
Elucidation of the Metabolic Network of Helicobacter pylori J99
and Malaysian Clinical Strains by Phenotype Microarray
Woon Ching Lee,* Khean Lee Goh,† Mun Fai Loke* and Jamuna Vadivelu*

*Faculty of Medicine, Department of Medical Microbiology, University of Malaya, Kuala Lumpur, Malaysia, †Faculty of Medicine, Department of

Medicine, University of Malaya, Kuala Lumpur, Malaysia

Keywords

Metabolism, phenotype microarray,

carbon sources, amino acids.

Reprint requests to: Jamuna Vadivelu,

Department of Medical Microbiology, Faculty of

Medicine, University of Malaya, Jalan Universiti,

50603 Kuala Lumpur, Malaysia.

E-mail: jamuna@ummc.edu.my

Abstract

Background: Helicobacter pylori colonizes almost half of the human popula-

tion worldwide. H. pylori strains are genetically diverse, and the specific

genotypes are associated with various clinical manifestations including gas-

tric adenocarcinoma, peptic ulcer disease (PUD), and nonulcer dyspepsia

(NUD). However, our current knowledge of the H. pylori metabolism is lim-

ited. To understand the metabolic differences among H. pylori strains, we

investigated four Malaysian H. pylori clinical strains, which had been previ-

ously sequenced, and a standard strain, H. pylori J99, at the phenotypic

level.

Materials and Methods: The phenotypes of the H. pylori strains were pro-

filed using the Biolog Phenotype Microarray system to corroborate genomic

data. We initiated the analyses by predicting carbon and nitrogen metabolic

pathways from the H. pylori genomic data from the KEGG database. Biolog

PM aided the validation of the prediction and provided a more intensive

analysis of the H. pylori phenomes.

Results: We have identified a core set of metabolic nutrient sources that

was utilized by all strains tested and another set that was differentially uti-

lized by only the local strains. Pentose sugars are the preferred carbon nutri-

ents utilized by H. pylori. The amino acids L-aspartic acid, D-alanine, and

L-asparagine serve as both carbon and nitrogen sources in the metabolism of

the bacterium.

Conclusion: The phenotypic profile based on this study provides a better

understanding on the survival of H. pylori in its natural host. Our data serve

as a foundation for future challenges in correlating interstrain metabolic

differences in H. pylori.

The microaerophilic bacterium Helicobacter pylori is a

slow-growing bacterial pathogen present in almost half

of the world population that establishes lifelong infec-

tions in humans. This bacterium lives within and

beneath the mucus layer that covers the gastric

mucosa. The most notable enzyme produced by this

bacterium is the potent urease that enables it to survive

acidic conditions by hydrolyzing urea to carbon dioxide

and ammonia. This local neutralization of gastric acid

helps H. pylori to successfully colonize the gastric

epithelium [1]. The presence of H. pylori in the gastric

mucosa is strongly associated with peptic ulcer disease

(PUD) and nonulcer dyspepsia (NUD) and is implicated

in more severe gastric diseases, including gastric

adenocarcinoma. The nature and severity of the disease

may be highly variable depending on the both host and

bacterial characteristics, which include their genotypes

[2]. The genetic variation among the strains has been

suggested to be responsible for the disparities of symp-

toms in H. pylori-infected patients [3]. The evolution of

specific genes and proteins in this pathogen is of para-

mount importance in this field as it strives to under-

stand the role of specific genes in its virulence.

At the genomic level, H. pylori is well characterized

as there are many strains that have had their whole

genome sequenced. Bacterial genomics, the identifica-

tion and annotation of the entire coding potential of a

bacterium, allows a more complete physiological
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integration of phenotypic characteristics of an organism

based on functional identification of genes and recon-

struction of the metabolic network [4,5]. Metabolism

involves the production of mass, energy, and redox

requirements for all cellular functions, and thus pro-

vides the driving force for cellular activity. However,

these genomic analyses provide only an in silico esti-

mate of overall metabolism of H. pylori. The ability of

human pathogens to metabolize various nutrients is

essential for the invasion, growth, survival, and colo-

nization in their hosts. To successfully colonize and per-

sist in the various niches within the host during the

course of infection, pathogenic bacteria need to adjust

and adapt their metabolic activity according to the local

nutrient availability. However, as compared to the

growing knowledge of molecular bacterial virulence

and pathogenesis, research on H. pylori metabolism and

persistence in the human host has very little progress

over the years. Having evolved and persisted in the

human gastric niche for many years, the adaptation of

H. pylori in its human host should be reflected in a

unique complement of physiological capabilities.

