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ABSTRACT 

Enterobacter cloacae UW5 is a common enteric commensal and soil bacterium whose 

plant growth-promoting capabilities have been attributed to production of the signaling 

molecule indoleacetic acid (IAA). Mutants with deletions in the ipdC gene encoding 

indolepyruvate decarboxylase, a key enzyme in the IAA biosynthetic pathway no longer 

promote plant growth. However, indolepyruvate decarboxylases are promiscuous, and 

therefore the indolepyruvate pathway may produce other plant bioactive signaling 

molecules in addition to IAA. Moreover, ipdC is upregulated in the presence of both 

tryptophan (a pathway precursor) and phenylalanine (not known to be metabolized by the 

indolepyruvate pathway in E. cloacae). One of the aims of this study was to identify the 

indolepyruvate pathway-dependent metabolites produced by E. cloacae cultured in 

tryptophan and phenylalanine media. Expression of ipdC and an adjacent gene (akr) 

predicted to encode an aldo-keto reductase (AKR) are regulated by the transcription 

factor TyrR. Because the genes are co-regulated, I hypothesized that the pathways 

catalyzed by the two enzymes may be connected. Therefore, a second aim of this study 

was to identify metabolites in the AKR pathway, in particular those shared with the 

indolepyruvate pathway. Using an untargeted metabolomics approach, and ipdC and akr 

mutants, indolepyruvate decarboxylase-dependent changes to the metabolic profile were 

measured and putatively linked to tryptophan, phenylalanine, glucosinolate, sphingolipid, 

and linoleic acid metabolism. Additionally, 137 putative metabolites in the AKR pathway 

were uncovered, and pyruvate metabolism was discovered to be a potential link between 

the two enzymatic pathways. Many indolepyruvate-dependent changes to E. cloacae 

metabolism identified in this study could serve as signaling molecules or their precursors, 
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thus shedding light on the ecological role of the indolepyruvate pathway as a potential 

mediator of bacteria-host or bacteria-bacteria interactions beyond its known role in IAA 

biosynthesis.
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INTRODUCTION 

Bacterial-host interactions 

Bacteria can modulate the growth, development, and behaviour of their eukaryotic hosts 

(Egan et al. 2001; Cryan and O’Mahony 2011; Patten et al. 2013). Perhaps one of the 

best-studied microbe-host interactions is between a host plant and the bacteria inhabiting 

the rhizosphere, the narrow strip of soil directly impacted by plant secretions (Curl and 

Truelove 1986).  Plant pathogens and plant growth-promoting rhizobacteria (PGPR) 

inhabit the rhizosphere, interacting with the microbial community and the host plant. 

PGPR can enhance plant growth indirectly by inhibiting the growth of soil-borne 

pathogens or inducing systemic resistance to plant pathogens, and directly, by way of 

nitrogen fixation, or modulation of bioactive molecules like plant hormones, including 

gibberellins, cytokinins, and indole-3-acetic acid (IAA) (Bastian et al. 1998; Lugtenberg 

and Kamilova 2009). PGPR residing in the root nodules of legumes form symbiotic 

relationships with the plant, where bacteria provide assimilable nitrogen for the plant and 

are provided a carbon source in return (Bloemberg and Lugtenberg 2001). Reduction of 

the levels of the plant hormone ethylene, detrimental to plants at high concentrations, 

occurs through the bacterial production of the enzyme ACC (1-aminocyclopropane-1-

carboxylate) deaminase by destroying the ethylene precursor (Glick 2014). The 

rhizobacterium Enterobacter cloacae can metabolize plant-derived fatty acids in the soil, 

inhibiting the germination of the fungal plant pathogen Pythium ultimum, thereby 

reducing plant susceptibility to disease (Van Dijk and Nelson 2000).   

Mounting evidence is implicating mammalian microflora in physiological 

changes to their host species (Hooper et al. 2001; Bravo et al. 2011; Cryan and 
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O’Mahony 2011). Germ-free mammals are particularly useful in the latter regard. Germ-

free rats are less efficient at harvesting energy from their food since a higher caloric 

intake is required for weight maintenance when compared to their conventionally raised 

counterparts (Wostmann et al. 1983; Hooper et al. 2001). Germ-free mice colonized with 

Bacteroides thetaiotaomicron, a commensal, gut-dwelling species, had increased 

expression levels of genes related to glucose and lipid absorption, suggesting a role for 

the host's microbial community in metabolism (Hooper et al. 2001). Mounting evidence 

from germ-free animal studies suggests that gut microbiota play a role in shaping the 

behaviour of their host species (Bravo et al. 2011; Foster and McVey Neufeld 2013; 

O’Mahony et al. 2015; Sharon et al. 2016). Identifying the signaling molecules involved 

in these interactions, the connections among their biosynthetic pathways, and the genes 

encoding the enzymes that catalyze the reactions in these pathways are important steps in 

understanding the role that bacteria play in shaping the phenotype of their host.  

 Signaling molecules can be classified based on the relationship between the 

species that produces the signal and the species receiving the signal. Signals that induce 

physiological changes to the signaling species are intraspecies signals, while those signals 

with a physiological effect on a different species are termed interspecies signals. The 

latter category can be further differentiated to intradomain and interdomain signals. The 

phylogenetic gap between signal-producer and signal-receiver is widest in interdomain 

signaling. There are various chemical classes of signaling molecules with quite divergent 

chemical properties; these include amino acid derivatives, lipids, polysaccharides, and 

proteins (McFall-Ngai et al. 2013).  
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Indole, a tryptophan derivative, is an intercellular signaling molecule produced by 

several bacterial species (Lee and Lee 2010), and is involved in intraspecies, interspecies, 

and interdomain signaling. Indole induces the expression of xenobiotic exporter genes in 

Escherichia coli, an indole-producer (Hirakawa et al. 2005). Indole secreted by E. coli 

can also induce expression of xenobiotic exporter genes in the non-indole producing 

bacterium Salmonella typhimurium, marking indole as a interspecies signaling molecule 

(Vega et al. 2013). By supplying indole at levels comparable to those produced by E. coli 

cultures, Vega et al. demonstrated that in a C. elegans model for S. typhimurium 

infections, antibiotic resistance of S. typhimurium increased. This suggests that signaling 

molecules produced by microbial communities can impact the dynamics of the microbial 

community within the host environment by influencing the survival of particular 

microbial species within the community. A more direct effect of indole signaling on the 

host was observed by Bansal et al. (2010), through demonstration that indole levels 

comparable to those produced by commensal E. coli strains increased the expression of 

genes involved in pathogen defense and resistance in human epithelial cells, and that 

these changes in gene expression were correlated with increased resistance to 

colonization by a bacterial pathogen. The impact of the interdomain signaling molecule is 

not restricted to human cells, since indole promotes lateral root development in 

Arabidopsis thaliana (Bailly et al. 2014). 

In addition to indole, other aromatic amino acid derivatives are interspecies 

bacterial signals. Conventionally-raised mice have higher levels of serotonin and other 

bioactive tryptophan derivatives than germ-free mice suggesting that members of the gut 

microflora may contribute to these higher levels (Wikoff et al. 2009). Gut commensal 
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bacteria such as E. coli produce the neurotransmitters serotonin, and phenylalanine-

derived norepinephrine and dopamine in all growth phases at physiological relevant 

levels (Shishov et al. 2009). Through production of intraspecies, interspecies, and 

interdomain signals, the microbial community within a host species has the potential to 

impact microbial community dynamics within the host, or exert a more direct influence 

on the host through interdomain signals.  

Indole-3-acetic acid and interspecies interactions 

Bacteria, plants and fungi produce IAA (Fu et al. 2015). The impact of this 

signaling molecule on plant physiology is well studied. IAA produced by plants 

contributes to phototropism, vascular development, apical dominance, cell division and 

expansion, and regulates the structure of roots, shoots, and organs (Gray, 2004; 

Woodward and Bartel, 2005). For bacteria, IAA synthesis supplies assimilable nitrogen 

through deamination of tryptophan (Rodionov et al. 2011; Patten et al. 2013), and 

improves tolerance to abiotic stresses, including acid and oxidative stress, heat and cold 

shock, UV-radiation, and osmotic stress (Bianco et al. 2006; Imperlini et al. 2009). 

Exogenously supplied IAA induces a multiplicity of changes to the transcriptome of 

Azospirillum brasilense, including changes to the expression of genes involved in 

transport and secretion, and transcription factors (van Puyvelde et al. 2011). In the 

legume-associated Rhizobium etli, IAA regulates the expression of genes associated with 

recognition of, and attachment to, host cells (Spaepen et al. 2009).  

When secreted by fungi and bacteria, IAA plays contrasting roles as a virulence 

factor produced by some plant pathogens or as a plant growth stimulator produced by 

some PGPR (Lambrecht et al. 2000; Fu et al. 2015). The difference in the impact of IAA 
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on the plant is likely influenced by dose and host tolerance. A Pseudomonas fluorescens 

IAA-overproducing mutant increased root weight of blackcurrant cuttings compared to 

the parent strain, yet the same mutant strain decreased root weight in sour cherry cuttings 

(Dubeikovsky et al. 1993). P. syringae GR12-2 promotes root elongation of canola, but 

an IAA-overproducing mutant had the opposite effect, inhibiting canola root formation 

(Xie et al. 1996). Exogenously applied IAA accelerates root elongation only at low 

levels; at higher levels root growth is inhibited (Thimann and Lane 1938). IAA is also a 

virulence factor of gall-forming phytopathogens such as P. syringae pv. savastanoi and 

Agrobacterium tumefaciens (Magie and Wilson 1962; Smidt and Kosuge 1978; Patten et 

al. 2013). Formation of gall tumors on oleander by P. syringae pv. savastanoi is 

dependent on the secretion of IAA (Smidt and Kosuge 1978).  

The production of IAA by PGPR contributes to their plant growth-promoting 

capabilities (Dubeikovsky et al. 1993; Glick, 1995).  For example, mutants with 

disruptions in IAA biosynthesis genes no longer enhance root development (Patten and 

Glick, 2002; Dobbelaere et al. 1999; Barbieri et al. 1986). However, many of the 

enzymes in the IAA biosynthesis pathway are promiscuous (Schütz et al. 2003), and the 

possibility remains that other plant bioactive molecules in addition to IAA are produced 

via this pathway.  

IAA is present in mammalian tissues and fluids, including human plasma and 

urine (Anderson and Purdy 1979; Martínez et al. 1983; Morita et al. 1990), and in the 

mouse brain (Yamada et al. 1983). IAA is produced to some extent in mammals through 

the oxidative deamination of tryptophan or the decarboxylation of tryptamine (Weissbach 

et al. 1958), and ingestion of plant material may also contribute to mammalian IAA 



 

 6 

levels.  Bacteria may contribute to the pool of IAA in mammalian tissues and fluids; 

indeed, IAA was produced anaerobically by bacteria present in fresh stool samples when 

the samples were supplemented with tryptophan (Smith and Macfarlane 1997), and 

several commensal and pathogenic microbiota produce IAA, including Bacteroides 

thetaiotaomicron, Clostridium difficile, Salmonella typhimurium, and Mycobacterium 

tuberculosis (Patten et al. 2013). The impact of bacterial IAA on mammalian physiology 

is unclear, though it has been implicated in apoptotic and necrotic cell death of human 

neutrophils (de Melo et al. 2004), and causes apoptosis of neuroepithelial cells (Furukawa 

et al. 2004). The production of this tryptophan-derivative could also impact the 

availability of tryptophan for the host, leaving less of the essential amino acid available 

for the synthesis of proteins or important tryptophan derivatives, like serotonin 

(O’Mahony et al. 2015).  

Indole-3-acetic acid biosynthesis in bacteria 

Genes encoding enzymes involved in IAA biosynthesis are present in a wide 

variety of bacteria that inhabit many niches. This includes many soil-dwelling species 

(Patten et al. 2013), the human pathogen Clostridium difficile (Elsden et al. 1976), 

estuarine species of Vibrio (Gutierrez et al. 2009), and members of the human gut 

microflora, such as Bifidobacterium pseudolongum, Bacteroides fragilis, and 

Enterobacter cloacae (Chung et al. 1975; Koga et al. 1994; Smith and Macfarlane 1996). 

IAA-producing bacteria include members of the phyla Firmicutes, Proteobacteria, 

Bacteroides, and Actinobacteria. The production of IAA by such a wide variety of 

bacteria may be an indication that the physiological function of IAA is broader than 

previously thought.  
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Despite the broad phylogenetic range of the bacteria involved, the production of 

IAA by bacteria occurs though only three biochemical pathways (Fig. 1). The 

nomenclature for the different pathways is derived from the intermediates in the pathway: 

indole-3-acetamide, indolepyruvate, and tryptamine (Lambrecht et al. 2000).  The indole-

3-acetamide pathway is principally known for its involvement in IAA production by gall 

forming bacteria including P. syringae pv. savastanoi, and Agrobacterium tumefaciens 

(Thomashow et al., 1984; Kosuge et al. 1966; Patten et al. 2013).  
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Figure 1. The three characterized IAA biosynthetic pathways in prokaryotes. 
In the indolepyruvate pathway, tryptophan is deaminated to indole-3-pyruvate. 

