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Abstract Research on the impact of Maillard reaction

products (MRPs) on microorganisms has been reported in

the literature for the last 60 years. In the current study, the

impact of an MRP-rich medium on the growth of three

strains of Escherichia coli was measured by comparing two

classic methods for studying the growth of bacteria (plate

counting and optical density at 600 nm) and by tracing

MRP utilisation. Early stage and advanced MRPs in the

culture media were assessed by quantifying furosine and

Ne-carboxymethyllysine (CML) levels, respectively, using

chromatographic methods. These measures were per-

formed prior to and during bacterial growth to estimate the

potential use of these MRPs by Escherichia coli CIP 54.8.

Glucose and lysine, the two MRP precursors used in the

MRP-rich medium, were also quantified by chromato-

graphic means. Compared to control media, increased lag

phases and decreased growth rates were observed in the

MRP-rich medium for two out of the three Escherichia coli

strains tested. In contrast, one strain isolated from the

faeces of a piglet fed on a MRP-rich diet was not influ-

enced by the presence of MRPs in the medium. Overall,

CML as well as the products obtained by the thermal

degradation of glucose and lysine, regardless of the Mail-

lard reaction, did not affect the growth of the three strains

tested. In addition, no degradation of fructoselysine or

CML was found in the presence of Escherichia coli CIP

54.8.

Keywords Escherichia coli �Maillard reaction products �
Ne-carboxymethyllysine � Lag phase � Growth rate

Introduction: Sixty years of intermittent research

on the impact of Maillard reaction products (MRPs)

on microorganisms

The Maillard reaction is a heat-induced non-enzymatic

browning involving reducing compounds such as reducing

sugars and amino groups such as free or protein-bound

amino acids. Carbonyl and amino compounds react to form

a labile imine that undergoes isomerization leading to the

formation of early glycation products. The decomposition

and subsequent reactions of these early products lead to the

formation of advanced glycation end products (AGEs).

Further reactions lead to the formation of brown polymers

called melanoidins. The Maillard reaction is, therefore, a

complex series of sequential and parallel reactions (Rab-

bani and Thornalley 2010) that occurs at elevated tem-

peratures during cooking, but may take place, to some

extent, at room temperature during food storage (Mastro-

cola and Munari 2000). Overall, the Maillard reaction leads

to chemical modifications of nutrients in foods and, as a

result, to the formation of flavours, colours and other

neoformed compounds. The absorption and the health

effects of some dietary AGEs have been studied exten-

sively for the last 20 years (Tessier and Niquet 2007).

However, the physiological consequences of exposure to

AGEs are still under debate (Henle 2007).

The Maillard reaction may also affect the digestibility of

glycated proteins by gastrointestinal enzymes, and various

AGEs and other MRPs have been found to be excreted in

the faeces (Faist and Erbersdobler 2001; Delgado-Andrade

et al. 2011). This indicates a likely interaction between
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these compounds and the intestinal microflora. Numerous

studies have attempted to shed light on the impacts that

AGEs and other MRPs have on microorganisms. The

current review gives attention to the effect of various MRP-

model-media on bacterial growth and highlights the fact

that the findings were dependent on the strains, reactions

parameters as well as the models used.

The first studies described the impact of heat treatments

of culture media and certain food models on bacterial

growth without really addressing the study of the Maillard

reaction. Hachisuka et al. (1955) compared multiple culture

media and noted a decrease of the germination time of

Bacillus subtilis spores in the media having the nitrogen

and carbon sources autoclaved together. Similarly, Field

and Lichstein (1957) observed a decrease in the lag phase

of four strains of propionibacteria in culture media auto-

claved in the presence of a reducing sugar. In parallel,

Foster (1952) observed a stimulation of homofermentative

lactic acid bacteria growth in heated milk. In contrast to

this finding, Viswanathan and Sarma (1957) described an

inhibitory effect of skim milk powders stored at 60 �C for

6 months on the growth of L. bulgaricus 09.

It is only a few years later that researches started to

address the Maillard reaction for its direct impact on

microorganisms.

Jemmali (1969) found that the growth rates and lag

phases of various lactobacilli strains were dependent on the

amounts of heated glycine and dextrose present in the

culture media, while only the lag phases of E. coli were

affected. Similar observations were made by Einarsson

et al. (1983) in their study on the impact of different

amounts of refluxed arginine–xylose on the growth of

various bacterial strains, where the effect of MRPs was

found to be strain-dependent. The authors also showed that

the influence on bacterial growth was dependent on the

type and concentration of the MRPs used.