Phenotype MicroArrayTM (PM) technology by Biolog is

able to reveal many aspects of the bacterial cellular

phenotype. The test uses tetrazolium redox chemistry

which produces a color change in response to metaboli-

cally active bacterial cell respiration. This technology

has been used to be able to explore and identify the

unique metabolic traits of different bacterial strains [6].

The clinical strains used in this study were isolated

from gastroduodenal ulcer patients who went for gas-

troscopy at University of Malaya Medical Centre

(UMMC), Kuala Lumpur, Malaysia. H. pylori strains

UM032 and UM066 were isolated from PUD patients,

while UM037 and UM276 were from NUD patients.

The H. pylori standard strain, J99, was isolated from a

duodenal ulcer patient [7]. To reveal a more represen-

tative metabolic profile of the H. pylori strains, we

investigated these four clinical isolates that were

genomically sequenced and a standard strain, H. pylori

J99, at the phenotypic level using the OmniLog PM

system to corroborate genomic data. We used Biolog

plates PM1 to PM4, giving 190 carbon sources, 95

nitrogen sources, 59 phosphorous sources, and 35 sul-

fur sources, and the PM9 and PM10 plates, giving 192

tests of environmental conditions such as pH and salt

concentrations, to assess whether they could be dis-

criminated based on their respiration profiles, and at

the same time, establish whether PM high-throughput

would define potential differential markers for H. pylori.

Integration of phenomics into genomic information will

serve to deepen our knowledge of the metabolic diver-

sity of this bacterium. A better understanding of the

biochemistry of H. pylori is of fundamental interest to

microbiology and could also help in developing new

anti-H. pylori therapy.

Methods

Bacterial Cultivation

Four clinical isolates of H. pylori (UM032, UM037,

UM066, and UM276) available in our culture library

and the standard strain J99 (ATCC, Manassas, VA)

were selected for the present work. After minimal pas-

sage, the isolates were stored in brain heart infusion

(BHI) medium with 20% glycerol at �80 °C. All the

H. pylori strains, including J99, were revived by inocu-

lating them onto chocolate agar (supplemented with

7% lysed blood), which were then incubated for 3 days

in humidified air with 10% CO2 at 37 °C.

Characterization of Strains by Phenotype

MicroArray

The PM assay was performed using the 96-well

microplates PM1, PM2A, PM3B, PM4A, PM9, and

PM10 (http://www.biolog.com/pdf/pm_lit/PM1-PM10.

pdf) [8] to determine the metabolic profiles of H. py-

lori. All the materials, media, and reagents required

for the PM system were purchased from Biolog (Hay-

ward, CA). The experiment was conducted according

to the procedures developed by the manufacturer

with slight modifications to the bacterial cultivation.

Briefly, H. pylori cells cultured on the heavily streaked

chocolate agar, which had been passaged fewer than

three times from the frozen stock, were harvested

using sterile swab and transferred into inoculating

fluid to achieve 16% transmittance (T). Cell suspen-

sions at the final cell density of 52% T (72% T for

PM9 and PM10) were supplemented with a final con-

centration of 0.05% BSA and 1.25 mmol/L NaHCO3.

An additional carbon source of glucose was added

into the cell suspension for the plates PM3B, PM4A,

PM9, and PM10 to the final concentration of

2.5 mmol/L. To these suspensions, the redox indicator

tetrazolium (dye D) was added at a final concentra-

tion of 0.01%. One hundred microliter of the final

cell suspensions was loaded into each well of the PM

microplate. All the plates, together with a CO2 Com-

pact sachet (Oxoid, cat. no. CD0020C), were sealed

in a gas-impermeable bag and incubated at 37 °C in

an OmniLog incubator. The colorimetric readings

were recorded for 60 hours, and the data were evalu-

ated using OmniLog PM software. The assay was per-

formed in duplicates.
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Data Analysis

During the colorimetric measurements, the well A01

(negative control) was monitored to ensure the absence

of kinetic activities. At the end of the incubation per-

iod, the reduction in reporter dye was expressed as

OmniLog units. To compare the utilization of different

metabolic compounds, the raw data, including the

parameters slope, maximum (Tmax), and minimum

(Tmin) readings, were exported from the software. The

opm package in R-project [1] was used to reconstruct

the kinetic curves. The integrated surface area under

the time course kinetic curves (AUC) that reflected the

metabolic activity values was extracted from the soft-

ware.

