laborato-
ries) operating at 65°C with refractive index (RI) detection. The mobile phase
was degassed with 5 mM sulfuric acid flowing at a rate of 0.5 ml/min. Compounds
were quantified by comparison to standard curves.

Metabolic network reconstruction. Because E. coli and K. pneumoniae are
closely related members of the family Enterobacteriaceae, the genome-scale met-
abolic model for E. coli K-12 MG1655, iAF1260, was used as a template to
expedite a draft reconstruction for K. pneumoniae MGH 78578. The first step in
our metabolic network reconstruction involved comparing protein sequence sim-
ilarities. After a genomic homology search using BLASTP, the orthologs of
MGH 78578 and E. coli K-12 MG1655 were obtained based on reciprocal best
matches. The criteria for the bidirectional matches were an E value of <1 X
107°, =35% amino acid sequence identity, and match lengths of at least 70% of
the length of both query and subject. The initial list of metabolic reactions whose
associated genes satisfied the Boolean statements (e.g., “and” logic for com-
plexes and “or” logic for isozymes) in gene-protein reaction associations was
therefore constructed. We subsequently compared the genome sequence of K.
pneumoniae MGH 78578 to those of K. pneumoniae KP342 and Salmonella
enterica serovar Typhimurium LT2 using BASys (48) and KAAS (29) to obtain
additional genome annotation for MGH 78578 open reading frames (ORFs),
especially those that did not have homologs in E. coli. Data from NCBI, KEGG
(22), and Transport DB (38) were used to further refine the ORFs of MGH
78578 with metabolic or transport functions. This list of MGH 78578 ORFs
constituted the initial draft reconstruction for MGH 78578 and was used as a
starting point for manual curation (see Table S1 in the supplemental material).
Organism-specific features gleaned from literature surveys were manually added
into the draft reconstruction. On the other hand, in order to improve the reli-
ability of the metabolic reconstruction, the genes and reactions that satisfied the
following criteria were removed from the reconstruction: (i) low sequence sim-
ilarity (identity < 80%), (ii) blockage of the reactions in the model, and (iii)
experimental verification that the reactions were absent.

Generation of BOF. A key eclement of a metabolic reconstruction is an accu-
rate biomass objective function (BOF). The BOF directly influences growth rate
calculations in the model simulation. The BOF, which is a mathematical repre-
sentation of the biomass composition of a cell, was formulated from both a
bibliome survey and experimental macromolecular composition data acquired in
this study. Each cellular biomass macromolecule was divided into its correspond-
ing building blocks, such as amino acids, fatty acids, and nucleotides (11). The
energetic requirements for growth-associated maintenance (GAM) and non-
growth-associated maintenance (NGAM) of K. pneumoniae were set as 71.7
mmol ATP/g dry weight (gDW) and 6.8 mmol ATP/gDW/h, respectively (42). A
more detailed description of the biomass objective function for MGH 78578 can
be found in Table S2 in the supplemental material.

Modeling simulation. After the metabolic network was reconstructed, it was
implemented in Matlab using the stoichiometric matrix (S matrix) formalism.
FBA was performed using the COBRA Toolbox with the glpk solver (2). Gene
essentiality analysis was performed using glucose minimal medium conditions
with a glucose uptake rate of 10 mmol/gDW/h and an oxygen uptake rate of 20
mmol/gDW/h. A gene was considered computationally essential when removal of
the gene resulted in no flux through the BOF.

RESULTS

Metabolic network reconstruction. The metabolic recon-
struction of K. pneumoniae was carried out in a series of suc-
cessive refinements beginning with mapping from the current
E. coli reconstruction, iAF1260 (11), to the K pneumoniae
genome. The work flow for the reconstruction process is shown
in Table 1. Since K. pneumoniae and E. coli are closely related,
sharing ~88% homology over 1,137,281 nucleotides of MGH
78578 (Fig. 1A), we can draw a draft reconstruction directly
from the extensively curated ;AF1260 metabolic reconstruction
for E. coli K-12 MG1655. The genome comparison between
MGH 78578 and MG1655 yielded 1,072 orthologous genes,
which are responsible for 1,795 reactions in iAF1260. These
genes and their corresponding reactions were included in the
initial draft reconstruction of MGH 78578, but 10 of them were
later removed during manual curation (Fig. 1B). Subsequently,
genes which were annotated to have metabolic enzymatic ac-
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TABLE 1. Work flow of the metabolic network reconstruction process