Indolepyruvate is decarboxylated to indole-3-acetaldehyde, which is oxidized to form 

IAA. In the indoleacetamide pathway, tryptophan is decarboxylated to indole-3-

acetamide, which is deaminated to form IAA. Finally, the indoleacetonitrile pathway 

starts with the production of indole-3-acetaldoxime, followed by the dehydration of 

indole-3-acetaldoxime to form indole-3-acetonitrile. Indole-3-acetonitrile is converted to 

IAA. Dashed lines indicate reactions for which the bacterial enzyme has not yet been 

identified. KG: amino acceptor α-ketoglutarate, AAT: aromatic aminotransferase, PLP: 

coenzyme pyridoxal 5’-phosphate, IPDC: indolepyruvate decarboxylase, GLU: 

glutamate, TPP: coenzyme thiamine pyrophosphate, TMO: tryptophan 2-

monooxygenase, FAD: coenzyme flavin adenine dinucleotide, IAH: indoleacetamide 

hydrolase, Oxd: indoleacetaldoxime dehydratase, NIT: indoleacetonitrilase, NHase: 

indoleacetonitrile hydratase. Image: Patten et al. 2013. 
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Many PGPR produce IAA through the indolepyruvate pathway (Patten et al. 

2013). Tryptophan is deaminated to indolepyruvate by an aminotransferase. The 

aminotransferase involved can be promiscuous, catalyzing reactions with multiple amino 

acids, including tryptophan, phenylalanine, tyrosine, leucine and methionine (Yvon et al. 

1997). Non-oxidative decarboxylation of indolepyruvate by indolepyruvate 

decarboxylase (IPDC) produces the next intermediate, the labile compound indole-3-

acetaldehyde. Again, the enzyme can be promiscuous, catalyzing reactions not only with 

indolepyruvate, but also with phenylpyruvate, 4-phenyl-2-oxobutanoic acid, 5-phenyl-2-

oxopentanoic acid, pyruvate, benzoylformate, and branched-chain amino acid derivatives 

(Schütz et al. 2003; Spaepen, Versées, et al. 2007; Patten et al. 2013). Finally, indole-3-

acetaldehyde is oxidized to form IAA.  

The rate-limiting step of the indolepyruvate pathway is the nonoxidative 

decarboxylation of indolepyruvate by IPDC. In A. brasilense, the IPDC homologue 

phenylpyruvate decarboxylase catalyzes the formation of IAA and phenylacetic acid, a 

weak auxin, from tryptophan and phenylalanine, respectively (Wightman and Lighty 

1982; Ziauddin et al. 1992; Somers et al. 2005).  

E. cloacae possesses the indolepyruvate pathway, and an ipdC knockout mutant is 

available (Ryu and Patten 2008), therefore, this PGPR, human gut commensal, and 

opportunistic human pathogen is an excellent organism for study of the metabolites of the 

indolepyruvate pathway that may affect host interactions. In E. cloacae, IPDC expression 

is induced by the transcription factor TyrR in the presence of tryptophan, phenylalanine, 

and, to a lesser extent, tyrosine (Ryu and Patten 2008). Enzyme expression often 
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increases in the presence of its substrate, so there remains an intriguing possibility that 

IPDC catalyzes a reaction with a heretofore-untested phenylalanine derivative.  

Adjacent to ipdC in the E. cloacae genome is a divergently transcribed gene 

predicted to encode an aldo-keto reductase (AKR) that is co-regulated by TyrR (Coulson 

and Patten 2015). Enzymes of the aldo-keto reductase superfamily catalyze the reduction 

of aldehyde and ketone groups, often with broad substrate specificity (Ellis 2002). 

Indolepyruvate and indole-3-acetaldehyde contain ketone and aldehyde functional 

groups, respectively, and could be substrates for AKR, but the substrate specificity of this 

enzyme in E. cloacae is unknown. 

Given the propensity for promiscuity of both of the enzymes involved, and the 

potential for biochemical links between them, the indolepyruvate pathway may impact 

the levels of a more diverse array of metabolites than is currently appreciated, especially 

given the increased expression levels of ipdC in the presence of non-IAA precursors. 

Metabolomics is a powerful tool to illuminate gaps in knowledge of biosynthetic 

pathways, and is particularly well suited for the study of this system. 

Metabolomics techniques 

Saghatelian et al. (2004) successfully identified novel substrates for an enzyme 

using an untargeted metabolomics approach. Analogous to genomics and transcriptomics, 

untargeted metabolomics seeks to identify all metabolites in a given cell, tissue or 

organism under a set of conditions. Contrast that with targeted metabolomics, a more 

specific approach in which the metabolites of interest are known ahead of time. By 

running chemical standards along with experimental samples researchers can increase 

confidence in the identification of the metabolites in the samples, and quantify their 
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abundance. To identify potential substrates using untargeted metabolomics, the 

metabolites in a knockout mutant and its parent strain are compared under a given set of 

conditions. The abolition of enzyme function causes a metabolic lesion, disturbing the 

connecting pathways, and the substrates can accumulate in the knockout strain, allowing 

for identification of novel substrates in situ (Saghatelian et al. 2004). The advantage of 

this technique over in vitro enzyme assays is that they may not provide the proper context 

for assessing an enzyme’s in vivo activity. Metabolic reactions are impacted by 

environmental conditions including temperature, pH and the concentrations of 

metabolites (Reed et al. 2006). Saghatelian’s approach allows for the enzyme activity to 

be assessed in vivo. Because chemical standards are not run in this case, the identities of 

the compounds remain putative until further experimental validation can be carried out 

(e.g. by running chemical standards in a targeted fashion). The exact concentration of the 

metabolites in untargeted metabolomics remain unknown unless chemical standards are 

run alongside the samples. However, the relative quantities of potential substrates 

between the mutant and wild-type strains can be determined.  

Two technologies exist for metabolite measurement, nuclear magnetic resonance 

(NMR) and mass spectrometry (MS). NMR uses a magnetic field to create a chemical 

shift in the nuclei of the molecules in a sample, and this information can be used to 

determine the molecule’s identity (Bertini et al. 2012). Mass spectrometers ionize 

molecules within a sample, giving each analyte a characteristic mass-to-charge ratio 

(m/z), which is used for identification (Downard 2004). MS is typically coupled to a 

chromatographic separation by liquid chromatography (LC) or gas chromatography (GC). 

Both GC- and LC-MS employ the use of a stationary phase and mobile phase to separate 
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the molecules within a sample based on the molecular properties (e.g. polarity) of the 

compounds therein. In the case of GC-MS, the mobile phase is a carrier gas, while LC-

MS uses a liquid mobile phase (Kitson et al. 1996). A derivatization step is often 

employed with GC-MS since without one, only volatile compounds can be detected 

(Kitson et al. 1996). LC-MS is more sensitive than GC-MS (Wishart 2009) and is capable 

of identifying non-polar compounds without a derivatization step.  

Objectives of this study 

The characterization of metabolites produced through the bacterial indolepyruvate 

pathway is incomplete, and their broader physiological and ecological role, especially as 

intra- and inter-species signaling molecules, remains elusive. E. cloacae, which possesses 

the indolepyruvate pathway and inhabits both the gut and the rhizosphere, is an excellent 

organism in which to examine IPDC-dependent metabolites that impact host plants and 

mammals. Untargeted metabolomics is a promising technique to investigate the systemic 

response to metabolic lesions in biochemical pathways, and this study aimed to use this 

approach to identify alternative substrates and products of the indolepyruvate pathway, 

substrates for the co-regulated AKR, and overlaps between the two pathways through 

identification of common intermediates. Examination of IPDC and AKR activity in the 

more complex environment of the cell can elucidate connections between the enzymes 

and other biochemical pathways, and is a step toward illuminating the broader function of 

the enzymes.  
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MATERIALS AND METHODS 

Bacterial strains and culture conditions 

The E. cloacae strains used in this study are described in Table 1. All cultures were 

routinely grown at 30°C and 250 rpm in 0.4% glucose M9 minimal salts medium (Difco) 

made with ultra pure water with four replicates per treatment (grown from single 

colonies). Overnight starter cultures (cultured for ca. 16 hours) were supplemented with 

appropriate antibiotics (ampicillin, 100 µg/mL; kanamycin, 50 µg/mL; gentamicin, 25 

µg/mL) to ensure the growth of axenic cultures. Overnight cultures were washed twice by 

harvesting cells at 10,000 rpm for one minute, and resuspending in 1x M9 salts before 

1:100 inoculation into antibiotic-free  (to avoid unintended metabolic perturbation of the 

cultures) M9 medium containing aromatic amino acid supplements (tryptophan or 

phenylalanine, 1 mM) that are known substrates for, and inducers of, indolepyruvate 

decarboxylase (Coulson and Patten, 2015; Patten et al., 2013; Ryu and Patten, 2008). 

Cultures were grown for 48 hours to stationary phase (when IAA production is highest) 

before quenching of metabolic activity. 
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Table 1. Bacterial strains used in this study.  

Strain Features Source or reference 

E. cloacae UW5 Wild-type strain, Apr Patten and Glick, 2002 

ΔipdC UW5 ipdC::Kmr, Apr Patten and Glick, 2002 

Δakr UW5 akr::Gmr, Apr Culture collection* 

*, insertional mutant constructed by C. Patten 
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Quenching and sample preparation 

To quickly stop all cellular processes, metabolic activity was quenched by adding 

3 mL of 60% cold methanol (-80°C) directly to the 3 mL cultures (Winder et al. 2008), 

followed by freezing at -80°C before transport on dry ice to the mass spectrometry 

facility. Five mL of each sample was removed to a pre-weighed flask and vacuum 

centrifuged (Genevac) for eight hours at 5000 × g (30°C) to dehydrate the samples. A 1.5 

mL aliquot of 75% methanol was added to each sample and the pellet was resuspended 

by sonication for 10 seconds in a VWR 75D Ultrasonic cleaner (VWR Scientific) (Moco 

et al. 2006). A 1.5 mL sample of the suspension was centrifuged for 10 minutes (5000 × 

g, room temperature) to remove cell debris, and the supernatant was used for metabolic 

analysis. 

LC-MS conditions 

LC-MS was employed in this study due to its high sensitivity and because LC-MS 

has been successfully used to study aromatic amino acid derivatives in bacterial cultures 

(Russell et al. 2013). LC-MS data was acquired on a Thermo Orbitrap Velos high-

resolution mass spectrometer fitted with an ESI source and coupled to a photo diode array 

detector (Accela). The chromatography employed a Thermo Hypersil Gold C18 column 

(2.1 x 50 mm, 1.9 µm) and a mobile phase flow rate of 0.3 mL min-1 with a linear 

gradient over 4.8 min from water/methanol/formic acid (94.9:5:0.1) to methanol/formic 

acid (99.9:0.1), followed by 2.8 min with methanol/formic acid (99.9/0.1). This was 

followed by an additional 2.4 min re-equilibration period with the initial conditions (i.e. a 

water/methanol/formic acid ratio of 94.9:5:0.1) between samples. The sample injection 

volume was 5 µL. The mass spectrometer was operated in positive ionization mode under 
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the following conditions: spray voltage, 3.0 kV; capillary temperature, 275 °C; S-lens RF 

voltage, 60.0%; maximum injection time (ms), 500; microscans, 1.  The system was 

controlled by XCalibur 2.1 software (ThermoScientific). The column conditions were 

initially tested on standards of IAA, phenylalanine, tryptophan and 4-nitrobenzaldehyde 

(an aromatic aldehyde used instead of indole-3-acetaldehyde since it is more stable) to 

ensure that their detection was possible under the LC-MS conditions. Under these 

conditions, IAA, phenylalanine and tryptophan had a limit of detection between 1 and 10 

ng/mL, while 4-nitrobenzaldehyde had a limit of detection between 0.1 and 1 µg/mL.  

Peak detection and quantification 

Before statistical analysis can be done on an LC-MS dataset, the peak information 

must be processed in a way that makes each sample comparable. Each peak depicts the 

intensity of the analyte as it passes through the chromatography column and is detected 

by the mass spectrometer, providing a trace of the relative quantity of the metabolite over 

time. Every LC-MS dataset will contain some random noise, and the true peaks must be 

identified before analysis can proceed further. Slight differences in analyte migration 

through the column result in small retention time differences between samples for the 

same analyte. To identify common “features” in an LC-MS dataset, a retention time 

correction must be performed. A feature is a data point with a unique retention time and 

mass-to-charge ratio (m/z).  