To assess the metabolic kinetic activities in each

well, the slope was first used to determine positive

growth under various PM conditions. The values of

average AUC for all the negative wells were calculated

to obtain the background value so that a threshold can

be determined to offset the average area obtained in

each well with positive growth for each strain in PM

1–4. For PM9 and 10, as there is no negative control

well, the difference of the kinetic data (Tmax�Tmin)

was obtained and expressed as relative OmniLog units.

Bioinformatics Analysis

The RAST web server [9] was used to automatically

annotate the genome sequences. Annotated proteins

sequences were used to map against KEGG pathway

databases (KEGG (http://www.genome.jp/kegg) to

determine metabolic pathways to which the proteins

were assigned [10]. The respective orthologue tables,

KEGG module, and KEGG compound were extracted to

construct metabolic maps. Homology searches were

performed using the BLASTN tools [11].

Validation of PM Data to Confirm Utilization of b-
cyclodextrin as Carbon Substrate

After the completion of PM analysis, b-cyclodextrin
was selected for further validation of the metabolic

activity measured with Biolog PM technology. This

cyclic oligosaccharide is commonly added in the liquid

media to cultivate H. pylori. To confirm the PM analysis

results, which showed that the compound was not

metabolized by the strains, the utilization of b-cyclo-
dextrin was subsequently investigated by performing

independent studies in four types of media, without

using the PM plates. All the five strains were inoculated

into BHI, BHI supplemented with 1% of b-cyclodextrin,
IF-0a inoculation fluid (Biolog) as well as IF-0a

supplemented with 1% of b-cyclodextrin, respectively.

The cells were incubated in inoculation flasks at 37 °C.
A positive growth is determined in duplicate based on

the OD600 reading of the culture in every 24 hour.

Experiments were repeated at least twice.

Results

The four H. pylori strains used in this study were cho-

sen because their genomes were previously sequenced

[12,13] and the complete genome sequence of the ref-

erence strain J99 can be obtained in GenBank (acces-

sion number NC_000921.1). The kinetic curves of PM

analysis are shown in Fig. S1, and the nutrient sources

utilized by strains as indicated by PM data are summa-

rized in Table S1 and Fig. 1.

Carbon Source Utilization (PM1 and PM2A)

Using Biolog PM1 and PM2, 190 different carbon

sources were tested on the five strains of H. pylori.

H. pylori J99 was able to metabolize 49 (25.8%) of the

tested carbon sources, while the Malaysian clinical

strains UM032, UM037, UM066, and UM276 metabo-

lized 50 (26.3%), 38 (20.0%), 56 (29.5%), and 38

(20.0%) compounds, respectively. Only 25 compounds

of the carbon sources tested were metabolized by all

the five strains (Fig. 2). These include the amino acids

(L-aspartic acid, D-alanine, D-serine, and L-asparagine),

metabolic pathway intermediates (succinic acid and its

derivative D-glucuronic acid, D,L-malic acid, D-fructose-

6-phosphate, fumaric acid, bromosuccinic acid, L-malic

acid, pyruvic acid, 5-keto-D-gluconic acid, succinamic

acid, and dihydroxyacetone), and carbohydrates (L-ara-

binose, D-galactose, L-fucose, D-xylose, D-ribose and its
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Figure 1 Venn diagrams showing (A) carbon substrates and (B) nitro-

gen substrates catabolized by H. pylori strains isolated from PUD and

NUD patients. The capabilities of the strains in utilizing the substrates

during metabolism may be responsible for the disease outcomes.

Nevertheless, the sample size needs to be increase in order to

confirm this notion.
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derivative 2-deoxy-D-ribose, D-psicose, L-lyxose, glu-

curonamide, and D-arabinose). Only two carbon sources

were metabolized by H. pylori J99, but not the Malay-

sian clinical strains, which are the dipeptide gly-glu and

glycogen. In contrast, the sugar L-rhamnose was used

by all the Malaysian clinical strains but not the H. pylori

J99.