Step Basis

End product

Draft generation
Manual curation
In silico modeling

Sequence similarity analysis, ;AF1260

Literature surveys and online databases (e.g., COG, KEGG)
Biomass objective function (biomass composition and

Draft reconstruction
Curated reconstruction
Genome-scale reconstruction model

maintenance verification) and phenotype screen (Biolog)

Validation Adaptive evolution and quantitative analysis

Validated genome-scale reconstruction model

tivity (see Table S1 in the supplemental material) were added
to the reconstruction based on literature surveys, even if they
did not have homologs in E. coli. For example, K. pneumoniae
can utilize citrate as the sole carbon source because it has
citrate-utilizing enzymes encoded by the gene -cluster
KPN_00028 to KPN_00038 (40). E. coli K-12 MG1655 does
not have this cluster and does not readily utilize citrate as a
sole carbon source. For aromatic compound metabolism,
MGH 78578 can grow in benzoate and 4-hydroxyphenylac-
etate; growth in these has been experimentally validated in this
study. The gene clusters responsible for these metabolic path-
ways are KPN_ 01869 to KPN_01875 and KPN_04779 to
KPN_04789, respectively (8, 34). Moreover, K. pneumoniae can
anaerobically biosynthesize vitamin B,,. Comparative genomic
analysis revealed that the genes involved are KPN_03184 to
KPN_03200 (10, 39). Meanwhile, reactions belonging to in-
complete pathways were removed from the reconstruction. For
example, MGH 78578 has an ORF that matches to b4090 of
MG1655, which encodes allose 6-phosphate isomerase. How-
ever, MGH 78578 cannot utilize D-allose according to our
experimental result. Therefore, the gene-protein reaction as-
sociations related to p-allose metabolism were removed from
the reconstruction. Taken together, 1,228 genes, 1,188 en-
zymes, and 1,970 reactions were included in the MGH 78578
reconstruction, designated iYL1228. These genes account for
27% of the 4,476 annotated genes in the MGH 78578 genome.

Characteristics of iYL1228. Among the 1,970 reactions in
iYL1228, 1,883 have known gene associations. We then used
the COG (clusters of orthologous groups) database to func-
tionally classify these ORFs (44). As shown in Fig. 1C, iYL1228
has ~20 more genes than the draft reconstruction in classes C
(energy production and conversion), E (amino acid transport
and metabolism), G (carbohydrate transport and metabolism),
and H (coenzyme transport and metabolism). Note that the
percent coverages of characterized ORFs in iAF1260 and
iYL1228 differ considerably in functional classes E, G, and P
(inorganic ion transport and metabolism) (Fig. 1D), mainly
because MGH 78578 has more putative transporters (834
transport genes in MGH 78578 versus 536 in E. coli K-12 [12]).
As more information on the transporters of MGH 78578 be-
comes available, the reconstruction can be expanded accord-
ingly. Nevertheless, the current scale of iYL1228 is remarkable
considering that the species knowledge index (SKI) value for
K. pneumoniae (~2.6) is much smaller than that for E. coli
(~61.2) (37).

Biomass composition and assessment of maintenance re-
quirements. The biomass objective function (BOF) was gen-
erated by combining the biomass composition of K. pneu-
moniae MGH 78578 with growth-associated maintenance
(GAM). We have directly measured the biomass composition

of K. pneumoniae, including carbohydrate, DNA, lipid, protein,
and RNA content. We found a greater proportion of carbohy-
drates in K. pneumoniae biomass than in E. coli biomass
(18.7% versus 8.4%) (Table 2), which can be explained by the
fact that K. pneumoniae possesses a thick polysaccharide cap-
sule (27).

According to the sensitivity analyses performed previously
(11, 35), the biomass composition plays a minor role in growth
rate prediction. However, the maintenance energies, namely,
GAM and non-growth-associated maintenance (NGAM), can
considerably influence growth rate predictions (11, 35). There-
fore, an assessment of GAM/NGAM was performed using the
fitted parameters (a GAM of 71.7 mmol ATP/gDW and an
NGAM of 6.8 mmol ATP/gDW/h) for anaerobic glucose-lim-
ited chemostat data for Aerobacter aerogenes (the name previ-
ously used for Klebsiella pneumoniae [42]). We thus confirmed
that an NGAM value of 6.8 mmol ATP/gDW/h and a GAM
value of 71.7 mmol ATP/gDW make the model fit the exper-
imental data well, as shown in Fig. 2.