In order for an analyte to be detected by a mass spectrometer, the analyte must be 

ionized. In positive mode ESI, the ionization step can cause one analyte to combine with 

more than one ion, resulting in multiple features with unique m/z values, and the same 

retention time. Common ions observed when the mass spectrometer is run in positive 
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mode include the precursor molecule combined with a proton (M+H), or sodium (M+Na) 

or potassium ions (M+K). Because the precursor molecule can combine with more than 

one ion, analytes can be represented by more than one feature. These features will have 

the same retention time and peak shape but different m/z values (Kuhl et al. 2012). The 

increase in the m/z from the mass of the precursor molecule is dependent on the mass of 

the ionized product: for the M+H ion the increase is 1.01 u, for the M+Na ion it is 22.99 

u, and for the M+K ion it is 38.96 u. 

Raw data files from Xcalibur 2.1 were converted to centroid mzXML files, an 

open source format, using ReAdW 4.2.1 (https://sourceforge.net/projects/sashimi/files/). 

Peak picking and retention time alignment were performed using XCMS Online 

(Tautenhahn et al. 2012). Feature detection was performed using the centWave method: 

maximum mz deviation = 2.5 ppm, 20 – 60 sec peak width, signal-to-noise threshold = 

10, mzdiff = 0.01, integration method = 2, prefilter peaks = 2, prefilter intensity = 5000, 

noise filter = 1000. Retention time correction used the obiwarp method: profStep = 0.1. 

Alignment parameters were: mzwid = 0.001, minfrac = 0.5, bw 10, max = 100, minsamp 

= 3.  

The raw peak intensities of the features were compared in a pairwise manner 

between E. cloacae UW5 wild-type (WT) and the ipdC or akr mutant strains in 

tryptophan (W) or phenylalanine (F) media. Fold changes were calculated and a Welch’s 

t-test was applied to determine which features were significantly dysregulated for 

metaXCMS analysis. The output generated from this analysis provided peak information 

(m/z, retention time, and peak intensity) for downstream analysis (Fig. 2).  
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Figure 2. LC-MS data analysis pipeline.  

XCMS Online was used for feature detection and retention time alignment, measurement 

of feature intensity, and identification of dysregulated features in pairwise comparisons. 

To determine dysregulated compounds common to multiple sample groups, dysregulated 

features detected using XCMS Online were used as input for metaXCMS. Identities of 

the features were obtained by using MassTRIX to search metabolite databases for 

metabolites matching the m/z of the features. To identify potential substrates for AKR, a 

meta-analysis was again employed, this time only using the pairwise comparisons 

between the akr mutant and wild-type strains grown in tryptophan or phenylalanine-

supplemented media. Identities for these putative substrates were obtained by using 

MassTRIX. To search for pathways perturbed by the abolition of ipdC and akr, 

dysregulated features determined using XCMS Online and Metaboanalyst were identified 

by MassTRIX and mapped to pathways using Metabolite Pathway Enrichment Analysis 

(MPEA).  
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Identification of metabolites in perturbed pathways 

MetaXCMS performs a meta-analysis on metabolomics data. It takes the output 

generated by multiple XCMS pairwise comparisons (feature information, p-values, fold 

changes, described in the preceding section) and realigns dysregulated peaks (peaks with 

statistically different intensities according to the initial XCMS analysis) to determine 

whether the dysregulated features are common among the treatments or unique to a 

particular treatment.  In this study, metaXCMS was used to identify features that were 

differentially produced in wild-type and mutant strains in the tryptophan and 

phenylalanine media. 

 To determine the effect of the mutations on metabolic activity of E. cloacae, 

features in all pairwise analyses (WTW-IPDCW, WTF-IPFCF, WTW-AKRW, WTF-

AKRF) were realigned. MetaXCMS aligned only the dysregulated features that met the 

fold change cut off (2) and minimum p-value (0.05) in at least one pairwise alignment. 

Putative identities for these features were obtained by probing several databases using 

each feature’s m/z (Kyoto Encyclopedia of Genes and Genomes (KEGG) (Minoru 

Kanehisa and Goto 2000; Kanehisa et al. 2016), Human Metabolome Database (HMDB) 

(Wishart et al. 2007; Wishart et al. 2009; Wishart et al. 2013), and LipidMaps (Fahy et al. 

2007)) using MassTRIX (Suhre and Schmitt-Kopplin 2008; Wägele et al. 2012)). 

Databases were searched for compounds matching the m/z of hydrogen, sodium and 

potassium adducts (M+H, M+Na, and M+K). 

To probe the dataset for a possible substrate for AKR, the metaXCMS analysis 

was performed using p ≤ 0.01 and a fold change cut-off of 4. The stringency was 

increased based on the findings of an untargeted metabolomics study by Saghatelian et al. 
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(2004) that demonstrated that levels of an enzyme’s endogenous substrates were four-

fold or higher in knockout mutants. Increasing the fold change cut-off therefore increases 

the chances of identifying true substrates over spurious substrates. The putative identity 

of these possible substrates was obtained by searching for M+H, M+K and M+Na 

adducts using MassTRIX. 

Metabolic pathway analysis 

Abolition of an enzyme by introducing a mutation creates a metabolic lesion that 

results in changes to biochemical pathways upstream and downstream of the lesion. 

These perturbed pathways can reveal an enzyme’s normal function. To probe the dataset 

for perturbed metabolic pathways, the peak intensities of the features identified in each 

pairwise comparison were normalized and analyzed for statistically significant 

differences between strains using MetaboAnalyst 3.0 by removing missing values, 

normalizing the data and applying statistical tests (Xia et al. 2009; Xia et al. 2012; Xia et 

al. 2015). Features with greater than 50% missing values among the four replicates were 

removed, and for those with ≤ 50% missing values, intensities were estimated based on 

half of the minimum positive value in the original data (i.e. if only one or two of the four 

replicates had a missing value for a feature, the zero is replaced with a minimum value to 

allow for statistical analysis). Data were normalized to dry weight, cube transformed, and 

autoscaled. Welch’s t-test was applied and the p-value was adjusted for multiple 

comparisons by accounting for the false discovery rate (FDR) (Benjamini and Hochberg 

1995).  

To perform Metabolite Pathway Enrichment Analysis (MPEA; Kankainen et al. 

2011) putative metabolite identities are required, therefore MassTRIX was employed 
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again. Identities were obtained for metabolites whose adducts (M+H, M+K, or M+Na) 

were predicted to match the m/z of significantly different features from each pairwise 

analysis (FDR < 0.05, fold change > 2). Because MPEA uses pathways from the KEGG 

database, KEGG identifiers must be used as input, so the Chemical Translation Service 

(Wohlgemuth et al. 2010) was used to translate LipidsMaps and HMDB identifiers to 

KEGG identifiers for pathway mapping.  

MPEA was run in single set mode, probing pathways from all organisms (to avoid 

restriction to a particular organism’s known metabolic capability), and with k-selection 

method set to medium. MPEA can be run in either single set or iterative mode, and in this 

case the dataset was too large to allow for iterative analysis. Using single set mode, the 

statistical significance of each of the features in the metabolite list is assumed (instead of 

calculated by MPEA as it is in the iterative mode). Hence, only significant features, as 

identified through Metaboanalyst (FDR < 0.05, fold change > 2), were used as input for 

MPEA. If a feature matches to compounds in two pathways, one with a high number of 

putative hits (high coverage), and one with a low number of putative hits (low coverage), 

then the chemical identity of that feature is more likely represented by the metabolite in 

the high coverage pathway. This follows from the fact that metabolites in the same 

pathway are connected to each other through chemical reactions.  MPEA finds the 

minimum, maximum and median number of KEGG identifiers associated with the 

pathway. When the k-selection method is set to medium, the median value for the number 

of KEGG identifiers in a pathway is reported. Because Kankainen et al. (2011) reported 

the highest accuracy for median k-selection methods, this value was chosen for the 

analysis. MPEA assigns p-values for the identified pathways, and the p-value was 
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adjusted for multiple comparisons using the Benjamini and Hochberg method (1995) and 

the R statistical analysis package (R Core Team 2015).  

 The KEGG database was used to determine the potential connections between 

putatively identified compounds in the dataset that were present in the pathways 

identified by MPEA since KEGG pathways are manually generated and based on 

experimental data. The resultant connections were visualized using Cytoscape (Shannon 

et al. 2003). Because our knowledge of E. cloacae metabolism is incomplete, pathway 

connections were not restricted to hypothetical reactions predicted by the E. cloacae 

genome. Therefore, the reactions depicted in the pathway maps include reactions from all 

KEGG pathways, not solely the reactions predicted for E. cloacae. 
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RESULTS 

Overall impact of the disruption of akr and ipdC on E. cloacae metabolism 

MetaXCMS was used to search for dysregulated features in the ipdC and/or akr 

mutant strains compared to the wild-type strain when cultured in phenylalanine- or 

tryptophan-supplemented minimal media. In total, 520 features were significantly 

different between two or more treatment groups. Six of these features (m/z 252.0377, 

224.9611, 235.0628, 218.8681, 141.9355, 304.9053) were present at different levels in 

both mutants relative to the wild-type when cultured in phenylalanine or tryptophan (Fig. 

4). Of these, only one feature matched to a metabolite in a database (KEGG, HMDB and 

LipidMaps). The feature at m/z 252.0377 matched the expected m/z of the sodium adduct 

of the drug amiloride (C6H8ClN7O), a sodium channel blocker. No literature exists on the 

natural biosynthesis of amiloride, so this putative identification seems unlikely. The more 

likely explanation is that the compound represented by this feature is not present in the 

databases searched.   

Overall, more changes in feature intensity were detected in tryptophan medium 

compared to phenylalanine medium. Sixteen features were significantly altered between 

the wild-type and mutants cultured in phenylalanine medium. Annotation was not 

possible for these features as there were no matching compounds in the database. Of the 

117 features significantly different between the mutants and wild-type in the presence of 

tryptophan, 27 matched to metabolites in the KEGG database, and therefore were used to 

identify disrupted pathways common to both akr and ipdC mutants in tryptophan 

medium. No metabolic pathways were identified by MPEA.  
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Figure 3. Overall comparison of significantly altered metabolites as identified 

through MetaXCMS.  

Analysis revealed features that were significantly (p ≤ 0.01, fold change ≥ 2) higher or 

lower in akr and/or ipdC mutants relative to wild-type E. cloacae when grown in 

phenylalanine or tryptophan media. Culturing in tryptophan medium resulted in the 

highest number of changes between the mutants and wild-type, with 250 features 

different between the wild-type and ipdC mutant (WTW-IPDCW), and 216 features 

different between the wild-type and akr mutant (WTW-AKRW). 117 of these features 

were different in both pairwise comparisons, though not necessarily in the same direction. 

In contrast, phenylalanine medium induced 167 differences in features between the wild-

type and ipdC mutant (WTF-IPDCF), and 93 differences between the wild-type and akr 

mutant (WTF-AKRF). Sixteen of these features were shared between both pairwise 

comparisons. Feature intensity changes common to both amino acid treatments were 

lower between the ipdC mutant and the wild-type, with 29 features dysregulated, than 

between the akr  mutant and the wild-type, with 36 features dysregulated. 

 

Substrate analysis for AKR in tryptophan and phenylalanine media 

To identify putative substrates and products for AKR, MetaXCMS was used to 

probe the data for features that were significantly different (p ≤ 0.01) between the wild-
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type and AKR mutant with a fold change of 4 or higher. Potential substrates would be 

expected to be more abundant in the mutant since the substrate may accumulate in the 

absence of a catabolic enzyme. The dataset was searched for compounds enriched in the 

wild-type cultures as well; these compounds could correspond to the product of the 

enzymatic reaction. 

MetaXCMS analysis revealed 115 features that were potential substrates or 

products of AKR (with a fold change of 4 or higher and an FDR < 0.05) (Fig. 4). None of 

the features matched to indolepyruvate pathway metabolites. Nine of these features were 

significantly different between the akr mutant and the wild-type in both phenylalanine 

and tryptophan treatments (Fig. 5). None of these 9 features had a matching metabolite in 

the searched databases (m/z: 141.9355, 218.8681, 244.8839, 258.8632, 276.9101, 

289.9184, 290.9258, 304.9052, 337.03857). Identification of these features may have 

provided information about substrates or products that were either independent or 

dependent on the presence of tryptophan and phenylalanine, and so are of particular 

interest. As the metabolomics databases mature, it may become possible to identify these 

compounds.  

AKR substrates may differ between cultures grown in phenylalanine versus 

tryptophan, so the features unique to each pairwise comparison were also examined. 