Nitrogen Source Utilization (PM3B)

There are only three compounds of the 95 nitrogen

sources that serve as the core metabolic nutrient

sources for H. pylori. Compounds used by all the strains

during their respiration are the amino acids (L-aspara-

gine, L-aspartic acid, and D-alanine) and are also the

core carbon sources for all the strains tested for their

metabolism. H. pylori J99 metabolized amino acids or

their derivatives (L-arginine, L-proline, L-ornithine, N-

phthaloyl-L-glutamic acid, gly-asn, and gly-glu) that

the other strains did not utilize for respiration. In con-

trast, among the strains tested, only H. pylori J99

showed no respiration with a-amino-N-valeric acid.

Phosphorus and Sulfur Source Utilization (PM4A)

The H. pylori strains did not metabolize much of the

phosphorus and sulfur sources for growth. There are no

substances identified as core nutrients during the respi-

ration of the strains in the plate PM4A. All the strains

except H. pylori J99 utilized dithiophosphate (phospho-

rus source). H. pylori J99 did not appear to utilize phos-

phorus compounds, whereas H. pylori UM037 did not

utilize sulfur compounds in their respiration process.

The lack of phosphorus utilization may be explained by

the presence of polyphosphate granules in the cell [14].

The granules serve as energy and phosphorus storage

and participate in the regulation of various metabolic

processes of H. pylori. Accumulation of polyphosphate

granules is more prominent in the viable but noncul-

turable (VBNC) coccoid than in the spiral form [15]

suggests that phosphorus compounds may not be essen-

tial to H. pylori for growth. This is not unexpected as

polyphosphate kinase (PPK) in H. pylori is not required

in the bacterial growth but is essential for colonization

[16].

Effects of Osmolytes and pH (PM9 and PM10)

The strain UM032 showed better osmolytes tolerance

compared to the other strains tested. The survival of

H. pylori strains in a range of sodium chloride (NaCl)

concentration showed an interesting pattern (Fig. S4A).

The strains survived best at 1% NaCl (2% for UM032),

and their metabolism was lowest at 3–4% NaCl. The

metabolism gradually increased from 5% NaCl and

reached another lower peak at 7–8% NaCl.

In general, H. pylori, especially strain UM032,

showed the ability to survive in a wide range of chemi-

cal compounds that could be present in human stom-

ach, including urea and food additives or preservatives.

It is however not surprising that H. pylori could survive

in the presence of urea. Current observation (Fig. S4B)

shows that the H. pylori strains other than UM032 had

better respiration at the highest urea concentration

(7%, PM9 well E07).

The bacterial metabolism is also affected by pH. As

shown in Fig. S5, H. pylori strains have similar pattern

of pH for metabolism and able to survive at pH >5,
where the optimum range is at pH 5.5–7 (PM10, well

A05-7). The drop in kinetic activity was observed at pH

8 and then increased slowly at pH >8.5. Besides, H. py-
lori performed better with various nitrogen compounds

under pH 9.5 as compared to pH 4.5.

Role of b-Cyclodextrin

b-cyclodextrin was not involved in the metabolism of

any tested strains. In the validation test (Fig. 3), the

presence of b-cyclodextrin in BHI enhanced the growth

of H. pylori. On the contrary, the minimal medium used

for PM analysis did not support the growth of the bac-

teria even with the addition of b-cyclodextrin.

Figure 2 Carbon substrates that are commonly utilized by all the

H. pylori strains. The average area under the curve, AUC, of the

kinetic data for the five strains was obtained. Dye reductions were

higher in the metabolism of pentoses, more specifically, the aldopen-

toses (ribose, lyxose, arabinose, and xylose). This suggests that these

aldopentoses are the preferred energy sources used by the bacteria

during their respiration.
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Particularly in UM032, this strain is able to show slight

growth in BHI without b-cyclodextrin. Together with

the absence of growth in the b-cyclodextrin-supple-
mented minimal medium IF0a, the results suggest that

b-cyclodextrin does not act as a substrate for metabo-

lism in H. pylori.

KEGG Observation

The RAST-annotated protein sequences from all the

tested strains in this study were mapped against KEGG

databases. The compounds predicted to be involved in

metabolic pathways were compared to PM analysis. The

proposed map for carbon metabolism was constructed

and shown in Fig. 4, whereas the KEGG nitrogen meta-

bolism map was shown in Fig. S2. The metabolism

pathways are generally conserved among the strains,

except for the enzymes that are listed in Table 1.