Some authors studied the impact of MRPs from different

chemical stages of the Maillard reaction. For instance,

Mester et al. (1983) showed that the early intermediate

glycation products stimulate bacterial growth, while Stec-

chini et al. (1993) showed that the more stable AGEs have

an inhibitory effect on the growth. Similar results were

observed by Lanciotti et al. (1999) where the early glyca-

tion products shortened the lag phase of Bacillus stearo-

thermophilus and AGEs caused an extension of this lag

phase and a reduction of the growth rate and final bacterial

populations. Recently, Corzo-Martinez et al. (2011) who

analysed various assays with different glycoconjugates and

different bacterial strains found in most cases improved

bacterial growth, especially for glycoconjugates at the

initial stages of the Maillard reaction.

Chalova et al. (2011) noted that Salmonella Typhimu-

rium LT2 was able to utilise MRPs derived from a

glucose–lysine mixture as carbon sources. Their findings

indicate a preference for the Amadori products (98 %

disappearance) followed by AGEs (35 %) and finally

melanoidins (15 %).

In other studies, MRPs have been found to cause bac-

terial growth inhibition. In a comparative study between

melanoidins from coffee and biscuits, Rurian-Henares and

Morales (2008) found that high molecular weight mela-

noidins had an antimicrobial activity against Escherichia

coli due to inner and outer membrane damages. According

to their findings, antimicrobial activity was bacteriostatic at

low concentrations and bactericide at higher ones. Kim and

Lee (2003), while studying the growth of Aeropyrum per-

nix, showed that media containing reducing sugars and

tryptone inhibited the growth of this hyperthermophilic

archaeon. Studies on Aggregatibacter actinomycetemcom-

itans have shown that microwaved media plates lead to

larger colonies and greater cell number compared to

autoclaved media, darker in colour (Bhattacharjee et al.

2009). Kostyukovsky and Marounek (1995) showed a

decrease of fermentative activity of mixed rumen micro-

organisms in vitro in the presence of MRPs.

Other studies emphasised the effects of MRPs on other

biological parameters than the growth of bacteria. For

example, studies on Listeria monocytogenes showed that

while the number of cells was not affected, the virulence

expression was reduced with high concentrations of MRPs

in the culture media (Sheikh-Zeinoddin et al. 2000). For

their part, Moisés Laparra et al. (2011) observed an inhi-

bition of the adhesion of Escherichia coli to mucin in the

presence of Maillard-type glycoconjugates. Another recent

example is the publication of Wiame et al. (2002) which

describe the induction of fructoselysine 6-kinase and

fructoselysine-6-phosphate deglycase enzymes in Esche-

richia coli grown on fructoselysine. According to the

authors, these enzymes reached sufficient activity levels to

account for the observed rate of fructoselysine utilisation.

In another study, the same research group identified an

enzyme from Enterococcus faecium, glucoselysine-6-

phosphate deglycase, participating in the metabolism of

fructation products (Wiame et al. 2005). Lastly, a recent

study, based on fluorescent measurements suggests a

potential secretion of AGEs by Escherichia coli cells

(Cohen-Or et al. 2011).

In recent years, interest gradually shifted toward the

study of intestinal microbiota. Ames et al. (1999) found a

non-specific increase of the predominant anaerobic gut

bacteria incubated in vitro with a melanoidin mixture. With

regards to the AGEs, Ames et al.(2005) and Tuohy et al.

(2006) showed a decrease in bifidobacteria species for

ulcerative colitis patients and an increase in clostridia

species for both healthy subjects and ulcerative colitis

patients with high AGE levels. Swiatecka et al. (2011)
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carried in vitro analyses to assess the effect of glycated pea

proteins on the intestinal bacteria of a healthy human

subject. Their findings suggest an increase of lactobacilli

and bifidobacteria.

Comparative analysis of the results summarised in this

short review is a difficult task. While the first studies aimed

to answer practical laboratory issues for culture media

design for example, later studies addressed microorganisms

in foods or in model systems and more recent studies

focused on the impact of MRPs on the intestinal microflora.