Again, tryptophan induced more changes in the metabolic profiles of the cultures than 

phenylalanine. MassTRIX was used to search for putative identities for the 85 features 

different in tryptophan-grown cultures and the 39 features different in phenylalanine-

grown cultures. Of the 39 significantly different features identified in the phenylalanine-

treated cultures, two matched to metabolites in the searched databases; since both of these 
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were synthetic drugs (emtricitabine and amiloride), the true identifications remain 

elusive.  Twenty-three of the 85 differentially regulated features from the tryptophan-

treated cultures matched to a metabolite in the database (Table 2).  Many of these features 

matched multiple metabolites, resulting in 135 unique metabolite identities. None of the 

metabolite identities matched to a compound in the indolepyruvate pathway, however, 

five features matched metabolites with an aldehyde or ketone groups (Table 2).  These 

five features matched to 92 metabolites in HMDB, KEGG and LipidMaps databases. 

Since AKR is expected to reduce aldehyde or ketone groups, these compounds are of 

particular interest.  
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Figure 4. Potential substrates and products of the reaction catalyzed by AKR.  

Features with a fold change of 4 or higher (FDR < 0.05) in either akr or wild-type strains 

cultured in tryptophan (W) and/or phenylalanine (F).   

 

 

 

 

Table 2. Compound classes for the putative substrates of AKR. 
Of the 85 features that are potential substrates or products of AKR in tryptophan medium, 

23 features matched to at least one metabolite in the databases searched (KEGG, HMDB 
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and LipidMaps). The table lists compound classes and chemical formulas of the 

metabolites associated with each feature. 

Compound class Aldehyde/ 
ketone 

Feature 
mass 

Database 
matches 

Formulas 

Organic phosphonic acid, 
propanoic acid, α-oxoaldehyde, 
ketone 

Both 112.9999 7 C3H6O2; 
CH5O4P 

Flavonoid Ketone 393.0741 39 C20H18O6 

Flavonoid, chalcone, 
dihydrochalcone, pterocarpan 

Ketone 375.1003 17 C21H20O4 

Flavonoid, diterpenoid Ketone 387.1213 15 C22H20O5; 
C19H24O6 

Steroid  Ketone 323.1627 14 C19H24O3; 
C16H28O4 

Amino acid (3-Sulfino-L-alanine) No 191.9723 1 C4H8Cl2O 

Fatty acid amide No 282.2792 1 C18H35NO 

Fatty acid No 271.2633 24 C17H34O2 

Flavonoid No 310.0809 1 C16H15O5 

Fungal alkaloid No 277.1099 1 C16H18N2 

Insecticide No 267.9633 1 C5H12NO3PS2 

Monoalkylglycerol No 339.2871 1 C19H40O3 

Pyrimidine or derivative No 280.0995 1 C12H15N4O2S 

Sesquiterpenoid No 324.1622 1 C16H28O4 

Stilbenoid (toxic substance) No 304.0268 1 C14H13Cl2NO 

Carcinogen No 164.9846 1 C4H8Cl2O 

Drug No 254.0840 1 C12H15NO3S 

Drug No 255.1129 1 C15H14N2O2 

Drug No 286.1102 1 C13H19NO4S 

Drug No 315.1619 1 C19H23ClN2 

Drug No 366.2155 1 C20H29N3O2 

Drug, pesticide, fungicide No 367.0968 3 C22H17ClN2; 
C19H21ClN2O 

Toxin No 306.0061 1 C13H11Cl2NO2 
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 The analyte with an m/z of 112.9998 matches the expected m/z of two 

methylglyoxal derivatives (acetol (M+K) and lactaldehyde (M+K)) (Fig. 5A). The feature 

is higher in the wild-type compared to the akr mutant, (Fig. 5B) marking it as a potential 
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product of the reaction catalyzed by AKR. Acetol and lactaldehyde can both be produced 

by the reduction of methylglyoxal. The M+H adduct of either substance would not have 

been measured because the m/z for the adducts (75.0441) would be below the scanning 

range of the mass spectrometer in this experiment (m/z 100-400). Five other metabolites 

match this feature (hydroxymethylphosphonate (M+H), 3-hydroxypropanal (M+K), 

propionic acid (M+K), glycidol (M+K), and methyl acetate (M+K)).  

This compound (m/z 112.9998) eluted early at a retention time of 0.26 minutes, 

and the peak shape is broad and flat (Fig. 5C). Since acetol is a polar compound, and 

polar compounds elute early, this is expected. The feature is 10,769-fold higher (FDR = 

2.68E-06) in wild-type cultures compared to akr mutant cultures, though it appears that 

the intensity of the peaks was improperly calculated for the akr mutant cultures. The raw 

peak intensity is recorded as zero (Fig. 5B), yet the peak clearly has an area (Fig. 5C). 

This error may have arisen due to the misshapen (non-Gaussian) peak. Nevertheless, the 

peak area is clearly higher in the wild-type. 
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Figure 5. Extracted ion chromatogram of a potential product of the reaction 

catalyzed by AKR.  

At m/z 112.9998 with a retention time of 0.26 minutes, this feature has an unusual peak 

shape. The potassium adducts of the methylglyoxal derivatives acetol and lactaldehyde 

match the m/z of the feature (A).  The peak intensity of the AKRW chromatogram is 

recorded as zero (B), but the peak clearly has an area smaller than the area under the peak 

from the WTW samples (C). 

 

 

 

 

 

 

 



 

 36 

AKR metabolite pathway enrichment analysis 

To identify pathways linked to AKR activity, the fold change threshold was 

reduced from 4 to 2-fold in order to increase the probability of observing connections 

between metabolites in a given pathway. XCMS was used to align all features to 

determine the putative identities of all m/z meeting the significance threshold (FDR<0.05, 

fold change >2) using MassTRIX for MPEA input.  

In the cultures grown in phenylalanine medium, only 8 significantly different 

features between the wild-type and akr strains had a metabolite matching to the KEGG 

database, out of a total of 62 significantly different features. These 8 features matched to 

39 metabolites in the KEGG database (Appendix A). No pathways were enriched in this 

analysis.  

In the cultures grown in tryptophan medium, 141 features were significantly 

different between the wild-type and akr mutant, and 75 of these features could be 

annotated. MPEA revealed aminobenzoate degradation to be enriched (FDR = 0.0234), 

with only 3 unique features significantly different between strains out of a total pathway 

size of 73 metabolites (Appendix B). These three features matched to 5 metabolites 

(Table 3).  
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Table 3. Aminobenzoate degradation metabolites impacted by the abolition of akr.  

Three unique features matched to 5 compounds in the aminobenzoate degradation 

pathway. All features had a positive fold change (FC) in akr mutant cultures compared to 

wild-type cultures. 

Metabolite m/z FDR 

FC 

(akr/WT) Structure 

Phenylphosphate 175.0155 4.3E-02 3.5 

 

4-Hydroxybenzoylformate 167.0339 2.37E-02 2.8 

 

Terephthalate 167.0339 2.37E-02 2.8 

 

3-Sulfomuconate 244.972 3.80E-04 2.2 

 

4-Sulfolactone 244.972 3.80E-04 2.2 
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IPDC has a broad impact on tryptophan metabolism 

Of the 1844 features detected by LC-MS analysis, 474 were significantly different 

between E. cloacae wild-type and ipdC mutant. Of these features, 236 were putatively 

labeled using MassTRIX for MPEA analysis. As expected, MPEA identified a 

perturbation in tryptophan metabolism in the mutant when compared to the wild-type 

strain (Table 4). Features matching the indolepyruvate pathway metabolites tryptophan, 

indole-3-acetaldehyde, indolepyruvate and indole-3-acetic acid were all present in the 

dataset, though tryptophan levels were not significantly different between the two strains 

(Fig. 6 and 7). Importantly, IAA was lower (54.7 fold, FDR = 0.00163) in ipdC mutant 

cultures relative to the wild-type cultures (Fig. 6 and 7) as expected. Indole-3-

acetaldehyde was high in the mutant, an unexpected result as indole-3-acetaldehyde is a 

product of the reaction catalyzed by IPDC. 
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Table 4. KEGG pathways that have significantly altered metabolite (feature) levels 

between wild-type and ipdC mutant strain when cultured in tryptophan medium. 

Pathway name Raw  
p-value 

FDR Pathway 
size 

Unique 
features 

Tryptophan metabolism 4.64E-07 8.82E-06 81 11 

Sphingolipid metabolism 1.32E-02 4.80E-02 25 3 

Linoleic acid metabolism 1.47E-02 4.90E-02 26 3 

Glucosinolate biosynthesis 1.60E-02 4.90E-02 74 5 
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Figure 6. Connections between the metabolites in the tryptophan metabolic pathway 

according to the KEGG database.  

Two features matched to multiple metabolites in the tryptophan metabolic pathway and 

are denoted by the numbers 1 (m/z 206.0812) and 2 (m/z 176.07066). 
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Figure 7. Intensities of the features matching the metabolites in the tryptophan 

metabolic pathway.  

The feature at m/z 206.0813 putatively matched both 5-methoxy-indoleacetatea and 

indole-3-lactic acidb. Tryptophan, indole, N-acetylisatin and 5-hydroxy-L-tryptophan 

were measured but were not significantly different between strains.  
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Disruption of ipdC increased the production of putative sphingolipid derivatives 

Three features that matched to intermediates of the sphingolipid pathway were 

present in the wild-type and ipdC mutant strains cultures when grown in tryptophan 

medium (Fig. 9). Serine, the first metabolite of the sphingolipid biosynthesis pathway 

(Braun and Snell 1967), can be converted to tryptophan via tryptophan synthase; this 

reaction is listed as reversible in KEGG (Drewe and Dunn 1986). Two of the features 

were significantly higher in the ipdC mutant strain cultures: a feature matching the 

expected m/z of the M+H adduct of both 3-dehydrosphinganine and sphingosine (4.5 fold 

higher in the mutant, FDR = 0.00138), and a feature matching the M+H adduct of 

dihydroceramide (3.4 fold higher in the mutant, FDR = 0.00133) (Fig. 10). The KEGG 

database lists dihydroceramide with an ambiguous –R group, and MassTRIX calculated 

the expected m/z of the hydrogen adduct of dihydroceramide based on the assumption 

that the R-group was a hydrogen atom (C19H39NO3). This is consistent with HMDB, 

another curated metabolite database (Wishart et al. 2013), which lists dihydroceramide 

with hydrogen as the R-group.  A feature matching the expected m/z of sphinganine 

(M+K adduct) was also measured in both cultures, but not significantly different between 

strains (4.4 fold higher in the wild-type, FDR = 0.226).  
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Figure 8. Connections between tryptophan and putative sphingolipid metabolites.  

Tryptophan may be metabolized to sphingosine. Potential connections between 

metabolites were derived from the KEGG database. 1: 3-dehydrosphinganine and 

sphingosine matched to the same feature (m/z 300.2897).  
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Figure 9. Intensities of sphingolipid metabolites detected in ipdC and wild-type 

strains cultured in tryptophan medium. 

Sphingosinea and 3-dehydrosphinganineb have the same mass, and are represented by the 

same graph with an m/z of 300.2897. The –R group in dihydroceramide (m/z 330.3004) 

was calculated as a hydrogen (C19H39NO3). The levels of sphinganine were not 

significantly different between strains. 
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Linoleic acid metabolism may have been disrupted by the abolition of ipdC 

Three features that were significantly different between the ipdC mutant and wild-

type strains grown in tryptophan medium mapped to metabolites in the linoleic acid 

metabolism pathway. Each of these features matched to more than one metabolite in the 

pathway. One feature (m/z 281.2477) was significantly higher in the wild-type strain (4.4 

fold, FDR = 0.00502), and this feature matched the M+H adduct of the isomers 9-cis,11-

trans-octadecadienoate and 9-cis,12-cis-octadecadienoate (linoleate) (Fig. 11). The other 

two features were significantly higher in the ipdC mutant strain. The feature measured at 

m/z 319.2247 matched the M+Na adduct of four linoleic acid metabolites: (12R,13S)-

(9Z)-12,13-epoxyoctadecenoic acid , (9S)-hydroxyoctadecadienoic acid, (13S)-

hydroxyoctadecadienoic acid, or (9R,10S)-(12Z)-9,10-epoxyoctadecenoic acid (2.3 fold 

higher in the ipdC mutant, FDR = 0.0404). The feature measured at m/z 337.2350 had a 

fold change of 2.0 (FDR =0.0375) and matched to the expected m/z of the M+Na adduct 

of (9Z)-12,13-dihydroxyoctadec-9-enoic acid or (12Z)-9,10-dihydroxyoctadec-12-enoic 

acid. 
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Figure 10. Metabolites from the linoleic acid metabolism pathway that were 

significantly different between ipdC and wild-type strains cultured in tryptophan 

medium.  