The orthologue of acetyl-coenzyme A synthetase

that catalyzes the formation of acetate from acetyl-

coenzyme A in the citric acid (TCA) cycle is not found

in J99. Other enzyme orthologues (N-methylhydantoi-

nase A, delta-1-pyrroline-5-carboxylate dehydrogenase,

proline dehydrogenase (proline oxidase)/delta-1-pyrro-

line-5-carboxylate dehydrogenase) that were present in

local H. pylori strains but not in J99 are involved in

proline metabolism, which may explain the utilization

of proline as both carbon and nitrogen sources in only

the strain J99. Aspartate aminotransferase is used to

catalyze the interconversion of L-aspartate and a-
ketoglutarate to oxaloacetate and glutamate in TCA

cycle. The orthologue of this enzyme is only found in

J99 and UM037; however, the result from PM analysis

does not agree with this observation as L-aspartate was

utilized by all the tested strains as a carbon source.

Discussion

Because of its role as a causative agent of gastritis and

stomach ulcers, H. pylori was one of the first bacterium

to have its complete genome sequence published. As

little is known about the metabolism of H. pylori, gen-

ome sequence data have been used to annotate the

genes and predict the corresponding metabolic net-

works in H. pylori. In the present study, we integrate

the phenotypic characteristics of the bacteria with the

predicted pathways from KEGG. By applying data from

the PM assays, a large number of additional nutrient

sources utilized were revealed. The study also provides

additional basic metabolic information for modeling

and flux balance analysis.

Carbon as Metabolic Energy Source

Bacteria require a sufficient supply of carbon to feed

their metabolic pathways. In their native environments,

β-cyclodextrin 

β-cyclodextrin 

Figure 3 Effect of b-cyclodextrin in culturing media on the H. pylori growth. Error bars indicate mean � SE of three independent experiments

performed in duplicate. Growth was detected only in the BHI supplemented with 1% (w/v) b-cyclodextrin.
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limited amounts of complex mixtures of carbon sources

are often present at low concentrations. As a result

microbial cells have developed multiple systems to uti-

lize a wide array of different substrates as carbon

sources. Since the discovery of H. pylori, complex sugars

were predicted as not the major energy source while

glucose appears to be the only carbohydrate utilized by

this bacterium [17,18]. The application of PM analysis

allowed us to identify additional carbon sources that

could be metabolized by H. pylori strains.

Galactose (PM1, well A06) and fucose (PM1, well

B04), which are monomers of sugars (hexose), were

used by all the tested H. pylori strains. L-rhamnose

(PM1, well C06), which was utilized by the local clini-

cal strains only, can be converted into fucose or dihy-

droxyacetone in fructose and mannose metabolism.

GLYCOLYSIS 

NON-OXIDATIVE  
PENTOSE PHOSPHATE 

PATHWAY 

ENTNER-DOUDOROFF  
PATHWAY 

α-D-glucose 

β-D-glucose 

α-D-glucose-1P 

α-D-glucose-6P 

β-D-glucose-6P β-D-fructose-6P 

β-D-fructose-1,6P2 

glyceraldehde-3P 

dihydroxyacetone glycerate-1,3P2 

glycerate-3P 

glycerate-2P 

phosphoenolpyruvate 

pyruvate 
5-keto-D gluconic acid 

D-alanine 

D-erythrose-4P 

D-sedoheptulose-7P 

D-ribose-5P 

PRPP 

D-ribose-1P 

D-ribose D-xylulose-5P 

D-glucono-1,5-lactone-6P 

6-phospho-D-gluconate D-gluconate

2-dehydro-3-deoxy-D-gluconate-6P 

acetyl-coA 

citrate 

cis-aconitate 

isocitrate 

oxalosuccinate 

α-ketoglutaric acid  

succinyl-coA 

succinate 

fumarate 

malate 

oxaloacetate 

L-aspartate 

L-asparagine 

TCA CYCLE 

Core carbon source used by all 
H. pylori strains, as indicated by 
PM data 

or to be performed by H. pylori 

 

D-galactose 

D-mannose 

L-Fucose 

3P-hydroxypyruvate 

phosphoserine 

L-serine 

L-Rhamnose 

L-glutamate 

Figure 4 Proposed carbon metabolism in H. pylori based on PM analysis and KEGG pathway predictions. Blue arrow denotes the absence of

enzyme orthologue in the reaction.