This shift of focus is in parallel to the evolution of the

understanding of the Maillard reaction and its potential

health impacts. The variety of models used, the numerous

intermediates and AGEs which can be formed by the

Maillard reaction under the different preparation condi-

tions, the diversity of protocols used for the extraction of

MRPs as well as the complex mechanisms that underlie

bacterial behaviour are all factors which add to the com-

plexity of the study (Table 1). Further studies are still

required to fully understand this reaction and its impacts on

human health and on biotechnology. However, the use of

controls should be strongly recommended for meaningful

intra and inter-studies comparison.

In this study, we chose to work with individual model

strains to avoid bacterial interactions. Three strains of

Escherichia coli were selected. Two are of human origin

(urine infection and faeces), while the third was isolated

from piglet faeces. Considering that faecal bacteria have

been in contact with non-digested food MRPs, growth

differences in MRP-rich media between the two faecal

strains and between these strains and the non-faecal strain

would be of interest. Bacterial growth in an MRP-rich

culture medium was assessed in comparison with multiple

controls which are often omitted. Hence, a mixture of

glucose and lysine was used under various conditions to

constitute the culture media: not heated for a MRP-nega-

tive control, heated for MRP exposure and heated sepa-

rately for the assessment of the impact of non-Maillard-

related heat degradation products. Ne-carboxymethyllysine

(CML), a well-studied MRP with proven biological activity

in vivo (Tessier 2009), was also used in culture media to

measure the effect of this particular AGE on the growth of

the model strains chosen. The evolution of some MRPs and

their precursors was also monitored in the culture media to

check some assumptions in the literature.

Materials and methods

Reagents

Chemical products and solvents were of the highest grade

and acquired from Sigma-Aldrich and Fisher Scientific.

Standards of furosine dihydrochloride, CML and (D2)-

CML were purchased from PolyPeptide Laboratories

France SAS and (15N2)-lysine was provided by CortecNet.

BactoTM Trypton, BactoTM Yeast Extract and Plate

Count Agar (PCA) were purchased from BD (Becton,

Dickinson and Company). Maximum recovery diluent was

acquired from Scharlau Microbiology.

Bacterial strains

Escherichia coli strains (CIP numbers 54.8 and 52.167)

were obtained from the Collection de l’Institut Pasteur,

France. The remaining strain of Escherichia coli was iso-

lated from piglet faeces fed on a MRP-rich diet and iden-

tified using Gram staining, oxydase and API 20E tests

(Biomérieux, France).

Culture media design

D-glucose and L-lysine were mixed in equivalent propor-

tions (20 g/L) in a 200-mM phosphate buffer pH 7.5. This

preparation was either autoclaved at 121 �C for 15 min to

obtain a MRP-rich supplement (GL-A) or filtered using a

sterile 0.22 lm membrane to get the corresponding control

(GL-F). Another supplement consisting of glucose and

lysine autoclaved separately and mixed afterwards was

prepared (20 g/L each) (GL-AS).

A mixture of yeast extract (20 g/L) and tryptone (20 g/L)

containing no reducing sugar and, therefore, having a lim-

ited risk of potential MRPs formation was autoclaved

(YET). In order to obtain the different bacterial culture

media, 50 mL of either GL-A, GL-F and GL-AS were added

to 50 mL of the YET mixture. Thus, the YET?GL-A

medium was defined as the MRP-rich medium, the

YET?GL-F and the YET?GL-AS as the two negative

controls. All these media had a final concentration of glu-

cose and lysine of 10 g/L each. Two other media named

YET?40 %GL-F and YET?40 %GL-A were prepared to

get a final concentration of glucose and lysine of 4 g/L each.

The YET mixture was diluted twice and used as the

basic culture medium (d-YET). And one last medium was

obtained by adding CML to the basic culture medium at a

final concentration of 30 lg/mL (YET?CML).

Growth studies

Bacterial cells were collected from an 18-h culture on PCA

at 37 �C and suspended in physiological water (NaCl

0.9 %) to obtain a final concentration around 49109 CFU/

mL. From the obtained inoculum, 1 mL was introduced

into 100 mL of the different experimental media. The

inoculated media were incubated at 37 �C in an orbital

shaker at 70 rpm.
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At 2, 4, 6, 8, 10 and 24 h, 2 mL samples of each culture

media were withdrawn. The first milliliter was used for

optical density (OD) measures at 600 nm using a Beckman

DU 530 UV/Vis Spectrophotometer in triplicate. The sec-

ond milliliter was diluted to appropriate concentrations in

total recovery diluent tubes and 1 mL was plated in PCA in

duplicate. Colonies were counted after 48 h at 37 �C and

expressed as colony forming units per milliliter (CFU/mL).