All of the features matched to more than one metabolite in the linoleic acid metabolism 

pathway, and the feature could represent any of the matches. 281.2477: 9-cis,11-trans-

octadecadienoatea and linoleateb; 319.2247: (12R,13S)-(9Z)-12,13-epoxyoctadecenoic 

acidc , (9S)-hydroxyoctadecadienoic acidd, (13S)-hydroxyoctadecadienoic acide, or 

(9R,10S)-(12Z)-9,10-epoxyoctadecenoic acidf; 337.2350: (9Z)-12,13-dihydroxyoctadec-

9-enoic acidg or (12Z)-9,10-dihydroxyoctadec-12-enoic acidh. 
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IPDC functions in phenylalanine metabolism 

Overall, 167 features were significantly altered between the wild-type and ipdC 

mutant strains when cultured in phenylalanine medium according to the MetaXCMS 

analysis (Fig. 3). The metabolite profiles of each strain were examined through MPEA to 

search for pathways disrupted in the mutant when cultured in phenylalanine medium.  

Phenylalanine metabolism was enriched between the two datasets (Table 5). 

Phenylalanine-derived metabolites phenylpyruvate, phenylacetaldehyde, and 

phenylacetic acid were expected to be different between the strains if phenylalanine is 

catabolized through the IPDC. A feature matching 3-phenylacetic acid (m/z 137.0598) 

was present in the dataset but not significantly different between treatments (1.1 fold 

higher in the wild-type, FDR = 0.675) (Fig. 12). Phenylpyruvate and phenylacetaldehyde 

were not detected.  

Although IPDC does not appear to catabolize phenylpyruvate, the differences 

between phenylalanine-derived metabolites in ipdC mutant and wild type cultures 

suggests that IPDC influences phenylalanine metabolism in the presence of exogenous 

phenylalanine. Phenylalanine metabolic pathways were not perturbed between the ipdC 

and wild-type strains cultured in tryptophan (Table 4), but phenylalanine itself was 

different between the two strains when cultured in both tryptophan and phenylalanine 

media. In phenylalanine medium, a feature matching the expected m/z of the M+Na 

adduct of phenylalanine was 37.6 fold higher in the ipdC mutant strain (FDR = 3.05E-

05), and in tryptophan medium a feature matching the expected M+H adduct of 

phenylalanine was 2.3 fold higher in the ipdC mutant strain (FDR = 0.0208).  
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Several other significantly altered features matched to metabolites in known 

phenylalanine catabolic pathways (Fig. 12). A feature matching the m/z of oxopent-4-

enoate (M+H adduct) was 3.1-fold higher in the wild-type strain relative to the ipdC 

mutant strain when cultured in phenylalanine medium (FDR = 0.0191). Another feature 

was 17.3-fold higher in the ipdC mutant strain (FDR = 6.61E-06), and matched the 

expected m/z of the M+H adducts for trans-cinnamate, pyruvophenone, and p-

coumaraldehyde (Fig. 13). Trans-cinnamate and p-coumaraldehyde are phenylalanine 

derivatives that are intermediates in phenylpropanoid biosynthesis, which was also 

significantly altered between the wild-type and ipdC mutant when cultured in 

phenylalanine (FDR = 1.17E-03) (Table 5). Another metabolite in the phenylpropanoid 

pathway, 5-hydroxyconiferyl alcohol (M+H adduct), matched a feature (m/z 197.0811) 

that was 3.0-fold higher in ipdC mutant cultures (FDR = 0.0416) (Fig. 13). 

The number of unique features whose m/z matched metabolites in the enriched 

pathways was quite low relative to the overall pathway sizes (Table 5). Only three unique 

features corresponding to metabolites in the phenylalanine metabolism pathway were 

significantly different between strains out of a total pathway size of 63 (FDR = 0.005). 

Glucosinolate and phenylpropanoid biosynthesis pathways had similarly low unique 

feature counts (4 and 3, respectively).  
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Table 5. Pathways with significantly altered metabolites between wild-type and ipdC 

mutant strains cultured in phenylalanine medium as determined by MPEA. 

Pathway Raw p-value FDR Pathway size 
Unique 
features 

Phenylalanine 
metabolism 

1.37E-03 4.98E-03 63 3 

Glucosinolate 
biosynthesis 

2.49E-03 4.98E-03 74 4 

Phenylpropanoid 
biosynthesis 

8.79E-03 1.17E-03 55 3 
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Figure 11. Connections between metabolites in the phenylalanine metabolism 

pathway. 

1The feature measured at m/z 149.0598 matches the M+H adduct of both trans-cinnamate 

and pyruvophenone. 
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Figure 12. Intensities of metabolites in the phenylalanine metabolism pathway 

measured in ipdC and wild-type strains cultured in phenylalanine. Metabolites were 

mapped to pathways represented in the KEGG database. 

Putative matches for the feature with an m/z of 149.0598 included trans-cinnamatea, 

pyruvophenoneb, and p-coumaraldehydec. Phenylalanine metabolism intermediates 

benzoate and trans-2,3-dihydroxycinnamate were measured but not significantly different 

between strains. The phenylpropanoid biosynthesis pathway was also significantly altered 

and shares two metabolites with the phenylalanine metabolism pathway (phenylalanine 

and trans-cinnamate). Other altered metabolites in the phenylpropanoid biosynthetic 

pathway are p-coumaraldehyde and 5-hydroxyconiferyl alcohol.  
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Since ipdC expression is upregulated in response to phenylalanine (Ryu and 

Patten 2008), its expression in the wild-type strain cultured in phenylalanine medium is 

expected. This would increase IAA in the wild-type strain relative to the ipdC mutant 

strain. Because tryptophan metabolism (of which the indolepyruvate pathway is a part) 

was not identified as perturbed in phenylalanine medium by MPEA, the indolepyruvate 

pathway metabolites were searched individually. IAA was 8.4 fold higher in the wild-

type strain cultured in phenylalanine (FDR = 9.56E-05). Neither the substrate 

(indolepyruvate) nor the product (indole-3-acetaldehyde) of the reaction catalyzed by 

IPDC were detected in the phenylalanine cultures. The levels of these two indolepyruvate 

pathway intermediates were either below the limit of detection of the mass spectrometer, 

or not present in the cultures. Because tryptophan was not supplied exogenously in these 

cultures, IAA may have been synthesized from endogenously produced tryptophan, 

tryptophan produced via a phenylalanine derivative, or through a mechanism independent 

of the decarboxylation of indolepyruvate. The wild-type strain appears to have produced 

less IAA when cultured in phenylalanine compared to when it was cultured in tryptophan 

medium (Fig. 14), and the fold change between mutant and wild-type strains was much 

lower when the strains were cultured in phenylalanine medium (8.4-fold, FDR = 9.56E-

05) than when they were grown in tryptophan medium (54.7-fold, FDR = 0.00164). This 

is an indication that the indolepyruvate pathway is less active in the absence of 

exogenous tryptophan. Tryptophan metabolism was not impacted by the abolition of ipdC 

when the strains were cultured in phenylalanine according to the MPEA (Table 3).  
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Figure 13. Intensity of features matching IAA (M+H, m/z 176.0707).  

IAA was significantly higher in wild type cultures compared to ipdC mutant cultures 

grown in medium containing tryptophan (A) and phenylalanine (B). 
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Putative metabolites of the glucosinolate biosynthesis were perturbed by the deletion 

of ipdC  

The glucosinolate biosynthesis pathway had several significantly altered 

metabolites when ipdC mutant and wild-type cultures were compared in both 

phenylalanine and tryptophan media (Fig. 15). The glucosinolate pathway is three 

separate pathways that lead to the production of methionine-derived, aromatic amino 

acid-derived, and branched chain amino acid-derived glucosinolates. The abolition of 

ipdC induced changes in two features matching the m/z ratio of four methionine-derived 

glucosinolate pathway intermediates. One feature (m/z 223.0639) matched the M+H 

adducts of both 2-(3'-methylthio)propylmalate and 3-(3'-methylthio)propylmalate. In 

phenylalanine medium, this feature was 4.8-fold lower in the ipdC mutant (FDR = 

0.012533) (Fig. 16), and in tryptophan medium it was 5.3-fold lower in the mutant (FDR 

= 0.00951) (Fig. 17). The other feature (m/z 237.0795) matched to the M+H adduct of 2-

(4'-methylthio)butylmalate and 3-(4'-methylthio)butylmalic acid, and was 3.3-fold lower 

in the ipdC mutant strain cultured in phenylalanine medium (FDR = 0.0305) (Fig. 16), 

and 3.9-fold lower in the ipdC mutant strain when cultured in tryptophan medium (FDR 

= 0.0305) (Fig. 17). 

Methionine itself and leucine/isoleucine were higher in the ipdC mutant cultures 

when cells were grown in tryptophan medium but not significantly different in 

phenylalanine medium (Fig. 17). The feature matching to the M+H adduct of methionine 

was 2.2-fold higher in the ipdC mutant cultured in tryptophan medium (FDR = 2.21E-

04), and the levels were not different in phenylalanine (a fold change of 1, FDR = 0.977). 

The feature matching to the isomers leucine and isoleucine (M+H adduct) was 2.1-fold 
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higher in the mutant (FDR = 0.00520), and although the levels were slightly higher in the 

mutant cultured in phenylalanine medium (1.4-fold, FDR = 4.50E-04), they were not 

high enough to be included as significant for the MPEA. Higher levels of methionine 

derivative S-(4-methylthiobutylthiohydroximoyl)-L-cysteine were observed in ipdC 

mutant cultures grown with tryptophan (a fold change of 6.9, FDR = 0.0472). This 

metabolite was not detected in cells cultured with phenylalanine. L-homophenylalanine 

was not detected in cells cultured in tryptophan but a feature matching the M+H adduct 

was 5.7-fold higher in the ipdC strain when cells were cultured with phenylalanine (FDR 

= 0.00917). 
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Figure 14. Connections between metabolites of the glucosinolate pathway  

Changes in metabolite levels in the glucosinolate biosynthesis pathway between ipdC 

mutant and wild-type strains were induced when the strains were grown in both 

tryptophan and phenylalanine media.  Some features matched to more than one 

metabolite, and are marked with the same superscript.  
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Figure 15. Metabolites from the glucosinolate biosynthesis pathway were 

significantly different between the wild-type and ipdC mutant strains when cultured 

with phenylalanine.  

The feature at m/z 223.0639 matches two metabolites, 2-(3'-methylthio)propylmalatea 

(M+H) and 3-(3'-methylthio)propylmalateb (M+H). 

The feature at m/z 237.0795 also matches two metabolites,  

2-(4'-M-methylthio)butylmalatec (M+H) and 3-(4'-methylthio)butylmalated (M+H). 

Phenylalanine is part of this pathway but not shown (see Figure 12). 
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Figure 16. Metabolites from the glucosinolate biosynthesis pathway were 

significantly different between the wild-type and ipdC mutant strains when cultured 

with tryptophan.  

Leucinea and isoleucineb have the same molecular weight and could be represented by the 

feature at 132.1019. 3-(4'-Methylthio)butylmalatec 2-(4'-Methylthio)butylmalated share 

the same mass and could be represented by the feature at m/z 237.0795, while 2-(3'-

Methylthio)propylmalatee and 3-(3'-Methylthio)propylmalatef could be represented by the 

feature at 223.0639. 
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Discussion 

Strain and amino acid availability impact E. cloacae metabolism 

 The genes akr and ipdC are co-regulated by the transcription factor TyrR (Coulson 

and Patten 2015) and since co-regulated genes often have related  functions (Eisen et al. 

1998),  this study aimed to identify links between the pathways catalyzed by the encoded 

enzymes using mutants cultured in tryptophan or phenylalanine media. The six features 

dysregulated in all treatments could not be reliably identified; however, as more 

metabolites are added to the metabolomics databases, the identity of these elusive 

compounds may be uncovered. The lack of a suitable match between feature and 

metabolite is a common occurrence in metabolomics and an indication that metabolism is 

more complex than is reflected by the currently available metabolic maps (Breitling et al. 

2006).  

 The akr and ipdC mutant strains shared no identifiable common dysregulated 

pathways in phenylalanine or tryptophan media. There were fewer significant differences 

in analyte levels between the akr mutant and wild-type cultures compared to between the 

ipdC mutant and wild-type cultures, which may be an indication that AKR shares a 

redundant function with another enzyme; this would reduce the overall number of 

observable changes between the akr mutant and the wild-type. Several aldehydes and 

ketones are toxic to prokaryotic cells (Marnett et al. 1985), and the levels of the AKR 

substrate may be kept low or removed by a redundant enzyme to avoid cellular damage. 

Another possibility is that the substrate(s) are quickly turned over or are labile under the 

conditions tested, resulting in substrate concentrations below the limit of detection in this 
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experiment. A third possibility is that the catalytic function of the E. cloacae enzyme is 

inefficient, so the overall impact on metabolism was difficult to detect.  