Table 1 Enzymes orthologues present in each H. pylori strains based on KEGG databases

Orthologues KEGG enzyme entry J99 UM032 UM037 UM066 UM276

Acetyl-coenzyme A synthetase EC 6.2.1.1 • • • •

N-methylhydantoinase A EC 3.5.2.14 • • • •

Delta-1-pyrroline-5-carboxylate dehydrogenase EC 1.5.1.12 • • • •

Proline dehydrogenase (Proline oxidase)/

Delta-1-pyrroline-5-carboxylate dehydrogenase

EC 1.5.99.8/EC 1.5.1.12 • • • •

Aspartate aminotransferase EC 2.6.1.1 • •
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These sugars will eventually enter the glycolytic path-

way. H. pylori possesses genes for the glycolytic reac-

tions required to convert glucose until D-fructose-6P. In

this study, only H. pylori UM037 did not utilize a-D-glu-
cose (PM1, well C09), whereas only J99, UM032, and

UM066 utilized D-glucose-6P as the source of carbohy-

drate. Instead, all of the five strains used D-fructose-6P

(PM1, well E04), which is also one of the intermediates

of glycolysis. This implies that glucose does not serve as

the preferred carbohydrate source for all the H. pylori

strains. Nevertheless, the lack of the enzymes fructose-6-

phosphokinase (which phosphorylates b-D-fructose-6P)
and pyruvate kinase (which converts phosphoenolpyru-

vate to pyruvate) diverts D-fructose-6P away from the

glycolytic pathway. As supported by earlier studies

[19,20], H. pylori consists of two complete pathways for

carbohydrate metabolism: the Entner–Doudoroff and the

nonoxidative pentose phosphate pathways. Although

not utilized by all the strains, D-fructose-6P can be con-

verted to D-glucose-6P by glucose-6-phosphate iso-

merase, which enters the Entner–Doudoroff pathway to

produce pyruvate. The utilization of D-glucuronic acid by

all the strains implies that the bacteria could convert this

compound into 6-phospho-D-gluconate in the Entner–
Doudoroff pathway. However, the corresponding

enzymes are yet to be identified as no orthologues were

found in this study. Furthermore, the lack of phospho-

gluconate dehydrogenase in the oxidative pentose

phosphate pathway means that the bacterium is not able

to convert 6-phospho-D-gluconate into D-ribulose-5P,

shunting the carbon into the Entner–Doudoroff
pathway. Metabolism of other pentose compounds such

as L-arabinose (PM1, well A02), D-xylose (PM1, well

B08), D-ribose (PM1, well C04), L-lyxose (PM1, well

H06), and D-arabinose (PM2, well B05) by all the strains

also implies that the H. pylori uses the pentose phosphate

pathway. Expectedly, deoxyribose/2-deoxy-D-ribose

(PM2, well B09), which serves as an important precursor

in DNA biosynthesis, was also utilized by all the strains.

Alternative sugar sources for all the five strains of

H. pylori include D-psicose (PM1, well H05). This hex-

ose can be converted to fructose by D-psicose 3-epimer-

ase, which orthologue was identified in the H. pylori

genome.

The TCA cycle in H. pylori has been reported to

appear as a noncyclic pathway because of the absence

of the enzymes succinyl-CoA synthetase and malate

dehydrogenase [21]. As shown in the KEGG pathway

prediction in Fig. 4, the dicarboxylic acid arm proceeds

reductively from malate through fumarate to succinate

and the tricarboxylic acid arm operates oxidatively from

oxaloacetate through citrate, cis-aconitrate, isocitrate,

oxalosuccinate, a-ketoglutarate to succinyl-CoA. Instead

of having a-ketoglutarate dehydrogenase, all the

H. pylori strains tested in this study encode for

a-ketoglutarate ferredoxin oxidoreductase to catalyze

the conversion of a-ketoglutarate to succinyl-CoA.

The compounds of the TCA cycle that were tested in

the PM assays include malate (PM1, well G11), fuma-

rate (PM1, well F05), succinate (PM1, well A05), citrate

(PM1, well F02), and a-ketoglutarate (PM1, well D06).

Citrate was only utilized by the strains J99 and UM276,

whereas a-ketoglutarate was only utilized by the strains

J99 and UM066. On the contrary, malate, fumarate,

and succinate were metabolized by all the strains, sug-

gesting that the dicarboxylic acid arm is the preferred

pathway of the TCA cycle by local strains of H. pylori.

Furthermore, the absence of oxidative reactions in pen-

tose phosphate pathway and TCA cycle explains the

microaerophilic nature of H. pylori.