Maximum growth rates l (h-1) and lag parameters

(h) were calculated by fitting the natural logarithmic curves

to a sigmoid model using the Microsoft Excel add-in DMfit

v. 2.1 (Baranyi and Roberts 1994).

Quantification of glucose, furosine, lysine and CML

Glucose analysis was achieved using a Thermo Finnigan

Surveyor HPLC system coupled to an evaporative light-

scattering detector (Alltech). Culture media were diluted in

80 % methanol in water, filtered using a 0.45 lm mem-

brane and injected into a Prevail Carbohydrate ES column

(250 9 4.6 mm, 5 lm). An isocratic elution was employed

using a mixture of acetonitrile and water (75/25 v/v). The

quantitative analysis of glucose was performed by means

of an external standard calibration curve.

Fructoselysine was measured indirectly via the quanti-

fication of furosine after acid hydrolysis. Furosine was

analysed according to Schleicher and Wieland (1981) with

minor modifications. In brief, 0.5 mL of culture media was

incubated with 6 M HCl for 20 h at 110 �C. The acid

hydrolysates were dried in a Speed-Vac concentrator, dis-

solved in deionized water and filtered through a 0.45 lm

membrane. Samples were injected on a SpectraSystem

HPLC-UV system using a 1 mL min-1 flow of 5.6 mM

orthophosphoric acid. Detection and quantification were

made at 280 nm using an external standard of furosine.

Approximate retention time was about 2.55 min.

Lysine and CML analysis were done according to

Niquet-Léridon and Tessier (2011) with minor modifica-

tions. In brief, 0.5 mL of culture media was incubated with

1 mL of borate buffer (200 mM, pH 9.5) and 1 mL of

sodium borohydride (1 M in NaOH 0.1 M) at room tem-

perature for 4 h in triplicate. Afterwards, samples were

incubated at 110 �C for 20 h with 6 M HCl and 300 lL of

each acid hydrolysate were vacuum-dried. Dry residues

were reconstituted with NFPA 20 mM containing adequate

amounts of (D2)-CML and (15N2)-lysine and filtered using

a 0.45 lm membrane. Analyses were done by HPLC-ESI-

MS/MS using a Hypercarb column (100 9 2.1 mm, 5 lm).

The separation was performed using a 0.2 mL min-1 gra-

dient of 20 mM NFPA in water and acetonitrile. The ESI

interface operated in positive mode and tandem MS anal-

yses were carried out in multiple reactions monitoring

mode. The specific transitions m/z 205.0 ? m/z 130.0 andT
a
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m/z 147.0 ? m/z 130.0 were used for the detection and

quantification of CML and lysine, respectively. The spe-

cific transitions m/z 207.0 ? m/z 130.0 and m/z

149.0 ? m/z 131.0 were used for the detection and

quantification of the two internal standards, (D2)-CML and

(15N2)-lysine. Quantification of lysine and CML was

achieved using stable-isotope dilution and standard curves.

Statistical analyses

Bacterial growth data are expressed as the average of three

independent experiments. Error bars represent standard

deviation from the mean. Log10 (CFU/mL) differences

were considered significant if superior to 0.3 (AFSSA

2007).

One-way ANOVA and Tukey’s tests were performed

with the GraphPad Prism (version 3.0) to determine if there

were significant differences in the levels of precursors and

MRPs during incubation compared to initial values. A

P value \0.05 was considered as significant.

Results and discussion

Growth of Escherichia coli CIP54.8 strain on a MRP-

rich medium and various other control media

The growth of E. coli CIP54.8 on the different culture

media is reported in Fig. 1. All the results discussed below

are compared to the growth of this strain in the basic

d-YET medium. As expected, the addition of a filtered

glucose lysine mixture (GL-F) to the YET medium had a

stimulating effect on the growth of E. coli. However, no

significant difference was observed between the two con-

centrations of GL-F studied (4 and 10 g/L). A very short

lag phase was observed indicating that this strain did not

need to adapt to this culture medium. The final E. coli

population was significantly higher compared to that of the

d-YET.

Similar results were obtained from assays carried out

with filtered glucose added to the YET medium, whereas

no variation of growth was observed with added filtered

lysine (data not shown). These observations indicate that

the addition of easily assimilated carbon sources such as

glucose stimulates bacterial growth, especially in media

deficient in such nutrients (Prescott et al. 1995). The lack of

effect regarding the addition of filtered lysine is explained

by the fact that nitrogen sources are present enough in the

YET mixture.