 The larger number (388 overall) of metabolite differences between the ipdC 

mutant and the wild-type strains may be higher due to the presence of IAA in wild-type 

cultures but not in ipdC mutant cultures. As a secreted, weak acid, (pKa = 4.8) IAA could 

increase the acidity of the culture medium, and it has a demonstrated capability to 

modulate bacterial gene expression, and induce the formation of reactive oxygen species 

(Kawano et al. 2001; Bianco et al. 2006; Spaepen, Vanderleyden, et al. 2007). Some of 

the differences observed between ipdC mutant and wild-type cultures may have arisen 

due to IAA-mediated changes in gene expression and/or the induction of genes associated 

with oxidative stress. IAA was not significantly different between the akr and wild-type 

strains; therefore changes induced by the presence of IAA would not be detected by 

comparing the two strains. 

 Tryptophan induced more changes to the metabolite profiles of the mutants 

than phenylalanine. Tryptophan derivative indolepyruvate, a known substrate for IPDC, 

is unstable in aqueous solution (Koga et al. 1992), and its non-enzymatic degradation in 

ipdC mutant cultures may have contributed to the pool of tryptophan metabolites that 

were significantly different between the ipdC mutant and wild-type strains cultured in 

tryptophan. Indolepyruvate or its derivatives may also have been catabolized by 

alternative enzyme-catalyzed pathways. On the other hand, phenylalanine derivative 

phenylpyruvate does not appear to be a substrate for the E. cloacae IPDC, and therefore 

the products of non-enzymatic/alternative enzymatic phenylpyruvate degradation would 

not be expected in the ipdC mutant.   



 

 74 

AKR substrates revealed a link to pyruvate metabolism 

 Discovery of novel gene function can be accomplished through untargeted 

metabolomics. Saghatelian et al. (2004) set the stage for substrate elucidation through 

untargeted metabolomics when they used this approach to identify known and novel 

substrates for the enzyme fatty acid amide hydrolase by comparing metabolite differences 

in knockout mutants and the wild-type in a murine model.    

 In the present study, many metabolites that were different between akr and 

wild-type strains matched to a single m/z, identifying 135 potential substrates or products 

for AKR. 92 of these possess either an aldehyde or a ketone group, and are of interest 

because the predicted substrates for AKR superfamily members possess these functional 

groups. AKR shares 61% amino acid sequence identity with the E. coli protein 

methylglyoxal reductase. Methylglyoxal reductase, encoded by yghZ, is a characterized 

member of the AKR superfamily, and has been demonstrated to reduce methylglyoxal to 

acetol (Grant et al. 2003; Ko et al. 2005). Although the substrate methylglyoxal may be 

below the limit of detection in this study, a feature measured at m/z 112.9998 matches the 

expected m/z of acetol (M+K), the product, and was calculated to have a 10,769 fold 

higher intensity in the wild-type compared to the akr mutant, marking acetol as a 

potential product of the reaction catalyzed by AKR. Although the fold change appears to 

have been overestimated because the peak area was not properly calculated, this feature 

does have a higher intensity in the wild-type. 

 Because akr and ipdC are co-regulated, I hypothesize that the encoded 

enzymes may function in overlapping pathways. Methylglyoxal can be oxidized by α-

oxoaldehyde dehydrogenase to pyruvate as part of a fatty acid degradation pathway 
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(Rhee et al. 1987; Kalapos 1999), and pyruvate is a demonstrated substrate for IPDC, 

albeit with low affinity (2.5 mM for pyruvic acid compared to 15 µM for indolepyruvic 

acid for IPDC from E. cloacae FERM BP-1529) (Koga et al. 1992; Schütz et al. 2003). 

The sequences for genes encoding prokaryotic α-oxoaldehyde dehydrogenases are 

unknown, and so the presence of a gene encoding this enzyme in the E. cloacae UW5 

genome cannot be determined. The upregulation of ipdC and downregulation of akr 

under the same conditions fits the expected expression pattern if methylglyoxal is 

catabolized to acetol by AKR and methylgloyxal-derived pyruvate is catabolized by 

IPDC. These results suggest that AKR could act as a methylglyoxal reductase, which 

may overlap with IPDC in pyruvate metabolism. 

Abolition of akr impacts aminobenzoate degradation  

All intermediates in the aminobenzoate degradation pathway that were detected 

through MPEA (phenylphosphate, a second feature matching the isomers 4-

hydroxybenzoylformate and terephthalate, and a third feature matching the isomers 3-

sulfomuconate and 4-sulfolactone) were higher in akr mutant than in wild-type cultures 

grown in tryptophan medium (3.5-, 2.8-, and 2.2-fold, respectively). The accumulation of 

these intermediates could have arisen due to an AKR substrate occurring later in the 

pathway, leading to a “backup” of intermediates in the aminobenzoate degradation 

pathway. Tryptophan can be metabolized to the phenolic compound 2-aminobenzoate 

(anthranilate), which links directly to aminobenzoate degradation (Kanehisa and Goto 

2000). 2-aminobenzoate itself was not detected in either the akr mutant or wild-type cells 

cultured with tryptophan, indicating that the metabolite was either not present or not 

detectable under the experimental conditions.  
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Disruption of ipdC affects multiple tryptophan derivatives when grown in 

tryptophan medium 

The abolition of ipdC impacted ten compounds in the KEGG tryptophan 

metabolism pathway when the strains were cultured in tryptophan medium, but 

tryptophan metabolism was not perturbed in the mutant strain when cultured in 

phenylalanine medium (although it is possible that they were perturbed but were below 

the limit of detection of the mass spectrometer). The levels of IAA were very low in ipdC 

mutant strains grown in tryptophan medium, but were not zero (Fig. 8). Ryu and Patten 

(2008) similarly found that abolition of ipdC in E. cloacae does not eliminate, but 

drastically reduces IAA production. The low levels of IAA in ipdC mutant cultures may 

be due to the non-enzymatic conversion of tryptophan to IAA (Normanly et al. 1995), 

indolepyruvate to IAA (Koga et al. 1991a), or an alternative, as yet unidentified pathway. 

In enzyme knockout mutants, the level of substrate increases since the enzyme is 

not available to metabolize the substrate, unless the same substrate is acted upon by 

another enzyme. The accumulation of the IPDC substrate indolepyruvate was 

significantly higher than in the wild-type (2.3-fold difference). The conversion of 

tryptophan to indolepyruvate occurs through an aminotransferase that can also catalyze 

the reverse reaction, i.e., the transamination of indolepyruvate with L-glutamate to yield 

tryptophan (Koga et al. 1994). The small but significant difference in the intensity of 

indolepyruvate between the ipdC mutant and wild-type strains cultured in tryptophan 

medium may be explained by the conversion of indolepyruvate to tryptophan, and the 

non-enzymatic degradation of indolepyruvate (an unstable molecule) to indole-3-

acetaldehyde and IAA (Kaper and Veldstra 1958; Koga et al. 1991a). 
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The levels of indole-3-acetaldehyde were 2-fold higher in the ipdC mutant 

compared to the wild-type, which was not expected since IPDC was not present in the 

mutant to convert indolepyruvate to indole-3-acetaldehyde (Koga et al. 1991b). This 

could also be attributed to the non-enzymatic degradation of indolepyruvate to indole-3-

acetaldehyde or to its production by an alternative pathway. The feature could also 

represent one of the other metabolites matching to the same m/z as indole-3-acetaldehyde 

(3-Methyl-quinolin-2-ol, echinopsine, and 1-naphthylhydroxylamine), or another 

metabolite not present in the KEGG database. The unstable nature of indole-3-

acetaldehyde (Koga et al. 1992) decreases the plausibility that this feature was identified 

correctly.  

Indole-3-lactic acid was high in the ipdC mutant relative to the wild-type. Indole-

3-lactic acid is proposed to be an IAA storage compound in bacteria (Spaepen, 

Vanderleyden, et al. 2007), and it can be formed through the reduction of indolepyruvate 

by the action of indolelactate dehydrogenase in E. cloacae (Koga et al. 1991a). The 

increased levels of indole-3-lactic acid in the mutant likely arose due to an increase in the 

levels of the precursor, indolepyruvate, which is also a substrate for IPDC. Indole-3-lactic 

acid does not influence cell proliferation or differentiation in plant hosts, but does weakly 

increase root elongation (Sprunck et al. 1995). Due to its low auxin activity and low 

levels in the wild-type, it seems unlikely that production of indole-3-lactic acid by E. 

cloacae in the rhizosphere would have much of a direct impact on plant growth. 
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E. cloacae may produce sphingolipids 

Three features from the metabolite profiles of ipdC mutant and wild-type strain 

cultures grown in tryptophan medium were putatively identified as sphingolipid 

metabolites. Two of these features, sphingosine/3-dehydrosphinganine, and 

dihydroceramide, were 4.5-fold and 3.4-fold higher, respectively, in the ipdC mutant 

strain relative to the wild-type. There are thousands of different sphingolipids (Smith and 

Merrill 2002), but this is not reflected in the sphingolipid metabolism pathway in the 

KEGG database. It is possible that other sphingolipid derivatives were present in E. 

cloacae that were not identified because they do not exist in the KEGG database. Further, 

some sphingolipid molecules have high molecular weights and therefore could not be 

detected in this study. Tryptophan accumulation in the mutant, which cannot convert 

tryptophan to IAA, may have been redirected to sphingolipid synthesis, first through the 

conversion of tryptophan to serine. This may partially explain the lack of a difference in 

tryptophan levels between the two strains. 

Sphingolipids are bioactive lipid molecules that are produced by all eukaryotic 

cells and some prokaryotic cells (Smith and Merrill 2002). Sphingolipids have several 

documented functions in eukaryotic cells, including as an integral component of lipid 

rafts, a complex and dynamic association of sphingolipids and sterols that has been 

implicated in cell signalling (Simons and Toomre 2000; Pike 2006). In contrast, there is a 

dearth of knowledge concerning the function of sphingolipids in bacterial cells. 

Sphingolipid synthesis in bacteria is only documented for a few phyla, including some 

proteobacteria, but has not been described for E. cloacae. Sphingolipid-producing 
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bacteria include species of the human colonizing genera Bacteroides, Porphyromonas, 

and Prevotella, and soil-dwelling Sphingobacterium (LaBach and White 1969; An et al. 

2011). 

Bacteroides fragilis, is one such sphingolipid-producing member of the human 

intestinal tract microbiota. Its ability to survive stationary phase and a combination of 

heat and oxidative stress as well as its ability to survive in the presence of a DNA cross-

linking agent was impaired when sphingolipid production was reduced, implicating 

bacterial sphingolipids in stress tolerance (An et al. 2011). An et al. (2011) produced 

convincing evidence for the existence of lipid rafts in B. fragilis. In the intestinal tract, B. 

fragilis would have access to cholesterol, an important component of mammalian lipid 

rafts. Using atomic force microscopy, An et al. demonstrated that when B. fragilis is 

cultured with cholesterol, the cell membrane has microdomains bearing a strong 

resemblance to mammalian lipid rafts. In mammalian cells, these microdomains function 

in cell signaling and help cells respond quickly to environmental stressors (Smith and 

Merrill 2002). It is postulated that sphingolipid-mediated signaling in bacteria may be an 

important factor in survival in the high stress environment of the human intestinal tract. 

Bacillus subtilis produces functional microdomains similar in function to 

mammalian lipid rafts, and the formation of microdomains in this bacterium does not 

require exogenous sterols (López and Kolter 2010). In B. subtilis, López and Kolter 

(2010) demonstrated that the formation of microdomains is dependent on the endogenous 

production of sporulenes, which are sterol-like compounds. This was demonstrated 

through deletion of the sqhC gene, which is homologous to a fungal gene required for 

sterol production; deletion of sqhC abolished biofilm formation in B. subtilis.  
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As a gut-dwelling organism, E. cloacae, like B. fragilis, would have access to 

cholesterol in the intestinal tract. Although there is no homologue to sqhC in E. cloacae, 

it may also produce a sterol-like molecule, which could support microdomain formation. 

If E. cloacae produces sphingolipids, then there is potential for lipid raft formation in E. 

cloacae where it may be involved in stress tolerance or signal transduction. The increase 

in sphingolipids in the ipdC mutant may be a stress response induced by the absence of a 

product or accumulation of a substrate of IPDC. It may also indicate that IPDC catalyzes 

a downstream reaction in sphingolipid metabolism, which was interrupted by the 

abolition of IPDC. 

Plants also produce sphingolipids. Sphingolipids in Arabidopsis thaliana 

influence the spatial distribution of IAA in the plant by mediating trafficking of the auxin 

transport proteins PIN1 and AUX1 (Roudier et al. 2010; Markham et al. 2011). AUX1 is 

associated with cellular influx of IAA, and PIN1 is associated with efflux of IAA. In light 

of this, the increase in the levels of sphingolipid intermediates in E. cloacae following the 

disruption of IAA synthesis could indicate a link between sphingolipid production and 

IAA transport in bacteria. 