Model refinement based on qualitative phenotypes. In the
reconstruction process summarized in Table 1, the second and
third steps are iterative and recursive. With the biomass ob-
jective function, a genome-scale reconstruction model that is
ready for FBA can be used to simulate the growth of K. pneu-
moniae in a variety of nutrition sources. We deployed the
model in this way to predict growth versus no growth on dif-
ferent carbon, nitrogen, phosphorus, and sulfur sources and
compared the simulation results with high-throughput pheno-
typic microarray experimental data (Biolog). Inconsistencies
between simulation results and Biolog data were then used to
refine the model. After reconciling the model with the Biolog
data by adding missing reactions supported by literature,
iYL1228 was able to predict metabolic phenotypes of MGH
78578 with an overall agreement rate of 84% (Table 3). The
model is provided as File S1 (in Systems Biology Markup
Language [SBML] format) in the supplemental material.

Model validation and adaptive evolution. In addition to
qualitatively assessing the model predictions in terms of growth
versus no growth, we also quantitatively assessed the model’s
accuracy in predicting growth rates on nine different carbon
sources under aerobic conditions. The nine carbon sources
represent different entry points into the metabolic network. As
shown in Table 4, the in silico predictions agreed well with the
experimental results (the error rates between model prediction
and experimental data were less than 31%, and most of them
ranged between 0.4% and 26.3%) except for citrate and myo-
inositol. For these two, the predicted growth rates were higher
than those seen experimentally: 0.937/h versus 0.570/h and
1.029/h versus 0.570/h, respectively. We hypothesized that the
overestimation arose in part because FBA-based calculations
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FIG. 1. Whole-genome comparisons between K. pneumoniae MGH 78578 and E. coli K-12 MG1655. (A) Genome alignment was performed
by MUMMER. Red and green lines represent forward and reverse matches, respectively. (B) Venn diagram of homology overlap shared between
K. pneumoniae model iYL1228 and E. coli model iAF1260. The number in parentheses indicates the initial homologous genes present in iAF1260
that were included in the draft iYL1228 reconstruction. Ten of these genes were later removed after manual curation. (C) Coverage of
characterized ORFs in different COG functional categories in the initial draft K. pneumoniae model (blue) and the curated iYL1228 (red) and
iAF1260 (green). (D) Percentages of coverage of characterized ORFs in iYL1228 and iAF1260 in different COG functional categories.

assume that an organism grows optimally in every nutrient model predictions if they are subjected to experimental adap-
environment it encounters, a property that is not always found. tive evolution (17).

In such cases, however, it has been shown that organisms can We tested this hypothesis for myo-inositol by serial passage
indeed achieve faster growth rates that are consistent with of K. pneumoniae for 15 days in minimal media containing
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TABLE 2. Biomass composition of K. pneumoniae MGH 78578
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TABLE 3. In silico modeling of growth conditions

Mass (g/gDW) in:

Macromolecule K. pneumoniae

MGH 78578 E. coli®
Protein 0.521 0.550
DNA 0.023 0.031
RNA 0.131 0.205
Lipid 0.081 0.091
Carbohydrate 0.187¢ 0.084

“The percentage of carbohydrate was derived by averaging the results of 5
biological replicates.
> Biomass composition of an average E. coli cell (18).

myo-inositol as the sole carbon source. As shown in Fig. 3, the
growth rate for K pneumoniae increased from 0.570/h to
0.760/h after 15 days adaptive evolution, which reduced the
growth rate error from 80% to 24% (Table 4). Note that the
computational growth rate decreased from 1.029/h to 0.941/h
because the uptake rate of myo-inositol was reduced from
13.802 to 11.024 mmol/gDW/h after the adaptation. Taken
together, the results show that the genome-scale reconstruc-
tion model iYL1228 is well established for representing me-
tabolism in K. pneumoniae MGH 78578.