Lack of metabolic activity in the well-containing b-
cyclodextrin (PM2, well A04) gives an interesting

insight. b-cyclodextrin has been added into liquid med-

ium for the cultivation of H. pylori. Studies [22–24]
showed the b-cyclodextrin-supplemented culture broth

enhanced H. pylori growth without interfering with the

expression of antigens or toxins in H. pylori. Neverthe-

less, the study by Walsh et al. [25] showed contradic-

tory results whereby there was inhibition of growth of

some H. pylori strains in the b-cyclodextrin-supplemen-

ted media. The results of the present investigation con-

firm that the b-cyclodextrin has no nutritional value to

the H. pylori metabolism. Instead, this cyclic oligosac-

charide removes toxic fatty acids from the media [26].

This indicates that BHI supplemented with yeast extract

used in this study has sufficient nutrients to support

H. pylori growth.

Iwatani et al. [27] identified the genes contributing

to the lactate utilization and demonstrated that H. pylori

is able to utilize both D- and L-lactate. It was reported

that the gene hp0137 in strain 26695 involved in the

utilization of lactate contribute to stomach colonization

by H. pylori [28]. All the strains tested in the present

study carry the orthologues of the genes that encodes

for lactate dehydrogenase (hp1222 in strain 26695) and

the corresponding genes, including hp0137. However,

only certain strains have the ability to catabolize lac-

tate. As the strains UM037 and UM066 did not respire

with K-lactate (PM1, well B09), this suggests that lac-

tate metabolism is not the consensus virulence factor in

H. pylori infection.

Amino acid Metabolism

Utilization of amino acid as carbon and nitrogen

sources in H. pylori has been described. In the earlier
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reports [29–31], arginine, isoleucine, leucine, methion-

ine, phenylalanine, and valine were mainly consumed

during the growth of H. pylori of strains of Australian

and European isolates. However, the diversity in the

requirements for these amino acids is demonstrated in

the present study.

In addition to being involved in carbon metabolism,

three of the amino acids that serve as core carbon

nutrients to H. pylori also serve as important nitrogen

sources to the bacteria; these are L-aspartic acid (PM1,

well A07; PM3, well A10), D-alanine (PM1, well A09;

PM3, well C03), and L-asparagine (PM1, well D01;

PM3, well A09). The results showed that carbohydrates

could be removed from the media in which amino acids

constituted basic nutrients. In addition to succinate and

malate, aspartic acid can also be used to generate fuma-

rate in the TCA cycle while the aspartic acid can be

formed from asparagine. The PM results are in agree-

ment with the KEGG predictions that all the strains

metabolized aspartic acid and asparagine as carbon

sources.

Alanine and proline have been reported as both car-

bon and nitrogen energy sources for the H. pylori

strains [32]. Although the metabolism of alanine has

been proven in the present study, proline metabolism

showed contrasting results. Proline uptake and respira-

tion in the infection and redox homeostasis of H. pylori

have been characterized in previous studies [33–35].
However, L-proline (PM1, well A08; PM3, well B09)

was not involved in the respiration of all H. pylori

strains in the present study. Although putP, the gene

responsible for proline uptake, is present in all the

strains, only J99 metabolized L-proline both as carbon

and nitrogen sources. UM037 did not utilize L-proline,

but it serves as a carbon nutrient for UM032, UM066,

and UM276.

The incomplete glycolytic pathway is also attributed

by the absence of pyruvate kinase that phosphorylates

phosphoenolpyruvate to pyruvate. The ability of utiliz-

ing serine by all the strains indicates that this step can

be by passed through the formation of pyruvate in the

carbohydrate metabolism. The KEGG pathway predicted

that serine can be formed from glycerate-3P through

3P-hydroxypyruvate and phosphoserine. The catabo-

lism of serine to produce pyruvate has been shown in

an earlier study [36]. D-alanine was also used by all the

strains as carbon source. Although it can be used to

synthesize pyruvate, orthologues of D-alanine amino-

transferase were not identified in H. pylori. Nonetheless,

D-alanine is also required as one of the precursors in

peptidoglycan biosynthesis (Fig. S3). The present results

support a study by Nagata et al. that revealed the pro-

duction of pyruvate from alanine and serine [37].

However, the pyruvate was produced from L-serine

(PM1, well G03; PM3, well B10), instead of the D-serine

(PM1, well B01) that was utilized by all the strains in

the present study. Furthermore, the same study by

Nagata et al. [37] also indicated that the production of

ammonia from D- and L-alanine, and L-serine, which

may contribute to protecting H. pylori from their acidic

environment.