Not all enzymes involved in bacterial sphingolipid biosynthesis have been 

uncovered, but an ortholog to serine palmitoyl transferase, a eukaryotic enzyme that 

catalyzes the first step of the biosynthetic pathway from serine, was identified in B. 

fragilis (An et al. 2011). The absence of bacterial orthologs to other eukaryotic 

sphingolipid biosynthetic enzymes indicates that the biosynthetic pathway may be 

different for prokaryotic sphingolipid production. This hypothesis is further supported by 

the fact that chemical disruption of serine palmitoyl transferase reduced, but did not 
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eliminate sphingolipid production in B. fragilis (An et al. 2011). If the biosynthesis of 

sphingolipids occurs through a pathway that has not been described, then there may be 

additional sphingolipid intermediates that are not documented in the KEGG database, 

which could explain the low number of sphingolipid metabolites identified in this study.  

Linoleic acid metabolism may have been disrupted by the abolition of IPDC 

Linoleic acid metabolism was disturbed by the abolition of ipdC when E. cloacae 

was cultured in tryptophan medium. A feature matching the expected m/z of the M+H 

adduct of either 9-cis,12-cis-octadecadienoate (linoleate) or 9-cis,11-trans-

octadecadienoate was 4.4 fold higher in wild-type cultures. Two features predicted to be 

intermediates in the linoleic acid pathway were lower in wild-type cultures (m/z 

319.2247: (12R,13S)-(9Z)-12,13-epoxyoctadecenoic acid, (9S)-hydroxyoctadecadienoic 

acid, (13S)-hydroxyoctadecadienoic acid, or (9R,10S)-(12Z)-9,10-Epoxyoctadecenoic 

acid; m/z 337.2350: (9Z)-12,13-dihydroxyoctadec-9-enoic acid or (12Z)-9,10-

dihydroxyoctadec-12-enoic acid). Lower levels of fatty acids in the wild-type could be an 

indication that fatty acid degradation occurs in E. cloacae when tryptophan is available 

and the indolepyruvate pathway is functional. Since fatty acid degradation leads to the 

production of pyruvate (Kalapos 1999), a weak substrate of IPDC, this could be further 

evidence for a role of IPDC in pyruvate metabolism. 

Several linoleic acid derivatives function as signaling molecules in eukaryotic 

cells, and have been implicated in plant-microbial interactions. In plants, linoleic acid 

improves tolerance to a variety of abiotic stresses including temperature, salt, drought, 

and heavy metals (Upchurch 2008). The production of linoleic acid by plants can also 

protect against biotic stresses; it is an antifungal agent involved in induced systemic 
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resistance in plants to pathogenic fungi (Tsitsigiannis and Keller 2007). Linoleic acid has 

also been demonstrated to inhibit the growth of some bacterial species, but not E. cloacae 

(Greenway and Dyke 1979; Dilika et al. 2000).  It is secreted in the rhizosphere by plants, 

and competition for this nutritional resource between PGPR and plant pathogens can 

impact the pathogenicity of plant pathogens. E. cloacae can take up and metabolize 

linoleic acid more efficiently than the oomycete Pythium ultimum, a plant pathogen that 

requires linoleic acid to initiate the pathogenic germination response (Van Dijk and 

Nelson 2000). Linoleic acid has demonstrated bioactivity in human pathogens as well. 

Not only does linoleic acid inhibit the growth of S. aureus (Greenway and Dyke 1979), 

but the incorporation of exogenous linoleic acid into the lipopeptide SitC18 of S. aureus 

activates the human immune cells by acting as toll-like receptor ligands (Nguyen et al. 

2016).  

Conjugated linoleic acids are isomers of linoleic acid; there could be up to 28 

isomers (Banni 2002). Of course, all of these compounds would have the same molecular 

weight and therefore this study would not be able to differentiate between the isomers. 

Formation of the conjugated linoleic acids occurs through the action of a bacterial 

isomerase (Kepler and Tove 1967).  

There is no clear link between tryptophan and linoleic acid metabolism, but IAA 

can induce the expression of some bacterial genes (Lambrecht et al. 2000). Additionally, 

IAA impacts gene expression levels of fatty acid biosynthetic genes in the microalgae 

Chorella vulgaris (Jusoh et al. 2015). The changes observed in the linoleic biosynthetic 

pathway may have arisen due to the induction of linoleic biosynthetic genes in response 

to the presence of IAA in wild-type cultures. If this is true, then IAA in the rhizosphere or 
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gut may act as a signaling molecule, leading to the production of linoleic acid by E. 

cloacae, and subsequently reducing the growth of competing species or pathogens.  

High molecular weight compounds typically have a greater number of chemical 

formulae that match a given m/z (Watson 2013), so the list of possible identities of large 

molecules tends to be quite large. This means that there is a higher probability that the 

identification of molecules in the sphingolipid and linoleic acid biosynthesis pathways 

were spurious, but it is interesting that multiple high molecular weight substances were 

differentially produced in the ipdC mutant and wild-type strains. These compounds may 

be evidence for the induction of a stress response leading to changes in membrane lipids. 

As mentioned above, IAA can induce the formation of reactive oxygen species, and the 

changes observed may be due to the induction of stress response genes as a result of the 

presence of high concentrations of reactive oxygen species in wild-type cultures.   

Glucosinolate pathway was perturbed in both phenylalanine and tryptophan media 

The glucosinolate biosynthesis pathway from KEGG actually contains three 

separate pathways without a biochemical reaction directly linking them. An underlying 

assumption of MPEA is that the pathways are distinct: glucosinolate biosynthesis should 

have been separated into three distinct pathways for analysis, but this was not the case. 

The strength of the results of MPEA is increased when multiple metabolites in a pathway 

are perturbed by a treatment since the perturbed metabolites are all linked together by 

known chemical reactions. Because glucosinolate biosynthesis contains three distinct 

pathways, the perturbed metabolites from this pathway are not directly linked through 

known chemical reactions, so the significance of the enrichment of the glucosinolate 
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pathway would have been overestimated, and so these results should be interpreted with 

caution.  

Nevertheless, the direction of change of the significantly different metabolites is 

striking because two features significantly different for both phenylalanine and 

tryptophan media were lower in the ipdC mutant compared to the wild-type strain. This 

strengthens the conclusion that the metabolic perturbations were a result of the abolition 

of ipdC and were either independent of the presence of tryptophan or phenylalanine, or 

dependent on the presence of one of the amino acids. 

The three glucosinolate biosynthesis pathways utilize methionine, aromatic amino 

acids, or branched chain amino acids as substrates. Methionine-derived glucosinolate 

metabolites identified in this study were methionine, a feature matching isomers 2-(3'-

Methylthio)propylmalate and 3-(3'-Methylthio)propylmalate, and a feature matching 

isomers 2-(4'-Methylthio)butylmalate and 3-(4'-Methylthio)butylmalate.  The aromatic 

amino acid-derived glucosinolate metabolites were phenylalanine and 

homophenylalanine. Glucosinolate production has only been described for plants, where 

the production of indole glucosinolates is linked to IAA production (Halkier and 

Gershenzon 2006). Because the production of glucosinolates has never been described in 

bacteria, and the pathway is structured such that the significance of the perturbation of 

the glucosinolate pathway would have been overestimated, it is likely that the features 

were erroneously identified as intermediates in glucosinolate metabolism. 

Tryptophan-independent biosynthesis of indole-3-acetic acid  

Consistent with previous results (Ryu and Patten 2008), IAA was 8.4 fold higher 

in the wild-type compared to ipdC mutant strains when the cultures were grown in 
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tryptophan medium. The presence of IAA in the wild-type cultures grown in 

phenylalanine is evidence for IAA synthesis in the absence of exogenous tryptophan. 

Production of IAA without addition of exogenous tryptophan has been referred to as 

tryptophan-independent synthesis of IAA. The existence of a tryptophan-independent 

pathway for IAA biosynthesis in prokaryotes was suggested when isotope-labeled 

tryptophan accounted for only 10% of the total IAA produced by A. brasilense (Prinsen 

et al. 1993). However, the enzyme or pathway that catalyzes the tryptophan-independent 

synthesis of IAA has not been identified. The production of IAA in the absence of 

exogenous tryptophan by the wild-type strain but not the ipdC mutant suggests that if 

there is a tryptophan-independent biosynthetic pathway for IAA in E. cloacae UW5, it is 

dependent on ipdC. These results can also be explained simply by the production of IAA 

through endogenous tryptophan, or tryptophan derived from exogenous phenylalanine. 

In plants, the tryptophan-independent synthesis of IAA occurs through either 

indole-3-glycerolphosphate or indole (Normanly et al. 1993). Indole-3-glycerolphosphate 

was not detected in the cultures in this study, and a feature matching M+H of indole was 

detected but not significantly different between the two strains. The existence of a 

tryptophan-independent pathway in plants has been questioned (Müller and Weiler 2000), 

and Spaepen et al. (2007) suggested that its existence in bacteria also warrants re-

examination. 

 The presence of IAA in the absence of exogenous tryptophan does not provide 

sufficient evidence for tryptophan-independent biosynthesis of IAA. E. cloacae may 

synthesize tryptophan de novo via chorismate (a precursor common to all of the aromatic 

amino acids) (Minoru Kanehisa and Goto 2000) before shunting it into the 
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indolepyruvate pathway. Another possibility is that dying cells release tryptophan and 

proteins, which contain tryptophan, into the medium of the stationary phase culture, and 

these are taken up and degraded to produce IAA. Sufficient evidence for the existence of 

a tryptophan-independent pathway does not exist. 

Abolition of IPDC function induces changes to phenylalanine derivatives 

 Metabolites of the phenylpropanoid biosynthesis pathway were significantly 

altered between ipdC mutant and wild-type cultures grown in phenylalanine-

supplemented media. One feature was higher in the wild-type (oxopent-4-eonate, 3.1-

fold,), and the other three were all higher in the mutant (5-hydroxyconiferyl alcohol, 

trans-cinnamate/pyruvophenone/p-coumaraldehyde, 17.3-fold; and phenylalanine, 37.6-

fold). There is a great diversity of phenylpropanoid compounds and they serve a variety 

of functions, including as signaling molecules in plant-microbe interactions (Hahlbrock 

and Scheel 1989). Studies on the biosynthesis of phenylpropanoids have mostly been 

restricted to plants, and so far phenylpropanoid biosynthesis has not been documented for 

a prokaryote. 

Limitations of technique and future work 

 Pathway-oriented databases like KEGG and BioCyc do not contain complete 

reconstructions of an organism’s metabolism (i.e. the data are not organized in species-

specific networks), nor do we have a complete understanding of any organism’s 

metabolism. Furthermore, any given metabolite may participate in more than one 

pathway, making the analysis more complicated. The connections also assume 

constitutive expression of enzymes, and often do not carry complete substrate 
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information for enzymes with multiple substrates, or take non-enzymatic reactions into 

account (Breitling et al. 2006). Though there are many common metabolites between the 

KEGG and MetaCyc databases, KEGG contains more compounds overall and MetaCyc 

has more reactions and pathways (Altman et al. 2013). The development of a primary 

comprehensive metabolomics database that synthesizes the information present in the 

fragmented databases would greatly improve metabolomic pathway analysis.  

It is still common for the identity of most metabolites in a metabolomics study to 

remain unknown. We assume that their identity is elusive due to gaps in our knowledge 

of metabolism, not a result of inaccuracies in measurement (Breitling et al. 2006). 

Compound identification by m/z value alone is prone to errors arising from the presence 

of multiple adducts of the same compound (from salts or mobile phase components), 

neutral loss fragments (fragmentation of a metabolite leading to uncharged, and therefore 

undetectable metabolite fragments), and dimers/trimers of a particular compound 

(Wishart 2009). The metabolite identities presented in this report are therefore putative 

matches only, and need to be confirmed with follow-up experiments. By comparing the 

mass spectra of experimental peaks with the peaks generated by pure chemical standards 

(i.e. targeted metabolomics), the identities presented herein may be confirmed. 

Studying pure cultures under a given set of conditions does not reflect the full 

physiological capabilities of a bacterium (Ponomarova and Patil 2015). Although useful 

in preliminary analysis, the presence of signaling molecules in bacterial cultures does not 

necessarily indicate that the molecules are produced in situ (e.g., in the rhizosphere), or 

produced at sufficient levels to have an impact on the host species. The levels of 
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signaling molecules should be quantified in the host-microbe environment and the effect 

of the metabolites tested at levels relevant in the host environment. 

This study has putatively identified 137 metabolites that could be either substrates 

or products of AKR, and the enzymatic activity of AKR on the putative substrates should 

be tested experimentally using purified AKR. Identification of potential substrates could 

focus initially on the putative aldehyde and/or ketone-containing compounds that 

accumulated in the akr mutant relative to the wild-type.  