Comparison to other members of Enterobacteriaceae. We
evaluated the differences in metabolic phenotypes among E.
coli K-12 MG1655, Salmonella enterica serovar Typhimurium
LT2, and K. pneumoniae MGH 78578 by comparing the Biolog
phenotype microarrays of the three species. There is a meta-
bolic reconstruction available for a fourth enterobacterium,
Yersinia pestis 91001 (30), but no Biolog data for this organism
have been reported. Major differences in metabolic capability
of MGH 78578 in comparison with Salmonella and E. coli are
summarized in Table 5 and in more detail in Table S3 in the
supplemental material. The Biolog data show that MGH 78578
can utilize 18 substrates that E. coli and Salmonella cannot,
whereas MGH 78578 cannot utilize 26 substrates that the other
two can. One explanation for the differences in metabolic ca-

30 4
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~ 25 i)
=
N (0]
%ﬂ 20
[0}

g
é ©
2 15
-
g o
£ 104
= [0)
:
g4 ©
G}

0 T T T 1

0.0 0.2 0.4 0.6 0.8
Growth rate (1/h)

FIG. 2. Assessment of growth- and non-growth-associated mainte-
nance (GAM and NGAM, respectively). Taking an NGAM value of
6.8 mmol ATP/gDW/h and a GAM value of 71.7 mmol ATP/gDW
enables the model to accurately predict the growth rates of K. pneu-
moniae in glucose.

No. of comparisons showing”:

S No. of Agreement Disagreement Agreement
ource -
comparisons rate (%)
G NG C, G, E, C,NG;
NG E, G

Carbon 88 51 27 10 0 88.6
Nitrogen 50 26 14 3 7 80.0
Phosphorus 21 21 0 0 0 100.0
Sulfur 12 4 0 2 6 33.3
Total 171 102 41 15 13 83.6

“ C, computational; E, experimental; G, growth; NG, no growth.

pacity is the MGH 78578-specific presence or absence of met-
abolic genes or operons. For example, MGH 78578 has
KPN_02823 (bglK, encoding pB-glucoside kinase) and
KPN_01234 (celF, encoding cellobiose-6-phosphate hydro-
lase), which are responsible, respectively, for phosphorylation
and hydration of B-glucosides, such as cellobiose, arbutin, gen-
tiobiose, and salicin. However, due to the lack of information
about B-glucoside transporters in K. pneumoniae, we did not
add transporters for B-glucosides to the model even though
MGH 78578 can grow on B-glucosides in vivo. Among the
MGH 78578-specific substrates, p-cellobiose, p-arabitol, and
p-raffinose can be utilized by all tested K. pneumoniae strains
(5). Unlike the commensal E. coli strain MG1655, K. pneu-
moniae MGH 78578 and Salmonella Typhimurium SLT2 are
pathogens, and their unique metabolic capabilities, as shown in
the last 7 rows of Table 5, might be associated with their
pathogenicity.

In addition to comparing metabolic phenotypes to those of
other members of the Enterobacteriaceae, we predicted gene
essentiality for in silico modeling of aerobic growth in glucose
minimal medium using ;YL1228 and compared the results with
the computationally essential genes predicted by the models of
E. coli (iAF1260) and Salmonella (iRR1083 [36]). We found
that 8 of the 118 computationally essential genes predicted by
iYL1228 were unique to K. pneumoniae MGH 78578. These
included the genes needed for lipopolysaccharide biosynthesis
(KPN_02202, KPN_02492, KPN_02493, and KPN_03963);
capsule synthesis (KPN_01515); and lipid biosynthesis

TABLE 4. Quantitative comparison between in silico growth rate
and experimental growth rate

Growth rate

Carbon source (uptake (1/h) Oxygen uptake rate Error rate

rate [mmol/gDW/h]) ————  (mmol/gDW/h) (%)
Exptl  In silico

Acetate (14.291) 0.293 0.355 14.657 21.13
Citrate (14.017) 0.570  0.937 21.837 64.41
D-Xylose (6.006) 0.481 0.479 11.229 0.44
Gluconate (17.909) 0.965 1.264 21.837 30.93
Glucose (10.457) 1.084 1.040 21.744 4.02
Glycerol (10.609) 0.804  0.599 13.618 25.50
L-Lactate (22.686) 0.658  0.655 21.837 0.44
L-Malate (34.572) 0.834 1.053 21.837 26.24
myo-Inositol (13.802)  0.570  1.029 21.837 80.38
myo-Inositol” (11.024) 0.760  0.941 21.837 23.67

“ Adaptive growth of K. pneumoniae MGH 78578 on myo-inositol.
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FIG. 3. Quantitative comparison of in silico and experimental
growth rates of K. pneumoniae MGH 78578. The open circle repre-
sents the growth rate of K. pneumoniae MGH 78578 after 15 days of
adaptive evolution in 0.2% myo-inositol minimal media.