The growth curve of bacteria assayed with MRPs at the

highest concentration (YET?GL-A) shows a different

profile (Fig. 1). As presented in Table 2, there was almost a

fourfold increase of the lag phase of growth when bacteria

were exposed to the highest level of MRPs compared to

those assayed in the d-YET medium. In addition, cell

numbers were lower than those of the d-YET medium for

the first 10 h of incubation. These results, consistent with

those obtained in previous studies (Jemmali 1969; Einars-

son et al. 1983; Lanciotti et al. 1999), were not observed

when the level of MRPs was lower in the medium

(YET ? 40 %GL-A).

Ne-Carboxymethyllysine (CML) was found to be present

in the YET?GL-A medium. For that reason, another cul-

ture medium was designed to shed light on the role played

by this particular MRP in the inhibition of E. coli CIP54.8

growth and division. Free CML was added to the d-YET at

the concentration found in the YET?GL-A medium

(30 lg/mL). The growth of the strain on the YET ? CML

medium showed no significant difference from that

observed on the basic d-YET medium. It can be concluded,

therefore, that while MRPs are responsible for the modi-

fications of bacterial growth, CML does not have its own

effect on growth when present as the unique MRP in the

medium. The same conclusion was drawn with respect to

hydroxymethylfurfural and high molecular weight fractions

(MW [ 10 kDa) extracted from the GL-A mixture (data

not shown).

A further bacterial growth was carried out using a

medium containing glucose and lysine autoclaved sepa-

rately (GL-AS) under the same conditions as those for the

GL-A mixture. The main aim of this assay was to observe
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Fig. 1 Growth of Escherichia coli CIP 54.8 on various control and

MRP-rich media incubated at 37 �C for 24 h
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the effects particular to heated glucose and lysine,

regardless of the MRPs effects. As seen in Fig. 1, the

bacteria grown on the YET?GL-AS medium had a higher

growth rate (1.3 h-1), a higher final population, but a

longer lag phase compared to those grown on the d-YET

medium. When compared to the YET?GL-A medium, the

growth rate of bacteria assayed with GL-AS and the final

population were higher and the lag phase was shorter.

Consequently, it can be deduced that non-Maillard degra-

dation products of glucose and lysine contribute partly to

the extension of the lag phase observed in the YET?GL-A

medium. The reductions of the growth rate and of the size

of the final microbial population, however, appear to be

due only to the presence of MRPs. The increase of the lag

phase of growth in the YET?GL-AS medium can be

attributed to the partial chemical modification of glucose

noticeable by the browning of the glucose solution

(caramelization) after heating (Manley-Harris and Richards

1996; Arribas et al. 2010).

The impacts of MRPs on bacterial growth: comparison

between three E. coli strains

The impacts observed on E. coli CIP54.8 were compared to

those of two other E. coli strains. Figure 2 summarises the

results obtained for the growth of the three strains on the

selected culture media. All three E. coli strains grown on

the YET?GL-F medium showed improved bacterial cell

numbers, boosted growth rates and reduced lag phases

when compared to those grown on the d-YET medium.

However, the MRP-rich medium did not cause identical

effects on the three studied strains. On the one hand,

Escherichia coli isolated from piglet faeces was minimally

affected by this medium, and its growth was similar to the

Table 2 Growth rate (l) and lag phase of the 3 strains of Escherichia coli on the various culture media tested

Escherichia coli

CIP 54.8

Escherichia coli

CIP 52.167

Escherichia coli

from piglet faeces

l (h-1) Lag time (h) l (h-1) Lag time (h) l (h-1) Lag time (h)

d-YET 1.00 0.96 1.16 2.02 1.33 2.62

YET?GL-F 1.49 1.35 1.31 1.90 1.62 1.82

YET?GL-A 0.86 3.73 1.14 5.08 1.54 3.21

YET?CML 0.96 0.79 1.46 1.89 1.30 2.39

Fig. 2 Growth of Escherichia coli CIP 54.8, CIP 52.167 and the strain isolated from piglet faeces on the different culture media. Comparison of

two techniques: plate counting and optical density at 600 nm
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one observed on the d-YET medium. On the other hand,

the two other strains showed reduced growth rates and

prolonged lag phases when cultured in the MRP-rich

medium (Table 2). In addition, the level of alteration is not

identical for both strains. The lack of adverse effect of

MRPs on the growth of E coli isolated from piglet faeces

could be explained by the origin of this strain. In fact, it

was isolated from the intestinal microflora of a piglet fed a

diet high in MRPs (under publication). In this way, we

make the assumption that E. coli confronted to MRPs for a

few weeks might have adapted to utilise these compounds.