Summary and conclusions 

 Metabolomics analysis has revealed differences in E. cloacae metabolism that 

depend on the presence of the enzymes encoded by ipdC and akr. The abolition of ipdC 

induced broad changes in the metabolite profile of E. cloacae, and these changes may 

have been induced by differential gene expression between the ipdC and the wild-type 

strains mediated by IAA. Culturing the mutant in the presence of IAA and monitoring the 

production of the identified metabolites could test this hypothesis. Changes to linoleic 

acid and sphingolipid metabolism suggest that the indolepyruvate pathway may play a 

role in stress tolerance and survival, and the production of signaling molecules beyond 

IAA. This study has putatively identified compounds that may be substrates for AKR, 

and these compounds should be tested as substrates using the purified enzyme. Evidence 

was also uncovered that links the AKR and IPDC biochemical pathways through 

pyruvate metabolism, and the first step in investigating the link between the two 

pathways will be testing the action of AKR as a methylglyoxal reductase. 
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Appendix A: KEGG identities for features significantly different 

between wild-type and akr mutant strains when cultured in 

phenylalanine medium  

m/z KEGG identity 

137.0234 C02058, C00241, C01663, C02252, C02658, C02998, C03620, C06049 

148.0428 C03901 

159.9825 C00097, C00736, C00793, C02749, C02882, C05726 

248.0506 C12599, C02885 

250.0526 C03497 

252.0377 C01321, C06821 

261.0429 C11463, C12462, C12463, C12464 

354.1937 

C01153, C06235, C01446, C02125, C02186, C02546, C02568, C02671, 

C02830, C03649, C05226, C11529, C01437, C05729, C17262 
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Appendix B: KEGG identities for features significantly different 

between wild-type and akr mutant strains when cultured in 

tryptophan medium  

m/z KEGG identity 

112.9999 C06455, C00163, C00347, C00424, C00638, C00937, C00969, C04202, 

C05235, C05999, C06389, C10920, C17530 

130.0651 C06323, C06413 

132.0656 C00430, C01015, C01073, C01110, C01157, C01165, C03341, C03440, 

C03441, C03651, C03741, C05147, C06060 

143.0731 C04116 

144.1383 C10152, C10168, C16236 

144.9947 C11214 

145.0648 C11713, C11714, C14786, C14787 

162.0914 C00955, C09915 

164.9846 C14688 

164.9847 C14688 

167.0339 C01606, C03590, C06337, C14096, C14100, C00045, C00151, C00405, 

C01021, C03148, C04080, C05167, C06058, C06443, C17266 

173.9849 C00149, C00497, C00711, C03064, C17263, C17264 
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m/z KEGG identity 

175.0155 C02734, C00060, C00548, C01454, C02103, C02403, C03765, C03768, 

C05613, C06224, C07085, C07086, C07189, C07211, C07215, C10700, 

C10761, C11151, C14087, C15564, C15583 

175.0629 C04203, C07430 

191.1795 C01343, C01706, C01872 

191.9723 C00606 

198.0212 C03497 

209.1901 C01813 

220.0268 C01153, C06235 

230.0788 C04662, C03519, C05620, C09933, C09986 

233.0914 C05079, C07434 

235.0476 C02161 

241.2162 C00060, C02103, C02403, C15564, C17676 

244.9720 C06675, C06676 

251.1253 C16308 

251.2370 C01813, C15464 

252.0376 C01321, C06821 

253.1109 C02749, C02882, C05726 

254.0840 C03497, C01334, C01619 
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m/z KEGG identity 

260.0217 C02133 

267.9633 C14326 

269.0881 C02051, C02972, C15972, C15973, C16237, C16832, C00294 

269.0995 C11265 

271.2633 C16995 

272.2584 C01777, C02014 

274.0326 C03408, C03948, C00720 

274.0374 C02133 

275.0214 C09212 

275.2581 C00375, C00706, C00893, C01664, C01890, C02436, C06061, C06375, 

C15534, C16240, C16722 

277.1099 C09023 

280.0995 C02892, C03497, C01334 

281.2477 C00060, C01595, C02103, C02403, C04056, C08282, C08321, C08459, 

C15564 

286.1102 C03498, C07372 

288.2534 C06060 

289.2738 C00375, C00706, C00893, C01664, C01890, C02436, C06061, C06375, 

C15534, C16240, C16722 
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m/z KEGG identity 

293.1750 C09741, C10459, C00241, C00484, C01402, C01663, C02252, C02658, 

C02998, C03620, C06049, C15535, C00045, C00151, C00405, C01021, 

C03148, C04080, C05167, C06058, C06443, C17266 

294.2404 C01777, C02014 

295.1763 C02860 

296.2584 C01777, C02014 

298.2741 C01777, C02014, C06121, C10136, C11124 

299.2007 C00060, C02103, C02403, C05028, C14249, C15114, C15142, C15219, 

C15277, C15564, C00375, C00706, C00726, C00893, C01664, C01887, 

C01890, C02436, C03084, C06061, C06375, C15534, C16072, C16240, 

C16722 

300.2897 C00319, C01777, C02014, C02934, C16512 

303.2895 C00375, C00706, C00893, C01664, C01890, C02436, C06061, C06375, 

C15534, C16240, C16722 

304.0268 C15427 

304.2611 C03658 

305.0219 C10311 

305.0328 C12120, C16606, C17259 

306.0061 C10986 
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m/z KEGG identity 

306.2158 C00161, C00972, C01656, C02269, C02319, C02446, C02489, C02613, 

C02773, C02929, C03252, C03834, C04096, C15487, C15565, C15645, 

C17265 

308.2222 C06849, C11760, C16952, C06060, C03803 

310.0809 C00602, C00963, C01140, C01798, C01915, C02023, C02478, C02603, 

C02900, C03268, C03400, C03437, C03706, C04662, C04942, C04317 

311.1840 C02851 

312.1257 C03497, C03498 

313.2738 C00375, C00706, C00726, C00893, C01664, C01887, C01890, C02436, 

C06061, C06375, C15534, C16072, C16240, C16722 

314.0380 C01209 

315.0890 C01614, C03726, C05727, C11463, C12462, C12463, C12464 

315.1619 C06918, C12470, C12482, C12483, C12484, C17261 

316.2847 C06060 

317.1840 C00625, C01224, C02848, C03000, C03518, C03792, C03879, C04019, 

C04134, C04135, C04502, C07383, C07895, C02051, C02972, C15972, 

C15973, C16237, C16832 

317.3052 C13859, C00375, C00706, C00893, C01664, C01890, C02436, C06061, 

C06375, C15534, C16240, C16722 
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m/z KEGG identity 

318.2403 C00574, C01032, C02337, C02472, C02473, C02475, C02605, C02757, 

C02761, C02897, C03573, C03611, C03645, C01777, C02014 

319.2843 C00241, C01663, C02252, C02658, C02998, C03620, C06049, C15535, 

C16236 

320.2560 C01777, C02014, C06121, C10136, C11124 

321.2400 C00869, C08365, C13791 

323.1627 C02197, C05285, C05297, C05299, C14587, C14909, C15150, C15200, 

C15295, C15386, C15406, C16505, C02058 

323.1670 C12470, C17261 

324.1622 C03497, C01334, C16505 

327.1991 C00726, C01887, C03084, C04116, C16072 

329.1722 C14183, C14300 

330.3003 C12126, C06060 

333.0996 C02320, C06162, C15193, C06663, C11747, C12465, C12467 

333.3000 C00241, C01663, C02252, C02658, C02998, C03620, C06049, C15535, 

C16236 

335.1256 C09136, C10283, C14211, C14935, C09674 

336.2511 C10167, C02424, C04026 

338.2667 C02424, C04026 

339.2871 C13859 
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m/z KEGG identity 

342.0544 C16239 

343.1933 C00484, C01402, C12470, C12482, C12483, C12484, C17261 

344.1965 C00801, C00911, C01885, C02112, C02119, C02142, C02688, C03658, 

C03820, C06388, C03151 

347.1882 C06058, C06443, C02749, C02882, C05726 

347.3156 C00241, C01663, C02252, C02658, C02998, C03620, C06049, C15535, 

C16236 

349.1811 C00726, C01887, C03084, C04116, C16072, C02058, C00241, C00484, 

C01402, C01663, C02252, C02658, C02998, C03620, C06049, C15535 

351.1983 C04116, C12470, C17261 

351.2506 C01463, C02092, C02699, C03095 

352.1935 C03497, C01334 

354.1937 C01153, C06235, C01446, C02125, C02186, C02546, C02568, C02671, 

C02830, C03649, C05226, C11529 

354.2639 C03803 

357.0746 C04476, C04635, C05209 

359.1517 C02860, C01614, C03726, C05535, C05727, C11463, C12460, C12462, 

C12463, C12464 
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m/z KEGG identity 

359.2008 C00060, C02103, C02403, C14959, C15564, C00375, C00706, C00726, 

C00893, C01664, C01887, C01890, C02436, C03084, C04116, C06061, 

C06375, C15534, C16072, C16240, C16722 

361.3313 C00241, C01663, C02252, C02658, C02998, C03620, C06049, C15535, 

C16236 

363.3105 C00045, C00151, C00405, C01021, C03148, C04080, C05167, C06058, 

C06443, C17266 

366.2155 C03363, C03740, C07879, C00161, C00972, C01656, C02269, C02319, 

C02446, C02489, C02613, C02773, C02929, C03252, C03834, C04096, 

C15487, C15565, C15645, C17265, C00608, C00675, C00676, C03120, 

C03607, C03715, C03968, C15646 

367.0968 C06922, C13784, C11012 

369.2976 C01463, C02092, C02699 

372.3472 C06060 

376.2459 C03033, C03773, C06370, C01462, C02562 

377.2299 C00639, C02314, C04741, C04843, C05959, C06438, C13809, C14782, 

C14809, C14811, C14814, C02851 

377.3261 C00045, C00151, C00405, C01021, C03148, C04080, C05167, C06058, 

C06443, C17266 
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m/z KEGG identity 

378.1448 C17263, C17264, C00602, C00963, C01140, C01798, C01915, C02023, 

C02478, C02603, C02900, C03268, C03400, C03437, C03706, C04662, 

C04942, C04317, C04517, C01137, C00176 

379.0839 C12467 

380.2260 C01334 

382.2952 C03803 

383.2792 C00045, C00151, C00405, C01021, C02089, C03148, C04080, C05167, 

C06058, C06443, C17266, C17378 

383.3132 C01463, C02092, C02699 

385.2925 C02851 

386.2962 C01371 

387.1213 C00859, C04597, C04844, C06096, C08759, C09356, C09407, C09520, 

C09539, C09554, C11868, C04476, C04635, C05209 

388.1247 C02245, C03939, C04246, C04334, C04347, C11444 

388.2693 C01446, C02186, C02444, C02546, C02568, C02671, C02830, C02858, 

C03649, C05226, C11529, C00720 

389.0797 C17260 

389.0807 C17260 
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m/z KEGG identity 

391.2843 C03690, C11637, C14227, C14577, C15375, C00241, C00484, C01402, 

C01663, C02252, C02658, C02998, C03620, C06049, C15535, C16236, 

C00045, C00151, C00405, C01021, C03148, C04080, C05167, C06058, 

C06443, C17266 

391.3419 C00045, C00151, C00405, C01021, C03148, C04080, C05167, C06058, 

C06443, C17266 

392.2877 C00145, C00229, C00812, C01336, C04298, C11482, C16736 

393.0741 C10207, C10486, C10498, C10627, C10882 

397.3289 C01463, C02092, C02699 

398.2522 C00384 

399.3081 C02851 

 

 

 

 



 

CURRICULUM VITAE 

Candidate’s name:  Danielle Monica Harris 
Universities attended:  University of New Brunswick (2011) 

Bachelors of Science 
 
University of New Brunswick (2017) 
Masters of Science 
Biology 

 
Publications: 
 
Parsons, C.V., Harris, D.M.M., Patten, C.L. (2015). Regulation of indole- 
3-acetic acid biosynthesis by branched-chain amino acids in Enterobacter 
cloacae UW5. FEMS Microbiology Letters. 
 
 
Conference Presentations: 
 
Harris, D.M.M., Murillo, A.P., Bosch, T.C.G. (March 2017). The nervous 
system’s role in mediating host responses to the environment: How the host 
microbial community influences behaviour. Poster presented at the Joint 
Meeting of the German and Japanese Societies of Developmental Biologists 
in Kiel, Germany. 
 
Harris, D.M.M., Patten, C.L. (September 2014). Metabolomic analysis of 
aromatic amino acid metabolites in the soil and enteric bacterium 
Enterobacter cloacae. Poster presented at the Metabomeeting conference in 
London, UK.  
 

 

 

 