(KPN_01093). Also included are the genes that encode orni-
thine carbamoyltransferase (argl [KPN_04659], whose isozyme
argF is absent in MGH 78578 but present in E. coli and Sal-
monella) and inositol-5-monophosphate dehydrogenase (guaB
[KPN_02834], whose orthologous gene b2508 in E. coli was
experimentally verified as an essential gene [20]). Considering
that large-scale gene essentiality screens for K. pneumoniae are
not available, the essential gene prediction derived from
iYL1228 provides a good alternative resource to facilitate drug
target identification.
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DISCUSSION

This study describes an experimentally validated genome-
scale metabolic model, iYL1228, of the Gram-negative patho-
gen K. pneumoniae MGH 78578. The model has been recon-
structed by carrying out a series of refinements on the basis of
mapping from the E. coli reconstruction (AF1260) to the
MGH 78578 genome and reconciling with experimental data.
Macromolecular composition data for MGH 78578 deter-
mined in this study combined with energetic requirements for
maintenance were verified to fit experimental data well. The
model agreed with phenotypic microarray data (84%) and pre-
dicted accurate growth rates (less than 30% error). Our model
iYL1228 can serve as a platform for understanding K. pneu-
moniae MGH 78578 metabolism and also as a predictive model
for gene essentiality analysis.

Comparative genomic analysis between K. pneumoniae
MGH 78578 and E. coli K-12 MG1655 shows a high degree of
similarity between the two genomes. Based on the sequence
similarity analysis, we found 2,938 putative orthologs between
MGH 78578 and MG1655, with an average protein percent
identity of 83%. Of these orthologs, 1,308 have metabolic/
transport function. An additional 302 genes in MG1655 are
involved in metabolism but not present in MGH 78578. On the
other hand, 478 metabolic genes in MGH 78578 are not pres-
ent in MG1655. These differences imply that the metabolic
capabilities might have been transferred, lost, and/or gained
after the divergence of the two organisms. Notably, many of
the MGH 78578-specific metabolic ORFs are annotated as
putative genes. Nevertheless, the known genes or operons that
are present only in MGH 78578 might have contributed to its

TABLE 5. Differences in metabolic phenotypes among E. coli, Salmonella Typhimurium LT2, and K. pneumoniae MGH 78578

Source Compound Ex‘cha.mgf Resuld” for Gene(s)/operon Reference(s)
reaction E. coli Salmonella MGH 78578

Carbon Sucrose EX_sucr(e) NG NG G scrABY 46
Carbon D-Cellobiose EX_cellb(e) NG NG G celF and bglK 45,47
Carbon D-Arabinose NG NG G
Carbon D-Arabitol EX_abt_D(e) NG NG G dalDKT 15
Carbon Arbutin NG NG G
Carbon Gentiobiose NG NG G
Carbon Palatinose NG NG G
Carbon D-Raffinose NG NG G
Carbon Salicin NG NG G
Carbon L-Sorbose NG NG G
Carbon Stachyose NG NG G
Carbon Dihydroxyacetone EX_dha(e) NG NG G dhaK 43
Nitrogen Urea EX_urea(e) NG NG G ureABC 28
Nitrogen D-Glutamic acid NG NG G
Nitrogen Ethanolamine EX_etha(e) NG NG G eutH 33
Nitrogen Guanine EX_gua(e) NG NG G hpx operon 7
Nitrogen Parabanic acid NG NG G
Sulfur N-Acetyl-L-cysteine NG NG G
Carbon Dulcitol EX_galt(e) NG G G gatD 41
Carbon L-Glutamic acid EX_glu_L(e) NG G G gdhA 21
Carbon Citric acid EX _cit(e) NG G G cit operon 40
Carbon p-Hydroxyphenyl acetic acid EX_4hphac(e) NG G G hpa operon 13, 26, 34
Carbon m-Hydroxyphenyl acetic acid NG G G
Carbon 2-Deoxy-D-ribose NG G G
Nitrogen Tyramine EX_tym(e) NG G G

“ @G, growth; NG, no growth.
> Absence/presence in iYL1228.
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species/strain-specific metabolic capabilities. Examples of
genes/operons that are present in K. pneumoniae MGH 78578
but absent from E. coli K-12 MG1655 include the cbi, pdu, hpa,
and rml operons, which confer on MGH 78578 the abilities to
synthesize cofactor B,,, utilize propanediol, metabolize 4-hy-
droxyphenylacetate, and synthesize dTDP-L-rhamnose, re-
spectively.