Helicobacter pylori has urease, which allows them to

hydrolyze urea into ammonia and carbon dioxide. The

nitrogen molecules from urea were shown to be incor-

porated into glutamate and glutamine in this organism

by glutamate dehydrogenase and glutamine synthetase,

respectively [38,39]. The activities of the enzymes in

the tested strains are also predicted by KEGG (Fig. 4).

Contrary to the accepted view that H. pylori metabolizes

urea, the well A02 (ammonia) and A05 (urea) in PM3

surprisingly showed zero activities by all the tested

strains. In other words, urea and ammonia were not

utilized by these strains during their respiration. The

glutamate dehydrogenase and glutamine synthetase,

which serve as ammonium assimilation enzymes in

H. pylori, were shown to enhance the ability of H. pylori

to survive in an acidic environment [39]. In addition,

these enzymes have been studied for their roles in host

cell cytotoxicity [40,41] and in suppression of the host

immune response [42]. The medium used in this PM

analysis contains minimal nutrient, whereas the organ-

ism’s niche in nature is the human gastric, which could

be abundant in nutrients. Thus, the absence of the dye

reduction signals could be explained by the absence of

inducer to trigger the utilization of these nitrogen com-

pounds. For example, nickel as cofactor for urease has

been shown to increase the expression of urease and

hence enhance the H. pylori colonization in stomach

[43,44].

Ability of H. pylori Survival with Osmolytes

Although there is limited knowledge on the response

of H. pylori to osmotic shock, Spohn and Scarlato [45]

described the role of the HspR regulatory protein in

mediating the transcriptional response to changes in

temperature, salt, and/or osmotic stress. Epidemiologi-

cal studies associated high-salt diets with H. pylori infec-

tion, as dietary sodium chloride intake emerged as a

key player in enhancing the likelihood of severe disease

outcomes such as gastric cancer [46]. In the current

observation, PM analysis showed that H. pylori had pos-

itive respiration at up to 10% NaCl. Previous studies

had demonstrated that at even higher salt concentra-

tions of 30% resulted in increased expression of H. py-

lori virulence factors, including CagA [47,48]. Higher
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salt tolerance by the strain UM032 implies that different

H. pylori strains evolved to withstand different NaCl

pressures that could arise from specific host dietary

habits. In addition, H. pylori could survive in the pres-

ence of other ions or osmolytes such as sodium lactate,

sodium phosphate, sodium benzoate, ammonium sul-

fate, sodium nitrate, and sodium nitrite. These com-

pounds are commonly present in food as additives or

preservatives, suggesting that the bacteria might grow

in the broad range of additives or preservatives used in

food industry.

Future Works

Helicobacter pylori has implications in diverse clinical and

epidemiologic scenarios. Our study has provided sub-

stantial grist for further experimental studies of H. pylori

pathogenesis. Potential new substrates for growth

media were also revealed through this study. However,

more experiments are needed to fully understand the

carbohydrate and amino acid catabolism in this bac-

terium, and these investigations should be guided by

genomic data. Future work could focus on understand-

ing the molecular basis of metabolic pathways in

greater detail. This would improve understanding of the

mechanisms in which H. pylori genes undergo changes

leading to heterogeneity as the organism strives to sur-

vive in its seemingly hostile gastric niche.
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Additional Supporting Information may be found

online in the supporting information tab for this article:

Fig. S1 Kinetic curves of PM analysis for the five

H. pylori strains. The raw data was extracted from

OmniLog PM software and the curves were re-con-

structed using opm package in R-project.

Fig. S2 KEGG nitrogen metabolism pathway map

constructed from the genome of the H. pylori J99.

Fig. S3 KEGG peptidoglycan biosynthesis pathway

map constructed from the genome of the H. pylori J99.

Fig. S4 H. pylori are able to survive under various

concentrations of (A) NaCl and (B) urea. The strain

UM032 generally survived better in the presence of

these osmolytes.

Fig. S5 pH profile of H. pylori metabolism. The dye

reduction intensities were highest at the pH range 5.5–
7. Although UM066 showed similar pattern, this strain

has highest kinetic activity at pH 10, which is the high-

est tested in PM9.

Table S1 Nutrient sources utilized by strains in this

study.

Appendix S1 Raw data (AUC) of PM analysis.
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