In vitro assays with Salmonella Typhimurium LT. 2

showed similar adaptation phenomena (Chalova et al.

2011). When subjected to MRPs as a unique carbon source

instead of glucose, Salmonella Typhimurium showed

modifications of transcriptional responses, and MRPs lev-

els decreased in the medium indicating their degradation by

the bacteria. The discovery of certain deglycating enzymes

secreted by bacteria further sustains this hypothesis (Wi-

ame et al. 2002; Wiame et al. 2005; Monnier 2005). These

results support the conclusion that bacterial growth alter-

ations induced by MRPs and measured by the cultivability

on agar media are strain-dependent.

The CML enriched medium had no effect on the bac-

terial growth of all three E. coli strains tested when com-

pared to the one measured on the basic d-YET medium.

This confirms the previous observation that CML at the

concentration found in the YET?GL-A medium is not

directly implicated in the MRP-related growth alterations.

OD measurements applied to MRP-rich media

Bacterial growth is frequently determined only by mea-

suring the optical density of the culture. However, in the

literature, there are several pieces of evidence suggesting

that MRPs affect the cultivability of bacteria, a parameter

that cannot be measured by OD. In the current study, two

standard bacteriological techniques (i.e. plate counting and

optical density measurement at 600 nm) have been used to

provide complementary information (Barer 1997). As

shown in Fig. 2, the bacterial growth curves vary according

to whether the measurement was done by the one or the

other method.

For instance, the numbers of bacteria expressed in CFU/

mL of the YET?GL-A assays compared to those of the

d-YET assays indicate that MRPs influence the lag and

exponential growth phases, but not the stationary phase of

the growth. However, when the growth is measured by OD,

all the growth phases seem to be affected by the presence

of MRPs, including the stationary phase. In addition, when

the OD values are used to calculate the lag phase duration,

its difference increases between the strains cultivated on

the YET?GL-A medium and those cultivated on the

d-YET medium. Unless careful attention is paid to its

meaning, the analysis of growth curves based on OD data

might lead to an erroneous conclusion. In fact the differ-

ence between the growth curves obtained by the two

techniques can be explained by the presence of a dark

brown colour in the YET?GL-A medium. The OD of a

liquid culture of microorganisms is the combination of

light scattering and light absorption (Lin et al. 2010). The

dark brown colour of the YET?GL-A medium contributes

significantly to the absorbance at 600 nm and interferes

with the measurement of the bacterial density. Hence,

while OD measurements were always corrected for the

background colour of the medium, the values measured

were underestimated due to the dark colour. Therefore,

despite the fact that OD measurements are time and cost

effective, they are not suitable for comparing media of

different compositions and colours. In other words, com-

paring the bacterial growth in MRP-rich media to the

growth in other media requires a combination of comple-

mentary analyses unaffected by the characteristics of the

culture media.

Culture media evolution during incubation

The evolution of the amount of the two substrates of the

MRPs, glucose and lysine, and of two MRPs, fructosely-

sine and CML, was traced in the YET?GL-A medium in

the presence or absence of E. coli CIP 54.8 (Fig. 3).

In the absence of bacteria, glucose level decreased

slightly while lysine and fructoselysine levels remained

relatively constant over the duration of the assay. CML

level gradually increased during the 24 h incubation. The

evolutions of the MRPs and their precursors indicate that,

as expected, the Maillard reaction occurs in culture media

at 37 �C. The ten-fold difference in concentration between

glucose and lysine explains why the level of the latter was

apparently stable. As an intermediate of the Maillard

reaction, it is not surprising that fructoselysine (measured

as furosine) was stable. In addition, CML, a stable end-

product of the Maillard reaction, was accumulating during

the incubation.