Although K. pneumoniae MGH 78578, Salmonella, and E.
coli K-12 MG1655 are closely related microorganisms, their
metabolic phenotypes are known to be distinct. Here we used
a phenotypic microarray (Biolog) to characterize the metabolic
differences between MGH 78578 and MG1655 and Salmonella.
A detailed summary of the result can be found in Table S3 in
the supplemental material. It is worth noting that the Biolog
data may have a technical error rate of approximately 15%,
which was estimated by two data sets performed for E. coli
MG1655 (1, 11). Therefore, caution must be taken when using
Biolog data for model refinements. In this study, we manually
verified 37 carbon source conditions to confirm the true met-
abolic capabilities of MGH 78578 for the refinement of the
reconstruction. Unlike the small metabolic difference (36 out
of 379 conditions, 9.5%) between E. coli and Salmonella (1), a
large difference (94 out of 379, 24.8%) between E. coli
MG1655 and K. pneumoniae MGH 78578 was found when
comparing the Biolog result for E. coli MG1655 (11) to that for
K. pneumoniae MGH 78578. Although the difference was re-
duced to 20.1% (65 out of 323) after validation of the consen-
sus Biolog result obtained from the two data sets with our
experimental result for MGH 78578, it highlights the different
metabolic capabilities of these enterobacteria. Among the 26
MGH 78578-specific nonutilized substrates, some carboxylic
acids that MGH 78578 cannot utilize as a sole carbon source
are intermediates in the tricarboxylic acid (TCA) cycle, so they
should be assimilated by MGH 78578, which suggests that
MGH 78578 lacks the corresponding transporters to transport
them into cells, especially during dicarboxylic acid transport.

Furthermore, we assessed in silico whether K. pneumoniae
model iYL1228 and E. coli model iAF1260 can both utilize 171
different substrates and found an agreement rate of 78.5% for
these 171 substrates, which are shared between the two mod-
els. This agreement rate of metabolic capability between
iAF1260 and iYL1228 accords well with that derived from
Biolog results (75.2 to 79.9%). Since 1,072 ORFs in iYL1228
were directly mapped from iAF1260, the two models are sup-
posed to share approximately 87% (1,072/1,228) of metabolic
capacity. However, the lower-than-expected metabolic capacity
in common suggests that small genetic difference might lead to
large metabolic difference.

To validate our reconstruction model, we quantitatively pre-
dicted the growth rates of MGH 78578 in M9 minimal medium
plus different carbon sources. In the beginning, we did not
constrain oxygen uptake rates. After simulations to optimize
biomass formation, oxygen uptake rates under each condition
were obtained. Then, we constrained the lower bound of oxy-
gen uptake rate in each condition to 21.837 mmol/gDW/h,
which is the in silico oxygen uptake rate under the glucose
condition. An oxygen uptake rate of 21.837 mmol/gDW/h is
higher than the one used in /AF1260, but it seems reasonable
because the higher glucose uptake rate was measured for K
pneumoniae. One notable observation from our result is that

J. BACTERIOL.

the in silico growth rates on some carbon sources are higher
than the experimental results (Fig. 3). There are two possible
explanations for these differences: (i) the reconstructed model
is unrealistically efficient and (ii) the strain used here has not
adapted well to the examined conditions. The first explanation
is likely true because the mechanism responsible for gene reg-
ulation is not considered in the current model. In this case,
addition of regulatory mechanisms to the model may reduce
the discrepancy. Meanwhile, the second possibility has been
experimentally supported in the case of growth on myo-inosi-
tol. Therefore, the overall agreement rate between in silico and
experimental growth rates is expected to increase if MGH
78578 is allowed adequate time to adapt to the examined
media. On the other hand, our model underestimates the
growth rate with glycerol as the sole carbon source. This ob-
servation indicates that the simulation parameters such as
GAM, NGAM, and BOF, which were determined with glucose
as the carbon source, are not suitable for the growth of MGH
78578 in glycerol.

We present here an extensively curated and validated ge-
nome-scale metabolic model for the biomedically and biotech-
nologically important organism K. pneumoniae. Given the im-
portance of this organism, this model is likely to find wide use,
and we also note that it represents the third curated genome-
scale model (in addition to /AF1260 and iRR1083) for Entero-
bacteriaceae. With these three curated genome-scale models
we can anticipate that new vistas in comparative genomics will
open up and will allow scientists to study actual organism
capabilities and phenotypic functions that arise from highly
homologous genomes.
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