The YET?GL-A medium has changed differently when

inoculated with E. coli CIP 54.8. The growth profile of

E. coli on the YET?GL-A medium (Fig. 1) and the evo-

lution of the amount of glucose in this medium (Fig. 3)

were inversely proportional. During the lag phase, the

amount of glucose remained constant. It started to decrease

with the exponential growth phase and was totally con-

sumed after 10 h of incubation. Lysine amount decreased

following a similar profile, but traces remained in the

medium even after 24 h of incubation. Fructoselysine level

decreased slightly and CML level remained relatively

stable during incubation, neither increasing nor decreasing.
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The presence of E. coli modified the reaction param-

eters. Precursors are consumed by the bacteria and, thus,

are no longer available in sufficient amounts for the

Maillard reaction to take place. Constant amount of CML

all through the incubation period indicates that this MRP

is not consumed by E. coli, thereby reinforcing the

observations that CML had no influence on bacterial

growth (Fig. 1).

Protein glycation was found to take place within bac-

terial cells (Mironova et al. 2001). This observation was the

motivation for other studies on the potential glycation

induced by microorganisms. A recent study on the subject

had suggested that an E. coli strain was capable of

secreting AGEs (Cohen-Or et al. 2011). However, these

findings should be handled with care due to the lack of

control samples. The monitoring and the subtraction of the

fluorescence coming from the culture medium over time

should have been performed in this study for a better

interpretation of the data.

The metabolic activity of bacteria may contribute to the

liberation or modification of precursors that lead to the

formation of MRPs in the extracellular environment.

However, as revealed by our findings, culture media go

through composition changes during incubation, partly due

to Maillard reaction between nutrients at 37 �C and should

be taken into account before drawing any conclusions.

Conclusion

Maillard reaction products (MRPs) were found to have a

strain-dependent influence on bacterial growth. They

induced an increase of the lag phase and a decrease of

growth rates most likely associated with bacterial adapta-

tion mechanisms. CML, hydroxymethylfurfural and high

molecular weight MRPs extracted from the GL-A mixture

were not involved in the observed growth alterations.

Further studies are needed to identify the MRPs responsible

for these growth modifications.

These observations made by plate counting techniques

on the lag phase and the growth rate could indicate other

effects of the MRPs on the cultivability. OD measures

compared to plate counting were supposed to shed light on

this issue. However, heat-induced browning interferes with

the measurement of absorbance at 600 nm and affects the

bacterial count measured by OD in MRP-rich media.

Consequently, to produce results truly reliable and inter-

pretable, it is essential to combine complementary methods

of growth assessments and analytical methods for the

measurements of substrates and reaction products in the

culture media. Growth assessment techniques are not

alternative, but complementary; they each contribute to a

part of the information that should not be interpreted

without the remaining parts.

0

50

100

150

200

250

300

350

400

450

0 2 4 6 8 10 12 14 16 18 20 22 24 26
F

ur
os

in
e 

(n
m

ol
.m

L
-1

)

Furosine 

In presence of E. coli CIP54.8
In absence of E. coli CIP54.8

0

5

10

15

20

25

30

35

40

45

0 2 4 6 8 10 12 14 16 18 20 22 24 26

L
ys

in
e 

(µ
m

ol
.m

L
-1

)

Lysine 

0
20
40
60
80

100
120
140
160
180
200

0 2 4 6 8 10 12 14 16 18 20 22 24 26

C
M

L
 (

nm
ol

.m
L

-1
)

CML 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26

G
lu

co
se

 (
µ

m
ol

.m
L

-1
)

Glucose 

*

**

*
*

*

*

Time (h) Time (h)
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Rabbani N, Thornalley PJ (2010) Glycation research in amino acids: a

place to call home. Amino Acids 42(4):1087–1096. doi:

10.1007/s00726-010-0782-1

Rurian-Henares JA, Morales FJ (2008) Antimicrobial activity of

melanoidins against Escherichia coli is mediated by a

276 C. Helou et al.

123

http://www.anses.fr/Documents/MIC2006sa0215.pdf
http://www.anses.fr/Documents/MIC2006sa0215.pdf
http://dx.doi.org/10.1021/jf100513j
http://dx.doi.org/10.1016/0168-1605(94)90157-0
http://dx.doi.org/10.1016/j.mimet.2009.06.004
http://dx.doi.org/10.1016/j.mimet.2009.06.004
http://dx.doi.org/10.1016/j.foodres.2011.06.044
http://dx.doi.org/10.1016/j.foodres.2011.06.044
http://dx.doi.org/10.1371/journal.pone.0017974
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.12.006
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.12.006
http://dx.doi.org/10.1007/s00726-011-1107-8
http://dx.doi.org/10.1159/000046699
http://dx.doi.org/10.1159/000046699
http://dx.doi.org/10.3168/jds.S0022-0302(52)93785-5
http://dx.doi.org/10.1002/mnfr.200700067
http://dx.doi.org/10.1016/0377-8401(95)00804-V
http://dx.doi.org/10.1006/fstl.1998.0534
http://dx.doi.org/10.1128/AEM.00824-09
http://dx.doi.org/10.1016/0008-6215(96)00071-7
http://dx.doi.org/10.1016/0008-6215(96)00071-7
http://dx.doi.org/10.1021/bk-1983-0215.ch024
http://dx.doi.org/10.1016/j.foodchem.2011.05.102
http://dx.doi.org/10.1042/BJ20051625
http://dx.doi.org/10.1016/j.foodchem.2010.10.111
http://dx.doi.org/10.1016/j.foodchem.2010.10.111
http://dx.doi.org/10.1007/s00726-010-0782-1


membrane-damage mechanism. J Agric Food Chem

56(7):2357–2362. doi:10.1021/jf073300

Schleicher E, Wieland OH (1981) Specific quantitation by HPLC of

protein (lysine) bound glucose in human serum albumin and

other glycosylated proteins. J Clin Chem Clin Biochem

19(2):81–87

Sheikh-Zeinoddin M, Perehinec TM, Hill SE, Rees CED (2000)

Maillard reaction causes suppression of virulence gene expres-

sion in Listeria monocytogenes. Int J Food Microbiol

61(1):41–49. doi:10.1016/S0168-1605(00)00371-8

Stecchini ML, Giaveedoni P, Sarais I, Lerici CR (1993) Effect of

Maillard reaction on the growth of selected food-poisoning

micro-organisms. Lett Appl Microbiol 13:93–96

Swiatecka D, Narbad A, Ridgway KP, Kostyra H (2011) The study on

the impact of glycated pea proteins on human intestinal bacteria.

Int J Food Microbiol 145(1):267–272. doi:10.1016/j.ijfoodmicro.

2011.01.002

Tessier FJ (2009) The Maillard reaction in the human body. The main

discoveries and factors that affect glycation. Pathol Biol

58(3):214–219. doi:10.1016/j.patbio.2009.09.014

Tessier FJ, Niquet C (2007) The metabolic, nutritional and toxico-

logical consequences of ingested dietary Maillard reaction

products: a literature review. J Soc Biol 201(2):199–207

Tuohy KM, Hinton DJ, Davies SJ, Crabbe MJ, Gibson GR, Ames JM

(2006) Metabolism of Maillard reaction products by the human

gut microbiota-implications for health. Mol Nutr Food Res

50(9):847–857. doi:10.1002/mnfr.200500126

Viswanathan L, Sarma PS (1957) A growth inhibitor of L. bulgaricus

o9. Nature 180(4598):1370–1371

Wiame E, Delpierre G, Collard F, Van Schaftingen E (2002)

Identification of a pathway for the utilization of the Amadori

product fructoselysine in Escherichia coli. J Biol Chem

277(45):42523–42529. doi:10.1074/jbc.M200863200

Wiame E, Lamosa P, Santos H, Van Schaftingen E (2005) Identi-

fication of glucoselysine-6-phosphate deglycase, an enzyme

involved in the metabolism of the fructation product glucosely-

sine. Biochem J 392(Pt 2):263–269. doi:10.1042/BJ20051183

Microorganisms and Maillard reaction products 277

123

http://dx.doi.org/10.1021/jf073300
http://dx.doi.org/10.1016/S0168-1605(00)00371-8
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.01.002
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.01.002
http://dx.doi.org/10.1016/j.patbio.2009.09.014
http://dx.doi.org/10.1002/mnfr.200500126
http://dx.doi.org/10.1074/jbc.M200863200
http://dx.doi.org/10.1042/BJ20051183

	Microorganisms and Maillard reaction products: a review of the literature and recent findings
	Abstract
	Introduction: Sixty years of intermittent research on the impact of Maillard reaction products (MRPs) on microorganisms
	Materials and methods
	Reagents
	Bacterial strains
	Culture media design
	Growth studies
	Quantification of glucose, furosine, lysine and CML
	Statistical analyses

	Results and discussion
	Growth of Escherichia coli CIP54.8 strain on a MRP-rich medium and various other control media
	The impacts of MRPs on bacterial growth: comparison between three E. coli strains
	OD measurements applied to MRP-rich media
	Culture media evolution during incubation

	Conclusion
	Acknowledgments
	References


